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Abstract

:

Sub-Saharan Africa is highly vulnerable to climate change given its low capacities of resilience to the enormous challenges climate change will pose. Research aimed at evaluating changes in hydrological trends and methods of adaptation was conducted in the Niger Basin parts of Benin at the peak of the rainy season in the year 2012. Rainfall and river discharge were analyzed from 1950–2010 in order to generate patterns of changes in the region. Structured questionnaires were used to evaluate the perceptions of 14 farming communities on climate-related issues and their methods of adaptations. Mann-Kendall and Pettit trend analyses were conducted for rainfall and river discharge. The findings indicated that significant decreases characterized rainfall and river discharge in the period of study. Flash flood was considered the major challenge faced in the region according to more than 90% of crop, animal, and fish farmers. Aside from that, decrease in water availability was identified as an additional challenge. Irrigation, diversification, water treatment, drainage, small dams, and dikes were reported as the common adaptation mechanisms in the catchments. This study will help in designing sustainable adaptation mechanisms to abrupt changes in the hydrology of the region.
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1. Introduction


Climate change in Sub-Saharan Africa will bring high flooding with adverse effects on agriculture, sea level increases in coastal cities, public health, and food security [1]. Rising global temperature is expected to enhance the intensification of the hydrological cycle, resulting in severer dry seasons and wetter rainy seasons, and subsequently heightened risks of more frequent floods and drought [2]. Changing climate will have significant impacts on the availability and accessibility of water, both qualitatively and quantitatively. Sylla et al. [3] projected a more pronounced increase in the intensity of very wet rainfall events in West Africa at the end of the 21st century. In drier regions, a slight rise in temperatures leads to greater loss of moisture, exacerbating soil moisture drought and desertification [4]. Drought leads to decreased water availability and water quality for populations in many water-scarce regions, particularly in the semi-arid regions of West Africa. When less precipitation and higher temperatures occur simultaneously, the availability of water resources is reduced even further while evaporation is increased, leading to a vicious cycle. This has led to the occurrence of long periods of drought, which are predicted to become more widespread in the future [4].



The Niger River Basin has been under concurrent influence of changes in climate. Precipitation is highly variable spatially and temporarily in the basin [5]. The future pattern of projected stream flow and extremes are unclear and associated with large uncertainties in the Niger Basin [6]. The study of Aich et al. [7] emphasized the danger of increasing catastrophic floods in some catchments of the Niger River Basin. This will aggravate the challenges of reported floods on rural farmers at the peak of the rainy season in the Niger Basin parts of Benin [8].The evidence of current and future flooding reported in the Niger Basin in Benin [7,8,9] readdresses the need for the development of sustainable coping strategies for changing hydrological trends.



Rural farmers have always managed their resources and livelihoods in the face of limited resources [10], as well as challenging environmental and socioeconomic conditions. They respond to climate change influence in creative ways, using traditional knowledge and new technologies to find solutions that may help society in coping with the impending changes [11]. The scientific agreement that climate change is happening and will continue well into the future regardless of the effectiveness of mitigation measures [12] has warranted the need to understand how local farmers have coped with variability in water resources under climate change in order to guide strategies for adaptation in the future. Consequently, this paper evaluates impacts and responses to hydrological changes in the Niger Basin parts of Benin; with the broad aim of using the view of local people to ameliorate hydrological challenges in the Basin. The main aim of the study was achieved through the following specific objectives:




	
Evaluation of hydrological trends in the Niger Basin parts of Benin;



	
Assessment of perceptions and local adaptation mechanisms to the hydrological changes.









