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Abstract

Human activities endanger the role of rivers as one of the most valuable freshwater sources and
essential ecosystem service providers. Dam construction, agriculture, mining, industry, and land-
use change can alter river water quality and the seasonal variability of river discharge, thereby
deteriorating the ecological status of rivers. This doctoral thesis explores the impact of each of
these activities on river water quality and quantity, and suggests new frameworks and indicators
which can be used to enhance the understanding of human impacts on rivers. Two case studies
presented here investigated the impact of small reservoirs and multiple dam construction – in
connection with land-use change – on river flow characteristics in arid/semi-arid and
Mediterranean climates (Iran and Turkey). A third case study analyzed the impact of mining on
river water quality in a pristine river in an Arctic region (Finnish Lapland) and proposed a new
indicator to enhance the monitoring system. This thesis brings awareness to the potential impact
of multiple activities on river systems and delivers new methods to quantify those impacts with
minimum cost and maximum effectiveness. The framework presented here could be used by
researchers and authorities to monitor river health in different climates.

Keywords: agriculture, dam construction, environmental impact assessment, land-use
change, mine





Yaraghi, Navid, Ihmistoiminnan vaikutukset jokivesien määrään ja laatuun
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 808, 2021
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Ihmistoiminnan vaikutukset jokisysteemeihin vaarantavat niiden aseman tärkeinä makean veden
lähteinä ja ekosysteemipalvelujen tarjoajina. Jokien padottaminen, maatalous, kaivostoiminta,
teollisuus ja eri maankäyttömuodot vaikuttavat jokivesien laatuun ja virtaamiin, täten muuttaen
niihin liittyvien ekosysteemien tilaa. Tämän väitöskirjatyön tarkoituksena on tutkia näiden teki-
jöiden vaikutusta vedenlaatuun ja määrään sekä tarjota uusia näkymiä ja työkaluja, joiden avul-
la pystytään lisäämään tietoa ja ymmärrystä ihmistoiminnan vaikutuksista jokisysteemeihin.
Tulokset saatiin kolmen Case-tapauksen avulla, joissa kahdessa tarkasteltiin lukuisten pienpato-
altaiden ja itse patojen rakentamisen sekä maankäytön muutoksen vaikutusta jokien virtaamien
dynamiikkaan kuivalla/puolikuivalla sekä välimerellisellä ilmastovyöhykkeellä (Turkki ja Iran).
Kolmas case-tapaus käsitteli kaivostoiminnan vaikutuksia luonnontilaiseen jokeen ja sen veden-
laatuun arktisella alueella (Suomen Lappi). Vaikutuksia tarkasteltiin käyttäen jatkuvatoimisesti
mitattua sähkönjohtavuutta indikaattorina vedenlaatumuutoksille. Tämä väitöstyö lisää tietoi-
suutta monien eri toimintojen vaikutuksista jokisysteemeihin ja tarjoaa uusia keinoja määrittää
näitä vaikutuksia kustannustehokkaasti. Työssä luotua kehikkoa voidaan käyttää tutkijoiden ja
viranomaisten toimesta monissa eri ympäristöissä ja ilmasto-oloissa.

Asiasanat: kaivos, maankäytön muutos, maatalous, padon rakentaminen,
ympäristövaikutusten arviointi
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1 Introduction  

Rivers provide essential ecosystem services (Paine, 2019). They carry water and 

nutrients and provide critical habitat for many of the Earth’s organisms. They 

provide travel routes for exploration, commerce, and recreation. They facilitate 

energy production via dams and hydropower stations (Chen et al., 2019; Li, Liu, 

Saito, & Nguyen, 2017), supplying energy for industrial and urban needs 

(Yongqiang Zhang et al., 2019). They provide water for irrigation (Fazel, Torabi 

Haghighi, & Kløve, 2017; Gregory, 2006; Hao et al., 2015), and industry (Chiogna 

et al., 2016; de Klerk, Oberholster, van Wyk, de Klerk, & Botha, 2016). Due to the 

close link between humans and ecosystems, jeopardizing river ecosystems would 

mean endangering our current way of life.  

Excessive increases in demographic, economic, and technological 

development, and increasing demands for food and energy production, are altering 

river water quality and quantity around the globe (Giri, 2021; Ray, Duckles, & 

Pijanowski, 2010; Salvarrey, Kotzian, Spies, & Braun, 2014). Human activities 

such as dam construction, mining, and agriculture can considerably affect river 

water quality and quantity (Bielmyer-Fraser et al., 2017; Bussi et al., 2017; Kusimi, 

2008; Markogianni, Mentzafou, & Dimitriou, 2016).  

In Finland, and many other developed countries, mining-related water quality 

changes are a major concern (Helenius, 1981; Leppänen, Weckström, & Korhola, 

2017). A growing concern in developing countries, like Iran and Turkey, is that the 

construction of new dams to meet irrigation water and energy needs are causing 

changes to river flow regime and the hydrologic cycle (Richter & Postel, 2004). 

The global water system is bankrupt, as water use already exceeds available 

renewable water, causing over drafting of non-renewable water resources, and 

ecosystem damage in many parts of the world (Madani, 2019).  

Human impacts on river water quality and quantity can be physical, chemical, 

and/or biological. Activities that influence physical characteristics of rivers can 

alter the timing, magnitude, frequency, and variability of river flows on a broad 

geographic scale (Chen et al., 2019; Duvail et al., 2017; Torabi Haghighi, Marttila, 

& Kløve, 2014; P. Wang, Lassoie, Dong, & Morreale, 2013). For instance, dam 

construction has fragmented 60% of the 227 largest rivers worldwide (Richter & 

Postel, 2004). Excessive water usage – for agriculture, industry, and municipal use 

– is another factor that physically endangers river water quality and quantity (Ibe 

& Njemanze, 1998; Kostevšek, Petek, Klemeš, & Varbanov, 2016; Mancosu, 

Snyder, Kyriakakis, & Spano, 2015). Physical impacts include morphological 
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changes (Burke, Jorde, & Buffington, 2009), flow changes (Zaimes, Gounaridis, & 

Symeonakis, 2019), and changes to sediment transportation and settling processes, 

as well as riverbank processes (Chen et al., 2019).  

Human activities threaten river water quality, and in some cases even the very 

existence of rivers (e.g., through overexploitation). Water quality changes arising 

from human activities have been studied and discussed widely for about 100 years 

(Streeter & Phelps, 1925), and it remains crucial to assess the impact of human 

activities on river water quality. In many regions, urbanization, mining, agriculture 

and industry are key drivers for river water quality changes (Du, Yang, & Feng, 

2016; Joshi, Kumar, Paliwal, Midha, & Dash, 2009; Liang et al., 2018; Nasrabadi, 

Bidhendi, Karbassi, Grathwohl, & Mehrdadi, 2011; Ruiz-García, Márquez-

Rodríguez, & Ferreras-Romero, 2012). Changes to river water quality, due to either 

point source (Carmo et al., 2017; Ducharne et al., 2007) or non-point source 

contamination (Jabbar & Grote, 2019; M. Liu et al., 2019; Ning, Chang, Jeng, & 

Tseng, 2006; Shen, Qiu, Hong, & Chen, 2014) can cause ecological deterioration.  

Many rivers worldwide suffer from multiple stressors (e.g., dam construction, 

land-use change, agriculture, mining, and industry), and the magnitude of the 

resulting impact depends on the climate, rainfall patterns, time of year, river size, 

and the type of human activity (Sabater et al., 2018). For example, in arid and semi-

arid regions, river flow characteristics are more sensitive to dam construction and 

agriculture compared to in other regions (e.g. cold regions) (Alrajoula, Al Zayed, 

Elagib, & Hamdi, 2016; Burke et al., 2009; Uday Kumar & Jayakumar, 2020). 

River water quality is also sensitive to the season and climates. In dry seasons – 

summer in arid and semi-arid regions, or winter in continental areas – the river 

ecosystem is more sensitive to contamination inputs due to lower river discharge 

and, hence, a lower possibility of dilution (Liang et al., 2018; Mack et al., 2019; 

Riba, García-Luquea, Blasco, & DelValls, 2003).  

Environmental impact assessments of human activities have been widely 

implemented to determine the effects of different activities on river ecosystems. 

Other methods, frameworks, and indicators have also been generated to help 

researchers, authorities, and stakeholders identify, monitor, and decrease negative 

impacts. For example, spatial and temporal deviations in river hydrology and 

chemistry have been studied via the statistical analysis of historical data; the use of 

remote sensing methods; and the calculation of various water quality and 

hydrological indices (Cochrane, Matricardi, Numata, & Lefebvre, 2017; Downs, 

Dusterhoff, & Sears, 2013; J. Liu et al., 2017; Rashid & Romshoo, 2012; Restrepo 

& Escobar, 2018; Rudorff, Rudorff, Kampel, & Ortiz, 2018a; Shahrood et al., 2020; 
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Torabi Haghighi, Darabi, Shahedi, Solaimani, & Kløve, 2020; Yousefi, 

Pourghasemi, Hooke, Navratil, & Kidová, 2016; Yan Zhang et al., 2018).  

Improving current methods, indicators, and indices, and creating new ones, would 

enhance environmental impact assessment methods, which would in turn help 

decrease the magnitude of impacts by raising awareness of river ecosystem changes. 

