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Abstract: Diverse freshwater biological communities are threatened by invasive aquatic alien plant
(IAAP) invasions and consequently, cost countries millions to manage. The effective management of
these IAAP invasions necessitates their frequent and reliable monitoring across a broad extent and over
a long-term. Here, we introduce and apply a monitoring approach that meet these criteria and is based
on a three-stage hierarchical classification to firstly detect water, then aquatic vegetation and finally
water hyacinth (Pontederia crassipes, previously Eichhornia crassipes), the most damaging IAAP species
within many regions of the world. Our approach circumvents many challenges that restricted previous
satellite-based water hyacinth monitoring attempts to smaller study areas. The method is executable
on Google Earth Engine (GEE) extemporaneously and utilizes free, medium resolution (10–30 m)
multispectral Earth Observation (EO) data from either Landsat-8 or Sentinel-2. The automated
workflow employs a novel simple thresholding approach to obtain reliable boundaries for open-water,
which are then used to limit the area for aquatic vegetation detection. Subsequently, a random forest
modelling approach is used to discriminate water hyacinth from other detected aquatic vegetation
using the eight most important variables. This study represents the first national scale EO-derived
water hyacinth distribution map. Based on our model, it is estimated that this pervasive IAAP
covered 417.74 km2 across South Africa in 2013. Additionally, we show encouraging results for
utilizing the automatically derived aquatic vegetation masks to fit and evaluate a convolutional
neural network-based semantic segmentation model, removing the need for detection of surface
water extents that may not always be available at the required spatio-temporal resolution or accuracy.
The water hyacinth species discrimination has a 0.80, or greater, overall accuracy (0.93), F1-score
(0.87) and Matthews correlation coefficient (0.80) based on 98 widely distributed field sites across
South Africa. The results suggest that the introduced workflow is suitable for monitoring changes in
the extent of open water, aquatic vegetation, and water hyacinth for individual waterbodies or across
national extents. The GEE code can be accessed here.
Keywords: cloud computing; Pontederia crassipes previously Eichhornia crassipes; invasive weeds;
machine learning; mapping; remote sensing; satellite
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1. Introduction
Biological invasions are responsible for some of the most devastating impacts on the world’s
ecosystems. Freshwater ecosystems are among the worst affected, with invasive alien aquatic plants
(IAAPs) posing serious threats, not only to freshwater biodiversity [1], but also to the important
ecosystem services it provides [2]. Once an IAAP species has established in a landscape, it can be
difficult if not impossible, to stop or slow down the invasion [3]. Thus, regular monitoring of IAAP
species is needed to promote targeted, feasible, and effective management [4–7]. Consequently, there is
an urgent need for techniques that enable consistent, frequent, and accurate monitoring of IAAP
species [8,9]. Semi-automated satellite image analysis techniques using open-access satellite imagery
offer an ideal basis for an IAAP monitoring programme. Recent advances in the capture and processing
of Earth Observation (EO) data have made these monitoring requirements more achievable.
The frequent capture of planetary scale Landsat-8 and Sentinel-2 imagery, for example, increases
the capacity for data collection [10,11]. For this EO data to be transformed into useful species
distributions at correspondingly frequent and large extents, practitioners require costly computational
infrastructure to execute algorithms. Fortunately, cloud computing platforms such as Google Earth
Engine (GEE) provide the infrastructure (at no cost) to access and rapidly process large amounts of
regularly updated EO data in a systematic and reproducible manner [12]. These benefits allow for
a large number of images to be summarized using mean, median, or percentile images, and have
been reported to reduce data volume without any trade-off in predictive accuracy [13]. Moreover,
convolutional neural network (CNN) based semantic segmentation (i.e., pixel-wise localization and
classification) models, which outperform traditional EO approaches [14], may provide opportunities
for more reliable monitoring networks. However, the operational benefits and drawbacks of such
an approach, in comparison to the less popular hierarchical classification technique, have yet to be
considered. Hierarchical classification refers to a coarse-to-fine class classification approach [15].
The use of CNN methods for mapping invasive species, like other biological fields, have been hindered
by the time-consuming production of large quantities of high-quality labelled EO data.
Together, these technological and algorithm advancements may prove beneficial for the monitoring
of typically highly variable aquatic vegetation cover [16], and for the detection of newly spreading
IAAP invasions, at a lower cost than equivalent field work [17,18]. Moreover, these advancements
may allow for the monitoring of satellite-detectable waterbodies and their associated infestations
across national levels, surpassing the capacity of previous methods for large scale water hyacinth
(Pontederia crassipes, previously Eichhornia crassipes) discrimination [19–23]. Subsequently, if IAAP
infestations and their associated management efforts are closely monitored across large areas, effective
management that allows for the efficient allocation of limited resources may be promoted [24–26].
The benefit of easily accessible EO data, together with improved satellite sensor capabilities,
has led to a greater uptake of remote sensing in the field of invasion biology [27–31]. However,
in a review of remote sensing applications within invasion biology, Vaz et al. (2018) [32] showed
that freshwater habitats have received far less research interest when compared to their terrestrial
counterparts. This bias toward terrestrial systems persists despite freshwater ecosystems being under
greater invasion risk per unit area [33,34]. Moreover, this pattern is evident when considering the
limited number of studies showcasing the use of freely available medium spatial resolution (<30 m)
multispectral satellite data, to locate IAAP species (for example, [19,23,35,36]). Ultimately there are
still a limited number of studies that forecast risk of IAAP species spread (for example, [37]), or that
