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Abstract: Multi-date remotely sensed SPOT images of 1991, 2000, 2009 and 2017 were used to re-
construct changes in land cover in the Gamtoos River Estuary, Eastern Cape province, South Africa.
These images were complemented by near-anniversary aerial photographs and Google Earth im-
ages that were used as ancillary sources of ground truth. The long-term trend direction of change
was determined by calculating percentage changes and performing linear trend analysis. The mag-
nitude of change was established by calculating Sen Slope estimates (SSE) and the influence of
climate change on changes in land cover tested by correlating changes in rainfall and different cover
types. The greatest and lowest changes were for noncultivated land and surface water (−7.94%,
y = −1.2032x + 21.275, SSE = −0.292, and 0.44%, y = −0.4261x + 9.657, SSE = 0.007, respectively). Cor-
relations between rainfall and all cover types were weak and ranged between 0.453816 and −0.643962.
Rainfall exhibited a significant decrease (p = 0.0411, σ 0.05; y = −7.175x + 734.55, SSE = −11.130)
that was highly correlated with changes in surface water distribution (0.813709, Critical R = 0.805).
Overall, the results of this investigation point to the combined influence of climate change and human
agency, with the latter tending to play a more prominent role by exerting increasing pressure on the
environment’s natural supporting potentials. We therefore urge the scientific community to continue
exploring actionable interventions that can be used to enhance the sustainability of this ecosystem
and others elsewhere.

Keywords: land cover change; climate change; estuary

1. Introduction

Estuaries are semi-enclosed coastal bodies of water which are connected to the sea
either permanently or periodically, with salinities that are different from that of the adjacent
open ocean due to freshwater inputs. [1]. They are some the world’s most dynamic
aquatic environments [2] and more productive than freshwater and marine ecosystems [3].
Apart from providing ecosystem goods and services ranging from fisheries to recreational
opportunities [4,5], they also store genetic resources that can be exploited for human
gain [6]. Although their full value is often underestimated [7], they support the livelihoods
of local communities by providing more benefits than what most ecosystems can offer [4].
Unfortunately, however, their sustainability is being compromised by inappropriate human
resource use practices and climate change [8] with evidence showing that worldwide, they
are some of the most threatened natural systems [9]. In South Africa, these ecosystems are
under increasing anthropogenic stressors, with nutrient enrichment being reported to be
the main cause of their deteriorating water quality [10,11]. Persistent enrichment is a major
problem because some of the nutrients persist as ‘legacy nutrients’ even after input has
ceased [12–14].
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Other anthropogenic stressors and impacts include (1) the conversion of land to agri-
culture and settlement, (2), reduced freshwater inflow from impoundment in dams [15],
(3) increased pollution from urban runoff [16], (4) water table elevation from agricultural
return flow [17], (5) the contamination of soils from overfertilisation on crop farms and
runoff from cattle [18], (6) declining nursery value due to recreational fishing pressure and
pollution, (7) freshwater starvation by competing demands that include irrigation agricul-
ture and abstraction for industrial and domestic consumption [19] and (8) hydrological
modifications from excessive abstraction and planned diversion [20–22]. Although giving
detailed explanations of these factors is beyond the scope of this paper, an elaboration
of selected examples may help to illustrate how human interventions and inappropriate
resource practices are threatening the sustainability of these ecosystems. The conversion of
land to agriculture and settlement, for instance, entails the clearing of dryland vegetation
and the baring of landscapes. This directly impacts on estuarine ecosystems by modifying
inflow from surface runoff, reducing flushing rates and increasing the residence times for
different nutrients and pollutants.

The combined effects of these modifications are variable, but they all imply the alter-
ation of seasonal inundation patterns, changes in nutrient dynamics and the distribution of
water-tolerant and water-intolerant herbaceous species. In terms of pollution and nutrient
overloading, the 840,000 m3 of wastewater disposed into South Africa’s estuaries on a
daily basis points to substantial human impact [22]. This leads to nutrient overloading
when the system’s assimilative capacity is exceeded. The construction of dams in some
of the estuaries’ catchment areas aggravates this situation by reducing freshwater inflows
and diverting river water to irrigation and domestic and industrial use. These extractive
uses of water further imply reduced mixing of estuarine water and surface runoff and the
conversion of estuaries into nutrient sinks.

Climate-change-related stressors include (1) sea-level rise (SLR)-induced loss of estu-
arine area [23–26], (2) the alteration of salt marsh zonation, habitat modification, reduced
productivity and salinization of terrestrial and estuarine freshwater by seawater [27], (3) the
increased frequency of destructive floods [28], (4) the disruption of salinity regimes during
periods of prolonged rainfall failures and drought [29] and (5) the loss of biodiversity and
eutrophication from the intermittent isolation of estuarine water and reduced connectivity
to the sea [30]. These threats explain why climate change has been identified as one of the
root causes of persistent decrease in the productivity of estuaries [31].

