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1 SUMMARY

The Kristinebergarea is heavily impacted by mining and has a so far only roughly known
environment al |l egacy. One river, Vormb@&cken dr ai
The river is characterized by a riparian zone. the transiin zone between wat and land, of

varying width. Rparian zone haveimportant ecological and regulatory functions in aquatic systems
Quantifying plant biomass and to it related processes such as element allocation has so far been a
major challenge at the scale of entiigarian zones. Here, we applied high resolution (5 cm) remote

sensing with an unmanned aircraft system (UAS) in combination with field sampling. We quantified
diversity andbiomass of riparian vegetation at three localities (river stretches ah3&agth along
themining-impacted rivel o r mb 2andkestimated the amount of metals (Cd, Cu, and Zn) stored in

the dominating species.

A vegetation map at the specilesel was derived from aerial images acquired with the UAS in
combination with field sampling of species composition and cover. Assessments of biomass
(herbaceous and shrub vegetation) and metal contents were derived lyinpnfie vegetation maps

with results from field samplingConcentrations of Cd, Cu and Zn decreased with increased distance
from Hornt 2 s k e t i n . Atocordim) fo dhe estandards of the Swedish Environmental
Protection Ageng, Cd and Cu concentratisrranged from high to moderate and Zn concentrations
ranged from very high to moderatBroductivity of the riparian zone decreased with increased
distance from the source of contamination fromt8.4.4t/ha. For metals, the total amount of
vegetatioAdbound Cd and Zn decreased from 988 to 9 and from 136240 tog43@Spectively.
Biomass and metal contents showed large variation between si@adiesp. comprised only 15% of

the total biomass of dominating species but contained 94% of all Cd andf@dP@n. In contrast,
Carex rostrata/vesicaricomprised 75% of the total biomass of dominating species and contained
75% of all Cu.Biodiversity and species composition of vegetation appeared to be unaffected by
potenti al contaminates in Vormb?&cken.

Our study supports previous studies showing thatclosed mines upstream of the Kristineberg mine

aret he mai n cause of t he hi gh concentur atady on s 0
demonstrates the applicability of UAS for monitoring entire ripadanes. The method offers high

potential for accurate assessment and modelling of nutrient and trace element cycling in the riparian
zone and for planning potential phytoremediation measures in polluted areas.



2 BACKGROUND

2.1 The Kristinebergarea

Kristinebergis located approximately 175 km sowthe s t of Lule=- in the Lyck
Vasterbotten County, northern Sweden. The Kristi
one of three major mining areas in Sweden. The population of thinikkbderg municipality is 12,506

within an area of 5636 kmThe landscape is dominated by coniferous forest (mainly Scots pine and
Norway spruce), forestire complexes, mires and waterbodies. The vegetation period is on average

ca. 150 days and the lengihsnow cover period is 150 days. The annual mean temperatu /s @
(February-7 AC, June: 12 AC). Annual mean precipitat:i

The Kristineberg mining area (~300 ha) comprises a large tailings area and five mines, a large central
industral area that includes an old concentrator and three open pits. The mine has been operating since
1918. The mill was closed in 1991 due to decreasing tonnage to the mill and increasing milling costs

as a consequence of closure of a number of small mindayTthe ore is transported to the Boliden
concentrator using 5n highway trucks, which are also used for transportation of backfill tailings to

the mine. The mill capacity was gradually expanded from the original level of 300 000 tonnes per
year,uptol mi | Il i on tonnes per year, a | evel t hat proe
main products recovered from the ore are zinc, copper and lead concentrates. The five ponds in the
mining aea Figure 21) arelocated along a valley between two untain ridges. Initially, the tailings

were deposited in two ponds, no 1 and 2, al ong
bypass the ponds. In the 1950s, these ponds were filled up, and a new pond, no 3, was constructed
south of the confluencbk et ween R2vIidmyrb2cken and Vor mb?2ck

constructed downstream. The ponds 3 and 4 contain most of the tonnage. A fifth pond, pond 1B, was
constructed to be used as an intermediate storage pond for low grade pyrite and pytirhbtitas
intended to be sold for sulphuric acid production. As the market for such products never developed,
the material was left in the pond. At closure, the tailings area consisted of five individual ponds
containing pyriterich tailings, including thre old drained ponds containing weathered tailings (ponds

