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Fig. 2. Spring fen cupola at Piigaste, right slope of the valley of the Piigaste Stream,
north-eastern slope of the Otepdéd Heights.

Fig. 3. Uue-Rooba Fe-rich tufa-forming spring fen on the right slope of the Koosa
Stream, north-eastern slope of the Otepdd Heights.
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The Intsikurmu site (0.93 ha) in the town of Polva is located under the
eastern slope of the heights. It is an open species-rich tufa-forming fen with
several orchid species and a dense (coverage up to 90%) moss carpet. The
deposit with a thickness over 2 m consists of moderately decomposed brown
moss and sedge peat mixed with tufa.

The Tduka site (1.8 ha) is located in the central part of the heights, some
2.5 km north-west of the town of Otepdd on the slope of the Kaarnaoja
Stream (Fig. 4). The upper part of the fen is covered by sparse fen forest with
Betula pubescens and Picea abies. The over 2 m thick deposit consists
mainly of tufa. The lower part of the slope is an almost open, rich in vascular
and moss species spring fen precipitating Fe-rich sediment on the surface in
small depressions between tussocks. The upper part of the deposit (depth
interval of 0.6-1 m) is formed of sedge—brown moss peat rich in tufa
followed by over 1 m thick sedge—brown moss peat without tufa.

The Kobilu site (1.7 ha) is an attractive tufa-forming spring fen located on
the slope of the Kavilda Valley on the north-western slope of the Otepaa
Heights. The upper part of the fen is forested with spruce, on the lower part
close to the Kavilda River small groups of spruce, pine and birch are
growing.

Fig. 4. Tduka tufa-forming spring fen forested with Betula pubescens and Picea abies
on the slope of the Kaarnaoja Stream on the Otepdéd Heights.
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The Uderna-Laguja floodplain fen (6.7 ha) with Ca-rich springs is
situated in the valley of the Elva River some 0.8 km east of Uderna village.

Two sites are located in the neighbourhood of Illi village. The Illi S site is
a Fe-rich tufa-forming open spring fen (2.5 ha) spreading about 1 km south-
wards from the village on both sides of the Illi Stream on the north-western
slope of the heights. The other site, I1li N, is located about 0.5 km north of Illi
village on the slope of the Elva River valley.

The Noo-Luke site (1.3 ha) is an open Fe-rich calcareous fen with a few
spruce trees located on the upper part of the Tatra Valley on the northern
slope of the heights.

The Tatra site (9.6 ha) is located in the lower part of the northern slope of
the Tatra Valley. It is an open fen affected weakly by drainage with patches
of pine. In the field layer Carex lasiocarpa, Schoenus ferrugineus and
Phragmites australis dominate. Cladium mariscus is sparsely distributed.
Tufa is actively precipitating in some depressions between tussocks. The
deposit with a thickness over 2.5 m consists of sedge—brown moss peat with
tufa interlayers.

On the Vana-Kuuste site (1.7 ha), which has a sparse tree layer consisting
mainly of pine (up to 10 m in height and of different age), tufa is actively
forming in patches. The deposit with a thickness of about 1.8 m consists of
tufa rich in sedge and brown moss remnants. The site is close to Vana-Kuuste
village.

The Rongu site (0.5 ha) on the western slope of the heights is an
abandoned tufa excavation site with some open-water pits. A sedge peat layer
some 0.5 m in thickness has remained on the site. On the open part of the site
Carex rostrata dominates.

The Vana-Tatra site (1.4 ha) is a Molinia dominated (coverage ca 25%)
tufa-forming spring fen with a sparse tree layer (birch, max height ca 13 m,
age ca 3040 years). Among shrubs Salix species (density ca 20%) dominate.

The Allika site (2.5 ha) is on the western slope of the heights some 2 km
east of Hellenurme village. Phragmites australis and Menyanthes trifoliata
dominate with Carex flava as a codominant in the field layer. In the moss
layer Campylium, Philonotis and Drepanocladus species dominate with an
about 40-60% coverage. Tufa is precipitating in depressions between low
tussocks. The thickness of the deposit is over 2 m and it consists of brown
moss peat with wood and reed remnants. Tufa interlayers are frequent.

Sakala Upland

On the Sakala Upland we investigated 23 sites. Tufa is forming, at least in
patches, on seven of these sites.

In the southern part of the upland, on the valley of the Hirmu Stream
about 1 km north-east of Karksi village, we found two calcareous spring fen
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sites. The sites were named Hirmu 1 (2 ha) and Hirmu 2 (2.2 ha). The Hirmu
1 site is an open tufa-forming and sedge-dominated spring fen with a few
birches and spruces located on both sides of the Hirmu River valley some
0.4 km south-west of Hirmu village. Close to the river the tree layer is
denser. The deposit with a thickness over 2.5 m consists of sedge peat
(uppermost ca 1 m), followed by tufa.

The other site, Hirmu 2, is about 1.5 km north-east of Karksi village,
south of the first site. This reed-dominated Fe-rich calcareous fen (no tufa
formed) is sparsely covered with short (2—5 m) birch trees. The sedge and
wood peat layer (thickness some 1.8 m) lies on silty fine sand (5 cm)
followed by grey till.

The Morna (5.4 ha) site is located on the right slope of the Kdpu River
valley about 1 km north-west of Morna village. In the tree layer (coverage
some 10%) birch with some spruces, height about 2-7 m and 2-4 m,
respectively, dominates. Close to the river reed is growing, and in the central
part of the site Carex davalliana, C. lasiocarpa and Equisetum fluviatile occur.
The higher part of the valley is more forested. We found on this site two active
spring cupolas (relative height about 1-1.5 m) formed mainly of tufa with some
sedge peat interlayers with an overall thickness of more than 2.5 m.

Several spring fens spread on the slopes of the Halliste River valley. The
Mellini (2.4 ha) tufa-precipitating Schoenus ferrugineus—Carex davalliana
fen with a sparse (coverage ca 10%) tree layer (height of pines and spruces
up to 12 m, commonly 0.5-3 m) is located in the lower part of the right slope
of the Halliste River some 3 km north-west of the town of Karksi-Nuia. The
topmost 1.8-m-thick section of the deposit consists of sedge—brown moss
peat followed by a tufa layer (the total thickness of the deposit is over 2.5 m).

The Kovakiila (5.8 ha) spring fen is near Kdvakiila village and spreads on
the upper part of the Halliste River valley on its both sides. At present tufa is
not forming but tufa layers can be found in the deposit (thickness up to 4.5 m).

The Pornuse (1 ha) site is a self-restored tufa-forming spring fen where
tufa was excavated some 50 years ago, in the 1960s. The lowermost about
20-80-cm-thick layer of the tufa sediment was not extracted. On it a Carex
davalliana-dominated plant community has formed. Small (height ca 3—4 m)
spruces, birches and junipers form the tree layer with the coverage of around
20%.

The Piigiste (2.6 ha) site is a well-preserved tufa-forming Carex
davalliana—Sesleria caerulea—Shoenus ferrugineus spring fen. Among the
tree species (coverage some 2—10%) birches and pines dominate with a few
spruces (height of 0.5-8 m). The topmost about 60-cm layer of the deposit
consists of tufa-rich sedge, brown moss and reed peat followed by an about
110-cm-thick peat layer with snail shells, and an over 80-cm-thick tufa layer
with moss, sedge and reed remnants.
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One more spring fen in the Halliste River valley is the Vana-Kariste
(4.5 ha) site. It is a species-rich spring fen (no calcium carbonate precipitating)
on the right side of the Halliste River valley about 1 km south-east of Vana-
Kariste village. The tree layer, where pine and birch are dominating with some
spruces, is not dense (coverage some 20%). The height of the tree layer is up to
12 m. In the field layer Carex lasiocarpa and Molinia caerulae dominate. The
sedge—brown moss and sedge—wood peat deposit is over 2.5 m thick.