aim to apply satellite data approaches end-to-end to investigate the drivers and impacts of IAAPs
(for example, [38]). Thus, despite the benefits to be gained from EO-based IAAP monitoring at large
extents [21,39], such an approach has yet to be realized. This may largely be attributed to previous
studies that rely on a single supervised model to simultaneously discriminate water hyacinth from
multiple surrounding land cover types [19–23]. Consequently, these studies highlight the erroneous
detection of surrounding land cover as water hyacinth [19–21,23,35]. This source of error, together with
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the limited, local distribution of field locality data hinders the detection of any IAAP within waterbodies
distributed across large areas in a reliable manner.
This paper details a novel framework for the application of an IAAP monitoring network,
which relies on freely available EO data. We use South Africa to illustrate the framework’s suitability
for national scale detection and discrimination of water hyacinth, which is of concern within the
region and other parts of the world [40]. Moreover, the proposed three-stage hierarchical classification
framework allows for the national scale distribution of surface water and aquatic vegetation to be
determined, closest to a user-specified date. Or, if implemented on a site-basis, water extent and
aquatic vegetation cover can be monitored at a frequency of up to three days. Firstly, we introduce a
novel modified normalized difference water index (MNDWI, [41]) thresholding approach to obtain
surface water extents (Section 2.2.1). Thereafter, we discuss the role of a hierarchical classification
approach that allows for a repurposed Otsu thresholding and Canny edge detection (Otsu + Canny)
algorithm to detect aquatic vegetation (Section 2.2.2). We then consider the use of these automatically
derived aquatic vegetation masks to fit and evaluate a CNN-based semantic segmentation model,
for the first time, which circumvents labelling constraints and complexities associated with water
detection (Section 2.2.2.1). We proceed to show how a random forest model using selected variables can
discriminate between water hyacinth and other detected aquatic vegetation pixels (Section 2.2.3). Finally,
we discuss guidelines, caveats and limitations associated with the proposed workflow (Section 4.5).
2. Materials and Methods
2.1. Study Area and Study Species
Currently, the Southern African Plant Invaders Atlas (SAPIA) offers the most comprehensive data
for assessing the national extent of IAAP invasions [8]. Unfortunately, SAPIA data only highlight
general distribution patterns owing to the coarse quarter-degree spatial resolution, precluding the
understanding of local-scale distribution patterns and population dynamics. According to these data,
South African aquatic weeds are found mainly in the south western winter rainfall areas, eastern
subtropical reaches and on the Highveld plateau’s cool and temperate areas [42].
The plant locality data for this study was collected during annual national fieldtrips (Unpublished
data, [43]). A single study species (water hyacinth) was selected as the target species because of
limited GPS reference localities for the remaining four species. These four species include water lettuce
(Pistia statiotes), parrot’s feather (Myriophyllum aquaticum), Kariba weed (Salvinia molesta), and red
water fern (Azolla filiculoides). Together, these five species make up the most damaging aquatic IAAP
species within South Africa [44–46]. The non-water hyacinth localities were combined with the
"none" class (i.e., other riparian or aquatic vegetation) to form the non-target or negative class during
mapping. The none locations are known to not contain water hyacinth infestations. The disparity in
the availability of locality data between water hyacinth and the remaining four species is a direct result
of water hyacinth being more widespread across the country (Figure 1).
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Figure 1. The field localities of five invasive aquatic alien plant (IAAP) species for 2013–2015 across
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Figure 2. The general workflow used in this study to map and discriminate between invasive aquatic
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2.2.1. Stage 1: Surface Water Detection
The automatic detection of surface water across South Africa was achieved by first deriving a
95th percentile MNDWI image composite from the Landsat-8 surface reflectance image collection
(MNDWIp95), which extended from the start of the archive (2013) to the end of 2018. A 95th percentile
image is computed on a per-pixel basis, i.e., all pixel values for a location are sorted in ascending
order and the value corresponding to the 95th percent index position is used as the pixel value.
The 95th percentile image leverages the spectral properties of clouds, water, and land surfaces that are
captured by the MNDWI index. Generally, the MNDWI value of water (MNDWIw) is greater than
those of clouds (MNDWIc), but the MNDWI value of clouds is greater than those of non-water areas
(MNDWIo). For example, irrigated agricultural areas and shadow areas that overlap (spectrally) with
MNDWI water values [51]. As a result of this relationship, i.e., MNDWIw > MNDWIc > MNDWIo,
the contrast between water and cloud covered land surfaces that are frequently misclassified as
Remotebecome
Sens. 2020,more
12, x FOR
PEER REVIEW
of 24
water
pronounced
(Figure 4). This makes the 95th percentile MNDWI image7 useful
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water. Additional pre-processing steps included the removal of sensor anomalies and steep slopes
satisfy all four of these scenarios, the use of absolute values on the RHS are necessary. For example, in
by removing those pixels with MNDWIp95 values greater than 0.9984 or with a slope greater than
scenario three, when water is lost at a pixel, the long term MNDWI value (MNDWIp95) will be high
10 degrees [52]. The 0.9984 threshold was determined by manually inspecting the minimum value
(closer to 1) and the MNDWI value (MNDWIxy) after the pixel has undergone a loss of water will have
of scene overlap artefacts. The slope layer was derived from the Shuttle Radar Topography Mission
a low MNDWI value. Therefore, the difference between these two values (|MNDWIp95| −
(SRTM) elevation dataset. To produce a monthly/quarterly/annual water map, the detected water for
|MNDWIxy|) will be greater than the MNDWI value on the LHS (MNDWIxy), satisfying the inequality
each cloud-free image within the period of interest was superimposed.
for scenario 3, i.e., LHS < RHS.

