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Abstract: The largest freshwater lake in Ethiopia, Lake Tana, has faced ecological disaster due to
water hyacinth (Eichhornia crassipes) infestation. The water hyacinth is a threat not only to the
ecology but also to the socioeconomic development of the region and cultural value of the lake,
which is registered as a UNESCO reserve. This study aims to map the spatiotemporal dynamics of
the water hyacinth using high-resolution PlanetScope satellite images and assesses the major
environmental variables that relate to the weed spatial coverage dynamics for the period August
2017 to July 2018. The plausible environmental factors studied affecting the weed dynamics include
lake level, water and air temperature, and turbidity. Water temperature and turbidity were
estimated from the moderate resolution imaging spectroradiometer (MODIS) satellite image and
the water level was estimated using Jason-1 altimetry data while the air temperature was obtained
from the nearby meteorological station at Bahir Dar station. The results indicated that water
hyacinth coverage was increasing at a rate of 14 ha/day from August to November of 2017. On the
other hand, the coverage reduced at a rate of 6 ha/day from December 2017 to June 2018. However,
the length of shoreline infestation increased significantly from 4.3 km in August 2017 to 23.4 km in
April 2018. Lake level and night-time water temperatures were strongly correlated with water
hyacinth spatial coverage (p < 0.05). A drop in the lake water level resulted in a considerable
reduction of the infested area, which is also related to decreasing nutrient levels in the water. The
water hyacinth expansion dynamics could be altered by treating the nutrient-rich runoff with best
management practices along the wetland and in the lake watershed landscape.
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1. Introduction

Aquatic invasive species threaten ecological and socioeconomic integrity by affecting the
productivity and functionality of freshwater systems. Water hyacinth (Eichhornia crassipes) is one of
the dangerous invasive aquatic weeds, which is native to the Amazon Basin [1-3]. When a conducive
environment exists, water hyacinth can produce an annual biomass of 50-60 t/ha and doubles its area
coverage every 6-15 days [2,4]. Its high tolerance to different environmental conditions such as pH
and nutrient level [5,6] combined with its rapid growth and formation of dense impenetrable mats
make it a unique weed with a severe potential negative effect to freshwater ecosystems. Water
hyacinth exists as a major weed in more than 50 countries such as Zimbabwe, South Africa, and
Ethiopia [7-9], where it is prevalent in tropical and subtropical regions [10]. In Ethiopia, it was
observed the first time in 1974 in the Koka hydropower reservoir [11]. In Lake Tana, the water
hyacinth was observed in 2011 [12,13]. The alarming expansion of the weed in Lake Tana since 2017
has attracted wider scientific and public attention.

Lake Tana has a significant ecological, religious, historic, and economic importance. The lake is
home to more than 37 islands with historical churches and more than 20,000 inhabitants [14]. Due to
the lake’s rich biodiversity and cultural and historical significance, it is registered as the United
Nations Educational, Scientific, and Cultural Organization’s (UNESCO) biosphere reserve in 2014.
This helps to facilitate the protection of the lake biodiversity, conduct research, and attract more
visitors. However, a recent rapid expansion of water hyacinth has posed a major threat to the lake’s
biodiversity and socioeconomics activities. The weed has severely disrupted ecological and
socioeconomic functions such as aquatic food chain, nutrient cycling, agricultural activities, tourism,
transportation, cultural and religious practices, and public health issues [15,16]. The weed’s impact
is, in fact, substantial in Lake Tana where the ecological, socioeconomic, and cultural activities are
highly intertwined. Understanding the spatial and temporal dynamics of water hyacinth, and factors
affecting the spatial dynamics are critical in implementing mitigation measures to limit the
expansion, and eventual elimination before the lake’s biodiversity and socioeconomics become in
jeopardy.

Managing and controlling the extent of water hyacinth in Lake Tana is paramount to save its
unique biodiversity. The management should include effective and frequent monitoring of the water
hyacinth expansion both spatially and temporally. The monitoring of water hyacinth can be
conducted using conventional methods and remote sensing approaches. Conventional approaches
monitor the water hyacinth situation on the ground using tracking devices such as a global
positioning system (GPS). The conventional approach requires extensive manpower, funding, and
infrastructural setup, which are difficult to sustain in developing countries. On the other hand, freely
available remote sensing data and GIS applications can make monitoring of water hyacinth and other
aquatic weeds convenient and less costly [17,18].