This thesis addresses dam construction, land-use change, agriculture, mining, and 

industry – the most impactful activities that alter river water quality and quantity 

(Figure 1). Besides determining the impact of these human activities on river water 

quality and quantity, the thesis also develops and discusses a new framework, and 

new indices and indicators that could be used for this purpose. In the following 

sections, the impact of each activity on river systems will be comprehensively 

reviewed. After that, the new framework, indices, and indicators will be presented 

to quantify the magnitude of different human activities on river systems. 

 

Fig. 1. Cause-effect diagram regarding impacts of human activities on river water 

quality and quantity (Reprinted, with permission, from Paper I © 2021 Authors). 

1.1  Impacts of dam construction on rivers 

Dams optimize water resource usage for urban and industrial water supply (Uday 

Kumar & Jayakumar, 2020). They irrigate dry agricultural lands (Karakoyun, 

Yumurtaci, & Dönmez, 2018). They increase the amount of water available for 

generating hydroelectric power (Torabi Haghighi et al., 2014). They reduce the 

peak discharge of floodwater created by large storms or heavy snowmelt (Gao et 

al., 2014). They increase river water depth to improve navigation and allow barges 

and ships to travel more efficiently (Jackson & Brown, 2020). However, dams and 

hydropower plants can also alter the flow regime (Mailhot, Talbot, Ricard, Turcotte, 
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& Guinard, 2018), morphological status (H. F. Yang et al., 2018), and water quality 

of a river (Senneville et al., 2018), resulting in deterioration of the river’s ecological 

status (Lobo, Wittmann, & Piedade, 2019). 

Alteration of flow characteristics is a direct physical impact of dam 

construction on river flow regime (Duvail et al., 2017; Fearnside, 2014; C. Guo et 

al., 2020; Lobo et al., 2019). Dam construction causes changes in the timing, 

magnitude, frequency, duration, and rate of change of flows (Burke et al., 2009). 

During low flow seasons and in arid and semi-arid regions, due to high water 

demand, high intra- and interannual variability, and water scarcity, dams alter the 

river regime significantly (Alrajoula et al., 2016; Peñas & Barquín, 2019; Torabi 

Haghighi & Kløve, 2015; Uday Kumar & Jayakumar, 2020). For instance, despite 

its small size, Spain is among the top five dam-building countries, and reservoirs 

impound almost 60% of the total runoff in some of the country’s main basins (Peñas 

& Barquín, 2019). Many countries in central Asia also have large numbers of dams. 

The river flow regimes of the two major rivers in Central Asia, the Syr Darya and 

the Amu Darya, are complex and vulnerable to climate change. Human activities, 

especially dam construction, have reduced flows in downstream regions, resulting 

in severe ecological and social damages (Loodin, 2020). In the Lancang River – 

the upper portion of the Mekong River, which is among the world’s most important 

transboundary rivers – reservoir construction was the most significant factor 

affecting streamflow among all human activities investigated (e.g., agriculture, 

industry, and domestic water use). Compared with the baseline period 1980–1986, 

climatic change and human activities contributed ~57% and ~43% to the 

streamflow changes for the transition period 1987–2007, and ~5% and ~95% for 

the post-impact period 2008–2014, respectively (Han, Long, Fang, Hou, & Hong, 

2019). More and more examples worldwide in different climates demonstrate the 

dramatic impact of dam construction on river flow regime and its characteristics 

(Bejarano, Sordo-Ward, Alonso, & Nilsson, 2017; Peñas & Barquín, 2019; 

Yongqiang Zhang et al., 2019).      

Another consequence of dam construction is that sedimentation has caused 

morphological changes in rivers (Binh, Kantoush, & Sumi, 2020; Zaimes et al., 

2019). Dam construction affects downstream channel stability in two ways, by 

trapping the sediment load and altering the downstream natural flow characteristics 

(Vanoni, 2006). Changing the concentrations and ratios of sediments and nutrients 

– and thus changing the river system from a turbulent and muddy river to a placid 

river – alters flow processes and aquatic ecosystems (C. Guo et al., 2020; X. Guo 

et al., 2020; Y. Wang, Rhoads, Wang, Wu, & Zhang, 2018; Wu et al., 2018). The 
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five large rivers in East and Southeast Asia (Yellow, Yangtze, Pearl, Red, and the 

Mekong) now collectively discharge ~600 megatons of sediment to the sea every 

year, in contrast to ~2000 megatons before the rivers were fragmented by dams (H. 

Wang et al., 2017). In global scale, dam regulation has decreased the sediment flux 

to the coastal ocean by ~5 gigatons per year by the 21st century (H. Wang et al., 

2017). For instance, the annual sediment load has decreased progressively and 

substantially, e.g., by 97% in the 2010s compared to the 1950s at Yichang – the 

upper Changjiang River (C. Guo et al., 2020). Besides decreasing the quantity of 

the sediments, at Yichang the sediment grain sizes and mineral compositions 

indicate discontinuous fluctuations due to the dams (X. Guo et al., 2020). 

Disruption in suspended sediment transportation is unfavorable to the transport of 

particulate phosphate and can therefore increase the flux of dissolved phosphate. 

Thus, water quality problems such as eutrophication may irreversibly occur in the 

river ecosystem (M. Liu et al., 2019). 

Flow alteration and sedimentation can cause ecological deterioration, 

disruption, and degradation in the vitality and productivity of river ecosystems. 

(Chen et al., 2019; de Almeida, Steiner, Coelho, Francisco, & Steiner Neto, 2019; 

Fearnside, 2014; Huang, 2019; Richter & Postel, 2004; Val, Pino, Navarro, & 

Chinarro, 2016). For instance, in the Krishna River – one of the largest rivers in 

South India – dam construction disrupts the seasonal cycle of freshwater and 

aquatic ecosystem (e.g., fish migration and fish communities), resulting in changes 

in the dynamics of plankton and fish (Senneville et al., 2018; Uday Kumar & 

Jayakumar, 2020). Dam construction alters the trend of downstream flood pulses 

and provides a disturbance to which the native biota might be poorly adapted. For 

instance, Lobo et al. (2019) found strong evidence that downstream flood pulse 

regulation caused alterations in tree species composition of igapó (seasonally 

blackwater-flooded) forests located along the Uatumã River in Brazil. Much of the 

floodplain of the Madeira River – a tributary of the Amazon – is covered by várzea 

(seasonally whitewater-flooded) forests, adapted to being underwater for several 

months each year. However, várzea forests are not adapted to being underwater 

year-round and die when permanently flooded by a reservoir (Fearnside, 2014). 

Moreover, Zaimes et al. (2019) assessed the impact of three dams – in the riparian 

forest of the Nestos River Delta in Greece – on riparian and deltaic vegetation. It 

turns out that low-density vegetation (0–25%) is more affected by the construction 

of the dams due to its proximity to human influences and the effects of river flow 

regime alteration compared to high-density vegetation. 
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Along with all the above-mentioned negative consequences of dam 

constructions, they have a significant role in providing beneficial services to society, 

such as flood control, energy production, irrigation, and fisheries (Alrajoula et al., 

2016). Hydropower plants can generate environmentally friendly electricity when 

built in the right places and with adequate mitigation measures; otherwise, they can 

severely impact biodiversity (Huđek, Žganec, & Pusch, 2020). Indeed, river 

regulation – the act of controlling river water level or the variability of river flows 

to meet human demands – needs to be reformulated to fulfill its role in the rational 

comparison between potential impacts and benefits of building a dam (Fearnside, 

2014). River regulation assessment begins by analyzing the impacts of different 

production (i.e., economic) scenarios on flows at all scales and evaluating their 

potential ecological and societal consequences (Bejarano et al., 2017). 

1.2  Impacts of agriculture and land-use change on river water 

quality and quantity 

About 70% of people on Earth rely directly on agriculture for their livelihood. It is 

the main source of national income – gross domestic product (GDP) – for most 

developing countries: e.g., Liberia (77%), Somalia (60.2%), Central African 

Republic (53%) (The World Bank Data, 2021). Currently, agriculture accounts for 

about 70% of all freshwater withdrawals globally, and an even higher share of 

“consumptive water use” (water removed from available supplies without return) 

due to the evapotranspiration of crops (Hao et al., 2015). Agriculture and land-use 

change may alter the river flow regime (Bussi et al., 2017; Hao et al., 2015), water 

quality (Lassaletta, García-Gómez, Gimeno, & Rovira, 2010; Liberoff et al., 2019; 

Rashid & Romshoo, 2013; R. Wang, Xu, Yu, Zhu, & Li, 2013) and ecological status 

(Boggie, Collins, Patrick Donnelly, & Carleton, 2018; Flynn et al., 2016; Salvarrey 

et al., 2014) of nearby rivers.  

Research has shown that one of the main factors behind the alteration of runoff 

patterns is changes in the land cover and land management – mostly due to 

agriculture (Nava-López, Diemont, Hall, & Ávila-Akerberg, 2016; Shojaeian, 

Karimidastenaei, Rahmati, & Torabi Haghighi, 2021; Torabi Haghighi, Sadegh, et 

al., 2020). Land-use changes and accompanying agriculture may result in increased 

baseflow (Y. K. Zhang & Schilling, 2006). They can also affect the seasonal 

variability and decrease the magnitude of runoff and discharge through several 

interconnected processes (Foley, Kucharik, Twine, Coe, & Donner, 2004). 

