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Abstract

Abstract

The stored carbon in the soil of peatlands is a result of a long-term imbalance between
the decomposition and the biomass production. Peatlands occur all over the world but
are mainly located in the northern hemisphere. Up to now, peatlands in the Alps have
not received much attention, because they are not the dominant ecosystem. In this
study, we investigated the carbon, water and energy balance of a small-scale fen in the
Italian Alps over four years (2012-2015). During the four-year period, the carbon
fluxes were measured by an eddy covariance system. Over this period, the peatland
was a carbon source based on CO> emissions (net ecosystem exchange (NEE): 103.5,
262.9, 175.7, 1807.7 g C-CO, m? yr!). During a 10-month period, December 2013-
September 2014 a methane analyser was installed at the peatland, which measured

small methane (CH4) fluxes (3.2 g C-CHs m™).

Dissolved Organic Carbon (DOC) plays an important role in the carbon balance of
ecosystems. To assess the DOC fluxes of the peatland the hydrology of the peatland
was modelled with the model GEOtop. GEOtop is a process-based distributed model
of the water and energy budget and was applied for four years. The modelled energy
fluxes are comparable to the fluxes measured by the on-site eddy covariance tower.
The model was able to simulate the volumetric water content temperature accurately
over the four years. During snow cover, the model had difficulties simulating the soil
temperature due to insulation by the snow. In 2014-2015, the DOC concentrations
were measured. The modelled water cycle was used to quantify the loss of dissolved
organic carbon (DOC) and to calculate the carbon balance of the peatland. Based on
the DOC measurements and the modelled discharge, an extrapolation of the DOC
export was made, which resulted in an average loss of DOC 7.7, 12.3, 13.8, 8.0 g C

m2 yr'! over the four years. The combination of the DOC, CO» and CHj4 fluxes indicate

il
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that the peatland is acting as a carbon source for all four subsequent years with a carbon
balance of 112.3, 273.8, 190.8 and 95.3 g C m™ yr'! for 2012, 2013, 2014 and 2015

respectively.

To study the functioning of three different peatlands over the world the NUCOM-Bog
(NUtrient cycling and COmpetition Model) was applied. Bayesian techniques have
been used to calibrate the model for each site specific and for a multi-site calibration.
The combination of site-specific and multi-site calibration has the potential to gain
insights in the functioning of different peatlands and to identify how the vegetation of
peatlands will change over time in respect to climate change. The marginal parameter
uncertainty of the multi-site calibration compared to the site-specific calibration,
indicate that with the multi-site calibration the parameter uncertainty can be reduced

by using information from multiple sites.

v



Chapter 1 Introduction

1 Introduction

1.1  General Introduction

Peatlands occupy only 3 % of the earth surface but store up to 30% of the global soil
organic carbon (Gorham 1991) and are therefore important ecosystems. In the world’s
largest terrestrial soil carbon pool, over millennia peatlands have stored up to 547
(473-621) petagram (1 Pg = 10'5 gram) of soil organic carbon in the form of peat
(Gorham 1991, Yu 2012). This amount is approximately half the amount of
greenhouse gas carbon dioxide (COy) in the atmosphere (Rydin and Jeglum 2015).
The carbon cycle in peatlands involves processes such as net primary production,
which is the difference of the CO; absorbed by plants during photosynthesis, and the
CO; released (respired) by the plant and the soil, as a product of soil decomposition.
Therefore, peatlands played and play an important role in the global carbon cycle.
Peatlands occur all over the world but are mainly located in the northern hemisphere
(Parish et al. 2008, Yu et al. 2010, Schuur et al. 2015). There most research is done on
the vulnerability of the carbon storage in respect to climate change and permafrost
degradation (Frolking et al. 2001, Camill 2005, Dorrepaal et al. 2009). Over the last
decades an increase in interest for the carbon stock and fluxes of tropical peatlands has
been seen (Page et al. 2011, Evans et al. 2014). While other peatlands located on high

altitudes did not receive this increase in interest.

Up to now, peatlands in the Alps have not received much attention, since they are not
the dominant ecosystem (Parish et al. 2008). So far the only research done on alpine
peatlands has been focused on their restoration and management (van der Knaap et al.
2011, Ammann et al. 2013). In the Alps, small peatlands formed in lakes in mountain
saddles, when the glaciers retreated. Over thousands of years, dead plant material has

accumulated in these lakes and has formed layers of dead organic material. In this
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way, the carbon has been stored in these peatlands. The fact that the peatlands are
small in area does not make these peatlands less important. It is therefore important to
understand how these small-scale peatlands function, to see what their current state is
and to identify their threats. Only in this case it is possible to understand how these
alpine peatlands will respond to the current climate change, which is expected to have
a high impact on the temperature and the precipitation of these high altitudes regions

(Beniston et al. 1997, Beniston 2006, IPCC 2007, 2013).

1.2 Aims and Scopes

This study investigates the functioning and the water, energy and carbon budgets of
the Monte Bondone peatland in Italy. The carbon budget in peatlands is mainly
composed of two greenhouse gasses CO2 and CH4 and dissolved organic carbon
(DOC) in stream water. These carbon fluxes were quantified and their seasonal and
annual variability was investigated and correlated with meteorological drivers (e.g.

temperature, precipitation).

This study includes in total 4 years of eddy covariance CO2 measurements, 10 months
of eddy covariance CH4 measurements and 4 years of DOC flux extrapolation via
discharge modelling in addition to meteorological and environmental measurements

over the 4 years (2012-2015).

This study was divided into three sub-projects, each of them with a specific aim:

A) Measure and calculate the carbon dioxide and methane fluxes at the Monte
Bondone peatland site.

B) Use the hydrological model GEOtop to simulate the water balance of the
complete catchment and to analyse the DOC export of the peatland.

C) To increase our understanding of peatland functioning through the model

comparison of different peatland types in different climatic conditions.
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1.3 Thesis Layout

This thesis contains nine chapters, a list of references and three appendices. Following
this present introduction, Chapter 2 is a literature review addressing different types of
peatlands, their importance for the global carbon balance and methods to study the
peatlands. The methodologies used to perform this work and description of the study
sites used are presented in chapter 3. Chapter 4 focuses on three year of carbon fluxes
of an alpine peatland located on Monte Bondone, in the northeast of Italy. Chapter 5
presents a modelling study of the hydrology of the same alpine peatland. In this
chapter, the fluxes from the previous chapter are combined with the modelled
discharge and the measured dissolved organic carbon fluxes. Chapter 6 is dedicated to
the description of the NUCOMBog R package, a software used for simulating
vegetation, water, carbon and nitrogen dynamics in peatlands. In chapter 7 the
previously described software is calibrated for different peatlands and the differences
are discussed, in respect to a multi-site calibration. Chapter 8 presents a general
discussion of this thesis, conclusions, while chapter 9 gives recommendations for
future research. This is followed by the reference list and four appendices, which
include two published papers from the current PhD study, one published paper from
the previous Master studies (but related to this PhD study) and the manual of the

NUCOMBog R package described in Chapter 6.
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2 Literature review

2.1 The carbon balance of peatlands

The stored carbon in the soil of a peatland is a result of a long-term imbalance between
the decomposition and the biomass production between the atmosphere and the
biosphere. This misbalance is called the net ecosystem exchange (NEE), which is the
difference between the gross primary production (GPP) and ecosystem respiration
(Reco). In peatlands due to the waterlogged conditions, the decomposition is lower than
the biomass production. Globally it is estimated that peatlands are currently a net

carbon sinks of around 830 Tg/year of carbon (1 Tg = 10'? gram) (Mitsch et al. 2013).

Other components of the carbon balance are methane (CH4) and dissolved organic
carbon (DOC) fluxes. Under the anaerobic conditions in the soil the decomposition of
organic material generates methane (CHs). The carbon can also be dissolved in water

and be lost via runoff or discharge or streams

2.2 Different types of peatlands

Peatlands are wetlands with at least a 30-40 cm thick peat layer, depending on the
which country’s definition is used (Gorham 1991). They can exist in different types,
based on the local climatic situations and peatlands are therefore region bound. The
different types of peatlands have different origins and function in different ways.
Peatlands can originate in locations where the biomass production is bigger than the
biomass decay. The decomposition of the produced biomass in peatlands is limited,
due to the waterlogged soils (Clymo 2004). Over time, this partially decomposed

material can become a thick layer: this is called peat.

There are different types of peatlands, which will be discussed separately. The driving

factor of which type of peatland can develop is based on the climatic situations



Chapter 2 Literature review

(Gorham 1957, Wheeler and Proctor 2000) and on the geological features of the area
(Wheeler and Proctor 2000). Ombrotrophic peatlands, commonly called bogs, are
rainwater fed and have therefore less nutrients and minerals, while minerotrophic
peatlands, fens, are being fed by water from streams and springs; this water has
percolated through soil and potentially rock, which, depending on the type of soil,
could result in higher levels of nutrients and minerals (Wheeler and Proctor 2000).
These differences in water sources and the dissolved nutrients and minerals result in
different types of vegetation and have therefore different ecosystem dynamics

(Sottocornola et al. 2009).

The geology of the location plays an important role in the hydrology of the area. A
wet area or soil reduces the decomposition, due to anaerobic conditions of the soil.
The slow decomposition can lead to an imbalance between the decomposition and the
biomass production. If the soils are too steep, no water can stagnate and no organic
material accumulate, and therefore no peatland can evolve over time. Since the
biomass production and decomposition are both slow the formation of a peatland takes

thousands of years (Wheeler and Proctor 2000).

2.2.1 Raised bog

Raised bogs are discreet, raised, dome-shaped peatlands, which started as fens but
became, due to their growth in elevation, independent of the ground water (Gore
1983). The main vegetation in raised bogs is Sphagnum mosses. The capitulum, the
growing part of the mosses, is growing upwards and this vertical increase results in
lower parts of the moss becoming buried. Due to a lack of light these parts will die.
These dead plant parts have a high water holding capacity, due to large structural cells
(hyaline cells) which retain the water (Clymo and Hayward 1982). This has the effect

that the raised bogs can hold the precipitation and retard percolation (Gorham 1957).
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These mosses also change the acidity of the peat by taking up cations and secreting H*
ions (Clymo 1964) and thereby decrease the decomposition rate of the peat even more

(Hobbie 1996, Tallis 1998, Lang et al. 2009, Biester et al. 2014).

The surface of raised bogs can be divided in different microforms: hummocks, lawns
and hollows (Tallis 1998). These microforms can be distinguished on the base of their
elevation over the water table: Hummocks are the highest microforms, where hollows
are the lowest and therefore the wettest microforms. Lawns are microforms which are

at an elevation between hummocks and hollows.

2.2.2 Blanket bog

A blanket bog is a type of peatland that as the name suggests, forms a blanket over the
topology and on slopes with a gradient up to 20-25° (Tallis 1998). Blanket bogs
distribution is restricted to climates with high precipitation, cool summers and mild
winters (Hammond 1978). Due to the high precipitation, the minerals in the soil, such
as iron, are dissolved and deposited lower in the soil. This so called iron pan (van
Breemen 1995), forms an impermeable layer and makes the soil therefore much
wetter. Over millennia, under these conditions the peat could accumulate and spread.
The general vegetation of blanket bogs in the northern hemisphere are mainly
graminoids, in particular Molinia caerulea (purple moor-grass) and Schoenus
nigricans (black-top sedge) and blanket bogs have a lower amount of Sphagnum moss
cover compared to raised bogs (Gorham 1957, Sottocornola 2007). The surface of

blanket bog is divided in the same microforms as the raised bog.

2.2.3 Fen
A fen type of peatland is always located in the lowest region of their catchment, a
location where the groundwater and surface water can accumulate. After the last ice

age (110,000 — 11,700 years ago), when the ice retreated, the water stagnated and
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formed lakes in the depressions made by the glaciers. Due to the warmer climate,
plants colonized these newly formed pools. When these plants died off, they sunk to
the bottom of the pool, where, due to the lack of oxygen, they decompose slowly. Over
time this layer of dead organic matter became thicker and thicker. Due to the location
in the catchment, these infilled pools are also dependent on soil water and have
therefore a different vegetation than bogs. In fens, sedges (Carex sp.) and graminoids
(Molinia caerulea and Eriophorum vaginatum) are the most abundant plant species.
Due to the dissolved nutrients and minerals in the groundwater the presence of

Sphagnum mosses is suppressed (Wheeler and Proctor 2000).

