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The monitoring of wetland extent is a global imperative, considering loss of ecosystem services and
conservation value. To date, the understanding of the variation in the extent of lacustrine (inundated)
wetlands has been limited, based on intermittently available, coarse-scale imagery. The aim of this study
was to assess the capabilities of the freely available Sentinel-2 sensor in monitoring inundated wetlands.
In particular, to demonstrate the ability to determine the maximum extent of inundation for reporting
on the Sustainable Development Goal (SDG) 6.6 (Clean Water and Sanitation) and SDG 15.1 (i.e., halting
biodiversity loss), the functional diversity and the hydrological regime of depressions were explored in the
Mpumalanga Lake District (MLD) of South Africa. Using the monthly inundation data derived from Sentinel-2
images between January 2016 and May 2018, the results showed that the maximum extent of open water
can be successfully reported for SDG 6.6. Lacustrine wetlands constituted about 47 of the 416 (but 66% of the
total areal extent of) depressions in the MLD, while others were predominantly palustrine (vegetated). The
functional diversity varied from predominantly (61% of the extent of) inundated depressions to seasonally
(3%) inundated depressions. The Sentinel-2 sensor was able to detect intra- and inter-annual variation of the
extent of inundation, making it suitable to monitor these wetlands for global and climate change impacts.

INTRODUCTION

The most recent global assessment of ecosystems reported by the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services (IPBES, 2019) indicates that >85% of wetlands
that were present in the 1700s have been transformed, mirroring a declining trend in the quantity
of freshwater ecosystems in the past 50 years (IPBES, 2019). Global and climate change pressures on
inland aquatic ecosystems have resulted in a reduction or shift in their water availability and changes
to their hydrological regime (Ross et al., 2018; Van Deventer et al., 2019). The hydrological regime
is defined as the “...temporal sequence (frequency, duration and timing) of wetting and drying
(hydroperiod; water regime) and flow events (flow regime) experienced by a freshwater ecosystem’
(Rolls et al., 2018 p 973). The extent of inundation and the hydrological regime of inland aquatic
ecosystems (rivers and wetlands) vary naturally as a result of precipitation, run-off, interflow and
groundwater contributions (Cherry, 2011). Natural variability of the hydrological regime results in
dynamic processes and diverse habitats and associated aquatic biodiversity at various scales (Rolls et
al.,, 2018). Transformation within wetlands and their catchments has resulted in a negative influence
on the hydrological regime of wetlands which, in return, negatively influences the functional
processes, ecosystem services and species diversity of wetland ecosystems (Ross et al., 2018).

Importance of global reporting variation and changes in the hydrological regime

A number of international and national agreements require the monitoring and reporting of the
extent of inundated parts of wetlands. One of the 17 Sustainable Development Goals (SDGs)
identified in 2015 by the United Nations Development Programme to achieve targets set in the 2030
Agenda Resolution relates to the areal extent of wetlands; SDG 6.6 requires reporting of the extent
of open water bodies for the protection and restoration of water-related ecosystems. For the first
reporting of the SDG targets in 2020, SDG Target 6.6 stated ‘By 2020, protect and restore water-
related ecosystems, including mountains, forests, wetlands, rivers, aquifers and lakes, and a single
indicator (6.6.1) is used to measure ‘Change in the extent of water-related ecosystems over time’
(UN, 2017). This SDG also aligns with Strategic Goal B of the Aichi targets of the Convention of
Biological Diversity (CBD), which aims to ‘Reduce the direct pressures on biodiversity and promote
sustainable us€’ (Secretariat of the Convention on Biological Diversity, 2020). In the first SDG
report of 2020, changes in the extent of lacustrine (open water) wetlands showed a decline globally,
measured for every 5 years from the reference year of 2000. However, these changes do not take the
natural variation in the hydrological regime into account, and may have measured changes from a
maximum extent of inundation period, to a minimum period of inundation.
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The hydroperiod or duration of inundation of wetlands influences
the functional diversity of wetlands which influences diversity of
organisms at local and landscape scales (Rolls et al., 2018). The
hydroperiod correlates to available habitats for, and dispersal and
migration patterns of, migratory waterbirds, invertebrates and
amphibians (Evenson et al., 2018; Meyer-Milne and Mlambo,
2019; Meyer-Milne et al., 2020). Consequently, several global
wetland classification systems distinguish two hydroperiod
classes, namely, permanently and seasonally/intermittently
inundated rivers and wetlands, to characterise their functional
diversity and biodiversity (Keith et al., 2020; Ramsar, 1999). The
conservation of ecosystem types is reported as part of Aichi Target
11, which aims to secure at least 17% of inland waters by 2020
(Secretariat of the Convention on Biological Diversity, 2020),
and also reports to SDG 15.1 that states ‘Conserve and restore
terrestrial and freshwater ecosystems’ (UN, 2020). To date, SDSG
15.1 only reports hotspot areas for freshwater ecosystems (UN,
2020), while the extent, distribution and changes in the functional
diversity of wetlands based on their dominant hydroperiod class
are not reported yet. Therefore, the ability to monitor inter- and
intra-annual variation in the extent of inundation of wetlands, will
improve our understanding of the natural inundation cycles of
these wetlands, and provide a baseline for detecting any deviations
as a result of global and climate change. These reporting processes
ideally require monthly monitoring of the extent of the inundated
parts of wetlands.

Methods to map and monitor the hydrological regime
and hydroperiod

Historically, many countries used manual mapping to map the areal
extent of wetlands and type their hydroperiod categories. More
recently, advances in remote sensing have enabled improvement
of the accuracy and frequency of mapping and reporting. The use
of manual and remote-sensing mapping methods in South Africa
is used to illustrate these developments in mapping wetland extent
and hydroperiod classes. Globally, the use of remote-sensing
methods for mapping wetlands has facilitated monitoring of
changes in the extent of wetlands.

