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Isokangas, Elina, Quantifying the groundwater dependence of boreal ecosystems
using environmental tracers. 
University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 674, 2018
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Groundwater-dependent ecosystems (GDEs) are aquatic or terrestrial ecosystems that rely directly
or indirectly on groundwater (GW). Recent European and Finnish legislation requires better
consideration of these systems in GW management. The main aim of this thesis was to develop
new methods for GDE classification and management, by testing environmental tracer methods in
different environments. New information about GW-surface water interactions was obtained and
novel methods for GDE classification and management were developed for lakes, peatlands,
streams, and springs.

Stable water isotopes proved to be an efficient tool for determining the GW dependence of
lakes. An iterative isotope mass balance method was applied for 67 lakes situated in the Rokua
esker aquifer area. Stable water isotopes also showed potential in determining the GW dependence
of a peatland surface horizon. A study conducted in peatlands adjacent to Viinivaara esker aquifer
indicated that the GW dependence of peatlands can vary significantly and that GW-dependent
areas can extend outside current GW protection areas. Thermal images proved useful in
pinpointing clear GW seepage locations in peatlands.

For streams, a novel stream tracer index method was developed to evaluate GW dependence
based on GW volume in streams, thermal properties of streams, and stream water quality. The
method was tested in three streams discharging from Viinivaara and Rokua aquifers and was found
to efficiently capture spatial variations in GW dependence. In Oulanka region, hydrological and
chemical characterization and statistical methods were used to classify springs into different types.
Spring altitude and δ2H value were identified as useful proxies for spring water chemistry.

The methods developed in this thesis can be helpful when classifying and studying GDEs and
applying environmental tracer methods in various environments. Knowing the GW dependence of
an ecosystem, the impacts of possible GW table decline caused by e.g., GW abstraction, drainage,
and/or climate change can be evaluated. For large-scale applications, GDE classification methods
have to be practical, effective, and low-cost. Combined use of stable water isotopes and other
tracers can be especially effective for characterizing ecosystem hydrology on different temporal
and spatial scales.

Keywords: environmental tracers, groundwater-dependent ecosystems, lake, peatland,
spring, stable water isotopes, stream, thermal imaging, water management





Isokangas, Elina, Luonnolliset merkkiaineet boreaalisten ekosysteemien pohja-
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Tiivistelmä

Pohjavedestä riippuvat ekosysteemit (GDE) ovat vesi- tai maaekosysteemejä, jotka ovat suo-
raan tai epäsuorasti riippuvaisia pohjavedestä. Euroopan Unionin ja Suomen lainsäädännön
mukaan pohjavesien hallinnassa tulisi ottaa paremmin huomioon GDEt. Tämän työn tavoitteena
oli kehittää uusia menetelmiä näiden ekosysteemien luokitteluun ja hallintaan. Luonnollisia
merkkiainemenetelmiä soveltaen saatiin uutta tietoa pohjavesi-pintavesi vuorovaikutuksesta ja
kehitettiin uusia menetelmiä GDE-luokitteluun järville, soille, puroille ja lähteille.

Veden stabiilit isotoopit osoittautuivat tehokkaaksi työkaluksi järvien pohjavesiriippuvuuden
määrittämisessä. Iteratiivista isotooppimassatase-menetelmää käytettiin 67 Rokuan järven pohja-
vesiriippuvuuden selvittämiseen. Veden stabiileilla isotoopeilla pystyttiin myös määrittämään
suon pinnan pohjavesiriippuvuus. Viinivaaran harjun viereisen suoalueen tutkimus näytti, että
suon pohjavesiriippuvuus voi vaihdella merkittävästi ja pohjavedestä riippuvia alueita löytyy
myös nykyisten pohjavesirajojen ulkopuolelta. Lisäksi soilla havaittiin selkeitä pohjavedenpur-
kupaikkoja lämpökamerakuvauksen avulla.

Puroille kehitettiin uusi menetelmä, jolla niiden pohjavesiriippuvuutta voidaan arvioida
perustuen pohjaveden määrään puroissa, puroveden lämpötilaominaisuuksiin ja puroveden laa-
tuun. Menetelmää testattiin Viinivaaran ja Rokuan harjuista purkautuville puroille ja sillä havait-
tiin pohjavesiriippuvuuden vaihtelevan purojen eri osissa. Oulangan lähteitä luokiteltiin eri tyyp-
peihin hydrologisen ja kemiallisen karakterisoinnin ja tilastollisten menetelmien avulla. Lähtei-
den altitudin ja δ2H-arvon havaittiin ennustavan lähdeveden kemiallista koostumusta.

Tässä tutkimuksessa kehitetyt menetelmät voivat olla hyödyllisiä GDE-luokittelussa, eri
ekosysteemien tutkimisessa ja luonnollisten merkkiainemenetelmien soveltamisessa eri ympäris-
töissä. Kun ekosysteemin pohjavesiriippuvuus tiedetään, voidaan arvioida pohjavedenotosta, oji-
tuksesta ja/tai ilmaston muutoksesta mahdollisesti aiheutuvan pohjavedenpinnan laskun vaiku-
tuksia. Suuressa mittakaavassa, GDE-luokittelumenetelmien tulee olla käytännöllisiä, tehokkai-
ta ja halpoja. Veden stabiilien isotooppien ja muiden merkkiaineiden yhdistetty käyttö vaikuttaa
olevan tähän erityisen tehokas työkalu, jolla voidaan ymmärtää ekosysteemien hydrologiaa eri
temporaalisissa ja spatiaalisissa mittakaavoissa.

Asiasanat: järvi, luonnolliset merkkiaineet, lähde, lämpökamerakuvaus, pohjavedestä
riippuvat ekosysteemit, puro, suo, veden stabiilit isotoopit, vesien hallinta
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Abbreviations 

αLV Equilibrium isotope fractionation factor between liquid and gaseous 

water phases 

Ck Kinetic enrichment parameter 

Cl- Chloride 

CRDS Cavity ring-down spectroscopy 

DEM Digital elevation model 

DOC Dissolved organic carbon 

δA Isotopic composition of atmospheric water vapor 

δE Isotopic composition of evaporation 

δ2H Delta value of 2H isotope 

δIM Initial isotopic composition of the evaporating surface water body 

δIT Isotopic composition of total inflow 

δL Isotopic composition of a lake 

δ18O Delta value of 18O isotope 

δOT Isotopic composition of total outflow 

δP Isotopic composition of precipitation 

δS Isotopic composition of a surface water body 

δSS Steady-state isotopic composition of a surface water body 

∆δ Isotope enrichment of an evaporating surface water body 

∆ε Kinetic isotope enrichment 

E Evaporation 

EC Electrical conductivity 

ea Vapor pressure in the air 

es Saturation vapor pressure at surface water temperature 

ε Total effective isotope fractionation 

ε* Equilibrium isotope enrichment 

FMI Finnish Meteorological Institute 

GDA Groundwater-dependent area 

GDE Groundwater-dependent ecosystem 

G index Ratio of groundwater inflow to total inflow to a lake 

GIS Geographic Information System 

GMWL Global meteoric water line 

GNIP Global Network of Isotopes in Precipitation 

GW Groundwater  

h Air-based relative humidity 
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hN Normalized relative humidity 

IGW Groundwater inflow to a lake 

ITOT Total inflow 

ITOT/E Total inflow-to-evaporation ratio 

KE Mass-transfer coefficient 

LEL Local evaporation line 

LMWL Local meteoric water line 

MTT Mean turnover time 

OTOT Total outflow 

P Precipitation 

PC Principal component 

PCA Principal component analysis 

PO4
3--P Phosphate-phosphorus 

pSATair Saturation vapor pressure with respect to air temperature 

pSATwater Saturation vapor pressure with respect to water temperature 

Si index Stream tracer index 

SiO2 Silica 

SSLEL Site-specific local evaporation line 

SW Surface water 

SYKE Finnish Environment Institute, Suomen ympäristökeskus 

T Temperature 

TIC Total inorganic carbon 

V Volume 

va Wind speed at 2 m height 

VSMOW Vienna Standard Mean Ocean Water 

xchemistry Classification value based on water quality 

xGW Classification value based on stable water isotopes and discharge 

xtemperature Classification value based on temperature 
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1 Introduction 

1.1 Groundwater-dependent ecosystems and their classification 

Groundwater-dependent ecosystems (GDEs) are aquatic or terrestrial ecosystems 

that rely directly or indirectly on the flow or chemical composition of groundwater 

(GW) (Kløve et al., 2011a; Rohde et al., 2017). They are increasingly being 

recognized for their ecological and socio-economic values (Kløve et al., 2011a, 

2011b) and different water management policies are being adopted to protect them, 

especially e.g., in the European Union (EC, 2006)  and Australia (Richardson et al., 

2011; Rohde et al., 2017). In Finland, there are over 6000 classified GW areas, and 

esker aquifers in particular are important GW reserves for potable water (Britschgi 

et al., 2009). However, exploitation of GW can have negative impacts on GDEs. 

The European Directive on Groundwater Protection states that significant damage 

to GDEs must be prevented and requires their classification by 2019 (EC, 2006). 

Therefore, there is, and has been, an urgent need for effective GDE classification 

methods designed especially for the specific conditions in Finland.  

The classification of GDEs is generally challenging, due to the complexity of 

ecosystem structures and hydrology, and the lack of appropriate methods. For large-

scale ecosystem classification, the methods should be cost-effective and relatively 

easy to apply. Furthermore, specific classification methods are required for 

different types of aquatic and/or terrestrial GDEs, e.g., lakes, peatlands, and streams 

(Fig. 1). In addition, the dependence on GW can be direct or indirect and can vary 

over time, which further complicates GDE classification.  

Springs are by definition fed by GW and therefore inherently GDEs. However, 

management of spring ecosystems, together with other GDEs, is crucial for their 

preservation. In order to reduce the negative impacts on GDEs, tools are needed for 

classification of springs and for their subsequent management.  

Changes in GDE hydrology and ecology can be natural or induced by 

anthropogenic actions such as land use activities (e.g., drainage or water abstraction) 

(Poff and Zimmerman, 2010; Ramchunder et al., 2012; Rossi et al., 2012, 2014) or 

climate change (Kløve et al., 2011b; Jyväsjärvi et al., 2015). To evaluate these 

changes, methods for quantifying the GW dependence of different ecosystems are 

needed. Furthermore, GDEs can provide more stable thermal conditions than 

surface water (SW)-dominated ecosystems (Webb et al., 2008) and can support 

thermal refuges in a changing climate.  
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Lakes 

Groundwater can be an important factor in lake water balance. Quantification of 

the GW dependency of a lake is important for water management purposes and for 

understanding lake ecology, eutrophication (Brock et al., 1982; Belanger et al., 

1985; Ala-aho et al., 2013; Kidmose et al., 2013) and pollution (Kløve et al., 2011a). 

The amount of GW in lakes can be determined using seepage meters (Rosenberry 

et al., 2008, 2013; Ala-aho et al., 2013), environmental tracers (Dinçer, 1968; Zuber, 

1983; Yehdegho et al., 1997; Stets et al., 2010; Shaw et al., 2013), and numerical 

modeling (Winter and Carr, 1980; Krabbenhoft et al., 1990; Stichler et al., 2008; 

Ala-aho et al., 2015b). In addition, several authors have applied tracers in studying 

lake water balances in cold climates (Gibson, 2002; Gibson and Edwards, 2002; Yi 

et al., 2008; Jonsson et al., 2009; Turner et al., 2010; Arnoux et al., 2017). However, 

there had been no wide-scale attempts to classify the numerous lakes in Finland 

based on their GW inflow prior to the work reported in this thesis. 

