Thesis for Master’s
degree in chemistry

Y kalo Hadush Desta

Characterization of Forest Soils In
the Morsa Watershed in order to
assess the background leaching of
Phosphorus to the Eutrophic Western
Vansjg Lake.

60 study points

DEPARTEMENT OF CHEMISTRY
Faculty of mathematics and natural sciences

UNIVERSITY OF OSLO 08/2013







Acknowledgments

This master thesis has been carried out at the Department of Chemistry, University of Oslo
(UiO) in the period from August 2010 to August 2013. This study is part of the Research
Council of Norway (RCN) - Miljg2015 - TVERS project EUTROPIA (NFR Project number:
190028/S30).

I owe many thanks to a great number of people for their roles in helping me to complete this
thesis. First and foremost | would like to thank my supervisor professor Rolf David Vogt, for
his support and guidance. Rolf: many thanks for the opportunity you gave me to be a member
of the environmental chemistry group. 1 also would like to extend my special thanks to my co
supervisors Professor Grethe Wibetoe and Alexander Melvold Engebretsen for their guidance,
kind support and encouragement from the first day | have joined them. My Special thanks
also goes to Christian Wilhelm Mohr thanks for your invaluable discussion and support

throughout my study.

On top of that, I would also like to thank Dr. Fikre Reda, Sahle, Yemene, Cathrine G and
Tewelde, who helped me throughout my thesis work and their encouragement in my difficult
times. Big credit is to Marita Clausen, Anne- Marie and Mufak Naoroz for their support
during lab work. Furthermore, | am also grateful to past and present Master students and to
other colleagues at the department for peer support. Thanks to Neha, Kaja, Musha,
Mebrahtom, Teame, Hintsa, Dawit, Bishnu, Frgydis, Omondi, Ellen and Andreas, for their

good friendliness.

Thanks to the Norwegian educational quota scheme program for funding my personal
expenses. | pay respect to the staff members of department of Chemistry and UIO in general.
My greatest gratitude goes without a doubt to all my family members for all their support, and

encouragement all the way.

&l P0G 7 BAYE AT 04818 1AAT & 1146IOCPTNE 197 (L § AG4I° N ANL SNAhh-g::
LCIRAT G TAT 1T av @8 CE HeAN &PCT 0107 AAPTT HCANS L AHP PaPO11h Y=



Table of Contents

ACKNOWIEAGMENTS ...eveereiiiiiiiiiiiirierreeeiiiiiiessssnneeeeesssseessssssnnsesssssssssssssnssssssssssssssssssnssassssssssns iii
LISt Of FIQUIES ceiiiiiiiiiiirenreeetiiiniieccrnneeeeeesssss s ssnnneeesesesssessssnnnssasssssssssssssnnnsassssssssssssnnnnnsanens vi
I TS 0 = - viii
N 0] 0] oY = L[] ix
AB ST RA CT ettt rrrteeetreeneeeteeaeeeeeeansseeseenssssesesnssssssenssssssssnsssssssnnssssssenssssssesnnsssssennnnns Xi
1 INTRODUCTION .eiiiiiiiiiiieeiiiitnniiiiitnniiesiisnsissiesssiissssnssissssssssssssssssssssssnssssssssnsssssasns 1
1.1 Cultural eutrophication and global problem............cciiiiiiiiiiiiiiiiiiniinn, 1
1.2 Western Vansjg and the Morsa catchment: Abatement actions ...........cccovririrenneiiiiiiiiinnennne. 3
1.3 Geology of Morsa catchment ........cccivieiiiiiiiiiiiiiiiniie e resssessessssssesasssssens 6
1.4 The EUTROPIA ProjECE....ccuiiiiieiiiiienniiiiieniiiiiensiniiesinissssisissssiiesssssmsssssssssssssssssssssssssnsss 7
15 Objective of the master thesis........cccvueeiiiiiiiiiirc e e s e ene e s e s n s s e s e nassssnens 8
P 2 1 o | =L ] PPN 9
2.1 [IUL o o] oYL ot | 4 T TN 9
2.1.1  EULrophiCation STAtUS .....cc.ueiiiiiiiie ittt e e e e e e e e abre e e e ae e e e earr e e e esabeeeeennnees 12
2.2 Cause for eutrophication: Governing factors, role of climate, effect of reduced acid rain,
background flux of P-DNOI........ccciitiitemiiiiiiiiiiemmneiiiieiiiiiemmessisiiiisssssmsssisitsesssssssssssssssnsnsssnss 15
2.2.1 The main drivers for mobility of dissolved natural organic matter .........ccccceeecvveveeccieeeennnee. 16
23 Organic and inorganic forms of Phosphorus in soil-water.........c.cccceeirieeieriiecccineenccreennnens 17
24 Processes governing phosphorus release from natural soils ..........ccccvvvveeniiiiiniiinneeniiiinnn 19
2.5 Natural Soil (Forest Soil) and agricultural soils: Spatial pattern in distribution of forest and
QABIICUITUNE. ettt et reee e e e nes e s e e ne s st eene s sseansssssennsssssennsssssensssssnensssssennsssssennssssnnnnes 21
2.6 o1 o] o {1 (=S RN 21
D ST R O 17 -1 oY [ol Yo 11l o To o o] o -3 USSP 22
2.6.2  MiIneral sOil hOMZONS: ...cocuiiiiiiiiii e s e e e s bee e e s sbee e e e nanes 22
2.7 T oYL I o T oY e T=T o A 1L Ot 23
2.7.1  Physical properties of SOilS.......cuiiiiiiiiiiiie e 24
2.7.2  Chemical properties 0f SOIlS........coiicuiiiiiiiie e ettt e e e nre e e e nes 24
2.8 Effect of decreased acid rain: Increased DNOM, reduced Al;.......ccccceeuririnrirencrineirineierennennns 26
2.9 The role of Fe and Al in soils and sediments in retaining and release of phosphorus .......... 26
3 MATERIALS AND METHODS. ... iiiitiiiiiitieiininnnnnienniseeesnesnsssssssnsssssssnssssssssnsssnns 29
3.1 R L0 [R o T T o O N 29
3.2 oY1 I T 4«1 L 4 Y- N 35
3.2.1  Soil from different NOriZONS ....coccviiiiieiiiie e s s e 36
33 Soil sample pre-treatment.......ccccciiiiiiiiiiiiniiii e e e sssens 39
3.3.1 Grinding and sieving of SOil SAMPIES ........ccuueiiiiiiie e 40
3.3.2 Storage and homogenization of the soil samples.......ccccociieeiiciiiicciee e, 41

iv



3.3.3  ClEANING PrOCEAUIES. ...utiiieeeeeecccitieeee e e e e eccttte e e e e e eeesibtareeeeeeseesnstaaaeeeaeeeaasnsteseeaessasaasnnrnseeaaaeas 41

3.4 Physicochemical Soil analysis .......cccciiieeeiiiiieiiiiircirrer e s renee s s s e ne s s eenasassennnns 41
2 5t R Yo Y o O U U UOPOTSRTPR 42
S0 5072 T VA 4 0 = =] gl o) 0¥ =] o 42
3.4.3  Organic Matter CONTENT. ... s 43
3.4.4 Particle size distribution (PSD) for mineral SOils .......ccuveeeiiieiiiiiiiieieec e 43
3.4.5 Determination of Effective Cation Exchange Capacity, soil pH and Base and Aluminium
ST 18] =1 A To] o IO P PP O PPPPPPP 44
3.5 Analysis of phosphorus pools in soil eXtracts ........ccceeeieiiimiiiiiiinciiirccrrerecr e 47
0 0 A o =1 o] T XY o] T o U SR 47
3.5.2 Inorganic- and Organic PhOSPROIUS .......ccciiiiiiciiee et e e e e e e e 47
3.5.3 Sequential extraction of inorganic phosphorus in soils .........ccccceeeeciiiiicciiee e, 47
3.6 Statistical ANalYSiS...ccciiiiiiiiiiieiii e s s e s s n e s e e e s en s sen s sennans 50
3.6.1 Hierarchical cluster analysis .........ciiiciiieiiiiie e et 50
3.6.2  Principal component @nalySiS........uueiiiiiiiiciiiiiiee e e e s et a e e e 50
4 ReSUIt aNd DISCUSSION ..euerirriirsnrerisissneessssssseesssssssesssssssssssssssssssssssssssssssssssssesssssssssssssss 51
4.1 Soil pH and Organic matter content.........c.cceiiieeiiiiieeriererreerereeeerereseesrenaseseensssessranssnens 51
I R Yo T I o PO PRSP PRUP PSSR 51
4.1.2 Organic matter CONtENt.......ccooi i, 53
4.1.3 Representativeness of the Dalen SIte ........cceeiiiiiiiiiciie e 55
4.2 Soil texture Particle Size DistribUtion (PSD)....c.ceuucerireeierireneerernnseerernsseseenassesernnssesesasssseens 57
4.3 Effective Cation exchange capacity (CECe) and Base saturation (BS) ......ccccccceeeierrinrenennnnnnnn, 58
4.3.1 Content on the CECe and effect of organic matter and clay ........ccceecveeiiiiieeeiciieec e 58
4.3.2 Variation of Base saturation (BS) with clay and silt .........ccccvviiiiiiiii e, 60
4.3.3 Implications regarding aluminium 1€aChing ........cccceeieciiiiiii e, 62
4.4 SOil PhOSPROIUS POOIS ......iieeeciiieec ittt e s s rrne e s s enn e s eenessssesnsssssennsssssennsnanne 63
4.4.1 Spatial variation in Inorganic and Organic phosphorus pools in soil profiles.............c......... 64
4.4.2 Variation of organic and inorganic phosphorus with topography ..........cccccoveeeiciiiiiciieeeenns 67
4.4.3 Variation of Inorg-P and Org-P wWith PSD and LOI ......cceeeiiiiiiiiiiiieee e 69
4.4.4 Org-P and Inorg-P in Dalen versus the rest SiteS........coiviiiivieeiiciiee e 72
4.4.5 Inorganic phosphorus fractionation in SOIlS. ........cccceeiiciiiiiii e, 73
4.4.6 Factors governing the spatial distribution of P poOIS .......ccouveviiiiieiiiiiee e, 76
ST 0] o] 11 ] o] LT 79
T o =T =] o0 T 82
I ) =T o] 0 1=] T o0 88



List of figures

Figure 1: Allochtoneous sources of nutrients leading to cultural eutrophication............c.c.cccoe.... 1
Figure 2: Morsa catchment draining to the Vansjg lakes including Lake Storefjorden map taken
from (Barton et al., 2008) ........coiiiiiiieiieie et nae e 3
Figure 3: Buffer zones in the Morsa catchment. Pictures are with kind permission from
(Skarbgvik and Bechmann, 2010).......c.oiuiiiiiiiieeeie e e 5
Figure 4: Topography of Morsa catchment (with height above sea level; i.e. H.o0.h. in the Figure).
Map taken with kind permission from (Skarbgvik and Bechmann, 2010). ..........cccccevviveieeiinnnnn 6
Figure 5: Lake Vansjg has many user interests - the lake is amongst others used for recreation;
picture taken with kind permission from (Skarbgvik and Bechmann, 2010) ............cccccevvevenen, 11

Figure 6: Probable boundaries of the degrees of trophy of waterbodies with differing annual
mean values of total phosphorus concentrations picture taken from Organization for Economic

Co-operation and DevelopmEeNnt(OECD)........ccuiiiiiiiiiieiie sttt 14
Figure 7: (right to left) reduction of sulphate deposition, decrease in aluminium concentration
and increase in TOC at 78 lakes throughout Norway (Skjelkvale et al., 1999)...........cccccvevrvenenee. 17
Figure 8: Distribution of Phosphate species in aqueous solution expressed as a function of pH
(Loon and DUTTY, 2005). ......ciieiiiieiieiecie ettt e e raesba e e sre e neeneesna e teeneenneas 19
Figure 9: Transport and site management factors influencing the potential for P loss from
agricultural land to surface waters (Sharpley et al., 2001) ......cccocoevieieiieiiere e 20
Figure 10: Soil profile showing soil horizon (Manahan, 2004); photo from Vogt (Kjemi 5700,

1] o) TR RSO P R TRPPURRTRN 23
Figure 11: The Morsa watershed (dark green) with the sub-catchment of Western Vansjg (red)
from (AQUARIUS, 2010) ....eovveeeeeeeeeeeeeeseees e ste s es st es st ese s s 31
Figure 12: Sediment deposit types in the Morsa watershed including the eight sampling sites for
101 | I (=0 1 (0] £ RS SS 32
Figure 13: Soil sampling maps for sites of Dalen, Augergd, Gashus, Stea and Huggenes, the
numbers and black dots in each site represents plot numbers where the soils are sampled. ........ 33
Figure 14: Soil sampling maps for the sites of Guthus and @stmarka; the numbers and black dots
in each site represents plot numbers where the soils are sampled. ..., 34
Figure 15: Soil profile from the different topographic presentation from (Mohr, 2010). ............ 37
Figure 16: Picture from sampling site from ridge topography and the ridges show also bare
mountain, Photo was taken during sample COlleCtioN............cccoe e i 37
Figure 17: Picture from soil sampling site from slope topography. In this figure it shows the
lighter soil colour. Photo was taken during sample collection. ...........ccccoovvvieiiievn i, 38
Figure 18: Picture from soil sampling site from the valley bottom topography, near a stream. The
water shows a brown colour. Photo was taken near the stream during sample collection. .......... 39
Figure 19: Drying of soil samples from various soil types and horizons (upper panel). During the
drying the samples were covered as shown in the lower panel. ..., 40

Vi



Figure 20: Sequential extraction method of soil analysis for inorganic phosphorus fractionation

(PIerzynskKi, 2000). .....cueeiueiieieeie e s e seeeesa et e e te e te et e st e e ra et e e e e beeneenra e reeneeareenreeneenres 49
Figure 21: pH shows an increase down through the soil profile as well as down the slope along a
topographic gradient - although the increase down the topographic gradient is not so clear....... 52

Figure 22: Low pH in the top horizons and increasing pH down into the soil profile ................. 53
Figure 23: Organic content of soils decreases down through the soil profile...........ccccccooeiineen. 54
Figure 24: Organic content of the soil in different topography and genetic soil horizons............ 54
Figure 25: pH of the soils from Dalen versus the rest of the forested sites in the watershed....... 56
Figure 26: Organic content of soils from Dalen versus the rest of the forested sites................... 56
Figure 27. % PSD with in Soil profile and topography (Ridge, Slope and V.bottom,

TESPECTIVEIY.) ettt e st e et e e st e s te et e e st e e Re et e e Rt e nre e reeneeene e teeneenres 57
Figure 28: Variation of mineral soil horizons and organic soil horizons with CEC and LOI. Blue
diamonds denote mineral soil horizons and green squares denote organic soil horizons............. 58
Figure 29: CEC of soils with genetic SOil NOMZONS ..........ccooiiiiiiiiii e 59
Figure 30: CECe 0f s0ils With tOpOgraphy .......ccooiiiiiiiiieese e e 60
Figure 31: Base saturation (%) of soil in different soil genetic horizons ..........cccccceevvevecienenn, 61
Figure 32: Base saturation (%) of soils in genetic soil horizons along a topographic gradient.... 62
Figure 33: Inorganic and organic phosphorus with topography and soil profile..........c..cc.......... 64
Figure 34: Ratio of inorganic-P to organic-P with soil profiles and topography..........c.cccccueu..... 65
Figure 35: Variation of inorganic phosphorus with soil profiles...........ccocveiiiiiiiniiiciieen, 66
Figure 36: Variation of organic phosphorus with soil profiles...........cccooeviiiiniiiiiee, 67
Figure 37: Variation of inorganic phosphorus with topography..........ccccceeeveiiiin e, 68
Figure 38: Variation of organic phosphorus with topography..........ccccoveereienienenie e, 69

Figure 39: Distribution of inorganic phosphorus with clay and silt particles (how inorganic
phosphorus governed by particle size distribution. Samples in green are soils with low psd and
high Inorg-P, in red are high in psd and low inorg-P. Both samples show distribution of inorg-P

WITN TEXEUTE. ..ttt bbbt bbbt e bbb bttt b et e e 70
Figure 40: Organic-P distribution with mineral and organic soil horizons ..............cccocveveiienenn. 71
Figure 41: Distribution of inorganic-P within inorganic and organic soil horizons with soil

T [0 1 USRS PPRURRTRON 71
Figure 42: Inorganic-P fractionations @stmarka from ridge samples..........ccocovveviiiniinieniennnn, 74
Figure 43: Inorganic-P fractionations at Valley bottom from Hugness, Guthus and @stmarka... 75
Figure 44: Dendrogram for phosphorus pools with all explanatory variables..............c.ccccce...... 76
Figure 45: Principal component analysis of the P-pools with the explanatory variables............. 77
Figure 46: Sample scores in the PCA divided into sub groups of soil horizons...........c.cccccee...... 78

vii



List of tables

Table 1: Morphometric data for Lake Vansjg taken with kind permission from (Skarbgvik and

Bechmann, 2010) .....cceoiiieieee ettt b et n e b et b nbeeneenreas 4
Table 2: Point source and NONPOINT SOUICE ........eccueeieieesireieseesieeiesaesie e sreesseeseesseeseesseesreesseanes 10
Table 3: Effects of eutrophication on lakes and reServoirs..........cocceevverveievieesecie s 11

Table 4: Eutrophication criteria for lakes and reservoirs and the boundary values for fixed trophic
classification systems (Organization for Economic Co-operation and Development (OECD).... 14
Table 5: Acid dissociation constants for phosphoric acid (Reddy and DeLaune, 2008; vanLoon
AN DUTTY, 2005). ... eiiiiitie et b e bt se e st e et e b e et e bt e be e e e re e be e e nreas 18
Table 6: Type of unconsolidated deposits, morphology and soil horizons at the sampling sites.
The information is extracted from each sub-catchment from the map in Figurel2 and appendix
G. The maps are provided by the Norwegians Forest and Landscape Institute (2011) and revised
by Alexander ENgebretsen, UIO. .......cuiiieiiei et nnes 35

viii



Abbreviations

Al-P Aluminium bound phosphorus fraction

AIS Aluminum saturation

Ali Labile inorganic aluminium

BS Base saturation

Ca-P Calcium bound phosphorus

CECe Effective cation exchange capacity

DOM Dissolved organic matter

DOM-P Dissolved organic bound phosphorus

DNOM Dissolved natural organic matter

EU WFD European union water frame work directive

EUTROPIA Watershed Eutrophication management through system oriented
process modelling of Pressures, Impacts and Abatement actions

Fe-P Iron bound phosphorus

ICP-OES Inductively coupled plasma optical emission spectroscopy

Inorg-P Inorganic phosphorus

LOD Limit of detection

LOI Loss on ignition

OM Organic matter

Occl-P Occluded phosphorus

Org-P Organic phosphorus

PCA Principal component analysis

POM Particulate organic matter

PSD Particle size distribution

pH Negative logarithm of hydrogen activities

PO4-P Orthophosphates determined as phosphorus

Tot-P Total phosphorus

Sol-P Easily soluble phosphorus (NH,CI-P)




Type | water

Ultra-pure water

Type Il water

Pure water




ABSTRACT

This master thesis is part of the EUTROPIA project funded by Research Council of Norway
(RCN) (190028/S30), which aims to obtain a better understanding of the catchment processes
governing variation in levels and fluxes phosphorus. This master thesis was conducted in Morsa
(Vansjg Hobgl) catchment located in south eastern part of Norway. The catchment area is pilot
study area for the implementation of the EU Water Framework Directive (WFD) in Norway.
This is therefore a study site where a large number of research studies have been conducted
aimed at understanding the governing factors controlling the water quality, including the cause

for enhanced influx of phosphorous (P) leading to eutrophication.

Since 85% of the catchment is comprised by forest this thesis has focused on the role of forest
soils in providing the background P load to the lake. The aim of this study has thus been to assess
the governing factors for the spatial natural variation in soil P pools, and to assess how temporal
changes in the environment (deposition loading and climate) may cause changes in the leaching
of P from these pools. This has been conducted through sampling of forest soils and analysis of
their P pools and physiochemical characteristics. In order to capture the span in soil chemistry
the soil samples were collected from different topographies (i.e. ridge, slope and the valley

bottom) at sub-catchments located below and above marine limit.

A total of 83 soil samples were collected from generic soil horizons (organic soils the O horizon,
mineral soils A- C horizons and soils from bogs H and C horizons) from 8 sub-catchments in the
watershed, and analyzed for soil pH, organic matter content (LOI), effective cation exchange
capacity (CECe) and base saturation (BS), along with the main total- and inorganic pool of
phosphorus. A more detailed fractionation of the inorganic phosphorus pools as well as texture

as particle size distribution (PSD) was determined on a set of selected mineral soils.

