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Abstract We studied vegetation dynamics at
peatlands, differing in their climate, land use
management history and vegetation community
in Ireland and Finland over a two-year period.
Our aim was to develop a species-specific method
to be used to (1) describe the seasonal dynamics
of green (photosynthetic) area (GA) of the veg-
etation and (2) incorporate these changes into
CO, exchange models. The extent of temporal
and spatial variation between and within com-
munities indicated the need for a two-step calcu-
lation approach for each community. Firstly, at
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biweekly to monthly intervals, GA of all species
within a range of vascular plant communities was
estimated by non-destructive field measurements.
Gaussian or log-normal models were fitted to
describe the seasonal dynamics of each species.
Secondly, an estimate of community vascular
green area (VGA) was obtained by summing the
modelled daily GA of all species within the
community. The highest values of VGA (2.1-
6.0 m* m~) occurred within the reed communi-
ties at the rewetted cutaway peatland in Ireland
and the lowest at the ombrotrophic lawn com-
munities in Finland (0.5-1.0 m*> m™?). The rela-
tionship  between light saturated  gross
photosynthesis (Pg) and VGA was either linear
or hyperbolic depending on the degree of self-
shading that occurred within each community.
The addition of the VGA term into Pg models
improved the explaining power of the model by
57.6, 24.5 and 23% within the Typha latifolia,
Phalaris arundinacea and Eriophorum angustifo-
lium/Carex rostrata communities, respectively.
VGA proved useful in recording the seasonal
development of a wide range of peatland vascular
plant communities over geographically and
climatically different regions.

Keywords Canopy architecture - Carbon

exchange models - Leaf area index - Pristine
peatlands - Restored peatlands
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Introduction

The role of vascular plant communities in con-
trolling and regulating carbon dioxide (CO,)
fluxes within peatland ecosystems is significant
(Shannon et al. 1996; Thomas et al. 1996; Joabs-
son et al. 1999). During photosynthesis, plants fix
CO, within their photosynthetically active
(green) parts, some of which is either released
back to the atmosphere through respiration or
used to provide the basis for new plant tissue. A
proportion of the carbon (C) fixed as CO,, is
deposited below ground through litter input and
root exudation, where a part is released through
heterotrophic respiration.

In peatlands, the rate of CO, fluxes vary with
the seasonal development of the plants (Alm
et al. 1997; Bubier et al. 1998; Kim et al. 1998;
Tuittila et al. 1999). The photosynthetic capacity
of individual plant species varies as a result of
physiological and morphological factors, such as
differences in the photosynthetic pathway (Kemp
and Williams 1980), and in the size, shape and
orientation of the leaves (Falster and Westoby
2003). These factors, in turn, influence canopy
architecture, the level of light interception and
the degree of carbon assimilation. In multi-lay-
ered plant canopies there is attenuation in the
amount of light that reaches the leaves or plant
individuals at ground level (Valladares and
Pearcy 1999). The effect of this increased self-
shading within the canopy is likely to reduce the
potential photosynthetic rate (Pearcy and
Valladares 1999).

The vegetative cover of peatlands consists of
individual plant species that compete with each
other for resources such as nutrients and light. This
competition results in a range of plant adaptations
and growth strategies such as the production of
evergreen leaves (Small 1972), increased leaf life
span (Robertson and Woolhouse 1984a), rapid
growth rates (Odland 2002), the production of
leaves early in the season (Anten and Hirose 1999)
and shade tolerance (Burrows 1990). Thus, a spe-
cies-specific means of accounting for the dynamic
change in leaf area in an individual plant species
that occurs both temporally and spatially is needed
(Williams and Rastetter 1999). Leaf area dynamics
are influenced by variation in factors such as
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climate, moisture and nutrient supply (Ewert
2004) and since CO, uptake and respiration pro-
cesses are highly sensitive to weather patterns and
the physiological status of the plants during the
growing season (Alm et al. 1997, 1999a; Larmola
et al. 2003), any models of gas exchange dynamics
must include a measure to describe seasonality.

Degree-days and threshold temperatures (Alm
et al. 1997; Trumbore et al. 1999; Tuittila et al.
1999; Kettunen 2000) have been used to incor-
porate seasonality into C exchange modelling.
However, the utilisation of a common tempera-
ture threshold approach does have disadvan-
tages especially in a diverse environment with a
mosaic of plant communities with varying phe-
nological patterns and differential responses to
changes in temperature (Weltzin et al. 2000,
2003).

Leaf area index defined as the functional
(green) leaf area of the canopy per ground area
(Asner et al. 2003) is recognised as an important
parameter in process based models (Cowling and
Field 2003; Ewert 2004) and has been utilised for
decades in agricultural modelling (Wiegand et al.
1979; Cogle et al. 1997; Kashyap and Panda 2003)
and in remote sensing (Curran and Williamson
1988; Spanner et al. 1994; Butson and Fernandes
2004), accounting for differences in patterns of
canopy development among plant species and the
associated effects on assimilation and biomass
growth. Gower et al. (1999) reported a number of
approaches to estimate leaf area. These include
direct methods, such as harvesting of plant
material (Kim et al. 1998; Williams and Rastetter
1999; Moore et al. 2002) and the use of allometric
equations (Haase et al. 1999; Bubier et al. 2003b).
Indirect methods commonly involve the use of an
optical instrument such as a LiCor LAI-2000
(Rudorff et al. 1996; Zhang et al. 2002). While
harvesting measurements are considered to be the
more accurate (Gower et al. 1999) they are not
suitable for CO, exchange studies, where it is
necessary to keep the vegetation intact in order to
follow the seasonal dynamics of photosynthesis
and respiration within a community. Further-
more, Gower et al. (1999) suggested that optical
instruments tend to underestimate LAI when the
foliage in the canopy is non-randomly distributed
(i.e., clumped) and overestimate LAI when there
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are significant amounts of brown plant tissue
present (Rudorff et al. 1996). Griffis and Rouse
(2001) reported the sensitivity of gross photo-
synthesis (Pg), ecosystem respiration (Rtot) and
net ecosystem exchange (NEE) models to small
errors in LAI and highlighted the need for im-
proved estimates of LAI In this paper we de-
scribe a method to calculate a high-resolution
vascular green area index (VGA) based on spe-
cies-specific allometric equations. Such an index
will provide a more accurate determination of
seasonality for a wide range of vascular plant
communities. Furthermore, it will also provide a
means to investigate the relationship between
plant canopy architecture and CO, fluxes that will
further enhance our understanding of plant
dynamics and also improve the functioning of net
CO,; exchange models in peatlands.