Peatlands 

Peatlands are generally classified into two main groups (rainwater-dominated, 

nutrient-poor bogs and soil water-influenced or GW-dependent, nutrient-rich fens), 

but an internationally accepted classification system has not been established 

(Charman, 2002). Previous classifications have mostly been based on vegetation 

analysis, but varying chemical composition of the GW can hamper this approach 

by modifying vegetation patterns (Glaser et al., 1990). Moreover, vegetation 

displays a delayed response to changing GW input. The GW dependence of 

peatlands can vary spatially and temporally. Long-term changes in GW input within 

a peatland can arise during the transition when a fen is developing into a bog and 

the GW flow from the mineral soil is diminishing (Mitsch et al., 2009). 

Streams 

Groundwater generally maintains base flow in headwater streams (Sophocleous, 

2002; Winter, 2007), which have a considerable effect on downstream hydrological 

and geochemical processes and ecological functions (Freeman et al., 2007; Finn et 

al., 2011). In GW-dependent headwater streams, many species rely on conditions 

sustained by GW in terms of: i) discharge volume, ii) stable thermal regime, and 

iii) water quality (Bertrand et al., 2012). During summer and winter low-flow 
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periods in particular, GW input provides important refuges sustaining stable 

discharge (Younger, 2006) and thermal conditions in headwater streams (Dugdale 

et al., 2013; Snyder et al., 2015). These conditions can be vital for the survival of 

e.g., coldwater fish like salmon or trout that also spawn in Finnish streams (Louhi 

et al., 2008). Many studies discuss GW-SW interactions in streams (Zimmer et al., 

2013; Blumstock et al., 2015; Hagedorn and Whittier, 2015; Scholl et al., 2015; 

Duvert et al., 2016), but none proposes a general GDE classification method for 

streams (for more details, see III).  

 

Fig. 1. Examples of groundwater-dependent ecosystems located at different 

geographical sites and underlying groundwater levels and flow lines (developed from 

Kløve et al. (2011a)). 

Springs 

Spring ecosystems, which are hotspots of freshwater biodiversity, provide clear, 

cold water and a nutrient-poor environment in which highly specialized and 

regionally restricted flora and fauna flourish (Cantonati et al., 2012). 

Hydrogeological factors such as geology, topography, land cover, and recharge 

control natural variations in GW quantity and quality, and therefore also control 

spring water quality (Kresic and Stevanovic, 2009). Springs can suffer from GW 

depletion (Konikow and Kendy, 2005) and contamination (e.g., Laini et al., 2012), 

and many springs in Finland are affected by peatland drainage (Aapala et al., 2013). 

Self-organization maps (Zelazny et al., 2011), principal component analysis 

(Kreamer et al., 1996; Moore et al., 2009), and other classification tools (Jang, 2010; 

Matić et al., 2013) have been used to identify the main environmental factors 

affecting spring water quality. 
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1.2 Environmental tracers reveal groundwater-surface water 

interactions 

Environmental tracers that mark and trace water occur naturally in the environment 

and can be used to study e.g., water flow paths, transit times, water sources, and 

transport processes (Leibundgut et al., 2009). Conservative environmental tracers 

behave like water molecules in the water cycle, as they are chemically and 

biologically inert, and are not affected by decay or sorption. Stable water isotopes 

are therefore considered ideal tracers. The conservativeness of a tracer needs to be 

addressed and taken into account, especially when other tracers are used in 

hydrological studies, e.g., dissolved silica, major cations and anions, nutrients, 

temperature, or electrical conductivity. Interpretation of tracer data can be 

complicated when variations occur in water quality. In general, water quality 

variations can arise from changes in mixing proportions of GW and SW and from 

spatial or temporal changes in the quality of water from these sources (Kirchner, 

2016a, 2016b).  

Overall, however, environmental tracers offer efficient and flexible methods to 

study dynamic and spatially varying GW-SW interactions in terrestrial and aquatic 

environments (Leibundgut et al., 2009; Bertrand et al., 2014). Combined use of 

multiple tracers is recommended to reveal different aspects of GW-SW interactions 

at different scales and also to evaluate anthropogenic influences on ecosystems 

(Bertrand et al., 2014). Different tracers have different limitations and integration 

of these is important in order to understand the hydrogeological system as 

completely as possible. For example, the use of major cations in peatland 

environments is uncertain due to atmospheric inputs (Drever, 1997) and 

accumulation of cations in peat biomass (Urban et al., 1995). However, combined 

use of botanical, geochemical and geomorphological information can reveal GW 

seepage to peatlands (Larocque et al., 2016).  

Stable water isotopes 

Stable water isotopes (18O, 2H) can be considered ideal tracers for studying GW-

SW interactions in various environments, since they constitute part of the water 

molecule (Clark and Fritz, 1997). Isotope fractionation stands for the change in the 

relative abundances of isotopes and enables their use in hydrological studies (Gat, 

2010). The fractionation results mainly from differences in relative mass of the 

isotopes and is more evident within light elements, because their isotopes differ 
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relatively more from each other than heavier isotopes. In hydrological studies, the 

most prominent fractionation processes are evaporation and condensation. As water 

evaporates, lighter isotopes (16O and 1H) evaporate more easily than heavier 

isotopes (18O and 2H). Thus, the heavier isotopes are enriched in the remaining 

water phase. On the other hand, as water condenses, heavier isotopes condense 

more easily than lighter isotopes. These fractionation processes change the isotopic 

composition of water at all phases in the water cycle. For example, as air moisture 

travels from the ocean to inland, it becomes progressively lighter. 

Stable water isotope values are generally reported as δ notation in per mille [‰] 

values relative to a known standard, Vienna Standard Mean Ocean Water 

(VSMOW): 

 = ∙ 1000 (1) 

where Rsample is the isotope ratio (18O/16O or 2H/1H) of a sample and Rstandard is the 

isotope ratio of the standard.  

 

Fig. 2. Isotopic fractionation within the hydrological cycle. The numbers depict δ18O 

values (‰) of different water phases, but can be interpreted as an indication of the 

relative changes between different water phases rather than typical isotope values 

(modified from Solanki (2013), CC BY 3.0 license).  
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At global scale, the isotopic composition of meteoric waters forms a line called the 

global meteoric water line (GMWL), first determined by Craig (1961):  

 = 8 ∙ + 10 (2) 

Locally, this relationship can have a slightly different expression, called the local 

meteoric water line (LMWL). When the meteoric waters evaporate, their isotopic 

composition evolves in the δ-space along a line called the local evaporation line 

(LEL), the slope of which is significantly smaller than that of the LMWL. 

Stable water isotopes are widely used in studies of the water balance of lakes 

(e.g., Gonfiantini, 1986; Gat and Bowser, 1991; Gat, 1995; Rozanski et al., 2001; 

Darling et al., 2005; Froehlich et al., 2005). In wetland hydrology, their applications 

are various, e.g., mapping water flow patterns and pathways (Marimuthu et al., 

2005; Laudon et al., 2007; Ronkanen and Kløve, 2007, 2008; Carrer et al., 2015), 

tracing water origin (Wilcox et al., 2004; Carol et al., 2013; Skrzypek et al., 2013), 

understanding GW-SW interactions (Ladouche and Weng, 2005; Sikdar and Sahu, 

2009), and calibrating models (Reynolds and Marimuthu, 2007; Turner et al., 2010). 

However, use of water isotopes to determine the GW dependence of peatlands is 

rare (Zurek et al., 2015). In stream studies, stable water isotopes have been 

extensively applied for hydrograph separation (Klaus and McDonnell, 2013) and 

for studying e.g., GW contributions (Blumstock et al., 2015; Duvert et al., 2016) 

and water age distributions in streams (Soulsby et al., 2015). However, these studies 

often focus on only one location in a stream (Kendall and Coplen, 2001; Litt et al., 

2015; Niinikoski et al., 2016) or the intensive sampling covers only a rather short 

period (Klaus and McDonnell, 2013). For springs, isotope applications are 

relatively rare, but they have been used to define the elevation of the recharge area 

in mountainous catchments (Kanduč et al., 2012; Jeelani et al., 2016). 

1.3 Research objectives 

The main objective of this thesis work was to produce new information about GW-

SW interactions, especially considering GDEs, and to develop new methods and 

guidelines for GDE classification and management. An integrated approach in 

which multiple tracers were applied was used to gain a comprehensive 

understanding of hydrological systems. Various types of ecosystems connected to 

GW were studied. These comprised: 67 lakes, two peatlands, three streams (Rokua 

and Viinivaara study sites, see Fig. 3), and 41 springs (Oulanka study site). 
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The research was divided into four parts, each addressing different ecosystem types 

and specific research questions, and each reported in a separate paper (I-IV). 

I  What is the role of GW in lake water balance? The central aim of this study 

was to quantify the GW dependence of 67 kettle lakes and ponds situated in 

the Rokua esker aquifer area using stable water isotopes. An additional aim 

was to devise an index reflecting the GW dependence of a lake and to design a 

protocol that would be cost-effective and adaptable for future attempts to 

determine the GW dependence of numerous lakes situated within a relatively 

small area with similar climate conditions. 

II  How does GW dependency vary in pristine peatlands? The main aims of 

this study were to: develop a method for analyzing hydrological interactions in 

peatlands, delineate GW-dependent areas, develop a GDE classification 

method based on the isotope mass balance approach, and create a conceptual 

model for a peatland complex situated adjacent to the Viinivaara esker aquifer. 

III  What are the temporal and spatial patterns of GW-SW interactions in 

disturbed and natural state streams? The main aim of this study was to 

investigate temporal and spatial aspects of GW dependence in a stream 

continuum. A transition zone was expected to be found within a spring-based 

stream that gradually turns into a SW-dominated system. Specific objectives 

were to define GW dependence along three streams located in the Rokua and 

Viinivaara esker areas (see Fig. 3), study spatial and temporal changes in 

mixing zones, and develop a tool and guidelines for evaluating the GW 

dependence of headwater streams.  

IV  Can environmental tracers be used for spring management and 

conservation? The hydrology, hydrogeology, capture zone land use, water 

chemistry, and stable water isotopes of springs were studied in Oulanka 

National Park and its surroundings. The aim was to identify the main drivers 

of variations in spring water quality and quantity, assess the vulnerability of 

springs and provide new methodology for spring management. It was assumed 

that the springs could be classified by the level of anthropogenic influence, GW 

flow routes, bedrock type, and possible surface runoff to the spring pool.  
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2 Materials and methods 

This chapter introduces the materials and methods applied in order to answer the 

research questions (see section 1.3). The study sites are described, after which the 

field measurements and data acquisition are outlined. Finally, the specific methods 

applied in different studies are explained. These were iterative (I) and distributed 

(II) isotope mass balance methods, a stream tracer index method (III), and statistical 

methods (III & IV).  

2.1 Description of the study sites 

Field studies were carried out in the Rokua and Viinivaara esker aquifer areas and 

in Oulanka National Park. The studies in Rokua concentrated on understanding the 

GW dependence of the kettle lakes and streams discharging from the esker aquifer 

(I & III), whereas in Viinivaara the research focused on studying the pristine 

peatland area and a spring-based stream flowing through the peatland in the esker 

discharge area (II & III). In Oulanka National Park, spring ecosystems were studied 

(IV).  