The Paistu (8.1 ha) site is located about 1 km south-east of Paistu village
and forms the beginning of the Varstu River on the south-eastern slope of the
upland. Many small springs flow down to the river and nearby springs from
the slopes. Tufa is formed in patches. Birches and spruces 0.5-6 m in height
form the sparse tree layer. In the field layer several sedge species dominate.
In the dense moss layer (coverage some 90%) Campylium and Drepanocla-
dus species dominate. We found a small (relative height ca 1 m, diameter
some 10 m) spring cupola. The deposit (over 2 m thick) consists of woody
sedge—brown moss fen peats.

Two other sites worth mentioning are Mustivere and Pari. The Mustivere
(ca 4 ha) site, which is located on the slope of the northern part of the Sakala
Upland, is the largest spring cupola in the region but it is affected by
amelioration. The diameter of the cupola is about 300 m and relative height
up to 67 m. At the very top of the cupola a funnel-like depression with a
diameter of some 20 m and depth of 0.5 m is formed. Spring water is
upwelling during the time snow is melting in the early spring. Several other
springs are recharging on the lower southern section of the cupola.

The Pari (3.9 ha) site is in the western part of the Sakala Upland on the
right side of the Raudna River valley. This tufa excavation area was
abandoned in the 1960s. Several springs are recharging in the upper part of
the valley and flowing down to the valley bottom. On the excavated site the
water flow slows down and tufa is forming on the bare surface and around
stems of herbs, sedges and mosses.

Water characteristics and tufa formation

The surface water pH ranged from 6.56 to 8.09 and EC was from 223 to
903 uS cm ' on the sites studied. The pH and EC were nonsignificantly related
(r=-0.19). In spring fens on the Sakala Upland the water pH values were over
7 only in four sites out of seventeen sites whereas on the Otepdd Heights the
water pH was over 7 in almost all sites (Table 1). The EC values in sites from
the Otepasd Heights were predominantly over 520 uS cm ', with the maximum
value of 714 uS cm . In the studied spring fens on the Sakala Upland the EC
values were in about half of the cases less than 470, the rest had values over
530 pS cm . The maximum value was as high as about 900 pS cm .
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Tufa, at least in patches, was forming in 21 sites (Table 1) of which 16
were classified as calcareous spring fens. Commonly tufa formation occurred
on sites where the mire water EC was over 530 pS cm . In some exceptional
cases on the Otepdd Heights, namely on the sites of Uue-Rooba, Vana-Tatra,
Vana-Kuuste and Piigaste, tufa patches were observed at the peat water EC
values between 220 and 360 pS cm . Depth to water level was statistically
not a significant determinant for calcite precipitation in our sites.

Vegetation

On the 27 spring fens in South Estonia selected for further analyses we
registered 86 vascular plant species but in cluster analysis we used 45 species
(present in more than 2 plots). The mosses were not taken into account in this
particular case. The clusters were distinguished on the 20% level of informa-
tion remaining. Almost all sites for which vegetation description was per-
formed were open or covered with a scattered (coverage below 20%) tree
layer. With the help of two-way cluster analysis the 27 plots were separated
into two main groups, cut on the 10% information remaining level, both
containing two vascular plant assemblages (assemblages (1), (2) and (3), (4),
respectively) (Table 2, Appendix).

Assemblage (1) — Molinia caerulea + Carex lasiocarpa + C. davalliana —
was present on sites located on the Sakala and Otepéé elevations where water
was above the surface. Caltha palustris, Carex flava, C. panicea, Equisetum
Sfluviatile and Succisa pratensis as well as Dactylorhiza incarnata, D. baltica
and Epipactis palustris were commonly represented by a few individuals. In
the moss cover Campylium spp. and Scorpidium scorpioides dominated.
Compared to the other assemblages the number of species per plot was
significantly higher in these sites. Also the mean depth to water level was
very close to the surface.

Assemblage (2) — Schoenus ferrugineus + Carex lasiocarpa — was more
characteristic of sites on the Sakala Upland than of the Otepdd Heights but
absent on sites studied on the Haanja Heights. The water level was close to
the surface. Species such as Carex flava, C. panicea, Galium uliginosum,
G. palustre, Parnassia palustris, Phragmites australis, Potentilla erecta and
Primula farinosa were registered almost on every plot. Some 50% of the
surface was occupied by low hummocks; this is a significantly higher propor-
tion than in the case of the other three assemblages. Among mosses Dre-
panocladus spp. and Plagiomnium elatum were the most common taxa.
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Assemblage (3) — Cirsium oleraceum + Menyanthes trifoliata + Phrag-
mites australis — can be characterised as having water level below the surface
and an insignifacant presence of Carex species. The common species on the
plots were Equisetum palustre, Geranium palustre, Filipendula ulmaria and
Lysimachia vulgaris with Plagiomnium elatum common in the moss layer.
This assemblage occurs on all the three elevations studied here, but tufa
formation was observed only on two.

Assemblage (4) — Carex rostrata — with a characteristic tufa formation
was found only in spring fens on the Otepdd Heights. Among other vascular
plant species Agrostis canina, Equisetum palustre, Epilobium palustris,
Epipactis palustris, Galium uliginosum and Rumex aquaticus were present
most frequently but with low coverage. In the moss layer Plagiomnium
elatum, Calliergonella cuspidate and Paludella squarrosa dominated.

The number of vascular plant species per plot varied between 3 and 26.
Assemblage (1) was the richest in species with its average 16 vascular plant
species per plot (Table 2), differing significantly from assemblages (3) and
(4). The mean species richness of tufa-forming and not tufa-forming sites was
almost the same: 12 and 11 species per plot, respectively.

The coverage of Carex rostrata was significantly higher (p <0.015) on
sites where Fe-rich tufa was forming than on sites on which iron precipitation
was not evident (coverage around 30% and 2%, respectively). The coverage
of the other sedge species, C. lasiocarpa, and the total coverage of the field
layer were significantly higher (p < 0.03) on tufa-forming sites than on sites
where calcite was not precipitating (on average 8% and 1% for the sedge
species and 55% and 40% for the total coverage in the field layer (p < 0.05),
respectively). Certain differences in the coverage of spring fen vascular plant
species were distinguished between the south-eastern (Haanja and Otepdd)
elevations and the Sakala Upland. Some sedge species such as Carex
cespitosa, C. davalliana and C. lasiocarpa but also Cirsium oleraceum and
Menyanthes trifoliata were found to be more abundant on spring fen sites of
the Sakala Upland than in the south-eastern Estonian spring fens.

Also, the pH values of fen waters may differ between assemblages. The
groundwater discharging to the surface was significantly more alkaline in
sites where C. rostrata dominated than in Schoenus ferrugineus + C. lasio-
carpa assemblage with pH values of 7.7+ 0.3 and 7.0 = 0.1, respectively.
Collectively, the pH values in plots belonging to the first group (assemblages
(1) and (2)) were nonsignificantly lower than in plots of the second group
(assemblages (3) and (4)), 7.1£0.3 and 7.6+0.4, respectively. The differences
between the assemblages for EC were not significant.
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Discussion

Area of sites

Hajek et al. (2006) distinguished calcareous fens as spring-seepage fen
habitat type with distinctive rare calciphilic species with peculiar calcium
carbonate (tufa) precipitation on the surface. Commonly these groundwater-
dependent tufa-forming calcareous fens are small and highly vulnerable in
relation to changes in the local scale hydrology (Grootjans et al., 2005). Our
data indicate that the total area of tufa-forming spring fens in South Estonia
can be some 50 ha at least. Among the calcareous fen sites investigated more
thoroughly in South Estonia about three quarters had an area smaller than
2.5 ha and for about a half the area was not over 2 ha. Hallik (1948, 1957)
found the largest tufa deposits in South Estonia to have areas over 15-20 ha
although the overwhelming majority of the tufa deposits had an area of
around 1-2 ha.