1, 1B and 2); oneecently operated pond containing unweathered material (pond 4); and one pond also
containing substantial quantities of precipitates from the treatment of acidic mine water (pond 3)

The bedrock consists of ca.l.9 Ga metamorphosed orebearing volcanic rocks overlain by
metasedimentary rocks. The metasupracrustals display a marked foliation and extensive sericitization.
Pyrite-rich massive sulphide ores are intercalated within a gteguhic unit consisting of mainly basic
volcanic and redeposited volcaanlastic rocks.

Common ore minerals are pyrite (E¢Schalcopyrite (CuFe8, sphalerite (ZnS), galena (PbS) and
magnetite (F&04). Common gangue minerals include quartz ¢piGericite (KAk(AISiz)O10(OH)2),

chlorite (Fe,Mg,Al}-s(Si,Al)4010(OH)s, talc (M@sSisO10(OH)2), biotite
(K(Mg,Fe)s(AlSis)O10(0OH)2), and calcite (CaC® ( Hol mstr°m et al ., 2001).

The dominating soil type in the aredilswith incidence of gravel, sand, peat or none or thin cover of
guaternary deposits.

Waterborne pollutants and their impact on the environment (abiotic and biotic) are the main concern at
Kristineberg.

The water leaving impoundment 4 enters the smalerir  Vor mb2 cken. Vor mb2acken
from the | akelobmstNomk & ranj,°ml most 2.5 km upstre
mi ne area at Kristineberg, and fl ows for appr oxi
Vormsele. Y ndel 21 ven is a primary tributary to the ri

Sea at Ume = .



The major tributaries to Vormb2@cken are drainage
Sva@altamyrb2cken, Svart biydklkenrdownstreah from°thie Kristineb&g pr o x i
mi ne, Vormb2cken joins R°k-n. Before en«mring V
|l ake Vormtr2sket The di f fHeorl enmt crd0 giknestjed re van d oVio rbre

about 130 m. The cdicme n t area of Vor mba c k?lnthe catchmentptheo x i mat
vegetation is dominated by coniferous forests and wetlands. The soil is moraine, and the bedrock is

mainly composed of granite (Br-nin eatseavdral , 197
| ocations in the upper most part of the catchmen
only mine in the area that is stil!l active. The

been reclaimed. However, recently theuvialen mine has been opened.

In the case of Vormb2cken, the water quality at
original river water with the water leaving impoundment 4, surface water from the tributaries, and
groundwater from the st of the catchment area.
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Figure 2-1. Site map of the Kristineberg mining area showing the different ponds
(impoundments) and local water catchment area at Kristineberg. The dashed lines marks
identified sub-catchmentar eas. From H°gl WHd and Herbert (20

Upstream from the Kristineberg mine, the river water has a pH close to 6, and the water contains
approximately 6 mg DOC/ I and 0.2 mg Fel/ll (Sj°bl
been found to occur in particles of 1 kDa0O . 2 sizem(Forsberg, 2002). At present, the
concentrations of Cd, Cu, and Zn in the river water are elevated already upstream from the outlet from
the mining area at Kristineberg (Sj°blom et al .,
mining &ctivities and the local geology (cf. Runnells et al., 1992). During normal operation of the

water treatment facilities at Kristineberg, the treated water actually dilutes the river water with respect

to the trace metals me n t 1).oHoweder, thd toeated diailsapeli®b& om e



significant source of Ca to the river water .
concentration of Cd, Cu and Zn in all of the tributaries investigated was lowen than those
encount er ed The naWmlrtrimbaties &ceonnted for between 4 and 12% of the loadings

of Zn, Cu and Cd to the system. For lead, they accounted for between 11 and 17%. Lead appears to be
mobilised from the catchment area during periods of high flow. The contributios éfFand Mn in

the river at Aspliden (that is, background upstream of the discharge from Kristineberg together with
the discharge) is about half the total loading (October, 2000). For arsenic, the natural tributaries
account for at least twice the loag:hmeasured at Aspliden (where discharge is completely mixed

S

with river water). The contribution of groundwatt

be high (especially for As).