Materials and methods
Study sites

The study sites were located at a rewetted cut-
away peatland at Turraun, Co. Offaly, Ireland
(53°14-53°19" N; 7°42’-7°48" W) and Lakkasuo
mire, Finland (61°47" N; 24°18” E). The two sites
differ in their climate, land use management his-
tory and vegetation community composition and
provide a suitable means of testing the applica-
bility of our method.

Climate

Turraun is located within the temperate climatic
zone. The climate is strongly influenced by its
maritime location and proximity to the North
Atlantic Gulf stream (Keane and Sheridan 2004)
and is characterised by prevailing south-westerly
winds, a mean annual rainfall of 804 mm and a
mean temperature range from 7.5°C in January to
19.2°C in July (Met Eireann—Birr Station, 1961—
1990). Lakkasuo is located within the boreal cli-
matic zone. Annual rainfall is 710 mm, of which
about a third falls as snow. Average temperatures
for January and July are—8.9 and 15.3°C (Finnish
Meteorological Institute, Juupajoki weather sta-
tion 1961-1990).

Land use management

Lakkasuo mire is an eccentric raised bog, situated
in central Finland. Its development has been
influenced to a certain extent by disturbances
such as fires and human activities, which have
occurred throughout its 7,000 year history. In
contrast, Turraun has been subject to consider-
able disturbance. Milled peat harvesting ceased in
the 1970s and the vegetation was allowed to
regenerate naturally. The residual peat deposit
ranges from O m to 1.8 m depth and is mainly
composed of Phragmites australis peat with some
woody fen deposits. In 1991, the area was rew-
etted by the blocking of drainage ditches and the
creation of a peat and marl bund.

Vegetation

Turraun is composed of a mosaic of vegetation
communities representing a hydroseral gradient
i.e., the sequence of vegetation communities,
which occur during the transition from shallow
open water at the edge of the lake to drier ter-
restrial ecosystems. These include aquatic reed-
swamp (Typha latifolia L., Phalaris arundinacea
L.), terrestrial (Eriophorum angustifolium Hon-
ck., Carex rostrata Stokes.) and pioneer colonising
communities (Juncus effusus L., Holcus lanatus
L.).

Similarly, in Lakkasuo, a clear hydroseral gra-
dient from the centre to the lagg area with
changing ecohydrological conditions can be dis-
tinguished in the mire. The study was carried out
at three sites, representing mesotrophic, oligo-
trophic and ombrotrophic vegetation types. The
vegetation at the mesotrophic site comprises lawn
and minerotrophic hollow level communities. The
field layer in both cases is characterised by sedges
(Carex rostrata, C. lasiocarpa Ehrh.) and some
herbaceous species, such as Potentilla palustris
(L.) Scop. and Menyanthes trifoliata L. In the
drier lawn surfaces, the moss layer is dominated
by Sphagna (Sphagnum fallax (Klinggr.) Klinggr.,
S. flexuosum Dozy & Molk, S. magellanicum
Brid.), whereas the wetter hollow surfaces have
higher covers of Utricularia intermedia Hayne,
Sphagnum subsecundum Nees and Warnstorfia
exannulata (Schimp.) Loeske. The oligotrophic
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site consists of a fairly homogenous lawn level
vegetation, dominated by Carex lasiocarpa with
some Betula nana L. in the field layer, and
Sphagnum papillosum Lindb., S. fallax and
S. flexuosum in the moss layer. The ombrotrophic
site at the centre area of the bog is a mosaic of
ecohydrological gradients shown as changing
plant communities from wet hollows to interme-
diate lawns and finally to drier hummock com-
munities. Eriophorum vaginatum L., together
with Andromeda polifolia L. and Rubus
chamaemorus L. are the most abundant field layer
species; Sphagnum cuspidatum Ehrh. Ex Hoffm.,
dominates in the moss layer of the hollows,
S. balticum (Russ.) C. Jens in the lawns and
S. fuscum in the hummocks.

Field measurements

In order to determine the area of photosyntheti-
cally active (green) plant material over a defined
ground area within each of the study areas, 3—4
sample plots (60 x 60 cm) were placed within a
range of vascular plant communities. Within each
sample plot, five sub-sample plots (8 x 8 cm)
were established. At biweekly to monthly inter-
vals, the total number of leaves and stems of
individual vascular plant species within the sub-
sample plots were counted and extrapolated to
provide an estimate of the average number of
leaves (L,,) and stems (S,,) of each species per m?.
In sample plots with a relatively low ratio of
plants:ground area (e.g., Typha latifolia, Phalaris
arundinacea and Juncus effusus dominated plots)
the total number of leaves and stems in the
sample plot were counted and extrapolated
accordingly.

As regular handling of the plants in the sam-
ple plot might have resulted in damage to the
plants and disruption of gas exchange, three
plants of each species recorded within the sub-
sample plots were identified outside the main
sample plot and tagged with plastic strips. At
biweekly to monthly intervals, these dynamic
sample plants were measured for the following;
leaf length, width at the base, centre or radius
(depending on the morphology of the plant
species), stem height and diameter. Only green
material was measured.
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Calculation of the green area

The green area (GA) of each species was calcu-
lated as the product of leaf size and number of
leaves. The area of the leaves and stems of the
sample plants was estimated by applying species-
specific formulae (Table 1) based on the geo-
metric shape of the leaf (e.g., ellipse, circle,
rectangle). For species with leaf shapes that did
not conform to strict geometric shapes (e.g.,
Typha latifolia, Phalaris arundinacea) it was nec-
essary to introduce a correction figure in order to
more accurately reflect the shape of the leaf
(Misra and Misra 1981). The green surface area of
the plant stem (if present) was calculated by using
the formula for the surface area of a cylinder as
follows:

Green stem area = (2« xr) * h (1)

where r is the radius and # is the height of the
plant stem. The green area of plants with both a
horizontal growth form and irregular leaf margins
(e.g., Ranunculus repens L.) were estimated from
their percentage cover within the sample plot.
The average leaf (L) and stem areas (S4) of the
sample plants were calculated to provide a rep-
resentative leaf and stem size for each species.
The green area GA of each species i (m*> m™) was
calculated as follows:

GA; = (La * Ly) + (Sa % Sn) )

where L, is the average leaf area of the three
tagged dynamic sample plants (m?), L, is the
average number of leaves per m” S, is the
average stem area of the dynamic sample plants
(m?) and S, is the average number of stems per
m?.