2.1.1 Rokua esker aquifer and its surroundings (I & III) 

The Rokua esker aquifer area, situated in northern Finland, is a post-glacial sand 

and gravel deposit rising on average 30-40 m (max. 90 m) above the surrounding 

peatlands. It was formed when ice retreated during the last deglaciation period 

leaving a long ridge formation, consisting mainly of fine and medium sand 

(Pajunen, 1995). As ice blocks were buried in the ground and melted, kettle holes 

were shaped. Together with kettle holes, sea banks and dunes form a rolling and 

geologically unique terrain (Aartolahti, 1973), which has been recognized in many 

ways. Part of the Rokua esker is protected by Natura 2000 and by the Finnish nature 

reserve network as a national park. In addition, Rokua is part of the UNESCO 

GeoPark Network. Hydrologically, the Rokua esker is an unconfined aquifer with 

a recharge area of 92 km2, making it probably the largest aquifer in Finland. 

However, the peatlands partially confine the GW in the heavily drained 

surroundings (Rossi et al., 2012). Prior to this thesis, several studies have examined 

GW-SW interactions in the Rokua esker aquifer area (Rossi et al., 2012, 2014; Ala-

aho et al., 2013, 2015a; Eskelinen et al., 2015, 2016).  
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Within the Rokua esker aquifer, there are approximately 90 kettle lakes or ponds 

with high recreational value, situated mainly in the kettle holes (Fig. 4). Some kettle 

lakes and ponds are partly paludified and peat is accumulating on the shoreline 

(Pajunen, 1995). In addition, some of the kettle holes are completely covered by 

peat (Pajunen, 1995). The size of kettle lakes and holes varies: kettle holes can be 

1-80 m deep, between 10 m and 1.5 km long, and up to 0.4 km wide (Aartolahti, 

1973). In this thesis, the GW dependence of 67 kettle lakes or ponds was 

investigated. 

Fig. 4. A small kettle hole lake within the Rokua esker aquifer. 

The GW from the Rokua aquifer discharges to the surrounding heavily drained 

peatlands and headwater streams. In this thesis, two of the streams on the northern 

side of the esker (Siirasoja and Lohioja) were studied for their GW dependency. 

The catchments of these two streams, consisting mainly of peatland forestry and 

some agricultural land, are located side by side. Complex GW discharge patterns 

have been found in the area, as either diffuse seepage or point-type seepage (Rossi 

et al., 2012; Eskelinen et al., 2016). Some of the ditches in the area have no flow 
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and some fully penetrate the peat layer, reaching the mineral soil and causing 

increased GW discharge. 

2.1.2 Viinivaara esker aquifer and its surroundings (II & III) 

Viinivaara esker aquifer has a recharge area of 15 km2. In the discharge zone of this 

sandy aquifer, some peatlands have remained in pristine condition. The peatland 

complex studied in this thesis (II) is situated on the northern side of the glaciofluvial 

formation of Viinivaara esker and consists of two pristine mires, Mesisuo and 

Sarvisuo (Fig. 5a). Peat thickness in the area varies from 0.1 to 4 m and the average 

degree of humification of peat in the area is H4, varying from H1 to H7 (von Post 

scale). Hydraulic conductivity of the peat varies between 1.3*10-6 and 6.1*10-4 ms-

1 at 10 cm depth and between 7.1*10-9 and 2.0*10-5 ms-1 at 90 cm depth (measured 

using a direct-push piezometer with a falling head (Hvorslev, 1951)). The hydraulic 

conductivity is generally higher near the peatland surface and the acrotelm depth 

in the peatland ranges from 30 to 60 cm. The hydraulic conductivity values indicate 

that the structure of the peat matrix promotes lateral GW flow in the upper part of 

the peatland horizon. The mineral soils under the peat layer are mostly sand, but 

fine sand, silt, sandy till, and till are also present (Sutinen, 1999). Vegetation in the 

area is characterized as open mire, forested areas with typical poorly growing mire 

forest trees (mineral soil close to the ground surface), and fen-type vegetation. 

Patterned fen formations, with strings and flarks, are evident on the north-eastern 

side of the mire. The mires are separated by a stream, Mesioja, in which GW 

dependence was also studied (III). The stream originates from a spring (Fig. 5b), 

which discharges from south to north and feeds Lake Sarvilampi. 

The studies in the Viinivaara area were prompted by a water use conflict in the 

region regarding water abstraction. The debate on whether Viinivaara aquifer is a 

suitable source of drinking water for the city of Oulu has continued since the 1990s. 

The site has been ranked as one of the two most promising options for GW 

abstraction using multi-criteria decision analysis, provided that the local ecology is 

duly taken into account in abstraction planning (Rantala et al., 2014). Citizens, 

landowners, and nature activists have opposed the abstraction plans, due to the 

potential impacts on ecology in the area (Rantala et al., 2017). Therefore, a better 

understanding of GW-SW interactions in the area is needed to assist in decision 

making. 
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Fig. 5. a) Viinivaara esker aquifer in the background, the surrounding peatland, and the 

Mesioja stream flowing through the peatland (picture by Pekka M. Rossi), b) the 

beginning of Mesioja stream, and c) a spring in Oulanka National Park (picture by Pertti 

Ala-aho). 
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2.1.3 Oulanka National Park (IV) 

Oulanka National Park and its surroundings in north-east Finland consist mainly of 

protected boreal pine forests. The main anthropogenic impacts in the area originate 

from Liikasenvaara village (population currently 20) and from forestry activities 

beyond the boundaries of the national park. The large amount of springs in the area 

(Fig. 5c) discharge either directly from bedrock fractures or partially from the thin 

soil layer into tributaries of the Oulankajoki river. The Oulankajoki river valley lies 

to the south of the study area and GW from the north flows mainly towards it. The 

variable topography and geology of the area have resulted in a high diversity of 

plants and animals and the area is considered a ‘biodiversity hotspot’ with high 

conservation interest (Malmqvist et al., 2009). The rare flora of the area results 

from geology that is uncommon elsewhere in Finland (Söyrinki et al., 1977). The 

geology is dominated by dolostone-limestone bedrock deposits, surrounded by 

greenstone and orthoquartzite bedrock (Silvennoinen, 1982, 1991; Pekkala, 1985). 

The shallow soil layer on top of the bedrock is mostly till and it has similar 

geochemical characteristics to the local bedrock (Koutaniemi, 1979; Räisänen et 

al., 2012). The specific geology of the area increases the alkalinity of local water 

and means that lakes in the area are clear-watered. Lakes in the boreal zone of 

Finland are otherwise usually dark-colored, due to high concentrations of dissolved 

organic matter (DOC) (Kortelainen, 1993). The majority of the Oulanka National 

Park springs studied in this thesis are within or near dolostone-limestone areas.  

2.2 Field measurements 

2.2.1 Water sampling 

Precipitation 

Composite precipitation samples for stable water isotope analysis were collected 

mainly on a monthly basis at Rokua esker and at Nuoritta, located approximately 

17 km west of the Viinivaara study area. The sampling was performed at Nuoritta 

for logistical reasons. Samples from Rokua and Nuoritta were collected during the 

open water season in 2010-2013 and 2013-2014, respectively, following the 

guidelines of the IAEA (International Atomic Energy Agency, 2014). Event-based 

precipitation samples were collected from Oulanka Research Station’s weather 
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station during June-August 2013. Snowpack isotope samples were collected once 

a year before snowmelt from Rokua in 2010-2013, Nuoritta in 2015, and Oulanka 

in 2012 and 2015, by uniformly sampling the whole snowpack depth. As it was not 

possible in the research to collect monthly samples throughout the year, the isotope 

data were compared with GNIP (Global Network of Isotopes in Precipitation) data 

available for Rovaniemi station (140-220 km from the study sites), in order to better 

characterize the seasonal variability in precipitation isotopes. 

Lake, stream, spring, and peatland pore water 

Rokua esker study area was the most intensively studied region in this thesis. 

During 2010-2012, 11 lakes, 13 piezometers, and 11 streams were sampled four 

times per year to analyze stable water isotopes (δ18O, δ2H), water quality 

parameters (temperature (T), pH, electrical conductivity (EC), dissolved oxygen 

(O2)), total phosphorus (P), phosphate-phosphorus (PO4
3--P), total inorganic carbon 

(TIC), dissolved silica (SiO2), sulfate (SO4
2-), potassium (K+), sodium (Na+), 

calcium (Ca2+), magnesium (Mg2+), manganese (Mn2+), chloride (Cl-), iron (Fe), 

and alkalinity. In addition, during July and August 2013, a total of 67 lakes and 

ponds were surveyed for the same parameters (Fig. 7). Water quality parameters 

were analyzed in the field using WTWMulti 3430 or Multi 350i meters (Fig. 6b). 

Lake water samples were collected with a Limnos sampler from different depths 

and from one to four sampling locations (Fig. 6g; for more details see Paper I). Two 

of the streams in Rokua (Lohioja and Siirasoja) and one in Viinivaara (Mesioja) 

were sampled quarterly for the same parameters and also for dissolved organic 

carbon (DOC), barium (Ba2+), strontium (Sr2+), aluminum (Al3+), sulfur (S2-), and 

titanium (Ti) during 2013-2014 (Fig. 7). The samples were taken from several 

locations along the streams (for more details, see III). In the Viinivaara area, water 

samples were also collected from local GW and from a lake (Sarvilampi) during 

2013-2014. 
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Fig. 6. a) Sampling with metal tube collectors, b) water quality measured in the field 

(WTWMulti 3430), c) hydraulic conductivity measured with a direct-push piezometer 

with a falling head, d) installing a Hobo logger on Mesioja stream, e) a tributary of 

Siirasoja stream in July 2013 and f) in October 2013, and g) a Limnos sampler. 
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For the peatland study, field sampling and measurements were performed in the 

Viinivaara study area during the summers of 2013 and 2014 (Fig. 7). First, a 

smaller-scale trial campaign was conducted during 16-19 July 2013 to test the 

applicability of the method for water sample collection. Pore water samples were 

extracted with a specific metal tube collector (see Fig. 6a) from 30 cm depth at 42 

sampling locations in the Mesisuo-Sarvisuo peatland complex (for more details, 

see II). A larger sampling campaign, with 142 sampling points (100-m intervals), 

was conducted during 4-11 August 2014. At 132 points, only superficial (0-10 cm 

depth) water was collected by pressing the soil and letting the water fill the 

depression or by compressing the top layer of peat and collecting pore water. 

Furthermore, at 10 points, water samples from different depths were collected with 

the metal tube collector (for more details, see II). These profile locations were 

chosen to represent different peatland areas (forested, open mire, and GW seepage 

area). Prior to water sampling, temperature, pH, and electrical conductivity were 

measured with a WTW Multi 350i meter in the field. Water samples were analyzed 

for stable water isotopes, major cations (Ca2+, Na+, K+, and Mg2+) and dissolved 

silica (SiO2). 