In the recent past, various studies have addressed the water hyacinth infestation [12,19-23]. The
preliminary survey of water hyacinth infestation by Tewabe [12] between October and November of
2011 indicated the earliest infestation of the water hyacinth at the mouth of the Megech River. The
effect of water hyacinth infestation on fishing in Lake Tana was evaluated by Asmare [19], which
reported the impact of the weed on the fishing industry. The study indicated how the entangling of
fishing nets and boat propeller had made the fishing task exhaustive and affected the livelihood
quality of the fishermen [19]. Dersseh, et al. [20] mapped water hyacinth infestation hotspot using a
GIS-based multi-criteria evaluation technique and estimated the water hyacinth infestation
susceptible area. Dersseh, et al. [21] used a Sentinel-2 satellite image to determine the spatial coverage
of water hyacinth in the lake. This study builds on previous studies using finer resolution satellite
images from PlanetScope to map the spatial distribution of water hyacinth as well as to evaluate
major environmental factors affecting the water hyacinth infestation in Lake Tana. The specific
objectives of this study are to (1) determine the spatial and temporal distribution of water hyacinth
in Lake Tana and (2) identify the major environmental factors that are related to the water hyacinth
temporal and spatial dynamics. The findings of this study will provide timely knowledge that is
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helpful to reduce the water hyacinth infestation in the lake and thereby improving the health of Lake
Tana to ensure sustainable ecosystem services.

2. Materials and Methods

2.1. Study Area

Lake Tana is the largest freshwater lake in Ethiopia, and it is the source of the Upper Blue Nile
River. The Upper Blue Nile River contributes more than 50% of annual streamflow to the Nile River
[24,25]. Lake Tana has a catchment area of 15,000 km?, out of which the lake covers 20%. The lake is
located in the north-west highland of Ethiopia; its exact geographic coordinate extends between
10°45'54.1" N, 36°1024.9" E and 12°50'15.9" N, 38°50'54.48" E (Figure 1).
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Figure 1. Study area location. (a) The left insert is the Ethiopian map with its major river basins; the
dark color represents the location of Lake Tana catchment. (b) A true-color composite of Sentinel-2
satellite image taken on November 28, 2017 (c) Extent of water hyacinth in the northeast shore of Lake
Tana (PlanetScope image, January 20, 2018).

The lake provides substantial socioeconomic services. For example, more than 2 million people
live in the Lake Tana catchment depending for their livelihood directly or indirectly on the lake and
its resources [26,27]. The Lake Tana catchment, due to its potential suitable land and climate, it is
considered as one of the agricultural growth corridors by the government of Ethiopia [28].

2.2. Lake Tana Hydrology

In general, the lake has two main seasons. The main rainfall season is called “Kremt” and it
extends from June to September and accounts for 90% of the annual rainfall (Figure 2). The dry season
extends from October to May and it is characterized by high daily temperature. According to data
from the Bahir Dar meteorological station, the annual average rainfall (1994-2016) in the area is 1490
mm. The average minimum and maximum temperature at Bahir Dar meteorological station (1994—
2016) were 9 and 25 °C, respectively (Figure 2). In the Lake Tana watershed, four major rivers
contribute about 93% of the streamflow into the lake [29]. Among the largest tributary river, Gilgel
Abay contributes 50% of the streamflow followed by Gumara 32%, Ribb 12%, and Megech 6%. These
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rivers carry a substantial amount of sediment, nutrient, and other pollutants into the lake [30-32].
The lake annual evaporation is reported in the range of 1500-1690 mm [29,33], which is greater than
the annual rainfall. The lake is considered as shallow with a mean and maximum depth of 12 and 17
m, respectively [30,34].
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Figure 2. Average monthly rainfall (mm), minimum, and maximum temperature (°C) of Bahir Dar
Station (1994-2016) and average monthly lake level (m; 1994-2010).