Overexploitation of surface water, and the damming of small streams to fulfill 
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agricultural demands, can decrease river discharge, which in turn may cause 

desertification in arid and semi-arid climates due to evapotranspiration and seepage 

(Torabi Haghighi, Zaki, et al., 2020; Paper II). For instance, a quantitative 

assessment of the impacts of irrigation on river flow regime in the Tarim River in 

China showed that 70–75% of the surface water is extracted for irrigation purposes 

(Hao et al., 2015).   

Moreover, natural, primarily tree-dominated, vegetation to more open land 

used for crops or other usages results in a faster runoff with higher sediment loads 

and disruption in sedimentation. Thus, there will be more dynamic 

geomorphological changes in the river beds and increased deltaic deposition, as 

occurred in the Mangoky River Basin in Madagascar (Duvail et al., 2017; Gyamfi, 

Ndambuki, & Salim, 2016). The impact of agricultural inputs varies as a function 

of geologic and topographic parameters (Jabbar & Grote, 2019).  

Besides extensive water usage for agriculture, the water quality of river, and 

hence their ecological status, are also highly affected and jeopardized by agriculture 

(Andersson & Arheimer, 2003; David, Chattopadhyay, Chattopadhyay, & 

Jennerjahn, 2016; Lassaletta et al., 2010; L. Wang, Wang, Xu, An, & Wang, 2011; 

H. Zhang & Shan, 2008). Agriculture – including the use of fertilizers and 

pesticides – may cause a significant increase in the average concentration of nitrates 

and dissolved metals (e.g., cadmium (Cd2+), lead (Pb2+), copper (Cu2+), and zinc 

(Zn2+)) in rivers, which is intensified during wet seasons (Bielmyer-Fraser et al., 

2017; David et al., 2016; Liberoff et al., 2019; Rashid & Romshoo, 2013). In 

addition to the above parameters, increased levels of total phosphorus (TP), 

ammoniacal nitrogen (NH3-N), biochemical oxygen demand (BOD), total 

suspended solids (TSS), dissolved oxygen (DO), acid sulfate soil runoff may arise; 

and the extent of weed infestation and degradation of riparian vegetation may 

increase due to agriculture and excessive usage of fertilizers in different climates 

(Liberoff et al., 2019; Q. Liu et al., 2019; Matysik, Absalon, & Ruman, 2015; 

Nasrabadi et al., 2011; Razali, Syed Ismail, Awang, Praveena, & Zainal Abidin, 

2020; Tsatsaros, Brodie, Bohnet, & Valentine, 2013; R. Wang et al., 2013). 

Increased levels of heavy metals and total nitrogen can have a destructive impact 

on the ecological status of river ecosystems, including degradation of biota, 

fisheries and vegetation (Boggie et al., 2018; Flynn et al., 2016; Marçal, Brierley, 

& Lima, 2017).   
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1.3  Impacts of mining on river water quality and quantity 

Mining is a growing industry, due to increased demand for raw materials associated 

with economic growth and the development of renewable energy technologies 

(Muradian, Walter, & Martinez-Alier, 2012; Tuusjärvi et al., 2014; Vidal, Goffé, & 

Arndt, 2013). Many of these mines are located in the Arctic, which is home to some 

of the world's largest explored and extracted metal mineral reserves in the world 

(Buixadé Farré et al., 2014; Haddaway et al., 2019). The potential impact of mining 

on surrounding waters and ecosystems has resulted in increasingly strict 

environmental regulations for mining companies in developed countries 

(Söderholm et al., 2015). Implementing new frameworks and indicators to monitor 

the impact of mining activities on river water quality is essential to preserve pristine 

rivers, since active and closed mines are recognized as serious and long-lasting 

threats for river water quality all over the world (Beane, Comber, Rieuwerts, & 

Long, 2016; Garbarino, Orveillon, Saveyn, Barthe, & Eder, 2018; Hudson-Edwards, 

Macklin, & Taylor, 1999).  

Different phases and processes of mining can lead to water quality changes. 

Mining activities – including sand and gravel mining, gold mining, coal mining, 

and copper mining – have a great impact on river water quality and ecology (Atibu 

et al., 2018; Bastos et al., 2006; Jordaan, Comeau, Khasa, & Bezuidenhout, 2019; 

Mwesigye, Young, Bailey, & Tumwebaze, 2016; Shin, Ryu, Mayer, Lee, & Lee, 

2014; Taylor et al., 2005; Y. Yang, Meng, & Jiao, 2018). Mining effluent with lower 

contaminant concentrations – from mine drainage water, runoff from waste rock 

piles, and leaching from tailing dams – is often discharged directly into river 

(Monna, Hamer, Lévêque, & Sauer, 2000). Mining effluents are typically acidic 

and saline, with high concentrations of sulfate (SO4
2−), iron (Fe), and other 

metals/metalloids (Jarvis, Davis, Orme, Potter, & Gandy, 2019; Khan, Kujala, 

Nieminen, Liisa, & Ronkanen, 2019; Khan, Kujala, Planer-Friedrich, Räisänen, & 

Ronkanen, 2020). These waters pose a risk to terrestrial and aquatic ecosystems by 

reducing both the species richness and functional richness of communities (Bastos 

et al., 2006; Jordaan et al., 2019; Y. Yang, Meng, et al., 2018). For instance, in the 

Rwamagasa artisanal gold mining area, in Tanzania, urban and vegetable plot soils 

were impacted by mercury-contaminated water and sediment – derived from 

mineral processing activities – which had been discharged to the river (Taylor et al., 

2005). Similar observations have been reported by Atibu et al. (2018) in the 

Democratic Republic of the Congo, where high levels of copper (Cu), cobalt (Co), 

and lead (Pb) were found in soil, sediment, and plants. 



25 

Besides direct impacts of mining itself, other risks, such as tailing dam failure, 

can have a considerable effect onriver water quality. An example of this is the 2015 

Mariana dam disaster – the worst environmental disaster ever in Brazil – which 

spilled 60 million cubic meters of iron mining residue into the Gualaxo do Norte 

River (Bottino, Milan, Cunha-Santino, & Bianchini, 2017; Rudorff, Rudorff, 

Kampel, & Ortiz, 2018b). After the accident, river water was often found to be high 

in particulate Fe, Al, and Mn concentrations, and cytogenotoxic effects of mining 

waste persisted for hundreds of kilometers downstream of the collapsed Fundão 

dam (Quadra et al., 2019). In addition, it was proven that thes iron residue 

interrupted macrophyte biomass accumulation over time (Bottino et al., 2017). 

1.4  Impacts of industrial and municipal activities on river water 

quality and quantity 

Human population growth has led to more industrial activity, which accelerates the 

entry of pollutants into water ecosystems (de Klerk et al., 2016; Y. Yang, Guo, & 

Jiao, 2018). The use of land around a river for industrial activity affects the quality 

of the river water and endangers the river ecosystem (Chiogna et al., 2016; 

Haddaway et al., 2019; Hardyanti, Nugraha, & Vito Edgar, 2020; Moghimi, 

Mahboobi-Soofiani, & Malekpouri, 2018). Water quality is one of the most altered 

ecosystem services in rural to urban watersheds at megacity peripheries. Point 

sources and non-point sources of pollution derived from domestic and municipal 

activities are typically present, but often not well regulated (Nava-López et al., 

2016). For instance, in the United States, out of the total river and stream miles, 

about 46% are classified as poor. By comparison, only 21% of lakes suffer from 

eutrophication due to excessive phosphorus and nitrogen loading (Giri, 2021). 

Catchment areas used for industry, urban development, and roads (gravel or trails) 

can affect the flow of surface waters and the sediment they bring into the river 

(Hardyanti et al., 2020). 

Many rivers suffer from metallurgical activities, as well as the exploration and 

extraction of oil and gas resources (Loredo, Ordóñez, & Álvarez, 2006; Majima, 

Peters, Awakura, & Park, 1987; Xenidis, Papassiopi, & Komnitsas, 2003). The 

Zayandeh River in Iran feeds the metallurgical industries. In return, it gets untreated 

pollutants discharging from industries near the river, containing heavy metals and 

other contaminants, which endanger biota, including the occurrence and structure 

of stream fish assemblages (Moghimi et al., 2018; Sanayei, Ismail, & Talebi, 2009). 

Similarly, the Abou Ali River in Lebanon has elevated levels of several water 
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quality indicators, including biochemical oxygen demand (BOD5), chlorides (Cl-), 

nitrate (NO3
-), and ammonia (NH4) as a result of untreated domestic wastewater 

discharge from restaurants along the riverbank (Massoud, El-Fadel, Scrimshaw, & 

Lester, 2006).  

1.5  Impact of multiple stressors on river water quality and quantity 

When several of the human activities described in previous sections are present at 

the same time, the combination of multiple stressors can have a massive impact on 

river water quality, the existence of a river, and in general, all aspects of a river 

ecosystem (Figure 2) (Sharma, Patel, & Jothiprakash, 2019; Struyf et al., 2012; 

Yousefi et al., 2016). 

 

Fig. 2. A schematic diagram of multiple stressors on a river catchment. 

Dam construction and water extraction for agriculture or industry can alter the river 

flow regime, preventing the natural process by which the river can recover from 

point and non-point sources of contamination. Water scarcity is the main stressor 

increasing the harmful effect of other stressors, by increasing the concentrations 

and the ecological effects of pollutants (Navarro-Ortega et al., 2015). Considering 
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the impacts of multiple stressors on a river is particularly important in regions with 

high water demand and lower water availability, such as arid and semi-arid regions 

(Ludwig, Roson, Zografos, & Kallis, 2011). Sabater et al. (2018) conducted a 

comprehensive meta-analysis on the effects of human impacts on river ecosystems. 