Sampling procedure for method validation

In order to determine whether the leaf area esti-
mated by our method was comparable to the actual
leaf area it was necessary to validate the estimated
values. At bimonthly intervals throughout the
growing season in 2002, leaves from Typha
latifolia, Phalaris arundinacea and Eriophorum
angustifolium were randomly harvested from
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Table 1 Species-specific formulae for the calculation of
leaf area. TR = triangle (0.5*W*L), RA = rectangle
(W*L), CC = cut cone (n*r*L), EL = ellipse (n*ri*r,),
CL = circle (n**), HC = half cone (r*L*n/2) where
W = width, L = length of leaf and r = radius. Formula
for CC is modified to exclude the basal area of the cone.
Model parameters are taken from selected sample plots at

each site. A range of values is shown when the species
appears in more than one study site. Model parameter
GAnax denotes maximal GA reached during the season,
Xmax 1S the Julian day when maximal GA is reached and b
denotes the shape of the model. Goodness of fit (+*) values
for the species-specific models are shown

Species Leaf shape Correction Model parameters
coefficient >
GAmax Xmax b r
(m®> m™) (Julian day)

Agrostis stolonifera® TR 0.15 167 65.4 0.46
Andromeda polifolia® EL 0.05-0.11 196-227 0.18-0.31 0.71-0.92
Betula nana® CL 0.16-0.19 192-199 0.26-0.29 0.69-0.77
Carex lasiocarpa® HC 0.44-2.03 198-210 0.16-0.18 0.74-0.88
Carex rostrata® RA 0.85 0.31-0.78 217-237 37.3-49.7 0.74-0.90
Drosera rotundifolia® CL 0.002 219 171 0.99
Eriophorum angustifolium® RA 0.53 2.33 226 45.5 0.91
Eriophorum vaginatum® HC 0.26-0.89 206-212 0.17-0.21 0.70-0.96
Holcus lanatus® TR 0.14-0.26 263-282 49.6-49.8 0.63-0.98
Hydrocotyle vulgaris® % 0.34 237 16.3 0.75
Juncus effusus® CC 0.98-1.50 179-180 0.33-0.55 0.72-0.80
Juncus stygius® RA 0.04 176 0.23 0.84
Phalaris arundinacea® RA 0.85 2.20-4.96 183-194 43.3-54.4 0.92-0.98
Pinus sylvestris® RA 0.001 183 9.7 0.99
Scheuchzeria palustris® HC 0.06-0.08 222-223 0.10-0.18 0.94-0.97
Trichophorum cespitosum® HC 0.03 146 15.8 0.99
Typha latifolia® RA 0.93 5.61-5.84 188-2014 0.7-49.5 0.91-0.93
Vaccinium oxycoccos® EL 0.03-0.11 190-231 0.29-0.36 0.49-0.75
Viola palustris® CL 0.03 203 26.3 0.93

?Gaussian model (Eq. 3)
"Log-normal model (Eq. 4)

around the sample plots and taken immediately to
the laboratory where the length and width of each
leaf was measured and recorded. The leaves were
then passed through a LI-3000 Portable Area
Meter in combination with a LI-3050A Transpar-
ent Belt Conveyor (LICOR, Lincoln, Nebraska) to
determine the actual surface area (m?) of each
individual leaf (Bianco et al. 2003).

Modelling the annual development of vascular
green area

For most species, seasonal development of green

area (GA;) was unimodal and normally distrib-
uted (Gaussian) with clearly defined maxima:

Daily GA, = GApay o (F05(tmpm)’) (3)

where julian is Julian day, model parameter
GA,,..x denotes the maximal GA of species i

during the season, xp,x denotes the Julian day
when maximal GA occurs and b denotes the
shape of the curve. For some species, the rate of
increase in green area in the spring was greater
than the rate of decrease in the autumn resulting
in a skewed growth curve. For these species, a
log-normal curve was applied as follows:

julian, \ 2
(-05 (‘“(iglw) )
Daily GA; = GApaxe . 4)

In order to capture the seasonal dynamics of
Juncus effusus as accurately as possible, it was
necessary to make the assumption that the end of
the growing season for a temperate evergreen
species, such as Juncus, is likely to occur early in
the spring of the following year. The model fit was
improved by applying it from March in the first
year of the study and it was allowed to run until
the same date in the second year (Fig. 1).

@ Springer



Plant Ecol (2007) 190:37-51

42
4
o
~
—~ 3 f ] o0
% 7o\ A
o I o b
g 27 [ e
\
s P \ lo
g | e ¥ PN
5 19 c/> L4 . ® 9
5 O \ / \
L] / ~
0 o
Mar Jul Nov Jan Mar Jul Nov
2002 2003

Fig. 1 Seasonal development of green area (GA) in
Juncus effusus (solid line) in Turraun and Carex lasiocarpa
(broken line) in the mesotrophic site in Lakkasuo in 2002
and 2003 within a sample plot. Vertical arrow indicates the
point where the model for the second growing season in
Juncus was started

The vascular green area (VGA) within each
sample plot was calculated in order to determine
the total green plant material at a community
level by summing the GA values of the individual
species (GA;) for each Julian day:

Daily VGA = Y~ GA,. (5)
i=1

CO, gas exchange measurements

Each sample plot consisted of a stainless steel
collar (60 x 60 cm) that was inserted to a depth
of 30 cm into the peat prior to the start of the
study. Each collar was topped by a 4 cm wide and
3 cm deep channel that was filled with water to
provide an airtight seal during gas measurements.
Wooden walkways were constructed around each
of the collars to minimise damage to the soil
surface and plant cover.

CO, gas exchange was measured using the static
chamber method at Turraun at weekly to biweekly
intervals from March 2002 to December 2003. The
static chamber system employed in this study
consisted of a transparent polycarbonate chamber
(60 x 60 x 33 cm) equipped with a battery-
operated fan, which ensured that the air within the
chamber headspace was mixed. Transparent
extension chambers (20-150 cm) were used to
facilitate measurements within the taller plant
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communities. The chamber was fitted with a ther-
mostat connected to a cooling apparatus that
ensured that the temperature within the chamber
was maintained to within 1°C of ambient temper-
ature. CO, concentration (ppmv) in the chamber
headspace was measured with a portable CO,
analyser (EGM-2 and 4) (PP Systems UK) and
Photosynthetically Active Radiation (PAR)
(umol m™ s™') was measured by a quantum sensor
(PAR-1. PP Systems) located at the top of the
chamber.

