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Abstract

:

Water hyacinth originated from the Amazon Basin and has expanded to other parts of the world since the 1800s. In Ethiopia, the weed is affecting the socio-economic activities of the people whose livelihood is directly or indirectly dependent on Lake Tana. Still, the area covered by water hyacinth and the impact of water level fluctuation on the expansion of water hyacinth has not been known clearly. Therefore, the main objective of this study was to determine the spatiotemporal distribution of water hyacinth and relation with lake-level fluctuation. The area covered by water hyacinth was determined using monthly Sentinel-2 images, which were collected from November 2015 to December 2019. The impact of water level fluctuation on the expansion of water hyacinth was evaluated using hourly water level data converted to a monthly average to correlate with the area covered by the water hyacinth. In addition, MOD13Q1.006 data was used to evaluate the trend of the Normalized Difference Vegetation Index (NDVI) and its linkage with the weed. The maximum areas covered by water hyacinth were 278.3, 613.6, 1108.7, 2036.5, and 2504.5 ha in Feb 2015, October 2016, September 2017, December 2018, and in December 2019, respectively. Its areal coverage was declining from the northern corridors and increasing in eastern shores of the lake. The lake-level fluctuation was observed in the range of 1.5 to 3.98 m in this study. The annual mean maximum spatial values of the NDVI were in the range of 0.27 and 0.47. The area covered by water hyacinth was increasing significantly (P < 0.05) and positively correlated with the seasonal lake-level fluctuation. High water level enabled the expansion of the weed by extending its suitable habitat of shallow water to the flood plain. Based on the results of this study, lake-level fluctuations can have an adverse impact on the expansion of the weed.
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1. Introduction


Water hyacinth (Eichhornia crassipes [Mart.] Solms) originated from the Amazon Basin, South America. The species of this invasive weed was discovered by a German Naturalist, C. Von Martius, who was studying the flora of Brazil in 1823–1824. The weed has spread in large areas of the world since the 1800s [1,2,3]. It is one of the world’s worst invasive weeds, categorized as one of the hundred most harmful invasive species, and one of the top ten worst weed in the globe [2,4,5,6,7].



The most suitable environment for the growth of water hyacinth ranges from tropical desert to subtropical or warm temperate desert to rainforest zones [8,9]. The expansion rate of water hyacinth is very quick and its eradication is very difficult since it can double its biomass every 5 days. In addition, its seeds can germinate after remaining for 20 years or more buried in muds or sand deposits in the shore of water bodies without decaying [4,10]. Due to its increasing mesophyll conductance, soluble protein content per unit area, and specific leaf weight, water hyacinth has a maximum photosynthetic capacity [11].



Water hyacinth has several impacts on the socio-economic, livelihood of communities and the aquatic environment [12,13,14,15,16,17]. It affects the productivity of zooplankton and phytoplankton and causes aquatic hypoxia (deficiency of oxygen) [18]. Its impact on the hydrologic cycle is through evapotranspiration [19], as the rate of evapotranspiration of water hyacinth is higher than the evaporation of open water surface areas [19,20] but the rate of evapotranspiration in wetlands is almost similar to open water surface [21]. Water hyacinth can severely affect the habitat of fishes due to deoxygenation. The weed can also reduce the concentration of nitrogen, phosphorus, heavy metals, and other contaminants in water bodies [7,22,23].



