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Abstract

Detecting trends in stream water quality is one 
of the key objectives of environmental monitor-
ing. Identifying factors controlling stream water 
pollutants is challenging due to the diversity of 
potential sources, pathways, and processes. Nat-
ural processes regulating the water quality of a 
watershed are often affected by anthropogenic 
activities, resulting in the redistribution of run-
off	from	base	flow	to	storm	flow	and	the	intro-
duction of new pollutant sources. Despite the 
observed consequences of urbanization, a lack 
of understanding of the factors simultaneously 
controlling water quality is among the biggest 
gaps in our current knowledge of hydrogeogra-
phy. Moreover, prevailing discussions of land-
cover effects often neglect the potential contri-
bution	of	other	factors,	such	as	surficial	deposits,	
in stream water concentrations.

This thesis aims to 1) examine the most in-
fluential	watershed	properties	determining	spa-
tial variation in stream water quality; 2) iden-
tify key water quality and watershed variables 
controlling stream biotic responses (i.e. diatom 
community composition); 3) investigate the ef-
fects of multiscale temporal variation on urban 
runoff in cold climatic regions; and 4) evaluate 
whether advanced statistical methods are appli-
cable in hydrogeographical modeling of small 
watersheds.	To	 fulfill	 these	objectives,	 spatial	
watershed-scale analyses were conducted using 
modern non-parametric approaches and theory-
driven methods such as structural equation mod-
eling. This thesis is based on unique data sets 
of both multibasin and multiyear sampling and 

spatial data from the Helsinki region, southern 
Finland.

A combination of GIS-based approaches and 
statistical	analyses	revealed	significant	links	and	
novel insights into complex relationships be-
tween water quality and spatial biogeophysical 
properties of the surrounding landscape. The im-
portance of land cover was emphasized through-
out	 the	 thesis.	Under	base	flow	conditions	 the	
significance	of	soil	type	was	mainly	controlled	
by land cover. Further, this thesis demonstrates 
how land cover and stream water quality strong-
ly determine the spatial assemblages of aquatic 
biota, as elevated pollutant levels were linked 
to decreased species richness and dominance of 
more tolerant species of diatom taxa. From a tem-
poral perspective, the results suggest that urban 
runoff pollution is a chronic phenomenon, and 
is controlled by both runoff volume (summer) 
and pollutant sources (winter). Both the diver-
gent temporal behavior and dominant role of dif-
fuse pollution sources indicated challenges for 
stream water management practices. Based on 
the observed substance levels, year-round runoff 
treatment in urban areas is highly recommended. 
Finally, this thesis increases our knowledge of 
stream water quality variation in space and time. 
In this thesis, key local phenomena in contem-
porary	hydrogeography	were	 identified	with	a	
spatial modeling framework. The inclusion of 
indirect effects into the models improved our 
understanding of these systems, thus emphasiz-
ing the importance of simultaneously studying 
multiple concurrent processes.
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1 Introduction

1.1 The geography of running waters

Geography seeks to improve the knowledge of 
how, why, and where anthropogenic and natu-
ral activities occur, and how these are intercon-
nected. In hydrogeography, interactions between 
landscapes and water balance are central, aim-
ing to understand what regulates the discharge 
and quality of water. The watershed is the basic 
unit in hydrogeography, as it represents an area 
with	an	easily	definable	topographical	boundary.	
Precipitation falling within the watershed follows 
three primary paths. A proportion of the water is 
returned to the atmosphere through evapotranspi-
ration, while an additional proportion turns into 
surface	runoff.	The	remaining	water	is	infiltrated	
into the soil, partially percolating down to the 
groundwater [Hayashi and Rosenberry, 2002]. 
The most prominent watershed characteristics 
are related to relief, elevation, bedrock and soil, 
vegetation cover, and human impact [Moldan 
and Cerný, 1994]. 

Rivers are important resource providers, 
transportation routes, and habitats, being valu-
able for both natural and anthropogenic struc-
tures [Hayashi and Rosenberry, 2002; Hawkins 
et al., 2003]. Hydrological systems are often af-
fected by anthropogenic activities, causing un-
expected spatial and temporal variation in wa-
ter quality [Konrad and Booth, 2005]. In a geo-
graphical context, stream water chemistry is of 
special interest, as it is regulated by a complex 
assembly of processes that operate at various spa-
tial scales [Johnson et al., 1997a]. Water quality 
dynamics of human-affected running waters are 
still obscure and poorly understood [Lawler et 
al., 2006], even though majority of the world’s 
river are unaffected by anthropgenic activity 
[Vörösmarty et al., 2010]. To cover these as-
pects, this thesis examines the main gradients of 
water quality variation: i) a land cover gradient 
from rural to urban, and ii) a temporal gradient 
across seasons in the boreal zone. Further, the 
tradition of hydrogeography was developed from 
descriptions of the spatial water quality towards 
a more theoretical understanding of the pathways 
and processes in controlling stream water qual-
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Figure 1. Environmental factors contributing to stream water quality. Stream water quality is a combination of several 
environmental factors and their importance should be studied at the watershed scale.
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ity originating from the watershed. 

1.2 Factors contributing 
to water quality

Stream water quality is a unique blend result-
ing from weather, biogeochemical processes, soil 
characteristics,	vegetation,	and	water	flow	path,	
typified	 by	 hydrological	 and	 biogeochemical	
processes regulating substance concentrations 
(Figure 1) [Baker et al., 2000; Kirkby et al., 2002; 
Stålnacke et al., 2003]. Natural processes regulat-
ing runoff and water quality in the watershed are 
often affected by anthropogenic activities [Göbel 
et al., 2007]. At its most basic, urbanization can 
be	defined	as	a	process	of	population	concentra-
tion [Paul and Meyer, 2001], and as urban areas 
are built to meet human needs only [McKinney, 
2006], they are crucial hot spots of environmen-
tal change [Paul and Meyer, 2001; Foley et al., 
2005]. Urban landscapes are very complex, as 
they are a hybrid phenomenon including interac-
tions between anthropogenic activities and nat-
ural processes (Figure 2). Urbanization affects 

local climate, hydrology, geomorphology, and 
biogeochemical processes, thus causing chang-
es in primary production, material cycling, and 
ecosystem functioning [Meyer et al., 2005; Al-
berti, 2008]. 

Urbanization causes a cascade of changes 
[Scanlon et al., 2007; Wenger et al., 2009], result-
ing in the homogenization of the physical envi-
ronment [McKinney, 2006]. Profoundly, urban-
ization affects runoff processes and water quality 
from local to global scales [Booth and Jackson, 
1997; Vörösmarty et al., 2000]. Key consequenc-
es of urban development are the increased fre-
quency	and	magnitude	of	high	flows,	redistribu-
tion	of	water	from	base	flow	to	storm	flow,	and	
a reduction in groundwater (GW) recharge (Fig-
ure 1) [Novotny and Olem, 1994; Walsh et al., 
2005b; Poff et al.,	2006].	Base	flow	is	the	slow	
component	of	streamflow	that	is	fed	by	ground-
water storage and other delayed sources [Hall, 
1968],	while	storm	flow	is	 the	‘rapid’	compo-
nent [Arnold and Allen, 1999]. As precipitation 
strongly contributes to water quality variations, 
base	flow	conditions	are	referred	to	as	“normal”	

Urbanizaon

Land-use change Human acvity

s

Increased 
surface runoff

Decreased 
evapotranspiraon

Decreased  gw
infiltraon

Flooding

Drought Urban heat

Contaminants
Water 
quality 
impairment

Errac, highly
unpredictable

runoff

Water
consumpon

Traffic,
industrial acvity

Green area
fragmentaon

Waste water

Accidents

Soil compactness

Imperviousness

Channeling, 
sewers

Figure 2. Urbanization causes direct and indirect effects on local hydrology, leading to changes in the hydrological 
cycle and introducing new pollutant sources. These effects lead to both highly variable runoff, and overall water 
quality impairment. 
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river conditions [Hayashi and Rosenberry, 2002]. 
Further, a lack of vegetation results in reduced 
evapotranspiration [Wang and Cai, 2010] and 
increased surface temperature [Luyssaert et al., 
2014], thus heating the surface runoff. Surface 
water-groundwater (SW-GW) interactions are 
reduced by anthropogenic land cover and soil 
modifications	[Booth	and	Jackson,	1997;	Hayas-
hi and Rosenberry, 2002]. Flooding is therefore 
more common in urban areas compared to ru-
ral regions, where long rain events and saturated 
soil	contributes	to	flooding	[Braud	et al., 2013]. 
Urban runoff is seen as a new class of environ-
mental problems [Walsh et al., 2005b, 2012]. 
The	significance	of	the	changes	depends	on	the	
physiographic context of a stream and the spatial 
patterns	in	watershed-specific	changes	[Brandes	
et al., 2005; Konrad and Booth, 2005]. Together, 
the suite of changes resulting from urbanization 
and human activity has been described as the 
urban stream syndrome [Walsh et al., 2005b]. 

As chemical water quality alone may lack 
the information for assessing biological water 
quality, the inclusion of biological indicators 
is recommended [Walsh and Wepener, 2009]. 
These indicators, such as diatoms and macroin-
vertebrates, integrate the sudden temporal vari-
ation in water quality and further indicate the 
joint impacts of several concurrent stressors on 
streams. Compared to macroinvertebrates, dia-
toms are better indicators of e.g. nutrient enrich-
ment [Sonneman et al., 2001]. The suitability of 
diatoms in physicochemical monitoring has been 
widely acknowledged [e.g. Walsh et al., 2005a; 
Cardinale, 2011]. Moreover, in this thesis, a spa-
tially comprehensive data set of diatom assem-
blages is examined with a variety of water quality 
variables and environmental factors, to identify 
which of these affect the diatom communities. 

1.3 Spatial and temporal perspective

From a temporal perspective, studying precipi-
tation and snowmelt is crucial, as they gener-
ate runoff, which is one of the key urban pol-
lutant transportation routes to adjacent aquatic 
ecosystems [Carpenter et al., 1998; Foley et al., 
2005; Walsh et al., 2005b]. Even small urban 
precipitation events generate runoff and pollut-
ant export [Walsh et al., 2005b] due to intensive 
land use where substances are less retained than 
in rural areas [Soranno et al., 1996]. Variation 
in discharge is often related to heterogeneity in 
meteorological, geological, and topographical 
factors, vegetation, and anthropogenic activity 
[Woods, 2005]. However, contributions of these 
factors	and	their	controls	on	streamflow,	along	
with their complex interactions, remain poorly 
understood, particularly in the boreal landscape 
[Karlsen et al., 2016]. 

Understanding factors that affect the genera-
tion and quality of urban runoff is among the big-
gest gaps in contemporary hydrology [Wenger 
et al., 2009], thus the detection and explanation 
of these phenomena should be key objectives 
in modern environmental monitoring [Libiseller 
and Grimvall, 2002]. This information is a pre-
requisite for assessing watershed management 
practices to overcome the negative impacts of ur-
ban stormwater pollution [Paul and Meyer, 2001; 
Pinay et al., 2015]. The effects of environmental 
factors should be studied at a landscape perspec-
tive [Björkvald et al., 2008] to observe how wa-
tersheds store and release substances and water. 
Additionally, data should cover the gradients of 
these factors, as studies concentrating only on 
highly urbanized regions [e.g. Sansalone et al., 
1998; Helmreich et al., 2010] lack information 
of background water quality and possible site-
specific	characteristics.	

Finland, located in northern Europe, experi-
ences four distinct seasons, that strongly deter-
mine the hydrological regime. In these regions, 
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snowmelt	and	spring	floods	are	major	annual	
hydrological events, resulting in increased sub-
stance export [Petrone et al., 2007; Björkvald et 
al., 2008]. Stream water quality studies in bo-
real regions have traditionally concentrated on 
rural regions [Björkvald et al., 2008; Laudon 
et al., 2011; Varanka et al., 2015], or on cer-
tain hot spots, such as industrial areas, and their 
pollutants [Pekka et al., 2004; Sheppard et al., 
2009]. Hitherto only a small group of studies 
have explored urban water quality in boreal re-
gions,	and	only	few	studies	have	identified	tem-
poral variation in water quality [Valtanen et al., 
2014; Sillanpää and Koivusalo, 2015]. Addition-
ally, studies in cold regions lack information of 
anthropogenic contribution to water quality [Pe-
kka et al., 2004; Rember and Trefry, 2004; Cory 
et al., 2006]. Urban hydrological studies need 
more long-term monitoring data to better un-
derstand seasonal  load variations [Poff, 1997; 
Lowe and Likens, 2005].

1.4 Thesis objectives and outline

This thesis is a consequence of the need for im-
proved understanding of the drivers of stream 
water quality in boreal regions. A lack of knowl-
edge about current stream water quality and its 
seasonal variation is an obstacle in management 
process planning and utilization, and is thus high-
ly important to improving our understanding of 
water quality itself. More importantly, earlier 
studies have not thoroughly examined the in-
fluence	of	watershed	characteristics	on	stream	
water chemistry from a landscape perspective. 
The objective of this thesis is to examine key 
drivers of stream water chemistry, particularly 
the effects of watershed properties on water qual-
ity. The aim is to study the effects of both natural 
and anthropogenic disturbances on water qual-
ity, by using both multibasin and multiyear data.

This study investigates whether it is possible 

to model spatial water quality variation. The goal 
is to move away from describing spatial water 
quality and its idiosyncrasies, and instead focus 
on identifying links and pathways of a variety of 
substances. In addition, this thesis aims to show 
temporal variation in urban stream water quality. 
To	fulfill	these	general	aims,	four	specific	objec-
tives	were	defined:	

O1	 Examine	the	most	influential	watershed	
properties determining spatial variation 
in stream water quality (Papers I, II, IV)

O2 Identify key water quality and water-
shed variables controlling stream biotic 
responses (i.e. diatom community com-
position) (Paper III)

O3 Examine the effects of multiscale tem-
poral variation on urban runoff quality 
and related loads in cold climatic re-
gions (Paper IV)

O4  Evaluate whether advanced statistical 
methods are applicable in the hydro-
geography of small watersheds (Papers 
I–IV)

2. Theoretical and 
methodological background

2.1 Stream water quality 

Water quality is a comprehensive concept com-
posed of chemical and physical water properties 
such as substance concentration and temperature. 
One of the key subjects in contemporary environ-
mental science is biogeochemistry [Borch et al., 
2010;	Canfield	et al., 2010], which is the study 
of complex processes occurring in pools and 
fluxes	of	chemical	elements	within	ecosystems	
governed by biotic and abiotic forces (Figure 1) 
[Moldan and Cerný, 1994]. The term connotes a 
status	or	condition	that	relates	to	case-specific	re-
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quirements [Johnson et al., 1997b]. Undisturbed 
systems	are	typified	by	slow	biogeochemical	and	
hydrological processes that mediate water con-
centrations [Baker et al., 2000; Stålnacke et al., 
2003],	whereas	anthropogenic	influences	are	hy-
pothesized to affect concentrations directly and 
indirectly. Distinguishing between these natural 
and anthropogenic effects may be highly chal-
lenging [Johnson et al., 1997a]. 

2.1.1 Chemical indices of water quality
Instrumental on-site measurements produce 
important water quality data at small analytical 
costs or measurement errors, and are therefore of 
particular interest. Furthermore, these measure-
ments may be incorporated into water quality 
indices to represent overall water quality condi-
tions in a more meaningful format for decision-
makers [Said et al., 2004; Simões et al., 2008; 
Akkoyunlu and Akiner, 2012]. In this thesis, four 
key water quality parameters were examined. 
Electrical	 conductivity	 (specific	 conductance,	
EC), a measure of the resistance of a solution 
to	electrical	flow,	 is	an	 important	 indicator	of	
the concentration of total dissolved solids (TDS) 
[Wetzel, 2001]. Dissolved oxygen (DO) concen-
tration in a water body is an essential factor of 
water quality [Ice and Sugden, 2003] and aquatic 
metabolism [Wetzel, 2001]. Low oxygen levels 
have serious consequences for aquatic life [Ficke 
et al., 2007]. Moreover, DO is recognized as an 
indicator of sediment oxygen demand, nutrient 
enrichment, and eutrophication [Ice and Sugden, 
2003; McCormick and Laing, 2003; MacPher-
son et al., 2007]. Earlier studies have shown that 
both EC and DO are very sensitive to runoff vol-
ume [Lee et al., 2015]. 

Acidity, i.e. pH, indicates the activity of 
hydrogen ions in a liquid, and can be consid-
ered a key variable in environmental studies. 
Most	aquatic	biota	are	sensitive	to	pH	fluctua-
tions, which can greatly alter ecosystem dynam-

ics [Warner et al., 1993; Rodríguez-Zaragoza, 
1994]. Furthermore, a majority of metals occur 
in dissolved fractions at low pH, thus contribut-
ing to increased chemical weathering [Pennanen, 
2001; Göbel et al., 2007]. Water temperature is 
one	of	the	most	influential	drivers	of	aquatic	bi-
ota, determining for example macroinvertebrate 
assemblages and the metabolism of aquatic or-
ganisms [Wang and Kanehl, 2003]. Stream wa-
ter temperature is a complex consequence of so-
lar radiation input and heat transfer [Tague et 
al., 2007], and can additionally be affected by 
groundwater and watershed characteristics [Con-
stantz, 1998; Hofmeister et al., 2015]. Sealed 
surfaces with high absorptive potential, and the 
loss of vegetation together with widened chan-
nels can further enhance the warming of stream 
water. Warm stream water contributes to the ther-
mal pollution of aquatic systems, an increase in 
algal production, and changes in whole-reach 
metabolism [Krause et al., 2004; Catford et al., 
2007; Nelson et al., 2009].

2.1.2 Major ions
TDS is the sum of the concentrations of dissolved 
major ions [Allan and Castillo, 2007], and at high 
concentrations is referred to as macro-pollution 
[Göbel et al., 2007]. These ions are highly mo-
bile and widespread, and can be transported in 
all	flow	conditions	[Mitchell,	2005;	Praskievicz	
and Chang, 2009], rendering them more complex 
to monitor than their particulate form [Viklander, 
1999]. Dissolved substances can be very harm-
ful [Eganhouse and Sherblom, 2001; Tiemeyer 
et al., 2006], as they play a major role in con-
trolling the biological status of aquatic systems 
[Pitt et al., 1994; Sansalone et al., 2005] and 
surface water pollution [Frink, 1991; Wenger et 
al., 2009]. They increase the physiological stress 
and chronic effects in the receiving aquatic sys-
tems [Harremoës, 1988; Anderson et al., 2002]. 
However, they have attracted little interest in ur-
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ban runoff studies, and high ion export rates have 
mainly been linked to agriculture [e.g. Lenat and 
Crawford, 1994; Collins and Jenkins, 1996; Pi-
onke et al., 1999]. A number of studies have 
shown that, e.g., nutrient-enriched urban runoff is 
a major cause of a myriad of changes in aquatic 
food webs [Pitt et al., 1994; Konrad and Booth, 
2005; Sansalone et al., 2005], increased eutro-
phication [Boesch et al., 2001; Anderson et al., 
2002; Paerl, 2006], and surface water pollution 
[Frink, 1991; Wenger et al., 2009]. 

Major ions strongly control water acidity. 
Positively charged base ions, i.e. cations (sodium 
[Na+], potassium [K+], calcium [Ca2+], and mag-
nesium [Mg2+]) increase water alkalinity, thus 
buffering against the effects of acidity caused 
by negatively charged anions (chloride [Cl-], ni-
trate [NO3

-], and sulfate [SO4
2-]) [Wetzel, 2001]. 

Of the major ions, nitrate has been studied ex-
tensively because of the multiple environmental 
problems it causes in aquatic systems [Kemp et 
al., 2005; Camargo and Alonso, 2006; Smith, 
2009], and since urban nitrogen is mostly avail-
able as nitrate [Taylor et al., 2005; Miller et al., 
2016]. In addition, chloride has been studied in 
cold climatic regions, where it is mostly derived 
from road de-icing practices [Göbel et al., 2007; 
Helmreich et al., 2010]. 

2.1.3 Metals in stream
Metals are a critical yet complex issue in ecosys-
tems; they are simultaneously essential trace ele-
ments for living organisms, yet damaging when 
concentrations are elevated [McLaughlin et al., 
1999; He et al., 2005; Fu and Wang, 2011], i.e. 
micro pollution [Göbel et al., 2007]. As metal 
toxicity depends on bioavailability, not on con-
centrations itself, it is imperative to study both the 
dissolved and total (i.e. acid-extractable) forms 
of metals. For most trace metals the rate of trans-
port and deposition is strongly controlled by sus-
pended sediment, and they tend to be bound to 

particulate matter [Kuusisto-Hjort and Hjort, 
2013]. The relative proportion of dissolved and 
particulate phases is spatially sensitive in urban 
areas [Tuccillo, 2005; Joshi and Balasubrama-
nian, 2010]. The main concern is their accumu-
lation in groundwater and food chains [Macdon-
ald et al., 2000; Driscoll et al., 2001; Grimm et 
al., 2008], especially with regard to health and 
metabolism [Baker et al., 2003; Gelencsér et al., 
2003; Nystrand and Österholm, 2013]. 

Aluminum (Al), manganese (Mn), and iron 
(Fe) are abundant in the Earth’s crust, and un-
der oxidizing conditions they are rather insoluble 
[Miller et al., 2003]. Al concentration is essential 
in hydrological studies because it is an important 
indicator	of	acidification	and	its	biological	effects	
[e.g. Cory et al., 2006]. Mn, Fe, and copper (Cu) 
are essential micronutrients for plant growth [He 
et al., 2005]. The drivers controlling Mn are un-
identified,	with	positive	effects	suggest	to	origi-
nate from agriculture, coal combustion, and the 
metal industry [e.g. Nriagu and Pacyna, 1988]. 
Vanadium (V), chromium (Cr), lead (Pb), and Fe 
are	the	most	common	traffic-related	trace	metals	
[Legret and Pagotto, 1999; Nadal et al., 2004; 
Hjortenkrans et al.,	2007].	Besides	 traffic,	Fe	
can originate from soil erosion and soil material 
suspension [Figueira et al., 2002, Baker et al., 
2003], and Cr is released during coal combus-
tion and refuse incineration [Nriagu and Pacyna, 
1988]. Cr and Pb have severe toxic effects on 
living organisms and are therefore contaminants 
[He et al., 2005, Fu and Wang, 2011]. Cu and 
Pb are recognized as major urban contaminants 
and are mainly attached to suspended particu-
late matter [Bibby and Webster-Brown, 2005; 
Le Pape et al., 2013]. 