2.3. Methods

The spatial and temporal distribution of the water hyacinth was mapped from August 2017 to
July 2018 using high-resolution satellite images from the PlanetScope (https://www.planet.com/).
Details of the satellite image processing are presented in the following section. The potential
environmental factors that affect the water hyacinth spatial dynamics studied were lake water level,
air and water body temperature, and lake water turbidity. The water body temperature and lake
water turbidity were estimated from the moderate resolution imaging spectroradiometer (MODIS)
images. The air temperature was obtained from the Bahir Dar weather station, which is the closest
meteorological station to the lake. The observed lake level was assimilated with altimetry lake level
data from Jason-1 and Jason-2. The mapped spatial coverage of water hyacinth was compared with
the environmental factors to identify the factors that played a role in the spatial dynamics of the water
hyacinth coverage. The applied methodology to map water hyacinth coverage, identify major factors
plausibly contributing to the weed dynamics, and determine their association is presented in Figure
3.

PlanetScope Lake level MODIS image (Water temperature Air temperature
satellite image (Jason-1) NIR (MODIS) (gauged data)
. Regression
Supervised image regioial model
classification
i‘ Y Y Y Y
- — Day time Night time Maximum Minimum
l Altimetry ‘ ’ Turbidity ‘ temperature temperature temperature temperature
Y ¢ # ¢ ¢ ¢ ¢
Water hyacinth N ) .
spatial coverage Linear regression evaluated by R-square

Figure 3. The framework developed to map the water hyacinth spatiotemporal distribution and
determine the environmental factors attributing to the water hyacinth spatial coverage dynamics.
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2.3.1. Spatiotemporal Water Hyacinth Distribution Mapping

Effective water hyacinth management requires close monitoring of the spatiotemporal coverage.
The conventional way of monitoring using a tracking device requires a sustained funding necessary
infrastructure and operational setups. Therefore, it is economically and practically expensive to have
effective conventional monitoring for a vast lake such as Lake Tana. Rather, the use of satellite data
and GIS applications have become more practical and economically viable to map the spatial
distribution of aquatic weeds [35,36]. This study uses a high-resolution satellite image from Planet
Constellation to capture the spatial and temporal distribution of the water hyacinth in Lake Tana.
Since 2013, Planet Constellation images the entire Earth and the climate every day to make the global
change detectable, accessible, and actionable [37,38]. The Planet Constellation operates PlanetScope
and RapidEye Earth-imaging constellations [39]. With more than 175 satellites in orbit, it has the
largest fleet of Earth observation satellites [40]. Since the PlanetScope has a relatively finer resolution
than RapidEye, this study used PlanetScope to map the spatial distribution of the weed coverage.
PlanetScope has a daily revisit with a spatial resolution of 3-5 m in the visible (455-515 nm, 500-590
nm, and 590-670 nm) and near-infrared (780-860 nm) spectrum [37].

The PlanetScope satellite image for the Lake Tana area was collected since August 09, 2017.
Between August 2017 and July 2018, twelve images free of cloud cover were chosen as presented in
the annex (Table S1). Emphasis was given to the northeast shore of the lake, where there is extensive
water hyacinth infestation. PlanetScope provides geometrically corrected images using highly
accurate distributed ground control points [41,42]. To maintain consistency between sensory and
overpass time, the metadata provides assets to evaluate the quality of the pixel and coefficients
necessary to convert the radiance to reflectance. In this study, the selected satellite images were
preprocessed to convert the raw data to reflectance using the coefficients provided. The preprocessed
satellite image was classified with a maximum likelihood supervised classification method [43]. The
maximum likelihood classification algorithm is exceptionally suitable for our study in that the inverse
matrix of the variance-covariance matrix is very stable due to the very low correlation between the
bands used in the classification. The representative training samples distributed across the selected
images were collected on individual images. The supervised classification on June 25, 2017 was
validated using water hyacinth coverage tracked with a boat and handheld GPS and then after
validation a similar supervised classification was applied on the selected images.

2.3.2. Major Factors Affecting Water Hyacinth Spatial Coverage Dynamics

Plant growth is affected by a complex interaction of environmental factors such as climatic
conditions and nutrient availability [44-46]. Suitable climate and abundant nutrient availability
ensure convenient conditions for vegetation growth in the aquatic environment [47,48]. The
environmental factors studied to assess their impact on water hyacinth growth in the Lake Tana
include air and lake water temperature, lake level, and lake water turbidity.