2.2.4 Aapa mire

Aapa mire is a Finnish term for a large, complex, cold-climate wetland. These
wetlands are, like fens, depended on soil water and are therefore minerotrophic
(Laitinen et al. 2007). Aapa mires are located in the boreal area, where winter air
temperature can drop significantly below zero degrees Celsius (Parish et al. 2008).
The topography of aapa mires has usually a mosaic of specific topography formed as
a result of frost heaving and the flow of snowmelt water. The topography shows high
(strings) and low regions (flarks). These flarks are much wetter than the strings, where
the water is drained fast. Aapa mires are usually slightly concave (Laitinen et al. 2007)
and due to the very wet condition Sphagnum mosses are located more towards the

edge of the mire, while in the centre mainly sedges are present (Mékild et al. 2001).

2.3 Importance of peatlands

Apart from carbon sequestration peatlands also provide other ecosystem services,
which can have a big impact on the local scale. Peatlands, due to their water
dependency tend to make the local climate cooler and more humid (Parish et al. 2008).

The water dependence also helps to store water and in this way regulate the peak
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discharges after precipitation events, in particular in bogs (Clymo and Hayward 1982,
Tahvanainen 2011, Gao et al. 2016). Peatlands also have the ability to purify the big
amount of water passing through by removing pollutants (Joosten, H., Clarke 2002,

Lavoie et al. 2016).

Peatlands are unique and complex ecosystems and share many attributes with lakes
and with terrestrial ecosystems are have therefore a high biodiversity (Parish et al.
2008). Peatlands are often the last remaining natural areas in degraded landscapes
(Parish et al. 2008), which results in providing havens for biodiversity (Bridgham et
al. 2006). Due to the uniqueness of the peatland ecosystem, peatlands also provide
recreational and cultural services. Another ecosystem service provided by peatlands is
the production of peat. This peat can be harvested and can serve many purposes, so is
peat used for horticulture (Minkkinen et al. 2008, Weissert and Disney 2013,
Woziwoda and Kope¢ 2014), but through combustion peat can also be used as energy
source (Bridgham et al. 2006, Weissert and Disney 2013, Woziwoda and Kope¢ 2014,

Abdalla et al. 2016).

2.3.1 Peatlands under climate change

The soil of the peatlands, in which the carbon is stored, is not a stable storage; the
carbon is particularly vulnerable to climate change (Frolking et al. 2011). Due to
climate change the air temperatures are globally raising and changes in the
precipitation regime are expected (IPCC 2007, 2013). The distribution of the
precipitation is likely to change to more intense periods of rain and longer periods of
drought, so more extreme patterns in dry and wet regions on the planet (Donat et al.
2017). Since peatlands are highly dependent on water, the effects of the changes in
precipitation can play a big role, in both the plant productivity as the decomposition

of the peat (Ise et al. 2008, Fenner and Freeman 2011). When the soils of the peatlands
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become drier due to less precipitation and longer periods without precipitation, more
oxygen can reach the peat and this will result in higher decomposition rates
(Minkkinen et al. 2008, Juszczak et al. 2013, Moore et al. 2013, Petrescu et al. 2015,
Miller et al. 2015, Bragazza et al. 2016). The effect of the drier soils on the plant
productivity is less frequently measured, however a general trend of reduced plant
productivity can be seen (Frolking et al. 2011). On the other hand, a drop in water
table depth below 20 cm will result in a decrease in CH4 emissions, due to oxygenation
of the carbon (Jungkunst et al. 2008, Couwenberg et al. 2010, Mitsch et al. 2013,
Andersen et al. 2013, Gong et al. 2013). In peatlands where the water table is low, a
raise in water table will reduce the CO2 emissions and will also lead to changes in the
vegetation composition and can therefore even reverse the net ecosystem carbon
balance (Hendriks et al. 2007, Waddington et al. 2015). A raise in water level will
result to an increase in bryophyte and a lower vascular plant cover, in particular
Sphagnum mosses (Potvin et al. 2014, Jarveoja et al. 2016). These mosses are known
to be hard to decompose due to their high recalcitrance (Andersen et al. 2013), and
will therefore result in a positive effect on the peat depth and hence stored carbon in
the soil. A raise in water table could also result in more runoff and therefore a removal
of organic matter through Dissolved Organic Carbon (DOC) in the water (Strack et al.
2008). The uncertainty in the range and sign of the changes in the precipitation regime
makes it difficult to predict the impact on a global scale. On a plot or ecosystem scale
the changes in precipitation regime might change the carbon balance from a carbon

sink to a carbon source (Li et al. 2007, Frolking et al. 2011).

The expected temperature rise will lead to an increase in evapotranspiration and an
increase in soil temperature. The increase in soil temperature will result in higher soil
respiration due to higher microbial activity (Kirschbaum 1995, Dorrepaal et al. 2009,

Smith and Fang 2010, Bond-Lamberty and Thomson 2010, Blok et al. 2016, Bragazza
9
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et al. 2016, Wilson et al. 2016, Wohlfahrt and Galvagno 2017). The increase in
evapotranspiration will result in a lowering of the water table (Roulet et al. 1992,
Moore et al. 2013) and will therefore also result in higher soil respiration due to
oxidation of the peat (Bond-Lamberty and Thomson 2010). The increase in
temperature will likely result in a higher productivity due to a higher vascular plant
cover (Moore et al. 1998, Buetal. 2011). Expected is that the respiration will be bigger
than the higher net primary production, changing from carbon sink to carbon source,

which will intensify climate warming by positive feedback (Bu et al. 2011).

Globally the effects of climate change can be predicted, but at finer resolutions the
effects are more uncertain. For example, the climate scenarios for mountainous
regions are not in line with each other. There is evidence that there is Elevation-
Dependent Warming (EDW, Giorgi et al. 1997, Beniston et al. 1997, Beniston 2006,
Eccel et al. 2012, Pepin et al. 2015), but for every mountainous area the drivers can be
different (Beniston et al. 1997, Im et al. 2010, Pepin et al. 2015). For each site the
topography, slope, aspect and exposure is different, which results in different scales
of warming. For example, shorter snow cover results in a decrease in albedo, which
will result in an increase in surface absorption of the incoming radiation and therefore
an increase in air temperature. The daily mean air temperature at 2 metre above a
snow-covered is 0.4°C colder than over an not snow-covered area (mean value for
1961-2012 in Switzerland, (Scherrer et al. 2012), for more examples and mechanisms,
see Pepin et al. (2015)). Despite the uncertainties in the climate change scenarios, it is
important to know and understand what any possible effects of climate change can be

and how ecosystems will respond.

Climate change can turn peatlands from a carbon sink to a carbon source, i.e. changing

from a net uptake of carbon to a net emission of carbon. However, climate change is
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a rather slow process and due to the changes in precipitation and temperature, the
vegetation of peatlands is likely to change (Bauer et al. 2007, Sottocornola et al. 2009,
Taylor et al. 2016). Lower water table values can facilitate the invasion of shrubs and
tree species in peatlands (Stine et al. 2011, Blok et al. 2011, Holmgren et al. 2015,
Bart et al. 2016, Kamocki et al. 2016). The encroachment of the woody plants will
lead to the soils becoming drier due to higher transpiration by trees (Lewis et al. 2013,
Woziwoda and Kope¢ 2014). These drier soils will positively feedback more woody
plant species invading, eventually turning these ecosystems into grasslands and/or

forests depending on the local climate (Dieleman et al. 2015).

Even if the general response of global peatlands to climate change is likely to be small,
the change in net greenhouse gas emissions may persist for centuries (Frolking et al.

2011).

2.3.2 Disturbances of peatlands

Apart from climate change also human have caused disturbances on peatlands. Peat
can be used for many purposes, such as a fossil fuel and for horticultural purposes
(Bridgham et al. 2006, Minkkinen et al. 2008, Weissert and Disney 2013, Woziwoda
and Kope¢ 2014, Abdalla et al. 2016). Peatlands are also converted to agricultural
fields or to forests for wood production through drainage and fertilization. Drainage
ditches are dug, normally a combination of closely spaced plough furrows and more
widely spaced deep (0.5 — 2.0 m) ditches are used (Lewis 2011). An effect of these
drainage ditches is the lowering of the water table, which makes the peatlands easier
to access by machineries. However due to the drainage also the soil respiration
increases (Hatala et al. 2012), the vegetation changes (Talbot et al. 2014, Gatis et al.
2016) and the stability of the soil decreases, which can lead to erosion (Minkkinen et

al. 2008, Frolking et al. 2011, Zanello et al. 2011, Haahti et al. 2016) and peatland
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subsidence (Couwenberg et al. 2010, Zanello et al. 2011, Hatala et al. 2012, Potvin et

al. 2014, Harpenslager et al. 2015b).

2.3.3 Mechanisms of restoration

Nowadays the importance of peatlands in relation to carbon stocks and emissions is
better known and attempts are being made to restore the managed, harvested and
drained peatlands. Several techniques are involved in restoring the peatlands to “re-
establish self-regulatory mechanisms that will lead back to functional peat
accumulating ecosystems” (Quinty and Rochefort 2003). As an initial step, the
drainage ditches are being closed so that the water table can rise and the soil respiration
is lowered (Taylor et al. 2016). By doing so plant species which are not adapted to
high water table will die and less management has to be performed (Bellamy et al.
2012). Natural revegetation of peatlands by mosses is a slow process due to the low
growth rate of the mosses (Quinty and Rochefort 2003). When the managed peatland
has been used as agricultural field, first the nutrient rich topsoil has to be removed, to
remove the added fertilizer and nutrients (Harpenslager et al. 2015b). When the
peatland is completely harvested and the drainage has been blocked the site is usually
left to restore (e.g. Hendriks et al. 2007, Aslan-Sungur et al. 2016). The North-
American approach to peatland restoration is based on the use of donor peat for the
restoration of reclaimed peatlands (Quinty and Rochefort 2003, Strack et al. 2015,
Murray et al. 2017). This technique aims to speed up the process of making the
peatland a carbon sink again, by transferring the top layer of a pristine, intact peatland
to the degraded or reclaimed peatlands (Strack et al. 2015, Murray et al. 2017). This
technique is not widely used yet, but the initial results indicate that this technique can
be potentially used to turn degraded or reclaimed peatlands into peat accumulating

peatlands again.
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2.4 Methods to study the carbon balance in peatlands

2.4.1 Eddy covariance

The method used in this project to study the ecosystem greenhouse gas exchange is
the eddy covariance technique. “The eddy covariance method provides measurements
of gas emission and consumption rates, and also allows measurements of momentum,
sensible heat, and latent heat (e.g., evapotranspiration, evaporative water loss, etc.)
fluxes integrated over areas of various sizes” (Burba 2013). This technique was
proposed around 1950 and but experienced a rapid growth since 1990 (IRRI 2012),

with a maximum of around 6000 articles published in 2015 (Figure 2-1).

Google scholar search for 'eddy covariance’
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Figure 2-1 Number of occurrences with the keyword “Eddy covariance” on Google scholar (data until 05/02/2017
used)

An eddy covariance system consists in two fast response instruments that have to be

combined: a 3D sonic anemometer and an infrared gas analyser (IRGA). The
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anemometer measures the turbulent movements of the air, the so called eddies (Figure

2-2)

Figure 2-2 Representation of the eddies over a forest, where an eddy covariance tower is located (Burba 2013)

The IRGA has a path along which specific gas molecules are measured. This path can
be either open or ‘enclosed’. Two examples of instruments are the LI7500, and LI7200
(both manufactured by Licor, Lincoln, NE, USA). On one side of the path a laser is
located while on the other side the detector is located. Every time the laser hits a
specific gas molecule, in the case of these two sensors, CO2 and H>O, a fraction of the
energy of the laser beam is absorbed. By calculating how much energy is absorbed,

the amount of CO; and H>O molecules in the air can be measured.
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Figure 2-3 Drawing of the LI7550Rs, Open path InfraRed Gas Analyser. 1) Laser source and detector 2) open
path with laser beam 3) scratch-resistant lenses 4) chopper motor and chopper wheel. (source:
http://www.licor.com/)

Both the anemometer and the gas analyser have to work very fast, since air movements
are fast, in particular when the eddies are very small. Therefore, both instruments are
usually measuring at a 10-20 Hz range. The fluctuations around the mean of the wind
speed, direction and the concentrations of CO2 and H2O in the air are correlated with
each other. In this way, the fluxes of the gasses are measured, a flux is the transfer of
a quantity per unit area per unit time. The raw 10 Hz data is averaged on site to half-
hourly data, the standard for flux data. Many types of software are available to further
process the raw data (e.g. EddyPro, TK3, EddyUH). With this software, the raw data
can be corrected and filtered. The eddy covariance techniques measures the net

ecosystem exchange (NEE). This can be expressed in the following formula:

NEE = GPP + R, 2.1
in which GPP is the Gross Primary Production and Reco, ecosystem respiration. In this
thesis, the atmospheric sign convention is used, so a negative sign of the flux
represents an uptake by the ecosystem. Due to this used convention, the GPP values

are negative and the Reco values are positive.
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As a guideline the instruments have to be set up at least 1.5 m above the surface and
1,5-2 times the height of the canopy (Burba 2013), in this case the eddies can fully
develop. The height of the instruments should also not be set too high, since the eddy
covariance system measures the fluxes transported by wind. If the instruments are too

high, the footprint of where the fluxes originate can be outside of the region of interest.