Water characteristics and tufa formation

Degassing of calcium-rich emerging groundwater causes calcium
carbonate precipitation on the surface but evaporation and, to some extent,
photosynthesis may also play a part (Pentecost, 1988). Pedley et al. (2009)
argued that, at least in alkaline riverine freshwater settings, microbial
biofilms dominated by cyanobacteria, heterotrophic bacteria and diatoms in
general and extracellular polymeric substances in particular are fundamental
for precipitation. Therefore tufa sedimentation is controlled by both physico-
chemical and biological processes (Vazques-Urbez et al., 2010).

Tufa precipitation could be affected by a critical level of the water table
relative to the peat surface. The water table should be close enough to the
peat surface for carbon dioxide to degas, thus raising the pore-water pH and
consequently decreasing the solubility of carbonates. The corresponding
maximum depth of the water table may be indicated by the thickness of the
carbonate-bearing surface peat (Almendinger & Leete, 1998). The critical
water table level above which precipitation dominates can vary depending on
temperature, water chemistry and direction of water table movement. If the
water level drops below the critical level, calcite precipitation will stop as the
CO, partial pressure of the unsaturated zone will increase because CO, pro-
duction exceeds loss, CO, can dissolve in the shallow water and cause
dissolution of carbonates (forming a carbonate-depleted zone). Among other
reasons the reduction of the hydraulic heads in the aquifer (pumping) and
land-use changes in the groundwater recharge area are responsible for the
cessation of tufa formation.

Karise (1997) characterised the groundwater in the active water exchange
zone in Estonia, regardless of the lithological composition, as HCO;—Ca—-Mg
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type with the content of dissolved mineral salts 100-600 mg I"'. Groundwater
has high Ca*" and Mg®" concentration, 40-95 and 11-30 mg 1", respectively;
the pH is about 7.2-7.6 and the concentration of balanced HCO; is 200—
400 mg "', the content of free CO, in the upper part of the active water
exchange zone is on average 20-30 mg I, occasionally up to 100 mg 1.

Our data demonstrate that the electric conductivity was in spring fens
with precipitating tufa over 530 pS cm ' in most cases. Most likely it is not a
threshold value for tufa formation as in several cases tufa patches were
occasionally observed in sites where the EC values were much lower, around
200-400 pS cm . In some other sites no tufa formation was registered even
at EC values of about 600 puS cm ™.

Hajek et al. (2002) found that in the Central Carpathian mountains the
minimum calcium concentration at which calcite starts to precipitate is about
90 mg 1", but sometimes Ca concentrations of about 160 mg I"' do not result
in calcite precipitation. In the Kovakiila site, located on a sharp slope, where
no calcite precipitation was observed, the Ca concentration of the spring
water was 120 mg 1" (our unpublished data). However, on a site in North
Estonia, on the even Paraspdllu Fen, the Ca concentration of the upwelling
groundwater was as low as 60 mg 1" on the part of the fen where calcite is
formed in small depressions between tussocks (Ilomets et al., 2010).
Almendinger & Leete (1998) suggested that rainfall in combination with
slope inclination may affect carbonate solubility.

Vascular plant species assemblages

At landscape scale the pH and calcium content probably control the
poor fen—extremely rich fen gradient. On calcareous tufa-forming fens as in
the range of a fen type, certain other conditions like hydrology or bio-
geography may control the species composition (Hajek et al., 2006). Our data
from 27 spring fen sites characterised by high conductivity and circum-
neutral groundwater conditions allowed distinguishing between two groups
with importantly different vascular plant species composition. The two
assemblages (Molinia caerulea + Carex lasiocarpa + C. davalliana and
Schoenus ferrugineus + Carex lasiocarpa) that form the first group are
characterised by high, above or close to the surface water level and pH values
around 7.1. The other two assemblages (Cirsium oleraceum + Menyanthes
trifoliate + Phragmites australis and Carex rostrata) are related with deeper
water levels and pH values around 7.6. The species-rich assemblages (1) and
(2) with near or above surface water level resemble the spring fen
communities Caricetum davallianae and Scorpidio—Schoenetum ferruginei
(Paal, 2007). Several species such as Eriophorum latifolium, Sesleria
caerulea, Schoenus ferrugineus and Primula farinose did not occur in the
plots belonging to the two last assemblages. On West Estonian spring fens
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Trass (1958) distinguished three main vegetation groups: Carex, Juncus and
Schoenus. Laasimer (1965) concluded that Carex hostiana—Carex davalliana
and Schoenus ferrugineus—Scorpidium scorpioides associations are dis-
tributed on Estonian alkaline spring fens. The last association is more
characteristic of Ca-richer spring fens than the Carex hostiana—Carex
davalliana association.

Most likely the precipitation of tufa does not affect species richness.
Three assemblages (1, 2 and 3) could be found on plots located on sites with
tufa formation as well as on sites where tufa formation was not observed. All
sites of the Carex rostrata assemblage had tufa formation although in sites
where C. rostrata dominated the depth of the water table was below the
surface.

CONCLUDING REMARKS

As very few spring fens still occur on the lowland part of Europe it is very
important to keep the still existing ones in a good state. Earlier, in the 1950s
and 1960s, about 100 tufa deposits were known in the southern part of
Estonia (Hallik, 1957; Ldokene, 1961). We found some 20 sites where tufa
was forming, among others 17 calcareous tufa-forming spring fen sites. This
is a considerable number at European scale. Besides, the diversity of plant
communities is high. Restoration of damaged spring fens is a topical issue
but costly and not very effective (Grootjans et al., 2005). The self-restored
site found in South Estonia is a good example that re-establishment of the
calcareous spring fen plant cover with corresponding tufa precipitation may
in certain circumstances take place.
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APPENDIX

Two-way hierarchical agglomerative cluster analysis (using Sérensen distance
measure and flexible beta-group linkage, f = —0.25) dendrogram of the 27 plots
with calcareous spring fen vascular plant species from South Estonia

Spring fens, South Estonia
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Symbols indicate plant groups formed by pruning the dendrogram (see ,,/* marks), Al...A27 —
plot numbers. Vascular plant species: Agrostis — Agrostis canina, Epil pal — Epilobium palustre,
Rumex sp — Rumex sp., Card am — Cardamine amara, Car ros — Carex rostrata, Gal ul — Galium
uliginosum, Ang syl — Angelica sylvestris, Eq pal — Equisetum palustre, Ger pa — Geranium
palustre, Car fla — Carex flava, Trigl pa — Triglochin palustre, Lys vul — Lysimachia vulgaris,
Car app — Carex appropinquata, Cirs ol — Cirsium oleraceum, Fil ulm — Filipendula ulmaria,
Car ves — Carex vesicaria, Caltha p — Caltha palustris, Car lim — Carex limosa, Car las — Carex
lasiocarpa, Sal ros — Salix rosmarinifolia, Phr aus — Phragmites australis, Pyro clo — Pyrola
clorantha, Succ pra — Succisa pratensis, Car nig — Carex nigra, Pot erec — Potentilla erecta,
Epip pal — Epipactis palustris, Mol cae — Molinia caerulea, Dros rot — Drosera rotundifolia, Erio
lat — Eriophorum latifolium, Oxyc pal — Oxycoccus palustris, Car pan — Carex panicea, Peuc pal
— Peucedanum palustre, Thel pal — Thelypteris palustris, Car dav — Carex davalliana, Sesl cer —
Sesleria caerulea, Cirs pal — Cirsium palustre, Prim far — Primula farinosa, Gal pal — Galim
palustre, Parn pal — Parnassia palustris, Sch fer — Schoenus ferrugineus, Car ces — Carex
cespitosa, Dact in — Dactylorhiza incarnata, Eq fluv — Equisetum fluviatile, Men trif —
Menyanthes trifoliata, Myos pal — Myosotis palustris.
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Introduction

In geomorphology a drainage basin is an extent or area of land where
surface water from rain and melting snow or ice converges to a single point,
usually the exit of the basin, where the waters join another water body (i.e. a
river, lake, reservoir, estuary, wetland, sea or ocean). In closed drainage
basins the water converges to a single point inside the basin, known as a sink,
which may be a lake or a point where surface water is lost underground
(Pidwirny, 2006). The most used synonyms for drainage basin are catchment
basin or watershed (EnDic, 2004).