In the Oulanka region, a total of 41 springs, six streams, and five lakes were 

sampled in early June and August, 2013 (see Fig. 1 in Paper IV). In addition, GW 

was sampled at six locations in the area in August 2013. Spring water samples were 

collected from the main spring pool, as close to the outlet as possible. All samples 

were analyzed for stable water isotopes, Ptot, PO4
3--P, total nitrogen (Ntot), 

ammonium (N-NH4
+), nitrate-nitrite (N-NO3

-+NO2
-), Fe, DOC, TIC, water color, 

alkalinity, K+, Ca2+, Mg2+, Na+, Cl-, SO4
2-, and SiO2. In addition to water samples, 

the geomorphology of the area was determined (e.g., surface geology, vegetation, 

slope, and spring dimensions). 

Additional information relating to water sampling can be found in Papers I-IV. 
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Fig. 7. Maps of the Rokua and Viinivaara esker aquifers and the sampling locations. 
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Timing of the sampling campaigns and preceding conditions 

It is important to take into account the conditions preceding environmental tracer 

sampling when planning the campaigns and when analyzing the collected data. 

Furthermore, in order to obtain reliable results using isotope methods, it is 

important that the system under study has reached, or is at least near, its isotopic 

and hydrological steady states. In boreal environments with seasonal snow and ice 

cover, these conditions are not self-evident. Therefore, the timing of the sampling 

campaigns reported in this thesis was carefully planned.  

It was found in the preceding sampling campaigns during 2010-2012 that the 

isotopic composition of the lakes in Rokua fluctuate seasonally and approach their 

isotopic steady state towards the end of the ice-free period. During this time, the 

lakes were also assumed to be near their hydrological steady state. Thus, the 

sampling of the lakes was conducted in late summer (for more details, see Paper I). 

In addition, the peatland sampling campaign was scheduled towards the late 

summer season (late July and early August), in order to maximize evaporation-

driven heavy isotope enrichment in the peatland water, the likelihood of rainless 

weather, and the probability of the snow signal having dissipated from the peatland 

SW. Furthermore, a warm, rainless period is near ideal for fulfilling the 

hydrological and isotopic steady-state assumptions (II). Stream sampling was 

conducted quarterly during two years (2013-2014) and the preceding conditions 

did not dictate the timing of the campaigns. Above all, several campaigns were 

made in order to study the temporal variations in streams and for this different 

hydrological conditions were actually required (III). Two campaigns were 

conducted to study springs and no major rainfall events preceded these campaigns. 

The first was scheduled for June 2013 and the samples were assumed to have a 

snowmelt signal. However, these samples also partly represented summer base flow 

conditions, due to an exceptionally warm April and May in 2013.  

Water sample analysis 

The isotopic composition of water samples (δ18O and δ2H) was analyzed using 

cavity ring-down spectroscopy (CRDS) with a Picarro L2120-i analyzer. Prior to 

analysis, samples with visible color or suspended matter were filtered (pore size 25 

µm). The measured 2H/1H and 18O/16O isotope ratios were expressed in δ notation 

relative to the Vienna Standard Mean Ocean Water (VSMOW) standard. The 

precision for δ18O and δ2H values was ±0.1‰ and ±1.0‰, respectively. All samples 
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were stored in cold (4 ± 1 °C), dark conditions prior to analysis. Nutrients, alkalinity, 

and geochemical parameters were analyzed using Finnish national standards 

(National Board of Waters, 1981). Water quality parameters were measured in the 

field with WTWMulti 3430 or Multi 350i meters (accuracy: pH ±0.005; O2 ±0.5% 

of the measured value; EC ±1 mV; T ±0.1 °C).  

2.2.2 Continuous measurements 

Water temperature and electrical conductivity 

Temperature (T) and electrical conductivity (EC) were measured continuously with 

Hobo loggers (pendant temperature data logger UA-001-08 and conductivity 

logger U24-001, accuracy 5 µScm-1 and 0.1 °C). Loggers were installed to measure 

lake water temperature from 50 cm below the lake surface during the ice-free period 

in 2013 for two lakes (Ahveroinen and Saarinen) on the Rokua esker. In addition, 

SW temperature data for another lake (Oulujärvi) were obtained from the database 

of the Finnish Environment Institute (2013). Hobo loggers were also installed in 

three streams: Mesioja, Lohioja, and Siirasoja (Fig. 6). Temperature and EC were 

measured at several stream locations, on average at 1 km intervals, during 2013-

2014 (for more details, see III). In addition, loggers were installed in the outlet of 

Lake Sarvilampi, into which Mesioja stream discharges, and in a small tributary of 

Siirasoja stream. 

Discharge 

Stream discharge was measured at all stream measurement points during the field 

campaigns, using a Mini Air 20 current meter (Schiltknecht). These field 

measurements were used to form rating curves for converting barometrically 

compensated water levels (Solinst Levelogger Gold, measured at one location at 

each of the streams) into continuous discharge. For Siirasoja and Lohioja, the rating 

curves were extrapolated for high water levels using discharge rates obtained from 

fully integrated surface-subsurface flow modeling (Ala-aho et al., 2014). In 

addition, spring discharge was measured with a current meter during the field 

studies in Oulanka National Park and its surroundings. 
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Meteorological data 

Meteorological data were collected by the Finnish Meteorological Institute (FMI) 

at Vaala-Pelso (10 km from Rokua study site; I, III), Pudasjärvi Airport (30 km 

from Viinivaara study site; II, III), Rovaniemi (160 km from Viinivaara study site; 

II), and Oulanka Research Station (IV). These data included local air temperature 

and precipitation (I, II, III, IV), relative humidity (I, II), and wind speed (I). 

2.2.3 Thermal imaging (I, II) 

A thermal imaging campaign was conducted to study the SW temperature deviation 

of lakes in the Rokua area (I) and to locate GW seepage areas in the peatland 

complex in the Viinivaara area (II). A Flir Thermacam P-60 with 320×240 pixel 

sensor resolution and an opening of 24° was used. The electromagnetic spectrum 

ranged from 7.5 to 13 μm. The imaging data were corrected using data on the 

prevailing weather conditions during the measurements (temperature and relative 

humidity) obtained from the FMI weather stations (Vaala-Pelso and Pudasjärvi 

airport). The thermal imaging was carried out on 5-6 August 2013 from a helicopter 

flying approximately 150 m above the ground. The horizontal distance between 

transects in the peatland area was 40 m.  

For the lakes, thermal images yielded comparable SW temperatures that ranged 

from 19.5 to 24.6 °C, with a mean of 21.3 °C and a standard deviation of 0.87 °C. 

For the peatland complex, areas with temperatures ≤19°C were identified as 

potential GW seepage areas. These results were used to guide the second peatland 

sampling campaign. 

2.3 GIS analyses 

GIS (Geographic Information System) analyses in an ArcGIS 10.2 environment 

were used for several purposes during the work presented in this thesis. The volume 

of lakes was determined using depth profiling measurements, contour lines, and 

border lines, with a spline interpolation method (I). Furthermore, the natural 

neighbor interpolation method was used to generate interpolated maps of selected 

parameters (e.g., stable water isotopes) measured from the peatland pore water (II). 

Watersheds for Mesioja, Lohioja, and Siirasoja streams were delineated using a 2 

m resolution digital elevation model (DEM) produced by the National Land Survey 

of Finland (III). In addition, spring capture zones were delineated using a 10 m 
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resolution DEM and applying the single-direction flow algorithm D8 (IV). Land 

use at the study sites was determined using CORINE land cover data (SYKE). 

2.4 Isotope mass balance approach 

Lakes and peatlands can both be considered to be evaporating surface water bodies. 

Water and isotope balances for these ecosystems are: 

 = − −   (3) 

 + = − −  (4) 

where V is the volume of the SW body, ITOT is the total water inflow to the system, 

E is evaporation, and OTOT is the total water outflow from the system. δS, δIT, δE, 

and δOT represent their respective isotopic composition (‰). The isotopic 

composition of evaporation can be derived using the Craig and Gordon (1965) 

model (e.g., Horita et al., 2008): 

 = ( S V⁄ ) N∙ A( N) ∆ ∙  (5) 

where ε is the total effective isotope fractionation (‰), αLV represents the 

equilibrium isotope fractionation factor between liquid and gaseous water phases, 

hN is the normalized relative humidity, δA stands for the isotopic composition of 

atmospheric water vapor (‰), and Δε is the kinetic isotope enrichment (‰). The 

total effective isotope fractionation (ε) is the sum of the equilibrium isotope 

enrichment (‰): 

 ∗ = (1 − ) ∙ 10  (6) 

and the kinetic isotope enrichment (‰): 

 ∆ = (1 − ℎ ) (7) 

where Ck is the kinetic enrichment parameter (14.2% for 18O and 12.5% for 2H 

(Gonfiantini, 1986)). Furthermore, the normalized relative humidity, hN, can be 

determined from the air-based relative humidity (h) and saturation vapor pressure 

with respect to air (pSAT air) and water (pSAT water) temperatures: 

 ℎ = ℎ    (8) 

Saturation vapor pressure (kPa) can be determined as (e.g., Dingman, 2008):  
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= 0.611 exp . ∙ . (9)

where T is air or water temperature (°C). 

On a monthly basis, the isotopic composition of local precipitation (δP) and the 

isotopic composition of atmospheric water vapor (δA) are close to isotope 

equilibrium at ground level temperature (Schoch-Fischer et al., 1984; Jacob and 

Sonntag, 1991) and therefore δA can be derived from δP:  

A = LV ( P + 10 ) − 10 (10)

where the equilibrium fractionation factor (αLV) can be calculated with empirical 

equations (Horita and Wesolowski, 1994): 

 = exp ( . ∙ − .
(11)

 = exp ( . ∙ − . − 2.0667 ∙ 10 ) + 52.612 ∙ 10 )  (12) 

where T is temperature in (K). 

Assuming hydrological and isotopic steady state and using Eqs. (1-3), an 

approximate equation for the extent of isotope enrichment of an evaporating surface 

water body (Δδ) can be derived (Gat and Bowser, 1991):  ∆δ = SS − IT ≅ A IT / NTOT NN (13)

where δSS is the steady-state isotopic composition of the SW body. 

2.4.1 An iterative method: Groundwater inflow to lakes (I) 

An iterative isotope mass balance method was used to determine GW inflow to 

lakes (I). Lake water balance can be characterized by the total inflow-to-

evaporation ratio (ITOT/E) derived from Eq. (11): = ( ) (14)

where δIT represents the isotopic composition of ITOT. As ITOT consists of 

precipitation, GW inflow, and possible SW inflow, δIT should be calculated as a 

flux-weighted mean of the isotopic composition of these components. However, as 

the proportions of these different components are not known and the isotopic 

composition of the surface and GW inflow to each lake studied was not measured 

directly, an iterative approach was applied to calculate δIT individually for each lake 
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(see Paper I for more details). For this, the lakes were divided to two groups; lakes 

without SW input (50 lakes) and lakes with SW inflow from an upstream lake (17 

lakes). Furthermore, the evaporation flux was determined independently and 

therefore ITOT could be calculated from Eq. (12). As precipitation was known and 

SW inflows were independently estimated, it was also possible to calculate the GW 

inflow to lakes (IGW). In addition, the mean turnover time of water (MTT, ratio of 

lake volume to the total inflow) for each lake could be calculated, because the lake 

volumes had been determined (section 2.3). In this thesis, a new index (called G 

index) describing the dependence of a lake on GW was developed. The G index 

values were determined as the ratio of GW inflow to total inflow to the lake under 

study.  

Equation (12) is valid under two assumptions: the evaporating water body is in 

hydrological and isotopic steady state, and the water body is isotopically 

homogeneous. Lakes generally operate close to their hydrological and isotopic 

steady state, but other factors, especially seasonal ice cover, modify the isotopic 

composition of lakes by preventing evaporative enrichment during winter. 