The former South African Department of Rural Development
and Land Reform’s Directorate of National Geo-Information
(DRDLR:NGI) were responsible for the topographical mapping
of rivers and wetlands in the country until May 2019, while the
Department of Water and Sanitation (DWS) was responsible
for the monitoring of water availability and quality. DWS has
been monitoring river flow in situ as far back as 1904, using
weirs and flow gauges, while the water levels of many estuaries
and artificial waterbodies have been measured with gauge plates
(Lewis, 1935). Historically, rivers and wetlands were mapped
as part of the topographical data issued since the 1940s (DLA,
2000). Three categories were used by DRDLR:NGI to classify the
hydroperiod of rivers and wetlands: perennial, non-perennial or
dry, based on visual classification of available single- and multi-
season imagery (definitions from DRDLR:NGI, 2019). The levels
of resolution of such datasets were inadequate for SDG reporting
on the extent of inundation of wetlands and their hydroperiod,
biodiversity characterisation and description of the hydroperiod.
South African aquatic ecosystem specialists have since used these
three classes to infer the inundation period of open waterbodies:
permanent, seasonally and intermittently inundated. These classes
form part of the framework for typing the functional diversity and
biodiversity of rivers and wetlands, i.e. the ‘Classification system
for wetlands and other aquatic ecosystems in South Africa’ (Ollis
et al., 2013, 2015). A refinement of the original DRDLR:NGI
classes to these three classes would enable improved biodiversity
typing of the inland aquatic ecosystems while setting a benchmark
for measuring impact.
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The current mapping of the inundated extent and typing of the
classification of wetlands by the DRDLR:NGI in South Africa was
done using visual classification from available aerial and satellite
imagery at multiple dates between the 1940s and the early 2000s
(Van Deventer et al., 2018a, b). Accurate classification of hydro-
period classes was limited, since the imagery was often captured
during the time of year with the least amount of cloud cover, which
is during the dry period. This implies that only the minimum
inundation extent of permanently inundated wetlands was
mapped, and not the maximum extent of permanently, seasonally
and intermittently inundated wetlands. Imagery was costly during
this time, which restricted the amount of imagery from which
hydroperiod classes could be inferred. Since 1 October 2008, the
United States Geological Survey Earth Resources Observation and
Science Centre has offered free access to archived Landsat and more
recent Landsat 8 images (Wulder et al., 2016). Subsequently, the first
time-series of wetland inundation has been published as a global
surface water viewer using Landsat images (spatial resolution =
30 m), providing time-series data of inundation for the years 1984-
2015 for individual pixels (Pekel et al., 2016). Most Landsat sensors,
including the current Landsat 8's Operational Land Imager, have a
low temporal resolution (revisit time periods) of 16 days (NASA,
2019). It is therefore rare to have contiguous cloud-free images
over the tropics, which have a high frequency of clouds during the
rainy season. Detailed classification of the hydroperiod as per the
classification system for wetlands and other aquatic ecosystems in
South Africa has not been done yet because monthly inundation
information at the scale of individual wetlands was not available.

The European Space Agency launched the Sentinel-2A optical
and space-borne sensor on 23 June 2015. Sentinel-2A has a
spatial resolution of 10-20 m, thus providing greater capability
for monitoring wetland inundation at a finer scale. The launch
of the twin-satellite, Sentinel-2B, followed on 7 March 2017,
which enabled an increased temporal resolution of 5 days at the
equator (Li and Roy, 2017; ESA, 2019). Despite the availability
of at least two images per month, cloud cover may obscure the
area and limit monthly reporting. With the Sentinel-2 sensors
in operation, the monthly extent of open waterbodies in South
Africa were extracted by Thompson et al. (2018), using several
thermal and vegetation indices as part of a decision-tree algorithm
in the Google Earth Engine cloud-computing environment. These
spatially explicit datasets of inundation, at a monthly interval and
at a finer spatial resolution of 20 m, offer a new opportunity to
determine methods to calculate the extent and hydroperiod of
natural inland wetlands in South Africa.

The aim of this paper is to illustrate how monthly inundated extent
and hydroperiod of wetlands can be derived from Sentinel-2 time-
series images for SDG and biodiversity reporting. Depressions in
the Mpumalanga Lake District (MLD) have been used as a case
study for establishing monthly extents of inundated areas and hence
the extent and hydroperiod of the wetlands. The objectives of this
paper were to (i) ascertain the variation in, and maximum extent
of, different types of depressions in the MLD based on the data
derived from Sentinel-2 images in the Mzansi-Amanzi dataset and
those mapped in NWMS5; (ii) categorise the functional diversity of
the predominantly inundated depressions based on hydroperiod
information; (iii) assess the capability of the derived Sentinel-2 data
for monitoring inundation over time at the catchment scale; and
(iv) compare the results of the remote-sensing classification for four
selected depressions of the MLD. The results from the proposed
method could support calculation of the SDG 6.6 indicator
(Van Deventer, 2021) and contribute to the typing of functional
diversity and biodiversity types of wetland ecosystems globally for
SDG 15.1 reporting, and the South African Inventory of Inland
Aquatic Ecosystems (SAIIAE) (Van Deventer et al., 2018a, b), while
informing Archi Target 11 at hydroperiod class level.
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METHODS
Study area

One of the South African quaternary catchments as mapped by
Weepener et al. (2012), coded W55A (located approximately
26°15°0”S, 30°15°0”E) and situated in the Mpumalanga Province
of South Africa, has been selected as a case study area (Fig. 1).
This catchment is known as the Mpumalanga Lakes District
(MLD), with a total surface extent of 68 653 ha, and located
on the south-eastern border of the larger African Panveld,
which is predominantly arid to semi-arid, with mean annual
evapotranspiration > 1 000 mm and mean annual precipitation
(MAP) < 500 mm (Goudie and Thomas, 1985). The MLD is
however geomorphologically unique, being the only part of the
African Panveld where the post-African I surface (Partridge and
Maud, 1987) was possibly preserved, because of less tilting and
erosion compared to other parts of South Africa (McCarthy et al.,
2008). In comparison to the rest of the Panveld, the MLD receives
a higher amount (600-800 mm) of MAP and has a mean annual
potential evapotranspiration of 1 400-1 500 mm (Bailey and
Pitman, 2016).

Russell (2008) estimated that the MLD hosted approximately
300 depressions, locally known as ‘pans’ (Russell, 2008). The
depressions formed as a result of the uplift of the continent
and subsequent erosion of the Cretaceous African Surface,
disconnecting the headwater drainage of the uSuthu River,
located +73 km downstream in a south-easterly direction from
the eastern edge of the study area (Wellington, 1943; Partridge
and Maud, 1987; Russell, 2008). The uplift and erosion led to the
depressions being either perched or connected to the groundwater
aquifer, resulting in different cover types and inundation or soil
saturation regimes.

301 IS‘O"E

Hutchinson et al. (1932) document inter-annual variations in
the inundation of the depressions, dating back to observations
made in 1903. Some of the depressions are, however, covered
predominantly with grass, sedge and reeds (Hutchinson et al.,
1932; Russell, 2008). The focus of this study was on the depressions
that are predominantly inundated, while other HGM types, such
as the seeps and valley-bottom wetlands, are typically vegetated
(personal field observation). The predominantly inundated
depressions showed changes in the extent and type of cover
between the dry (July-August) and wet (December-February)
seasons.

Owing to the unique diversity of wetlands in the MLD, 60 203 ha
(88% of the MLD) has been declared part of the Chrissiesmeer
Protected Environment (The Province of Mpumalanga, 2014;
MTPA, 2015) and considered for Ramsar nomination (Tarboton,
2009). In addition, it is listed as one of South Africa’s Important
Bird and Biodiversity Areas (IBAs; Barnes et al., 2001; Marnewick
et al,, 2015), and forms one of 1 248 IBAs in Africa (Fishpool and
Evans, 2001; Donald et al., 2019). The MLD was identified as a river
freshwater ecosystem priority area, fish sanctuary and wetland
cluster in the National Freshwater Ecosystem Priority Areas project
(Nel et al., 2011), and more recently also mapped as a surface water
important Strategic Water Source Area (SWSA) of South Africa
(Le Maitre et al., 2018; Lotter and Le Maitre, 2021). Characterising
and monitoring changes in the extent and ecosystem types
(through the hydroperiod classes) of these wetlands would be vital
to inform the management of this highly biodiverse site.