Instantaneous net CO, exchange (NEE) was
measured under stable light (PAR) conditions.
CO, concentration (ppmv) in the chamber head-
space was recorded at 15-s intervals over a period
of 60-180 s. At the same time, air temperature and
PAR values within the chamber were recorded.

After each measurement, the chamber was
vented for a short time by removing it from the
collar. This was carried out in order to ensure
equilibration of the gas concentration. The
chamber was then replaced in the collar and
covered with an opaque material in order to
estimate ecosystem respiration (Rytor). CO,
concentration (ppmv) in the chamber headspace
was again recorded at 15-s intervals over a period
of 60-180s. CO, flux rates (mg CO, m™>h™')
were calculated from the linear change in CO,
concentration in the chamber headspace over
time with respect to the chamber volume and
temperature. Gross photosynthesis (Pg) was
estimated as the sum of NEE and Rtort.

Incorporation of VGA into CO, exchange
modelling

The primary objective of the VGA method is to
improve CO, exchange models by incorporating
the seasonal changes in the green leaf area
available for photosynthesis. The rate of photo-
synthesis (Pg) depends on photosynthetically ac-
tive radiation (PAR). This saturating relationship
between Pg and PAR (Mooney and Ehleringer
1997) is often described using the Michaelis—
Menten function (Alm et al. 1997; Komulainen
et al. 1999; Tuittila et al. 1999; Kettunen 2000):

Pc = Pmax(PAR) * PAR/(PAR + kPAR) (6)



Plant Ecol (2007) 190:37-51

43

where Praxrpar) denotes the maximal PAR
dependent photosynthesis and kpagr is the PAR
value at which Pg reaches half its maximum.

In addition to PAR, the area available for
photosynthesis regulates how efficiently a plant
community can utilise the available PAR. In a
sparse community or community with a highly
organised leaf structure, there is a linear increase
in PAR dependent PG (Pmaxpar)) With increas-
ing VGA (Eq. 7). However, in communities with
self-shading, the PAR use efficiency begins to
decrease after a certain VGA threshold. In those
cases, a saturating response describes this rela-
tionship better (Eq. 8). We applied a multiplica-
tive form of model to describe the simultaneous
effect of PAR and VGA on Pg in a manner
similar to Tuittila et al. (2004).

For communities such as Typha, where self-
shading was observed to be minimal (Fig. 5), we
applied a form:

Pg :Pmax(PAR,VGA) * PAR/(PAR+ kpAR) * VGA
(7)

and for communities such as Phalaris and Erio-
phorum/Carex where self-shading was observed
(Fig. 5) a hyperbolic term (Eq. 8) was added:

PG = Pnaxpar vGa) * PAR/(PAR + kpar)*
(VGA/(VGA + kyga)) (8)

where Prax (paR, vGa) denotes the maximal PAR
and VGA dependent photosynthesis and ky g4 is the
VGA value at which Pg reaches half its maximum.
P parameter values were estimated (Table 2) using
the non-linear Levenberg-Marquardt technique
(SPSS for Windows software package. Version 11.0
SPSS Inc. Chicago. USA), which aims to minimise
the sum of squares error function by an iterative
approach, whereby the initial parameters specified

by the modeller are adjusted until the most likely
parameter values are reached when no further
reduction in the sum of squares takes place.

Results

Validation of the method for estimating leaf
area

A strong relationship was observed between leaf
area values measured in the laboratory and those
estimated based on field measurements for the
three plant species (Fig. 2). Goodness of fit (r°)
values ranged from 0.88 to 0.97 with the closest fit
occurring with the reed species, Typha latifolia
and Phalaris arundinacea. The relationship be-
tween the measured and estimated leaf area val-
ues for Eriophorum angustifolium was not as
strong. The method performed well at low values
(0.01-0.09 m?) but thereafter tended to slightly
underestimate the leaf area. No notable heter-
oscedasity was observed for any of the species.

Estimating the annual development of
vascular green area

The Vascular Green Area (VGA) index varied
between the plant communities. Although the
GA of all species studied had unimodal seasonal
development with clearly defined maxima, the
spring phenology varied between communities.
Under the maritime, temperate conditions at
Turraun, GA values increased early in March in
the reed communities (Fig. 3a, b) and in early
April in the Eriophorum/Carex community
(Fig. 3¢c). In contrast, initiation of growth at the
boreal Lakkasuo was more uniform across all
sites with GA values increasing in May following
snowmelt (Fig. 3d-f). At all the sites studied, GA

Table 2 Estimated parameter values for gross photosynthesis (Pg) models for three sample plots at Turraun, Co. Offaly.

Standard errors are shown in parentheses

Plant community

PraxPar, vaa) (mg CO, m~ h)

kpary (nmol m % s ™) kvGay (m* m™)

Phalaris (P2)
Typha (T1)
Eriophorum/Carex (EC1)

4302 (480.2)
906 (173.8)
3308 (296.2)

383 (82.2) 1.06 (0.21)
337 (176.9) -
406 (80.8) 0.17 (0.04)
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Fig. 2 The relationship between measured and estimated
leaf area (m?) for (a) Phalaris arundinacea (n = 112), (b)
Typha latifolia (n = 112) and (¢) Eriophorum angustifoli-
um (n = 62). Leaves were harvested at Turraun, Co.
Offaly during 2002

values reached a maximum in mid-summer.
Goodness of fit values (r*) for the species GA
models ranged from 0.46 to 0.99 (Table 1). There
was also a range in the model parameter values;
GAax tolerance of the curve b and x,,,, for all
species that were measured at more than one
location. Temporal variability in the date of
maximal GA production was observed with x;.x
in early July within the reed community, late July
at all sites at Lakkasuo and in early August in the
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Eriophorum/Carex community. At all sites, GA
values subsequently decreased in the autumn with
the onset of senescence.