84.3% of the soils are acidic soils with an average soil pH value below 5. This is a pH in which
labile inorganic aluminium (Ali) is soluble in significant concentrations. Over the past 20 — 30
years the deposition of acid rain has been reduced causing a 81% decrease in sulphate

concentration in surface waters in south-eastern Norway. Consequently, the concentrations of

Xi



labile Ali have decreased from around 150 to 50 pg/L and concentrations of dissolved natural

organic matter (DNOM) has more than doubled in these surface waters.

Half of the forest soil samples show base saturation (BS) below 30%. The %BS shows large
spatial variation, though average values are found to be high in the forest floor O horizon (57%)
and peat H horizon (54%), decrease down into the mineral soil profile to a minimum in the E
horizon (20%), and then increase slightly to the B horizon (24%) and C horizon (51%). The %BS
is generally found to increases down along topographic gradients, with the highest values in the
clay rich soil layers (91%) under the peat bogs in the valley bottom. %BS is thus positively
correlated to the fraction of fine particles clay and silt.

The CECe was found to be mainly governed by the amount of soil organic matter with increasing
CECe with increasing organic matter content. Average CECe value in the organic and mineral
soil horizons were 189 meq/kg and 60 meqg/kg, respectively. In the mineral soils the CECe also

shows a positive correlation with the amount of clay in the soils.

The levels of total- and organic phosphorus were high in the organic forest floor O-horizons. The
pools of organic-phosphorus decrease while the pools of inorganic-phosphorus increases down
the soil profile. Organic-P seems thus to be governed by the amount of organic matter while the

pool of inorganic-P is governed by the soils content of fine particles.

A significant amount of the inorganic phosphorus fractionation in the organic horizon is
comprised by easily soluble phosphorus (Sol P) (14mg/kg). This is likely due to the rapid
circulation of phosphate (PO4) in the forest. Aluminium (Al-P) and Iron (Fe-P) bound
phosphorus constitute the main P fraction in especially the O and B horizons. The large Al-P and
Fe-P in the O horizon is due to that AI** and Fe®" forms binding bridges between the negatively
charged functional groups on the organic material (R-COO’, R-O" etc) and the negatively
charged HPO,* (e.g.: R-COO™ - AI** - HPO4). In addition to forming binding bridges, the Al
and Fe may co-sorb phosphate when the ions are sorbed to the soil particles in the B horizon.
The absolute and relative amount of calcium bound P (Ca-P) increases down through the soil

profile. This reflects the increase in soil pH down through the soil profile.

xii



1 INTRODUCTION

1.1 Cultural eutrophication and global problem

Excessive influx of nutrients, such as nitrates and phosphates, facilitate algal growth leading to
plankton blooms which produce obnoxious tastes and odours in water, oxygen loss in the
hypolimnion and disrupt aquatic ecology (Evangelou, 1998). In unpolluted lakes, the
bioavailable levels of both nitrates and phosphates exist in small quantities and this condition
limits plant growth. However, anthropogenic sources can dramatically enhance the concentration
of plant nutrients in water bodies. Usually, the main limiting nutrient in freshwater lakes is
phosphate. The man-made eutrophication is described as cultural eutrophication. However the
condition of eutrophication happens also naturally by the aging of lakes, though this may take

thousands of years. Figure 1 below shows the main sources of nutrients to surface waters.

Discharge of unireated hitrogen Sompounds
municipal sewage i

Matural runctt

[nitrates and
[phosphates) phosphates)

Manure runcl

i from Teadiots BF==
Discharge of realed (ritrates, phoephalaa
municipal sewage ammonia)
{prlmury and seomda.r'_.'

ritrates an-u pnoephmss: o] _
‘ _.»"f‘ f* Runoff from streets, -
7 e lawns, and construction « 1
X £ Lake scosystemn Iols (nirates and \
! . nutrignt overload phosphales) S

and breakdown ol
chiamical cycling

- g0 Runolf and erosion
n
n%ﬁgﬂ% ({from cultivation,
(frem internal combusticn mirkng. construction,
engines and furnaces) and pacr land use)

Figure 1: Allochtoneous sources of nutrients leading to cultural eutrophication®

! Available at http://library.thinkquest.org/040ct/01590/pollution/culturaleutroph.jpg
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Phosphate in the form of dissolved and suspended materials accelerate eutrophication when
discharged into a water system. Human-induced diffuse source inputs of phosphate, such as
excessive use of inorganic fertilizers and manure in agriculture, and point sources of untreated
wastewater effluents containing detergents and sewage, may significantly increase nutrient
loading into lakes. This enhances eutrophication beyond natural levels and causes deleterious

changes to the natural ecosystem.

Cultural eutrophication of surface water resources is an increasing global problem causing
significant environmental and societal damages. Eutrophication is becoming one of the main
problems in the world, especially during the last 50 to 60 years. Many lakes and water reservoirs
in most of the world are experiencing eutrophic conditions affecting aquatic ecosystem.
Eutrophication problem brings both social and economic impacts due to the loss of ecosystem
services. For example, where the lake serves as a raw water source of drinking water, the
excessive algal bloom causes bad taste and awful odour demanding more expensive filtration and
cleansing system. In addition there is a loss of recreational value as people generally prefer to be
in a more clear and attractive water than in a turbid (cloudy) waters. Where there is blooming of
blue-green algae swimming in the lake causes itching and may cause toxic effect. Moreover,
excessive algal growth causes significant deterioration of the biota, e.g. by depletion of dissolved
oxygen concentration in the hypoliminion, which render the water uninhabitable for most fauna
which needs high levels of dissolved oxygen to survive. Consequently, it harms the fishing
industry by decreasing the population of fish in the lake (Carpenter, 2008). Lakes and water
reservoirs restored from eutrophic status to environmentally sound condition may take an
extended period of time and demands considerable effort. Some of restoration strategies listed by
(Leng, 2009) are:

e Hypolimnetic aeration (where water from the bottom of a lake is brought to the surface to

be oxygenated then returned to the bottom)

o Bio-manipulation (the manipulation of food webs to enhance grazing on algae)

It is therefore better to have abatement actions decreasing the loading of nutrients to the surface

waters. The main abatement actions commonly implemented are listed in the following chapter.




1.2 Western Vansjg and the Morsa catchment: Abatement actions

Morsa catchment (Figure 2) with an area of approximately 700 km? is located in south-eastern
Norway, and includes large water bodies like Lake Vansjg. Lake Vansjg has two main basins;
Storefjorden (eastern basin), which is the largest one with an area of 24 km? and Vanemfjorden
(western basin), which is the smaller and shallower basin with an area of 12 km?. Collectively,
including Greppergdfjorden (located in between the two basins), this is known as lake Vansjg
see Figure 2. The lake flows from Storefjorden to Vanemfjorden, which drains out into the Oslo

Fjord through the Moss River (Mosseelva).

Figure 2: Morsa catchment draining to the Vansjg lakes including Lake Storefjorden map taken from
(Barton et al., 2008)

Lake Vansjg in Figure 2, which is the main lake in the Morsa catchment, is at risk of not meeting

the EU WFD for good ecological status due to eutrophication (Barton et al., 2008; Skarbgvik and
3



Bechmann, 2010). The lake covers a surface area of approximately 36 km? Most of the area in
the Morsa catchment is covered by forest (about 80%), 15% of the area is used for agriculture
land, and the remaining about 5% of the total catchment area comprises water bodies, bogs and
open areas (Blankenberg et al., 2008). Agriculture originates as the main anthropogenic source of
phosphorous (P) input into Norwegian surface waters with a contribution of about 45% of
phosphorus loading to the water system?. Vanemfjorden is a highly eutrophic lake with frequent
cyanobacteria blooms. The main sources of nutrient loading are agriculture (57%), septic tanks
from individual households (11%), municipal wastewater (6%) and natural background run-off
(26%) (Barton, 2007). Lake Vansjg is a relatively shallow lake for Norwegian conditions, and
its morphometric features are given in Table 1below.

Table 1: Morphometric data for Lake Vansjg taken with kind permission from (Skarbgvik and Bechmann,
2010)

Vanemfjorden Storefjorden
Morphometric Lake Vansjo (Western basin) (Eastern basin)
Mean depth (m) 7 3.8 8.7
Maximum depth (m) 41 19 41
Surface area (km?) at 25.5m a.s.| | 35.8 12 23.8
Volume (10° m®) at 25.5ma.s.l | 252.2 46.1 206.1
Water residence time (years) 0.21 0.85

Lake Vansjg has got a lot of attention from the Norwegian government and environmental

authorities due to its eutrophication problem.

To overcome the problem different mitigation actions have been undertaken. These mitigation
actions are designed to reduce erosion risk and surface runoff so as to lessen the release of
phosphorus from the agricultural areas. This is because erosion and runoff are the most
contributory factors that play a major role in the loss of the total phosphorus from the terrestrial
environment to the water system. The total erosion risk depends on natural factors such as slope,

2 See http://folk.uio.no/rvogt/Eutropia/Eutropia.doc



soil type, precipitation and factors influenced by human activities such as crops and soil

management (Skarbgvik and Bechmann, 2010). Some of the mitigation options as described by
Bechmann and @gaard (2010) are:

Reduced phosphorus application: Reduction of phosphorus application in fertilizers
can reduce leaching and transporting of dissolved and particulate phosphorus from soils,
and this will be also more effective by reducing of transporting soil particles using soil
management. This method reduces the availability of phosphorus in runoff.

Cover crops: Usually, phosphorus binds to soil particles and losses of phosphorus
associate with soil particles are often linked to soil erosion; therefore, planting cover
crops that can reduce soil disturbance are important to protect soil from erosion risk
during the autumn and winter period.

Vegetated buffers: Vegetated areas of the land between the agricultural fields and the
water bodies contribute to reduce concentrations of suspended sediments and phosphorus
in surface runoff from reaching water bodies by allowing more runoff to infiltrate and
react with soils, see fig 3.

Construction wetlands: Establishing mitigation options such as sedimentation ponds
and construction of wetlands that removes phosphorus from water helps to reduce
phosphorus load in the water system, and this can be more effective by including a

phosphorus adsorbing filter (Bechmann and @gaard, 2010).

Figure 3: Buffer zones in the Morsa catchment. Pictures are with kind permission from (Skarbgvik and
Bechmann, 2010).



1.3 Geology of Morsa catchment

The highest point of the catchment area is about 346 m above sea level (a.s.l) whereas the lowest

is at the sea level. A topographic map is given in Figure 4 below.

Legend
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Figure 4: Topography of Morsa catchment (with height above sea level; i.e. H.0.h. in the Figure). Map taken
with kind permission from (Skarbgvik and Bechmann, 2010).
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The 10% northernmost part of the catchment is dominated by forest and the bedrock is mainly
pre-cambrian with predominantly gneiss. In this area, situated above the marine limit of about
214 m as.l, the thin moraine soil layers gives relatively poor soil quality for agriculture
(Skarbgvik and Bechmann, 2010). The soils in the lower reaches of the rest of the catchment are
rich in silt and clay minerals. This is because the area was submerged under the sea during the
Pleistocene (epoch of the quaternary) period. Since the last ice age, when the great glacier melted
the land has risen from the sea. As the shoreline passed through the landscape it washed the
ridges barren leaving rock outcrop, the slopes were beaches leaving sandy deposits and the
valley bottom and gently sloping areas accumulated fine marine clay deposits which became the
most fertile soil. Due to this geological history of the catchment the soils in the northern forested
areas are predominantly coarse moraine, whereas in the southern areas soils are dominated by
marine deposits which are rich in clay. Therefore, in the agricultural areas the soils have up to
80% clay and the rest is covered with silt and sand (Skarbgvik and Bechmann, 2010). In the very
southern part of the catchment, a huge end moraine is effectively damming the lake. This is the

reason why the catchment drains to the west rather than to the south.

1.4 The EUTROPIA Project

This master’s thesis is part of the interdisciplinary research project named EUTROPIA
(Watershed Eutrophication management through system oriented process modeling of Pressures,
Impacts and Abatement actions) financed by the Research Council of Norway (Project No.
190028/S30). The project was established early in 2009. A main aim of the EUTROPIA project
was to study the major processes and their governing pressures controlling fluxes of major
phosphorus fractions to Lake Vansjg. Understanding these processes is a prerequisite to
understand how changes in environmental pressures will affect the phosphorus fluxes from the
terrestrial to the aquatic environment. The Water Framework Directive (WFD) that was adopted
by the Norwegian government, has as goal that all surface waters should have a good chemical
and ecological condition and to have minimum deviation from their natural condition by 2015.
This obliges scientists and environmental managers to assess the initial and current state of the
environment, and to predict future changes. Fresh water lake status, according to the WFD, is

composed of two elements: ‘chemical status’ and ‘ecological status (Pollard and Huxham, 1998).



The EUTROPIA project is an interdisciplinary research collaboration. The project has partners
from the Norwegian Institute for Water Research (NIVA), Norwegian Institute for Nature
Research (NINA), Norwegian Institute for Urban and Regional Research (NIBR), Norwegian
Institute for Agricultural and Environmental Research (Bioforsk), Norwegian University of Life
Science (UMB) and the Departments of Bioscience and Chemistry at the University of Oslo. The
project is divided into five work packages. The work of this master’s thesis has mainly focused
on the work package two (the project plan®) in identifying hydro-biogeochemical processes that
control the mobilization and transport of phosphorus fractions from terrestrial to aquatic
environment. The focus of this thesis is on forest soils. Soils have been collected from forest

areas of the catchment and analysed for physiochemical characteristics and phosphorus pools.

1.5 Objective of the master thesis

The main goal of this study is to assess the spatial distribution of physiochemical characteristics
and P-pools in soils in the Morsa watershed that are not influenced by agricultural activity. The
hypothesis is that the size of P pools may be related to topography and other soil characteristics.
It is also an aim to investigate if there is a significant difference in these pools above and below
the marine limit. A goal is furthermore to get a measure of the natural characteristics of the soils
that today are used as farmland in order to assess the amount of background leaching of P.

Dalen is an area in which many studies have been conducted; an aim of this research is therefore
also to investigate how representative the soil in the Dalen catchment is relative to the rest of the

forested areas in the Morsa catchment.

® http://folk.uio.no/rvogt/Eutropia/Eutropia.doc



2 THEORY

2.1 Eutrophication

Lakes and water reservoirs are massive sedimentation sinks which not only serve to remove
suspended matter from tributary waters but also act as a huge reaction vessels for biological
phenomena involving production of both plants and animals (Sawyer, 1966). These lakes and
reservoirs also provide ecosystem services to the society and biota by providing clean water to
household for drinking and washing, for irrigation in agricultural, for industrial sector and
recreation such as bathing, as well as a safe and sound habitat. These water bodies run the risk to
become deteriorated and have low quality due to poor management and the way how the society
uses them. For example, the discharge of sewage from industrial and urban wastewater, and run-

off from agricultural fertilizers and pest-control chemicals into the water bodies (Codd, 2000).

Eutrophication is the rapid biological response to excess input of nutrients into freshwaters,
lakes and reservoirs and happens rarely under natural conditions, but is more commonly
recognized as a consequence of human activities (Codd, 2000; Smith et al., 1999).
Eutrophication is also defined as the natural slow ageing process of lakes and is distinguished
geologically as gradual process (Rast and Thornton, 1996). As ageing progresses, the depth to
the sediment of the lake gradually decreases so that there no longer exists a hypolimnion. The
phosphate released by bacterial decomposition of the materials in the sediment is mixed
throughout the water column allowing the lake water to become richer in nutrient materials on
which phytoplankton grow. This shift typically is accompanied by changes in species and biotic
community composition. Eutrophication results in increase of cyanobacteria, algal blooms and

plant biomass and also brings decrease in biodiversity in the aquatic environment (Codd, 2000).

Anthropogenic sources of nutrients have become detrimental to water quality and aquatic
ecosystem health. Thus, much research has been done to identify the sources and mechanisms of
nutrient supply to lakes. Anthropogenic nutrient inputs are classified as point sources or non-
point sources. Point sources generally consists of sewage leakage from scattered dwellings and
leakage from manure or animal food storage facilities mainly in association with the farmyard.

Controlling of point-sources in agricultural land is relatively simple, though it may be costly. On
9



the other hand, non-point sources are more difficult to control or monitor because they are

diffuse. A comprehensive list of possible point and non-point sources are included in Table 2.1
taken from Smith et al. (1999).

Table 2: Point source and nonpoint source

Point sources

waste water effluent (municipal and industrial)

storm sewer outfalls from cities

runoff and leachate from waste disposal sites

runoff and leachate from animal feeds

runoff from mines, oil fields, and unsewered industrial sites

runoff from construction sites

Nonpoint sources

runoff from agriculture

runoff from forest

runoff from pastures and rangelands

atmospheric deposition over a water surface

activities on land that generate contaminates such as logging, wetland conversion,

construction and development of land or waterways

10



Table 3: Effects of eutrophication on lakes and reservoirs

e Increased biomass of freshwater phytoplankton and periphyton

e Shifts in phytoplankton species composition to taxa that may be toxic or inedible
(e.g. bloom-forming cyanobacteria)

e Changes in vascular plant production, biomass, and species composition

e Reduced water clarity

o Decreases in the perceived aesthetic value of the water body

e Taste, odour, and water supply filtration problems

e Possible health risks in water supplies

e Elevated pH and dissolved oxygen depletion in the water column

e Increased fish production and harvest

e Shifts in fish species composition towards less desirable species

The effects of eutrophication on the environment may have harmful consequences on the health
of exposed animal and human population through various mechanisms. Some of the health risks
are when freshwater extracted from eutrophic areas is used for drinking water. Table 2 and 3are

from (Smith et al., 1999) shows some of the symptoms and impacts of eutrophication.

Figure 5: Lake Vansjg has many user interests - the lake is amongst others used for recreation; picture taken
with kind permission from (Skarbgvik and Bechmann, 2010)
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2.1.1 Eutrophication status
There are many inorganic minerals that serve as nutrients for plant growth. Minerals containing

nitrogen, phosphorus, carbon, potassium, sulphur, calcium, magnesium and many other trace
nutrients have an important role in the growth of plants. Of the many mineral resources required
for the growth of plants, inorganic nitrogen and phosphorus are the two fundamental nutrients
that have been found to limit the growth of terrestrial plants and also the main focus regarding
eutrophication (Smith et al., 1999). The two nutrients are most commonly the limiting factor for
further growth due to the relatively low availability compared to the high biological demand. It is
speculated that the phosphorus is becoming more and more the limiting factor in surface waters

due to the on-going deposition of reactive nitrogen.

Phosphorus (P) is a naturally occurring element that exists in minerals, soils, living organisms
and in water and is a crucial nutrient supply for plant growth and development (lyamuremye and
Dick, 1996). Phosphorus exists in an undersupply condition in most soils, mainly in soils with
acidic properties and highly weathered soils such as Ultisols and Oxisols (lyamuremye and Dick,
1996). Generally, due to adsorption by Fe or Al oxides or by its precipitation with soluble Al
and Fe in acid soils, P is available to plants in very small amounts, whereas in alkaline soils

phosphate readily reacts with Ca to form insoluble precipitates.

Human activities have strong effects on the fluxes of P to surface waters. Large amounts of
minerals that are enriched with P are mined and processed to create P containing fertilizers, and
these fertilizers are widely used in the world even in agricultural areas where the soils already
have more than enough P reserves. In addition to the agricultural sources of N and P, humans use
flowing water as convenient wastewater disposal systems. The loading of N and P to the world’s
rivers, lakes and oceans is thus very strongly influenced by human population densities, the
population densities of livestock, and land-use (Smith et al., 1999). According to the degree of
enrichment with nutrients and organic matter, lakes are often classified by their trophic state with
the main classes of oligotrophic, mesotrophic, eutrophic, and dystrophic (Salameh and
Harahsheh, 2011), in other terms the trophic states are classified as good, moderate, poor and bad

where the key parameters are found in an increased level (Direktoratsgruppa, 2009).
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2.1.1.1 Oligotrophic

Oligotrophic lakes are poorly nourished with plant nutrients and support little plant growth. As a
result, biological productivity is generally low. The waters are clear, and the deepest layers get
enough light and oxygen throughout the year.

2.1.1.2 Mesotrophic
Mesotrophic lakes are waters having intermediate nutrient supply. They are moderately well

supplied with plant nutrients and support moderate plant growth.

2.1.1.3 Eutrophic

Eutrophic lakes are waters that have relatively large supplies of nutrients and support heavy plant
growths. As a result biological productivity is generally high. The waters are turbid because of
dense growths of phytoplankton or they contain an abundance of rooted aquatic plants; deepest
waters exhibit reduced concentrations of dissolved oxygen during periods of restricted

circulation.