Their implications state that dam construction has the most potent effects among 

different human impacts, because by causing changes in river flow regime, it 

exacerbates the effect of activities that impact the water quality of the river and 

consequently the river ecosystem. For instance, the Jiulongjiang River in China 

suffers from dam construction, land-use change, industrial effluent, and mining 

activities. Multiple stressors have caused a significant increase in the concentration 

of heavy metals such as titanium (Ti), manganese (Mn), and antimony (Sb), in 

several sites along the river (Liang et al., 2018). The 6300 km long Yangtze River 

in China is another example of a river affected by different types of human activities: 

namely, dam construction (including the largest dam in the world, the Three Gorges 

Dam), agriculture, industry, and various artificial pollution sources (Feng et al., 

2016; M. Liu et al., 2019; Shen et al., 2014; Y. Wang et al., 2020). In the catchment 

of the Yangtze River, extensive use of fertilizers has resulted in significant heavy 

metal pollution, which threatens the water quality of the watershed and downstream 

water bodies (H. Zhang & Shan, 2008). Moreover, the annual sediment load has 

decreased progressively and substantially – by 97% from the 1950s to the 2010s 

(C. Guo et al., 2020). All these impacts enhance the Yangtze River's ecological 

deterioration, which is irreversible.   

1.6  Objectives of the study and thesis structure 

This doctoral thesis aims to improve understanding of the impacts of human 

activities on river water quality and quantity in different climates, as well as to 

develop new methods and indicators to monitor and assess the impact of different 

activities on river water quality and quantity in different climates. The main 

research questions are:  

1. How can human activities alter the quantity and quality of rivers in the different 

climatic regions? 

2. How do managed aquifer recharge (MAR) structures change flow regimes in 

rivers in arid and semi-arid regions, and how should their applications be 

designed to ensure sustainable water resources?   
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3. How would multiple stressors (damming in connection with land-use change) 

affect the river flow in temperate/mesothermal climates?   

4. What are the spatial and temporal impacts of mining activities effluents on river 

water quality in the Arctic climate? 

This thesis is based on three peer-reviewed original scientific publications (Paper 

II, Paper III, and Paper IV) and one submitted manuscript (Paper I). The focus of 

the studies described in these papers, their scopes, and their contribution to the 

thesis are summarized below.   

Paper I is a systematic literature review of the physical and chemical impacts 

of human activities on rivers and streams in different climates. Different types of 

activities and different impacts of each activity were surveyed to investigate the 

final impact, which was the ecological deterioration of river water quality and 

quantity. Dam construction, agriculture, land-use change, and mining activities 

were identified as the most impactful human activities, and these are discussed in 

the following three papers.  

In Paper II, the main goal was to develop a multi-stage framework for 

quantifying the impact of managed aquifer recharge (MAR) structures on 

downstream river flow. Flow regime change due to MAR was assessed along the 

river, and the location of MAR structures was optimized to minimize the 

environmental impact. The study site is in an arid/semi-arid climate (Iran).  

In Paper III, three new ratios – downstream-upstream low flow contribution 

ratio (DUL), downstream-upstream high flow contribution ratio (DUH), and 

meteorological-hydrological drought ratio (MHD) – were introduced to compare 

different characteristics of upstream and downstream flow in a river basin, and 

investigate the impact of land-use changes and dam construction on the river flow 

regime. The study site is in a Mediterranean climate (Turkey).  

In Paper IV, the goals were to assess the temporal and seasonal variation in 

water quality due to mine water discharge in the subarctic climate, and to assess the 

impacts of pre-treated mining water on river water quality determinants in different 

stations along a river corridor. In contrast to previous studies on mining water 

impacts on Finnish lakes (e.g., Leppänen, Luoto, & Weckström, 2019; Leppänen, 

Weckström, & Korhola, 2017; Niinioja et al., 2003), this study examined impacts 

on  river water quality using data of high temporal resolution, which added 

knowledge on seasonal variation. Another unique feature of the study is that it 

provided data on river responses during a mining accident. The novel information 

obtained on the mining site water environment, and how it should be monitored 
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and conceptualized, could be helpful in future studies and for numerical modeling. 

The study site is in a continental climate (Finnish Lapland).  

Overall, this thesis and the results presented in Papers I–IV help broaden our 

knowledge and understanding of the impacts of human activities on river 

ecosystems. This work adds to the existing wealth of knowledge about monitoring 

and environmental impact assessments by introducing new methods and indicators.  
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2 Study sites  

In Papers II–IV, three different study sites were selected in three different countries 

(Iran, Turkey, and Finland) with three different climates (arid/semi-arid, 

Mediterranean, and continental). In the first two studies, the river flow regime was 

assessed, and a new framework was developed. In the last, mining activities 

impacted river water quality, and one water quality indicator was recommended. 

Paper I is a systematic literature review and is therefore omitted from this section. 

In Paper II, the study catchment is in the Lake Maharlou basin of the Fars 

province in Iran, and the impacts of managed aquifer recharge (MAR) structures 

on the river were assessed (Figure 3). More than 500 MARs are scattered (or 

planned) on river tributaries in this catchment, and in this work, one of these 

structures – the Kamal Abad MAR structure – was used to assess the impact of such 

structures on the river flow regime characteristics. The river upon which the Kamal 

Abad MAR structure is constructed is 13 km in length, and the MAR structure is 

3.6 km upstream from the confluence (i.e. meeting point) of an ephemeral river 

with the main river. More information on the soil properties of the region is 

available in Paper II. Based on the Sarvestan meteorological station, annual 

precipitation in the region is approximately 335 mm, with estimated actual 

evaporation of 220 mm. Even though Fars province is in an arid/semi-arid climate, 

it is an important agricultural region in Iran. Agriculture accounts for about 94% of 

all water consumption, which dramatically adds to the water crisis in the area. 

Moreover, low irrigation efficiency (about 30%) intensifies the utilization of water 

resources in Fars (Hojati & Boustani, 2010; Nafarzadegan et al., 2012; Paper II). 
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Fig. 3. a) Maps showing the location of the study area in the Lake Maharlou basin, Fars 

province, Iran; and technical information on Kamal Abad managed aquifer recharge 

(MAR) facility. b) Layout and topography, c) hypsometric curve of the reservoir (area-

volume-elevation) and d) cross-section and bottom outlet. b) Positioning of the Kamal 

Abad structure (Reprinted, with permission, from Paper II © 2019 Elsevier B.V.). 
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In Paper III, the catchment is in central Turkey within the Eastern mediterranean 

climate region, and the study site is the Ceyhan River, with a length of 509 km and 

a discharge of 50 m³/s (Figure 4). The river enabled rapid development in the region. 

Due to water demand, urbanization, and agricultural development, the Ceyhan 

River has been heavily regulated since 1971. The main part of the river regulation 

(83% of total reservoir capacity) was carried out in the period 1984–2002 with the 

construction of six major dams (Aslantaş in 1984, Menzelet in 1989, Sir in 1991, 

Berke in 1999, Kılavuzlu in 2001, and Adatepe in 2002). Dam construction 

continued with three more dams on the river’s headwater (Ayvalı in 2005, Kandil 

in 2013, and Sarıgüzel in 2013). More detailed information about the number of 

stations and about the periods when river regulation was assessed is available in 

Table 1. The lower basins mainly have a Mediterranean climate, while some parts 

of the middle and upper regions have a continental climate, and the annual average 

rainfall is approximately 600 mm (Gumus & Algin, 2016). The study assessed the 

spatial and temporal impact of multiple dam construction, combined with land-use 

change, on the river flow regime of the Ceyhan River.   

Table 2. History of river regulation assessments in the Ceyhan River Basin, Turkey, and 

its tributaries, 1971–2015 (Reprinted under CC BY 4.0 license from Paper III © 2021 

Authors). 