According to the American Planning Association (APA, 2006), hydro-
logical management units (hereafter HMUnits) for drainage basins can be
ranked on the following hierarchy: catchment — sub-watershed — watershed —
sub-basin — basin; the smallest unit in that hierarchy is the catchment with
the size between 0.05 and 0.50 sq. miles (equals 0.13—1.29 km?) and the
largest unit is the basin with the size between 1000 and 10 000 sq. miles
(2590-25 900 km?). In that sense a catchment is defined as the area that
drains an individual development site to its first intersection with a stream
and a basin drains to a major receiving water body such as a large river,
estuary or lake (APA, 2006).
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Topographically each HMUnit is separated from an adjacent unit by a
geographical barrier such as a ridge, hill or mountain known as drainage
divide or water divide. Often a water divide is visualised as the line separat-
ing neighbouring drainage basins. In hilly landscape, the divide lies along
topographical peaks and ridges, and may be in the form of a single range of
hills or mountains (known as a dividing range), but in a flat landscape
(especially where the ground is marshy) the divide may be invisible — just a
more or less notional line on the ground on either side of which falling
raindrops will start a journey to different rivers, and even to different sides of
a region or continent (Pidwirny, 2006).

Drainage divides are important geographical and often also political
boundaries. Roads (such as ridge-ways) and rail tracks often follow divides to
minimise grades (gradients) and to avoid marshes and rivers. Drainage
divides are used in water availability studies, water quality projects, flood
forecasting programmes, as well as in many other engineering and public
policy applications. Watershed managers and planners are interested in
different types of environmental conditions within distinct segments of
watersheds (e.g. hill slopes, terraces, floodplains, etc.), while hydrologists
and geomorphologists are interested in the spatial variability of processes
throughout a certain type of HMUnits.

Obtaining this information requires delineation of the drainage system,
which includes the stream channel network and smaller catchments within
the basin (Environmental GIS, 2005). In addition, every HMUnit can be
characterised by geometric properties related to its linear, areal and relief
properties. These properties are related to the position of a stream within the
unit, and they can be used to compare the units.

The delineation of any kind of HMUnits can be done manually using
topographic information. The widespread availability of elevation data in
digital format has enabled to develop automated tools that can be used to
delineate those units and their associated stream networks.

Most of the hydrologic modelling tools work with elevation data in raster
format (i.e. digital elevation models or DEMs). In ArcGIS the Basin tool
analyses the flow direction of each DEM cell to find the pour points and then
creates basins for all of them (ESRI, 2007). Watershed tool hereby is creating
the basins only for user defined pour point found on the DEM, for instance
drainage area behind a proposed dam (ESRI, 2007).

The ArcGis Hydrologic flow tool uses an eight direction pour point
model. This model considers that runoff from a given cell in a DEM will flow
towards one of its eight neighbours, i.e. towards the greatest slope between
adjacent cells. Using the calculations of the flow directions and the number of
the cells draining to every cell in the DEM, the basin boundaries and the
associated stream network can be modelled in a relatively straightforward
way (Anon. 1). A visualised flow accumulation in that connection is a by-
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product of modelling stream network as a line layer for predicted and
unmapped, sometimes also ephemeral streams of surface or subsurface
drainage. The flow accumulation line features mimic mapped stream
paths and extends beyond the mapped endpoints to include unmapped
channels (Anon. 2).

Accurate drainage boundaries are essential for accurate modelling studies.
Through the ArcGIS Hydro Data Model and associated Arclnfo functionality,
boundaries may be determined accurately and repeatedly in an automated
fashion (Anon. 1). Due to spatial and temporal variations of the charac-
teristics of a basin, it is often necessary to delineate a basin into smaller-sized
modelled areas where variables can be considered homogeneous. The size of
a modelled area is based on the degree of the study details and the assump-
tion that the basin characteristics can be considered homogeneous by the
modellers. The smallest area to which a hydrologic model can be applied
might be defined as Representative Elementary Watershed (REW) (Reggiani
et al., 1998) or specific catchment area (Chirico et al., 2005). In Chen et al.
(2011) it is stressed that the process of catchment delineation is an important
step that impacts the hydrologic model development. Catchment delineation
can be very tedious without automatic methods if very detailed catchments
(more than hundreds catchments) are delineated in a watershed and hundreds
of watersheds are defined in an entire study area.

The accurate digital surface data, visualised via DEM, are the primary
advance of LiDAR (Laser Imaging Detection And Ranging) data, which is
less subject to inherent horizontal error in comparison with contour lines
derived from ordinary contour maps (Haile, 2005).

There are many factors that affect the accuracy of DEMs, i.e. the
accuracy, density and distribution of the source data, the algorithms used for
data interpolation and the DEM resolution (Liu et al., 2007; Liu & Zhang,
2008). Anderson et al. (2006) indicated that the horizontal resolution of a
DEM significantly influences the level of reduction that LIDAR data sets can
withstand, although the accurate soil-landscape models could be developed
by the DEMs with 2, 10 and 30 m cell resolutions (Gessler et al., 2000;
Thompson et al., 2001). Results of the LIDAR DEM modelled flow network
in Murphy et al. (2008) show that the most accurate representation of the
actual field-mapped network is even more accurate than the aerial photo-
interpreted hydrographical data.

On the other hand, the results of LiDAR-derived DEM modelling of the
most important hydrological features, such as drainage network and
boundaries of the basin, show high sensitivity to both DEM accuracy and the
resolution used (Liu et al., 2005). However, it was demonstrated that the
LiDAR-derived DEMs with high accuracy and high resolution offer the
capability to improve the quality of hydrological features derived from the
DEMs (Liu et al., 2005).
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The aim of this paper is to generate three-dimensional terrains using for
the first time LiDAR data and to model a basin delineation of two types of
small wetlands of the Alutaguse Lowland: the Selisoo Mire and three lakes of
the Kurtna Kame Field (Estonia). The Selisoo Mire is influenced by intensive
forestry and presumably by underground oil shale mining; Lake Ahnejérv,
Lake Kuradijarv and Lake Martiska by intensive groundwater abstraction,
and presumably also by oil shale mining and earlier sand and peat extraction.
Therefore under the ongoing water balance studies the basin delineation of
LiDAR-derived DEMs, carried out in this study, is necessary and there is a
need for basic hydro-topographical characteristics for the surface water
HMUnits.

Short characterisation of the study areas
Geological background

The Selisoo Mire and the Kurtna Kame Field are located in the north-
eastern part of Estonia, on the Alutaguse Lowland (3345 km?). The lowland
is rich in mires and lakes and is densely covered with forests (77.9%). The
region has sparsely distributed human settlements (0.5%) and low (8.4%)
agricultural land cover (Arold, 2005) (Fig. 1).