2.1.4 Diatoms as biological indicators
Biological indicators are widely used in water 
quality studies. Aquatic organisms, such as dia-
toms, integrate rapid and inestimable changes 
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in hydrology and water quality with a brief de-
lay. Diatoms are unicellular microscopic algae 
abundant in all aquatic environments with suf-
ficient	light	[Dixit	et al.,	1992].	They	reflect	the	
joint	 influence	of	multiple	stressors	on	stream	
biota, and are therefore a useful community for 
monitoring stream quality [Eloranta and Soin-
inen, 2002; Soininen and Könönen, 2004]. The 
community composition of benthic diatoms is a 
result of complex interactions between abiotic, 
e.g., hydrological and chemical factors, and bi-
otic factors [Stevenson et al., 1996]. Diatoms 
significantly	contribute	 to	primary	production	
in streams, thus having a fundamental role in 
stream food webs. They are highly diverse and 
their communities respond rapidly to changing 
environmental conditions [Dixit et al., 1992]. 
Diatom species counts can be used as compre-
hensive water quality indices, e.g. as an index of 
pollution sensitivity (Indice de Polluosensibilité 
Spécifique,	IPS)	[Jüttner	et al., 2012]. 

2.2 Watershed perspective

A	watershed	 is	an	easily	defined	hydrological	
unit, as water at its discharge point represents 
the entire watershed [Allan et al., 1997]. Streams 
play a key role in the maintenance and regula-
tion of aquatic habitats [Hawkins et al., 2003], 
but by conveying pollutants to aquatic systems 
they	can	inflict	adverse	effects	on	these	receiv-
ing systems [Jordan et al., 1997; Kirchner et al., 
1999; Gnecco et al.,  2005]. In undisturbed sys-
tems,	stream	solute	concentrations	reflect	biotic	
activity, watershed geochemistry, and precipita-
tion inputs in the watershed [Meyer et al., 1988]. 
Hydrological processes are shaped by landscape 
characteristics related to watershed geology, soil, 
topography, climate and land cover [Davis, 1969; 
Zhang et al., 2001; Brown et al., 2005]. Biogeo-
chemical processes are altered in human-mod-
ified	systems,	overriding	 the	effects	of	natural	

factors on water quality [Allan, 2004; Atkinson 
et al., 2007; Göbel et al., 2007] and further el-
evating the substance concentrations [e.g. Nriagu 
and Pacyna 1988; Allen et al., 2001; Foley et 
al., 2005]. Knowledge on how various parts of 
the landscape contribute to runoff can improve 
our understanding of how watersheds store and 
release water and substances.

Human activity affects stream water quality 
by both direct and indirect stressors, and pol-
lutant export arises from a multitude of sources 
and activities [Novotny and Olem, 1994; Hatt 
et al., 2004; Alberti, 2008]. Areas of intensive 
land use contain long-term pollutant storages; in 
agricultural areas they are primarily in the soil, 
while in urban areas pollutants are largely on 
structures and buildings [Thévenot et al., 2007]. 
Even though the concept of drainage systems was 
originally conceived to improve environmental 
quality, it has produced new problems. Separate 
stormwater drainage systems connect dispersed 
impervious areas and intentionally convey wa-
ter and associated pollutants directly to receiv-
ing surface waters [Davis et al., 2001; Peterson 
et al., 2001]. Drainage infrastructure controls 
the behavior of watershed and stream hydrol-
ogy [Kirkby and Chorley, 1967; Leopold, 1968; 
Price, 2011], as dense networks result in lower 
base	flow	rates	[Walsh	et al., 2012; Braud et al., 
2013]. In this thesis, the overriding role of urban 
areas as a key pollutant source [Malmqvist and 
Rundle, 2002; Walsh et al., 2005b] is contrasted 
with agricultural areas, which are traditionally 
connected to elevated nutrient loadings [Ostrom 
et al., 1999; Rosegrant et al., 2009; Carpenter 
et al., 2011]. However, concerns of an increase 
in the use of metal-containing fertilizers and the 
potential of atmospheric pollution are on the rise 
[Nriagu and Pacyna, 1988; Stoate et al., 2001; 
He et al., 2005; Micó et al., 2006].

Prevailing discussions on the effects of land 
cover often neglect the potential contribution of 
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other factors, such as soil, on stream water sub-
stance concentrations. Soil is an integral part of 
the hydrological cycle as it acts as both a pri-
mary sink and a stationary source of substanc-
es in terrestrial ecosystems [Callender and Rice, 
2000; Nicholson et al., 2003; Wong et al., 2006]. 
Soil contributes to water chemistry mainly via 
groundwater	and	soil	water	[Moldan	and	Černý,	
1994; Kelleher et al., 2015], and more perme-
able subsurface soils contribute to a larger base 
flow	[Santhi	et al., 2008] and reduced rainfall-
related surface runoff [Collins et al., 2008]. In 
contrast, urban soils are highly processed, often 
with a weak GW-SW connection and lacking 
clear horizons [Brunke and Gonser, 1997; Wong 
et al., 2006]. In addition, agricultural soil is of-
ten	modified	for	crop	production.	Further,	con-
taminants deriving from both natural and anthro-
pogenic sources accumulate in the topmost soil 
horizon, thus being more susceptible to mobili-
zation [Sherrell and Ross, 1999; Sheppard et al., 
2009]. Substance mobilization from these sedi-
ments results from chemical and physical pro-
cesses that are controlled by water oxygen con-
ditions and pH [Wen and Allen, 1999; Li et al., 
2013], yet the effects of pH and oxygen on metal 
concentrations are in dispute [Skyllberg, 1999; 
Allan and Castillo, 2007; Atkinson et al., 2007]. 

Precipitation and runoff volume strongly reg-
ulate watershed material transport processes and 
pathways [e.g. Bolstad and Swank, 1997], and 
these processes are further dependent on parti-
cle size. Groundwater plays a key role in water-
shed	hydrology	in	sustaining	streamflow	during	
dry periods [Younger, 2007]. In cold climatic re-
gions, strong seasonality together with anthro-
pogenic activities, such as de-icing, gritting, and 
snow plowing, affect stream water quality [Ob-
erts et al., 2000; Hallberg et al., 2007; Sillan-
pää and Koivusalo, 2013]. Runoff generation and 
snowmelt rates are controlled by distinctive spa-
tial heterogeneity, reduced evapotranspiration, 

and snow cover variability [Semádeni-Davies, 
2000; Alberti, 2008]. Perhaps the greatest ob-
stacle to advancing current stormwater manage-
ment is the lack of long-term monitoring data, 
which are of primary importance in understand-
ing the processes affecting runoff quality [Poff, 
1997; Bishop et al., 2008].

2.3 Methodology

2.3.1 Geographical methodology
Hydrogeography has traditionally concentrated 
on creating descriptions of aquatic conditions. 
Recent developments, however, focus on the 
understanding of processes. Modern hydrology 
aims to understand multifaceted processes and 
model them. Although variation in running wa-
ter chemistry has been recognized long ago [Er-
iksson, 1929], knowledge of the factors produc-
ing this variation is rather limited. The effects of 
watershed characteristics on stream water quality 
have been studied with several spatial consider-
ations, concentrating on watersheds, sub-catch-
ments, or the buffer zone. As the predictive ability 
of a buffer zone is similar to the entire watershed 
[Johnson et al.,1997a; Sliva and Williams, 2001], 
it has been suggested that watersheds should be 
examined as a whole. The growing abundance 
of spatial data sets derives from the development 
of data collection and communication technolo-
gies together with reduced computational costs 
[Yang and Jin, 2010]. A combination of large 
open databases with increasingly precise spa-
tial resolution, and modern modeling methods 
enables us to deepen our knowledge of the pro-
cesses controlling runoff. In addition, free com-
putational models and existing model parame-
trizations have become an integral part of hy-
drological research [e.g. Salvadore et al., 2015; 
Warsta et al., 2017]. 
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2.3.2 Optimum sampling 
Highly variable substance levels may produce 
erroneous results at sub-optimal sampling fre-
quency [Likens, 2013]. Special attention should 
be addressed to both the number of observations 
and the sampling procedure. Additionally, envi-
ronmental conditions, such as weather, should be 
taken into account to minimize their effects on 
the data. Earlier studies have illustrated how wa-
ter quality, such as nutrients and TDS, is best ex-
plained by watershed characteristics during sum-
mer [Johnson et al., 1997a]. Moreover, careful 
observations of watershed conditions must be 
taken into account when analyzing the data. 

The temporal intensity of sampling necessary 
to describe changes in small watershed water 
quality should be carefully selected. An optimal 
sampling frequency should be designed to en-
sure frequent sampling events at minimal costs. 
Conversely, recent developments in high-resolu-
tion runoff monitoring create both opportunities 
and challenges for hydrological studies. Frequent 
maintenance is mandatory for accurate runoff 
measurements and sample collection, but is off-
set by frequent monitoring that enables the iden-
tification		oftemporal	variation	in	the	discharge.	
In this study, these challenges were overcome by 
high-resolution	continuous	monitoring	for	five	
years with runoff-based sampling. 

Since there is a clear need for basin-scale 
studies [Hatt et al.,  2004 ; Björkvald et al., 2008], 
this study shifts from traditional runoff studies of 
small areas, to examining the causal relationships 
at the watershed scale. The mosaic of environ-
mental characteristics, such as land cover, is more 
heterogeneous in small watersheds, resulting in 
optimal circumstances for examining the effects 
of watershed characteristics in a multivariate set-
ting [e.g. McDowell and Asbury, 1994; Allan et 
al., 1997]. Previous studies have demonstrated 
that identifying linkages between water quality 
and watershed is challenging using data sets with 

watersheds from several to hundreds of square 
kilometers [e.g. Nelson and Booth, 2002]. Tem-
nerud and Bishop [2005] studied stream junc-
tions from a wide range of watershed sizes and 
observed largest water quality variations in head 
streams, while concentrations were much less 
variable when watershed size surpassed 15 km2.

2.3.3 Spatial modeling
Key drivers of urban runoff are among the larg-
est gaps in our current knowledge of hydrology 
[Wenger et al., 2009]. The detection of spatial 
and temporal human impacts on stream water 
is stymied by the diversity of biological, chemi-
cal, hydrological, and geophysical components 
[Gergel et al., 2002]. The problem is two-folded: 
firstly,	knowledge	of	spatial	variation	 in	water	
quality is a prerequisite for assessing watershed 
management practices to overcome negative 
impacts [Paul and Meyer, 2001], and secondly, 
these data are expensive to produce. According 
to Beck [1987], four common challenges ex-
ist in water quality modeling: i) uncertainty in 
model structure, ii) uncertainty in the estimat-
ed model parameter values, iii) the propagation 
of prediction errors, and iv) experiment design 
to reduce critical uncertainties associated with a 
model. The urban stream syndrome is a rather 
new concept [Walsh et al., 2005b], and our un-
derstanding of background mechanisms and their 
consequences in ecosystems are limited [Wenger 
et al., 2009]. In such environments, descriptive 
models must be able to integrate a variety of 
substance sources, a multiplicity of responses 
and many approaches that take into account both 
natural	and	artificial	drainage	networks	and	pro-
cesses [Lawler et al., 2006]. This thesis aims to 
overcome the problem by identifying key envi-
ronmental variables in controlling water qual-
ity, and thus providing valuable information for 
management and planning. 

Hydrological modeling has traditionally uti-
lized physically-based approaches to modelling 
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[Allen and Ingram, 2002]. This thesis tests the ap-
plicability of a statistical and inductive approach 
in water quality modeling. Sophisticated phys-
ically-based models set strict requirements for 
the data and the paradigm of model calibration, 
which is often based on an extensive compu-
tational power and subjective decisions [Gupta 
et al., 1998]. In addition, unmeasurable spatial 
variability in environmental factors together and 
high computational demand set an important bar-
rier to their successful application [Beven, 1989]. 
Therefore, this thesis concentrates on simpler 
and less data-intensive models that can produce 
similar or even more accurate predictions com-
pared to physically-based models [Loague and 
Freeze, 1985]. 

Modern	empirical	approaches	provide	flex-
ible	methods	for	the	identification	of	multivari-
ate linkages in the environment [Simeonov et al., 
2003; Singh et al., 2004], and statistical water-
shed models can be powerful tools for simulat-
ing the effects of watershed processes on wa-
ter quality [Moriasi et al., 2007]. The process 
of identifying key contributing variables needs 
careful consideration. Data availability together 
with expected relationships are commonly used 
criteria for selecting watershed variables [Sef-
ton and Howarth, 1998; Wagener and Wheater, 
2006; Yadav et al., 2007]. Additionally, a new 
integrated framework is needed for the explora-
tion of interactions between anthropogenic and 
natural patterns. Recent studies have mainly ex-
amined these drivers as if they were independent 
of each other, or even competing [Clark et al., 
2010]. Both temporally (with little or no spatial 
sampling) and spatially extensive designs (with 
little sampling over time) lack information con-
cerning the relative importance of local factors 
contributing to water quality [Wiley et al., 1997]. 
In this thesis this problem was approached by 
combining both spatially extensive and tempo-
rally comprehensive datasets. This approach has 

traditionally been seen as a costly and laborious 
solution, which resulted in the use of very lim-
ited data sets [e.g. Yang and Jin, 2010]. 

3. Material and methods

This thesis consists of three central activities: 
i) water quality data production, ii) spatial da-
ta collection, and iii) statistical analyses. Using 
GIS and spatial analyses, watersheds that ful-
filled	specific	 requirements	were	carefully	se-
lected. Furthermore, watershed discharge points 
were sampled to measure physicochemical water 
qualities and diatom assemblage. Once sampling 
was completed, statistical analyses were utilized 
to identify environmental drivers and temporal 
variability of stream water quality. 

3.1 Study area

Both spatial and temporal datasets were collect-
ed in the Helsinki region (between 60°8’N and 
60°25’N and 24°27’E and 25°13’E), southern 
Finland. The spatially extensive dataset covered 
the entire geographical domain, while the tem-
porally comprehensive dataset was collected in 
three watersheds located from three to eight ki-
lometers from the center of Helsinki (Figure 3). 
All studied watersheds have separate stormwater 
and waste-water systems and each has a single 
discharge point, which discharges water direct-
ly	into	the	Gulf	of	Finland	without	purification.	
Runoff is a combination of rainfall and melting-
related water with a groundwater contribution 
[Buda and DeWalle, 2009; Klaus and McDon-
nell,	2013].	In	urban	areas	the	artificial	systems	
complicate the pathways and affect the ground-
water input [Barrett et al., 1999].

The study area is located in the northernmost 
part of Köppen’s cold continental climatic zone 
(Dfb), characterized by a cold continental cli-
mate with warm summers, temperate features, 
and four distinct seasons [Peel et al., 2007; Jylhä 
et al., 2009]. Mean annual air temperature for 
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Figure 3. Study area in the Helsinki region: a) location of all the watersheds of spatially extensive (hollow 
delineations, n = 83) and temporally comprehensive (watersheds in black, n = 3 indicated with a blue circle) data 
sets; b) an example of one watershed (indicated with a red circle in a) with its soil and CLC classifications.



















































































































































































 




































 
 























































































25°10'E24°40'E

60
°2

0'
N

60
°1

0'
N

0 5 10

Kilometers

HELSINKI










































































































































































a)

Soil type
Sand till
Rock-dominated soil
Highmoor peat
Clay
Landfill

Kilometers

0 0.5 1

b)
Land cover

Mixed forest
Coniferous forest
Broad-leaved forest
Non-irrigated arable land
Sport and leisure facilities
Road networks
Industrial or commercial units
Discontinuous urban fabric
Continuous urban fabric

Transitional woodland-shrub

Land use

Temporal data set

Spatial data set
Watershed

Sampling point

Watershed

Built
Other
Water
Main road



Sampling
point

25° E15° E

70° N

65° N

60° N

55° N

F I N

A r c t i cA r c t i c
O c e a nO c e a n



23

the reference period 1981–2010 was 5.3 °C, with 
July the warmest month (17.7 °C) and February 
the coldest (-5.7 °C). Mean annual precipitation 
during the same period was 682 mm [Pirinen et 
al., 2012]. 

3.1.1 Spatially extensive 
water quality data 

A data set of 83 watersheds (52 in Paper III), 
covering a land use intensity gradient (Table 1) 
in southern Finland was used to study the spatial 
variation in stream water quality and biotic re-
sponses (Papers I–III). The watersheds are head-
water	streams	representing	a	significant	linkage	
for water and materials between terrestrial sys-

tems	and	the	downstream	environment	[Wipfli	
et al., 2007; Bishop et al., 2008]. The selected 
watersheds needed to satisfy three requirements. 
First, the watershed area had to be relatively simi-
lar in size, as watershed size can be a vital factor 
in stream water quality [Kang et al., 2010; Klaus 
and McDonnell, 2013; Rumsey et al., 2015]. Sec-
ond, they had to cover the entire land use gra-
dient, to investigate the anthropogenic effect on 
water quality. Third, the discharge point had to 
be at an open channel, providing similar condi-
tions for sampling. 

Watershed area ranged from 0.2 to 2.1 km2 

(mean 0.8 km2). Channel density comprised of 
both open channels and manmade sewers, and 

Unit Min Med Max
Paper Paper Paper

I II III

Land cover

Housing % 0.0 25.5 95.2 ×

High housing % 0.0 2.8 55.8 ×

Low housing % 0.0 14.6 92.7 ×

Traffic, industry % 0.0 10.7 66.2 × ×

Free time % 0.0 0.8 23.7 ×

Built area % 0.0 34.3 96.8 ×

Agriculture % 0.0 5.0 90.3 × × ×

Forest % 0.3 18.5 100 × ×

Soil

Coarse sediment soil % 0.0 16.5 61.6 ×

Fine sediment soil % 0.0 32.3 97.3 ×

Bare rock soil % 0.0 17.4 73.8 ×

Mineral soil % 0.0 29.6 39.7 × ×

Organic soil % 0.0 0.0 10.7 × ×

Topography

Mean slope % 2.3 6.9 15.8 × ×

Mean radiation kW/m2/a 5.6 9.1 10.8 ×

Watershed shape

Drainage density km/km2 0.0 5.6 45.4 ×

Gravelius index KG 1.1 1.3 1.9 ×

Kirpich time of conc. min 0.0 10.5 46.7 × ×

Table 1. Explanatory variables of the spatially extensive dataset with their minimum (Min), median (Med), and maximum 
(Max) values (Papers I and II n = 83; Paper III n = 52). These variables were used in the spatial analyses in Papers I–III. 
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ranged from 0 to 45.4 km/km2. The agricultural 
land cover class consisted of non-irrigated ara-
ble land and pasture meadows. Vegetation was 
largely composed of coniferous-dominated for-
ests (averaging 16% of the watershed area). The 
study	region	is	relatively	flat,	with	mean	slope	
ranging from 2.3 to 15.8% and elevation rang-
ing from 3 to 69 m a.s.l. (mean 31 m a.s.l.). 
Dominant bedrock types in the study area are 
granite (80%) and gneiss (18%). The study area 
is mainly composed of quaternary marine and 
lacustrine clay-dominant soil types (25%), rock 
areas (24%), and till (13%). Till accumulated 
in the region due to the latest deglaciation (10 
000 BP) and the evolution from sea bottom to 
uplifted land area [Seppälä, 2005]. In highly ur-
banized	areas	soil	 is	modified	and/or	blanket-
ed under man-made structures, and its impact 
on urban stream water is therefore ambiguous 
[Brunke and Gonser, 1997]. In this thesis such 

soil	is	unclassified	(25%).

3.1.2 Temporally comprehensive data set
Continuous urban runoff measurements were 
conducted at three watersheds in Helsinki (Fig-
ure 4), Finland (Paper IV). These sites are part 
of the international Long-Term Socio-Ecologi-
cal Research (LTSER) network. The study sites 
were located on a straight line from the Helsinki 
city center to the northeast of the city. The wa-
tersheds differ in land cover, population densi-
ty and sewer density (Table 2). Watershed W1 
(Figure 4a) was built in the 1970s and is charac-
terized by intensive land use with high-rise con-
crete	office	blocks	and	very	 little	green	space.	
Traffic	volumes	are	high,	especially	on	a	trunk	
road close to the discharge point. The area con-
sists of two levels; the upper level housing el-
evated sidewalks, and a lower level serving ve-
hicle	and	tram	traffic.	Watershed	W2	(Figure	4b)	
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Figure 4. The three watersheds of the temporally comprehensive data set, located in Helsinki (see Figure 3): a) 
highly urbanized W1; b) intermediate, suburban W2; c) single-family housed W3. 
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was built in the 1960s, and is characterized by 
tall concrete buildings with highly fragmented 
green areas in between. Watershed W3 (Figure 
4c) is a single-family residential area with build-
ings ranging in age from a hundred years to new 
housing developments. The green area consists 
of both yards and a rather intact forest area. The 
entire study area is geologically relatively homo-
geneous, where rock or soil type has relatively 
low	influence	on	the	variation	of	bed	sediment	
characteristics when compared to other water-
shed characteristics.

3.2 Sampling and field work

3.2.1 Spatially extensive dataset
Fieldwork was carried out in 2013. To examine 
the	spatial	variability	of	base	flow,	three	synoptic	
sampling events were performed, as conclusions 
based on a single sampling event may be distort-
ed by temporal variations in chemistry [Puckett 
and Bricker, 1992]. Sampling was conducted at 
the	discharge	point	of	each	watershed.	The	first	
field	campaign	was	arranged	after	the	spring	melt	
to avoid any contribution of melting waters. The 
second campaign occurred in August, represent-
ing	late	summer	with	low	flow	conditions.	Due	
to a very mild autumn in 2013, the third cam-

paign occurred in November before snowing, 
freezing,	or	road	de-icing	activities.	Each	field	
campaign was performed within a few days, to 
minimize the effects of temporal variation or 
changes in environmental conditions. Sites were 
visited	under	base	flow	conditions	(i.e.	a	mini-
mum of antecedent 72 hours without precipita-
tion), outside storm hydrograph, as precipitation 
can cause abrupt changes in water quality. Hy-
drology strongly regulates the linkages between 
watershed physiography and stream water qual-
ity, and may exaggerate the effects of land cover 
[Bolstad and Swank, 1997; Johnson et al., 1997a; 
Mallin et al., 2009]. The sampled stream water 
was expected to be a combination of laterally in-
filtrated,	GW	and	surface	flow,	albeit	the	contri-
bution of GW may be spatially and temporally 
highly variable [Middleton et al., 2015]. 

Sites were visited in random order, i.e. fol-
lowing a different route each round, to avoid 
bias caused by sampling timing. Sampling was 
conducted at the discharge point, and consisted 
of in situ water quality measurements, water and 
diatom sampling, and notes of the watershed. 
Stream water measurements were performed us-
ing a Professional Plus Quatro probe (Ysi Inc.). 
Additionally, stream water samples were collect-

Unit W1 W2 W3

Area ha 24.8 33.5 13.6

Total impervious area % 65.7 52 36.3

Road area % 20.1 7.5 7.9

Buildings % 19.5 12 12.1

Vegetation area % 26.7 42.3 63.7

Pipeline density km/km2 11.8 10.2 7.8

Elevation range m a.s.l. 10.3–36.8 9.1–46.3 8.8–39.4

Mean slope % 5.3 7.4 6

Slope range % 55 54.7 41.5

Traffic on main road vehicles/day 62 400 12 000 4 000

Population density persons/km2 4 200 5 500 2 400

Table 2. The three watersheds of the temporally comprehensive data set, with their spatial characteristics. Land 
use types are reported as proportions of the watershed area (%).



