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Abstract

Anthropogenic disturbance (drainage and peat harvesting works in adjacent area) accelerates water outflow from

and mineralization of top peat layer in the raised bog of AukStumala Telmological Reserve (Western Lithuania) thus
inducing peatland degradation and promoting penetration of atypical plant species and woody vegetation. Possibilities
of restoration of the most affected parts of the AukStumala raised bog (contact zone of the bog and peat harvesting
fields) were investigated. Specifically, we aimed to assess effectiveness of two different means of hydrological regime
restoration installed in the contact zone: (i) bog isolation from peat harvesting fields (to prevent direct water runoff)
using polyethylene membrane (PM measure, installed in November 2006) and “peat lock” system (PL measure: water
runoff blocked by highly decomposed peat; installed in November 2010), and (ii) blocking of ditches of the old drainage
system using peat dams (PD measure, installed in November 2012). The research was carried out by performing monthly
(from April to October) water level measurements in a system of water level monitoring profiles installed in zones of
impact of each measure and non-treated (control) areas. Moreover, dendrochronological analysis of pine growth was
performed in PM-treated and control areas.

Although in general positive effect of the applied treatments (raised water table, reduced amplitudes of seasonal
water level fluctuation, reduced radial increment of pine trees, re-establishment of Sphagnum cover) could be observed,
none of the three measures has fully restored hydrological regime to create favourable conditions for peat accumulation
and thriving of typical raised bog communities. The results of the present study suggest that aiming to more efficiently
regulate hydrological regime in drainage-affected parts of the AukStumala raised bog, blocking or filling of the old drainage
system should always be applied in combination with the installation of water insulation measures along the contact
zone of the bog and peat harvesting fields. Longer observation time is needed to fully assess the effect of the installed
restoration measures on hydrology and ecosystem functioning in the raised bog of Auks$tumala Telmological Reserve.
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Introduction

Peatlands occupy about 3% (4 x 10° km?) of the
global land surface and contain about 30% of the ter-
restrial soil carbon (Gorham 1991, Joosten and Clarke
2002, Gorham and Rochefort 2003). Active drainage for
agriculture, forestry and commercial peat harvesting
in the last centuries is the main cause of pristine peat-
land loses. Since 1800’s the global area of peatlands
has been reduced at least by 10-20% (Joosten and
Clarke 2002, MacDonald et al. 2006). Herewith, valua-
ble ecosystems, which are vitally important in the glo-
bal carbon cycle for protection of biodiversity, soil,
preserving water supply and its quality, and other
functions of ecosystem services, are being lost. More-
over, damaged peatlands are getting less and less re-

silient in the face of the environmental change (Joost-
en and Clarke 2002).

Lithuania has lost about two thirds of its total
peatland area during the 20" century (Mierauskas et
al. 2005, Jukoniene et al. 2009). Currently, about 70%
of the inventoried peatlands in Lithuania are anthro-
pogenically damaged (Povilaitis et al. 2011, Taminskas
et al. 2011), and 1.6-2.5 mln. tons of carbon are lost
every year as a result of intensified peat mineraliza-
tion (Minayeva and Sirin 2009). During the Holocene,
climate-driven variations affecting moisture balance of
the acrotelm have simultaneously changed the rates
of peat decomposition and structure of sensitive bog
ecosystems (plant species composition, in particular)
(Aaby 1976). Those changes also continuously influ-
enced the proportion of trees in peatland vegetation
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cover (Eckstein et al. 2009). However, a large fraction
of new tree establishments observed in peatlands
during the last century has been caused by anthro-
pogenic impact such as mire drainage and/or peat
harvesting, what usually results in lowering of water
level. The drainage increases water table depth on
average by 20-60 cm thus enhancing aeration of the
upper peat layer, which accelerates peat decomposi-
tion and its nutrient mineralization (Laine and Vanha-
Majamaa 1992, Haapalehto et al. 2011, JaraSius et al.
2014). Changes in these abiotic factors are inevitably
reflected in plant species composition: for example, in
drained bogs of the north-temperate climate zone of
Europe, typical raised bog species are commonly re-
placed by forest vegetation, where pioneer tree spe-
cies such as Scots pine (Pinus sylvestris L.) and birch
(Betula pendula Roth, B. pubescens Ehrh.) usually
prevail (Laine et al. 1995). In natural bogs, Sphagnum
mosses keep the eco-hydrologic self-regulating sys-
tems favourable to their own growth (van Breemen
1995), and reduction or complete loss of the Sphag-
num carpet may considerably increase water table fluc-
tuations (Ingram 1983, Wheeler 1999). Also these fluc-
tuations may increase due to the increased bulk den-
sity of the surface peat after drainage (Minkkinen and
Laine 1998).

Such changes are also observed in one of the
largest and most famous Lithuanian peatlands — Auks-
tumala raised bog (total area 3,702 ha, western Lithua-
nia), where in its drained areas typical open raised bog
vegetation is replaced by forest species including trees
and shrubs (Jarasius et al. 2010, 2014). First negative
changes in the vegetation cover and intensified de-
composition of the peat layer of the AuksStumala raised
bog were noticed by a German naturalist and botanist
C. A. Weber already in the beginning of the 20" cen-
tury (Weber 1902). Weber’s monograph was the first
scientific publication dedicated to the main concepts
of the raised bog ecology and botany, geology and
paleogeography in the world.

Currently, about two-thirds (2,417 ha) of the former
Aukstumala raised bog have been turned into the peat
harvesting fields, and only in 1995 the remaining the
least affected part (1,285 ha) was declared as a Tel-
mological Reserve (TR). Although the reserve status
has protected the western part of the AukStumala
raised bog from further peat harvesting, it did not
safeguard this area from a negative influence of the
draining. Areas adjacent to peat harvesting fields are
drained most intensively by deep water-collecting
ditches; although a network of smaller primary ditch-
es across the territory of AukStumala TR has also a
certain negative effect on hydrology and condition of
ecosystems in the raised bog. Recent penetration of

trees into AukStumala TR was noted by Edvardsson
et al. (2015): in 2013, 73% of the examined Scots pine
(Pinus sylvestris L.) trees were less than 20 years in
age. Our previous dendrochronological studies in the
AuksStumala raised bog showed that radial increment
of P. sylvestris growing in degraded areas of the raised
bog (zone of impact of peat harvesting and intensive
drainage) has increased four times during last 40 years
(Pakalnis et al. 2009).

