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Abstract 

This study examined the climatic-landscape-hydrological interactions in a catchment facing 

landscape fragmentation, agricultural intensification, and increased climatic risks. The study 

took a holistic approach by examining past, present, and future interactions using the lenses of 

the green-blue water approach to devise interventions for improved water storage and 

management in the case study of the Kaleya River Catchment (about 750 km2) of southern 

Zambia. The results could be extrapolated to other semi-arid areas with similar hydro-

geological and climatic settings. 

To assess the past interactions, a simple landscape hydrology approach was developed and 

applied to determine factors explaining seasonal water availability and provide insights on how 

landscape components could be enhanced to augment natural river flows and reduce sediment 

loss. Based on the Variable Importance in Projection (VIPs), results showed that seasonal 

climatic and weather extremes involving rainfall intensities, rainfall variability and dry spell 

length were more important than annual rainfall totals in explaining seasonal water availability. 

Additionally, patchiness of cover was more important in explaining seasonal water availability 

than the percentage of cover type in the landscape (PLAND). The Patch Density (PD) and 

Largest Patch Index (LPI) of reservoirs were the main landscape pattern stressors, alongside 

percentage of cover type metrics involving PLAND of irrigated cropland and reservoirs. But 

the LPI of forestland positively explained seasonal river flows. The study recommended that 

water resource interventions in the region must adapt more to changing seasonal rainfall 

characteristics than to annual rainfall totals. Additionally, regeneration of larger forest patches 

could improve river flows.  

To understand the climatic-landscape-hydrological interactions in the present, naturally 

occurring stable water isotopes [deuterium (δ 2H) and oxygen-18 (δ 18O)], hydro-chemical 
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parameters [chloride (Cl-1) and electrical conductivity (EC)] were used as tracers. Based on the 

combination of end member mixing analysis and mixing model analysis, the major streamflow 

sources could be evaluated.  

The results revealed that stormwater runoff from non-irrigated areas (43 ± 13) %, the perennial 

spring (39 ± 21) % and stormwater runoff from irrigated areas (18 ± 17) % were the major 

streamflow sources in the rainy season. Streamflow sources in the dry season were different 

upstream and downstream, thereby reflecting different water use dynamics in the catchment. 

In the upstream catchment, the perennial spring at the river source (65 ± 15) % and irrigation 

return flows (35 ± 15) % were the dominant streamflow sources. In the downstream part of the 

catchment, dry season streamflow was mainly attributed to irrigation return flows (73 ± 15) % 

and wastewater (27 ± 15) %, both associated with water originally transferred in from the 

adjacent Kafue River through an intra-basin water transfer scheme. It was found that this water 

plays an important role in sustaining streamflow in the lower part of the catchment before 

discharging back into the Kafue River. It was thus recommended that efforts to improve 

irrigation efficiency in the lower catchment must simultaneously ensure downstream flows are 

maintained. 

Based on the findings of the past and present interactions, it was noted that irrigated agriculture 

had two contrasting effects on dry season flows depending on the source of irrigation water. In 

the upper and middle catchment where irrigation water was sourced from the Kaleya River, 

irrigation reduced dry season flows despite some contributions from return flows. In the 

downstream part of the catchment where irrigation water comes from the neighbouring Kafue 

River (intra-basin transfer), irrigation increased dry season flows through return flow 

contributions to the lower Kaleya River. 
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Having better understood the climatic-landscape-hydrological interactions of the past and 

present, the potential future changes in climate and their effects on blue water flow 

(streamflow), green water flow (evapotranspiration – ET) and sediment load were evaluated. 

This was aimed at getting a holistic overview of the interactions so that management 

interventions could anticipate the future changes as this is necessary for long-lasting beneficial 

effects. Two Global Climate Models (GCMs) [MICROC5 and MPI-ESM-LR] and an ensemble 

(mean) dataset from five GCMs that had the highest Nash Sutcliffe Efficiency (≥ 0.29) and 

Heidke skill score (≥ 85%) for the Kaleya River Catchment were used to account for 

uncertainties in GCMs. The Soil and Water Assessment Tool (SWAT) hydrological model was 

calibrated and applied stochastically (to account for parameter uncertainty) and used to 

evaluate impacts of climate change on streamflow, ET, and sediment load. The period 1970 – 

2005 was used as the baseline, while 2021 – 2050 was the future. 

Results based on the ensemble (mean) predicted a 6% and 12% increase in annual rainfall and 

a 1˚C and 2˚C increase in temperature compared to the baseline under the RCP 4.5 and RCP 

8.5 scenarios, respectively. These changes were also accompanied by predicted increase in 

rainfall intensities. It was further predicted that maximum one-day rainfall would increase by 

3% and 20% under the RCP 4.5 and RCP 8.5 scenarios, respectively. Additionally, the GCMs 

generally predicted increased number of Consecutive Dry Days (dry spell length) by about 

2%–10% over the baseline.  

Taking the median (M95PPU – defined as the 50% uncertainty level for the hydrological 

model), and the GCMs ensemble mean climate, a 31% (9,675 m3 day -1) increase in annual 

streamflow was predicted under the RCP 8.5, accompanied by a sediment load increase of 

144% (2,175 tonnes year-1) over the baseline. For the RCP 4.5 scenario, streamflow was 
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predicted to increase by 21% (4,523 m3 day -1), accompanied by sediment load increase of 65% 

(994 tonnes year -1). With respect to green water flows, there was a predicted 2% (9mm) 

increase in annual ET under the RCP 4.5 scenario, and no change under the RCP 8.5 scenario. 

While climate change was predicted to increase water availability in both the rainy and dry 

seasons, landcover change could reverse the potential blue water gains in the dry season and 

reduce green water storage by about 13%. 

Further, the study evaluated the efficiency of Nature-based Solutions (NbSs) for managing 

increased rainfall intensities and the predicted increase in rainy season surface runoff and 

sediment load under different climate change scenarios. The NbSs virtual experiments were 

conducted using SWAT in SWAT-CUP. The reforestation NbS predicted the largest reductions 

in surface blue water (surface runoff) by 74% under the historical climate, 69% under the RCP 

4.5 and 62% under the RCP 8.5 climate scenarios. Reforestation further resulted in predicted 

increase in deep aquifer recharge by 39% (historical), 26% (RCP 8.5 scenario) and 23% (RCP 

4.5). Additionally, it was predicted that baseflow contribution to streamflow would increase by 

11% (historical) and 2% (RCP 8.5) but not under the RCP 4.5 scenario (-2%). Green water 

flows (evapotranspiration) were predicted to increase by 3% (both RCP 4.5 and RCP 8.5%) 

and 2% (historical).  

Under the recharge structures NbS, it was predicted that surface runoff would reduce by about 

2 - 4%, baseflow contribution to streamflow and deep aquifer recharge would increase by about 

4%, without any change in ET under all climate scenarios. Conservation tillage NbS had a 

negligible predicted effect on water balance components at a catchment scale, suggesting that 

the water benefits could mainly be at a field scale. However, the effects of Conservation tillage 

on sediment load were noticeable even at a catchment scale. 
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On sediment load, the highest change was predicted under the recharge structures NbS (-34% 

historical, -24% RCP 4.5 and -15% RCP 8.5 scenario), followed by reforestation (-15% 

historical, -7% RCP 4.5 scenario and -6% RCP 8.5 scenario) and conservation tillage (-4% 

historical, -2% RCP 4.5 and -1% RCP 8.5 scenario). From the green-blue water perspective, it 

was concluded that these nature-based solutions could assist in managing the increased rainfall 

and its intensities, and the ensuing high rainy season surface runoff and sediment load. The 

NbSs could thus assist in storing rainwater in the catchment for longer periods by converting 

it to deep groundwater, and baseflow and increasing the productive green water flows. The 

NbS could also be effective in sediment load management.   

In conclusion, the interactions of the changing landscape patterns with the changing climate 

and weather extremes and the effects on local green and blue water availability were 

investigated in this study. Overall, the study found that landscape pattern changes (patchiness 

of cover in addition to percentage of cover) amplify the negative effects of the changing 

climatic and weather extremes in the past, present, and future periods. But if well designed in 

form of NbS interventions, the landscape patterns could be used to manage the effects of 

climate change whereby the increasing rainfall intensities could be taken as a resource (not a 

case) for improving local water storage, and productivity. This could assist in building 

resilience to other climatic extremes such as dry spells, rainfall variability and increasing air 

temperatures.  

Keywords: green-blue water, nature-based solutions, resilience, sediment load, stable water 

isotopes, SWAT 
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Chapter 1 

Introduction 

1.1 Background 

As the human population in sub-Saharan Africa grows, there is increased demand for water to 

drive agricultural intensification to meet food needs and economic growth. Accordingly, water 

is central to economic development and ecosystem health (Falkenmark and Rockström, 2010, 

Harou et al., 2020). However, the changing climatic regimes are expected to severely affect the 

water sector by causing either too much or too little water at wrong times (Falkenmark and 

Rockström, 2010).  

Owing to the drought in the 2018-2019 season (SADC, 2019), there was shortage of water for 

food and hydro-electricity generation resulting in power cuts across the Southern African 

Development Community (SADC), with negative effects on the economies (SADC, 2019, 

Prinsloo and Matema, 2021). Following this drought, over 41 million people in the SADC 

region were declared food insecure (Prinsloo and Matema, 2021). In Zambia, the population 

affected by food insecurity was estimated at over 2.3 million (SADC, 2019). This is a 

demonstration of the need for water security in the context of the dynamic climatic regimes, 

that are becoming more extreme. 

In addition to the changing climatic regimes, changes to the landscape in the quest for 

development also tend to negatively affect water quantity and quality. Most river basins around 

the world have been drastically altered and are now composed of a mosaic of forest, 

bush/scrubland, agriculture, barren land, and built-up areas (Chen et al., 2013). Hence, there is 
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growing interest on the question of how changes in landscape patterns related to cover type are 

affecting hydrological processes (Fu et al., 2005).  

Most of the hydrological models so far only consider the percentage of a landcover type in the 

catchment. Other aspects related to the configuration of the cover type patches are often not 

explicitly considered despite the rapidly fragmenting landscapes. In this regard, there is 

growing research interest in integrating landscape metrics (indices of landscape pattern) 

developed by scholars in the field of landscape ecology to explain the observed hydrological 

fluxes (Albalawneh et al., 2015, Ekness, 2013, Epting, 2016). This integration could help to 

better understand the feedback loops between landscape patterns and hydrological processes 

under a changing environment towards identifying solutions for building resilience of water 

resources (Ponette-González et al., 2015). 

Building more resilient communities and landscapes will require putting water and landscape 

management to the centre of climate change adaptation initiatives (Harou et al., 2020). 

However, water resource management policies and other national policies of countries are 

rarely designed to build resilience and respond to the changing hydro-climatic regimes. Hence, 

it is not surprising that the subject of creating more resilient water resources was prominent at 

the 25th Conference of Parties (COP25) in Madrid, Spain, in 2019 (Harou et al., 2020). 

Several definitions of resilience exist. In this study, resilience refers to the ability of a socio-

ecological system to withstand a disturbance arising from the landscape and/ or climate change 

or to recover quickly, and transform to still be able to function properly under the changed 

conditions (Smith and Barchiesi, 2009, Smith et al., 2019). The resilience paradigm (Holling, 

1973, Fiering and Holling, 1974, Zalewski et al., 1997, Smith and Barchiesi, 2009, Raymond 

et al., 2017, Smith et al., 2019) as espoused through the green-blue water approach (Falkenmark 
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et al., 2004, Falkenmark and Rockström, 2010) can provide an analytical framework for better 

integrating landscape effects in catchment hydrology studies under a changing environment.  

The green-blue water approach recognises the need to promote diversity in water resources 

management by managing for both blue water (water in streams, river, reservoirs, lakes, and 

deep groundwater) and green water (soil moisture and evapotranspiration) (Falkenmark et al., 

2004, Falkenmark and Rockström, 2006, Falkenmark and Rockström, 2010, Falkenmark et al., 

2014). The approach also recognises the role that landscape level interventions could play in 

managing the partitioning of rainfall into blue and green water (Falkenmark and Rockström, 

2010, Falkenmark et al., 2014, Rockström et al., 2014).  

More recently, the concept of Nature based Solutions (NbSs) has emerged and is been 

promoted by several actors, among them, the International Union for Conservation of Nature 

(IUCN) (Cohen-Shacham et al., 2016). Nature based Solutions (NbSs) are seen as interventions 

based on natural features and processes that can be used to buffer, manage sustainably and 

restore natural and degraded ecosystems, while simultaneously addressing the societal 

challenges such as livelihoods adaptively, for the benefit of both people and ecosystems 

(Cohen-Shacham et al., 2016).  

This PhD study takes the position that the concept of Nature-based Solutions could fit into the 

green-blue water framework as a landscape level intervention mechanism. The expected 

outcomes would be more resilient water catchments that are able to cope and/or transform so 

as to still provide water and support dependent livelihoods and ecosystems under changing 

climatic regimes (Smith et al., 2019). Therefore, this study is concerned with the assessment 

of the climate, landscape and hydrological interactions, and evaluation of interventions towards 

improved water resources management under global change.  
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The term ‘global change’ in this study is taken to mean the changing climate, and landscape 

patterns, and could include the increasing water demands arising from population growth, 

especially from a more populous and prosperous middle class. This definition is similar to the 

one used by the Czech Global Change Institute ( https://www.czechglobe.cz/en/global-

change/he, accessed on 12/10/2022) which understand global change as changes to the climate, 

landscape, ocean and ecosystem productivity, that affect the earth’s ability to sustain life. They 

acknowledge that although it is a two-word term, it includes many interacting components. In 

this thesis, the interacting components are climate change, landscape change and hydrological 

processes. The term ‘changing environment’ in this study is a collective one and encompasses 

the changing climatic and landscape patterns. Environmental change is thus used 

interchangeably with global change. 

1.2 Problem statement 

Among the challenges in achieving more resilient water resources under global change, is the 

inadequate understanding of the interactions between changing climate and landscape patterns, 

the impacts on hydrology and the risks arising from this inadequacy in understanding (Harou 

et al., 2020). Added to this, is increased uncertainties in climate change projections, especially 

at smaller spatial scales (Smith et al., 2019), considering that effective climate action requires 

us to ‘think globally and act locally’ (Hoff, 2015, Chang, 2021). There is thus need for 

increased focus on sub-catchments at a meso-scale (Falkenmark and Rockström, 2010). Meso-

scale catchments (10 to 10,000 km2) are ideal for more efficient protection and management of 

water resources under global change as they represent the scale at which water resources are 

managed (Uhlenbrook et al., 2004, Hoff, 2009, Falkenmark and Rockström, 2010).  

https://www.czechglobe.cz/en/global-change/he
https://www.czechglobe.cz/en/global-change/he
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The meso-scale provides an opportunity to manage rainfall partitioning and allow for effective 

green and blue water management. Green water (soil moisture, ET) can support crop 

production and ecological resilience at a local scale while blue water (runoff, streamflow, 

groundwater, reservoirs) can support socio-economic activities within and beyond the local 

scale (Falkenmark and Rockström, 2010, Du et al., 2019). A gap remains in terms of 

understanding the climatic-landscape-hydrological interactions under a changing environment 

at the scale of tributary channels (sub catchment scale) on which millions of people depend for 

livelihoods. Already in Zambia, water conflicts among upstream and downstream users are 

emerging in the meso-scale sub-catchments (Mucheleng’anga et al., 2002, Uhlendahl et al., 

2011, Scheumann and Phiri, 2018).  

Thus, to build more resilient catchments, improved understanding of the key climatic and 

landscape pattern changes and how they are affecting intra-seasonal water availability is 

needed.  Among the specific gaps to address include: 

i. Inadequate understanding of what climatic, landscape (land use composition and 

configuration) characteristics are important in explaining observed changes in intra-

seasonal water availability in the rapidly fragmenting semi-arid landscapes (Malmer et 

al., 2010, Guzha et al., 2018), to inform adaptive management. 

ii. Uncertainties in the assessment and understanding of streamflow source dynamics in 

water-stressed, semi-arid sub-catchments undergoing agricultural intensification given 

the large data gaps and poor monitoring gauge networks (Uhlenbrook et al., 2004).  

iii. Inadequate studies in sub-Saharan Africa that evaluate streamflow sensitivity to 

projected climate change especially in meso-scale catchments to anticipate and plan 

responses to potential impacts on water resources at this scale. 
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iv. Lack of adequate quantitative data on how future climatic changes could affect the 

effectiveness of interventions such as Nature-based Solutions (NbSs) in achieving more 

resilient water resources. 

This study aimed to fill these gaps. The findings could better inform water management 

interventions under a changing environment. 

1.3 Aim, research questions and hypotheses 

The study aimed to understand the climatic-landscape-hydrological interactions of the past, 

present, and future for improved management of sub-catchments under global change. To 

achieve this, the following research questions were asked: 

i. What are the trends in seasonal climatic/weather, landcover composition and 

configuration patterns in the case study catchment (Kaleya River Catchment, Zambia)? 

ii. What are the main interactions among landscape components and climatic/weather 

extremes that are important to inform landscape level water resource management 

interventions in a heterogenous catchment such as the Kaleya in Zambia? 

iii. What sources may have dominant contributions to streamflow in a heterogenous semi-

arid sub-catchment undergoing agricultural intensification such as the Kaleya River 

Catchment? 

iv. How are future climatic extremes likely to change at a local scale in Kaleya River 

Catchment and how may these affect water availability with respect to blue water flow 

(streamflow), green water flow (evapotranspiration) and sediment load?  

v. How might landscape change (cover) interact with the changes in climate to affect water 

availability and sediment load in the case study catchment? 
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vi. To what extent would NbSs be effective in managing the future climatic changes to 

increase green and blue water availability at a local scale in the case study catchment?  

Objective 1: To examine the factors explaining intra-seasonal water availability from among 

the landscape and climatic patterns, using simple and measurable climatic and landscape 

pattern attributes derived from historical time series of climatic, landcover and hydrological 

data.  

Hypothesis 1: Landscape configuration and seasonal climatic/weather extremes are more 

important in explaining local scale water availability than landscape composition (percentage 

of cover in the landscape) and annual climate totals.  

Objective 2: To investigate the dominant streamflow sources in the catchment using tracer-

based techniques (based on the third research question).  

Hypothesis 2: While rainfall-runoff processes remain important streamflow sources, irrigation 

return flows and wastewater are the dominant contributors of dry season streamflow in the case 

study catchment.  

Objective 3: To assess the future changes in climatic and weather extremes for improved 

understanding of the individual and combined climate change - landcover effects on water 

availability (Based on the fourth and fifth research questions).  

Hypothesis 3: Climate change will increase blue (streamflow), green water (soil moisture and 

ET), and sediment load, but landcover change will reverse the positive climate change effects 

on water availability and amplify the negative ones. 
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Objective 4: To evaluate the efficiency of various nature-based solutions (NbSs) in increasing 

water availability and reducing sediment load under various climate change scenarios.  

Hypothesis 4: Nature-based solutions will help to manage rainfall and sediment load by 

increasing both green and blue water storage at a local scale regardless of the changes in 

climatic and weather extremes. 

1.4 Analytical framework 

The study took a multi-step approach combining various tools and methods to holistically 

assess the climatic-landscape-hydrological interactions of the past, present, and future (Figure 

1-1), from 1970 - 2050. In the first step, a landscape hydrology approach was developed and 

used to assess the past interactions. The approach was based on observed discharge data, 

indices of historical extreme whether/climatic events along with landscape composition and 

configuration metrics derived through satellite remote sensing image analysis. The Partial 

Least Squares Regression (PLSR) was then implemented to detect the climatic and landscape 

patterns affecting seasonal water availability and to identify the potential NbSs required to 

augment seasonal streamflow.  

Informed by the identified landscape pattern stressors detected in the first step, the second step 

analysed the interactions of the present time to better understand the rainfall-runoff processes 

taking place in view of the current landscape structure and water use dynamics. For this, a 

tracer-based technique using stable water isotopes, hydro-chemical parameters and mixing 

model analysis was used. The findings further improved the understanding of the interactions 

and had implications for water allocation management decisions. Additionally, the improved 

understanding of the hydrological system from this step allowed for better conceptualisation 
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and calibration of the Soil Water Assessment Tool (SWAT) hydrological model, that was 

needed for the final step. 

 

 

Figure 1-1: A schematic diagram of the analytical framework used in this study 

 

 

 

 

 

 

 

 

 

 

 

 

 

         

 

Figure 1-1: A schematic diagram of the analytical framework used in this study 
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The third and final step used a stochastically calibrated SWAT model along with the ensemble 

of projected climate data (Global Climate Models) under various climate change scenarios to 

predict the impacts of future changes in climate and weather extremes on water availability and 

evaluate the likely effects of the NbS inventions proposed in the earlier steps.  

The combination of the novel statistical (PLSR), tracers-based end member mixing analysis, 

hydrological (SWAT), and ensemble climactic (GCM) models helped to better assess the 

climatic-landscape-hydrological interactions of the past, present, and future as these methods 

complemented each other. The landscape (PLSR based) approach had strength in predicting 

the interactions of the past extreme weather events such as dry spells, onset, and cessation of 

rains among others and changing landscape patterns in a fragmenting landscape and brought 

out the main stressors that could have been concealed if the standard hydrological modelling 

was used.  

The mixing model analysis using stable water isotopes had strengthen in predicting the present 

interactions especially those to do with water use dynamics such as intra-basin water transfer 

and irrigation return flows. The contribution of these could not have been effectively assessed 

using the landscape hydrology approach or hydrological modelling. In this regard, mixing 

model results helped to inform hydrological model calibration. With reduced uncertainties, the 

hydrological model was useful for predicting flows and for evaluating the impacts of various 

NbSs interventions proposed from the landscape hydrology and mixing model approaches.  

1.5 Description of the case study catchment 

The Kaleya is a meso-scale catchment with an area of about 744 km2. It lies between latitude 

15o40’ S to 16o20’ S and longitude 27o30’ E to 28o10’ E (Figure 1-2). From its source at the 

spring near the Siamakambo Hills in Chikankata District, the Kaleya River drains into the 
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Kafue River in Mazabuka District. The catchment experiences a sub-tropical climate, with the 

rainy season typically from Mid-October to early April, and the dry season from Mid-April to 

early October (Figure 1-3). The average annual rainfall is about 750 mm. 

 

Figure 1-2. Kaleya River Catchment, southern Zambia  
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Figure 1-3: Average seasonal climatic patterns in the Kaleya River Catchment 

 

There has been increased agricultural development in the catchment since the 1970s, by mainly 

three groups: subsistence farmers at the headwaters, commercial farmers in the middle 

catchment, and the corporate companies running sugarcane estates in the lower catchment. As 

such, upstream versus downstream conflicts over water use, especially among the subsistence 

farmers and commercial farmers have been reported (Sichingabula et al., 2015). The 

subsistence farmers who occupy the upper catchment (63 km2) are mainly involved in livestock 

rearing at a small scale, maize (Zea mays L.) cultivation in the rainy season, and gardening near 

the riverbanks in the dry season.  

The commercial farmers in the middle catchment take up the largest share of the catchment 

land area and abstracted water. They most often combine ranching and irrigated agriculture. 

The main crops grown include wheat (Triticum aestivum L.), soybean (Glycine max L.), 

sugarcane (Saccharum officinarum L.), lucerne (Medicago sativa L.) and other pasture crops. 
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Due to several dams in this section, most of which are on the main river channel, the formerly 

perennial river often dries up during the dry season (WWF, 2018b).  The sugarcane estates in 

the lower part of the catchment, which mainly use furrow irrigation, depend on Intra-Basin 

Water Transfer (IBWT) from the Kafue River.  

Arising from the foregoing, the key water resource management aspects revolve around 

agricultural intensification since the 1970s, increased sediment load especially in the upper 

catchment (Sichingabula et al., 2000a, Collins et al., 2001, Walling et al., 2001), and siltation 

in reservoirs in the catchment (Sichingabula et al., 2015). Other aspects include the shift from 

a perennial middle section of the river to an ephemeral one, and the paradox of sustained river 

flows in the lower catchment despite the dry middle catchment. Climate and landscape change 

have for some time been at the centre of discussions as potential drivers of the deteriorating 

water conditions in the catchment. Therefore, the Kaleya River Catchment provides a good 

experimental case study for understanding the climatic-landscape-hydrological interactions 

under a changing environment. 

1.6 Overview of the chapters 

This section gives the structure of the thesis. The chapters are based on the manuscripts that 

have arisen from the research work completed from 2018–2021. Two of the manuscripts have 

been published and two are in draft format. 

Chapter 1: Introduction 

This chapter gives the background of the study and the problem statement. It also highlights 

the identified gaps in scientific knowledge, and the ensuing aims and research questions. An 

overview of the methodological approach and the study area are also given. 
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Chapter 2: Literature review 

A review of the current state of research and water resources management under a changing 

environment is given in this chapter. The chapter also discusses the approaches used by 

previous scholars to better understand the hydrology of river catchments. This review is a basis 

upon which the subsequent chapters on the specific objectives are developed. 

Chapter 3: A landscape-hydrology approach to inform sustainable water resource 

management under a changing environment 

This chapter focusses on objective one. It presents the findings of the approach that was 

developed and applied to understand the past interactions among climate and landscape 

composition and configuration patterns on seasonal rivers flows. The approach which is based 

on measurable climatic, landscape and streamflow attributes was able to detect the main 

climatic and landscape pattern stressors on water availability in the fragmented Kaleya River 

Catchment landscape.  

The findings supported the interpretation of the results in all the subsequent chapters of the 

thesis, and the identification of extreme weather indices important for assessing future impacts 

in Chapter five. The chapter also allowed for integration of reservoir parameters to improve 

hydrological model calibration in Chapter 5, and identification of some of the NbS 

interventions which served as input in Chapter six. 

This chapter has been published as a journal research article (Chisola et al., 2020) in the 

Journal of Hydrology: Regional Studies. Author contribution for this paper was as follows: 

Moses Ngongo Chisola: Conceptualization, methodology, software, writing - original draft. 
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Prof. Michael van der Laan: Supervision, review, and editing. Prof. Keith L. Bristow: 

Supervision, review, and editing. 

Chapter 4: Quantifying streamflow sources to improve water allocation management in 

a catchment undergoing agricultural intensification 

This chapter focuses on the second objective. The chapter reports on the results of tracer-based 

techniques applied to evaluate current streamflow sources in the Kaleya River Catchment. The 

findings have significant implications on water allocation and management. The chapter builds 

up on the results of Chapter three and provides further understanding of hydrological processes 

in the case study catchment. Some of the insights gained were useful for the SWAT 

hydrological model calibration in Chapter five.  

This chapter has been published as a journal research article (Chisola et al., 2022) in the journal 

of Physics and Chemistry of the Earth. Authorship contribution for this paper was as follows: 

Moses Ngongo Chisola: Conceptualization, methodology, software, writing - original draft for 

all the papers. Prof. Michael van der Laan: Supervision, review, and editing. Mike.J. Butler: 

Laboratory analysis of water samples for stable water isotopes including tritium and editing. 

Chapter 5: Future changes in climate and extreme weather events. Implications on 

streamflow and sediment load 

This chapter looks at objective three. It reports on the projected climate and weather extremes 

and the effects on streamflow and sediment load that water resource management interventions 

should anticipate in the Kaleya River Catchment. The chapter has been written as manuscript 

to be submitted to the Theoretical and Applied Climatology. The chapters build up from the 
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previous chapters and provides an outlook of the climatic-landscape-hydrological interactions. 

It also serves as a basis for chapter 6. 

Chapter 6: Effectiveness of Nature-based Solutions for water resource and sediment load 

management under land use and climate change. A green and blue water perspective 

The chapter is based on objective four. Informed by Chapter five, this chapter evaluates the 

efficiency of various nature-based solutions for water resource and sediment load management 

under various climate change scenarios. The chapter has also been written as manuscript to be 

submitted to the International Journal of Disaster Risk Reduction. 

Chapter 7: Conclusions, recommendations, and contributions 

A synthesis of all the major findings is provided in this chapter. Conclusions are drawn on the 

climatic-landscape-hydrological interactions of the past, present, and future. The major 

interactions in the Kaleya River Catchment and key interventions towards improved catchment 

management under a changing environment are recommended. 

The structure of the thesis is summarised in Figure 1-4. The next chapter will review the 

climatic-landscape-hydrological interactions. It will form the basis for the other chapters. 

 

 

 

 



 

17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-4: Structure of the thesis 
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Chapter 2 

Literature review 

This chapter gives a review of important previous studies on climatic-landscape-hydrological 

interactions and water resources management under a changing environment. It begins with a 

review of studies investigating global change across the world and in southern Africa, coming 

down to Zambia. The chapter also looks at the climatic-landscape-hydrological interactions 

and the assessment methodologies, while highlighting the research gaps in each area which the 

thesis sought to address. Finally, the chapter conceptualises the climatic-landscape-

hydrological interactions upon which the study was based. 

2.1 Studies investigating global change across the world 

There is increasing research interest in modelling the impacts of climate change on the 

hydrological regime of catchments. Examples include Hattermann et al. (2014) in Germany, 

Rouhani and Jafarzadeh (2018) in Iran, Kumar et al. (2017) in the Upper Kharun Basin in India 

and Leta et al. (2016) in the Heeia Catchment in the United States of America (USA). Climate 

change impacts were predicted to differ from place to place. While Kumar et al. (2017) in India 

predicted an increase in both streamflow and evapotranspiration (ET) due to increase in 

precipitation and air temperature, in Iran, Rouhani and Jafarzadeh (2018) predicted decreases 

in average quick and low flows in the Gorganrood River Basin due to climate change. 

Hattermann et al. (2014) in Germany found that the predicted impacts of climate change were 

not very conclusive in some river basins due to high uncertainties in the models. 

Some scholars have gone beyond a sole focus on climate change and have predicted the 

separate and combined effects of climate with land use change and/ or population growth on 
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hydrology. For example, Mileham et al. (2009) predicted increased future runoff and 

groundwater recharge due to climate change, and that the future increase in municipal and 

irrigation water demand could have larger negative impacts on water resources in the basin 

than the direct positive impacts of climate change. Farjad et al. (2017) used a socio-

hydrological framework to understand the co-evolution of climate and land use change in the 

Elbow River Catchment, Canada, and predicted the separate and combined impacts of these 

factors on hydrological processes. They noted that there was an interactive effect between 

climate and land use change whereby they amplified and at times offset each other’s effect on 

runoff processes. 

The application of the Representative Concentration Pathways (RCPs) of the 

Intergovernmental Panel on Climate Change (IPCC) (Moss et al., 2010) in assessing future 

climatic changes and their implications on water availability has gained popularity. The RCP 

4.5 and RCP 8.5 are the commonly used. The RCP 4.5 assumes an intermediate scenario with 

a radiative forcing of 4.5 W m-2 and CO2-equivalent concentration of around 650 ppm 

(Faggian, 2021). The RCP 8.5 assumes a ‘business as usual’ scenario and has a high radiative 

forcing of 8.5 W m-2 resulting from CO2-equivalent concentration of around 1370 ppm (Moss 

et al., 2010, Faggian, 2021).  

In southeast Asia, Trang et al. (2017) used RCPs 4.5 and 8.5 to understand the impacts of 

climate and land use change on the Sekong, Sesan, and Srepok River Basin. They predicted 

that discharge would increase in the rainy season and decrease in the dry season due to climate 

and land use changes. In the USA, Lee et al. (2018) assessed the effects of climate variability 

and change on water yield and nutrient load in two small neighbouring catchments using CMIP 
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5 data under RCP 8.5. They predicted that nutrient yield was higher in the catchment dominated 

by agriculture. 

In summary, the cited studies demonstrate the growing research interest globally to better 

understand the interactions between changes in climate, land use and hydrological processes.  

2.2 Studies investigating global change within southern Africa 

Water resources in southern Africa are highly vulnerable to perturbations in the environment 

due to the high temporal and spatial variability of the hydro-climate regimes. This section gives 

a climate change outlook and the interactions between climate, land use and population growth 

as reported in previous scholarly work. 

2.2.1 Climate change 

Current scientific knowledge mainly stems from previous studies based on trend analysis of 

observed air temperature and rainfall records and predictions using Global Climate Models 

(GCMs). The trend analysis results have reported increasing air temperatures in much of 

southern Africa, even though the magnitudes are highly variable (Kusangaya et al., 2014). 

Despite historical rainfall records suggesting a decreasing trend in rainfall amounts, the 

observations are inconclusive as they are mostly not statistically significant, partly due to high 

variability of rainfall in the southern African region even without climate change (Kusangaya 

et al., 2014). However, in some regions such as the southern parts of Zimbabwe, significant 

increasing trends in the number of dry spells have been reported (Sibanda et al., 2018). 

Regarding the future climate, studies project air temperature increases of 2 – 5˚C by 2100, with 

higher magnitudes mostly reported in drier regions, suggesting they will become even drier 
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and warmer. Some areas of southern Africa are projected to experience increases in rainfall 

activity (Graham et al., 2011), while others are projected to experience decreases in rainfall 

ranging from 5 to 23% or more, and increase in flood events separated by longer dry spells 

(Kusangaya et al., 2014, Conway et al., 2015, Banze et al., 2018). The duration of the rainy 

season is projected to shorten because the Intertropical Convergence Zone (ITCZ) is likely to 

shift northwards (Shongwe et al. 2009, Gannon et al. 2014, Lazenby et al. 2018). 

In Zambia, trend analysis of historical climate data has shown statistically non-significant 

declining trends in rainfall (Mubanga and Umar, 2014, GRZ, 2020).  On the other hand, 

statistically significant increasing trends in observed air temperature have been reported in 

most parts of the country, especially for maximum and mean air temperature (Mubanga and 

Umar, 2014, GRZ, 2020).   

With respect to the future climate projections, the predictions are different in different parts of 

the country. Based on rainfall distribution, Zambia is divided into three Agro-Ecological 

Regions (AERs). AER I covers the southern part of the country where the case study catchment 

is located and receives the least annual rainfall (below 800 mm). AER II covers the middle of 

the country and receives medium annual rainfall (800-1000 mm), while the AER III covers the 

northern parts of the country which receive high annual rainfall amounts (> 1000 mm). Based 

on the foregoing, AER I is predicted to experience increased rainfall under both RCP4.5 and 

RCP8.5 by 2050 (Mubanga and Umar, 2014, GRZ, 2020, Chisanga et al., 2022). AER II is 

predicted to experience slight decrease in rainfall under both RCP4.5 and RCP8.5, while AER 

III is predicted to experience a major decrease in rainfall under both RCPs (Mubanga and Umar, 

2014, GRZ, 2020, Chisanga et al., 2022). On the other hand, air temperatures are predicted to 

increase, with large increases predicted for the AER I (Mubanga and Umar, 2014, GRZ, 2020, 
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Chisanga et al., 2022). However, not all the GCMs predict these changes as some predict in the 

opposite direction (GRZ, 2020). 

2.2.2 Climatic-landscape-hydrological interactions  

Several studies in southern Africa have used the predicted climate to assess its implications on 

water availability using hydrological models. A few examples of such studies are given here. 

In South Africa, Zhu and Ringler (2012) studied the impacts of climate change and increasing 

irrigation water demand in the Limpopo River Basin, and predicted that hydrological response 

was mostly sensitive to changing precipitation patterns. In Zambia, Beck and Bernauer (2011) 

used a lumped rainfall – runoff model to understand the impacts of climate change and 

increasing water demand on water availability in the Zambezi River Basin. Strong impacts of 

non-climatic factors (land use change and increasing water demand) on water availability were 

predicted. Yamba et al. (2011) predicted reduced inflow into hydro-electricity reservoirs due 

to projected droughts and increased water demand. Kling et al. (2014) found that projected 

large-scale irrigation expansion in the Zambezi River Basin could reduce discharge. 