In Ethiopia, water hyacinth was first introduced as an ornamental plant around Aba-Samuel Dam in 1965 [24,25]. Its rapid spread in Awash River, Abay River, Baro-Akobo River, and Rift Valley basin has become a serious problem for water resource management [25,26]. To date, water hyacinth has reached the entire Ethiopian Rift Valley system and is associated with a decline of macrophyte biodiversity [27]. It is affecting human health, lake water quantity and quality, fishing, irrigation, navigation, livestock and aquatic biodiversity in Ethiopia [24,26,28,29,30,31]. Although the source and the exact time of its appearance in Lake Tana is not exactly known, water hyacinth was officially recognized as an invasive species by a group of experts of Bahir Dar University in September 2011 [32]. The weed impacts the fishing, transportation, tourism, agriculture, water quality and quantity, and animal grazing in the floodplains which is connected to the lakeshore [33,34,35,36,37,38,39,40]. The invasive weed has been expanding quickly in the north, northeast, and east shore of Lake Tana [40,41]. In Lake Tana, the growth of the invasive weed is highly favored by suitable environmental and water quality conditions [40,41]. According to Dersseh et al. [40], the major growth factors, such as temperature, pH, salinity, total phosphorus, total nitrogen, and the depth of the lake, have been found in optimal conditions for the growth and expansion of water hyacinth.



Lakes connected to rivers have a long inundation period and the morphology of water hyacinth responds to the annual lake-level fluctuations [42]. Previous studies showed that the water level of Lake Tana fluctuates annually and seasonally in relation to changes in precipitation and inflows from the tributary rivers [43]. A previous study [44] showed that the Normalized Difference Vegetation Index (NDVI) of water hyacinth ranges between 0.81 and 0.94 and its value was low in spring (April and May) and rapidly increased after June. NDVI is an index that is dimensionless, developed in the 1970s, and it estimates photosynthetic active biomass based on the difference and sum of reflectance in spectral bands of red and near-infrared (NIR) [44].



The coverage of water hyacinth in Lake Tana has not been known clearly through scientific methods and techniques. The reporting of the invaded area has been the source of conflict among stakeholders [40]. Previous surveying reports showed that the coverage of the invasive weed was in the range of 20,000 and 50,000 ha [45]. To monitor, evaluate and map the current invaded area, Geographic Positioning System (GPS) tracking techniques and ArcGIS tools were employed, from 4–14 Oct 2018 and found to be 2279.4 ha excluding the invaded areas of the flood plain [40]. The main challenges in the estimation of the invaded area of the lake are the weed’s dynamic nature and its quick mobility, similar leaf characteristics with a few other aquatic vegetations and its scattered nature on large areas of the lake, which limits the use of satellite imageries with coarse spatial and spectral resolutions.



The application of remote sensing with high spatial and spectral resolution imageries and ArcGIS tools have been found to be crucial in resolving the above problems [18,46,47,48,49]. Different previous studies have been conducted in the use of multispectral remote sensing data in identifying invasive alien plant species [50,51,52,53]. Although the application of multispectral remote sensing is vital in identifying the invasive alien species including water hyacinth, the cost of acquisition for commercial sensors is a great challenge for sub-Saharan African countries [49,54]. Only very few studies have been done and checked the detection and discrimination capacity of LandSat8 satellite data [49,55,56]. The classification of water hyacinth using huge satellite images in ArcGIS is not easy because of the long-time data collection process, slow computer processing capacity, and the need for highly skilled specialists. To resolve these problems, employing the application of the Google Earth Engine platform is a simple solution, and it has been employed in several studies [57,58,59,60,61,62].



The specific objectives of this study were to (1) map and analyze the spatiotemporal dynamics of water hyacinth in Lake Tana (2015–2019), (2) examine the linkage between the invaded areas of the lake and the lake hydrology (water level), and (3) investigate the temporal linkage of NDVI and the area covered by water hyacinth. Therefore, the study will contribute to the estimation of the invaded area through the application of multispectral satellite data in the Google Earth Engine platform. It will also assist the effort of monitoring and evaluation of the seasonal status of the invasive weed over the lake. Finally, it will help the government and stakeholders to employ strategies to limit water hyacinth expansion through the management of the lake level.