2.2 Riparian vegetation and environmental assessment

The riparian zoe, i.e. the transition zone between water and land, has important ecological and
regulatory functions in aquatic systems: forming wildlife habitats and ecological corridors, stabilising
riverbanks, shading, providing organic matter and food for aquatcriparian biota, increasing
habitat diversity, retaining sediment and nutrient as well as pollutants, and regulating water yield
(Haycock et al. 1993; Kalff 2001; Mander and Shirmohammadi 2008; Salemi et al. 2012; Strayer
2010). The importance of ripariaones has also been acknowledged by the environmental legislation
of the European Union. The quality eleméworphological Conditionsrefers to the structure and
condition of the riparian zone and is used for the classification of the ecological staiusr®f
according to the Water Framework Directive (EU 2000). Vegetation plays a key role for productivity,
carbon cycling as well as nutrient and trace element allocation in riparian zones and water bodies
(Bishop et al. 1995; Newham et al. 2011; Richardst al. 2007; Tabacchi et al. 1998; Tabacchi et al.
2000). Phytoremediation, i.e. mitigation of environmental problems by the use of plants, in riparian
zones and wetlands (natural and constructed) is increasingly used to improve water quality in
recipients (PilonSmits 2005; Xiang and Rengel 2009). Quantifying plant biomass and to it related
processes such as nutrient and trace element uptake is therefore important to enhance our knowledge
on natural processes in riparian zones and to assess phytot@ngoigentials. Biomass assessment

is mainly based on field sampling and restricted to small areas at the scale of sampling plots (Gibson
2002; MuellerDombois and Ellenberg 2002). The accurate assessment of biomass at the scale of
entire riparian zoes tas been a major challenge.

2.3 Remote sensing of vegetation and biomass

Remote sensing approaches with different biomelsded indices (e.g. Normalized Difference
Vegetation Index, NDVI, Pettorelét al. 2005) have been used to assess the biomass of e.g. wetlands
(Adam et al. 2010; Mutanga et al. 2012). However, so far they did not succeed in resolving shrub and
herbaceous vegetation at the spet@esl, which is mainly due to the spatial resalatiof available

remote sensing data and limitations in automated image classification. Recently developed unmanned
aircraft systems (UAS) offer new staiétheart methods for quantifying plant abundance and
biomass. UAS not only provide cesfficient sdutions, but yield remote sensing data with sub
decimetre spatial resolution and high spatial accuracy (Brysain2010; Rango et al. 2009).

2.4 Aim of study

Here, we applied a combination of UAS remote sensing (5 cm resolution) and field sampling for
mappng riparian vegetation at the speeiegel and assessing biomass and vegetditamd amount

of metals (Cd, Cu and Zn) at the scale of entire riparian zones #ilenmgining-impacted river

V o r mb &ircnlorthern Sweden. The aim of this studyaar-fold. Firstly, weassess biodiversity of

ri parian vegetation al ong thyliomasbk &f dpRremveget&tionc(total d | y
and separated for dominating species) at three localities downstream th&hindly, we estimate the
amount of medls (Cd, Cu, and Zn) stored in the dominating species to evaluate if the concentrations
of Cd, Cu and Zn in aquatic and riparian vegetation decrease along a longitudinal and lateral gradient,



I.e. with increasing distance from the source of contaminatidrfram the river. Finally, we evaluate
the added value of sutecimetre resolution UAS orthoimages for the assessment of biomass and
element accumulation in vegetation at the scale of entire riparian zones.