In South Africa, the predicted increase in the frequency of extreme weather events,
together with sea-level rise, will affect fisheries and other estuary-associated species due
to the loss of estuarine habitat. [32]. Increasing air temperatures will also have direct
impacts on temporarily open/closed rather than permanently open estuaries because
of the former’s intermittent isolation from the effects of sea temperatures and higher
responsiveness to prevailing temperatures [33]. Changes in rainfall will affect wide-ranging
estuarine-dependent species that rely on freshwater runoff [34], while reduced freshwater
inflows will increase the frequency and duration of estuary mouth closures, changes in
nutrient levels, dissolved oxygen and turbidity [35]. Climate change further affects estuaries
by imposing limits on above- and below-ground biomass accumulation in the dryland and
aquatic zones. The combined effects of this phenomenon with exploitive use of water have
direct and indirect effects on vegetation which is critical for the proper functioning of these
ecosystems. Climate and anthropogenic factors determine the hydrodynamics of these
ecosystems because replenishment of freshwater is determined by rainfall, evaporation,
the impoundment of surface runoff in dams, abstraction from rivers and extraction of
groundwater. Although the likely occurrence of adverse impacts is debatable, the potential
consequences of small changes often considered to be trivial are still poorly understood
and reluctantly acknowledged.

Addressing these threats is problematic due to a lack of unified perspectives on
whether some of these ecosystems are changing in ways that require immediate action.
Individual stressors may not have identifiable effects even though they collectively result in
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cumulative impacts that diminish the sustainability of these vital ecosystems [36]. Although
small changes can have a high marginal cost to the environment, the major problem is
that in most cases, nothing is accomplished due to a limited understanding of how they
accumulate and reinforce each other. Because of this, inaction continues to prevail due
to the misinformed overestimation of allowable limits. This paper attempts to shed light
on how these threats, both trivial and nontrivial, can be pinpointed by using different
datasets and investigative techniques to ascertain the nature, causes and extent of land
cover changes in Gamtoos River Estuary (GRE), Eastern Cape province, South Africa.

This motivation was premised on the fact that changes in land cover (LC) provide
visible expressions of how the environment is changing [37] in ways that reveal the major
drivers of adverse changes and the need for action [38]. The objective of this paper was
to establish and identify the long-term (1991–2017) direction and drivers of LC change in
GRE. The main goal was to provide recommendations on how to address the challenges
confronting the sustainability of this vital ecosystem. This was performed by using the
Drivers–Pressures–State–Impacts–Responses (DPSIR) framework [39] to (1) establish how
natural and human stressors (drivers and pressures) are impacting the environment (state
and impacts) and to (2) provide recommendations and actionable interventions (responses)
on how to enhance the sustainability of GRE and others elsewhere.

2. Materials and Methods
2.1. Study Area

Gamtoos River Estuary is a shallow tidal estuary [15] in Eastern Cape province, South
Africa (Figure 1).

Figure 1. Location of Gamtoos river estuary in Kouga Local Municipality, Eastern Cape province,
South Africa.

The GRE is formed by the convergence of the Kouga and Groot Rivers [40]. It has
a surface water area of 215 km2 [41] that is sustained by inflow through agricultural
lands [42] from a 34,438 km2 catchment area [43]. On average, freshwater inflows into
the estuary range between 35 × 103 m3 day−1 during base flow conditions (dry season)
and 138 × 103 m3 day−1 during the rainy season [44]. Its topography is characterised by
confinement to 2–4 m high banks that lower progressively as it broadens out towards the
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mouth [45]. It is bounded in the north-east by the Elandsberg fault and in the south-west
by the Gamtoos fault, parallel to which flows the Gamtoos River in a north-west–south-east
orientation [46]. The lower reaches of its floodplain are dominated by alluvial soils and the
upper reaches are dominated by fluvial gravels [46].

Because of these characteristics, it is one of the country’s unique estuaries with a 20 km
long tidal reach and extensive alluvial floodplain [17] that has been supporting irrigation
agriculture since 1827 [47]. Its shoreline is dominated by shifting windblown sand dunes
that have cut off the flow of some streams to produce vleis and pans behind the older
vegetated dunes. Further inland, the landscape is largely dominated by the Kouga and
Baviaanskloof Mountains, which run parallel to each other in an east-west orientation [48].