Lake depth: Morphometric characteristics influence the ecological processes in a lake. The lake
depth, for example, affects the thermal stratification, which in turn influences dissolved oxygen
levels. Depth also limits the type of weed growing in a portion of the lake. Floating weeds can survive
in a deeper section of the lake and avoid nutrient competition with shallow-rooted crops. Water
hyacinth thrives both as a free-floating or rooted weed as it adjusts to the depth of the water. The
depth of the water hyacinth infested area was characterized based on a recent bathymetry survey
conducted by the Tana Sub-basin Organization (TaSBO) in 2011. This survey is better than the
surveys conducted by Pietrangeli [49] and Ayana [50] since it has more data points that enabled a
robust depth interpolation. The bathymetry survey was interpolated with Inverse Distance
Weighting (IDW) and overlayed with the historical water hyacinth infested area to evaluate the lake
depth infested with water hyacinth.

Air and lake water temperature: Temperature affects plant development and growth by
regulating biochemical processes and photosynthesis activity [51]. Air temperature regulates water
body temperature. In fact, its effect is significant over shallow lakes [52]. Plants have a defined range
of minimum and maximum temperatures within which growth occurs, and at optimum temperature,
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the plants grow at a faster rate [53,54]. Kasselmann [55] reported that the minimum (base) and
optimum temperatures for water hyacinth growth are 10 °C and 25-30 °C, respectively. The daily air
temperature was obtained from the closest weather station to the lake, which is located in Bahir Dar
city. The day and night water temperature were obtained for the period 2010-2018 from a moderate
resolution imaging spectroradiometer (MODIS) MOD11A2 product. MOD11A2, which is available
at 1 km spatial and 8-days temporal resolution. MOD11A2 product has been used for the monitoring
of inland water bodies [56-58]. Since the water hyacinth infested area is covered by the green
vegetation, water body temperature was extracted at a 2 km buffer distance from the water hyacinth
infestation. Since short vegetation over water can be expected to alter the water surface temperature
relative to the adjacent non infested water surface [59-61], the nearby water temperature is assumed
to be representative. The monthly average day and night-time water temperature, and minimum and
maximum air temperature were compared with the water hyacinth spatial coverage to assess if they
impact the spatial dynamics of the water hyacinth.

Lake level: The lake level was measured at two diametrically opposite locations since 1960 at
Bahir Dar and Gorgora (Figure 4). However, both of these lake level measuring stations were far from
the location where a major water hyacinth infestation was observed. The water level gauged data
from these stations may be susceptible to bias due to the backwater curve effect from the Chara-Chara
weir, which was built in 1996 to regulate the outflow of the lake through the Blue Nile river. The lake
water level data is available until 2006 and it does not cover the study period. These drawbacks
compelled us to use remotely sensed lake level data from TOPEX/POSEIDON, Jason-1, and Jason-2.
These data are available at 10-day intervals since 1993 [62]. The altimeter tracks over Lake Tana were
the closest water level measurement to the study site (Figure 4). The altimetry data were compared
with gauged lake level data, which was measured before the construction of the weir (i.e., 1993-1996).
The validated altimetry data, which is available at near-real-time was used to evaluate the association
of the lake level on weed dynamics during the study period (August 2017 to July 2018).
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Figure 4. Ground lake level observation stations of Lake Tana, location of Chara-Chara weir, and
footprint of Jason-1 and Jason-2 altimeter overpass over Lake Tana.
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Turbidity: Turbidity is the most widely used parameter to evaluate physical water quality. It is
used to evaluate the cloudiness of given water in comparison to a clear water standard [63]. A lake
gets turbid because of the inflow of suspended sediment and dissolved materials through the major
tributary rivers. Higher turbidity is considered as an indicator of higher suspended sediment
concentration and consequently higher nutrient inflow. Excess availability of nutrients may result in
the growth of aquatic crops [64]. Comparing the change in turbidity to the change in spatial coverage
of the water hyacinth dynamics may provide insight if the nutrient inflow is the cause for the
expansion of the water hyacinth in Lake Tana.