Therefore, isotope sampling of lake water should be conducted at the end of the 

summer or during early autumn, so that lakes have time to reach their isotopic 

steady state. In this thesis, sampling was carried out during July and August 2013 

and the isotope mass balance calculations were run for the period June-August 2013, 

independently for both 18O and 2H (see Paper I for a discussion on the uncertainty 

related to the timing of sampling). The isotopic homogeneity of the lakes was 

studied by multiple samplings of large lakes in horizontal and vertical directions. 

Data on average isotopic composition of these water samples were used in the 

isotope calculations. 

The parameter values used to calculate ITOT/E ratio, IGW, MTT, and G index 

values for all the lakes are presented in Table 1. Data on all the meteorological 

parameters were obtained from the FMI meteorological station (Vaala-Pelso). The 

seasonal temperature patterns of the three lakes monitored in the Rokua area were 

very similar, despite significant differences in lake size (see Fig. 3 in Paper I). In 

addition, thermal images collected on 5 August 2013 revealed no major differences 

in SW temperatures of different lakes. Water temperature ranged from 19.5 to 

24.6 °C, with a mean of 21.3 °C and a standard deviation of 0.87 °C.  

As all the lakes lie within a relatively small geographical area with almost 

identical weather conditions, it was reasonable to estimate the average water 

temperature of the lakes for the period June-August 2013 using continuous 

temperature measurements in one of the lakes, Lake Ahveroinen (19.10 °C). A 
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probable range for lake SW temperature was evaluated using this temperature and 

a standard deviation was determined from thermal images (19.10 ± 0.87 °C). 

Table 1. Parameter values used in the iterative isotope mass balance method for lakes 

in the calculation period June-August 2013 (meteorological data from Vaala-Pelso 

station of Finnish Meteorological Institute). 

Parameter Value Units 

Precipitation 202 mm 

Isotopic composition of precipitation   

δ18OP -10.32 ‰ 

δ2HP -70.9 ‰ 

Average surface air temperature Tair_mean 14.9 °C 

Average water temperature Twater_mean 19.1 °C 

Average relative humidity hmean 79.2 % 

Evaporation from lakes 

Evaporation (E) was calculated using a mass transfer approach (Rosenberry et al., 

2007; Dingman, 2008) which gives instantaneous rates of evaporation and takes 

into account lake size (Harbeck, 1962). Evaporation was determined individually 

for all the lakes with a daily time step, using the equation (Dingman, 2008):  

 = ( − ) (15) 

where E is evaporation rate (mm s-1), KE is the mass-transfer coefficient (m km-1 

kPa-1), va is wind speed at 2 m height (m s-1), es is the saturation vapor pressure at 

SW temperature (kPa), and ea is the vapor pressure in the air (kPa). Determination 

of these parameters is described in Paper I (section 3.3).  
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2.4.2 A distributed method: Groundwater proportions in peatland 

surface water (II) 

A distributed isotope mass balance method was developed to calculate the GW 

proportions in peatland SW (II). The method is based on the fact that the 

evaporation signal is removed from the isotope values of peatland SW, allowing 

quantification of GW and rain water from the sample. As water evaporates, the 

initial isotopic composition of the evaporating water body (‘initial mixture’, δIM) 

starts to change due to fractionation and the isotopic composition evolves along 

local evaporation line (LEL) in the δ-space (see section 1.2.1 of this thesis). The 

slope (S) of the evaporation line can be defined as: 

 = ∗
∗  (16) 

Slope is a function of δIM, normalized relative humidity, and temperature (through 

the temperature dependence of ε*). Therefore, the slope will vary when δIM changes. 

However, δIM is not known and has to be evaluated through the following iterative 

procedure (Fig. 8): i) The slope of LEL is used to find the intercept of the local 

meteoric water line (LMWL) and the corresponding δIM values; ii) eq. (16) is used 

to calculate a revised value of the slope and then another estimate of δIM value is 

calculated; and iii) the procedure is repeated until the change in the slope is smaller 

than a prescribed value. As a result, site-specific local evaporation lines (SSLEL) 

for peatland pore water are established and the isotopic composition of the ‘initial 

mixture’ in different portions of a peatland are determined. 
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Fig. 8. Graphical representation of how to determine the isotopic composition of the 

‘initial mixture’ entering a peatland. LMWL = local meteoric water line, SSLEL = site-

specific local evaporation line (Paper II). 

The distributed isotope mass balance method requires knowledge of local surface 

air and water temperature, and relative humidity values (Table 2). To accurately 

account for all the variations in temperature and humidity values, 

micrometeorological data would be needed. As these are difficult to define, a 

simplified approach in which peatland SW temperatures were measured during 

sampling was used to estimate the average temperatures for the calculation period. 

The air temperature and relative humidity were calculated site-specifically for each 

location as the average value of the 10-minute resolution data from the Pudasjärvi 

weather station covering 30 days preceding sampling. The isotopic signal of local 

precipitation preceding the sampling campaign (1 July-1 August 2014) was also 

used. 
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Table 2. Parameter values used in the distributed isotope mass balance method for 

peatland surface water. The isotopic signal of local precipitation (1 July-1 August 2014) 

represents conditions preceding sampling. The calculation period for meteorological 

variables was the 30 days preceding the sampling conducted during 4-11 August 2014 

(meteorological data from Pudasjärvi station of Finnish Meteorological Institute).  

Parameter Value Units 

Isotopic composition of precipitation   

δ18OP -8.8 ‰ 

δ2HP -58.4 ‰ 

Average surface air temperature Tair_mean 20.2–20.4 °C 

Average water temperature Twater_mean 11.7–26.9 °C 

Average relative humidity hmean 63.3–67.9 % 

The ‘initial mixture’ can be considered with moderate accuracy to be a mixture of 

summer precipitation and GW, the isotopic composition of which differ distinctly 

in climates with strong seasonal variations in temperature. The isotope signal of 

snow can be neglected since: i) summer precipitation mainly recharges peatlands, 

as wetland-dominated catchments with frost are subjected to overland flow during 

snowmelt (Laudon et al., 2007; Eskelinen et al., 2016) and ii) sampling was 

conducted at the end of the warm summer period, when the signal from snowmelt 

water had already moved to deeper soil layers.  

Bayesian Monte Carlo isotope mixing model (II) 

The Bayesian Monte Carlo isotope mixing model (Arendt et al., 2015) was used to 

determine the proportion of local GW and summer precipitation in the peatland SW 

samples, using the isotopic composition of ‘initial mixtures’, local GW, and 

summer precipitation (measured at Nuoritta and Rovaniemi). The method 

addresses the uncertainties related to measurement techniques and also caused by 

variability in the isotopic composition of end-members (for more details of the 

method, see III). For practical applications, a two-component mixing model can be 

also used to determine the water proportions. 

2.5 Stream tracer index method (III) 

A stream tracer index method was developed to classify the GW dependence of 

streams. Stream sections can be classified into GW-dominated, GW-SW transition, 

and SW-dominated zones, based on three properties: i) GW volume in streams, ii) 
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thermal properties of streams, and iii) stream water quality (Fig. 9). Discharge and 

stable water isotopes were used to assess the GW amount in streams; stream water 

temperature and its temporal variations to assess thermal properties of streams; and 

selected GW tracers to assess stream water quality. The stream tracer index (Si) was 

calculated as: 

 (%) = 100 ∗  (17) 

where xgw, xtemperature, and xchemistry are classification values based on stable water 

isotopes and discharge, temperature, and water quality, respectively. As there are 

local variations in land use and in bedrock and soil chemistry, the water quality 

tracers must be chosen site-specifically. For this, data on local GW and SW quality 

need to be acquired. The following assumptions were made when choosing the 

tracers: i) the chemical composition of GW and SW remains stable within a 

catchment and ii) GW dominance is more pronounced in upstream locations than 

downstream, and thus the tracer values at upstream sites should be closer to GW 

than SW reference values. The median tracer values had to be almost intermediate 

between the GW and SW reference values. Tracer values not associated with the 

reference values can result from deviating GW and/or SW quality in the catchment 

(for more details, see III). When the catchment-specific tracers are first determined 

for each site, the classification value based on water quality can then be determined 

as: 

 =   ⋯    (18) 

where xvariable is the classification value based on the chosen water quality variable. 

The classification values are chosen by assessing whether the tracer indicates a 

clear GW signal (x=1), a mixture of GW and SW (transition zone, x=0.5), or a clear 

surface water signal (x=0). Finally, the stream tracer index values can be calculated 

using Eqs. (1) and (2). Stream tracer index values Si <50% are classified as SW-

dominated zones, Si = 50% as transition zones, and Si >50% as GW-dominated 

zones (for more details of the method, see III). 
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Fig. 9. Conceptual illustration of the stream tracer index method (Paper III). 

2.6 Statistical methods (III & IV) 

Statistical methods were especially applied for studying the streams and springs. 

Principal component analysis (PCA) can be used to reduce the dimensionality of 

the dataset while retaining as much of its variation as possible. It was used for two 

stream datasets; the average values of all measurements (chemical and physical 

water quality parameters and discharge) for each site and the average values for the 

low-flow situation (III). For the springs, PCA was applied to explore the differences 

in GW, SW, and spring water chemistry, while average values of the June and 

August observations for each site were used for the analysis (IV). Number of PCs 

retained was determined with the broken-stick model. 

Ward’s hierarchical clustering (Legendre and Legendre, 1998) was used for the 

standardized spring water chemistry data (stable water isotopes were excluded) to 

generate groups with maximum similarity (IV). Furthermore, random forest (RF) 

modeling was used to determine environmental factors best explaining this 

clustering (Breiman, 2001) (for details, see IV). Explanatory variables were: 

characterizing geography, land use (agriculture, peatland, bedrock exposure, or 
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mineral soil consisting of till), bedrock type, and origin of spring water (stable 

water isotopes).  
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3 Results and discussion 

In this chapter, the main results of this thesis are described and discussed in the 

order of the original publications (Papers I, II, III, & IV). A final section then 

combines the outcomes of the work and discusses the use of environmental tracers 

as management tools for classifying groundwater-dependent ecosystems (GDEs). 

The main results of the thesis are presented here, while additional information and 

results can be found in the original publications. 

3.1 Groundwater dependence of lakes (I) 

Local isotopic compositions 

The mean isotopic compositions of 67 lakes sampled during 2013 varied widely, 

from approximately -12.7 to -5.6 ‰ for δ18O and from -93 to -57‰ for δ2H (Table 

2 in Paper I), indicating a wide spectrum of heavy isotope enrichment of the lakes. 

Slightly enriched mean δ18O and δ2H values of local GW (-13.1 and -95‰, 13 

measurement locations) and reduced d-excess (4.8‰) compared with precipitation 

(12.8‰) indicate that evaporation had modified the groundwater isotopes. The 

majority of the groundwater samples clustered near the LMWL, but some data 

points lay along the LEL, which indicates an enriched lake water contribution to 

GW (for details, see Paper I). A sensitivity analysis in Paper I took into account 

possible changes in the isotopic composition of the total inflow to each lake caused 

by the presence of an evaporated lake water component. 