The Alutaguse Lowland lies on the transitional zone between the Viru-
Harju limestone plateau in the north and the Peipsi—Pihkva depression in the
south. The upper part of the Earth’s crust of the lowland is divided into a
crystalline basement overlain by Vendian and Cambrian terrigenous rocks
and Ordovician and Silurian carbonate rocks (Raukas et al., 1971; Erg, 1994).
The bedrock inclines gently towards Lake Peipsi in the south.

Because of the low topographical position (3040 m a.s.l.) the Alutaguse
region was flooded by the water of the melting glaciers at the end of the last
glaciation. The contemporary landscape consists of gently undulating sand
and varved clay plains, which are often covered with peat. Esker ridges, kame
fields, end moraines and drumlins, formed by heaped glacial deposits on the
area, are contrasting to Estonian most paludified plains in lowland.

About 37% of the Alutaguse Lowland is mires. The Muraka Mire complex
(12 793 ha), one of the largest mire complexes in Estonia, is located on the
lowland. It consists of several mire massifs, of which Muraka, Ratva, Selisoo
and Virunurme massifs are the best known (Orru, 1995). The Selisoo Mire,
part of the Muraka Mire complex, is located to the east of the 15-m high
Mietaguse esker (62 m a.s.l.) in the north-western part of the lowland (Fig. 1).
According to Kalm (2009), the surface of the Selisoo Mire is about 10 m lower
close to Mietaguse esker and it elevates about 1-2 m over the ridge (50—
51 ma.s.L) close to the south-eastern border line of the mire. In the surround-
ings of the Selisoo Mire the average thickness of Quaternary deposits is about
5 m, except for Méetaguse esker, where it reaches 15 m (Kalm, 2009).
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Fig. 1. (A), location of the study region in Estonia; (B), location of the Selisoo Mire
and the Kurtna Kame Field on the Alutaguse Lowland; (C) and (D), orthophotos over
the Selisoo Mire and the Kurtna Kame Field, respectively. The maps and orthophotos
are from the Estonian Land Board. Colours on map (B): green indicates forested land,
yellow agricultural land and grey human settlements and mining areas.
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At the current stage, more than half of the mire (i.e. 65%) is drained for
forests. Wooded tree coverage constitutes 15% of the mire extension, mainly
at the bog part of the mire, and about 15% of the mire is open (Lode et al.,
2011). About 2% (48.5 ha) of the mire is covered with a rather large number
of pools, wet hollows and mire lakes (in total 1700 surface water bodies)
(Lode et al., 2011).

The Kurtna Kame Field is located about 20 km to the north-east of the
Selisoo Mire (Fig. 1). The kame field belongs to the north-easternmost
complex of the marginal landform of the Late-Weichselian glaciation, i.e.
Pandivere stage (Ilomets & Kont, 1994). It overlies the deep ancient
Vasavere Valley, buried under a thick Quaternary cover (Raukas et al., 2007).
The main deposit of the kame field is fine quartz-rich sand forming hillocks
and small ridges of bedded sand and gravel.

There are 40 lakes of different shape and size on the Kurtna Kame Field,
formed in glaciokarstic hollows of the field during the Pre-Boreal period, ca
10 000-9500 "“C years ago. Lakes of the kame field differ also in the extent
of their drainage area, hydrological regime and trophic status. Pine forests
together with some birch and alder are the dominant land cover of the poor
sandy soils of the kame field (Punning et al., 2007).

Hydrological background

Most of the rivers in the Alutaguse Lowland that flow into the northern or
north-eastern directions start either from the mires of the Alutaguse Lowland
or from the upwelling karstic springs (Kalm, 2009). The springs in Mie-
taguse park are the most watery (407 I/s) and feed the Mietaguse River,
which is running in the west of the Selisoo Mire (Kalm, 2009). The Mie-
taguse River is also the recipient of forest drainage water discharging into the
river from the western part of the Selisoo Mire. The recipient of the drained
surface water from the eastern part of the Selisoo Mire is the Milloja River, a
tributary of the Roostoja River. Due to intensive forest drainage and earlier
peat cutting, the natural hydrological conditions of the mire are significantly
disturbed. During the last 50 years the open water area of the mire lake,
located in the southern part of the bog massif, has been overgrown by about
67% (Lode et al., 2011).

The lakes of the Kurtna Kame Field form the greatest lake system in
Estonia, consisting of 40 lakes. The largest standing water body of the lake
system is Lake Konsu (136 ha), followed by lakes Kurtna Suurjirv, Jaala,
Rédtsma (the only iron-rich lake in Estonia), Suur Kirjakjarv, Viike Kirjak-
jarv and Valgejarv.

The hydrological regime of the Kurtna lake system is very diverse. There
are drainage, seepage and flow-through lakes with both natural and human-
induced origin, of which the latter prevails for the flow-through lakes. Lakes
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Ahnejérv (5.7 ha), Kuradijarv (1.7 ha) and Martiska (3.1 ha) are small seep-
age lakes.

Human disturbances

The majority of the human disturbances of the Selisoo Mire are due to
extensive forest drainage, mainly on the fen part of the mire landscape.
Almost 90% (i.e. 100 km) of the ditches and 100% (8 km) of the roads were
located on the fen drained for forestry and the transitional fen extension,
where the mean density of the /ine objects was about 100 m/ha (Lode et al.,
2011).

Intensive mire drainage during the last 50 years is reflected in overgrown
water bodies of the mire, especially in the southern part of the bog massif,
and tree expansion to the earlier open part of the bog massif from the east
(Lode et al., 2011). The steep, up to 3-m high eastern bog marginal slope may
also have formed due to intensive forest drainage after the Second World
War (Kalm, 2009). The increase in the radial growth of the trees since the
1970s presumably indicates the high level of alkaline air pollution trans-
ported from the oil shale industry (Liblik et al., 2003) and also stabilised
lower groundwater level on the mire. The major reason for the overgrowing
of the mire lake might be the lowered lake water level at the end of the
19" century (Kalm, 2009).

There are three areas with terminated and self-recovering peat cuttings,
one located in the northern and two in the eastern part of the Selisoo Mire
bog area (Lode et al., 2011). The role of the lowered mineral groundwater
levels close to the eastern edge of the Selisoo Mire, which is caused by oil
shale mining, is still not clear (Kalm, 2009).

The Kurtna Kame Field lies in a transitional zone between densely
populated and heavily industrialised oil shale mining and processing region
and a sparsely inhabited territory with vast forests and mires. The area is
severely affected by the oil shale mining processes, for example by pumping
out the groundwater and alkaline air emissions (Punning, 1994).

The hydrology of the Kurtna lake system has been suffering heavily from
anthropogenic disturbances for the last 50 years. Many lakes in the southern
part of the system were connected to each other via ditches in the 1950s to
compensate for the water-level changes in Lake Konsu caused by the oil
shale industry. In the 1960s peat extraction started at the north-eastern border
of the lake system and the excavation of sand in the Pannjirve quarry in the
centre of the kame field. In 1972 groundwater abstraction started from the
central part of the kame field via Vasavere wells. In addition, there is an
open-pit oil shale mine to the east of the lake system and two underground oil
shale mines (one is active) to the west of the lake system (Ilomets et al.,
1987; Savitski & Savva, 2005).
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All these disturbances are reflected in considerable water-level changes of
the lakes, where the downfall between 1946 and 1987 was estimated at up to
3.8 m (Erg & Ilomets, 1989). During the last decades the water level has
risen again, partly because of the mitigation of human disturbances. The main
human-induced disturbances of lakes Ahnejarv, Kuradijarv and Martiska
were caused by groundwater abstraction from the Vasavere wells.