2. Materials and Methods


2.1. Study Area


The Niger Basin includes an area of 2.27 million km2, with 50% active drainage area (parts of the basin where flowing water contributes to the outlet discharge [13]) [14]. The Benin portion of the Basin (Figure 1) is generally considered to be one of the sub basins of the Niger that is most affected by freshwater variability [9]. Precipitation is very variable spatially and temporarily in the basin. The river dried up for several weeks at Malanville Hydrological Station (Figure 1) in 1985 as a result of low rainfall and runoff in 1984 [8,15]. Annual precipitation is concentrated in a single season from the middle of April to October. In the dry season, a Sahelian northeast trade wind, which brings cool and dry conditions, covers the whole basin. The highest temperatures of about 46 °C are experienced from March to April, while the lowest temperatures (about 16 °C) are observed in December and January, with an annual temperature mean of about 28 °C [8]. Precipitation amounts show wide variations from one year to another, as well as within the year. Apart from the variability of the annual and seasonal rainfalls, the extremes of precipitation result in floods and droughts at different times and sometimes within the same year [8].




2.2. Data Collection


Table 1 and Figure 1 present the location of meteorological and hydrological stations. Data were collected from 1950 to 2010 in order to unveil long-term fluctuations in hydrological trends of the region. Socioeconomic data were collected through field survey with well-structured, pretested questionnaires in Malanville and parts of Karimama commune (Figure 1) in September 2012. The questionnaire contained 26 sets of questions related to the socioeconomic characteristics of the respondents, their perceptions on climatic variability, the occurrence of extreme hydrological events, and local adaptation strategies used in the past two decades. In total, 120 respondents were covered in the survey. The respondents were selected from 14 different communities, well distributed along major water bodies, using stratified random sampling (Figure 1). Respondents were selected from each community based on size of the population domiciled in it.




2.3. Data Analysis


2.3.1. Spatial Analysis


Decadal average rainfall was computed from 1950–2010 for available meteorological stations in and around the basin (Table 1). The spatial distribution of the rainfall was computed with Kriging. Inter decadal rainfall distribution maps were generated with universal Kriging [16,17]. Kriging is part of geostatistics that are used for the mapping of surfaces from limited sample data [16].According to Kumar (2007), it uses observations     Z x    , at locations     x i     to estimate the values     Z o     at the point     x o     that has no observation. Kriging assumes that variable Z could be written as a total deterministic component     m x     (trend) and a stochastic component     R x     as:


    Z x  =  m x  +  R x    



(1)







The deterministic component     m x     is the anticipated value of the regionalized value of variable Z at location   x  , i.e.,


    m x  = E  [   Z x   ]    



(2)







In simple kriging, the mean     m x     is assumed to be constant across the field of interest, i.e.,     m x  =  m  c o n s t a n t     , while for universal kriging, the mean is presumed to have functional dependence on spatial location. This can be approximated by a model of the form:


    m x  =   ∑   l = 1  k   a l   f l   ( x )    



(3)




where     a l     is the     l  t h      coefficient to be estimated from the data;     f l     is the     l  t h      basic function of spatial coordinates that describes the drift. Random component R(x) is presumed to be intrinsic, that is, for any vector h, the increment R(x + h) − R(x) has an expectation of zero and a finite variance that is independent of point x. The variance of the increment is defined in the new function called the semivariogram, and is experimentally computed with the estimator;


   γ  ( h )  =  1  2 N  ( h )      ∑   i = 1   N  ( h )      [ R  (   x i   )  − R  (   x i  + h  )  ]  2    



(4)




where N(h) implies number of experimental pairs separated by vector h. The kriging estimate can be calculated as:


    z   x 0   *  =   ∑   i = 1  N   λ i   z   x i      



(5)




where     z   x 0   *     is the estimated value at     x 0    ;     z   x i       are the observed values at points     x i    ; N is the sample size and     λ i     are the weights chosen for     x i    .



The variogram was fitted automatically with the ‘autoKrige’ function embedded in the ‘automap’ package in the R programing environment [18]. This function returns the best fit model by iterating over the different variogram models.




2.3.2. Trend Analysis


To analyze for increasing/decreasing trends of rainfall and river discharge, the Mann-Kendall test was employed. The Mann-Kendall test evaluates the relative magnitudes of data and is widely used in hydrology [12,19].The advantage of this test is that the data need not comply with any particular distribution. The data values are assessed as an ordered time series. Each value of the data is compared to the subsequent data values. The Mann-Kendall statistic (S) was computed as:


   S =   ∑   k = 1   n − 1     ∑   j = k + 1  n  s i g n  (   x j  −  x k   )    



(6)






   s i g n  (   x j  −  x k   )  =  {      1   i f    x j  −  x k  > 0       0   i f    x j  −  x k  = 0       − 1   i f    x j  −  x k  < 0         



(7)




where     x j     and     x k     are the annual values in years j and k, respectively and n is the number of years.