One of the main strengths of the eddy covariance technique is that minor disturbance
of the measured ecosystem is involved. Another advantage of this technique is that the
measurements are done on ecosystem-level and that the technique is working around
the clock with minor maintenance. While with other techniques such as chamber
measurements, only a part of the ecosystem is measured and only short periods of
measurements can be done. Nevertheless, do both techniques provide an insight in the

functioning of the ecosystem, but on different spatial and temporal scales.

The eddy covariance technique is based on a number of assumptions. These are: 1) the
air is properly mixed. This assumption does not always hold since during night time
the atmosphere might become very stable, due to no incoming radiation and reduced
wind speeds (Massman and Lee 2002). The air might become stratified, and no mixing
will occur. This cause of disturbances can be reduced by a proper setup of the eddy
covariance system and a prior check of the wind speeds. In case of stable condition,
the anemometer will not be able to measure eddies and therefore the data cannot be
used. The friction velocity, u*, is used to discriminate between ‘good’ and ‘bad’ night-
time flux data. The filter can be applied when there is a clear correlation between the
friction velocity and the night-time flux data (Papale et al. 2006). When the night-time
fluxes are depended on the friction velocity it means that the air is not properly mixed
below this friction velocity (Aubinet et al. 2012). 2) The eddies need to be able to

reach the anemometer and the gas analyser without any obstruction. 3) The
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instruments are positioned in such a way that the footprint of the tower is the area of
interest. 4) The terrain is horizontal and uniformed, when the terrain is uneven the
eddies cannot fully develop or do not reach the tower. 5) Instruments should be able
to measure at a high frequency, in this way also the small, high frequency eddies can

be measured.

Before the data can be analysed and processed via specific software the data needs to

be filtered, the data needs to be filtered for:

1) The quality flag of the fluxes, if this quality flag is different from 0 or 1 (“0” means
high quality fluxes, “1” means fluxes are suitable for carbon budget analysis)

(Moncrieff et al. 2004);

2) Fluxes, which were measured when the atmosphere was stable. The fluxes with a
friction velocity, u*, lower than a pre-calculated value during night-time (PAR < 20

umol m2s!) (Papale et al. 2006);

3) Fluxes when the CO» mixing ratio, the concentration of CO»> in the air, was smaller

than 250 or bigger than 500 umol mol! (ppm);
4) Fluxes when the CO» fluxes are above or below pre-set seasonal thresholds;

5) Fluxes when less than 70 % of the fluxes originated from inside the peatland (the
footprint can be calculated by using the footprint model of Kljun et al. (2004). The
data that is filtered out, cannot be used for further analysis and is therefore coded

missing.

2.4.1.1 Gap filling missing data
Gaps in the data might occur due to several reasons; malfunctioning of the system,
power outage, disturbance in the path of the IRGA or the data is coded missing because

of specific filters used in the software to process the data. Several techniques to fill
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these gaps can be used, ranging from simple techniques such as linear interpolation to
very complex algorithms, such as artificial neural networks (Zhao and Huang 2015).
In the global eddy covariance flux measurement network, FLUXNET (Baldocchi et
al. 2001), the data is gap filled by using a look up table gap filling technique
(Reichstein et al. 2005). In this technique, missing values are replaced by the average
value under similar meteorological condition. The window in which the method is
looking for similar results is 7 days; if there are no similar conditions found the method
increased the window with steps of 7 days. The environmental factors used for the gap
filling are: Global radiation, Temperature (soil or air), relative humidity, Vapour
pressure deficit (VPD) and u* (friction velocity). This gap filling technique has also
the option to partition the measured NEE into GPP and Rec, (see equation 2.1). With
the gap filled data a continuous dataset is created, which can be used to calculate
annual carbon balances, interannual variability of ecosystems or serve as an input for

model exercises.

2.4.2 Peatland models

Another method to study ecosystems is by using computer simulations. These models
are simplified and abstracted representations of reality. A review of literature reveals
a wide range of models from simple models, in which the processes are simplified.
Due to this ‘simplicity’ the models are also computational fast and can be used to
simulate the formation of peat over millennia (e.g. Bog growth model (BGM, Clymo
1984) and the Holocene peat model (HPM, Frolking et al. 2010)). On the other side in
more complex models more biological processes are incorporated and also more
realistic specified (e.g. Peatbog (Wu and Blodau 2013) and McGill Wetland Model
(MWM, St-Hilaire et al. 2010)). Due to their complexity the models are
computationally slower, but the models can represent the biological processes on a

sub-daily or even sub-hourly time step, for example to models that simulate vegetation

18



Chapter 2 Literature review

changes due to nutrient and light competition (NUCOM-Bog (Heijmans et al. 2008)).
The choice of model depends on the requirements of the user, as increasing model
complexity is generally associated with an increase in cost in terms of data
requirements, user input and computational power. The advantage of using models is
that the user can simulate a complete ecosystem without having to manipulate the
ecosystem itself. Despite the fact that models are a representation of the reality, more
insights in the functioning of the system can be gained by implementing them. The
dynamics in peatlands are slow and with the help of models, a long period of time can
be simulated in a shorter time step. By using models, the effects of climate change
and/or management techniques on the vegetation and carbon dynamics can be

investigated.

Since peatlands are highly dependent of water, peatland models need to incorporate
the hydrology of the peatlands. The catchments where the peatlands are located are
too big to conduct extensive field experiments and with the use of models, future
scenarios can be investigated. Therefore, hydrological models have to be used.
Hydrological models which simulate the soil-vegetation-atmospheric interactions
(SVAT, such as GEOtop (Rigon et al. 2006)) can be used to assess the impact of

hydrological changes on the water balance of peatlands.
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3 Materials and Methods

3.1 Site descriptions

3.1.1 Monte Bondone

The main site used in this thesis is a fen type of peatland in the Italian Alps. This
peatland is located on a plateau, Viote, on the Monte Bondone mountain, near Trento,
in the Italian Alps (latitude 46°01'03 N, longitude 11°02'27 E) (Figure 3-1). The
peatland is located on an altitude of 1563 m asl and is located in a relict glacial lakebed
that was formed during the last ice age (Cescatti et al. 1999). The average annual
precipitation during 1958-2008 was 1290 mm yr™! with an average air temperature of
5.4 °C (Eccel et al. 2012). During winter, the peatland is typically covered by snow
from late October-beginning of November till early May. On the east side of the
peatland a mountaintop, Palon (2090 m asl), is located. From this mountaintop, all
precipitation enters the peatland, either via runoff or via seepage. In the peatland, there
are two distinct entry points of seepage, which result in two superficial streams, these

two streams merge into one stream that flows out of the peatland (Figure 3-2).
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Figure 3-1 An overview of Monte Bondone site. The names refer to the sites of which data has been used. Giardino
Botanico and Viote are two meteorological towers of Meteo Trentino. Grassland is an eddy covariance tower
located at an alpine grassland (Marcolla et al. 2011, Sakowska et al. 2015),; Peatland is the location of the eddy
covariance tower at the peatland. The plotted contour lines have an interval of 10 meters

In 1914, 0.35 hectares of the peatland was harvested for burning by removing the peat
top layer (Cescatti et al. 1999), which is still visible today (Figure 3-2). This area is
mainly covered by Campylium stellatum, Scorpidium cossonii and Carex rostrata
today. The depth of the complete peatland ranges from 0.82 m at the border (Cescatti
et al. 1999, Zanella et al. 2001) to 4.3 m in the centre (Dalla Fior 1969). Recent
measurements have indicated that in the centre of the peatland the mineral soil can be

as deep as 7 meters (data not shown).
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Figure 3-2 Aerial view of the peatland site, with in blue the areas where peat extraction has taken place in 1914.
The highlighted area is 0.35 hectares. the turquoise line is a stream running through the peatland

3.1.1.1 Vegetation

The vegetation of the area is very heterogeneous: the areas closest to the eddy
covariance tower are mainly dominated by Molinia caerulea forming big tussocks,
while in the depressions the main vegetation consists of Carex rostrata, Valeriana
dioica, Scorpidium cossonii and scattered Sphagnum spp. The southwestern area of
the peatland is dominated by Eriophorum vaginatum, with high tussocks of Carex
nigra covering the lower areas. Sphagnum spp. as well as Trichophorum alpinum and
Drosera rotundifolia occur close to the outflow stream. In the eastern part of the
peatland, between the two inflow streams, there are some short hummocks with
Calluna vulgaris and Sphagnum section acutifolia. At this part of the peatland, there

is no influence from the incoming streams.
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3.1.1.2 Instrumentation

Since the summer of 2011 at the centre of the peatland a four-meter tower was
operational. On this tower multiple meteorological sensors were installed. A shielded
probe (Rotronic M103A, Bassersdorf, Germany) measured air temperature and
relative humidity at 2 metre height. The incoming and outgoing, shortwave and far-
infrared radiation were measured by a CNR1 (Kipp & Zonen, Delft, the Netherland).
The incoming Photosynthetically Active Radiation (PAR) was measured by a LICOR
190SZ sensor (Licor, Lincoln, NE, USA). All these radiometers were positioned on a

horizontal side arm of the tower at a height of 3.5 metre above the soil surface.

On the first of July in 2012 an STPO1 sensor (Hukseflux Thermal Sensors B.V, Delft,
the Netherlands) was installed, which measures the soil temperature along a profile at
2, 5,10, 20 and 50 cm depth below the surface. Soil temperature was also measured
with four T107 temperature probes at 2 and 5 cm depth (Campbell Scientific, Logan,
UT, USA), under a tussock of M. caerulea and under a C. vulgaris shrub. In the same
locations as the T107, two volumetric water content probes (CS616, Campbell

Scientific, Logan, UT, USA) were also buried at a depth of 5 cm.

Until the 16th of December 2013, the precipitation data from a meteorological station,
located 400 meters away, was used (Meteo Trentino, station name: Giardino Botanico
(46°01'18 N, 11°02"23 E)). Later it was measured on site with a heated tipping bucket
rain gauge (model 52202 from Young, Traverse City, MI, USA). The snow height and
the fresh snow density were measured at another Meteo Trentino weather station

(Monte Bondone — Viote 46°00'49 N, 11°03'17 E) on the same plateau as the peatland.

All meteorological data was collected once a minute on a data logger (CR3000,
Campbell Scientific, Logan, UT, USA) with a multiplexer (AM16/32, Campbell

Scientific, Logan, UT, USA) and averaged or summed to half-hourly values.
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The water table depth of the peatland was measured at 4 positions in the peatland, two
at each inlet of water, one at the outflow and one at 3 metres distance from the tower
with a pressure transducer (Dipper-PT, SEBA Hydrometrie GmbH & Co., Germany).
The pressure transducer was installed inside a perforated pipe on the 14 of May 2014.
The water level was measured every half-hour. The data of the pressure transducer

was collected on an internal Flash memory card and downloaded at regular intervals.

Besides the meteorological sensors, the tower was equipped with an eddy covariance
system mounted at 1.6 m above the soil surface. The system, consisting of a LI7500
open path CO2/H>O gas analyser, a L17200 enclosed path CO2/H20O gas analyser (both
from Licor, Lincoln, NE, USA) and a R3-100 3D sonic anemometer (Gill instruments,
Lymington, Hampshire, UK), all operating at 20 Hz. In December 2013, a LI7700
open path CO; analyser (Licor, Lincoln, NE, USA) was also installed at the same

height. For more information about the used instruments, see chapter 4.3.