Peatland restoration is a relatively new field of
investigation that was the object of significant advanc-
es in the 1990s (Lode 2001, Price et al. 2003, Roche-
fort et al. 2003). Currently the conservation and res-
toration of peatlands in Europe stem from the fact that
Europe has lost or degraded the major part of its peat-
lands (Rochefort and Lode 2006). Despite the fact that
more than 15% of Lithuanian peatlands are protected
and the largest ones have a status of strict nature
reserves, most of these territories are strongly affect-
ed by drainage. As a result, the process of peat for-
mation in more than 600 Lithuanian peatlands (about
75% of all peatlands in a country) is negative (Mier-
auskas et al. 2005). Therefore, urgent decisions must
be taken in order to stop or prevent these negative
processes aiming to preserve unique Lithuanian peat-
land ecosystems. Natural conditions and ecological
processes can be re-established in the damaged peat-
lands much more rapidly with a help of well-planned
restoration measures than by leaving them to return
to a near-natural state through slow natural process-
es during spontaneous succession (Simili et al. 2014).
Ecological restoration of peatlands is put in practice
in many countries of the north-temperate climate zone,
where it aims at reversing the trend of degradation by
partial rehabilitation or complete restoration of the
original structure and function of the ecosystem (Brad-
shaw 1990, Dobson et al. 1997, Vanha-Majamaa et al.
2007). One of the critical problems to be solved is res-
toration of the previous (normal) water regime in bogs,
and this could be achieved through blocking of water
drainage and run-off (Anonymous 2010, Haapalehto et
al. 2011). Proper restoration measures may return semi-
natural vegetation cover with its typical species and
habitats, reduce or halt carbon loss and, ideally, may
allow peat accumulation to take place again (Simila et
al. 2014).

Numerous success stories across north-temperate
climate zone imply that restoration of the anthropo-
genically damaged peatlands is possible but requires
considerable time and resource allocations (Joosten
and Clarke 2002, Quinty and Rochefort 2003, Wieder
and Vitt 2006). On the other hand, every peatland is
unique and their restoration usually can not follow a
common scenario. Different degree of peatland dam-
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age (peat decomposition, establishment of woody
cover), different site geomorphology and hydrology,
structure of drainage systems and other factors may
require application of specific measures. The idea of
this study was therefore to investigate possibilities of
restoration of the anthropogenically affected Aukstu-
mala raised bog. Specifically, we aimed to assess ef-
fectiveness of two different means of hydrological
regime restoration installed in the raised bog of Auks-
tumala TR: (i) bog isolation from peat harvesting fields
using polyethylene membrane and so-called “peat lock”
system, and (ii) blocking of ditches of the old drain-
age system using peat dams.

Materials and Methods

Investigation area

The AukStumala raised bog (total area 3,702 ha)
is situated in Nemunas Delta Plain (western Lithuania;
55°242 N; 21°202 E). In this region, large-scale land
reclamation works were implemented already in the 19™
century to regulate water regime in fertile lands of the
delta, which were readily used for agriculture (Basaly-
kas 1958). Almost two-thirds of the former Auk§tuma-
la bog area is now used for intensive peat harvesting
(Figure 1). This area is surrounded by deep water-
collecting ditches to prevent rising of the water level

in the industrial area. The rest of the bog territory has
relatively recently (in 1995) been declared a Telmolog-
ical Reserve (TR), yet large part of this area is still
negatively affected by an old drainage system (creat-
ed in about 1970) and by significant water runoff into
water collecting ditches surrounding peat harvesting
fields. The old drainage system in Auk$tumala TR
consists of 1-2-m-wide and up to 1-m-deep ditches
with an average distance of 20-30 m from each other.
The system is located in the eastern part of the TR
and currently is not maintained. Many ditches are
naturally overgrown by vegetation, although closer to
the ditches their draining effect is still noticeable (low-
ered water table, increased peat mineralization, changes
in plant communities). The contact zone of the Auks-
tumala TR and peat harvesting fields is about 6 km long
(Figure 1); therefore about 30—60 ha of the TR is un-
der continuous influence of the intensive drainage
(Pakalnis et al. 2009, Jarasius et al. 2010, 2014).

Since 2004, the territory of the AukStumala TR has
been included into a NATURA 2000 network. As a
result of a thorough survey performed by us in 2012
(JaraSius et al. 2013), 210 plant species and five hab-
itats of European importance were inventoried here:
(1) active raised bogs (7110%*), (ii) degraded raised bogs
(7120), (iii) bog woodlands (91D0%*), (iv) natural dys-
trophic lakes (3160), and (v) depressions on peat sub-

Aukitumala Telmological
Reserve

The River Atmdra

LEGEND

boundaries of Aukstumala raised bog
m Water bodies (rivers, lakes, ditches)

= === contact line between Aukitumala TR and peat harvesting fields
=~ |ocation of protective measures (PL, PM)

8800 rofiles of water level measurement system

degraded area of the bog in Auk&tumala TR » .

1000 m

1000 m

Figure 1. A map of the AukStumala raised bog. Left, raised bog divided into AukStumala Telmological Reserve (TR, north-
western part) and peat harvesting fields (south-eastern part). Right, enlarged area of investigation in Aukstumala TR with
indicated locations of the applied treatments (PM, PL and PD measures) and water level monitoring profiles. C = is control
profiles (untreated area) associated with the respective measures (for more information see Materials and methods section)
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strates of the Rhynchosporion (7150). However, a
large part of the TR territory (237 ha, or 23%) does
not meet the requirements for habitats of European
importance because of significant habitat shifts to-
wards peatland degradation. These belt-shaped habi-
tats (40-500-m-wide) with dominating woody vegeta-
tion occur on the margins of the TR (Figure 1). Cur-
rently, the largest part of the territory of AukStumala
TR is represented by habitats of active raised bogs
(605 ha, or 47%) and degraded raised bogs still capa-
ble of natural regeneration (161 ha, or 12%) (JaraSius
et al. 2013). Hydrological changes in the damaged area
(degraded raised bogs habitat) are reflected in species
composition (about 50-60% of the inventoried plant
species were atypical to ombrotrophic bogs) and hy-
drochemical parameters (increased electrical conduc-
tivity and pH values) of the top peat layer (Jarasius
et al. 2014).