According to the most recent National Wetland Map, version 5
(NWMS5) (Van Deventer et al., 2020b), 694 polygons classified
to 5 hydrogeomorphic (HGM) wetland units have been mapped
for the MLD. These include the above-mentioned depressions,
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Figure 1. Distribution of depressions and other wetlands in the Mpumalanga Lakes District study (using the South African quaternary catchment
W55A, main map), relative to the Mpumalanga Province and South Africa (inset map). The four individual case studies include Chrissiesmeer (1),

Eilandsmeer (2), Slangpan (3) and Lake Banagher (4).
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seeps, floodplains and channelled/ unchannelled valley-bottom
wetlands, either inundated or vegetated. Of the total HGM
units mapped in NWMS5, 416 wetland polygons were mapped
as depressions with a total area of 7 611 ha, constituting about
60% of the total number of HGM units in the MLD (Fig. 1).
While NWMS5 describes the biodiversity characteristics of these
wetlands to Level 4A or the HGM unit of the classification system
for wetlands and other aquatic ecosystems in South Africa (Ollis
et al., 2013; 2015), information on the hydroperiod categories at
Level 5 is not listed.

Calculating the total extent of inundated and other types
of depressions at a catchment scale

To enable reporting on the extent of the inundated parts of
depressions in the MLD, predominantly inundated depressions
were first distinguished from other depressions through a desktop
visual inspection (Fig. 2). Historical experience from working in
the MLD, and more recently fieldwork observations from 2017
and 2018 (Naidoo et al., 2019; Nondlazi et al., unpublished; Van
Deventer et al., 2020a) provided a basis to inform the typing of
the depressions based on areal extent, spectral and structural
differences for the wetland vegetation relative to the inundated
areas of the depressions. Depressions were classified as either
being predominantly (>60% of the extent mapped in NWM5)
inundated, vegetated, or containing a mixture of the two. Visual
verification was done using 50 cm spatial resolution colour ortho-
photographs served by the former DRDLR:NGI via the ArcGIS
online Web Map Service for the period 2012-2013 and images
from Google Earth Pro (Google LLC, 2020). The different sizes
of the depression wetlands (obtained from NWMS5) relative
to their cover types (visual inspection of these electronic
orthophotographs at a scale range of 1:2 000 — 1:5 000) were
explored to understand the geographic variation in the areal
extent of lacustrine (inundated) and palustrine (vegetated)
wetlands, relative to the mapped extent of the wetland polygon,
across the study area. Three categories were used: those that are
predominantly (>60%) vegetated, or inundated, or a mixture of
the two (Fig. 2). The assigned cover types were used as the baseline
for describing the types of depressions, the extent of those which
are predominantly inundated for SDG reporting, and typing of
the hydroperiod categories related to their functional diversity.

To determine the temporal variation in the extent of the
predominantly inundated depressions, their maximum extent of
inundation for SDG 6.6 reporting, and hydroperiod categories
(functional diversity) for the predominantly inundated
depressions, the monthly extent of inundation was extracted and
calculated as a percentage of the full extent of each depression
wetland (Fig. 2). Depressions mapped in NWMS5 included a
mixture of cover types, even for the predominantly inundated
depressions. The areal extent of inundation in the catchment
was obtained from the Mzansi-Amanzi data, provided by
GeoTerralmage (Pty) Ltd (GTI) as a free sample dataset at the time
of the study (Thompson et al., 2018). This dataset was produced
from a processing algorithm where Sentinel-2 images of South
Africa were georeferenced, atmospherically corrected and cloud
cover masked out as no data, before the decision-tree algorithm
applied to map open water bodies for each month (Thompson et
al,, 2018). The resultant output image for each month had two
categories, either inundated [1] or not inundated [0]. Images
for each month between 1 January 2016 and 31 May 2018 were
received as separate georeferenced tiff (geotiff) images (Thompson
etal., 2018). For each of the predominantly inundated depression
polygons, the total number of pixels inundated in a month was
then summarised using ArcGIS 10.3’s spatial analyst tool, Zonal
Statistics as a Table (ESRI, 1999-2014). Thereafter, the total
number of pixels for each month and depression was multiplied
by the surface area of the pixels (20 x 20 m = 400 m*) converted
to hectares by dividing the value by 10 000. The percentage of
inundation for each month was calculated as a percentage of the
total extent of the depression.

Determining functional diversity of depressions from
hydroperiod classes using the monthly Mzansi-Amanzi
data derived from Sentinel-2 images at a catchment scale

The predominantly inundated depressions were classified
according to the hydroperiod categories of Ollis et al. (2013)
to determine their functional diversity (Fig. 2): ‘permanently
inundated’ if inundated >9 of the 12 months; ‘seasonally
inundated’ if inundated for 3-9 months in a 12-month period;
and ‘intermittently inundated’ if inundated for <3 months per
12-month period. The number of months of inundation was
calculated in a spreadsheet over two 12-month periods, ranging

Monthly Sentinel-2 images
January 2016 — May 2018

National Wetland Map version 5 (NWMS5)
depressions & 50 cm colour orthophotos

(a) Classify inundation [1]
versus
not inundated [2]

(b) Classify depressions according to cover types as
predominantly (>60% of extent) inundated, F
vegetated or mixed :

........... S ————

¥

1. Report on cover types for MLD depression wetlands

(c) Calculate monthly percentage of inundation for
predominantlyinundated depressions

'
less

(d) Calculate maximum percentage of inundation

for predominantlyinundated depressions

. prpn)

2. Report on functional diversity (permanently, seasonally

and inter ly P

(e) Assess the intra-and inter-annual variation over two years and

determine the month of maximum extent of inundation —|
le

3. Report on the maximum extent of inundation for SDG 6.6 ‘

Figure 2. Flow-diagram showing the input datasets used (clear blocks) and processing steps taken (grey boxes) to derive output reporting
(bold text in dark grey boxes) for determining the variation of inundation, functional diversity of the hydroperiod and maximum extent of
inundation for Sustainable Development Goal (SDG) 6.6 reporting. Solid arrow-lines indicate output generation, whereas dashed arrow-lines

indicate further steps of processing.
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from autumn to autumn for the first year (1 May 2016 to 30 April
2017) and the second year (1 May 2017 to 30 April 2018). The
two 12-month period classifications were combined to classify
each of the predominantly inundated depressions (n = 47) as
either permanently, seasonally or intermittently inundated, or any
combination of the three.

The output of the hydroperiod classification was then compared
to the categories assigned by the former DRDLR:NGI, which for
the MLD included only perennial and non-perennial pans. The
comparison was done statistically using the number and extent of
each class, and percentage of the total number and extent of all
predominantly inundated depressions, to evaluate the similarities
and differences to determine the geographic distribution and
number of each functional type. In addition, visual overlay of the
classes from DRDLR:NGTI to the output of the analysis done in this
study will inform the geographic distribution of the two products.