2. Materials and Methods


2.1. Study Area Description


Lake Tana is found in northwestern Ethiopia, with the average elevation of 1786 meters above means sea level (m a.s.l.). Geographically, it is located in the range of 10°45′54.1″ N, 36°10′24.9″ E and 12°50′15.9″ N, 38°50′54.48″ E (Figure 1) [40]. It is the largest lake in Ethiopia and the third largest lake in the Nile Basin with an estimated area of 3156 km2 and a total drainage area of 15,000 km2 [63]. The lake occupies a large depression in the north-central plateau of Amhara with a maximum and average depth of 14 and 9 m, respectively. The shallow part of the Lake Tana is mainly found in its northeast corner and eastern shore [40,64]. The lake has 84 to 92 km of length from north to south and is 66 km wide from east to west [40,63,65]. It has 37 islands and most of them have monasteries with historical, cultural, and religious sites that have tourist attraction values [66,67].



In Lake Tana, more than 50 macrophytes, 85 phytoplankton, and 25 zooplankton species are registered [68]. More than 40 seasonal rivers and four permanent major rivers such as Gilgel Abay (Little Blue Nile), Gumara, Rib and Megech from their watersheds drain into the lake, contributing 95% of surface water flow to the lake [63,65,66]. The sediment budgets of Gilgel Abay, Gumara, Rib and Megech rivers are 14.3 Mt. yr−1, 8.2 Mt. yr−1, 3.9 Mt. yr−1, and 0.9 Mt. yr−1 respectively [69]. The lake has been listed in the top 250 lake regions of global importance for biodiversity [68]. Previous studies showed that 27 fish species (including 20 endemic species) are found in the lake [66]. The lake contributes water for Tana Beles Integrated Hydropower to generate about 460 MW, which is the largest energy source for the country. Due to its social, cultural, historical, and economic values, the lake is registered as a World Natural Biosphere Reserve heritage by UNESCO in June 2015.



The mean annual rainfall of Lake Tana catchment is estimated at about 1280 mm, mean actual evapotranspiration is about 773 mm, and water yield is estimated at about 392 mm [70]. The annual water inflow to the lake was estimated to be 3843 million m3 yr−1 from rainfall, 3970 million m3 yr−1 from gauged rivers, and 2729 million m3 yr−1 from ungauged rivers [71]. According to [71], the annual evaporation from the lake and annual outflow at the outlet of the Blue Nile River were estimated as 5182.5 million and 4714 million m3 yr−1, respectively. A suitable area for the growth and expansion of water hyacinth based on six major factors has been estimated in the range of 21,000 and 30,000 ha. [40].




2.2. Dataset and Data Collection Methods


2.2.1. Sentinel-2 MSI-Level 1C Top-of-Atmosphere Reflectance


To determine the area of the lake covered by water hyacinth, monthly Sentinel-2 images with a 10 m spatial resolution have been collected starting from November 2015 to December 2019 by employing the Google Earth Engine platform with a simple JavaScript code writing. The radiometric and geometric correction of images is critical for the aquatic science application [54,72]. Sentinel-2 MSI-level 1C top-of-atmosphere reflectance has been employed for the water hyacinth classification because top-of-atmosphere (TOA) reflectance products have been orthorectified, and radiometrically and geometrically calibrated [54,73]. It is available to the scientific community with granules size of 100 by 100 km, tile format, termed as Level-1C (L1C) products [54,74]. Sentinel-2 data are acquired on 13 spectral bands in the VNIR and SWIR: four bands at 10 m: 490 nm (B2), 560 nm (B3), 665 nm (B4), 842 nm (B8), six bands at 20 m: 705 nm (B5), 740 nm (B6), 783 nm (B7), 865 nm (B8a), 1610 nm (B11), 2190 nm (B12) and three bands at 60 m: 443 nm (B1), 945 nm (B9) and 1375 nm (B10). Radiometric resolution is the capacity of the instrument to distinguish differences in light intensity or reflectance.