Material and methods
Creation of DEMs

LiDAR data from the Estonian Land Board were used for different
generated DEMs of the Selisoo Mire and the Kurtna Kame Field. The data
used were collected with a Leica ALS50-II scanner device during a flight
survey in 2009. The average flying height during the survey was 2400 m, the
First Echo point density at nadir was expected to be 0.45 points/m* with
maximum distance between points up to 2.6 m, and the vertical accuracy of
the laser data points was determined to be between 7 and 12 cm (Estonian
Land Board, 2011).

The illuminated footprint diameter on the ground was 54 cm and the
amount of laser scanned points on 1 km* could reach up to 1.4 million points.
All laser-scanned points are presented in L-EST97 geographical system and
in BK77 vertical system (Estonian Land Board, 2011). The data were dis-
tributed in ASCII text files, with the file data coverage of 1 km” and the data
structured into class, easting and northing coordinates, elevation, intensity
and echo type (Estonian Land Board, 2011).

The automatically driven classification procedure of the raw scanning
data over land surface resulted in the following classes: 1. Unclassified
(could be flora, buildings etc.), 2. Terrain, 6. Buildings (applicable only for
major towns), 7. Noise and 14. Sea. The Terrain data were used for the
generation of different DEMs of the Selisoo Mire and three small lakes of the
Kurtna Kame Field.

The Local Binning Algorithm of GEON Points2Grid Utility with a
Standard radius r = 0.707 % cell resolution (Kim et al., 2006) was used for
the creation of 2, 5 and 10 m cell resolution DEMs for the Selisoo Mire
project area (Fig. 2). The DEMs of the Kurtna Kame Field with pixel
resolutions of 0.5 m and 2 m were generated by using the Topo to Raster
algorithm (Hutchinson, 1989) in ArcMap vers. 9.3 software (Fig. 3).
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Fig. 2. HillShade image (left) of the Selisoo Mire inside the contour line of the zero
peat deposit (mire border line in the figure) and the corresponding extraction from
enlargement (right). The modelled cell resolution was 10 m for the left image and 2 m
for the right image. Both images were generated from LiDAR-based MIN DEMs with
2 m cell resolution. The LiDAR scanning was made by the Estonian Land Board in
2009. The mire and the bog border lines were identified from a digital Estonian soil
map. The linear tracks inside the mire border line were overlaid with the ditches and
roads identified from an Estonian base map. Here the term ‘mire”’ is used in the sense
of peatland including both the minerotrophic (i.e. fen and transitional fen) and
ombrotrophic (i.e. bog) peat-covered areas.

Analysis and modelling

Basin and Flow accumulation or the drainage system network modelling
was carried out by using the Spatial Analyst extension of the ArcMap. The
ArcHydro Tools vers. 1.3 Final was used to evaluate the Sinks of the DEMs
and to model the Drainage Points (i.e. the most downstream point within the
drainage area) for the obtained Basins. The Watershed modelling, according to
the user defined pour points, was carried out by using the relevant ArcMap
extensions, where the locations of the pour points were defined by the users on
the bog border line for the Selisoo Mire and on the line for the Kurtna lakes.
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Fig. 3. Hillshade image with 2 m cell resolution over the studied lakes in the Kurtna
Kame Field (left) and the corresponding extraction from enlargement with 0.5 m cell
resolution of the central part of the kame field. Both images were generated from
LiDAR-based DEMs of the same cell resolutions (i.e. 2 m for the left and 0.5 m for
the right image). The LiDAR scanning was made by the Estonian Land Board in
2009.

Because they provide a better quality of the visualised mire surface
pattern, the MIN DEMSs of 2, 5 and 10 m cell resolutions were the main
modelling layers used for the Selisoo Mire (see Fig. 2). Basin modelling for
the project area over the mire extension was carried out by the default
ArcMap Filling parameter (i.e. fills all existing sinks in the modelling area)
since the sink depths for the mire area inside the mire border line varied
between 0.9 and 0.099 m. The Watershed modelling was applied to the bog
part of the Selisoo Mire according to the results of the main flow accumula-
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tion pattern, obtained from corresponding modelling results over the whole
mire project area.

Due to a relatively level mire surface the used classification rate for the flow
accumulation was 30 Classes of the Natural Breaks (Jenks) method. In this
way the maximum number of flow accumulation features was obtained for the
visualisation of the MIN DEMSs with the 2, 5 and 10 m cell resolutions.

The DEMs with cell resolutions of 2 and 0.5 m were the main modelling
layers for the Kurtna Kame Field project area. To obtain a visibly meaning-
ful Basin pattern over the modelling area, the ArcHydro defined Sinks deeper
than 1 m were filled. The threshold of flow accumulation routes for the
Kurtna Kame Field was set to 20 000 pixels (equals 5000 m?). The kettle-
holes deeper than 1 m, i.e. deeper than the sink filling limit in basin delinea-
tion, were delineated separately from the modelled lake basins.

The Basin pattern of the three modelled lakes together with the location of
the Drainage points within the basins, and the corresponding flow accumula-
tion routes were verified in the field. After that the necessary changes in the
modelling scheme were applied. The Watershed modelling was carried out
according to the user-defined pour point inputs, entered into the modelling
scheme on the locations where the major flow accumulation routes intersected
with the shore lines of the lakes.

Topography

The extent of LiIDAR-based project area over the whole Selisoo Mire was
5341 ha, from which 38.4% was mire area. The contour line of the zero peat
deposit bordered the area. The internal extent of transitional fen and fen peat
was 1102 ha and of bog peat 949 ha (Table 1; Fig. 4).

Surface analysis of LiDAR-based MIN DEM with 2 m cell resolution
showed that the highest parts of the studied project area were located outside
the mire border area to the north-east and to the west. In the north-east the
area had the maximum height of 71.78 m a.s.l. and in the west 70.64 m a.s.1.
The bog part of the project area ranged over 949 ha and had the mean surface
height of 56.51 m a.s.l.; the surface height obtained for the transitional fen
and fen part was about 3 m lower and the area was about 150 ha larger
(Table 1; Fig. 4). The lowest part of the project area with the minimum height
of 45.24 m a.s.l. was located behind the south-eastern part of the mire area.

The obtained mean height of the bog surface was about 1.6 m lower in
comparison with the mean height of the north-eastern part outside the mire
and about 7.7 m higher than the south-eastern part outside the mire.

The highest part (60.94 m a.s.l.) over the whole mire extent was a small
hill located in the north-eastern corner of the mire landscape, and the second
highest part (59.09 m a.s.l.) was in the north-western edge of the bog extent,
adjacent to Mietaguse esker (Fig. 4).
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Fig. 4. Visualised topography of the Selisoo Mire project area generated from the
LiDAR-based MIN DEM with 2 m cell resolution, where the 15 classes were obtained
by the Quantile classification method. The MIN DEM image overlies the 10 m cell
resolution Hillshade image, generated from the LiDAR data.

The obtained mean height of the project area of the Kurtna Kame Field
was 31.37ma.s.l. with the maximum of 68.91 ma.s.l and minimum of
43.78 m a.s.l. (Table 2; Fig. 5). The mean height of the studied lake levels
was 44.9 m a.s.l for Lake Ahnejérv and 44.7 m a.s.l. for both Lake Kuradi-
jarv and Lake Martiska.
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Table 1

Topographical characteristics of the LIDAR-based DEM over the Selisoo Mire

project area (see also Fig. 4)

Characteristic Landscape
Bog Transitional Outside the mire

fen & fen NE l SE ‘ W
Area, ha 949 1102 658 1061 1571
Mean, m a.s.l. 56.51 53.85 58.16 49.44 54.25
Min, m a.s.l. 51.75 48.61 52.81 45.24 48.18
Max, m a.s.l. 59.09 60.94 71.78 59.35 70.64
SDiopography 1.43 1.89 2.06 2.12 3.01

*Including Maéetaguse esker.
Table 2

Topographical surface characteristics of the LIDAR-based DEM of the Kurtna
Kame Field project area (see also Fig. 5)

Characteristic Project area Lakes
Ahnejérv Kuradijarv Martiska
Area, ha 254 5.7 1.7 3.1
Mean, m a.s.l. 51.37 449 447 44.7
Min, m a.s.l. 43.78
Max, m a.s.l. 68.91
SDtopography 5.36

The highest part of the kame field study area was its western edge, where
the landscape is dominated by numerous kames up to 69 m a.s.l. The lowest
part of the project area was at its south-eastern edge (Fig. 5).