26

ed for the analyses of nutrient, metal and solid 
concentrations (Table 3). Diatom samples were 
collected in August by brushing stones with a 
toothbrush, following the procedure in Kelly et 
al. [1998]. These stones were placed in the chan-
nels in June, i.e. two months prior to diatom sam-
pling. At least six randomly selected stones were 
sampled at each site. The diatom suspension of 
each site was placed in a container, preserved 
in ethanol (Epox), and stored in a dark and cold 

room until laboratory analyses. 

3.2.2 Temporally comprehensive data set 
Continuous runoff monitoring was conducted 
from September 2010 to September 2015. Moni-
toring stations were located at stormwater sewer 
pipes at each watershed outlet. Runoff was moni-
tored	using	a	Nivus	POA	ultrasonic	flow	wedge	
sensor (instrument resolution 0.01 l/s; temporal 
resolution	1	min),	which	measured	both	flow	
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Parameter Unit Resolution Min Med Max Paper I Paper II Paper III

DO mg/l 0.01 3.1 8.4 14.7 × ×

EC μS/cm 0.001 66.8 304.5 883.5 × ×

pH pH 0.01 5.8 7.5 8.4 × × ×

Temp °C 0.1 4.2 10.9 17.2 × ×

TP mg/l 0.001 0.6 24.4 176.2 ×

TSS mg/l 0.001 7.3 66.6 393.9 ×

Ca2+ mg/l 0.001 4.1 21.8 62.4 ×

Mg2+ mg/l 0.001 2.3 9.3 48.2 ×

NO3
- mg/l 0.001 0.3 10.5 44.2 ×

SO4
2- mg/l 0.001 1.6 17.5 121.8 ×

Total metals LOD Min Med Max

Al μg/l 91.68 164.6 1 708.70 27 770.20 × ×

V μg/l 0.05 0.2 3 53.2 ×

Cr μg/l 0.85 0.6 2.2 47.7 ×

Mn μg/l 0.68 6.9 48.8 1 234.80 ×

Fe μg/l 24.9 220.2 1 470.90 29 736.90 × ×

Cu μg/l 1.79 0.7 8 26.9 ×

Pb μg/l 0.39 0.3 1 11.8 ×

Dissolved metals LOD Min Med Max

Al μg/l 1.26 24.7 136.2 1 396.90 × ×

V μg/l 0.003 0.1 0.6 5.4 ×

Cr μg/l 0.11 0.2 0.6 2.4 ×

Mn μg/l 0.02 1.8 44.2 1 082.40 ×

Fe μg/l 0.11 44.4 266 11 940.20 × ×

Cu μg/l 0.01 1 3.5 15 ×

Pb μg/l 0.008 0 0.1 0.8 ×

Table 3. Water quality parameters. Total and dissolved (in brackets) concentrations of metals are reported. DO 
= dissolved oxygen, EC = electrical conductivity, Temp = water temperature, TP = total phosphorus, TSS = total 
suspended solids. 
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velocity (cross correlation method, measure-
ment uncertainty 0.5 m/s) and level (ultrasonic, 
measurement uncertainty ±2.0 mm). Data were 
stored using a Nivus OCM Pro CF logger. Oc-
casional	gaps	in	the	runoff	data	were	filled	by	
simulating	flow	using	a	SWMM	model	[Ross-
man, 2015]. The model was utilized to compute  
temporally continuous data [Warsta et al., 2017] 
using precipitation data from the nearby Kum-
pula measurement station (1.5 – 5 km from the 
watersheds) operated by the University of Hel-
sinki. SWMM models of the three watersheds 
were automatically generated using spatial data 
of the stormwater network, DEM, and land cover 
data using the novel GisToSWMM5 tool [Warsta 
et al., 2017]. Watersheds were also parameter-
ized for the winter season, taking possible snow 
removal into account. 

Water samples were collected using an au-
tomatic Aquacell S50 stationary sampler. Au-
tomated,	fixed-interval	sampling	was	based	on	

runoff	volume,	and	a	flow-weighted	composite	
sample (consisting of subsamples of ca. 200 ml) 
represented	runoff	of	flow	conditions	from	the	
past week. The samles were collected every two 
weeks during years 2010 and 2011, along with 
the summer and autumn of 2015. Using compos-
ite samples of decreased complexity minimized 
possible interference in the analyses. The maxi-
mum volume of the collected composite sample 
was 10 liters for a week, and on average, one 
composite sample consisted of 21, 34, and 25 
subsamples in W1, W2, and W3, respectively. At 
each measuring station, the samples were stored 
in a refridgerator, collected weekly, and analyzed 
for major ions (Table 4).

3.2.3 Sample analysis protocol
Sample preparation and analyses were imple-
mented at the Geochemistry laboratory of the 
Department of Geosciences and Geography 
(University of Helsinki). Sample handling was 

W1 W2 W3

med min max med min max med min  max

Water quality (mg/l)

Na 51.3 1.9 1017.5 17.3 3.6 237.8 9.9 3.3 84

K 10 0 58.7 3.3 1.3 17.7 3.1 1.1 8.1

Ca 40 0 89.3 21.6 9.6 79.7 19.1 1.5 48.8

Mg 5.2 0 54.5 2.7 1 23.4 2.9 1.1 7

Cl 76.3 0 1714.9 22 3.7 352.8 9.6 1.5 132.4

NO3 10.7 0.1 164.6 7.1 1.9 30 5.8 1.4 18

SO4 33.2 4.4 116.7 14.5 3.9 44.9 24.4 2.1 83.4

TDS 303.6 53.7 4829 139 4 505 117.3 21.2 789

Runoff (mm/week)

Spring 19.1 0.5 43.2 11.9 0.3 27.1 7.4 0.3 22

Summer 33 0.1 67.8 20.4 0 41.2 12.4 0 25.7

Autumn 29.1 3.9 81.5 17.7 2.4 49.6 11 1.5 30.9

Winter 22.8 6.1 80.3 14 3.7 49.5 8.5 2.4 31

Table 4. Ion and total dissolved solid (TDS) concentrations and runoff (W1 = intensively urbanized; W2 = 
intermediate; W3 = low-intensity watershed). Median (med), minimum (min), and maximum (max) values are 
reported. Values are based on the 2010–2015 study period. 
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performed using ultra-clean techniques to avoid 
contamination. All samples were analyzed using 
analytical	duplicate	samples	and	certified	refer-
ence samples and samples were diluted if need-
ed. For nutrient anion and cation analyses, the 
samples	were	filtered	through	a	0.45	μm	mem-
brane	(PP)	filter	and	stored	in	a	cool	and	dark	
room until analyses. 

Anions (Cl, NO3, SO4) were analyzed using 
ion chromatography (IC) following SFS-EN ISO 
10304-1. Cation (Na, K, Ca, Mg) samples were 
stored in 0.2M HNO3 and analyzed using ion 
chromatography following SFS-EN ISO 14911. 
For total suspended solids (TSS), TDS, total ni-
trogen (TN), and total phosphorus (TP) analyses, 
1000 ml of the sample was stored in PE plastic 
bottles and frozen. TSS and TDS concentrations 
were analyzed gravimetric (ISO 872): 500 ml of 
the	water	sample	was	filtered	through	a	0.45	μm	
glass	fiber	filter	(Whatman	GF/C	47	mm)	and	
both	 the	filter	and	filtrate	were	dried	 in	a	dry-
ing oven at 105 °C in a glass decanter until the 
water evaporated. To summarize, the substanc-
es	remaining	after	filtration	and	evaporation	are	
considered TDS, and the substances remaining 
on	the	filter	is	referred	to	as	TSS.	TN	was	ana-
lyzed following SFS-EN ISO 11905-1 and TP 
following SFS-EN ISO 1189. For dissolved met-
al	concentration	analyses,	samples	were	filtered	
through	a	0.45	μm	membrane	filter	(ISO	17294-
2) and preserved in HNO3 (67% suprapure) for 
analyses.	For	 total	metal	concentrations,	unfil-
tered samples were preserved in HNO3 (67% 
suprapure). Samples were stored in the dark 
and below +4 °C, and analyzed using plasma-
mass spectroscopy (ICP-MS) complying to ISO 
17294-2. Diatom samples were boiled with hy-
drogen peroxide (30% H2O2) to remove organic 
material from the samples. Further, diatoms were 
mounted on slides using Naphrax, and scanned 
using a phrase contrast light microscope (mag-
nification	1000	×	oil	immersion	objective).	Ver-

tical transects were scanned to count and iden-
tify (to species level, when feasible) 300 frus-
tules, according to Krammet and Lange-Bertalot 
[1986–1991]. 

3.3 Watershed spatial data
Advanced GIS technologies and pre-existing 
spatial datasets were utilized in the spatial anal-
yses. Watersheds were delineated using DEM 
(spatial	resolution	2	×	2	m,	topographical	preci-
sion 0.1 m) [NLS, 2014] and the sewer network 
in ArcMap 10.2 using the Hydrology toolbox 
functions. Watersheds of the temporally com-
prehensive dataset (n = 3) were automatically 
delineated after the pipeline network was burned 
to DEM. Thus, the watersheds are topographic 
demarcations based on surface runoff paths, and 
do not take into account water pathways below 
the surface. The studied watersheds have sepa-
rate stormwater and wastewater systems with 
no open channels.

The selection of explanatory variables was 
inclusive and guided by earlier studies, expert 
knowledge, and data availability. The role of land 
cover was of particular interest, using satellite-
derived CORINE Land cover (CLC) data 2012, 
which were aggregated into four groups; hous-
ing;	traffic	and	industry;	agriculture,	and	forest.	
The	first	two	categories	were	also	combined	to	
represent the built area as a whole. In Paper I, 
soil was aggregated into two variables: miner-
al and organic soil. In Paper III, soil data were 
used	as	three	classes;	fine	sediment	soil,	coarse	
sediment soil and rock. Topography was repre-
sented by mean slope and mean radiation. Addi-
tionally, the importance of drainage density and 
watershed	shape	on	base	flow	water	quality	was	
examined (Papers I, II). Kirpich and Gravelius 
indices are useful to quantify the impacts of wa-
tershed shape on the hydrology of a watershed 
[Bárdossy and Schmidt, 2002]. Kirpich’s index, 
i.e. time of concentration, is the time required for 
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runoff	to	flow	from	the	most	distant	point	of	a	
watershed to the discharge point, and is designed 
for studies on small watersheds [Kirpich, 1940]. 
Gravelius’ compactness index is based on a wa-
tershed’s perimeter and area [Gravelius, 1914]. 
These indices were calculated using DEM and 
the channel network.

3.4 Statistical analyses
Modern statistical approaches were utilized to 
examine the multivariate linkages among large 
and complex data sets. The relationships between 
water quality and environmental variables were 
tested using parametric and non-parametric ap-
proaches and theory-driven structural equation 
modeling (SEM). As the sampled substances 
were expected to co-vary to some extent, multi-
variate statistical analyses were utilized to reveal 
aspects of these similarities. Across Papers I–IV, 
hypotheses were tested employing a combination 
of methods, thus improving results reliability. 

The temporally comprehensive data were 
aggregated to weekly, monthly and seasonal 
loads using weekly cumulative discharge data 
and concentration data. This procedure is report-
ed in more detail in Paper IV. In the spatially 
extensive dataset, the mean value of each ele-
ment across the three sampling campaigns was 
used for subsequent analyses. For concentrations 
below the limit of detection (LOD), a common 
substitution	method	[LOD/√2]	was	assigned,	as	
it produces the smallest errors compared to tra-
ditional methods of [LOD] and [LOD/2] [Hor-
nung and Reed, 1990; Ganser and Hewett, 2010]. 
Due to skewness (i.e. non-normal distribution) 
of the data, variables were transformed prior to 
statistical analyses. Diatom species counts were 
transformed to relative abundances (%) and spe-
cies richness (total number of taxa encountered 
within	the	frustules	identified).	Estimates	in	this	
thesis are solely based on the samples, however, 
actual species richness is likely to be higher when 

counting more frustules per sample [Gotelli and 
Colwell, 2001]. The calculation of diatom spe-
cies counts and IPS values in Paper II were ex-
ecuted using Omnidia 5.5 software. 

This thesis combines a total of eleven dif-
ferent statistical modeling techniques to iden-
tify the links between explanatory and response 
variables within a spatial modeling framework 
(Table 5). The spatial variation of a response 
variable was statistically associated with water-
shed physiography and water chemical condi-
tions. The techniques used included multivariate 
linear regression methods, such as linear model-
ing (LM), generalized linear modeling (GLM), 
generalized additive modeling (GAM), and lin-
ear mixed modeling (LMM). In Paper I, GAM 
was	used	with	a	stratified	model	structure,	since	
the sequential inclusion of additional explanatory 
variables in the land cover model was studied to 
examine the impacts of factors other than land 
cover on water quality. These methods are de-
scribed in detail in Papers I–IV.

Structural equation modeling methods 
(SEM) were used to quantify the direct and in-
direct effects of explanatory variables on water 
quality. This multivariate analysis tool is based on 
the	calculation	of	path	coefficients.	These	coeffi-
cients can further be divided into direct, indirect, 
net and mediating effects [Bollen, 1987; Preach-
er and Hayes, 2008]. Although the ability to test 
and estimate relationships among variables, and 
to extract causal understanding about the system, 
has made SEM a widely used method [Pugesek 
et al., 2003; Grace et al., 2010], Paper II is one 
of	the	first	studies	to	introduce	this	methodology	
to aquatic studies. 

To identify potential covariation among the 
sampled substances, multivariate statistical anal-
yses were implemented. Ordination methods of 
redundancy analysis (RDA, in Paper III) and 
non-metric multidimensional scaling (nMDS, 
in Papers II and IV) were used to reduce di-
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mensions and identify dissimilarities between 
the variables [Peres-Neto et al., 2006; Oksanen 
et al., 2016]. Compared to principal component 
analysis	(PCA),	nMDS	has	flexibility	in	the	def-
inition and conversion of dissimilarity to dis-
tance, thus preserving these relationships in low-
dimensional ordinations [Clarke and Warwick, 
2001]. Hierarchical clustering (HCA) was used 
to identify clusters among response variables, 
i.e. variables with similar variation in time (Pa-
per IV). In Paper III, an analysis of similarities 
(ANOSIM)	was	used	to	identify	significant	dif-
ferences in diatom species composition and wa-
ter quality between streams belonging to various 
land use intensity groups. Further, hierarchical 
partitioning (HP, in Papers I and IV) was used to 
investigate the relative contribution of individual 
predictors to water quality in a multivariate set-
ting [Chevan and Sutherland, 1991]. HP iden-
tifies	variables	that	are	strongly	correlated	with	
response variables in contrast to variables that 
have little independent effects despite high cor-
relations resulting from joint correlations with 

other independent variables [Hatt et al., 2004]. 
HP	calculates	goodness	of	fit	measures	for	the	
entire model structure by using all combinations 
of the independent predictors (Papers I and IV). 
Variation partitioning (VP) was used in Paper 
III to identify the independent and joint effects 
of explanatory variable groups on water quality. 
All data handling and statistical analyses were 
performed using R versions 3.0.2 and 3.2.2 [R 
Core Team, 2015].

4. Summary of 
original publications

4.1 Paper I

Paper I focuses on the cost-effective key water 
quality variables and their environmental drivers. 
A total of four parameters (electrical conductiv-
ity, dissolved oxygen, pH, and water tempera-
ture), measured in situ, were tested together with 
four groups of predictors using GAM, LMM, 
and HP. The main objective was to test the po-
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Paper Response variables Explanatory variable groups Methods R package

I EC, DO, pH, temperature
Land use, soil type, 
topography, watershed 
shape

GAM mgcv

LMM lme4, MuMIn

HP hier.part

II
Dissolved and total 
fractions of metals        
(Al, V, Cr, Mn, Fe, Cu, Pb)

Land use, soil type, water 
quality

LM

nMDS vegan

SEM lavaan

III Diatom species richness and 
community composition

Water quality, land use, 
soil type, topography, 
watershed shape

GLM

ANOSIM MASS

RDA vegan

VP MASS

IV Na, K, Ca, Mg, Cl, 
NO3, SO4, and TDS

Land use, topography, 
watershed area, time

HCA pvclust

nMDS vegan

HP hier.part

Table 5. Summary of the variables, methods and R packages used in papers I–IV. EC = electrical conductivity, DO 
= dissolved oxygen, TDS = total dissolved solids. ANOSIM = analysis of similarities, GAM = generalized additive 
model, GLM = generalized linear model, HCA = hierarchical clustering analysis, HP = hierarchical partitioning, LM 
= linear modeling, LMM = linear mixed modeling, nMDS = non-metric multidimensional scaling, RDA = redundancy 
analysis, SEM = structural equation modeling, VP = variation partitioning.



31

tential of GIS-derived spatial data for modeling 
stream water quality. Additionally, the aim was 
to test whether the spatial water quality mod-
els are improved by the inclusion of watershed 
physiography predictors to the land -over model. 
GAM was performed with a hierarchical model 
structure, where additional predictor groups were 
added to a base line (i.e. land cover) model. In 
LMM, all observations were used with sampling 
month as a random factor, to identify the poten-
tial effect of the time of year. 

Results revealed that land cover is a primary 
determinant of stream water quality along the 
studied urban-rural gradient. Despite the impor-
tance of land cover, all models improved after 
incorporating	watershed	characteristics,	reflect-
ing the effects of additional water quality deter-
minants. Additionally, temporal changes were 
observed in water quality, and sampling time 
was an important factor for DO and water tem-
perature. Models using arithmetic mean values 
performed better than models including all ob-
servations from June, August, and November. 
Furthermore, mixed models with time as a ran-
dom factor revealed the importance of sampling 
period on the results. Finally, cost-effective open 
access spatial data sets were successfully applied 
in the assessment of regional water quality. 

4.2 Paper II

Paper II examined the effects of watershed physi-
ography and stream chemistry on stream metal 
concentrations in a spatially extensive setting. 
We used SEM to explore the direct, indirect, 
and net effects of the explanatory variables on 
metal concentrations. Relationships between the 
metals and explanatory variables were also test-
ed using nMDS. 

Results	 revealed	statistically	significant	di-
rect effects from both the land cover and soil 
type predictor variables. Land cover affected the 

dissolved metals, while soil type was strongly 
linked to total metal concentrations. The domi-
nant role of soil across land use intensities was 
revealed when considering the indirect links of 
soil	via	land	use.	In	addition,	modified	landscapes	
mediated the effects of natural soil processes in 
controlling stream water metal concentrations. 
Based on these results, this paper highlighted the 
benefits	of	the	SEM	framework,	as	it	was	able	to	
identify the underlying paths for water quality, 
in comparison to traditional regression methods.

 

4.3 Paper III 

Paper III examined the effects of stream wa-
ter chemistry and watershed characteristics in 
controlling stream diatom communities. As di-
atoms integrate temporal hydrological variation 
and	 reflect	 the	 influence	of	multiple	 stressors	
on stream biota, they are widely used in envi-
ronmental studies. The applicability of IPS as a 
stream water quality indicator was tested with 
actual chemical-physical conditions across ur-
ban-rural gradients. 

Strong spatial variation was observed in the 
diatom assemblages. Sensitivity to the intensity 
of human activities was evident, as it resulted in 
more pollution-tolerant species and a decline in 
species richness. Besides watershed properties, 
the importance of stream water quality was no-
table, and their combined effects were stronger 
than the sum of their individual effects. The im-
portance of land cover, water EC, TP, and water-
shed	shape	were	notable.	Despite	these	identified	
linkages between water quality and diatom taxa, 
IPS index performance was weak and poorly re-
flected	the	chemical	conditions.	Although	signifi-
cant	diatom	richness	drivers	were	 identified,	a	
large amount of the spatial variation remained 
unexplained, suggesting that multiple factors at 
various scales control diatom community struc-
ture.  
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4.4 Paper IV

Paper IV is based on a temporally comprehensive 
data set, aiming to identify temporal variation in 
runoff and water quality in cold climate storm-
water. Urban runoff was automatically monitored 
for	five	years	to	obtain	stormwater	discharge	and	
ion concentrations. The high-resolution (1 min) 
data set included both measured and simulated 
(SWMM model) runoff, which enabled the ac-
curate load calculations for the major ions and 
TDS. Substance concentrations were related to 
explanatory variables (e.g. watershed physiogra-
phy, sampling time and runoff) using the HCA, 
nMDS, and HP models.

Consistent across seasons, urban land cover 
contributed to continuously increased ion con-
centrations and loads. Except for Na and Cl, the 
greatest loads were observed during summer, and 
the highest temporal variation in loads during 
autumn.	Significant	clustering	suggested	similar	
temporal patterns and sources of these substanc-
es. Although water quality was not linked to any 
of the investigated watershed characteristics in 
the most urbanized watershed, the importance 
of land cover and pipeline density was stressed. 
This study suggests that these ions mainly de-
rived from diffuse pollution sources, except for 
Na and Cl, which could be controlled by alter-
native winter road maintenance practices. Final-
ly, Paper IV contributed to an increased under-
standing of the temporal and spatial patterns of 
urban runoff quality, and highlights how urban 
runoff causes a chronic pollution phenomenon. 
The need for consistent time series data to moni-
tor ions in cold climatic conditions was stressed 
to enable reliable estimates of pollutant export 
to adjacent water bodies. 

5. Discussion

With extensive spatial and temporal data sets of 
stream water quality, this thesis adds to current 
scientific	knowledge	on	 the	 impacts	of	water-
shed landscapes on stream water quality across 
an urban-rural gradient. A combination of GIS-
based approaches and statistical analyses result-
ed in novel insights into the complex relation-
ships between water quality and the environment. 
For substance export, three important groups of 
factors were highlighted: anthropogenic activity 
(Papers I–IV), morphometry, i.e. fraction size 
(Paper III) and climate (Paper IV). Compared to 
rural	regions	with	more	sustainable	base	flow,	the	
strong heterogeneity in urban runoff [Schwartz 
and Smith, 2014] resulted in elevated concentra-
tions of substances in precipitation-related high 
flows	(Paper	IV) and decreased concentrations 
during	base	flow	(Paper	II, Figure 5).