The classification of images was done using four classes in the dry season (January to April) and the pre-rainy season (May and June) (water, water hyacinth, other vegetation, and bare lands) and three classes in the rainy season (July, August) and post-rainy season (September, October, November, and December) (water, water hyacinth, other vegetation). The water class includes both turbid and clear water. The other vegetation class includes all vegetation except water hyacinth and bare land includes sediment deposition, cultivated land and any rocky land surfaces. The main focus of this study was to estimate the area of the lake covered by water hyacinth in each given month. The main challenge was getting cloud-free imagery in 2016 (July and August), 2017 (June), 2018 (July) and 2019 (June), and, as the result, these months were not considered during our classification. To evaluate the rate of expansion of water hyacinth, especially the maximum annual expansion rate, a simple calculation was made by considering the areal coverages of the current and the previous year. The classification was focused only on the lake and it did not include the water hyacinth in the flood plain and the surrounding wetlands. The annual expansion rate of the water hyacinth was calculated by comparing the maximum water hyacinth coverage of successive years for example for 2016:


    M a x   a r e a   o f   W H   i n   2016 − M a x   a r e a   o f   W H   i n   2015   M a x   a r e a   o f   W H   i n   2015   ∗ 100 % = 120.5 %  



(1)







Accuracy assessment was done using the Random Forest algorithm. The classification accuracy assessment is critical to evaluate the misclassification and correct classification errors [75]. The total training points were 294 to classify the image. To evaluate the overall accuracy, the number of pixels was 500,000, and, for validation, the same number of pixels (500,000) was tested. The number of pixels for the entire study area was about 31,100,000.




2.2.2. MOD13Q1.006 Terra Vegetation Indices 16-Day Global 250 m


Vegetation indices are important parameters to detect Global and regional changes and can be used to compute land cover classifications and vegetation extent [76]. To evaluate the trend of NDVI and its correlation with the trend of the area of the lake covered by water hyacinth, the freely available MOD13Q1.006 Terra Vegetation Indices 16-Day Global 250 m data with a spatial resolution of 250 m and temporal frequency of 16-day composite [77,78] was used. The MODIS NDVI products are computed from atmospherically rectified bi-directional surface reflectance that has been corrected for water, clouds, overwhelming pressurized canned products, and cloud shadows. [77]. The Moderate Resolution Imaging Spectroradiometer (MODIS-TERRA) dataset (250–1000 m resolution) starting from 2000 to present is better quality but provides shorter NDVI time series than the others [79]. For this study, images from 2011–2019 were processed.




2.2.3. Lake-Level Data


To evaluate the impact of lake-level fluctuation on the expansion of water hyacinth on Lake Tana condition, hourly lake-level data were collected starting from May 2016 to September 2019 from the Tana Sub-basin Organization (TaSBo).





2.3. Data Analysis


The classification and image analysis of the area of the lake was done in the Google Earth Engine platform by writing a simple JavaScript code. In this platform, time-series images that are collected from Sentinel-2 satellite were classified using a supervised classification technique. To calculate the water hyacinth covered areas, the classified images in each month in the Google Earth Engine (GEE) platform were processed in the spatial analyst tool (extraction) and Conversion tools (from raster to polyline) of ArcGIS software. The estimated values have been analyzed by using descriptive and analytical statistical tools. The actual coverage of water hyacinth was estimated in a survey done from 4–14 October 2018, the water-hyacinth-invaded area was estimated as 2279.4 ha of the lake, excluding the infestation area in the flood plain [40].



The computation of the NDVI in the GEE platform is based on the following equation:


  NDVI =   ρ NIR − ρ RED   ρ NIR + ρ RED    



(2)




where    ρ NIR   and   ρ RED    are the surface bidirectional reflectance factors for MODIS red (648 nm) and infrared (858 nm) bands, respectively [80].



Lake-level fluctuation and the NDVI were analyzed using descriptive statistics. The final task was looking at the correlation among the invaded area, non-invaded area, lake level, and NDVI. Analytical statistics was used to evaluate this correlation. The other important thing in this study was to evaluate the trend of the area of the lake covered by water hyacinth. Therefore, the Mann–Kendall trend test was used because it is a preferable and widely used statistical method for non-parametric tests to detect the trend of time series results [81].