Name River Year  Height 

(m) 

Capacity 

 (MCM) 

Area (km2) Purposes Latitude Longitude 

Mehmetli  Kesiksu 1971 69 106 2.75 Ir 37.5 36.01 

Kartalkaya Aksu 1972 56 195 11.2 Ir, Fc 37.46 37.24 

Kozan Kilgen 1972 78 170 6 Ir 37.3 35.51 

Aslantaş Ceyhan 1984 95 1150 49 Ir, Fc, HP 37.27 36.27 

Kalecik Kalecik 1985 77 31.25 NA Ir 37.14 36.46 

Menzelet Ceyhan 1989 151 1950 42 Ir, Fc, HP 37.67 36.85 

Sır Ceyhan 1991 116 1120 47.5 HP 37.50 36.60 

Berke Ceyhan 1999 201 427 7.8 HP 36.98 25.3 

Kılavuzlu Ceyhan 2001 59 69 3 Ir, HP 37.6 36.93 

Adatepe Göksun 2002 95 500 19 Ir 37.6 36.93 

Ayvalı Erkenez 2005 76 80 3 Ir, WS, Fc 37.6 36.93 

Kandil Ceyhan 2013 52 400 14.5 HP 38 37 

Sarıgüzel Ceyhan 2013 60 101 1.64 HP 37.57 36.59 

Note: Ir = Irrigation, Fc = Flood control, HP = hydropower, WS = water supply, MCM = million cubic meters. 
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Fig. 4.  (a) Location of the study area in central Turkey; (b) location of dams and gauges 

for measuring discharge in the Ceyhan River Basin; (c) cumulative reservoir capacity 

and changes in annual flow at the Misis station (outlet of the Ceyhan River), 1971–2015 

(Reprinted under CC BY 4.0 license from Paper III © 2021 Authors). 
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In Paper IV, the case study catchment is in the municipality of Kittilä in northern 

(subarctic) Finland, and the impact of mining activities on river water quality was 

assessed (Figure 5). The area is one of the largest epigenetic gold deposits in the 

Central Lapland Greenstone Belt, and the Kittilä mine is one of the largest active 

gold mines in Europe. In the study period (2010–2018), the mean annual 

temperature was 0.6 °C, and the mean annual precipitation was 515 mm. The study 

site is the 37 km long Seurujoki River, which receives treated effluent from the 

mine and loads from the urban area and agricultural fields. Approximately 83% of 

the river's catchment is forest and peatlands, and agricultural lands account for 

about 0.12% of the catchment. Before mining effluents enter the river, mining 

process water and drainage water is treated by two natural treatment peatlands 

(TPs): TP-A, which is about 44 ha; and TP-B, which is about 17 ha. Pre-treated 

mining effluent enters the river from the outlet of TP-A and TP-B. More 

information on the process and technical information can be found in earlier 

publications (Khan et al., 2019, 2020; Kujala, Karlsson, Nieminen, & Ronkanen, 

2019; Palmer, Ronkanen, & Kløve, 2015; Paper IV).  
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Fig. 5. Maps showing (a) the location of the Seurujoki river in northern Finland. (b, c) 

Land uses in the catchment (water quality monitoring stations used in this study are 

represented by circles, and two treatment peatlands treating mine-influenced waters 

(TP-B and TP-A) are shown, with the main outlet points and groundwater flow paths). 

(d) Conceptual model of mine and river section water balance, indicating mine effluent 

inflow to the Seurujoki River (Reprinted, with permission, from Paper IV © 2020 Elsevier 

B.V.).  
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3 Material and methods  

The introduction reviewed how human impacts have altered river water quantity 

and quality. Here, three different frameworks to assess the impact of various 

activities on river flow regime and river water quality are presented. Firstly, a 

framework to quantify the impact of MAR on river flow regime characteristics is 

presented. Secondly, the effect of multiple dam constructions and land-use change 

for agriculture is analyzed. New indicators are generated to facilitate the process of 

environmental impact assessment of such activities. Then later, another framework 

to clarify the impact of mining activities on river water quality is presented. 

Investigation of new indicators helps to implement real-time monitoring.    

3.1 Environmental impact assessment of MAR structures on river 

flow regime characteristics 

The first framework is illustrated in Figure 6. The impact of MAR structures on 

river flow regimes is assessed based on rainfall-runoff modeling (SCS-CN method), 

reservoir and river flood routing, and recharge analysis (Seepage analysis). 

Hydrographs with different return periods are determined by the SCS-CN method 

in the first step, which basin geometry and rainfall data are needed for this purpose. 

The next step would be calculating primary recharge magnitude (Geotechnical 

information of embankment is required) obtained from the GEO-Studio/SEEP 

model simultaneously with the calculation of flood routing. The outcome of this 

stage would be the outflow from the MAR. Inflow to MAR and Outflow from MAR 

are the requirements for further analysis (river analysis, secondary recharge 

analysis, and spatial flow analysis) which are run together to enhance the Temporal-

Spatial analysis. The outcome would show us how long after the structure river 

disappears. Outflow from the MAR would have a lower peak discharge and longer 

runoff duration, which may cause higher water infiltration to the ground after the 

structure and thus cause an ephemeral river disappearance (Figure 7). Each step 

will be discussed and explained further below.   
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Fig. 6.  Multi-stage framework flow chart for managed aquifer recharge (MAR) 

applications (Reprinted, with permission, from Paper II © 2019 Elsevier B.V.). 

 

 

Fig. 7. Schematic diagram showing the functioning of managed aquifer recharge (MAR) 

structure (Reprinted, with permission, from Paper II © 2019 Elsevier B.V.). 

3.1.1 Rainfall-runoff modelling (SCS-CN method) 

The method contains developing rainfall intensity-duration-frequency (IDF) curve, 

which is based on the calculated maximum daily data and applying the synthetic 

unit hydrograph curve number (CN) method provided by the United States Soil 

Conservation Service (SCS). For the region of the case study location, the IDF 

curve is calculated based on experimental equations (Ghahraman & Abkhezr, 2004) 
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𝑃 𝑡,𝑇 0.4524 0.247 ln 𝑡 0.6

0.3710 0.618𝑇 . 𝑃 1,10
 (1) 

and  

 𝑃 1,10 1.34 𝑃 . , (2) 

where P(1,10) is one-hour precipitation with a 10-year return period (mm), t is the 

duration of precipitation (h), T is the return period (years), and P24 is daily average 

precipitation.  

After calculating IDF Curve for different return periods, the SCS-CN method is 

used carefully considering the CN number and time of concentration (time that water 

needs to flow from the most remote point in a basin to the outlet) of the catchment. In 

the SCS-CN method, the curve number has a remarkable influence on the inflow 

hydrograph.  

3.1.2 Flood routing  

Flood routing of the reservoir (Level pool methodology) is developed by Chow, 

Maidment, and Mays (1987). The main characteristics of the flood routing method 

are the outlet diameter of the structure, the area-volume curve, and reservoir 

conditions. Additionally, the primary recharge (occurs through reservoir recharge 

from the pond of the MAR) must be calculated for deduction from the inflow to 

obtain the outflow and will be further explained in the next part. The flood routing 

is expressed by equations (Chow et al., 1987)  

 𝑄 𝐶 2𝑔ℎ, (3) 

 

 
d

d
𝐼 𝑡 𝑄 𝑡 𝑞 𝑡 , (4) 

 

 d𝑆 𝐼 𝑄 𝑞  d𝑡, (5) 

 

 , (6) 

and  

 𝑄 𝐼 𝐼 𝑄 𝑞 . (7) 

In Eqs. 3–7, C is constant coefficient (typically 0.6), d is the outlet diameter (m), q 

is the specific discharge (m3s−1, recharge water to aquifer), h is water elevation in 
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reservoir (m), I is inflow (m3s−1), Q is outflow (m3s−1), S is storage (m3), t is time 

(s), and j is interval factor. 

3.1.3 Seepage analysis (primary and secondary recharge) 

Primary and secondary recharge magnitude is analyzed and modeled using 

GEOStudio SEEP (2007). The magnitude of seepage to the ground is estimated by 

equation  

 𝑞 𝐾𝑖 (8) 

where q is specific discharge (m3s−1), K is hydraulic conductivity (ms−1) and i is the 

gradient of total hydraulic head. The general governing differential equation for 

two-dimensional steady-state seepage can be expressed as 

 𝐾 𝐾 𝑄 0, (9) 

where Kx and Ky are hydraulic conductivities (ms−1) in x- and y-directions (Kx >> 

Ky ≈ 0), H is the total head (m), and Q is the applied boundary flux (m3s−1). 

In the modeling procedure, boundary condition allocation is one of the most 

important tasks to get precise results. In primary recharge analysis, the boundary 

condition set for the front face of the MAR is a function of the reservoir water level, 

which, based on the technical information of the MAR, is between 0 and 10 meters. 

Moreover, it is assumed that no flux passes through the structure. The relationship 

between recharged flow and water elevation in the reservoir is obtained by 

allocating different heights (different values of H in Eq. 9). Due to the shape of the 

reservoir, the rating curve for further analysis is logarithmic.   

The same procedure is applied to obtain the secondary recharge analysis except 

considering the river rating curve (the water level for different discharge values) as 

a boundary condition. The river rating curve has been modeled through HEC-RAS 

modeling software.  

Detailed procedure of HEC-RAS modeling and later using all these inputs to 

get the result using MATLAB is discussed comprehensively in Paper II.  

3.2 Environmental impact assessment of multiple damming and 

land-use change on river flow regime characteristics 

In the second framework which is presented in Paper IV, a different perspective to 

overview the impact of dam construction and natural phenomena on river flow 
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regime is carried out. The framework contains five steps: i) Precipitation and flow 

trend analysis, ii) determination of upstream-downstream alterations in the 

contribution of high and low flow seasons to annual flow, iii) determination of the 

incidence of upstream-downstream meteorological and hydrological droughts in 

the basin, iv) river flow regime impact analysis, and v) land-use/land cover change 

analysis. Each step would bring up a value to the analysis. This framework 

illustrates the impact of dam construction and land-use change activities on river 

flow regime characteristics as a complete package.  