Average annual precipitation in the region is
770 mm. Most of the precipitation (449 mm) falls dur-
ing the warm season (May-October) (Bukantis 1994).
During the investigation period (2007-2014), the av-
erage annual precipitation was about 800 mm and
showed a tendency to decrease (Figure 2).
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Figure 2. Average annual precipitation in the Aukstumala
raised bog during the investigation period (2007-2014, data
provided by Siluté Meteorological Station)

Measures to prevent direct water runoff from the
raised bog

Two types of measures were applied to isolate the
raised bog of the AukStumala TR from adjacent peat
harvesting fields (Figure 1):

1) polyethylene membrane (PM). In November
2006, a 3-m-wide and 0.5-mm-thick polyethylene mem-
brane was installed vertically in a 1-km-long, 3-m-deep
and 1.5-m-wide trench excavated along the contact
zone of peat harvesting fields and the TR. Immediate-
ly after installation of the membrane, the trench was
filled up with the excavated raised bog peat;

2) “peat lock” (PL) system. A 0.3-km-long, 3-m-
deep and 1.5-m-wide trench was excavated along the
contact zone of peat harvesting fields and the TR and
filled up with highly decomposed peat excavated from
a bottom layer of the bog. This peat is characterized
by a very low water filtration rate (Cebatoriovas 1983).
The means was installed in November 2010.

Both means were installed along the edge of the
TR (Figure 1). To prevent runoff of the surface water,
a 50-cm-high protective embankment was formed on
top of each means using excessive peat excavated from
the trenches (for detailed information on installation
of those meanssee Pakalnis et al. (2009)).

Blocking of old drainage system in AukStumala TR

In order to reduce the negative effect of the old
drainage system, twenty 2-m-wide bog peat dams (fur-
ther referred to as PD measure) were built in Novem-
ber 2012 on four drainage ditches closest to the con-
tact zone with 50 m intervals. Five dams were built per
ditch. The dams were made of decomposed peat and
squeezed down. This measure was set in a degraded
raised bog habitat (the north-eastern part of the TR,
Figure 1) characterized by noticeable peat mineraliza-
tion and changed vegetation cover towards domina-
tion of Calluna vulgaris (L.) Hull.

Assessment of efficiency of the applied measures

To assess efficiency of the applied measures, a
hydrological monitoring system has been installed
(Figure 1). Ten profiles consisting of water level meas-
urement wells were installed perpendicularly to the
contact zone of the TR and peat harvesting fields. The
minimum distance between the profiles was 300 m. The
first well of each profile was installed at a 10 m dis-
tance from each water insulation means (either PM or
PL) or a hither edge of a deep water-collecting ditch
surrounding peat harvesting fields in case of PD and
all controls (Figure 1). Further in text, a term “contact
line” is used to refer to this “starting position” of all
profiles. The distance between wells in each profile was
20 m and the number of wells per profile varied from
four to nine. For installation of the wells, PVC tubes
(diameter 50 mm, length 2.0 m, perforated with 5-mm
holes along the full length) were inserted 1.8 m into a
peat deposit. To prevent peat filling, the bottom side
of each tube was covered with a dense nylon mesh.
Following installation, the top of each well was capped.
Measurements of water table depth (WTD) were car-
ried out with monthly intervals during vegetation sea-
son (from April till October). Further in text, mean WTD
calculated from data collected during one vegetation
season is treated as “mean yearly WTD”, while mean
WTD calculated from data collected during vegetation
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seasons of the whole observation period is treated as
“mean observation-period WTD”.

To monitor effectiveness of the PM measure, three
parallel 170-m-long profiles, each consisting of nine
water level measurement wells, were installed in March
2007 in an “influence zone” of the protective measure
(this “influence zone” of each applied measure is fur-
ther referred to as a “treated area”). For control, three
identical profiles were installed in an untreated area
(Figure 1). All PM profiles (treated area and control)
were established in raised bog with a rather narrow
(about 10-20-m-wide) zone of noticeable peat miner-
alization and changed vegetation cover towards dom-
ination of C. vulgaris and typical forest species. No
ditches of the old drainage system were present in the
investigated area.

To monitor effectiveness of the PL measure, two
parallel 110-m-long profiles, each consisting of six
water level measurement wells, were installed in March
2011: one in treated and one in untreated area (Figure
1). Here, two profiles have been set only because of
limited length of the installed PL measure (300 m) aim-
ing to keep a minimum distance of 150 m between a
profile installed in treated area and a putative border
of an untreated area. A minimum distance of 150 m was
also kept between the “control” profile and this puta-
tive border. Control profiles established to assess ef-
fectiveness of the PM could not be used for PL and
vice versa because these measures were installed in
areas with a rather different level of degradation. Both
PL profiles (treated area and control) were established
in a heavily degraded part of the raised bog drained
by an old drainage system with noticeable peat min-
eralization and domination of C. vulgaris and typical
forest species (established woody cover).

Effectiveness of the PD measure was assessed by
installation of two parallel 70-m-long profiles (each
consisting of four water level measurement wells). The
profiles were installed in March 2011, two vegetation
seasons before the setting of the PD measure: one in
the area assigned for damming and one in the control
area. Two profiles were installed only because of a
limited width of a presumed putative influence zone
(roughly 300-m-wide) of the PD measure, aiming to keep
a minimum distance of 150 m between a profile installed
in the treated area and a putative border of the un-
treated area (Figure 1). A minimum distance of 150 m
was also set between the “control” profile and this
putative border.

In addition, a dendrochronological method
(Stravinskiené 1994, 2002) was applied to assess the
effectiveness of the PM measure to restore hydrolog-
ical regime unfavourable for tree growth. In March
2014, a total of 50 wood cores were extracted using

Pressler’s increment borer from 50 pine (P. sylvestris)
trees growing in a 20-m-wide stripe stretching along
the contact line: 25 trees have been sampled in the PM-
treated area and 25 trees in untreated area adjacent to
the PM-treated area. Growing conditions were more or
less equal in both areas before the installation of the
PM measure. Growth ring width in each extracted core
was measured in the laboratory with a preciseness of
0.01 mm. Dendrochronological method was not applied
to assess the efficiency of PL and PD treatments be-
cause of too short period of these measures being in
force.