2.1.1.4 Dystrophic

Dystrophic lakes are lakes having brownish acidic waters, with a high concentration of humic
matter, and a small plant population. Figure 6 below shows the degree of trophy of water bodies
and total phosphorus concentration. Many researchers have discussed the details and
classification of the trophic status using different physic chemical indicators of the water column.
Further readings can be referred to the documents written by (Ferreira et al., 2011; Shannon and
Brezonik, 1972; Vollenweider et al., 1998), and many other papers.
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Table 4: Eutrophication criteria for lakes and reservoirs and the boundary values for fixed trophic
classification systems (Organization for Economic Co-operation and Development (OECD)*

Trophic category | Total phosphorus | Chlorophyll a (ug/L) Secchi depth (m)
(Ho/L) Mean Maximum | Mean Minimum
Ultra-oligotrophic | <4.0 <1.0 <2.5 >12.0 >6.0
Oligotrophic <10.0 <25 <8.0 >6.0 >3.0
Mesotrophic 10-35 25-8.0 |8-25 6-3 3-15
Eutrophic 35-100 8-25 25-75 3-15 1.5-0.7
Hypertrophic >100 >25 >75 <15 <0.7

0,5

mesotroph

oligotroph eutroph / hypertroph

1000

10 100
P, mg/m?

Figure 6: Probable boundaries of the degrees of trophy of waterbodies with differing annual mean values of

total phosphorus concentrations picture taken from Organization for Economic Co-operation and

Development(OECD)

* Can be found on the web: http://www.chebucto.ns.ca/ccn/info/Science/SWCS/TPMODELS/OECD/trophic.html
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2.2 Cause for eutrophication: Governing factors, role of climate, effect
of reduced acid rain, background flux of P-DNOM

Organic matter (OM) in water body is found as dissolved (DOM) or particulate (POM) forms,
and the proof of their presence is the characteristic of yellow-brown colour of water (vanLoon
and Duffy, 2005). The organic matter formed in land and transported into the hydrosphere due to
rainfall that runs off or percolates through the soil carrying soluble and particulate OM to water
bodies makes up an important fraction of the total OM. OM is also produced within the water
bodies (autochthonous). As plant material (for example, leaves) degrade soluble organic
compounds are leached from the tissue and these organic compounds are the precursors of
natural organic matter (NOM) (Leenheer, 2002). The flux of DNOM has now increased in areas
which were previously suffering from a heavy acid rain problem like the south eastern part of
Norway, and as a result increasing concentration of DNOM in water bodies are found in these
regions. Acid rain leaches out inorganic aluminum species from forest soils, and when the soil
water drains into the surface waters, the inorganic aluminum species accumulated in surface
waters suppresses the solubility of DOM, especially the hydrophobic fraction. The effect of
aqueous inorganic aluminum as a flocculent and coagulant may be clearly envisaged at water
treatment works. Flocculation of DNOM by using aluminum sulphate (Al, (SOy)3) is a
commonly used procedure at water treatment work with high levels of DNOM in their raw water.
Based on this there is a hypothesis that “the ongoing strong decrease in aluminum
concentrations, along with fall in ionic strength, due to the reduction in acid deposition, is a
strong underlying driver for the increase in the amount of aquatic DOM and colour in surface
waters across much of Europe and North America>”.

% available at http://folk.uio.no/rvogt/CV/Publications/Critical%20Review%20-%20Vogt.pdf
15



http://folk.uio.no/rvogt/CV/Publications/Critical%20Review%20-%20Vogt.pdf

2.2.1 The main drivers for mobility of dissolved natural organic matter
There may be a lot of factors that can be the main drivers of DNOM. The following three are

discussed below. More information can be found in®.

2.2.1.1 Change of climate

The increase in temperature accompanied by increasing of precipitation due to global warming is
also a factor that has contributed to the increase of DOM in surface waters. Organic matter of the
soil decomposes more rapidly as the temperature increases because of the increased rate of
microbial decomposition in soils especially in peatlands. It is, therefore, postulated that the
observed increasing in concentration of DOC and colour in surface water is partly due to the
increase in temperature (Freeman et al., 2001).

2.2.1.2 Change in land use
Spatial variation of land use causes DOM to have different amounts and properties in the
watersheds. For example, extensive afforestation and increased proportion of conifers on acid

soils lead to increased DOM leaching to surface waters.

2.2.1.3 Anthropogenic atmospheric deposition

During the 70ties and 80ties when acid rain reigns, surface waters had a decreased colour and
low concentrations of DOM. Since the mid of 1985, acid rain deposition was decreased by >
50% because of the reduction of deposition sulphur compounds to the atmosphere in Europe and
North America. Especially in Norway, the reduction was large. It amounts to about 80%. This
decrease in acid rain leads to a up to 90% reduction in the concentration of sulphate anions in the
surface water accompanied by decreasing concentrations of the acid cations, especially inorganic
aluminum (AI**), and to some extent also the base cations such as Ca**, and Mg?*. This results
in reduction of ionic strength. A reduced ionic strength also gives more soil erosion and thereby
an increased transport of particulate-P. The figures below show the effect of sulphur reduction
(acid rain reduction) increases in DNOM (expressed as TOC) through lower aluminum

concentration.

® available at http://folk.uio.no/rvogt/CV/Publications/Critical%20Review%20-%20Vogt.pdf
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Figure 7: (right to left) reduction of sulphate deposition, decrease in aluminium concentration and increase in
TOC at 78 lakes throughout Norway (Skjelkvale et al., 1999)

2.3 Organic and inorganic forms of Phosphorus in soil-water

Soil phosphorus exists in inorganic and organic forms. Inorganic P is usually associated with
aluminum (Al), iron (Fe) and calcium (Ca) compounds of varying solubility and availability to
plants in soil. Phosphorus has to be added to most agricultural soils so that adequate levels are
available for most favourable crop growth and yield. However, a great part of the phosphate in
soils is sorbed to soil particles or incorporated into soil organic matter that cannot be easily
available to plants; this depends on soil pH (pH influences Al chemistry, at pH 6 and 8 AI**
hydrolysis and precipitates out as amorphous oxy-hydroxides, see section 2.9) and type of soil
constituents (Al, Fe, and Ca content). The solubility of phosphates or the conversion of
unavailable to available forms of soil phosphorus is usually controlled by either sorption-
desorption or precipitation-dissolution reactions depending on the environment in the soil or
sediments (Holtan et al., 1988). Organic Phosphorus compounds range from readily available
decomposed plant residues within the soil to stable compounds that have become part of soil
organic matter. Wetland soils are inherently characterized by high organic matter content so that
organic phosphorus commonly dominates the total phosphorus in wetlands. Peat-dominated
wetlands have therefore a higher proportion of organic phosphorus compared to soils with high

content of mineral matter (Schlesinger, 1997). Although a large proportion of total phosphorus
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exists in organic forms, only a small portion of this pool may be bioavailable. Biological
processes in the soil, such as microbial activity, tend to control the mineralization and

immobilization of organic Phosphorus.

Mineralization is a process of breakdown or conversion of organic phosphorus to inorganic
phosphorus. It occurs in soils as a result of microbial decomposition. Immobilization is a process
in which any inorganic phosphorus released into water is assimilated into microbial biomass and
forms stable organic phosphorus (Molla et al., 1984; Zou et al., 1992). In most soils the
phosphorus content of surface horizons is larger than in subsoil.

In acid soils, Al and Fe govern phosphorus sorption, while Ca compounds sorb phosphorus in
alkaline soils; as a result phosphorus availability is greatest at soil pH between 6 and 7 (from
figure 8 below). The dissociation reactions of the orthophosphoric acid in aqueous system as a

function of pH is presented in Table 5 and illustrated in Figure 8.

Table 5: Acid dissociation constants for phosphoric acid (Reddy and Del aune, 2008; vanLoon and Duffy,
2005).

Forms of the acid Dissociation constants
H3PO, = HPO, +H' pKa; = 2.15

HoPO4 = HPO,” + H pKa, = 7.2

HPO, = PO, + H* pKaz = 12.38

Where pKal, pKa2 and pKa3 are acid dissociation constant, the Figure 8 below shows the PO,*

distribution.
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Figure 8: Distribution of Phosphate species in aqueous solution expressed as a function of pH (Loon and Duffy,
2005).

Under most natural conditions, dominant phosphate species are H,PO, and HPO,* (Figure 8).
At around pH 7.2 there are approximately equal amounts of H,PO,” and HPO,*. H,PO, is the
dominant form of free orthophosphate species in the pH range of most natural acid forest soils (4
- 6.5). The relative de-protonation and protonation of aqueous phosphate species determine their
reactivity as inorganic ligands or ions pairs, particularly with iron and aluminum under acidic

conditions and with calcium and magnesium under alkaline conditions.

2.4 Processes governing phosphorus release from natural soils

Phosphorus exists in soil both in inorganic and organic forms. The organic forms of phosphorus
in soil are present in the range 30 to 65% (Harrison, 1987). The plant available form of
phosphorus in the soil solution is a very small fraction of the total phosphorus content in the soil
and ranges typically in concentration between 0.01 to 0.3 mg L™ (Frossard et al., 2000). This low
concentration affects the growth of plants. In order to fulfil the required flux of bioavailable
phosphorus for plant growth, therefore, it must be made available through a combination of
chemical and biological processes which release phosphorus from the soil pools. The most
19



important chemical (abiotic) soil processes involved in soil P transformation are precipitation-
dissolution and sorption-desorption, whereas the most important biological (biotic) process is

mineralization-immobilization.

Dissolved and particulate phosphorus are the two main phosphorus fractions in which it
transported from the terrestrial environment to the water bodies. However, the distribution
between dissolved and particulate phosphorus forms depends on the main transport pathways,
soil properties, management practices, and hydrological features of a particular site (Djodjic,
2001). Erosion is the transport of soil particles from land and the deposition of these materials
elsewhere. Erosion depends on variables such as precipitation, overland flow, farming practice,
soil texture and topography. Erosion preferentially leads to the transport to aquatic systems of
finer-sized soil particles and organic matter, which both have a large capacity to sorb
phosphorus. The most important transport pathways of phosphorus losses from agricultural soils
are surface run-off (overland flow), interflow (lateral flow below the soil surface), matrix flow

and preferential flow. Figure below shows the transport pathways for the particles.
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Figure 9: Transport and site management factors influencing the potential for P loss from agricultural land
to surface waters (Sharpley et al., 2001)
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2.5 Natural Soil (Forest Soil) and agricultural soils: Spatial pattern in
distribution of forest and agriculture.

The type of soil in Morsa catchment, where 85% its land area covered by forest is dominated by
Podzol type of soil. Podzol are generally located in the temperate forested regions; in which
clays, humic acids, iron, and other soluble constituents have been eluviated from the A and E
horizons. The eluviated E horizons are characterized by its distinctive light colour found
immediately below the black A horizon rich in organic matter. The light colour is formed due to
loss of iron/aluminum by leaching. Below the E horizon there is a brightly red/brown coloured
zone of iron/aluminum deposition (illuvial Bs horizon) and/or a darker zone of organic
deposition (Bh). It is the constituents of the eluviated E soil horizons that have accumulated to

form a spodic illuvial Bs horizon.

2.6 Soil profiles

Soil formation usually occurs by transport of weathering products down through the profile in
humid regions. Soil profiles are divided into horizons with notations (H, O, A, E, B, C and R)
depending on their relative placement and physical and chemical characteristics. The top H and

O horizons are organic soils and sub-surface are mineral soils horizons (A — C).
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2.6.1 Organic soil horizons
Organic soil horizons are situated on the top of the soil profiles.

e H-layer: Denote a histosol soil horizon. A histosol may be a bog or peat. The histosol is
water saturated and also defined as having greater than 40cm organic soil material.
e O-horizons: It is generally the uppermost layer of the mineral soil profile and consists of

greater than 35% organic matter. It is dry and found less than 40cm.

2.6.2 Mineral soil horizons:
Mineral soil horizons are soil horizons which contain less than 35% of organic matter.

The properties and notations of mineral soil horizons are discussed below.

e A-horizons: This horizon is on the top of the mineral soil. This horizon is darker coloured
than lower horizons and is separated from the O horizon by that it contain less than 35%
of organic material. The organic material exists as fine particles or as coating on mineral
grains.

e E-horizons: This horizon is characterized by its light colour or bleached appearance. This
is a zone which has been strongly leached. It is an eluvial layer that has been washed out
of clay, iron, and aluminium by humus. Eluviation is the transportation of dissolved or
suspended soil material within the soil by the movement of water.

e B-horizon: This horizon is commonly called subsoil. It is zone of illuviation and
accumulation of dissolved or suspended soil materials from A and E horizons as a result
of eluviation.

e C-horizon: This horizon is the deepest horizon in the profile. It is considered an unaltered
or weathered parent material.

e R-horizon: This horizon denotes the bed rock.
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SOIL HORIZONS
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Figure 10: Soil profile showing soil horizon (Manahan, 2004); photo from Vogt (Kjemi 5700, uio).

2.7 Soil properties

The terrestrial environment is comprised of bedrock and soil and the living matter associated
with these. Rocks and soil together are referred to as the lithosphere. Soil is a dynamic natural
body composed of mineral and organic solids, gases, liquids and living organisms. The terrestrial
environment covers 29% of the earth surface; 80% of the land surface is covered by soil
(vanLoon and Duffy, 2005). Among the many reasons that scientists concerned about studying
soil is that;
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1. Soils provide a supporting medium for many forms of life and are the basis of agriculture
and forestry.

2. Soils play a major role as key environmental agent;
e Soil is the locus of input from the atmosphere and output to the hydrosphere.
e Soil alters water chemistry as it passes through the watershed.
e Soil plays a central role in global nutrient (C, P, N, and S) cycling.
e Soil influences transport and fate of pollutants.

Moreover, soils involve chemical processes such as organic matter decomposition, nitrification,

denitrification, phosphorus fixation, and sulphide oxidation.

2.7.1 Physical properties of soils

Soil physical properties profoundly influence how soils function in an ecosystem and how they
can best be managed. The occurrence and growth of many plant species are closely related to soil
physical properties, as is the movement over and through soils of water and its dissolved
nutrients and chemical pollutants. Soil scientists use the colour, texture and other physical
properties of soil horizons in classifying soil profiles. Soil texture is determined by the particle
size distribution and is an important explanatory variable of the soil as it reflects both the soil
permeability for water and the soils ability to adsorb chemical constituents. The texture of the

soil is therefore a parameter that is included in this study.

2.7.2 Chemical properties of soils

Organic matter and clay content play a major role in determining the chemical properties of a
given soil sample. Soil pH and cation exchange capacity are key soil chemical properties
governing the spatial variation in P pools and are thus included in this study.

2.7.2.1 Soil pH

Soil pH affects the mobility of many pollutants in soil by influencing the rate of their
biochemical breakdown, their solubility, and their adsorption to colloids (Brady and Weil, 2008).
Carbonic acid is a weak acid which produces hydrogen ion to the soil when carbon dioxide gas

from soil generated by the root respiration and decay of labile organic matter dissolves in water
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(Appelo and Postma, 2005). Soils rich in carbonate minerals have a high pH which means that
they are somewhat alkaline. On the other hand, soils rich in organic matter usually are acidic
with a low pH. The acidity is to a large part generated by weak acid functional groups on the soil
organic humic material. This material is derived from the microbial decomposition of organic
matter. Soil with only poorly weatherable parent material are more acid than soils containing
carbonate minerals as they are not able to neutralize the humic matter acidity. Vegetation
(particularly conifers which produces organic acids) and climate along with acid rain are
important factors that affect soil pH. Acid soils have a dominance of adsorbed aluminium and
iron on its cation exchanger (see section 2.7.2.2.). Changes in redox status affects the soil pH,
hence, flooded soils exhibits higher pH values than their upland counterparts (vanLoon and
Duffy, 2005), see section 2.9. Through governing and reflecting the solubility and thereby the
concentrations of Al, Fe and Ca the soil pH is a key explanatory variable for the availability of
nutrients in the soil. Furthermore, the soil pH affects the activity of microorganisms which are

responsible for breaking down organic matter and most chemical transformations of the soil.

2.7.2.2 Effective cation exchange capacity (CECe)

The effective cation exchange capacity is a key soil property. It is defined as the sum of total
cations (Ca**, Mg?*, K*, Na*, H*, AI**, Fe**, Mn*") that a soil can absorb and exchange (Eq. 3.5).
CECe is highly dependent up on the nature and content of clay minerals (the type of soil texture)
and the content and degree of decomposition of organic matter (vanLoon and Duffy, 2005). In
general, Sandy soils with low content of organic matter have very low CECe values, while soils
with high clay content and or organic matter have a significant CECe values. Dissociation of
organic acids results in a negative net charge on the soil organic matter, and again this negative
charge is balanced by the amount of ion exchangeable cations in the soil. Because the
dissociation of organic acids depends on the pH, the CECe associated with the organic matter is
known as pH dependent CECe, therefore, the value of the pH dependent CECe will increase with
pH. Usually, CECe is expressed as number of moles of positive charge per unit mass
(meq/100g). Base saturation percentage is the proportion or percentage of cation exchange site

occupied by non-acid cations, defined in Eq. 3.6.
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2.8 Effect of decreased acid rain: Increased DNOM, reduced Al;

Primary sources of sulphur in the environment consist of mineral weathering, atmospheric
loading of acid rain (precipitation and dry deposition) and acid mine seepage, runoff from
agriculture and urban land uses, and ground water interactions (Lehr et al., 2008). Lower pH and
enhanced concentrations of sulphate allows enhanced mobilization of Al from the acid sensitive
areas which complexed the organic matter causing the DNOM to precipitate. Therefore, acid rain
decreased solubility of humus compounds by protonation of the weak acids and by complexing

the organic matter compounds with Al comes from leaching.

R-COO" + H" «» R-COOH, protonation (2.1)
3R-00 + AI** « AI(R-0O0)3, complexation (2.2)

With the decrease in acid rain deposition since the 1980s, the dissolved organic matter (DOM)
has again increased in stream water and fresh water lakes. Due to this increase in the DNOM-
quantity, the water has become browner. Hence, a reduction in acid rain causes the DNOM
compounds to become more soluble in water and be transported into stream waters and
eventually drain into lakes. Figure 7 shows the relation of reduction in acid rain with reduction in
Al leaching increasing the TOC. More information about the effect of acid rain and DNOM can
be found in Vogt et al. (2003).

2.9 The role of Fe and Al in soils and sediments in retaining and release
of phosphorus

The biogeochemistry of phosphorus in flooded soils and sediments differ from oxidized upland
and other terrestrial soils, since phosphorus adsorption and mobilization are strongly affected by
hydrology governing the redox potential. The soil capacity to adsorb phosphorous is dependent
on the soils content of Fe/Al oxides and hydroxides, clay and dissolved organic matter (Kuo and
Mikkelsen, 1979; Reddy and DeLaune, 2008). Al and Fe ions form positively charged oxy-

hydroxides that sorb PO, anions. Furthermore, the AI** and Fe** constitute a binding bridge
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between the net negative charged surfaces of clay or organic matter coating on minerals and the

PO, anion.

Ferric iron (Fe**) and sulphate (SO,*) are reduced under anaerobic condition to ferrous iron
(Fe®") and sulphide (S%), eq. 2.3 and 2.5. This plays a major role in the movement of phosphorus
in the environment. According to Mortimer (1941) and Roden and Edmonds (1997) the reduction
of ferric ion (Fe**) to more soluble ferrous ion (Fe?*), and the reduction of sulphate to sulphide
with subsequent capturing of the Fe*? as FeS, leads to the release of previously bound
phosphorus eq. 2.7. Therefore, in flooded environments P fluxes can occur from sediments/soils
to surface waters. The P released by the reduction of Fe** can again be precipitated by re-
oxidation of the reduced Fe?* upon entering an oxidizing environment through sorption to the
newly formed iron oxides. This serves to decrease the amount of phosphorus released (Patrick
and Khalid, 1974). Change of climate is believed to bring more precipitation (heavy rainfall,
increasing surface runoff, and flooding), and higher winter temperature. This will serve to
increase the extent and frequency of reducing conditions in the soils and results in more flushing

of P from soil horizons to the surface water system.

Fe(OH); + 3H" + & — Fe?* + 3H,0 (2.3)
FePO, + 2H + € > Fe®" + H,PO, (2.4)
CHy + SO4% + 2H" > HyS + 2H,0 + CO; (2.5)
CH, + SO, + H' + Fe(OH)3 + € < FeS + 4H,0 + COs* (2.6)

CHy + SO4% + H + FePO4+ € > FeS + H,0 + HCOz + HoPOy  (2.7)

Aluminium sulphate (alum) is used as phosphate precipitant in some strongly eutrophic lakes and
sewage treatment plants (Cooke et al., 1993) due to the strong binding between Al and PO,.
When alum (Aly(SOy)s) is dissolved in circumneutral water the aluminium ions rapidly
hydrolyse, leading to the formation of aluminium hydroxides (Al(OH)3). The amorphous form of
Al(OH); dominates at a circumneutral pH. The colloidal and amorphous flocs of AI(OH)3 have

high coagulation and P adsorption properties. This reduces the P transport to the surface water
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system. The amorphous aluminium hydroxide with adsorbed phosphate will slowly age into
strongly insoluble hydrous Al-PO4 mineral (Cooke et al., 1993; Moore and Reddy, 1994).