Basin and sub-basin delineation

The Selisoo Mire included nine main basins (Fig. 6; Table 3). The largest
1863 ha basin (Basin 2 in Fig. 6) is located in a densely covered ditch area in
the eastern part of the Selisoo Mire. Next in size are a 1390 ha basin (Basin
1) located in a relatively densely ditched north-western corner of the project
area, and a 694 ha basin (Basin 4), which covers the central bog part of the
mire area. The locations of almost all obtained downstream drainage points
of basins were concentrated on the southern edge of the modelling area.
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Fig. 5. Visualised surface of the central part of the Kurtna Kame Field, generated from
the LiDAR-based DEM with 2 m cell resolution, where the 15 classes were obtained
with the Quantile classification method. The DEM image overlies the 2m cell
resolution Hillshade image, generated from the LIDAR data.

From the mire point of view Basins 2, 4 and 1 with areal coverage of
48.5%, 26.6% and 18.4%, respectively, are the main basins that have topo-
graphical prerequisites for discharging surface water out from the mire area
(Table 3). The same sequence of basin delineation is valid for the bog part of
the mire extent, with only slightly changed surface coverage percentages:
46.2% for Basin 2, 37.8% for Basin 4 and 15.0% for Basin 1 (Fig. 6).
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Table 3

Distribution of modelled basins on the Selisoo Mire (see also Fig. 6)

No. Project area
. incl. mire area incl. bog area
Basins, ha
ha % ha %
1 1390 377 18.4 143 15.0
2 1863 995 48.5 438 46.2
3 213 79 3.9
4 694 545 26.6 358 37.8
5 159 1 0.0
6 100 19 0.9 10 1.0
7 42 17 0.8
8 14 12 0.6
9 10 6 0.3
Total 4485 2051 100 949 100

The modelling of the surface flow accumulation routes showed cell size
sensitivity in the results (Fig. 6). In the case of the Selisoo Mire the flow
accumulation routes from 5 and 10 m cell resolution MIN DEMs more or
less followed the ‘tracks’ of the scanned ditch system in the densely drained
areas, whereas the used 2 m cell resolution DEM gave in some locations the
‘crossing’ flow accumulation routes stretching over the ditched area. In the
case of undisturbed mire surface topography, as the bog part could be
assumed to be, the flow accumulation routes from different DEMs with
different cell resolution almost coincided with the surface and downstream
concentration lines on the central western bog border. The flow accumulation
routes of the largest Basin 2 indicate several cross-bordering flow tracks over
the eastern bog border. In the case of Basin 4 there was a very clear flow
accumulation cluster bunch on the north-western border of the bog line.

Modelling of the watersheds according to user defined modelling points
on ten prevailing flow accumulation routes on the bog part showed that the
obtained 184.6 ha Watershed 1 was the largest watershed on the bog area.
Next in size were Watershed 10 (87.4 ha) of the drained bog forest and
Watershed 4 (78.6 ha) of the drained marginal area, following the bog border
line adjacent to the self-recovering peat-cut area. The last noteworthy
watershed was Watershed 2 (66.5 ha), discharging the mire lake basin via the
lake ditch to the south (Fig. 7; Table 4).

Basin delineation of the Kurtna Kame Field study area resulted in a large
number of closed small basins with their drainage points in the deepest part of
the basins. There are many small kettle-holes in the Kurtna Kame Field and for

157



all of them their own basins were delineated from the 0.5 m cell resolution
DEM, demonstrating the varying surface pattern in the glacial landscape.

Legend

D main basins
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Fig. 7. Modelled watersheds of ten main flow accumulation routes on the Selisoo
Mire according to the user defined modelling point location on the routes. Eight routes
cross the bog border line and two (watershed 3 and watershed 4 routes in the figure)
run parallel to the bog border, i.e. overlie the bog marginal drainage ditch (see also
Table 5).
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Table 4

Description of the main modelled watersheds of the Selisoo Mire by user defined
modelling points on flow accumulation routes (see also Fig. 8)

No. Watershed description Area, ha

1 Hollow-ridge mire complex with converging flow accumula-  184.6
tion

2 Mire lake with discharging ditch 66.5

3 Drained marginal bog area, following the bog border line 38.3

4 Drained marginal bog area, following the bog border line and 78.6
self-recovering peat-cut area

5 Self-recovering peat-cut pits with functioning drainage 19.9
system

6 Hollow and pool-ridge mire complex with flow accumula- 26.2
tion perpendicular to the bog border line

7 Hollow and lawn-ridge mire complex with flow accumula- 26.8
tion perpendicular to the bog border line

8 Lawn-ridge and ridge-hollow mire complex with flow 15.3
accumulation perpendicular to the bog border line

9 Bog forest with flow accumulation perpendicular to the bog 18.2
border

10 Drained bog forest with flow accumulation perpendicular to 87.4
the bog border

The basin delineation of lakes Ahnejarv, Kuradijarv and Martiska resulted
in closed basins around the lakes with the lowest drainage points located on
the polygons of the lake surfaces (Fig. 8). The extents of the obtained lake
basins, including the lake surfaces, were 45, 16 and 14 ha, with the largest
relative basin of Lake Kuradijarv (9.4) and the smallest (4.5) of Lake
Martiska (Table 5).

Two kettle-holes were situated adjacent to the delineated Lake Ahnejérv
basin, less than 50 m to the north-east of the lake. Since the kettle-holes were
deeper than 1 m, that is deeper than the sink filling limit in basin delineation,
the basins for kettle-holes were delineated separately from the Lake Ahnejérv
basin. The shape of the obtained Lake Ahnejérv basin itself was relatively
elongated and it had several gullies stretching towards the lake; the most
distinct ones were in the northern and southern parts of the basin (Fig. 8).

Several autonomous kettle-hole basins were obtained also from the Lake
Kuradijarv basin delineation. The general shape of the Lake Kuradijarv basin
was more rounded in comparison with the delineated Lake Ahnejérv basin.
The obtained basin of Lake Ahnejarv was wider in shape in the northern part
and narrower in the southern part of the area.
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Fig. 8. Basin distribution of the lakes and surrounding kettle-holes (closed basins
around the drainage point in images) in the Kurtna Kame Field project area and the
modelled major routes of the surface flow accumulation. Both the Basin and the flow
accumulation layers were generated from the LiDAR-based DEM with 0.5 m cell
resolution. Visualised drainage points represent the most downstream location within
a Basin drainage area (see also Table 5).

The simplest configuration of watershed border was obtained for the Lake
Martiska basin, running at a considerably equal distance from the lake, and
there were also fewer kettle-holes adjacent to the basin border line (Fig. 8).
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Table 5

Relative size of basins (F) modelled for the Kurtna Kame Field study lakes.
Fyo = Fgy/Fy1,, Fg,denotes basin area and Fy, is lake surface area (see also Fig. 7)

Lake Fg,, ha Fi, ha Fro
Ahnejarv 45 5.7 7.9
Kuradijarv 16 1.7 9.4
Martiska 14 3.1 4.5

The results of flow accumulation routes for the Kurtna lakes mimic the
network of topography-based surface water flow (Fig. 9). The longest and
most distinct surface flow routes were obtained for the Lake Ahnejérv basin
and the smallest and shortest for the Lake Martiska basin. One major flow
accumulation route was obtained for the Lake Kuradijarv basin in the wider
northern part and shorter ones in other parts of the basin.