3.1.1.3 Water samples

Water samples were taken to analyse the Dissolved Organic Carbon (DOC) and Total
Dissolved Nitrogen (TDN) of the water, DOC can play a big role in the carbon
footprint of ecosystem (Strack et al. 2008, Gielen et al. 2011). The water samples were
taken from the autumn of 2014 to the early summer of 2015 (Table 3-1) at three

locations (Figure 3-2).

Table 3-1 Date the water samples were taken. On each day at the three locations the water was collected.

02-09-2014 15-01-2015
11-09-2014 02-02-2015
02-10-2014 18-03-2015
29-10-2014 09-04-2015
18-12-2014 29-04-2015
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At each date samples were taken at the two inflows of the peatland and at the outflow,
in this way the net DOC and TDN loss could be qualified. The samples were collected
in plastic bottles (Figure 3-3) and transported to the laboratory. At the laboratory each
sample was filtered with a Millipore System, using Isopore™ Membrane filters 0.4
um (Merck Millipore, Billerica, MA, USA), to make sure that no plant material or
debris was in the sample. The filtered samples were then frozen at -20 °C, and later
shipped to the department of agricultural sciences of the University of Bologna for

further analysis.

At the University of Bologna the samples were melted and well mixed. From each
sample a 2 ml aliquot was taken, where 30ul of 2M HCIl was added. To eliminate
inorganic C the samples were sparged for 3 minutes. After this step 50 pl of each
sample was inserted in a TOC-V-RMN1 Shimadzu analyser and combusted at a
temperature of 720°C. At least three measurements of organic carbon and total
nitrogen (mineral and organic dissolved N) are performed of the same sample (a
minimum of three to a maximum of five in order to have the lowest coefficient of

variation among three measurements).

The concentration of C and N (mg L!) are calculated against the two calibration curves
(0-10 mg L' of C or N). The calibration curves are regenerated every time the furnace
is renewed, however, in every sequence of samples at least three standards are

analysed with the same condition of the samples.
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Figure 3-3 Bottles used to collect the water at the peatland site

The TDN in all streams was low; in stream 3 the TDN was lower than stream 2 (Figure
3-4). The average amount of TDN over this 9-month period is 0.19 mg/L, 0.34 mg/L
and 0.26 mg/L for stream 1, 2 and 3 respectively. There was no significant difference
(p>0.5) between the nitrogen going in and out the peatland. Compared to the DOC the
nitrogen did not show seasonal dynamics around the time of snow arrival and
snowmelt, the Total Dissolved Nitrogen was fairly constant over the measured period

(Figure 3-4).
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Figure 3-4 Total Dissolved Nitrogen in water sampled during 2014 and 2015 at two inflows/seepage (stream I and
2) and one outflow (stream 3). The snow height in mm is plotted with red dots.

3.1.1.4 Soil samples

Soil samples were collected on 3-4 July 2014 under all nine main vegetation types
occurring in the fen (Figure 3-5). At each point, three soil samples replicates located
at 1 m distance were collected at different depths (0-5, 50-55 and 100-105 cm). The
shallow samples at 0-5 cm were taken with Eijkelkamp soil core sampler rings
(diameter 5 cm, height 5 cm, volume 98 cm3), while at the depths of 50-55 and 100-
105 cm the samples were collected with an Eijkelkamp split tube sampler (Eijkelkamp,
Giesbeek, the Netherlands, same dimensions as the soil core sampler rings). No
samples were taken in plant tussocks. For an elaborate explanation of the methods

used to measure the Carbon/Nitrogen ratio and the Bulk density, see chapter 5.3.3.
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Figure 3-5 Overview of peatland with in the location of the eddy covariance tower (red), the stream (turquoise)
and sampling points of the bulk density and carbon nitrogen ratio (light blue).

For hydraulic modelling hydraulic conductivity of the soil is a very important
parameter. Hydraulic conductivity is a measure of how fast the water flows through a
certain length of soil. In literature different methods are used to measure the hydraulic
conductivity, such as the standing pipe technique (Hvorslev 1951) and Modified Cube
Method (MCM, Beckwith et al. 2003). An advantage of the MCM over the standing
pipe technique is that with MCM both the horizontal and the vertical hydraulic
conductivity can be measured. Therefore in this study a modified method is used after
Lewis et al. (2012), where the samples were covered with paraffin instead of gypsum.
In August 2014 in total 5 plots were sampled, based on the biggest ranges of bulk
density (Assouline 2006), and at each plot two samples were taken (0-10 and 40-50
cm depth). To reduce the damage to the peatland a square metal tube (12x12 cm) with
a cutting edge was drive into the peatland to a depth of 70 cm. The tube was pulled

out and due to the saturation of the peat the sample stayed in the sampler during the
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retrieval. After retrieval of the column, samples at the mentioned depths were cut with
a blunt knife. The samples were stored in a plastic bag and a container before being
transported to the laboratory. Immediately after returning to the laboratory the cubes
were cut to the correct size (10 by 10 by 10 cm) and sealed with molten paraffin (see
Figure 3-6). To assure a good seal, the cubes were dipped into paraffin until the
thickness of the paraffin was around 1 cm. The hydraulic conductivity was measured
in the same way as is written in Lewis et al. (2012), but with a constant pressure head

of 7 cm. The saturated hydraulic conductivity was calculated by using Darcy’s law:

Q*L
Ksar =

A = Ah
in which, K is the saturated hydraulic conductivity (m s), Q is the discharge (m?® s~

1, L is the length of the sample (m), A is the area of one open side of the cube (m?),

and Ah is the difference in head between the top and bottom of the sample (m).

Figure 3-6 Two cubes of paraffin covered peat blocks of 10¥10*10 c¢m used for the measurement of hydraulic
conductivity.
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3.1.2 Glencar

The Glencar site is an Atlantic blanket bog located in the Southwest of Ireland (51°55°
N latitude, 9°55° W longitude, 150 m asl) (Sottocornola and Kiely 2010b). Mean
annual temperature is 10.5 °C and mean annual precipitation is 2571 mm, where the
summers are drier than the winters (McVeigh et al. 2014). The site is divided into four
microforms based on their relative elevation: hummocks, high lawns, low lawns, and
hollows. The distribution of the microform composition inside the eddy covariance
footprint was estimated as 6% hummaocks, 62% high lawns, 21% low lawns, and 11%
hollows (Laine et al. 2006). Vascular plants cover about 30% of the bog surface, with
the most common species being Molinia caerulea, Calluna vulgaris, Evica tetralix,
Narthecium ossifragum, Rhynchospora alba, Eriophorum angustifolium, Schoenus
nigricans, and Menyanthes trifoliata. The bryophyte component is not widespread,
about 25% of the bog surface, and the principal species include a brown moss,
Racomitrium lanuginosum, and Sphagnum mosses, covering about 10% each, so that
large areas of the peatland are covered by bare soil (Sottocornola et al. 2009, McVeigh
et al. 2014). At the Glencar site, an eddy covariance tower has been operational since
2003. For more information about the Glencar wetland, see McVeigh et al. (2014). In
chapter 7 the monthly meteorological and eddy covariance data from the site from
2003-2012 is used, and meteorological data from a nearby meteorological station at

Valentia (30 km west of the site, Met Eireann) from 1939 - 2003 is used.

3.1.3 Mer Bleue

The Mer Bleue peatland is a 2,800 ha ombrotrophic raised bog located in the Ottawa
River Valley, 10 km east of Ottawa, Ontario, Canada (45.40° N longitude, 75.50° W
latitude, 69 m asl). Mean annual temperature is 6.3 °C and ranges from —10.5 °C in
January to 21.0 °C in July. Mean annual precipitation is 943 mm, 268 mm of which

falls during the summer months (Bubier et al. 2006). During winter the snow cover
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usually lasts from December to March with a maximum height of 0.6 and 0.8 m

(Lafleur et al. 2003).

The dominant vegetation of Mer Bleue are mosses, Sphagnum angustifolium, S.
rubellum, S. magellanicum, sedges, Eriophorum vaginatum, and shrubs,
Chamaedaphne calyculata, Ledum groenlandicum, Kalmia angustifolia, and
Vaccinium myrtillodes. On the site is a small fraction of trees (Larix laricina, Betula
papyrifera, and Picea glauca) (Lafleur et al. 2001, Letts et al. 2005). At the Mer Bleue
site, an eddy covariance tower has been operational since 1999. For more information
about Mer Bleue, see Roulet et al. (2007). In chapter 7 the monthly meteorological
and eddy covariance data from the site from 1999-2013 is used, and meteorological
data from a nearby meteorological station at Ottawa International Airport (15 km

south-west of the site, Environmental Canada) from 1939 - 1999 is used.

3.2 Pre-processing meteorological data

In case of missing meteorological data at the Monte Bondone peatland site (26% of
the total, due to malfunctioning of the sensors or power shortage), the data were
replaced by data from a nearby (500 meters horizontal distance) meteorological and
eddy covariance tower located in a nutrient poor grassland (Marcolla et al. 2011,
Sakowska et al. 2014). Because the towers are close to each other, no significant
differences in temperature, PAR and relative humidity were found. Since the grassland
tower is located on a different slope the precipitation data of the grassland was not
used. For soil temperature a difference was expected between the grassland and the
peatland, but there was a highly significant correlation between the half-hourly values
from the two sites for all depths (R? > 0.95). If data were missing from the grassland
site too (0.9 %), they were replaced by data from the two close Meteo Trentino

meteorological stations (Giardino Botanico and Viote). The Giardino Botanico station
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is located on the same slope as the eddy covariance tower and therefore the
precipitation data of the Giardino Botanico station was used to fill the gaps. Soil
temperature was not measured at these stations, but since no gap exceed 5 hours, gaps

in the peatland time series were filled with linear interpolation.

The monthly data from Glencar (2003-2013) and from Mer Bleue (1999-2013) are
downloaded from FLUXNET and are already gap filled and the NEE is partitioned
into GPP and Reco, this data is used for the model exercise with NUCOMBog (chapter

3.4.2 and chapter 7).

3.3 Eddy covariance

All Eddy covariance data collected were analysed using the EddyPro Software
(version 5.1.1, LICOR, Lincoln, NE, USA). In this software, many filters are available
and this program provides an easy interface for the user to implement specific filters.
In this section only the filters used in this work are presented, for more details about
the filters and the software please refer to the manual of EddyPro, which is available
on the website of LICOR (www.licor.com). As already presented, it is possible that
the fluxes or the measurements are affected by disturbances, to make sure that the used

data is as clean as possible the following filters and corrections are applied.

Since for the eddy covariance a R3-100 3D sonic anemometer (Gill instruments,
Lymington, Hampshire, UK) is used, a correction of the angle of attack for wind
components has to be applied. Nakai and Shimoyama (2012) have shown that, after
testing in a wind tunnel and on a meadow, the ultrasonic anemometers of Gill
introduces errors depending on the angle of attack. This error affects “the heat, water
vapor, and carbon fluxes, not only over forests and agricultural fields but also over
smooth surfaces such as grasslands, wetlands, and tundra bogs” (Nakai and

Shimoyama 2012).
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For the open path InfraRed Gas Analyser (LI17500, LICOR) another correction has to
be applied. After extensive testing a heating effect of the surface of this instrument
was found, due to the electronics and the solar radiation loading (Burba et al. 2008).
In particular in cold conditions, this heating changes the density fluctuations of the
greenhouse gasses, which indicate an uptake of CO2 during off-season periods. The
Webb-Pearman-Leuning correction, WPL, is a technique to compensate for this

heating effects (Webb et al. 1980).

Other options set for the calculation of the fluxes were the flagging policy and how
the footprint of the flux tower was estimated. During this thesis the 0-1-2-system was
used to indicate the quality of the fluxes (Foken et al. 2004), where “0” means high
quality fluxes, “1” means fluxes are suitable for carbon budget analysis and “2” means

fluxes that should be discarded.