Although it is classified as a permanently open estuary, it occasionally closes, with the
most recent closures having occurred in 2018 and 1949 [49]. Most of its catchment receives
rainfall throughout the year [50], with maximum fall occurring in spring (1 September–30
November) and autumn (1 March–31 May) and rainfall averaging 400 mm per year [44].
The mean for the Gamtoos valley is 547 mm year−1 [51,52]. Figure 2 shows annual rainfall
distribution and the frequency of below-average amounts at the nearest weather station
(Cape St Francis) from the estuary rainfall.

Figure 2. Annual rainfall in Gamtoos River Estuary (a) and deviation from the mean (b): 1990–2017.

Three dams, the Kouga River’s Beervlei and Paul Sauer Dams and the Loeriespruit
Dam on the Loeriespruit River, provide most of the water for agricultural, industrial and
domestic uses [15,41]. The Beervlei Dam has a storage capacity of ~150% of its catchment’s
mean annual runoff (MAR). The Kouga Dam and Loerie Dam retain ~85% and ~20%
of MAR from their catchment areas, respectively [51,52]. Although these dams are vital
for irrigation, they impact the estuary’s ecology and functioning by retaining some of
its sediment input and inflow. They do, however, help to buffer the effects of major
floods, eleven of which have been recorded in last two centuries in 1847, 1867, 1905, 1916,
1931–1932, 1944, 1961, 1971, 1981, 1996 and 2007 [43,45,51].

Most of the estuary’s upper catchment is used for livestock farming and is considerably
overgrazed and invaded by encroachers. Dryland vegetation types around the estuary
include forest plantations east of the Gamtoos River, low Fynbos, thicket, bushland and
pockets of degraded shrubland along the coast. The thicket and bushland are mostly
vegetated by evergreen, tough-leaved, deep-rooted and thorny trees of heights below
3 m [53,54]. Natural fringing vegetation is absent in most parts along the estuary [44]. The
estuarine area consists of water, freshwater wetlands, intertidal salt marshes, brackish
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wetlands and freshwater pools. The dominant wetland vegetation types and organic
lifeforms include Zostera capensis, emergent reeds, sedges, submerged macrophytes and
algae [55]. There are no industries or settlements along the estuary [52].

The major land uses along the estuary’s floodplain include commercial cultivation
of citrus fruit, tobacco, wheat, lucerne and vegetables under irrigation throughout the
year [51,55] and intensive use of fertilizers and pesticides [45]. Irrigation water is largely
supplied by a 72 km long canal from the Kouga Dam. These agricultural activities have
caused eutrophication [56] from nutrient enrichment [57] and increased concentration of
heavy metals and phosphates in both the upper and lower reaches of the estuary [57–59].
Although these dams have adverse effects on the estuary, they sustain irrigation agriculture,
which is the main economic activity in the area together with tourism. The major nearby
towns are Hankey, Patensie, Loerie and Thornhill.

2.2. Image and Data Compilation

The datasets that were used include SPOT images of 1991, 2000, 2009 and 2017 and
long-term rainfall records for the 27 years between 1990 (backdated to 1991 to cover
12 months before the image was acquired) and 2017. The 1991 and 2017 images were
acquired georeferenced from source and used to georeference the 2000 and 2009 images,
respectively. The 2000, 2009 and 2017 images were resampled to the spatial resolution of
the 1991 image to enhance analysis at the same spatial resolution. Thereafter, they were
converted to Top Of Atmosphere (TOA) spectral radiances in ERDAS Imagine by using the
ATCOR-2/3 module [60] and clipped to provide footprint coverages of the study area.

SPOT images were preferred because they had high quality ratings [61], optimum
spectral, spatial and temporal resolutions and acceptable cloud cover limits for the mapping
of estuarine vegetation under low flood conditions. These images were complemented by
0.5 m and 5 m resolution aerial photographs and Google Earth images that were used as
ancillary sources of ground truth. Rainfall data were provided by South Africa Weather
Services. Table 1 describes the SPOT images and aerial photographs that were used.

Table 1. Acquisition dates and characteristics of the SPOT images and aerial photographs that
were used.

Satellite Images Aerial Photographs
Sensor Date Acquired Spectral Bands Resolution Cloud Cover Date Acquired

SPOT 2 26/07/1991 B1, B2, B3. 22.01 m <5% 06/05/2013—Tc
SPOT 4 31/08/2000 B1, B2, B3. 21.58 m 0% 27/06/2003—Pan
SPOT 5 11/03/2009 B1, B2, B3. 11.91 m <5% 05/07/1994—Pan
SPOT 7 19/07/2017 B1, B2, B3. 5.63 m <5% 17/05/1980—Pan

Spectral band range. B1-B3: B1, 0.50–0.59 µm; B2, 0.61–0.68 µm; B3, 0.79–0.89 µm. B1 = green, B2 = red,
B3 = near-infrared (NIR). Tc = true colour, Pan = panchromatic. Sources: satellite images [61], aerial pho-
tographs [62].