[AIOH, JOH + H,PO,~ > [AIOH, TH,PO4" + OH 2.8)
AP + H,PO, + 2 H,O - 2 H + Al (OH),H,POy4 (s) (2.9)

Acidity of forest soils is basically governed by the parent material ability to neutralize the natural
acid production (weak carbonic and natural organic acids) through weathering. The acidification
can be augmented due to acid deposition. This is especially the case in acid sensitive catchments
where poor weathering leads to limited replenishment of base cations that are leached out of the
soils causing a decrease in base saturation. The direct effect of soil acidification is to lower the
pH of the soils. The combined effect of reduced base saturation, lowered pH and increased
concentration of sulphate as a mobile counter anion, allow for a significant amount of labile

aluminium in solution.

Decline in acid rain deposition over Norway has reduced the leaching of Al from the forest soil
into surface water (Skjelkvale et al., 1999). Less labile aluminium is thus washed out of acid
head water catchments and down into the agricultural lowlands. There is therefore less labile
aluminium where the acid water mix with circumneutral pH and P rich seepage water from the
agricultural fields causing less precipitation of phosphate. This has resulted in more free
movement of phosphate in the water system. More information can be found in Orderud and
Vogt (2013).
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3 MATERIALS AND METHODS

In this section the materials, methods and sampling employed in conducting the study are
described. A brief description of the study site, with emphasis on the forest soils and plot of
the eight sampling sites, are given in section (3.1).

Soil sample collection was conducted in the mid of August 2011. The unconsolidated
deposits in 90% of the catchment area were deposited under the marine limit at the end of
the last glacial epoch for about 10 000 years ago (Skarbgvik and Bechmann, 2010). Marine
sediments are known to contain elevated levels of phosphorus as this is the final sink of
phosphorus in the global phosphorus cycle. It is therefore hypothesized that there is a
considerable natural background flux of P to the surface waters. The Vansjg Lake was as
such most likely a naturally eutrophic system, which, due to an additional anthropogenic
phosphorus loading, now experiences large eutrophication problems. Soils and water
samples from the forested sub-catchment Dalen have previously been analyzed for
physiochemical properties (Gebreslasse, 2012; Mohr, 2010). These studies showed that the
soils and sediments in this forested catchment are acid sensitive. During the acid rain period
in the 70ties and 80ties inorganic labile aluminium (Al;) was eluted out from such acid forest
soils into their acid first order streams. In the watercourse this water was mixed downstream
with well buffered water causing the Al; to precipitate out as Al-oxy-hydroxides. Ortho-
phosphate in the water was co-precipitated. Alum (Al(SO,)s3) is used by sewage treatment
plants to precipitate out phosphate, it is also spread out over eutrophic lakes as an abatement
action. It is therefore likely that reduced in co-precipitation of phosphorus due to the
decrease in leaching of labile aluminium, caused by the up to 90% decrease in sulphate
concentration since the end of 1970s, and has partly counteracted the effect of the abatement

actions over the same periods.

3.1 Site description

The study area is known as Morsa watershed with focus on the sub-catchment of western
Vansjg. Morsa catchment is an important catchment for many reasons. It is one of the
catchments in Norway which is most affected by agricultural runoff and therefore also
eutrophication and harmful algal blooms. It has been a pilot catchment in the implementation

of the EU Water Framework Directive (WFD), and has a number of different user interests
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(Skarbgvik and Bechmann, 2010). Morsa watershed covers an area of 700 km? of which
80% is comprised by forest, 15% by agriculture and 5% by others land-use. The morphology
and soils in the area is characterized by quaternary geological characteristic of marine
unconsolidated deposits rich in clay (Skarbgvik and Bechmann, 2010). The lake is a source
of drinking water for more than 60,000 people and it receives pollution from human

activities in the watershed.

Soils from Dalen has previously been analysed in our laboratory for physico-chemical
properties (Mohr, 2010). The soils were collected from ridge, slope and valley bottom, and
the results shows that; the largest soil P pools was found in the organic matter dominated soil
floor which is the O horizon where organically bound P. The P pools in the O horizon shows
decrease down the topography slope possibly due to the sub-lateral flow of water that washes
out the soil horizon during periods of high runoff. E horizon which is located at the ridge
shows low pool of P, this is because of the soil horizon is depleted of iron and Aluminum
sesquioxides and clay content which have the ability to bind P. A significant amount of P
bound to Ca and Fe was also found in the B and C soil horizons. The soils in Dalen also
found to be acidic with pH well below 6 in all horizons and plots. The pH increases typically
down through the soil profile as well as down along the topographic gradient. Sampling

sites shown in figures 12, 13 and 14
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Figure 11: The Morsa watershed (dark green) with the sub-catchment of Western Vansjg (red) from
(AQUARIUS, 2010)
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Quaternary geology in Vansjg-Hobal

Deposit type

- Antropogen origin
|:| Fluvial deposits

- Humic cover over mountain

|:| Margin moraine

|:| Marine beach deposits

|:| Moraine

I:l Maked mountain

; |:| Crganic soils (bogs)

Stea (margin moraine) s |:| Sea, fijord and beach alluvium, countinous.
|:| Sea, fjord and beach alluvium, discountinous.

0 25 5 10 15

0
Kilometers ®  Soil_sampling_plots

Figure 12: Sediment deposit types in the Morsa watershed including the eight sampling sites for soil (red
dots) ’.

"The map used is a quaternary map, 1:50000 produced by Geology for Society (NGU)
(http://lwww.ngu.no/no/hm/Kart-og-data/nedlasting/), map is modified by Alexander Engebretsen.
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Figure 13: Soil sampling maps for sites of Dalen, Augergd, Gashus, Stga and Huggenes, the numbers and black dots in each site represents plot
numbers where the soils are sampled®.

8  see next page
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Figure 14: Soil sampling maps for the sites of Guthus and @stmarka; the numbers and black dots in each site represents plot numbers where the soils

are sampled®.

® More information about the plot numbers are given in table 3.1 and see figure 12 for the legends description. The map used is a quaternary map, 1:50000
produced by Geology for Society (NGU) (http://www.ngu.no/no/hm/Kart-og-data/nedlasting/), modified by Alexander Engebretsen.
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3.2 Soil sampling

Soil samples were collected from eight conifer forested sub catchments in the Morsa
watershed (see Figures 12, 13 and 14). The plots in the sub-catchments have different type of
unconsolidated deposits (Table 6). The coordinates and elevations of each plot numbers in
(figures 13 and 14) was inserted in to GPS map 62s (GARMIN) instrument, to find the exact
sampling site, and 83 Soils samples were collected from these sub-catchments (Huggenes,
Dalen, Augergd, Stea, @stmarka, Guthus, Boslangen and Gashus). All the samples are
collected from forest using an auger (soil sampler) and placed in a Ziploc plastic bag for
transport. All sub-catchments are located below the marine limit except the @stmarka site. See
appendix G also for maps of the quaternary deposits of the study area.

Table 6: Type of unconsolidated deposits, morphology and soil horizons at the sampling sites. The
information is extracted from each sub-catchment from the map in Figurel2 and appendix G. The maps

are provided by the Norwegians Forest and Landscape Institute (2011) and revised by Alexander
Engebretsen, UiO.

Sub- Plot number Deposit type Morphology | Soil
catchment | (see Figure 13 and horizons
14)
5 Naked mountain Ridge O
3 Sea fjord and beach . O,AEB
" . Ridge
alluvium continuous
Naked mountain Slope O.A
4 Sea fjord and beach Slope O,E,B
Huggenes alluvium discontinuous
2 Sea fjord and beach Slope O,E,Bs,B,C
alluvium discontinuous
6 S Valley H,C
Organic soils (bogs) bottom
1 Sea fjord and beach Valley H1
alluvium continuous bottom
12 Naked mountain Ridge O
9 Naked mountain Ridge O,AE,Bs
11 Sea fjord and beach Valley AB,C
Guthus alluvium discontinuous bottom
10 Sea fjord and beach Valley H1,H2,C
alluvium discontinuous bottom
8 . Valley H1,H2,C
Organic soils (bogs) bottom
16 Naked mountain Ridge O
Boslagen
J 15 Naked mountain Slope OE
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14 S Valley H,A,C
Organic soils (bogs) bottom
13 Sea fjord and beach Valley O,AB
alluvium discontinuous bottom
19 Humic cover over Ridge @)
Dalen mountain
18 Humic cover over Slope @)
mountain
23 Humic cover over Slope O,B
mountain
22 Naked mountain Slope O,A.B
25 Humic cover over Valley @)
Augerad mountain bottom
24 Sea fjord and beach Valley AB,C
alluvium discontinuous bottom
21 Sea fjord and beach Valley 0,AB,C
alluvium discontinuous bottom
33 Margin moraine Ridge O,E,BsB
Stoa 32 Margin moraine Slope O,AE,B
31 . . Valley O,A,B,B2
Margin moraine
bottom
38 Naked mountain Ridge O
36 Naked mountain Ridge O
Gashus 35 Sea fjord and beach 0,Bh,B,C
4 . . Slope
alluvium discontinuous
34 . Valley H,A
Organic soils (bogs) bottom
30 Naked mountain Ridge OEB
Gstmarka | 22 Naked mountain Slope 0,B,C
27 Naked mountain Valley OBC
bottom

3.2.1 Soil from different horizons

Soils from the sites were sampled from different generic horizons, approximately from 1cm
below the top surface to 120 cm depth. The soil horizons O, H, A, AE, E, B, Bs and C were
found in the Morsa watershed. In some sampling sites, especially on the bare rock mountains,
only O horizons were sampled as other horizons were lacking. The H horizons, denoting
Histosols, were inherently found on waterlogged areas. Below the organic peat layer, typically
at around 80cm depth, a clay soil layer (C-horizon) was commonly found. Figure 15 below

shows the sampling strategy to capture soils from different topography.
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Soil samples were collected from the ridges, slopes and valley bottom in order to capture the
topographic gradient found within each site. All sites were located below the marine limit,

except @stmarka, which was situated above the marine limit. The main span in soil structure
was thereby sampled due to the redistribution of the unconsolidated deposits as the shoreline
passed through the watershed. Emphasis was given in the sampling strategy to capture fertile

soils in the valley floors that have not been exposed to agricultural practices.

Villey Batiom

Figure 15: Soil profile from the different topographic presentation from (Mohr, 2010).

Figure 16: Picture from sampling site from ridge topography and the ridges show also bare mountain,
Photo was taken during sample collection.
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Figure 17: Picture from soil sampling site from slope topography. In this figure it shows the lighter soil
colour. Photo was taken during sample collection.
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Figure 18: Picture from soil sampling site from the valley bottom topography, near a stream. The water
shows a brown colour. Photo was taken near the stream during sample collection.

3.3 Soil sample pre-treatment

After the soils were brought to the chemistry laboratory at the Department of Chemistry,
University of Oslo, the necessary sample pre-treatments such as drying, sieving,
homogenizing and storing has been conducted according to ISO-11464 (2006) method.
Figure 19 shows pictures from the sample drying process.
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Figure 19: Drying of soil samples from various soil types and horizons (upper panel). During the drying
the samples were covered as shown in the lower panel.

3.3.1 Grinding and sieving of soil samples

The collected soil samples were placed on cardboard plates covered with a cardboard (as
shown in figures 19 and dried at a room temperature for about three weeks. The dried samples
were then crushed gently using a mortar and a pestle, and sieved through a 2mm mesh.
During the grinding process care was taken not to crush the individual soil minerals ensuring

that only large soil aggregates were broken. Grinding and sieving are essential part of
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homogenizing the sample and is consistent with the internationally accepted standard for soil
chemical analysis (1SO-11464, 2006). The soil fractions that passed through the 2mm sieve
was collected and stored for physicochemical analysis.

3.3.2 Storage and homogenization of the soil samples

Sieved soil samples were stored in cardboard boxes (of approx. 0.5L volume) and placed in a
dry shelf at room temperature. Homogenization of soil samples is very important to get a
good analytical result. Thus, before withdrawal of samples from the boxes, the samples were

mixed using a spoon.

3.3.3 Cleaning procedures

Plastic and glassware used for the analysis of the samples were cleaned in a Miele Mielabor G
7783 Mutitronic washing machine (Miele, Germany), which performs HNO3 acid wash and
Type Il water rinse in accordance with Miele Mielabor G 7783 Mutitronic washing machine
standard wash procedure. The sample bottles were also cleaned with diluted 5-10% HCI
overnight. All glass equipment used in the experimental work had been top filled or soaked in
10 % (w/w) HNO3 and then rinsed with Type Il and Type | water to minimize contamination
prior to analysis unless otherwise stated. See appendix D for characteristics of type | and type

Il water.

3.4 Physicochemical Soil analysis

The soil samples were analyzed for soil physiochemical properties such as soil moisture, soil
pH, organic matter content, effective Cation Exchange Capacity (CECe) including Base
Saturation (BS%) and Aluminum Saturation (AlIS%), particle size distribution (% of clay, silt
and sand) and phosphorus pools (total-P, inorganic-P and organic-P) and inorganic P-
fractionations (easily soluble-P, P bound to Al, P bound to Fe, P bound to Ca and occluded-
P). The preparations of samples and standard solutions for the physicochemical analysis of the
samples were conducted at the laboratories at the Departments of Chemistry and Geosciences,
UiO.
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3.4.1 Soil pH
Soil pH was measured according to a method described in 1ISO-10390 (1994) both in water

and 1M CacCl, (1:5, soil to 1M CacCl,) extract. Sample solutions were shaken repetitively, and
left for two hours for sedimentation. The purpose of extracting with a salt solution is to
provide pH values that are more comparable as the salt masks the variability in the salt
content of soils and serves to maintain the soil in a flocculated condition as well as to decrease
the junction-potential effect on the electrode (Beery and Wilding, 1971; Coleman et al.,
1950). The measurement of pH was done using an Orion pH-meter with a ROSS pH
electrode. Two replicates per sample were measured. All the analysis results are given in

appendix A and appendix C, table C1.

3.4.2 Dry matter content

Dry matter of the air dried soil samples was conducted according to a method described in
ISO-11465 (1993). About 10g of soil was weighed accurately (M;) using an analytical
balance (Sartorius LC3201D, accuracy + 0.1 mg), and put into a pre-weighed container (Mo).
The container with the soil sample was placed in a drying oven at a constant temperature of
105°C +5°C overnight, and then placed in a desiccator for cooling. The cooled and dried
soils were weighed again (M) on the analytical balance. The mass difference is used to
calculate the dry matter and water content of the soil according to Eq. 3.1 and 3.2. Results are

given in appendix A.

M1-M?2
Wi = (Ml_MO) x 100% (3.1)
M2—-MO
W, = (Ml_MO) x 100% (3.2)
Where, Whoo IS water content

Wym  is dry matter
Mo is mass of the empty container
M, is mass of the air dried soil + container

M, is mass of the oven dried soil at 105°C+5°C + container
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3.4.3 Organic matter content

Organic matter of the soils was determined by loss on ignition (LOI) according to the
modified 1SO standard by Krogstad (1992). For this purpose, 5-10g of soil was weighed on
an analytical balance into a quartz container and placed at 550°C in furnace for 4 hours for
high temperature combustion of the organic matter to CO,. After burning the containers with
the ash content were placed in desiccator for cooling and then the mass was determined. The
LOI was determined according to Eq. 3.3. Results are given in appendix A and appendix C,
table C1.

M2-MO0
M1-MO

LOI = (1 ) x 100% — WH20 (3.3)

Where
LOI is Loss on Ignition

Wyoo IS water content from Eqgn 3.1

Mo iIs mass of empty container

M, is mass of air dried soil + container
Mo is mass of ignited soil + container

3.4.4 Particle size distribution (PSD) for mineral soils

Particle-size distribution analysis is a measurement of the size distribution of soil particles in
a soil sample. The major features of soil particle size analysis is the dispersion of soil
aggregates into distinct units by removal of organic matter, salts, carbonates and oxides, by
using chemicals, mechanical shaker (electrical mixer), and ultrasonic vibrator machine
according to 1SO-11277 (1998). Sieving, sedimentation and laser diffraction was applied as

methods for the separation of the particles according to their size.

Determination of particle size distribution was performed at Dept. of Geosciences, University
of Oslo, using a Beckman-Coulter LS 13 320 Laser diffraction particle size analyser. The
principle of the Laser Diffraction Method (LDM) is that particles of a given size diffracts light
at a given angle when a parallel beam of light passes through the suspension kept in the
sample cell. The angle of diffraction increases with decreasing particle size and vice versa (Di
Stefano et al., 2010). Only mineral soils from (A, E, B, C) horizons were selected for the
determination of the particle size distribution and soils were included from both the above and

below marine limits.
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The selected soils were pre-treated according to a method described in 1ISO-11277 (1998) to
destroy oxides and organic content of the soil using hydrogen peroxide (H20,) 30% (v/v).
The selected soil samples for PSD analysis was placed in a glass container, and 30ml of water
followed by 30ml of 30% (v/v) hydrogen peroxide was added to moisten and remove organic
matter, salts, oxides and carbonate content of the soil. Any vigorous reaction was avoided by
adding drops of 2-Octanol solution, and contents of the vessel was continously stirred. Finally
the container was covered and left over night for sedimentation. After the removal of the
organic matter content, salts, oxides and carbonates; the samples were dried using vacuum
freeze dryer. A small amount of each samples free of organic matter were taken for size

distribution measurement. Results are given in appendix A.

3.4.5 Determination of Effective Cation Exchange Capacity, soil pH and Base

and Aluminium saturation

Effective cation exchange capacity (CECe) of a soil is simply a measure of the amount of
exchangeable sites on soil surfaces that can hold positively charged ions by electrostatic
forces (Schwertfeger and Hendershot, 2009). Cations which are bound by electrostatic force
are exchangeable with other cations when the soil is in contact with a solution and are thus

readily available for plant uptake.

Determination of effective cation exchange capacity (CECe) is based on the method described
by Hendershot et al. (2007). The method is comparable to ISO 11260 and ISO/TC190/SC3
standards, using spectrophotometric determination of Al. The main deviation is that
exchangeable H" is determined by measuring pH directly in the supernatant solution and that
iron and manganese is determined in addition to the Al. The soil extraction was conducted
with soils that have been air-dried and passed through a 2.00mm aperture sieve. About 1.50g
of soil sample for organic soils and 4.50g of soil for mineral soils were accurately weighed
into polycarbonate centrifuge tubes. About 30.0mL of 0.1M BaCl, extracting solution was
added to each of the soil samples. The samples were shaken for 2hrs in a Nalgene and
Edmund KS-15 shaking machine at a slow speed of 50strokes/minute. After shaking, the
mineral soil samples were centrifuged for 10 minutes at 3000 rpm in a Jouan B4i (Thermo

fisher scientific Inc.) centrifuge. The solution was decanted and then filtrated under vacuum

44



pressure through a Whatman No. 42 filter paper '°for quantitative analysis. Organic soil
samples were not centrifuged. They were only filtered with a Whatman No. 42 filter paper in
the same way as the mineral soils. For CECe and base and aluminium saturation calculations
see chapter 3.4.5.3.

3.45.1 Exchangeable H* using pH- measurement

The filtrate was transferred to a scintillation bottle which was stored cool and dark before
analysis. The pH of extracted soil sample was measured using pH-meter. The measurement
was conducted in order to determine exchangeable hydrogen ions [H*]. The concentration of
H* ([H']) was calculated based on the measured activity of the H* by dividing with the

activity coefficient for H'.

3.4.5.2 Cation analysis using inductively coupled plasma optical emission spectroscopy

The concentration of basic- and acidic cations calcium (Ca*), magnesium (Mg?*), potassium
(K"), sodium (Na*), aluminium (AI*"), iron (Fe**) and manganese (Mn*") in the extracts were
determined according to the method described in 1ISO-22036 (2008), using VISTA AX CCD
Simultaneous Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES). The
instrument is equipped with an Echelle polychromator, a Charge Coupled Device (CCD) for
detection, and the emission was measured axially. Prior to analysis, all sample and standard
solutions were acidified to 1% (m/v) nitric acid. Concentrations of each cation obtained from
the instrument in mg/L were converted to CEC in meq/kg of the cations in soil as explained in

section 3.4.5.3 and results are given in appendix A and appendix C, table C3.

3.4.5.3 Calculations of CECe, base- (%BS) and aluminum saturation (%AIS)

All concentrations in the supernatants were translated into meg/kg of dry soil (see Eq. 3.4).
The exchangeable amount of the different cations per kg soil was calculated from the
concentration in the extracts ([X]), the amount of soil (1.5 or 4.5g) and volume (30mL) of

extractant solution according to eq. 3.4.