The footprint prediction described by Kljun et al. (2004) was used, this method
accounts for the roughness length of the vegetation and provides a fast and precise

algebraic footprint estimation.
The processed fluxes were consecutive were coded missing when:

1) their quality flag was 2, which indicate “fluxes that should be
discarded”;

2) the friction velocity, u*, was lower than 0.2 m s during night-time
(Papale et al. 2006). The data was considered night-time when the
Photosynthetic Active Radiation (PAR) was below 20 umol m2 s, At
night-time, with a low friction velocity the atmosphere is becoming too
stable to measure eddies, the air is therefore not well mixed and

stratification might occur;
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3) the CO; mixing ratio of the air was smaller than 250 or bigger than 500
umol mol;

4) the CO; fluxes were above or below seasonal thresholds (see chapter
4.8);

5) less than 70 % of the fluxes originated from inside the peatland.

Due to malfunctioning of the system and the subsequent filtering of the data, gaps
occur in the data. To get an annual balance these gaps need to be filled. In this study
the gaps are filed by using the online Reichstein tool (Reichstein et al. 2005; URL:
http://www.bgc-jena.mpg.de/bgi/index.php/Services/REddyProcWeb). In  this
technique, missing values are replaced by the average value under similar
meteorological condition. The window in which the method is looking for similar
conditions is 7 days, if there are no similar conditions found the method increased the
window with steps of 7 days. As a temperature input, soil temperature was used, since
the snow cover in winter isolates the soil and as a subsequence, the soil does not freeze.

This results in the continuation of biological processes going on in the soil.

3.4 Models

3.4.1 GEOtop

GEOtop is a process-based distributed model of the water and energy budget (Rigon
et al. 2006). It requires a digital elevation model (DEM) to detail the topography, soil
type, vegetation and river networks, also meteorological data is needed to calculate
the water and energy balance of the given catchment. The model needed the following
meteorological input: precipitation, air temperature, wind speed, wind direction,
incoming short- and longwave radiation, which were all measured at the eddy
covariance tower in the peatland (Pullens et al. 2016b). GEOtop incorporates

precipitation and evapotranspiration to calculate storage, runoff and seepage. To
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model the horizontal and vertical movement of the water in the soil a fully three-
dimensional description of the Richards’ equation is used (Endrizzi et al. 2014). For
this model exercise the authors used GEOtop version 2, which also models freezing
soils (Dall’Amico et al. 2011) and a multi-layered snow cover (Endrizzi et al. 2014),
which is desirable for the site since it receives snow every winter. The GEOtop model

is used in chapter 5, where more details about the model are provided.

3.42 NUCOM-Bog

In this thesis we will use the R package entitled NUCOMBog (Pullens et al. 2016a),
which incorporates the NUCOM-Bog (NUtrient cycling and COmpetition Model
(Heijmans et al. 2008)). The NUCOM-Bog model is derived from earlier NUCOM
models (Berendse 1988, van Oene et al. 1999), the model simulates vegetation and
carbon dynamics in peat bogs on a monthly time step. In the model, five plant
functional types (PFTs) are represented: graminoids, shrubs, hummock, lawn and

hollow mosses, where all PFTs compete for light and nitrogen (Figure 3-7).

As an input the model needs monthly precipitation, air temperature and potential
evapotranspiration (Penman 1948), as well as annual ambient CO» concentration and
nitrogen deposition. The model returns the monthly composition of the vegetation, the
net ecosystem exchange, gross ecosystem production and heterotrophic respiration;
also the water table depth is returned every month. The model is described in more

details in Chapter 6 and 7.
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Figure 3-7 Schematic representation of NUCOM-Bog (adapted from Heijmans et al. 2008)

3.5 Calibration of NUCOM-Bog

In total the NUCOM-Bog model has too many parameters to be used in a model
calibration exercise ( >150 parameters) (Heijmans et al. 2008), therefore first a
sensitivity analysis was performed. A sensitivity analysis indicates which parameters
are the most sensitive, i.e. the parameters whose variation, even small, cause the bigger
changes in the model output. This information is needed to get an idea of which
parameters are the most important and allows us to focus the calibration effort on these
parameters. The Morris function of the R-package “sensitivity” (Saltelli et al. 2008)
which implements the Morris's elementary effects screening method (Morris 1991,
Campolongo et al. 2007) is used. The Morris function ‘walks’ through the complete
parameter range for each parameter specified, changing one parameter at a time (OAT-
method). This function creates a Latin Hypercube with all the parameter combinations
and subsequently starts running the model with all the parameter value sets. From the

outputs of the model runs, the sensitivity of the model to different parameters are
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derived. The most sensitive parameters will be used in the model calibration, since

these parameters are the most important for the model outcome.

The aim of the calibration is to find the parameter distribution with the lowest
mismatch with the data, therefore a Bayesian algorithm will be used, in this case, the
DE-zs algorithm is used (Ter Braak and Vrugt 2008). DE-zs stands for Differential
Evolution Markov Chain with a snooker updater, the algorithm starts with a set of
parameters taken from the prior distribution. The prior distribution should not be taken
too wide, since it might not have biological meaning and might not result in
convergence of parameters (Gelman and Rubin 1992). From this initial set randomly
sets are taken and these are the starting point of the Bayesian calibration. This method
searches for the parameter distribution of all parameters, which returns the highest

negative log likelihood:

L(6]D) « p(D|6)

in which L is the likelihood of a set of parameters (8), given outcome (D) is equal to

the probability (p) of the observed outcome (D) given the parameter values (0).

The DREAM algorithm runs a set number of parallel chains and during the run shares
information among the parallel chains so that the proposal densities of randomised
jumps are adjusted, resulting in accelerated movement of the MCMC chains towards
an equilibrium (Vrugt et al. 2009). This equilibrium has the smallest log likelihood

and hence the smallest error between the model and the data.

The DREAM algorithm is implemented in the R package “Bayesian Tools”, which is

available on CRAN (Hartig et al. 2017).
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4.1 Abstract

It is widely known that peatlands are a significant carbon (C) stock. Most peatlands
are located in boreal and subarctic regions of the northern hemisphere but some occur
also at high altitude and, contrary to the first; their contribution in terms of carbon
sequestration is far less studied. In the Alps, there are numerous small peatlands, which
are threatened by increasing temperatures and an alteration of their water balance. The
aim of this study was to investigate the carbon fluxes of a small-scale fen in the Alps

over three years (2012-2014).

During the study period, the peatland experienced a high interannual variation in
weather conditions while it acted as a carbon source based on CO2 emissions (NEE:
180.7 £ 65.2 g C — CO2 m2 yr'!) for all three years. This was mainly due to the short
net C uptake period (73 £ 7 days) and high respiration. Ecosystem respiration and
summer gross primary production were both very high compared to other peatlands
around the world and compared to a nearby low productive grassland. In wintertime,
the soil did not freeze, resulting in a slow decomposition of the organic matter. Low
methane fluxes were recorded during a 10-month measurement campaign, for a total
of 3.2 g C — CHs m? over the December 2013-September 2014 period. Our findings
suggest that the interannual variability of temperature and soil water content exert a
strong influence on the carbon balance of peatlands of the Alps and that could further

worsen depending upon the magnitude of climate change.

4.2 Introduction

Peatlands contain the largest terrestrial soil carbon (C) pool in the world (Gorham
1991). Northern peatlands store an estimated 547 (473-621) PgC (Yu et al. 2010),
which is around 20 % of the total amount of global soil organic carbon (IPCC 2007),

despite covering only about 3% of the land surface. Peatlands occur globally; however
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the biggest and most studied areas are located in the northern hemisphere (Parish et al.
2008, Yu et al. 2010, Schuur et al. 2015). Most of researched peatlands are in high
latitude regions and these peatlands are studied for the vulnerability of their carbon
storage, the effects of climate change and permafrost degradation (Frolking et al. 2001,
Camill 2005, Dorrepaal et al. 2009). Peatlands have been accumulating carbon for
thousands of years. The decomposition of plant material is very slow due to the
waterlogged soils and high recalcitrance of present Sphagnum mosses. The carbon can
be released as the greenhouse gasses carbon dioxide (CO2), methane (CH4), or as
Dissolved Organic Carbon (DOC) in waterbodies. Methane is only produced under
anaerobic conditions (Wang et al. 2013). The emission of CO; in peatlands is has been
linked to the presence of plants with aerenchyma, a tissue that can conduct methane
from the soil to the atmosphere (Van Den Pol-Van Dasselaar et al. 1999, Carmichael
et al. 2014). Aerenchyma tissue can be found mainly in sedges, so a high sedge
abundance could potentially be an indicator of high methane emission (Smith 1970,
Gebauer et al. 1995). It is estimated that peatlands contribute to around 33% of the

annual global methane efflux (ca 645 Tg CO; year’!, (Carmichael et al. 2014)).

Due to climate change, pristine peatlands can be potential carbon sources (Drdsler et
al. 2008, Dorrepaal et al. 2009, Bond-Lamberty and Thomson 2010, Frolking et al.
2011, Lawrence et al. 2013). The general global response of peatlands to climate
change is hard to predict due to the uneven distribution of peatlands over the world, in
addition to this only the most accessible peatlands are studied (Frolking et al.
2011).Warmer temperatures could lead to an increase in plant growth (net primary
production, NPP) and an increase in ecosystem respiration (Reco) (Beer and Blodau
2007, Smith and Fang 2010, Gong et al. 2013). The different magnitudes of these two
contrasting fluxes could change peatlands from a carbon sink to a carbon source

(Dorrepaal et al. 2009, Bond-Lamberty and Thomson 2010, Lawrence et al. 2013). A
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difference in annual precipitation could result in a drop in the water table depth which
will trigger faster decomposition of stored carbon, since more peat can be decomposed
under aerobic conditions and simultaneously a reduction in CO> emissions (Jungkunst
et al. 2008, Couwenberg et al. 2010, Mitsch et al. 2013, Andersen et al. 2013, Gong et
al. 2013). On the contrary a rise in water table depth can reduce the decomposition
(Murphy et al. 2009), increase the NPP (Sonnentag et al. 2010), with a positive effect
on carbon accumulation, but with a negative effect in terms of increased CO:

emissions (Lawrence et al. 2013, Petrescu et al. 2015, Vanselow-Algan et al. 2015).

To measure the net ecosystem CO: exchange (NEE) at an ecosystem level, the eddy
covariance (EC) micrometeorological technique is typically used. This technique
allows to measure turbulent fluxes, which are exchanged between vegetation canopy
and the atmosphere (Baldocchi 2003). The advantage of this method is that it
continuously measures the fluxes over a long period of time (years or even decades)
and in a non-destructive way. In this way, the dynamics of ecosystems can be
investigated and followed over time. NEE can then be partitioned to calculate the gross

primary production (GPP) and ecosystem respiration (Reco).

As highlighted by Drdsler et al. (2008) measurements need to be done at different
peatland ecosystems, to reach a better understanding of, and to upscale the greenhouse
gas balance of peatlands regionally and/or globally. The difficulty with upscaling is
that peatlands occur in different types: e.g. fen, aapa mire, blanket bog and raised bog,
which are reliant on different water and nutrient sources, ombrotrophic (rainwater fed)
vs minerotrophic (groundwater fed) (Wheeler and Proctor 2000). The differences in
water sources, the dissolved minerals and nutrients can lead to different plant
communities and therefore a different greenhouse gas balance. Measurements on

pristine peatlands indicate that these untouched peatlands are mainly acting as a CO>
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sink (34.9 to 329 g C-CO, m yr'!) and as a methane source (3.2 to 32 g C-CO> m? yr-
" (Roulet et al. 2007, Nilsson et al. 2008, Aurela et al. 2009, Lund et al. 2009, 2010,
Béckstrand et al. 2010, Sottocornola and Kiely 2010a, Sonnentag et al. 2010, Koehler
et al. 2011, Beetz et al. 2013, Wu et al. 2013, McVeigh et al. 2014, Petrescu et al.
2015). On the contrary drained and managed wetlands often act as a CO; source
(Hatala et al. 2012, Beyer and Hoper 2015). Many factors are influencing the carbon
balance, such as: vegetation, hydrology, ground water level (Murphy et al. 2009),
human disturbance (Hendriks et al. 2007) and climatic variability (McVeigh et al.
2014). Peatlands with a high cover of bryophytes and a low cover of vascular plants,
show lower GPP than peatlands with a high vascular plant cover (Beetz et al. 2013).
Since peatlands are rather widespread, the climatic conditions are very important. A
comparison of different peatlands can provide more information why some peatlands

are bigger carbon sources than others (Drosler et al. 2008).