Mann-Kendall normalized statistics Z was computed from variance of S as described in N’tcha M’po et al. [12].The trend was dignified as ‘no trend’ when the change is not significant, and as an increasing or a decreasing trend’ when S is positive or negative, respectively.



To evaluate the difference between cumulative distribution function before and after a time instant (K), the Pettit test was applied. The Pettit test detects any significant change in the mean value in a time series [20]. The non-parametric Pettit rank test was reported to have good capabilities in handling outliers [19,21]. The significance of the analyzed trends in the dataset was tested at probability level p ≤ 0.05 to show 99.5% experimental precision.



River discharge were aggregated into 20 years of daily climatologies for the periods of 1951–1970, 1971–1990, and 1991–2010, and then compared. Socioeconomic data were analyzed with SPSS and Microsoft Excel. Frequencies of responses was computed and reported as percentages.






3. Results


3.1. Hydro-Climatic Trends


Nine high rainfall regimes were identified from 1950–1959 (Decade1950s) which ranged from 900 mm–1300 mm and were distributed across the latitudinal gradient (Figure 2). The lowest rainfall regime was produced in high latitudes, while the highest rainfall signal was in the lowest latitude. In the following decade (Decade1960s; 1960–1969), a new dry rainfall regime (800 mm) was introduced at the top of the catchment through the gradual southward shift of higher rainfall regimes. However, abrupt changes were observed in the period of 1970–1979 (Decade1970s), with the disappearance of high rainfall signals of 1200 mm and 1300 mm and the introduction of 700 mm rainfall patterns. The same trend observed from 1970–1979 was conveyed into the period of 1980–1989 (Decade1980s), with more severe reduced rainfall marked by the disappearance of the 1100 mm rainfall signal in the southern part of the basin. From 1990–1999 (Decade1990s), there was a re-introduction of rainfall signal 1100 mm in the southern parts of the basin. There was also the re-appearance of 1200 mm rainfall regime in the last decade, 2000–2009 (Decade2000s).



Results of temporal statistical trends are presented in Table 2. None of the evaluated rainfall and discharge stations showed significant increasing trends. Eleven rainfall stations witnessed significant (p ≤ 0.05) decreasing trends, while two river discharge stations experienced significant decreasing trends. Climatological discharge evolutions presented in Figure 3 reveal that discharge was lowest during the period of 1971–1990 in the four evaluated stations. This was followed by the period of 1991–2010 at Couberi, Yakin, and Malanville, where the period of 1951–1970 was the highest. However, the highest discharge peak at Kompongou was during the 1991–2010 decades, followed by the period of 1951–1970.




3.2. Local Perceptions and Adaptations


Table 3 presents the socioeconomic characteristics and local perceptions of rural communities in Malanville. Sixty-one percent (61%) are crop farmers, 21% engage in animal husbandry, 11% are fish farmers, and 7% engage in others activities. Three hydrological indicators (rainfall, runoff, and floods) were used to evaluate the perceptions of the local populations (Table 3). The perception of higher rainfall was disclosed by more than 90% of all considered economic classes; over 80% of all farmers’ groups disclosed greater runoff, and the fact that flooding has been more rampant than past periods was highlighted by more than 80% of all farm classes.



The adaptation methods employed by farmers are indicated in Table 4. Investigation of soil and water conservation mechanisms indicated that over 80% of all activity classes deployed water treatment such as the application of chlorine, while more than 60% of animal and fish farmers engaged in measures of flood control. Agroforestry and land reclamation was mostly embraced by crop farmers, while the use of water storage was generally low in the study area. Farmers respond to drought mainly by using alternative water supplies, diversification, and the use of genetically improved accessions in their production. Crop farmers utilized small water ponds and the reduction of farm size. In order to combat the extremities of flood, more than 80% of all activity classes diversified into other sources of income until the recession of the flood, while the use of a dam/dike, drainage, abandoning production land, and protection were more embraced by fish and animal farmers.