In all sample plots, one species was clearly
dominant and the development of community
VGA was controlled primarily by the contribu-
tion of the GA of this species within each plot
(Fig. 3). Spatial variation in alpha diversity be-
tween study sites was also observed with the
highest species numbers occurring in the meso-
trophic sample plots and the lowest in the reed
community sample plots at Turraun and the om-
brotrophic lawn sample plots at Lakkasuo.

Spatial variation of VGA was observed both
between and within communities at both study
sites (Fig. 4). The highest VGA values occurred in
the TyphalPhalaris communities (Fig. 4a) and
ranged from 2.1 m* m™~ to 6.0 m* m. Consider-
able variation occurred within the Eriophorum/
Carex communities and maximum VGA values
ranged from 02m’m? to 32m’m> At
Lakkasuo, the variation in the rate of the VGA
development and in the timing of the peak season
was small both between and within the plant
communities. VGA followed the ecohydrological
gradient with the mesotrophic site exhibiting the
highest values (1.6-3.3 m* m™), the oligotrophic
site exhibiting intermediate values (0.6-1.9 m* m2)
and the ombrotrophic site exhibiting the lowest
values (0.5-1.0 m* m™). The variation in maxi-
mum VGA was greatest in the mesotrophic site,
owing to the greater number of species. The oli-
gotrophic fen and ombrotrophic lawns were spa-
tially more homogeneous. At Turraun, VGA
values in all communities, with the exception of the
Juncus/Holcus communities, remained at zero
throughout the winter period. At Lakkasuo, no
VGA values were recorded during the winter
period as a result of snow cover on the vegetation.

Canopy architecture and gross photosynthesis

A strong relationship was observed between
VGA and the gross photosynthetic potential
(Pg) of the plant communities (Fig. 5). A lin-
ear relationship was observed between light
saturated Pg (potential Pg measured in full
daylight (PAR > 600 pmol m2s') and VGA
in the Typha communities. In contrast, the
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Fig. 3 Contribution of
species composition to the
annual development of
Vascular Green Area
(VGA) in Turraun, Co.
Offaly (a, b, ¢) and in
Lakkasuo (d, e, f) in 2003.
For clarity purposes, only
one sample plot (in
parentheses) per
vegetation community is
shown. Each species-
specific GA model is
represented by a broken

6 1(a) Typha (T1)
[ )

(d) Mesotrophicfen (MF1)

line that has been fitted to T T
the monthly calculated

GA value of each species
(symbols) within the

sample plot. VGA (solid (\']E
line) is calculated by «
summing the daily )
estimates of the species- s
specific GA models Z
o}
g
E
Q
&
>

() Oligotrophic fen (OF1)

6 ‘(C) Eriophorum | Carex (EC1)

(f) Ombrotrophic lawn (OL1)

relationship between Pg and VGA in Phalaris
communities takes the form of a rectangular
hyperbolic model approaching an asymptotic
maximum. Initially, Pg rates increased rapidly
with a concomitant increase in VGA values but
showed a saturating response to VGA at values
greater than 2. The addition of VGA improved

240 300 360 O 60 120 180 240 300 360
Julian day

the explaining power of P; exchange models
within Typha, Phalaris and Eriophorum/Carex
communities at Turraun by 57.6, 24.5 and 23%,
respectively (Table 3). The combination of
PAR and VGA explained between 82% and
93% of the variation in Pg in these commu-
nities.
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Fig. 4 Spatial variation
of VGA in Turraun, Co.
Offaly (a, b, ¢) and in
Lakkasuo (d, e, f) in 2003.
Each line represents the
VGA of sample plots
within each plant
community. VGA is
calculated by summing
the daily estimates of the
species-specific GA
models within each
sample plot

(a) Typha/Phalaris

(d) Mesotrophic fen

6 1 (b) Eriophorum

2

2

Vascular green area, m” / m

(e) Oligotrophic fen
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oL2

———oL3
5
4 -
3
2 -
-
0 -

0 60 120 180 240 300 360 O 60 120 180 240 300 360
Julian day

Discussion

The species-specific green area approach provides
an opportunity to examine the seasonal dynamics
of a wide range of peatland vascular plant com-
munities over geographically and climatically
different regions and incorporate the seasonal
variation of leaf area into CO, models.

@ Springer

Species-specific GA

Differences in phenological patterns between
plant species make the application of a single type
of model prone to errors. Instead, the use of a
species-specific approach permits the utilisation
of individual models, which can more accurately
estimate the leaf area dynamics of each species
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Fig. 5 Observed
relationship between the
Vascular Green Area
(VGA) and gross
photosynthesis (Pg) in
full daylight (PAR

> 600 umol m~ s7%) in (a)
Typha (sample plot T1),
(b) Phalaris (sample plot
P2) and (¢) Eriophorum/
Carex (sample plot EC1)
in 2003

P, (mg CO,m”h") P, (mg CO,m”h")

P, (mg CO,m”h")

6000

(@) Typha

4000 +

2000 +

6000

4000 -

2000 +
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Table 3 Comparison of the performance of gross photosynthesis (Pg) models for three sample plots at Turraun, Co. Offaly

Plant community df e F ratio
Phalaris (P2)

PAR 2,63 0.624 326.3
PAR + VGA 3,62 0.869 653.8
Typha (T1)

PAR 2,53 0.350 88.6
PAR + VGA 2,53 0.926 78.0
Eriophorum/Carex (EC1)

PAR 2,63 0.587 292.5
PAR + VGA 3,62 0.817 459.8

The first model is based on the Michaelis—-Menten function with PAR as the only explaining variable (Eq. 6). The second
model includes the addition of vascular green area (VGA) as an explaining variable (Eqgs. 7 or 8). Degrees of freedom (df),
goodness of fit (+*) and F ratio values are shown. P values < 0.0001 for all models

under the prevailing climatic and edaphic condi-
tions. As leaf area dynamics are strongly con-
trolled by factors such as irradiation, moisture,
nutrient status and temperature, which in turn are