Statistical analyses

Significance of differences in mean yearly WTD
and mean observation-period WTD and mean annual
radial increment of pines between the control and
treated sites were assessed using a 7-test. Spearman’s
correlation analysis was used to outline the relation-
ship between mean yearly WTD and annual precipita-
tion, between mean observation-period WTD and a
distance of water level measurement well from the
contact line, and between radial increment of pines and
mean yearly WTD and annual precipitation. All sta-
tistical tests were performed using STATISTICA 6 soft-
ware.

Results

Effectiveness of polyethylene membrane

Hydrological monitoring data collected during veg-
etation seasons of 2007 to 2014 showed a strong and
significant positive correlation between mean observa-
tion-period WTD and a distance from the contact line
in both PM-treated (» = 0.85, p < 0.05) and control
(r=0.95, p <0.05) sites. At a distance of 10-50 m from
the contact line, in treated area mean yearly WTD was
in all cases significantly (p < 0.05) lower compared to
control (Table 1, Figure 3). The highest difference in
mean WTD was observed at a 10 m distance: during
first two years after the installation of the PM measure
(in 2007 and 2008) this difference reached 64.7 + 2.1 and
56.4 = 6.1 cm, respectively. During subsequent years
(2009-2014), the differences at this distance became
smaller (yet, remained significant at p < 0.01), and, de-
pending on a year, ranged from 28.4 + 6.0 to 42.2 + 8.4
cm (Table 1). On the other hand, mean observation-
period water table in profiles with the PM measure at
10-50 m distance from the contact line rose up to -
33.6 + 1.2 cm depth (mean =SE below mean topography),
i.e. to a level, which is still regarded too low for peat
accumulation and thriving of typical raised bog plant
communities (Eggelsmann 1984, Ruseckas and Grigal-
itinas 2008, Haapalehto et al. 2011, JaraSius et al. 2014).
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The mean yearly water table rose above -30 cm level at
a 50 m distance from the contact line in 2007 and dur-
ing 2011-2013; however, in 2008 and in 2009 it fell be-
low -40 cm level (Table 1).

mum value of mean yearly WTD reaching -20.1 £ 1.3 cm
at a 150 m distance (recorded in 2007) and a maximum
value of -43.1 £ 1.9 cm at a 90 m distance (recorded in
2009) (Table 1).

Table 1. Significance of

¢ Dis- Mean WTD # standard error
differences between wa-
:relz:atsilbrleed (11;13 p f( YVTD? from the ::::S:e 2007 2008 2009 2010 2011 2012 2013 2014 ean;
profiles es-  contact 2007-2014
tablished in area insulat- et m
ed with a protective 10  membrane 344132 -41.8:29 52131 532625 411427 364455 -41.9:3.0 496446 -43.8+1.4
measure (polyethylene control -99.1455 -98.4%83 -BO.4:83 -O54+65 -764:7.5 78.2¢63 -80.8+15 78.0:7.4 -86.9+37
membrane) and without difference  64.7£2.1*** 56.446.1™* 37.3+6.1"* 42.2+8.4™* 353%8.0™* 41.8+9.7"* 38.9.+4.2** 28.4+6.0** 43.1+6.5"*
it (control) in a Telmo- 30 membrane  -36.0¢2.3 -52.1+2.9 -57.0¢26 52119 -40.2:22  -36.8+4.1 -38.4%22 -49.1+4.2 -45.2#1.3
logical Reserve (TR) of control 77.0£34  -90.4:3.9 -96.0:3.3 -93.1%3.7 -79.3:t47  -81.0:4.8 -81.0¢+3.5 -84.0+31 -85.242.1
the Auk$tumala raised difference  41.0£2.7*** 38.3£2.0"** 39.0+2.4™* 41.0+2.6™* 39.1+2.7** 44.2+3.1™* 426+2.3** 34.9+4 5" 40.0+2.1***
bOg. Presented are mean 50 membrane  -30.3x2.1 -41.3%2.9 -43.5¢24  -38.0%2.1 -28.1+1.8  -23.3+5.6 -27.8427 -36.4+3.1 -33.6%1.2
WTD values + standard control -45.2+4.9 -58.3+t3.8 -59.4#3.6 -57.0£3.6 -46.4+3.9 -50.0+46 -50.4+3.5 -47.4+54 -51.8%+1.9
error. The measurements difference 14.9£5.7*  17.0£1.6* 15.9+1.8* 19.0£1.9** 18.3%1.5"* 26.7+4.2* 22.6+1.3* 11.0+£3.5* 18.242.4**
were made during vege- 70 membrane  -259+2.7 -37.2+2.8 -36.7#2.8 -35.2#2.6 -27.9+1.7 -26.3x1.7 -26.241.7 -35.0+3.9 -31.3#1.2
tation seasons (April— control 32.1:3.8 42256 -48.1%2.1 -43.4x33 -31.3x3.8 -31.0:24 -322417 -37.2¢34 -37.242.0
October) of 2007 to difference  6.2+1.5n.s. 5.0£3.2n.s. 11.4£2.1 n.s. 8.2£1.9n.s. 34+3.3n.s. 4.7¢+22ns. 6.0#1.9ns. 2.2:24 ns. 59+2.3ns.
2014. Level of signifi- 90 membrane  -30.2+2.8 -39.5£2.1 -43.1%1.9 -42.1+1.7 -29.0+2.1 -32.0¢25  -32.2433 -36.8+3.4 -35.6%1.1
cance: *0.01 < p =< 0.05, control 312612 -36.1#36 -37.1#13 34430 -30.0:27 -305:29 -32.0:35 -36.0:24 -33.4:2.0
*%0). 001 < p = 0.01 , difference  1.0#1.2 n.s. -3.4+1.7 n.s. -6.0£2.0 n.s. -7.7¢2.8 n.s. 1.0¢1.7 n.s. -1.5£2.4 n.s. -0.2£0.9 n.s. -0.841.7 n.s.-2.2+1.8 n.s.
***p < 0001’ ns. — 110 membrane  -26.1#3.2  -38.3+2.4  -40.0+2.1 -35.5+2.1 -29.1+1.6 -30.5£2.5 -29.8+1.4 -33.6#36 -32.7+0.9
non-significant differ- control -30.4+2.8 -32.3#3.4 -32.0+34 -33.4+2.5 -29.1+2.7 -29.0£2.7 -27.4+29 -28.4+31 -30.3:1.4
ence (p > 0.05) difference  4.3+1.9n.s. -6.0+0.9 n.s. -8.0£1.6 n.s. -2.1+1.6 n.s. 0.0+1.2ns. -1.5:2.4n.s. -2.442.1 ns.-5240.8 n.s.-2.4+1.5 n.s.
130 membrane -23.8+2.0 -28.3+2.3 -30.1+2.7 -25.1+2.4 -28.7£2.0 -26.6+2.2 -248+25 -30.1%2.7 -27.1+1.1
control -30.4+3.0 -34.042.8 -344+29 -32.2+1.9 -36.1+4.1 -34.0+3.6 -32.4+1.9 -33.1+4.1  -32.9+1.7
difference  6.4+2.1n.s. 57+1.2ns. 43+23n.s. 7.1x1.8n.s. 7.4225ns. 7.4+36ns. 7.6+1.4ns. 3.0+28ns. 58+23ns.
150 membrane -20.1+1.3 -25.1¥14 -26.24+2.3 -22.6+1.5 -21.3¢1.4 -22.442.3 -21.541.7 -29.7+3.0 -23.7+1.0
control -19.4+1.8 21120 -221+21 -204+1.8 -26.4+16  -20.1+2.0 -17.3¢1.8  -21.3x21  -21.1z1.1
difference  -0.7£1.9n.s.-4.0+0.8 n.s. -4.1¢1.4 n.s. -2.2+1.7 n.s. 5.1#2.0 n.s. -2.3+0.8 n.s. -4.2+1.4 n.s. -8.4%1.9 n.s.-2.6x1.4 n.s.
170 membrane -24.3+25 -31.0£29 -332+3.0 -28.1+27 -26.4¥29 -23.7£2.7 -24.2+¥1.6 -32.329 -27.9:1.4
control -28.4+22 -31.2+3.0 -32.3+29 -30.1x3.0 -36.3x3.1 -27.4£2.1 -26.0x1.2 -31.3£3.0 -30.3¢1.4
difference  4.1#1.8 n.s. 0.2+1.1 n.s. -0.9+1.3 n.s. 2.0+1.6n.s. 9.9£09 ns. 3.741.8ns. 1.8£1.1ns. -1.0£22ns. 2.4+1.2 n.s.