5.1 Watershed as a water 
quality determinant 

5.1.1 Land cover
Results across Papers I–IV	confirm	the	dominant	
role of land cover on water quality, both spatially 
and temporally. The observed substance levels 
in Paper IV were up to 28 times higher than in 
forested sites in earlier studies [Schoonover et 
al., 2005; Fitzpatrick et al., 2007] and up to 13 
times higher than in earlier urban studies [Neal 
and Robson, 2000; Fitzpatrick et al., 2007]. The 
independent contribution of built areas was evi-
dent for EC, dissolved metals, and diatom com-
munity structure. In terms of stream water metal 
concentrations (Paper II), inverse relationships 
with urban land cover suggest a minor contribu-
tion	of	base	flow	and	larger	export	during	storm	
flow	periods	[e.g.	Tiefenthaler	et al., 2009]. This 
discrepancy in the relationships between water 
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quality and land cover can be explained by run-
off volume (Paper IV). Consequently, the contri-
bution of rural (i.e. agriculture and forest) land 
cover	was	stronger	during	base	flow,	and	urban	
land	cover	in	event	flow	conditions.	The	contri-
bution of runoff variability was evident across 
Papers I–IV, resulting in contradictory relation-
ships between watershed land cover and water 
quality. In rural watersheds, the importance of 
natural biogeochemical and hydrological pro-
cesses on water quality was highlighted during 
base	flow	(papers	I, II), while in urban regions 
pollutant export was dependent on precipitation-
related runoff (Paper IV). The direct effects of 
urbanization are accompanied by secondary ef-
fects related to water infrastructure, thus chang-
ing hydrology and its temporality [Lerner, 2002]. 

The spatially-unique water quality during 
base	flow	conditions	across	Papers	I–III high-
lighted the spatially-varying contribution of 

groundwater	inputs	in	the	base	flow.	Base	flow	
can be considered a cumulative response of the 
coupled GW-SW system, which integrates both 
hydrological changes to water balance and hy-
draulic changes in drainage [Schwartz and Smith, 
2014]. Estimates of urban recharge contributions 
are challenged by a complex land surface and 
underlying infrastructure [Lerner, 2002]. Where-
as earlier imperviousness was hypothesized to 
decrease ground water recharge, studies have 
shown	how	artificial	water	 infrastructure	con-
tributes to groundwater recharge through leak-
ages.	Thus,	base	flow	can	be	relatively	similar	as	
in less urbanized regions [Brandes et al., 2005]. 
Besides groundwater contribution and slowly re-
leasing structures such as retention ponds, base 
flow	was	usually	generated	by	anthropogenic	ac-
tivity that directly discharges water into channels 
or pipelines (Paper IV) [Liu et al., 2013]. 

In addition to erratic hydrology, the main fac-

Figure 5. The interplay between watershed land cover and soil in controlling water quality. The importance of soil 
is emphasized in regions where the masking effect of land use is minor. Urban watersheds result in larger sub-
stance exports than rural regions. 
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tors in urbanized areas that control water qual-
ity were linked to pollutant sources (Paper IV), 
resulting in high temporal variation in substance 
export. In the spatially extensive dataset (Papers 
I–III), land cover and other physiographic vari-
ables varied considerably between the water-
sheds. However, the relationships between wa-
ter quality and urban land cover were not straight 
forward, and the strength of the relationships de-
pended on land use intensity. In highly urban-
ized regions vehicles are forced to brake and 
accelerate often, which causes both vehicle and 
street abrasion. In addition, the corrosion of cer-
tain building materials result in elevated levels 
of certain substances, for example Ca and Mg 
levels in Paper IV may have derived from con-
crete building leach [Sansalone and Glenn, 2000; 
Halstead et al., 2014].

This thesis suggests that substance concen-
trations are a result of the complex mixing of 
natural and anthropogenic sources. In earlier 
studies the relationships and pathways between 
stream water quality and watershed land cover 
have been inconsistent and poorly understood 
[Sansalone et al., 1998; Tiemeyer et al., 2006; 
Das et al., 2009; Likens, 2013], yet causal un-
derstanding of the relationships will likely im-
prove our knowledge of water quality problems 
and management possibilities [Poff, 1997; Lowe 
and Likens, 2005; Arhonditsis et al., 2006]. Al-
though	previous	literature	have	identified	inte-
gral contributions of urban land cover on stream 
water quality [Allan et al., 1997; Tufford et al., 
1998; Chadwick et al., 2006], they have rarely 
identified	pathways	connecting	these	factors	to	
water quality. In urban systems spatial modeling 
is challenged by disturbances, which can be seen 
as intrinsic in these environments [e.g. Konrad 
and Booth, 2005]. 

The importance of considering highly ur-
banized watersheds as an individual group was 
emphasized (Papers III–IV). Additionally, link-

ages between water quality and land cover have 
usually been studied using more traditional wa-
ter quality variables, such as total nutrients and 
DOC [Wu and Malmström, 2015; Fraterrigo and 
Downing, 2008], which lack information con-
cerning water quality in a wider context. For 
example, Tu [2013] observed how highly urban-
ized regions resulted in stronger linkages to dis-
solved nutrients, while the relationship between 
EC and land cover was more evident in less ur-
banized sites. In areas with intensive human pres-
ence, metals are accumulated in the technosphere 
[Graedel et al., 2004] and deposited sediments. 
These increasing stocks of current and older de-
posits [Romic and Romic, 2003; Marsalek et al., 
2006] may further increase the export rates with 
urban surface runoff. The positive effects of ur-
ban land cover and imperviousness on elevated 
metal concentrations can be observed from ur-
ban stream sediments [Kuusisto-Hjort and Hjort, 
2013],	while	the	base	flow	of	urban	streams	is	
a poor indicator of land use related contamina-
tion (Paper II). 

In this thesis, consideration of the entire 
mosaic of watershed characteristics enabled the 
identification	of	significant	relationships	between	
water	quality	and	the	watershed.	Higher	traffic	
densities and especially tires and building mate-
rials were crucial urban sources of metals, such 
as Cu, Cr and Pb in Paper II [Viklander, 1998; 
Davis et al., 2001; Adachi and Tainosho, 2004; 
Apeagyei et al., 2011]. Substances, such as met-
als, have traditionally been studied from certain 
hot spots, such as road deposits, and have been 
strongly linked to land cover [Forman and Alex-
ander, 1998]. In agricultural areas, potential Cu 
sources are related to sewage sludge, agrochem-
icals, and animal manure [Stoate et al., 2001; 
Micó et al., 2006]. Pb is a challenging metal in 
the environment due to its history [Bindler et 
al., 2008]. After lead-gasoline production end-
ed in the 1990s, Pb emissions in Scandinavia 
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decreased to one tenth between 1998 and 2005 
[Hjortenkrans et al., 2007], but the legacy of old 
emissions is still present in the soil [Bindler et 
al., 2008]. As it is known for its anthropogenic 
origin [Hernandez et al.,	2003],	the	significance	
of soil in Paper II demonstrates how metals are 
stored and remobilized with time. 

Dissolved nutrients, measured as major ions, 
were present at elevated levels in urban stormwa-
ter (Paper IV).	This	is	an	interesting	finding,	as	
they have traditionally been linked to agricultural 
regions [Wayland et al.,  2003]. Elevated Na and 
Cl levels were observed in urban watersheds and 
are linked to road de-icing [Göbel et al., 2007; 
Helmreich et al., 2010]. Similarly, total nutri-
ent levels of urban runoff in Sweden have been 
linked	 to	 traffic,	 together	with	background	at-
mospheric concentrations [Wu and Malmström, 
2015]. The proportion of imperviousness has 
been widely used in water quality studies, but 
its effects on water quality are not linear. Recent 
studies have indicated that even 5–10% impervi-
ousness causes hydrological changes and poor in-
stream conditions [Walsh et al., 2012], and King 
et al. [2011] showed that approximately 80% of 
the decline in taxa occurred between 0.5 and 2% 
imperviousness. Impervious areas, such as roof-
tops, act both as sources and pathways for pol-
lutants [Van Metre and Mahler, 2003]. For water 
temperature, the effects of imperviousness were 
significantly	positive	(Paper	I).

The positive contribution of agricultural ar-
eas to metal concentrations in Paper II stems 
from two possible factors: anthropogenic pollut-
ants accumulated and mobilized from exposed 
sediments, and groundwater contribution to base 
flow	[Cey	et al., 1998]. Paper II showed how 
local hydrology strongly determines the tempo-
ral variation in water quality across the land use 
gradient. In agricultural regions, the higher input 
of	GW	contributes	to	base	flow	substance	export	
[in agreement with Allan et al., 1997; Björkvald 

et al., 2008]. Finally, these processes were high-
ly	substance-specific	(Papers	I–IV). For exam-
ple, Cu, Fe and Cd concentrations were strongly 
linked to agriculture (Paper II), and may be as-
sociated with fertilizers and fungicides applied 
in the watershed [He et al., 2004]. 

Moreover, agricultural areas had a stronger 
effect on stream water quality compared to for-
ests. The importance of forested areas in improv-
ing water quality was evident (Papers I, III). 
The negative relationship between forest area 
and EC indicates small TDS export during base 
flow,	which	has	previously	been	observed	 for	
water TSS [Pumpanen et al., 2014]. In this the-
sis, forested watersheds presented background 
water quality, and the percentage of forest cover 
is usually considered an indicator of good water 
quality [Allan et al., 1997]. These relationships 
may	derive	from	forests	that	reduce	streamflow	
and thus substance export [Jones and Post, 2004]. 

5.1.2 Watershed soil type
Although	the	soil	classifications	differed	in	Pa-
pers I–III, the importance of soil was apparent. 
The inclusion of both direct and indirect links 
further revealed the importance of soils contrib-
uting to stream water quality, especially metal 
concentrations. In Paper II, the importance of 
soil was indisputable, despite the mediating ef-
fects of land cover. For total metal concentra-
tions, the importance of soil was emphasized in 
both direct and net effects, while the dominant 
role	of	fine	sediment	soil	was	 indirect	 for	 the	
dissoled fractions. In Paper III, the primary im-
portance of land cover (axis 1, RDA analysis) 
was followed by the importance of soil (axis 2). 
Watershed surface perviousness increases the im-
portance of soil properties on hydrology, which 
means that soil is an integral factor in maintaining 
runoff	during	base	flow	conditions.	Sustainable	
and	continuous	streamflow	ensures	the	transpor-
tation of nutrients to aquatic ecosystems, com-
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pared to urban systems with highly unexpected 
variability	in	concentrations.	Significant	linkages	
with total metals indicate the contribution of GW 
and	subsurface	flow	to	base	flow,	and	the	influ-
ence of human activities on soil concentrations 
[Sheppard et al., 2009]. The large proportion of 
dissolved concentrations in total metal concen-
trations highlights how dissolved substances are 
very mobile and can be transported even dur-
ing	low	flow	[Eganhouse	and	Sherblom,	2001;	
Mitchell, 2005].

The importance of soil stems from it acting 
as both a storage for and a source of substanc-
es [Brunke and Gonser, 1997]. These sediments 
contribute	to	significant	metal	exports	from	ur-
ban areas [Borris et al., 2016]. The soil process-
es depend on soil particle size and permeability, 
regulating	the	flow	path	between	watershed	and	
stream [Brunke and Gonser, 1997; Keese et al., 
2005; Varanka et al., 2015]. More permeable soil 
provides a buffer to the watershed in response to 
climate variability [Sawicz et al., 2011]. In more 
rural streams, dissolved metal levels are strongly 
mediated by biogeochemistry such as weather-
ing processes and seasonality [Pokrovsky and 
Schott, 2002]. Additionally, smaller particles typ-
ically contain higher concentrations of metals 
[Viklander, 1998]. Soil erosion involves com-
plex and heterogeneous hydrological processes, 
which may be challenging to model [Zhang et 
al., 1996]. Cr and Cl levels are elevated in sand- 
and gravel-dominated regions, and Cu is usu-
ally linked to regions with till [Hatakka et al., 
2009]. In more rural regions, trace metal concen-
trations are associated with their accumulation 
in the soil [He et al., 2004], which may be the 
reason	for	significant	relationships	of	Cu,	Zn,	Fe,	
and Cd with agricultural areas in Paper II. In He 
et al. [2004], the importance of water-soil inter-
actions was emphasized in the relationships of 
metal concentrations in water and the soil. Total 
concentrations of Fe and Mn have been linked 

to	fine	sediment	soil	under	both	spring	melt	and	
base	flow	conditions	[Björkvald	et al., 2008].

Under	base	flow	conditions,	 stream	water	
acidity is strongly controlled by bedrock and the 
soil content of weatherable minerals and material 
[Thomas et al., 1999]. Dissolved metal concen-
trations are strongly linked to bedrock and soil 
type, for example Fe, Al, and Mn have been 
linked to granitic bedrock and peat soil [Pok-
rovsky and Schott, 2002]. Although earlier stud-
ies	have	identified	significant	relationships	be-
tween water quality and bedrock [Thomas et al., 
1999],	such	relationships	remained	insignificant	
in the spatially extensive data set of this thesis. 
This may be because of a relatively narrow spa-
tial domain and invariability in the bedrock in 
this study. 

5.1.3 Watershed topography and shape
In Papers I and III the importance of watershed 
topography and shape on water quality was al-
so	compared	to	land	cover,	but	significant	links	
to	DO	and	water	 temperature	were	 identified.	
Despite modest variation in pH, linkage to wa-
tershed topography was observed [in agreement 
with Varanka et al., 2015], suggesting the ef-
fects	of	ground	water	 infiltration	rates	and	 in-
tensified	erosion	 in	areas	of	steep	 topography.	
The importance of drainage density on water 
temperature was apparent, indicating how dense 
networks collect surface runoff from impervious 
areas that are heated by both solar radiation and 
anthropogenic heat. 

Topography controls the hydraulic gradient 
and	thus	mediates	the	watershed	streamflow	re-
sponse. Further, topography contributes to wa-
ter	quality	by	controlling	 the	 subsurface	flow	
contribution [Klaus and McDonnell, 2013]. De-
spite strong relationships, these issues have to 
be discussed critically in regions with anthro-
pogenic disturbance. For example, Uuemaa et 
al.	[2005]	observed	significant	linkages	between	
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water quality (COD, TN) and watershed shape, 
but as the shape index strongly correlated with 
land cover, the relationship was considered un-
usable for the study. Although connectivity, i.e. 
channel density, is often considered an essential 
material route for ecosystem processes, it also 
facilitates the transport of unwanted substances 
such as anthropogenic pollutants [Kondolf et al., 
2006; Nilsson and Renöfält, 2008]. The main 
in-stream processes governing water quality are 
linked to their transport, retention, and process-
ing, e.g. decomposition. Further, these processes 
are affected by factors such as water temperature 
and seasonality [Nilsson and Renöfält, 2008].

5.1.4 Interrelationships in water quality
In this thesis, spatial variation in pH was modest 
and therefore failed to explain the concentrations 
of	streamflow	in	Paper	II [Borris et al., 2016; 
cf. Cory et al., 2006]. The relationship between 
water	temperature	and	DO	was	insignificant	in	
Paper I, while earlier studies have been reported 
it as both negative [Whitney et al., 2007; Allan 
and Castillo 2007] and positive [Matthews and 
Berg, 1997]. Interestingly, the fractionation of 
metals	under	base	flow	conditions	 in	Paper	II 
indicated how the proportion of dissolved frac-
tions was metal-dependent. For example, 91% 
of Mn was in dissolved phase, whereas Al (5%), 
Pb (13%), and Fe (18%) were mainly associated 
with particulate matter. Paper IV further speci-
fied	how	dissolved	fractions	are	easily	mobilized,	
resulting in elevated export rates in more urban-
ized watersheds. Earlier studies have shown how 
urban land cover was negatively linked to total 
Fe and positively linked to dissolved Fe concen-
trations, while these relationships were reversed 
for Cu [Lenat and Crawford, 1994].

Some water quality parameters are important 
in providing information concerning overall wa-
ter quality. Although pH is a widely used water 
quality indicator, its effects on other parameters 

remained weak in this study setting. The im-
portance of water pH in chemical water quality 
would have been observed in more acidic wa-
ters. Earlier studies have observed how pH < 5 
causes highest release rates of accumulated met-
als [Das et al., 2009; Li et al., 2013]. 

5.2 Environmental variables 
controlling  diatom communities

This thesis contributes by increasing the knowl-
edge of diatom distribution patterns in boreal 
streams, information that has been relatively 
scarce [Soininen et al., 2004]. Spatial variabil-
ity of species richness was notable, from four to 
67 species per watershed (Paper III). Diatoms 
were clearly sensitive to human activities, as ur-
ban land cover resulted in more pollution-tolerant 
species and declines in species richness (ca. 21 
species). The proportion of forest area covaried 
positively with species richness, resulting in high 
numbers of species (ca. 43). The positive effects 
of the Kirpich index (i.e. watershed time of con-
centration) possibly derive from dense networks 
transporting increased pollutant loads. The most 
widely distributed species, Achnantes minutissi-
ma, was present at all sites, and thus cannot be 
used as a water quality indicator. The highest 
species abundance was observed for Navicula 
taxa, which were abundant in urbanized water-
sheds.	Although	significant	linkages	between	di-
atom assemblage and stream water quality were 
observed,	IPS	failed	in	reflecting	stream	chemi-
cal	conditions	[in	agreement	with	Jüttner	et al., 
2012]. This might be due to two possible reasons; 
firstly,	the	index	was	originally	developed	using	
French data, and secondly, as the dataset covers 
the entire urban-rural gradient, the index’s per-
formance may suffer from this diversity. 

Besides watershed properties, the importance 
of stream water quality on diatom assemblages 
was notable. It should be observed that water-
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shed characteristics and water quality togeth-
er explained diatom community structure bet-
ter (35% to 49%) than their individual effects 
combined (3% and 9%, respectively). In terms 
of water quality, EC and TP were key factors 
in species-rich diatom communities. Variables 
with the strongest contribution to a decline in 
richness were pH, water temperature, Fe, and 
Zn. These results indicate how pollutant export 
from anthropogenic sources causes a decline in 
species diversity, and how the consequences are 
chronic. Results from Paper III clearly indicate 
how stream diatom assemblages respond to hu-
man activities, and thus have a strong capacity in 
reflecting	urban	stressors.	The	substantial	decline	
in species richness, leading to the extirpation of 
sensitive species and the adaptation of tolerant 
species due to urbanization has previously been 
observed	 in	Europe	 [Jüttner	et al., 2003; Vir-
tanen and Soininen, 2012], North America [Win-
ter and Duthie, 2000; Walker and Pan, 2006] and 
Australia [Sonneman et al., 2001; Newall and 
Walsh, 2005], with a dominant role of human 
activity and watershed imperviousness [Walsh 
et al., 2005a]. Similar patterns in communities 
have been observed across the food chain, from 
macroinvertebrates to amphibians [Riley et al., 
2005],	fish	[Lenat	and	Crawford,	1994;	Wang	
et al., 2001] and birds [McKinney, 2008]. An 
important factor in modifying community struc-
ture is watershed imperviousness, resulting in 
highly variable urban runoff [Wang et al., 2001; 
Riley et al., 2005]. As community composition 
changes, non-native species establish [McKin-
ney, 2006]. This loss of diversity will affect eco-
system functioning and their ability to produce 
ecosystem services [Hooper et al., 2005; Cardi-
nale et al., 2012]. 

The	significance	of	EC	on	diatoms	may	de-
rive	from	the	fact	that	EC	strongly	reflects	land	
use intensity (Paper III) and acts as a proxy of ur-
ban land cover effects (Paper I). Key water quali-

ty drivers of community composition have usual-
ly been linked to pH, TN, TP ,and EC [Hirst et al., 
2002; Soininen et al., 2004; 2016; Virtanen and 
Soininen, 2012]. Relationships between diatom 
richness and water quality vary seasonally, and 
are strongest during summer time [Winter and 
Duthie, 2000; Soininen et al., 2016]. Although 
significant	diatom	richness	drivers	were	identi-
fied	in	this	summer-time	study,	a	large	amount	
of the spatial variation remained unexplained, 
indicating that diatom community structure is 
controlled by multiple factors at various scales.  

5.3 Multiscale temporal variation 
in runoff and water quality

Paper IV raises two important issues regarding 
major ion export from urbanized watersheds: 
first,	notable	amounts	of	substances	traditional-
ly linked to agriculture were observed in storm-
water, and second, the temporal variation in water 
quality was considerable across substances. De-
spite	this	substantial	temporal	fluctuation,	con-
tinuously high exports from watersheds sug-
gest chronic water quality problems. Addition-
ally, 5-year monitoring revealed that urban wa-
tersheds	experienced	weak	spring	flooding	only.	
This	finding	is	important,	as	spring	flooding	is	
traditionally the major hydrological event in cold 
climatic regions, causing high pollutant export 
[e.g. Laudon et al., 2004; Stewart et al., 2004]. 
Moreover, differences in water quality between 
the	 three	urban	watersheds	were	significant	 in	
all cases, except for K concentrations between 
watersheds W2 and W3.

5.3.1 Runoff
Based on the results, urban hydrology can be di-
vided	into	two	phases:	firstly,	during	warm	pe-
riods cumulative runoff increases, as impervi-
ousness and lack of vegetation decrease evapo-
transpiration	and	 infiltration.	Secondly,	during	
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cold seasons with decreased runoff and snow 
removal, ion export was strongly mediated by 
concentrations, whereas outside cold season run-
off strongly determines the loads. Results high-
light the importance of season and weather on 
runoff volume, and indicate how urban regions 
experience	both	high	flows	and	drought	peri-
ods [in agreement with Brandes et al., 2005]. 
Additionally,	flashy	runoff,	typical	of	urbanized	
watersheds, results in larger, even extreme pol-
lutant export (as in watershed W1) compared 
to more natural systems. Additionally, the tem-
porally comprehensive study design (Paper IV) 
highlighted how melting occurs as several small 
events in urban areas, resulting in small or no 
peaks in spring compared to rural regions, where 
hydrology is strongly mediated by spring thaw 
(freshet) [Laudon et al., 2004]. Early urban melt-
ing is caused by anthropogenic heat and low-
er albedo in urban snow [Ho and Valeo, 2005]. 
Overall, urban runoff was notable across seasons, 
which means that the importance of the grow-
ing season or vegetation in urban runoff is minor 
compared to rural regions [e.g. Karlsen et al., 
2016]. In cold climatic regions, the importance 
of anthropogenic land cover is stressed during 
summer and fall, while during winter and spring 
the frozen ground acts as a near-impervious sur-
face, thus homogenizing the effect of surface im-
perviousness [Ho and Valeo, 2005]. The effects 
of land cover changes on high summer runoff 
have previously been detected in North Ameri-
ca [Wang and Cai, 2010] and Sweden [Bogaart 
et al., 2016].