2.3. Rainfall Data

The rainfall figures that were used include long-term annual totals for the 27 years
between 1990 and 2017 (not shown) and adjusted annual rainfall (AAR) totals of what was
received in the 12 months before each of the four images that were used for land cover
mapping was acquired (Table 2).

Table 2. Adjusted annual rainfall (AAR) that was received in the 12 months before each image
was acquired.

Year 1991 2000 2009 2017

* 08/1990–07/1991 07/1999–08/2000 02/2008–03/2009 08/2016–07/2017
AAR: mm 417.9 612.5 477.4 326.8

* Calendar months of which rainfall was used to calculate adjusted annual rainfall: AAR.
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The long-term annual rainfall figures (1991–2017) were used to detect the long-term
rainfall trend and AAR totals (Table 2) used to determine the influence of rainfall on the
spatial distributions of different cover types that were mapped based on SPOT images that
were acquired during the same year periods. This adjustment was reasoned to be necessary
because it allowed different cover types to be related to the rainfall which influenced their
spatial distributions, i.e., the rainfall that was received after July 1991 for the earliest image
of this year could not be used to assess the influence of rainfall on the distributions of cover
types that were mapped from the SPOT image of 26/07/1991.

2.4. Field Compilation of Reference Data

Field work was conducted during the dry season between May and July 2013. The
method that was used involved two stages. The first stage comprised the identification of
the dominant cover types. The second stage involved detailed characterisation of what was
observed in the first stage based on a field guide map that was prepared from unsupervised
classification of the 2017 SPOT image. The map contained more thematic classes than the
number of cover types that were observed during the first stage in order to facilitate the
identification of spatially confined cover types. Field investigation involved 5 sample sites
for each thematic class, whose field locations were determined by using a Garmin Global
Positioning System (GPS) with a rated accuracy of ±4 m. Class names were assigned to
different cover types based on their fractional distributions in 30 m × 30 m quadrats and
generic classification guidelines proposed by Di Gregorio and Thomlinson [63,64]. This
aggregation produced 5 cover types comprising (1) vegetation, (2) surface water, (3) bare
area, (4) cultivated land and (5) noncultivated land.

Vegetation included estuarine halophytes notably Zostera capensis, emergent reeds and
sedges and dryland thickets, bushland and scrub in margins of the estuary and floodplain
areas that are only underwater during large flood events. Surface water included estuarine
water and water in rivers and ponds. Bare land consisted of nonvegetated land, excluding
actively utilised arable land that was not under crops, sand banks and mobile dunes east
and west of river’s mouth, beach sand, unvegetated sediment, fire scars, bare rock outcrops
and man-made features such as gravel road bridges, footpaths, fireguards and storage
yards for irrigation equipment. Cultivated land included all land under irrigated crops and
noncropped land showing symptoms of active utilisation. Noncultivated land comprised
previously cultivated land without symptoms of prolonged abandonment. Built-up area
was not mapped because of the earlier stated absence of settlements and industries in the
study area.

2.5. Supervised Classification and Classification Accuracy

Supervised classification was conducted by segregating the images into two groups
consisting of the most recent image of 2017 and the historical images of 1991, 2000 and
2009. This was followed by using 2/3 of the ground truth from field investigation to
extract signatures for each of the five cover types following procedures suggested by Chen
and Stow [65]. The extraction of signatures was further boosted by using Google Earth
images [66] and the aerial photographs as collateral sources of ground truth. The former
were used to aid the discrimination of different cover types based on geolocated roadside
photographs that allowed additional signatures to be extracted (Figure 3).
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Figure 3. Illustration of how Google Earth was used to aid the identification of different cover types in
satellite images. Where
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denotes Geo-located roadside photographs.
(A,B)—Selected features in the image targeted for confident identification. (C)—Roadside view of
point (A) in satellite image, Nov 2009. 33.924861S; 25.075820E. (D)—Roadside view of point (B) in
image, Nov 2009. 33,921407S; 25.077065E. Link to source: [66].

The aerial photographs were used as ancillary sources of ground truth by displaying
them and their corresponding SPOT images in geographically linked viewers and using the
Linked Cursor tool to co-locate different cover types. Their correspondence was established
by pairing them in the same order they are listed in Table 1. The extraction of signatures for
dynamic cover types, such as surface water, crops and natural vegetation, was enhanced
by using contextual detectors [67,68] and evidential reasoning [69]. No crops and excess
water-intolerant vegetation types were expected in the estuary, for example.