'for definition see subsection "Assessment of effectiveness of the applied measures" in Materials and Methods section

At larger distances (= 70 m) from the contact line,
mean yearly WTD values in the PM-treated area did not
differ significantly (p > 0.05) from control (Table 1). Sub-
sequently, the differences in mean observation-period
WTD between treated and control areas were non-sig-
nificant at p < 0.05 and ranged between -2.2 + 1.8 cm and
5.9+£2.3 cm (Table 1, Figure 3). At distances =70 m, mean
observation-period WTD in the PM-treated area ranged
between -23.7 = 1.0 cm and -35.6 £ 1.1 cm with a mini-

Figure 3. Mean water table depth (WTD) =+ standard error
measured in Telmological Reserve (TR) of the AukStumala
raised bog. Values obtained in areas insulated with a poly-
ethylene membrane (protective measure) and without it (con-
trol) during vegetation seasons (April-October) of 2007 to
2014 are presented. For definition of the “contact line” see
subsection “Assessment of effectiveness of the applied
measures” in Materials and Methods section

The effect of the applied PM measure was also
noticeable on amplitude of seasonal water level fluc-
tuation (i.e., according to WTD values assessed eve-
ry month from April to October during the whole ob-
servation period), although this effect could be ob-
served only at 10 m and 50 m distance from the con-
tact line (data not shown). At the 10 m and 50 m dis-
tances, mean respective absolute values of seasonal
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water level fluctuation amplitude during the whole
observation period (2007-2014) in the control area
reached 54.1 +£ 4.5 cm and 29.8 + 2.4 cm, and were sig-
nificantly (p = 0.011-0.033) higher than in the PM-
treated area (38.0 £ 3.2 cm and 22.2 £ 2.4 cm). At 30 m
distance and distances =70 m from the contact line,
the difference in mean absolute amplitudes between
control and treated areas was non-significant
(p > 0.05). At short distances (10-30 m), seasonal water
level fluctuation amplitude in the PM-treated area of-
ten exceeded 30 cm, whereas at larger distances (=50
m) the amplitude was usually below 30 cm (ranged
between 5 and 39 cm, data not shown). Figure 4 shows
amplitudes of monthly water table fluctuation (min-max
values) in 10-50 m distance zone, where significant
differences in mean WTD between the PM-treated and
control areas were found (Table 1). The Figure clearly
shows that the fluctuation during whole observation
period was more prominent in control profiles (overall
monthly amplitude range 9-73 cm) compared to pro-
files in the PM-treated area (12—50 cm).

0
-20

-60

-80 EI E,] ["]

=100 e

YWTD, cm

-120 oL ES

- @ mermbrane (P
o control

-140

2007 2008 2009 2010 2011 2012 2013 2014
Year

Figure 4. Amplitudes of monthly water table fluctuation
(min-max water table depth (WTD) values) in area of Auks-
tumala raised bog insulated with a polyethylene membrane
(PM, hatched boxes) and in an untreated area (control, emp-
ty boxes) during vegetation seasons (April-October) of 2007
to 2014. Values obtained from water level measurement wells
at distances of 10, 30 and 50 m from a contact line (com-
bined) are presented. Boxes show mean yearly WTD = stand-
ard error

Although in many cases (yet, mostly in the PM-
treated area) mean WTD showed an increase in 2014
(the driest year of the observation period) (Table 1),
no significant correlation was found between mean
yearly WTD and annual precipitation at either distance
from the contact line in both treated (» = 0.30-0.71,
p <0.05) and control sites (» = -0.34—0.60, p < 0.05).