The LMWL of Rokua (δ2H= 7.77·δ18O+9.55) was defined using the δ values 

of precipitation samples collected during the period 2010-2013 and the LEL 

(δ2H=5.09·δ18O−28.19) was defined using the δ values representing lake water data 

for the year 2013 (Fig. 10). The intercept of the lines (-14.1, -100‰) was used as 

the first estimate of total inflow (δIT) to the lakes studied. This inflow consists of 

precipitation and possible groundwater and surface water inputs. The final δIT 

values were determined iteratively for all the lakes. Additional uncertainty was 

introduced to the calculations for the 17 lakes with SW input, due to the fact that 

the SW inflows were not quantified. Therefore, it was arbitrarily assumed that SW 

inflow consists of 25% of the total outflow from the upstream lake. 
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Fig. 10.  Relationship between δ2H and δ18O for lakes, groundwater, and precipitation in 

the Rokua study area. Local evaporation line (LEL) defined using data points 

representing lakes sampled in July-August 2013 campaign. LMWL = local meteoric 

water line, GMWL = global meteoric water line.  

Seasonal variations in lake water isotopes 

The lakes in the Rokua area had seasonal variations in their isotopic composition 

(Fig. 6 in Paper I). For example, seasonal fluctuations in δ18O values in a closed 

basin lake (Ahveroinen 1) had an amplitude in the order of 1‰. Such fluctuations 

arise from seasonal temperature differences in the area and lake ice cover. During 

winter, the ice cover prevents any evaporation from the lake and the isotopic values 
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become more depleted. After the disappearance of the ice cover in spring, the lake 

water starts to evaporate, resulting in gradual enrichment in heavy isotopes. The 

lakes approach their steady states in approximately September-October. When the 

ice cover forms again in late autumn, it prevents evaporation and gradual dilution 

of lake water with groundwater seeping into the lake causes the decline in δ18O 

values.  

Using G index to describe groundwater dependence of lakes 

The isotope mass balance calculations for 67 Rokua lakes were run independently 

for 18O and 2H data. Consistent results were obtained with respect to inflow-to-

evaporation (ITOT/E) ratio, mean turnover time (MTT), and the G index describing 

the GW dependence of the lakes (Table 2 in Paper I). The calculated ITOT/E ratios 

varied over a wide range, separating distinctive lake types from evaporation-

dominated to through-flow systems. The MTT values ranged from approximately 

one week to five years, with a mean of 10 months, and correlated with the mean 

depth of the lakes. Furthermore, GW seepage rates varied from less than 20 m3day-

1 to 14×103m3day-1. Finally, the G index values varied widely, from 39 to 98 %, 

showing generally large GW dependence in the lakes (Fig. 11). One G index value 

was excluded, as the isotopic composition of the lake in question was comparable 

to the isotopic composition of the total inflow and therefore the results are uncertain. 

The highest G index values were derived for lakes characterized by a high degree 

of eutrophication induced by high phosphorus loads coming to the lakes via GW 

(Ala-aho et al., 2013). Based on the sensitivity analysis, the two most important 

variables in the isotope mass balance calculations were the isotopic composition of 

the lake water and the isotopic composition of the total inflow. Therefore, in future 

studies these parameters should be characterized as accurately as possible. 
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Fig. 11. Use of the G index to quantify the groundwater dependency of the 67 lakes 

selected for study in the Rokua esker aquifer area. The index is defined as the 

percentage contribution of groundwater inflow to total inflow of water to the given lake 

(see Paper I).  

3.2 Groundwater-dependent areas in peatlands (II) 

Local isotopic composition 

The LMWL was determined using the precipitation samples from Nuoritta station 

(δ2H = 7.71 δ18O + 8.84). As the precipitation data from Nuoritta station were 

limited to two years, they were compared with the data from Rovaniemi GNIP 

station (IAEA/WMO, 2015) (Fig. 4 in Paper II). Rovaniemi generally had slightly 

more negative δ values than Nuoritta. Both stations had isotope values showing 

distinct seasonality, with more negative values during winter. Furthermore, the LEL 

was defined using lake water samples from Lake Sarvilampi (δ2H = 5.35 δ18O - 

24.19).  
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The stable isotopic composition of the peatland pore water varied widely, from -

13.0 to -6.0 ‰ for δ18O and from -94 to -48 ‰ for δ2H. The samples collected in 

2014 from 0 to 10 cm depth were situated in δ-space between LMWL and LEL (Fig. 

12). The locations of the samples indicated that the initial δ values of the 

evaporating water differed widely between the samples and also that the degree of 

evaporation was different. Natural neighbor interpolation maps of δ18O for peatland 

pore water (Fig. 7 in Paper II) for the 10 and 30 cm depths showed that samples 

taken from 10 cm depth were generally more enriched in heavier isotopes than the 

samples taken from 30 cm depth. More negative δ values were found near the esker 

aquifer and the streams, and in the north-western part of the peatland area, 

indicating GW inflow. As the δ values did not show gradual enrichment in heavy 

isotopes throughout the peatland, but distinct spatial structures of isotope 

enrichment, there is evidently weak hydrological connectivity between different 

parts of the upper peat layers.  

The depth profiles of the isotopic composition of pore water measured at 10 

locations had specific patterns (Fig. 6 in Paper II). Typically, enriched δ values were 

found near the peatland surface and below it they decreased towards a minimum at 

approximately 30-40 cm depth. These minimum values are most likely related to 

the snowmelt pulse or GW flow in the acrotelm. At some locations, the δ values 

increased again at greater depth and differed from the local GW signal, which 

suggests a significant contribution of summer precipitation. Furthermore, the depth 

profiles indicated that some of the locations had a stronger GW influence 

throughout the profile than others and some showed localized GW recharge. One 

location in particular on open peatland differed distinctly from the others by having 

significantly more enriched δ values, indicating conditions of evaporative 

fractionation before infiltration and localized GW recharge.  
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Fig. 12.  Relationship between δ2H and δ18O for peatland surface pore water (0-10 cm), 

precipitation, and lake water samples. LEL = Local evaporation line, LMWL = local 

meteoric water line, GMWL = global meteoric water line (Paper II).  

Initial mixtures and site-specific local evaporation lines 

The distributed isotope mass balance method was used to calculate the isotopic 

composition of the initial mixture, i.e., the isotopic composition of the peatland 

water prior to evaporation. It varied from -13.6 to -8.6 ‰ for δ18O and -96 to -57 ‰ 

for δ2H. The site-specific local evaporation lines (SSLELs) differed notably from 

the LEL determined using the data available for Lake Sarvilampi (Fig. 8 in Paper 
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II), probably reflecting different evaporation conditions for peatland surface water 

than for an open water body. The differences in the slope of individual SSLELs 

(2.6-3.6) were rather small, despite the wide range of peatland surface water 

temperatures (11.7-26.9 °C), and thus lack of micrometeorological data did not 

cause large uncertainties in the model response. The Bayesian Monte Carlo isotope 

mixing model was used to calculate the ratio of GW and summer precipitation in 

the peatland water. The uncertainty of the model was higher when the GW 

proportion was smaller and ranged altogether from 0.6 to 10%. Additional 

uncertainty resulting from conditions where peatland surface water is not in 

isotopic and/or hydrological steady state cannot be excluded.  

Groundwater-dependent areas in peatlands 

Large spatial variability in the GW dependence of the peatland areas studied was 

observed and the GW contribution to the peatland SW varied from 0 to 100 % (Fig. 

13a). Based on the GW input, different zones of the peatland were classified as 

GW-dependent areas (>66% of GW) or rainwater-dominated areas (<33% of GW) 

(Fig. 8b). According to this classification, 28% of the studied mire complex is GW-

dependent and 24% is rainwater-dominated. The GW-dependent areas are located 

near the esker aquifer, along the stream, and on the north-western side of the mire 

complex and extend to areas not covered by the current GW protection zones. The 

rainwater-dominated areas are located mainly in open mires. 

Thermal images revealed GW seepage points as negative surface temperature 

anomalies and supported the GW-dependent area classification. Cold spots were 

detected mostly in the stream or at the border to the esker aquifer, but also in places 

where they were not expected, e.g., in the middle of the open peatland (Fig. 13b). 

However, as thermal imaging detects only the surface ‘skin’ temperature (Hare et 

al., 2015), it can be used to pinpoint only the distinct GW seepage points. During 

warm seasons, GW warms rather quickly at the peatland surface and the associated 

temperature difference disappears, preventing the entire extent of GW impact zones 

from being detected. 

The scattered GW-dependent areas located even in the central part of the 

peatland complex show that the peatlands represent a mosaic of partly 

hydrologically disconnected areas. Diffusive seepage patches in the middle of aapa 

mires have been identified previously by vegetation analysis (Heikkilä et al., 2001; 

Laitinen et al., 2005). Finally, while the classification of GW-dependent areas 

represents the situation only during a warm summer period, GW seepage patterns 
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can be considered stable due to the rather constant GW pressure. Thus the 

classification depicts sufficiently well the main GW dependence during a snowless 

season. 

 

Fig. 13. a) Contribution of groundwater (GW) to peatland surface water (0-10 cm) in the 

Mesisuo-Sarvisuo mire complex in the Viinivaara esker aquifer, calculated using the 

isotope mass balance method and the Bayesian Monte Carlo isotope mixing model. A 

map of total thickness of the peat deposit was generated based on ground-penetrating 

radar measurements. b) Groundwater-dependent (66-100% contribution from GW) and 

rainwater-dominated (1-33% from GW) areas of the studied mire complex, determined 

by interpolating the calculated contributions of groundwater with the natural neighbor 

method. The cold spots were identified by thermal imaging (Paper II). 

Conceptual model of groundwater-surface water mixing 

A conceptual hydrogeological model of the study area was developed based on 

hydraulic conductivity, ground-penetrating radar and isotope measurements, and 

thermal imaging (Fig. 14). Groundwater from the aquifer discharges to the 

surrounding peatlands, where water flows faster in the upper part of the peat matrix. 
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The underlying sand layer has higher hydraulic conductivity than peat, glacial till, 

or bedrock, and conducts water easily. The geology of the area gives rise to two 

types of spring: i) springs near the esker at the break of slope, where peat meets the 

sand deposit, and ii) springs in the middle of the peatland, where till formations 

deflect the water flow towards the surface. Statistically, there was no significant 

link between GW contribution and peat thickness. This probably results from 

several factors affecting GW seepage patterns, e.g., peat thickness, pressure 

gradients, and the hydraulic conductivity of the peat and the underlying soil.  

 

Fig. 14. Conceptual model of the Mesisuo-Sarvisuo peatland complex in the Viinivaara 

esker aquifer (Paper II). 

3.3 Groundwater dependence of headwater streams (III) 

Groundwater amount – stream discharge and stable water isotopes 

The discharge in the three streams studied varied temporally and spatially, with a 

generally increasing trend downstream due to GW exfiltration and/or SW input. 

Base flow was highest in Siirasoja stream (15 L s-1 km-2), considerably lower in 

Lohioja stream (7.5 L s-1 km-2), and lowest in Mesioja stream (1.3 L s-1 km-2). The 

isotopic composition was relatively stable, with a slight modification by 

evaporation, in Siirasoja and Lohioja streams, except during the rain events in 

November 2014. During these events, isotopically enriched SW raised the isotopic 

composition of the streams. At upstream locations of Mesioja, the isotope values 

resembled GW. Further downstream they increased, indicating contributions from 
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enriched surface runoff and soil water, and finally at the most downstream locations 

they were again more negative, indicating GW discharge. 