3. Results and Discussion


3.1. Water Hyacinth Areal Coverage


The annual maximum areal coverages of the water hyacinth were 278.3, 613.6, 1108.7, 2036.5, and 2504.5 ha in February 2015, October 2016, September 2017, December 2018, and in December 2019, respectively (Table 1). The annual minimum areal coverage of the water hyacinth was 28.1, 97.3, 546.6, and 436.7 ha in February 2016, April 2017, May 2018, and June 2019, respectively (Table 1). There is an increasing trend in the maximum areal coverage in all the study years and minimum areal coverage except in 2019. The image classification accuracy was evaluated and found in the range of 95% to 100%.



The annual rate of expansion of the water hyacinth was computed by comparing successive years. Table 1 showed that the annual expansion rates of the invasive weed were 120.5%, 80.7%, 83.7%, and 23% in 2016, 2017, 2018, and 2019, respectively. The minimum lake surface areas, which include the lake area covered by water hyacinth and water, were 2976.1 ha, 2990.4 ha, 2985.3 ha and 2945 ha in May 2016, April 2017, April 2018 and June 2019, respectively. The maximum lake surface areas were 3069.3 ha, 3042.1 ha, 3052.6ha, 3090.8 ha, and 3056.3 ha in October 2015, October 2016, September 2017, September 2018, and November 2019, respectively. The annual expansion rate in 2019 was not as high as in 2016, 2017 or 2018, which means the rate of expansion of the invasive weed was decreasing. The brownish color in the dry season photo (Figure 2a) affected the classification accuracy since the classifier considered this as not water hyacinth covered. In the dry season, especially from February to April, the weed leaves the lake and goes to the outlets of the rivers or streams (Figure 2b). The reason for the low expansion rate in 2019 was due to intensive water hyacinth removal campaigns by the government and people but poor disposal of collected/harvested water hyacinth (Figure 2c) resulted in poor detection of the water hyacinth from the images. The color of the leaves of the weed changed to evergreen at the end of the rainy season (Figure 2d).



The area covered by water hyacinth and the lake surface area was positively correlated with Pearson’s correlation coefficient (r) of 0.41, which indicates a positive correlation between the water-hyacinth-covered area and lake surface area. According to the Mann–Kendall trend test analysis (P < 0.05), the area covered by water hyacinth has been increasing significantly, whereas the lake surface area has been decreasing insignificantly (Figure 3).



The government and the community have tried to remove the invasive weed since 2012 by employing manual and mechanical removal methods, but the expansion rate of the invasive weed has been becoming severe from time to time and affecting the livelihood of the people by invading rice farmlands, free-grazing lands, boat transporting and fishing activities. The reason for high growth and annual expansion rate of the invasive weed is due to the conducive environment for the weed. Factors such as the levels of total nitrogen, total phosphorus, pH, salinity, temperature, and depth were suitable for the expansion of the weed [40]. Previous studies showed that sunlight and air temperature have a substantial impact on the growth of water hyacinth by affecting the nutrient uptake rate of the weed [82,83]. Even though further study is required, one of the reasons for the high expansion of water hyacinth from September to December might be a suitable condition in terms of the sunlight of the surrounding environment, which facilitates its photosynthesis process.



The spatial distribution of water hyacinth has been substantial on the northeastern and eastern shore of the lake (Figure 4). This result is in line with a recent vulnerability potential assessment study that showed that these shores are suitable for water hyacinth growth in terms of nutrients (total phosphorus and total nitrogen) [40]. At the beginning of the study period, it was restricted in the northeastern corridors of the lake but later it has been decreasing in the north shore and severely spreading to the eastern and southeastern shore of the lake which is characterized by large watersheds and flood plain. The reason for the expansion of the weed to the north-eastern and eastern shore of the lake is that, when the lake level increases in the rainy and post-rainy seasons, water hyacinth will expand to the shallow water section of the flood plain. Previous studies showed that water hyacinth has a nutrient removal potential in static and flowing water bodies [84,85,86,87,88]. This potential helped the weed to expand to the shallow nutrient reach section of the flood plain and further pose environmental problems to the seasonally flooded agricultural areas of the lake shore.