Dendrochronological analysis showed that mean
annual radial increment of pines growing in the PM-
treated area started to decrease in 2008, i.e., one year
after the installation of this measure, continued to
decrease till 2010 and then levelled out to about 2 mm
per annum. Radial increment of pines sampled in con-
trol area showed the opposite trend: increased from
2007 till 2010 and then started to slightly decrease
(Figure 5). Nevertheless, during the period from 2009
to 2013, the annual increment of control pines remained
significantly (p < 0.05) larger compared to that in the
treated area. In treated area (at 10 m distance from the
contact line), the radial increment of pines did not
correlate to mean yearly WTD (r = 0.23; p = 0.613),
whereas in control area this correlation was very
strong and significant (= -0.88; p < 0.01).
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Figure 5. Annual radial increment (+ standard error) of Pi-
nus sylvestris trees assessed in a Telmological Reserve (TR)
of the Aukstumala raised bog following installation of a pro-
tective measure (polyethylene membrane, installed in No-
vember 2006)

Effectiveness of “peat lock” measure

Similarly to PM, the effect of PL measure was
noticeable at a relatively short distance (up to about
30 m) from the contact line (Table 2, Figure 6). At 10—
30 m distance, the mean observation-period WTD was
significantly (p < 0.001) lower in the PL-treated area
compared to the control area, although from year to
year this difference was not always significant at
p =< 0.05 (Table 2, Figure 6). Interestingly, the highest
difference in mean observation-period WTD was ob-
served not at the shortest (10 m) distance from the
contact line (22.4 + 4.3 cm), but at the 30 m distance
(28.0 £ 3.0 cm). Despite this positive effect of the PL
measure on bog water retention, mean yearly WTD at
the 10-30 m distance was high (ranged between
-38.2 £ 6.5 cm and -66.6 = 6.3 cm). At larger distances
(= 50 m) from the contact line, mean yearly WTD val-
ues in the PL-treated area were also comparably high
(mean water table never rose higher than
-30.7 £ 3.1 cm) and did not differ significantly (p > 0.05)
from control (Table 2).
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Table 2. Significance of differences be- fDistanr?e Aoolied Mean WTD # standard error
rom the ppli
tween water table depth (WTD) measured ——  folics - (e o011 2012 2013 2014 2011-2014
in area insulated with a protective “peat m
lock” measure and without it (control) in a 10 “peatlock” -66.6+6.3 -61.316.1 -65.7+3.2 -65.9+6.2 -64.9+2.7
Telmological Reserve (TR) of the Aukstu- control -81.718.2 -78.1£9.6 -93.0¢12.2  -96.3+13.2 -87.3t5.3
difference  15.1+4.9 n.s. 16.849.3 n.s. 27.3+11.5 n.s 30.418.6 n.s. 22.4+4.3**
mala raised bog. Mean WTD values =+ 30 “peatlock” -51.9+6.2  -38.9+2.0  -382465  -56.137.8  -46.2¢32
standard error are presented. The measure- control -69.6:6.0  -69.8:+54  -755:53 -82.0:10.0 74235
. . difference 17.7£7.6 n.s. 30.9+5.7*** 37.3+3.9** 259+4.6 n.s. 28.0+3.0***
ments were made during vegetation seasons 50 “peatlock” -529+2.3  -526+42  -49.7+45  -63.0£53  -54.642.2
(April-October) of 2011 to 2014. Level of control -50.0¢3.5  -55.0+4.8  -515:3.9 -69.9+14.0 -56.6%2.3
significance: 0.01 < p = 0.05, **0.001 < p difference -2914.4 n.s. 2.4+21ns. 18+1.0ns. 6.9¢1.9ns. 20+1.4ns
ok - 70 “peatlock” -34.0+3.8 -30.7£3.1 -31.0£3.3 -48.3+7.2 -36.0+2.6
= 0.01, ***p < 0.001, n.s. — means non- control 30.0£1.9  -30.3+21  -20.842.0  -49.4%56  -34.9+23
significant difference (p > 0.05) difference  -4.0+3.8 n.s. -0.4+3.4 ns. -1.2¢2.0ns. 1.1+1.8ns. -1.1£1.4ns
90 “peatlock”  -41.6+3.0 -40.41£4.0 -41.516.4 -57.1+£9.0 -45.2+3.1
control -41.7+4.7 -46.0£1.6 -39.845.3 -58.3t7.7 475+2.8
difference  0.1#3.3 n.s. 5.6+3.6n.s. 1.7+20ns. 1.2¢29ns. 23%1.5ns
110 “peatlock”  -45.3+5.1 -40.713. -39.3+4. -51.0+7.6 44 1x2.7
control -54.0¢7.9 -50.1+8.3 -47.249.2  -58.4+14.3 -52.4+5.1
difference  8.7+8.4 n.s. 94+6.1ns 79+56ns. 7.4+7.1ns. 8.3+3.4ns.

! for definition see subsection "Assessment of effectiveness of the applied
measures" in Materials and Methods section

Distance from the contact line, m
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-90 1
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Figure 6. Mean water table depth (WTD) =+ standard error
measured in Telmological Reserve (TR) of Aukstumala raised
bog. Values obtained in areas insulated with a protective
“peat lock” measure and without it (control) during vegeta-
tion seasons (April-October) of 2011 to 2014 are present-
ed. For definition of the “contact line” see subsection “As-
sessment of effectiveness of the applied measures” in Ma-
terials and Methods section

Similarly to that of the PM measure, the effect of
the PL measure was also noticeable on amplitude of
seasonal water level fluctuation, but only at 10 m dis-
tance from the contact line the difference between mean
absolute observation-period amplitude values in PL-
treated (43.0 £ 8.4) and control (68.8 £ 5.7) areas was
statistically significant (p = 0.041). Figure 7 shows am-
plitudes of monthly water table fluctuation (min-max
values) in 10-30 m distance zone, where significant dif-
ferences between mean WTD in PL-treated and control
areas were found (Table 2). The Figure shows that
during whole observation period the fluctuation in con-
trol profiles (overall monthly amplitude range 36—83 cm)
was only slightly larger compared to profiles in the PL-
treated area (overall monthly amplitude range 1661 cm).
In the treated area (at either distance from the contact
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Figure 7. Amplitudes of monthly water table fluctuation (min-
max water table depth (WTD) values) in area of the Aukstu-
mala raised bog insulated with a “peat lock” measure (PL,
hatched boxes) and in an untreated area (control, empty box-
es) during vegetation seasons (April-October) of 2011 to
2014. Values obtained from water level measurement wells at
distances of 10 and 30 m from a contact line (combined) are
presented. Boxes show mean yearly WTD + standard error

line), seasonal water level fluctuation amplitude in most
cases exceeded 30 cm (data not shown).