Figure4.4.AAportion
portionof
ofan
anRGB
RGB Landsat-8
Landsat-8 image
image (A),
Figure
(A), corresponding
correspondingderived
derivedmodified
modifiednormalized
normalized
difference
water
index
(MNDWI)
image
(B)
and
95th
percentile
image
derived
difference water index (MNDWI) image (B) and 95th percentile image derivedfrom
froma along
longterm
term
(2013–2019)
MNDWI
image
collection
(C)
over
Hartbeespoort
Dam,
South
Africa.
The
benefit
ofof
using
(2013–2019) MNDWI image collection (C) over Hartbeespoort Dam, South Africa. The benefit
using
a 95thpercentile
percentileimage
imageisisshown
shown by
by its
its ability
ability to
a 95th
to decrease
decrease the
theMNDWI
MNDWIpixel
pixelvalues
valuesover
overnon-water
non-water
areas
(e.g.,
agriculture)
while
increasing
the
MNDWI
values
of
water
pixels.
This
helps
thethe
areas (e.g., agriculture) while increasing the MNDWI values of water pixels. This helpsenhance
enhance
contrastbetween
betweenwater
waterand
andnon-water
non-water pixels.
pixels.
contrast

The accuracy of the annual detected surface water was evaluated against the annual Joint
Research Centers' (JRC) Global Surface Water product (GSW, [53]), available on Google Earth Engine,
using the Intersection over Union (IoU) metric. This metric represents the ratio of the shared pixel
area to the total area after merging the two datasets. For this evaluation, the maximum extent of
seasonal and permanent surface water from 2013 to 2015 was compared against the water extent
derived using the introduced MNDWI thresholding approach for the same period. The second
evaluation involved a comparison of the 2018 surface water layer from this study and the GSW
dataset, each against the 2018 South African National Land Cover field validation data points
(SANLC, [54]) using a confusion matrix. To enable the comparison, all water related class points were
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A surface water pixel with unique coordinates x and y can be characterized by:
MNDWIxy ≥ MNDWIp95 − MNDWIxy ,

(6)