3.2. Lake-Level Fluctuation


Previous studies showed that the fluctuation of water level in shallow lakes can affect the function of a lacustrine ecosystem [89]. Lake water level can be fluctuated due to overexploitation of water bodies by humans, climatic and hydrological conditions of lake water bodies [90]. The water level of Lake Tana has been fluctuating and began declining from 1985 to 2006 [91]. The lake-level fluctuation of Lake Tana is not sensitive to rainfall fluctuation [63]. Chara-Chara weir which was constructed at the outlet of the Blue Nile for the purpose of hydroelectric generation, regulates the flow and hence the lake level. The lake level increases at the end of the rainy season and decline at the end of the dry season. To check its fluctuation, the current hourly lake-level data from Tana Sub Basin Office, which was measured at Bahir Dar Station, was analyzed. To compare the lake-level result with the water hyacinth infestation area, the mean monthly values from May 2016 to September 2019 (Figure 5a) were computed. This comparison could not consider all the results of the water hyacinth infestation area due to the lack of time series lake-level data from 2015 to 2019 in all months.



The maximum and the minimum mean monthly lake levels were observed in October, and May to June, respectively (Figure 5b). The result of this study indicated that the expansion of water hyacinth and the lake level had a strong positive correlation coefficient (r) of 0.69. According to this result, lake-level fluctuation affects the expansion of water hyacinth on Lake Tana. If the lake level increases, the lake water expands to the flood plain, which is the most suitable area for the growth and expansion of water hyacinth because of the lake water in the flood plain is too shallow and rich in sediment deposit.




3.3. Normalized Difference Vegetation Indices (NDVI)


Previous studies showed that NDVI has a strong positive correlation with the concentration of total phosphorus (TP) and total nitrogen (TN) in shallow lakes [92]. Nutrients like total phosphorus (TP) and total nitrogen (TN) are the most important factors for the eutrophication process of water bodies, including lakes [64]. The NDVI is an indicator of the biomass of any surfaces (land and water) and is seasonally variable [93,94]. The aim of evaluating the NDVI of Lake Tana was to see its trend and seasonal variability in relation to the expansion of water hyacinth on the lake.



The minimum values of NDVI have been observed in July in all the study years (2011–2019). From the results described in part 3.1, the water hyacinth covered area in this month was also negligible which was proved through remote sensing application and intensive field survey all over the lake. The reason for low NDVI could be the exitance of clear water which is free from phytoplankton and macrophytes in the lake and similar studies showed the same results as the result of this study [95]. The maximum NDVI values have been observed from October to December when the water hyacinth infestation has been severing on the lake.



The maximum NDVI values have been increasing significantly, and, at the end of the study year, the increment has been reached at 74% (Figure 6). The trend of NDVI was significantly increasing at (P < 0.05) according to the Mann–Kendall trend analysis test. The NDVI shows an increasing pattern that complements the increasing trend of water hyacinth expansion area on Lake Tana. Even though it needs further study in the future, the increment of the vegetation index might be due to the expansion of water hyacinth in the lake and it shows that the lake has been polluting and eutrophic.





4. Conclusions


The Google Earth Engine platform application has been found as the simplest way to collect geometrically and radiometrically corrected imageries and to classify water surface covers through time series imageries. Even though the government and the community have spent a considerable amount of time removing the invasive weed mechanically and manually over a long period of time, the invasive weed has been increasing significantly. The average annual expansion rate of the weed was approximately double from 2015 to 2019. The maximum infestation area of water hyacinth on the lake was in the range of 278.3 ha and 2504.5 ha from 2015 to 2019. The peak season for water hyacinth expansion on Lake Tana was from the post-rainy season (September to November) to the beginning of the dry season (December). The movement of the weed is very dynamic; it moves quickly on a daily basis by wind. The spatial distribution of the invasive weed has been critical in the northeast and eastern shore of the lake with a new invasion area in the eastern shore of the lake.