This reasoning enhanced confident discrimination of other features based on location,
tone and shape. Misclassification of vegetation and crops was addressed by digitizing all
fields and overlaying the digitized layers on the initial map outputs. All classifications
were based on the Maximum-likelihood classifier because, apart from performing better
than the Minimum and Mahalanobis distance classifiers, it produces spectrally separable
signatures and meaningful results [70,71]. Classification accuracies were determined by
compiling confusion matrices following procedures suggested by Campbell [72]. Table 3
illustrates how these calculations were performed.
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Table 3. Illustration of how classification accuracy assessment was conducted based the SPOT 2000
image map output.

(a) Ba Veg Sw Ca Nc Total PA% UA%
Ba 12 0 0 1 1 14 92.86 81.25

Veg 0 21 1 0 1 23 82.61 90.48
Sw 0 2 10 0 0 12 83.33 76.92
Cl 1 0 0 12 1 14 78.57 91.66
Nc 1 0 0 1 10 12 83.33 76.92

Total 14 23 11 14 13 75

PA = producer accuracy, UA = user accuracy,
OA = sum of diagonal entries ÷ total = (65 ÷ 75) = 0.8667 = 86.7% (Ba = bare area,

Veg = vegetation, Sw = surface water, Ca = cultivated land, Nc = noncultivated land)

(b) Matrix produced in calculating the K statistic and explanation of how this was performed

196 322 154 196 182 Explanation of calculations

322 529 253 322 299
The first figure in Table (b) (196) is calculated by

multiplying the total for bare area in Table (a) (14) with
the horizontal row total for bare area in Table (a), i.e.,
14 × 14 = 196. The remaining figures are calculated

likewise.

168 276 132 168 156

196 322 154 196 182

168 276 132 168 156

Total 1050 1725 825 1050 975

Grand total (sum of totals) = 5625

Expected agreement by change =
Sum of diagonal entries

Grand total = 75
5625 = 0.0133

K =
Observed−expected

1−expected = 0.8667−0.0133
1−0.0133 = 0.8534

0.9867 = 0.8649

The figures in Table 3a are numbers of training samples that were extracted from
the image during supervised classification with training site consisting of 4 pixels whose
signatures were extracted by using a 2 × 2-pixel window. The shaded diagonal entries in
Table 3a are training samples that were correctly classified during supervised classification.
The other entries in each row are the training samples that were wrongly classified during
signature-based image classification. For bare area, for example, out of the 14 samples
that were extracted through interactive onscreen extraction of signatures, one sample was
misclassified as cultivated land and another sample was also misclassified as nonculti-
vated land. Accuracy levels for the remaining 1991, 2009 and 2017 map outputs were
83.93%, K = 0.757, 87.43%, K = 0.812, and 87.70%, K = 0.816, respectively. These accuracies
were lower than the minimum 85% recommended by Anderson [73]. However, some
authors [74,75] argue that many researchers have been misapplying this recommendation
as a limit by ignoring that it was only suggested as a target for mapping a small number
(~9) of broad land cover classes from 80 m resolution Landsat images.

Congalton and Green [76] go further to note that setting acceptable limits is misleading
because classification accuracy is meant ‘to enable users to determine a map’s suitability
for their specific needs and not to provide a basis for quality assessment’. The Kappa
statistic used by many researchers for classification accuracy assessment has also been
widely criticised as misleading and of little use for practical applications and decision
making [77–80]. In view of these considerations, it is justifiable to conclude that the levels
of accuracy that were achieved in this investigation are within acceptable limits.

3. Results and Statistical Analysis
Results

Results of this investigation are presented in the form of tables (Tables 4 and 5). Table 4
shows percentage compositions and percentage changes in the spatial distributions of land
cover types that were mapped. Table 5 shows the trend coefficients of these cover types
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and correlations between long-term changes in the five land cover types that were mapped
and adjusted annual rainfall (AAR).

Table 4. Percentage compositions and percentage changes in the spatial distributions of land cover
types that were mapped.

Cover Type Percentage Composition Percentage Change

1991 2000 2009 2017 A B C D

Bare area 12.95 21.87 9.65 16.43 8.92 −12.22 6.78 3.48
Vegetation 39.97 32.74 41.64 38.01 −7.23 8.90 −3.63 −1.96

Surface water 7.11 12.65 7.06 7.55 5.54 −5.59 0.49 0.44
Cultivated land 14.26 23.84 20.95 20.25 9.58 −2.89 −0.70 5.99

Noncultivated land 25.71 8.90 20.69 17.77 −16.81 11.79 −2.92 −7.94

Total area (ha) 1736.4 1736.4 1736.4 1736.4 − − − −
Percentage change labels: A: 1991–2000; B: 2000–2009; C: 2009–2017; D: 1991–2017.