3.2.1 Precipitation and flow trend analysis 

For developing analysis of the temporal hydro-climatological status, average 

annual and monthly precipitation and discharge trends are discovered using Mann-

Kendall (M-K) test (Gilbert, 1987; Kendall, 1975; Mann, 1945). The test is based 

on the correlation between ranks of elements of a time series (e.g. X = Xk, where k 

= 1, 2,…, n) defined by equation  

 𝑆 ∑ sgn 𝑋 𝑋 , (10) 

where  

 sgn 𝑋 𝑋
1, when 𝑋 𝑋   
0, when 𝑋 𝑋

1, when 𝑋 𝑋
. (11) 

The significance of trends can be tested by comparing the standardized variable Z 

with the standardized normal variate at the desired significance level (α). The 

variable Z is given by  

 𝑍

⎩
⎨

⎧ , when 𝑆 0  

0, when 𝑆 0

, when 𝑆 0

, (12) 

where  

 Var 𝑆 . (13) 

If the absolute value of Z is equal or greater than 1.96, the time series has a 

significant trend at a 95% significance level (α = 0.05). The positive or negative 

sign of trend is revealed by the character of β (Sen’s slope) as  
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 𝛽 Median , (14) 

when i < j. 

3.2.2 Upstream-downstream alterations in the contribution of high 

and low flow seasons to the annual flow 

MATLAB code is developed to calculate the contribution of high and low flow 

seasons to annual flow. For this purpose, a code obtains mean low and high flow 

for different durations (1–6 months) for each station and each year of the studied 

periods. Later, for each duration, the percentage of low flow and high flow 

contribution to annual flow is calculated, and the following ratios are developed. 

Evaluation of downstream-upstream changes in the contribution of low and high 

flow season to annual flow is carried out with ratios  

 DUL
CLFDO

CLFUP
 (15) 

and  

 DUH
CHFDO

CHFUP
, (16) 

where DUL and DUH are ratios of contribution of low and high flow duration in 

downstream to upstream areas, CLFDOi and CLFUPi are contributions of low flow 

duration to annual flow downstream and upstream, and CHFDOi and CHFUPi are 

contributions of high flow duration to annual flow downstream and upstream (i = 

1–6 months). 

3.2.3 Upstream-downstream meteorological and hydrological 

droughts index 

To address whether the basin is affected by human intervention or natural 

phenomena, there should be an investigation if the frequency of hydrological 

droughts (i.e., lack of water in the hydrological system) varies in line with 

meteorological droughts (i.e., a precipitation deficiency) in different periods. If 

hydrological and meteorological drought frequency sync together, human 

intervention is not the reason for such phenomena. This situation in the basin is 

clarified by novel index represented by  

 MHD
NoMD

NoHD
 (17) 
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where MHD is the meteorological-hydrological drought ratio, NoMD is number of 

meteorological drought events in each period (based on the number of negative 

phases of standardized precipitation index [SPI]), and NoHD is number of 

hydrological drought events in each period (based on the number of negative phases 

of streamflow drought index [SDI]). 

3.2.4 River flow regime impact (RI) 

Dam construction and land-use change in connection with agriculture affect river 

flow magnitude, timing, and intra-annual flow variability quantified by an index 

developed by Torabi Haghighi et al. (2014). River Impact (RI) index is a combined 

index of MIF (magnitude impact factor), TIF (timing impact factor), and VIF 

(variation impact factor), which each could be altered due to human intervention. 

RI factor value is between 1 (natural river flow) and 0 (wholly changed river flow).  

The RI index is calculated by equation  

 RI MIF TIF VIF , (18) 

where  

 MIF
AFPost

AFPre
, (19) 

 

 VIF
. RR, (20) 

  

 𝐼RR
|RRIPre RRIPost|

RRIPost
100, (21) 

 

 TIF
. TF

, (22) 

and 

 TF
|DTmax| |DTmin| |DTmedian|

. (23) 

In Eqs. 19, 21, and 23, AFPre and AFPost are mean annual flows in the pre-impact 

and post-impact periods, RRIPre and RRIPost are the River Regime Indices in the 

pre-change and post-change periods (details presented by Torabi Haghighi and 

Kløve (2013)), and DTmax, DTmin and DTmedian are time shifts in monthly maximum, 

minimum and median discharges, respectively. RI index is categorized into five 

intervals: low impact (RI = 0.8–1), incipient impact (RI = 0.6–0.8), moderate impact 

(RI = 0.4–0.6), severe impact (RI = 0.2–0.4), and drastic impact (RI = 0–0.2). Low and 
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drastic impacts indicate <20% and >80% alterations in river flow regime 

characteristics, respectively.  

3.2.5 Land-use change analysis 

Landsat multispectral images were extracted from the USGS dataset to perform the 

land-use change analysis to understand better the cause of river flow regime 

alteration in the basin. Extracted images contain Landsat 5 Thematic Mapper 

images (TM Path/Row:175/035) captured on 07.06.1985 and Landsat 8 

Operational Land Image (OLI 242 Path/Row: 175/035) captured on 28.06.2018. 

QUick Atmospheric Correction (QUAC) in ENVI 5.3 was carried out for 

atmospheric correction of Landsat images represented by El-Khoury et al. (2015) 

for image processing. The main land use changes in the study period were an 

increase in irrigated agricultural area in the catchment (+76%) and a decrease in 

dry farming area (−67.6%). In 1985, irrigated and dry farming land each occupied 

around 56,000 ha. 

3.3 Environmental impact assessment of mining activities on river 

water quality parameters 

Flowchart of available water quality data and statistical analysis used to assess the 

impact of pre-treated gold mining effluent on river water quality are presented in 

Figure 8. Four stations along the river (one before the mining area and three after 

the mining area) are selected, and the water quality parameters for the period of 

2010–2018 are extracted. Data are gathered from/by Kittilä mining company, 

HERTTA database, Geological Survey of Finland, Finnish meteorological institute, 

and the University of Oulu. Details are available in Paper III.  
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Fig. 8. Flowchart of available data and methodology applied in analysis of the Seurujoki 

river water quality (Reprinted, with permission, from Paper IV © 2020 Elsevier B.V.). 

To assess the impact of gold mine effluent on river water quality, electrical 

conductivity (EC), sulfate (SO4
2−), antimony (Sb), total nitrogen (Ntotal), chloride 

(Cl−), manganese (Mn), iron (Fe), magnesium (Mg), sodium (Na), calcium (Ca), 

potassium (K), dissolved oxygen (O2), chemical oxygen demand (COD), 

ammonium (NH4
+), nitrate (NO3

–), arsenic (As), nickel (Ni), and pH in the river are 

monitored from 2010 to 2018 in four stations along the river. Moreover, discharge 

of the effluents from two treatment peatlands (TP-A and TP-B) to the river is 

monitored and used for the assessment. Moreover, during the period of July–

November 2015, EC is recorded spatially along the river (4 stations) with one hour 

time interval by the Geological Survey of Finland (GTK) and the Water, Energy 
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and Environmental Engineering (WE3) research unit at the University of Oulu. 

Additionally, the river's discharge is continuously monitored by the Finnish 

Environmental Institute at Station #1, located upstream of the mining sites.  

Different statistical analysis methods have been performed on the available 

data to assess the impacts on river water quality and evaluate what parameter could 

indicate water quality in the case study. Firstly, Spearman correlation and 

regression analysis between EC and other determinants was performed. The 

significance level in Spearman correlation analysis was set to p ≤ 0.05, at which 

the null hypothesis of no correlation between EC and other determinants were 

rejected (H0 = significant correlation). Moreover, linear regression analysis 

between EC and the river discharge is examined. In order to visualize differences 

in water quality parameters and samples taken from inflow and outflow of 

treatment peatlands, principal component analysis (PCA) analysis was performed 

on the following water quality determinants:  O2, pH, EC, SO4
2−, Ntotal, Mn, Fe, As, 

Sb, Ni, and Cl−. More information on PCA analysis considerations is presented in 

Paper III.  
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4 Results and discussion  

4.1 Impact of MAR structure on the river/stream flow regime (Iran) 

Studying the streamflow characteristics of the ephemeral river in the Fars province 

of Iran revealed that base time – the total duration of the hydrograph–increased and 

peak discharge decreased downstream of the Kamal Abad managed aquifer 

recharge (MAR) structure. The hydrographs for both scenarios – showing the rate 

of discharge over time – diminish along the riverway due to secondary recharge 

(Figure 9). After construction of the MAR structure, due to lower discharge 

magnitude and longer base time, more water penetrates to the groundwater, and the 

ephemeral river cannot reach the main river anymore. In the “without MAR” 

scenario (Figure 9a), floods with a 10-year return period and higher would join the 

main river, while after constructing the MAR (Figure 9b), even floods with a 100-

year return period cannot join the main river. The results show that water would 

have reached the river downstream if the MAR had been constructed 1 km 

downstream, even with primary recharge. This may bring desertification in the 

region as it causes the disappearance of the ephemeral river. Moreover, increased 

secondary recharge was not the purpose of such structures as it happens inevitably. 
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Fig. 9. Spatial flow analysis along the river for the (a) “without MAR” scenario and (b) 

“with MAR” scenario for Kamal Abad MAR with different return periods (X = distance 

from the MAR outlet) (Reprinted, with permission, from Paper II © 2019 Elsevier B.V.). 

4.2 Impact of multiple stressors (multiple damming and land-use 

change) on river flow regime characteristics (Turkey) 

4.2.1 Annual and monthly flow and precipitation trends 

To determine the potential impact of multiple damming and agricultural land-use 

changes on the Ceyhan River in central Turkey, flow regime measurements taken 

from four stations along the river between 1975–2015 were compared with 

precipitation trends from the same time period. A significant negative trend was 

observed in the flow regime measurements (p < 0.05), but no significant trends 

were observed in the precipitation measurements (Figure 10). Thus, changes to 

river flow regime cannot be explained by changes in precipitation levels alone. 
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Fig. 10.  (a) Annual precipitation (red) and (b) results of flow trend analysis (blue) at four 

gauging stations in the Ceyhan basin: (1) Hanköy, (2) Karaahmet, (3) Kadirli, and (4) 

Misis. S.L. = significance level, Neg. = negative trend and Pos. = positive trend 

(Reprinted under CC BY 4.0 license from Paper III © 2021 Authors). 