Meinhardt et al. (2018) assessed the impacts of climate change and land management on 

selected catchments in southern Africa, which also included the Luanginga Catchment (about 

33,000 km2), a sub-catchment of the Zambezi. The study used high resolution (25 km) global 

climate data downscaled by Regional Model [REMO] (Jacob et al., 1995) from the Europe-

wide Consortium Earth System Model (EC-Earth) and the European Centre Hamburg Model 

(ECHAM) Global Climate Models (GCMs). It was predicted that the sub-catchment is sensitive 

to changes in climate and land management, and that rainfall, runoff, percolation, and flooded 

area are projected to decrease under both RCP 4.5 and 8.5 scenarios.  
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Generally, these studies, especially in Zambia, focused on larger river basins with a bias 

towards impacts on river flows for hydro-electricity generation. More detailed investigations 

in meso-scale sub-catchments are required to understand the impacts on seasonal water 

availability. This would extend the current state of knowledge on the impacts of the changing 

climate and landscape patterns beyond the implications for hydro-electricity generation. Hence 

section 2.2.4 discusses why more detailed studies are required at a meso-scale. 

2.2.3 Accounting for uncertainties in predictions 

Different GCMs lead to different predicted future climates that can be used to examine the 

range of future hydrological changes. Uncertainties remain with respect to what future 

development pathways will look like, how much Green House Gases (GHGs) will be emitted 

as a result, and how the climate would react to the different concentrations of GHGs in different 

places and at different scales, and further still, how society would react to these changes. It is 

also uncertain in terms of how the hydrological and/or the socioecological-hydrological system 

would react.  

There is thus need to account for structural uncertainty using approaches such as an using 

ensemble of multiple GCMs (Her et al., 2019). Hydrological models also have their own 

structural uncertainty which could be accounted for by following the Framework for 

Understanding Structural Errors (FUSE) (Clark et al., 2008). The FUSE is based on the 

equifinality concept which states that different combinations of models can lead to the identical 

model performance and on the premise that a generic model is better than one model (Clark et 

al., 2008).  
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In addition to structural uncertainties, there are also parameter uncertainties. Therefore, the 

hydrological models used to assess climate change effects must consider parameter uncertainty. 

This could be through stochastic calibration that is based on the identification of possible 

parameter ranges rather than the often-used deterministic approach, which is based on single 

parameter values for calibration parameters (Abbaspour et al., 2018, Abbaspour, 2022). In this 

study, the structural uncertainty of the GCMs was considered using multiple of GCMs and their 

ensemble, while one hydrological model structure built in SWAT was used but incorporating 

stochastic calibration of the model parameters.  

2.2.4 A case for an increased research focus on sub-catchments 

Given the dominance of large river basin studies in published research, the need for improved 

research focus on sub-catchments has been raised (Falkenmark and Rockström, 2010, 

Kusangaya et al., 2014, Leta et al., 2016, Olsson et al., 2016). Some first-order streams could 

become almost permanently dry due to low precipitation and increased evapotranspiration (ET) 

(Schindler, 1997, Schindler, 2001, Brooks, 2009, Zhu and Ringler, 2012). In other areas, it is 

postulated that human activities such as agriculture, settlement, deforestation, and industrial 

development in general could have greater negative impacts on water availability in micro- to 

meso-scale catchments than climate change (Olsson et al. 2016). Whatever the case, millions 

of riparian livelihoods dependent on small rivers and reservoirs could become negatively 

affected by impaired hydrological functioning of sub-catchments, thus the need for adequate 

information on the climatic-landscape-hydrological interactions to guide adaptation process. 

Semi-arid areas such as much of southern Africa have high heterogeneity in terms of vegetation 

patterns, topography, and microclimate, thus making generalisations at larger spatial scales less 

useful (Newman et al., 2006, Chen et al., 2013). As water resources are managed at the meso-
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scale, there is need to improve scientific focus and understanding of the impacts of climate and 

landscape pattern changes on hydrological response and water availability in sub-catchments 

(Kusangaya et al., 2014). Shifting assessments and water resource management interventions 

from predominantly river basin scale to meso-scale sub-catchments could create more resilient 

sub-catchments (Falkenmark and Rockström, 2010). Resilient sub-catchments could then be 

the building blocks for sustainable water resources at a larger river basin scale.  

2.2.5 The green-blue water approach to water resource management  

The green-blue water approach is a landscape-based approach which recognises that 

precipitation is partitioned by the landscape into ‘green’ and ‘blue’ water (Falkenmark et al., 

2004, Falkenmark and Rockström, 2006, Hoff, 2009). Green water is the water that enters the 

soil and is later ‘lost’ as vapour through evaporation and transpiration (Rockström and 

Falkenmark, 2000, Falkenmark and Rockström, 2006). Green water also includes canopy 

interception losses (Rockström and Falkenmark, 2000). Blue water is the water in rivers, 

reservoirs, and aquifers.  

Most commonly, water resources management tends to be based on managing blue water, 

neglecting green water that is equally critical for both human livelihoods and ecosystems 

survival (Rockström and Falkenmark, 2000, Falkenmark and Rockström, 2006, Hoff, 2009). 

Even under the blue water bias itself, the focus tends to be on management of water in rivers 

(discharge/streamflow), yet groundwater is also important as a source of water supply in most 

meso-scale semi-arid areas. Grey water (household wastewater) is also becoming increasingly 

important especially in urban and peri urban areas and efforts for its improved management 

will be needed. However, the focus of this study was primarily on managing rainfall under a 
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changing environment in terms of how it gets partitioned into green and blue water, hence the 

green-blue water perspective is taken. 

The green-blue water approach in semi-arid meso-scale sub-catchments provides a paradigm 

shift to the management of water resources in several ways. Firstly, the approach recognises 

precipitation as the basic water resource that needs to be managed (Falkenmark and Rockström, 

2006). This means managing the way that precipitation is partitioned into green and blue water, 

and the trade-offs that may arise. For example, increasing green water flow (ET) could decrease 

blue water flow (streamflow).  

Secondly, the paradigm also highlights green water as another resource at the centre of water 

management in addition to precipitation and blue water (Hoff, 2009). Green water is involved 

in biomass production, thus supplying food and other products and services (Falkenmark and 

Rockström, 2006, Hoff, 2009). Green water is thus important for promoting local resilience at 

a meso-scale, while blue water could promote resilience beyond the catchment scale. Hence, 

the green-blue water approach enables downscaling of water resource management from the 

management at large river basin scale to that of the sub-catchments, the scale at which soil 

moisture becomes important in supporting terrestrial ecosystems and local livelihoods 

resilience (Hoff, 2009).  

Blue water availability in meso-catchments is threatened by deforestation. Although 

deforestation could be associated with less groundwater loss due to reduced Evapotranspiration 

(ET), poor post deforestation land management practices often result in reduced recharge to 

aquifers due to reduced infiltration (Peña-Arancibia et al., 2019). Reduced recharge may further 

reduce blue water availability over the long term through reduced baseflow to streams (Peña-

Arancibia et al., 2019).  



 

27 

 

Additionally, although reduced infiltration under deforestation is associated with higher 

surface runoff generation, this is often accompanied by high sediment loads due to lack of 

vegetation cover to moderate the erosive action of rainfall and runoff (Sichingabula et al., 

2000a, Chisola and Kuraz, 2016) The increased sediment load in turn reduces the storage 

capacities of rivers and reservoirs (Walling et al., 2001, Chomba, 2017, Muchanga et al., 2019). 

As a result, rivers and reservoirs fill up more quickly due to reduced capacities, and much of 

the storm runoff is lost rapidly out of catchments to the seas and oceans. The remaining water 

dries up early, thereby threatening blue water availability in the local catchment (Muchanga et 

al., 2019).  

In this regard, the green-blue water approach is relevant for addressing contemporary water 

management challenges in semi-arid meso-scale areas under the changing climate and 

landscapes. However, little scholarly attention has been paid to the green-blue water approach 

as a management concept. The concept advocates for Integrated Land and Water Resources 

Management (ILWRM) at smaller spatial scales such as the meso-scale (Falkenmark and 

Rockström, 2006). Hence the green-blue water approach has been identified as relevant in this 

study for further evaluating the climatic-landscape-hydrological interactions at a meso-scale 

especially with respect to the future changes in climatic and weather extremes and the required 

landscape level interventions. 

2.2.6 Nature-based Solutions 

The concept of Nature-based Solutions (NbSs) has in the recent past become increasing popular 

in climate change adaptation and catchment management discourse (Keesstra et al., 2018, 

Collier and Bourke, 2020, Reaney, 2022). Most of the NbS interventions such as reforestation 

and improved tillage and other land management practices are not new in catchment hydrology 
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as they are among the best management practices (BMPs) often touted. However, it could be 

argued that NbSs are not just green infrastructure (nature and natural process) interventions. 

They are specifically designed to address many inter-connected issues to generate ecological, 

environmental, and socio-economic co-benefits and therefore fall within the realm of 

Ecosystem based Adaptation (EbA) (Collier and Bourke, 2020, Seddon et al., 2020a). EbA is 

a concept about increasing resilience of people to climate change using ecosystems and 

ecosystem services (Seddon et al., 2020b).  

Therefore, although the two concepts have developed separately, this PhD study takes the 

position that the NbS concept sits well with the green-blue water approach. The NbS could 

provide a mechanism for implementing the landscape level interventions envisioned in the 

green-blue water approach. Mainly NbS target at restoring or promoting soil health and 

reducing landscape connectivity (Keesstra et al., 2018). In so doing, NbS can be used to convert 

high rainfall intensities into less runoff, thereby reducing flood and erosion risk, and increasing 

local scale water availability by increasing green water (soil moisture) and blue water 

(groundwater) (Keesstra et al., 2018). This could in turn reduce drought risk and increase 

resilience of water resources and people.  

Collier and Bourke (2020) have argued that grey infrastructure (engineering structures) 

depreciates with time resulting into high maintenance costs, while green infrastructure (nature 

and natural processes) using NbSs appreciates with time. However, the effectiveness of NbSs 

in achieving the expected goals on water availability in the context of future climatic changes 

remain uncertain (Seddon et al., 2020a). The evaluation of the NbS efficiency under various 

climate change scenarios was thus a subject of investigation in this study.  
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2.3 Conceptualising climatic-landscape-hydrological interactions under a changing 

environment 

The nexus approach has traditionally focused on the interactions among climate-water-energy- 

food, and mainly in large river basins used for hydro-electricity generation as pointed out 

earlier. This nexus approach could still be conceptualised in meso-scale sub-catchments where 

hydro-electricity generation is not important. For example, in many meso-scale catchments in 

Zambia and other parts of southern Africa, vegetation clearance for wood biomass energy 

(charcoal and firewood) is a major contributor to deforestation (Syampungani et al., 2011, 

Chirwa et al., 2014, Jha and Schmidt, 2021), which in turn affects the local water resources. 

Given that agriculture is another major driver of deforestation in these sub-catchments, the 

impacts on the hydrological regime are potentially similar to those driven by biomass energy 

exploitation. But large scale mining operations have also been identified among the major 

drivers of deforestation in Zambia (Shakacite et al., 2016).  

These drivers have led to changes in landscape patterns (landscape composition and 

configuration), which interact with changing climate patterns, resulting in changes in sediment 

generation, and blue and green water availability. In addition, water management practices 

such as large-scale irrigation schemes, inter-basin water transfers and water reservoirs also 

interact with landscape and climatic patterns differently and add pressure on the hydrological 

regime (Figure 2-1). These interactions need to be well understood and managed because they 

have wider negative implications on the resilience of water dependent livelihood sources, and 

terrestrial and aquatic ecosystems.  

While catchment hydrology simply deals with climate and landscape interactions and resultant 

effects on water availability, the assessment of the interactions rarely incorporates landcover 
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configuration aspects such as patchiness of cover which could be becoming important in 

fragmenting landscapes. This study conceptualises climatic-landscape-hydrological 

interactions (Figure 2-1) that encompass elements often neglected in most catchment hydrology 

models and, in the Water-Energy-Food nexus. An improved focus on these interconnections 

could be important for building resilient water resources in meso-scale sub-catchments under 

global change. Some of the main interlinkages are summarised in Figure 2-1. 

 

Figure 2-1: Conceptual framework highlighting the main climatic-landscape-

hydrological interlinkages  
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2.4 Assessment and modelling tools for understanding the climatic-landscape-hydrological 

interactions under a changing environment 

To assess and model the complex hydrological processes such as the ones conceptualised in 

the climatic-landscape-hydrological nexus in Figure 2-1, the eco-hydrological processes 

paradigm developed from sustainability and resilience thinking could be a starting point 

(Zalewski et al., 1997). Research in the area of eco-hydrology traditionally focused on 

understanding the impacts of changing ecological patterns on hydrology and vice versa (Chen 

et al., 2013). But rather than following the more generic eco-hydrological research, which is 

mainly based on vegetation-water interactions, there is acknowledgement that most basins have 

drastically been altered and are thus composed of a mosaic of landcover types and patches 

(Chen et al., 2013). Hence, there is growing interest on the question of how changes in 

landscape patterns affect eco-hydrological processes on a landscape scale (Fu et al., 2005). In 

this regard, assessment tools can range from the use of simple measurable nexus attributes to 

tracer-based techniques and hydrological modelling. These are reviewed in subsequent 

sections. 

2.4.1 Simple measurable indices and multi-variate statistical analysis 

There is increased interest in how and to what extent the landscape ecology concepts can be 

used to explain hydrological change in a changing environment (Amiri et al., 2019). Several 

hydrological change studies have attempted to integrate landscape metrics (indices of 

landscape pattern) from landscape ecology, to explain hydrological fluxes (Ekness, 2013, 

Albalawneh et al., 2015, Epting, 2016, Gebremicael et al., 2019). This integration helps to 

understand the feedback loops between landscape patterns and hydrological processes and the 

functional implications. The field of remote sensing provides a great opportunity in this area. 
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Remote sensing imagery can be used to generate landcover maps that enable the analysis of 

the changes in the landscape composition and configuration over time.  

Software packages, such as the FRAGSTAT (McGarigal et al., 2012), are useful in extracting 

landscape metrics from landcover maps. The landscape metrics of interest are those that 

represent dominance, connectivity, fragmentation, and shape complexity in the landscape. 

These metrics have been observed to be important for ecosystem functioning (Albalawneh et 

al., 2015), and their changes can lead to changes in water and nutrient cycles (Hobbs, 1993).  

In semi-arid regions, small reservoirs are a common feature. Often their impacts on water 

availability are not well understood as they tend to be neglected in most studies, partly due to 

lack of dam management data. However, some research has shown that their ensemble impact 

could be significant in altering the hydrological regime (Meigh, 1995, Hughes and Mantel, 

2010). Small farm reservoirs should therefore be included in the landcover classification and 

analysis, allowing for the assessment of how reservoir extent and configuration affects local 

water availability.   

Similarly, indices describing climatic and hydrological changes can be derived from historical 

hydro-climatic time series data corresponding to the historical landcover maps. The 

interactions are then evaluated using multi-variate statistics. For example, after simulating 

Gebremicael et al. (2019) used partial least squares regression to assess the individual 

contribution of landcover types (landcover composition) to hydrological change. Similarly, 

Woldesenbet et al. (2017) used the Soil and Water Assessment Tool (SWAT) hydrological 

model and partial least squares regression to evaluate the contribution of each landcover class 

to changes in hydrological components of runoff, baseflow, water yield and ET although the 

study fell short at comparing the outputs between the methods since SWAT can also output 
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these per landcover. Amiri et al. (2019) used landscape metrics to explain the lag time of 

catchments using stepwise multiple linear regression. Chiang et al. (2019) used Pearson’s 

correlation and the SWAT model outputs to identify landscape pattern controls on water and 

sediment yields. 

From these examples, it can be observed that while tremendous progress has been made to 

better incorporate landcover configuration metrics, the approaches have been biased towards 

the landscape-hydrology part of the nexus, and yet again neglected the other important aspect, 

the climate component in the interactions. More recently, Yu et al. (2020) attempted to expand 

the scope by integrating climatic elements (precipitation, windspeed, sunshine duration and 

temperature) and landscape pattern metrics to evaluate the impacts on ET in China.  

There is need to build on these studies, to fully integrate intra-seasonal climatic and weather 

extremes, landscape pattern metrics and hydrological parameters for improved understanding 

of the interactions/stressors in the face of global change. Additionally, the studies so far mostly 

utilise simulated hydrological data, which can have its own uncertainties compared to observed 

hydrological data especially in areas that have been extensively dammed such as the case study 

catchment. Hence, there is need for an approach that can still integrate the climatic-landscape 

patterns and hydrological variables, without the need for hydrological simulation where long 

term observed hydrological data is available. Such an approach could mainly be useful in 

understanding the past evolution of the interactions and was thus presented in this study. 

2.4.2 Tracer-based techniques using stable water isotopes and hydro-chemical tracers 

To improve the management of river catchments under a changing environment, there is need 

to also understand the dominant runoff sources resulting from the current interactions. This can 
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allow for better implementation of conservation practices and guide water allocation to various 

competing needs. However, the hydrometric data required to understand runoff generation 

processes is often lacking in most river catchments. Tracer techniques could fill the data gaps. 

The concept behind the tracer-based hydrograph separation models is reviewed.  

2.4.2.1 Two-component hydrograph separation model 

Solute-based tracers and naturally occurring stable water isotopes have been used to identify 

the sources of streamflow and thus understand the dominant runoff generation processes and 

hydrological pathways (Abiye et al., 2015, Camacho et al., 2015, Koeniger et al., 2020, Mokua 

et al., 2020). The two-component hydrograph separation model helps to identify the time 

source of runoff (Burns, 2002). The model conceptualises that stream flow could be separated 

into ‘new’ and ‘old’ water or in other words ‘event’ and ‘pre-event’ water. In this regard, new 

water is the water from precipitation (rainfall or snow melt), while old water refers to surface 

storage, soil water and groundwater, which was already present in the catchment prior to the 

precipitation event (Sklash and Farvolden, 1979). The mass balance equation governing the 

model has five assumptions (Sklash and Farvolden, 1979, Buttle, 1994): 

i. The tracer composition of event water is considerably different from that of pre-event 

water. 

ii. The tracer concentration in event water does not change in space and time or undergoes 

changes that can be quantified. 

iii. The tracer concentration in pre-event water does not change in space and time or 

undergoes changes that can be accounted for. 

iv. The tracer concentration of soil water is like that of groundwater, or the contribution of 

soil water to streamflow is negligible. 
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These assumptions suggest that the tracers (isotopic or hydro-chemical) must be conservative 

at least over short time scales. Hence, the naturally occurring stable water isotopes of deuterium 

(δ 2H) and oxygen-18 (δ 18O) are commonly used. Limitations with the two-component model, 

especially with respect to the fourth assumption led to the development of the three-component 

hydrograph separation model. This was after the observation that there can be a major 

contribution of soil water to streamflow and that tracer concentrations in soil water were 

different from those in groundwater (Kennedy et al., 1986, Dewalle et al., 1988, Klaus and 

McDonnell, 2013). 

2.4.2.2 Three-component hydrograph separation model 

The three-component hydrograph separation model allows for detailed investigation of the 

runoff processes contributing to streamflow. Typically, it attempts to divide the hydrograph 

into three components: direct runoff, shallow subsurface flow (soil water), and groundwater. 

In this regard, the term ‘component’ and ‘end member’ are often used interchangeably. Two 

approaches have been used to perform a three-component hydrograph separation. 

The first approach is the one tracer three-component model proposed by Dewalle et al. (1988) 

in which only one tracer is needed to evaluate the contributions of direct runoff, shallow 

subsurface flow (soil water), and groundwater to streamflow. Often, the tracer would be used 

to quantify the contribution of subsurface flow and groundwater endmembers, while the direct 

runoff end member would be estimated from hydrometric measurements and/or calculated 

from rainfall falling on saturated areas such as the stream channel, and/or impervious surfaces 

such as built-up and rock outcrops. For example, Dewalle et al. (1988) estimated direct runoff 

by calculating the amount of runoff generated from channel precipitation (precipitation falling 

directly on the river/streamflow channel or water body). Uhlenbrook et al. (2002) estimated 
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the direct runoff component based on the percentage of saturated and impervious areas in the 

catchment.  

The alternative, two tracer three-component hydrograph separation model was proposed by 

Ogunkoya and Jenkins (1993). In this model, most studies combine a stable water isotope tracer 

(2H or 18O) and a hydro-chemical tracer, often chloride (Cl-) or dissolved silica (Si). Other 

hydro-chemical tracers often used include acid neutralising capacity (ANC) and electrical 

conductivity (EC). The two stable water isotopes of 2H and 18O are rarely used together in a 

full three-component two tracer hydrograph separation model, as they are assumed to carry the 

same information (Klaus and McDonnell, 2013). Thus, this type of model assumes that 

(Ogunkoya and Jenkins, 1993): 

i. There are three components contributing to streamflow. The first component is direct 

runoff (channel precipitation and overland flow, both having similar isotopic or hydro-

chemical concentrations). The second component of streamflow is the shallow 

subsurface or soil water flow, and the third component is deep groundwater. 

ii. Each of the end members has a unique tracer concentration. 

iii. Tracer concentrations of end members may vary temporally during the event (rainfall 

or snowmelt). 

iv. Baseflow could be due to the mixing of shallow subsurface and deep groundwater. 

The three-component hydrograph separation model provides information about the 

geographical source (surface, subsurface, groundwater), while a  two-component model 

provides information about the time source (event or pre-event water) (Burns, 2002). 
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2.4.2.3 Dominant runoff generation processes in wet and dry catchments inferred from 

tracer-based techniques 

Findings suggesting a negligible contribution of hortonian overland flow (infiltration excess 

overland flow) to runoff called for the need to extend tracer-based studies to other climatic 

regions and land uses, outside the humid climate and forested land use that had dominated early 

work (Burns, 2002, Buttle and McDonnell, 2005). This was to gain further insights into runoff 

generation mechanisms in other environments. Klaus and McDonnell (2013) observed that 

most studies conducted in drier climates so far point to the importance of event water (overland 

flow) in explaining streamflow.  

In many meso-scale semi-arid catchments for which this study is a focus, event runoff can 

make up a significant contribution to streamflow. Pre-event water is usually less due to the 

limited surface-groundwater connectivity in such areas. For example, in some parts of the 

Kruger National Park in South Africa, Fundisi (2014) found an overland flow contribution of 

up to 64% due to the granitic and basaltic geology. But even where the infiltration opportunities 

are good, saturation excess overland flow has been found to dominate the hydrograph in some 

areas. For example, McCartney et al. (1998) in Zimbabwe found that once the soil in a dambo 

had been saturated, event runoff contributed up to 70% to streamflow. Similarly, Riddell et al. 

(2013) found event water contribution to streamflow of 66% in the Sand River headwater 

region in South Africa. There are however other studies that have indicated the dominance of 

pre-event water even within the semi-arid Africa (Wenninger et al., 2008, Hrachowitz et al., 

2011, Camacho et al., 2015, Saraiva Okello et al., 2018, Mokua et al., 2020). Hence it appears 

that the debate on which runoff generation mechanism dominates has not yet been resolved, 

but the answer would largely depend on the type of the hydrological setting.  
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There are limited studies in southern Africa focussing on dominant runoff generation processes 

using tracer-based techniques (isotopic or chemical), especially outside of South Africa and 

Zimbabwe. Therefore, this study will contribute to filling this gap and add to scholarly 

literature in a less studied area facing agricultural intensification. 

2.4.2.4 Understanding the role of irrigation return flows using stable water isotopes 

and hydro-chemical tracers 

Several studies have used stable water isotopes and/or hydro-chemical tracers to investigate 

the contribution of irrigation return flow to streamflow or groundwater recharge in catchments 

of different sizes. The use of stable water isotopes in this regard is based on the assumption 

that the isotopic composition of irrigation water differs significantly from that found in other 

end members such as precipitation, soil water, groundwater and streamflow (Vallet-Coulomb 

et al., 2017).  

Among the hydro-chemical tracers, Cl- has been used widely for determining the contribution 

of irrigation return flow as it is assumed to be a conservative tracer (Simpson and Herczeg, 

1991, Kattan, 2008). The concentration of heavy water isotopes and dissolved ions in irrigation 

return flows tends to be higher than in irrigation water. This is because lighter isotopes are 

preferentially evaporated leaving behind heavier ones, and ions such as Cl- become 

concentrated in the residual water since they are not transferred by ET (Simpson and Herczeg, 

1991, Barros et al., 2012, Vallet-Coulomb et al., 2017). However, the use of Cl- could have 

uncertainties because of other potential sources such as atmospheric wet and dry deposition 

(Bugan et al., 2012).  
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Electrical conductivity, and silicon (Si) could also be used as tracers in assessing irrigation 

return flow. In agricultural areas, high EC values have been observed and associated with 

irrigation return flow containing fertilisers from crop fields (Park et al., 2018). Silica is often 

thought to be absent in rainfall or minimal in irrigation water, and is mobilised as water passes 

through the mineral soil and rocks forming the aquifer (Uhlenbrook et al., 2002, Park et al., 

2018). In this regard, groundwater can have higher concentration of silica than surface water 

(Uhlenbrook et al., 2002). Although nitrate (NO3
-) is rarely used as a tracer because of not 

being conservative (Camacho et al. 2015),  it was recently used successfully by Park et al. 

(2018) to investigate the effects of irrigation return flow on river flows and groundwater.   

2.4.3 Hydrological modelling for understanding climatic-landscape-hydrological 

interactions 

Several hydrological models exist, enabling the assessment of the climate-water interactions at 

various spatial and temporal scales. Among the most widely used models is the Soil and Water 

Assessment Tool (SWAT) (Arnold and Allen, 1999). The standard SWAT model has been 

used by many researchers to assess the effects of climate and landcover change on hydrology 

in the context of elevated CO2 (Jha et al., 2006, Van Liew et al., 2012, Butcher et al., 2014). 

The plant growth module of the standard SWAT simulates ET based on CO2 concentration 

effects on leaf conductance [derived from the equation by Easterling et al. (1992)]. This allows 

the model to be used under conditions of elevated CO2 when modelling hydrological impacts 

of the future climate. The value of CO2 in the leaf conductance equation can thus be changed 

from the default 330 ppm for the pre 1980s to match the CO2 concentration for the considered 

study period (Butcher et al., 2014). 
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The challenges with many hydrological models, including SWAT, are that high quality data 

for a long enough period are required to calibrate and validate the models. Finding such data is 

often a challenge especially at meso-scale in developing countries. Also, weather data needed 

to initialise the models tends to be sparse and not well representative. Satellite remote sensing-

based weather data is more recently helping to fill some of these data gaps. 

2.4.4 Resolving the limitations in the nexus assessment methodologies 

As standalone, the assessment methodologies have strengths and weaknesses in the assessment 

of the climatic-landscape-hydrological interactions as has been highlighted in the review. This 

could be improved through a framework where each method is used in the area where it has 

strength to generate information that could feed into the other, thereby reducing uncertainties. 

Additionally, improved process understanding from one assessment methodology could assist 

in the interpretation of the findings from the other assessment tools. The combination of 

statistical (PLSR), tracers-based end members mixing, hydrological (SWAT), and climatic 

(GCM) models can provide a powerful framework for predicting the climatic-landscape-

hydrological interactions of the past, present, and future. Such an analytical framework has 

been proposed in Figure 1-1. The application of these techniques is the subject of subsequent 

chapters in the thesis. 
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Chapter 3 

A landscape hydrology approach to inform sustainable water resource management 

under a changing environment: a case study for the Kaleya River Catchment, Zambia 

This chapter is an edited version of: 

CHISOLA, M. N., VAN DER LAAN, M. & BRISTOW, K. L. 2020. A landscape hydrology 

approach to inform sustainable water resource management under a changing environment: A 

case study for the Kaleya River Catchment, Zambia. Journal of Hydrology: Regional Studies, 

32, 100762. https://doi.org/10.1016/j.ejrh.2020.100762  

Abstract 

The ability of a landscape hydrology approach to detect controls on water availability in a 

fragmented landscape to inform interventions under a changing environment was investigated. 

Simple and measurable climatic and landscape pattern attributes were analysed using change 

detection, trend analysis and backward variable elimination with Partial Least Squares 

Regression (PLSR) to identify controls on seasonal river flows and how landscape components 

could be enhanced to augment natural river flows. Landscape pattern showed increasing 

fragmentation, expansion of irrigated cropland and reservoirs and loss of forestland. Significant 

increasing trends (p<0.05) were observed for evapotranspiration (ET), one-day maximum 

rainfall, coefficient of variation (CV) of rainfall, maximum dry spell length, and start of rains 

but not annual rainfall. Increased CV of rainfall, rainfall intensity and ET were the main 

climatic stressors on river flows than the season/annual rainfall totals. Based on the Variable 

Importance in Projection (VIP), results showed that patchiness of cover was more important in 

explaining seasonal water availability in the case study catchment than the percentage of cover 

https://doi.org/10.1016/j.ejrh.2020.100762
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type in the landscape (PLAND). The important patch metrics were the Patch Density (PD) and 

Largest Patch Index (LPI) of reservoirs which were the main landscape pattern stressors. 

However, some percentage of cover type metrics involving PLAND of irrigated cropland and 

reservoirs were also among the identified stressors on water availability. On the other hand, the 

LPI of forestland positively explained seasonal river flows. The study recommended that water 

resource interventions in the region must adapt more to changing seasonal rainfall 

characteristics than to annual rainfall totals. Additionally, regeneration of larger forest patches 

could improve river flows. The approach can be applied in other regions.  

Keywords: landscape metrics, rainfall characteristics, landscape fragmentation, seasonal 

flows, Variable Importance in Projection 

3.1. Introduction 

Landscapes are a mosaic of many landcover types (land cover composition) with different 

geometric and spatial arrangements (land cover configuration). The observed hydrological 

signatures are a result of the linear and non-linear interaction of landscape patterns (landcover 

composition and configuration) with climatic variables (Hughes et al., 2014, Ekness and 

Randhir, 2015). Although it can be argued that the inter-relationships between landscape 

elements such as forest and hydrology are well known, such interactions can be more complex 

in the rapidly fragmenting landscapes of tropical and subtropical Africa (Malmer et al., 2010, 

Guzha et al., 2018).  

Despite a plethora of studies investigating land use impacts on hydrological dynamics, most 

studies focus on landscape composition (proportion of a landcover class in the landscape). 

Using landscape ecology, it has been shown that processes such as runoff generation, 

infiltration, evapotranspiration (ET), hydrological connectivity, sediment transport and water 
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quality are also related to landscape configuration at a watershed scale (Shi et al., 2013, Ding 

et al., 2016, Boongaling et al., 2018). In this regard, landscape metrics (indices of landscape 

pattern) developed in the field of landscape ecology are increasingly drawing scholarly 

attention to understand hydrological fluxes in a changing environment (Ekness, 2013, 

Albalawneh et al., 2015, Ding et al., 2016, Epting, 2016, Wang et al., 2020, Yu et al., 2020).  

Combining hydrological modelling with multivariate statistical methods is becoming widely 

used in attributing land use controls on hydrological change. This combination is used because 

the multivariate statistical analysis helps to further identify the salient climatic and landscape 

patterns that cannot be identified in a hydrological modelling approach alone. On the other 

hand, the hydrological model allows for simulation of flows where no reliable observed 

streamflow data exists, and for scenarios analysis. For example, Partial Least Square 

Regression (PLSR) has been applied to attribute hydrological change to specific changes in 

land use/landcover composition using river flows and sediment data simulated by hydrological 

models according to various land use scenarios (Shi et al., 2013, Woldesenbet et al., 2017, 

Gebremicael et al., 2019). Despite this development, the underlying drivers of hydrological 

variability from among climate, landscape composition and configuration patterns are rarely 

investigated simultaneously, hence were a subject of this study.  

Previous studies have mainly used simulated river flows. However, in fragmented, 

heterogenous and intensively managed meso-scale catchments such as the Kaleya in southern 

Zambia where dam management operations data does not exist, the actual hydrological 

signatures and processes are difficult to reproduce due to modelling and calibration 

uncertainties (Hughes, 2006, Hughes et al., 2014, Abbaspour et al., 2018). Hence improved 

understanding of how landscape patterns affect the local hydrology could provide further 
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information for improving hydrological model simulations. Moreover, seasonal climatic 

characteristics in semi-arid areas like Zambia could be more important in explaining seasonal 

water availability than annual totals and /or land use composition alone. Thus, managing water 

resources under a changing environment requires information on specific climatic changes that 

the water resources must adapt to. 

This study addresses these gaps through the lens of the landscape hydrologist. The field of 

landscape hydrology provides an opportunity to integrate landscape ecology and catchment 

hydrology (Ferguson, 1991, Schröder, 2006). Landscape hydrology deals with landscape 

components such as climate, land use composition and configuration, including soils, geology 

and topography and how their interactions affect water movement and storage in the catchment 

landscape (Ferguson, 1991). One of the most distinguishing features of the landscape 

hydrology approach is that, it considers the interactions among the landscape components and 

how they can be modified by human impact to better manage the water resources and the 

environment in general (Ferguson, 1991). Thus, it can provide a framework for informing water 

resource management decisions in heterogeneous and increasingly fragmented catchment 

landscapes under a changing climate.   

The Kaleya River Catchment (Figure 3-1) in southern Zambia has undergone extensive 

landscape transformations since the early 1980s. The catchment hosts Zambia’s oldest private-

public sugarcane irrigation scheme (Akayombokwa et al., 2017). Seasonal river flows have 

reduced drastically in the catchment, leading to conflicts among water users. Studies have 

attributed deterioration of water resources in Zambia to changes in landcover composition 

(Sakeyo, 2008, Chomba, 2017, Muchanga et al., 2019, Tena et al., 2019). Climate change and 

variability are thought to be causing further stress on water resources (GRZ, 2008, Nkhuwa et 
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al., 2013, Ngoma et al., 2017), although this has mostly not been supported by scientific 

evidence, as few hydrological studies have been completed (Nkhuwa et al., 2013).  

 

Figure 3-1: Location of river flow gauge and weather stations used in the study. 

 

In this regard, a landscape hydrology approach was developed and tested to investigate the 

interactions among seasonal climatic, landcover composition and configuration patterns that 

explain the observed hydrological shifts in the Kaleya River Catchment.  In particular, the study 

addresses the following research questions: (1) How have seasonal climatic characteristics and 

landscape patterns changed in the catchment since 1972? (2) What climatic, land use 

composition and configuration characteristics are important in explaining changes in seasonal 

river flows in the catchment? (3) How should landscape components be enhanced in order to 
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augment seasonal river flows? (4) Can a landscape hydrology approach (implemented without 

hydrological simulation) detect the main interactions among landscape components to inform 

landscape level water resource management interventions in a heterogeneous and fragmented 

catchment landscape? Such information can inform improved decision-making and sustainable 

water resource development under a changing environment.  

3.2 Materials and methods 

3.2.1 The landscape hydrology approach implementation 

The study uses climatic indices and landscape pattern metrics derived from long-term weather 

data and satellite images respectively to infer controls on seasonal river flows without need for 

hydrological modelling. The approach was applied using post classification landscape change 

detection, trend analysis of hydro-meteorological time series and variable elimination in Partial 

Least Squares Regression (PLSR). The details of how the approach was implemented are 

discussed in the subsequent sections.  

3.2.2 Data acquisition and pre-processing 

Cloud-free landsat images of the Kaleya River Catchment were downloaded from the website 

of the United States Geological Survey (USGS) (https://earthexplorer.usgs.gov) for years 1972, 

1984, 1989, 1996, 2001 and 2011. The images were pre-processed by applying geometric and 

radiometric corrections that included noise and haze reduction. Pre-processing also involved 

resampling the 60m resolution Landsat MSS image of 1972 to a 30m resolution using the 

nearest neighbour resampling method. All the image pre-processing steps were conducted in 

Erdas Imagine 2014. Historical daily river discharge data from the gauge stations (Figure 3-1) 

for the period 1972 to 2019 were provided by the Water Resources Management Authority 

https://earthexplorer.usgs.gov/
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(WARMA) in Zambia. However, the dataset has gaps between 2011 and 2018, so the analysis 

was restricted to the 1975-2011 period which had less gaps.  