5.3.2 Water quality
Temporal variation in water quality was evident 
throughout the studies performed in this thesis. 
The inclusion of sampling time in the spatial-
ly comprehensive data set further improved the 
models (Paper I), while using data of all the ob-
servations instead of mean values only made the 

models perform poorly. This may be related to 
variation in local inputs during each sampling 
event, together with seasonality [Pucket and 
Bricker, 1992]. In Paper IV, major ions were 
easily	mobilized	even	during	base	flow	condi-
tions. The inclusion of temporal variation in ur-
ban water quality models further strengthened 
the conclusion that urban areas produce sub-
stance export even during smaller runoffs. Ur-
banization increased pollutant export, particu-
larly during summer, because these areas lack 
nutrient uptake mechanisms and groundwater re-
charge retaining substances. This indicates how 
urbanization	shifts	pollutant	export	to	high-flow	
conditions.	The	importance	of	traffic	on	Na	and	
Cl concentrations was emphasized. In winter, 
Na, and Cl strongly contributed to overall TDS 
concentrations, suggesting that TDS, Na and Cl 
export could be controlled by alternative road 
maintenance measures. Similarly, NO3 concen-
trations were strongly seasonal, with elevated 
concentrations in winter and spring [in agreement 
with Johnson et al., 1997a; Pionke et al., 1999], 
suggesting decreased biological activity [Creed 
and Band, 1998]. Overall, results highlight how 
intensively urbanized areas produce year-round 
high pollutant loads, indicating chronic effects 
on receiving systems [Harremoës, 1988; Moldan 
and Cerný, 1994; Anderson et al., 2002].

In comparison, the majority of runoff in Finn-
ish rural areas is produced outside the growing 
season, integrally contributing to substance ex-
port [Semádeni-Davies and Bengtsson, 1999; 
Sillanpää, 2013]. Despite this, relationships be-
tween water quality and runoff have been contra-
dictory [e.g. Lee and Bang, 2000; Taylor et al., 
2005]. Continuously elevated concentrations in 
cold climate urban runoff have previously been 
observed in total nutrients, TSS, and metals [Sil-
lanpää, 2013; Valtanen et al., 2014]. Possible ur-
ban point sources display both spatial and tempo-
ral variation and together with seasonally varying 



40

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A48

performances	of	denitrification	processes,	water	
quality is characterized by considerable varia-
tion [in agreement with Groffman et al., 2002; 
Taylor et al.,	2005].	In	Alaska,	spring	flow	re-
sulted in three to 25 times higher metal concen-
trations, and was evident in dissolved concen-
trations [Rember and Trefry, 2004; Holemann 
et al., 2005].

5.4 Methodological development 

5.4.1 Optimal sampling
Results suggest how grab (snapshot) sampling 
enables	 the	 identification	of	spatial	patterns	 in	
water quality, even with a relatively small amount 
of observations. Results also indicate how meth-
od to be more reliable in streams with more con-
stant	base	flow	[as	in	Grayson	et al., 1997], while 
it may not be optimal for highly urbanized re-
gions. Although sampling was performed under 
base	flow	conditions,	summer-time	convective	
rainfall events can be very local [e.g. Niemi et 
al., 2017], and may have impacted certain sam-
ples. Sudden temporal variation in water quality 
was controlled by sampling each watershed three 
times. Results suggest that temporal variability 
in the observed water chemistry may limit the 
usefulness of one-time synoptic sampling in spa-
tial modeling, thus the use of mean values based 
on several sampling events is highly encouraged. 
Additionally, the inclusion of diatom communi-
ties further integrated temporal variation [Gergel 
et al., 2002]. The samples were collected during 
daytime, as time of day can affect the data. Under 
conditions	of	 low	flow	and	clear	skies,	photo-
synthesis can increase water pH and decline Ca 
and EC, while night-time sampling may result in 
opposite effects [Hayashi et al., 2012]. As an ex-
ample, DO and pH increased during wet-weather 
conditions, while EC decreased [Lawler et al., 
2006], and the precipitation-related changes in 
runoff are highlighted in small watersheds [Lee 

et al., 2002]. 
In hydrogeographical research, like in most 

sciences, research design and sampling proto-
col need careful consideration. Errors resulting 
from erroneous sampling can result in false con-
clusions, and the duration and quality of data 
are of particular importance for valid statisti-
cal analyses [Braud et al., 2013]. In this thesis, 
special attention was paid to the spatial scales 
of watersheds, sampling timing and frequency, 
and to parameters indicating water quality. The 
spatial analyses were performed with data that 
were obtained under optimized circumstances 
and thus represent certain environmental condi-
tions: a spatially comprehensive dataset cover-
ing	an	environmental	gradient	during	base	flow	
conditions, and a temporally comprehensive da-
taset covering temporal and runoff variation in 
urbanized watersheds. As substance concentra-
tions can display strong temporal variation at sev-
eral orders of magnitude [e.g. Vega et al., 1998; 
Gergel et al., 2002], covering the range of runoff 
conditions in temporal studies is crucial. As the 
data sets excluded any possible effects of ante-
cedent dry periods and chemical processes, the 
models may have lacked important information 
concerning biogeochemical processes contribut-
ing to water quality. 

5.4.2 Spatial modeling in 
water quality studies

The spatial modeling framework proved to be 
an important tool in hydrogeography. This the-
sis provides a shift from traditional descriptive 
research to more integrated understanding of the 
processes controlling water quality. Water quality 
has traditionally been studied to measure quality 
and its consequences in the environment, while 
the modern approach utilized in this thesis pro-
vides modeling methods that link spatio-tempo-
ral water quality variation to environmental het-
erogeneity. 
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Despite the acknowledged challenges in wa-
ter quality modeling in anthropogenically modi-
fied	environments	[e.g.	Zhang	et al., 1996; Hart-
vigsen et al., 1998; Groffman et al., 2006] and 
gaps	in	our	knowledge	of	subsurface	flow	phe-
nomena [Boulton et al., 1998; Sophocleous, 
2002], the modeling methods used in this the-
sis provided important insights into both the pro-
cesses controlling water quality, and methods for 
studying them. The multivariate statistical ap-
proach	enabled	the	identification	of	absolute	and	
relative effects of the landscape and environmen-
tal factors in controlling stream water quality. Ad-
ditionally, combining several methods strength-
ened the reliability of results. For example, the 
nMDS	and	HCA	methods	identified	structures	
and interrelationships of the data, which may 
support model structure design in further analy-
ses. This thesis indicates how stream water qual-
ity is a result of multiple concurrent processes 
of	identified	factors	together	with	the	effects	of	
additional factors, such as weather. 

For key water quality parameters, the pre-
dictors were studied both individually and in 
a	stratified	model	structure,	 revealing	how	the	
models were sensitive to the order in which the 
explanatory variables were added to the base line 
(land cover) model. As expected, explained de-
viance covaried positively with the number of 
explanatory variables, but improvements in pre-
dictive power were case-sensitive. Additionally, 
the spatial models were run with two data sets: 
one with all the observed values (n = 249) and 
one with arithmetic mean values (n = 83) based 
on three sampling rounds. Unexpectedly, the in-
creased number of observations decreased model 
performance. The use of arithmetic means al-
lowed us to investigate general spatial trends in 
water quality while high temporal variation in 
the data hindered the discovery of relationships. 
Furthermore,	SEM	enabled	the	identification	of	
many potential pathways, and the consideration 

of indirect and net effects further strengthened 
our understanding of the underlying links and 
masking effects of the explanatory variables. The 
results emphasized the highly varying drivers 
across land use intensity on a watershed scale. 
In urban areas, the substance export is centered 
on	high	flows	with	high	event	water	contribu-
tion [in agreement with Klaus and McDonnell, 
2013],	whereas	in	rural	areas	the	base	flow	has	
a	significant	contribution	of	GW	and	subsurface	
flow,	resulting	in	elevated	substance	concentra-
tions in stream water. Sealed surfaces in urban 
regions prevent GW-SW interactions and thus 
change the local hydrological cycle. Results in-
terestingly revealed new insights into the inter-
play between soil and land cover in controlling 
stream metal concentrations. 

The spatially variable data enabled us to ex-
amine the relationships between water quality 
and landscape factors. As all streams had cir-
cumneutral pH values, the modeling of spatial 
variability was poor, and thus pH was not con-
trolled by the factors examined. In earlier studies 
the spatial variability of pH has been largest dur-
ing	base	flow	[Buffam	et al., 2007]. Additionally, 
as Cd, Cr, Ni, and Pb levels were mainly below 
LOD, they lacked spatial variability information 
and were impossible to model. Another impor-
tant factor in water quality modeling is watershed 
size, with this thesis focusing on watersheds of 
intermediate size. With watersheds of this size, it 
was possible to examine the effects of environ-
mental and landscape factors on water quality, 
compared to traditional approaches of examining 
very small subcatchments, such as road sides or 
parking areas [Westerlund and Viklander, 2006; 
Borris et al., 2016]. As each watershed is an in-
dependent unit and relationships were examined 
at the watershed scale, management practices 
aiming to improve water quality can be imple-
mented at this same scale [Lawler et al., 2006]. 
Additionally,	pollutant	sources	can	be	identified	
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by studying headwater systems. 
In this thesis, several open datasets of spatial 

data were used to test whether stream water qual-
ity can be modeled using open GIS data sets. This 
thesis shows that even relatively coarse spatial 
databases	with	a	non-hydrological	classification	
can provide useful descriptors of regional water 
quality. Although CLC data are not produced 
for hydrological purposes, our CLC-derived land 
cover	classification	was	significantly	 linked	 to	
water quality (Papers I–III). This criticism to-
wards a lack of spatial resolution has often been 
discussed in spatial studies, as effects are scale-
dependent [Allan et al., 1997]. For example, in 
Uuemaa et al. [2005] the produced models per-
formed better with CLC (spatial resolution 1:100 
000) compared to more traditional national base 
maps (spatial resolution 1:10 000), with optimal 
classification	having	an	overriding	effect	rather	
than spatial resolution. 

Although the data used were successfully 
linked to water quality across the gradients of 
land cover and time, prominent proportions of 
water quality variation remained unexplained. 
Each land cover class represents a variety of ac-
tivities [Kuusisto-Hjort and Hjort, 2013], poten-
tial accumulation locations, and hydrogeochem-
ical processes, and the limited data availability 
may	hinder	the	identification	of	effects.	More-
over, the data used did not take into account fac-
tors,	such	as	traffic	intensity,	vehicle	type,	local	
maintenance, or sudden anthropogenic activities 
such as street washing. In Paper IV the close 
location	of	a	road	with	high	traffic	volumes	in	
W1 may have contributed to elevated substance 
export. 

Substances stem from both point and non-
point sources [Chadwick et al., 2006; Sheppard 
et al., 2009], and their effects on water quality 
may depend on their location within the water-
shed [Nilsson and Renöfält, 2008]. Additional-
ly, taking into account stream buffer area would 

have resulted in additional information concern-
ing the importance of location on stream water 
quality [e.g. Allan et al., 1997; Tufford et al., 
1998]. Conversely, taking into account the buf-
fer zone only could lead to misinterpretations of 
the relationships, as these buffer zones are often 
designed to maintain water quality. For example, 
reforested strips along channel boundaries re-
sult in a decrease in nutrient concentrations [e.g. 
Newbold et al., 2010]. Special attention needs 
to be paid to local processes and pathway iden-
tification.	As	an	example,	the	importance	of	soil	
on water quality may have further been empha-
sized by the inclusion of SW-GW interactions 
and stable isotope sampling [e.g. Korkka-Nie-
mi et al., 2012]. Although the modeling of pro-
cesses in the environment by utilizing statistical 
approaches and mathematical representation is 
criticized because of the uncertainties in under-
standing these processes [e.g. Zhang et al., 1996], 
statistical methods utilized in this thesis produced 
valuable information of these relationships. 

5.5 Future perspectives

5.5.1 Watershed management
Watershed properties indicating the level of hu-
man disturbance can be used as a measure of 
stream water quality and its temporal variation. 
Conversely, observed stream water quality rep-
resents combined signals of land cover, soil, 
watershed physiography, and seasonality. Ob-
served water quality in the urbanized Helsin-
ki region suggests chronic impacts to receiving 
systems.	Aquatic	community	is	the	first	element	
affected changes in stream water quality [Ector 
and Rimet, 2005]. Elevated substance exports 
may cause intertwined ecosystem changes re-
lated to eutrophication [Hayashi and Rosenber-
ry, 2002], productivity [Newcombie and Jensen, 
1996], community composition [Soininen et al., 
2004], and overall hyperfragmentation [Trombu-
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lak and Frissell, 2000]. 
This thesis has produced new information 

concerning the local urban hydrology, aiming to 
support practitioners in adopting new stormwater 
management practices. Knowledge of the spatial 
variation in water quality from areas represent-
ing various land use intensities is a prerequisite 
for assessing watershed management practices 
to overcome the negative impacts of urban run-
off pollution [Paul and Meyer, 2001; Kuusisto-
Hjort and Hjort, 2013]. In contrast to environ-
mental drivers controlling water quality, the in-
terrelationships among water quality parameters 
are key information in watershed ecology. Espe-
cially the inclusion of dissolved organic carbon 
(DOC) would have resulted in more information 
concerning spatial variation in water quality. The 
inclusion of DOC may have heightened the im-
portance	of	soil	and	subsurface	flow	in	control-
ling water quality [Boyer et al., 1997; Laudon 
et al., 2004]. Additionally, information concern-
ing DOC in small watersheds gives a reliable 
estimation of the total carbon pool [Aitkenhead 
et al., 1999]. In addition, the importance of pH 
was masked by circumneutral values, and thus 
a larger geographical domain would produce 
more information about the importance of pH 
and physiographic factors, such as bedrock, on 
water quality. From a spatial modeling perspec-
tive, the physically-based models should be im-
proved to be more applicable with limited em-
pirical water quality data. These models lack the 
ability to take into account the large variation 
among watersheds  and the contributing factors 
on water quality.

Hitherto, the restoration of urban streams has 
been hampered by limited knowledge of how 
abiotic and biotic drivers control water quality 
and ecosystem processes [Walsh et al., 2012; 
Woodward et al., 2012]. As local planning aims 
to effectively drain surface waters, which are in-
tentionally discharged untreated into receiving 

waters, low impact development (LID) manage-
ment practices aim to mimic natural hydrology 
and to treat and reduce runoff in the watershed 
[Dietz, 2007]. An increase in pervious and green 
areas would decrease runoff volume in response 
to a storm event [Allan et al., 1997]. As urban 
runoff generates seasonally continuous substance 
export, management techniques should also cov-
er cold seasons, despite the challenges in biologi-
cal and physical processes [Oberts et al., 2000]. 
Identifying the distribution of substance particle 
size is of high importance for management plan-
ning practices. This thesis demonstrates how cur-
rent urban runoff management results in a loss-
loss situation, as water and substance resources 
are lost with discharge and cause environmen-
tal problems in the receiving systems. Surface 
waters should be regarded as a resource and 
an opportunity, instead of a nuisance [Walsh et 
al., 2012; Fletcher et al., 2013], and restoration 
should	aim	at	preventing	substance	influxes	to	
streams [Wood and Armitage, 1997].

The observed elevated levels of Cl are a 
matter of concern, as Cl increases metal mo-
bilization, salinization, and overall toxic effects 
in aquatic systems [Warren and Zimmerman, 
1994; Trombulak and Frissell, 2000; Novotny 
et al., 2009]. Water quality is improved directly 
and indirectly by controlling de-icing practices. 
Priority attention should be paid to controlling 
both runoff and substance sources. Connectiv-
ity decreases and pervious areas increases with 
a low-impact design [Hatt et al., 2004], resulting 
in more natural-like runoff. Discontinuity is es-
pecially important in watersheds with high pro-
portions of imperviousness [Holman-Dodds et 
al., 2003; Kondolf et al., 2006; Schwartz and 
Smith, 2014]. Information on runoff variation, 
especially in urban regions, is crucial for risk 
and vulnerability analyses [Apel et al., 2009]. 
Conflicts	among	various	 interest	groups	could	
be overcome by improving risk communication 
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and perception, and public willingness to fund 
projects on ecological restoration [Novotny et 
al., 2001]. Besides monetary valuation, careful 
attention should be paid to understanding insti-
tutional barriers and disparity between percep-
tions	of	the	public	and	the	scientific	community	
[Calder, 2002]. 

5.5.2 Climate change context
Stream water quality modeling is further chal-

lenged by the uncertainties of climate change, 
imposing requirements for effective stormwater 
systems that are adaptive and resilient to sudden 
and extreme climatic changes [Fletcher et al., 
2013]. Even during short time spans, the effects 
of climate change can be observed from Finn-
ish climate data [Aalto et al., 2016], and as air 
temperature is the main driver of stream water 
temperature [Rice and Jastram, 2015], this infor-
mation is highly important. In regions dominated 
by snowmelt hydrology, the projected increase in 
temperature and precipitation will result in lack 
of	frost,	will	induce	peak	flows,	and	increase	run-
off throughout winter [Adam et al., 2009; Wilson 
et al., 2010; Madsen et al., 2014]. This earlier 
spring	peak	flow	has	already	been	observed	in	a	
number of cases in Europe and North America 
[Stewart et al., 2004; Korhonen and Kuusisto, 
2010].	In	addition	heavy	rains	and	flood	events	
are projected to increase in frequency in south-
ern Finland during the next century [Veijalainen 
et al., 2010], which will affect the mobility of 
pollutants and in-stream chemistry [Whitehead et 
al., 2009] and their seasonal distribution [Wu and 
Malmström, 2015]. With elevated temperatures, 
processes e.g. decomposition and biological ac-
tivity will change together with soil properties 
[Davidson and Janssens, 2006]. Especially the 
interaction of climate change and urban devel-
opment is expected to cause loss in headwater 
stream ecosystem structure and services, result-
ing in more costly consequences than climate 

change alone [Nelson et al., 2009].
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6. Conclusions

In this thesis, unique empirical data sets of a va-
riety of substances in headwater streams were 
analyzed to identify their spatio-temporal varia-
tion in a cold climate region. By using a com-
bination of GIS-based approaches and statisti-
cal modeling, this thesis produced new results 
concerning the importance of the complicated 
relationships between stream water quality and 
watershed physiography. The hybrid approach, 
combining spatial and temporal analyses, con-
tributes to our improved understanding of the 
sensitivity in water quality. Thus, these results 
provide important insights  to decision-making 
and local management practices.

The following major conclusions can be 
drawn from this thesis:

1. High-resolution spatio-temporal water qual-
ity data revealed remarkable variation in 
multiple substances. 

2. The importance of land cover on water qual-
ity was highlighted throughout the thesis. 
Built area controlled the water quality both 
directly and indirectly by mediating the ef-
fects of soil. However, the consideration of 
net effects revealed the primary importance 
of	soil	on	base	flow	water	quality.	

3. From a temporal perspective, urbanized ar-
eas are characterized by heterogeneous run-
off and pollutant loads. This substance ex-
port is controlled by both runoff volume 
(during summer) and pollutant sources (dur-
ing winter). 

4. Compared to rural areas, high pollutant lev-
els associated with urban land cover contrib-
ute to decreased diatom community richness 
and presence of tolerant species. 

5. Due to the dominant role of diffuse pollu-
tion and chronic pollutant phenomenon in 
urban regions, year-round runoff treatment 
is highly recommended. 

6.	 This	work	confirms	the	applicability	of	spa-
tial modeling framework for identifying key 
local phenomena in contemporary hydrol-
ogy.

 



46

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A48

References
Aalto J, Pirinen P. Jylhä K. (2016). New gridded daily 

climatology of Finland: Permutation-based uncer-
tainty estimates and temporal trends in climate. 
J Geophys Res: Atmospheres 121: 3807-2823. 

Adachi K, Tainosho Y. (2004). Characterization of 
heavy metal particles embedded in tire dust. En-
viron Int. 30(8): 1009–1017.

Adam JC, Hamlet AF, Lettenmaier DP. (2009). Im-
plications of global climate change for snowmelt 
hydrology	in	the	twenty-first	century.	Hydrol Pro-
cess. 23(7): 962-972.

Aitkenhead JA, Hope D, Billett MF (1999) The re-
lationship between dissolved organic carbon in 
streamwater and soil organic carbon pools at dif-
ferent spatial scales. Hydrol Process 13:1289–
1302.

Akkoyunlu A, Akiner ME. (2012). Pollution evalu-
ation in streams using water quality indices: A 
case study from Turkey’s Sapanca Lake Basin. 
Ecological Indicators 18: 501-511. 

Alberti M. (2008). Advances in urban ecology. Inte-
grating humans and ecological processes in urban 
ecosystems. Springer Science+Business Media: 
New York, 366.

Allan JD. (2004). Landscapes and riverscapes: The 
influence	of	land	use	on	stream	ecosystems.	Annu 
Rev Ecol Evol Syst. 35: 257-84.

Allan	JD,	Erickons	DL,	Fay	J.	(1997).	The	influence	of	
catchment land use on stream integrity across mul-
tiple spatial scales. Freshwater Biol. 37: 149-161. 

Allan JD, Castillo MM. (2007). Stream Ecology: 
Structure and Function of Running Waters. 2nd 
ed. Springer, Dordrecht, Netherlands.

Allen AG, Nemitz E, Shi JP, Harrison RM, Green-
wood JC. (2001). Size distributions of trace metals 
in atmospheric aerosols in the United Kingdom. 
Atmos. Environ. 35(27): 4581–4591.

Allen MR, Ingram WJ. (2002). Constraints on future 
changes in climate and the hydrologic cycle. Na-
ture 419: 224-232.

Anderson DM, Glibert PM, Burkholder JM. (2002). 
Harmful algal blooms and eutrophication: nutrient 
sources, composition, and consequences. Estuar-
ies 25(4):704-726.

Apeagyei E, Bank MS, Spengler JD. (2011). Distribu-
tion of heavy metals in road dust along an urban-
rural gradient in Massachusetts. Atmos Environ. 
45(13): 2310–2323.

Apel H, Aronica GT, Kreibich H, Thieken AH. (2009). 
Flood risk analyses - how detailed do we need to 
be? Nat Hazards 49: 79-98.

Arhonditsis GB, Stow CA, Steinberg LJ, Kenney MA, 
Lathrop RC, McBride SJ, Reckhow KH. (2006). 
Exploring ecological patterns with structural equa-
tion modeling and Bayesian analysis. Ecol Modell. 
192: 385–409.

Arnold JG, Allen PM. (1999). Automated methods for 
estimating	baseflow	and	ground	water	 recharge	
from	streamflow	records.	J Am Water Resour As. 
35(2): 411-424.

Atkinson CA, Jolley DF, Simpson SL. (2007). Effect 
of overlying water pH, dissolved oxygen, salinity 
and sediment disturbances on metal release and 
sequestration from metal contaminated marine 
sediments. Chemosphere 69(9): 1428–1437.

Baker AR, Kelly SD, Biswas KF, Witt M, Jickells TD. 
(2003). Atmospheric deposition of nutrients to the 
Atlantic Ocean. Geophys. Res. Lett. 30(24): 2296.