The NDVI of Lake Tana has been increasing and it is an indication of the eutrophication status of the lake. The peak season for the NDVI was from November to December when the water hyacinth expansion was highest. The lake level has been fluctuating seasonally and its peak values were observed at the post-rainy season when the area covered by water hyacinth was high.



When the lake level increases, the lake water expands to the flood plain, and, as a result, the invasive weed gets more shallow depth, which is suitable for its growth. Its minimum values were observed at the pre-rainy season in the study years when the expansion of the weed declines. When the lake level decreases, the lake water shrinks and the expansion of the weed will be limited to the shallow areas of the lake, such as the outlets of the rivers and wetlands of the lake shore. Lake level and area covered by water hyacinth had a strong and positive correlation, which indicates that the lake-level fluctuation had a substantial impact on the expansion of water hyacinth on Lake Tana.



According to the result of this study, the expansion of the weed will continue and may cover large area of the lake, unless the government and the community take continuous and intensive integrated control measures. To save the lake from the further invasion by water hyacinth, the government shall apply a preventive strategy on the western and southern shore of the lake and a removal and control strategy in the north and eastern shore of the lake. According to this result, the best controlling season is the post-rainy season, which is before the flowering of the invasive weed. However, in this season, the weed expands severely and its biomass is high so that the removal is laborious. To solve this problem, the most important strategy for controlling the weed shall be removing the weed in the dry season (February to April) when the coverage of the weed is minimum and applying continuous monitoring and evaluation strategy. To minimize the expansion rate, the lake-level fluctuation shall be well managed at the outlet of the Blue Nile in the post-rainy season.
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Figure 1. Elevation map of Ethiopia (left) and the Tana sub basin (right) with gauged catchments and Lake Tana (the study area which was prepared by using the maximum historical lake level at 1788.2 m a.s.l). 
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Figure 2. The color change of leaves of water hyacinth in the dry season (a), the permanent infestation area in the river mouth in the dry season (b), poor disposal on the lake embankment (c) and evergreen water hyacinth growth stage (d) (Photo by Minychl G. Dersseh, 29 December 2019). 
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Figure 3. Monthly graphical presentation of water hyacinth covered area and lake surface area since 2015. 
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Figure 4. Spatial and temporal map of annual maximum area covered by water hyacinth in the north, northeast and eastern shore of the Lake Tana from 2015–2019. 






Figure 4. Spatial and temporal map of annual maximum area covered by water hyacinth in the north, northeast and eastern shore of the Lake Tana from 2015–2019.



[image: Water 12 01435 g004]







[image: Water 12 01435 g005 550] 





Figure 5. Graphical presentation of the mean monthly lake stage (a) and the correlation between area covered by water hyacinth and mean monthly lake stage (b) from 2016–2019. 
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Figure 6. Spatial annual maximum and minimum values of the Normalized Difference Vegetation Index (NDVI) on Lake Tana starting from January 2011 to November 2019. 
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Table 1. Annual maximum and minimum water hyacinth covered areas and lake surface areas, and rate of water hyacinth expansion (2015–2019).
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Year

	
Lake Surface Area (km2)

	
Area Covered by Water Hyacinth (ha)

	
Rate of Expansion (%)




	
Min

	
Max

	
Min

	
Max






	
2015

	
ND*

	
3069.3

	
ND*

	
278.3

	
-




	
2016

	
2976.1

	
3042.1

	
28.1

	
613.6

	
120.5




	
2017

	
2990.4

	
3052.6

	
97.3

	
1108.7

	
80.7




	
2018

	
2985.3

	
3090.8

	
546.6

	
2036.5

	
83.7




	
2019

	
2945

	
3056.3

	
436.7

	
2504.5

	
23








ND* means no data in the months.
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