Climate data were obtained from the Zambia Meteorological Department (ZMD). This data 

was for the Kafue polder and Magoye weather stations which are the only available weather 

stations around the catchment. The two datasets were averaged using the simple arithmetic 

mean method to get the catchment rainfall (Figure 3-2). Despite the sparse distribution of 

weather data within the catchment, the data from both stations was still representative of the 

catchment as it was able to reproduce the discharge hydrograph even for the most upstream 

gauge. Rainfall in the study area is seasonal such that annual rainfall is almost synonymous to 

seasonal rainfall totals. Dry season rainfall is very rare and minimal to significantly impact dry 

season streamflow (Figure 3-2). 

 

Figure 3-2: Average seasonal rainfall and potential evapotranspiration in the Kaleya 

River Catchment 
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3.3 Data analysis  

3.3.1 Hydrological and climate-based metrics 

The discharge data was analysed using the Indicators of Hydrological Alteration (IHA) 

software (The Nature Conservancy, 2009) to derive hydrological metrics that define seasonal 

water availability (mean monthly flows) and the timing of one-day maximum and minimum 

flows in the catchment for the period 1975–2011 which had less gaps in observed data. The 

timing of the minimum and maximum flows is critical to identifying the changes to when 

extreme streamflow conditions occur (Magilligan and Nislow, 2005). The date of minimum 

flow has implications for water availability for irrigation, but also for livestock watering, 

domestic water use, livelihoods and the ecological integrity especially for aquatic fauna and 

flora (Magilligan and Nislow, 2001, Zheng et al., 2019).  Some important life-cycle phases 

such as reproduction for fish and other aquatic organisms may be linked to the timing of annual 

extremes, whereby any changes may lead to extinction of such organisms and invasive species 

colonisation (Magilligan and Nislow, 2005).  

Since the hydrological year in the study area is counted from October to September, the period 

from October to April was taken as the wet season, while May to September was taken as the 

dry season (Figure 3-2). The climate-based metrics involved seasonal characteristics derived 

from daily rainfall data analysed in R-instant (Parsons et al., 2017). The derived metrics were 

one-day maximum rainfall, simple rainfall intensity (the ratio of total seasonal rainfall to the 

number of wet days in the season), onset and cessation dates of rainfall, and the maximum dry 

spell length (maximum dry period length) in a year and annual rainfall totals.  

When deriving the climatic metrics, a rainy day was defined as having more than 0.85 mm of 

rainfall (Stern et al., 2006). The start (onset) of rainfall was a day after 1 October in each year 
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that gives a total rainfall amount of 20 mm or more over a consecutive period of two days, in 

addition to the absence of a dry spell of 10 days or more in the next 30 days based on Stern et 

al. (2006). A dry spell was taken as a period with less than 5 mm of rainfall in five days, adopted 

from Hachigonta et al. (2008). The date of cessation of rainfall (End of rains) was taken as the 

last day after 25 February that accumulates a rainfall amount of 10 mm or more, adapted from 

Hachigonta et al. (2008) and Mupangwa et al. (2011). The study also derived 

evapotranspiration (ET) based on the Hargreaves method (Hargreaves, 1994) in R 

environment, through the SPEI package (Beguería et al., 2014). The coefficient of variation 

(CV) was computed as the standard deviation of rainfall divided by the average rainfall. 

3.3.2. Digital image processing to derive landscape composition and configuration metrics 

The Landsat images were classified using a hybrid of supervised image classification and 

onscreen digitising in Erdas imagine software to produce landcover maps for the years 1972, 

1984, 1989, 1996, 2001 and 2011. The hybrid method involved first classifying the images 

with maximum likelihood classifier using supervised image classification. This was followed 

by onscreen digitising to correct any misclassified pixels. The hybrid method has been 

recommended by other scholars as it reduces misclassification errors (Herold et al., 2008, Betru 

et al., 2019). The generated landcover maps were then subjected to accuracy assessment.  

Accuracy assessment was done using ground truth data collected from old topographic maps, 

and Google Earth imagery corresponding to the landcover map for each particular year (1972, 

1984, 1989, 1996, 2001 and 2011). This was supplemented with field visits for better 

orientation with landscape features and landcover types. The ground truth data was gathered 

randomly for each landcover class and then compared to the classified landcover map using 

the overlay analysis tools in ArcMap (extract values to points tool). The resulting attribute table 
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containing the classified values in one column and the observed (ground truth) values in the 

other column were then exported to excel where accuracy assessment statistics such as the 

overall accuracy and the kappa coefficient were computed. The landcover maps are based on 

six classes, namely: Forest, Scrubland, Cropland (rainfed), Cropland (irrigated), Reservoirs, 

and Built-up area. A description of these landcover classes is given in Table 3-1. 

Table 3-1: Description of land cover classes 

Landcover Description 

Forest Land under thick vegetation cover 

Scrubland Grass with scattered trees and bushes, abandoned agricultural lands 

Cropland (rainfed) Land under rainfed agriculture 

Cropland (irrigated) Land under irrigated agriculture  

Reservoirs Land inundated by water arising from impoundments (dams and weirs) 

Built-up area Dense settlement area that can be described as urban 

 

3.3.3. Generating landscape composition and configuration metrics from landcover maps 

Landcover maps for the respective years were analysed using FRAGSTAT 4 software 

(McGarigal and Marks, 1995) to derive landscape composition and configuration metrics. 

These class level landscape pattern metrics (Table 3-2) were selected based on their use in 

literature, and simplicity in interpretation and application (Zhou et al., 2017).  

Table 3-2: Landscape pattern metrics 

Metric Acronym                  Description Range 

Percentage of Landscape PLAND Percentage of each landcover class in the landscape 0 - 100 

Patch Density PD Number of patches of a landcover class per 100 ha  > 0 

Largest Patch Index LPI Percentage of landscape covered by the largest patch of each landcover class  0 - 100 
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The Largest Patch Index (LPI) indicates patch dominance (McGarigal et al., 2012). The Patch 

Density (PD) indicates landscape fragmentation. Fragmentation and dominance-based metrics 

are important indicators of hydrological connectivity and ecosystem functioning (Schröder, 

2006, Albalawneh et al., 2015). Hence their changes can lead to significant changes in water 

and nutrient cycling (Hobbs, 1993). A detailed description of the landscape metrics is given by 

McGarigal and Marks (1995) and McGarigal et al. (2012). A summary of all the derived 

hydrological, climatic and landscape indicators is given in Table 3-3. 

Table 3-3: Hydro-climatic and landscape pattern metrics 

Dependent variables                                    Independent variables 

Hydrological indices   Climate indices Landscape composition Landscape configuration 

Wet season flows 
 

Start of rains PLAND of Forest land Fragmentation metrics 

Dry season flows 
 

End of rains PLAND of Rainfed cropland PD Forest 

Date of 1-day minimum flow 
 

Maximum dry spell length PLAND of Irrigated cropland PD Rainfed cropland 

Date of 1-day maximum flow 
 

Rainfall amount PLAND of Reservoirs PD Irrigated cropland 

 
One-day maximum rainfall PLAND of Scrubland PD Reservoirs 

  
Rainfall intensity PLAND of Built-up area PD Scrubland 

  
CV of intra seasonal rainfall 

 
PD Built-up area 

  ET   

  
 

  

 
  

 
Dominance metrics 

    
LPI Forest 

    
LPI Rainfed cropland 

    
LPI Irrigated cropland 

    
LPI Reservoirs 

    
LPI Scrubland 

        LPI Built-up area 

CV (Coefficient of Variation), ET (Evapotranspiration), PLAND (Percentage of Landscape area), LPI (Largest Patch Index), PD (Patch 

Density) 

 

3.3.4. Analysis of trends in hydrometeorological time series  

The Mann–Kendall trend test (Mann, 1945; Kendall, 1975) was conducted on seasonal climatic 

and hydrological variables in Table 3-3 to examine the significance of the trends in the study 
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period.  To account for  serial correlation, the Modified Mann Kendall test was used by 

implementing the Yue and Wang (2004) variance correction technique in the modifiedmk R 

package (Patakamuri et al., 2017).  

The Mann-Kendall test is given by the equation:  

S =∑ ∑ Sgn(𝑥𝑗-x𝑖)
𝑛
j=i+1

n-1
i=1                                                                                            (3-1) 

where n is the number of observations,  𝑥𝑗  and x𝑖 are the jth and ith observations, respectively, 

and j > i. Sgn is the sign function between consecutive x values and is defined as: 

Sgn(𝑥𝑗-x𝑖) = {

+1      ; 𝑥𝑗 >  x𝑖   

0        ; 𝑥𝑗= x𝑖

−1      ; 𝑥𝑗< x𝑖

                (3-2) 

The variance is defined by: 

𝑉𝑎𝑟(𝑆)  =
𝑛 (𝑛−1) (2𝑛+5)− ∑  𝑡𝑖 

𝑛
𝑗 =1  𝑖 (𝑖−1)(2𝑖 + 5)

18
               (3-3) 

The modified variance Var ∗ (S) is: 

𝑉𝑎𝑟 ∗ (𝑆)  = 𝑉𝑎𝑟(𝑆) ∙  
𝑛 

𝑛∗
                 (3-4) 

where n/n* is the correction factor. 

The test statistic, Z(c) is computed by: 

𝑍(𝑐) =  

{
 
 

 
 

𝑆−1

√𝑉𝑎𝑟∗(𝑆)
 , 𝑆 > 0

0                , 𝑆 = 0
𝑆+1

√𝑉𝑎𝑟∗(𝑆)
 , 𝑆 < 0

}
 
 

 
 

                  (3-5) 
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Given a significant level of α = 0.05, the null hypothesis of a non-existent trend can be accepted 

if -1.96 < Z(c) < 1.96, for a two-sided test.  

Theil–Sen’s slope estimator 

The trend magnitude was evaluated using the Sen’s slope estimator (Theil, 1950, Sen, 1968) 

which is given as: 

𝛽 =  𝑀𝑒𝑑𝑖𝑎𝑛 (
𝑋𝑖 - X𝑗

𝑖 − 𝑗
)  ∀  𝑗 <  𝑖                    (3-6) 

where, 𝛽  is the slope of the trend in the time series and,  X𝑗 is the 𝑗 th observation. 

3.3.5. Partial least squares regression 

Studies incorporating landscape composition and configuration metrics to attribute influence 

on hydrological components have mainly combined hydrological modelling with multiple 

linear regression (Ekness, 2013, Epting, 2016), pearson correlation (Chiang et al., 2019), 

stepwise regression (Amiri et al., 2019, Peng et al., 2019, Wang et al., 2020, Yu et al., 2020) 

or PLSR (Shi et al., 2013, Woldesenbet et al., 2017, Boongaling et al., 2018, Gebremicael et 

al., 2019) among other methods. However, previous studies did not incorporate seasonal 

climatic and landscape composition and configuration metrics simultaneously which could be 

important in informing water resources management in heterogenous landscapes under a 

changing environment. The independent and dependent variables for the PLSR models in this 

study are given in Table 3-3. 
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3.3.6 Justification for Partial Least Squares Regression (PLSR) 

The PLSR was selected for several reasons. Firstly, there were many independent variables 

(landscape and climate metrics) (Table 3-3) and most of them are highly correlated with each 

other.  The PLSR is useful when the independent variables are highly correlated and where 

there are more independent variables than observations (Carrascal et al., 2009, Woldesenbet et 

al., 2017, Boongaling et al., 2018). Secondly, given the high number of independent variables 

in this case, variable selection was important to identify only those that are significantly 

important in explaining seasonal river flows. PLSR is thus also a powerful tool for variable 

selection. Several methods for variable selection in PLSR are available and are discussed in 

detail by  Mehmood et al. (2012).  

Primarily, variable selection in PLSR is based on the Variable Importance in Projection (VIP), 

the loading weights and regression coefficients, but the VIPs are the most used (Mehmood et 

al., 2012). Variables with VIP > 0.8 are deemed to be significant. Variables with a VIP < 0.8 

have no significant influence in the model. The higher the VIP, the more significant the variable 

is in explaining the dependent variable. The PLSR also gives regression coefficients whose 

sign indicates a positive or negative influence on the dependent variable. Thus, despite a 

variable having a small regression coefficient, it can be retained in the model if it has a large 

VIP (VIP > 0.8). Loading weights greater than a magnitude of 0.3 (irrespective of the sign) are 

taken to be significant and a variable can be deemed important on this basis. The sign of the 

loading weight indicates the direction of influence. The higher the loading weight, the larger 

the influence that a variable has on the respective component. 

To obtain the optimum number of components and a balance between the explanatory and the 

predictive power of the model, cross validation is often used. In this regard, the Root Mean 
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Square Error of Validation (RMSEV) is used. The number of components giving the smallest 

value of RMSEV are selected as optimal for the model. The quality of the PLSR model is 

assessed using the goodness of fit (R2), which indicates the explanatory ability of the model 

and the cross validated (R2), which shows the extent to which the model can predict. A good 

PLSR model is one with R2 > 0.5 and a cross validated (R2) > 0.097 (Trap et al., 2013).  

3.3.7 Implementation of the Partial Least Squares Regression (PLSR) 

The PLSR was implemented using the ‘pls’ package (Mevik and Wehrens, 2007) in R software. 

Separate PLSR models were developed for each of the hydrological variables, that is, wet 

season flows, dry season flows, date of one-day maximum flow and date of one-day minimum 

flow. The independent variables (predictors) were all the climatic and landcover composition 

and configuration metrics as outlined in Table 3-3. The climatic and hydrological variables 

were averaged within small hydro-meteorological periods, avoiding inclusion of periods and 

years with data gaps to get the most out of the observed data.  

The hydro-meteorological periods used were 1975–1979, 1980–1985, 1989–1994, 1995–2000, 

2001–2005 and 2006–2011. Due to lack of continuous time series landcover data, the landcover 

map closest to each of the selected periods was used. The magnitude of landcover change 

within each hydro-meteorological period was assumed to be negligible. This approach has also 

been used in other investigations, for example Yu et al. (2020). Thus, hydro-meteorological 

conditions for the periods 1976–1979, 1980–1985, 1989–1994, 1995–2000, 2001–2005, 2006–

2011 were assigned to the landcover data for 1972, 1984, 1989, 1996, 2001 and 2011, 

respectively. It can be argued that the years and periods left out due to data gaps in hydrological 

and weather data did not significantly impact the results since what was compared were the 
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hydrological patterns with the corresponding climatic patterns in periods with high quality 

observed data.  

Simulating hydrological data using a hydrological model could overcome some of the 

challenges in the data gaps. However, hydrological modelling has its own calibration 

uncertainties in this highly managed heterogenous catchment landscape due to many 

impoundments in the middle catchment. Hence the preference was to use observed data to 

answer the research questions regarding the individual role of observed seasonal climatic 

conditions and landscape pattern changes in explaining intra-annual water availability. In the 

PLSR, all the variables were standardised (scaled and mean-centred).  

3.3.8 Variable selection  

Variable selection was done through backward elimination (Frank, 1987, Pierna et al., 2009) 

in the ‘plsVarSel’ R package (Mehmood et al., 2012, Mehmood, 2016).  The initial step 

involved running the PLSR with all the predictors in the model. Predictors with a VIP < 0.8 

were iteratively removed from the model. The procedure was repeated until a model with an 

optimal R2 and cross validated R2 was obtained as outlined by others (Mehmood et al., 2012, 

Shi et al., 2013, Mehmood, 2016). In both the initial and final PLSR models, only the 

components giving the lowest RMSEV were retained.  

3.4 Results and discussion 

3.4.1. Hydro-meteorological patterns in the catchment from 1975–2011 

Figure 3-3 shows patterns in climatic and hydrological time series data. Annual average rainfall 

exhibited a non-significant increasing trend (p = 0.218) over the study period in the catchment. 
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Previous studies in Zambia have found trends in rainfall amounts to be inconclusive with some 

stations showing non-significant decreasing trends (Mubanga and Umar, 2014). Additionally, 

the findings reveal significant increasing trends (p < 0.05) in one-day maximum rainfall, 

coefficient of variation of daily rainfall, maximum dry spell length (dry period length), 

temperature, and evapotranspiration (Table 3-4).  

 

 

Figure 3-3: Hydro-meteorological patterns for Kaleya River Catchment in the study 

period 
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The start of the rains exhibited a significant decreasing trend (p < 0.00) implying earlier onset 

of rains. Although the early onset of rains observed in this study is contrary to the late onset 

that is generally reported in Zambia (Gannon et al., 2014), it is in agreement with the study by 

Mulenga et al. (2017), who found no evidence of later onset of rains for selected stations in 

Zambia contrary to the perceptions of farmers. Despite an earlier onset of rainfall, the dry spell 

length tended to be longer.  

Table 3-4: Trends in hydro-climatic time series from 1975 - 2011 in the Kaleya Catchment  

Type Variable Years Zc Sen's slope P-value 

Climatic  Temperature (˚C) 36 1.90 0.010 0.057* 

 

Evapotranspiration (mm) 36 2.04 1.412 0.042** 

 

Rainfall (mm) 36 1.23 2.078 0.218 

 

Start of Rains (day of year) 36 -3.59 -0.250 0.000* 

 

End of Rains (day of year) 36 -1.36 -0.176 0.173 

 

One-day Maximum rainfall (mm) 36 3.74 0.462 0.000** 

 

Simple rainfall intensity (mm day -1) 36 0.25 0.006 0.801 

 

CV Daily rainfall (percentage) 36 2.41 0.002 0.016** 

 

Maximum Dry Spell Length (days)  36 4.02 0.729 0.000** 

      
Hydrological  Wet season flows 29 -0.57 -0.001 0.572 

 

Dry season flows (m3 s-1) 29 -1.94 -0.001 0.05** 

 

Date of 1-day maximum flow (day of year) 29 -1.88 -1.500 0.060* 

  Date of 1-day minimum flow (day of year) 29 -0.62 -0.806 0.533 

** Significant at p < 0.05, * Significant at p < 0.10 
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A trend implying earlier ending of the rainy season (end of rains) was observed, but it was not 

significant (p = 0.17). Mulenga et al. (2017) also found that the trends in end of rains were not 

significant. In the case study catchment, this decreasing trend was not significant due to greater 

year to year variability in cessation dates compared to the onset date. The cessation date of 

rainfall in southern Zambia is linked with the retreating of the Intertropical Convergence Zone 

(ITCZ) to the north (Hachigonta et al., 2008). Other studies have also observed a tendency 

towards earlier cessation of the rains even though the significance of the trends was not tested 

(Hachigonta et al., 2008, Gannon et al., 2014). 

Regarding hydrological metrics, the results indicated significant decreasing trends in dry 

season flows (p = 0.05) and in the date when the one-day maximum flow occurs (p < 0.10) 

(Table 3-4). The decreasing trend in the timing of one-day maximum flow suggests early 

occurrence of the maximum flow in the river. On the other hand, non-significant decreasing 

trends in wet season flows and the date of one-day minimum flow were observed (earlier drying 

of the river), (Table 3-4). In general, the results point towards reduction in both wet and dry 

season river flows. In the Chongwe Catchment in Zambia, wet season flows were reported to 

have increased while dry season flows had declined (Chisola and Kuráž, 2016, Tena et al., 

2019). In the following sections, the factors explaining the observed hydrological signatures 

are examined using PLSR. 

3.4.2. Landscape pattern changes in the catchment 

3.4.2.1. Landcover composition dynamics (Percentage of Landscape (PLAND)) 

Accuracy assessment conducted on the classified landcover maps showed very good 

classification assessment statistics. The landcover map for 1972 obtained an overall accuracy 
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of 83% and a kappa coefficient of 0.77. The 1984 landcover map obtained an overall accuracy 

of 94% and a kappa coefficient of 0.92. The overall accuracy for the 1989 landcover map was 

95% and a kappa coefficient of 0.93. For the 1996 landcover map, the overall accuracy was 

96% and the kappa coefficient was 0.95. The 2001 landcover map obtained an overall accuracy 

of 94% and a kappa coefficient of 0.92. Finally, the landcover map for 2011 had a 96% overall 

accuracy and a 0.95 kappa coefficient. Figure 3-4 shows landcover composition from 1972 to 

2011 in the Kaleya River Catchment. 

 

Figure 3-4: Landcover maps for Kaleya River Catchment 

 

There is a notable reduction in forest cover and an increase in both irrigated and rainfed 

agricultural land (Figure 3-4). It is noted that rainfed agriculture was already a major economic 

activity by 1972, accounting for 21% of the landscape (Table 3-5) and was the third most 
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dominant landcover after forest (44%) and scrubland (35%). In 2011, rainfed agriculture 

increased up to 33% and irrigated agriculture was at 11% (Table 3-5). Thus agriculture (both 

rainfed and irrigated) accounted for a total of 44% of the landscape in 2011, while scrubland 

dominated the landscape at about 48%.  

3.4.2.2. Trends in landcover conversions in the catchment 

It is noted from Figure 3-4b that irrigated agriculture had a significant presence in the lower 

catchment by 1984. Results further indicate that most of the rainfed agriculture land was lost 

to irrigated agriculture especially between 1972 and 1984 (Table 3-6, Table 3-7, and Figure 3-

4). The drastic increase in irrigated land during this period is attributed to the expansion of the 

Nakambala Sugar Estates in to the Kaleya River Catchment, and the subsequent  engagement 

of communities and commercial farmers through a small-holder out-grower scheme called 

Kaleya small holders which became operational in the early 1980s (Akayombokwa et al., 

2017). This private-public partnership was aimed at increasing sugar production for exports 

(Akayombokwa et al., 2017).  

Since 1984, expansion in irrigated land has mainly occurred from the middle portion of the 

catchment (Figure 3-4c-f). Table 3-7 shows that between 1972 and 2011, irrigated agriculture 

area gained more land from rainfed agriculture by 8% than from any other landcover class. The 

tendency to switch from rainfed to irrigated agriculture indicates agricultural intensification in 

the landscape. During the 1972–1984 period, the percentage of reservoir area increased from 

0.08% (47 ha) to 0.22% (126 ha) in the landscape. This relative increase in reservoirs is much 

smaller compared to the dramatic increase in irrigated land from 40 ha to 4 433 ha in the same 

period (Table 3-5).  
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Table 3-5: Landcover composition (Percentage of Landscape (PLAND)) in the Kaleya River 

Catchment from 1972–2011 

  Land use/Landcover type 
 

 Year  Value Forest  Scrubland 

Cropland 

(rainfed) 

Cropland 

(Irrigated) Reservoirs Built-up Total 

1972 Area (ha) 25 489 20 061 12 232 40 47 0 57 869 

 
Percentage (%) 44 35 21 0 0 0 100 

1984 Area (ha) 17 791 21 142 14 391 4 430 115 0 57 869 

 
Percentage (%) 31 37 25 8 0 0 100 

1989 Area (ha) 12 646 24 029 15 902 4 888 404 0 57 869 

 
Percentage (%) 22 42 28 8 1 0 100 

1996 Area (ha) 10 129 23 811 17 654 5 809 466 0 57 869 

 
Percentage (%) 18 41 31 10 1 0 100 

2001 Area (ha) 8 220 25 045 17 759 6 376 429 40 57 869 

 
Percentage (%) 14 43 31 11 1 0 100 

2011 Area (ha) 4 465 27 620 18 893 6 376 384 131 57 869 

  Percentage (%) 8 48 33 11 1 0 100 

 

From inception in 1981, the Kaleya small holder irrigation scheme in the lower catchment 

relies on water transferred from the larger Kafue River using a 14km canal connecting to a 

10km pipeline (Akayombokwa et al., 2017). The period 1984 to 1989 recorded the highest gain 

in the percentage of reservoirs in the landscape (Table 3-6). This was to support irrigated 

agriculture that was now expanding from the middle catchment, relying on water abstractions 

from within the Kaleya River Catchment (Figure 3-5). 
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Figure 3-5: Water allocations (storage volumes) and the percentage of irrigated cropland 

in the Kaleya River Catchment 

 

The lag between reservoirs and irrigated cropland from 1972–1984 and a similar pattern in 

their evolution afterwards is also observable from water permit data from WARMA (Figure 3-

5). The net decrease in the percentage of reservoir area in the 1996–2011 period (Table 3-6) 

could be attributed to sedimentation, a problem that has been investigated since the late 1990s 

(Sichingabula, 1997, Walling et al., 2001, Sichingabula et al., 2015). 
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Table 3-6: Landcover change trends from 1972–2011 in the Kaleya River Catchment 

Period Statistic Forest Scrubland 
Cropland 

(rainfed) 
Built-up 

Cropland 

(irrigated) 
Reservoirs 

1972-1984 TG (%)  6.61 12.39 13.77 0.00 7.59 0.14 

 
TL (%) -19.85 -10.57 -10.09 0.00 0.00 0.00 

 
NC (%) -13.24 1.82 3.68 0.00 7.59 0.14 

1984-1989 TG (%) 3.49 10.89 7.66 0.00 1.01 0.50 

 
TL (%) -12.41 -5.86 -5.03 0.00 -0.22 -0.02 

 
NC (%) -8.92 5.02 2.63 0.00 0.79 0.48 

1989-1996 TG (%) 4.15 9.38 7.41 0.00 1.75 0.16 

 
TL (%) -8.53 -9.74 -4.40 0.00 -0.16 -0.02 

 
NC (%) -4.38 -0.36 3.01 0.00 1.58 0.15 

1996-2001 TG (%) 3.88 9.40 4.21 0.07 1.14 0.05 

 
TL (%) -7.22 -7.28 -3.93 0.00 -0.15 -0.17 

 
NC (%) -3.33 2.12 0.27 0.07 0.99 -0.12 

2001-2011 TG (%) 2.30 11.47 6.25 0.16 1.04 0.11 

 
TL (%) -8.86 -6.81 -4.33 0.00 -1.15 -0.16 

 
NC (%) -6.56 4.66 1.92 0.16 -0.11 -0.06 

1972-2011 TG (%) 1.51 24.64 21.72 0.23 10.83 0.60 

 
TL (%) -37.95 -11.36 -10.21 0.00 0.01 -0.02 

 
NC (%) -36.43 13.28 11.51 0.23 10.84 0.59 

 
TG (Total Gain), TL (Total Loss), NC (Net Change) 

 

The increase in irrigated land and reservoirs is expected. These trends are a response to the 

changing climatic patterns in addition to meet the increasing food demands. In Table 3-7, it is 

further observed that from 1972 to 2011 forestland has mainly been lost to scrubland and 

rainfed cropland [Cropland(rainfed)].  
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Table 3-7: Landcover change matrix comparing 1972 and 2011 landcover 

    Landcover 2011 

 
LULC 

Forest 

(%) 

Scrubland 

(%) 

Cropland 

(rainfed) (%) 

Built-up 

(%) 

Cropland 

(irrigated) (%) 

Reservoirs 

(%) Total (%) 

L
an

d
co

v
er

 1
9

7
2
 Cropland (irrigated) (%) 

    
0.07 

 
0.07 

Cropland (rainfed) (%) 0.28 1.90 11.02 0.07 7.80 0.09 21.16 

Forest (%) 6.17 22.73 13.23 0.06 1.68 0.18 44.05 

Reservoirs (%) 
 

0.01 
   

0.07 0.08 

Scrubland (%) 1.23 23.14 8.49 0.10 1.34 0.34 34.64 

  Total (%) 7.68 47.78 32.74 0.23 10.89 0.68 100.00 

 

3.4.2.3. Landcover configuration dynamics 

3.4.2.3.1. Patch Density (PD) of landcover classes 

Although about 8% of the landscape was still covered by forest in the catchment in 2011, the 

PD of forest showed that the remaining forest was more fragmented than before (Figure 3-6). 

The PD is an indicator of connectivity of the landcover class (type) in the catchment, with 

higher values indicative of a more fragmented or heterogeneous landcover class or landscape 

(Yu et al., 2020). Thus, it is possible to have two different periods with the same percentage 

cover for a landcover class, but the impacts on the flow regime could differ if one is more 

fragmented. The results show that forest had become more fragmentated, hence less 

hydrological connectivity in the forested land.  

The higher PD of reservoirs, rainfed and irrigated agriculture in recent years reflect the increase 

in the number of reservoirs and crop fields in the landscape. The PD of scrubland does not 

show major changes during the study period. The general increase in the number of patches for 
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all landcover types relative to the base year (1972) is consistent with the findings of Muleta 

and Biru (2019) in the Guder watershed in Ethiopia since 1973.  

 

Figure 3-6: Patch density (PD) for each landcover class from 1972 to 2011 (The red line 

shows the direction of the trend) 

 

3.4.2.3.2. Largest Patch Index (LPI) of landcover classes 

The Largest Patch Index (LPI) is an indicator of dominance of a landcover class in the 

landscape. Thus, a landcover class can have a smaller percentage in terms of composition in 

the landscape but have a large enough patch size to influence eco-hydrological processes. The 

results indicate that LPI for forest has been reducing, while that of the non-forest landcover 

classes has been increasing (Figure 3-7).  
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Figure 3-7: Largest patch index (LPI) per landcover class from 1972 to 2011. (The red 

line shows the direction of the trend) 

 

The findings in Figure 3-7 provide further evidence of a more fragmented and scattered forest 

landscape and the increasing dominance and connectivity of scrubland, rainfed and irrigated 

cropland. Before 1984, there were smaller reservoirs and weirs in the landscape. Since then, 

bigger reservoirs such as the Kaleya Dam have been constructed, thus explaining the increasing 

LPI for reservoirs. The LPI value for the built-up area is increasing showing that the built-up 

area is becoming more compact. Similar trends with respect to decreasing LPI of forests, and 

increasing LPI of reservoirs and built-up areas were observed by Wang et al. (2020) in the 

Danjiangkou Reservoir Catchment in China. Hydrologically, the changes in PD and LPI affect 

the travel times and the timing of extreme river flows such as the date of maximum and 

minimum flows in the catchment. 
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3.4.3. Attributing river flows to seasonal climatic conditions and landscape dynamics 

3.4.3.1. Wet season flows 

The PLSR model for wet season flows had one component explaining 77% of the variance in 

the predictors. The R2 for the model was 0.84 and the cross validated R2 was 0.64. The major 

factors explaining the decreasing wet season flows were landscape based, mainly dominated 

by reservoir metrics, particularly patch metrics (Table 3-8). These include the percentage of 

reservoirs (PLAND Reservoirs), along with the largest patch areas of reservoirs (LPI 

Reservoirs) and patch density of reservoirs (PD Reservoirs) in the landscape. These interacted 

with climate metrics involving evapotranspiration (ET) and variability of rainfall (CV rainfall) 

to explain decreasing wet season flows.  

Higher density of reservoirs (PD reservoirs) increases catchment fragmentation (Chin et al., 

2008), and thus reduces landscape connectivity. By impounding the river water, downstream 

wet season flows are reduced while evaporation losses increase especially in the face of rising 

temperatures. Reservoirs amplify the negative effects of increasing variability of rainfall, 

thereby reducing downstream wet season flows. Thus, although reservoirs are touted as an 

adaptation intervention to rainfall variability and or climate change, there effectiveness remains 

uncertain. Research questions on this subject have revolved around what reservoir capacity, 

numbers, and density are optimal to build resilience (Chin et al., 2008, Ehsani et al., 2017). 

This could also be a question for further research in Kaleya Catchment.  

Among the important variables explaining wet season flows, only the size of forest patches 

(LPI Forest) and the onset date of rains (start of rains) had positive regression coefficients, thus 

indicating their positive contribution in explaining wet season flows. Generally, larger forest 
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patches reduce direct runoff and soil erosion, but increase groundwater recharge and baseflow 

(Boongaling et al., 2018, Zong et al., 2020). Promoting larger forest patches in the Kaleya 

catchment landscape could therefore improve infiltration and baseflow opportunities and 

reduce direct runoff and sedimentation. This could in turn improve water availability as the 

upstream catchment is groundwater/baseflow dominated (over 50% of water is from the spring 

and subsurface flow in the rainy season. Groundwater/baseflow (subsurface return flow) 

contribution increases to 100% in the dry season, (Chapter four).   

3.4.3.2. Dry season flows 

The PLSR model for dry season flows improved with two components, which explained a 

cumulative total of 98.7% of the variance in the predictors. The model had an R2 of 0.89 and a 

cross validation R2 of 0.58. Again, the landscape-based metrics dominated the model (Table 3-

8). For dry season flows, the most important (significant) variables were irrigated cropland 

metrics involving the percentage of irrigated cropland (PLAND Crop (irrigated)) and the large 

patch areas of the irrigated crop fields (LPI Crop (irrigated)). These along with the extent of 

the largest scrubland patches (LPI Scrubland) had negative regression coefficients explaining 

a decrease in dry season flows.  

The dominance of scrubland reduces baseflow/ground water contribution to dry season flows 

due to reduced infiltrated water. On the other hand, larger patches of irrigated cropland (larger 

LPI Crop (irrigated)) and the increase in the percentage of irrigated cropland in general 

(PLAND Crop (irrigated)) explained the decline in dry season flows due to water abstraction. 

These findings are supported by water permit allocation data which shows a very similar 

pattern (Figure 3-5). Thus, allocated water permit data show a strong correlation with PLAND 
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Crop (irrigated) (r = 0.93, p < 0.00) and LPI Crop (irrigated) (r = 0.89, p < 0.00), which have 

been identified by the PLSR as major stressors on dry season flows in the catchment.  

Table 3-8: Partial Least Square Regression for dry and wet season flows 

 
Wet season flow   Dry season flow 

 VIP Coefficients Component 1   VIP Coefficients Component 1 Component 2 

CV seasonal Rainfall 0.94 -0.004 -0.27           

ET 0.93 -0.004 -0.33 
     

Start of Rains 0.96 0.004 0.40 
     

PLAND Reservoirs 1.09 -0.005 -0.42 
     

PD Reservoirs 1.02 -0.004 -0.40 
     

LPI Forest 1.00 0.004 0.40 
     

LPI Reservoirs 1.04 -0.004 -0.42 
     

         
Rainfall Intensity 

    
0.95 0.017 0.16 0.91 

PLAND Crop (irrigated) 
    

0.95 -0.006 -0.58 0.30 

LPI Scrubland 
    

0.98 -0.008 -0.58 0.27 

LPI Crop (irrigated)         1.11 -0.011 -0.61 0.10 

CV (Coefficient of variation), ET (Evapotranspiration), PLAND (Percentage of Landscape), (PD (Patch Density), 

LPI (Largest Patch Index). Loading weights in bold are significant (>0.3) on the components 

3.4.3.3. Date of one-day maximum flows 

The model for date of one-day maximum flows had one component explaining 82.80 % of the 

variance in the predictors. The R2 was 0.83 while the cross validation R2 was 0.44. The results 

indicate that the tendency towards early date of one-day maximum flow is explained mainly 

by climatic conditions involving higher rainfall intensities (rainfall intensity) and the earlier 

onset of rains (start of rains) (Table 3-9). The results further indicate that larger forest patches 

(larger LPI Forest) are associated with the delay in the timing of one-day maximum flow. 
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The results are expected as higher rainfall intensities promote quicker concentration of surface 

runoff on the landscape, which could contribute to early occurrence of maximum river flows. 

In contrast, increasing the size of forest patches (larger LPI Forest) in the landscape promotes 

infiltration and slows the movement of surface runoff. Hence the positive effect of larger forest 

patches (LPI Forest), which explains delay in the date of one-day maximum flows. However, 

the LPI of forest in the catchment has undergone a rapid decline over the years as observed in 

Figure 3-7. Hence, high rainfall intensities and decreasing dominance of forest patches (LPI 

Forest) are among the underlying factors explaining reduced infiltration opportunities in the 

catchment, and thus a tendency towards an earlier date (earlier day of the year value for one-

day maximum flows) of maximum flow. 