Determining maximum extent and comparing the
variation in inundation of depressions at a catchment
scale with the mean monthly rainfall statistics

The variation in the monthly percentage of inundation of the
predominantly inundated depressions was assessed for a number
of reasons. Firstly, the maximum extent of inundation across
the hydrological regime of the MLD should be determined
for reporting on SDG 6.6. This was done using the maximum
extent recorded across the reporting period. Secondly, using
the maximum extent, polygons of the NWMS5 could be refined
to separate the seep part of a polygon from the true extent
of the depression that could likely be explained by the extent
of inundation. Thirdly, the capabilities of Sentinel-2, with a
spatial resolution of 20 m, should be evaluated for reporting
monthly variation in inundation, to assess whether it can serve
as a monitoring system for detecting deviations caused by global
climate change. The data should therefore have a fine enough
spatial resolution to detect the variation of inundation, while the
temporal resolution should be adequate for detecting changes
in extent over time. It should also be able to show variation of
inundation in response to rainfall events. Therefore, the variations
of the percentage inundation calculated for all the predominantly
inundated depressions were mapped relative to the maximum
rainfall measured per month at the Chrissiesmeer rainfall station
of the South African Weather Service (SAWS).

Case study: Evaluation of the results for 4 depressions in
the MLD

To specifically assess the variation of inundation at the individual
depression level, the resultant variation in the maximum
percentage of inundation over the reporting period was further
investigated for 4 depressions: Chrissiesmeer, Eilandsmeer,
Slangpan and Lake Banagher (Fig. 1). The purpose was to assess
the capability of the Mzansi-Amanzi inundation data derived
from Sentinel-2 to characterise individual depressions at a
fine scale and evaluate the improvement in the classification of
inundation. It was expected that the optical data may show
omission errors where cloud cover obscures observations, which
could result in no detection, incorrect observations of cover type
or the hydroperiod.

RESULTS

Cover types of the MLD depressions

Of the 416 depressions (7 611 ha) found in the MLD, the
visual categorisation of the NWMS5 polygons based on the
2012-2013 images showed that 47 depressions were classified
as predominantly inundated with water, constituting 11% of the
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total number and 66% of the total extent of depressions in the
MLD, considering visual interpretation of the cover types using
the 50 cm orthophotos (Table 1a; Fig. 3). In contrast, a larger
number of depressions (306) were found to be predominantly
vegetated, but only made up 15% of the total extent of depressions
in the MLD. The remaining depressions contained both vegetated
and inundated sections, and totalled only 19% of the extent of all
depressions.

A visual inspection of the resultant inundation extent from the
Mzansi-Amanzi data relative to the full extent of the depressions
mapped in NWM5 against the DRDLR orthophotographs and
images in Google Earth Pro (Google LLC, 2020), showed that the
total extent of some polygons includes the seep HGM units with
the depression HGM unit in one polygon. However, the wetlands
that were predominantly inundated showed less of the seep area
and vegetation compared to the other depressions and the image
classification did detect a temporal variation in inundation in
these wetlands. Approximately 41 depressions included reeds
(likely Phragmites australis, see Hutchinson et al., 1932) of which
21 were classified as mixed, having a rim of water on the edge of
the depression, while the remaining 20 were classified as being
predominantly vegetated. In addition to the 21 mixed depressions
that were dominated by reeds, another 42 depressions, that
presumably have sedge and grass cover, were classified as mixed,
although they had an inundated section in the deeper part, and
are found in the more central region of the wetland. The majority
of the vegetated depressions were dominated by grass and sedge
cover, except for the 20 that included reeds and 3 with taller, more
perennial vegetation.

Using the Mzansi-Amanzi data derived from the Sentinel-2
images, a maximum extent of inundation was calculated as 3 493
ha or 46% of the extent of depressions (Table 1b) and was less
than the extent attributed to the NWMS5 polygons using the
50 cm orthophotos. Therefore, the Mzansi-Amanzi inundation
data derived from the Sentinel-2 images provide a refinement
of the extent of inundation that should be reported to the SDG
6.6 compared to the information attributed to the NWM5
polygons from visual inspection of the orthophotos. This could
be attributed partly to the seep zone being included in the NWM5
extent calculations for polygons of this class, as well as inundated
areas <400 m”* (extent of a 20-m pixel size of the Mzansi-Amanzi
data) not being detected, as a result of these being dominated
by other spectral signatures such as mud or vegetation with a
low reflectance. The discrepancy between the inundation extent
and total extent of the depressions mapped was therefore 1 544
ha, which totals 31% of the predominantly inundated class of
depressions.

The mixed depressions showed a maximum extent of inundation,
derived from the Mzansi-Amanzi data, representing 6% of the
extent of all depressions mapped in NWM5, while the latter
mapped the extent as 20% of the total extent of all depressions
(Table 1b). The Mzansi-Amanzi data also show that nearly 105 ha
(or 10%) of the predominantly vegetated depressions reflects signs
of inundation, which could be attributed to the low reflectance of
mud or vegetation cover in these depressions.

The extent of inundation varied for the predominantly inundated
class (Table 1b), with a minimum extent of 1 177 ha (23% of
NWMS5’s depressions that are predominantly inundated) mapped
for the dry season, ranging to nearly 70% of the extent of this
class during the wet season. Again, a difference of about 30%
could be attributed to the seep areas being included in the NWM5
polygons. Chrissiesmeer is the largest of all depressions (1 283 ha)
and the Mzansi- Amanzi data showed that the extent of inundation
for this polygon varied seasonally from 718 ha (56% of this lake)
in the dry season to 965 ha (75%) of inundation in the wet season.
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Table 1. Descriptive statistics for inundated and vegetation depressions of the Mpumalanga Lakes District; the areal extent is provided in

hectares and percentage of the total extent of depressions

Statistical descriptors

Categories

Total
extent of all
depressions

Vegetated
(not inundated)
depressions

Mixed depressions
(partly vegetated and

Maximum areal extent of the inundated
section of depressions

< 60% inundated) (calculated for the wet period)

(a) Information from National Wetland Map 5 (NWM5)