where MNDWIxy is the MNDWI pixel value at coordinates x and y, from a single image. Since the
inequality (6) utilizes a difference between two periods on the right-hand-side (RHS), this can be
considered as a bi-temporal change detection component for which four scenarios need to be accounted
for. These four scenarios include: (1) water remains water, i.e., LHS ≥ RHS; (2) water is gained, i.e.,
LHS ≥ RHS; (3) water is lost, i.e., LHS < RHS; and (4) non-water remains non-water, i.e., LHS < RHS.
To satisfy all four of these scenarios, the use of absolute values on the RHS are necessary. For example,
in scenario three, when water is lost at a pixel, the long term MNDWI value (MNDWIp95) will be high
(closer to 1) and the MNDWI value (MNDWIxy) after the pixel has undergone a loss of water will have
a low MNDWI value. Therefore, the difference between these two values (|MNDWIp95| − |MNDWIxy|)
will be greater than the MNDWI value on the LHS (MNDWIxy), satisfying the inequality for scenario 3,
i.e., LHS < RHS.
The accuracy of the annual detected surface water was evaluated against the annual Joint Research
Centers’ (JRC) Global Surface Water product (GSW, [53]), available on Google Earth Engine, using the
Intersection over Union (IoU) metric. This metric represents the ratio of the shared pixel area to the
total area after merging the two datasets. For this evaluation, the maximum extent of seasonal and
permanent surface water from 2013 to 2015 was compared against the water extent derived using the
introduced MNDWI thresholding approach for the same period. The second evaluation involved a
comparison of the 2018 surface water layer from this study and the GSW dataset, each against the
2018 South African National Land Cover field validation data points (SANLC, [54]) using a confusion
matrix. To enable the comparison, all water related class points were reclassified as water (class 12–21,
n = 1316) or non-water (remaining classes, n = 5254). Lastly, Sentinel-2 derived surface water masks
for France were used to evaluate the method’s transferability to different platforms, and its ability to
generalize to different countries [52].
2.2.2. Stage 2: Aquatic Vegetation Detection
The combination of the Otsu thresholding and Canny edge detection techniques (Otsu + Canny)
have previously been used to detect water [51] by the calculation of a local, as opposed to a global,
MNDWI threshold value through the Canny edge detection algorithm. This allows for a more accurate
separation of water pixels from the background pixels using Otsu thresholding [55] and is achieved by
determining a local threshold value that maximizes the between class variance (interclass variance).
Here, the Otsu + Canny approach was repurposed to detect aquatic vegetation. The ability to
detect aquatic vegetation as opposed to water was achieved by using the water extent generated
from the previous water detection stage to limit the Landsat-8 or Sentinel-2, level 1C pixels that are
passed to the Otsu + Canny detector. This results in a bimodal distribution for those sites that contain
aquatic vegetation and therefore, allows for the computation of a NDVI threshold value that separates
water from aquatic vegetation. By limiting the detection of vegetation to the extent of open water,
the confusion between aquatic vegetation and surrounding landcover, including terrestrial and riparian
vegetation is reduced.
The benefit of using the Sentinel-2, Top-of-Atmosphere (TOA) product is its extended availability
compared to the Bottom-of-Atmosphere (BOA) product—available outside of Europe only from
December 2018. To determine if the increased atmospheric influence on the TOA derived spectral
indices influenced the detection ability of aquatic vegetation, three different spectral indices with
varying sensitivity to atmospheric interference were evaluated. These include, from least sensitive
to most sensitive, the GARI [49], the NDVI [47], and the NDAVI, [50]. The higher sensitivity of the
NDAVI index can be attributed to the blue band that is used to derive the index.
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2.2.2.1. Stage 2: Semantic Segmentation—An Alternative Aquatic Vegetation Detection Method
to Otsu + Canny
The detected aquatic vegetation was then used to train a semantic segmentation model.
Unlike the Otsu + Canny method, a semantic segmentation model directly detects aquatic vegetation,
circumventing the need to first detect water and, in this way, preventing the propagation of errors
from water layers that may not always be available at a desirable spatio-temporal resolution or
accuracy. The MultiResUnet architecture applied here [56], like the popular Unet model, follows the
encoder-decoder model structure (architecture, [57]). During the encoder or contracting path, the image
size is reduced, preserving the information that is most important for detecting aquatic vegetation.
In this way, there is also a memory footprint reduction during model training. These encoder layers
consist of convolution layers that assist in learning the contextual relationships, for example, between
water and aquatic vegetation. During the decoder or expansive path, the feature information and spatial
information are combined through a series of deconvolutions and concatenations with high-resolution
features from the contracting path to allow for corresponding height and width dimensions between
the input image and the output segmentation map.
The first improvement of the Unet architecture that led to the MultiResUnet architecture, included
two additional convolution steps, a 3 × 3 and a 7 × 7 kernel, in addition to the usual 5 × 5 convolution,
to improve the model’s capacity to cope with the detection of variable sized aquatic vegetation mats.
Second, the concatenation paths, which transfer high-resolution spatial information from the encoder
layers to the decoder layers, contain skip connections between added layers [56]. This assists in the
alignment of deep and shallow features being assembled from the encoder and decoder [56].
2.2.2.2. Pre-Processing
We selected 462 Sentinel-2A and 2B, level 1C image scenes of Hartbeespoort dam, South Africa from
the start of the Sentinel-2 archive (23rd June 2015) to the 22nd of June 2019 (~2304 pixels × 2304 pixels).
Hartbeespoort dam was selected as the test area for semantic segmentation since it contains a known
large infestation of water hyacinth. Moreover, it is surrounded by a heterogenous landscape, including
urban infrastructure, agricultural land, and shadow areas—all of which are frequently confused with
water or aquatic vegetation. Thus, the heterogenous composition of the Hartbeespoort area can more
closely represent other areas of interest with a similar or less complex landcover composition. The 462
visible and near-infrared (VNIR) images were filtered to 275 images with less than 10% cloud cover.
The 10 m VNIR images with corresponding Otsu + Canny aquatic vegetation masks were downloaded
from GEE for each of the 275 images.
The downloaded images and corresponding masks were sliced and saved into 16-bit patches
of 256 × 256 pixels to reduce the memory footprint during model training. The VNIR bands were
further normalized between the range of zero to one to improve model convergence during learning.
The slicing yielded 1700 patches that were then randomly split into 80% training data, 10% validation
data, and 10% test data. The validation data was used for halting model fitting (early stopping),
i.e., when the validation loss stopped decreasing over seven consecutive epochs, a point at which
model overfitting to data noise may occur. An epoch, for training a neural network, refers to a single
cycle of parameter learning from the training dataset, calculation of error (loss) against the validation
dataset and subsequent update of learnt parameters for the next learning cycle. The term loss is
used instead of error since a neural network outputs a probability of belonging to the target class
(aquatic vegetation). The validation loss (binary cross-entropy loss) represents the mean negative log
probability for the predicted probabilities. This is comparable to an error score that may be reported
for discrete predicted outputs.
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2.2.3. Stage 3: Species Discrimination
The GPS localities (n = 513) containing species name, waterbody name and year were linked to
waterbodies within 250 m of a GPS point. This resulted in 458 waterbodies with labels, 98 of these
waterbodies contained aquatic vegetation detected by Landsat-8. These final 98 waterbody extents were
then used to clip the explanatory image variables (refer to Table 1 for the list of variables). The aquatic
vegetation pixels within the clipped waterbody extents were identified using the Otsu + Canny
approach. Thereafter, random forest models (number of trees = 100) were calibrated and evaluated
using a repeated stratified k-fold cross-validation strategy (repeats = 20, k = 5, strata = one of seven
classes in Figure 1) to calculate a summed confusion matrix and the mean and standard deviation overall
accuracy, F1-score and Matthews correlation coefficient (MCC) metrics. During the cross-validation,
the aquatic vegetation pixels that belonged to a waterbody were constrained to either the training
or testing partition, but not both partitions. This reduced the overestimation of accuracy owing
to spatial autocorrelation and is referred to here as spatially constrained repeated stratified k-fold
cross-validation. A random forest model consists of multiple decision trees that are grown from a
random selection of explanatory variables. The final prediction is based on the most common (mode)
prediction class from all decision trees.
Table 1. The initial 64 explanatory variables used to fit a random forest model that discriminated
between water hyacinth and other aquatic vegetation pixels.
Variable
Seasonal median spectral bands,
excluding panchromatic band 8
Summer (12/01–02/28)
Autumn (03/01–05/31)
Winter (06/23–08/31)
Spring (09/01–11/30)
Percentiles (5,25,50,75,95) of spectral
indices (NDVI, GARI, LSWI)
Elevation
Global human modification
Sum of solar radiation
Minimum temperature
Temperature seasonality
Precipitation seasonality
Gross biomass water productivity
Actual evapotranspiration
Total biomass production