Baker MA, Valett HM, Dahm CN. (2000). Organ-
ic carbon supply and metabolism in a shallow 
groundwater ecosystem. Ecology 81: 3133-3148. 

Bárdossy A. Schmidt F. (2002). GIS approach to scale 
issues of perimeter-based shape indices for drain-
age basins. Hydrologic Sci J. 47: 931–942.

Barrett MH, Hiscock KM, Pedley S, Lerner DN, TEl-
lam JH, French MJ. (1999). Marker species for 
identifying urban groundwater recharge sources: 
A review and case study in Nottingham, UK. Wa-
ter Research 33: 3083-3097. 

Beck MB. (1987). Water quality modeling: A review 
of the analysis of uncertainty. Water Resour Res. 
23(8): 1393-1442.

Beven K. (1989). Changing ideas in hydrology - The 
case of physically-based models. J Hydrol 105(1-
2): 157-172.

Bibby RL, Webster-Brown JG. (2005). Characteriza-
tion of urban catchment suspended particulate 
matter (Auckland region, New Zealand): A com-
parison with non-urban SPM. Sci. Total Environ. 
343(1–3): 177–197

Bindler R, Renberg I, Klaminder J. (2008). Bridg-
ing the gap between ancient metal pollution and 
contemporary biogeochemistry. J Paleolimnol. 
40:755-770. 

Bishop K, Buffam I, Erlandsson M, Fölster J, Laudon 
H, Seibert J, Temnerud J. (2008). Aqua Incog-
nita: the unknown headwaters. Hydrol Process. 
22: 1239-1242.

Björkvald L, Buffam I, Laudon H, Mörth CM. (2008). 
Hydrogeochemistry of Fe and Mn in small bo-
real streams: The role of seasonality, landscape 
type and scale. Geochim Chosmochim Ac. 72: 
2879-2804.

Boesch D, Burreson E, Dennison W, Houde E, Kemp 
M, Kennedy V, Newell R, Paynter K, Orth R, 
Ulanowicz R, Peterson C, Jackson J, Kirby M, 
Lenihan H, Bourque B Bradbury R, Cooke R, 
Kidwelle S. (2001). Factors in the decline of 
coastal ecosystems (multiple letters). Science 
293: 1589-1591. 

Bogaart PW., van der Velde Y., Lyon SW., Dekker 
SC.	 (2015).	Streamflow	recession	patterns	can	
help unravel the role of climate and humans in 
landscape co-evolution. Hydrol. Earth Syst. Sci. 
20: 1413-1432. 



47

Bollen K. (1987). Total, direct, and indirect effects 
in structural equation models, Sociol. Methodol. 
17: 37–69.

Bolstad PV, Swank WT. (1997). Cumulative impacts 
of landuse on water quality in a southern Ap-
palachian watershed. Am. Water Resour. Assoc. 
33(3): 519–533. 

Booth DB, Jackson CR. (1997). Urbanization of 
aquatic systems: degradation thresholds, storm-
water detection, and the limits of mitigation. J Am 
Water Resour As. 33(5): 1077-1090. 

Borch T, Kretzschmar R, Skappler A, Van Cappel-
len P, Ginder-Vogel M, Voegelin A, Campbell 
K. (2010). Biogeochemical redox processes and 
their impact on contaminant dynamics. Environ 
Sci Technol. 44(1): 15-23.

Borris M, Österlund H, Marsalek J, Viklander M. 
(2016). Contribution of coarse particles from road 
surfaces to dissolved and particle-bound heavy 
metal loads in runoff: A laboratory leaching study 
with synthetic stormwater. Sci. Total Environ. 573: 
212-221. 

Boulton AJ, Findlay S, Marmonier P, Stanley EH, 
Valett	HM.	(1998).	The	functional	significance	of	
the hyporheic zone in streams and rivers. Annu. 
Rev. Ecol. Syst. 29: 59–81.

Boyer EW, Hornberger GM, Bencala KE, McKnight 
DM. (1997). Response characteristics of DOC 
flushing	in	an	Alpine	catchment.	Hyd. Proc. 11: 
1635-1647. 

Brandes	D,	Cavallo	GJ,	Nilson	ML.	(2005).	Base	flow	
trends in urbanizing watersheds of the Delaware 
river basin. J Am Water Resour As. 41(6): 1377-
1391.

Braud I, Breil P, Thollet F, Lagouy M, Branger F, 
Jacqueminet C, Kermadi S, Michel K. (2013). 
Evidence of the impact of urbanization on the 
hydrological regime of a medium-sized periurban 
catchment in France. J Hydrol. 485: 5-23.

Brown AE, Zhang L, McMahon TA, Western AW, 
Vertessy RA. (2005). A review of paired catch-
ment studies for determining changes in water 
yield resulting from alterations in vegetation. J 
Hydrol. 310: 28-61. 

Brunke	M,	Gonser	T.	(1997).	The	ecological	signifi-
cance of exchange processes between rivers and 
groundwater. Freshwater Biol.  37(1): 1-33.

Buda AR, DeWalle DR. (2009). Dynamics of stream 
nitrate	sources	and	flow	pathways	during	storm-
flows	 on	 urban,	 forest	 and	 agricultural	water-
sheds in central Pennsylvania, USA. Hyd. Proc. 
23: 3292-3305. 

Buffam I, Laudon H, Temnerud J, Mörth C-M, Bishop 
K. (2007). Landscape-scale variability of acid-
ity and dissolved organic carbon during spring 
flood	in	a	boreal	stream	network.	J Geophys Res 
112: G01022.

Calder IR. (2002). Forests and hydrological services: 
reconciling public and science perceptions. Land 

Use and Water Resources Research 2: 1-12.
Callender E, Rice KC. (2000). The urban environmen-

tal	gradient:	Anthropogenic	influences	on	the	spa-
tial and temporal distributions of lead and zinc in 
sediments, Environ. Sci. Technol. 34(2), 232–238.

Camargo JA, Alonso Á. (2006). Ecological and toxi-
cological effects of inorganic nitrogen pollution in 
aquatic ecosystems: A global assessment. Environ 
Int. 32: 831-849.

Canfield	DE,	Glazer	AN,	Falkowski	PG.	(2010).	The	
evolution and future of earth’s nitrogen cycle. Sci-
ence 330(6001): 192-196. 

Cardinale BJ. (2011). Biodiversity improves water 
quality through niche partitioning. Nature 472: 
86-91.

Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Per-
rings C, Venail P, Narwani A, MacE GM, Tilman 
D, Wardle DA, Kinzig AP, Daily GC, Loreau M, 
Grace JB, Larigauderie A, Srivastava DS, Naeem 
S. (2012). Biodiversity loss and its impact on hu-
manity. Nature 486: 59-67.

Carpenter S, Caraco N, Correll D, Howarth R, 
Sharpley A, Smith V. (1998). Nonpoint pollution 
of surface waters with phosphorus and nitrogen. 
Ecol Appl. 8: 559-568. 

Carpenter SR, Stanley EH, Vander Zanden MJ. (2011). 
State of the World’s Freshwater Ecosystems: 
Physical, Chemical, and Biological Changes. 
Annu Rev Env Res. 36: 75-99. 

Catford JA, Walsh CJ, Beardall J. (2007). Catchment 
urbanization increases benthic microalgal biomass 
in streams under controlled light conditions. Aquat 
Sci. 69: 511-22. 

Cey EE, Rudolph DL, Parkin GQ, Aravena R. (1998). 
Quantifying groundwater discharge to a small pe-
rennial stream in southern Ontario, Canada. J Hy-
drol. 210(1-4): 21-37. 

Chadwick MA, Dobberfuhl DR, Benke AC, Huryn 
AD, Suberkropp K. Thiele JE. (2006). Urbaniza-
tion affects stream ecosystem function by altering 
hydrology, chemistry, and biotic richness. Eco-
logical Application 16(5): 1796-1807.

Chevan A, Sutherland M. (1991). Hierarchical Par-
titioning. The American Statistician 45: 90–96. 

Clark JM, Bottrell SH, Evans CD, Monteith DT, 
Bartlett R, Rose R, Newton RJ, Chapman PJ. The 
importance of the relationship between scale and 
process in understanding long-term DOC dynam-
ics. Sci Total Environ. 408: 2768-2775. 

Clarke KR, Warwick RM. (2001). Change in marine 
communities: an approach to statistical analysis 
and interpretation. 2nd ed. pp. 176. PRIMER-E: 
Plymouth.

Collins R, Jenkins A. (1996). The impact of agricultur-
al land use on stream chemistry in the Middle Hills 
of the Himalayas, Nepal. J Hydrol. 185: 71-86. 

Collins KA, Hunt WF, Hathaway JM. (2008). Hy-
drologic comparison of four types of permeable 
pavement and standard asphalt in Eastern North 



48

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A48

Carolina. J Hyd Eng. 13(12): 1146-1157.
Constantz J. (1998). Interaction between stream tem-

perature,	streamflow,	and	groundwater	exchanges	
in Alpine streams. Water Resour Res. 34: 1609-
1615. 

Cory N, Buffam I, Laudon H, Köhler S, Bishop K. 
(2006). Landscape control of stream water alumi-
num	in	a	boreal	catchment	during	spring	flood.	
Environ. Sci. Technol. 40: 3494–3500.

Creed I, Band L. (1998). Export of nitrogen from 
catchments within a temperate forest: evidence 
for a unifying mechanism regulated by variable 
source area dynamics. Water Resour Res. 34: 
3105–3120.

Das B, Nordin R, Mazumder A. (2009). Watershed 
land use as a determinant of metal concentrations 
in freshwater systems. Environ. Geochem. Health 
31: 595–607,

Davidson EA, Janssens IA. (2006). Temperature sensi-
tivity of soil carbon decomposition and feedbacks 
to climate change. Nature 440: 165-173.

Davis SN. (1969). Porosity and permeability of natu-
ral materials. Academic Press: New York. 

Davis AP, Shokouhian M, Ni S. (2001). Loading 
estimates of lead, copper, cadmium, and zinc in 
urban	runoff	from	specific	sources.	Chemosphere 
44(5): 997–1009.

Dietz ME. (2007). Low impact development practices: 
A review of current research and recommenda-
tions for future directions. Water, Air, and Soil 
Poll. 186: 351-363. 

Dixit SS, Smol JP, Kingston JC, Charles DF. (1992). 
Diatoms: powerful indicators of environmental 
change. Environ Sci Technol. 26: 22-33.

Driscoll CT, Lawrence GB, Bulger AJ, Butler TJ, 
Cronan CS, Eagar C, Lambert KF, Likens GE, 
Stoddard JL, Weathers KC. (2001). Acidic depo-
sition in the Northeastern United States: Sources 
and inputs, ecosystem effects, and management 
strategies, BioScience 51(3): 180–198

Ector L, Rimet F. (2005). Using bioindicators to assess 
rivers in Europe: An overview. In Lek S., Scardi 
M., Verdonschot PFM., Descy J-P., Park Y-S (ed.). 
Modelling community structure in freshwater eco-
systems. pp. 518. Springer, Germany.

Eganhouse RP, Sherblom PM. (2001). Anthropogenic 
organic	contaminants	in	the	effluent	of	a	combined	
sewer	overflow:	impact	on	Boston	Harbor.	Mar 
Environ Res. 51: 51-74.

Eloranta P, Soininen J. (2002). Ecological status of 
some Finnish rivers evaluated using benthic dia-
tom communities. J Appl Phycol. 14: 1-7.

Eriksson JV. (1929). Den kemiska denudationen i 
Sverige (The chemical denudation of Sweden). 
Report Band 5, nr 3, Swedish Meteorological and 
Hydrological Institute, Stockholm, Sweden; 69.

Ficke AD, Myrick CA, Hansen LJ. (2007). Potential 
impacts of global climate change on freshwater 
fisheries.	Review in Fish Biology and Fisheries 

17: 581–613.
Figueira R, Sergio C, Sousa AJ. (2002). Distribution of 

trace metals in moss biomonitors and assessment 
of contamination sources in Portugal. Environ. 
Pollut. 118(1): 153–163.

Fitzpatrick ML, Long DT, Pijanowski BC. (2007). 
Exploring the effects of urban and agricultural 
land use on surface water chemistry, across a 
regional watershed, using multivariate statistics. 
Appl Geochem. 22: 1825-40.

Fletcher TD, Andrieu H, Hamel P. (2013). Understand-
ing, management and modelling of urban hydrol-
ogy and its consequences for receiving waters: A 
state of the art. Adv Water Resour. 51: 261-279.

Foley J, DeFries R, Asner G, Barford C, Bonan G, 
Carpenter S, Chapin F, Coe M, Daily G, Gibbs H, 
Helkowski J, Holloway T, Howard E, Kucharik 
C, Monfreda C, Patz J, Prentice I, Ramankutty N, 
Snyder P. (2005). Global consequences of land 
use. Science 309: 570-574.

Forman RT, Alexander LE. (1998). Roads and their 
major ecological effects. Annu Rev Ecol Syst. 29: 
207-231.

Fraterrigo	JM,	Downing	JA.	(2008).	The	influence	of	
land use on lake nutrients varies with watershed 
transport capacity. Ecosystems 11(7): 1021-1034. 

Frink CR. (1991). Estimating Nutrient Exports to Es-
tuaries. J Environ Qual. 20:717-724.

Fu F, Wang Q. (2011). Removal of heavy metal ions 
from wastewaters: A review. J. Environ. Manage. 
92(3): 407–418.

Ganser GH, Hewett P (2010). An accurate substitution 
method for analyzing censored data. J. Occupa-
tional Environ. Hygiene 7(4): 233–244.

Gelenscér A, Hoffer A, Kiss G, Tombacz E, Kurdi 
R, Bencze L. (2003). In-situ formation of light-
absorbing organic matter in cloud water. J. Atmos. 
Chem. 45(1): 25–33.

Gergel SE, Turner MG, Miller JR,  Melack JM, Stan-
ley EH. (2002). Landscape indicators of human 
impacts to riverine systems. Aquat Sci. 64:118–
128.

Gnecco I, Berretta C, Lanza LG, La Barbera P. (2005). 
Storm water pollution in the urban environment 
of Genoa, Italy. Atmos Res. 77: 60-73.

Gotelli NJ, Colwell RK. (2001). Quantifying biodiver-
sity: procedures and pitfalls in the measurement 
and comparison of species richness. Ecol. Lett. 
4: 379–391.

Grace JB, Anderson TM, Olff H, Scheiner SM (2010). 
On	the	specification	of	structural	equation	mod-
els for ecological systems, Ecol. Monogr. 80(1): 
67–87.

Graedel TE, van Beers D, Bertram M, Fuse K, Gordon 
RB, Gritsinin A, Kapur A, Klee RJ, Lifset RJ, 
Memon L, Rechberger H, Spatari S, Vexler D. 
(2004). Multilevel cycle of anthropogenic copper. 
Environ Sci Technol. 38(4): 1242–1252.

Grayson RB, Gippel CJ, Finlayson BL, Hart BT. 



49

(1997). Catchment-wide impacts on water qual-
ity:	The	use	of	“snapshot”	sampling	during	stable	
flow.	J. Hydrol. 199:121–134.

Gravelius H. (1914). Grundriss der gesamten 
Gewässerkunde. Band I: Flusskunde. Compen-
dium of Hydrology, vol. I. Rivers, in German. 
Göschen, Berlin, Germany.

Grimm NB, Faeth SH, Golubiewski NE, Redman CL, 
Wu J, Bai X, Briggs JM. (2008). Global change 
and the ecology of cities. Science 319: 756–760.

Groffman PM, Boulware NJ, Zipperer WC, Pouyat 
RV, Band LE, Colosimo, MF. (2002). Soil nitrogen 
cycle processes in urban riparian zones. Environ. 
Sci. Technol. 36(21): 4547–4552.

Groffman PM, Baron JS, Blett T, Gold AJ, Good-
man I, Gunderson LH, Levinson BM, Palmer MA, 
Paerl HW, Peterson GD, Poff NL, Rejeski DW, 
Rynolds JF, Turner MG, Weathers KC, Wiens J. 
(2006). Ecological thresholds: The key to success-
ful environmental management or an important 
concept with no practical application? Ecosystems 
9(1): 1-13.

Gupta HV, Sorooshian S, Yapo PO. (1998). Toward 
improved calibration of hydrologic models: Mul-
tiple and noncommensurable measures of infor-
mation. Water Resour Res 34(4): 751-763.

Göbel P, Dierkes C, Coldewey WG. (2007). Storm 
water runoff concentration matrix for urban areas. 
J Contam Hydrol. 91: 26-42. 

Hall	FR.	 (1968).	Base-flow	 recessions	–	a	 review.	
Water Resour Rev.  4(5): 973-983. 

Hallberg M, Renman G, Lundbom T. (2007). Seasonal 
variations of ten metals in highway runoff and 
their partition between dissolved and particulate 
matter. Water, Air & Soil Poll. 181: 183-191.

Halstead JA, Kliman S, Berheide CW, Chaucer A, 
Cock-Esteb A. (2014). Urban stream syndrome in 
a small, lightly developed watershed: A statistical 
analysis of water chemistry parameters, land use 
patterns, and natural sources. Environ Monit As-
sess. 186: 3391-414. 

Harremoës P. (1988). Stochastic models for estimation 
of extreme pollution from urban runoff. Water 
Research 22: 1017-26. 

Hartvigsen G, Kinzig A, Peterson G. (1998). Complex 
adaptive systems: Use and analysis of complex 
adaptive systems in ecosystem science: overview 
of special section. Ecosystems 1(5): 427-430.

Hatakka T, Orvomaa M, Gustafsson J. (2009). A 
comparison of Finland’s groundwater monitor-
ing programs and the analyzed results (in Finn-
ish). Reports of the Finnish Environment Institute 
17/2009. pp. 145.

Hatt BE, Fletcher TD, Walsh CJ, Taylor SL. (2004). 
The	influence	of	urban	density	and	drainage	in-
frastructure on the concentrations and loads of 
pollutants in small streams. Environ Manage. 34: 
112-124. 

Hawkins BA, Field R, Cornell HV, Currie DJ, Gué-

gan J-F, Kaufman DM, Kerr JT, Mittelbach GG, 
Oberdorff T, O’Brien EM, Porter EE, Turner JRG. 
(2003). Energy, water, and broad-scale geograph-
ic patterns of species richness. Ecology 84(12): 
3105-3117.

Hayashi M, Rosenberry DO. (2002). Effects of ground 
water exchange on the hydrology and ecology 
of surface water. Ground water 40(3): 309-316.

Hayashi M, Vogt T, Mächler L, Schirmer M. (2012). 
Diurnal	fluctuations	of	electrical	conductivity	in	
a pre-alpine river: Effects of photosynthesis and 
groundwater exchange. J Hydrol. 450-451: 93-
104. 

He ZL, Yang XE, Stoffella PJ. (2005). Trace elements 
in agroecosystems and impacts on the environ-
ment. J. Trace Elements Med Biol. 19: 124–140.

He ZL, Zhang MK, Calvert DV, Stoffella PJ, Yang 
XE, Yu S. (2004). Transport of heavy metals in 
surface	runoff	from	vegetable	and	citrus	field.	Soil 
Sci. Soc. Am. J. 68: 1662–1669.

Helmreich B, Hilliges R, Schriewer A, Horn H. (2010). 
Runoff	pollutants	of	a	highly	trafficked	urban	road	
–	Correlation	analysis	and	seasonal	 influences.	
Chemosphere 80: 991-997. 

Hernandez L, Probst A, Probst JL, Ulrich E. (2003). 
Heavy metal distribution in some French forest 
soils: Evidence for atmospheric contamination. 
Sci. Total Environ. 312: 195-219.

Hirst	H,	Jüttner	I,	Ormerod	SJ.	(2002).	Comparing	the	
responses of diatoms and macroinvertebrates to 
metals in upland streams of Wales and Cornwall. 
Freshwater Biol. 47(9): 1752-1765.

Hjortenkrans DS, Bergbäck BG, Häggerud AV. (2007). 
Metal emissions from brake linings and tires: Case 
studies of Stockholm, Sweden 1995/1998 and 
2005. Environ. Sci. Technol. 41(15): 5224–5230.

Ho CLI, Valeo C. (2005). Observation of urban snow 
properties in Calgary, Canada. Hydrol Process. 
19: 459-473.

Hofmeister KL, Cianfrani CM, Hession WC. (2015). 
Complexities in the stream temperature regime of 
a small mixed-use watershed, Blacksburg, VA. 
Ecol Eng. 78: 101-111.

Holemann JA, Schirmacher M, Prange A. (2005). 
Seasonal variability of trace metals in the Lena 
River and the southeastern Laptev Sea: impact 
of the spring freshet. Global Planet. Change. 48: 
112–125.

Holman-Dodds JK, Bradley AA, Potter KW. (2003). 
Evaluation	of	hydrologic	benefits	of	 infiltration	
based urban strom water management. J Am Water 
Resour As. 39(1): 205-215.

Hooper DU, Chapin FS, Ewel JJ, Hector A, Inchausti 
P, Lavorel S, Lawton JH, Lodge DM, Loreau M, 
Naeem S, Schmid B, Setala H, Symstad AJ, Van-
dermeer J, Wardle DA. (2005). Effects of biodi-
versity on ecosystem functioning: A consensus 
of current knowledge. Ecol Monogr. 75(1): 3–35.

Hornung RW, Reed LD. (1990). Estimation of average 



50

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A48

concentration in the presence of nondetectable val-
ues. Appl. Occupational Environ. Hygiene, 5(1): 
46–51.

Ice G, Sugden B. (2003). Summer dissolved oxygen 
concentrations in forested streams of northern 
Louisiana. Southern J Appl Forestry 27: 92-9.

Johnson L, Richards C, Host G, Arthur J. (1997a). 
Landscape	influences	on	water	chemistry	in	Mid-
western stream ecosystems. Freshwater Biol. 37: 
193-208.

Johnson DL, Ambrose SH, Bassett TJ, Bowen ML, 
Crummey DE, Isaanson JS, Johnson DN, Lamb 
P, Saul M, Winter-Nelson AE. (1997b). Meanings 
of environmental terms. J Environ Qual. 26(3): 
581-589.

Jones JA, Post DA. (2004). Seasonal and successional 
streamflow	response	to	forest	cutting	and	regrowth	
in the northwest and eastern United States. Water 
Resour Res. 40(5): W05203.

Jordan TE, Correll DL, Weller DE. (1997). Relating 
nutrient discharges from watersheds to land use 
and stream variability. Water Resour Res., 33(11): 
2579-2590.

Joshi UM, Balasubramanian R. (2010). Characteristics 
and environmental mobility of trace elements in 
urban runoff. Chemosphere 80: 310-318.