% Provides fine retention and slow flow rate. Suitable for general filtration of many types of
samples
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(X) (in emol /kg_ ) =[X] (in cmol /L) &

Wim

100 (3.4)

gsoil ’

Where, [X] is concentration of cations (cmole)
g soit IS Weight of dry soil sample in ()
W is dry matter correction factor
The sum of all cations in meqg/kg of the soil gives the CECe

(jEC'E — Z(C'a ziaIMglJrajVaJr5K+:44]3+5F65711M}?2+1H+)cm01e kgsui]71 (35)

The percentage of sum base cations (Ca2+, Mg2+, K+, Na+) relative to the CECe gives the
Base Saturation (BS%) (eg. 3.6)

> (Ca™, Mg~ ,Na",K") |
CEC,

%BS = 00

(3.6)

The percentage of aluminum relative to the CECe gives the Aluminium saturation (AlS) (eq.
3.7).

S (A7)
CEC,

%AIS = -100

3.7)

Results for CEC, and BS are found in appendix A and appendix C, table C4.
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3.5 Analysis of phosphorus pools in soil extracts

The soil samples were analyzed for total and inorganic phosphorus according to the method
by Mgberg and Petersen (1980). The sequential fractionation of inorganic phosphorus was
analyzed for easily soluble-P, P bound to Al, P bound to Fe, P bound to Ca and occluded-P
based on the method developed by Chang and Jackson (1957). The method is discussed in
section 3.5.1and 3.5.2 below.

3.5.1 Total-phosphorus

Measurement of the total phosphorus is based on the method described by Mgberg and
Petersen (1980). About 1.0g of soil was ignited according to section 3.4.3, and of each the
ignited sample was transferred to acid washed 250mL volumetric flask and added 5mL of 6M
H,SO,. After the contents of the flask were mixed well, the mixture was heated in a water
bath at 70°C for 10 minutes. Further 5.0 mL of 6M H,SO, was added and left for cooling for
one hour. The sample was diluted to a total volume of 250mL using Type | water. After
dilution, the sample was left for two days for sedimentation so that a clear solution is formed.
Total-P of the sample solution was measured at Dept. of Geosciences UiO, on a SEAL
Orthophosphate Auto Analyzer 3 using the application of Molybdenum blue method
described by Murphy and Riley (1962). See the method in appendix F, figure F4.

3.5.2 Inorganic- and Organic phosphorus

Inorganic phosphorus was extracted following the same procedure as total phosphorus, except
the soil was 1g of air dried. Organic-P (Org.-P) was calculated by difference between Total-P
and Inorganic-P as shown below. Results for inorganic phosphorus and organic phosphorus
are found in appendix A and appendix C, table C5 and C6 respectively.

3.5.3 Sequential extraction of inorganic phosphorus in soils

Sequential extraction schemes were developed to search out additional information on the
levels of soil phosphorus fractions in soils. A single sample of soil is extracted sequentially by

adding stronger extracting solvents to separate the phosphorus into fractions based on the
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chemical solubility (Turner et al., 2005). The method of the sequential extraction of
Inorganic-P was performed according to the method explained by Chang and Jackson (1957).
According to the sequential extraction method, five inorganic P-pools are defined; easily
soluble phosphorus, P bound to Al, P bound to Fe, P bound to Ca and occluded phosphorus.
Fractionation of these five inorganic phosphorus pools was conducted as outlined below and

shown in Figure 20. Results are given in appendix F, table F3.

3.5.3.1 Procedures of the sequential extraction and preparation method

About 1g sample of soil was placed in an 85mL centrifuge tube and extracted with 50mL of
1M NH4CI for 30 min on a mechanical shaker (Edmund Buhler KS-15). The suspension was
centrifuged and the supernatant solution was saved for the determination of the soluble and
loosely bound phosphorus. A 50mL of neutral 0.5M NH4F was added to an 85mL centrifuge
tube again and the suspension extracted on a mechanical shaker for 1 hour. The suspension
was centrifuged and the supernatant solution was decanted for determination of aluminium
bound phosphate. The soil sample left after the extraction of aluminium phosphate was
washed twice with 25mL of saturated NaCl solution. It was then extracted with 50mL of 0.1M
NaOH on the shaker for 17 hours. The soil suspension was centrifuged for 15 minutes at 2400
rpm and centrifuged again to obtain a clear solution that was decanted into another centrifuge
tube for determination of iron phosphate. The soil sample after extracting iron phosphate was
washed with two successive aliquots of 25mL of saturated NaCl solution. It was then
extracted with 50mL of 0.25M H,SO, for 1 hour on a mechanical shaker (Edmund Buhler
KS-15). The suspension was centrifuged and the clear supernatant solution is decanted for
determination of calcium phosphate. The soil sample left after the extraction of calcium
phosphate was again washed twice with 25mL of saturated NaCl solution and it was then
extracted with 50mL of 0.1MKCI that contains ascorbic acid and Na2-EDTA for 1 hour on
the mechanical shaker. The suspension was then centrifuged for 15minutes and the clear

supernatant was analyzed for occluded phosphate (see Figure 20).

The SEAL Autoanalyzer 3 at the Department of Geosciences, UiO, was used to determine the
Tot-P and Inorganic-P fractions from the soil extracts acquired from the Chang and Jackson
(1957) and Mgberg and Petersen (1980) methods. The instrument was set with the parameters

given in appendix F.
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Soil: Add 50ml 1M NH,CI.
Shake for 30min. centrifuge
for 15min at 2400rpm &
decant.

Soil: Add 50ml 0.5M NH4F.
Shake for 1hr. centrifuge for
15min at 2400rpm & decant.

Soil: Wash twice with 25ml
sat. NaCl solution

Soil: Add 50ml 0.5M NaOH.
Shake for 17hr. centrifuge for
15min at 2400rpm & decant.

Supernatant: 25ml aliquot is placed
in a 50ml volumetric flask, Solution
is diluted to the mark, and total P is
determined (Soluble-P fraction).

Supernatant: 10ml aliquot is placed in
a 50ml volumetric flask. 15ml 0.8M
Boric acid & 0.5mL 4M H,SOy is
added. Solution is diluted & analyzed

for Al-P.

Supernatant: 2ml aliquot is placed in
50ml volumetric flask. 0.5ml 4M

H,SO, is added; solution is diluted
& analyzed for Fe-P.

Soil: Wash twice with 25ml
saturated NaCl solution

Soil: Add 50ml 0.25M H,SO,
and Shake for lhr. centrifuge

Supernatant: 5ml aliquot is placed
in a 50ml volumetric flask, diluted

for 15min at 2400rpm &
decant.

Soil: Wash twice with 25ml
saturated NaCl solution

Soil:  Add 50ml, 0.1MKCI
containing 12.5g/l ascorbic acid

& 0.372g/l Na,-EDTA. Shake
for 1hr, cegtrifuge for 15min &

and analyzed for Ca-P

Supernatant: 20ml aliquot is placed in
a 50mL volumetric flask. 0.5ml 4M
H,SO, is added and solution is
analyzed for Occluded-P

Figure 20: Sequential extraction method of soil analysis for inorganic phosphorus fractionation

(Pierzynski, 2000).
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Results obtained from the determination of phosphorus pools, i.e. Inorganic and organic
phosphorus and the inorganic-P fractionation (easily bound phosphorus to soils, Al-bound
phosphorus, Fe-bound phosphorus, Ca-bound phosphorus and occluded phosphorus) are

found in appendices A, C and F.

3.6 Statistical analysis

The Minitab 16 statistical programme was used to perform a hierarchical cluster analysis and
principal component analysis. In addition individual Pearson correlations were performed in

order to find the strength of association between variables.

3.6.1 Hierarchical cluster analysis

Cluster analysis is a method of modelling groupings, or clusters of similar parameters or
objects. The clusters are presented with a dendogram, a two-dimensional chart where the y-
axis shows the similarity (where 100 % is very similar and 0 % no likeness between the
clusters and the horizontal lines denotes the clusters (BRIDGES JR, 1966).

3.6.2 Principal component analysis

A Principal Component Analysis (PCA) is a way of identifying patterns in large data matrix
in which observations are described by several inter-correlated quantitative dependent
variables (Abdi and Williams, 2010). Its goal is to extract the important information from the
data, to represent it as a set of new orthogonal variables called principal components, and to

display the pattern of similarity of the observations and of the variables as points in maps.
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4 Result and Discussion

83 soil samples collected from soil profiles on ridges, slopes and valley bottoms in the forests
of the Morsa catchment were analyzed for physicochemical properties such as soil pH,
organic matter (LOI), effective cation exchange capacity and base saturation and pools of
phosphorus, as well as particle size distribution on the mineral soils. This section describes
the result and discusses empirical and conceptual relationships between the analyzed

parameters.

4.1 Soil pH and Organic matter content

4.1.1 Soil pH

Results of soil pH measured in water and in CaCl, suspension are given in Appendix A. The
pH measured in CaCl, is approximately one unit lower than the pH measured in water, and
this is because of ion exchange process. The calcium chloride provides Ca®* ion in the
solution to replace some of the H” ions on the soil particles, forcing the hydrogen ions on to
the solution. The Ca*" is a strong competing cation binding negatively charged groups.
Figures 21 and 22 show the trend in soil pH with topography and down through the soil
profiles, respectively. The soil pHcaci2 varies from pH=2.73 in the O horizon located on the
top surface of the mineral soil profile on the ridge to pH=5.45 in the deep C horizon in the
bottom of the bogs on the valley floor. There is, as commonly found, an increase of soil pH
down the soil horizons. The increase pH down the soil profile is in the literature commonly
explained by the neutralization through acid consuming weathering down through the B and C
horizons. Observing to Figures 22 and 23, it indicates that the pH of the soils is to a large
extent governed by the organic matter content. The O and H horizons are acidic with high
organic matter content while the deep soil horizons (A, B and C) have highest pH value with
low organic matter content. The measured pH™ in H,O and CaCl, is also observed positively
correlated with Loss on Ignition (LOI, chapt. 4.1.2) with correlation coefficient r=0.663 and
0.658 respectively, (see appendix B). Organic matter of a soil contains many acid functional
groups, which is the main source of H" at pH below 5.5. These weak acid functional groups

cause soil acidity upon their dissociation. Accumulation of organic matter in the soil and

1 pH is expressed as H* (H,0) and H*(CaCl,), it is explained as the [H*] appendix B.
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dissociation of weak organic acids are thus one of the most important contributors of
hydrogen ions in acid soils. Furthermore, the upper surface part of the soil is exposed to
different pressures that can enhance the acidity. For example, the input of strong mineral acid
from long-range transported acid rain, the nitrification of ammonium and the decomposition
of plant litter falling on the soil surface are among the contributing factors that cause lower

pH values in the upper part of the soil horizons.

Within the mineral B and C horizons, where the levels of organic matter are low, most of the
variation in soil H" was found to be explained by the % Base saturation of the soil sample (r =
-0.606 and -0.877 for 10729 vs. 94BS). This is due to that the amount of exchangeable

acidity decreases with increasing %BS.

The soil pH within each genetic soil horizon was found to increase down the topographic
gradient although the increase was not clear. Average lowest pHy20 (3.95, n=23) was found in
the forest soil on the floor O horizon, while the highest average pHu2o0 value (5.6) was found
in the 4 samples collected from the clay rich soil C horizon found beneath the bogs in the

valley bottoms.
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Figure 21: pH shows an increase down through the soil profile as well as down the slope along a
topographic gradient - although the increase down the topographic gradient is not so clear
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Figure 22: Low pH in the top horizons and increasing pH down into the soil profile

4.1.2 Organic matter content

Loss on Ignition (LOI), reflecting the organic matter content of the soil, decreases as
inherently expected from the organic O and H horizons down into the mineral B and C soil
horizon. On the ridge and slope the eluvial E horizon has lower LOI than the illuval B horizon
due to accumulation of organic matter leached through the E horizon. Figures 23 and 24 show
the trends of organic matter within soil profiles and topographic transect. No clear trend in

organic content was found between the generic soil horizons along the topographic gradient.
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Figure 24: Organic content of the soil in different topography and genetic soil horizons
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4.1.3 Representativeness of the Dalen site

The Dalen site, a small forested catchment draining into the western Vansjg basin, is used by
Mohr (2010) as a case study of processes governing the dissolution and transport of
phosphorous (P) fractions from natural forested soils into the surface waters. These studies
have made it clear that a significant amount of aluminium is leached out of these rather acid
forest soils. It is therefore postulated that during the acid rain period in the 70ties and 80ties a
considerable amount of labile aluminium was leached out of the headwater catchment. The
runoff mixes downstream with alkaline seepage from agriculture containing high levels of
phosphate. A study by Shekobe (2012) mixing water from Dalen with drainage water from
agriculture (Stga) showed that between 50% to 80% of the dissolved phosphate was converted
to particulate phosphate along with 60 — 100% of the labile aluminium. A aim of this current
study is therefore to determine how representative the acidity of the Dalen site is to the greater
forested areas in the Morsa watershed in order to warrant an extrapolation of these findings.

In Chapter 4.4.4 the representativeness of Dalen in respect to P pools is discussed.

Data presented in Figures 25 and 26 are compiled data from the study in the Dalen site by
Mohr (2010) and Figure 21 from this study. These Figures are used for comparison of the soil
acidity and organic content of the soils from Dalen to the rest of the forested sites in the
watershed. The soil pH of Dalen is found to lie within the range found in the Morsa
watershed, though slightly less acid than the rest of the forest in the watershed. The organic
content of the soils of Dalen is much the same as found in the forests of the whole Morsa
watershed, except that the forest floor on the ridge is in the upper range, and the Histosol in
the valley bottom lies in the lower part of the range of LOI values found in Morsa. Based
only on pH and LOI, as key soil physiochemical characteristics, the soils studied in the Dalen

watershed appear to be generally representative for the soils in the Morsa watershed.
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Figure 25: pH of the soils from Dalen versus the rest of the forested sites in the watershed
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Figure 26: Organic content of soils from Dalen versus the rest of the forested sites
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4.2 Soil texture Particle Size Distribution (PSD)

Figures 27 show the percentage distribution of particle size (sand, silt and clay fractions) of
the selected mineral soils. According to Loon and Duffy (2005) sand ranges from 0.02-2mm,
silt ranges from 0.002-0.02mm, and clay ranges less than 0.002mm. Samples from both above
and below marine limits was analysed for PSD, and the samples from above marine limit
show sand domination. The soil texture is mainly a sandy loam. The soil texture in the region
below marine limit, comprising 90% of the watershed is strongly influenced by the erosion of
the seashore upon passing through the landscape. The ridges are washed clean of
unconsolidated deposits leaving basically rock outcrops with patches of sand. On the slopes
the wave actions left sandy beaches while in the flat valley bottom finer materials
accumulated leaving deep deposits of marine clays. Lowest content of the fine particles are
thus found in the A and E horizons on the ridge, with an increase in fine material (clay and
silt) down the topographic gradient. In the soil on the ridges there is an increase in finer
particles down through the profile. This is mainly due to the soil profile forming (pedological)
processes transporting particles down through the soil profile. On the slope the top horizons
are richer in finer material relative to the deeper soil horizons. This may be due to the higher

content of organic matter enhancing the ability to hold finer material.

RIDGE SLOPE V.BOTTOM
100 % 100 % 100 %
% 80% 80 % 80 % SAND
60 % 60 % 60 %
P [ |
40 % 40 % 20 % SILT
S 20% M 20% l u 20 % = CLAY
D 0% - 0% 0%
A E B A B C A B
SoilHorizons Soil Horizons Soil Horizons

Figure 27. % PSD with in Soil profile and topography (Ridge, Slope and V.bottom, respectively.)
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4.3 Effective Cation exchange capacity (CECe) and Base saturation
(BS)

4.3.1 Content on the CECe and effect of organic matter and clay

CECe is found in elevated amount in the organic soil horizons with increasing CECe with
increasing organic matter content (Figure 28). The average CECe value in the organic soil
horizons was 189meqg/kg. The mineral soil horizons show CECe value about 60meq/kg. These
CECe values are comparable to what was found in pristine forest soils in mid-Norway
(Carpenter, 2008) and western Norway, in an acid rain influenced site in southern Norway
(Vogt et al., 2003), and in strongly acid rain impacted catchments in Poland (Cooke et al.,
1993; Dunne et al., 2005; Patrick and Khalid, 1974). Relatively high CECe values in the
mineral soil horizons are found in the soils rich in silt and clay materials (Figure 28). Samples
in the red circle in Figure 28 are among the samples rich in fine particles from valley bottoms

and shows high CECe values.
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Figure 28: Variation of mineral soil horizons and organic soil horizons with CEC and LOI. Blue diamonds
denote mineral soil horizons and green squares denote organic soil horizons
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Clay rich soils and soils with high organic content are commonly found to have high CECe.
This is due to pH independent charge and large surface area of the clay and the low density
and large number of weak organic acid functional groups of the organic matter. A sandy soil
with low organic matter content will thus typically have a very low CEC. This is corroborated
in the data from Morsa in which CECe is found to be negative correlated with the sand
fraction (r = -0.439). CECe is positively correlated with organic matter content (LOI) (r=
0.872). Assigning a value of 0 % clay content in organic soils (due to lack of PSD data on
organic soils) the CECe in the soils from Morsa are found to be empirically linked to both the

soil organic - and clay content, giving the following multiple linear regression:
CECe =8.6 +2.89 % LOI + 2.28% Clay, with an r = 0,868

CECe is thus found to decrease down through the soil profile (Figure 29) mainly due to
decrease in organic content (Figure 23). However, CECe increases again in the deep mineral
soils down the slope and valley bottom due to increase in clay content (Figures 27 and 29
respectively). In Figure 29 the eluvial E horizon in the soil plot shows lowest CECe value.

This is because of the eluviation causing low content of organic matter and clay in this

horizon.
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Figure 29: CEC of soils with genetic soil horizons
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No clear trend in CECe was found down through the topographic gradient, except a possibly
greater variation in the CECe in the valley bottom soils (Figure 30). This greater variation is
most likely due to the somewhat larger variation in soil organic content in the horizons in the

valley floor as seen in Figure 24,
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Figure 30: CECe of soils with topography

4.3.2 Variation of Base saturation (BS) with clay and silt

Figures 31 and 32 show that the trends in %BS down into soil profiles and along a
topographic gradient, respectively. The %BS shows large spatial variation, though average
values are found to be high in the forest floor O horizon (57%) and peat H horizon (54%),
decrease down into the mineral soil profile to a minimum in the E horizon (20%), and then
increase slightly to the B horizon (24%) and C horizon (51%). Comparing the same generic
soil horizons the %BS is generally found to increases down along the topographic gradient,
with the highest values in the clay rich soil layers (91%) under the peat bogs in the valley
bottom. %BS is thus positively correlated to the fraction of fine particles clay and silt with
correlation coefficient of (r=0.616 and 0.561 respectively). The decrease in %BS down to the

E horizon is mainly due to natural soil acidification caused by humic acids dissolving,
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complexing and leaching base cations from the top soil horizons down into the B horizon. The
illuviation in the B horizons gives rise to the slight increase in %BS into the B horizon. High
%BS in the deeper clay rich C horizons is due to that these soil layers are marine
unconsolidated deposits inherently rich in base cations. Furthermore, there has been very little
leaching of base cations from these soils due to very poor water permeability through compact

clay layers.

%BS in valley bottoms and bogs shows a higher value than on the ridge and slopes. This
higher average %BS in the valley floor is conceptually explained by water flow-paths through
the watershed. The flow of water down through the soil profile in the recharge zone (ridge and
slope) causes a net downwards leaching of base cations, leading to a flux of base cations

passing through, and partially being sorbed, to the soils in the discharge zone.
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Figure 31: Base saturation (%) of soil in different soil genetic horizons
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Figure 32: Base saturation (%) of soils in genetic soil horizons along a topographic gradient

4.3.3 Implications regarding aluminium leaching

According to Mgberg and Petersen (1982) the soil ion-exchanger releases significant amounts
of aluminium when the %BS drop below 20 — 30%. With the presence of a mobile anion, such
as sulphate from acid rain, this aluminium may remain labile in solution and be leached out of
the soil and into the stream and surface waters. About a third of the soil samples had %BS
less than 20% and half of the samples had values less than 30%. Furthermore, the measured
%BS levels on the ridge and slopes in the forest soils of Morsa are comparable to sites with
documented severe leaching of labile aluminium during the acid rain period (Cooke et al.,
1993). On the other hand, the relatively high %BS in the riparian zone in the valley floor
implies that labile aluminium in soil water will be immobilized upon passing through this soil
en-route to the stream. Nevertheless, during periods of high runoff, such as during spring
snowmelt or rainfall episodes during the fall, the peat rich riparian zone becomes water
saturated forcing runoff to discharge over its surface directly into the stream. It is therefore
clear that these acid soils on the ridges and slopes leached water with high concentrations of
labile aluminium during the acid rain period. This led to that at least 42 fish stocks in @stfold
were lost due to acid rain in the 1970ies and -80ties (DN, 2006). This spurred a massive
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liming of 212 lakes in the @stfold County. Acid deposition in this region is since then reduced
by up to 90% . This has led to a decline in the leaching of toxic aluminium so that liming is no
longer required in 82 of these lakes (Mgberg and Petersen, 1982). The remaining
watercourses are typically draining forested headwater catchments. Weldehawaria (2013),
studying the present soil water and stream water chemistry in the Dalen catchment, found on
average around 30uM labile aluminium (Ali) in the E horizons, decreasing down to between
10 and 20pM in the B and C horizons on the slopes. In the stream draining the Dalen
catchment the Ali during episodes approaches 10 uM (90% percentile is 7.4 uM). The
average sea-salt corrected sulphate is only 22peq/L (90% percentile is 40peg/L). This is close
to the average value reported for lakes in the southern part of East Norway (Jstlandet — Sar) .
In 1986 the average sea-salt corrected sulphate concentration in this region was almost 5
times higher (98ueg/L). This has led to an overall 70% decline in labile aluminium from
average values close to 5.6uM down to 1.8uM. The Birkenes catchment in southernmost
Norway is comparable to the Dalen site in respect to topography, geology, soil and vegetation
(see in Vogt et al. (2003) and Mohr (2010)). This site has received a heavier load of acid rain,
decreasing form around 2 in 1980 t0 0.5 g S m™ in 2011 (Brady and Weil, 2004). In 2011 the
average labile Al concentration in the stream was 5.5uM. Episodes studies in this site in 1989
showed that the Ali concentration could surge from around 5uM during base flow to above
20uM during the first episode after a prolonged dry period (Vogt et al., 2003). A major sea-
salt episode in 2011 only caused the Ali to increase to 10uM. A conservative assumption is
therefore that the volume weighted average Ali concentration in the streams draining forested

headwaters in the Morsa watershed during the acid rain period was around 15 pM.