4. Discussion


High inter-decadal rainfall variability was observed in the basin with clear differences in observed signals in different parts. Regions of higher latitudes were characterized by lower rainfall signals, which made them highly susceptible to drought, while lower latitudes experienced higher rainfall. This follows the rainfall distribution pattern in West Africa, which is a result of the dynamics of the Inter Tropical Convergence Zone (ITCZ) [22]. ITCZ follows the surface heating associated with the displacement of the overhead position of the sun. Equatorial regions experience two rainfall seasons, whereas regions poleward experience one rainfall season. The clear dry spatial pattern observed in the basin in 1970s and 1980s was a result of about a 150- to 250-km southward shift in isohyetal lines observed in the whole Niger Basin, which was attributed to global climate change [23]. Climate change was also responsible for the observed low river discharge in this period. The statistically significant decreasing trends in rainfall and runoff observed shows that the basin had not recovered from the drought, although the current annual rainfall and runoff is not as high as it was in the 1950s. This trend of decrease had been projected to continue to mid-century based on a study conducted at an adjacent catchment [12].The higher recent high runoff pattern at Kompongou station was due to unsustainable land-use management and rapid population growth leading to a process called the ‘Sahelian Paradox’ [24]. The Sahelian paradox is an observed runoff increase despite low rainfall. The same event was reported in other catchments such as Nakanbe (Burkina Faso) and Sirba (Niger) [25] and it represents an important challenge for modeling water availability in the basin. The paradox is also linked to recently reported flooding by local farmers, which can be attributed to the rapidly increasing population at the coastline of the rivers.



There is high agreement between the perceptions of the rural populations and the trends observed in scientific findings. This is in line with the study of Oyerinde et al. [8], who indicated the strong intelligence of the local population which, if adequately employed, may enhance sustainable adaptation to climate change in the region. Significant impacts of climate change were observed through the perception of increase in the occurrence and intensity of flood and drought in the basin. This was, however, reported to have different perceived impacts on different economic activities. The only generally accepted method of water conservation is local level treatment of water, which is necessary due to inadequate potable water supplies. Other methods include flood control, which was disclosed to be very important for fish and animal farmers, especially when they stay at the river banks with their animals. Agroforestry is attributed to the crop farmers in order to derive additional income from economic trees and soil conservation. Land reclamation is used by crop farmers to regain lost farmland after the recession of a flood. Water storage is generally low in the study area due to the availability of perennial river networks which could aid the communities during long dry spells. This was further emphasized in their declaration of seeking alternative water supplies to rainfall in order to ameliorate the effects of drought. Other declared methods of adaptation to drought such as diversification and the use of genetically improved accessions for production. A popularly deployed method of adaptation to flood is diversification to other activities until the recession of water from flooded areas occurred. Other methods include the use of dams/dikes, drainage, abandoning production land, and the protection of properties.




5. Conclusions


This study revealed that the Niger Basin areas of Benin have been characterized by significant decreases in rainfall and runoff since 1950. There was high agreement between the local perception of hydrological indicators and observed scientific findings. This indicates the strong intelligence of the local population, which may be explored to devise sustainable measures of adaptation to climate and hydrological change in the region. The most prominent adaptation mechanisms in the basin are: irrigation, diversification, water treatment, drainage, small dams, and dikes. These adaptation practices, if explored and improved substantially, will enhance sustainable adaptation to expected future hydrological changes in the Niger Basin parts of Benin. However, since most of the analyses presented in this study are based on annual data, there may be some deviations in the time of occurrences of extreme events. Further research should evaluate means of improving these locally adopted adaptation methods as well as assess the shift in the timing of occurrence of extreme events under climate change in the study region.
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Figure 1. Map of Niger Basin of Benin with sampled communities. 
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Figure 2. Decadal spatial rainfall (mm/year) variability in Niger Basin, Benin (1951–2010). 
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Figure 3. Multi-decadal changes in river discharge in the Niger Basin areas of Benin. 
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Table 1. List of meteorological stations considered in the study and their respective Universal Transverse Mercator (UTM) coordinates.