Jüttner	I,	Sharma	S,	Dahal	BM,	Ormerod	SJ,	Chimo-
nides PJ, Cox EJ. (2003). Diatoms as indicators 
of stream quality in the Kathmandu Valley and 
Middle Hills of Nepal and India. Freshwater Biol. 
48:2065–84.

Jüttner	I,	Chimonides	PJ,	Ormerod	SJ.	(2012).	Devel-
oping a diatom monitoring network in an urban 
river-basin: initial assessment and site selection. 
Hydrobiologia 695:137–51. 

Jylhä K, Tuomenvirta H, Ruosteenoja K, Niemi-
Hugaerts H, Keisu K, Karhu JA. (2009). Observed 
and projected future shifts of climate zones in 
Europe and their use to visualize climate change 
information. Weather Clim. Soc. 2: 148–167.

Kang J, Lee SW, Cho KH, Ki SJ, Cha SM, Kim JH. 
(2010). Linking land-use type and stream water 
quality using spatial data of fecal indicator bacte-
ria and heavy metals in the Yeongsan river basin. 
Water Res. 44(14): 4143–4157

Karlsen RH, Grabs T, Bishop K, Buffam I, Laudon 
H, Seibert J. (2016). Landscape controls on spa-
tiotemporal discharge variability in a boreal catch-
ment. Water Resour. Res. 52: 6541-6556.

Keese KE, Scanlon BR, Reedy RC. (2005). Assessing 
controls on diffuse groundwater recharge using 
unsaturated	flow	modeling.	Water Resour Res. 
41(6): W06010.

Kelleher C, Wagener T, McGlynn B. (2015). Mod-
el-based	analysis	of	 the	 influence	of	catchment	
properties	on	hydrologic	partitioning	across	five	
mountain headwater subcatchments. Water Re-
sour. Res. 51(6): 4109–4136

Kelly MG, Cazaubon A, Coring E, Dell’Uomo A, 

Ector	L,	Goldsmith	B,	Guasch	H,	Hürlimann	J,	
Jarlman A, Kawecka B, Kwandrans J, Laugaste 
R, Lindstrøm E-A, Leitao M, Marvan P, Padisák 
J, Pipp E, Prygiel J, Rott E, Sabater S, van Dam 
H, Vizinet J. (1998). Recommendations for the 
routine sampling of diatoms for water quality as-
sessments in Europe. J Appl Phycol. 10:215–24.

Kemp WM, Boynton WR, Adolf JE, Boesch DF, 
Boicourt WC, Brush G, Cornwell JC, Fisher TR, 
Glibert PM, Hagy JD, Harding LW, Houde ED, 
Kimmel DG, Miller WD, Newell RIE, Roman 
MR, Smith EM, Stevenson JC. (2005). Eutro-
phication of Chesapeake Bay: Historical trends 
and ecological interactions. Mar Ecol-Progr Ser. 
303: 1-29. 

King RS, Baker ME, Kazyak PF. Weller DE. (2011). 
How novel is too novel? Stream community 
thresholds at exceptionally low levels of catch-
ment urbanization. Ecol Appl. 21(5): 1659-1678. 

Kirchner JW, Feng X, Neal C. (1999). Fractal stream 
chemistry and its implications for contaminant 
transport in catchments. Nature 403: 524-527.

Kirkby	MJ,	Chorley	RJ.	(1967).	Throughflow,	over-
land	flow	and	erosion.	International Association 
of Scientific Hydrology Bulletin 12(3): 5-21.

Kirkby	M,	Bracken	L,	Reaney	S.	(2002).	The	influence	
of land use, soils and topography on the delivery 
of hillslope runoff to channels in SE Spain. Earth 
Surf Proc Land. 27:1459-1473.

Kirpich ZP. (1940). Time of concentration of small 
agricultural watersheds. Civil Eng. 10(6): 362.

Klaus J, McDonnell JJ. (2013). Hydrograph separation 
using stable isotopes: Review and evaluation. J  
Hydrol 505: 47-64. 

Kondolf GM, Boulton AJ, O’Daniel S, Poole GC, 
Rahel FJ, Stanley EH, Wohl E, Bång Å, Carl-
ström J, Cristoni C, Huber H, Koljonen S, Louhi 
P, Nakamura K. (2006). Process-based ecologi-
cal river restoration: visualizing three-dimensional 
connectivity and dynamic vectors to recover lost 
linkages. Ecology and Society 11(2): 5.

Konrad CP, Booth DB. (2005). Hydrologic changes 
in	urban	streams	and	their	ecological	significance.	
American Fisheries Society Symposium 47: 157-
177. 

Korhonen J, Kuusisto E. (2010). Long term changes 
in the discharge regime in Finland. Hydrol. Res. 
41(3–4): 253–268.

Korkka-Niemi K, Kivimäki A-L, Lahti K, Nygård M, 
Rautio A, Salonen V-P, Pellikka P. (2012). Obser-
vations on groundwater-surface water interactions 
at River Vantaa, Finland. Manage. Environ. Qual. 
23(2): 222–231. 

Krammer K, Lange-Bertalot H. (1986-1991). Bacil-
lariophyceae. Süßwasserflora von Mitteleuropa 2 
(1–4). Gustav Fischer Verlag, Stuttgart.

Krause CW, Lockard B, Newcomb TJ, Kibler D, Lo-
hani	V,	Orth	DJ.	(2004).	Predicting	influences	of	
urban development on thermal habitat in a warm 



51

water stream. J Am Water Resour As. 40: 1645-58.
Kuusisto-Hjort P,  Hjort J. (2013). Land use impacts 

on trace metal concentrations of suburban stream 
sediments in the Helsinki region, Finland. Sci. To-
tal Environ. 456-457: 222-230. 

Laudon H, Köhler S, Buffam I. (2004). Seasonal TOC 
export from seven boreal catchments in northern 
Sweden. Aquat Sci. 66(2): 223-230.

Laudon H, Berggren M, Ågren A, Buffam I, Bishop 
K, Grabs T, Jansson M, Köhler S. (2011). Pat-
terns and Dynamics of Dissolved Organic Carbon 
(DOC) in Boreal Streams: The Role of Processes, 
Connectivity, and Scaling. Ecosystems 14(6): 880-
893.

Lawler DM, Petts GE, Foster IDL, Harper S. (2006). 
Turbidity dynamics during spring storm events 
in an urban headwater river system: The Upper 
Tame, West Midlands, UK. Sci. Total Environ. 
360: 109-126. 

Le Pape P, Ayrault S, Quantin C. (2013). Trace ele-
ment behavior and partition versus urbanization 
gradient in an urban river (Orge River, France). 
J. Hydrol. 472–473: 99–110 

Lee JH, Bang KW. (2000). Characterization of urban 
stormwater runoff. Water Res. 34(6): 1773–1780.

Lee JH, Bang KW, Keetchum LH, Choe JS, Yu MJ. 
(2002).	First	flush	analysis	of	urban	storm	runoff.	
Sci. Total Environ. 293, 163-175.

Lee H-J, Chun K-W, Shope CL, Park J-H. (2015). 
Multiple time-scale monitoring to address dy-
namic seasonality and storm pulses of stream 
water quality in mountainous watersheds. Water, 
7(11): 6117-6138.

Legret M, Pagotto C. (1999). Evaluation of pollutant 
loadings in the runoff waters from a major rural 
highway. Sci. Total Environ. 235: 143–150.

Lenat DR, Crawford JK. (1994). Effects of land 
use on water quality and aquatic biota of three 
North Carolina Piedmont streams. Hydrobiologia 
294(3): 185-199.

Leopold LB. (1968). Hydrology for urban planning 
– a guidebook on the hydrologic effects of urban 
land use. Washington: United States Department 
of the Interior.

Lerner DN. (2002). Identifying and quantifying ur-
ban recharge: a review. Hydrogeology Journal 
10: 143–152.

Li H, Shi A, Li M, Zhang X. (2013). Effect of pH, 
temperature,	dissolved	oxygen,	and	flow	rate	of	
overlying water on heavy metals release from 
storm sewer sediments. J. Chem. 434012.

Libiseller C, Grimvall A. (2002). Performance of par-
tial Mann-Kendall tests for trend detection in the 
presence of covariates. Environmetrics 13: 71-84. 

Likens GE. (2013). Biogeochemistry of a forested eco-
system. 3rd ed. Springer Science+Business Media: 
New York.

Liu G, Schwartz FW, Kim Y. (2013). Complex base-
flow	in	urban	streams:	An	example	from	central	

Ohio, USA. Environmental Earth Sciences 70(7): 
3005-3014.

Loague KM, Freeze RA. (1985). A comparison of rain-
fall-runoff modeling techniques on small upland 
catchments. Water Resour Res 21(2): 229-248. 

Lowe WH, Likens GE. (2005). Moving headwater 
streams to the head of the class. Bioscience 55(3): 
196–197 

Luyssaert S, Jammet M, Stoy PC, Estel S, Pongratz 
J, Ceschia E, Churkina G, Don A, Erb KH, Fel-
rlicoq	M,	Gielen	B,Grünwald	T,	Houghton	RA,	
Klumpp K, Knohl A, Kolb T, Kuemmerle T, Lau-
rila T, Lohila A, Loustau D, McGrath M, Mey-
froidt P, Moors EJ, Naudts K, Novick K, Otto 
J, Pilegaard K, Pio CA, Rambal S, Rebmann C, 
Ryder J, Suyket AE, Varlagin A, Wattenbach M, 
Dolman AJ. (2014). Land management and land-
cover change have impacts of similar magnitude 
on surface temperature. Nature Climate Change 
4: 389-393.

Macdonald RW, Barrie LA, Bidleman TF, Diamond 
ML, Gregor DJ, Semkin RG, Strachan WMJ, Li 
YF, Wania F, Alaee M, Alexeeva LB, Backus 
SM, Bailey R, Bewers JM, Gobeil C, Halsall CJ, 
Harner T, Hoff JT, Jantunen LMM, Lockhart WL, 
Mackay D, Muir DCG, Pudykiewicz J, Reimer 
KJ, Smith JN, Stern GA, Schroeder WH, Wage-
mann R, Younker MB. (2000). Contaminants in 
the Canadian Arctic: 5 years of progress in under-
standing sources, occurrence and pathways. Sci. 
Total Environ. 254(2:3): 93–234.

MacPherson TA, Cahoon LB, Mallin MA. (2007). Wa-
ter column oxygen demand and sediment oxygen 
flux:	Patterns	of	oxygen	depletion	in	tidal	creeks.	
Hydrobiologia 586: 235-248.

Madsen H, Lawrence D, Land M, Martinkova M, 
Kjeldsen TR. (2014). Review of trend analysis 
and climate change projections of extreme pre-
cipitation	and	floods	 in	Europe.	J Hydrol. 519: 
3634-3650.

Mallin MA, Johnson VL, Ensign SH. (2009). Com-
parative impacts of stormwater runoff on water 
quality of an urban, a suburban, and a rural stream. 
Environ. Monitor. Assess. 159: 475–491. 

Malmqvist B, Rundle S. (2002). Threats to the running 
water ecosystems of the world. Environ. Conserv. 
29: 134–153. 

Marsalek J, Watt WE, Anderson BC. (2006). Trace 
metal levels in sediments deposited in urban 
stormwater management facilities. Water Sci 
Technol. 53(2): 175-183.

Matthews K, Berg N. (1997). Rainbow trout responses 
to water temperature and dissolved oxygen stress 
in two southern California stream pools. J Fish 
Biol 50: 50-67.

McCormick PV, Laing JA. (2003). Effects of increased 
phosphorus loading on dissolved oxygen in a sub-
tropical wetland, the Florida Everglades. Wetlands 
Ecology and Management 11(3): 199-215.



52

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A48

McDowell WH, Asbury CE. (1994). Export of car-
bon, nitrogen, and major ions from three tropical 
montane watersheds. Limnol Oceanog. 39(1): 
111-125.

McKinney ML. (2006). Urbanization as a major cause 
of biotic homogenization. Biological Conserva-
tion 127: 247-260.

McKinney ML. (2008). Effects of urbanization on 
species richness: A review of plants and animals. 
Urban Ecosystems 11(2): 161-176.

McLaughlin MJ, Parker DR, Clarke JM. (1999). Met-
al and micronutrients—Food safety issues. Field 
Crops Res. 60(1-2): 143–163.

Meyer JL, McDowell WH, Borr TL, Elwood JE, 
Ishizaki C, Melack JM, Peckarsky BL, Peterson 
BJ, Rublee PA. (1988). Elemental dynamics in 
streams. J N Am Benthol Soc. 7(4): 410-432.

Meyer JL, Paul MJ, Taulbee WK. (2005). Stream 
ecosystem function in urbanizing landscapes. J 
N Am Benthol Soc. 24(3): 602-612. 

Micó C, Recatalá L, Peris M, Sánchez J. (2006). As-
sessing heavy metal sources in agricultural soils of 
an European Mediterranean area by multivariate 
analysis. Chemosphere 65(5): 863–872. 

Middleton	MA,	Allen	DM,	Whitfield	PH.	 (2015).	
Comparing the groundwater contribution in two 
groundwater-fed streams using a combination of 
methods. Can. Water Resour. J. 1–18. 

Miller	CV,	Foster	GD,	Majedi	BF.	(2003).	Baseflow	
and	stormflow	metal	fluxes	from	two	small	ag-
ricultural catchments in the Coastal Plain of the 
Chesapeake Bay Basin, United States. Applied 
geochemistry 18: 483-501. 

Miller MP, Tesoriero AJ, Capel PD, Pellerin BA, Hyer 
KE, Burns DA. (2016). Quantifying watershed-
scale groundwater loading and instream fate of 
nitrate using high-frequency water quality data. 
Water Resour Res. 52: 330-347.

Mitchell G. (2005). Mapping hazard from urban non-
point pollution: a screening model to support 
sustainable urban drainage planning. J Environ 
Manage 74: 1-9. 

Moldan B, Cerný J. (1994). Small catchment research. 
In	Moldan	B.,	Černý	J.	(ed.).	Biogeochemistry of 
small catchments: a tool for environmental re-
search. pp. 1-29. John Wiley & Sons, England.

Moriasi DN, Arnold JG, Van Liew MW, Bingner RL, 
Harmel RD, Veith TL. (2007). Model evaluation 
guidelines	for	systematic	quantification	of	accu-
racy in watershed simulations. Transactions of the 
ASABE 50(3): 885-900.

Nadal M, Schuhmacher M, Domingo JL. (2004). 
Metal pollution of soils and vegetation in an area 
with petrochemical industry. Sci. Total Environ. 
321(1–3): 59–69. 

Neal C, Robson AJ. (2000). A summary of river wa-
ter quality data collected within the Land–Ocean 
Interaction Study: core data for eastern UK riv-
ers draining to the North Sea. Sci. Total Environ. 

251–252: 585-665.
Nelson KC, Palmer MA, Pizzuto JE, Moglen GE, 

Angermeier PL, Hilderbrand RH, Dettinger M, 
Hayhoe K. (2009). Forecasting the combined ef-
fects of urbanization and climate change on stream 
ecosystems: from impacts to management op-
tions. J Appl Ecol. 46: 154–163.

Nelson EJ, Booth DB. (2002). Sediment sources in an 
urbanizing, mixed land-use watershed. J Hydrol. 
264(1-4): 51-68. 

Nelson KC, Palmer MA, Pizzuto JE, Moglen GE, 
Angermeier PL. Hilderbrand RH, Dettinger M, 
Hayhoe K. (2009). Forecasting the combined ef-
fects of urbanization and climate change on stream 
ecosystems: from impacts to management option. 
Journal of Applied Ecology 46: 154-163. 

Newall P, Walsh CJ. (2005). Response of epilithic 
diatom	assemblages	 to	urbanization	 influences.	
Hydrobiologia 523(1): 53-67. 

Newbold JN, Herbert S, Sweeney BW, Kiry P, Alberts 
SJ. (2010). Water quality functions of a 15-year-
old riparian forest buffer system. J Am Water Re-
sour As. 46(2): 299-310.

Newcombie CP, Jensen JOT. (1996). Channel sus-
pended	 sediment	 and	fisheries:	 a	 synthesis	 for	
quantitative assessment of risk. North American 
Journal of Fisheries Management 16: 693-727.

Nicholson FA, Smith SR, Alloway BJ, Carlton-Smith 
C, Chambers BJ. (2003). An inventory of heavy 
metals inputs to agricultural soils in England and 
Wales. Sci. Total Environ. 311: 205–219. 

Niemi TJ, Warsta L, Taka M, Hickman B, Pulkkinen 
S, Krebs G, Moisseev DN, Koivusalo H, Kok-
konen T. (2017). Applicability of open rainfall data 
to event-scale urban rainfall-runoff modelling. J 
Hydrol. 547:143-155.

Nilsson	C,	Renöfält	BM.	 (2008).	Linking	flow	re-
gime and water quality in rivers: a challenge to 
adaptive catchment management. Ecology and 
Society 13:2, 18.

NLS (2014). Elevation Model 2m, Helsinki. [Avail-
able at https://tiedostopalvelu.maanmittauslaitos.
fi/tp/kartta?lang5en.]	

Novotny V, Olem. H. (1994). Water quality. Preven-
tion, identification, and management of diffuse 
pollution. Van Nostrand Reinhold: New York.

Novotny	V,	Clark	D,	Griffin	RJ,	Booth	D.	 (2001).	
Risk based urban watershed management under 
conflicting	objectives.	Water Sci Technol. 43(5): 
69-78.

Novotny EV, Sander AR, Mohseni O, Stefan HG. 
(2009). Chloride ion transport and mass balance 
in a metropolitan area using road salt. Water Res 
Research 45; W12410. 

Nriagu JO, Pacyna JM. (1988). Quantitative assess-
ment of worldwide contamination of air, water 
and soils by trace metals.  Nature 333: 134–139.

Nystrand MI, Österholm P. (2013). Metal species in a 
Boreal river system affected by acid sulfate soils. 



53

Appl. Geochem. 31: 133–141. 
Oberts GL, Marsalek J, Viklander M. (2000). Review 

of water quality impacts of winter operation of 
urban drainage. Water Qual Res J Can. 35(4): 
781-808.

Oksanen J, Blanchet GF, Kindt R, Legendre P,  
Minchin PR,  O’Hara RB, Simpson GL, Soly-
mos P, Stevens MHH, Wagner H. (2016). Pack-
age Vegan. Community Ecology Package, Version 
2.3-3. [Available at https://cran.r-project.org/web/
packages/vegan/vegan.pdf.]

Ostrom E, Burher J, Field CB, Norgaard RB, Poli-
cansky D. (1999). Sustainability - Revisiting the 
commons: Local lessons, global challenges. Sci-
ence 284: 278–282 

Paerl HW. (2006). Assessing and managing nutrient-
enhanced eutrophication in estuarine and coastal 
waters: Interactive effects of human and climatic 
perturbations. Ecol Eng. 26: 40-54. 

Paul MJ, Meyer JL. (2001). Streams in the urban land-
scape. Annu Rev Ecol Syst. 32: 333-365. 

Peel MC, Finlayson BL, McMahon TA. (2007). Up-
dated world map of the Köppen-Geiger climate 
classification.	Hydrol Earth Syst Sc. 11: 1633-44. 

Pekka L, Ingri J, Widerlund A, Mokrotovarova O, 
Riabtseva M, Öhlander B. (2004). Geochemis-
try of the Kola River, northwestern Russia. Appl. 
Geochem. 19: 1975–1995.

Pennanen T. (2001). Microbial communities in boreal 
coniferous forest humus exposed to heavy met-
als and changes in soil pH—a summary of the 
use of phospholipid fatty acids, Biolog® and 3H-
thymidine	incorporation	methods	in	field	studies.	
Geoderma 100: 91-126. 

Peres-Neto PR, Legendre P, Dray S, Borcard D. 
(2006). Variation partitioning of species data 
matrices: estimation and comparison of fractions. 
Ecology 87:2614–25.

Peterson BJ, Wollheim WM, Mulholland PJ, Webster 
JR, Meyer JL, Tank JL, Marti E, Bowden WB, 
Valett HM, Hershey AE, McDowell WH, Dodds 
WK, Hamilton SK, Gregory S, Morrall DD. 2001. 
Control of nitrogen export from watersheds by 
headwater streams. Science 292: 86-90.

Petrone K, Buffam I, Laudon H. (2007). Hydrologic 
and biotic control of nitrogen export during snow-
melt: A combined conservative and reactive tracer 
approach. Water Resour Res. 43: W06420.

Pinay G, Peiffer S, De Dreuzy JR, Krause S, Hannah 
DM, Fleckenstein JH, Sebilo M, Bishop K, Hu-
bert-Moy L. (2015). Upscaling nitrogen removal 
capacity from local hotspots to low stream orders’ 
drainage basins. Ecosystems 18(6): 1101–1120.

Pionke HB, Gburek WJ, Schnabel RR, Sharpley AN, 
Elwinger	GF.	(1999).	Seasonal	flow,	nutrient	con-
centrations	and	 loading	patterns	 in	stream	flow	
draining an agricultural hill-land watershed. J 
Hydrol. 220: 62-73.

Pirinen P, Simola H, Aalto J, Kaukoranta J, Karlsson 

P, Ruuhela R. (2012). Climatological Statistics of 
Finland 1981–2010. Rep. 2012:1, Finn. Meteorol. 
Inst., Helsinki. 

Pitt R, Clark SE, Parmer K. (1994). Potential ground-
water contamination from intentional and nonin-
tentional stormwater infiltration. Diane Publish-
ing. 

Poff NL. (1997). Landscape Filters and Species Traits: 
Towards Mechanistic Understanding and Predic-
tion in Stream Ecology. J N Am Benthol Soc. 
16(2): 391-409.

Poff NL, Bledsoe BP, Cuhaciyan CO. (2006). Hydro-
logic variation with land use across the contiguous 
United States: geomorphic and ecological conse-
quences for stream ecosystems. Geomorphology 
79: 264–285.

Pokrovsky OS, Schott J. (2002). Iron colloids/organic 
matter associated transport of major and trace el-
ements in small boreal rivers and their estuaries 
(NW Russia). Chem. Geol. 190: 141-179.

Praskievicz S, Chang H. (2009). A review of hydro-
logical modelling of basin-scale climate change 
and urban development impacts. Prog Phys Geog. 
33: 650-71.

Preacher KJ, Hayes AF. (2008). Asymptotic and 
resampling strategies for assessing and compar-
ing indirect effects in multiple mediator models. 
Behavior Res. Methods 40(3): 879–891. 

Price K. (2011). Effects of watershed topography, 
soils,	land	use,	and	climate	on	baseflow	hydrol-
ogy in humid regions: A review. Prog Phys Geog. 
35: 465-92.

Puckett LJ, Bricker OP. (1992). Factors controlling 
the major ion chemistry of streams in the Blue 
Ridge and valley and ridge physiographic prov-
inces of Virginia and Maryland. Hydrol Process. 
6(1): 79-97.