The lowest flows were maintained by GW and were observed during winter 

and occasionally during summer. High flows occurred generally during autumn and 

after snowmelt in spring. During these events, the spatial variations in discharge 

along the streams were at their greatest. However, the discharge at upstream 

locations remained relatively stable throughout the year. In all, the discharge and 

stable water isotopes data indicated that all the streams are initially GW-dominated. 

Surface water then starts to contribute more, and the downstream locations are 

classified into GW-SW transition or SW-dominated zones (see Table 3). 

Stream water temperature 

During summer, water temperature generally increased from headwater to 

downstream in all streams (Fig. 15). In contrast, during colder periods (spring and 

autumn), upstream locations generally had slightly higher water temperature than 

downstream locations. Headwater locations (M1, L1, and S3; see III) had the 

smallest coefficient of variation for temperature in both warm and cold seasons, 

which indicates that GW sustains stable thermal regimes in both seasons. However, 

downstream locations still had deviating water temperature from that in a local SW 

body (Lake Sarvilampi). On average, the water temperature increase during the 

warm season was 4.3, 3.7, and 2.6 °C in Mesioja, Lohioja, and Siirasoja, 

respectively. The low temperature values in Siirasoja stream were most likely 

caused by higher discharge rate and GW volume than in the other streams. 

In general, temperature provided an approximation of GW amount in the 

streams, with the exception of autumn and spring seasons when GW and air 

temperature were close to each other. Based on water temperature, the GW-SW 

transition zones started before 745 m and 1682 m distance from the beginning of 

the stream in Mesioja and Lohioja, respectively. In Siirasoja, the first stream section 

already belonged to the transition zone and only a small tributary (S3) had a GW-

influenced thermal regime. The incomplete winter-time measurements showed that 

the stream sections which were most GW-influenced during the warm season were 

also most GW-influenced during winter. The highly GW-dependent stream sections 

did not freeze during the winter due to the stable GW temperature, which provides 

specific conditions for aquatic biota. 
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Stream water quality 

Stream water chemistry varied spatially and temporally in all streams (Fig. 16). In 

the Mesioja stream continuum, the concentrations of several substances decreased 

downstream and only that of dissolved organic carbon (DOC) increased. The 

chemistry of Lohioja and Siirasoja streams was not so regular. The processes 

affecting stream water quality are catchment-specific, and therefore conservative 

tracers can be challenging to distinguish. In Paper III, several tracers were used 

instead of one. The chosen catchment-specific tracers were: DOC, total inorganic 

carbon (TIC), SiO2, Cl-, and PO4
3-P.  

Elevated DOC in stream water resulted from increased peatland water sources. 

Riparian and organic-rich soils, like peatlands and forested areas, are generally the 

main source of DOC to headwater streams (Laudon et al., 2007; Marx et al., 2017). 

In particular, the peatlands surrounding Mesioja stream released high amounts of 

DOC. The TIC concentration decreased downstream in all streams, which can be 

related to atmospheric outgassing of carbon dioxide or SW input (Marx et al., 2017). 

Agricultural land use can raise Cl- concentrations in surface waters (Granato et al., 

2015) and is the most likely reason for the increased Cl- concentrations downstream 

in Lohioja and Siirasoja. Furthermore, the influence of the esker aquifers could be 

seen in the tracer dataset. The SiO2 concentrations were high in all streams and 

resulted from leaching from the sandy soils of the eskers and the relatively long 

water flow paths, enabling long contact time with soil. Phosphate also leached from 

the soil in the Rokua area, where GW acts as a phosphate source for lakes and 

streams (Ala-aho et al., 2013). 



 

57 

Fig. 16. Box plots of stream water chemistry and stable water isotopes for each 

measurement point (M – Mesioja, L – Lohioja, S – Siirasoja). Vertical axes for SiO2, PO4
3-

P, and P are rescaled and the outliers are not shown. Continuous lines = local 

groundwater, dotted lines = surface water, dashed lines = summer precipitation (Paper 

III). 
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Classification 

A groundwater-dependent ecosystem (GDE) classification method for streams that 

takes into account other aspects of GW dependence together with the actual GW 

amount was developed. From an ecological perspective, water temperature and 

quality are also important and therefore the stream tracer index method combines 

information on GW amount, water temperature, and quality. The stream tracer 

index values (Si) ranged from 33 to 94 % for Mesioja, 50 to 88 % for Lohioja, and 

50 to 90 % for Siirasoja (Table 3). High Si values indicate strong GW dependence, 

and therefore Lohioja and Siirasoja were more affected by GW than Mesioja stream. 

The GW-SW transition zones occurred at the end of Lohioja and Siirasoja streams 

and approximately in the middle of Mesioja. This implies that streams discharging 

from esker aquifers located in pristine peatland-dominated catchments can be more 

prone to rapid change from GW to SW systems than streams located in catchments 

dominated by peatland forestry. 

Table 3. Classification of the groundwater (GW) dependence of Mesioja, Lohioja, and 

Siirasoja streams, based on the stream tracer index (Si) method (groundwater-

dominated, Si >50%; surface water-dominated, Si <50%) (Paper III).  

Location GW 

amount 

 Thermal 

properties 

 Water quality  Si (%) Classification 

xgw xtemperature  xDOC xTIC xSiO2 xCl xPO4-P    

Mesioja             

M1 1   1  1 1 0.5    94 GW-dominated 

M2 1  0.5  0.5 0.5 0.5    67 GW-dominated 

M3 0.5   0.5   0.5 0 0.5    44 SW-dominated 

M4 0.5   0.5   0 0 0    33 SW-dominated 

Lohioja             

L1 1  1   0.5 0.5 1 0.5  88 GW-dominated 

L2 1  0.5   0.5 0.5 0.5 0.5  67 GW-dominated 

L3 0.5  0.5   0.5 0.5 0.5 0.5  50 Transition zone 

L4 0.5  0.5   0.5 0.5 0.5 0.5  50 Transition zone 

Siirasoja             

S1 1  0.5  0.5 1 1 1 0.5  77 GW-dominated 

S2 1  0.5  0 0.5 0.5 1 0.5  67 GW-dominated 

S3 1  1  0.5 0.5 1 1 0.5  90 GW-dominated 

S4 1  0.5  0.5 0.5 1 0.5 0.5  70 GW-dominated 

S5 0.5  0.5  0.5 0.5 1 0.5 0.5  53 GW-dominated 

S6 0.5  0.5  0.5 0.5 1 0 0.5  50 Transition zone 

Classification values: 1 - Clear groundwater signal, 0.5 -Transition zone, 0 - Clear surface water signal. 
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Principal component analysis 

The PCA results for the average values of all measurements and for the average 

values of low-flow measurements resembled each other. In all, 75% of the variation 

in the data was explained by the first two principal components (PCs) when all 

measurements were used and 79% when only low-flow measurements were used. 

In both analyses, the streams were distinctly separated from each other when 

plotted along the first two PCs. The results of the PCA indicated that snapshot 

sampling during low-flow periods can sufficiently reveal GW dominance in 

streams (for more details of PCA, see III). 

3.4 Environmental tracers to manage spring ecosystems (IV) 

In the following summary of results and discussions based on Paper IV, the use of 

stable water isotopes in spring classification and management is emphasized. More 

details about statistical analyses and water chemistry can be found in the original 

publication (IV). 

Stable water isotopes 

Local meteoric water line for the Oulanka region was determined using daily 

precipitation samples and snowpack samples (δ2H = 7.37 δ18O + 2.27), and LEL 

was determined using SW samples from lakes and streams (δ2H = 4.91 δ18O – 31.82) 

(Fig. 17). Spring water samples clustered near the intercept of the LMWL and LEL 

in the δ-space and, although the variability in δ values was relatively low, some 

spatial and temporal variations were observed. The June samples fell mainly on and 

below the LEL (δ2H = 5.41 δ18O – 25.85), while the August samples fell mainly on 

and above the LEL (δ2H = 5.83 δ18O – 19.40). Furthermore, the average deuterium 

excess value was 9.7 for the June samples and 10.7 for the August samples. These 

variations can result from different evaporative conditions. Spring discharge rates 

were typically slightly higher in June than in August and, in contrast, water 

temperatures were higher in August (average 5 °C) than in June (average <4 °C) 

(Fig. 5 in Paper IV). In addition, some of the spring water samples fell outside the 

LMWL, along the LEL, indicating evaporative fractionation and a possible SW 

connection.  
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Fig. 17. Relationship between δ2H and δ18O for sampled precipitation and spring, 

groundwater, and surface water. LMWL = local meteoric water line, GMWL = global 

meteoric water line, LEL = local evaporation line (Paper IV).  

The δ2H value for GW, amount-weighted summer precipitation, and average 

snowfall in the Oulanka region was approximately -100‰, -65‰, and -130‰, 

respectively. Furthermore, the δ2H values in springs varied spatially. During August, 

part of the springs in the higher elevation area had more depleted δ2H values than 

other areas and most of the springs close to the Oulankajoki river had δ2H values 

similar to the GW average (Fig. 7 in Paper IV). This spatial variability may indicate 

the presence of variable water sources. If the evaporation from the spring and 

overland flow to the spring are assumed to be negligible, springs with δ2H values 
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higher than the GW average could be assumed to be recharging more from a 

shallow flow system. This is because local, shallow flow systems are closer to the 

ground surface and may have a shorter flow route to springs, enabling a summer 

precipitation signal with higher δ2H values reaching the springs in August. On the 

other hand, the springs with δ2H values closer to the GW average could be a sign 

of more regional flow systems with longer, deeper flow lines and possibly mixed 

water from a larger area. 

Statistical methods 

The principal component analysis (PCA) applied for water chemistry for the spring, 

SW, and GW samples showed that these different water forms had distinct chemical 

characteristics (Fig. 4 in Paper IV). The first three PCs explained 68% of the 

variance in water chemistry (Table 1 in Paper IV). The cluster analysis for the 

spring water chemistry (stable water isotopes excluded) divided the springs into 

four groups. The first three clusters showed minor differences in water chemistry, 

while the fourth cluster differed markedly from the others. Furthermore, the 

preliminary random forest model showed that the most important explanatory 

variables explaining this clustering were altitude of the spring and δ2H, which 

shows the importance of the length of groundwater flow paths. Spring discharge, 

catchment size, and land use within the capture zone did not improve the 

classification. Therefore, for the final model, altitude and δ2H were selected 

(classification accuracy: 65% of springs correctly classified). 

Further analysis of the results of the statistical analyses provided insights into 

the factors affecting spring water quality in the Oulanka region. The two main 

reasons for variations in spring water quality were the dolostone-limestone bedrock 

and agricultural fields where cultivation had ceased decades previously. In addition, 

the spring clusters and the isotopic data were used to estimate the vulnerability of 

the springs regarding climate change and land use changes. 

3.5 Environmental tracers as management tools for classifying 

groundwater-dependent ecosystems  

This section describes how the results of the specific studies (I-IV) can be applied 

in water management. In addition, it introduces an approach that can be followed 

when an ecosystem needs classification in terms of its GW dependence (Fig. 18). 