Table 3-9: Partial Least Square Regression for date of one-day minimum and maximum flows 

  Date of 1-day maximum flow   Date of 1-day minimum flow 

Variable VIP Coefficients Component 1   VIP Coefficients Component 1 

Rainfall Intensity 0.91 -16.84 -0.53 
    

Start of Rains 1.08 20.08 0.59 
    

LPI Forest 1.01 18.74 0.61 
    

        
CV seasonal Rainfall 

    
1.23 -17.38 -0.57 

PLAND Reservoirs 
    

0.87 -12.26 -0.58 

LPI Forest         0.86 12.26 0.61 

CV (Coefficient of variation), PLAND (Percentage of Landscape), LPI (Largest Patch Index). Loading weights 

in bold are significant (>0.3) on the components 

3.4.3.4. Date of one-day minimum flows 

Although the trend in the date of one-day minimum flows was not statistically significant, it 

was important to investigate the factors that could explain its variability. The PLSR results for 

the timing of extreme low flows are given in Table 3-9. The model had one component 
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explaining 77% of the variance in the predictors. The R2 was 0.72 and the cross validated R2 

was 0.40. Seasonal climatic factors involving higher variability of rainfall events (CV seasonal 

rainfall) and landscape metrics involving the percentage of reservoirs (PLAND Reservoirs) are 

associated with an early date of minimum flow. Again, the size of forest patches had a positive 

effect on the date of minimum flow. The results reaffirm that increasing the size of forest 

patches (larger LPI Forest) could promote baseflow, and thus delay the day of the year on 

which the minimum flow occurs. Delaying the date on which one-day minimum river flow 

occurs in the season has positive water availability implications.  

3.4.3.5 Landscape configuration (patchiness) versus percentage of landscape 

composition of cover type 

From Tables 3-8 and 3-9, it can be observed that the important factors explaining the seasonal 

water availability are dominated by landscape metrics related to the patchiness of cover type 

in the landscape. The importance of patchiness over the percentage of cover type metrics can 

further be inferred from the relatively higher Variable Importance in Projection (VIP) values 

for the patchiness metrics. In PLSR, variables with higher VIPs and coefficients are the most 

important in explaining the variations in the response variable (Farrés et al., 2015). But overall, 

the landscape-based metrics dominated the climate-based ones in the PLSR models especially 

for wet and dry season flows. 

3.4.3.6 Seasonal climate and weather extremes versus seasonal (annual) rainfall totals 

Based on the important variables explaining seasonal water availability in Tables 3-8 and Table 

3-9, the most important climatic variables are related to seasonal climate and weather extremes. 

The annual rainfall and temperature totals had lower VIPs which were not significant, hence 
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not part of the selected models/variables in Tables 3-8 and 3-9. This indicates that in the case 

study region, changes in climatic extremes, particularly rainfall intensity and variability, dry 

spell length and the onset and cessation of rains are more important. A given year can still 

record more than normal rainfall, but still result in less water availability, if the rainy season is 

characterised by longer dry spells or early cessation of rains.  

The findings are consistent with Mulenga et al. (2017), who observed that there was a 

contradiction between farmers experiences of climate change effects and the results that 

indicate no trends in rainfall in southern Zambia where the study area is located. This is because 

trend analysis is usually done based on annual rainfall totals. Similarly, the seasonal forecast 

from Zambia Meteorological department merely focus on qualitative predictions such as 

normal, below normal, or above normal rainfall, and hardly focus on rainfall extremes such as 

dry spells and intensities. As such, farmers tend to report crop failures despite authorities 

describing a particular season as characterised by normal or above normal rainfall. 

3.4.4. The landscape hydrology approach and implications for sustainable water resource 

management  

Using the landscape hydrology approach, this study identified the climatic and landscape 

patterns important for informing water resource interventions in a heterogeneous intensively 

managed semi-arid catchment landscape. The climatic stressors were mainly associated with 

seasonal rainfall characteristics involving the start of rains, intensity, and variability in the 

season, and ET. These together with landscape metrics, particularly reservoir and irrigated 

agriculture-based expansions, explained much of the observed hydrological variability and 

declining seasonal water availability in the catchment.  
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Seasonal rainfall characteristics were more important in explaining hydrological patterns than 

rainfall totals as the former influence landscape hydrological processes of surface runoff 

generation, infiltration, soil moisture and ET dynamics. Given that most studies in southern 

African indicate non-significant increasing or decreasing trends in annual rainfall totals 

(Kusangaya et al., 2014, Mubanga and Umar, 2014, Taye et al., 2015), this study argues that it 

is in fact the changing seasonal rainfall distribution that must be of concern for water resources 

management in the region. An improved understanding of trends in seasonal rainfall 

characteristics such as its intensity, variability and dry spell lengths could be even more 

important than annual rainfall trends for developing resilience in semi-arid areas.  

The findings suggest that increasing the size of forest patches could offset the negative effect 

of increasing rainfall intensities and dry spell lengths by helping in flood mitigation through 

delaying the occurrence of peak river flows and supporting dry season river flows by delaying 

the date of one-day minimum flow. Larger forest patches can thus be a nature-based solution 

to promote infiltration and baseflow. The study thus recommends increasing the percentage of 

forest area by promoting larger forest patches in the catchment to benefit both wet and dry 

season river flows.  

Reforestation could be achieved through farmer-assisted natural regeneration of scrubland and 

abandoned rainfed agricultural land (Akinnifesi, 2018, Ndeso-Atanga, 2018) as the majority of 

the catchment landscape is controlled by farmers and the corporate sector. The miombo 

woodland which is dominant in the catchment has a good coppicing and natural regeneration 

potential (Luoga et al., 2004, Syampungani, 2009, Handavu et al., 2011).  

Zambia’s Forest Act No. 4 of 2015 (Forest Act, 2015) provides an opportunity for farmers and 

the corporate sector to own forests and thus diversify their income sources through private 
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forests. Farmers can earn additional revenues from non-timber forest products like mushrooms, 

honey (bee-keeping) and carbon credits while protecting and enhancing water availability for 

their agricultural produce. Mfune (2018) proposes the formation of forest cooperatives that can 

assist in increase the volumes of forest produce from individual farmers (forest patches) and 

enhance the negotiation power so that farmers can get the most out of their forest practices. 

This diversification could also buffer the farmers against climatic shocks that may affect their 

agricultural production.  

Irrigated agriculture was an important variable explaining reduced water availability, 

especially during the dry season. This is due to increased abstractions and increasing ET 

(mainly due to increasing temperature) as shown in the results. In this regard, irrigated 

agriculture in the catchment should move towards more efficient systems and management 

practices, as well as high value crops farmed on less land.  

Overall, it was notable from the research findings that landscape configuration patterns 

especially with respect to consolidated patches of a particular landcover type appeared to be 

more important in explaining hydrological dynamics. This has important implications on 

understanding the climatic-landscape-hydrological interactions under a changing environment 

given that most hydrological models rarely explicitly consider the patchiness of cover in the 

way they are structured. Even though parameter calibration may make up for this, in most cases 

it doesn’t, and may thus constitute another source of uncertainty with the hydrological models. 

3.4.5 Study limitations and recommendations for future research 

The potential effects of different land covers on infiltration and baseflow/groundwater 

contributions could not be investigated. Future studies and further application of the landscape 
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hydrology methodology developed in this study could thus quantify and use the baseflow index 

and water yield (streamflow/rainfall) as part of the hydrological indices. This would better 

assess the potential effects of forest/land use changes on infiltration and groundwater recharge 

in the catchment. This could also be extended to assessment of green water stocks such as soil 

moisture, where long term data is available.  

3.5 Conclusions 

A landscape hydrology approach was successfully applied without hydrological modelling in 

a highly managed heterogeneous catchment landscape. The approach was able to detect 

stressors from among the landscape components and inform water resource management 

interventions at a landscape scale. Significant increasing trends in seasonal climatic 

characteristics of ET, one-day maximum rainfall, CV of daily rainfall, and maximum dry spell 

length have occurred in the Kaleya River Catchment over 1975–2011 but not in total annual 

rainfall. In contrast, both the onset and cessation of rains show a trend towards earlier onset 

and cessation even though the latter was not significant. Both dry and wet season flows show 

declining trends, but only the former is significant.  

Based on landscape composition metrics, the study concludes that there has been a dramatic 

decline in forested land, expansion of irrigated cropland mainly from land previously used for 

rainfed agriculture. There has also been increase in reservoirs and the catchment landscape is 

more fragmented in recent years.  

The major climatic stressors on seasonal water availability are all associated with increasing 

ET and seasonal rainfall characteristics namely: increasing variability of rainfall, dry spell 

length and rainfall intensities. In this regard, water resource interventions in the region must 

adapt more to the changing seasonal climatic characteristics than annual totals. On the 
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landscape side, the major stressors on water availability are the increasing percentage of 

reservoirs and irrigated cropland, increase in the sizes (patch metrics) of reservoirs and irrigated 

crop fields and increased density of reservoirs. Of these, the patchiness of a cover type metrics 

dominated the percentage of cover type metrics in explaining water availability.  

It is recommended that more efficient agricultural water use and farmer-assisted natural 

regeneration of forest patches towards larger forest patch sizes is needed to enhance landscape 

hydrological processes that improve seasonal water availability. The approach in this study can 

be applied to other catchments where no major gaps exist in the time series data on climate and 

hydrology, and where good quality temporal landcover data is available.  

In summary, chapter three focused on the climatic-landscape-hydrological interactions 

of the past, utilising historical observed climate, discharge, and satellite imagery (Figure 3-8). 

To assess the present interactions and major streamflow sources, another technique with better 

strength in assessing the present water use dynamics and their implications on streamflow was 

required. For example, in the absence of observed records on irrigation return flows, and 

wastewater, tracer-based techniques are required. Hence Chapter four builds on Chapter three 

to quantify streamflow sources in the present era of agricultural intensification.  



 

78 

 

 

Figure 3-8: Analytical framework showing the focus for chapter three 
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Chapter 4 

Quantifying streamflow sources to improve water allocation management in a 

catchment undergoing agricultural intensification 

This chapter is an edited version of: 

CHISOLA, M. N., VAN DER LAAN, M. & BUTLER, M. J. 2022. Quantifying streamflow 

sources to improve water allocation management in a catchment undergoing agricultural 

intensification. Physics and Chemistry of the Earth, Parts A/B/C, 128, 103227. 

https://doi.org/10.1016/j.pce.2022.103227  

 

Abstract 

Changes in streamflow contributing sources in semi-arid catchments undergoing 

agricultural intensification are often poorly understood. As a result, pathways to increase 

resilience to environmental change are not well established. Mixing model analysis using 

stable water isotopes and hydro-chemical tracers was applied to evaluate streamflow 

sources in the Kaleya Catchment, Zambia. Results showed that strong agricultural 

intensification signal influenced streamflow sources in time and space. In the rainy 

season, streamflow mainly originated from stormwater runoff from non-irrigated areas 

(43 ± 13) %, the perennial spring (39 ± 21) % and stormwater runoff from the irrigated 

areas (18 ± 17) %. But in the dry season, the spring (65 ± 15) % and irrigation return 

flows (35 ± 15) % became the important upstream sources, while downstream sources 

were irrigation return flows (73 ± 15) % and wastewater containing vinasse (27 ± 15) %, 

https://doi.org/10.1016/j.pce.2022.103227


 

80 

 

both associated with water originally transferred from the adjacent Kafue River. Given 

the current importance of irrigation return flows to downstream users including 

ecosystems, social cooperate responsibility and/or water markets must help to improve 

irrigation efficiency while simultaneously ensuring downstream flows are maintained.  

Keywords: end member mixing analysis; intra-basin transfer water; Kaleya Catchment; 

stable water isotopes; wastewater; return flow 

4.1 Introduction  

Semi-arid areas, such as most parts of southern Africa, experience a climate characterised by 

distinct rainy and dry seasons. Climate change is resulting in an increased frequency of extreme 

events (droughts and floods) and higher rainfall intensities (Chisola et al., 2020, Nhemachena 

et al., 2020). Rainfall often only occurs for four to five months, so the dry season is relatively 

longer, placing pressure on water and food security. Irrigated agriculture intensification is often 

adopted in the region to increase agricultural productivity and grow export quality produce 

(Nhamo et al. 2019, Nhemachena et al. 2020, Hamududu and Ngoma 2020, Akayombokwa et 

al. 2017).  

Given that most rivers and streams in meso-scale catchments are intermittent and ephemeral 

(Magand et al., 2020, Belemtougri et al., 2021, Fovet et al., 2021), irrigation often depends on 

groundwater abstractions, small dams, springs, and inter- and intra-basin water transfer 

schemes. Along with deforestation caused by the clearing of large tracts of land for agricultural 

expansion (German et al., 2020), these hydrological modifications alter the dominant runoff 

generation processes and streamflow sources. In many cases, this has left both water and food 

availability vulnerable to climatic variability and change (Misra 2014). Often there is a call to 
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increase irrigation efficiency by reducing water ‘losses’, without properly understanding the 

fate of the return flows.  

The water accounting concept recognises that while irrigation return flows may constitute 

water loss at the scale of water application, they are not necessarily losses at a river catchment 

scale as they may be recovered by downstream users and the riverine environment (Perry, 2007, 

Perry et al., 2009, Dumont et al., 2013). Case studies have highlighted the risk to downstream 

water availability that could arise with increased irrigation efficiency (Dumont et al., 2013, 

Loch and Adamson, 2015). The ‘rebound effect’ can occur when initial water savings are used 

to expand irrigated areas at the expense of the environment and other downstream users. 

Addressing this issue does not justify excessive irrigation but provides a framework to ensure 

that the pursuit of water conservation does not create negative externalities on downstream 

flows.  

Understanding streamflow sources in time and space can lead to improved management of such 

catchments leading to their increased resilience to environmental change (Uhlenbrook et al., 

2004). Unfortunately, the streamflow gauge networks needed to derive information on 

streamflow source dynamics tends to be sparse, especially in developing countries (Uhlenbrook 

et al., 2004). Tracer-based techniques such as the mixing models (Sklash et al., 1976) and End 

Member Mixing Analysis (EMMA) (Christophersen et al., 1990, Hooper et al., 1990, Hooper, 

2003) are then essential to fill data gaps.  

The application of mixing models and EMMA for process understanding in dry climates has 

gained momentum in recent years (Burns, 2002, Rahman et al., 2015). However, several 

research questions requiring the use of these tracer-based techniques in meso-scale catchments 

undergoing agricultural intensification remain. While rainfall-runoff processes are important 
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in the rainy season, inter-basin water transfers and irrigation dynamics can play an important 

role in the dry season. Also, wastewater from urbanising areas often tends to be discharged into 

the same drainage systems meant for irrigation and storm water management, especially in 

developing countries (Tanji and Kielen 2002). Under these circumstances, the assumptions for 

tracer-based techniques, such as the need for tracer concentration to remain unchanged in space 

and time, may fail to be met (Sklash and Farvolden 1979, Hooper et al. 1990).  

This study applied these tracer-based techniques spatially and seasonally to investigate 

streamflow source dynamics in the water-stressed Kaleya Catchment in Zambia. The specific 

objectives were to (1) to investigate the dominant streamflow sources in the catchment in both 

the rainy and dry seasons, and (2) assess the effects that the elimination of irrigation return 

flows could have on downstream flows.  

4.2 Water use and agricultural intensification in the Kaleya River Catchment 

Irrigated agriculture has been practiced in the catchment since the beginning of the 1970s. 

Commercial sugarcane (Saccharum officinarum L.) estates in the downstream parts of the 

catchment were developed to increase sugar production for export to European markets 

(Akayombokwa et al. 2017). The irrigated area and the number of dams has continued to 

increase in response to unreliable rainfall (Chapter three) and the need to increase income 

generation (Akayombokwa et al. 2017; Chisola et al. 2020).  

Irrigation in the upper and middle Kaleya Catchment depends on water from within the 

catchment and has led to declining dry season flows in this part of the catchment (Chisola et 

al., 2020) as shown by Chapter three. The sugarcane estates in the downstream part of the 

catchment are irrigated using intra-basin transfer water (IBTW) from the Kafue River. The total 

irrigated area under IBWT is about 9,857 ha (Figure 4-1). The Nakambala Sugar Estate (NSE) 
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supplies the IBTW directly to their estates and those under their out-grower scheme called the 

Kaleya Smallholder Company Limited (KASCOL). The water is first stored in small night 

storage reservoirs within the estates from which it is later channelled to irrigation canals for 

flood irrigation by siphoning from the canals (Akayombokwa et al., 2017). Any return flows 

end up in the lower Kaleya River. Consequently, the lower Kaleya River is always flowing 

despite the dry middle Kaleya.  

The vinasse from the brewing of local beer called Kachasu using sugarcane molasses in the 

neighbouring ‘Kaleya station’ township (an informal settlement) is dumped into some of the 

irrigation drainage canals and reservoirs/ponds. This vinasse mixes with water 

leaking/overflowing from the irrigation system, forming wastewater. The wastewater also 

eventually drains into the Kaleya River. Water for domestic use is often from a few boreholes 

in the area as well as shallow hand dug wells. Pit latrines are common due to the absence of a 

water supply and sewerage network within the settlement. Understanding the prevailing 

dominant streamflow contributing sources is required to inform integrated land and water 

management for increased resilience of the river system.  



 

84 

 

 

Figure 4-1: Study area with water sample locations  

 

4.3 Materials and methods 

4.3.1 Water sampling 

Water sampling was informed by the findings from chapter three that highlighted the high 

spatial and temporal patterns of heterogeneity in the catchment. Water samples were collected 

between August 2019 and March 2020, covering the middle and peak of the dry and rainy 

seasons, respectively. In each season, each point was sampled at least twice, except for a few 
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areas where water was found to have dried during a later sampling campaign in the dry season. 

Grab samples were collected from flowing water of the Kaleya and Kafue rivers, and at 

strategic points within the Kaleya Catchment upstream, and downstream (Figure 4-1 and Table 

4-1).  

Table 4-1: Sampling sites and samples 

Sampling sources 

 

End member representation 

Number 

of sites 

Number 

of Rainy 

season 

samples 

Number of 

Dry season 

samples 

Total 

number 

of 

samples 

Perennial spring at river source 

 

Spring  

 

1 3 2 

 

5 

Boreholes irrigated areas 

 

Groundwater (irrigated areas) 

 

2 6 3 

 

9 

Boreholes non irrigated areas 

 

Groundwater (non-irrigated areas) 

 

2 4 5 

 

9 

Shallow wells (in irrigated areas) 

 

Return flow via subsurface  

 

2 4 4 

 

8 

Kaleya River  

 

Streamflow 

 

5 11 9 

 

20 

Rain/ runoff from irrigated and non-irrigated areas 

 

Stormwater runoff 

 

2 6 0 

 

6 

Irrigation canals  

 

Return flow via surface flow 

 

2 2 3 

 

5 

Drainage with wastewater  

 

Wastewater 

 

1 2 2 

 

4 

Kafue River at pumping site for intra-basin water transfer 

 

Intra-basin water transfer 

 

1 2 2 

 

4 

Total 

  

18 40 30 
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Samples for tritium (3H) analysis were collected from the spring as well as a groundwater 

borehole located in the upper catchment approximately 500 m downstream from the spring. 

Samples for stable water isotopes (δ 2H and δ 18O) were sealed in 100ml polythene bottles, 
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while those for physical-chemical parameters (Ca2+, Mg2+, Na+, K+, Cl-1, and SO4
2-) were 

sealed in 1000ml polythene bottles. All samples were refrigerated for preservation. The EC, 

pH and water temperature were measured in situ using the Hanna multi-parameter meter 

(model: HI 9829, Hanna Instruments, Woonsocket, USA). 

For streamflow, some sampling sites were located at the existing gauge stations (‘Damsite’, 

‘Water valley’, ‘Road bridge’ and ‘Healys estate weir’) (Figure 4-1) to enable simultaneous 

recording of discharge during the time of sampling. Additionally, daily historical discharge 

data were obtained from 1975 - 2020 from the Water Resources Management Authority 

(WARMA) in Zambia. However, it had huge data gaps from 2011 - 2020. Two simple farm 

rain gauges were installed upstream and downstream in the catchment for rainwater sampling 

and measurement. For rainfall, samples were collected for each event, stored in the fridge and 

the total amount of water caught from various events was lumped together into one bottle to 

get a seasonal representative sample for each of the two rain gauge sites (one upstream, and 

one downstream).  

The concentration of naturally occurring stable water isotopes and dissolved ions in these 

potential sources of streamflow tends to be different (Appendix 4-1 and Appendix 4-2). For 

example, irrigation return flows tends to have heavier stable water isotopes and higher 

concentration of ions than irrigation water. This is due to evaporation associated with irrigation 

as lighter isotopes are preferentially evaporated leaving behind heavier ones. In this regard, 

tracers involving stable water isotopes [deuterium (δ 2H) and oxygen-18 (δ 18O)] and physical-

chemical parameters [calcium (Ca2+), magnesium (Mg2+), sodium (Na+), potassium (K+), 

chloride (Cl-1), and sulphates (SO42-)] including Electrical conductivity (EC) which have 
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commonly been used in areas facing agricultural intensification were adopted (Simpson and 

Herczeg 1991, Kattan 2008, Barros et al. 2012, Vallet-Coulomb et al. 2017).   

4.3.2 Laboratory analysis  

Physical-chemical parameters were analysed at the Environmental Engineering Laboratory of 

the University of Zambia, in Lusaka, Zambia, using standard procedures for water quality 

analysis. Samples for δ 2H, δ 18O and δ 3H were analysed by the Environmental Isotope 

Laboratory at the iThemba LABS in Johannesburg, South Africa. For stable water isotopes, the 

samples were analysed using the Liquid Water Isotope Analyser [Model: LWIA-45-EP, Los 

Gatos Research (LGR), Mountain View, California, USA]. The isotope ratios were expressed 

in the delta-notation based on the formula: 

     (4-1) 

which also applies to δ 2H (2H/1H). The delta values were expressed as per mil deviation relative 

to the standard mean ocean water (SMOW) for δ 18O and δ 2H. The analytical precision was 

0.5‰ for δ 18O and 1.5‰ for δ 2H. The samples for δ 3H were enriched by electrolysis and 

analysed on the Packard Tri-Carb 3170TR/SL Liquid Scintillation Counter. The detection limit 

for enriched samples was 0.2 Tritium Units (TU).  

4.3.3 Data analysis 

Both mixing model analysis  (Sklash et al., 1976, Phillips and Gregg, 2001) and End Member 

Mixing Analysis (EMMA) (Christophersen and Hooper, 1992) were used in this study. The 

first step involved the determination of potential end members (streamflow sources) using 
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EMMA. The EMMA used more tracers to generate mixing diagrams that were used to identify 

streamflow sources (referred to as end members) from the wide variety of potential streamflow 

sources that were sampled. All the sampled endmembers were tried, but only the feasible ones 

were taken to the next stage and thus presented. The details on how this was done are given 

under section 4.3.3.1.  

Once the end members were identified by EMMA, the second step used the mixing model 

analysis (mass balance analysis) to estimate streamflow contributions of the identified end 

members and the uncertainty ranges. The basis for considering uncertainties when computing 

mixing ratios is that the end members are usually not perfectly known. Even if the EMMA 

procedure identified the potential end members, their contributions to streamflow are highly 

variable in time and space especially in meso-scale semi-arid areas undergoing agricultural 

intensification (Carrera et al., 2004). Thus, the two approaches were used in a complementary 

way where EMMA identified the potential streamflow sources, while mixing model analysis 

quantified the mixing ratios of the streamflow sources and their uncertainties.  The two 

approaches are further described in the following sections. 

 

4.3.3.1 End Member Mixing Analysis (EMMA) 

4.3.3.1.1 Bivariate and multivariate analysis of streamflow data 

As a first step in EMMA, stable water isotopes (δ 2H and δ 18O) and solutes (Ca2+, Mg2+, Na+, 

K+, Cl-1, and SO4
2-) were examined for conservative behaviour as conservative tracers are 

required for EMMA. Based on Hooper (2003), the simplest approach for identifying 

conservative tracers is by using bivariate scatter plots. Bivariate tracer versus tracer plots were 
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thus constructed for all solutes and stable water isotopes (Figure 4-2). The solutes and isotopes 

that displayed the best linear fits (p < 0.01) were chosen as tracers for EMMA (Hooper, 2003, 

James and Roulet, 2006, Correa et al., 2017).  

The second step in EMMA involved determination of the dimensionality of the hydrological 

system through Principal Component Analysis (PCA), using the observed streamflow data for 

all the conservative tracers (δ 2H, δ 18O, EC, Na+, and Cl-). This allowed for reducing the 

dimension of the data by determining the number of significant principal components to retain 

using eigenvalue analysis. As a requirement for EMMA, the number of principal components 

whose eigenvalues ≥ 1, and or the number of components which cumulatively explained at 

least 90% of the variability in the observed streamflow data (δ 2H, δ 18O, EC, Na+, and Cl-) 

were retained (Christophersen and Hooper, 1992, Correa et al., 2017). The number of 

significant components was then used to determine the number of end members (streamflow 

sources) needed to explain streamflow sources (Christophersen and Hooper, 1992; Correa et 

al., 2017). Thus, based on the Rule of One (Joreskog et al. 1976), the number of end members 

(streamflow sources) contributing to streamflow was determined as the number of principal 

components retained, plus one. 

4.3.3.1.2 Mixing diagrams 

Having determined the number of end members through the PCA process, the final step was to 

identify the relevant end members. When observed data for all tracers is projected in the mixing 

sub space formed by the two principal components, the extreme points of the observed data 

that enclose the rest of the data when connected by mixing lines is what is referred to as end 

members (Christophersen and Hooper, 1992). Theoretically, end members are considered as 

sources of water that could have mixed to contribute to the observed streamflow, and thus 
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together explain 100% of the enclosed streamflow data in a mixing diagram (Correa et al., 

2017). That is, end members and principal components (principal axes) are two different things.   

Thus, the mixing diagrams were constructed using the EMMA.xls spreadsheet program 

(Hooper, 2015). The standardised streamflow data for δ 2H, δ 18O, EC, Na+ and Cl- were 

projected into a U-mixing space (Christophersen and Hooper, 1992), a lower dimensional space 

defined by PCA that describes the variability of the data (Christophersen and Hooper, 1992). 

The medians of all the potential end members were then orthogonally projected into the mixing 

subspaces of stream water samples defined by PCA.  

For a three-end model, streamflow data that plotted within the triangle formed by the three end 

members was attributed to those end members. The streamflow data that was not enclosed by 

the mixing triangle were taken as resulting from other sources not accounted for in the model 

(Christophersen and Hooper, 1992, Pelizardi et al., 2017). For the two-end member model, 

streamflow values that plotted on or close to the mixing line were attributed to the respective 

end-end members (streamflow sources) forming the mixing line (Christophersen and Hooper, 

1992, Pelizardi et al., 2017).  

4.3.3.2 Mixing model analysis for computation of mixing ratios 

Having determined the potential end members from the mixing diagrams, the proportion 

contributed by each end member and the associated uncertainties were determined using mass 

balance analysis. For this, the IsoError.xls spreadsheet program (Phillips and Gregg, 2001) was 

used. According to the mixing model theory, streamflow sample values are a linear mixture of 

the proportions of end members that form a convex polygon, where these proportions are not 
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negative and sum up to 1. Therefore, for a three-end member mixing model, the following mass 

balance equations can be evaluated (Phillips and Gregg, 2001): 

𝛿𝐽𝑀 = 𝑓𝐴𝛿𝐽𝐴  + 𝑓𝐵𝛿𝐽𝐵 + 𝑓𝑐𝛿𝐽𝐶    (4-2) 

𝛿𝐿𝑀 = 𝑓𝐴𝛿𝐿𝐴  +  𝑓𝐵𝛿𝐿𝐵 + 𝑓𝑐𝛿𝐿𝐶                                            (4-3) 

𝑓𝐴  +  𝑓𝐵 + 𝑓𝑐 = 1                                                              (4-4) 

where, 𝛿𝐽 𝑎𝑛𝑑 𝛿𝐿  are the mean concentrations of any two different tracers (isotopic or hydro-

chemical) in the streamflow mixture M. The subscripts A, B and C are the respective streamflow 

sources and 𝑓 is the mean proportion contributed by each end member (streamflow source) to 

the streamflow mixture. These proportions are quantified as follows: 

𝑓𝐴  =  
(𝛿𝐿𝐶 −𝛿𝐿𝐵)(𝛿𝐽𝑀 − 𝛿𝐽𝐵) − ( 𝛿𝐽𝐶 − 𝛿𝐽𝐵) ( 𝛿𝐿𝑀 − 𝛿𝐿𝐵)

(𝛿𝐿𝐶 − 𝛿𝐿𝐵)(𝛿𝐽𝐴 − 𝛿𝐽𝐵) − ( 𝛿𝐽𝐶 − 𝛿𝐽𝐵) ( 𝛿𝐿𝐴 − 𝛿𝐿𝐵)
                     (4-5) 

𝑓𝐵  =  
(𝛿𝐽𝑀 −𝛿𝐽𝐶) − (𝛿𝐽𝐴 − 𝛿𝐽𝐶) 𝑓𝐴

𝛿𝐽𝐵 − 𝛿𝐽𝐶 
                                          (4-6) 

𝑓𝑐 =  1 − 𝑓𝐴  −  𝑓𝐵                                                             (4-7) 

 

Similarly, a two-end member mixing model can be evaluated using the mass balance equation 

(Phillips and Gregg, 2001): 

𝛿𝐾𝑀 =  𝑓𝐴 𝛿𝐾𝐴 − 𝑓𝐵𝛿𝐾𝐵                                                     (4-8) 

 𝑓𝐴 + 𝑓𝐵 = 1                                                                   (4-9) 
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where, 𝛿𝐾  is the mean concentration of any tracer used, and the subscripts A and B are the 

respective streamflow sources. The 𝑓 is the mean proportion contributed by an end member 

(streamflow source) to the streamflow mixture M and is computed as follows: 

𝑓𝐴  =  
𝛿𝐾𝑀 −𝛿𝐾𝐵 

𝛿𝐾𝐴 − 𝛿𝐾𝐵 
                                                             (4-10) 

𝑓𝐵 =  1 − 𝑓𝐴                                                                   (4-11) 

Details on how the variances and confidence intervals are calculated can be found in Phillips 

and Gregg (2001). Only those end member combinations that fulfilled the mixing model theory 

by not having negative contributions were accepted as being hydrologically plausible. 

4.3.3.3 Inferring the volume of irrigation return flows from mixing model analysis 

The mixing model analysis quantifies the contribution of each end member in terms of 

proportions. To obtain the volume of irrigation return flow in the lower Kaleya River, it was 

necessary to link discharge with the proportion of irrigation return flows in streamflow as 

determined by mixing model analysis (Equation 4-8 to 4-11), using Equation 4-12. 

 

𝐼𝑅𝐹  =  𝐼𝑅𝐹 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑚𝑖𝑥𝑖𝑛𝑔 𝑚𝑜𝑑𝑒𝑙 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑥 𝑄            (4-12) 

where, 𝐼𝑅𝐹  𝑖𝑠 𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑡𝑢𝑟𝑛 𝑓𝑙𝑜𝑤 𝑎𝑛𝑑 𝑄 is the average measured discharge of the 

downstream Kaleya River at Healy’s estate weir gauge station.  

Some of the IBTW bypasses irrigation through leakages and overflow from the system 

(reservoirs and canals). This water mixes with discharges from the factory and vinasse often 
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dumped into the Kaleya drainage canal by the Kaleya community, thereby forming wastewater 

(Alsterhag and Petersson, 2004), as earlier discussed. The domestic waste from sewers is still 

negligible and difficult to account for as many households use pitlanes due to the absence of a 

formalised sewerage system in the area. Therefore, wastewater in this study refers to the IBTW 

water that bypasses irrigation through leakages and overflow from the irrigation transfer system 

(reservoirs and canals), mixing with water from the factory as it flows towards the Kaleya 

River, and carrying along with it the vinasse disposed into the canals by the Kaleya community. 

The proportion of this wastewater in streamflow of the downstream Kaleya, was estimated 

using: 

𝑊𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 = 𝑊𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑚𝑖𝑥𝑖𝑛𝑔 𝑚𝑜𝑑𝑒𝑙 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑥 𝑄   (4-13) 

4.3.3.4 Inferring age of water discharging from the spring  

Tritium (3H) was used to infer whether the recharge from the upstream spring is from recent 

precipitation or old recharge. This would assist in informing measures for sustained recharge. 

For this determination, 3H was used. The sampling and laboratory analysis was as described 

under section 4.3.1 and section 4.3.2. 

4.4 Results and analysis 

4.4.1 Bivariate analysis  

Bivariate tracer versus tracer plots showed that there was a strong positive relationship between 

δ 2H and δ 18O and between Na+ and Cl- (Figure 4-2). Electrical conductivity also showed a 

relatively good relationship with stable water isotopes. Other ions such as Ca2+, Mg2+, and 

SO4
2- had weaker correlations (Figure 4-2) with other potential tracers, hence were taken to 
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have failed the conservative behaviour criteria required for EMMA. The five tracers δ 2H, δ 

18O, EC, Na+ and Cl- were therefore retained for further analysis with EMMA and the mixing 

model as they showed some linear patterns in the biplots, which suggested their conservative 

behaviour. Additionally, these are among the elements most used as tracers in scholarly 

literature (Abiye et al., 2015; Camacho et al., 2015; Kattan, 2008; Koeniger et al., 2020), hence 

their conservative behaviour was not unique to this study. 

   

Concentration (units differ) 

Figure 4-2: Bivariate solute plots of stream water chemistry in Kaleya catchment 

 

Results of the PCA showed that the first two components, together explained about 92% of the 

variance, with eigenvalues ≥ 1 (Table 4-2). The number of principal components whose 

eigenvalues ≥ 1, and or the number of components which cumulatively explain at least 90 % 

of the variability in the observed streamflow data are usually retained in EMMA 
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(Christophersen and Hooper, 1992, Hooper, 2003). Based on this criteria, two principal 

components were retained for rainy season flows, while only one principal component was 

retained for dry season flows.  

Table 4-2: Eigen analysis of the correlation matrix 

 PC1 PC2 PC3 PC4 PC5 

Eigenvalue 3.5960 0.9954 0.3972 0.0089 0.0026 

Proportion 0.719 0.199 0.079 0.002 0.001 

Cumulative 0.719 0.918 0.998 0.999 1.000 

 

Table 4-3 shows that the first component was heavily weighted by stable water isotopes 

indicating a rainfall-runoff input, while the second component was heavily weighted by hydro-

chemical tracers (EC, Na+ and Cl-) indicating an agricultural input (irrigation). Using the Rule 

of One (number of principal components retained plus one) (Joreskog et al. 1976), the results 

indicated that three end members (stream flows sources) would be needed to explain rainy 

season streamflow, while two end members would be required to account for dry season 

streamflow. The respective end members have been identified using mixing diagrams in 

Section 4.4.2. 

Table 4-3: Factor loadings on the principal component analysis 

Variable Principal component 1 Principal component 2 

deuterium  0.560 -0.439 

oxygen-18  0.579 -0.398 

Conductivity   0.420 0.567 

Sodium  0.447 0.510 

Chlorides   0.417 0.572 
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4.4.2 End member mixing diagrams 

From the mixing diagram in Figure 4-3, stormwater runoff from non-irrigated and irrigated 

areas respectively and the spring were the dominant sources of streamflow in the rainy season. 

The stormwater runoff from non-irrigated areas was characterised by a lower EC value (6 ± 3) 

mS m-1 compared to stormwater runoff from irrigated areas (EC of (99 ± 36) mS m-1) 

(Appendix 4-1). The stormwater runoff from irrigated areas in the downstream part was a 

mixture of stormwater from irrigated areas and wastewater. Hence, some rainy season upstream 

samples could not be enclosed in the mixing space of the three end members (Figure 4-3). 