Table 5. Trend coefficients based on compositions of the cover types that were mapped and correla-
tions between their percentage compositions with adjusted annual rainfall (AAR).

Cover Types Trend Coefficient R2 SSE p (σ 0.05)

Bare area: (Ba) y = −0.1797x + 15.675 0.002 −0.025 * 1.0000
Vegetation: (Veg) y = 0.3029x + 37.334 0.010 0.009 ** 1.0000

Surface water: (Sw) y = −0.4261x + 9.657 (�) 0.041 0.007 ** 1.0000
Cultivated land: (Ca) y = 1.5061x + 16.059 0.234 0.071 ** 1.0000

Noncultivated land: (Nca) y = −1.2032x + 21.275 0.049 −0.292 * 0.7341
AAR: (1991, 2000, 2009, 2017) y = −40.84x + 560.75 0.194 −9.258 * 0.7341
Long-term rainfall: 1991–2017 y = −7.175x + 734.55 0.119 −11.130 *** 0.0411

Correlations between AAR and different cover types at σ = 0.05, Critical R = 0.805

* AAR & Ba = 0.453816 AAR & Sw = ***0.813709 AAR & Nca = **−0.643962
** AAR & Veg = −0.592468 AAR & Ca = 0.560341 *** Significant positive

No trend if p is > 0.05). (�) = false negative trend. Negative SSE = declining trend and vice versa. * = insignificant
decrease. ** = insignificant increase. *** = significant decrease.

Simple linear trend analysis revealed (1) statistically insignificant negative trends for
bare area, surface water, noncultivated land, adjusted annual rainfall (AAR) and long-term
rainfall and (2) statistically insignificant positive trends for vegetation and cultivated land.
MK trend analysis detected similar trends except for surface water. All correlations were
weak (R2 < 0.64) and statistically insignificant except for the correlation between rainfall
and surface water distribution (R2 = 0.813709).

Long-term changes in all cover types were marginal (<8%), with vegetation and
noncultivated land initially decreasing by 7.23% and 16.81%, respectively, between 1991
and 2000. Bare area, surface water and cultivated land increased by 8.92%, 5.54% and 9.58%,
respectively. Overall, all changes were marginal (<8%) except for bare area, which decreased
by 12.22%, and noncultivated land, which increased by 11.79% (Table 4). Statistical analysis
was performed to ascertain the direction of change in rainfall and different cover types and
the relationship between these variables. Table 5 shows (1) linear trend coefficients for the
five cover types that were mapped and their SSE estimates and their p values, (2) linear
trend coefficients for long-term annual rainfall (1991–2017) and the adjusted annual rainfall
figures (AAR) for the four time slices (1991, 2000, 2009 and 2017) that were sampled for this
investigation and (3) correlation coefficients for AAR and percentage changes in the five
cover types that were mapped and Sen Slope Estimates for all cover types and rainfall.

Linear trend coefficients were computed in Excel and their accuracies cross-checked by
performing the Mann–Kendall (M–K) trend test [81] and their magnitudes and the direction
of change were determined by using Excel’s XLSTART plugin extension to calculate Sen
Slope Estimates (SSE) [82]. A positive (negative) SSE indicates an upward (downward)
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trend [83]. The advantages of this test are provided elsewhere [84]. The strength of the
association between rainfall and different cover types was determined by calculating the
Pearson product-moment correlation coefficients and the statistical significance of each
correlation (p) was determined by reference to the table of critical values at σ = 0.05.

Changes in all cover types were statistically insignificant but long-term rainfall exhib-
ited a significant decrease.

4. Discussion

The results of this investigation point to marginal long-term changes (<8%) in all cover
types, with vegetation and cultivated land decreasing. Interestingly, however, simple linear
and MK trend analyses revealed discordant trends for surface water distribution (Table 5).
The former detected a long-term decrease (y = −0.4261x + 9.657), while the latter detected
a long-term increase (SSE = 0.007). Equally interesting is the fact the marginal increase in
surface water distribution is not only consistent with what is expected in open estuarine
ecosystems [85] but also in agreement with the established cryptic effects of SLR average
increases of 1.6 and 1.8 mm yr−1 during the 20th century [86,87]. The major insight from
these observations is that although SLR is indeed occurring, simplistic analysis can give a
misleading sense of stability by failing to detect the hydrological response of estuaries to
the gradual increase in SLR.

This assertion is supported by Bornman and co-authors [24], who report a potential
SLR-induced loss of 30.24 ha in the neighbouring Swartkops River Estuary. In the GRE,
the observed increase surface water, although marginal, is a phenomenon that can only be
explained by SLR because it is an open estuary. This trend is a long-term liability which is
the associated inundation of aesthetically valuable beach areas that are vital for tourism
and the inland progression of seawater into terrestrial freshwater systems. The observed
0.44% increase in surface water for example (Table 4) translates into the submergence of
~7.64 ha of dryland over the period of the 26 years that were covered by this study. This
cryptic phenomenon is now widely considered to be a climate change impact of extreme
significance [88].