3 MATERIAL AND METHODS

3.1 Study area

The studywaspef or med al ong the river Vormb@@cken that i
Mal -, and Norsj©°, Vad&@sterbotten county, nort hern
middle boreal stz one (Sj °rs 1999). I 't Homrringirrtastkeds i(rc omp
S°rsj°n and Norrsj©°n), close to the mining area
Horntraasket, effluents form the tailings i mpoun
the river Vincdcel aVlimedre |l &tl véomr msela primary tribut
the Gulf of Bot hnia as final recipient . The <cat
dominated by coniferous forests and wetlands. Mining activities have taken place atleeatitals

in the uppermost part of the catchment area si ni
in the area that is stil!l active. The mines at
S°rsj°n and Nor r sipetatrKimheden svisich drains inte theytailings impounaiment,

and the mine at R2vIlIiden which drains into the
been abandoned. All mines except the Granlunda mine have been reclaimed after closuree Since th

mi ddl e of the 19900s, Horntrasket has been <char

resulting in the deterioration of the lake fauna (Jacks et al. 2005; Samuelsson 2010). Leakage from the
abandoned mines, from mineralised bedrocks as weffamn soils due to fluctuating ground water
levels and extensive forestry (logging and ditching) were discussed as main sources of the metals

(Jacks et al 2005; Samuel sson 2010) . Compared
concentration® f these el ements are | ow in the effluent
performed thestudy at three localities (LAL 3) al ong Vor mb2cken, 7, 15 aj
Horntr 2 s ket (Figure 88.pveanpH narggédyfrom 6.5 at L1 to 6.h = 5) at L3 in
July/August 2011.
Horntrasket b
. Norrsjon
Sorsjon Tailingsimpoundment
Horntrésket
Aspliden
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Kilometres L2 \‘{
0 200 400 800 jL
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Figure 3-1. Geographicl ocati on of the study area in Sweden
and additional water sampling points along Vor mb
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3.2 Aerial survey

The three localities were surveyed on 14 July 2011 with the Personal Aerial Mapping System (PAMS)
devel oped by SmartPlanes Sweden AB (Skelleften,
aircraft system (UAS), i.e. an ulttight remotely controlled atraft equipped with a digital camera

with calibrated optics, autopilot and GPS (global positioning system), and a ground control station
with mission planning and flight contrebftware(Figure 3-2-1), andb) an aerial mapping software

for automated omite production of georeferenced high resolution image mosaics. For a detailed
description of the system see Husson et al. (manuscript). The generated RGBréBe8lue)

images were pogirocessed by GerMAP GmbH (Welzheim, Germany). The resulting ortgesna

had a spatial resolution of 5 cm and were georeferenced to the Swedish national grid using ground
control points identified in orthophotographs from the Swedish Land Survey. For fine adjustment, we
used the Georeferencing tool in ArcGIS software (ESRIO). Per locality, we used 1520 control

points to reduce the root mean square error to <10 cm. The control points were measured on site using
a CarrierPhase Enhancement Global Positioning System (CPGPS) with a spatial error of <5 cm
(Figure 32-2).

Figure 3-2-1. Unmanned aircraft system (UAS) consisting of a remotely controlled airplane
(wingspan 1.2m) with a digital camera and a ground control station with mission planning and
flight control software.

3.3 Field survey, sampling and data acquisition

Field sampling was performed at the three |l ocal.i
the mining area 12 July 20 August 2011. At each locality, a 50 x Oarea that stretched along
Vormba@cken was sampl ed. V e g(keV) patallelotonthewiees bank thatp | e d
weredm wi de. In belt |, we randomly pl-&tbesdampl20 s amp
plots with a minimum distance ofrd. In each sample plot, the cover of the five species with the

highest cover waserorded according to a fograded scaleC1>071 12%,C2>121 25%,C3>251

50%, C4>501 100%. Salixwas treated at genus level a@drex rostrataand Carex vesicariavere

combined due to the difficulties to distinguish these two species in the fleéddafoveground living

biomass of the five dominating, i.e. most abundant plant species, was taken from each sample plot and
the total weight was recorde@Figure 32-2). Trees >1.5n were not sampled. Complementary

samples were taken 1927 July 2012, sdhat we had at least three samples of biomass in each
vegetation class. At L1, we sampled in total 89 plots, at L2 80 and at L3 83 plots (exemplified for L3

in Figure3-2-3b). The number of sample plots per vegetation class ranged ffot8 8nean 11). The

position of all sample plots was measured witGPGPJFigure 32-2).