Total number 416 306 (74%) 63 (15%) 47 (11%)
Total extent of depressions 7611.2 1 117.02 (14.7%) 1456.8 (19.1%) 5037.2 (66%)
from NWM5
Range in extent 0.1-1 282.6 0.1-149.9 0.1-329.2 0.1-1 282.6
Average extent and 18.3+81.8 3.7+10.0 23.1+51.5 107.2+215.4
standard deviation
Coefficient of variation 446.9 2.4 7.0 8.4
(b) Information from the Mzansi-Amanzi data
Statistical descriptors Total Vegetated Mixed depressions Minimum Mean Maximum
extent of all (notinundated) (partly vegetated and (dry period) (intermediate (wet period)
depressions depressions < 60% inundated) period)
Total extent 4044.0 (53.1%) 104.5 (1.4%) 446.1 (5.9%) 1176.5(15.5%) 2450.0(32.2%) 3 493.3 (45.9%)
Smallest extent 0.0 0.0 0.0 0.0 0.0 0.0
Average extent 9.7 0.3 7.1 25.0 521 74.3
Largest extent 965.4 16.9 112.5 7177 871.2 965.4
Standard deviation 58.4 1.3 20.6 110.4 143.7 159.1
Coefficient of variation 600.7 2.0 6.3 35 6.0 7.7
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Figure 3. Cover types of depressions in the Mpumalanga Lakes District of South Africa based on visual assessment of colour orthophotography

dating from 2012-2013

The predominantly inundated depressions were found largely in
the central and southern sections of the MLD (Fig. 4), whereas
the mixed cover depressions were interspersed between the
predominantlyinundated depressions. The smaller, predominantly
vegetated depressions were found on the headlands between the
river systems, as well as dispersed between the other two classes.

The depressions typed as predominantly inundated by visual
inspection were approximately 3 to 1 220 ha in extent, with
inundation ranges derived from the Mzansi-Amanzi data of
22-91% (Table 1; Fig. 4). Predominantly vegetated depressions
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were smaller than the predominantly inundated depressions, with
extents < 150 ha and percentage inundation generally < 60%. The
mixed depressions were < 320 ha with percentage inundation
mostly < 50%. A comparison between the trendlines of the three
cover types shows no strong correlation between the two variables
of extent and percentage of inundation (Fig. 4). According to
the trendline of the predominantly inundated cover type, the
minimum is limited to +25%, indicative of the limitation of the
Sentinel-2 20 m spatial resolution in detecting smaller percentages
of inundation.
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Figure 4. Cover types of depressions in the Mpumalanga Lakes District of South Africa (n = 416) against sizes and ranges of the percentage of
inundation derived from the Mzansi-Amanzi data. Linear trendlines for each cover type are indicated as blue for inundated, green for vegetated
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Table 2. Comparison between the hydroperiod classes assigned by DRDLR:NGI and those derived from the Mzansi-Amanzi datasets (Thompson
etal., 2018) for different cover types of depressions, given as (a) numbers and (b) extent (ha). The percentages of each as a total of all the inundated
depressions (n = 47) are given in brackets. Letters with a dash show a combination of the permanently (P), seasonally (S) and intermittently (I)
inundated classes.

Mzansi-Amanzi DRDLR:NGI
Perennial Non-perennial Total
(a) Number of predominantly inundated depressions (n = 47)

Permanent (P) 12 (25.5%) 0 (0%) 12 (25.5%)
Seasonal (S) 5(10.6%) 0 (0%) 5(10.6%)
Intermittent (1) 0(0%) 3(6.4%) 3(6.4%)
S-P 17 (36.2%) 0 (0%) 17 (36.2%)
I-P 0 (0%) 1(2.1%) 1(2.1%)
I-S 5(10.5%) 4 (8.5%) 9 (19.1%)
Total 39 (83.0%) 8 (17.0%) 47 (100%)

(b) Extent (ha) of the number of predominantly inundated depressions (n = 47)

Permanent (P) 3083.1(61.2%) 0.0 (0%) 3083.1(61.2%)
Seasonal (S) 140.4 (2.8%) 0.0 (0%) 140.4 (2.8%)
Intermittent (I) 0.0 (0%) 3.9 (0.1%) 3.9 (0.1%)
S-P 1661.5 (33.0%) 0.0 (0%) 1661.5 (33.0%)
I-P 0.0 (0%) 6.8 (0.1%) 6.8 (0.1%)
I-S 112.2 (2.2%) 29.2 (0.6%) 141.4 (2.8%)
Total 4997.2 (99.2%) 40.0 (0.8%) 5037.2 (100%)

One quarter (25.5%) of the number of depressions with a
‘permanently inundated’ hydroperiod category (n 47)

wider range of inundation periods over the two years assessed.
According to the hydroperiod classes, 61% of the extent of the

corresponded with the DRDLR:NGI ‘perennial’ category
(Table 2a), whereas 61% of the extent measured corresponds with
these comparable categories (Table 2b). While the DRDLR:NGI
categories showed that most (83% of the number and 99% of
the extent) of the depressions were perennial (Table 2), the
hydroperiod classification of Ollis et al. (2013, 2015) shows a
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depressions, or 25.5% in numbers, is permanently inundated,
with very few being seasonally inundated (3% of extent and
11% in number) and only three depressions considered to be
intermittently inundated. More than half of the depressions (57%
of the number and 36% of the extent) had hydroperiod classes
which varied between the two 12-month periods assessed.
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The permanently inundated depressions were located predom-
inantly in the centre of the catchment, south of the Majosie se Vlei
River, with seasonally and intermittently inundated depressions
interspersed between them (Fig. 5). Depressions that varied between
seasonally inundated in the first 12-month period assessed, to
permanently inundated in the second period, were visibly dispersed
on the periphery of the permanently inundated depressions.

In the majority of cases, the permanently inundated and seasonal
hydroperiod categories (or a combination of these), showed a
larger areal extent compared to the other inundation categories of
the depressions (Fig. 6).

Variation of inundation periods over time against mean
monthly precipitation

The percentage inundation extracted from the Mzansi-Amanzi
data for the predominantly inundated depressions (n = 47)
showed a clear seasonal variation of inundation between January
2016 and May 2018 (Fig. 7). The first year between January 2016
and October 2016 also showed a below-average inundation
compared to 2017 and 2018, with no rainfall recorded between
March and September of 2016. The number of images available
in 2016 was limited to 10-day intervals, since only the Sentinel-
2A sensor (launched October 2015) was available at that time.
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Figure 5. The extent of the 416 depressions in the Mpumalanga Lakes District, South Africa, comparing the DRDLR:NGI inundation categories
with the period of inundation calculated from the monthly Mzansi-Amanzi datasets (Thompson et al., 2018). Hydroperiod classes include a single
instance or combination of the permanently (P), seasonally (S) and intermittently (I) inundated classes.
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Figure 6. Variation of hydroperiod classes (P = permanently inundated; S = seasonally inundated; | = intermittently inundated; and combinations
of these) of predominantly inundated depressions of the Mpumalanga Lakes District (n = 47) relative to their size and percentage of inundation

derived from the Mzansi-Amanzi data
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The repeat-visit cycle halved with the launch of Sentinel-2B,
the twin sensor, on 7 March 2017. Monthly rainfall increased in
October 2016 and May 2017, with corresponding increases in the
mean and maximum percentage of inundation recorded in the
summer, despite the limitation of having only Sentinel-2A in orbit.
No rainfall was recorded between June and September 2017, with
a corresponding decline in the mean percentage of inundation
of the predominantly inundated depressions. In November and
December 2017, 200-300 mm of rain fell, resulting in the largest
increase of 27% in the average percentage of inundation in the
period December 2017 to January 2018. These results show that
the data derived from the Sentinel-2 sensor can detect monthly
variation in the percentage of inundation and responds to rainfall
events. The highest maximum percentage of inundation was
recorded in March and April 2017, with a total of 90%.