In the Alpine area, numerous small peatland fens are present. In the Alps the climatic
conditions for these fens to develop into raised bogs are rare. This results in an infilling
of non-peatland plant species (trees and grasses) into the peatland. The peatland fens
in the Alps are being threatened by rising temperatures and changes in their
precipitation regime (Beniston et al. 1997, IPCC 2007, 2013, Im et al. 2010, Eccel et
al. 2012, Steger et al. 2013, Pepin et al. 2015). The predicted changes in precipitation
can be opposite of sign and different in magnitude. Alpine fens are already
experiencing modifications due to climate change with an acceleration of the infilling
with trees (Stine et al. 2011). This is leading to the invasion of non-peatland plants
typical of drier ecosystems that are turning the peatlands into grasslands and forests,
with a consequent loss of both their stored soil carbon and their biodiversity (Stine et
al. 2011). Tree encroachment for example is more persistent with global warming than

it is with summer drought, while a combination of the two results in tree-dominated
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peatlands (Heijmans et al. 2013, Holmgren et al. 2015). Despite the risks and the
regular occurrence of peatlands in the Alps, their carbon and water cycle has been
poorly studied because peatlands represent a small part of the dominant ecosystems in
the Alps (Parish et al. 2008). To our knowledge the only research on Alpine peatlands
focused on their restoration and management (van der Knaap et al. 2011, Ammann et
al. 2013) while no attempt was taken to measure the carbon fluxes with an eddy

covariance system.

The objectives of this paper are (i) to investigate three years of carbon and methane
fluxes of a peatland in the Italian Alps, (ii) to study the inter annual variability of the
carbon fluxes and (iii) to compare the fluxes of this alpine peatland with other

peatlands.

We hypothesize that the peatland will be a small carbon sink, since the vegetation of
the peatland grows very fast during the growing season. We assume that the carbon
taken up during this period is more than the carbon released over the rest of the year,
particularly when the peatland is covered with snow and all biological processes are
slowed down or stopped. We also think that the peatland will have high methane

fluxes, since the peatland has a high coverage of sedges.

4.3 Materials and Methods

43.1 Site

The study site is a 10 hectares minerotrophic relatively nutrient poor fen located at
1563 m a.s.l. on the Monte Bondone plateau (Figure 4.1), near Trento, in the Italian
Alps (latitude 46°01'03 N, longitude 11°02'27 E). The peatland is placed in a relict
glacial lakebed, that was formed during the last ice age (Cescatti et al. 1999), in a
saddle shaped valley with a mountain top on the eastside (Palon, 2090 m a.s.1., Figure

4.1a). The runoff of the complete watershed flows on deep impermeable morainic
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strata, which result into seepage into the fen (Cescatti et al. 1999). This seepage enters
the peatland through two inflow streams; from the fen the water discharges in a stream
(Figure 4.1). The average annual precipitation during 1958-2008 was 1290 mm year™!
with an average air temperature of 5.4 °C (Eccel et al. 2012). The snow-free period

typically lasts from early May to late October-beginning November.

The vegetation of the area is very heterogeneous: the areas closest to the tower are
mainly dominated by Molinia caerulea forming big tussocks, while in the depressions
the main vegetation consists of Carex rostrata, Valeriana dioica, Scorpidium cossonii
and scattered Sphagnum spp. The southwestern area of the peatland is dominated by
Eriophorum vaginatum, with high tussocks of Carex nigra covering the lower areas.
Sphagnum spp. as well as Trichophorum alpinum and Drosera rotundifolia occur
close to the outflow stream. In the eastern part of the peatland, between the two inflow
streams, there are some short hummocks with Calluna vulgaris and Sphagnum section

acutifolia. At this part of the peatland, there is no influence from the incoming streams.

In 1914, 0.35 hectares of the peatland was harvested for burning by removing the peat
top layer (Cescatti et al. 1999), this is still visible today (Figure 4.1b). This area is
mainly covered by Campylium stellatum, Scorpidium cossonii and Carex rostrata
today. The depth of the peat ranges from 0.82 m at the border (Cescatti et al. 1999,

Zanella et al. 2001) to 4.3 m in the centre (Dalla Fior 1969).
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Figure 4-1 Top left) The location of the Peatland in respect to the topography of Italy, top right) An overview of
Monte Bondone site. The names refer to the sites of which data has been used. Giardino Botanico and Viote are
two meteorological towers of Meteo Trentino. Grassland is an eddy covariance tower located at an alpine
grassland (Marcolla et al. 2011, Sakowska et al. 2015); Peatland is the location of the eddy covariance tower at
the peatland. The plotted contour lines have an interval of 10 meters. Bottom) aerial view of the peatland site, with
in blue the areas where peat extraction has taken place in 1914. The highlighted area is 0.35 hectares. the turquoise
line is a stream running through the peatland.

4.3.2 Meteorological data

A four-meter tower was installed in the summer of 2011 at the centre of the peatland.
The tower was equipped with multiple meteorological sensors. A shielded probe
(Rotronic M103A, Bassersdorf, Germany) measured air temperature and relative
humidity at 2 metre height. The incoming and outgoing, shortwave and far-infrared
radiation were measured by a CNR1 (Kipp & Zonen, Delft, the Netherland), while the
incoming Photosynthetically Active Radiation (PAR) was measured by a LICOR
190SZ sensor (Licor, Lincoln, NE, USA). All radiometers were positioned on a

horizontal side arm of the tower at a height of 3.5 metre above the soil surface.
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The soil temperature was measured along a profile at 2, 5, 10, 20 and 50 cm depth
below the surface with a STPO1 sensor (Hukseflux Thermal Sensors B.V, Delft, the
Netherlands) from the 1st of July 2012. Soil temperature was also measured with four
T107 temperature probes at 2 and 5 cm depth (Campbell Scientific, Logan, UT, USA),
under a tussock of M. caerulea and under a C. vulgaris shrub. In the same locations as
the T107, two volumetric water content probes (CS616, Campbell Scientific, Logan,

UT, USA) were also buried at a depth of 5 cm.

A heated tipping bucket rain gauge (model 52202 from Young, Traverse City, MI,
USA) measured precipitation. This instrument was installed on the 16th of December
2013. Before then, the data from a meteorological station, located 400 meters away,
was used (Meteo Trentino, station name: Giardino Botanico (46°01'18 N, 11°02'23
E)). The snow height and density were measured at another Meteo Trentino weather
station (Monte Bondone — Viote 46°00'49 N, 11°03'17 E) on the same plateau as the

peatland.

All meteorological data was collected once a minute on a data logger (CR3000,
Campbell Scientific, Logan, UT, USA) with a multiplexer (AM16/32, Campbell
Scientific, Logan, UT, USA) and averaged or summed to half-hourly values. Missing
meteorological data (26% of the total, due to malfunctioning of the sensors or power
shortage) were replaced by data from a nearby (500 meters horizontal distance)
meteorological and eddy covariance tower located in a nutrient poor grassland
(Marcolla et al. 2011, Sakowska et al. 2014). Since the towers were very close to each
other, no significant differences in temperature, PAR and relative humidity were found
(data not shown). Since the grassland tower is located on a different slope the
precipitation data of the grassland was not used. For soil temperature a difference was

expected between the grassland and the peatland, but there was a highly significant
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correlation between the half-hourly values from the two sites for all depths (R? > 0.95).
If data were missing from the grassland site too (0.9 %), they were replaced by data
from the two close Meteo Trentino meteorological stations (Giardino Botanico and
Viote, Figure 4.1a). The Giardino Botanico station is located on the same slope as the
eddy covariance tower and therefore the precipitation data of the Giardino Botanico
station was used to fill the gaps in the precipitation data. Soil temperature was not
measured at these stations, but since no gap exceed 5 hours, gaps in the peatland

timeseries were filled with linear interpolation.

The water table depth of the peatland was measured at 3 metres distance from the
tower with a pressure transducer (Dipper-PT, SEBA Hydrometrie GmbH & Co.,
Germany). The pressure transducer was installed inside a perforated pipe on the 14t
of May 2014. The water level was measured every half-hour. The data of the pressure
transducer was collected on an internal Flash memory card and downloaded at regular

intervals.

4.3.3 Carbon and methane fluxes measurements

Besides the meteorological sensors, the tower was equipped with an eddy covariance
system mounted at 1.6 m above the soil surface. The system, consisting of a LI7500
open path CO2/H>0O gas analyser, a LI7200 enclosed path CO2/H>O gas analyser (both
from Licor, Lincoln, NE, USA) and a R3-100 3D sonic anemometer (Gill instruments,
Lymington, Hampshire, UK), all operating at 20 Hz. In December 2013, a LI7700
open path CH4 analyser (Licor, Lincoln, NE, USA) was also installed at the same
height. The data from both the LI7200 and LI7700 was collected and stored in an
Analyser Interface Unit (LI7550); the data from the LI7500 was collected by
Scanemone software (University of Tuscia, Italy) and stored on an industrial PC.

Because both the LI7500 and the LI7200 were simultaneously operational, the signal
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from the anemometer was split into a digital and an analogue signal: the digital signal
was collected by the LI7550, where the data was combined with the data from the
LI7200 and L17700. The analogue signal was transferred to an indoor PCI unit of Gill,

where it was computed with the data from the LI7500.

The intake tube of the enclosed path analyser (L17200) was 98.7 cm long, with an
internal diameter of 9 mm. The flow rate to suck air into the analyser was set to 15
L/min. To prevent condensation, the inlet tube was heated by a spiral resistor wire and
insulated. Moreover, the intake tube was slightly tilted down, to avoid water entering
the sensor cell. To prevent insects or other debris being drawn into the cell, a fine

screen was added at the inlet of the intake tube.

All fluxes were analysed using the EddyPro Software (version 5.1.1, LICOR, Lincoln,
NE, USA), applying a 2-D rotation and with the following corrections: 1) angle of
attack for wind components for the Gill anemometer (Nakai and Shimoyama 2012);
2) a WPL 'Burba correction' was implemented on the data from the LI7500 to
compensate for the density fluctuations of the gases because of the heating effect of
this instrument (Burba et al. 2012); 3) the low-pass frequency response correction

(Mongcrieff et al. 1997).

Consecutive the fluxes were removed when: 1) their quality flag was different from 0
or 1 (“0” means high quality fluxes, “1” means fluxes are suitable for carbon budget
analysis) (Moncrieff et al. 2004); 2) u* was lower than 0.2 m s*' during night-time
(PAR <20 pmol m?s!) (Papale et al. 2006); 3) the CO, mixing ratio was smaller than
250 or bigger than 500 umol mol'; 4) the CO; fluxes were above or below seasonal
thresholds (Supplement Table 4.1); 5) less than 70 % of the fluxes originated from
inside the peatland (the footprint was calculated by using the footprint model of Kljun

et al. (2004)). After these filters the percentage of data gaps increased from 34% to
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65% of gaps for the LI7200 and for the LI7500 from 53% to 74%. The former gap

figures were due to system malfunctioning or power outage.

After the filters were applied, the relationship between the CO» fluxes computed from
the data of the two infrared gas analysers was significant (p < 0.05, R? > 0.92, L17200
= 0.09 + 0.99*LI7500, n= 7524). During the winter the R? value (0.2713) was lower

than in the summer (0.8985), but R? was significant in all seasons.

Therefore, CO; fluxes computed with the LI7200 are presented here and gaps in this
time series were filled with data computed from the open path sensor (LI17500). When
both time series were missing or removed, (53 % of the data), the CO; fluxes were gap
filled with the online Reichstein tool (Reichstein et al. 2005; URL: http://www.bgc-
jena.mpg.de/bgi/index.php/Services/REddyProcWeb). The same tool was used to
partition the measured NEE into GPP and Reco. The environmental factors used for the
gap filling were: Global radiation, Soil temperature at 5 cm, relative humidity, Vapor
pressure deficit (VPD) and u* (friction velocity). The tool makes a look up table where
gaps in the NEE data were filled with NEE with similar climatic conditions. The
window in which the method is looking for similar results is 7 days, if there are no

similar conditions found the method increased the window with steps of 7 days.