Lake water turbidity data is not available for the Lake Tana. Rather, calibration coefficients from
previous studies [31,65,66] were used to estimate Lake Tana’s turbidity from MODIS satellite images.
Ayana, et al. [31] showed a strong linear association between in situ measurements of turbidity (NTU)
and reflectance of MODIS near-infrared channel (NIR) of the electromagnetic spectrum (620-670 nm).
Turbidity estimation using NIR has been widely applied for monitoring the water quality of water
bodies in different regions and provides a spatial perspective of the water quality of large water
bodies [31,65-70].

This study used a 500 m resolution and 8-days revisiting time MODIS satellite NIR images to
generate the long-term (2010-2016) average spatial turbidity of the lake. The average monthly
historical turbidity for the study period was also estimated in the proximity of the historical water
hyacinth infestation area at 2 km buffer distance and used to compare with the weed spatial extent
for the study duration (August 2017 to July 2018).

3. Results

3.1. Water Hyacinth Spatiotemporal Dynamics

The visual inspection of the PlanetScope images showed a large infestation of aquatic weed in
the northeast shore of Lake Tana. Figure 5 presents the reflectance of the water hyacinth and
waterbody at 56 selected pixels on the satellite images across the study area over the selected satellite
images (Table S1). The one-way analysis of variance (ANOVA) on the reflectance of the aquatic weed
and waterbody indicated a significant difference in reflectance between band 1, 2, 3, and 4 (p < 0.05).
The difference in the near-infrared wavelength (band 4) was very high since water has relatively
lower reflectance while water hyacinth (green vegetation) has higher reflectance in this range.
Therefore, a supervised classification was implemented by developing an image mosaic of bands 4,
3, and 2 to map the spatial extent of the water hyacinth.

0.25

Refelectance

Water B1 Water Water B2 Water Water B3 Water Water B4 Water
Hyacinth B1 Hyacinth B2 Hyacinth B3 Hyacinth B4

0.00

Figure 5. The reflectance of the water hyacinth and water body for the four bands (B1, B2, B3, and B4)
of the twelve selected PlanetScope images.
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The selected PlanetScope imagery (Table S1) was classified using a supervised classification
technique to determine the spatial coverage and length of shoreline infestation (Figure 6). The water
hyacinth spatial coverage estimated with a supervised classification on October 25, 2017, was
compared with the water hyacinth coverage tracked at the ground with GPS attached on a boat. The
comparison of tracked water hyacinth coverage collected with a handheld GPS (June 25, 2017) was
compared with the corresponding water hyacinth coverage mapped with supervised classification
on October 24, 2017, the result indicated more than 84% match (Supplementary Information (SI),
Figure S1). The difference in the agreement was due to the one-day overpass gap between the satellite
image and GPS tracking, as well as the fast growth and movability of the water hyacinth.

Figure 7 presents the spatial coverage of the water hyacinth of the selected images during the
study period (Table S1). The water hyacinth was first observed in the northern shore of the lake
(Figure 7a). A significant proportion of the weed moved to the northeast and expands to the eastern
shore of Lake Tana (Figure 7a—e). According to the satellite images, for the period August to
November 2017, the water hyacinth was expanding at a rate of 14 ha/day and covered 1600 ha of the
lake. On the other hand, the coverage decreased at a rate of 6 ha/day from December 2017 to June
2018. The lowest water hyacinth coverage was observed in June 2018 at 300 ha. Despite the area
reduction for the period August 2017 to July 2018, the length of water hyacinth infestation was
increasing across the lake shoreline. The maximum infestation length was 23.8 km in April 2018
(Figure 6).
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Figure 6. Water hyacinth area coverage and length of infested shoreline in the northeastern shore of
Lake Tana (August 2017 to April 2018).
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Figure 7. A false-color composite of PlanetScope image and spatial location of the water hyacinth
infested area. Supervised classification of (a) September 23, 2017, (b) November 11, 2017, (c) January
13, 2018, (d) March 13, 2018, and (e) July 19, 2018. The red color represents the spatial area coverage
of the water hyacinth infestation.
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3.2. Environmental Factors Plausibly Contributing to the Water Hyacinth Dynamics

The water hyacinth spatial dynamics in Lake Tana is influenced by environmental and human
factors. Identifying the major factor requires a detailed analysis of field data. The environmental
factors that could affect the water hyacinth dynamics may include air and lake water temperature,
turbidity, lake level, and the human factors (i.e., manual and mechanical harvesting of water
hyacinth). In this study, the plausible environmental factors associated with the water hyacinth
dynamics were studied.