Data Source (Year)

Spatial Resolution (m)

Landsat-8 for the respective field
locality year (2013–2015)

30

Landsat-8 for the respective field
locality year (2013–2015)
SRTM (2000)
Kennedy et al. (2019) (2016)
Terraclimate (2013–2015)

30
90
1000
~4670

Worldclim: bio variables
(1960–1990)

1000

Wapor for the respective field
locality year (2013–2015)

250

NDVI—Normalized Difference Vegetation Index [47], GARI—Green Atmospherically Resistant Index [49],
LSWI—Land Surface Water Index [48], Shuttle Radar Topography Mission (SRTM).

To determine the variables that were used in the final model, a combination of variable selection
techniques was employed, recursive feature elimination, permutation importance and highly correlated
feature elimination. Variable selection removes redundant features, decreases computation, improves
model interpretability, and may also improve model accuracy. Recursive feature elimination served to
remove those variables that decreased the F1-score. Thereafter, these features were further refined by
removing those variables that had a negative permutation importance score and finally, for two features
that had a high correlation coefficient (>0.8), the correlated variable that had a lower permutation
importance score was removed. The coarser resolution explanatory variables (human modification,
minimum temperature, and precipitation seasonality) were resampled to 30 m (Landsat-8) by default
within GEE using nearest neighbor resampling. The final model, fitted on the selected variables,
was deployed on GEE to discriminate water hyacinth from other non-target species across South Africa.

Temperature seasonality
Precipitation seasonality
Gross biomass water productivity
Actual evapotranspiration
Total biomass production

Worldclim: bio variables (1960–1990)

1000

Wapor for the respective field locality year
(2013–2015)

250

—Normalized
Difference Vegetation Index [47], GARI—Green Atmospherically Resistant10 of 24
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Index [49], LSWI—Land Surface Water Index [48], Shuttle Radar Topography Mission (SRTM).
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smaller waterbodies were less accurately detected in comparison to the RBSP method and, to a lesser
degree, the GSW layer. Note, in addition to the water detection method (Section 2.2.1), an additional
post-processing step for France was carried out to reduce the commission errors with agricultural areas.
This was achieved by removing pixels that had a higher NDVI value than a normalized difference
water index (NDWI) value.
3.2. Evaluation of Aquatic Vegetation Detection
The Sentinel-2 TOA image collection, available on GEE, can be used to detect aquatic vegetation
with superior accuracy to the BOA data despite the influence of atmospheric effects (Figure 6).

A visual comparison between the detected aquatic vegetation from the Otsu + Canny and the
MultiResUnet approach showed a high correspondence with each other and their associated RGB
image (Figure 7). In addition, the predicted outputs correspond to a low validation binary crossentropy
loss/error
and
high validation accuracy against reference aquatic vegetation generated
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Bottom-of-Atmosphere (right column, BOA, L2A) data over a portion of Hartbeespoort dam, South
Africa.
A visual comparison between the detected aquatic vegetation from the Otsu + Canny and the
MultiResUnet approach showed a high correspondence with each other and their associated RGB image
(Figure 7). In addition, the predicted outputs correspond to a low validation binary cross-entropy
loss/error and high validation accuracy against reference aquatic vegetation generated using the
Otsu + Canny algorithm (Table 2).