4.2.2 Upstream/downstream meteorological and hydrological 

droughts over the Ceyhan basin 

During the study period 1984–2002, hydrological drought occurred more 

frequently after 1995, while meteorological droughts still showed stochastic 

variation, which again indicates the impact of multiple damming and land-use 

changes, which has been accelerated recently due to the construction of six major 

dams during the period 1984–2002 (Figure 11).  
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Fig. 11. Percentage of meteorological and hydrological droughts at (a) Hanköy, (b) 

Karaahtmet and (c) Kadirli gauging stations upstream, and (d) at Misis gauging station 

downstream in the Ceyhan River Basin and (e) meteorological-hydrological drought 

(MHD) ratio in different periods. WP = whole period (1976–2015), H1 = first half (1976–

1995), H2 = second half (1996–2015), and P1–P4 = decades 1975–1984, 1985–1994, 1995–

2004, and 2005–2014, respectively (Reprinted under CC BY 4.0 license from Paper III © 

2021 Authors). 

4.2.3 Upstream-downstream alteration in high and low flow seasons 

Under natural conditions, the ratio of upstream low flow contribution to annual 

flow vs. downstream low flow contribution to annual flow (i.e. the downstream-

upstream low flow contribution ratio (DUL)) and the similar ratio for high flows 

(i.e. the downstream-upstream high flow contribution ratio (DUH)) would both be 
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close to 1. However, after the construction of dams and land-use change, the 

downstream contribution would be expected to change.  

The contribution to annual flow of upstream low flow (upstream of Hanköy 

station) was 1%, 2.2%, 4%, 6.2%, 10.3%, and 15.3% for the 1, 2, 3, 4, 5, and 6 

months durations, respectively, whereas downstream low flow (at Misis station) 

was 4.2%, 8.7% 13.9%, 19.6%, 25.8%, and 33.1% (Figure 12).  A significant 

change in DUL and DUH was observed after the construction of the Aslantaş Dam 

in the main corridor of the Ceyhan River in 1984. In the period 1975–1984 (pre-

impact period), DUL varied between 1.37–1.64, while in the period 1985–2015 

(post-impact period) it increased to 2.12–5.26.  

The contribution to annual flow of high flow at the downstream Misis station 

changed from values of 19.85%, 35.06%, 49.81%, 61.17%, 71.9%, and 79.56% 

before 1984 to values of 11.92%, 23.14%, 33.81%, 44.36%, 54.26%, and 62.73% 

after 1984 for the 1, 2, 3, 4, 5, and 6 months durations, respectively. The impact of 

multiple dam constructions is evident in the contribution of upstream-downstream 

low and high flow duration to annual flow. This indicates that before multiple dam 

constructions, the contribution to annual flow of downstream low flow was closer 

to that of the upstream. However, after multiple dam construction the contribution 

was greater, particularly for the 1–4 month low flow seasons. This reflects the 

function of dams in holding water in high flow season and releasing it during the 

irrigation season. 
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Fig. 12. Percentage contribution of 1–6 months high and low flow durations to annual 

flow in different periods in (a) Upstream (Hanköy station) and (b) Downstream (Misis 

Station) (P1: 1975–1984, P2: 1985–1994, P3: 1995–2004, P4: 2005–2014). Letters on each 

bar indicate the start and end months in high or low flow durations (A–M: April–May, M–

M: March–May, M–J: March–June, F–M: February–May, J–O: July–October, J–A: July–

August, N–J: November–January and O–D: October–December). The dashed line and 

box on each panel show the mean percentage contribution to the annual flow. DH and 

DL (1–6) are Downstream High and Low flow (for a 1–6 months duration) (Reprinted 

under CC BY 4.0 license from Paper III © 2021 Authors). 

4.2.4 Spatial and temporal changes in flow regime characteristics 

The flow regime impact index (RI) – consisting of a magnitude impact factor (MIF), 

a timing impact factor (TIF), and a variation impact factor (VIF) – indicates how 

flow regime is impacted at the four stations. Due to the impact of the Aslantaş dam 

(1984, 1.15 km3), the RI value in the middle of the basin was 0.41 for the post-

impact period (1985–1994) in comparison with the pre-impact period (1976–1985). 

Thus, the impact was classified as ‘moderate’. With continued regulation of the 

Ceyhan River through the construction of the Menzelet Dam (1989, 1.95 km3) and 

the Sır Dam (1991, 1.12 km3), the RI in the mid-basin decreased to 0.29 and 0.31, 

respectively. Thus, the impact status changed to ‘severe’ for the periods 1995–2000 

and 2000–2005. At the last station (Misis), RI varied between 0.43 and 0.57, 
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indicating a ‘moderate’ impact in the lower part of the basin (Figure 13). Based on 

the RI index, the overall impact of multiple dam constructions on the river flow 

regime in the Ceyhan basin is an incipient or moderate impact at upstream and 

downstream stations, but a severe impact in the middle of the basin after 

construction of the main storage dams (Aslantaş, Sır, Menzelet). Multiple dam 

constructions together with land-use change had the most significant impact on the 

river flow regime in Aslantaş and Misis gauges (Figure 14) as both stations are 

located in the lowest part of the catchment, and the cumulative impact of multiple 

stressors are applied to both stations.  

Increasing the size and number of dams may be necessary for the future, due 

to climate change, high civilization demands, and water security. Nevertheless, 

Ehsani, Vörösmarty, Fekete, and Stakhiv (2017) conclude that the effects of dams 

on downstream flows will be amplified, and the effectiveness of existing dams in 

creating resiliency to droughts and floods will be limited. Therefore, developing 

indices and indicators to analyze river flow regime records is essential for 

monitoring the impact of dam construction and land-use change activities.   
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Fig. 13.  River regime impact (RI) for the stations and periods at (a) Karaahmet, b) 

Hanköy, (c) Kardiliri, (d) Aslantaş, and (e) Misis gauging stations in the pre-impact 

period (1975–1984) and in three different time periods post-impact: (1) 1985–1994, (2) 

1995–2004, and (3) 2005–2014 [*for Aslantaş (d2) 1995–2000 and (d3) 2001–2006 as data 

available before 2006] (Reprinted under CC BY 4.0 license from Paper III © 2021 Authors). 
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Fig. 14. Monthly flow at (a) Karaahmet, b) Hanköy, (c) Kardiliri, (d) Aslantaş, and (e) Misis 

gauging stations in the pre-impact period (1975–1984) and in three different time 

periods post-impact: (1) 1985–1994, (2) 1995–2004, and (3) 2005–2014 [*for Aslantaş (d2) 

1995–2000 and (d3) 2001–2006 as data available before 2006] (Reprinted under CC BY 

4.0 license from Paper III © 2021 Authors). 



56 

4.2.5 Land-use change analysis  

Results of land-use change analysis indicate that the primary land-use changes in 

the study period were an increase in the irrigated agricultural area in the catchment 

(+76%) and a decrease in the dry farming area (−67.6%). In 1985, irrigated and dry 

farming land each occupied around 56,000 ha. Over the next 33 years (1985–2018), 

irrigated land area increased to 156,000 ha, and dry farming decreased to 18,600 

ha (Figure 15). Such land-use change significantly increased the water use in the 

basin, decreasing the river upstream and downstream flow magnitude.  

 

Fig. 15. Land use change in the Ceyhan River Basin between 1985 and 2018 (Reprinted 

under CC BY 4.0 license from Paper III © 2021 Authors). 
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4.3 Mining activities’ impact on water quality of the river by 

considering discharge of the river (Finnish Lapland) 

4.3.1 Comparison of water quality determinants in upstream and 

downstream 

The Seurujoki River in Finnish Lapland has experienced an apparent increase of 

water quality determinants over 2010–2018 due to discharge of mining effluents 

(Figure 16). EC values in Station #2, Station #3, and Station #4 have increased 2 to 

3 times compared to the baseline (Station #1). Moreover, concentrations of Ntotal, 

SO4
2−, and Sb were elevated downstream of the points where TP-A and TP-B 

discharge to the river. The concentration of Ntotal and SO4
2− increased from 142 and 

600 µg l−1 to 5000 and 80000 µg l−1, respectively. These increases have been 

considered a major concern in the environmental impact assessment of the mine. 

 

Fig. 16. Boxplot of water quality determinants at four monitoring stations on the 

Seurujoki river, based on data for the period 2010–2018. Station #1 is before the mining 

area, Station #2 is located 0.3 km downstream from the main discharge point of water 

from treatment peatland A (TP-A), Station #3 is located 6.4 km after TP-A, and Station 

#4 is located 7.2 km after TP-A (Reprinted, with permission, from Paper IV © 2020 

Elsevier B.V.). 
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4.3.2 Relationship between electrical conductivity and water quality 

determinants and discharge of the river  

Spearman correlation and regression analysis between electrical conductivity (EC) 

and other determinants (SO4
2−, Sb, Ntotal, Cl−, Mg, Na, Ca, K, and Mn) showed a 

significant positive linear correlation. On the other hand, there was a significant 

negative linear correlation between EC and Fe, Mn, COD, and As (Table A1 in 

Appendix 1). Electrical conductivity provides a helpful water quality indicator, as 

it can be monitored continuously to detect sudden tailing dam leakages or 

irregularities in water treatment of mining waters. 