10
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Figure 3-2-3. Core zone at L3, a) orthoimage and b) vegetation map with sample plots. For
species composition of the vegetation classes see Appemdix
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For chemical analyses of riparian vegetation, we took representative samples from the two dominating
plant species ireach belt at each locality in July/August 2011. To get representative samples per
species and belt with a minimum weight ofgaGve collected leaves of at least 20 different specimens
distributed over the whole belt by tearing or cutting with a plasife kAt L3 belt IV more than two

species showed the same frequencies. Here, we sampled up to four species per belt. To compare one
and the same species between all localities and belts, we took additional samples of the two most
common specie€arex rostata/vesicariaand Salix sp. in July 2012Carex rostrata/vesicariaand

Salixsp. were also sampled at Horntr2sket (one con
vegetation from the river channel, we took representative samples from the thiratohgnspecies at

each locality in July/August 2011. A representative sample for the vegetation in the river channel
consisted of leaves from at least 10 different specimens per species distributed along the whole 50

long river stretch. The number ofespes from the river channel that were found at more than one

locality in 2011 was low. To compare the same species between localities, we searched in July 2012

by boat within a stretch of 106 up- and downstream from the sample area of each localityehssy

in Horntr2asket for the same speci e(seeTahl&Llforwer e al
an overview of sampled specied) the afternoon of each sampling day, samples for chemical
analyses were sent by mail to the ALS Scandinavia ABda at or vy , Lul e-, Sweden
day after. The laboratory is certified for all performed analyses. Analysed variables included
concentrations of Al, As, Ba, Ca, Cd, Cl, Co, Cr, Cu, Hg, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Si, Sr,

Ti, V, Zn, and Ntot. For our study, we focussed on the evaluation of Cd, Cu and Zn, which were the

el ements of highest environment al concern as knc
(Jacks et al. 20055amuelsson 201®j ° b | o)nCoBcenraions of tall and P were used as
explanatory variables. For Cd, Cu, and Zn no significant differences between samples from 2011 and
2012 were found in ripariaregetation and in vegetation from the river channel.

Table 3-1. Summary of dominating riparian species and species from the river channel that were
sampled for chemical analyses in order of decreasing sampling frequency. The localities
(Hor nt r 2 s H kL L3) tefier,to tleerspatial gradient from the source of contamination
and the belts (FV) refer to the lateral distance of sampling points from the river channel (see
also Material & Methods).

Species Locality Belt

Riparian zone

Carex rostratavesicaria Ht It
L1, L2,L3 -V

Salixsp. Ht I/t
L1, L3 -V
L2 "-v

Eriophorum angustifolium L2, L3 I-v

Carex nigrassp.juncella L1 I-111
L3 |

Molinia caerulea L3 In-v

Trichophorum cespitosum L3 In-v

Betula nana L1 V-V

River channel

Equisetum fluviatile Ht, L1, L2

Nuphar lutea Ht, L2, L3

Sparganium angustifolium L1, L2, L3

Potamogeton alpinus L1, L2

Hippuris vulgaris L2, L3

Potamogeton gramineus L3

in one sample
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For the chemically analysed riparian species, biomass was sampled in July/August 2011 and July
2012, so that we had at least three samples per species and cover class. THgeoahdviving
biomass of the species was taken from each sample plbt586m) and the weight was recorded.

Most of the sample plots were also used for the determination of the total biomass (see above). The
number of samples per cover class and species ranged fr@8 @nean 8), except fdetula hana

C2, which occurred ionly two sample plots.

At each locality, samples for water chemistry were taken at five occasions 14 2W#ygust 2011.

One additional sampl e was taken at each Il ocalit
analysed the day after sampling (sdmwe). Analysed variables included dissolved (<@4%)
concentrations of all elements analysed in vegetation (see above), except of Ti and V. In addition,
NH4-N, NOs-N, NO-N, and TOC as well as chlorophyll content, alkalinity, conductivity, pH, colour

ard absorbance (42@m) were analysed.

Within the environmental monitoring programme of Boliden Mineral AB (Boliden, Sweden), the
operator of the Kristineberg mine, addi tional W i
2011 at the oeketet adbf AsSlprntdetn, at Brannfors, é
confluence with Vindel &l ven.

FIl ow data for Vormb2cken modell ed on a daily anc
Swedish Meteorological and Hydrological Institute (http://ratteb.smhi.se). Flow data was divided
intosubc at chments between the confluences of maj or
flow for L1 1 L3, we used the flow of the respective su#tichment in which the locality was located.