semantic segmentation (MultiResUnet) of aquatic vegetation (examples are shown in Figure 3). Note,
accuracy values closer to one, and low loss values closer to zero are better and are based on Otsu +
Canny reference masks. The last epochs’ scores are averaged over three iterations (lasting 94, 76, and
83 epochs each).
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(Figure 9). radiance). Optically
active bands that feature among the top performing discriminative bands include the autumn median
green band and the 95th percentile GARI (Figure 9). Moreover, by reducing the number of variables
and keeping the eight most important variables, there is no loss in accuracy but rather a slight
improvement in discrimination accuracy (Table 3). Lastly, owing to the wide distribution of sites used
during cross-validation, these results suggest the effectiveness for water hyacinth discrimination
across wide areas (Figure 10).
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The user and producer accuracy of water hyacinth is used as a comparison to previous studies since
this metric is reported by all five previous studies (Table 3). This study showed superior water hyacinth
discrimination results for at least one of these metrics despite the larger inference area (Table 3).
4. Discussion
We demonstrate the benefit of utilizing a hierarchical classification approach to firstly map water,
then aquatic vegetation and finally water hyacinth. Additionally, we highlight the challenges associated
with the MultiResUnet method for large scale mapping. The introduced hierarchical classification
method relies on simple thresholding and allows for the near-instantaneous monitoring of water
extent and aquatic vegetation cover over the long-term and across national extents. Subsequently,
if water hyacinth infestations are closely monitored across large areas, this may assist in systematically
evaluating the effectiveness of past and future management efforts. We anticipate that this GEE
workflow (Figure 2) can be applied to other IAAP infested countries in a cost-effective but easy and
reliable manner.
4.1. Stage 1—Surface Water Detection
The introduced MNDWI thresholding approach requires a long-term 95th percentile MNDWI
image and a slope layer derived from the SRTM elevation dataset for the detection of open-water from
either a Landsat-8 or Sentinel-2 cloud-free image. When the open-water images are combined for a
monthly, quarterly, or annual time-period, they allow for the open-water and water areas that may have
been covered by aquatic vegetation, for a portion of the temporal window of interest, to be detected.
While the GSW products are an iconic dataset ascribed to its unique global and long-term coverage
(1984–2018, [53]), the introduced water detection approach provides several advantages over the GSW
dataset. Both annual and monthly GSW products remain restricted to Landsat (30 m) and for the period
extending from March 1984 to January 2018 [53]. While this dataset is updated, there is an update lag
and a lack of publicly available update schedules. These restrictions limit the suitability of the GSW
data for tracking water and aquatic vegetation on a current basis and at higher spatial resolutions
when using Sentinel-2. Furthermore, the derivation of the GSW relies on an expert classification
system, whcih has not yet been adapted for Sentinel-2. In addition to the expert classification system
relying on the SRTM dataset for terrain shadow removal, the GSW dataset depends on additional
ancillary datasets (for example, glacier data and the global human settlement layers (GHSL) for the
removal of shadows cast by buildings, [53]). Therefore, there is increased computation associated with
handling these datasets and an increase in the propagation of errors within the final GSW dataset.
In contrast, the introduced water detection approach only requires the SRTM layer and has been shown
to be applicable to both Landsat-8 data, and Sentinel-2 data. Moreover, it can be used to monitor
current water dynamics of individual sites near-instantaneously and over multiple years owing to
its computational efficiency (from 2013 for Landsat-8 and from 2015, within Europe, for Sentinel-2 or
December 2018 outside of Europe).
Many other available water detection approaches have only been evaluated for individual satellite
scenes in time and/or space (for example, [59–61]) and therefore show a limited generalization capacity
when transferred to non-study time periods or areas. For example, supervised learning approaches are
computationally expensive and sensitive to the quality and quantity of training samples, which may
be difficult and costly to obtain. Our MNDWI thresholding approach overcomes these limitations and
can generalize across time for the same area or to different areas while remaining simple to execute.
This can be attributed to the nature of the thresholding method, i.e., it does not require labelled data or
model fitting.
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The moderate IoU score (0.695) between the 2013–2015 GSW layer (reference) and the water
layer derived using this method may partly be attributed to the misalignment issue of the GSW
data—due west across South Africa. Furthermore, omission and commission errors in both water
products may have also contributed to the IoU score. For the GSW product, an omission error of less
than 5% was reported, however, this was based on 40,000 reference points distributed globally [53].
Since points are not a comprehensive evaluation of all pixels, it is likely that there are omission
and commission errors that are not accounted for by the points. This is supported by the GSW
omission errors reported in recent studies that compared satellite detected water from higher resolution
data [52,62]. Wu et al. 2019 [62] have shown considerable omission errors in the GSW product when
compared to 1 m detected surface water. Furthermore, Yang et al. (2020) [52], reported a 25% omission
error in the GSW product when compared to Sentinel-2 derived water (10 m) for France. Lastly,
based on a comparison with the 2018 SANLC dataset (Figure 5), there is a much higher omission error
compared to the commission error for both the GSW dataset and the introduced dataset. These studies
and results highlight the role of spatial resolution and the difficulty in mapping smaller, seasonal
surface water features that account for most misclassification errors between the GSW water product
and the water layer derived using the introduced approach. Despite the moderate IoU score, and the
difficulty in identifying smaller seasonal waterbodies, the introduced water detection method is
valuable for current and near-instantaneous monitoring of large, less seasonal surface waterbodies that
are of higher priority for IAAP species monitoring, especially when the GSW data is unavailable.
To compensate for the seasonal dynamics of water and improve aquatic vegetation detection,
a more frequent water detection product is required. Whilst the GSW product provides a monthly
dataset, it is highly sensitive to the presence of aquatic vegetation, ascribed to the relatively low 16-day
temporal resolution of Landsat [53]. As a result, it is less suitable for detecting aquatic vegetation
based on the introduced hierarchical classification method. For this reason, Sentinel-2, with a higher