The methane sensor (LI7700) was active at this site from December 2013 until
September 2014 and during this period there were minor problems with the data
acquisition. Since the sensor has an open path the quality and availability of the data
was susceptible to meteorological conditions (in total 66% of data gaps). The data was
collected by a L17550 and analysed with EddyPro. Only the fluxes with a quality flag
of 0 and 1 were used (Moncrieff et al. 2004). Nevertheless, the data was very noisy

and hard filters were applied: all fluxes outside the range of -0.04 to 0.05 umol m? s!
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were discarded. After the filters, 30% of the data was considered good. The CH4 fluxes

were gap filled using the online Reichstein tool (Reichstein et al. 2005).

Due to the high amount of snow during the winter of 2013-2014 (up to 204 cm), on
the 11" of March 2014 the complete LICOR setup was raised 1.5 metre above the
snow level (3.1 m above soil surface). During the snowmelt in the early spring (the
29" of April 2014), the LICOR setup was lowered to its original position (1.6 m above

soil surface).

An error analysis was performed by estimating uncertainties separately for the
different error sources (Aurela et al. 2002). By combining these errors, an uncertainty
0f'23%, 21% and 30% for 2012, 2013 and 2014 was calculated for the annual balance.
These values are in the same range as presented for eddy covariance measurements
(Lafleur et al. 2001, Aurela et al. 2002, Richardson et al. 2008, Sottocornola and Kiely

2010a).

All analyses of the data were done with the half-hourly values of the fluxes and
meteorological parameters, unless otherwise indicated. The data was analysed by
using the R software version 3.2.1 (R Development Core Team. R Foundation for
Statistical Computing 2017) with the zoo package (Zeileis and Grothendieck 2005).
For the analysis the growing season is defined as the period where the cumulative NEE
is declining, indicating an uptake of carbon. The micrometeorological sign convention

is used in this paper, e.g. a negative sign means carbon sequestration.

A correlation coefficient analysis was performed to understand the main drivers of the
measured carbon fluxes. Apart from the NEE, GPP and Rec, daily average values of
air temperature, PAR, soil water content (SWC), VPD and daily sum of precipitation
were used for this analysis. The Spearman correlations were calculated over three
complete years and over each quarter of the years
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4.4 Results

4.4.1 Meteorological data

The 2012 and 2014 annual temperatures of 5.1 °C and 5.0 °C, respectively, were close
to the long-term average (1985-2008: 5.4 °C (Eccel et al. 2012)), while in 2013 the
temperature was lower (4.3 °C). The seasonal temperatures in 2012 were close to the
averages apart from higher temperatures in May and lower temperatures in December
(Figure 4.2 and 4.3). In 2014 the spring and summer temperatures were colder, while
in winter and autumn were warmer than the long-term average. The colder 2013
annual temperature was caused by colder temperatures in all seasons except in autumn,
in particular in winter. The precipitation variation in the three years was also very
pronounced, with annual values of 1650.4, 1740.6, and 2082.6 mm (for 2012, 2013
and 2014, respectively), all well above the long-term average of 1290 mm per year
(Eccel et al. 2012). The first and third quarter of 2014 was wetter than the long-term

average (Figure 4.2).
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Figure 4-2 Quarterly average air temperature and precipitation for 2012, 2013 and 2014 compared with the long-
term average and their variation (1985-2008, (Eccel et al. 2012))
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2014 had particularly high precipitation in January and February and in July compared
to the other years, while May and September were dryer (Figure 4.3). 2012 had a dry
winter with little snowfall compared to the other two years and then regular
precipitation throughout the year. 2013 had little precipitation in the winter, but a very
wet spring. In July and August 2014, the radiation was consistent with the high amount
of precipitation, with lower radiation than the other years (Figure 4.3). The annual
daytime average PAR was 318 (2012), 290 (2013) and 287 (2014) umol m~ s*!, while
the average daytime PAR during the growing season was 1006 (2012), 948 (2013) and

942 (2014) umol m2 s™!.
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Figure 4-3 Monthly values for meteorological variables across 3 years: average air temperature with the long-
term average (Eccel et al. 2012) as a solid line, average soil temperature at 5 cm depth, total photosynthetic active
radiation (PAR), mean vapour pressure deficit, total precipitation, and volumetric water content under Calluna
vulgaris at 5 cm depth
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During the very wet summer 2014 the water table was around 17 cm below soil level,
while in autumn it dropped to 60 cm deep following a very dry September and start of
October (Figure 4.4). The mean water table depth was 27 cm below the surface over

the measured period.
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Figure 4-4 Daily water table depth and daily precipitation from 14th of May 2014.

During the winter, neither the soil temperature at 5 cm depth under M. caerulea and
C. vulgaris dropped below 0 °C, because the snow cover and the layer of dead M.
caerulea leaves were acting as insulators (Figure 4.3 and 4.5). In all years the soil
temperature at Scm depth was above 5 °C when the first snow fell, then it decreased
to near 0°C in the following two months under the snow pack. The date at which the
snow arrived was very variable with a range of 16 to 43 days difference. In 2011, the

snow arrived the on 13™ December; in 2012 it arrived on the 315 October, in 2013 on
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the 15" November and in 2014 the snow did not arrive (it arrived the 16" of January
2015). The maximum snow height in the three winters, was very variable and ranged
from 43 cm (2012), 101 cm (2013) to 204 cm (2014) (Figure 4.5). During the winters
of 2011-2012 and 2013-2014, the snow density showed an increasing trend; while in
the winter 2012-2013, there was a drop in snow density in the middle of the snow
covered period. The peatland was covered with snow for 101, 173 and 157 days during
the winter of 2012, 2013 and 2014, respectively. The long-term snow cover period
average and the maximum snow height from 1985-2015 is 140 + 29 days and 95 + 52
cm, respectively (Meteotrentino). The difference in the snow water equivalent and
amount of precipitation was responsible for the difference in SWC, which was higher
in winter 2014 (above 80%) than in the other winters. During the summer season the
SWC of the peatland never dropped below 31%, which was measured during the
summer of 2013 (Figure 4.3). Conversely, in 2014, the wettest year, the SWC did not
drop beneath 66% during the summer. Under the snow cover the SWC dropped to 60
% in 2013 compared to more than 80% in 2014, the annual average of the SWC was

74% over the three years.
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Figure 4-5 Measured snow height and snow density during the years 2012, 2013 and 2014. The snow height (cm)

is depicted by the black dots and the snow density (kg/m3) by the red points. The values are not measured on site
but at nearby a meteorological site.

4.4.2 Carbon and methane fluxes measurements

In all three years, the peatland was a source of CO» (Figure 4.6). The peatland acted
as a carbon sink for only four months a year, June to September (Figure 4.6). The
annual NEE measured at the Monte Bondone fen was 103.5, 262.9, 175.7 g C-CO> m"
2 in the calendar years 2012, cooler 2013 and wettest 2014 respectively (Figure 4.6).
In total, the net CO; uptake period (the period where NEE < 0) was 64, 75 and 81 days
for 2012, 2013 and 2014 respectively. During this period, the uptake was 4.2, 2.8 and
3.5 g C-CO, m? p77er day. In 2013, the CO, uptake period started later than in 2014
(Figure 4.6 and 4.7), because of the long period of snow cover. The quarterly inter-

annual variations showed that all seasons have the same trends, apart from higher daily

emissions in the first quarter of 2014, compared to the other years (figure 4.8). This
could have been driven by high SWC, which was higher than in the other years (Table
4.1). Interesting to see is that the lower annual NEE of 2012 can be explained by the

shorter C uptake period, due to an increase in ecosystem respiration.
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Table 4-1 Spearman’s correlations between Net Ecosystem Exchange (g C-CO2 m™? s7!), Gross Primary Production (g C-CO2 m? s7!), and ecosystem respiration (g C-CO2 m? s7'), and
air temperature (°C), photosynthetic active radiation (umol m? s-1 ), vapor pressure deficit (Pa), soil water content (%) and precipitation (mm) over three complete years and over
each quarter of the years. All values are daily averages, apart from precipitation, which is a daily sum.

NEE GPP Reco

Air temp | PAR | VPD SWC | Prec | Airtemp | PAR | VPD | SWC | Prec | Airtemp | PAR | VPD | SWC | Prec
Yearly | -0,34 -0,40 | "-0,00" | 0,18 | 0,07 | 0,82 0,65 |0,57 |-0,45 (0,05 | 0,82 0,56 | 0,61 |-0,56 | 0,06
Q1 -0,07 0,10 |0,40 -0,70 | 0,08 | 0,23 0,34 | 0,46 | 0,06 0,16 | 0,03 0,23 10,46 |-0,59 | 0,11
Q2 -0,33 -0,15 [ -0,20 | 0,34 | 0,09 |0,74 0,29 0,42 |-0,84 |-0,18 | 0,82 0,29 10,38 |-0,79 | -0,15
Q3 -0,52 -0,63 | -0,04 |-0,11 | -0,04 | 0,65 0,63 | 0,09 |0,07 0,06 |0,63 0,34 |0,15 |-0,14 | 0,13
Q4 0,67 0,29 | 0,64 -0,30 | 0,19 | 0,55 0,26 | 0,66 |-0,09 |0,24 | 0,68 0,24 10,72 |-0,22 | 0,25

p<0,05

p<0,1

Light gray: p <0.05
Dark gray: p<0.10
White: p > 0.1
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The gross primary production (GPP) was high between June and September for all
years, with the highest production in July (168.7, 117.0 and 150.1 g C-CO2 m™ for
2012, 2013 and 2014, respectively). During May, the GPP was still very low, due to
the late snowmelt. The annual GPP was 999.1, 1133.6 and 1248.2 g C-CO2 m? for

2012, 2013 and 2014, respectively.
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Figure 4-7 Monthly values for CO: exchange variable across 3 years: sums of Net Ecosystem Exchange (NEE),
sums of Gross Primary Production (GPP) and sums of ecosystem respiration (Reco).

During the three winters there was a slight variation in the NEE, where 2013 had the
highest emissions despite having the coldest air temperature (figure 4.8). Through the
winter of 2012 and 2014 the ecosystem respiration was low, compared to the
ecosystem respiration of the winter of 2013 (Figure 4.7). During the winter of 2012-
2013 the peatland was a big source of CO2 and showed an elevated Reco (compared to
the other years) over the first three months of the year with a maximum monthly
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emission of 118.2 g C-CO, m*? (March 2013). During the summer months of all years
(figure 4.8), the Reco increased and showed the characteristic bell shape. In 2012, the
Reco was lower in all months, apart from May and December, compared to the other
years. In wettest 2014, the Reco was higher in June, September, October and
November, compared to the same months of the other years. The annual ecosystem
respiration (Reco) was 1102.4, 1396.4 and 1423.8 g C-CO, m™ in the calendar years

2012, 2013 and 2014.

JFM AMJ

4C - CO.4m*
gC-COgfm”

8 5 -4 2 0 2 4

gC-C0/m*
G- COg{m”

8 5 -4 2 0 2 4

Day of Year Day of Yaar

Figure 4-8 Quarterly daily NEE fluxes over three years. JEM = January February March, APJ = April May June,
JAS; July, August, September, OND= October, November, December.

Based on the three years of carbon fluxes and meteorological measurements the
correlation between the half-hourly values of NEE, Reco, GPP and meteorological
parameters were analysed. Frolking et al. (1998) described a correlation between NEE

of peatlands and incoming radiation:

a * PAR * GPP gy
NEE = -R
a * PAR + GPPyq,

Where a is the initial slope of the rectangular hyperbola and R is the dark respiration

value. For this analysis, only the data from the summer was used, where the midday
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uptake was higher than 5 pmol m= s’'. Over the data a rectangular hyperbola was

fitted, since NEE becomes light saturated.

0.05 * PAR * GPPyqy 6.4 R?=0.83,p<0.01

NEE = —
0.05 * PAR + GPP,,,y

Over the complete years and all half-hourly data points, the GPP was linearly

correlated to NEE.
GPP = 3.66 — 1.09 * NEE R?=0.85,p<0.01
While Reco was exponentially correlated with the air temperature.
Rypo = €010294Tair 4 1 2656 R2=0.58,p<0.01

No comparison with soil temperature at 5 cm depth has been made since this variable

was used to gap fill the data.