Moderate to strong, yet non-significant positive
correlation (» = 0.32-0.95, p < 0.05) was found between
mean yearly WTD and annual precipitation at either
distance from the contact line in the PL profile, where-
as in control profile this correlation was stronger
(r=0.40-1.00), but significant (at p < 0.05) it was only
at 10 m distance from the contact line.

Effectiveness of ditch blocking using peat dams
According to visual observations, water table start-
ed to rise in the blocked ditches already in November
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2012, right after setting up the dams. However, WTD
measurements made before and after the dams were built
showed that decrease of mean yearly WTD following
ditch blocking was noticeable just at a 10 m distance
from the contact line (in a well installed between the
contact line and the closest ditch of the old drainage
system) (Table 3). Figure 8 shows that monthly WTD
at the 10 m distance became low after the ditch block-
ing, and only in driest months it dropped below -30 cm.
The WTD values were extremely low in September 2013
and in April 2014, when water table has reached the peat
surface (Figure 8). At this distance, the difference in
mean WTD assessed before (-33.1+3.8 cm) and after
(-19.2+2.8 cm) the ditch blocking was statistically sig-
nificant (p < 0.01) (Figure 8). No significant differences
(p > 0.05) were found between mean monthly WTD val-
ues assessed during these two periods at larger dis-
tances from the contact line (data not shown).

After damming, the differences between treated
and untreated areas in mean yearly WTD assessed at
a 10 m distance from the contact line became statisti-
cally significant at p < 0.01, whereas at larger distances
those differences were in general (with a couple of
exceptions) non-significant (p > 0.05) (Table 3). At

larger distances (=30 m) from the contact line, mean
yearly WTD values in the PD-treated area were rather
large (this was likely due to a somehow higher site
elevation at 30-50 m distance from the contact line),
except a 70 m distance, where both pre-damming and
post-damming WTD values were less than 25 cm (Ta-
ble 3). Amplitudes of seasonal water level fluctuation
and correlations between mean yearly WTD and an-
nual precipitation are not presented in the Results due
to a short post-damming observation period (no relia-
ble statistical analyses could be performed).

Discussion

Anthropogenic disturbance (peat harvesting
works and drainage) accelerates water outflow and
mineralization of top peat layer in the AukStumala TR
thus promoting peatland degradation and penetration
of woody vegetation to the raised bog (Pakalnis et al.
2009, Jarasius et al. 2013, 2014, Edvardsson et al. 2015).
In peatland restoration projects the most commonly
used measures for raising and stabilising of water levels
are ditch blocking by dams, building artificial bunds
and/or sluices. In addition to the ditch blocking, some

Table 3. Significance of differences between water table depth (WTD) measured in area with a
protective measure (peat dams) and without it (control) in a Telmological Reserve (TR) of the
Aukstumala raised bog. Mean WTD values + standard error are presented. The measurements
were made during vegetation seasons of 2011 to 2014. Level of significance: 0.01 < p < 0.05,
*%0.001 < p = 0.01, ***p < 0.001, n.s. — means non-significant difference (p > 0.05)

Distance Mean WTD # standard error
from the Applied Mean Mean
contact measure 2011 2012 2013 2014 2013—-
C 2011-2012
line', m 2014
10 peat dams -40.0+4 1 -26.1+4.2 -33.1£3.8 -17.1£3.0 -21.3#4.8 -19.242.8
control -51.0£7.1 -35.44+2.3 -43.2+4.7 -36.4+1.8 -47 444 .9 -42.242.9
difference 11.0£3.6 n.s. 9.3+2.1n.s. 10.1+2.0n.s. 19.3x2.5* 26.1+0.9** 23.0+1.5***
30 peat dams -32.1+3.0 -34.2+2.7 -33.2+1.9 -33.1+£1.9 -36.4+4.7 -34.8+2.6
control -41.3+4.5 -43.4+3.0 -42.3+2 .4 -42.4+1.9 -50.4+4.8 -46.2+2.7
difference 92423 n.s. 92+1.5n.s. 91+2.1n.s. 9.3+1.1** 14.0+0.9* 11.4+1.0**
50 peat dams -32.1£3.0 -35.242.9 -33.742.1 -35.242.6  -41.3#4 4 -38.3+2.6
control -38.4+4 .1 -38.1+3.3 -38.0+2.4 -34.3125 -36.245.3 -35.4+2.8
difference 6.3+1.5n.s. 29+1.5n.s. 43+1.0n.s. -0.941.5n.s. -5.1+1.3 n.s. -2.9+41.0 n.s.
70 peat dams -21.241.3 -23.242.0 -22.2+1.5 -209+2.2  -25.3+3.0 -23.3%+1.9
control -25.3+1.7 -28.242.7 -27.01+2.0 -29.3+2.2  -32.9445 -31.442.5
difference 41+1.6ns. 50+1.3ns 4.8+t1.4n.s. 8.4+0.9* 7.6+2.1n.s. 8.1x1.1**

! for definition see subsection "Assessment of effectiveness of
and Methods section

Figure 8. Monthly water table depth (WTD) fluctuations in
area, where old drainage system was blocked with peat dams
and in an untreated area (control) of Auk§tumala Telmological
Reserve (TR). WTD values obtained at a 10 m distance from
a contact line which is a hither edge of deep water collecting
ditch separating the TR from peat harvesting fields are pre-
sented. Bold vertical line indicates the moment of damming
(November 2012), while dotted horizontal lines show within-
vegetation-season WTD means for pre-damming (left) and
post-damming (right) periods of observation. The means are
significantly different from each other (p < 0.01)
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sites (for example where peat harvesting field is adja-
cent to an existing peatland) are isolated using com-
pacted peat berms (Anonymous 2010). However, al-
most every peatland is unique in its properties and each
needs to be dealt individually. Even within a single
peatland variation will occur, which may demand dif-
ferent approaches (Anonymous 2010).