3.4 Vegetation mapping

Vegetation mapping was done in a geographic information system using ArcGIS sqiES&ke

2010 and was based on the higésolution orthoimages acquired with the PAMS and the field data o
species composition and cover in the sample plots and local knowledge derived by field visits (sensu
Tempfli et al. 2009 Mapping was performed at a scale 1:100 with a minimum mapping area of 0.4
m’. We delineated vegetation stands, i.e. units of homogenous areas that were characterized by defined
species composition. Vegetation stands charaed by the same species composition belonged to the
same vegetation class. The number of species characterizing a specific vegetation class ranged from 1
8. At each locality, we mappedriver stretch of 32éh length. We mapped nesubmerged vegetation

within the river channel and the entire riparian area within the littoral zone up to the forest layer
including wetlands adjacent to the river (exemplified for L&igure 34).

Mapping of the riparian area was divided into two steps. In a firsttbieprea where the sample plots

were placed was mapped. All vegetation stands that intersected with the area where the sample plots
were placed are from now on called the core zone (exemplified for L3 umelde2-3b). During field

work in 2012 printout®f the mapped core zones were verified by walking through the core zone and
comparing vegetation boundaries in the field with those on the map. In a second step, a preliminary
map of the area around the core zone (from now on called extension zone) deaased on the
knowledge from the mapping of the core zd¢see Figure 3l for the generated vegetation map at L3).
Control points that were selected from the orthoimages1(08 at L1,n=87at L2, andh =63 at L3)

were visited in May, June and Aud12 to verify and adjust the map of the extension zones

3.5 Biomass estimation

The biomass calculation for the study area was based on the total weight of the fresh biomass
harvested from the sample plots (expressed as?kgive calculated the biomagkg] for each
vegetation class by multiplying the vegetation clgsscific mean biomass [kgfmwith the area

covered by the respective vegetation class. The vegetatiorspkasific mean biomass is the mean of

all sample plots placed inside the vegeiatclass. For vegetation classes that only occurred in the
extension zone, the vegetation clapgcific mean biomass was taken from the vegetation class
occurring inside the core zone of the respective locality which had the most species in common. If the
number of species in common was the same for several vegetation classes, we took the mean biomass
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of these classes. At locality L2, we identified multipfgecies vegetation classes that occurred only in

the extension zone and that had less than two espé@ticommon with core vegetation classes. For
these vegetation classes, we used the biomass of the core vegetation class of another locality which
had the most species in common. If the number of species in common was the same for several
vegetation clags we took the mean biomass of these classes. For-spaglees vegetation classes

that occurred only in the extension zo@aKex rostrata/vesicariand Salix sp.) we took the biomass

of the corresponding core vegetation class of another locality. Tigée-species vegetation class
Eriophorum angustifolium(L2) was not represented in any core zone. In this case, we used the
speciesspecific biomass of the highest observederaclass €3). This procedure resulted in three

levels of potential uncertaintyery low uncertainty for the core zone (23% of the total area), low
uncertainty for areas in the extension zone which belonged to vegetation classes that also occurred
within the core zone (extension zdn&0% of the total area), and moderate uncerdimt areas that
belonged to vegetation classes that only occur in the extension zone (extensitin #i¥eof the

total areaTable4-3). The biomass of trees >1nd was not included in the biomass estimation.

Figure 3-4. Vegetation map ofnon-submerged vegetation within the river channel and the entire
riparian area within the littoral zone at L3.

3.6 Metal storage in vegetation

We calculated the amount of stored Cd, Cu and Zn in riparian vegetation based on the results of the
chemical analysi, the speciespecific biomass for each cover clagsl (i C4) and the areas for
different vegetation classes obtained from vegetation mapping. We also took into account the spatial
variation of species frequency and cover within each vegetation clasthe~oore and extension

zonel, the amouniM of metalx in species at localityk [g] was calculated according td)(

€Y 0 s B 1/ 0 ©f Qgp
where i 5 = frequency of specieswithin vegetation classaccording to )
0 = area of vegetation clas§m?]
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