Although the small size of our sample (four time slices) might have skewed the
trend by failing to capture subtle changes, it was able detect a decreasing trend in rainfall
(Figure 4) that was confirmed by the robust MK analysis (Table 5). In addition, the only
way surface water could have increased as rainfall declined (Figure 2a) is by replenishment
from external supplies of which seawater is the only source. This reasoning is supported
by the long-term decrease in the estuary’s freshwater supplies due to frequent occurrence
of below-average rainfall (Figure 2b).

Figure 4. Sen Slope Estimates for land cover types that were computed by performing the M–K test
in Excel.

The periodic changes in vegetation suggest the combined influence of both human
and climatic factors. Although human influence is confirmed by the documented explosive
increase in citrus area and irrigated pastures after 2000 [51], this increase alone does not
provide a convincing explanation of the observed increase in vegetation because cultivated
land and vegetation were mapped separately. In the absence of cultivation, the most likely
natural drivers of vegetation’s expansion include the frequent occurrence of below-average
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rainfall (Figure 2b) and significant long-term decrease in rainfall (Table 5). Although our
mapping did not discriminate vegetation by species type, evidence indicates increasing
infestation of the estuary’s fringes by woody invasives [56]. This trend is consistent with
the well-established positive influence of frequent rainfall failures and climate-change-
driven CO2 fertilization on the expansion of species that are adapted to soil moisture deficit
conditions [89–91].

In water-stressed environments, rainfall failures create windows of opportunity for
the expansion of species that are adapted to water-stressed conditions [92]. Given the
immense variability of rainfall in this area, it is logical to associate the infestation of GRE
by invasives with the long-term decrease in this area’s rainfall. This association has been
observed in many parts of southern Africa where the expansion of vegetation species that
are adapted to moisture deficit conditions is becoming increasingly recognised as one of
the outcomes of deteriorating rainfall conditions [93,94]. This observation is interesting
because it suggests that the substantial decrease in rainfall is one of the major drivers of the
observed increase in vegetation and the reported expansion of invasives. The long-term
implication of this phenomenon is the loss of biodiversity. Poor management of irrigated
land also emerges as one the possible drivers.

There are 250 farmers in this area, 17 of whom are resource-poor farmers who do
not have adequate resources to fully utilise the land at their disposal. The result is under-
utilised land which contributed to the increase in bare area because most RPFs cleared land
for agriculture which they were not able to fully utilise [88]. This underutilisation was
aggravated by successive of years of below-average rainfall after 2000 (Figure 2b). Over
time, these semi-abandoned landholdings became hospitable areas for the expansion of
encroachers, hence the observed decrease in bare area as vegetation and surface water
increased (Table 4).

The marginal increase in surface water can be explained by SLR and not rainfall, which
significantly decreased (p = 0.0411, 0.05) between 1991 and 2017 (Table 5). Evidence from the
literature shows that the global average sea level rose at a rate of ~1.8 mm year−1 between
1961 and 2003 and at higher rate of ~3.1 mm year−1 between 1993 and 2003 [88]. These
trends are supported by (1) the failure of the Knysna Estuary in Western Cape Province
to keep pace with RSL rise and the potential loss of 40% of its intertidal salt marsh to
drowning by 2100 [23], (2) similar trends in the Swartkops River Estuary in the Eastern
Cape province [24], (3) sea-level-driven marsh expansion in other areas worldwide [27,95]
and (4) the international recognition of land ice melting and the global thermal expansion
of the oceans as major threats to estuaries [96]. The potential cumulative long-term impacts
of this marginal increase include but are not limited to (1) the irreversible loss of cultivable
land in the estuary’s flood plain areas, (2) the drowning of recreational space in sand
beaches and habitable land for human settlement, (3) the contamination of terrestrial
freshwater reserves from the landward migration of seawater and (4) the alteration of the
existing zonation and composition of both dryland and wetland vegetation communities in
favour of saline soil and saltwater-tolerant species.

As reported by many researchers [97–100], small changes similar to the marginal
surface water increase we observed must not be trivialised because they often signal the
landward migration of the saltwater fringe into coastal freshwater systems. The decrease
in bare area (Figure 4) does not imply improvement. This decrease can be explained by
SL-driven landward migration of seawater. The same decrease is also indicative of the
documented agriculture-driven conversion of natural ecosystems [18,99]. The decrease in
rainfall also emerges as one of the factors driving these changes.