4.4 Soil phosphorus pools

Total phosphorus, Inorganic phosphorus (Inorg-P), Organic phosphorus (Org-P) and P-
fractionations were determined on the soil samples according to the methods described in
section 3.5. The Organic phosphorus was obtained by difference of the Total-P and

Inorganic-P as described in Section 3.5.2, using eq. 3.8.
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4.4.1 Spatial variation in Inorganic and Organic phosphorus pools in soil

profiles

Very high average Tot-P levels (up to 1370 mg P kg™) are found in the forest floor (Figure
33). Except for the E horizon the amount of Tot-P lies around 500 mg P kg™ in the mineral
soil. High Inorg P levels are found in the C horizon and bogs. The eluvial E horizon shows the
lowest concentration due to very poor sorption capacity. The ratio of Inorg P to Org P
increases down through the soil profile, especially upon entering the B and C horizons (Figure
34).
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Figure 33: Inorganic and organic phosphorus with topography and soil profile
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Figure 34: Ratio of inorganic-P to organic-P with soil profiles and topography

The average amount of Inorganic and Organic phosphorous (Inorg P and Org P) was around
250 and 1000mg P kg™ in the forest floor O horizons (Figure 35 and 36). The high levels of
Org P is comparable to what was found in the top Ap horizon in a local agricultural field
(Opland, 2011). These large pools of P in the forest floor horizons are due to a substantial
internal P cycling. Both Inorg-P and Org-P in the eluvial E horizon is low. This is due to that
the eluvial horizons have very poor sorption capacity in this bleached horizon due to little
organic matter and low content of aluminium and iron in addition to the lack of silt and clay.
There is an increase in Inorg-P into the deeper C horizon, especially in the fine material under
the bogs, with an average Inorg-P of 500 mg P kg™*. The increase into the B horizon is likely
due to accumulation of organic matter (Bh) and/or iron (Fe) and aluminium (Al) (Bhs/Bs) in
this illuvial horizon. The trivalent positively charged Fe** and AI** form bridging ions
between the negatively charged surface functional groups on the mineral and organic soil and
the negatively charged HPO4? ions. The deep soil C horizons are rich in clay and silt particles
which have high sorption capacity to sorb compounds like phosphate. Moreover, these marine
clay deposits are inherently rich in phosphate. (Gebreslasse, 2012), studying clay deposits in
the streambeds in streams in western Vansjg that were fed by drainage pipes in agricultural

fields, found the mineral apatite (Cas(PO,),) in this clay material. Due to poor water
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percolation capacity this fossil P has remained in the material and is thus found as increased
levels of Inorg P in these deposits. Inorganic phosphorus shows a positive correlation with
clay and silt particles with coefficient value of (r = 0.498 and 0.503 respectively, Appendix
B). Organic-P follows the amount of organic matter measured as LOI. Figures 33 and 36
show a clear decreasing trend in Org-P down through the soil profile. Organic phosphorus
shows positively correlation to organic matter content (LOI) and CEC with correlation
coefficient of (r = 0.574 and 0.547 respectively, Appendix B).

Large span in Inorg-P and especially Org-P were also found within the generic soil horizons
(Figures 35 and 36).
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Figure 35: Variation of inorganic phosphorus with soil profiles
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Figure 36: Variation of organic phosphorus with soil profiles

4.4.2 Variation of organic and inorganic phosphorus with topography

There is no clear trend in the size of the Inorg P pool along the topographic gradient from the
ridge, through the slope down into the valley floor (Figure 37). The main difference is found
in the A horizon, with an increase in the pool down slope. Highest average and median Inorg

P levels were found in the marine clay deposits under the peats in the valley bottom.

67



Ridge Slope Valley Bog

M Average

Max

Min

= Median

O/A|E|B OAE|B|C O|A|B|C H|C
S

il Horizons
12‘2‘4‘ 5 ‘7‘3(]‘2r91‘ 3 ‘4‘7‘7‘ 4 ‘10‘4‘

Figure 37: Variation of inorganic phosphorus with topography

No clear topographic gradient was found in the average and median values of the Org P pools
(Figure 38), though there is a decrease down slope in the span of size of the pools in the O
horizon, despite no such trend in the amount of organic matter in the horizon (Figure 24). This
is therefore likely due to that the Org P pool in the surface horizon in the riverine region in the
valley bottom is in equilibrium with the overland and sub-lateral flow of water from the slope.
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Figure 38: Variation of organic phosphorus with topography

4.4.3 Variation of Inorg-P and Org-P with soil texture (PSD) and OM (LOI)

Clay and silt particles, due to large surface area, have a large ability to bind phosphate
compounds. Furthermore, this marine clay material is found to contain significant amount of
apatite minerals (Gebreslasse, 2012). Inorganic phosphorus is thus positively correlated to
clay and silt particles (r = 0.498 and 0.503, respectively, Appendix B). A significantly higher
amount of inorganic phosphorus was thus found in mineral soils than in the organic soils. In
Section (4.4.2) the relation of the phosphorus pools with respect to the genetic soil horizons
was explained. The spatial variation in Org P is empirically found to be mainly governed by
organic matter content (measured as LOI) and CEC. A positive correlation is found between
the amount of Org P with LOI and CEC (r = 0.574 and 0.547, respectively. Appendix B).
Figures 39 and 40 illustrate how the Inorg P and Org P correlate with particle size distribution

and organic matter respectively.
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Figure 39: Distribution of inorganic phosphorus with clay and silt particles (how inorganic phosphorus
governed by particle size distribution. Samples in green are soils with low psd and high Inorg-P, in red are
high in psd and low inorg-P. Both samples show distribution of inorg-P with texture.

From Figure 39 it can be seen that a significant amount of Inorg P (100 to 700mg P kg™) was
found in the clay rich soils, while small amount of Inorg P was found in the soils that have
low content of the fine particles. A high level of Inorg P is also found in soils with low clay
content. Samples with high and low ratio of Inorg P / %Clay have high and low content of
organic matter, although none of the measured parameters offers a clear explanation for this

variation at low content of clay.

Figure 40, shows that large pools of Org P (>500mg P kg™) was found in the soils with a high
organic matter content (%LOI) and small pools of org P (<500 mg P kg™) was found in soils

with less organic matter content.

Organic soil horizons show inherently high organic matter content and thereby high content of
organically bound phosphorus. Whereas mineral soil horizons, which have less organic matter
content, shows less amount of organic phosphorus. This shows that organic matter (LOI) is
the main factor governing the P content in these soils as the overall content of Org P is much

larger than the Inorg P (Figure 33).
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Figure 40: Organic-P distribution with mineral and organic soil horizons

Figure 41 shows that the mineral soils with relatively high amount of Inorg P have a low
acidity (measured as high pH (H20) value. This is the opposite of what is to be expected due
to the effect of the pH dependent charge, causing a more net negative charge at higher pH. It

therefore more likely reflects illuviated Al, Fe and organic matter in the less acid soil.
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Figure 41: Distribution of inorganic-P within inorganic and organic soil horizons with soil acidity
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4.4.4 Org-P and Inorg-P in Dalen versus the rest sites

comparison data for the levels of Org P and Inorg P in Dalen taken from (Mohr, 2010) with
the rest of the Morsa catchments. The result shows that the Dalen site has much higher Org P
and somewhat higher Inorg P levels in the soil than what is generally found in the forests of
the Morsa watershed. The Dalen site is therefore somewhat special in terms of Org P content

in the soils.
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Figure a. Inorg-P of forest soils in Dalen Vs forest soils of the Morsa watershed
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Figure b. Org-P of forest soils in Dalen Vs forest soils of the Morsa watershed
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4.4.5 Inorganic phosphorus fractionation in soils.

Figure 42 show the soil content of inorganic phosphorous in the ridge profile taken from
@stmarka. The sum of inorganic P fractions do not add up to the amount of total Inorg P
determined for these soils, though reflect the relative amount of Inorg P between the horizons
as discussed in Chapter 4.4.1. A significant amount (14 mg kg™) of easily soluble phosphorus
(Sol P) was found in O horizon. This is likely due to the rapid circulation of PO, in the forest.
This is also seen as very high concentrations of free orthophosphate in through fall (between
125 and 300 pg L™) in Dalen (Weldehawaria, 2013). Aluminium (Al-P) and Iron (Fe-P)
bound phosphorus constitute the main Al fraction in especially the O and B horizons, as well
as the E horizon. The large Al-P and Fe-P in the O horizon is due to that AI** and Fe** forms
binding bridges between the negatively charged functional groups on the organic material (R-
COO’, R-O" etc) and the negatively charged HPO,* (e.g.: R-COO™ - AI** - HPO,?). The
illuvial B horizon have accumulation of aluminium and iron that are leached from the A and E
horizons. In addition to forming binding bridges as discussed above the Al and Fe may co-
sorb phosphate when the ions are sorbed to the soil particles in the B horizon. The large and
dominating Al-P and Fe-P fraction in this horizon is thus to be expected. The absolute and
relative amount of calcium bound P (Ca-P) increases down through the soil profile. This
reflects the decrease in soil pH down through the soil profile as discussed in Chapter 4.1.1.
The fraction of occluded P (Occl-P) is what is found within the crystal lattice of soil minerals.
This faction constitutes the largest fraction of P in the eluvial E horizon since all other P
fractions are eluted. There is also a significant amount found in the organic O horizon, though

this is likely due to sand grains in the forest floor horizons.

Figure 43 shows the soil content of inorganic phosphorous in the valley bottom profile from
Hugness, Guthus and @stmarka, and the sum up of each horizon relatively reflects their total
inorg-P. The composition of inorganic P fractions in the valley bottom horizons is
substantially different from what was seen on the ridge as discussed above. The Al-P and Fe-
P fraction dominate in the H histosol horizon. This is for the same reason as argued for the
organic O horizon on the ridge. In the B and C horizon under the peat the calcium bound P
(Ca-P) is by far the dominant fraction. This is most likely due to the presence of Apatite in
these marine clay deposits, as found by Gebreslasse (2012).
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Figure 42: Inorganic-P fractionations @stmarka from ridge samples
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Figure 43: Inorganic-P fractionations at Valley bottom from Hugness, Guthus and @stmarka
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4.4.6 Factors governing the spatial distribution of P pools

Principal component analysis and Hierarchy cluster analysis was performed on the
explanatory parameters.

4.4.6.1 Hierarchy cluster analysis

Cluster analysis has the purpose of grouping objects that have similar character into respective
categories. Results of a hierarchy cluster analysis of the data matrix of 8 explanatory and 2
response parameters for analysed parameters 96 soil samples are shown in Figure 44.
Parameters are clustered based on their similarities/dissimilarities, and the parameters in the
same group reflects high similarities (correlations), while different groups show less
correlation. Soil horizons are given an arbitrary rank number down through the soil profile
(i.e. O=1, A=2, E=3, etc.). Topography reflects the samples position along the topographic
gradient (i.e.: ridge (=1), slope (=2) or valley bottom (=3)).

The Dendrogram shows that Inorg P and Org P belong to two different clusters. Inorg-P is
clustered with fine particles as silt and clay while Org-P is clustered with organic content and
therefore acidity and CEC.
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Figure 44: Dendrogram for phosphorus pools with all explanatory variables
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4.4.6.2 Principal component analysis

Principal component analysis is a way of identifying patterns in data, and expressing the data
in such a way as to highlight their similarities and differences. Figure 45 below show that
Org-P and Inorg P have opposite loading along the 1% Principal component (PC1), explaining
more than half of the variation in the data set. This component is many governed by the
differences between soil generic horizons. The Org P is clustered with high content of organic
matter (%LOI) governing high acidity (H+) and CEC, reflecting generic conditions of the top
soils. The Inorg P is also governed by the 2" PC which reflects the position along the
topographic gradient and thus the soil base saturation (%BS). In general this PCA indicates
that the Org P mainly is governed by the content of organic matter in the soil, while the Inorg
P is influenced by the topography, soil acidity and amount of silt and clay.

Figure 46 shows the sample scores divided according to soil horizons. This figure illustrates
clearly the role of organic vs. inorganic soil horizons in governing the PC1. Within the
inorganic soil horizons the PC2, reflecting basically the soil acidity, is an important

explanatory factor.
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Figure 45: Principal component analysis of the P-pools with the explanatory variables
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Figure 46: Sample scores in the PCA divided into sub groups of soil horizons
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5 Conclusions

Large pools of organic bound phosphorous were found in the upper forest floor horizon,
though the size of the pool decrease sharply down into the soil profiles (horizons B and C).
This is partly due to the enhanced capacity of the O horizon to bind P, and to the large internal
cycling of P in the forest ecosystem. These large P pools are also reflected by elevated
concentrations of especially the organic bound P fraction in the O horizon soil water, as
studied by Mohr (2010) in Dalen, one of the studied sub-catchments. During intensive rain
fall, which enhances surface runoff and sub-lateral flow through the upper surface part of the
soil, the soil water rich in phosphate fractions by-pass the absorptive capacity of the deeper
mineral soil and flushes directly into the stream. This leads to elevated concentrations of
organic bound P fractions in the stream during periods of high runoff. The amount of
precipitation and the frequency of heavy precipitation events in eastern Norway (Jstlandet)
have increased and been above the norm during the past 20 years. Increased runoff intensities
will lead to more flushing of the high P pools in the forest floor into surface waters. The
increased amount and intensities of precipitation may therefore have led to an increased
background flux of P during the same time period as abatement actions towards
eutrophication have been conducted. Particle bound P constitute only a small proportion of
the total P in the runoff from forested areas due to the thick organic soils held firmly in place
by the roots of perennial plants limiting erosion. The inorganic phosphorus pool was found in
an elevated amount in the deep soil horizons along with an increasing amount of fine soil
particles. Large pools of inorganic P were especially found in the deep clay layers in the
valley bottom. This P pool is likely fossil P from when the soils clay material was deposited
in calm marine waters. It is therefore not conceived to be mobilized unless the soils are

ditched or drained using tiles.

The spatial variation in pools of organic- and inorganic phosphorus in the soil appears
therefore to be mainly governed by the amount of organic matter and fine soil particles,
respectively. This is supported by a Principal component analysis which shows that the
organic phosphorus is clustered with organic matter content (%LOI), governing high acidity
(H") and CECe, reflecting generic conditions of the top soils. The inorganic phosphorus is
found to be clustered together with the position along the topographic (increasing attributed

value downslope), and the amount of silt and clay. Increase in fine material downslope are co-
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varied with inorganic P, both due to that the inorganic P is transported down from the ridge,
accumulating in the lower grounds, and due to the enhanced capacity of finer material to hold
inorganic P. Therefore, in general the PCA indicates that the organic phosphorus is mainly
governed by the content of organic matter in the soil, while the inorganic phosphorus is

influenced by the topography and amount of silt and clay.

This study shows that the forest mineral soils on the ridge and slopes in the region are
generally acid with base saturation in the range (<30%) known to release inorganic labile
aluminium in exchange for H* or base cations. The soil pH is also acid (<5.5) allowing for
significant amounts of labile aluminium to not precipitate as oxy-hydroxides. In the presence
of a mobile inorganic counter anion this inorganic labile aluminium may be leached out and
into the streams during runoff episodes where the seepage water flush over the water saturated
and clay rich riparian zone in the valley bottom. During the acid rain period it is therefore
likely that a significant flux of inorganic labile aluminium was leached out of these forest
soils and drained down through the watercourse into agricultural land. Upon mixing with
phosphorus rich seepage with higher pH, the labile inorganic aluminium precipitated as
aluminium oxy-hydroxides and co-precipitated the phosphorus. The decline in acid rain over
the past decades has resulted in reduced leaching of the inorganic labile aluminium and
thereby a decrease in the precipitation of oxy aluminium hydroxide downstream. This has
thereby led to a loss of an efficient removal mechanism of inorganic phosphorous in the
stream. Instead the phosphorus is enabled to remain in solution and be flushed down into
waterbodies where it fuels the eutrophication problem.

Furthermore, there has been a doubling of the concentration of dissolved natural organic
matter (DNOM) in this region of the country over the last 30 years. The cause for this
increase is believed to be partly due to increased amount and intensity of precipitation, and
partly due to the decrease in acid rain. The increase due to increased precipitation is explained
through changes water flow-paths, with increased leaching directly from organic rich soil
organic horizons into the stream. The role of decreased acid rain is through both a decreased
ionic strength of the water as well as lower concentrations of labile aluminium. Both these
factors lead to an increased solubility of DNOM. The concentration of the organically bound
phosphorous fraction is inherently and empirically linked to the amount of DNOM, causing a

concurrent increase in the flux of organic bound P to the surface waters.
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This study documents that the forest floor contains a large pool of organic P, which we know
from previous studies are indicative of elevated concentrations of organically bound P in soil
solution. Furthermore, the study shows that the soils are prone to have leached inorganic
labile aluminium during the acid rain period. It is therefore conceived as likely that the
increased precipitation amount and intensity along with the reduction in acid rain have
directly and indirectly caused an increase in the mobility of phosphorous and thereby
disguising the effect of coinciding abatement actions.

81



6 References

Abdi, H., Williams, L.J., 2010. Principal component analysis. Wiley Interdisciplinary
Reviews: Computational Statistics 2, 433-459.

Appelo, C.AJ., Postma, D., 2005. Geochemistry, groundwater and pollution. Taylor &
Francis.

AQUARIUS 2010. "Farmers as Water managers in a Changing Climate.” (dstfold Baseline
Report).

Barton, D.N. 2007. Morsa case study status report - Norwegian AQUAMONEY case study
on valuation of environmental and resource costs of water services.

Barton, D.N., Saloranta, T., Moe, S.J., Eggestad, H.O., Kuikka, S., 2008. Bayesian belief
networks as a meta-modelling tool in integrated river basin management — Pros and
cons in evaluating nutrient abatement decisions under uncertainty in a Norwegian
river basin. Ecological Economics 66, 91-104.

Bechmann, M., @gaard, A.F., 2010. Critical Source Areas of Nutrient Losses from
Agriculture in Norway. Acta horticulturae, 63-72.

Beery, M., Wilding, L., 1971. The relationship between soil pH and base-saturation
percentage for surface and subsoil horizons of selected mollisols, alfisols, and ultisols
in Ohio.

Blankenberg, A., Turtumgygard, S., Pengerud, A., Borch, H., Skarbevik, E., @ygarden, L.,
Bechmann, M., Syversen, N., Vagstad, N. 2008. Tiltaksanalyse for Morsa: "Effekter
av fosforreduserende tiltak i Morsa 2000-2006" (Bioforsk Jord og Milja - As).

Brady, N.C., Weil, R.R., 2004. Elements of the nature and properties of soils. Prentice Hall.

Brady, N.C., Weil, R.R., 2008. The nature and properties of soils. Pearson Prentice Hall.

BRIDGES JR, C.C., 1966. Hierarchical cluster analysis. Psychological reports 18, 851-854.

Carpenter, S.R., 2008. Phosphorus control is critical to mitigating eutrophication.
Proceedings of the National Academy of Sciences 105, 11039-11040.

Chang, S., Jackson, M.L., 1957. Fractionation of soil phosphorus. Soil science 84, 133-144.

Codd, G.A., 2000. Cyanobacterial toxins, the perception of water quality, and the
prioritisation of eutrophication control. Ecological Engineering 16, 51-60.

Coleman, N., Williams, D., Nielsen, T., Jenny, H., 1950. On the validity of interpretations of

potentiometrically measured soil pH. In: Soil Sci. Soc. Am. Proc. 15, p. 110.