Pugesek BH, Tomer A, Eye AV. (2003). Structural 
Equation Modeling: Applications in Ecologi-
cal and Evolutionary Biology. Cambridge Univ. 
Press, Cambridge, U. K. 

Pumpanen J, Lindén A, Miettinen H, Kolari P, Ilvesni-
emi H, Mammarella I, Hari P, Nikinmaa E, Hei-
nonsalo J, Bäck J, Ojala A, Berninger F, Vesala T. 
(2014). Precipitation and net ecosystem exchange 
are	 the	most	 important	drivers	of	DOC	flux	 in	
upland boreal catchments. J. Geophys. Res. Bio-
geosci. 119: 1861–1878.

R Core Team. (2015). R: A language and environ-
ment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. https://
www.R-project.org/. Accessed 20th January 2016.

Rember RD, Trefry JH. (2004). Increased concentra-
tions of dissolved trace metals and organic carbon 
during snowmelt in rivers of the Alaskan arctic. 
Geochim. Cosmochim. Acta 68: 477–489.

Rice KC, Jastram JD. (2015). Rising air and stream-
water temperatures in Chesapeake Bay region, 
USA. Climatic Change 128: 127-138.



54

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A48 

Riley SPD. Busteed GT, Kats LB, Vandergon TL, 
Lee LFS, Dagit RG, Kerby JL, Fisher RN, Sau-
vajot RM. (2005). Effects of Urbanization on the 
Distribution and Abundance of Amphibians and 
Invasive Species in Southern California Streams. 
Conservation Biology 19(6): 1894-1907.

Rodríguez-Zaragoza S. (1994). Ecology of Free-Liv-
ing Amebas. Critical reviews in microbiology 20: 
225-41

Romic M, Romic D. (2003). Heavy metals distribu-
tion in agricultural topsoils in urban area. Environ 
Geol. 43(7): 795-805.

Rosegrant MW, Ringler C, Zhu T. (2009). Water 
for agriculture: Maintaining food security under 
growing scarcity. Annu. Rev. Environ. Resour. 
34(1): 205–222. 

Rossman LA. (2015). Storm Water Management 
Model, User’s Manual. Version 5.1. U.S. Environ-
mental Protection Agency, Cincinnati, OH, USA.

Rumsey CA, Miller MP, Susong DD, Tillman FD, 
Anning DW. (2015). Regional scale estimates 
of	baseflow	and	factors	influencing	baseflow	in	
the Upper Colorado River Basin. J. Hydrol. 4: 
91–107. 

Said A, Stevens DK, Sehlke G. (2004). An innova-
tive index for evaluating water quality in streams. 
Environ Manage. 34(3): 406-414. 

Salvadore E, Bronders J, Batelaan O. (2015). Hydro-
logical modelling of urbanized catchments: A re-
view and future directions. J Hydrol. 529: 62–81.

Sansalone J, Glenn D. (2000). Temporal Variations 
in Heavy Metal Partitioning and Loading in Ur-
ban Highway Pavement Sheet Flow: Implications 
for In Situ Treatment Design. Transportation Re-
search Record. Journal of the Transportation Re-
search Board 1720: 100-111.

Sansalone J, Koran J, Smithson J, Buchberger S. 
(1998). Physical characteristics of urban roadway 
solids transported during rain events. J. Environ. 
Eng. 124(5): 427–440. 

Sansalone JJ, Hird JP, Cartledge FK, Tittlebaum ME. 
(2005). Event-Based Stormwater Quality and 
Quantity Loadings from Elevated Urban Infra-
structure Affected by Transportation. Water En-
viron Res. 77: 348-65. 

Santhi C, Allen PM, Muttiah RS, Arnold JG, Tuppad 
P.	(2008).		Regional	estimation	of	base	flow	for	the	
conterminous United States by hydrologic land-
scape regions. J Hydrol. 351: 139-153.

Sawicz K, Wagener T, Sivapalan M, Troch PA, Carril-
lo	G.	(2011).	Catchment	classification:	empirical	
analysis of hydrologic similarity based on catch-
ment function in the eastern USA. Hydrol Earth 
Syst Sc. 15: 2895-2911.

Scanlon BR, Jolly I, Sophocleous M, Zhang L. (2007). 
Global impacts of conversions from natural to ag-
ricultural ecosystems on water resources: Quantity 
versus quality. Water Resour Res. 43: W03437.

Schoonover JE, Lockaby BG, Pan S. (2005). Chang-

es in chemical and physical properties of stream 
water across an urban-rural gradient in western 
Georgia. Urban Ecosystems 8: 107-124. 

Schwartz	SS,	Smith	B.	(2014).	Slowflow	fingerprints	
of urban hydrology. J Hydrol. 515: 116-128.

Sefton CEM, Howarth SM. (1998). Relationships 
between dynamic response characteristics and 
physical descriptors of catchments in England 
and Wales. J Hydrol. 211:1–16. 

Semadeni-Davies AF, Bengtsson L. (1999). The water 
balance of a sub-Arctic town. Hydrol Process. 
13: 1871-85. 

Semádeni-Davies A. (2000). Representation of urban 
snow in urban drainage models. J Hydrol Eng. 
5(4): 363-370.

Seppälä M. (ed.) (2005). Physical geography of Fen-
noscandia. Oxford University Press. 

Sheppard SC, Grant CA, Drury CF. (2009). Trace ele-
ments in Ontario soils—Mobility, concentration 
profiles,	and	evidence	of	nonpoint-	source	pollu-
tion. Can. J. Soil Sci. 89(4): 489–499.

Sherrell RM, Ross JM. (1999). Temporal variability 
of trace metals in New Jersey Pinelands streams: 
Relationships to discharge and pH. Geochim. Cos-
mochim. Acta 63(19-20): 3321–3336

Sillanpää, N. (2013). Effects of suburban development 
on runoff generation and water quality. Doctoral 
thesis. Aalto University, Doctoral Dissertations 
160/2013; 226.

Sillanpää N, Koivusalo H. (2013). Catchment-scale 
evaluation of pollution potential of urban snow at 
two residential catchments in Southern Finland. 
Water Sci Technol. 68(10): 2164-2170. 

Sillanpää N, Koivusalo H. (2015). Stormwater quality 
during	residential	construction	activities:	influen-
tial variables. Hydrol Process. 29: 4238-51. 

Simeonov V, Stratis JA, Samara C, Zachariadis G, 
Voutsa D, Anthemidis A, Sofoniou M, Kouimtzis 
TH. (2003). Assessment of the surface water qual-
ity in Northern Greece. Water Research 37(17): 
4119-4124.

Simões FDS, Moreira AB, Bisinoti MC, Gimenez 
SMN, Yabe MJS. (2008). Water quality index as 
a simple indicator of aquaculture effects on aquatic 
bodies. Ecological Indicators 8(5): 476-484. 

Singh KP, Malik A, Mohan D, Sinha S. (2004). Mul-
tivariate statistical techniques for the evaluation 
of spatial and temporal variations in water quality 
of Gomti River. Water Research 38: 3890-3992.

Skyllberg U. (1999). pH and solubility of aluminum 
in acidic forest soils: A consequence of reactions 
betweem organic and aluminum alkalinity, Eur. 
J. Soil Sci. 50: 95–106

Sliva L, Williams DD. (2001). Buffer zone versus 
whole catchment approaches to studying land use 
impact on river water quality. Water Research 
35(14): 3462-3472. 

Smith SR. (2009). A critical review of the bioavail-
ability and impacts of heavy metals in municipal 



55

solid waste composts compared to sewage sludge. 
Environ. Int. 35(1): 152–156. 

Soininen J, Könönen K. (2004). Comparative study 
of monitoring South-Finnish rivers and streams 
using macroinvertebrate and benthic diatom com-
munity structure. Aquatic Ecology 38: 63-75.

Soininen J, Paavola R, Muotka T. (2004). Benthic dia-
tom communities in boreal streams: community 
structure in relation to environmental and spatial 
gradients. Ecography 27(3): 330-342.

Soininen J, Jamoneau A, Rosebery J, Passy SI. (2016). 
Global patterns and drivers of species and trait 
composition in diatoms. Global Ecol Biogeogr. 
25: 940-950.

Sonneman JA, Walsh CJ, Breen PF, Sharpe AK. 
(2001). Effects of urbanization on streams of the 
Melbourne region, Victoria, Australia. II. Benthic 
diatom communities. Freshwater Biol. 46(4): 553-
565.

Sophocleous M. (2002). Interactions between ground-
water and surface water: The state of the science. 
Hydrogeol. J. 10(1): 52–67. 

Soranno PA, Huble SL, Carpenter SR, Lathrop RC. 
(1996). Phosphorus loads to surface waters: a 
simple models to account for spatial pattern of 
land use. Ecol Appl. 6(3): 865-878. 

Stewart IT, Cayan DR, Dettinger MD. (2004). 
Changes in snowmelt runoff timing in western 
North	America	under	a	 ‘business	as	usual’	cli-
mate change scenario. Climatic Change 62(1-3): 
217-232.

Stevenson RJ, Bothwell ML, Lowe RL (ed.) (1996). 
Algal Ecology: Freshwater Benthic Ecosystems. 
Academic Press, San Diego.

Stoate C, Boatman ND, Borralho RJ, Carvalho CR, 
De Snoo GR, Eden P. (2001). Ecological impacts 
of	arable	 intensification	 in	Europe.	J. Environ. 
Manage. 63(4): 337–365.

Stålnacke P, Grimvall A, Libiseller C, Laznik M, Ko-
korite I. (2003). Trends in nutrient concentrations 
in Latvian rivers and the response to the dramatic 
change in agriculture. J Hydrol. 283: 184-205

Tague C, Farrell M, Grant G, Lewis S, Rey S. (2007). 
Hydrogeologic controls on summer stream tem-
peratures in the McKenzie River basin, Oregon. 
Hydrol Process. 21: 3288-300.

Taylor GD, Fletcherm TD, Wong THF, Breen PF, 
Duncan HP. (2005). Nitrogen composition in ur-
ban runoff – Implications for stormwater manage-
ment. Water Research 39(10): 1982-1989. 

Temnerud J, Bishop K. (2005). Spatial variation of 
streamwater chemistry in two Swedish boreal 
catchments: implications for environmental as-
sessment. Environ. Sci. Technol. 39: 1463-1469. 

Thévenot DR, Moilleron R, Lestel L, Gromaire M, 
Rocher V, Cambier P, Bonte P, Colin J, de Pon-
tevès C, Meybeck M. (2007). Critical budget of 
metal sources and pathways in the Seine River 
basin (1994–2003) for Cd, Cr, Cu, Hg, Ni, Pb 

and Zn. Sci. Total Environ. 375(1- 3): 180–203.
Thomas AL, Dambrine E, King D, Party JP, Probust 

A. (1999). A spatial study of the relationships 
between streamwater acidity and geology, soils 
and relief (Vosges, northeastern France). J Hydrol. 
217(1-2): 35-45. 

Tiefenthaler LL, Stein ED, Schiff KC. (2009). Wa-
tershed and land use-based sources of trace met-
als in urban storm water. Environ Toxicol Chem. 
27(2): 277-287.

Tiemeyer B, Kahle P, Lennartz B. (2006). Nutrient 
losses	 from	 artificially	 drained	 catchments	 in	
North-Eastern Germany at different scales. Agr 
Water Manage 85: 47-57. 

Trombulak SC, Frissell CA. (2000). Review of eco-
logical effects of road on terrestrial and aquatic 
communities. Conservation biology 14(1): 18-30. 

Tu J. (2013). Spatial Variations in the Relationships 
between Land Use and Water Quality across an 
Urbanization Gradient in the Watersheds of North-
ern Georgia, USA. Environ Manage. 51: 1-17.

Tuccillo ME. (2005). Size fraction of metals in runoff 
from residential and highway storm sewers. Sci. 
Total Environ. 355: 255-300.

Tufford DL, McKellar HN jr, Hussey JR. (1998). In-
stream nonpoint source nutrient prediction with 
land-use proximity and seasonality. J Environ 
Qual. 27(1): 100-111.

Uuemaa E, Roosaare J, Mander Ü. (2005). Scale de-
pendence of landscape metrics and their indicatory 
value for nutrient and organic matter losses from 
catchments. Ecological indicators 5: 350-369.

Wagener T, Wheater HS. (2006). Parameter estima-
tion and regionalization for continuous rainfall-
runoff models including uncertainty. J Hydrol. 
320: 132–154.

Walker CE, Pan Y. (2006). Using diatom assemblages 
to assess urban stream conditions. Hydrobiologia 
561:179–89.

Walsh CJ, Fletcher TD, Ladson AR. (2005a). Stream 
restoration in urban catchments through redesign-
ing stormwater systems: Looking to the catchment 
to save the stream. J N Am Benthol Soc. 24(3): 
690-705. 

Walsh CJ, Roy AH, Feminella JW, Cottingham PD, 
Groffman PM, Morgan RPII. (2005b). The ur-
ban stream syndrome: current knowledge and the 
search for a cure. J N Am Benthol Soc. 24: 706-23. 

Walsh	G,	Wepener	V.	(2009).	The	influence	of	land	use	
on water quality and diatom community structures 
in urban and agriculturally stressed rivers. Water 
SA 35:579–94. 

Walsh CJ, Fletcher TD, Burns MJ. (2012). Urban 
stormwater runoff: a new class of environmental 
flow	problem.	PLOS ONE 7(9): e45814. 

Valtanen M, Sillanpää N, Setälä H. (2014). The effects 
of urbanization on runoff pollutant concentrations, 
loadings and their seasonal patterns under cold 
climate. Water, Air & Soil Poll. 225: 1977. 



56

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A

Van Metre PC, Mahler BJ. (2003). The contribution 
of particles washed from rooftops to contaminant 
loading to urban streams. Chemosphere 52(10): 
1727-1741. 

Wang D, Cai X. (2010). Comparative study of climate 
and	human	impacts	on	seasonal	baseflow	in	urban	
and agricultural watersheds. Geophys Res Lett. 
37(6): L06406.

Wang L, Lyons J, Kanehl P, Bannerman R. (2001). 
Impacts	of	urbanization	on	stream	habitat	and	fish	
across multiple spatial scales. Environ Manage. 
28(2): 255-266. 

Wang	L,	Kanehl	P.	(2003).	Influences	of	watershed	
urbanization and instream habitat on macroinver-
tebrates in cold water streams. J Am Water Resour 
As 39: 1181-96.

Varanka S, Hjort J, Luoto M. (2015). Geomorphologi-
cal factors predict water quality in boreal rivers. 
Earth Surf Proc Land. 40: 1989-1999. 

Warner S, Travis J, Dunson W. (1993). Effect of pH 
Variation	on	Interspecific	Competition	between	
two Species of Hylid Tadpoles. Ecology 74: 183-
94. 

Warren	LA,	Zimmerman	AP.	(1994).	The	influence	of	
temperature and NaCl on cadmium, copper and 
zinc partitioning among suspended particulate and 
dissolved phases in an urban river. Water Research 
28(9): 1921-1931. 

Warsta L, Niemi TJ, Taka M, Krebs G, Haahti K, Koi-
vusalo H, Kokkonen T. (2017). Development and 
application of an automated subcatchment genera-
tor for SWMM using open data. Urban Water 
Journal, in revision. 

Vega M, Pardo R, Barrado E, Debán L. (1998). As-
sessment of seasonal and polluting effects on the 
quality of river water by exploratory data analysis. 
Water Research 32(12): 3581-3592. 

Veijalainen N, Lotsari E, Alho P, Vehviläinen B, Käy-
hkö J. (2010). National scale assessment of cli-
mate	change	impacts	on	flooding	in	Finland.	J. 
Hydrol. 391: 333–350.

Wen X, Allen HE. (1999). Mobilization of heavy met-
als from Le An River sediment. Sci. Total Environ. 
227: 101–108,

Wenger SJ, Roy AH, Jackson CR, Bernhardt ES, Cart-
er TL, Filoso S, Gibson CA, Hession WC, Kaushal 
SS, Martí E, Meyer JL, Palmer MA, Paul MJ, 
Purcell	AH,	Ramírez	A,	Rosemond	AD,	Schofield	
KA, Sudduth EB, Walsh CJ. (2009). Twenty-six 
key research questions in urban stream ecology: an 
assessment of the state of the science. Freshwater 
Science 28(4): 1080-1098. 

Westerlund C, Viklander M. (2006). Particles and as-
sociated metal in road runoff during snowmelt and 
rainfall. Sci. Total Environ. 362. 143-156. 

Wetzel RG. (2001). Limnology. Lake and river eco-
systems. Academic Press: San Diego. 

Whitehead PG., Wilby RL, Battarbee RW, Kernan 
M, Wade J. (2009). A review of the potential im-

pacts of climate change on surface water quality. 
Hydrological Sciences 54: 101-123.

Whitney FA, Freeland HJ, Robert M. (2007). Persis-
tently declining oxygen levels in the interior wa-
ters	of	the	eastern	subarctic	Pacific.	Prog Ocean-
ogr. 75: 179-99. 

Viklander M. (1998). Particle size distribution and 
metal content in street sediments. J. Environ. Eng. 
124(8): 761–766.

Viklander M. (1999). Substances in urban snow. A 
comparison of the contamination of snow in dif-
ferent parts of the city of Lulea, Sweden. Water, 
Air, and Soil Poll. 114: 377-94. 

Wiley MJ, Kohler SL, Seelbach PW. (1997). Recon-
ciling landscape and local views of aquatic com-
munities: lessons from Michigan trout streams. 
Freshwater Biol. 37: 133-148. 

Wilson D, Hisdal H, Lawrence D. (2010). Has stream-
flow	changed	 in	 the	Nordic	 countries?	Recent	
trends and comparisons to hydrological projec-
tions. J. Hydrol. 394: 334–346.

Winter JG, Duthie HC. (2000). Stream epilithic, 
epipelic	 and	 epiphytic	 diatoms:	 habitat	 fidel-
ity and use in biomonitoring. Aquatic Ecology 
34(4): 345-353. 

Wipfli	MS,	Richardson	JS,	Naiman	RJ.	(2007).	Eco-
logical linkages between headwaters and down-
stream ecosystems: Transport of organic matter, 
invertebrates, and wood down headwater chan-
nels. J. Am. Water Resour. Assoc. 43(1): 72–85.

Virtanen LK, Soininen J. (2012). Roles of environment 
and space in shaping stream diatom communi-
ties. European Journal of Phycology 47: 160-168

Wong CSC, Li X, Thornton I. (2006). Urban envi-
ronmental geochemistry of trace metals. Environ. 
Pollut. 142: 1–16.

Wood PJ, Armitage PD. (1997). Biological Effects of 
Fine Sediment in the Lotic Environment. Environ 
Manage. 21(2): 203-217.

Woods R. (2005). Hydrologic concepts of variability 
and scale. Encycl. Hydrol. Sci. 1995: 23–40.

Woodward G, Gessner MO, Giller PS, Gulis V, Hladyz 
S, Lecerf A, Malmqvist B, McKie BG, Tiegs SD, 
Cariss H, Dobson M, Elosegi A, Ferreira V, Graça 
MAS, Fleituch T, Lacoursiere JO, Nistorescu M, 
Pozo J, Risnoveanu G, Schindler M, Vadineanu 
A, Vought LBM, Chauvet E. (2012). Continen-
tal-Scale Effects of Nutrient Pollution on Stream 
Ecosystem Functioning. Science 336(6087): 
1438–1440.

Vörösmarty CJ, McIntyre PB, Gessner MO, Dudgeon 
D, Prusevich A, Green P, Glidden S, Bunn SE, 
Sullivan CA, Liermann CR, Davies PM. (2010). 
Global threats to human water security and river 
biodiversity. Nature 467: 555-561. 

Vörösmarty CJ, Green P, Salisbury J, Lammers RB. 
(2000). Global water resources: vulnerability from 
climate change and population growth. Science 
289: 284-288.



Wu J, Malmström ME. (2015). Nutrient loadings from 
urban catchments under climate change scenarios: 
Case studies in Stockholm, Sweden. Sci. Total 
Environ. 518-519: 393-406.

Yadav M, Wagener T, Gupta H. (2007). Regionaliza-
tion of constraints on expected watershed response 
behavior for improved predictions in ungauged 
basins. Adv Water Resour. 30:1756–1774.

Yang X, Jin W. (2010). GIS-based spatial regression 
and prediction of water quality in river networks: 
A case study in Iowa. J Environ Manage. 91(10): 
1943-1951.

Younger PL. (2007). Groundwater in the environment. 
An introduction. 318 pp. Blackwell Publishing, 
Hong Kong. 

Zhang L, ONeill A, Lacey S. (1996). Modelling ap-
proaches to the prediction of soil erosion in catch-
ments. Environ. Software 11(1-3): 123–133

Zhang L, Dawes WR, Walker GR. (2001). Response 
of mean annual evapotranspiration to vegetation 
changes at catchment scale. Water Resour Res. 
37: 701-708.

57


	Abstract
	Acknowledgements
	Contents
	List of original publications
	Division of labor in co-authored articles
	Abbreviations
	List of figures
	List of tables
	1 Introduction
	1.1 The geography of running waters
	1.2 Factors contributing to water quality
	1.3 Spatial and temporal perspective
	1.4 Thesis objectives and outline

	2. Theoretical and methodological background
	2.1 Stream water quality 
	2.1.1 Chemical indices of water quality
	2.1.2 Major ions
	2.1.3 Metals in stream
	2.1.4 Diatoms as biological indicators

	2.2 Watershed perspective
	2.3 Methodology
	2.3.1 Geographical methodology
	2.3.2 Optimum sampling 
	2.3.3 Spatial modeling


	3. Material and methods
	3.1 Study area
	3.1.1 Spatially extensive water quality data 
	3.1.2 Temporally comprehensive data set

	3.2 Sampling and field work
	3.2.1 Spatially extensive dataset
	3.2.2 Temporally comprehensive data set 
	3.2.3 Sample analysis protocol

	3.3 Watershed spatial data
	3.4 Statistical analyses

	4. Summary of original publications
	4.1 Paper I
	4.2 Paper II
	4.3 Paper III 
	4.4 Paper IV

	5. Discussion
	5.1 Watershed as a water quality determinant 
	5.1.1 Land cover
	5.1.2 Watershed soil type
	5.1.3 Watershed topography and shape
	5.1.4 Interrelationships in water quality

	5.2 Environmental variables controlling  diatom communities
	5.3 Multiscale temporal variation in runoff and water quality
	5.3.1 Runoff
	5.3.2 Water quality

	5.4 Methodological development 
	5.4.1 Optimal sampling
	5.4.2 Spatial modeling in water quality studies

	5.5 Future perspectives
	5.5.1 Watershed management
	5.5.2 Climate change context


	6. Conclusions
	References