This assertion is supported by the periodic variation of cultivated land in tandem
with changes in rainfall. In 2000, for example, the amount of land under cultivation
drastically increased as rainfall increased, with the reverse occurring after 2009 when
rainfall declined (Figure 2a). This correspondence suggests that irrigation alone does not
explain the trend in cultivated land. The influence of rainfall appears to be determined not
only by absolute amount, per se, but also by its concentration in autumn and spring. This
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skewed distribution implies water deficits in summer and winter which compel farmers
to downscale operations. This situation translates into more cultivation in good rainfall
(Table 4), but excessive rainfall can also reduce cultivation by flooding land, as happened
in 1971 when 24% of irrigated land was buried by sediments to depths of 3 m [46]. These
scenarios are indicative of how climate extremes and human interference often reinforce
each other to trigger adverse changes that are not easily reversible.

Although irrigation is this area’s mainstay of agriculture, there is a fixed 800 m3/ha
that cannot be exceeded in periods of rainfall failures and drought [17]. This rationing
is supported by the reduced allocation of water to 35% of each farmer’s requirements
during the 2005–2006 drought [51,52] and the more recent reduction in allocations to 20%
of each farmer’s requirements in 2021 [100,101]. This scenario requires efficient utilisation
of limited water supplies in order to minimise the risk of passing irreversible thresholds.
Unfortunately, not all farmers in this area are able to do so, as demonstrated by the changes
in cultivated land (Table 4) in tandem with the changes in rainfall (Figure 2a). What this
suggests is that in this area, the influence of irrigation on the changes in cultivated area
must be interpreted within the context of a technology whose functioning is dependent on
the availability of water from upstream dams.

5. Conclusions

The objective of this paper was to ascertain the nature, causes, extent and direction
of changes in land cover in the GRE. This was accomplished by (1) quantifying changes
in land cover and identifying the major drivers of these changes and (2) determining the
long-term direction of these changes over a period of 26 years between 1991 and 2017.
Changes in all cover types were marginal, but the GRE appears to be threatened by both
anthropogenic and climate stressors with human intervention through the conversion of
land to cultivation, overgrazing in the catchment areas and the impoundment of surface
water for irrigation emerging as the greatest. Mitigating the threats associated with these
stressors requires (1) a better understanding of what controls estuarine habitats and the
changes that they may undergo by quantifying and monitoring the dynamic effects of
both human and natural factors and (2) the informed adoption of sustainable resource use
practices (SRUP).

Selected examples of SRUP for the GRE and others elsewhere include (1) the adoption
of water-saving irrigation techniques and crop varieties that mature in shorter time periods,
(2) increasing crop water productivity by focusing on high-value and low-water-demanding
varieties, (3) shortening crop growing seasons to save water by shifting to varieties that
mature in shorter time periods, (4) encouraging the adoption of sound land management
practices that do not promote the spread of alien invasive species, (5) empowering emerging
farmers through training and the provision of structured financial support, (6) minimising
the destructive effects of high-magnitude floods by improving flood control measures,
(7) land use zoning to protect the estuary by prohibiting the extension of human activities
into sensitive areas, (8) enforcing regulations that are designed to ensure responsible
stewardship, (9) constant monitoring to enable timely implementation of appropriate
interventions and (10) incentivising users of the estuary’s resources to voluntarily adopt
appropriately informed management strategies by offering tangible benefits that confer a
sense of ownership.

Although the GRE is considered to be in fair conservation condition [102], the results
of this study indicate that it is under more considerable threats than commonly perceived.
These threats should not be ignored but actively confronted and built upon. Research can
contribute to this call by making concerted efforts to enhance our understanding of how the
incremental effects of small changes may diminish the sustainability of estuarine ecosys-
tems. Future research can contribute more to policy and ecosystem-based management by
exploring innovative ways through which the cumulative impacts of individual stressors
or groups of stressors can be timely isolated and addressed before it is too late.
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Accomplishing this requires the regular monitoring of stressors that have potentials
for spatial and temporal accumulation. This investigation contributed to this objective by
pinpointing some of the underestimated and trivialised stressors that threaten the sustain-
ability of the GRE. Admittedly, however, some the major limitations of this investigation’s
findings include its limited time span, local focus, lack of suitable nonclimatic data and lack
of reliable rainfall records for the period before 1990. These limitations impede analysis at
broader temporal and spatial scales. These constraints point to gaps that need to be bridged
by regularly monitoring key stressors that impact the environment and embracing new
ways of investigative enquiry instead of conducting business as usual. We conclude by
inviting researchers elsewhere to build on this initiative by formulating strategies that can
be used to address the threats confronting estuarine ecosystems for the benefit of present
and future generations.
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