This process was applied in Papers I-IV of this thesis. 
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Fig. 18. Flow chart showing how to approach studies to classify the groundwater (GW) 

dependence of a boreal ecosystem. SW = surface water, GDE = groundwater-dependent 

ecosystem. 
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Lakes (I) 

Quantification of the GW dependence of lakes using conventional methods is 

difficult and associated with considerable uncertainty. Paper I, performed in the 

Rokua esker aquifer area with numerous lakes, demonstrated the power of the 

iterative isotope mass balance approach for understanding the GW interactions of 

lakes. The lakes in the area appear to be strongly GW-dependent, although they 

differ markedly in the amounts of GW they receive. As Paper I shows, an isotope 

sampling campaign conducted at the right time (late summer, when the lakes are 

close to their hydrological and isotopic steady states), supplemented by appropriate 

field measurements, can permit quantification of the GW dependence of a large 

number of lakes located in a similar climate setting. In addition, consistent results 

were obtained when the isotope mass balance calculations were run independently 

for 18O and 2H. Therefore, quantification of the GW dependence of lakes can be 

achieved even when data are only available for one of the stable water isotopes. 

The proposed G index describing the GW dependence of a lake (ratio of GW inflow 

to total inflow to a lake) appears to be a straightforward quantitative measure of 

GW dependence. Therefore, it should be relatively easy to adopt the G index in 

GW management, provided that it is possible to perform the isotope data analysis. 

Furthermore, quantification of the G index may assist in lake restoration policies in 

areas where GW is a source of nutrients to lakes. 

Peatlands (II) 

The GW proportions in the surface of a peatland complex in the Viinivaara esker 

aquifer area were quantified based on a survey of stable water isotopes, supported 

by isotope mass balance calculations and a Bayesian Monte Carlo isotope mixing 

model in Paper II. The novel distributed isotope mass balance method showed large 

spatial variability in GW dependence of a boreal peatland complex. Some GW-

dependent areas were found to lie outside the current GW protection area, which 

highlights a need for better methods for GDE classification. In addition, a low 

degree of hydraulic connectivity between different parts of the peatland was 

observed.  

Peatlands are usually classified as bogs and fens, with fens being GW-

dependent. However, this classification is based not only on hydrological, but also 

on ecological properties, and therefore the isotope mass balance method should be 

used together with vegetation surveys. Nevertheless, for the purposes of water 
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management, the proposed distributed isotope mass balance method can be of great 

assistance to understand the hydrological connectivity within peatland ecosystems 

and their reliance on GW. In addition, one of the major advantages of the method 

is its immediate response to changing GW conditions, which makes it useful in 

practice when studying the impacts of anthropogenic actions. For example, if 

sampling campaigns are performed more than once, possible changes caused by 

anthropogenic actions in GW inflows can be detected. If e.g., excess GW 

abstraction is detected, GW pumping rates could be adjusted and the negative 

influence on mire flora and fauna could be minimized. This might prevent the 

destruction of valuable ecosystems. Indirect vegetation approaches cannot be used 

in this way, since the response of vegetation to changes in hydrology can take years. 

However, further studies are needed to compare the isotope method directly with 

the vegetation-based classification approach. 

In the Viinivaara study area, a significant snowmelt signal was unlikely to be 

present at the time of the sampling campaign in late summer in the peatland SW, 

due to: i) low ratio of snow to total precipitation, ii) rapid snowmelt generation 

without much peat water contact, and iii) large GW inflow. However, in other 

regions, the possibility of a snowmelt signal appearing has to be taken into account. 

Furthermore, the method can be applied in different regions where the overall 

hydrogeological setting is understood and where distinct seasonal temperature 

variation generates differences in isotopic composition between local GW and 

summer precipitation. Overall, the distributed isotope mass balance method for 

peatlands opens up new, cost-effective ways to monitor and adjust management 

measures to protect valuable wetland ecosystems.  

Streams (III) 

From an ecological perspective, GW volume, thermal properties, and water quality 

are important factors affecting stream ecosystem. Therefore, the stream tracer index 

method combines information related to these ecohydrologically important 

characteristics dominated by GW and classifies stream sections into GW-dependent, 

GW-SW transition, and SW-dominated zones. The three streams studied in Paper 

III were found to have GW-dependent headwaters, while most downstream 

locations belonged either to SW-dominated or GW-SW transition zones. The 

stream tracer index values (Si) varied between 33 and 94 %, with high Si index 

values indicating strong GW dependence. The findings suggested that headwater 

streams located in a pristine peatland-dominated catchment are more prone to rapid 
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change from GW to SW systems than streams located in catchments dominated by 

peatland forestry. However, there were differences in aquifer size, which might 

have affected these findings. Furthermore, the streams had very different water 

quality characteristics, although they were all discharging from esker aquifers. 

Therefore, different water quality tracers must be chosen site-specifically for each 

stream, using reference measurements of local GW and SW.  

The stream tracer index method is simple and robust, making it suitable for use 

by authorities, although expert knowledge is needed when choosing the water 

quality tracers and their classification values. It is especially suited to situations 

where there is a clear temperature difference between the local GW and SW, as is 

the case during summer in Finland. In addition, the results suggest that it might be 

sufficient to sample stream sections only once during summer low-flow conditions. 

 Having a rather homogeneous aquifer as a source of GW reduces the 

uncertainty of the classification, since it increases the probability of stable GW 

quality and isotopic composition. For water management purposes, the stream 

tracer index method could be especially helpful at sites of exceptional ecological 

importance, or at sites where anthropogenic actions are expected to impact the 

hydrology. In a changing climate, it is important to classify and protect boreal 

headwater streams, as they can act as refuges supporting stable conditions vital for 

specific aquatic biota.  

Springs (III & IV) 

In Finland, quaternary glaciofluvial formations form the main GW bodies for 

municipal GW abstraction. Bedrock GW is used only for small-scale GW 

abstraction. The springs in Oulanka National Park and its surroundings studied in 

Paper IV are fed by GW from the bedrock and the overlying thin soil layer. As such, 

they are not related to classified GW bodies and therefore remain beyond the scope 

of GW legislation and GDE conservation in Finland. However, the EU 

Groundwater Directive applies to all GW systems, including bedrock GW systems, 

and thus these should also be protected. At the Oulanka site, some of the springs 

lie within the national park and are therefore protected, but some lie outside the 

park. In addition, in Paper III unmapped spring locations were found in the 

Viinivaara esker area and these locations also lie outside the current GW protection 

area. The locations of these springs were identified using thermal images and 

verified by stable water isotopes.  
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Lack of knowledge about the hydrological factors and spring capture zone 

characteristics affecting the variations in spring water quality and quantity hampers 

the efficient management of boreal springs. The approach used here, where 

hydrological and chemical characterization was supported by statistical methods, 

could be used also in other boreal areas for defining different spring types and 

identifying potentially vulnerable spring habitats. Paper IV identified two useful 

proxies for spring water chemistry: the position (altitude) of a spring within the 

landscape and the δ2H value. It also revealed that small-scale historical agriculture 

affects the water quality of some springs. In addition, dolostone-limestone bedrock 

in the Oulanka region can cause short-distance variability in spring water quality. 

Thus, a potential management approach seems to be classification of boreal springs 

based on their isotopic signature, geological setting, and agricultural land use. 
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4 Conclusions and future recommendations 

The main aim of this thesis was to develop new methods and guidelines for 

classification and management of groundwater-dependent ecosystems. Novel 

methods and approaches for ecosystem classification and management were 

developed for lakes, peatlands, streams, and springs, based on environmental tracer 

techniques combined with other conventional methods used in hydrological, 

meteorological, and geological studies. Using these methods, this thesis produced 

new information about groundwater-surface water interactions in different aquatic 

and terrestrial environments. 

An iterative isotope mass balance method was applied for 67 lakes situated in 

the Rokua esker aquifer area. Stable water isotopes combined with appropriate field 

measurements proved to be an efficient tool to determine the groundwater 

dependence of these lakes. High groundwater dependence was demonstrated for 

some of the lakes, indicating that they are sensitive to actions that alter the 

groundwater level in the region. A similar isotope-based approach could be applied 

in other areas, especially in Finland with its huge number of lakes. The method can 

be cost-effective, as only one sampling campaign of the lakes is needed to assess 

their groundwater dependence.  

Stable water isotopes also proved to have potential in determining the 

groundwater dependence of a peatland surface horizon in peatlands adjacent to 

Viinivaara esker aquifer. The results indicated that the groundwater dependence of 

peatlands can vary significantly and that peatland can consist of parts that are not 

hydrologically well connected. In addition, groundwater-dependent areas were 

found outside the current groundwater protection area. For peatlands, the results 

showed that only one sampling campaign conducted at the right time can produce 

an estimate of the groundwater contribution to the peatland surface horizon. In 

addition, thermal images were found to be useful in pinpointing clear groundwater 

seepage locations in the peatland. They were used to guide the isotope sampling 

campaign and also to verify the results from the isotope method. 

For streams, a novel stream tracer index method was developed to evaluate the 

groundwater dependence based on groundwater volume in streams (discharge and 

stable water isotopes), thermal properties of streams and stream water quality. The 

method was tested in three streams discharging from Viinivaara and Rokua esker 

aquifers. The method proved to be efficient in capturing the spatial variations in 

groundwater dependence of these three streams. The results suggest that it can be 
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sufficient to sample streams only during the summer low-flow situation in order to 

gain a sound groundwater-dependent ecosystem classification for streams.  

Hydrological and chemical characterization and statistical methods were used 

to classify springs in Oulanka National Park and its surroundings into different 

spring types. The position of a spring within the landscape (altitude) and the δ2H 

value were identified as useful proxies for spring water chemistry. Similar methods 

could be applied in other areas to classify springs, identify potentially vulnerable 

spring habitats, and define factors affecting spring water quality. In this thesis, 

small-scale historical agriculture and dolostone-limestone bedrock were found to 

affect the water quality of the springs.  

The methods applied and developed in this thesis can be helpful when 

classifying and studying groundwater-dependent ecosystems and applying 

environmental tracer methods in various environments. On a large scale, 

groundwater-dependent ecosystem classification methods have to be practical, 

effective, and low-cost. The potential of environmental methods and especially 

stable water isotopes was demonstrated in this thesis. It is obvious and 

understandable that with the high number of groundwater areas that need to be 

assessed (6020 in Finland alone), limited resources, and a deadline, it is not possible 

to classify all groundwater-dependent ecosystems in detail. Thus classification of 

groundwater-dependent ecosystems should be regarded as a work in progress and 

efforts should be concentrated on areas of exceptional ecological importance or 

areas where anthropogenic activities are expected to change the local hydrology 

and ecology. 

Knowing the connection between groundwater and surface water, it may be 

possible to evaluate the impacts of possible groundwater level decline caused by 

e.g., groundwater abstraction, drainage, and/or climate change. Thus, the results in 

this thesis can help assess e.g., when a groundwater reserve can be considered 

viable for water abstraction. Furthermore, the results can be used when assessing 

the influence of natural phenomena and anthropogenic actions on groundwater-

dependent ecosystems, e.g., if groundwater is a source of nutrients for a lake.  

In Finland, the main issue restricting the use of stable water isotopes in water 

management, and also in environmental studies, is lack of knowledge on how to 

use them. This thesis takes an important step in producing and distributing 

information related to stable water isotopes and the huge potential they provide for 

the field of water research and management. Their use is not restricted to natural 

environments, as they can provide useful tools for studying e.g., water supply 

networks. Although stable water isotopes have their limitations, they provide 
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information that cannot be obtained with other environmental tracer methods. 

Combined use of stable water isotopes and other tracer methods seems to be 

especially effective in gaining a better understanding of ecosystem hydrology on 

different temporal and spatial scales.  
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