Table 1. List of meteorological stations considered in the study and their respective Universal Transverse Mercator (UTM) coordinates.





	S/N
	Station Names
	Latitude (UTM)
	Longitude (UTM)





	1
	Karimama
	519,953
	1,333,932



	2
	Malanville
	543,565
	1,311,841



	3
	Alfakoara
	507,272
	1,265,738



	4
	Banikoara
	438,158
	1,249,211



	5
	Kandi
	492,720
	1,230,723



	6
	Kerou
	401,622
	1,197,696



	7
	Tanguieta
	310,377
	1,174,123



	8
	Kouande
	355,837
	1,142,565



	9
	Natitingou
	322,972
	1,140,872



	10
	Birni
	337,408
	1,103,935



	11
	Ina
	470,771
	1,101,739



	12
	Nikki
	521,924
	1,098,048



	13
	Kalale
	541,973
	1,138,607



	14
	Bembereke
	463,491
	1,127,544



	15
	Djougou
	353,728
	1,072,531



	16
	Partago
	379,270
	1,054,009



	17
	Okpara
	470,728
	1,046,457



	18
	Parakou
	456,077
	1,033,573



	19
	Segbana
	576,490
	1,208,697



	20
	Niamey
	409,843
	1,490,703



	21
	Oaugadougou
	336,908
	1,365,713



	22
	Sokoto
	730,351
	1,388,299



	23
	Yelwa
	658,665
	1,164,379
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Table 2. Results of the Mann-Kendall and Pettit tests for rainfall and river discharge.
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Station/Statistics