subject to considerable inter-annual variation, the
VGA dynamics (Fig. 4) and parameter values
(Table 1) reported here apply only to those con-
ditions under which they were measured. As such,
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the models must be re-parameterised for each
year/season. This flexibility can be observed
within our study where the growth patterns of
both the temperate and boreal vascular plants
differed considerably. For most species under the
temperate, maritime climatic conditions of Tur-
raun, the three parameter Gaussian model (Eq. 3)
provided the best fit for the seasonal development
of these plants (Table 1). The symmetrical form
indicated the relative lack of climatic pressure
and corresponds to the seasonal pattern in the
length of daylight. In comparison to the boreal,
the growing season in the temperate zone is
greatly extended and the seasonal dynamics of an
evergreen species such as Juncus do not neces-
sarily conform to a strict calendar time scale. The
fitting of a model for a 12-month period beginning
and ending in spring rather than a January-
December partition enabled the dynamics of this
evergreen species to be captured more accurately
(Fig. 1). In contrast, the growing season of Carex
lasiocarpa in the boreal zone is constrained by
snowfall and low temperature resulting in a short
but intense growing season (Aurela et al. 2004).
Growth in the spring is initiated following the
melting of the snow and GA rapidly increased to
a maximum in mid-summer when photoperiod
was at its greatest. The subsequent decline in GA
that occurs at a slower rate produces a skewed
growth curve and the fitting of a log-normal
model (Eq. 4) is more likely to produce better
estimates. Furthermore, the strategies employed
by the plants growing in different habitats are
likely to play a large role in determining the
parameters for different species. Reeds such as
Typha and Phalaris tend to have fast growth rates
at the beginning of the season (Wetzel and Van
der Valk 1998), an adaptative mechanism in the
competition for light in habitats with high avail-
ability of nutrients. In contrast, Eriophorum/
Carex communities characteristic of nutrient poor
habitats show much slower rates of increase but a
more extended growing season. The continuous
emergence and senescence of shoots throughout
the year in Juncus/Holcus, also reported by
Wetzel and Howe (1999), is similarly a strategy to
lengthen growing season in habitats with low re-
source availability. The production of overwin-
tering leaves by evergreen species can provide a

@ Springer

competitive advantage in the spring (Thormann
and Bayley 1997) and possibly compensate for
relatively low growth rates during the main
growing season (Robertson and Woolhouse
1984b; Greulich and Bornette 2003).

Seasonal development of communities and
VGA

The seasonal development of VGA within our
study sites is in agreement with studies elsewhere
(Kim et al. 1998; Nieveen et al. 1998; Kiki et al.
2001). Most plant communities show an increase in
green area and photosynthetic activity during the
spring as a result of an increase in temperature and
radiation levels towards the peak in mid-summer
(Mooney and Ehleringer 1997). The main advan-
tage of our method is that it provides not only a
means of capturing the phenological variation that
occurs between vascular peatland communities but
that it allows us to assess the variation which occurs
within communities. The results demonstrate that
an individual vascular plant species can show con-
siderable variation in the timing of the seasonal
peak, which may result from the biotic interactions
within communities. The large phenological vari-
ation over relatively narrow spatial distances that
was observed in Turraun, may reflect the dynamic
successional stage of the studied restored cut-away
peatland (Rowlands 2001).

Canopy architecture and VGA

The relationship between canopy architecture
and photosynthesis has been well documented
(Turitzin and Drake 1981; Valladares and Pe-
arcy 1999). In our study, the linear relationship
observed between light saturated P; and VGA
in the Typha plants suggests minimised effects
of self-shading, primarily through the produc-
tion of leaves with almost vertical orientation.
This is in accordance with the observation by
Dykyjova (1973) that the canopy structure and
leaf orientation of Typha allows increased pen-
etration of light, maximising the photosynthetic
potential of the whole plant stand. Similarly,
Bradbury and Grace (1983) suggested almost
uniform distribution of light within stands with
vertically orientated leaves. In contrast, for
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plants like Phalaris there is a maximum VGA
value beyond which any further increase does
not necessarily result in an increased CO, up-
take (Bonan 2002) due to the self-shading of
horizontally orientated leaves.

Incorporation of VGA into carbon gas
modelling

The inclusion of the VGA term to the Pg models
significantly improved the performance of these
models (Table 3). However, as the models were
not tested against independent data (i.e., the same
data were used for model testing) they would
benefit from being employed in other peatland C
studies to assess their performance and ability to
estimate Pg. The necessity of accounting for the
phenology and green area dynamics of the vege-
tation and their influence on CO, exchange rates
has been recognised by other studies (Alm et al.
1997; Trumbore et al. 1999; Griffis et al. 2000;
Roehm and Roulet 2003). The variation in phe-
nology is likely to have a strong influence on C
gas cycling both between and within these com-
munities. Spatial and temporal variations in C gas
fluxes have been widely reported in peatlands
(Shurpali et al. 1995; Lafleur et al. 2003; Bubier
et al. 2003a). Results from this study would sug-
gest that part of the variation is likely to occur as
a result of the cumulative differences in growth
patterns occurring at the species and reflected at
the community level. To obtain improved esti-
mates of C gas exchange it is therefore necessary
to focus on the changes that occur at the species
level. Although our modelling approach com-
bines community Pg measurements with species-
specific development of leaf area, our results
indicate that as a dominant species is the principal
component of VGA (Fig. 3) and is likely to be the
main control on CO, uptake and respiration rates
such an approach is reasonable. Future research
will be required to assess the importance of the
growth dynamics of the dominant species to var-
iation in CO, exchange rates within a particular
peatland community and the contribution of the
other species within the community. Although
we have focused on peatland ecosystems in this
paper, the adoption of the method within
other ecosystems should not present difficulties

although the species number and the density of
community may differ.

Acknowledgements This research was funded by Bord
na Moéna (Ireland). The financial support from the Acad-
emy of Finland (Project code 202424) to EST is acknowl-
edged. DW received additional funding under a Short
Term Scientific Mission from COST ACTION E21.
Grateful thanks to Tom Moore and Mary Quinn, Dept. of
Horticulture, University College Dublin for technical
assistance. We would also like to thank our VGA col-
leagues Mirva Hietala, Anna Laine, Micaela Morero,
Sanna Saarnio, Maria Strack and MikaYli-Petays for dis-
cussion and exchange of ideas and data and an anonymous
reviewer for insightful comments and suggestions on an
earlier draft of the manuscript.