The largest obtained watershed for the Kurtna lakes was Watershed A7
(8.57 ha), located in the north-western part of the Lake Ahnejarv basin
(Table 6). All the three largest watersheds of Lake Ahnejarv (i.e. Watersheds
A3, A5 and A7) are located in the distant ‘outcrops’ of the basin, while the
smaller watersheds cover the ‘bulk’ area. One large watershed prevailed in
the northern part of the basin of Lake Kuradijarv (Watershed K3, area
7.07 ha) where the topography is gradually sloping towards the lake. Other
important Lake Kuradijarv watersheds were relatively small (less than 1.3
ha) and steep. All major Lake Martiska watersheds were located in the most
level eastern part of the lake basin. The steeper western part of the basin did
not result in almost any major flow accumulation routes and therefore no
significant watersheds either. All the obtained watersheds had a relatively
small areal extent with the maximum coverage of Watershed M1 being only
2.31 ha (Table 6).

Synthesis and conclusions

LiDAR data-based study results of two types of small Estonian wetlands —
mire and kettle-hole lake landscapes — furnished the areas with high quality
three-dimensional terrains. The used cell resolution influenced significantly the
visualisation quality of the finer micro-topographical properties. This know-
ledge was important for following hydro-topographical modelling procedures.
Comprehensive and high-quality outcomes make the use of LiDAR data
attractive, although highly qualified experts and desktop facilities, often quite
expensive, are needed.
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Fig. 9. Major watersheds of the Kurtna study lakes. The watersheds were modelled
for major flow accumulation routes according to the user-defined modelling point
locations at the route intersections with the lake surface border lines (see also
Table 6).

To save computing time and to obtain more ‘meaningful’ results, model-
ling scale options are important. On the basis of visualised HillShade layers
optimal raster resolutions were derived for hydro-topological modelling areas
of different extent: 10 m cell resolution for a modelling area > 1000 ha; 5 or
2 m cell resolution for a modelling area between 100 and 1000 ha; 1 or 0.5 m
cell resolution for a modelling area < 100 ha. Otherwise the obtained
modelling outcomes from the input DEMs with the finer pixel resolution
were too fine, indicating an unnecessarily high cell resolution used.
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Table 6

Description of modelled watersheds of the Kurtna study lakes by user defined
modelling points on flow accumulation routes (see also Fig. 9)

No. Watershed description Area, ha
Al Forested, with relatively steep lake shore 1.78
A2 Forested, with relatively steep lake shore 1.14
A3 Forested, with moderately sloping lake shore 5.57
A4 Forested, with relatively level lake shore 3.12
AS Forested, with moderately sloping lake shore 6.58
A6 Forested, with moderately sloping lake shore 3.81
A7 Forested, with relatively level lake shore 8.57
M1 Forested, with moderately sloping lake shore 2.31
M2 Forested, with moderately sloping lake shore 0.75
M3 Forested, with moderately sloping lake shore 0.59
M4 Forested, with moderately sloping lake shore 0.75
M5 Forested, with relatively steep lake shore 0.83
K1 Forested, with moderately sloping lake shore 1.21
K2 Forested, with relatively steep lake shore 1.13
K3 Forested, with relatively level lake shore 7.07
K4 Forested, with relatively steep lake shore 0.56

The basin delineation of the Selisoo Mire resulted mainly in an open
pattern. In the case of the Kurtna lakes the basin pattern was closed.

The location of modelled drainage points on the border of the modelling
area of the Selisoo Mire could be taken as an evidence for a too small project
area for mire basin delineation. On the other hand, the closed basins pattern
for the Kurtna lakes was obtained by decreasing the filling parameter, which
was not applied during the mire basin delineation runs.

However, the delineated mire basins in the frame of the mire or bog
border are satisfactorily trustable due to the obtained 5 and 10 m cell resolu-
tion flow accumulation routes. The location of downstream drainage points
could be taken also as an indicator of the main direction of the surface water
flow towards the southern edge of the mire area. This also fits well to the
obtained topographical results, where the whole mire had a radial type of
surface lowering trend from the north-western mire edge in the eastern,
south-eastern and southern directions.

The overall topography of the Kurtna Kame Field study area followed a
lowering trend from the western edge of the area to its south-eastern edge.
The studied lakes were formed on the transitional zone between the kame
field and the lowland.
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Since the use of the default filling parameter for the Kurtna lakes resulted
in delineating open basins, discharging surface water out from the lakes, it
was an evidence for decreasing the filling parameter value and the gained
results were approved in the field.

The earlier study showed lowered groundwater levels for several ecotopes
of the mire bog part (Lode et al., 2011). Therefore the current results about
the general structure of the basin of the Selisoo Mire have a great meaning
for the continuing mire water balance study. Changing the filling parameter,
as in the kame field basin delineation, could result in closed basins around the
pool complexes or inside the modelling project area also in the case of the
Selisoo Mire.

Using the threshold classification algorithm gives a possibility of building
up a surface water network for visualisation of the obtained flow accumula-
tion routes. To keep the flow network as simple as possible in the visualised
layer, a lower boundary (20 000 pixels = 5000 m?) was set to the threshold
of flow accumulation routes for the Kurtna Kame Field. In the case of the
Selisoo Mire the threshold classification was performed close to the
maximum possible class amount with the aim to get as many flow accumula-
tion routes visible as possible.

As the fen and transitional fen part of the Selisoo Mire are heavily
drained, the flow accumulation routes ought to follow the connected ditch
network pathways. Therefore the pathways from the higher cell resolutions
needed reconsideration. However, in general the flow accumulation routes
both on the mire’s bog part and in the lake basins of the Kurtna Kame Field
mimicked well the topographical features of the ground surface, while the
longer flow accumulation routes for the Kurtna lakes followed the larger,
more level and lower basin regions.

Results of Watershed modelling delineated in the study areas 9 main
watersheds for the bog part of the Selisoo Mire and 16 for the Kurtna Kame
Field lakes. The obtained watershed modelling results are valuable inputs for
integrated or summarised layer modelling for the quantification of surface
water discharges either out from the mire area or into the lakes or pools.

The obtained visualisation and hydro-topographical features were the first
LiDAR-based results for the studied areas. The generated terrains have a high
value for the continuing water balance studies of the Selisoo Mire and the
lakes of the Kurtna Kame Field. Visualised terrains with higher cell resolu-
tion demonstrated a highly satisfactory micro-topographical surface pattern
over the scanned areas, for example ridges, hollows, pools and the forest
drainage network for the Selisoo Mire and kettle-holes, trenches and roads
for the Kurtna Kame Field.

The field verification of the delineated Kurtna lake basins confirmed
the high accuracy of the reflected surface pattern in the generated three-
dimensional terrains. This was achieved even under quite dense forest.
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Similar field verification is also needed for the Selisoo Mire. The visualised
Sflow accumulation raster routes indicated that not all ditches in the network
were reflected as linearly continuous in the scanned database. Probably
because of the dense forest, which influenced the terrain quality of the higher
2 m cell resolution DEMs, the generated flow accumulation routes of the
same resolution did not follow the general ditch network pattern on drained
mire areas. Some fieldwork and manual processing of drainage network are
needed to correct the input data for further, more correct basin delineation for
the DEMs with higher cell resolution.
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