	
Mann-Kendall

	
Pettit




	
S

	
Z

	
p

	
Trend

	
K

	
p

	
n






	
Rainfall




	
Karimama

	
−432.00

	
−2.68

	
0.01

	
Decreasing

	
1981

	
0.01

	
61




	
Malanville

	
−431.00

	
−2.68

	
0.01

	
Decreasing

	
1971

	
0.01

	
61




	
Alfakoara

	
−148.00

	
−0.91

	
0.36

	
No Trend

	
1977

	
0.32

	
61




	
Banikoara

	
−374.00

	
−2.32

	
0.02

	
Decreasing

	
1973

	
0.02

	
61




	
Kandi

	
−319.00

	
−1.98

	
0.05

	
Decreasing

	
1980

	
0.05

	
61




	
Kerou

	
−251.00

	
−1.56

	
0.12

	
No Trend

	
1970

	
0.04

	
61




	
Tanguieta

	
−121.00

	
−0.75

	
0.46

	
No Trend

	
1976

	
0.13

	
61




	
Kouande

	
−450.00

	
−2.79

	
0.01

	
Decreasing

	
1971

	
0.01

	
61




	
Natitingou

	
−448.00

	
−2.78

	
0.01

	
Decreasing

	
1970

	
0.01

	
61




	
Birni

	
−156.00

	
−0.96

	
0.33

	
No Trend

	
1970

	
0.03

	
61




	
Ina

	
−388.00

	
−2.41

	
0.02

	
Decreasing

	
1970

	
0.01

	
61




	
Nikki

	
−102.00

	
−0.63

	
0.53

	
No Trend

	
1969

	
0.22

	
61




	
Kalale

	
−429.00

	
−2.66

	
0.01

	
Decreasing

	
1970

	
0.03

	
61




	
Bembereke

	
−378.00

	
−2.35

	
0.02

	
Decreasing

	
1971

	
0.01

	
61




	
Djougou

	
−14.00

	
−0.08

	
0.94

	
No Trend

	
1973

	
0.59

	
61




	
Partago

	
−88.00

	
−0.54

	
0.59

	
No Trend

	
1980

	
0.27

	
61




	
Okpara

	
−152.00

	
−0.94

	
0.35

	
No Trend

	
1969

	
0.15

	
61




	
Parakou

	
−44.00

	
−0.27

	
0.79

	
No Trend

	
1969

	
1.04

	
61




	
Segbana

	
−430.00

	
−2.67

	
0.01

	
Decreasing

	
1972

	
0.01

	
61




	
Niamey

	
−169.00

	
−1.36

	
0.17

	
No Trend

	
1968

	
0.09

	
51




	
Ouagadougou

	
−584.00

	
−3.63

	
0.01

	
Decreasing

	
1977

	
0.01

	
61




	
Sokoto

	
60.00

	
0.51

	
0.61

	
No Trend

	
1990

	
0.20

	
49




	
Yelwa

	
82.00

	
1.06

	
0.29

	
No Trend

	
1991

	
0.18

	
37




	
River Discharge




	
Couberi

	
−233.00

	
−1.88

	
0.06

	
No Trend

	
1972

	
0.01

	
51




	
Kompongou

	
−102.00

	
−1.64

	
0.10

	
No Trend

	
1972

	
0.12

	
32




	
Malanville

	
−605.00

	
−4.91

	
0.01

	
Decreasing

	
1971

	
0.01

	
51




	
Yakin

	
−278.00

	
−3.11

	
0.01

	
Decreasing

	
1970

	
0.01

	
41
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Table 3. Percentage perceptions of hydrological changes at Malanville.






Table 3. Percentage perceptions of hydrological changes at Malanville.





	
Socioeconomics of Respondents






	
Economic Activities

	
Crop Production

	
61.0




	
Animal Husbandry

	
21.0




	
Fisheries

	
11.0




	
Others

	
7.0




	
Hydrological Variability




	

	
Crop

	
Animal

	
Fish




	
Rainfall




	
Higher

	
98.0

	
97.5

	
95.0




	
Lower

	
1.0

	
2.5

	
5.0




	
Unchanged

	
1.0

	
0.0

	
0.0




	
Runoff




	
Higher

	
92.0

	
100.0

	
85.0




	
Lower

	
1.8

	
0.0

	
5.0




	
Unchanged

	
6.1

	
0.0

	
10.0




	
Flood




	
Higher

	
89.0

	
80.0

	
85.0




	
Lower

	
3.0

	
0.0

	
10.0




	
Unchanged

	
8.0

	
20.0

	
5.0
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Table 4. Percentage of farmers adopting adaptation mechanisms to hydrological changes.






Table 4. Percentage of farmers adopting adaptation mechanisms to hydrological changes.





	
Variables

	
Crop

	
Animal

	
Fish






	
Soil and Water Conservation Mechanisms




	
Water storage

	
17.0

	
20.0

	
5.0




	
Flood control

	
39.0

	
62.0

	
65.0




	
Water treatment

	
84.0

	
92.0

	
80.0




	
Agroforestry

	
63.0

	
30.0

	
40.0




	
Soil amendment

	
52.0

	
13.0

	
20.0




	
Reclamation

	
57.0

	
27.0

	
40.0




	
Mulching

	
18.0

	
28.0

	
45.0




	
Irrigation

	
92.0

	
92.0

	
90.0




	
Drought




	
Alternative water/irrigation

	
95.0

	
100.0

	
100.0




	
Diversification

	
95.0

	
100.0

	
100.0




	
Genetic improvement

	
92.0

	
88.0

	
85.0




	
Abandon

	
48.0

	
50.0

	
71.0




	
Migration

	
65.0

	
63.0

	
71.0




	
Water pond

	
81.0

	
38.0

	
57.0




	
Reduction

	
71.0

	
50.0

	
57.0




	
Management

	
64.0

	
50.0

	
42.0




	
Flood




	
Drainage

	
54.0

	
75.0

	
85.0




	
Dam/dike

	
41.0

	
75.0

	
71.0




	
Abandon

	
55.0

	
75.0

	
71.0




	
Diversification

	
82.0

	
100.0

	
85.0




	
Protection

	
44.0

	
75.0

	
71.0
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