References

Alm J, Talanov A, Saarnio S, Silvola J, Ikkonen E, Aal-
tonen H, Nykanen H, Martikainen PJ (1997) Recon-
struction of the carbon balance for microsites in a
boreal oligotrophic pine fen, Finland. Oecologia
110:423-431

Alm J, Schulman L, Walden J, Nykanen H, Martikainen
PJ, Silvola J (1999a) Carbon balance of a boreal bog
during a year with an exceptionally dry summer.
Ecology 80(1):161-174

Anten NPR, Hirose T (1999) Interspecific differences in
above-ground growth patterns result in spatial and
temporal partitioning of light among species in a tall-
grass meadow. J Ecol 87:583-597

Asner GP, Scurlock JIMO, Hicke JA (2003) Global syn-
thesis of leaf area index observations: implications for
ecological and remote sensing studies. Global Ecol
Biogeogr 12:191-205

Aurela M, Laurila T, Tuovinen J (2004) Interannual var-
iation of the CO, balance in a subarctic fen. In:
Péivinen J (ed) Proceedings of the 12th International
Peat Congress. Wise Use of Peatlands. International
Peat Society, pp 103-108

Bianco S, Pitelli RA, Pitelli AMCM (2003) Estimativa da
area foliar de Typha latifolia usando dimensdes line-
ares do limbo foliar. Planta Daninha 21(2):257-261

Bonan G (2002) Ecological climatology. Concepts and
applications. Cambridge University Press, 678pp

Bradbury IK, Grace J (1983) Primary production in wet-
lands. In: Gore AJP (ed) Mires: swamp, bog, fen and
moor. Ecosystems of the world, Elsevier, pp 285-310

Bubier JL, Crill P, Moore TR, Savage K, Varner RK
(1998) Seasonal patterns and controls on net ecosys-
tem CO, exchange in a boreal peatland complex.
Global Biogeochem Cycles 12(4):703-714

Bubier JL, Bhatia G, Moore TR, Roulet NT, Lafleur PM
(2003a) Spatial and temporal variability in growing
season net ecosystem carbon dioxide exchange at a
large peatland in Ontario, Canada. Ecosystems 6:353—
367

@ Springer



50

Plant Ecol (2007) 190:37-51

Bubier JL, Crill P, Mosedale A, Frolking S, Linder E
(2003b) Peatland responses to varying moisture con-
ditions as measured by automatic CO, chambers.
Global Biogeochem Cycles 17:2

Burrows CJ (1990) Processes of vegetation change. Unwin
Hyman Ltd., 551pp

Butson CR, Fernandes RA (2004) A consistency analysis
of surface reflectance and leaf area index retrieval
from overlapping clear-sky Landsat ETM + imagery.
Remote Sensing Environ 89:369-380

Cogle AL, Rao KPC, Yule DF, George PJ, Srinivasan ST,
Smith GD, Jangawad L (1997) Soil management op-
tions for Alfisols in the semi-arid tropics: annual and
perennial crop production. Soil Tillage Res 44:235-
253

Cowling SA, Field CB (2003) Environmental control of
leaf area production: implications for vegetation and
land-surface modelling. Global Biogeochem Cycles
17(1):1007, doi: 10.1029/2002GB001915

Curran PJ, Williamson HD (1988) Selecting a spatial res-
olution for estimation of per-field green leaf area in-
dex. Int J Remote Sensing 9(7):1243-1250

Dykyjova D (1973) Production, vertical structure and light
profiles in littoral stands of reed-bed species. Hidro-
biologia 12:361-370

Ewert F (2004) Modelling plant responses to elevated
COy: how important is leaf area index? Annal Bot
93:619-627

Falster DS, Westoby M (2003) Leaf size and angle vary
widely across species: what consequences for light
interception? New Phytol 158(3):509-525

Gower ST, Kucharik CJ, Norman JM (1999) Direct and
indirect estimation of leaf area index, fapar, and net
primary production of terrestrial ecosystems. Remote
Sensing Environ 70:29-51

Greulich S, Bornette G (2003) Being evergreen in an
aquatic habitat with attenuated seasonal contrasts — a
major advantage? Plant Ecol 167:9-18

Griffis TJ, Rouse WR, Waddington JM (2000) Scaling net
ecosystem CO, exchange from the community to
landscape-level at a subarctic fen. Global Change Biol
6(4):459-473

Griffis TJ, Rouse WR (2001) Modelling the interannual
variability of net ecosystem CO, exchange at a sub-
arctic sedge fen. Global Change Biol 7(5):511-530

Haase P, Pugnaire FI, Clark SC, Incoll LD (1999) Envi-
ronmental control of canopy dynamics and photo-
synthetic rate in the evergreen tussock grass Stipa
tenacissima. Plant Ecol 145:327-339

Joabsson A, Rgjle Christensen T, Wallen B (1999) Vas-
cular plant controls on methane emisssions from
northern peatforming wetlands. Trends Ecol Evol
14(10):385-388

Kéki T, Ojala A, Kankaala P (2001) Diel variation in
methane emissions from stands of Phragmites australis
(Cav.) Trin. ex Steud and Typha latifola L. in a boreal
lake. Aquat Bot 71(4):259-271

Kashyap PS, Panda RK (2003) Effect of irrigation sched-
uling on potato crop parameters under water stressed
conditions. Agric Water Manage 59:49-66

@ Springer

Keane T, Sheridan T (2004) Climate of Ireland. In: Collins
JF (ed) Climate, weather and Irish agriculture. AG-
MET, pp 27-62

Kemp PR, Williams GJ (1980) A physiological basis for
niche separation between Agropyron smithii (C;) and
Bouteloua gracilis (Cy4). Ecology 61(4):846-858

Kettunen A (2000) Short-term carbon dioxide exchange
and environmental factors in a boreal fen. Verh In-
ternat Verein Limnol 27:1446-1450

Kim J, Verma SB, Billesbach DP (1998) Seasonal variation
in methane emission from a temperate Phragmites-
dominated marsh: effect of growth stage and plant-
mediated transport. Global Change Biol 5:433-440

Komulainen V-M, Tuittila E-V, Vasander H, Laine J
(1999). Restoration of drained peatlands in southern
Finland: initial effects on vegetation change and CO,
balance. J Appl Ecol 36:634-648

Lafleur PM, Roulet NT, Bubier JL, Frolking S, Moore TR
(2003) Interannual variability in the peatland-atmo-
sphere carbon dioxide exchange at an ombrotrophic
bog. Global Biogeochem Cycles 17(2):1036

Larmola T, Alm J, Juutinen S, Martikainen PJ, Silvola J
(2003) Ecosystem CO, exchange and plant biomass in
the littoral zone of a boreal eutrophic lake. Fresh-
water Biol 48:1295-1310

Misra MK, Misra BN (1981) Seasonal changes in leaf area
index and chlorophyll in an Indian grassland. J Ecol
69:797-805