In comparing three of the seasonal time periods (January-April
2016, May 2016-April 2017, and May 2017-April 2018), the
maximum percentage of inundation varied by <4%. The mean
percentage of inundation in the first period was, however, half of
the mean in the last two periods, showing the effect of the end of
2015 and beginning of 2016 drought on the extent of inundation.
The rainfall pattern of 2017 and 2018 shows seasonality ranging
from October 2016 to May 2018 (Fig. 7). Similarly, the variation
in the inundation of the predominantly inundated depressions
follows the same seasonal pattern (see moving average across
3 months in Fig. 7). An increase in the percentage of inundation
is visible in February 2016 following the mean average rainfall of
January 2016 (29.5 mm), peaking in March 2016 and gradually
declining again towards the October 2016 driest month (mean
inundation at lowest 11.3%). Rainfall events commenced again in
September and October 2016, with a corresponding increase in
the mean percentage of inundation from October 2016 to 20.2%
in November 2016, peaking in March 2017 (42.3%), and gradually
declining towards the next minimum mean (15% inundated) and
a gradual increase towards the next peak (mean maximum of
43.8%) in April 2018.
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Results of the case study: variation of inundation for four
depressions of the MLD

The maximum extent of inundation for the NWMS5 polygons of the
four predominantly inundated depressions of the MLD that were
used as case studies showed differences in their maximum extent
of inundation and continuity of data over the reporting period
(Fig. 8). The two largest depressions, Chrissiesmeer and Eiland-
smeer (Fig. 1), had ranges of inundation from 60% to 75% (of the
extent of polygons mapped in NWMS5, which included their seep
zones). Both showed decreases in the percentage of inundation
from January to February 2016 of 28% for Eilandsmeer and
13% for Chrissiesmeer, and from November to December 2017
decreasing by 16% for Eilandsmeer and 7% for Chrissiesmeer. An
increase in the percentage of inundation was then observed from
February to March 2016 (30%, 15%, respectively) and December
2017 to January 2018 (27%, 11%, respectively). These changes in the
percentage of inundation differ from the average changes between
months observed for Eilandsmeer of no more than 6% and for
Chrissiesmeer of <1.2% over the 29-month analysis period.

Collectively, the 47 predominantly inundated depressions of
the MLD showed no significant decreases (Welch two-sample
t-test) either from January to February 2016, or from November
to December 2017; however, the increase of the percentage
of inundation from February to March 2016 was significantly
higher (p < 0.05; at the 95% confidence interval), as was that from
December 2017 to January 2018 (p < 0.01; at the 99% confidence
interval). These two events show a clear decrease of the percentage
of inundation extent for Eilandsmeer and Chrissiesmeer, followed
by a sharp increase corresponding with a general decrease and
increase in the mean percentage of inundation of all predominantly
inundated depressions (n = 47) from January to February 2016
(-=1%) followed by an increase from February to March 2016
(10%), as well as from November to December 2017 (—4%), and
then followed by an increase from December 2017 to January
2018 (27%) (Fig. 7). Closer inspection of the original images and
the Mzansi-Amanzi classification suggested that cloud cover and

83



—a—Eilandsmeer
100 -
95 +
90
85
80
75 +
70
65 -
60
55
50 +
45
40
35
30 +

Percentage inundation (%)

25

20 +

15

10

5

0 -

o o L

N o

o e o o

—#—Lake Banagher

© Lo o o A A
NN N NN RN N N N N A R s
& & é\'b‘ & \3\'5\ & W v"% & ‘9“ & & & é\”‘

Month and year

Slangpan  =—==Chrissiesmeer

/

I I T )

\ﬁ""@"""“@q:\(;»(\.xvx‘sp.
o <« 02; R \v‘(b vse‘ga

) S SN
B
& @'5\ AN v_o% =

Figure 8. Percentage areal extent of inundation for four of the predominantly inundated depressions in the Mpumalanga Lakes District of South
Africa, showing their maximum percentage inundation over the time period. Zero values indicate dates on which either cloud cover or shallow
levels of inundation resulted in <5% of the wetland being recorded as inundated for Lake Banagher and Slangpan

classification errors may have contributed to the lower values of
inundation reported.

The two smaller depressions, Lake Banagher and Slangpan,
showed higher variability in the percentage of areal extent that was
inundated, as recorded over the 29-month period (Fig. 8). Both
pans showed several classification errors, particularly between
May and November 2016, where the inundation appeared to be
<5%. Visual inspection of the available Sentinel-2 L1C images in
the Earth Observing System (EOS) LandViewer (https://eos.com/
landviewer/) for these months showed predominantly cloud-free
days (63% of the 78 scenes available have <25% cloud cover across
the 7-month period), with a reduction in water levels in Blinkpan,
directly west of Slangpan, that was well detected and classified
during this period.

DISCUSSION

Our work shows that data derived from the Sentinel-2 images
are key in the mapping and monitoring of inundated wetlands.
In particular, the methods described in this study enable refined
reporting of the changes in the extent of lacustrine wetlands
for SDG 6.6.1a, and improved biodiversity typing of lacustrine
wetlands for reporting on SDG 15.1 and Aichi Target 11. In
addition, Sentinel-2 data refines the previous mapping and
monitoring of lacustrine wetlands temporally and spatially. These
findings have influences on fine-scale to country-wide and global
scale reporting and management, described in more detail in
subsequent sections.

Improved reporting of the mean maximum extent
and hydroperiod important for global sustainable
development and biodiversity reporting

Ideally, the periodicity of the natural variability in the mean
maximum areal extent of lacustrine systems should be determined
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and used as a reference against which changes in the hydrological
regime are reported for SDG 6.6.1a. The mean maximum areal
extent of lacustrine systems is proposed as the most suitable metric
for monitoring changes in inundation, to avoid the recording of
changes against outlier events, such as irregular tropical storms
or cyclones. Correspondence of the inundation periodicity of a
catchment to rainfall patterns should be determined, to enable
the identification of deviations from the natural cycle(s). Such
reporting would be challenging, in that the interval may vary
regionally, resulting in more detailed monitoring required globally
oratacountry-widescaletoreportchangesagainstsuchareference.
One policy consideration, at the CBD and SDG discussions
for future headline indicator reporting, should be to report on
the number of catchments which have retained their natural
mean maximum extent in inundation, compared to catchments
which show significant deviation from these within a decadal
period.