Additionally, all the dry season flows upstream and downstream plotted outside the mixing 

space of the identified rainy season streamflow sources (Figure 4-3), indicating that these flows 

originate from different time and space variant sources in the catchment, which are identified 

in Figure 4-4. 

 

Figure 4-3: End member mixing diagram for rainy season flows (triangle) based on the 

first two principal components using all the conservative tracers.  
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Only two end members were needed to explain the dry season streamflow. Dry season flows 

upstream could be projected on the mixing line of the spring and the irrigation return flow end 

members (Figure 4-4). Hence, these were identified as upstream flow sources in the dry season. 

However, the downstream dry season streamflow was explained by completely different end 

members comprising of wastewater and irrigation return flows (Figure 4-4). The wastewater 

was the most enriched of all the end members in terms of the isotopic composition (δ 2H (-

17.63±1.9) ‰) and δ 18O (-1.3±0.4) ‰) and had a relatively low EC (22.5 ± 14.8) mS m-1. 

Additionally, the irrigation return flow in the downstream was associated with IBTW and thus 

differed in isotopic and hydro-chemical composition from the upstream irrigation return flow, 

where irrigation relied on water from within the catchment (Appendix 4-2 and Appendix 4-3).  

 

Figure 4-4: End member mixing diagrams for dry season flows (straight lines) based on 

the first two principal components using all the conservative tracers. 
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Compared to upstream, the IBTW associated return flow downstream, was more enriched in 

mean isotopic composition, δ 2H (-18.99 ± 0.5) ‰ and δ 18O (-2.34 ± 0.3) ‰. This is 

characteristic of the Kafue River water that is enriched in δ 2H (-19.7 ± 0.5) ‰ and δ 18O (-

2.63 ± 0.06) ‰. Hence, the similarity in isotopic composition was not surprising because 

irrigation water in the lower Kaleya River Catchment is obtained from the Kafue River through 

transfer using a 14 km earthen canal. However, there was a notable difference between the two 

in terms of other parameters, especially EC, which was about (76.2 ± 33.4) mS m-1 in return 

flows compared to (28.5 ± 2.5) mS m-1 in irrigation water.  

Since return flow upstream is associated with water from within the catchment, it had a 

relatively lighter isotopic composition, δ 2H (-24.90 ± 8.5) ‰ and δ 18O (-3.0 ± 1.6) ‰ 

compared to the IBTW based return flow downstream. This upstream return flow was more 

enriched in isotopic composition compared to the spring, δ 2H (-49.0 ± 0.5) ‰ and δ 18O (-7.48 

± 1.6) ‰, which contributes streamflow used for irrigation. Apart from streamflow, some of 

the irrigation water upstream, especially around the commercial farms, could be coming from 

groundwater, which had a similar isotopic composition as the spring, as well as similar EC 

(66.8 ± 11.5) mS m-1 for groundwater and (54.6 ± 11.5) mS m-1 for the spring. The return flow 

upstream was both through the surface and shallow subsurface, possibly due to the 

limestone/karst geology in the upper catchment. Shallow subsurface flow was observed in the 

Kaleya River below the earthen dam wall on the irrigated area (left bank side) at ‘Water valley’ 

road bridge. This return flow had high EC of up to 151.1 mS m-1.  
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3.3 Quantification of mixing ratios for streamflow sources during the rainy season 

The mass balance analysis based on the δ 18O and EC tracers (Figure 4-5) revealed that 

stormwater runoff from non-irrigated areas accounted for (43 ± 13) % of the rainy season 

streamflow, the spring accounted for (39 ± 21) %, while stormwater runoff from irrigated areas 

accounted for (18 ± 17) %. The results were similar even when the δ 18O and Cl-1 tracer 

combination was used, which estimated the contribution of stormwater runoff from non-

irrigated areas at (48 ± 19) %, the spring at (40 ± 18) %, and stormwater runoff from irrigated 

areas at (12 ± 9) % of rainy season streamflow.   

 

Figure 4-5: End member mixing diagram for rainy season flows based on the EC versus 

δ 18O tracers 
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The mixing diagram in Figure 4-5 shows that the stormwater runoff from irrigated areas end 

member plotted further away from the streamflow samples in the δ 18O and EC mixing space. 

Hence this end member had the lowest contribution to streamflow compared to other 

endmembers. Additionally, most of the upstream streamflow samples plotted along the ‘spring 

– stormwater runoff from non-irrigated areas’ mixing line. 

3.4 Quantification of mixing ratios of streamflow sources in the dry season 

Mass balance analysis for the one end member model using EC as a tracer revealed that in the 

dry season, the spring directly accounted for (65 ± 15) % of the upstream river flows, while 

(35 ± 15) % was associated with irrigation return flows. The water from the spring is 

intercepted by run-on-the river dams in the upper-middle catchment, leaving downstream 

reaches of the river in the middle-lower catchment dry (WWF, 2018a, Chisola et al., 2020, 

Sichingabula et al., 2020).  

The mass balance analysis (based on EC as a tracer) revealed that the downstream dry season 

flows are accounted for by IBTW irrigation return flows, which contributes about (73 ± 15) %, 

and wastewater, which contributes about (27 ± 15) %. The mixing of these end members in the 

δ 18O versus EC mixing space is indicated by the mixing line in Figure 4-6. The δ 18O tracer 

was also tested in the mass balance equation and yielded similar results, albeit with slightly 

larger uncertainty ranges.  

The average discharge in the lower Kaleya River as recorded at Healy’s weir (Figure 1) was 

0.66 m3 s-1 or 57,100 m3 day-1. Based on the mixing ratio results for downstream dry season 

flows, the IBTW irrigation return flow contribution was estimated at about (41,683 ± 8,565) 

m3 day-1. The wastewater accounted for about (15,417 ± 8,565) m3 day -1. 
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Figure 4-6: End member mixing diagrams for dry season flows based on the EC versus δ 
18O tracers 

 

Due to limited time series data at the catchment outlet and at Healy’s estate weir, discharge at 

the ‘Road bridge’ gauge station, upstream of Healy’s estate weir (Figure 4-1) was used to 

illustrate the varying importance of the rainfall (runoff) and agricultural input (irrigation return 

flow). The results were derived using the recorded discharge data at the ‘Road bridge’ gauge 

station and the mixing ratios of end members (from the mass balance analysis) during the study 

period. Figure 4-7 shows that the rainfall input was almost the same in magnitude as the 

irrigation return flow. But the importance of various streamflow sources changed in the rainy 

and dry seasons, with rainfall contributing to the rainy season and irrigation return flow to the 

dry season river flows. Sugarcane irrigation in the area mainly takes place in the dry season, 

hence there were negligible irrigation return flows in the rainy season.  
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Figure 4-7: Estimated contribution of streamflow sources to mean monthly flows at Road 

bridge gauge station in Kaleya Catchment using mixing model analysis 
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Since the spring was an important source of streamflow upstream in the rainy and dry seasons, 

ensuring sustained recharge in the face of environmental change is needed. Hence it was 

important to gain insights into the age of the spring water using tritium (3H), to infer whether 

this water is from recent or old recharge. Results revealed that the spring water had a 3H value 

of (1.2 ± 0.3) TU, while the groundwater borehole located 500 m downstream from the spring 

recorded (0.4 ± 0.2) TU.  
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Based on Clark and Fritz (1997), water with less than 0.8 TU is considered pre-modern (at least 

50 years old), while that with (0.8 – 4) TU could be considered as recent (from rainfall) mixed 

with old water. Based on this classification, it was determined that water from the spring is a 

mixture of recent and old recharge, while the groundwater downstream is predominantly old 

recharge. This was also corroborated by lower EC values (Appendix 4-4) for the spring (59.7 

mS m-1) compared to the groundwater (72.0 mS m-1). This slightly lower EC for the spring 

could be due to constant dilution of old water with the relatively new water from rainfall. The 

results imply that the spring would be affected by climate and land use change effects much 

earlier than groundwater downstream. Measures are needed to ensure sustained recharge in the 

face of environmental change. 

4.5 Discussion 

4.5.1 Dominant streamflow sources 

Given that most rivers and streams in meso-scale catchments are intermittent and ephemeral, 

the importance of direct runoff and the spring as natural sources of streamflow observed in this 

study corroborate those from other semi-arid areas in the southern Africa (Camacho et al., 

2015, Mokua et al., 2020). The results also highlighted the effects of increased human 

activities, particularly irrigation intensification, in creating spatial – temporal differences in 

streamflow sources in the catchment. As such, the spring is no longer an important streamflow 

source downstream during low flow conditions due to the diminished hydrological connectivity 

caused by dams on the main river channel in the middle catchment (WWF, 2018a, Chisola et 

al., 2020, Sichingabula et al., 2020).  

In the two years of monitoring in this study (2019 – 2020), sampling proved difficult in the 

middle catchment area as only pools of stagnant water in most parts of the rainy season and 
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dry season could be observed. According to WWF (2018a), the dry state of the middle 

catchment was reported by catchment managers from as far back as 2015. The findings by 

Chisola et al. (2020) suggest that this dryness started a little earlier than 2015 and could not 

have been noticed by stakeholders earlier on given that the river continues to flow throughout 

the year in the upstream and downstream part of the catchment.   

From inception, the large-scale sugarcane estates in the lower Kaleya River Catchment have 

irrigated using IBTW from Kafue River. The study revealed that it is the return flows and 

wastewater from this IBTW that are currently sustaining dry season streamflow in the 

downstream part of the catchment. Although out of the scope of this work, it was observed that 

these return flows are playing a critical role both socio-economically and ecologically. Socio-

economically, the return flows are sustaining local livelihoods along the lower Kaleya by 

supporting gardening and other income generating activities. Ecologically, they provide an 

ecological flow, which often tends to be difficult to secure in meso-scale arid and semi-arid 

areas in the face of increasing water demand and climate change (Qureshi et al., 2010).  

4.5.2 Irrigation and dry season flows in the Kaleya River Catchment 

The Kaleya has two types of irrigation dynamics based on sources of irrigation water. One is 

in the upper and middle catchment, using water from within the catchment. The other occurs 

in the lower catchment using water from outside the catchment. This has been investigated in 

more detail in Chapter four. It has been found that the two irrigation dynamics have contrasting 

effects on dry season flows in the catchment. Whereas irrigation using water from within the 

catchment has reduced dry season flows consistent with the findings in Chapter 3 and the dry 

state of the middle catchment reported in this Chapter, irrigation using water from outside the 

catchment has increased the dry season flows (Chapter 4).  
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Lastly, Chapter four has also found that even within some irrigated areas using water from with 

the catchment in the upper catchment, there is still some irrigation return flow contribution to 

dry season flows. However, the dry season flows may be less than what they would be without 

much irrigation. As a result, the middle catchment has dried up (Chisola et al., 2020, Chisola 

et al., 2022).  

4.5.3 Implications for management 

In most IBTW schemes, water is delivered directly to the recipient river or reservoir on the 

recipient river (Snaddon, 1998, Purvis and Dinar, 2020). The unique characteristic of the 

Kaleya scheme is that it is the private commercial irrigators in the catchment who hold the 

permits (allocation) for IBTW instead of the catchment itself. As such, intra-basin transfer 

water is delivered to the sugarcane fields rather than directly to the Kaleya River. Any excess 

water from the irrigation activity ends up in the lower Kaleya River. Where water is not pumped 

directly to the recipient river, it is the sewer effluents forms of IBTW that have been reported 

to sustain dry season flows (Snaddon, 1998, Gupta and van der Zaag, 2008). In this regard, the 

findings on the important role played by the irrigation return flow associated with ‘indirect’ 

IBTW adds to the scholarly literature. 

Over and above the socio-economic, and ecological importance, return flows associated with 

‘indirect’ IBTW are often neglected in integrated water resources management, especially in 

meso-scale semi-arid catchments where they could be more critical. Apart from water quality 

concerns, return flows tend to be viewed as mere water losses, yet this is only true at field scale 

and may not apply at catchment scale. In this case, irrigation return flows are neither a loss at 

a recipient catchment scale (Kaleya) nor are they losses at the donor catchment scale (Kafue) 
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as the Kaleya discharges back into the Kafue upstream of the IBTW pump station (Figure 4-

1).  

Therefore, strategies for improved water use efficiency at field application scale must be well 

conceived to avoid creating more negative externalities on the recipient Kaleya River 

Catchment. The negative externalities that could ensue include, accumulation of pollutants in 

the water, and/or the use of the ‘saved’ water for expansion of irrigated area or growing of 

other water-intensive crops (Scott et al., 2014, Berbel et al., 2018). Additionally, results have 

shown that if not well-planned, increasing irrigation system efficiency could result into the 

drying of the lower Kaleya River as well. This would have further negative consequences on 

the downstream users and the riverine environment. Since these enjoy priority of water 

allocation compared to commercial uses as espoused in the Zambian water policy and the 

Water Resources Management, Act No.21 of 2011 (GRZ, 2011), negative externalities need to 

be minimised in the interest of all. 

There is a need to improve irrigation system efficiency, but also ensure that any water ‘saved’ 

is not used for activities that ignore the downstream and ecosystem benefits of return flows. 

The ‘saved’ water from IBTW could be allowed to bypass irrigation and go straight to clean 

the environment and provide an environmental flow. Some of this water would still end up into 

the ‘donor’ Kafue River downstream, where it could get more diluted and re-transferred into 

the Kaleya through the existing IBTW, hence recycling. Even in the current state, some of the 

IBTW already bypasses irrigation, but this is unintended as it is through leakages and overflow 

from the irrigation systems (storage reservoirs). Hence, a more effective system where flow 

releases are planned and controlled is proposed. This could also benefit the sugarcane estates 
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that are often under pressure from various stakeholders and regulators of water pollution and 

environmental degradation (German et al., 2020).  

The pumping costs could be offset using funds set aside for corporate social responsibility and 

environmental management given the current importance of return flows to downstream local 

communities and the aquatic ecosystem. Alternatively, water markets to buy off the ‘saved’ 

water after improving irrigation efficiency could be explored by government and stakeholders 

to support the continued delivery of the IBTW. Water market based initiatives are capable of 

addressing the current water scarcity challenges in southern Africa amid increasing and 

competing water demands (Matchaya et al., 2019). Elsewhere, studies have shown that such 

interventions can help obtain return flows for downstream uses from irrigators while promoting 

increased irrigation system efficiency (Qureshi et al., 2010, Grafton and Wheeler, 2018, 

Schwabe et al., 2020, Williams and Grafton, 2019). 

For the upper catchment, ensuring sustained recharge to the perennial spring is the most 

sustainable way of keeping water in the catchment during the rainy season when there is 

surplus, for use in the dry season when there is a scarcity. This could be achieved through 

assisted natural regeneration of forests and other soil and water conservation practices (Chisola 

et al., 2020). The dams on the main river channel have impaired the downstream streamflow 

regime and ecology as indicated by the findings on the lack of flows in the middle catchment, 

and failure by the spring to contribute to downstream flows in the dry periods. Dams have not 

been very efficient in conserving water due to siltation and high evaporation rates 

(Sichingabula, 1997, Sichingabula et al., 2000a, Walling et al., 2001, Sichingabula et al., 2015). 

However, rather than demolish the dams as dictated by the public discourse in the area, a better 

option could be to construct minimum flow bypasses to always divert some flows downstream 
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(Habets et al., 2018). This can also help to replace some of the irrigation return flows in the 

lower Kaleya so that irrigation efficiency can be improved in the catchment. 

4.5.4 Study limitations and future studies in the catchment 

The sampling was limited by time constraints. A much longer sampling period would have 

been desired as it would have reduced the uncertainty ranges of the end member contributions. 

Despite this limitation, results are still indicative of the dominant streamflow contribution 

sources in the case study catchment and could still be extrapolated to catchments with similar 

hydro-geological settings. Future research could include a detailed study on groundwater, 

particularly the recharge dynamics. Thus, it is hypothesised here that the recharge zone for the 

spring could be the Siamakambo hills that are within 1 - 2 km upstream the spring. Given the 

karst environment observed in the area, water could be coming out to the surface through 

fractures/sink holes. The geological formation around the groundwater boreholes further 

downstream may not be the same as for the spring, hence the observed differences in 3H.  

In addition to the officially known spring (Kaleya source), there were other areas within the 

upper catchment where water was observed to come out of the subsurface to contribute to 

streamflow. This was partly tested from the point of view of irrigation return flows via the 

subsurface in the irrigated area upstream. But given that some streamflow samples fell outside 

the mixing spaces of the identified end members, it is highly likely that the subsurface 

discharges from the karst environment are vaster than earlier thought and are recommended for 

more intensive sampling in future studies. Thus, a more detailed assessment of the geology and 

subsurface flow pathways in the upper catchment, incorporating tracer-based techniques and 

groundwater modelling is thus recommended. 
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4.6 Conclusion 

Tracer-based techniques proved useful in filling the gap of inadequate hydrological monitoring 

data towards improving water allocation decisions in a rapidly fragmenting landscape facing 

agricultural intensification. Based on the combination of EMMA and mixing model analysis, the 

major streamflow sources were found to reflect a strong human signal in time and space. 

Stormwater runoff and discharge from the spring were the important streamflow sources in the 

rainy season. In the absence of rainfall input in the dry season, the dams on the main river 

channel prevented the water from the spring higher up the catchment from reaching the lower 

Kaleya River. The downstream dry season flows were thus sustained by irrigation return flow 

and wastewater both associated with intra-basin transfer water. The results indicate that there is 

a need to improve hydrological connectivity and ensure that irrigation efficiency is improved in a 

way that will still maintain the downstream flows.  

In summary, chapter four has zoomed into some of the findings of Chapter three regarding 

agricultural intensification and a more fragmented landscape, to better understand streamflow 

source dynamics in the present period (Figure 4-8). While the findings from both chapter three 

and four led to conclusions and recommendation for improved water allocation management 

under a changing environment, it remains uncertain in terms of how the future climatic-

landscape-hydrological interactions would like.  Hence chapter five will address this gap. 
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Figure 4-8: Analytical framework showing the focus for chapter four 
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Chapter 5 

Future changes in climate and extreme weather events: implications on 

streamflow and sediment load 

 

Abstract 

This chapter predicted future changes in rainfall and temperatures extremes and their potential 

effects on streamflow, evapotranspiration, and sediment load. The meso-scale semi-arid upper 

Kaleya River Catchment, Zambia was used as a case study. To account for uncertainty of 

Global Climate Models (GCMs), two GCMs namely the MIROC5, and the MPI-ESM-LR and 

an ensemble (mean) prediction based on five GCMs were used. The GCMs were statistically 

bias corrected using the quantile mapping method for rainfall and the change factor method for 

temperature. The hydrological model parameter uncertainty was taken care of by calibrating 

the Soil and Water Assessment Tool stochastically to predict climate change impacts on 

hydrological components. Changes were evaluated by comparing the findings between the 

historical (1975 - 2005) and future period (2021 - 2050). The results indicated that the ensemble 

dataset predicted a 12% and 6% increase in annual rainfall under the Representative 

Concentration Pathway (RCP), RCP 8.5 and RCP 4.5 scenarios respectively by 2050. Annual 

air temperature was predicted to increase by 2˚C (RCP 8.5) and 1˚C (RCP 4.5) over the baseline. 

There was also a 20% (RCP 8.5) and 3% (RCP 4.5) predicted increase rainfall intensity 

(RX1DAY). The number of days with heavy rains (R10MM) were predicted to increase by up 

to 31%, while consecutive dry days [CDD (dry spells)] were predicted to increase by 1.5% 

under the RCP 4.5 scenario. Taking the median (M95PPU – 50% uncertainty level), the 

ensemble mean dataset predicted a 31% (9,675 m3 day -1) increase in annual streamflow under 

RCP 8.5, and a sediment load increase of 144% (2,175 tonnes year-1). For the RCP 4.5 scenario, 
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streamflow was predicted to increase by 21% (4,523 m3 day -1), accompanied by sediment load 

increase of 65% (994 tonnes year -1). Annual ET was predicted to increase by 2% (9 mm) under 

the RCP 4.5 scenario, and no change under the RCP 8.5 scenario. While climate change could 

increase water availability in both the rainy and dry seasons, landcover change could reverse 

any potential blue water gains in the dry season and reduce green water storage by about 13%. 

The chapter recommends that water management interventions must view the increased rainfall 

amounts and intensities as a resource and target to manage the increased rainfall extremes by 

keeping the rainwater longer within the catchments in addition to managing sediment load.  

Keywords: climate change, rainfall extremes, Global Climate Models, Representative 

Concentration Pathways, SWAT model, Sediment load 

5.1 Introduction 

Meso-scale river sub-catchments support a myriad of livelihoods and ecosystem services in 

sub-Saharan Africa. However, many areas in Africa have a climate that is among the most 

temporally and spatially variable in the world (UNFCCC, 2007, Serdeczny et al., 2017). Over 

the years, vulnerability to environmental change has increased the socio-climatic risks, 

especially among the poor in the sub-catchments of large river basins (UNFCCC, 2007, Brown 

et al., 2012, Serdeczny et al., 2017, Semba et al., 2020). Increasing populations, economic 

development, over exploitation of land resources, and agricultural intensification for local food 

supply and exports add to the increased vulnerability of water resources and dependent 

livelihoods (Hughes et al., 2015, Chisola et al., 2020).  

There is thus increased demand for climate and water availability information from local to 

regional scale under the changing environment (Stakhiv and Stewart 2010, Hughes et al. 2015). 

However, only a few studies in sub-Saharan Africa have evaluated streamflow sensitivity to 
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projected climate change in meso-scale catchments to inform planning for more climate-

resilient water resources at this scale (Falkenmark and Rockström, 2010, Kusangaya et al., 

2014, Theron et al., 2021). Most of the previous studies, especially in Zambia, have focused 

on climate change implications for hydro-electricity generation in the larger river basins (Beck 

and Bernauer, 2011, Yamba et al., 2011, Kling et al., 2014). But resilient meso-scale 

catchments are equally important in supporting local livelihoods and creating more resilient 

river basins beyond the local scale. 

The Kaleya River Catchment in the drier southern Zambia is an example of a catchment that 

has continued to face agricultural intensification in the face of environmental change (Chisola 

et al., 2020) as shown in Chapter three and Chapter four. There has been rapid conversion of 

forests and scrublands to rainfed agriculture, while irrigated agriculture is taking up land 

previously under rainfed production in the middle and lower Kaleya River Catchment where 

commercial farmers are located (Chisola et al., 2020).  These changes in landscape along with 

the changing climatic regimes have had negative impacts on streamflow and sediment load, 

thus reducing freshwater availability in the catchment (Sichingabula et al., 2000a, Walling et 

al., 2001, Chisola et al., 2020). The impacts on water availability are expected to worsen in the 

future as more agricultural land to feed the growing population will be needed. The climatic-

landscape-hydrological interactions of the past and present have been evaluated in Chapters 

three and four respectively. It is however not known how future changes in climatic and 

weather extremes will affect water availability and sediment load in the area. 

This study investigated the effects of future rainfall and temperature changes on streamflow 

(blue water flow), evapotranspiration (green water flow) and sediment load in the upper Kaleya 

River Catchment as a case study. The specific objectives were to (1) assess the plausible future 
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changes in climate and weather extremes (rainfall, rainfall intensity, wet spell and dry spell 

length including daily and maximum temperature) in the catchment, (2) examine how 

streamflow, evapotranspiration and sediment load may respond to these changes under 

different climate change scenarios, (3) to evaluate how landcover change in combination with 

the future changes in climate may affect water availability. The findings could inform decisions 

towards improved adaptation to environmental change in semi-arid sub-catchments.  

5.2 Study area 

This chapter focussed on the upper Kaleya River Catchment to derive lessons about the effects 

of various climate change scenarios on hydrology and sediment dynamics. The upper 

catchment was used because it provided less hydrological model calibration uncertainties. It 

was difficult to calibrate the model at the most downstream gauge of the full catchment. This 

is due to the high number of reservoirs in the middle catchment that lead to no streamflow in 

the dry periods (Chisola et al., 2020, Chisola et al., 2022) as discussed in Chapters three and 

four. Data on the management of these farm reservoirs is not available. Figure 5-1 presents the 

study area used for this assessment.  
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Figure 5-1: Upper Kaleya River Catchment used for model development 

 

5.3 Materials and methods  

5.3.1 Data sources and analysis 

Observed rainfall and air temperature data (1975 - 2011) for Kafue Polder and Magoye 

meteorological stations were obtained from the Zambia Meteorological Department (ZMD). 

Monthly sediment load data were obtained from the Kaleya Sediment Project (Sichingabula et 

al., 2000b) from 1997 to 2000. The observed daily discharge data was obtained from the Water 

Resources Management Authority (WARMA) in Zambia. The discharge datasets were from 
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1975 - 2020 but had huge gaps from 2011. Hence the study used discharge data from 1975 - 

2011. The historical (1975 - 2005) and projected (2021 - 2050) climate model data were 

obtained and downscaled from the Consultative Group on International Agricultural Research 

(CGIAR) programme on Climate Change, Agriculture and Food Security (CCAFS). The 

Global Climate Models (GCMs) were downscaled on the CCAFS-Climate portal 

(http://www.ccafs-climate.org/data_bias_correction/, accessed on 8th July 2021) using 

observed data for Kafue Polder and Magoye weather stations. The quantile mapping statistical 

bias correction technique was used for downscaling rainfall, while the change factor technique 

was used for air temperature as outlined in Navarro-Racines and Tarapues (2015).  

Two climate scenarios commonly used in climate change studies, the Representative 

Concentration Pathway (RCP) 4.5 and 8.5 scenarios of the Intergovernmental Panel on Climate 

Change (IPCC) were adopted for this study as they are seen to be the most plausible. The RCP 

4.5 is an intermediate scenario with a radiative forcing of 4.5 W m-2 and CO2-equivalent 

concentration of about 650 ppm (Faggian, 2021). The RCP 8.5 is a ’business as usual’ scenario, 

with a very high radiative forcing of 8.5 W m-2 arising from CO2-equivalent concentration of 

about 1370 ppm (Moss et al., 2010, Faggian, 2021).  

A total of 23 GCMs had data available on the CCAFS-Climate portal for both the RCP 4.5 and 

RCP 8.5 scenarios. Only the GCMs that had a complete baseline (historical) record (1975 - 

2005) for both RCP 4.5 and 8.5 scenarios were assessed. Fewer GCMs had historical data up 

to 2005. The number of the GCMs was further reduced to five, based on having the highest 

Nash Sutcliffe Efficiency (NSE) and the Heidke Skill Score after validating the GCM data with 

the observed data (rainfall and air temperature). The selected five models with the highest NSE 

and Heidke skill score are given in Table 5-1. Projected rainfall and air temperature data were 

http://www.ccafs-climate.org/data_bias_correction/
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then extracted from these five downscaled GCMs under the RCP 4.5 and RCP 8.5 scenarios to 

get the range or envelope of possible future changes from 2021 - 2050. An ensemble mean 

dataset for both daily rainfall and minimum and maximum air temperature were also generated 

using the five selected GCMs (Table 5-1). 

Table 5-1: Selected Global Climate Models with evaluation criteria  

Model Description / Modelling centre Nash-Sutcliffe 

efficiency 

Heide Skill Score (%) 

BCC-CSM-1-1 Beijing Climate Centre, China Meteorological Administration, China 0.44 88.19 

MPI-ESM-LR Max Planck Institute for Meteorology, Germany 0.42 86.72 

MPI-ESM-MR Max Planck Institute for Meteorology, Germany 0.37 88.02 

MIROC5 Model for Interdisciplinary Research on Climate, Japan 0.29 85.68 

NCAR-CCSM4 National Centre for Atmospheric Research, United States of America 0.29 86.46 

Ensemble mean Average of the selected models 0.33 86.22 

 

Measures of central tendency and selected indices explaining climatic and weather extremes 

were used to evaluate the climatic changes. These climatic and weather indices (Table 5-2) 

were computed from the World Meteorological Organization's (WMO) Expert Team on 

Sector-Specific Climate Indices (ET-SCI) (Alexander and Herold, 2016) CLIMPACT online 

portal (https://ccrc-extremes.shinyapps.io/climpact/, accessed on 11th September, 2021). The 

selected indices are relevant in analysing climate and weather characteristics which affect 

seasonal water availability and agriculture in the area (Chisola et al., 2020). 

 

 

 

https://ccrc-extremes.shinyapps.io/climpact/
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Table 5-2: Selected climatic indices used in this study 

Index Characterisation Units 

PRCPTOT Total rainfall from wet days (rainfall ≥ 1 mm) mm 

RX1DAY Maximum rainfall in 1 day mm 

R10MM Number of days when rainfall ≥ 10 mm days 

CDD Maximum number of consecutive dry days (rainfall < 1 mm) days 

CWD Maximum number of consecutive wet days (rainfall ≥ 1 mm) days 

TMM Mean daily air temperature oC 

TXX Maximum value of daily maximum air temperature oC 

PRCPTOT - Total rainfall, RX1DAY - One-day rainfall intensity, R10MM - rainfall ≥ 10 mm, CDD - Consecutive 

Dry Days, CWD - Consecutive Wet Days, TMM - Mean daily air temperature and TXX - Maximum value of 

daily maximum air temperature (hottest day in the year) 

 

5.3.2 Hydrological model set up 

To assess the hydrological impacts of the projected climate, the Soil and Water Assessment 

Tool (SWAT) (Arnold et al., 1998) hydrological model was developed. The datasets needed 

for model development included the soil data, digital elevation model (DEM), daily weather 

data (rainfall, minimum and maximum air temperature, relative humidity, solar radiation, and 

wind speed) and landcover. Observed discharge data were also needed for model calibration 

and validation. The sources of weather and discharge data are as described in section 5.3.1.   

The soil data input to the model were based on the Zambia Soil map (GRZ, 2015). The digital 

elevation model was based on the 30 m resolution Shuttle Radar Topography Mission (SRTM) 

downloaded from the website of the United States Geological Survey (USGS) 

(https://earthexplorer.usgs.gov). The 1984 landcover map for Kaleya River Catchment 

generated by Chisola et al. (2020) as described in Chapter three was used in the model. The 

parameters for vegetation types were as provided in the SWAT in-built database. To match 
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with the parameters in the SWAT database, the landcover map was reclassified with the aid of 

a look up table. Vegetation was reclassified to Mixed Forest (FRST), scrubland to Range-

Grasses (RNGE), rainfed agriculture to Agricultural Land-Row Crops (AGRR), Irrigated 

agriculture to Wheat/Soyabeans (rotation), and reservoir areas to water (WATR).  

During the SWAT hydrological model set-up, reservoirs were included in the model and their 

parameters such as the year of construction, their principal and emergency surface areas and 

volumes were specified. The reservoir surface areas and construction dates were based on the 

satellite image estimates in Chapter three. The reservoir volumes were estimated as a function 

of their remote sensing based surface areas (Chapter three) using equation 5-1 proposed by 

Sichingabula et al. (2015). 

Reservoir volume (m3) =    0.7267 x reservoir surface area (m2)1.1064.                         (5-1) 

Irrigation was included in the model through the auto-irrigation command. The source of 

irrigation water was set to be reservoirs for wheat and soyabeans crops that are grown in the 

upper catchment by commercial farmers. The model had 26 subbasins and 226 hydrological 

response units (hrus). The simulations were done at a monthly time-step. 

5.3.3 Hydrological model calibration considerations for improving model performance 

The model was developed and calibrated for the upper catchment where the uncertainties are 

lesser to better capture the hydrological processes. To further reduce uncertainties associated 

with the observed discharge data given the influence of weirs and dams even in this part of the 

catchment, it was necessary to calibrate the ET as well. Since there were no field based ET data 

available, ET data was derived using remote sensing based on the MOD16A2GF product of 

the Moderate Resolution Imaging Spectroradiometer (MODIS), which was available from 
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2000 to 2020. This data was obtained at (https://lpdaac.usgs.gov/products/mod16a2gfv061/ 

accessed on 27th November 2021) for the catchment and processed to generate a monthly time 

step series used for calibration and validation. Thus, the variables that were calibrated were 

streamflow, actual evapotranspiration (ET) and sediment load.  

The premium version of the SWAT Calibration Uncertainties Program (SWAT-CUP Premium) 

was downloaded from https://www.2w2e.com/home/SwatCupPremium, accessed on 8th April 

2021. It was used for model calibration, validation, uncertainty, and scenario analysis using the 

SWAT Parameter Estimation (SPE) algorithm. The license for SWAT-CUP Premium was 

purchased from the SWAT-CUP developers and included a parallel processing authorisation.  

The default (uncalibrated model) had a problem of over predicting the peaks and under 

predicting the low flows. This informed the choice of the calibration parameters to use based 

on the recommendations by Abbaspour et al. (2015). The recommended parameters that were 

not sensitive following sensitivity analysis (one-at a time sensitivity analysis initially) were 

removed to avoid over parameterising the model. Hence only the most sensitive parameters 

were used, and these are presented in Tables 5-3 and 5-4. The final selected parameters and 

their sensitivities (global sensitivity in the end) after 500 simulation runs are given in Table 5-

4. During calibration, the choice of the initial parameter ranges was informed by the general 

ranges in literature alongside the absolute ranges permissible in SWAT/SWAT-CUP. The final 

parameter ranges were determined by SWAT-CUP in the final iteration.  

Additionally, the tracer-based study in Chapter four also provided insights about the hydrology 

of the study area. In particular, the dolomitic nature of the upper catchment was considered 

through the groundwater parameters and their ranges. The importance of the spring was 

https://lpdaac.usgs.gov/products/mod16a2gfv061/
https://www.2w2e.com/home/SwatCupPremium
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considered by adding it as a point source with constant discharge, to make up for some of the 

unaccounted-for low flows after model calibration. 

Table 5-3: Calibration parameters used and their ranges  

Parameter Name Description 
Default 
value 

Fitted 
Value 

Initial range Final range 

  

Streamflow, 

evapotranspiration 
and sediment 

   Min 
value 

Max 
value 

Min 
value 

Max 
value 

  

     
V__CH_K2.rte Effective hydraulic conductivity in main channel alluvium 0 249.5 35 150 141 351 

R__CN2.mgt SCS runoff curve number  73 - 92 -0.1325 -0.15 0 -0.2 -0.05 

R__SOL_AWC(..).sol Available water capacity of the soil layer varies 0.114 0 0.6 -0.06 0.3 

V__GWQMN.gw Threshold depth of water in shallow aquifer for return flow to occur (mm)  1000 188.375 0 500 10 247.83 

V__REVAPMN.gw Threshold depth of water in the shallow aquifer for “revap”to occur (mm 750 331.683 0 600 161 700 

V__GW_REVAP.gw Groundwater “revap” coefficient 0.02 0.03634 0.02 0.07 0.0251 0.1 

V__RCHRG_DP.gw Deep aquifer recharge 0.05 0.18417 0.1 0.25 0.15 0.2 

V__GW_DELAY.gw Groundwater delay (days) 31 370.5 200 430 90 420 

R__SOL_BD(..).sol Moist bulk density varies -0.2418 -0.2 0 -0.33 -0.1 

Sediment only   
     

V__CH_N2.rte Manning's "n" value for the main channel 0.014 0.29253 -0.01 0.2 0.28 0.30 

V__USLE_P.mgt USLE equation support practice factor 1 1.5755 0 1 0 0.04 

V__PRF_BSN.bsn Peak rate adjustment factor for sediment routing in the main channel 1 0.002 0 1 1.102647 1.68 

V __ means the existing (or default) parameter value was replaced by a given value, 

R__ means an existing (default) parameter value was multiplied by (1+ a given value) 

 

A stochastic modelling perspective (Abbaspour, 2022) for model evaluation and analysis was 

adopted, rather than the deterministic perspective. To calibrate the model stochastically, two 

metrics called the p-factor and r-factor (Abbaspour et al., 2018, Abbaspour, 2022) were used. 