82



Cooke, G.D., Welch, E.B., Martin, A.B., Fulmer, D.G., Hyde, J.B., Schrieve, G.D., 1993.
Effectiveness of Al, Ca, and Fe salts for control of internal phosphorus loading in
shallow and deep lakes. In: Proceedings of the Third International Workshop on
Phosphorus in Sediments, pp. 323-335.

Di Stefano, C., Ferro, V., Mirabile, S., 2010. Comparison between grain-size analyses using
laser diffraction and sedimentation methods. Biosystems Engineering 106, 205-215.

Direktoratsgruppa 2009. Klassifisering av miljgtilstand i vann @kologisk og kjemisk
klassifiseringssystem for kystvann, innsjger og elver i henhold til vannforskriften
(Classification of environmental conditions in the aquatic ecological and chemical
classification of coastal waters, lakes and rivers under the Water Regulations), p. 179.

Djodjic, F., 2001. Displacement of phosphorus in structured soils. Dessertation. Uppsala,
Sweden,

Dunne, E., Culleton, N., O’Donovan, G., Harrington, R., 2005. Phosphorus retention and
sorption by constructed wetland soils. Teagasc Headquarters, Oak Park, Carlow
RMIS A 4649.

Evangelou, V., 1998. Environmental soil and water chemistry: Principles and applications.
Wiley New York.

Ferreira, J.G., Andersen, J.H., Borja, A., Bricker, S.B., Camp, J., Cardoso da Silva, M.,
Garcés, E., Heiskanen, A.-S., Humborg, C., Ignatiades, L., Lancelot, C., Menesguen,
A., Tett, P., Hoepffner, N., Claussen, U., 2011. Overview of eutrophication indicators
to assess environmental status within the European Marine Strategy Framework
Directive. Estuarine, Coastal and Shelf Science 93, 117-131.

Freeman, C., Evans, C.D., Monteith, D.T., Reynolds, B., Fenner, N., 2001. Export of organic
carbon from peat soils. Nature 412, 785-785.

Frossard, E., Condron, L.M., Oberson, A., Sinaj, S., Fardeau, J., 2000. Processes governing
phosphorus availability in temperate soils. Journal of Environmental Quality 29, 15-
23.

Gebreslasse, Y.K., 2012. Particle transport of phosphorus in streams draining catchments
with different land uses. Master. University of Oslo, DUO.

Harrison, A.F., 1987. Soil organic phosphorus: A review of world literature. CAB
International Wallingford,, UK.

Hendershot, W., Lalande, H., Duquette, M., 2007. lon Exchange and Exchangeable Cations,
In:  Soil Sampling and Methods of Analysis, Second Edition. CRC Press.

83



Holtan, H., Kamp-Nielsen, L., Stuanes, A.O., 1988. Phosphorus in soil, water and sediment:
an overview Hydrobiologia 170, 19-34.

1ISO-10390 1994. Soil Quality - Determination of pH. (International Organization for
Standardization).

ISO-11277 1998. Soil Quality - Determination of particle size distribution in mineral soil
material - Method by sieving and sedimentation. (International Organization for
Standardization).

ISO-11464 2006. Soil Quality - Pretreatment of samples for physico-chemical analysis
(International Organisations for Standardizations.).

1ISO-11465 1993. Soil Quality - Determination of dry matter and water content on a mass
basis - Gravimetric method. (International Organization for Standardizations).

1ISO-22036 2008. Soil quality - Determination of trace elements in extracts of soil by
inductively coupled plasma - atomic emission spectrometry (ICP - AES).
(International Organization for Standardization).

lyamuremye, F., Dick, R.P., 1996. Organic Amendments and Phosphorus Sorption by Soils,
In: Donald, L.S. (Ed.) Advances in Agronomy. Academic Press, pp. 139-185.

Krogstad, T., 1992. Methods for soil analysis. Report 6, 32.

Kuo, S., Mikkelsen, D., 1979. Distribution of Iron and Phosphorus in Flooded and
Unflooded Soil Profiles and Their Relation to Phosphorus Adsorptionl. Soil Science
127, 18-25.

Leenheer, J.A., 2002. Processes controlling attenuation of dissolved organic matter in the
subsurface. In: US Geological Survey Artificial Recharge Workshop Proceedings,
April 2-4, 2002, Sacramento, California, p. 24.

Lehr, P., Chen, M., Dreschel, T., Iricanin, N., Gu, B., Axelrad, D., Newman, S., Scheidt, D.,
2008. Appendix 3B-2: Sulfur as a Regional Water Quality Concern in South Florida.

Leng, R., 2009. The Impacts of Cultural Eutrophication on Lakes: A Review of Damages
and Nutrient Control Measures.

Loon, G.W., Duffy, S.J., 2005. Environmental chemistry: a global perspective. Oxford
university press.

Manahan, S.E., 2004. Environmental chemistry. CRC.

Mohr, C.W., 2010. Monitoring of phosphorus fractions — Understanding geochemical and
hydrological processes governing the mobilization of phosphorus from terrestrial to
aquatic environment Master. University of Oslo, DUO.

84



Molla, M., Chowdhury, A., Islam, A., Hoque, S., 1984. Microbial mineralization of organic
phosphate in soil. Plant and soil 78, 393-399.

Moore, A., Reddy, K., 1994. Role of Eh and pH on phosphorus geochemistry in sediments of
Lake Okeechobee, Florida. Journal of Environmental Quality 23, 955-964.

Mortimer, C.H., 1941. The exchange of dissolved substances between mud and water in
lakes. Journal of Ecology 29, 280-329.

Murphy, J., Riley, J.P., 1962. A modified single solution method for the determination of
phosphate in natural waters. Analytica Chimica Acta 27, 31-36.

Mgberg, J., Petersen, L., 1982. @velsesvejledning til geologi og jordbundslere 11 (Practical
lessons for geology and soil science). Den kgl. Veterinar-og Landbbohggskole,
Kgbehavn., 136pp (in Danish).

Mgberg, J.P., Petersen, L., 1980. @velsesvejledning til geologi og jordbundslare 2. Den kgl.
Veterinar- og Landbohgjskole, Kemisk Institut, Kgbenhavn.

Opland, K.A.J., 2011. Processes governing mobility and transport of phosphorous from
agricultural soils. University of Oslo, DUO.

Orderud, G.1., Vogt, R.D., 2013. Trans-disciplinarity required in understanding, predicting
and dealing with water eutrophication. International Journal of Sustainable
Development & World Ecology, 1-12.

Patrick, W., Khalid, R., 1974. Phosphate release and sorption by soils and sediments: effect
of aerobic and anaerobic conditions. Science 186, 53-55.

Pierzynski, G.M. 2000. Methods of phosphorus analysis for soils, sediments, residuals, and
waters (North Carolina State University Raleigh).

Pollard, P., Huxham, M., 1998. The European Water Framework Directive: a new era in the
management of aquatic ecosystem health? Aquatic Conservation: Marine and
Freshwater Ecosystems 8, 773-792.

Rast, W., Thornton, J.A., 1996. Trends in eutrophication research and control. Hydrological
Processes 10, 295-313.

Reddy, K.R., DeLaune, R.D., 2008. Biogeochemistry of wetlands: science and applications.
CRC.

Roden, E., Edmonds, J., 1997. Phosphate mobilization in iron-rich anaerobic sediments:
microbial Fe (111) oxide reduction versus iron-sulfide formation. Archiv flr
Hydrobiologie 139, 347-378.

85



Salameh, E., Harahsheh, S., 2011. Eutrophication Processes in Arid Climates.
Eutrophication: causes, consequences and control, 69-90.

Sawyer, C.N., 1966. Basic concepts of eutrophication. Journal (Water Pollution Control
Federation), 737-744.

Schlesinger, W.H., 1997. Biogeochemistry: An Analysis of Global Change. Academic Press.

Schwertfeger, D.M., Hendershot, W.H., 2009. Determination of Effective Cation Exchange
Capacity and Exchange Acidity by a One-Step BaCl2 Method. Soil Sci. Soc. Am. J.
73, 737-743.

Shannon, E.E., Brezonik, P.L., 1972. Relations between lake trophic state and nitrogen and
phosphorus loading rates. Environmental Science & Technology 6, 719-725.

Sharpley, A.N., McDowell, R.W., Kleinman, P.J.A., 2001. Phosphorus loss from land to
water: integrating agricultural and environmental management. Plant and Soil 237,
287-307.

Shekobe, M.R., 2012. Effects of reduction in acid rain on phosphate loss - Mixing of Al rich
water from upstream acid forest soils with phosphate rich runoff from agricultural
soils. Master. University of Oslo, DUO.

Skarbgvik, E., Bechmann, M. 2010. Some Characteristics of the Vansjg-Hobgl (Morsa)
Catchment. Bioforsk Report, Vol. 5, No.128 ( As: , Bioforsk Jord og Miljg).

Skjelkvale, B., Wright, R.F., Henriksen, A., 1999. Norwegian lakes show widespread
recovery from acidification; results from national surveys of lakewater chemistry
1986-1997. Hydrology and Earth System Sciences 2, 555-562.

Smith, V.H., Tilman, G.D., Nekola, J.C., 1999. Eutrophication: impacts of excess nutrient
inputs on freshwater, marine, and terrestrial ecosystems. Environmental pollution
100, 179-196.

Turner, B.L., Cade-Menun, B.J., Condron, L.M., Newman, S., 2005. Extraction of soil
organic phosphorus. Talanta 66, 294-306.

vanLoon, G.W., Duffy, S.J. 2005. Environmental chemistry in a global perspective (Oxford
University Press Inc., New York), p. 515.

Vogt, R.D., Gjessing, E.T., Evje, L., 2003. "Effect of Acid rain and Climate on TOC and the
functional characteristics of NOM". In Workshop on: Changes in Quality and
Quantity of dissolved NOM. 2003. In.

Vollenweider, R.A., Giovanardi, F., Montanari, G., Rinaldi, A., 1998. Characterization of
the trophic conditions of marine coastal waters with special reference to the NW

86



Adriatic Sea: proposal for a trophic scale, turbidity and generalized water quality
index. Environmetrics 9, 329-357.

Weldehawaria, S.S., 2013. Monitoring Runoff Chemistry into the VVansjg Basin with Focus
on the Role of Particles and DNOM in the Transport of Nutrients. 60 stp. . University
of Oslo,

Zou, X., Binkley, D., Doxtader, K.G., 1992. A new method for estimating gross phosphorus
mineralization and immobilization rates in soils. Plant and Soil 147, 243-250.

87



List of appendices

Appendix A: all results for the analysis 89
Appendix B : Pearson correlation analysis data 92
Appendix C : Results of all parameters with topography and horizons 93
Table C.1 : results for pH w20 93
Table C.2 : restlts for organic matter content (LOI) 93
Table C.3 : results for CECe 94
Table C.4 : results for Base saturation 94
Table C.5 : results for inorganic phosphorus 95
Table C.6 : results for organic phosphorus 95
Appendix D : water quality 96
Table D.1 : water quality information 96
Appendix E : ICP-OES analysis 96

Table E.1: ICP-OES instrumental conditions used for analysis 96

Table E.2: wavelength selection and limit of detection 97
Appendix F : SEAL Autoanalyzer for phosphate determination 97
Table F.1: Seal autoanalyser 3 parameters 98
Table F.2 : standard and extraction solutions 98
Table F.3 : inorganic phosphorus fractionation results 99

Figure F.1: calibration curve for total and inorganic P analysis 99
Figure F.2: calibration curve for inorganic P fractionation 100
Figure F.3: sample digestion method for tot-P and inorg-P 101
Appendix G : Maps of the quaternary deposits of the study area 102
Figure G.1 : quaternary deposit type in Boslangen and Augurgd 102

Figure G. 2 : quaternary deposit type for Guthus and Dalen 103

88



Figure G.3:
Figure G.4 :
Figure G.5:

Figure G.6 :

quaternary deposit type for Huggenes and Stga 104
quaternayr deposit type for Gashus and Ostmarka 105
soils sampling Huggenes, Stga, Gashus and Dalen 106

soil sampling for @stmarka and Guthus 107

89



Appendix A: All results for the analysis

CEC calculated In meg/Ke for each catigns Particle size
] Ingrg- | COrg- Sum

NO. Site Top SAMPLE | pHuzo | pHesce | LOI P P H+ Catl | Mg+2 | K+ Na+ Al+3 Fe+3 | Mn+2 | CECe % BS Clay Silt Sand
1 | Auperad Ridge 23-0 375 279 | 758 226 383 0.08 47 8 438 | 102 155 476 34 0.1 168 69.6% 0 0 0
2 | Augergd Ridge 23-8 493 429 | 865 107 123 | 0.001 0.1 0.6 0o 3.2 154 0.7 0.0 210 23.2% 3.7 114 | 8489
3 | Augergd Slope 22-0 4.40 3.39 713 314 | 1686 0.02 9.5 19.6 117 200 2241 13.0 0.1 298 20.4% 0 0 0
4 | Augergd Slope 22-A 5.06 404 | 964 2 498 | 0.001 22 11 03 3.0 255 0l 0.0 322 20.7% 8.7 317 | 597
5 | Augersd Slope 22-8 5.60 457 | 284 415 18 | 0.001 173 189 08 is 6.1 00 o0 46.5 BB 9% 143 | 447 41
6 | Augered Ridge 250 4.17 310 | 4453 260 821 0.03 405 222 ] 125 48.5 4.8 0.2 139 61.4% 0 0 0
7 | Auperad Valley 24-A 515 423 | BG3 524 237 | 0001 | 425 ] 13 32 105 0.1 13 679 B24% 144 50.3 | 353
8 | Augerad Valley 24-B 5.00 418 | 438 307 105 | 0.001 1B.1 69 08 31 154 0.0 0.1 44.4 63.0% 16.2 06 | 333
S | Augerad Valley 24-C 6.10 4584 | 333 703 28 | 0.001 568 54.0 20 4.3 16 0.0 01 118 QB .6% 214 6l.6 17
10 | Aueerad Valley 21-0 383 330 | 443 166 657 | 0.021 108 283 6.1 17.1 1103 135 0.1 186 33.5% 0 a [
11 | Augerad Valley 21-A 4.36 360 | B22 375 120 | 0.002 0.6 22 0.8 3B 474 33 0.0 58.1 12 8% .04 298 | 612
12 | Augerad Valley 21-B 438 403 | 194 109 482 | 0.001 14 15 12 4.3 43.7 0.7 0.0 5218 16.0% 109 335 | 5586
13 | Augergd Valley 21-C 4.86 4.22 499 298 154 | 0.001 11 0.7 0.2 27 12.0 0.0 0.0 16.6 279% 113 337 55
14 | Boslangen | Ridge 16-0 4.39 349 | 155 363 | 1lp4 0.01 0.2 07 15 6.2 48.2 4.2 0.3 613 14.0% 0 0 0
15 | Boslangen | Ridge 15-0 395 2983 827 213 879 0.05 236 41.0 125 o7 1232 122 0.3 223 39.0% 0 0 0
16 | Boslangen | Ridge 15-E 4.35 326 | 5.E3 30 268 0.01 05 0.6 07 36 268 13 0.0 337 16.0% 05 30| 965
17 | Boslangen | Valley 13-0 366 273 | 635 162 337 0.07 16.2 115 6.8 100 B6.4 4.7 0.3 136 327% 0 0 0
18 | Boslanesn | Valley 13-A 401 318 | 182 BE 203 0.01 0.6 10 11 27 566 34 0.1 675 B.O% 34 212 | 755
19 | Boslangen | Valley 13-8 477 408 | 113 237 224 | 0.001 10 01 0.4 37 253 0.4 0.1 3lo 16.9% ER:] 260 | 642
20 | Boslangen | Valley 14-H 4.69 377 | 434 181 598 0.01 124 18 0.8 7.7 782 23 0.6 105 22.6% 0 ] 0
21 | Boslangen | Valley 14-A 519 416 | B16 314 346 | 0.002 56 0.8 02 37 265 07 0.1 vz 276% 11.0 366 | 524
22 | Boslangen | Valley 14-C 6.15 488 | 2148 603 20 | 0001 | 498 245 13 4.6 38 0.7 16 86.3 92.7% 121 | 408 [ 471
23 | Dalen Valley 19-0 393 3.07 73.2 324 | 2592 | 0.042 025 281 143 146 389 3.8 1.4 194 772% 0 0 0
24 | Dalen Valley 18-0 4.11 313 | 355 230 | 2867 | 0.030 4.7 4.8 6.0 15.6 38.7 6.4 0.1 o9 350% 0 a i)
25 | Dalen valley D1-H | 439 387 | 330 435 | oeo [ #n/a | angas [ angs [ ania | enga | oanga | oanga | oanga | oan/a | oanga 0 0 0
26 | Dalen Valley D1-A | 444 | 304 | 222 | 222 | s34 | anva | anga | anga | anga | ange | oangs | angs | oanga | oanga | oanga | oange | anga | oanga
27 | Dalen Valley | D1-B1 | 533 | 442 | 378 | 314 | 181 | #N/A | #N/A | #N/A | #n/a | anga | osnga | sngac | anga | oanga | anga | osnga | Enga | anga
28 | Dalen Valley | D1B2 | 568 | 467 | 253 734 0 | #hsa | anga | anga [ anga | anga | osnga | osnga | anga | oanga | oanga | oswga | anga | anga
29 | Dalen Ridge p2-0 | 426 | 321 | 787 | 377 | 3574 | en/a | anga | oanga | anga | oanga | oangs | oanga | oanga | osnga | #nga a B a
30 | Dalen Ridge D2E| 419 | 321| 733 46 | 127 | anga | angs | anga | anga | oanga | oangs | oenga | asnga | oanga | oanga | oenga | oanga | e
31 | Dalen Ridge D2-B | 456 | 385| 756 | 741 37 | anga | anga | oanga | anga | anga | oanga | osnga | anga | oanga | oanga | oswga | anga | anga
32 | Dalen Ridge D2-C | 481 | 409| 267 | 584 o5 | anga | oangas | anga [ anga | anga | anga | oanga | ange | oanga | oanga | anga | anga | anga
33 | Dalen Slope D3-0 4.21 340 | 650 393 | 2682 | #N/A | #N/A | HNJA [ #N/A | ENJA H#N/A H#N/A | HNSA H#N/A #N/A 0 Q 0
34 | Dalen Slope D3-aE | 422 | 360 | 156 | 289 | aso | anya | sngs | anga | anga | oange | oangs | angs | oanga | oanga | oanga | oange | anga | oanga
35 | Dalen slope D3-BL | 441 368 | 100 330 | 341 | anga | angs | oanga [ anga | anga | oangas | oanga | anga | oanga | oanga | oanga | anga | anga
36 | Dalen Slope D3-B2 | 453 | 416 | 868 | 347 | 423 | snya | swga | anga | anga | oanga | s | oanga | oanga | oanga | osnga | oanga | anga | oanga
37 | Dalen Slope D3-C | 497 | aa13| 223 | 327 22 | anga | anga | oanga [ anga | anga | oswga | oanga | ana | oanga | osnga | oswga | anga | anga
38 | Gashus Ridge 36-0 4.04 283 71, 349 | 1306 0.05 127 | 1505 | BO6B 138 120 | 978 0.18 184 28.2% 0 0 0
39 | Gashus Ridge 3B-0 421 313 | 387 176 543 0.0z B.B5 686 | 322 6.83 361 361 0.08 676 3B.2% 0 ] a
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40 | Gashus Slope 35-0 351 2.83 50.28 232 283 [ 0055 | 2061 | 1933 | B16 7.21 43.09 6.23 0.59 1143 56.3% 0] a ]
41 | Gashus Slope 35-Bh 4.28 346 13.70 161 177 | 0.003 2.78 1.63 0.77 187 60.81 770 0.06 756 9.3% 4.5 157 798
42 | Gashus Slope 35-B 496 4.33 7.5 2159 135 | 0.001 0.09 0.00 0.23 178 11.82 0.26 0.02 14.2 14.8% T 18.8 735
43 | Gashus Slope 350 5.18 4.35 5.03 429 6 | 0.001 0.34 0.00 0.14 171 797 0.12 0.05 103 21.2% 49 137 B14
44 | Gashus Valley 34-H 4.36 3.60 1425 124 303 | 0.007 0.04 0.29 0.9% 5.21 5352 | 481 0.00 654.9 10.1% 33 148 81.8
45 | Gashus valley 34-A 4.58 3789 3795 180 183 | 0.002 0.04 0.00 0.16 1.64 1559 0.92 0.00 124 8.2% 32 96 B7.3
46 | Guthus Ridge 12-0 3.88 286 39.34 140 475 | 0.044 18.8 78 13 7.6 63.6 0.6 0.0 899 35.6% 0 0 0
47 | Guthus Ridge 50 367 278 6077 300 214 | 0.063 58.2 19.4 5.6 8.3 386 2.4 0.4 136.8 69.7% 0 0 0
48 | Guthus Ridge 5-A 382 252 18.25 73 341 | 0.014 34 16 17 28 36.7 1.8 0.0 478 19.7% | #NJA | #N/A | EN/A
49 | Guthus Ridge S-E 4.08 3.13 4.29 45 197 | 0.007 0.5 0.3 0.3 24 24.1 0.6 0.0 28.2 12.4% B 5.8 92.7
50 | Guthus Ridge 9-Bs 437 3.72 7.33 638 367 | 0.002 0.4 0.0 0.0 23 45.3 35 0.0 516 S5.4% 25 8.8 88.7
51 | Guthus Valley 11-A 478 3.87 2.83 334 38 | 0.001 44.4 37.5 18 23 4.8 0.0 0.2 911 94.5% 8.0 164 A
52 | Guthus Valley 11-B 5.34 4.45 741 167 230 | 0.001 54 36 0.2 23 35.2 0.0 0.0 46.8 246% | 206 388 407
53 | Guthus Valley 11-C 6.18 4.87 2.38 518 17 | 0.001 375 68.1 1.0 2.4 1.0 0.0 0.0 1100 00.1% 76 150 775
54 | Guthus Valley 10-H1 4.44 348 80.19 73 424 | 0017 | 2113 440 24 135 1268 91 0.0 4071 66.6% o] a a
55 | Guthus Valley 10-H2 4.05 3.14 BE.B1 124 1064 | 0.031 85.8 229 F5 136 849 4.3 0.0 2141 58.3% ] o ]
56 | Guthus Valley 10-C 6.79 5.14 355 618 53 | 0.001 573 286 36 120 0.0 0.0 0.0 1015 | 1000% [ 195 50.5 30.0
57 | Guthus valley B-H1 355 303 86.25 164 883 | 0.042 8.0 287 1.0 115 559 07 0.0 187.8 68.8% o o a
58 | Guthus Valley 8-H2 4.20 3.40 9083 54 655 [ 0027 | 1B62 55.6 0.1 153 537 27 0.0 3136 B2.0% a o a
59 | Guthus valley 8-C 6.73 545 3.27 694 21 | 0.000 352 528 37 9.8 0.0 0.0 0.0 1016 | 1000% [ 160 3T 443
60 | Hupgenes | Ridge 5-0 3.89 2.8BB 79.53 258 1237 | 0.065 7B4 411 45 126 405 2.2 0.0 1823 76.5% o a o
61 | Huggenes | Ridge 7-0 3594 2.8B8 60.58 168 924 | 0.034 10.7 117 42 9.6 66.3 4.7 0.0 113.2 34.7% 0] a o
62 | Huegenes | Ridge 7-A 4.22 3.02 1151 68 606 | 0.006 13 0.5 0.4 2.4 49.1 0.5 0.0 54.2 B.4% 0.6 2.1 o974
63 | Huegenes | Slope 3-0 3.68 2.81 78.17 142 814 | 0.076 89.4 52.0 8.1 151 27.0 1.7 0.0 1534 85.1% a 0 0
64 | Hupgenes | Slope 3-AE 3.85 3.04 9.67 31 88 | 0.011 25 13 0.6 26 254 1.7 0.0 345 21.6% | #NJA | #NJA | EN/A
65 | Huegenes | Slope 3-B 471 4.31 4.23 221 48 | 0.001 0.0 0.0 0.1 1.7 53 0.0 0.0 113 16.2% 1.9 4.1 4.0
66 | Huggengs | Slope 4-0 3.97 2.90 83.70 146 703 | 0.063 84.8 4.4 4.2 20.0 7958 4.1 0.0 287.5 70.8% 0 0 0
67 | Huggenes | Slope 4-E 4.58 3.81 2.97 12 49 | 0.002 0.3 0.0 0.0 3.1 27.6 0.0 0.0 308 10.8% | #N/A | #N/A | #N/A
68 | Hupgenss | Slope 4-B 5.19 4.28 2.18 450 99 | 0.001 0.0 0.0 0.0 20 7.2 0.0 0.0 9.3 22.5% 0.5 14 98.1
69 | Hupgenes | Slope 2-0 3.72 2.88 55.85 171 1145 | 0.075 848 741 143 165 18.2 05 0.0 2084 91.0% ] o ]
70 | Hupgenes | Slope 2-E 393 3.04 0.14 33 109 | 0.010 0.3 13 05 26 207 06 0.0 261 18.4% [ #N/A | #N/A | #N/A
71 | Hupgenes | Slope 2-Bs 4.38 3.60 13.05 B9 220 | 0.003 0.3 03 0.0 27 67.7 4.7 0.0 756 4.4% | #NJA | #NJA | #NJA
72 | Huggenes | Slope 2-B 461 4.06 6.59 128 150 | 0.001 0.2 0.0 0.0 23 220 0.0 0.0 246 10.6% [ #N/A | #N/A | #N/A
73 | Hupgenes | Slope 2 4.80 4.29 1.77 301 126 | 0.001 0.0 0.0 0.0 19 5.0 0.0 0.0 69 27 8% 4.8 85 86.7
74 | Hupgenes | Valley 6-H 3.92 3.02 76.66 130 1064 | 0.032 20.2 103 0.2 125 1188 2.3 0.0 164.4 26.3% o a a
75 | Huegenes | Valley 6-C 5.01 4.00 5.04 156 88 | 0.002 270 114 0.2 19 158 0.0 0.0 571 724% | 142 204 655
76 | Hupgenes | Valley 1-H 501 4.32 51.29 175 1069 | 0005 [ 2296 511 27 11.0 2896 1.2 0.0 325.2 90.5% ] o a
77 | 3te@a Ridge 33-0 3.85 298 75.23 200 815 [ 0065 | 1175 526 8.6 121 36.6 4.1 07 2323 82.1% 0] o a
78 | @3 Ridge 33-E 4.10 3.19 292 16 39 | 0.006 0.8 01 0.2 15 115 0.5 0.0 155 19.9% | #N/A | #N/A | En/a
79 | Stwa Ridge 33-Bs 4.29 3.52 312 66 42 | 0.003 0.4 0.0 0.1 1.6 227 1.4 0.0 26.3 B.2% | #NJA | #NJA | ENJA
80 | 3tea Ridge 33-B 5.10 4.56 1.04 243 69 | 0.001 4.8 16 0.1 16 138 0.6 0.1 227 36.1% 0.3 12 98.5
81 | Siga Slope 32-0 4.02 3.24 60.10 180 288 | 0.040 | 11595 650.8 8.0 20.8 175 3.4 25 2329 90.0% 0 0 0
82 | stga Slope 32-AE 4.03 311 12.61 68 154 | 0012 6.8 5.2 0.9 4.4 202 2.7 0.1 40.4 42.0% | #NJA | #NJA | ENJA
83 | 3tea Slope 32-B 4.29 346 8.95 117 125 | 0.004 35 26 0.4 3.8 42.0 3.2 0.1 55.7 18.5% 2.4 9.2 88.5
84 | Stes Valley 31-0 383 3.29 62.98 383 552 | 0034 | 1829 37.1 4.4 7.0 221 4.0 2.4 259.9 859.0% 0 0 0