The improved temporal monitoring of inundation extent enables
the refinement of hydroperiod classes for the biodiversity typing
of lacustrine wetland ecosystems globally and in South Africa,
defining them as either permanently, seasonally or intermittently
inundated (Keith et al., 2020; Ollis et al., 2013; 2015; Ramsar, 1999).
These classes would facilitate refined assessments of the lacustrine
wetland ecosystem types, while deviations from the natural
hydrological regime (e.g., such as the interval between mean
maxima) would inform on changes in the ecological condition of
these wetlands. These refinements could influence the reporting
of the ecosystem threat status of freshwater ecosystems for Aichi
Target 11 of the CBD, using 30% of the extent of each hydroperiod
class as target, and for SDG 15.1, reporting the extent, percentage
and changes in the hydroperiod classes of wetlands. Further work
would be required to initiate the reporting of the soil saturation
phases and metrics associated with palustrine wetlands.
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Sentinel-2 data improve the reporting of the areal extent
and hydroperiod of lacustrine wetlands compared to
Landsat data

Sentinel-2 data improves the representation of the
maximum extent and hydroperiod of lacustrine wetlands
compared to Landsat data

The freely available Sentinel-2 data enables monthly records of
inundation of wetlands which can be used in monitoring these
ecosystems under global and climate change. This study showed
that the extent of inundation data derived from the Sentinel-2
sensor can improve the reporting of the maximum extent of open
water or lacustrine wetlands for national and global reporting
purposes. The Sentinel-2 sensor improved on the temporal
frequency of the Landsat sensors, increasing the revisit time
from 16 days to an average of 5 days at the equator (Li and Roy,
2017; ESA, 2019). This increases the chances of obtaining cloud-
free imagery for deriving inundation extents of wetlands. Earlier
methods of mapping inundation, such as those used by the
former DRDLR:NGI for topographical feature mapping, limited
the representation of inundation extent in sporadically available
images that could not inform the hydrological regime of the
wetlands, nor derive their maximum extent of inundation and
functional diversity. The atmospherically corrected Sentinel-2
optical images are also available in Google Earth Engine
environment and therefore easy to implement for monitoring,
though may present more error in the classification of the areal
extent of inundation, resulting from cloud cover.

Shortcomings of the Sentinel-2 data in mapping and
monitoring inundation extent

The inundation data derived from Sentinel-2 for the year 2016
showed a larger number of omission errors in mapping the extent
of inundation, particularly for smaller, predominantly inundated
depressions, such as Slangpan and Lake Banagher. The percentage
of inundation was recorded as zero for these two systems between
May and November 2016, compared to continuous inundation
of Chrissiesmeer and Eilandsmeer during the same period.
These errors were attributed to the fact that only Sentinel-2A
was in operation during 2016, providing an average revisit time
of 10 days. After Sentinel-2B became operational on 7 March
2017, the revisit time increased in temporal frequency to 5 days,
improving the chances of obtaining cloud-free data, thus reducing
errors. Vegetation and algal growth are also prevalent in some
of these depressions, such as in parts of Slangpan, while Lake
Banagher could possibly be shallow and turbid, which may result
in omission errors for these two depressions. Calculating the
maximum extent of the inundated parts of the depressions from
radar time-series data can reduce the omission errors prevalent in
optical images (Chapman et al., 2016). Long-term, hydrological
regime information for the wetlands, covering both wet (La Nifa)
and dry (El Nino) cycles, should be used to build up a record of
the long-term maximum extent of inundation and to define the
boundary between the depression and seep HGM units.

Many studies have also used Sentinel-1 radar data, or a fusion
between the optical (Sentinel-2) and radar (Sentinel-1) images
to overcome the omission errors associated with the optical data
(e.g., Bioresita et al., 2019; Manakos et al., 2020; Muro et al., 2020).
While the radar data overcomes the limitations of cloud cover,
the associated speckle over inundated areas, particularly turbid
waters, protruding vegetation and shallow depressions, may
also contribute to an increase in error (Schumann and Moller,
2015). At the end of July 2021, GTI released the updated Mzansi-
Amanzi version 2 free to the public, which derives the areal
extent of inundated wetlands from the Sentinel-1 and Sentinel-2
sensors for the whole of South Africa, from January 2016 onwards
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(Thompson, 2021). This would provide South Africa with the
opportunity to refine the reporting for lacustrine and palustrine
wetlands, backdating improvements to the 2020 and future
SDG 6.6.1a reporting. In addition, our ecosystem types could
be refined for the next National Biodiversity Assessment, which
ultimately influences the selection of Key Biodiversity Areas and
the reporting for SDG 15.1.

Freely available Sentinel-2 data enables Tier 2 and refined
level reporting of SDG 6.6.1a

In the SDG 6.6.1a reporting structure, countries are offered global
statistics derived from the global surface water product (Pekel et
al,, 2016), which reports the areal extent of lacustrine wetlands as
derived from the Landsat series and Sentinel-2 data since 1984
at Tier 1. With the freely available Sentinel-2 data and methods
proposed in this paper, countries can derive their own statistics
to report at Tier 2. Tier 2 reporting can facilitate improved
representation of the areal extent of lacustrine wetlands, and
the accuracy of changes between reporting years. For example,
a comparison between the global surface data product used at
Tier 1 and the areal extent of wetlands mapped in the latest South
African NWMS5, showed that 87% more wetlands can be reported
at Tier 2 (Van Deventer, 2021; DWS, 2020).

Further refinement of the South African NWMS5 polygons
would however be necessary for future SDG 6.6.1a and Aichi
target 11 reporting. Using the Mzansi-Amanzi data derived from
the Sentinel-2 images, the maximum extent of inundation of
lacustrine wetlands in the MLD was 3 493 ha, and more accurate
to report compared to the coarser polygons of NWMS5. In fact,
this amount is 1 544 ha less, or 31% less compared to using the
full extent of the NWMS5 polygons (5 037 ha or 66% of the extent
of NWMS5 depressions in the MLD). Removing the seep extent of
the NWMS5 polygons, which occurs around the inundated part of
the depression, is essential for reporting the maximum extent of
inundated wetlands for the SDG 6.6 indicator.

Sentinel-2 data can contribute to the biodiversity typing
of lacustrine wetlands

The Sentinel-2 images were able to provide biodiversity
information for the wetlands that informed more on their origin,
in comparison to the geology, cover types and hydrological
regime of the predominantly inundated depressions of the MLD.
The refinement of the MLD’s depressions according to cover types
and their hydroperiod can further the understanding of faunal
biodiversity and potentially the impact of anthropogenic and
climate change on these ecosystems. These aspects are discussed
in more detail in the subsections that follow.