The p-factor is the percentage of the observed data that is enveloped by the uncertainty band 

(called 95PPU) (Abbaspour et al., 2018, Abbaspour, 2022). It thus gives the proportion of 

observed data that is explained by the model within its uncertainty ranges (Abbaspour et al., 
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2018). A p-factor close to 1 indicates a perfect model skill. The r-factor is the average thickness 

of the 95PPU uncertainty band. The bigger the model r-factor is, the larger the model 

uncertainty. A model having a p-factor > 0.7 and the r-factor ≤ 1.5 is recommended for 

discharge calibration and validation, while for sediment and nutrient loads, p-factor ≥ 0.4 and 

r-factor ≤ 3 could be acceptable (Abbaspour et al., 2015, Abbaspour, 2022). In this study, the 

p-factor, r-factor, and the Nash Sutcliffe Efficiency (NSE) were used as targets for the 

objective function.  

5.3.4 Analysis of climate change impacts on hydrology and sediment load 

After the SWAT model was calibrated and validated using observed weather and discharge 

data, the calibrated model was then used to assess climate change impacts. This was achieved 

by running the model using the historical and projected GCM weather data. However, only 

precipitation, minimum and maximum temperature GCM data was available. The effects of 

other variables such as solar radiation, wind and humidity was neglected and held constant due 

to lack of future Global Climate Model (GCM) data for these variables in the case study 

catchment at the time of analysis.  

Evaluation of future climate change impacts was based on the ‘one factor at a time’ approach. 

It involved changing one factor at a time (weather data - rainfall, minimum and maximum air 

temperature), while keeping the other factors constant (soil, landcover, DEM, solar radiation, 

wind, and humidity). Climatic impacts were evaluated using the MPI-ESM-LR GCM model 

(since it showed trends consistent with observed rainfall) and the MIROC5 GCM model (the 

only model that showed an opposite trend in rainfall under the RCP 4.5 scenario from among 

the five selected models). The ensemble (mean) dataset from the selected five best GCMs 

(Table 5-1) was also used for scenario development and further assessment. The climate 
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impacts were evaluated under both the RCP 4.5 and RCP 8.5 scenarios by comparing the results 

between the historical and future periods. By evaluating the future climatic impacts on 

hydrology using the selected models and their ensemble, the GCM structural model uncertainty 

was considered. 

To propagate the hydrological model parameter uncertainty, scenario analysis was 

implemented within the SWAT-CUP premium programme as opposed to writing the fitted 

parameters back to SWAT and running the scenarios in the standard SWAT. Apart from its use 

for calibrating the SWAT models, SWAT-CUP can be used to evaluate various scenarios while 

propagating the hydrological model parameter uncertainty through the final calibration 

parameter ranges. This is a stochastic perspective to the analysis (Abbaspour et al., 2018, 

Abbaspour, 2022). In this study, all the three levels of hydrological model parameter 

uncertainty with respect to the 95PPU band were calculated for each simulation. Hence the 

results are presented at the 2.5% (L95PPU), 50% (M95PPU) and 97.5% (U95PPU) uncertainty 

levels. However, given the large number of scenarios, only the results at the 50% uncertainty 

level (M95PPU), which is also seen as the median are further analysed and discussed.  

5.3.5 Assessing the separate and combined effects of landcover and climate change  

Effects of landcover change were evaluated by comparing modelling results under the 1984 

landcover map representing the baseline (1970–2005) and the 2019 landcover map representing 

the future (2021–2050). This time, effects of climatic change on hydrology were evaluated 

using the 2019 landcover data as opposed to the 1984 landcover (Appendix 5-1).   
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5.4 Results and discussion 

5.4.1 Sensitivity analysis  

Sensitivity analysis of the full set of the parameters used during calibration was done using the 

student t-test, with its significance assessed using the p-value based on 500 simulations. A 

parameter is more sensitive if it has a relatively larger absolute t-value accompanied by a 

relatively lower p-value (< 0.05) (Abbaspour, 2015). The most sensitive parameters for 

streamflow and ET for calibration of streamflow were SOLWAC, CN2.mgt, CH_K2 and 

groundwater delay (GW_DELAY) among others (Table 5-4).  These parameters were also 

sensitive for sediment load. Additionally, sediment load, was more sensitive to USLE_P, 

CH_N2 and PRF_BSN. The full names of these parameters are given in Table 5-4.  

Table 5-4: Sensitivity of parameters for streamflow and sediment load 

Parameter name  t-Statistic     p-value Parameter description 

    

R__SOL_AWC().sol -36.4139 0.0000 

 

Available water capacity of the soil layer 

R__CN2.mgt 15.9777 0.0000 

 

SCS runoff curve number 

V__CH_K2.rte -9.9076 0.0000 

 

Effective hydraulic conductivity in main channel alluvium 

V__GW_DELAY.gw 7.5407 0.0000 

 

Groundwater delay  

V__GW_REVAP.gw -2.8210 0.0050 

 

Groundwater “revap” coefficient. “revap” is evaporation from shallow aquifer. 

R__SOL_BD().sol 2.7910 0.0055 

 

Moist bulk density 

 

V__GWQMN.gw -2.5690 0.0105 Threshold depth of water in the shallow aquifer required for return flow to occur (mm)  

V__REVAPMN.gw      2.1167 0.0348 

 

Threshold depth of water in the shallow aquifer for “revap” to occur (mm) 

V__USLE_P.mgt -1.5432 0.1245 

 

Universal Soil Loss Equation (USLE) equation support practice factor 

 

V__PRF_BSN.bsn 0.6777 0.4988 Peak rate adjustment factor for sediment routing in the main channel 

V__RCHRG_DP.gw -0.6413 0.5216 

 

Deep aquifer percolation fraction 

V___CH_N2.rte -0.4691 0.6395 

 

Manning's "n" value for the main channel 

    

V __ means the existing (or default) parameter value was replaced by a given value, 

R__ means an existing (default) parameter value was multiplied by (1+ a given value) 
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5.4.2 Hydrological model performance  

With the calibration considerations outlined in section 5.3.3, the model evaluation criteria 

proposed by Moriasi et al. (2007) for NSE and Abbaspour (2022) for the p-factor and r-factor 

indicated satisfactory model performance (Table 5-5). This is despite the difficulties in 

calibrating the catchment due to weirs on the main channel. The model could thus be used for 

simulating the potential future impacts and evaluating the performance of NbS. 

Table 5-5: Calibration and validation metrics 

  

 

Period P-factor R-factor 

Nash Sutcliffe 

Efficiency 

Kling Gupta 

Efficiency 

PBIAS 

Calibration           

 

Streamflow 

 

1975 - 1979 0.75 1.10 0.70 0.78 

 

5.90 

Evapotranspiration 

 

2000 - 2005 0.36 0.16 0.64 0.76 

 

-1.90 

 

Sediment load 

 

1997 - 1998 0.61 1.01 0.49 0.50 

 

-43.5 

Validation  
    

 

Streamflow 

 

1980 - 1982 0.71 1.11 0.71 0.83 

 

-10.3 

 

Evapotranspiration 

 

2006 - 2010 0.32 0.13 0.71 0.76 

 

1.60 

 

Sediment load 

 

1999 - 2000 0.28 0.12 0.18 0.40 

 

31.7 

The column indicating fitted value in Table 5-3 was only to show the values upon which the 

objection function of NSE, PBIAS, and KGE indicated in Table 5-5 is based. These were not 

written to the model. Instead, the final calibration ranges are the calibrated model used for 

scenario analysis. The calibration results are shown graphically in Figure 5-2. Generally, many 

of the peaks and the low flows were within the prediction range of the model as defined by the 

95PPU for streamflow (Figure 5-2). For ET, the peaks were slightly under predicted, but 

generally well simulated and the PBIAS was very good (Table 5-5). Although sediment load 

was poorly calibrated, the model was still indicative of the sediment dynamics in the catchment, 

and thus still usable for scenario analysis. 
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Figure 5-2: Observed versus simulated data for (a) streamflow, (b) evapotranspiration 

and (c) sediment load  
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5.4.3 Projected changes in climatic and weather extremes by 2050 

5.4.3.1 The MIROC5 model 

The MIROC5 model projected a 1% decrease in total rainfall under the RCP 4.5 scenario as 

indicated by the annual total rainfall (PRCPTOT) and a 7% decrease in the number of days 

with heavy rain (R10MM) compared to be historical period (Table 5-6). However, under the 

RCP 8.5 scenario, a 6% increase in total rainfall was projected. The one-day maximum rainfall 

(RX1DAY) was projected to increase by about 16% and 19% for both the RCP 4.5 and RCP 

8.5 scenarios (Table 5-6), pointing to increased rainfall intensities. The wet spell length 

(consecutive wet days – CWD) was projected to decrease (by 23% and 15% under the RCP 4.5 

and RCP 8.5 scenarios respectively) compared to the baseline. The mean temperature (TMM) 

would increase by about 2˚C for both the RCP 8.5 and RCP 4.5 scenarios.  

Table 5-6: Changes in annual climatic indices  

  PRCPTOT RX1DAY R10MM CDD CWD TMM TXX 

 % % % % % ˚C ˚C 

MIROC5_RCP45 -1.07 15.83 -7.03 -0.20 -23.17 1.68 0.97 

MIROC5_RCP85 6.06 18.58 0.17 10.03 -14.78 1.94 1.27 

MPI-ESM-LR_RCP45 11.72 7.08 5.23 2.40 5.98 1.46 1.11 

MPI-ESM-LR_RCP85 11.90 11.58 3.92 9.08 -6.21 1.73 1.28 

Ensemble mean RCP45* 5.90 3.16 16.40 1.50 -7.86 1.49 0.86 

Ensemble mean_RCP85* 11.72 20.43 30.52 -1.39 -1.64 1.78 0.99 

* Ensemble of five GCMs from table 5-1. PRCPTOT - Total rainfall, RX1DAY - one-day rainfall intensity, 

R10MM - number of days with heavy rains (rainfall ≥ 10 mm), CDD - consecutive dry days, CWD - consecutive 

wet days, TMM - mean daily temperature and TXX - maximum value of daily maximum temperature (hottest day 

in the year) 
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5.4.2.2 The MPI-ESM-LR model and the ensemble mean 

The MPI-ESM-LR model and the ensemble climate projected an increase in annual rainfall for 

the future period (Table 5-6). The MPI-ESM-LR projected an increase in annual rainfall by 

about 12% (Table 5-6), representing an increase in annual rainfall of about 82 mm and 83 mm 

under the RCP 4.5 and RCP 8.5 climate respectively. The ensemble mean dataset also projected 

a 12% (81 mm) increase in rainfall under the RCP 8.5 and a 6% (41 mm) increase under the 

RCP 4.5 scenario.  

Increases in rainfall were generally accompanied by adverse changes in other weather extremes 

(Table 5-6).  For example, under the ensemble, there was a projected increase in rainfall 

intensities (RX1DAY) by 3% (RCP 4.5) and 20% (RCP 8.5). The dry spell (CDD) length was 

also projected to increase by 1.5% for the RCP 4.5 scenario although it was projected to 

decrease under the RCP 8.5 scenario by 1.4%. The wet spell (CWD) length was projected to 

decrease by 8% under the RCP 4.5 and about 2% under the RCP 8.5 scenario of the ensemble. 

Daily mean air temperature (TMM) was projected to increase by 1oC and about 2oC under the 

RCP 4.5 and RCP 8.5 scenarios respectively. Daily maximum air temperature (TXX) was also 

projected to increase by about 1oC under the ensemble for both RCP 4.5 and RCP 8.5 scenarios 

(Table 5-6).   

These results are consistent with Chisola et al. (2020) and Chapter three which observed 

increasing dry spell length and rainfall intensities based on historical observed data and found 

these to be among the main climatic stressors on water availability in the Kaleya River 

Catchment as opposed to the annual rainfall totals. The findings also collaborate with the 

projected increase in CCD and RX1DAY for the southern region of Zambia (GRZ, 2020). 
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Similar increasing trends in dry spells have also been reported in other drier parts of Southern 

Africa such as southern Zimbabwe (Sibanda et al., 2018). 

In general, all the models projected an increase in air temperature by 1 - 2˚C for both RCP 4.5 

and RCP 8.5 scenarios by 2050 as indicated by the annual mean daily air temperature (TMM) 

and the annual maximum value of daily maximum air temperature (TXX) (Table 5-6). The 

increase in daily mean air temperature is within the 2 - 5˚C projected increase by 2100 for 

southern Africa (Kusangaya et al., 2014). Both the annual rainfall totals and air temperatures 

tended to be higher under the RCP 8.5 scenario compared to the RCP 4.5 scenario for all the 

GCMs (Table 5-6). Similar results have been projected for the southern parts of Zambia (GRZ, 

2020). 

5.4.4 Changes in blue water flow (streamflow) and sediment load under projected climate 

change scenarios by 2050 

5.4.4.1 Blue water (streamflow) and sediment load changes under the MIROC5 model 

The predicted impacts of various GCMs under the various hydrological model prediction 

uncertainty levels are given in Tables 5-7 and 5-8 for streamflow and sediment load 

respectively. Here, only the values at the 50% uncertainty level, also called the median 

(M95PPU) are discussed. Under the RCP 4.5 scenario, the MICROC5 climate data predicted a 

3% reduction in rainy season flows (Table 5-7), and a 2% (544 m3 day-1) decrease in total 

streamflow at the annual scale (Table 5-7 and Appendix 5-2), accompanied by a 7% (320 

tonnes year-1) decrease in sediment load (Table 5-8 and Appendix 5-3). These could be 

explained by the projected decrease of 1% and 7% in total rainfall and number of days with 

heavy rainy (R10MM) respectively (Table 5-6).  
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For RCP 8.5 scenario, annual streamflow was predicted to increase by 20% (5,668 m3 day -1) 

following a 6% increase in projected rainfall. However, this was accompanied by a 7% (424 

tonnes year -1) increase in sediment load, which could be linked to the 19% increase in one day 

rainfall intensity (RX1DAY). Just like under the RCP 4.5, the major changes to the predicted 

median streamflow and sediment load under the RCP 8.5 were in the rainy season (Table 5-7 

and Table 5-8). 

Table 5-7: Projected climate change impacts on blue water flow (streamflow) 

    MICROC 5   MPI_ESM_LR   Ensemble 

 

Uncertainty 

level (%) RCP 4.5  

RCP 

4.5   

RCP 

8.5  

RCP 

8.5   

RCP 

4.5  

RCP 

4.5   

RCP 

8.5  

RCP 

8.5   

RCP 

4.5  

RCP 

4.5   

RCP 

8.5  

RCP 

8.5  

  m3 day -1 %   m3 day  1 %  m3 day -1 %   m3 day -1 %  m3 day  -1 %   m3 day -1 % 

Dry 
season 

2.5 (L95PPU) 109 1  844 8  3204 34  3404 26  2218 17  4460 26 

97.5 (U95PPU) 86 0  85 0  5057 29  5451 24  3087 16  6078 23 

50 (M95PPU) -32 0  823 5  4161 31  4408 25  2602 16  5311 24 
 

                  

Rainy 
season 

2.5 (L95PPU) -992 -3  4611 14  14629 51  14836 34  5725 29  12338 38 

97.5 (U95PPU) -1388 -3  6423 12  17874 40  18129 29  7542 23  16270 33 

50 (M95PPU) -1119 -3  5456 13  16118 45  16486 32  6443 25  14039 35 
 

                  

Annual 

average 

2.5 (L95PPU) -442 -2  4905 22  8916 47  9120 32  3971 24  8399 34 

97.5 (U95PPU) -618 -2  6332 17  11466 37  11790 27  5314 20  11174 30 

50 (M95PPU) -544 -2   5668 20   10139 42   10447 30   4523 21   9675 31 

RCP – Representative Concentration Pathway 

5.4.3.2 Streamflow and sediment load changes under the MPI-ESM-LR model 

Taking the median (50% uncertainty level), the MPI-ESM-LR climate model predicted a 42% 

increase in annual streamflow under the RCP 4.5 and a 30% increase under the RCP 8.5 

scenario (Table 5-7). These changes represent an increase in annual streamflow by about 

10,139 m3 day-1 under the RCP 4.5 and 10,447 m3 day-1 under the RCP 8.5 scenarios.  
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However, it can be observed that the RCP 8.5 scenario had higher predicted streamflow in 

terms of magnitudes (in m3 day -1) (Appendix 5-2) because of the rainfall intensities 

(RX1DAY) that increased by 12% compared to the 7% increase under RCP 4.5 scenario as 

shown in Table 5-6. Consequently, sediment load was also predicted to increase slightly higher 

under RCP 8.5 scenario (92% or 2,010 tonnes year-1) than under the RCP 4.5 scenario (86% or 

1,934 tonnes year-1) (Appendix 5-3). Although dry season streamflow was predicted to 

increase, the increases in volumes terms were smaller compared to the increases in rainy season 

streamflow (Table 5-7). 

Table 5-8: Projected climate change impacts on sediment load 

    MICROC 5   MPI_ESM_LR   Ensemble 

 

Uncertainty 

level (%) 

RCP 
4.5  

RCP 
4.5   

RCP 
8.5  

RCP 
8.5   

RCP 
4.5  

RCP 
4.5   

RCP 
8.5  

RCP 
8.5   

RCP 
4.5  

RCP 
4.5   

RCP 
8.5  

RCP 
8.5  

  

tons 

year-1  %   

tons 

year-1  %  

tons 

year-1  %   

tons 

year-1  %  

tons 

year-1  %   

tons 

year-1  % 

Dry 

season 

2.5 (L95PPU) 47 11  -184 -45  187 64  216 74  33 37  89 100 

97.5 (U95PPU) -20 -1  -239 -13  536 40  599 44  282 19  654 45 

50 (M95PPU) 13 1  -59 -5  392 43  431 47  271 33  601 73 
 

                  

Rainy 

season 

2.5 (L95PPU) -292 -12  435 18  1353 68  1296 65  232 40  580 100 

97.5 (U95PPU) -448 -8  584 11  1683 36  1772 38  793 24  1715 52 

50 (M95PPU) -332 -8  482 12  1542 44  1579 45  723 33  1574 71 
 

                  

Annual 

total 

2.5 (L95PPU) -245 -1  251 -27  1540 132  1512 139  265 77  668 200 

97.5 (U95PPU) -468 -10  345 -2  2219 75  2371 82  1075 43  2370 97 

50 (M95PPU) -320 -7   424 7   1934 86   2010 92   994 65   2175 144 

RCP – Representative Concentration Pathway 

5.4.3.3 Streamflow and sediment load changes under the ensemble mean dataset 

Taking the median (50% uncertainty level), the ensemble mean dataset predicted a 31% (9,675 

m3 day-1) increase in annual streamflow under RCP 8.5, accompanied by a sediment load 

increase of 144% (2,175 tonnes year-1) (Table 5-8, Appendix 5-2 and Appendix 5-3). These 

predictions are expected given the 12% increase in annual rainfall, a 20% increase in rainfall 
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intensity (RX1DAY), and a 31% increase in days with heavy rains (R10MM). For the RCP 4.5 

scenario, streamflow was predicted to increase by 21% (4,523 m3 day -1), while sediment load 

was predicted to increase by 65% (994 tonnes year -1) as shown in Table 5-8 and Appendix 5-

3. These changes could be attributed to the projected 6% increase in total rainfall, a 3% increase 

in rainfall intensity (RX1DAY), and a 16% increase in the number of days with heavy rain 

(R10MM) under the RCP 4.5 scenario (Table 5-6). With respect to changes at seasonal scale, 

the predicted increases in dry season streamflow volumes were minor are they were about 2 - 

3 times less than the increases in the rainy season (Table 5-7). 

5.4.5 Changes in green water flow (evapotranspiration) under projected climate change 

scenarios by 2050 

The MICROC5 model under the RCP 4.5 scenario predicted no change in ET at the annual 

timescale. This is because the predicted increase in ET in the rainy season was the same as the 

decrease in dry season ET, hence they compensated for each other at the annual scale (median 

results in Table 5-9 and Appendix 5-4). However, under the RCP 8.5 scenario, the predicted 

increases in rainy season ET were less than the decreases in dry season ET, hence a 7% (34 

mm) reduction in ET was predicted at the annual scale. This was unexpected given the 2% 

increase in temperature predicted under this scenario (Table 5-6).  

On the other hand, the MPI-ESM-LR model as expected, predicted a 2% (10 mm) and 1% (5 

mm) increase in annual ET (50% probability values) (Appendix 5-4). As opposed to the 

MICROC5 model, here the dry season was featured with higher ET increases compared to the 

rainy season (Table 5-9). These predictions can be explained by the 1 - 2% increase in mean 

air temperature under this model (Table 5-6). 
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The ensemble mean dataset also predicted a 2% (9 mm) increase in ET under the RCP 4.5 

scenario at the annual scale, but no change under the RCP 8.5 scenario (Table 5-9). Here, the 

changes in ET in the dry and rainy season was almost balanced. About 2% increase in air 

temperature was projected under this scenario (Table 5-6), so the results fall within what could 

generally be expected.  

Table 5-9: Projected climate change impacts on green water flow (Evapotranspiration) 

    MICROC 5   MPI_ESM_LR   Ensemble 

 

Uncertainty 

level (%) 
RCP 

4.5  

RCP 

4.5   

RCP 

8.5  

RCP 

8.5   

RCP 

4.5  

RCP 

4.5   

RCP 

8.5  

RCP 

8.5   

RCP 

4.5  

RCP 

4.5   

RCP 

8.5  

RCP 

8.5  

  mm %   mm %  mm %   mm %  mm %   mm % 

Dry 
season 

2.5 (L95PPU) -4 -2  -57 -31  6 3  3 2  2 1  1 0 

97.5 (U95PPU) -2 -1  -59 -30  10 5  5 2  6 3  2 1 

50 (M95PPU) -3 -1  -58 -30  9 4  5 2  4 2  2 1 
 

                  

Rainy 
season 

2.5 (L95PPU) 0 0  22 8  -3 -1  -5 -2  2 1  -4 -1 

97.5 (U95PPU) 3 1  25 8  3 1  3 1  6 2  3 1 

50 (M95PPU) 2 1  24 8  1 0  0 0  5 1  0 0 
 

                  

Annual 

total 

2.5 (L95PPU) -4 -1  -35 -8  4 1  -1 0  4 1  -3 -1 

97.5 (U95PPU) 1 0  -34 -7  14 2  9 2  12 2  5 1 

50 (M95PPU) 0 0   -34 -7   10 2   5 1   9 2   2 0 

RCP – Representative Concentration Pathway 

5.4.6 Effects of landcover and climate change on sediment load, and green and blue water  

Climate change predicted the larger individual effects on sediment load and blue water 

(streamflow), while landcover change had the larger individual effect on green water storage 

(soil moisture) (Table 5-10). The magnitude of the landcover effects were almost the same 

regardless of the climate change scenario (Table 5-10). Climate change predicted higher 

streamflow increase of 31% (RCP 8.5) and 21% (RCP 4.5) while landcover change predicted 

increase in streamflow of 12% under both RCP 4.5 and RCP 8.5 scenarios. However, the 
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combined landcover and climate change amplified each other’s effect, leading to streamflow 

increase of 41% under the RCP 8.5 scenario and 30% under the RCP 4.5 scenario.  

Table 5-10: Individual and combined effects of landcover and climate change at annual scale 

  Water balance Water type 

Landcover 

change 

Climate 

change 

Landcover & climate 

change 

   % Change % Change % Change 

RCP 4.5  

Streamflow Blue water    12 21 30 

Soil moisture Green water storage -20   7 -12 

Evapotranspiration Green water flow    -3   2                       -1 

Sediment load -   10 65  87 

      

RCP 8.5 

Streamflow Blue water     12 31 41 

Soil moisture Green water storage   -21   5 -13 

Evapotranspiration Green water flow      -2   0   -2 

Sediment load -    10 144 158 

 

The lower streamflow increases predicted by the landcover change scenario were due to 

changes in streamflow occurring in opposite directions for the rainy and dry seasons, thereby 

cancelling each other at the annual scale. Figure 5-3 presents the streamflow results at the 

season scale. It shows that while climate change increased both dry and rainy season flows, 

landcover change only increased the rainy season flows, and ended up reducing the dry season 

flows (Figure 5-3). Therefore, the combined landcover and climate change reversed some of 

the gains in dry season flows that were predicted under the RCP 4.5 and RCP 8.5 climate 

scenarios respectively and amplified the rainy season flows (Figure 5-3). 
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Figure 5-3: Average seasonal changes in streamflow and rainfall  

 

With respect to green water, landcover change predicted reduced green water storage (soil 

moisture) by 20% under the RCP 4.5 scenario and 21% under the RCP 8.5 scenario. Climate 

change on the other hand predicted slight increases in green water storage (Table 5-10). 

However, the combined landcover and climate effects were predicted to lead to a reduction in 

green water storage by about 12% and 13% under the RCP 4.5 and RCP 8.5 scenarios 

respectively. For green water flow (ET), the landcover change scenario was associated with 

minor reductions possibly due to less vegetation cover (Appendix 5-1), while climate change 

was associated with increases in ET, although the changes for both cases were minimal. 

Landcover change alone predicted increased sediment load by about 10% for both RCP 4.5 and 

RCP 8.5 scenarios.  Climate change alone predicted increased sediment load by 65% (RCP 4.5) 

and 144% (RCP 8.5).  However, landcover change and climate change amplified each other’s 
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effect, leading to a predicted 87% increase in sediment load under the RCP 4.5 scenario and 

158% increase under the RCP 8.5 scenario (Table 5-10).  

5.4.7 Implications for catchment management under a changing environment 

Although some studies have predicted a rainfall decrease of up to 23% in southern Africa 

(Conway et al., 2015, Banze et al., 2018), the 6 - 12% predicted increase in rainfall in this study 

(for the ensemble) is consistent with the observed increasing rainfall trends in the region based 

on both observed (Chapter three) and projected data from other GCMs in southern Zambia 

(Chisola et al., 2020, GRZ, 2020). The predicted increase in annual rainfall was generally 

associated with increased rainfall intensity (RX1DAY), increased dry spell length (CDD) and 

a decreased duration of wet spells (CWD). These changes were predicted to contribute to 

relatively higher percentage increases in blue water flow (streamflow), and even higher 

percentage increases in sediment load.  

There is, therefore, a need to take advantage of the likely increase in rainfall, rainfall intensity 

and runoff through interventions that will take this rainwater as a key resource. Such 

interventions could be aimed at keeping stormwater within the catchments longer for use during 

dry spells and dry periods. Interventions could include well-planned reservoirs with 

environmental flow release capabilities as proposed in Chapter three and by Chisola et al. 

(2022).  

While the climate change effects implied increased blue water by 2050 mainly due to higher 

rainfall amounts and intensities, the landscape changes could reduce the infiltration of this 

water and result in reduced dry season flows. The increased rainy season streamflow implies 

increased chances of flush floods, even in the rural landscapes that typically have not been 
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experiencing flush floods. The flush floods witnessed in January 2022 in southern Zambia 

(https://floodlist.com/africa/zambia-floods-southern-province-january-2022, accessed 

09/10/2022) where the study area falls could become a common occurrence if the landscape 

change patterns discussed in Chapter three continue.  

The reduced green water storage is likely to be mainly driven by landscape changes interacting 

with climatic and weather extremes as indicated by Chapter three. This could therefore threaten 

food production and ecosystem productivity needed for increased community resilience to 

climate change. Generally, communities in southern Zambia have the tendency to put their crop 

fields in low lying areas near valleys and stream channels as an adaptation measure to reduced 

soil moisture during dry spells. But these are the areas that are likely to experience flush floods 

given the predicted increases in rainfall intensities and rainy season flows. This could therefore 

result in crop damage incidences such as the ones reported in the 2021/2022 season in flush 

flood affected areas, where it was reported that over 8,000 ha of crop fields had been submerged 

(IFRC, 2022).  

Additionally, the higher increase in sediment load under the combined landcover and climate 

change would exacerbate the siltation problem in river catchments and potentially reverse any 

gains on streamflow, as siltation could reduce storage capacities. The average siltation rate of 

30 mm year -1 between 1973 and 1986 reported by Walling et al. (2001) in small reservoirs 

(dam wall height ≤ 10 m) in the study catchment could now be higher due to the landcover 

changes that have taken place since then. Hence there is need for interventions to reduce 

sediment load, increase green water storage that is important for food and terrestrial 

ecosystems, and maintain or increase groundwater which is the main source of water in meso-

scale catchments. 

https://floodlist.com/africa/zambia-floods-southern-province-january-2022
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In this regard, soil and water conservation-oriented Nature based Solutions (NbS) such as 

conservation tillage with residue management, reforestation of larger forest patches as 

recommended in Chapter three and recharge structures such as check dams and infiltration pits 

could be used. These were outside the scope of this chapter but are a subject of investigation 

in chapter six. 

Lastly, although dry season flows were predicted to increase except under the MICROC5 RCP 

4.5 scenario, the actual increases in terms of volumes are smaller. This means they may not be 

able to keep pace with increasing irrigation water demands that are likely to ensue because of 

the increasing dry spell length. The need to grow more food to feed the growing population 

will also add to the pressure. Already chapter three has demonstrated that irrigation expansion 

is among the major drivers of reduced blue water (streamflow) in the dry season in the case 

study catchment. A further assessment of these interactions between irrigation expansion and 

dry season water availability in the context of the future climate could be explored in future 

research. 

5.5. Conclusions 

The study found that annual rainfall and temperature are projected to increase by 2050 over the 

Kaleya River Catchment. These could be accompanied by adverse changes in extreme events, 

in form of rainfall intensity and longer dry spell length. Generally, these changes could lead to 

increased streamflow, ET, and sediment load. While climate change could increase water 

availability in both the rainy and dry seasons, landcover change could reverse any potential 

water gains in the dry season. The study recommends interventions to harvest this rainfall and 

rainy season runoff, to keep the water longer in the catchment, where it could be needed to 

meet the water demands that could equally rise due to longer dry spells. 
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In summary, chapter five (Figure 5-4) provided an outlook of the future climate in the case 

study catchment. The implications of the future changes in climate and extreme weather events 

on water availability and sediment load were examined. The hydrological modelling was 

confined to the upper Kaleya River Catchment due to the problems in calibrating the model in 

the middle catchment which would have introduced more uncertainties due to dams (chapters 

three and four). The results in chapter five can still be extrapolated to the entire catchment and 

similar catchments elsewhere. However, examining the future changes would be incomplete 

without assessing the effectiveness of nature-based solutions recommended from chapter three 

to five. Chapter six was therefore dedicated to fill this gap. 

 

Figure 5-4: Analytical framework showing the focus for chapter five 
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Chapter 6 

Efficiency of Nature-based Solutions for water resource and sediment load management 

under the future climate changes: a green and blue water perspective  

Abstract 

This study evaluated the efficiency of Nature-based Solutions (NbSs) for managing water 

availability and sediment load under different climate change scenarios in the case study 

Kaleya River Catchment, Zambia. An ensemble of five downscaled Global Climate Models 

was used based on the Representative Concentration Pathways (RCPs), RCP 8.5 and RCP 4.5 

scenarios. The NbSs virtual experiments were conducted using the Soil and Water Assessment 

Tool model.  The results showed that the reforestation NbS predicted the largest reductions in 

surface blue water (surface runoff) by 74% under the historical, 69% under the RCP 4.5 and 

62% under the RCP 8.5 climate scenarios. Reforestation also predicted increased deep aquifer 

recharge by 39% (historical), 26% (RCP 8.5) and 23% (RCP 4.5 scenario). Baseflow 

contribution to streamflow under reforestation was predicted to increase by 11% (historical) 

and 2% (RCP 8.5) but not under RCP 4.5 scenario (-2%), while green water flows 

(evapotranspiration) would increase by 2% (historical), and 3% (both RCP 4.5 and RCP 8.5%). 

Recharge structures predicted reduced surface runoff by 2 to 4 %, increased baseflow 

contribution and deep aquifer recharge by about 4%, and no change in ET under all climate 

scenarios. Conservation tillage had a negligible effect on water balance components. On 

sediment load, the highest reduction was predicted under recharge structures (34% historical, 

24% RCP 4.5 and 15% RCP 8.5 scenario), followed by reforestation (15% historical, 7% RCP 

4.5 scenario and 6% RCP 8.5 scenario), and finally conservation tillage (4% historical, 2% 

RCP 4.5 and 1% RCP 8.5 scenario). The best results for both water and soil conservation were 
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under the combination of all NbS scenario. From the green-blue water perspective, the study 

concluded that these nature-based solutions have the potential to manage the increased rainfall 

and its intensities, by reducing the eventual high rainy season surface runoff and storing it in 

the catchment for much longer periods as deep groundwater and baseflow and increasing the 

productive green water flows and reducing sediment loads.  

Keywords: groundwater; green water flow; sediment load; reforestation; weather extremes 

 

6.1 Introduction 

Interactions among changing landscape patterns and climate continue to alter the partitioning 

of precipitation into green and blue water (Hoff, 2009, Olsson et al., 2016, Rockström et al., 

2014). Green water is the water that enters the soil and is later lost as water vapour through 

evapotranspiration (Rockström and Falkenmark, 2000, Falkenmark and Rockström, 2006). It 

also includes interception loss. The transpiration component constitutes the productive part of 

green water useful for plant growth, and productivity (Falkenmark and Rockström, 2010). Blue 

water is water in rivers, reservoirs, and aquifers (Hoekstra, 2002, Falkenmark and Rockström, 

2010, Hoekstra et al., 2011). 

The conventional water management paradigm and engineering tradition are centred on 

management of streamflow as the primary water resource (Hoekstra et al., 2011, Keys and 

Falkenmark, 2018). However, there is a need to recognise how different types of water 

contribute to the resilience of rural communities who mainly occupy meso-scale semi-arid 

catchments (where precipitation is less than potential evapotranspiration). Firstly, in such 

environments, green water flows (transpiration component) are often at the core of livelihood 
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activities, supporting not only food and fibre production, but also grazing for livestock, which 

in turn provides additional household incomes necessary for resilience against environmental 

shocks (Schyns et al., 2019). As such, productivity is limited by the shortage of green water in 

time and space (Keys and Falkenmark, 2018, Schyns et al., 2019). Secondly, it is the 

groundwater and reservoirs component of blue water upon which communities are often more 

dependent than streamflow since many streams are ephemeral by nature (Jonathan Davies et 

al., 2016, Gaye and Tindimugaya, 2019, Cecchi et al., 2020). Thirdly, the reservoirs that are 

expected to buffer the communities in periods of extended dry spells are becoming less 

effective due to loss in storage capacities arising from siltation (Walling et al., 2001, 

Sichingabula et al., 2015, Cecchi et al., 2020, Sichingabula et al., 2020).  

The green-blue water approach (Falkenmark et al., 2004, Falkenmark and Rockström, 2006, 

Falkenmark et al., 2014, Rockström et al., 2014) is thus relevant for water resource 

management under a changing environment (changing environment refers to both climate and 

landscape change in this study) in semi-arid areas. The approach recognises precipitation as 

the primary resource for management, whereby the landscape can be manipulated to influence 

how precipitation is partitioned into green and blue water (Falkenmark et al., 2004, Falkenmark 

and Rockström, 2006, Hoff, 2009, Rockström et al., 2014). Along with the green-blue water 

approach (Falkenmark et al. 2004, Falkenmark and Rockström 2006, Falkenmark and 

Rockström 2010), is the water footprint assessment concept (Hoekstra 2002, Hoekstra et al. 

2011) that has developed almost in parallel, but more as an assessment framework for 

evaluating water value chains and the sustainability of water use among others (Le Roux et al., 

2017, Van der Laan et al., 2021).  
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The green-blue water approach advocates for the inclusion of land in the integrated water 

resources management (IWRM) concept to ensure that the landscape and division of 

precipitation into green and blue water, and the trade-offs thereof are at the core of management 

decisions (Falkenmark and Rockström 2006, Falkenmark and Rockström 2010). Hence, it 

advocates for integrated land and water resources management (ILWRM) (Falkenmark and 

Rockström 2006, Rockström et al. 2014).  