3.2.1. Lake Tana Bathymetric Survey

The bathymetric survey by TaSBO interpolated with IDW revealed a new maximum depth
higher than the previously reported depth of 14 m [30,34,71,72]. The bathymetric survey indicated a
maximum and average depth of the lake as 16.8 and 12 m, respectively. The depth map (Figure 8)
indicated that the lake depth across the historical water hyacinth infestation area for the study period
varied between 0 and 8.4 m. Approximately 28% and 37% of the water hyacinth floats on the lake
depth less than 0.6 and 1.0 m, respectively (Figure 8b). This suggests that more than half of the water
hyacinth could only be harvested with a mechanical harvester since manual harvesting by hand on a
water depth greater than one meter could be dangerous. Therefore, integration of manual and
mechanical harvesting controls is vital for the removal of water hyacinth in Lake Tana.
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Figure 8. Depth of the lake and water hyacinth infestation area. (a) Lake Tana depth map. (b) Depth
of Lake Tana where water hyacinth infestation is observed (2017 and 2018). The depth of the lake was
measured at a lake level of 1786 m amsl (above mean sea level).

3.2.2. Air and Water Temperature

The average annual day and night-time water temperature for Lake Tana were estimated from
the MODIS satellite image for the period 20102016 (Figure 9a,b). For this period, the annual average
daytime water temperature ranged from 20.7 to 33.9 °C, averaging at 22 °C. The northern and central
parts of the lake were cooler in the daytime (Figure 9a). The daytime temperature indicated higher
spatial variability with a standard deviation of 1.9 °C compared to that of the night-time temperature,
which had a standard deviation of 0.6 °C. The night-time temperature was warmer in the northeast
shore of the lake where there is water hyacinth infestation (Figure 9b), and ranges between 14 and
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19.9 °C, averaging at 18.4 °C. The northeastern side of the lake is also characterized by shallow depth
with a gentle slope.
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Figure 9. Average annual day and night-time water temperature for the period 2010-2016. (a)
Daytime average annual water temperature and (b) night-time average annual water temperature.

The monthly average day and night-time water temperatures were estimated for the 2 km buffer
zone along with the water hyacinth coverage for the period August 2017 to July 2018 (Figure 10).
Since water is a slow conductor of heat compared to air, the night and daytime water temperature
were within the maximum and minimum air temperature (Figure 10). The water temperature was
above the base temperature of the water hyacinth throughout the year; however, the minimum air
temperature was below the base temperature of the water hyacinth during the period December to
April. Perhaps, the lower minimum air temperature from December to April may contribute to the
decrease in water hyacinth coverage although the decrease of the water hyacinth coverage continues
until June-July (Figure 6).
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Figure 10. Minimum and maximum air temperature, day and night-time water temperature (primary
y-axis), and turbidity in the proximity of water hyacinth infestation area (August 2017 to July 2018).
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3.2.3. Turbidity

Turbidity in Lake Tana is highly variable in both space and time. The average annual turbidity
estimated for the period 2010-2016 is presented in Figure 11. The average annual turbidity of the lake
was 348 nephelometric turbidity units (NTU) with a standard deviation of 30 NTU. Turbidity less
than 25 NTU is relatively considered as clear and at 2000 NTU is completely opaque [73]. The highest
turbidity was observed in the southwest shore of the lake near Gilgel Abay river mouth followed by
the northeast part of the lake (Figure 11). The higher turbidity is due to sediment carried with the
tributary rivers. For example, a Landsat image in December 1984 and December 2017 indicated that
the river mouth delta at the entrance of Gilgel Abay to the Lake Tana increased from 12.7 to 21.8 km?
(an increase by 72%; see Supplementary Information, Figure S2). Likewise, the river entrance deltas
for Gumara and Ribb rivers were also increasing, but at a lesser extent. Since Gumara and Ribb rivers
drop the sediment at the Fogera floodplain, the sediment contribution of both rivers was relatively
smaller [74,75]. The floodplains play a critical role by intercepting and trapping nutrient and
sediment loadings that are transported with streamflow. Protection of the lake ecosystem should
consider implementing best management practices along the watershed landscape and protecting the
wetland.