temporal resolution (up to 2–3 days), is preferable for aquatic vegetation detection.
4.2. Stage 2—Aquatic Vegetation Detection
Aside from the occasional artefacts present when using the BOA data, it also overestimates the
detected aquatic vegetation compared to the TOA product. Moreover, the aquatic vegetation derived
from the different indices using either the L1C or L2A data product show high agreement within a
product (L1C or L2A) and across the different indices. The results suggest that the TOA data with
atmospheric influences have an improved water and aquatic vegetation separability, and therefore
outperform the BOA data for aquatic vegetation detection (Figure 6). A basic analysis of the histograms
for TOA and BOA-derived NDVI images that contained water and aquatic vegetation revealed a
consistent pattern whereby the BOA NDVI had a greater range than the TOA-derived NDVI. This has
been attributed to the adjacency effect and contrast degradation [63,64]. Contrast degradation as part
of the adjacency effect refers to the introduction of systematic noise when there is a strong water
reflectance contrast [65], in this case, with aquatic vegetation. Overall, this leads to a larger number
of water pixels being falsely detected as aquatic vegetation in the BOA data because of the increased
spectral overlap with aquatic vegetation pixels. As a result, the TOA data outperforms the BOA data
for the detection of aquatic vegetation using the Otsu + Canny method.
Semantic segmentation is proposed as an alternative approach to detect aquatic vegetation.
A semantic segmentation model trained to detect aquatic vegetation benefits from the ability to directly
detect aquatic vegetation, without the need to first detect water and then detect aquatic vegetation
like the Otsu + Canny method. This is valuable since EO-based water detection is confronted by
numerous complexities and inaccuracies that are propagated from ancillary layers, placing an upper
bound on the accuracy of aquatic vegetation detection when using Otsu + Canny in a hierarchical
classification framework. When an inaccurate water boundary is provided for aquatic vegetation
detection, the Otsu + Canny method results in less accurate aquatic vegetation maps in comparison to
those derived using the MultiResUnet model.
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The achievements of CNN-based semantic segmentation architectures can be ascribed to these
models automating the extraction and organization of discriminative features at multiple levels
of representation (from edges to entire objects) exclusively from input data, without the need for
additional user input [66]. This ability of CNNs to learn high level features takes advantage of both
the spatial context of land-cover and the spectral features in an invariant manner—unlike pixel-based
and object-based approaches [67]. Furthermore, traditional approaches require additional features
to be manually engineered and can thus be time consuming to design and validate, especially for
large areas [68] and may still result in sub-optimal discrimination features. For example, there is no
consensus on the most suitable spectral water index to detect water—this points to manual features that
may perform sub-optimally depending on the waters’ optical properties, study area location, and the
varying quality and properties of satellite imagery [69]. Secondly, the deep nature (numerous layers)
of CNN models, which allow for a variety of simple to highly complex, hierarchical, and non-linear
features to be learnt from large amounts of data, allow for improved model prediction power [70].
Owing to the increase in model prediction power and the associated increases in model complexity
and computational requirements, CNN models generally require costly hardware, which may not
always be available. Subsequently, the presented hierarchical classification scheme used to detect
aquatic vegetation offers a cost-effective, scalable, and accurate but simple alternative to detect aquatic
vegetation for large volumes of EO data.
In terms of the accuracy of either approach, no independent and publicly available datasets exist
with which to compare the detected area of aquatic vegetation. However, based on the comparative
visual inspection (Figure 7) and calculated accuracy of the MultiResUnet detected aquatic vegetation
against the reference masks generated by the Otsu + Canny algorithm (Table 2), both approaches show
very high correspondence with each other and their associated RGB image. Lastly, the generated
aquatic vegetation masks may be combined with existing water products to alleviate omission errors
arising from aquatic vegetation cover; for example, the GSW monthly water product [53].
4.3. Stage 3—Species Discrimination
The use of the percentile spectral index bands (95th percentile GARI) together with the
median seasonal bands (spring green band—50th percentile) assisted in capturing the phenological
characteristics of water hyacinth and have been used to accommodate the intra-species variance in
phenological patterns across large extents. Moreover, median images (50th percentile) have been shown
to be valuable in reducing data volume while providing important discrimination information [13].
Simultaneously, four of the eight final variables used in the final model included thermal related
bands and highlight the importance of including environmental variables that take into consideration
the target plant species’ thermal physiology when discriminating between IAAPs using EO data.
The growth of water hyacinth has been shown to be strongly linked to temperature, where the
plant starts to brown and die back at temperatures below 10 ◦ C [16]. Therefore, the importance
of the minimum temperature (in the coldest month) variable aligns with known water hyacinth
thermal physiology and further suggests that the model has learnt valid relationships. Note, the four
thermal-related variables had a correlation below 0.8 between each other most likely because they
represent different temporal windows. The minimum temperature variable relates to climate while the
remaining three temperature variables relate to seasonal weather. Moreover, the minimum temperature
variable that had a correlation coefficient greater than 0.8 with elevation, represents a broader temporal
(> 30 years) and spatial scale (1 km resampled to 30 m) as compared to the brightness temperature
bands (seasonal median bands at 100 m resampled and provided at a 30 m spatial resolution). Note,
the correlation coefficients are based on the entire training and validation dataset partitions.
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It is difficult to reliably compare the water hyacinth discrimination results of this study against
previous studies owing to the different goals and evaluation approaches. For example, previous
studies aimed to generalize within fewer study sites distributed across smaller study areas [20–22,35],
whilst this study aimed to generalize across different study sites distributed across a large study area.
In addition, most previous studies [20–22,35] aimed to discriminate surrounding terrestrial land cover
and water from water hyacinth and Cyperus papyrus [19], whereas this study focused on discriminating
water hyacinth from other aquatic vegetation. As a result of the easier classification goal, our method
was able to map water hyacinth at superior accuracies for at least one accuracy metric (user accuracy