Mooney HA, Ehleringer JR (1997) Photosynthesis. In:
Crawley MJ (ed) Plant ecology. Blackwell Science, pp
1-27

Moore TR, Bubier JL, Frolking SE, Lafleur PM, Roulet
NT (2002) Plant biomass and production and CO,
exchange in an ombrotrophic bog. J Ecol 90:25-26

Nieveen JP, Jacobs CMJ, Jacobs AFG (1998) Diurnal and
seasonal variation of carbon dioxide exchange from a
former true raised bog. Global Change Biol 4(8):823—
833

Odland A (2002) Patterns in the secondary succession of a
Carex vesicaria L. wetland following a permanant
drawdown. Aquat Biol 74:233-244

Pearcy RW, Valladares F (1999) Resource acquisition by
plants: the role of crown architecture. In: Barker MG
(ed) Physiological plant ecology. Blackwell Science,
480pp

Robertson KP, Woolhouse HW (1984a) Studies of the
seasonal change of carbon uptake of Eriophorum
vaginatum in a moorland habitat. 1. Leaf production
and senescence. J Ecol 72:423-435

Robertson KP, Woolhouse HW (1984b) Studies of the
seasonal course of carbon uptake of Eriophorum
vaginatum in a moorland habitat. 2. The seasonal
course of photosynthesis. J Ecol 72:685-700

Roehm CL, Roulet NT (2003) Seasonal contribution of
CO, fluxes in the annual C budget of a northern bog.
Global Biogeochem Cycles 17(1):1029

Rowlands RG (2001) The ecological restoration through
natural revegetation of industrial cutaway peatlands in
Ireland. PhD thesis, Dept. of Environmental Resource
Management, University College Dublin, 243pp



Plant Ecol (2007) 190:37-51

51

Rudorff BFT, Mulchi CL, Daughtry CST, Lee EH (1996)
Growth, radiation use efficiency and canopy reflec-
tance of wheat and corn grown under elevated ozone
and carbon dioxide atmospheres. Remote Sensing
Environ 55:163-173

Shannon RD, White JR, Lawson JE, Gilmour BS (1996)
Methane efflux from emergent vegetation in peat-
lands. J Ecol 84:239-246

Shurpali NJ, Verma SB, Kim J, Arkebauer TJ (1995)
Carbon dioxide exchange in a peatland ecosystem. J
Geophys Res 100(D7):14,319-14,326

Small E (1972) Ecological significance of four critical
elements in plants of raised peat bogs. Ecology
53(3):498-503

Spanner M, Johnson L, Miller J, McCreight R, Freemantle
J, Runyon J, Gong P (1994) Remote sensing of sea-
sonal leaf area index across the Oregon transect. Ecol
Appl 4(2):258-271

Thomas KL, Benstead J, Davies KL, Lloyd D (1996) Role
of wetland plants in the diurnal control of CH, and
CO, fluxes in peat. Soil Biol Biochem 28(1):17-23

Thormann MN, Bayley SE (1997) Aboveground plant
production and nutrient content of the vegetation in
six peatlands in Alberta, Canada. Plant Ecol 131:1-16

Trumbore SE, Bubier JL, Harden JW, Crill P (1999)
Carbon cycling in boreal wetlands: a comparison of
three approaches. J Geophys Res 104(D22):27,673-
27,682

Tuittila E-S, Komulainen V-M, Vasander H, Laine J
(1999) Restored cut-away peatland as a sink for
atmospheric CO,. Oecologia 120:563-574

Tuittila E-S, Vasander H, Laine J (2004) Sensitivity of
carbon sequestration in reintroduced Sphagnum to
water-level variation in a cutaway peatland. Restor
Ecol 12:482-492

Turitzin N, Drake BG (1981) The effect of a seasonal
change in canopy structure on the photosynthetic
efficiency of a salt marsh. Oecologia 48:79-84

Valladares F, Pearcy RW (1999) The geometry of light
interception by shoots of Heteromeles arbutifolia:
morphological and physiological consequences for
individual leaves. Oecologia 121:171-182

Weltzin JF, Pastor J, Harth C, Bridgham SD, Updegraff K,
Chapin CT (2000) Response of bog and fen plant
communities to warming and water table manipula-
tions. Ecology 81(12):3464-3478

Weltzin JF, Bridgham SD, Pastor J, Chen J, Harth C
(2003) Potential effects of warming and drying on
peatland plant community composition. Global
Change Biol 9:141-151

Wetzel PR, Van der Valk AG (1998) Effects of nutrient
and soil moisture on competition between Carex
stricta, Phalaris arundinacea and Typha latifoila. Plant
Ecol 138:179-190

Wetzel RG, Howe MJ (1999) High production in a her-
baceous perennial plant achieved by continuous
growth and synchronised population dynamics. Aquat
Biol 64:111-129

Wiegand C, Richardson AJ, Kanemasu ET (1979) Leaf
area index estimates for wheat from LANDSAT and
their implications for evapotranspiration and crop
modelling. Agron J 71(2):336-342

Williams M, Rastetter EB (1999) Vegetation characteris-
tics and primary productivity along an arctic transect:
implications for scaling up. J Ecol 87:885-898

Zhang Y, Li C, Zhou X, Moore B III (2002) A simulation
model linking crop growth and soil biogeochemistry
for sustainable agriculture. Ecol Model 151:75-108

@ Springer



	A high resolution green area index for modelling �the seasonal dynamics of CO2 exchange in peatland vascular plant communities
	Abstract
	Introduction
	Materials and methods
	Study sites
	Climate
	Land use management
	Vegetation
	Field measurements
	Calculation of the green area
	Sampling procedure for method validation
	Modelling the annual development of vascular green area
	Tab1
	CO2 gas exchange measurements
	Incorporation of VGA into CO2 exchange modelling
	Fig1
	Results
	Validation of the method for estimating leaf area
	Estimating the annual development of vascular green area
	Tab2
	Canopy architecture and gross photosynthesis
	Fig2
	Fig3
	Discussion
	Species-specific GA
	Fig4
	Fig5
	Tab3
	Seasonal development of communities and VGA
	Canopy architecture and VGA
	Incorporation of VGA into carbon gas modelling
	Acknowledgements
	References
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR55
	CR56
	CR57
	CR58
	CR59
	CR60
	CR61
	CR62
	CR63


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