Turbidity (NTU)
@ Rivers
I 193 - 280
B 251 -322
B 323 -347
B 3438 - 361
P 362 - 374
I 375 - 388
[ 389 - 405
I 406 - 424
Blue Nile B 125 - 446

0 15 39 aver I 147 - 487

S|

Figure 11. Long-term annual average turbidity of Lake Tana (2010-2016).

The monthly average turbidity of the lake is shown in Figure 12. The highest turbidity was
observed during the major rainfall season (June-September) where the rivers drain to the lake
bringing the sedimentation laden water from upland agricultural watersheds. The turbidity of the
lake is very low during the dry season (November—May) with average turbidity ranging between 225
and 330 NTU. In the northeast corridor, turbidity becomes high in August after two months from the
beginning of the main rainfall season. The monthly average turbidity (August 2017 to July 2018)
within the proximity (2 km buffer) of the water hyacinth infestation (Figure 10) was estimated from
MODIS images.
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Figure 12. Spatial and temporal distribution of average monthly turbidity for the study period
(August 2017 to July 2018).
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3.2.4. Lake Level Variation

Comparison between ground-based and that of Jason-1 altimetry mission water level
measurements before the construction of the Chara-Chara weir (i.e., 1993-1996) showed a very strong
agreement (R-square of 0.96, p < 0.05, Figure 13) with a root mean square error of 15 cm. Jason-1
altimetry data has also captured well the observed lake level of several lakes of different size
[50,76,77]. The altimetry data showed an annual average lake level fluctuation of 1.5 m for the period
1994-2010. This fluctuation was primarily driven by lake rainfall and streamflow during the major
rainfall season. The lake level started rising in June, where rainfall started and reached a maximum
level in September and declines linearly towards June of the following year (Figure 2). Given the
Jason-1 altimetry data represented the lake level, and that it has data for the study period (August
2017 to July 2018), it was used to understand the relationship between lake level and water hyacinth
spatial coverage dynamics.

Odnhithyhalodp hv| #p #ip vo,
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(J
@
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Figure 13. Comparison of observed lake level and Jason-1 lake level altimetry for Lake Tana (1993-
1996).

3.3. The Interplay between Environmental Factors and Water Hyacinth Coverage

The environmental factors that plausibly contribute to the dynamics of the water hyacinth
during the study period were compared with the spatial coverage of the water hyacinth (Figure 14).
Among the factors studied, water hyacinth spatial dynamics showed a strong association with the
lake level and night-time water temperature (Figure 14a,f). The lake level and night-time temperature
relationship to water hyacinth expansion are explained by an R-square of 0.75 and 0.59, respectively.
The remaining studied factors showed a weak linear relationship with the spatial coverage of the
weed dynamics (Figure 14b—e). Turbidity, however, indicated a strong correlation with the spatial
coverage of the water hyacinth with a 2-month lag (R-square of 0.74).
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Figure 14. Correlation between water hyacinth spatial coverage and the environmental factor.

4. Discussion

The relationship between the spatiotemporal dynamics of the water hyacinth and some of the
studied environmental factors revealed a strong association providing some insight to mitigate the
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expansion, and eventual elimination before the lake’s biodiversity and socioeconomics become in
jeopardy. During the main rainfall season, the surface runoff carried significant sediment and other
non-point source pollutants into the lake. During this season, the lake level increased flooding the
lake shoreline making it convenient for water hyacinth growth on the floodplain. As it is shown in
Figure 14a, the change in the lake level captured 75% of the water hyacinth dynamics. The lake level
decreased as the streamflow to the lake decrease in the dry season, which led the lake water to retreat
from the shoreline and leaving the water hyacinth to remain on the dry land. Hence, the water
hyacinth coverage reduced in spatial coverage due to water stress leading to a slow death of the
weed. Moreover, the reduction in streamflow during the dry season is also accompanied by a
reduction in the total suspended sediment inflow, which carries nutrients such as nitrogen,
phosphorus, and organic matter. The night-time temperature indicated a strong association with the
water hyacinth growth capturing 59% of the water hyacinth spatial coverage variability. During the
water hyacinth expansion period (August to September) the night-time temperature was warming
consistently. The higher night-time temperature in the root zone improves root growth due to
increased metabolic activity of root cells and the development of lateral roots enabling the weed to
effectively utilize the fertilizer nutrient washed from the upland agricultural fields [78]. Overall, the
night-time water temperature helped the water hyacinth to convert the stored energy to root and
above-ground biomass.