91




NB: data for sample 25 through 37 are taken from (Mohr, 2010).
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85 | Stga Valley 31-A 4.32 341 [ #NfA 33 315 | 0011 255 8.5 0.5 58 67.0 28 0.4 111 36.5% [ #n/a | #nda | #NSA
B6 | 3iga Valley 31-B 409 3.86 117 205 367 | 0001 3.3 1.0 0.4 15 117 0.8 0.1 18.8 32.8% 34 129 B3.7
87 | Siga Valley 31-B2 519 4.23 3.32 543 65 | 0.001 16 03 0.3 17 g.0 0.3 0.0 124 31.9% 45 16.3 793
B8 | @stmarka Ridge 30-0 3.86 3.07 66 290 440 | 0.052 122 378 131 106 309 3.4 5.4 224 82.2% 0 0 0
89 | @stmarka Ridge 30-E 411 3.17 3.08 42 42 | 0.008 4.3 20 1.0 2.7 14.3 0.8 0.1 253 39.9% [ #n/a | a#nfa | EnN/A
90 | @strarka Ridge 30-B 4.69 448 | 422 578 48 | 0.001 0.0 01 0.1 25 6.4 0.1 0.0 5.1 28.6% 151 55.0 259
91 | @simarka Slope 29-0 412 3.55 728 343 | 1439 | 0.010 10.2 9.0 11.0 11.6 243 4.0 0.1 289 14.5% 0 0 0
92 | @simarka Slope 29-B 4.70 403 | 411 176 40 | 0.001 0.1 0.1 0.3 29 16.4 0.3 0.0 201 16.8% | #n/a | #nfa | #n/a
93 | @stmarka Slope 29-C 483 4.40 4 218 104 | 0.001 0.0 0.1 0.3 25 7.2 0.1 0.0 10.1 28.3% 23 9.4 88.3
94 | @stmarka | Valley 27-0 385 2.80 81.7 220 813 | 0.081 148 60.6 155 135 228 2.2 17 265 89.9% 0 0 0
95 | @stmarka | Valley 27-B 4.47 3.79 141 169 170 | 0.002 13 19 16 3.3 579 4.3 0.0 70.7 11.4% [ #N/A | #NJA | #N/A
96 | @stmarka | Valley 27-C 5.06 4.28 161 177 14 | 0.001 0.6 0.6 01 2.8 38 0.0 0.0 79 51.2% 6.0 18.7 74.3 |




Appendix B. Pearson correlation analysis data

Topography SAMPLE SoilHor H+(H20) H+(BaCl) LOI Inorg-P Org-P CEC BS Clay Silt
SAMPLE -0.097
0.382
Soil Hor 0.022 0.081
0.835 0.466
H+(H20) -0.277 -0.147 -0.630
0.006 0.185 0.000
H+(BaCl) -0.367 -0.130 -0.623 0.936
0.000 0.240 0.000 0.000
LOI -0.080 -0.102 -0.774 0.663 0.658
0.439 0.364 0.000 0.000 0.000
Inorg-P 0.058 0.044 0.185 -0.242 -0.209 -0.081
0.572 0.696 0.071 0.017 0.041 0.434
Org-P 0.031 -0.103 -0.636 0.387 0.419 0.574 -0.027
0.768 0.355 0.000 0.000 0.000 0.000 0.792
CEC 0.117 -0.132 -0.687 0.442 0.413 0.872 -0.041 0.547
0.291 0.235 0.000 0.000 0.000 0.000 0.710 0.000
BS 0.233 -0.110 -0.176 0.173 0.164 0.385 0.381 0.113 0.536
0.034 0.322 0.112 0.119 0.138 0.000 0.000 0.310 0.000
Clay 0.467 -0.085 0.258 -0.486 -0.470 -0.132 0.498 -0.241 0.447 0.616
0.003 0.612 0.117 0.002 0.003 0.429 0.001 0.145 0.005 0.000
Silt 0.457 0.054 0.128 -0.389 -0.406 -0.030 0.503 -0.168 0.428 0.561 0.936
0.004 0.748 0.442 0.016 0.011 0.857 0.001 0.314 0.007 0.000 0.000
Sand -0.466 -0.017 -0.166 0.421 0.429 0.059 -0.508 0.190 -0.439 -0.583 -0.966 -0.995

0.003 0.922 0.320 0.009 0.007 0.727 0.001 0.253 0.006 0.000 0.000 0.000
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Appendix C. Results of all parameters with topography and horizons

Table C1: results for pH n20

pH

H,O n Horizon | Average | Max Min | Median
12 O 3.95 4.39 3.67 3.95
2 A 3.98 4.22 3.82 3.98
4 E 4.16 4.35 4.09 4.11

Ridge 5 B 4.57 5.10 4.29 4.62
7 @) 3.95 4.40 3.68 3.99
3 A 4.12 5.06 3.85 4.12
2 E 4.14 4.58 3.93 4.14

Slope 9 B 4.57 5.60 4.28 4.61
3 C 4.95 5.18 4.80 4.95
4 0 3.83 3.93 3.66 3.89
7 A 4.45 5.19 4.01 4.50

Valley 7 B 4.89 5.68 4.47 5.00
4 C 5.22 6.18 4.86 5.33
10 H 4.18 5.01 3.92 4.20

Bogs 4 C 5.57 6.79 5.01 6.35

Table C2: results for Organic matter content

LOI n Horizon | Average | Max Min | Median
12 O] 60.9 82.7 15.5 66.0
2 A 15.1 18.3 11.9 15.1
4 E 4.9 7.33 2.92 4.29
Ridge 5 B 5.32 8.65 1.04 5.78
7 0] 68.8 83.7 55.9 70.1
4 A 11.9 15.6 9.64 11.1
2 E 6.05 9.14 2.97 6.05
Slope 9 B 7.47 13.70 2.18 7.75
3 C 3.26 5.03 1.77 3.12
4 0] 63.1 81.69 | 4414 | 63.24
7 A 8.7 18.21 2.83 8.22
Valley 7 B 8.64 19.35 2.53 7.41
4 C 3.08 4.99 1.61 2.85
10 H 61.3 90.9 14.3 73.2
Bogs 4 C 3.94 6.04 2.48 3.61
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Table C3: results for CEC

CEC n Horizon | Average | Max Min | Median
12 0 152 232 61.3 153
2 A 51.1 54.2 47.9 51.1
4 E 25.7 33.7 15.5 26.7
Ridge 5 B 26.2 51.6 9.13 22.7
7 0 232 298 114 233
3 A 35.7 40.4 32.2 34.5
2 E 28.5 30.9 26.1 28.5
Slope 9 B 37 75.7 9.25 24.6
3 C 9.13 10.3 6.93 10.1
4 @) 212 265 136 223
Valley |7 A 650 | 111 | 224 | 675
7 B 39.6 70.7 12.4 44 .4
4 C 63.4 119 7.87 63.3
10 H 208 407 64.9 191
Bogs 4 C 86.6 102 57.1 93.9

Table C4: results for Base Saturation

BS n Horizon | Average | Max Min | Median
12 0 52.7 82.2 13.9 50.2
2 A 14.1 19.7 8.4 14.1
4 E 22.1 39.9 12.4 17.9
Ridge 5 B 20.5 36.1 5.37 23.2
7 ) 61.2 91.1 14.5 70.8
3 A 28.4 42.9 20.7 21.6
2 E 14.6 18.4 10.8 14.6
Slope 9 B 22.2 86.9 4.37 16.2
3 C 25.8 28.3 21.2 27.8
4 ) 61.3 89.6 32.7 61.2
7 A 38.6 94.5 7.99 27.6
Valley 7 B 28.4 65.1 115 24.7
4 C 69.2 99.1 27.7 74.9
10 H 53.8 90.5 10.1 62.5
Bogs 4 C 91.3 99 72.4 96.4

95




Table C5: results for inorganic phosphorus

Inorg-
P n Horizon | Average | Max Min | Median
12 0] 279 563 140 260
2 A 70.9 73.2 68.6 70.9
4 E 35.9 45.8 16.4 41.7
Ridge 5 B 405 741 65.8 411
7 0] 241 393 142 211
3 A 97.6 289 1.87 49.8
2 E 22.7 33.1 12.3 22.7
Slope 9 B 241 450 88.6 219
3 C 341 429 218 359
4 O] 233 383 162 193
7 A 283 534 33.2 263
Valley 7 B 332 734 109 237
4 C 424 703 177 408
10 H 183 435 53.9 164
Bogs 4 C 518 695 156 611
Table C6: results for organic phosphorus
Org-P n Horizon | Average | Max Min | Median
12 @) 983 3574 214 821
2 A 474 606 341 474
4 E 135 268 38.9 127
Ridge 5 B 114 367 36.7 58.5
7 @) 1131 2682 283 980
3 A 302 498 88.1 312
2 E 79.5 109 49.5 79.4
Slope 9 B 165.4 423 18 135
3 C 64.5 126 5.73 63.1
4 0 590 813 337 605
7 A 247 534 38.5 220
Valley 7 B 203 482 0.00 181
4 C 53.6 154 14.5 22.9
10 H 1174 2867 303 998
Bogs 4 C 45.5 88.3 19.9 36.8
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Appendix D: water quality

Table D1: water quality information

Type of water | Water purification | Resistivity TOC Product of
system (MQ cm at 25 °C) (ug C/L)

Type | water Milli-Q water 18.2 <5 Millipore

Type Il water | Elix UV deionized | 5-10 <30 Millipore

water

Appendix E: ICP-OES analysis

Varian Vista AX CCD simultaneous axial view ICP-OES product of Varian was used. The

following default operating conditions of the spectrometer were used for the analysis of the

selected elements. This was operated by Christian Wilhelm Mohr department of chemistry, UIO.
All samples were acidified with 1% HNO;

Table E1: ICP-OES instrumental conditions used for analysis

Parameters

RF power 130kW
Plasma Argon flow rate 15 L/min
Auxiliary Argon flow rate 1.5 L/min
Nebulizer Argon flow 0.75 L/min
Sample flow rate 1.5 mL/min
Reading time 10s

Rinse time 30s

Sample update delay 60s

Rump rate 20
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Table E2: wave length selection and Limit of Detection

Wavelength selection for the determination of the major cations (calcium, potassium,
magnesium, sodium, aluminum, iron and manganese) using the ICP-OES. Wavelengths were

selected based on the concentration of the analytes.

Element Wavelength LOD (mg/L)
Na 588.995 05

K 769.897 0.05

Ca 396.847 0.1

Mg 280.270 0.04

Fe 238.204 0.03

Al 396.152 0.04

Mn 257.610 0.03

LOD of each element in table E2 is found by three times the standard deviation of concentrations
of the method blank. LOD = 3*SD blank

Where, SD is standard deviation of the sample blank, calculated as
X =>Xi/n, where X is average blank concentration, and n is number of samples
SD = [(X-X) 2/ (n-1)]

Appendix F: SEAL Autoanalyzer for phosphate determination

The SEAL Autoanalyzer 3 at the Department of Geosciences, UiO, was used to determine the
Tot-P and Inorganic-P fractions from the soil extracts acquired from the Chang and Jackson
(1957) and Mgrberg and Petersen (1982) methods. The instrument was set with the parameters
given in Table F1
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Table F1: seal autoanalyzer 3 parameters

Parameters Description

Detection range 0.12 — 6000ug/I for phosphate in water solution

Flow cell 10mm

Wavelength 660nm

Reagents Ammonium molybdate solution, sulphuric acid and

sodium dodecyl sulfate solution, ascorbic acid solution

Wash solution Same matrix as the extraction solution in table 3.3

Table F2: Preparation of reagents used for the extraction method and standard
phosphorus solution

Amount dissolved per liter type |

Reagents water
1M NHACI 53.3¢
0.5M NHA4F 18.5g
0.8M H3BO3 50g
0.1M NaOH 419
0.25M H2S04 15ml

0.1M KClI, Ascorbic acid and EDTA | 7.5g, 12.5g and 0.372g respectively

saturated NaCl solution 400g

phosphorus standard solutions 0.78,
1.56, 3.125, 6.25, 12.5, 25 and 50ppm | 0.2195g KH2PO4
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Table F4: Inorganic phosphorus fractionation results (mg/Kg)

Topography Horizon Sol-P Al-P Fe-P Ca-P Occl-P
Ridge 0 14.0 82.4 72.1 2.0 17.1

E 0.1 5.5 14.5 13 4.9

B 0.0 98.8 86.6 19.0 7.8

C 0.0 36.1 38.3 38.3 6.1
Valley bottom | H 1.6 79.6 101.4 19.2 3.0

B 0.0 319 24.1 274.0 54

C 0.0 8.7 22.1 386.0 3.0

University of Oslo

Figure F1: calibration curve for total and inorganic phosphorus analysis
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Figure F2: Calibration curve for Inorganic-P fractionation
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Appendix G: Maps of the quaternary deposits of the study area

Figure G1: Maps for the quaternary deposits of study are for Boslangen and Augurad.
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Figure G2: Maps for the quaternary deposits of study are for Guthus and Dalen.
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Figure G3: Maps for the quaternary deposits of study area for Huggenes and Stga.
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Figure G4: Maps for the quaternary deposits of study are for Gashus and @stmarka.

In the given maps, the numbers and black dots in each site represents plot numbers where the soils are sampled. More information about the plot numbers are given in
table 6 and see figure 12 for the legends description. The map used is a quaternary map, 1:50000 produced by Geology for Society (NGU)
(http://www.ngu.no/no/hm/Kart-og-data/nedlasting/), modified by Alexander Engebretsen
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Figure G5: Soil sampling maps for Hugeness, Stea, Gashus, Dalen and Augurgd.
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Figure G6: Soil sampling maps for @stmarka and Guthus.

In the given maps, the numbers and black dots in each site represents plot numbers where the soils are sampled. More information about the plot
numbers are given on table 6 and see Figure 12 for the legends description. The map used is a quaternary map, 1:50000 produced by Geology for
Society (NGU) (http://www.ngu.no/no/hm/Kart-og-data/nedlasting/), modified by Alexander Engebretsen
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