Solutions to adapt to the changing climate in this regard could lie in interventions such as 

Nature-based Solutions (NbSs) (Lafortezza et al., 2018, Martín et al., 2020). The International 

Union for Conservation of Nature (IUCN) defines Nature-based Solutions (NbSs) as human 

interventions aimed at protecting, managing, and restoring ecosystems to generate benefits for 

both society and the environment, thereby increasing resilience (Cohen-Shacham et al., 2016). 

The NbSs have become especially popular in water resource management discourse due to the 

likely landscape scale benefits on soil and water conservation and their potential to increase 

resilience by creating socio-economic and ecological co-benefits (Raymond et al., 2017, Martín 

et al., 2020, Brauman et al., 2022).   

Thus, the current drive towards NbSs to deal with water challenges sits well with the concept 

of the green-blue water approach (or ILWRM framework). While in the current framing, the 

NbS concept seems to be primarily focussed on achieving streamflow goals, it is a rain-based 

management concept to a large extent. And therefore, a green water and blue water perspective 

becomes important in evaluating the performance of NbSs.  

For the Kaleya River Catchment in southern Zambia, the findings in chapter three and five 

have identified increased rainfall intensities, longer dry spells and increased sediment load 

among the major factors that could affect future water availability, and thus call for 
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management interventions. Other studies in the catchment have also pointed out the threat 

posed by sediment load and siltation of reservoirs with respect to water storage (Sichingabula 

et al., 2000a, Collins et al., 2001, Chisola et al., 2020, Sichingabula et al., 2020). As such, some 

NbSs have been suggested in the catchment in the past (Collins et al., 2001, Chisola et al., 

2020, Sichingabula et al., 2020) and in this thesis (Chapters three to five). However, the 

effectiveness of these measures under changing climatic regimes has not been quantified.  

Assessments are needed on how the future changes in climate, including extremes, could affect 

the effectiveness of NbSs in achieving more resilient water resources management in order to 

support decision making (Calliari et al., 2019). This study hypothesised that NbSs interventions 

could be used to manage the negative effects of future climate and weather extremes as they 

could reduce the increased surface runoff generation and sediment load and increase local green 

and blue water storage. This hypothesis was tested through the lenses of the green-blue water 

perspective in the upper Kaleya River Catchment (Figure 6-1) as a case study.  

6.2 The study area 

The upper Kaleya River Catchment was chosen for this case study to reduce hydrological 

model uncertainties in the NbS assessments. These challenges were briefly discussed in 

Chapter three (Chisola et al., 2020), Chapter four (Chisola et al., 2022) and Chapter five. The 

results could still be extrapolated to the whole catchment and other similar semi-arid meso-

scale catchments.   
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Figure 6-1: Upper Kaleya River Catchment 

 

6.3 Materials and methods 

6.3.1 Data 

The ensemble GCM climate data discussed in Chapter five were used based on the historical 

(1975 - 2005), and future climate (2021 - 2050). The historical GCM data were only available 

up to 2005, hence the restriction of the baseline period to 1975 - 2005. Although observed 

weather data could have been used for the historical (baseline) period, the idea was to hold the 

GCM uncertainties constant by using only GCM data for both the baseline and the future 

periods. This could help to better assess how various NbS interventions would affect water 

availability and sediment load under climate change. The SWAT model (Chapter five) was 

initialised using the 2019 landcover map generated as described in Chapter three. This 
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landcover data was linked to the SWAT in-built database using a look up table as explained in 

Chapter five.  

6.3.2 Data analysis 

The SWAT hydrological model developed and calibrated in Chapter five was used 

stochastically (through the calibrated parameter ranges) to evaluate the effectiveness of NbS 

interventions proposed in Chapter five in managing rainfall extremes for increased blue and 

green water storage and reducing sediment load under various climate change scenarios. The 

SWAT model can simulate various green and blue water components as illustrated in Figure 

6-2, where: 

𝐵𝑙𝑢𝑒 𝑤𝑎𝑡𝑒𝑟 =  𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑟𝑢𝑛𝑜𝑓𝑓 (𝑆𝑈𝑅𝑄)  +  𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝑓𝑙𝑜𝑤 (𝐿𝐴𝑇𝑄)  

+  𝑅𝑒𝑡𝑢𝑟𝑛 𝑓𝑙𝑜𝑤 (𝐺𝑊_𝑄)  

+  𝑅𝑒𝑐ℎ𝑎𝑟𝑔𝑒 𝑡𝑜 𝑑𝑒𝑒𝑝 𝑎𝑞𝑢𝑖𝑓𝑒𝑟 (𝐷𝐴_𝑅𝐶𝐻𝐺)                                         (6 − 1) 

𝐺𝑟𝑒𝑒𝑛 𝑤𝑎𝑡𝑒𝑟 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 =  𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑜𝑖𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 (𝑆𝑊𝐼𝑁𝐼𝑇)                                            (6 − 2)       

𝐺𝑟𝑒𝑒𝑛 𝑤𝑎𝑡𝑒𝑟 𝑓𝑙𝑜𝑤 =  𝐴𝑐𝑡𝑢𝑎𝑙 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 (𝐸𝑇)                                              (6 − 3)       
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Figure 6-2: Conceptualisation of the Green-Blue water in SWAT 

 

6.3.3 Evaluation of Nature-based Solutions (NbSs)  

This study tested the performance of some of the NbSs that have the potential to reduce surface 

runoff and sediment load resulting from increased rainfall intensities, while increasing local 

blue water (especially dry season streamflow and groundwater) and productive green water 

(soil water storage and Evapotranspiration). Various NbSs recommended in Chapter five, 

involving conservation tillage with residue management, recharge structures and reforestation, 

including a ‘combination of all these NbSs’ scenarios were evaluated using scenario analysis. 

Apart from being recommended under Chapter three and five, conservation tillage and 
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reforestation have also been suggested by various researchers in the study area (Collins et al. 

2001, Chisola et al. 2020, Sichingabula et al. 2020).  

The SWAT model allows for simulation of NbS practices and has extensively been used in 

literature in diverse environments for evaluation of best management practices (Tuppad et al., 

2010, Arnold et al., 2012, Park et al., 2014, Hyandye et al., 2018, Pandey et al., 2021). In all 

these applications, significant flaws that could seriously invalidate its results are yet to be 

reported, although limitations exist as discussed under section 6.4.4. The rationale for the 

selected NbS is provided in the following sections.  

6.3.5.1 Baseline scenario (Conventional tillage) 

Conventional tillage is currently practiced in the catchment mainly using a mouldboard plough. 

Under this practice, the entire crop field is tilled. This tillage practice has widely been criticised 

as unstainable under the changing climate due to high sediment yields and loss of nutrients 

from the soil. In this study, the conventional tillage practice was modelled as the baseline upon 

which the performance of Nature-based Solutions (NbSs) on sediment load, including blue and 

green water was evaluated. The design parameters for this scenario in SWAT/SWAT-CUP are 

given in Table 6-1. 

6.3.5.2 Conservation tillage 

Conservation tillage is touted as having the potential to provide multiple benefits, not only in 

terms of soil and water conservation, but also socio-economic dividends by promoting 

increased crop yields or preventing crop failure in the event of longer dry spells (Rockström et 

al., 2009, Mihretie et al., 2022). It is seen as a practice of reducing soil loss, increasing soil 

water storage in the face of prolonged dry spells and helping to turn unproductive soil water 
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evaporation to the more productive transpiration (Jewitt, 2006, Rockström et al., 2009, 

Falkenmark et al., 2014). Currently in Zambia, this practice represents a government and donor 

led initiative, but with the potential for communities to take a leading role.  

Table 6-1: Design parameters for the Nature-based Solutions (NbSs) in SWAT/SWAT-CUP 

NbS Parameter   
Parameter 

description 
  Designed values 

Baseline 

(Conventional 

tillage with 

Mouldboard 

plough) 

V__EFFMIX.till.dat  Mixing efficiency of 

tillage  

 0.95 (SWAT allowed range = 0-1) 

V__DEPTIL.till.dat  
Depth of mixing 

caused by the tillage 

operation 

 150 mm (SWAT allowed range = 0-750 mm) 

      

Conservation 

tillage  

V__EFFMIX.till.dat  Mixing efficiency of 

tillage  

 0.30 (SWAT allowed range = 0-1) 

V__DEPTIL.till.dat  
Depth of mixing 

caused by the tillage 

operation 

 100 mm (SWAT allowed range = 0-750 mm) 

      

Reforestation 

Conducted in 

ArcSWAT by changing 

the landcover map 

 

Replace the crop and 

scrubland on higher 

slopes (slopes > 

10%) with forest  

 
Replaced original landcover map (forest area = 

2%) with one where all slopes ≥ 10% had forest 

(forest area = 38%) 

      

Recharge 

structures 

V__CH_K1.sub  

Effective hydraulic 

conductivity in 

tributary channel 

(mm hr -1)  

 25 (Default = 0, SWAT allowed range = 0-300) 

V__CH_N1.sub  
Manning's "n" value 

for the tributary 

channels 

  
0.08 (Default = 0.014, SWAT allowed range = 

0.01-30) 

Designed values based on SWAT user manual (Arnold et al., 2012), Tuppad and Srinivasan (2008), Hyandye et 

al. (2018) and Pandey et al. (2021) 

V __ means the calibrated parameter value was replaced by a given value, R__ means the calibrated parameter 

value was multiplied by (1+ a given value) 

 

The design of the conventional and conservation tillage operations in SWAT mainly differs by 

having different value ranges for the mixing efficiency of tillage (EFFMIX) and depth of 

mixing of the tillage operation (DEPTIL) as outlined in Table 6-1. The mixing efficiency value 
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gives the proportion of residue and other materials such as nutrients and pesticides that are 

uniformly mixed within the soil depth of tillage given by DEPTIL, while the remaining fraction 

indicates the proportion of residue and nutrients that is left at the original location on the surface 

or soil layer (Arnold et al., 2012). In this study, conservation tillage was applied to all crop 

fields by changing the parameters as outlined in Table 6-1. 

6.3.5.3 Recharge structures 

To deal with the effects of climate change, rainwater harvesting will be important, especially 

in semi-arid areas. Installation of recharge structures will be key to storing rainwater 

underground in the rainy season, where it could be stored for longer periods. This could also 

help to increase groundwater availability for communities who often depend on boreholes for 

water supply like is often the case in meso-scale semi-arid catchments. The dolomitic/limestone 

nature of the geology in the case study catchment (upper Kaleya River Catchment) presents an 

opportunity for rainwater harvesting through groundwater recharge. This could also help to 

sustain the flows from the spring and support baseflow in general (Chisola et al., 2020, Chisola 

et al., 2022) as suggested by the findings from Chapters three and four.  

Recharge structures could include recharge pits, infiltration wells, and check dams. A check 

dam is any barrier installed on the river or channel to make the water to pond, allow sediments 

to settle and the water to infiltrate so as to recharge the groundwater (Abbasi et al., 2019). In 

SWAT, recharge structures were implemented in subbasins with tributary channels. These were 

modelled by adjusting the effective hydraulic conductivity in tributary channel (CH_K1) and 

the Manning's "n" value for the tributary channels (CH_N1) [Table 6-1] as implemented in 

previous studies (Tuppad et al., 2010, Park et al., 2014, Pandey et al., 2021). 
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6.3.5.4 Reforestation 

Reforestation is one of the most popular Nature-based Solutions (NbSs)  that the government 

in Zambia and other stakeholders have been advocating for towards increased resilience to 

environmental change (GRZ, 2017). The Zambian government policy direction is to increase 

forest cover through reforestation and afforestation activities (GRZ, 2019). The communities 

are now encouraged to own or manage forests, and to promote natural regeneration of forest 

from which they could benefit through non-timber forest products such as honey, mushrooms, 

and carbon credits among others (Mfune, 2018, Chisola et al., 2020). In this study, reforestation 

was implemented assuming a case where all the cropland and scrublands on steep slopes 

(≥10%) are converted back to forest through farmer-assisted natural regeneration as discussed 

in Chisola et al. (2020) and in Chapter three. Additionally, the area around the spring was all 

converted to a large forest patch as proposed in Chapter three. These assumptions changed the 

forest area in the catchment from the current 2% for the baseline to 38% under reforestation 

(Figure 6-3 and Appendix 5-1). 

6.3.5.5 Combination of various Nature-based Solutions (NbSs)  

It is also widely recognised that a combination of NbSs may be required in semi-arid areas due 

to the higher heterogeneity of the landscape and eco-hydrological processes. Hence, this 

scenario assumed that all the NbSs in this study are implemented simultaneously. As such, 

conservation tillage was applied on all croplands, recharge structures were applied in subbasins 

with tributary channels, and reforestation was applied to steep slopes (≥10%) replacing 

cropland and scrubland.  
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6.3.5.6 Nature based solution scenario simulation 

Each of the NbS scenarios under each climate change scenario (historical, RCP 4.5 and RCP 

8.5) of the GCMs ensemble was run stochastically in SWAT-CUP premium. Thus, beyond its 

use for model calibration and validation, SWAT-CUP can be used for scenario modelling, 

including evaluation of best management practices, allowing the analyst to propagate the model 

parameter uncertainty in the analysis (Abbaspour et al., 2018, Abbaspour, 2022). However, the 

higher number of simulations [that is, five NbS scenarios by three ensemble scenarios 

(historical, RCP 4.5 and RCP 8.5) by several blue and green water components and sediment 

load] means that it was impossible to present all the results. Hence, only the results at the 50% 

uncertainty level (M95PPU) and/or hru file outputs are presented, analysed, and discussed in 

this Chapter.  

6.3.5.7 Modelling and mapping the spatial distribution of sediment yields 

In Kaleya, sediment yields were around 21 t km-2 year -1 before for the 2000s, with other studies 

in the region reporting values less than 100 t km-2 year -1 at the time (Sichingabula et al., 2000a). 

However, despite the figures appearing low, their impact on surface water availability 

particularly in reservoirs was found to be of major concern (Sichingabula et al., 2000a, Collins 

et al., 2001, Walling et al., 2001). Following increased cropland in the catchment, the sediment 

yield has more than doubled. To evaluate the spatial influence of various NbSs on sediment 

yields for better decision making, three erosion classes were created. These were noncritical 

(areas with specific sediment yields of 0 - 100 t km-2 year -1), critical (areas with sediment yield 

of 100 - 200 t km-2 year -1) and very critical (areas with sediment yield >200 t km-2 year -1).  
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6.4 Results and discussion 

6.4.1 Efficiency of nature-based solutions on blue and green water and sediment load 

management under various climate scenarios 

The following sections report on the effectiveness of NbSs interventions in dealing with water 

availability and sediment load dynamics under various climate change scenarios. 

6.4.2.1 Efficiency on blue water 

Under the historical climate, all the NbS predicted reduced surface runoff, increased deep 

aquifer recharge and increased groundwater contribution to streamflow (Table 6-2 and 

Appendix 6-1). The combination of all NbS scenario predicted the largest changes in this regard 

under the historical climate scenario. Under this scenario, deep aquifer recharge was predicted 

to increase by 34%, while groundwater contribution (baseflow) to streamflow was predicted to 

increase by 19%. Surface runoff was predicted to reduce by 7%.  

The reforestation NbS also predicted increased deep aquifer recharge (39%) and groundwater 

contribution to streamflow (baseflow) (11%) under the historical climate. Under reforestation, 

surface runoff was predicted to reduce by up to -74%. Recharge structures were the third most 

effective NbS in increasing deep aquifer recharge (3%) and groundwater contribution to 

streamflow (baseflow) (3%) under the historical climate. Both recharge structures and 

conservation tillage reduced surface runoff the least (-4%). Conservation tillage had almost no 

effect on deep aquifer recharge and baseflow contribution to streamflow (Appendix 6-1). 

 

Under the RCP 4.5 climate scenario, reforestation was predicted to reduce surface runoff (69%) 

and increase deep aquifer recharge (23%) the most. But surprisingly, it also reduced 

groundwater contribution to streamflow slightly (2%) (Table 6-2 and Appendix 6-1). But under 
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the RCP 8.5 scenario, reforestation still predicted a 2% increase in groundwater contribution 

to streamflow, and a deep aquifer recharge increase of 26%, following surface runoff reduction 

of 62%. These dynamics are further examined under section 6.4.2.3. 

Under the projected climate scenarios, recharge structures were the most consistent in 

predicting increases in both deep aquifer recharge and groundwater (baseflow) contribution to 

streamflow both by 4% for both the RCP 4.5 and RCP 8.5 climate scenarios (Table 6-2).  The 

combination of all NbS scenario also predicted a relatively higher increase in deep aquifer 

recharge (14%) and groundwater contribution to streamflow (2%), and a relatively higher 

reduction in surface runoff (-5%) for both RCP 4.5 and RCP 8.5 scenarios (Table 6-2 and 

Appendix 6-1). Again, apart from slightly reducing surface runoff, conservation tillage NbS 

had a negligible effect on both groundwater contribution to streamflow and on deep 

groundwater recharge under future climate change scenarios (Table 6-2 and Appendix 6-1). 

6.4.2.2 Effectiveness on green water  

The reforestation NbS predicted the highest increases in green water flow (amount of water 

drawn from shallow aquifer to plants/soil) by (117 – 260) % and actual evapotranspiration by 

(2 – 3) % under all climate change scenarios. The increases in ET were slightly higher under 

the RCP 4.5 and RCP 8.5 scenarios (Table 6-2 and Appendix 6-1). Recharge structures and 

conservation tillage had no effect on green water flow (Table 6-2). However, the combination 

of all the NbS predicted increased water flow from the shallow aquifer to plants by 26% under 

the historical climate, 13% under the RCP 4.5 climate and 11% under the RCP 8.5 climate 

scenario. Under the combination of all NbS scenario, the ET increased marginally by only 1% 

under all climate scenarios. 
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Table 6-2: Effects of Nature-based Solutions (NbSs) under various climate change scenarios 

Climate 

change 

scenario 

Water balance Water type Baseline 
Recharge 

structures 
Reforestation 

Conservation 

tillage 

Combination 

of all NbSs 

  mm % Change % Change % Change % Change 

Historical 

(average 

rainfall, 709 

mm) 

Surface runoff Blue water 19 -4 -74 -4 -7 

Baseflow (Groundwater contribution to streamflow) Blue water 90 3 11 0 19 

Shallow aquifer storage Blue water 529 0 -26 0 0 

Deep aquifer recharge Blue water flow 17 3 39 0 34 

Initial Soil moisture Green water storage 131 0 -2 0 1 

REVAP (Water from shallow aquifer to plants/soil) Green water flow 5 0 260 0 26 

Evapotranspiration Green water flow 585 0 2 0 1 

Sediment load (tons year-1)  

 

1302 -35 -15 -4 -48  
   

    

RCP 4.5 

(average 

rainfall, 749 

mm) 

Surface runoff Blue water 
29 -4 -69 -1 -5 

Baseflow (Groundwater contribution to streamflow) Blue water 
116 4 -2 0 2 

Shallow aquifer storage Blue water 
532 0 -24 0 2 

Deep aquifer recharge Blue water flow 
22 4 23 0 14 

Initial Soil moisture Green water storage 
139 0 -8 0 1 

REVAP (Water from shallow aquifer to plants/soil) Green water flow 
9 0 121 0 13 

Evapotranspiration Green water flow 
588 0 3 0 1 

Sediment load (tons year-1)  

 

1832 -24 -7 -2 -34   
  

    

RCP 8.5 

(average 

rainfall, 788 

mm) 

Surface runoff Blue water 
40 -2 -62 0 -5 

Baseflow (Groundwater contribution to streamflow) Blue water 139 4 2 0 2 

Shallow aquifer storage Blue water 528 0 -24 0 2 

Deep aquifer recharge Blue water flow 
27 4 26 0 14 

Initial Soil moisture Green water storage 136 0 -7 0 1 

REVAP (Water from shallow aquifer to plants/soil) Green water flow 

 

9 0 117 0 11 

Evapotranspiration Green water flow 
592 0 3 0 1 

Sediment load (tons year-1)   

 

2473 -15 -6 -1 -25 

NbS - Nature based Solution, RCP – Representative Concentration Pathway 

 

Generally, all the NbS predicted a very negligible positive effect (< 1%) on green water storage 

(soil moisture) (Appendix 6-1). Only the combination of all NbS scenario predicted increased 

soil moisture by up to 1% under all climate change scenarios (Table 6-2 and appendix 6-1). 
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Reforestation on the other hand predicted reduced green water storage (soil moisture) by up to 

-8% under the future climate. This unexpected result is further examined in section 6.4.2.3. 

6.4.2.3 Examining the blue and green water dynamics 

To better understand the blue and green water dynamics, the groundwater contribution to 

streamflow (baseflow) component of blue water and the soil moisture component of green 

water were examined. It was observed that in some subbasins there was predicted reduction in 

groundwater contribution to streamflow, while in others, there was an increase. The same was 

observed for soil moisture (Figure 6-3).  Additionally, the increases in soil moisture and 

baseflow contribution appeared to have been mainly in areas where the reforested forest 

patches were larger (Figure 6-3). The increases and decreases at subbasin level cancelled each 

other, hence reforestation resulted in a net reduction in soil moisture and a small increase in 

baseflow contribution at a catchment scale as reported in Table 6-2 and Appendix 6-1. The net 

reduction in baseflow contribution by reforestation under the RCP 4.5 scenario compared to 

the RCP 8.5 scenario could be due to the higher plant water use from the shallow aquifer 

(RAVAP) (Table 6-2). This could be linked to the 1.5% increase in dry spell length under the 

RCP 4.5 scenario, while the same reduced under the RCP 8.5 scenario as reported in Chapter 

five. 

6.4.2.4 Effectiveness of Nature-based Solutions in reducing sediment load  

The highest predicted reduction in sediment load and yield was under the historical climate, 

followed by the RCP 4.5 scenario (Table 6-2 and Appendix 6-1). All the NbSs were lesser 

effective under the RCP 8.5 scenario. Among the individual NbSs, recharge structures reduced 

sediment load the most by about 35% under the historical climate, about 24% under the RCP 
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4.5 scenario and 15% under the RCP 8.5 scenario. Reforestation reduced sediment load by 

about 15% under historical climate, 7% and 6% under the RCP 4.5 and RCP 8.5 scenarios, 

respectively.  

 

 

Figure 6-3: Soil moisture and Baseflow (Groundwater return flow [GW_Q]) dynamics 

under the baseline and reforestation landcover - RCP 8.5 scenario. Numbers 1-26 indicate 

subbasin numbers. 

 

On the other hand, conservation tillage was mainly effective under the historical climate, 

reducing sediment load by about 4% under the historical climate, 2% under the RCP 4.5 climate 

and 1% under the RCP 8.5 climate scenario. The most effective reduction in sediment load was 
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achieved when all the NbSs were implemented together (the combination of all NbSs scenario). 

This led to a 48% reduction in sediment load under the historical climate, including a 34% and 

24% reduction under the RCP 4.5 and RCP 8.5 climate change scenarios, respectively. The 

magnitude of these changes in tonnes per year are given in Appendix 6-1. 

 

It was noted that the predicted one-day rainfall intensity (RX1DAY) was higher than in the 

historical climate by 3% and 20% under the RCP 4.5 and RCP 8.5 scenarios, respectively 

(Chapter five). Additionally, there was a predicted 16% and 30% increase in the number of 

days with heavy rains (rainfall ≥ 10 mm) under the RCP 4.5 and RCP 8.5 scenarios, 

respectively. These increased intensities imply increased erosive power of rainfall in the future, 

hence reduced efficiency of NbSs interventions under the future climate scenarios, especially 

under the RCP 8.5, which had higher rainfall intensities and sediment load.  

6.4.2.4.1 Spatial changes in sediment yield classes under various scenarios 

The spatial extent influenced by each NbS are presented in Table 6-3. Recharge structures 

reduced the area of the catchment under the very critical sediment yield category from 66% to 

about 11% under the RCP 4.5 scenario and from about 88% to 43% under the RCP 8.5 climate 

change scenario (Table 6-3). This in turn increased the area under the noncritical sediment 

yield category under all climate change scenarios (Table 6-3).  

Reforestation reduced the area under the critical sediment yield category from 66% to 63% of 

the catchment area under the historical climate. Reforestation also reduced the catchment area 

under very critical sediment yield category from 66% to 63% under the RCP 4.5 climate. 

Although reforestation had no impact on the spatial extent of each sediment yield category 

under the RCP 8.5 scenario, it reduced the average specific sediment yield in the very critical 
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category from 339 t km-2 yr-1 to 309 t km-2 yr-1 (Table 6-3). Conservation tillage NbS predicted 

a reduced average specific sediment yield under the RCP 8.5 very critical sediment yield 

category from about 339 t km-2 yr-1 to 311 t km-2 yr-1. 

Table 6-3: Spatial influence of various Nature-based Solutions (NbSs) on sediment yield  

Numbers 1-26 indicate subbasin numbers. RCP: Representative Concentration Pathway 

 

 

Nature based 

solution 
(NbS) 

Sediment yield  

class 

 

Historical climate 

  

 

RCP 4.5 

  

RCP 8.5 

Mean sediment 
yield 

(t/km2/year) 

Catchment 

Area (%)  

Mean sediment 
yield 

(t/km2/year) 

Catchment 

Area (%) 

 Mean sediment 
yield 

(t/km2/year) 

Catchment 

Area (%) 

Baseline (Pre 

NbS) 

Very critical - 0  247.8 

 

65.95 

  

339.1 

 

87.87 
 

Critical 123.74 66.00  139.77 

 

33.53 

  

175.69 

 

11.64 

Noncritical 63.41 34.00  81.8 

 

0.51 

  

99 

 

0.49 

          

Recharge 

structures 

Very critical - 0  

 

212.13 

 

10.7 

  

275.6 

 

42.61 

Critical 106.18 10.7  

 

133.38 

 

33.09 

  

153.94 

 

52.12 

Noncritical 44.15 89.3  

 

72.74 

 

56.22 

  

98.84 

 

5.27 

          

Reforestation 

Very critical - 0  

 

232.7 

 

63.1 

  

309.3 

 

87.87 

Critical 

 

114.2 

 

62.90  

 

139.77 

 

36.49 

  

175.69 

 

11.64 

Noncritical 

 

71.79 

 

37.10   

 

62.36 

 

0.51 

  

99 

 

0.49 

          

Conservation 

tillage 

Very critical - 0  

 

251.1 

 

65.94 

  

311.0 

 

87.87 

Critical 

 

121.35 

 

55.26  

 

139.77 

 

33.55 

  

175.69 

 

11.64 

Noncritical 

 

63.41 

 

44.74  

 

64.23 

 

0.51 

  

99 

 

0.49 
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6.4.2 Implications on the use of nature-based solutions for water resource management 

under a changing environment in semi-arid areas 

All the NbS implemented in this study were meant to reduce surface runoff so that the rainwater 

is concentrated within the catchment for longer periods either as blue or green water. In this 

regard, all the NbS managed to reduce surface runoff. Reforestation reduced surface runoff the 

most and contributed to deep aquifer recharge the most, hence helping to store up the higher 

rainfall intensities within the catchment longer as groundwater.  

As discussed in Chapter three, the presence of vegetation in the landscape slows down the 

movement of surface runoff and moderates the rain drop impact on the soil in the face of 

increasing rainfall intensities and dry spell length (Chisola et al., 2020). As such, reforestation 

using larger forest patches was recommended in Chapter three to augment wet season flows by 

supporting baseflow (Chisola et al., 2020). The modelling results of this NbS intervention in 

the current chapter generally support this idea based on the results under the historical and RCP 

8.5 climate scenarios as can be perceived from section 6.4.2.3 and Figure 6-3, but also give a 

caution of the trade-offs that may need to be managed based on the results under the RCP 4.5 

scenario. 

For example, under the RCP 4.5 scenario, the results of the reforestation NbS were inconclusive 

in that although deep aquifer recharge increased, there was a slight reduction in groundwater 

contribution to streamflow, which would mean reduced streamflow in dry periods. This could 

be attributed to longer dry spells projected under the RCP 4.5 climate scenario (Chapter five), 

which would mean that more water would be taken out of the shallow aquifer to make up for 

ET deficits under the RCP 4.5 scenario than under the RCP 8.5 scenario as suggested by the 

REVAP values in Table 6-2.  
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Although the water taken out of the shallow aquifer to plants is highest under the historical 

climate, it could be noted that the ET is also lowest under this climate scenario possibly due to 

lower air temperatures (Chapter five). There is also a possibility of hydrological model 

uncertainties as the vegetation in the SWAT model may not be adequately responding to the 

projected climatic extremes, especially dry spells, and to elevated carbon dioxide in the 

atmosphere, which should ideally make plants to be more efficient in water use. This is further 

discussed under limitations in section 6.4.4. 

 Despite these uncertainties, the findings are consistent with previous experimental studies on 

the effects of forests on water yield in Zambia. In the only experimental study to date in 

Zambia, Mumeka (1986) observed an increase in annual streamflow in sub-catchments where 

trees removal was conducted. The increase in rainy season flows was attributed to increased 

runoff coefficient (surface runoff), while the increase in dry season flows was attributed to 

reduced ET after deforestation. This means, a reduction in surface runoff and increase in ET 

would be expected when regeneration of the forest takes place. However, the net effect would 

be increased baseflow contribution to streamflow and increased groundwater resources in areas 

with high infiltration capacity such as the upper Kaleya River Catchment as described in 

Chapters three and four and by (Chisola et al., 2022). 

In general, the findings from this study lean more to the conclusion that reforestation (larger 

forest patches) could support baseflow as recommended in Chapter three, reduce surface runoff 

from higher rainfall intensities, thereby supporting recharge to the spring (Chapter four). The 

increased deep aquifer water could also be accessed through boreholes. This is important 

because most of the rural communities in semi-arid areas in the global south depend on deep 

groundwater through boreholes as these are cheaper than dam construction (Robins et al., 2006, 
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Everard, 2015, Huang et al., 2019, Hoogesteger, 2022). Groundwater is also seen as being more 

resilient to climatic changes than surface water (MacDonald et al., 2011). 

The predicted increasing green water flows (ET) from vegetation may not necessarily imply 

water losses. To the contrary, they may suggest increased ecosystem productivity in the 

catchment, using the water that would otherwise have been lost from the catchment to oceans 

and seas. The increased forest productivity (increased ET as proxy) could support alternative 

livelihood sources such as honey production, mushrooms, and caterpillar collection, grazing 

for livestock, and carbon credits. This could be through the market mechanisms discussed in 

Chapter three. This in turn could create multiple ecological and socio-economic co-benefits as 

surrounding communities can then derive the much-needed sustainable livelihoods from forest 

resources in the face of climate change as discussed in Chapter three. These other co-benefits 

could be explored in detail in future studies as a detailed investigation was out of the scope of 

this work. 

Additionally, the findings in Figure 6-3 suggest that reforestation could be implemented in the 

subbasins where it has the potential for maintaining or increasing soil moisture and 

groundwater contribution to streamflow as a way of managing the trade-offs. For example, 

increased soil moisture storage increases productivity, while reduced sediment load reduces 

the risk of siltation of reservoirs meant to store rainwater. Improved water storage in reservoirs 

could help the dam owners to implement environmental flow releases to downstream reaches, 

thus improving hydrological connectivity as was the case before human activities increased in 

the Kaleya.  

Recharge structures were the next most effective NbS in terms of managing rainfall by reducing 

surface runoff and increasing its storage as blue water deep aquifer recharge. Recharge 
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structures by design trap the runoff, increasing infiltration into the ground, thereby recharging 

the groundwater, especially the deep aquifer. Since most of this water went to deep 

groundwater storage, there were negligible ET changes predicted under this scenario. Also, 

there was no vegetation to draw up water from the shallow aquifer, unlike under the 

reforestation NbS. In this regard, the recharge structures were also able to predict a more 

consistent increase in baseflow contribution to streamflow.  

It is noted that apart from recharge structures such as infiltration pits implemented in this study, 

check dams could also be used. However, these could have similar negative effects on 

downstream dry season flows such as the current dams in the catchment. This could be 

addressed by provision of minimum flow bypass channels or pipes to provide sustained 

environmental flow downstream (Chisola et al., 2020) as recommended in Chapter three.  

Although the benefits from improved tillage practices were negligible compared to those of 

other NbS, conservation tillage still had a positive effect on reducing sediment yield and 

slightly increased green water storage under the historical climate (Appendix 6-1). There was 

no change on green water storage (soil moisture) and groundwater possibly due to the slight 

increase in ET (Appendix 6-1). The slight increase in ET could have been due to crop residue 

retention that was implemented under conservation tillage practice. The slight increase in ET 

compensated for the slight reduction in surface runoff caused by the presence of crop residues. 

The results suggest that the retained soil water is immediately available and used by plants and 

crops to support their growth.  

Therefore, conservation tillage offers an opportunity to maximize crop production and reduce 

soil loss in the face of increased rainfall extremes, and longer dry spells, and could help to 

reduce the need to open up new forest lands for farming (Falkenmark and Rockström, 2010, 
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Wathum et al., 2016, Chisola et al., 2020). However, while conservation tillage practices have 

been promoted by government and donor agencies, farmers seem to retain the conventional 

tillage practices as they are perceived to be less labour intensive (Mfune et al., 2016). 

Innovative financing mechanisms are needed if the implementation of nature-based solutions 

is to take off in semi-arid catchments of developing countries.  Agricultural-based enterprises 

that incentivise farmers for successfully adopting improved tillage practices through market 

provision of products at premium prices, including value addition, could encourage the more 

widespread adoption of conservation tillage practices. In Zambia, such initiatives are mainly 

private sector-driven, with the Community Markets for Conservation (COMACO) taking a 

leading role and promising positive results have been recorded so far (Mfune et al., 2016). 

Other potential sources of funding for NbSs include water markets that could involve upstream 

versus downstream compensations among the water users, climate change financing 

mechanisms such as those under the United Nations Climate Change Conference of Parties 

(COP), and carbon credit markets among others. 

Results also suggested that implementing different Nature-based Solutions (NbSs) 

simultaneously (combination of all the NbSs) could yield the best results for soil and water 

conservation. But the cost implications could restrict NbS selection and the needed 

combinations. Future studies could include a cost-benefit assessment of the NbSs, a more 

detailed search for models that could be used to make NbS interventions financially 

sustainable, and the piloting of these interventions on the actual landscape to derive further 

lessons on the benefits and limitations. These aspects were beyond the scope of this work. 

With respect to managing sediment load, all the NbS were effective either as stand alone or in 

combination. Their effectiveness seemed to be a function of rainfall intensities, whereby the 
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percentage reductions in sediment load were lower under the RCP 8.5, followed by the RCP 

4.5 scenarios which have higher rainfall intensities in the same order. However, in magnitude 

terms with respect to tonnes per year, the reductions in sediment load were highest under the 

RCP 8.5 scenario (Appendix 6-1), showing that NbS could assist effectively in managing the 

future changes in sediment load. Reduced sediment load in turn could support efforts to keep 

stormwater longer in the catchment by sustaining the surface water storage capacities. 

Considering global change, the results reaffirm the need for a paradigm shift whereby rainfall 

is seen as a primary resource for management as espoused by the green-blue water approach 

(Falkenmark and Rockström 2010). This could assist to build more resilient water catchments 

to support dependent livelihoods, including aquatic and terrestrial ecosystems in semi-arid 

areas. Nature-based Solutions (NbSs) such as reforestation, recharge structures and even 

conservation tillage with residue management have shown great potential to store up increased 

rainfall amounts and storm runoff within the sub-catchments as deep groundwater storage and 

contribute to baseflow, thereby supporting local blue water storage.  