The minimum and maximum air temperature did not show a strong correlation with the water
hyacinth spatial dynamics for the study period. The minimum and maximum temperatures were
within the base/minimum and optimal temperature for 67% of the study period. The night-time water
temperature showed a strong correlation with the water hyacinth spatial dynamics while the daytime
water temperature showing a weaker correlation (with R-square of 0.25). Even though there was a
relatively higher rate of water hyacinth areal expansion followed by a reduction during the dry
season, however, the water hyacinth areal coverage increased year after year.

Due to data limitation, this study did not consider some other factors that could potentially affect
the water hyacinth spatial dynamics. For example, lake water pH, dissolved oxygen level, wind,
nutrient, hydrodynamics, etc. In regards to pH, normal water hyacinth growth occurs at a pH of 6.5
8.5 [79]. Growth is hampered at a pH of 4.5 and decline in growth will occur from a pH of 10.5 [80].
However, since pH and other environmental variables such as dissolved oxygen vary over the year,
which thereby may contribute to the seasonal water hyacinth coverage fluctuations. Likewise, wind
also affects the nutrient dynamics in the lake, it moves the floating water hyacinth to new areas and
triggers sediment resuspension that increases internal nutrient release in the lake. As more data is
available future studies should consider such hydro-environmental dynamics to fully understand the
water hyacinth expansion, and suggest appropriate measures to control the weed infestation.

While this study does not exhaustively explore environmental variables that could determine
water hyacinth expansion, the relationship established with studied variables would give a glance at
the factors affecting the water hyacinth dynamics in Lake Tana.

5. Conclusions

The invasion of habitats by non-native species is a global phenomenon with serious negative
ecological, economic, and social consequences. This paper studied the spatial and temporal dynamics
of water hyacinth growth in Lake Tana using high-resolution satellite images. The study also assessed
the relationship between the water hyacinth dynamics and environmental variables such as lake
water level, turbidity, and water and air temperatures.

A strong linear correlation between the lake water level and water hyacinth expansion was
found. Although lag time was observed, water turbidity also showed a strong relationship. This
suggests that the water hyacinth expansion was occurring in the rainy season and following the rainy
season where streamflow, sediment and nutrient flux to the lake were increasing. Therefore, the
harvesting effect should focus on the water hyacinth hovering on the deeper section of the lake
(deeper than one meter), the weed hovering at shallow depth will end up on the dry land during the
dry season. The bathymetric survey indicated approximately 63% of the water hyacinth floats on a
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lake depth of more than one meter. The night-time temperature also indicated a strong association
with the water hyacinth expansion, it helped the plant to convert the day time stored energy through
photosynthesis to growth. The higher night-time temperature in the root zone improves root growth
due to increased metabolic activity of root cells and the development of lateral roots enabling the
weed to effectively utilize the fertilizer nutrient washed from the upland agricultural fields. Restoring
the nutrient-rich wetland along the shore which otherwise serves as a perfect breeding ground for
the weed could essentially alter the water hyacinth expansion dynamics. Implementation of best
watershed management practices in the watershed (e.g., nutrient management in upland farmlands,
riparian buffer strips, stone bunds, terraces, etc.) may reduce nutrient influx into the lake, which
thereby limits the expansion of the water hyacinth. Identifying the environmental variables that
determine the water hyacinth expansion is helpful to plan proper water hyacinth management
options.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: GPS tracks
of June 25, 2017, overlain on a false-color composite image of June 24, 2017, PlanerScope, Table S1: List of satellite
images used to map the spatiotemporal distribution of water hyacinth and major environmental factors
plausibly affecting the weed spatial dynamics..
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