or producer accuracy), despite the study area being 67 times greater than previous attempts (Table 3).
4.4. Management Tools
The monitoring tools generated in this study are made available within GEE (here) and will
allow users to track the extent of water and aquatic vegetation within a waterbody from 2013 to
present using Landsat-8 (30 m) or when using Sentinel-2, from 2015, within Europe or from December
2018 outside Europe at 10 m (aquatic vegetation) and 20 m (water) (script name: Aquatic vegetation
and water monitor). Users will also be able to generate a larger national extent overview of aquatic
vegetation cover using Landsat-8 (script name: National Extent Vegetation Detection L8) or Sentinel-2
(script name: National Extent Vegetation Detection S2). Lastly, the 2013 species-level distribution of
water hyacinth across South Africa has been made available as a raster layer within GEE (script name:
2013 water hyacinth distribution) together with the field locality data used for model calibration and
validation. We anticipate that these data products will assist in management prioritization, control
measure implementation, and subsequently the tracking of past, present, and future (in)effectiveness
of these control efforts.
4.5. User Guidelines, Caveats, and Limitations
Since the proposed water detection approach relies on a long-term MNDWI percentile image,
the introduced approach remains most suitable to optical imaging systems with archived imagery.
In addition, the duration between successive water maps may vary from two to three days under
optimum conditions, i.e., cloud-free conditions and vegetation-free water sites. Or may decline
to monthly, quarterly, or annually in the presence of clouds or stationary aquatic vegetation mats.
Both these factors may hinder the detection of the actual water surface extent and therefore, the ability
to accurately monitor water and aquatic vegetation dynamics. These are limitations experienced by
other water detection approaches that utilize optical data for surface water detection [53,71]. Generally,
the more frequently water can be mapped, the better the accommodation of changes in water extent,
and the greater the accuracy of the aquatic vegetation detection. For example, if the detected waterbody
extent is less than the actual extent, the area of aquatic vegetation is likely to be underestimated,
and vice versa. If the detected waterbody is greater than the actual extent, then riparian vegetation or
previously inundated land may falsely be identified as aquatic vegetation.
Since a pixel-level classification was used to detect and discriminate aquatic vegetation from
explanatory variables with a 30 m spatial resolution, an isolated 30 m pixel may be identified as water
hyacinth and represents the area of the minimum detectable water hyacinth canopy for Landsat-8
(i.e., 30 m × 30 m). Given this, smaller (<30 m × 30 m) isolated mats have a lower probability of being
detected. Smaller undetected mats are important for an improved chance of successful management.
As a result, there may be delays in early detection of water hyacinth mats until the mats grow to an
EO-detectable size. This limitation should be considered when using the introduced workflow to
monitor smaller water hyacinth infestations. At the same time, it may be very costly to monitor water
hyacinth at higher spatial resolutions and at a similar frequency of Landsat-8 or Sentinel-2. Currently,
it is feasible to monitor large infestations with the available medium resolution EO data from Landsat-8
and Sentinel-2.
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Species reference localities from the field are valuable for reliably assessing the accuracy of EO
derived water, aquatic vegetation, and IAAP species distribution maps. However, existing field
locality data is often less suitable for high spatial resolution distribution maps compared to other EO
applications, e.g., habitat suitability modelling [72]. Field data may be clustered in some areas and
sparse or not available in other areas (Figure 1). This is evident when comparing the EO derived
water hyacinth distribution (Figure 10) against the field locality data (Figure 1). Other compatibility
challenges that were encountered with the field locality data in this study (similarly encountered
and outlined by Vorster et al., 2018 [72]) included geo-registration errors (i.e., points were located
outside the boundary of waterbodies) and/or opportunistic data capture errors (i.e., GPS points may
have been taken outside waterbodies, on nearby roads). The inaccuracy effects of these points were
minimized by linking them to waterbodies that were up to a maximum distance of 250 m away.
Additionally, those field locality points that were recorded for moving IAAP mats could reduce the
spatial correspondence between imagery and field data owing to the time lag between image capture
and field data capture. By linking these field localities to entire waterbodies, this was avoided. The lag
period between satellite image capture and field data capture could potentially be up to a year for this
study. This could have resulted in noise within the training data that was used to fit the random forest
model and could potentially explain some of the misclassification error reported.
5. Recommendations and Conclusions
We have introduced a hierarchical classification approach that enables the near-instantaneous
monitoring of water and aquatic vegetation on a frequent basis. This approach has also allowed for
the first EO-derived distribution of water hyacinth on a national extent. We have also discussed the
opportunities introduced by the proposed workflow to circumvent labelling costs associated with
CNN-based aquatic vegetation detection. This would consequently remove the need for surface
water masks that may not always be available at the required spatio-temporal resolution or accuracy.
Whilst we have shown encouraging results for the MultiResUnet-based detection of aquatic vegetation
within a single heterogenous study area, the computational infrastructure required for the operational
CNN-based mapping of aquatic vegetation across large extents remains a challenge. Therefore,
this study suggests that the hierarchical classification approach is advantageous over a CNN based
approach for the final goal of mapping water hyacinth since it greatly reduces commission errors
in comparison to previous approaches. In addition, the need for remote sensing practitioners to
establish high quality reference datasets that will enable a more consistent and reliable comparison of
mapping methods and their associated results in a systematic manner across studies is highlighted.
Greater effort needs to be placed on obtaining reference data for other IAAP species since our results,
similar to previous studies [73,74], highlight the spectral separability of water hyacinth from the
other IAAP species that were represented in the non-target species class. Lastly, the value of using
species appropriate variables, such as minimum temperature, was shown to be highly valuable.
Overall, this study suggests that EO data is highly suitable for an IAAP monitoring programme.
The recommendations made in this study are likely to be applicable to EO-based monitoring of invasive
terrestrial alien plants.
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