Further, the NbSs have shown potential to increase ecosystem productivity through increased 

beneficial green water flows using trapped rainwater and storm runoff which could have left 

the catchment in the first place if no interventions were done. The NbSs have also shown that 

they have the potential to deal with the negative effects of increased rainfall intensities on 

sediment yield.  

6.4.3 Limitations 

There is a question of how well the SWAT model simulates the NbS interventions, particularly 

those related to plant growth under the reforestation scenario and conservation tillage with 
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residue management. Firstly. Among the sources of uncertainties are that the plant growth 

model in SWAT, may not be adequately capturing the changes in Leaf Area Index (LAI) in the 

rainy and dry seasons, and during longer dry spells which can result into crop failure, thereby 

affecting some hydrological processes (Zhang et al., 2020).  

Further, the effects of elevated atmospheric carbon dioxide (eCO2) in the context of the future 

climate were considered by adjusting the CO2 in the future (RCP) scenarios. However, the 

vegetation/plants may not have been adequately responding to these changes in terms of 

becoming more water use efficient. Hence the higher withdrawal of water from the shallow 

aquifer to plants by the vegetation based NbSs could have contributed to their inconsistent 

effects on baseflow. Despite these limitations, the results generally fall within what is 

theoretically expected and are thus indicative of how various interventions could be evaluated 

before actual implementation in the landscape to better manage the partitioning of rainfall into 

blue and green water, and the trade-offs thereof for increased local water storage. In addition 

to improving the hydrological models, future work could include a more direct assessment of 

the likely socio-economic effects, which was outside the scope of this work. 

6.5 Conclusions 

Reforestation and recharge structures predicted reduced surface runoff generation and sediment 

load and increased deep blue water storage (deep groundwater). The predicted impacts of 

reforestation on baseflow were inconclusive, but generally pointed to increased baseflow 

contribution to streamflow. Reforestation and conservation tillage were important for 

beneficial green water flows owing to the predicted increase in evapotranspiration. Through 

the lenses of the green-blue water approach, this could mean increased ecosystem productivity 
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at the local scale, using the storm water that could have been lost out of the catchment as 

overland flow.  

The implementation of various nature-based solutions simultaneously could yield the best 

results in managing for green and blue water storage and reducing sediment load under 

different climate change scenarios. Although the effectiveness of the various NbS interventions 

appeared to decline percentage wise from the RCP 4.5 scenario to the RCP 8.5 scenario which 

had higher increase in rainfall intensities, in water depth and sediment tonnage terms, the 

positive effects were still substantial.  It was concluded that nature-based solutions have 

potential for managing the partitioning of rainfall into blue and green water and reduce 

sediment load for increased local water storage under all climate change scenarios. 

In summary, Chapter six integrated some of the major recommendations from Chapters three 

to five. The assessed recommendations are those that fall within the realm of NbSs due to their 

ability to generate multiple co-benefits needed for resilience. In this regard, Chapter six 

evaluated the extent to which the interventions proposed from Chapters three, four and five 

would still be effective in dealing with the future climatic and weather extremes (Figure 6-4) 

using the lenses of the ‘green-blue’ water approach. With this improved understanding of the 

climatic-landscape-hydrological interactions across temporal scales, the major conclusions, 

and recommendations are drawn in Chapter seven. 
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Figure 6-4: Analytical framework highlighting the focus for Chapter six 
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Chapter 7 

Conclusions, recommendations, and contributions 

A synthesis of the major findings and conclusions is provided. Recommendations and 

contributions of the thesis are also presented. 

7.1 A synthesis of the climatic-landscape-hydrological interactions under global change 

This PhD study used various tools to assess climatic-landscape-hydrological interactions of the 

past, present, and future. The goal was to unpack the key climatic and landscape pattern 

stressors on water availability and devise potential interventions to increase resilience of semi-

arid sub-catchments under a changing environment.  

Chapter three focused on the past interactions and addressed the first objective. The main 

research questions were: (1) What are the trends in seasonal climatic/weather, landcover 

composition and configuration patterns in the Kaleya River Catchment? (2) What are the main 

interactions among landscape components and climatic extremes that are important to inform 

landscape level water resource management interventions in a heterogeneous and fragmented 

catchment? The trend analysis results revealed that there is an increase in climatic and weather 

extremes towards increased rainfall intensities and variability, longer dry spells, late onset of 

rains, and increased air temperatures.  

The landscape pattern indicated increasing fragmentation, agricultural intensification, and loss 

of forest land. Agricultural intensification has involved the expansion of both rainfed and 

irrigated cropland. Linked to this, is the increase in reservoirs in the landscape. From these 

climatic and landscape pattern changes, the results showed that the key drivers of declining 
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streamflow regimes were increased rainfall intensity and variability, and ET on the climate 

side, and increased irrigated cropland, and reservoirs, particularly the patchiness of these 

landcovers in the landscape.  

It was concluded that water resource interventions in the region must focus more on responding 

to the changing seasonal rainfall extremes than to annual rainfall totals. Further, the patchiness 

of cover in the landscape appeared to be more important than the percentage of a cover type in 

amplifying or reducing the effects of the changes in climatic and weather extremes. The 

Chapter recommended integrating various landscape configurations such as larger forest 

patches that can minimise impacts of some of the adversely changing climatic and weather 

extremes.  

Chapter four focussed on present interactions and addressed the second objective. Here, the 

research question was on what sources may have dominant contributions to streamflow in a 

heterogenous semi-arid sub-catchment undergoing agricultural intensification such as the 

Kaleya River Catchment? Informed by the extent of landscape fragmentation in Chapter three, 

the water sampling considered spatial and temporal dynamics according to water use and 

seasonality (dry and wet season). This created the necessary homogeneity required for use of 

tracer-based techniques.   

Results showed that storm water runoff and the spring were the major streamflow sources in 

the rainy season in the catchment. But in the dry season, the streamflow sources reflected a 

strong human intervention signal in which sources were different upstream and downstream. 

In the upper catchment, the spring was still a major streamflow source followed by irrigation 

return flow based on water from within the catchment. But this water was all intercepted by 

reservoirs in the middle catchment, hence downstream dry season streamflow sources were 
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irrigation return flow and wastewater. The irrigation return flows downstream could be traced 

back to intra-basin water transfer (IBWT) from the Kafue River used for furrow irrigation of 

sugarcane in the lower Kaleya River Catchment.  

The study recommended that there is need to improve irrigation efficiency but only in a way 

that ensures downstream flows can still be maintained. Water markets and improved socio-

cooperate responsibility by Zambia Sugar Company could help to still maintain downstream 

flows in the lower Kaleya River from IBTW. Additionally, recharge to the spring upstream 

needs to be sustained while ensuring that minimum flow bypass pipes or channels are installed 

on reservoirs that are on the main river channel to improve water connectivity from the spring 

to downstream users.  

Overall, the results of Chapter three and Chapter four indicated that irrigated agriculture has 

had contrasting effects on dry season flows depending on the source of water used for irrigation. 

Using the water from within the catchment, irrigated agriculture reduced dry season flows in 

the upper and middle catchment, despite some return flows in the upper catchment contributing 

to streamflow. But in the lower catchment, large scale irrigation increased dry season flows 

because of the intra-basin transfer water brought in from Kafue River, that ends up in the 

Kaleya River after irrigation, as an irrigation return flow. 

Arising from the historical trends in observed climate and weather extremes in Chapter three 

and present climatic-landscape-hydrological dynamics in Chapter four, it was also necessary 

to evaluate the climate and weather extremes that must be anticipated in the future as predicted 

by global climate models for the area. Such a holistic assessment of the interactions would 

better inform water resource management interventions so that they have a long-lasting positive 
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effect. A review of literature showed that there is a paucity of such studies at the micro- to 

meso-scale in sub–Saharan Africa.  

Therefore, Chapter five focussed on the future interactions, addressing the third objective. 

Here, the research question was on how future climatic and weather extremes are likely to 

change at a local scale in the case study catchment and how their changes might affect water 

availability with respect to blue water flows (streamflow), green water flows 

(evapotranspiration) and sediment load. There was a further question on how landscape change 

might interact with the predicted changes in climate and weather extremes to affect water 

availability and sediment load. The uncertainties in the GCMs were considered by using a 

climate model ensemble, while the parameter uncertainty of the hydrological model used to 

evaluate the hydrological impacts was considered by taking a stochastic approach to model 

calibration and scenario analysis.  

The GCMs predicted increased annual rainfall, mean and maximum air temperature by 2050. 

These were accompanied by increased rainfall intensities and dry spell length for both the RCP 

4.5 and RCP 8.5 scenarios. These results were consistent with the patterns from historical 

observed climate data reported in Chapter three.  

The climatic changes alone were predicted to increase streamflow and sediment load owing to 

higher rainfall amounts and rainfall intensities. But the higher sediment load could counter the 

positive effects of increased streamflow. Already, higher sediment load due to the higher 

erosive energy of rainfall are among the problems facing meso-scale semi-arid catchments, 

threatening surface water availability in these environments (Bisantino et al. 2011, Smetanova 

et al. 2020, Franchi et al. 2020).  
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Landcover change was predicted to reduce the positive effects of climate change and amplify 

the negative ones. It was predicted that landcover change would amplify the rainy season 

streamflow and sediment load and reduce green water storage (soil moisture) and dry season 

blue water flow (dry season streamflow), which climate change alone had predicted would 

increase. Therefore, Chapter five recommended that nature-based solutions are needed to 

capture the predicted increased rainfall, storm runoff (rainy season flows), and the resultant 

high sediment load so that storm water can be stored in the catchment longer, for use during 

the predicted longer dry spells.  

Chapter six therefore evaluated the effectiveness of selected nature-based solutions in 

managing rainfall under various climate change scenarios and thus addressed objective four. 

The research question focussed on evaluating the extent to which nature-based solutions would 

be effective in managing the future climatic changes to increase green and blue water 

availability at a local scale. The study took the position that water resilience entails managing 

rainfall and its extremes to increase both green and blue water storage in sub catchments, while 

recognising the trade-offs that could ensue from partitioning of increased rainfall intensities 

into green and blue water.  

Through the lenses of the green-blue water approach, selection of the nature-based solutions 

considered the importance of blue water, particularly groundwater and the huge role it plays in 

driving domestic and economic activities in semi-arid sub-catchments where most rivers are 

ephemeral. Added to this was a further recognition of green water, particularly soil moisture 

and beneficial evapotranspiration (transpiration) and the role it plays in biomass and food 

production, and in terrestrial ecosystems productivity, which in turn supports multiple 
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livelihood types such as grazing, mushroom and caterpillar collection, bee keeping among 

others as these are necessary for community resilience to global change.  

The findings in Chapter six predicted that reforestation and recharge structures could reduce 

surface runoff from increased rainfall intensities and channel a significant amount to deep 

ground water storage. Although the results were inconclusive in terms of baseflow contribution 

for the reforestation NbS under the RCP 4.5 scenario which had longer dry spell increases, the 

findings under the historical and RCP 8.5 climate scenarios predicted increased baseflow 

contribution which would help to increase dry season flows.  

The inconsistent results under reforestation where attributed to increased green water flows 

through water withdrawal from the shallow aquifer to plants, and the eventual 

evapotranspiration. The general conclusion was that reforestation would increase baseflow 

contribution to streamflow going by the results under the historical and RCP 8.5 scenario, and 

under chapter three. However, the slight reduction in baseflow contribution under the RCP 4.5 

scenario was also acknowledged as it could suggest that baseflow increases through 

reforestation may not be as straightforward under a changing climate, as some trade-offs 

between blue and green water would arise. 

From a green-blue water perspective, the study argues that even if green water flows were to 

increase, this may not be a water loss as it could suggest increased ecosystem productivity 

locally, mostly using the water that could have been lost out of the catchment as overland flow 

if no intervention was done. Further, it was observed that there was still some notable increase 

in deep groundwater and a reduction in sediment load which would still augment the local blue 

water availability. The best results for water and soil conservation could however be achieved 

if all the nature-based solutions were implemented simultaneously. It was concluded that 
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nature-based solutions have great potential for reducing storm runoff and sediment load arising 

from increased rainfall amounts and intensities, and can increase groundwater recharge, and 

green water. The specific findings of this PhD study are further summarised in Figure 7-1. 

In general, the study concluded that improved understanding of the climatic-landscape-

hydrological interactions of the past, present, and future at meso-scales can enhance our 

understanding of and adaptation to the adverse effects of global change towards more resilient 

sub-catchments in semi-arid areas. Through the green-blue water approach, the landscape 

patterns such as the patchiness of cover type which are not usually explicitly considered in 

catchment assessment methodologies, yet important to understand the interactions under a 

changing environment were brought to the fore. Through the same lenses, rainfall, and its 

changing characteristics (intensities) were viewed as a key resource that needs to be managed. 

Further green water was placed at the centre of the proposed management interventions as it is 

important for food and biomass production.  
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Figure 7-1: Some key messages from the study 

Past interactions 

Results (Objective 1) showed 

that: 

- increased rainfall intensity, & 

dry spell length & late onset of 

rains were major climatic 

stressors not seasonal rainfall 

totals. 

- patchiness of a cover type was 

more important in explaining 

water availability than the 

percentage of cover type in the 

landscape. 

- reforestation using larger 

forest patches could be used to 

manage seasonal flows. 

 

Proposed nature-based solutions to deal with future interactions 

Results (Objective 4) predicted that: 

- NbSs such as reforestation, recharge structures, and conservation tillage 

could help to manage the predicted increase in rainfall amounts and 

intensities and reduce storm water runoff/overland flow through increased 

storm water storage. 

- the increased storm water storage locally could mainly be through 

increased blue water (particularly deep groundwater storage and 

baseflow) and green water (particularly beneficial ET useful in 

plant/ecosystem productivity), as well as indirectly through reduced 

sediment load. 

- Increased rainfall intensities should be taken as a resource for improving 

resilience to other climatic shocks such as dry spells and increased rainfall 

variability. This could be achieved through the green-blue water approach 

implemented using nature-based solutions. 

 

 

 

Present interactions 

Results (Objective 2) showed 

that: 

- the spring is the primary 

source of water upstream, 

particularly during the dry 

season, but not downstream due 

to impoundments. 

While irrigation explained 

decreasing dry season flows, net 

effect depended on source of 

irrigation water. Irrigation from 

other sources such as IBWT, 

could increase local streamflow 

through return flows. 

Future interactions 

Results (Objective 3) 

indicated: 

- Predicted future climatic risks 

were increased rainfall 

amounts & intensity, extended 

dry spells, and increasing mean 

and maximum air 

temperatures. 

- These could increase 

streamflow (potential flash 

flood risk), ET, and sediment 

loads. 

- Landscape change would 

amplify some of the negative 

effects of climate change. 

 

Climatic-landscape-hydrological interactions: Past, Present and Future 
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7.2 Overall conclusion 

The interactions of the changing landscape patterns with the changing climate and weather 

extremes and the effects on local green and blue water availability were investigated in this 

study. Overall, the study found that landscape pattern changes (patchiness of cover in addition 

to percentage of cover) amplify the negative effects of the changing climatic and weather 

extremes in the past, present, and future. But if well designed in form of NbS interventions, the 

landscape patterns could be used to manage the effects of climate change whereby the 

increasing rainfall intensities could be seen and managed as a resource for improving local 

water storage, and productivity thereby building resilience to other climatic extremes such as 

dry spells, rainfall variability and increasing air temperatures. 

7.3 Limitations of the study and recommendations for future research 

Detailed investigations into groundwater dynamics and use under a changing environment were 

beyond the scope of this work. Additionally, future studies can integrate assessment of socio- 

economic benefits that can be derived from NbSs implementation, assess community 

perceptions of the proposed NbSs interventions, including undertaking a cost benefit analysis 

of the NbSs. 

7.4 Recommendations for improved water resources management 

Other specific recommendations include: 

1. Nature-based solutions such as farmer-assisted natural regeneration of forest patches 

towards larger forest patch sizes, are needed to enhance landscape hydrological 

processes that improve seasonal water availability. Other interventions could include 
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installation of recharge structures such as infiltration wells/pits and check dams in quick 

recharge areas of tributary sub-catchments to increase groundwater storage. 

2. Agriculture in the catchment much invest in more efficient irrigation technology, such 

as drip and sprinkler irrigation. Since improving irrigation system efficiency could 

eliminate return flows which were found to be currently supplying dry season flows in 

the lower Kaleya River, there is need to keep the river flowing through minimum flow 

bypass channels/pipes from reservoirs upstream. This could be combined with a 

deliberate supply of IBTW from Kafue River to the lower Kaleya River which could 

be supported through a water market system.  

3. Managing for increased soil moisture and groundwater recharge wherever the geology 

allows, could help to broaden the scope beyond streamflow and environmental flows to 

better include groundwater, which already plays an important role in meso-scale semi-

arid catchments, and soil water needed by the terrestrial ecosystems, thus providing 

resilience to global change in a more holistic manner (Falkenmark and Rockström, 

2010).  

7.5 Contributions of the thesis 

7.5.1 Contribution to the body of knowledge 

The study has contributed to the body of knowledge in catchment hydrology in a less well 

studied part of the world, where landscape fragmentation and agricultural intensification 

(including irrigation), along with climate and weather extremes are on the increase. The study 

has teased out the important factors in the climatic-landscape-hydrological interactions that 

threaten local water availability at a meso-scale and how these interactions could be changed 

to increase local water storage. 
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7.5.2 Methodological contribution 

The study conceptualised how data related to catchment hydrology under a changing 

environment should be collected, analysed, and applied. For this, the study applied a 

combination of various novel techniques such as partial least squares regression, stable water 

isotopes and hydro chemical tracers, ensemble climate modelling, and hydrological modelling 

(stochastically). As stand alone, these methodologies may not be adequate in understanding the 

changing regimes and drivers. In addition, a holistic approach was taken in terms of looking at 

the past-present-future and assessing the changes in terms of green and blue water. A further 

development of the assessment methodologies in catchment hydrology is recommended to 

keep pace with the evolving research questions under a changing environment. Presently, most 

hydrological models often used do not adequately capture the main processes especially with 

respect to plant/crop water use dynamics during dry spells and the patchiness of cover which 

are increasingly becoming important in process understanding under global change.  
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Appendices 

Appendix 4-1: Tracer concentrations of end members and streamflow in the rainy season 

Variable End member Number Mean 
Standard 
deviation Minimum Maximum 

δ 2H  (‰) 

Spring 3 -49.6 0.5 -50.1 -49.3 

Stormwater runoff from irrigated areas 4 -82.7 20.5 -100.2 -54.0 

Stormwater runoff from non-irrigated areas 8 -85.4 4.4 -91.0 -79.0 

Streamflow (not an end member) 9 -70.8 18.1 -99.9 -40.6 

       

δ 18O (‰) 

Spring 3 -7.5 0.1 -7.6 -7.5 

Stormwater runoff from irrigated areas 4 -11.3 2.7 -13.6 -7.4 

Stormwater runoff from non-irrigated areas 8 -12.3 0.6 -12.9 -11.1 

Streamflow (not an end member) 9 -10.3 2.5 -14.5 -5.9 

       

Electrical 

conductivity   

(mS m-1) 

Spring 3 60.3 0.6 59.6 60.7 

Stormwater runoff from irrigated areas 4 98.7 72.8 27.9 182.2 

Stormwater runoff from non-irrigated areas 8 6.5 6.2 0.7 17.1 

Streamflow (not an end member) 9 44.1 19.1 15.5 70.7 

       

Chlorides (mg/l) 

Spring 3 12.3 1.2 11.0 13.0 

Stormwater runoff from irrigated areas 4 105.8 91.4 20.0 206.0 

Stormwater runoff from non-irrigated areas 8 9.5 8.6 1.0 20.0 

Streamflow (not an end member) 9 22.3 15.3 12.0 59.0 
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Appendix 4-2: Tracer concentrations of end members and streamflow in the dry season upstream 

Variable End member Total Mean 
Standard 

deviation Minimum Maximum 

δ 2H  (‰) 

Irrigation Return flows (upstream via 

subsurface) 3 -24.9 8.5 -34.1 -17.5 

Spring 2 -48.7 0.9 -49.4 -48.1 

Streamflow upstream (not an end member) 4 -31.4 10.6 -42.6 -18.6 

       

δ 18O (‰) 

Irrigation Return flows (upstream via 

subsurface) 3 -3.0 1.6 -4.7 -1.6 

Spring 2 -7.4 0.4 -7.7 -7.1 

Streamflow upstream (not an end member) 4 -4.0 1.9 -5.7 -1.5 

       

Electrical 

conductivity   

(mS m-1) 

Irrigation Return flows (upstream via 
subsurface) 3 130.6 32.1 93.6 151.1 

Spring 2 46.1 16.9 34.1 58.0 

Streamflow upstream (not an end member) 4 68.8 26.9 31.1 92.0 

       

Chlorides (mg/l) 

Irrigation Return flows (upstream via 

subsurface) 3 54.7 60.3 14.0 124.0 

Spring 2 52.0 39.6 24.0 80.0 

Streamflow upstream (not an end member) 4 52.0 17.4 36.0 68.0 

 

Appendix 4-3: Tracer concentrations of end members and streamflow in dry season 

downstream 

Variable End member Total Mean 

Standard 

deviation Minimum Median 

δ 2H  (‰) 

Irrigation Return flows_downstream 5 -18.6 1.5 -20.2 -18.7 

Wastewater (vinasse) 2 -17.6 1.9 -19.0 -17.6 

Streamflow downstream (not an end member) 3 -17.8 0.9 -18.7 -17.8 

       

δ 18O (‰) 

Irrigation Return flows_downstream 5 -2.4 0.5 -2.8 -2.6 

Wastewater (vinasse) 2 -1.3 0.4 -1.6 -1.3 

Streamflow downstream (not an end member) 3 -2.2 0.4 -2.6 -2.2 

       

Electrical 
conductivity   

(mS m-1) 

Irrigation Return flows_downstream 5 76.1 33.4 46.1 78.6 

Wastewater (vinasse) 2 2.3 1.5 1.2 2.3 

Streamflow downstream (not an end member) 3 56.4 4.6 51.1 58.7 

       

Chlorides (mg/l) 

Irrigation Return flows_downstream 5 69.2 62.7 32.0 38.0 

Wastewater (vinasse) 2 88.0 14.1 78.0 88.0 

Streamflow downstream (not an end member) 3 76.3 6.8 71.0 74.0 
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Appendix 4-4: Tracer concentrations of all potential end members with respect to δ 2H  

Variable End member n Mean Standard deviation Minimum Maximum 

δ 2H  (‰) 

Groundwater downstream in irrigated area 6 -28.93 6.65 -38.16 -24.35 

Groundwater downstream in non-irrigated area 2 -40.32 8.78 -46.53 -34.1 

Groundwater upstream 2 -50.777 0.152 -50.884 -50.669 

Groundwater downstream _irrigated areas 4 -33.6 10.62 -46.67 -24.64 

Groundwater upstream 4 -49.927 1.712 -51.887 -48.011 

Intra-basin transfer water (irrigation water) 2 -19.738 0.46 -20.063 -19.413 

Irrigation Return flows (upstream via subsurface) 3 -24.9 8.46 -34.1 -17.46 

Irrigation Return flows downstream 5 -18.626 1.461 -20.162 -16.29 

Spring 5 -49.267 0.74 -50.143 -48.092 

Stormwater runoff from irrigated areas 4 -82.7 20.5 -100.2 -54 

Stormwater runoff from non-irrigated areas 8 -85.41 4.36 -91 -78.96 

Streamflow (not an end member) 9 -70.84 18.1 -99.89 -40.6 

Streamflow downstream (not an end member) 3 -17.791 0.925 -18.695 -16.846 

Streamflow upstream (not an end member) 4 -31.36 10.6 -42.64 -18.61 

Subsurface Irrigation Return flows downstream 1 -23.391 * -23.391 -23.391 

Wastewater 2 -17.63 1.9 -18.97 -16.29 

Wells (Baseflow downstream) 2 -36.9 16.5 -48.6 -25.3 

Wells (Baseflow upstream) 1 -47.354 * -47.354 -47.354 

Wells (Baseflow) 5 -48.71 7.89 -61.64 -40.54 
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Appendix 4-4: Tracer concentrations with respect to δ 18O and electrical conductivity 

Variable End member n Mean 

Standard 

deviation Minimum Maximum 

δ 18O (‰) 

Groundwater downstream in irrigated area 6 -4.077 1.028 -5.46 -3.365 

Groundwater downstream in non-irrigated area 2 -5.81 1.46 -6.84 -4.77 

Groundwater upstream 2 -7.672 0.183 -7.801 -7.543 

Groundwater downstream _irrigated areas 4 -4.774 1.826 -7.153 -3.238 

Groundwater upstream 4 -7.473 0.288 -7.815 -7.11 

Intra-basin transfer water (irrigation water) 2 -2.4269 0.0246 -2.4443 -2.4095 

Irrigation Return flows (upstream via subsurface) 3 -3.047 1.56 -4.72 -1.632 

Irrigation Return flows downstream 5 -2.397 0.488 -2.758 -1.555 

Spring 5 -7.482 0.236 -7.725 -7.106 

Stormwater runoff from irrigated areas 4 -11.33 2.74 -13.55 -7.41 

Stormwater runoff from non-irrigated areas 8 -12.282 0.619 -12.9 -11.145 

Streamflow (not an end member) 9 -10.27 2.492 -14.483 -5.907 

Streamflow downstream (not an end member) 3 -2.182 0.403 -2.567 -1.764 

Streamflow upstream (not an end member) 4 -4.008 1.891 -5.727 -1.494 

Subsurface Irrigation Return flows downstream 1 -3.0277 * -3.0277 -3.0277 

Wastewater 2 -1.305 0.353 -1.555 -1.056 

Wells (Baseflow downstream) 2 -5.32 3.06 -7.48 -3.16 

Wells (Baseflow upstream) 1 -7.4568 * -7.4568 -7.4568 

Wells (Baseflow) 5 -6.939 1.422 -9.137 -5.628 

Variable End member n Mean 

Standard 

deviation Minimum Maximum 

Electrical 

conductivity   
(mS m-1) 

Groundwater downstream in irrigated area 6 844.7 159.8 731 1090 

Groundwater downstream in non-irrigated area 2 776.5 37.5 750 803 

Groundwater upstream 2 658.5 87 597 720 

Groundwater downstream _irrigated areas 4 829 175.7 668 1079 

Groundwater upstream 4 672.8 138.6 525 825 

Intra-basin transfer water (irrigation water) 2 284.5 24.7 267 302 

Irrigation Return flows (upstream via subsurface) 3 1306 321 936 1511 

Irrigation Return flows downstream 5 761 334 461 1278 

Spring 5 546.2 115.2 341 607 

Stormwater runoff from irrigated areas 4 98.7 72.8 27.9 182.2 

Stormwater runoff from non-irrigated areas 8 6.5 6.2 0.7 17.1 

Streamflow (not an end member) 9 44.1 19.1 15.5 70.7 

Streamflow downstream (not an end member) 3 56.4 4.6 51.1 59.5 

Streamflow upstream (not an end member) 4 68.8 26.9 31.1 92.0 

Subsurface Irrigation Return flows downstream 1 144.8 * 144.8 144.8 

Wastewater 2 2.3 1.5 1.2 3.3 

Wells (Baseflow downstream) 2 80.2 19.4 66.4 93.9 

Wells (Baseflow upstream) 1 40.9 * 40.9 40.9 

Wells (Baseflow) 5 97.7 44.7 34.4 148.9 
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Appendix 5-1: Landcover changes in the upper Kaleya Catchment 

Landcover 1984 landcover   2019 landcover  Reforestation NbS 

landcover 

 

Area 

(km2) 
Area 

(%)  Area (km2) 
Area 

(%)  

Area 

(km2) 
Area 

(%) 

Cropland 24.88 31.88  58.69 75.20  35.70 45.75 

Forest 40.46 51.84  1.87 2.40  29.05 37.22 

Scrubland 12.63 16.18  16.49 21.13  12.04 15.43 

Water 0.08 0.10  1.00 1.28  1.25 1.60 

Totals 78.05 100.00   78.05 100.00   78.05 100.00 
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Appendix 5-2: Effects of climate on blue water flow (streamflow) in millimetres (mm) 

 

 

 

 

 

 

    MICROC 5   MPI_ISM_LR   Ensemble 

  

Historical  RCP 4.5  
RCP 4.5 

change 

  

RCP 8.5  
RCP 8.5 

change 

 

Historical  RCP 4.5  
RCP 4.5 

change 

  

RCP 8.5  
RCP 8.5 

change 
 Historical  RCP 4.5  

RCP 4.5 

change 

  

RCP 8.5  
RCP 8.5 

change 

  
m3 day -1 m3 day -1 m3 day -1   m3 day -1 m3 day -1  m3 day -1 m3 day -1 m3 day -1   m3 day -1 m3 day -1  m3 day -1 m3 day -1 m3 day -1   m3 day -1 m3 day -1 

Dry 

season 

lower 11201 11310 109  12044 844  9459 12663 3204  12864 3404  12948 15165 2218  17408 4460 

Upper 20914 21000 86  20999 85  17727 22785 5057  23179 5451  19904 22991 3087  25982 6078 

Median 15770 15738 -32  16593 823  13270 17431 4161  17678 4408  16506 19107 2602  21817 5311 

    
 

                 

Rainy 

season 

lower 33566 32573 -992 
 38177 4611  28659 43289 14629  43496 14836  20021 25746 5725  32359 12338 

Upper 51520 50132 -1388  57943 6423  44894 62768 17874  63023 18129  33347 40888 7542  49616 16270 

Median 41278 40159 -1119  46734 5456  35494 51612 16118  51980 16486  25581 32024 6443  39620 14039 

    
 

                 

Annual 
average 

lower 22383 21942 -442  27289 4905  19059 27976 8916  28180 9120  16484 20456 3971  24884 8399 

Upper 36218 35599 -618 
 42550 6332  31311 42776 11466  43101 11790  26626 31940 5314  37799 11174 

Median 28508 27964 -544   34175 5668   24382 34521 10139   34829 10447   21043 25566 4523   30718 9675 
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Appendix 5-3 Effects of climate change on sediment load (tonnes) 

    MICROC 5   MPI_ISM_LR   Ensemble 

 

 

Historica

l  

RCP 

4.5  

RCP 

4.5 

change  

RCP 

8.5  

RCP 

8.5 

change  

Historica

l  

RCP 

4.5  

RCP 

4.5 

change  

RCP 

8.5  

RCP 

8.5 

change 

 Historica

l  

RCP 

4.5  

RCP 

4.5 

change  

RCP 

8.5  

RCP 

8.5 

change 

  

tons  

year-1 

tons 

year-1 

tons 

year-1   

tons 

year-1 

tons 

year-1  

Tons 

 year-1 

tons 

year-1 

tons 

year-1   

tons 

year-1 

tons 

year-1  

tons  

year-1 

tons 

year-1 

tons 

year-1   

tons 

year-1 

tons 

year-1 

Dry 

season 

lower 410 457 47  226 -184  293 480 187  509 216  89 122 33  177 89 

Upper 1788 1768 -20  1549 -239  1355 1891 536  1954 599  1462 1744 282  2116 654 

Media

n 1217 1230 13  1158 -59  919 1311 392  1350 431  826 1097 271  1427 601 

                      

Rainy 

season 

lower 2440 2148 -292  2875 435  1993 3346 1353  3289 1296  578 810 232  1158 580 

Upper 5347 4900 -448  5931 584  4720 6403 1683  6492 1772  3285 4079 793  5001 1715 

Media

n 4098 3765 -332  4580 482  3537 5079 1542  5116 1579  2214 2937 723  3788 1574 

                      

Annual 

lower 2850 2605 -245  3101 251  2286 3826 1540  3798 1512  667 932 265  1335 668 

Upper 7135 6667 -468  7480 345  6075 8294 2219  8446 2371  4747 5822 1075  7117 2370 

Media

n 5315 4995 -320   5738 424   4456 6391 1934   6466 2010   3040 4034 994   5215 2175 
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Appendix 5-4: Effects of climate change on green water flow (Evapotranspiration) in millimetres (mm) 

 
                     

    MICROC 5   MPI_ISM_LR   Ensemble 

  

Historical  
RCP 

4.5  

RCP 

4.5 
change  

RCP 

8.5  

RCP 

8.5 
change  

Historical  
RCP 

4.5  

RCP 

4.5 
change  

RCP 

8.5  

RCP 

8.5 
change 

 Historical  
RCP 

4.5  

RCP 

4.5 
change  

RCP 

8.5  

RCP 

8.5 
change 

  mm mm mm   mm mm  mm mm mm  mm mm  mm mm mm   mm mm 

Dry 

season 

lower 185 181 -4  128 -57  201 208 6  205 3  202 204 2  203 1 

Upper 199 197 -2  140 -59  217 227 10  222 5  217 223 6  219 2 

Median 192 190 -3  134 -58  210 219 9  214 5  210 214 4  211 2 

                      

Rainy 

season 

lower 275 275 0  297 22  291 288 -3  286 -5  299 301 2  296 -4 

Upper 321 324 3  346 25  338 342 3  342 3  344 349 6  346 3 

Median 301 303 2  325 24  318 319 1  318 0  325 329 5  325 0 

                      

Annual 

lower 459 455 -4  424 -35  492 496 4  490 -1  502 505 4  499 -3 

Upper 520 521 1  486 -34  555 569 14  564 9  560 572 12  565 5 

Median 493 493 0   459 -34   528 538 10   532 5   534 543 9   536 2 
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Appendix 6-1: Effects of Nature based Solutions on green and blue water, and sediment load under 

various climate change scenarios 

                
Climate 

change 

scenario 

Water balance Water type Baseline 
Recharge 
structures 

Reforestation 
Conservation 

tillage 
Combination 
of all NbSs 

  mm mm mm mm mm 

Historical 

(average 
rainfall, 

709 mm) 

Surface runoff Blue water 19 18 5 18 17 

Baseflow (Groundwater contribution to 
streamflow) 

Blue water 
90 92 99 89 107 

Shallow aquifer storage Blue water 529 529 389 529 531 

Deep aquifer recharge Blue water flow 17 18 24 17 23 

Initial Soil moisture 
Green water 

storage 131 131 129 132 132 

Change in soil moisture 
Green water 

storage 35 35 34 34 32 

REVAP (Water from shallow aquifer to 
plants/soil) 

Green water flow 
5 5 17 5 6 

Evapotranspiration Green water flow 585 585 599 587 589 

Sediment load (tons year -1)  1302 844 1105 1249 676 
 

       

RCP 4.5 

(average 

rainfall, 
749 mm) 

Surface runoff Blue water 29 28 9 29 28 

Baseflow (Groundwater contribution to 

streamflow) 
Blue water 

116 120 113 115 118 

Shallow aquifer storage Blue water 532 531 403 532 541 

Deep aquifer recharge Blue water flow 22 23 27 22 26 

Initial Soil moisture 
Green water 

storage 139 139 129 139 140 

Change in soil moisture 
Green water 
storage 41 41 35 40 37 

REVAP (Water from shallow aquifer to 

plants/soil) 
Green water flow 

9 9 20 9 10 

Evapotranspiration Green water flow 588 588 606 590 592 

Sediment load (tons year -1)  1832 1391 1712 1804 1211 
  

      

RCP 8.5 

(average 

rainfall, 
788 mm) 

Surface runoff Blue water 40 39 15 40 38 

Baseflow (Groundwater contribution to 
streamflow) 

Blue water 
139 145 142 138 143 

Shallow aquifer storage Blue water 528 527 401 528 537 

Deep aquifer recharge Blue water flow 27 28 34 27 31 

Initial Soil moisture 
Green water 
storage 136 136 127 136 137 

Change in soil moisture 
Green water 

storage 47 47 42 47 44 

REVAP (Water from shallow aquifer to 

plants/soil) 
Green water flow 

9 9 20 9 10 

Evapotranspiration Green water flow 592 592 609 594 596 

Sediment load (tons year -1)   2473 2095 2318 2459 1861 

 

 

  

 