Geological origin of the geographic distribution and high
prevalence of depressions relative to other wetlands in the
MLD

The geographic distribution of the depressions and other wetlands
of the MLD relative to the geological formations, showed that the
majority of the depressions south of Majosie se Vlei coincide with
the sandstones and shales of the Vryheid Formation (Pv) of the Ecca
Group of the Karoo Supergroup. An extensive intrusion of dolerite
occurs between the Majosie se Vlei and Mpulusi rivers, where
valley-bottom wetlands dominate, and depressions are absent.
There has been much speculation on the reason for the density of
lakes and their nature in the MLD. The predominantly horizontal
nature and porosity of the underlying Vryheid Formation and the
proximity of dolerite dykes to these lakes have been mentioned as
the primary causes of this phenomenon (Marshall and Harmse,
1992). This is a moot point seen in the light of the large areas of
South Africa that are covered by Ecca Group rocks and feature
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dolerite dykes that do not have lacustrine wetlands of a similar
density or nature. The fact that the MLD is found in one of the
last remaining patches of the African Surface that was set down
during the Cretaceous is often overlooked. Here, the African
Surface was uplifted due to rifting and during the subsequent
period of inundation and erosion ferricrete formed that capped
the remaining African Surface sediments in this region (Partridge
and Maud, 1987). This feature causes the lakes in the MLD to
have differences in salinity - the lakes that are recharged mainly
from the groundwater located within the Vryheid Formation are
saline compared to those that are recharged from the perched
aquifer underlain by ferricrete (Russell, 2008). The reason why
the lakes that are permanently inundated are located in the south
of the study area is probably because the lakes formed along the
flow of an ancient river that cut through the African Surface and
the underlying Vryheid Formation, flanked in the north by an
erosion-resistant highland formed by the dolerite sill.

Diversity of, and variation in, cover types of the MLD
depressions (n =416)

A diversity of depressions is found in the MLD, with 47 of the 416
depressions typed as predominantly inundated. These constitute
11% of the number, but 66% of the extent of all depressions
within the MLD using the extent of the NWMS5 polygons. A larger
number of depressions were typed as predominantly vegetated
(306), but in extent made up only 15% of all depressions in
NWMS5, while the mixed depressions (64) comprised 19% of the
extent of depressions mapped in NWMS5. Vegetated depressions
also varied in communities, ranging from grasses to sedges to
reeds, as previously observed (Hutchinson et al., 1932; Russell,
2008). Further work is therefore essential for characterising the
diversity of the depressions to Level 6 of the classification system
for wetlands and other aquatic ecosystems in South Africa (Ollis
et al,, 2013, 2015), to obtain a more detailed inventory of the
diversity of the depressions in this catchment.

The geology of the region determines the distribution and nature
of the predominantly inundated depressions in the MLD. These
depressions are more prevalent in the southern two-thirds of the
study area, where drainage has been mostly disrupted, compared to
the other parts of the MLD with depressions. These predominantly
inundated depressions probably developed along an ancient river
system that ran over the Cretaceous African Surface and cut its
way through the underlying Vryheid Formation in the southern
part of the study area, skirting the erosion-resistant dolerite sill
to the north. These systems were found to be, on average, larger
compared to the predominantly vegetated and mixed systems.
Average percentage inundation values also suggest that these
systems are likely to be ADE, since they varied less during the
2016 drought when compared with the highly seasonal varying
vegetated systems. Understanding the functional diversity of these
depressions not only contributes to understanding the diversity
of wetland ecosystem types, but also to interpreting changes in
the hydrological regime, whether through abstraction or climate
change.

Deriving the hydrological regime from Sentinel-2 images
for predominantly inundated depressions (n = 47) of the
MLD

The monthly inundation data derived from the Sentinel-2
sensor enabled the classification of the functional diversity of
the predominantly inundated depressions according to the
hydroperiod classes of the ‘Classification system for inland
wetlands and other aquatic systems’ (Ollis et al., 2013; 2015).
More detailed time-series analysis allows the refinement and in
some instances the correction of categories originally assigned
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by the DRDLR:NGI as perennial, non-perennial and dry pans.
Further work is required to assess whether the periods chosen
for permanently, seasonally and intermittently inundated classes
of the classification system prevail across all catchments of South
Africa.

The predominantly inundated depressions showed the hydro-
logical regime to vary without any clear pattern visible during the
period of reporting (January 2016-May 2018). A clearer seasonal
signature is visible after December 2016, peaking in March
2017 in mean level of percentage inundation, and reaching the
lowest percentage of inundation in December 2017. The mean
percentage of inundation appears to respond to monthly rainfall
recorded, with a lag effect of a month or two. The mean monthly
precipitation during the 29-month study period showed a natural
curve of seasonal precipitation, with higher rainfall in the summer
months, compared to no rain in the winter months, and compares
well with the 88-year average recorded between 1911 and 1999
(SAWB, 1911-1999). The study period followed the drought in
South Africa, which showed below-average rainfall recorded for
the last quarter of 2015 and beginning of 2016. A decline in the
areal extent of wetlands between 2000 and 2015 was observed
in the Witbank Dam Catchment of the Mpumalanga Province,
using seasonal MODIS data (Nhamo et al,, 2017). In contrast, the
results of inundation of the MLD study area show the increase
of areal wetland extent following the drought. Regardless of the
improvement that Sentinel-2 offers for refined monitoring of the
hydrological regime compared to the coarse-scale sensors, the
results showed that errors still affect the monitoring of smaller
and possibly shallower depressions (e.g. Slangpan and Lake
Banagher), compared to the larger depressions (Chrissiesmeer
and Eilandsmeer). Results of individual depressions should be
used with caution and investigated in the field before drawing
conclusions. The Sentinel-2 images have the potential to be used
at scales ranging from individual depressions through catchment
level to national level, for reporting variation in hydrological
regimes, reporting the maximum extent, and detecting functional
diversity of wetlands.

Understanding larger interannual hydrological cycles for
Chrissiesmeer and other catchments in South Africa

It is also important to further understand the larger interannual
hydrological cycles at a catchment level, not only for global
reporting, but also management at a local scale. De Villiers
(2008) mentioned that 80% of the depressions dry up during dry
years when the MAP reaches <450 mm, whereas pans are more
perennial in wet years, when the MAP exceeds 750 mm. He also
observed that during the floods of 2000 (following Cyclone Eline)
and 2002, the road running along Chrissiesmeer’s eastern shore
was flooded for a total of 18 months (De Villiers, 2008). Tarboton
(2009), on the other hand, indicated that Chrissiesmeer has dried
out 5 times in the past century, with the most recent occurrence
recorded in 1993-94. Improved understanding of the natural
hydrological regime cycles of the catchment would likely inform
policy formulation, planning, management and the management
of water use in the catchment. Improved understanding of larger
interannual cycles of wetlands will likely also improve the choice
of reference and reporting periods of wetlands for SDG 6.6.

CONCLUSION

Inundation data derived from the freely available Sentinel-2
sensor proved to be valuable for monitoring and reporting of
inundated wetlands both globally, at a country-wide scale and
locally. The more frequent revisit time and finer spatial resolution
of the Sentinel-2 sensor and images compared to the temporal
resolution of the Landsat sensors improve the ability to report
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the maximum extent of predominantly inundated wetlands for
the SDG 6.6 indicator, and to inform functional diversity and
typing of wetlands that, in return, are reported to the Aichi 11
target and SDG 15.1. In addition, monthly variation in inundation
could potentially track deviations from the natural hydrological
regime resulting from outside influences such as groundwater
abstraction, global or climate change.
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