Moreover, EC showed a significant negative relationship with the river's 

discharge in the natural condition (Figure 17). The EC values were lowest in high-

flow conditions during snowmelt (April and May) and in late autumn–early winter 

(October and November), when precipitation is typically high, and 

evapotranspiration is low in the study region. However, due to the significant 

impacts of mining activities on the river section downstream of the mine, the linear 

correlation between EC and river discharge at Stations #2–4 disappeared (Fig. 13c 

and Fig. 13d). EC indicates the amounts of anions and cations in water and, since 

the concentration of sulfate and other substances is increased by mining water 

entering the river, EC at Station #2 and Station #4 did not follow the natural pattern 

caused by seasonal variation in river discharge, as was the case at Station #1.  
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Fig. 17.  (a) Variation in electrical conductivity at Station #1 (ECStation #1) and river 

discharge (QRiver) representing natural river water quality without the influence of mining 

water, based on data for 2010–2018. (b) Linear regression between ECStation #1 and QRiver 

(Pearson correlation coefficient r = −0.086); (c) linear regression between ECStation #2 and 

QRiver (r = −0.03); and (d) linear regression between ECStation #4 and QRiver (r = −0.4), based 

on data for July 2015 to November 2015 (Reprinted, with permission, from Paper IV © 

2020 Elsevier B.V.). 

4.3.3 Tailing dam accidental leakage  

Besides the impact of the continuous discharge of mine effluents to the river, 

accidents such as tailing dam failure can enormously affect the river's water quality, 

and the effect can last longer. In September 2015, a tailing dam leakage happened, 

and the exposure is illustrated in EC records at 22:00 h on 9 September (Figure 

18c). Leakage discharge was estimated to be 340 m3 h−1 and the immediate action 

was to pump the leakage back to the tailing dam pool. The accident was controlled 

immediately, but EC in the river in stations after the mining area increased 

significantly to 60 mS m−1 (mean value for EC in Station #2 for the time period 

2010–2018 was 26 mS m−1). These high levels lasted about ten days, until the river 

came back to its natural condition (Figure 18c). The impact was evident even at 

Station #4, which is 6 km below the TP-A. There, EC increased to 43 mS m−1 

compared with a mean value of 26 mS m−1 in 2010–2018. At the time of the 

accident EC in Station #1 was 5.8 mS m−1, which represents the natural condition 

of the river.  
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Continuous monitoring of EC during July–November 2015 provided an 

opportunity to analyze the impact of the tailing dam leakage accident in more detail 

(Figure 18b). EC reached higher levels than in September 2015, but no daily/hourly 

data is available for each period, and it is hard to conclude the reason for each high 

peak.    

Although the mining company is required to meet all water quality regulations, 

and the discharge is passed through quite efficient treatment peatlands (Khan et al., 

2019, 2020), high peaks of EC were nevertheless observed in the Seurujoki River. 

Values higher than 50 mS m−1 are considered harmful for aquatic life (Abah, 

Simasiku, & Nakwaya, 2018), and such values have been observed many times 

since mining activities started in the region. 

 

Fig. 18. Electrical conductivity (EC) and discharge (Q) fluctuations a) in treatment 

peatlands (TP) A and B; b) at Stations #1, #2, and #4 based on monthly data; and 3) at 

Stations #1, #2, and #4 based on hourly data for July–November 2015 (Reprinted, with 

permission, from Paper IV © 2020 Elsevier B.V.). 
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5 Conclusion and directions for the future  

5.1 Conclusion 

In this work, different methods were applied to quantify the impact of major human 

activities on river water quality and quantity in three different regions (Iran, Turkey, 

and Finnish Lapland) – in particular, to address the impacts of dam construction, 

agriculture, and mining on river water quality and quantity. 

The impacts of dam and reservoir construction (small MAR structures and 

multiple damming) were quantified with novel frameworks and indicators in the 

arid/semi-arid climate. In addition, the impact of mining was assessed – the most 

harmful activity for river water quality in Northern Europe – and a new indicator 

was proposed as a continuous monitoring tool. Generating and improving 

environmental impact assessment tools could help researchers, stakeholders, and 

authorities become more aware of river health status, which in turn could decrease 

the process of river ecological deterioration.  

A novel framework was used to quantify the impact of a small MAR structure 

on the river flow regime characteristics of an ephemeral river in Fars province, Iran, 

indicating that the structure could endanger the existence of the river and cause 

desertification. The framework also recommended better positioning of the 

structure. River discharge downstream of the structure could be decreased 

significantly, and meanwhile, the flow timing increased, which could exacerbate 

the water infiltration opportunity of the river water. Although MAR structure 

increased primary recharge 18–33% as it was intended to do, it also increased 

secondary recharge from the downstream river to the groundwater.  

The impact of multiple damming and land-use change on the Ceyhan River in 

Turkey was quantified by introducing new indices which indicate whether river 

flow regime alteration was caused by these human activities or by natural 

phenomena (e.g. changing precipitation trends). The impact of human activities on 

river flow regime characteristics was quantified by using the downstream-upstream 

low flow contribution to annual flow ratio (DUL), downstream-upstream high flow 

contribution to annual flow ratio (DUH), and meteorological-hydrological drought 

ratio (MHD) in combination with land-use change analysis and Mann-Kendall 

trend analysis. Findings indicated that natural phenomena (e.g., precipitation) did 

not significantly impact the issue. 
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The impact of mining on the water quality of the pristine Seurujoki River in 

Finnish Lapland was assessed using an 8-year data set. Even though mining 

effluents were treated by the mining company, and passed through natural treatment 

peatlands, they still changed the pristine river's parameters. Some parameters, such 

as electrical conductivity (EC), exceeded acceptable levels, causing potential harm 

to aquatic life. Moreover, EC was identified as a good water quality indicator for 

continuous monitoring of the river. Continuous monitoring of EC could be a cost-

efficient early-warning method to identify accidents and protect river health.  

Although case studies are selected from different climate system, the 

investigated human activities which were analysed in each case study were the most 

critical activity for that region. It was tried to investigate the most destructive 

activity for the river ecosystem. In dry and Mediterranean climate system, 

undoubtedly, dam construction and agricultural activity has been the most 

impactful activity and water quality alteration would be in next stage. Based on the 

systematic literature review performed in Paper I, dam construction and agriculture 

were selected to be included in the thesis and in cold, continental climate, mining 

activity was chosen. The subject of analyzing human impacts on the quality and 

quantity of river water is a broad scope to investigate and shall be improved and 

update every now and then considering new methodologies to enlighten the impact.   

Proposed methods in this thesis for each activity could be a promising way to 

simply quantify the impact of different activities in those climate systems. Although, 

limitations of each method shall be considered. For instance, in Paper II although 

the river water level fluctuated in both the primary and secondary recharge analysis, 

to simplify the process in the framework the recharge rating curve was developed 

under a quasi-steady-state conditions by simulation of recharge for variable water 

levels. This simplification is justified to analyze the overall effects of MAR would 

not have a large effect on the recharge or flow. A full transient simulation would 

require more time and resources and this steady-state assumption is the first step 

for understanding the MAR impacts on the flow regime of the river. New simplified 

methods that are used in this study has shown a promising way to quantify the 

impacts of different activities on the river system, but it has not considered benefit-

to-cost and environmental economy for each activity. Methods are tried to simply 

the process of monitoring/quantifying human activities. More detailed methods 

which could quantify the impacts with considering cost-benefit concepts could be 

enlightening the worth of each activity. 
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5.2 Future studies and recommendations  

A comprehensive overview of the impact of different human activities on other 

water sources, such as groundwater, should be an essential aim for future studies. 

The development of new frameworks and indicators to assess the impact of 

multiple stressors on groundwater quality and quantity would be beneficial.  

Indices introduced in this work could be applied to different rivers in different 

climates, and a sensitivity analysis conducted to determine their usefulness and 

limitations more comprehensively.  

In-depth global studies of river water quality would help researchers, 

stakeholders, and authorities to enhance their water management skills. This could 

be done by making a geographic information system (GIS) based global map of 

rivers with lengths larger than 100 km and identifying the point and non-point 

sources of contamination. Different maps could be derived for different human 

activities and their impacts on rivers, such that each of these maps could be 

superimposed upon the others to identify the co-occurrence of multiple impacts. 

All of these actions could help researchers, stakeholders, and authorities to 

enhance monitoring actions, which in turn could decrease the impacts on river 

water quality and quantity and any associated ecological deterioration. Delivering 

new, user-friendly methods of monitoring and encouraging their usage would be a 

winning strategy to save rivers around the world.  

Different human activities in different climate system shall be analyzed based 

on benefit-to-cost models. It is essential to have environmental economy overview 

in each activity so that impact of activities are assessed not only environmentally 

but economically. it will provide a constructive overview on each activity whether 

it was beneficial economy wise even though it had impacts on river system or not.   
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Appendices 

Appendix 1. Table A1. Spearman correlation and regression analysis between 

electrical conductivity (EC) and other determinants. 
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