In Aukstumala case, comparably low water table
level (mostly below -30 cm) found at distances up to
about 100 m from the peat harvesting area indicates
that negative impact of the drainage is affecting large
territories, and if no effective measures to restore
hydrological regime are undertaken, degradation of the
raised bog will likely continue. All three protective
measures applied in the AuksStumala raised bog (PM,
PL and PD) proved to be to a certain extent effective
in isolating the bog from peat harvesting fields and
in controlling hydrological regime. However, this ef-
fect was noticeable just at relatively short distances
from the installed measures and favourable conditions
for the restoration of self-regulating bog could not
always be ensured.

As regards PM measure, in most cases the water
table in a zone of clear influence of drainage (up to about
100 m from the peat harvesting area) has not been raised
to a level higher than -30 cm. The water table lower than
-30 cm is regarded too low for peat accumulation and
preserving/restoration of typical Sphagnum-dominated
raised bog communities (Eggelsmann 1984, Ruseckas
and Grigalitinas 2008, Haapalehto et al. 2011, JaraSius
et al. 2014). At short distances from the contact line (10—
30 m), seasonal water level fluctuation amplitude in the
PM-treated area often exceeded 30 cm keeping condi-
tions for peat accumulation unfavourable (according to
Balyasova (1974) and Eggelsmann (1984), in the undis-
turbed bogs of Europe the amplitude should normally
be within 20-30 cm). Nevertheless, dendrochronologi-
cal analysis showed a clear negative effect of the PM
measure on radial increment of pines growing in a con-
tact zone of the TR and peat harvesting fields indicat-
ing that raised water table is already acting as tree
growth limiting factor (Stravinskiené 2002, Smilijanic et
al. 2014). On the other hand, annual radial increment of
pines after the installation of this measure (about 2.0
mm, Figure 5) was still significantly higher than report-
ed from pines growing in pristine raised bogs of the
north-temperate climate zone (0.41-0.87 mm annual in-
crement was reported by Cedro and Lamentowicz (2008),
Pakalnis et al. (2009) and Smilijanic et al. (2014)). This
suggests that water table has not been raised high
enough by the applied measure to stop bog degrada-
tion processes.

PL means was installed in the degraded part of
the bog, where water table was initially very low. Pres-

ence of the draining ditches in the area likely contin-
ues to facilitate a significant seasonal water loss and
high rates of water level fluctuation. This low water
table in combination with a presence of tree vegeta-
tion (according to Price et al. (2003), trees may increase
the evapotranspirative water losses by as much as
25%) and limited water inflow from outside could be
the factors that have determined rather poor effect of
the “peat lock” measure. On the other hand, mean
observation-period WTD in the treated area, differently
from control, rarely exceeded -50 cm (Table 2), and this
at least may prevent evaporation of osmotic water from
the top peat layer thus slowing-down its mineraliza-
tion processes (Povilaitis et al. 2011). Nevertheless, it
can be concluded that PL treatment alone was not
effective at controlling water regime to the accepta-
ble level.

Ditch blocking using peat dams proved to be ef-
fective only at a short distance (10 m) from the con-
tact line and this could be explained by a relief-medi-
ated high water runoff through the ditch closest to the
contact line prior to its damming. Blocking of this ditch
has helped to significantly raise water table in a zone
of its influence, and even during an extremely dry
season of 2014 water table decreased only few cm
below the critical -30 cm level (Figure 8). At larger
distances from the contact line no significant increase
in water table level was observed following the ditch
blocking (this could be due to a very low precipita-
tion in 2013 and 2014), however at 30 and 70 m dis-
tances the mean post-damming observation-period
WTD was significantly lower compared to the control
site (Table 3). Two years of observation of the effect
of this measure is definitely too short time to draw
clear conclusions, yet the potential of the ditch block-
ing could not be neglected. Positive effect of the ditch
blocking in peatland restoration has widely been ac-
knowledged also by other authors (e.g., Worrall et al.
2007, Haapalehto et al. 2011, Holden et al. 2011, Wil-
son et al. 2011, Priede 2013).

A study performed by Ruseckas and Grigalitinas
(2008) in Kamanos raised bog (Northern Lithuania)
showed that correlation between mean yearly WTD and
annual precipitation in drained sites was stronger
compared to non-drained (pristine) ones. In AukStu-
mala case, however, significant (and very strong) cor-
relation between these two variables was found only
in a control profile of the PL means just at the short-
est (10 m) distance from the contact line. No signifi-
cant correlation was found in PL-treated area and in
both treated and control sites of the PM meansure.
Likely some self-regulation of the hydrological regime
is still present even in the degraded parts of the Au-
kstumala raised bog. The WTD was largely depend-
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ent on precipitation only in the most badly affected
contact zone of the drained bog and peat harvesting
fields characterized by the deepest water table and the
highest amplitude of seasonal water level fluctuation.

Monitoring of vegetation responses to rewetting
in treated areas has been started in 2011, although no
noticeable successions have occurred yet except for
PD-treated area. However, due to the very short ob-
servation period, analysis of results of the vegetation
monitoring is not presented in this paper. Briefly, typ-
ical ombrotrophic species (Sphagnum spp. in particu-
lar) responded positively to the raised water table in
the PD-treated area: a clear shift from domination of
C. vulgaris and B. pendula towards domination of
Sphagnum spp. was observed near the dammed ditches
(at distances up to 4 m) already in two years after the
ditch blocking. Results from Finnish (Haapalehto et al.
2011) and Latvian (Priede 2013) studies suggest that
in raised bog areas rewetted by ditch blocking, the
total cover of Sphagnum mosses might increase up to
50% in a 10-year period. It is obvious that a longer
time series of data is necessary to present vegetation
responses to the increased water table, thus monitor-
ing will continue until it can be shown.

The results of the present study clearly indicate
that aiming to more efficiently regulate hydrological
regime in the drainage-affected parts of the Aukstu-
mala raised bog, blocking or filling of the old drain-
age system should always be applied in combination
with water insulation measures along the contact zone
of the bog and peat harvesting fields. In most degraded
areas, complete or partial removal of woody vegeta-
tion may be recommended to reduce transpiration rates
(Vasander et al. 2003). Longer observation time is need-
ed to fully assess the effect of the installed restora-
tion measures on hydrology and ecosystem function-
ing in the raised bog of Aukstumala TR.
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