Over the three years, the daily values of NEE, GPP and Rec, are significantly correlated
with Air temperature, PAR, VPD, soil water content and precipitation (Table 4.1).
NEE is significantly correlated with air temperature, PAR and SWC. Interesting is that
SWC has a negative relation with GPP and Reco, which means that a decrease of SWC
will increase the GPP and Reco. Over the years, during all seasons the SWC had a
significant correlation with inter-annual variability of NEE, but in the second quarter
of the year (months: April, May, June) there was a positive correlation between NEE
and SWC. During these months the soil was very wet, due to the snow melt (Figures
3 and 5). Overall an increase in NEE is correlated with an increase of air temperature

and PAR and a decrease in NEE with an increase in SWC.

Methane fluxes measured over 10 month showed small emissions, generally not higher
than 0.035 umol CH4 m s! (Figure 4.9). Over this 10-month period, the total emission

of the peatland was 3.2 g C — CHs m™. No relation between water table depth and
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methane fluxes at half hourly, nor daily time steps was found. In addition, air pressure
as a proxy for ebullition of methane bubbles did not explain the methane flux (data not
shown, R?< 0.001, p>0.25). The CH4 fluxes also show no daily or monthly trend or

relationship with any measured meteorological parameters (data not shown, p>0.10).
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Figure 4-9 Half-hourly data points of measured CHy fluxes.

4.5 Discussion

The observed CO; emissions of this Alpine peatland were much higher than in all of
the other untouched peatlands monitored with an eddy covariance system (Hendriks
et al. 2007, Roulet et al. 2007, Aurela et al. 2009, Lund et al. 2009, Béackstrand et al.
2010, Sonnentag et al. 2010, Beetz et al. 2013, McVeigh et al. 2014), since most of
the low altitude northern latitude, pristine peatlands act as a carbon sink. The range of
annual NEE (-329 to -9 g C-CO> m2), GPP (288 to 1215 g C-CO2 m?) and Reco (232

to 1307 g C-CO2 m™) over different types of peatlands and altitudes are presented in
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Table 4.2; all peatlands are either untouched (by anthropogenic disturbances), or these
activities were minor and occurred more than 30 years ago, apart from The
Horstermeer site which is a wetland restored around 20 years ago from an abandoned
agricultural peat meadow (Hendriks et al. 2007). Compared to the peatlands presented
in Table 4.2, which are all carbon sinks, the peatland at Monte Bondone had a
significantly shorter active carbon uptake period (ANOVA, p<0.01). In spite of this
short carbon uptake period, the annual GPP was very high. Only in one of the peatlands
where fluxes are measured with an EC system (Horstermeer, NL), such a high annual
GPP was measured. At the Horstermeer-site the annual GPP was high because of the
long growing season (around 165 days) and the relatively eutrophic soil conditions
(Hendriks et al. 2007). The GPP in other fens was less than half of the GPP measured
at Monte Bondone. At these other sites more mosses and less vascular plants are
present compared to the Monte Bondone peatland (Nilsson et al. 2008, Aurela et al.
2009, Sonnentag et al. 2010, Beetz et al. 2013, Wu et al. 2013). At our site, the
abundant presence of M. caerulea was possibly resulting in high values of GPP (Aerts

and Berendse 1989, Jarosz et al. 2008, Vanselow-Algan et al. 2015).
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Table 4-2 Comparison of Monte Bondone peatland with other peatlands of different types and locations, with the standard deviation in brackets (£). ¥*For the methane fluxes of the
Monte Bondone peatland no uncertainty can be given, since this value is derived firom the 10 and a half-month data-period. * chamber measurements (Laine et al. 2007) ® Negative
values of water table depth are below soil level.

Site Glencar Fajemyr Mer Bleue | Stordalen Horstermeer Sandhill fen | Friesinger Lompolojankka Degerd Stormyr | Monte Bondone
(McVeigh et | (Lund et al. | (Roulet et | (Bdckstrand et | (Hendriks et al. | (Sonnentagetal. | Moos (Beetz et | (Aurelaetal. 2009) | (Nilsson et al. | peatland (this
al. 2014) 2009, 2010) al. 2007) al. 2010) 2007) 2010) al. 2013) 2008, Wu et al. | study)

2013)

Latitude SI.55N 56.15N 4541 N 5578 N 52.25N 53.80 N 53.68 N 67.03N 64.18 N 46.02 N

Longitude 9.55E 1333 E 7548 W 323 W 5.04E 104.62 E 8.82E 2449 E 19.55E 11.03 E

Type Blanket bog Eccentric bog | Raised bog Mixed Mire Restored Fen Fen Fen Poor fen Fen

peatland

Elevation (m a.s.l.) 145-170 96 69 267 0 494 0 180 270 1563

Duration (years) 9 1 6 11 3 4 2 3 5 3

Length growing season | Around 130 214 171+£22 169 163 £ 26 Around 180 218 119 153 737

(days)

NEE (g C-CO; m? yr'") | -55.7+18.9 -80 402+40.5 | -349+4 -329 +88 -129.7+74.7 -14+75 -117+£83.4 -54+5.6 180.7 £65.2

GPP (g C-CO, m?yr') | 288+17 Around 250 259 + 52 Around 200 1215 +70 421.8+£69.2 630 + 64 n.a. 448 + 83 1191.0£42.9

Reeo (g C-CO, m2 yr!) | 2327 Around 250 230+ 40 Around 150 886+ 27 301.5+30.0 617 +38 n.a. 404+ 76 1307.7+25.4

CH4 (g C-CHy m? yr'") | 6.2° n.a. 3.7+0.5 11+12 32+21 n.a. 47+0.6 n.a. 115422 3.2%

Water table depth (cm) | -4.4+14 33+78 40+ 10 S5+10 -20 +25 -15+10 -59 +£20 25+£23 -10+5 27.6+18
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The Reco of the Monte Bondone peatland is the highest value seen in Table 4.2; most
of the sites have an ecosystem respiration of about 200-500 g C-CO, m™ yr'!'. The
great root biomass of M. caerulea when it is as widespread and developed as in Monte
Bondone probably results in an increased root respiration and microbial respiration of
root exudates compared to other plant communities (Gatis et al. 2016). The high Reco
during winter, with low air temperatures, was the effect of the snow insulation
(Morgner et al. 2010), so the soil temperatures were still high enough to support
decomposition even though the temperatures were close to zero degrees Celsius (Clein

and Schimel 1995).

The fitted rectangular hyperbola on the NEE of the peatland at Monte Bondone shows
a clear difference with other peatlands (Frolking et al. 1998). Frolking et al. (1998)
found an average of 0.024 £ 0.008 for the initial slope of the rectangular hyperbola (o)
and -2.38 £ 2.45 for the dark respiration (R) for peatlands, while at Monte Bondone
the values were: 0.05 and -6.4, respectively. The higher value for the dark respiration
could explain the high values of Reco, while the higher value for a indicates a
productive system. These high values are found at C3 crops or at grasslands (Ruimy

et al. 1995).

The fluxes measured at the Bondone peatland were very different from those measured
at the same time in a nearby managed poor grassland (Sieversio-Nardetum strictae),
since the grassland was close to being CO, neutral (9.14 + 75.21 g C-CO; m?
(Marcolla et al. 2011)). The different NEE between the two sites are due to the higher
winter ecosystem respiration in the peatland compared to the grassland. The high
winter ecosystem respiration at the peatland, under the snow cover indicates that the
microbes in the soil are still actively decomposing the high amount of stored soil

carbon (Clein and Schimel 1995). The GPP of the peatland was also higher than the
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GPP of the grassland (Marcolla et al. 2011) possibly because of the higher productivity
of the peatland plants (as M. caerulea) compared to the less productive (Festuca rubra
and Nardus stricta) Monte Bondone grassland plants (Marcolla et al. 2011, Sakowska
et al. 2014) and to the management of the grassland. Each year around mid-July, the

vegetation is cut and the biomass is removed, reducing the GPP and the Reco.

During the three years the GPP as well as the duration of the net CO» uptake period
increased; the same trend is not visible in NEE (figure 4.8). The high GPP in 2014 can
be explained by the fact that the soil water content was high (Table 4.1), due to the
high amount of precipitation. The plants could therefore keep their stomata open

longer without having to cope with water stress (Oren et al. 1999).

The NEE and Reco in February and March of 2013 were higher than in the same months
of the other years (Figure 4.7). During this period the SWC was lower than in the
winter of 2013-2014, which might indicate that the WTL was also lower. As a
consequence, this could have resulted in a faster decomposition under aerobic

condition of soil organic carbon.

Possible errors in the measured fluxes at the Monte Bondone site consist of high data
loss due to unstable situations, rain, power failure and due to the snowfall. The total
amount of data gaps for the open path analyser (74%) was higher than the enclosed
path analyser (65%). The open path is much more susceptible to external influences,
e.g. when it rains the laser path is blocked and no fluxes can be measured. In total 53
% of the data consisted of gaps, since not all the gaps of both analysers did not overlap.
Another source of error can be the snowfall, when the snow fell the EC system should
be lifted to maintain a constant height above the soil surface. In 2014 the EC system
was raised, on the date that the EC system was raised the snow was close to the EC

system. The snow height in 2014 increased very fast, which could have resulted in an
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underestimation of fluxes due to a decrease of the footprint. At sites were snow is
present during the winter, the height of the EC system should be increased according
to the snow height. The methane open path sensor was more susceptible to influences,
since the open path was longer, 50 cm compared to 12.5 cm of the open path CH4

analyser, hence the low amount of data available from this sensor (30%).

In February and March 2013, the average air temperature was lower than in the other
years. The combination of low air temperatures and snowfall leads to a snow pack
with a low density, e.g. presence of macro pores (Massman et al. 1997, Bowling and
Massman 2011). The increase in snow depth in February and March 2013 (Figure 4.5),
possibly caused air to be trapped in the newly fallen snow pack. During daytime, the
occasionally positive air temperature and the high level of incoming radiation resulted
in snowmelt. Due to the high porosity of the snow the water migrated down and
accumulated (Rempel 2007). During the nights, the air temperature dropped below
zero again. This unfreezing and re-freezing process could have led to the formation of
ice lenses in the snow pack. Ice lenses have the capability to trap the air underneath it
(Mast et al. 1998), so that the CO; produced during the decomposition was being
stored in the snow pack (Larsen et al. 2007). During the snowmelt the ice lenses melted
and the stored gasses was released in pulses, measured as peaks of ecosystem
respiration in February and March 2013 (Figure 4.7) (Monson et al. 2006, Larsen et
al. 2007). Soil respiration in winter could be as much as 7-10 % of the annual
ecosystem respiration (Monson et al. 2006), in March 2013, during snow melt, the

ecosystem respiration was 8.5% of the annual ecosystem respiration.

The methane fluxes were not measured for a complete year and no correlation between
methane fluxes and meteorological variables was found. Nevertheless, it is plausible

that the methane fluxes at this site do not play a major role in the carbon balance due
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to the low water table. During the measurements in 2014, the release of methane was
a continuous diffusion process, even though the data showed many spikes. In our data
there was no diurnal trend, which was also found by Rinne et al. (2007) at a peatland
in Finland. It is difficult to measure methane fluxes with an eddy covariance setup, the
micrometeorology plays a big role in the production of methane and the microbes
which produce methane are not uniformly spread in the soil (Baldocchi et al. 2012,
Bohn et al. 2013, Koebsch et al. 2015). The gap filling of methane is much more
difficult compared to CO> data , therefore no consensus about the best method to gap
fill methane data has been found in literature (Dengel et al. 2013). Methane can be
released in bursts, which happens when there is a drop in the air pressure. This drop
in pressure results in an over pressure of methane gas in the soil, which can result in
the ebullition of methane gas (Tokida et al. 2007). After the snowmelt, the emission
of methane increased a little, but overall the fluxes were at the lower range (3.2 g C-
CH4 m over the 10-month study period), compared to other peatlands: 3.7 to 32 g C-
CHs m? yr'!, Table 4.2). This is remarkable since most of the peatland is covered by
M. caerulea, which is known to be able to conduct methane through its aerenchyma
(Van Den Pol-Van Dasselaar et al. 1999, Carmichael et al. 2014, Turetsky et al. 2014).
The high cover of M. caerulea in this peatland does not directly link with high
emissions of methane, while this relation was found in other peatlands (e.g.
(Couwenberg et al. 2010, Turetsky et al. 2014, Vanselow-Algan et al. 2015). During
the measurement of the CH4 fluxes, the measured water table was deep, up to 17 cm
in summer and even to 60 cm in autumn. Methane is only produced under anaerobic
conditions and emitted with a shallow water table; with a deep water table the methane
is oxidized in the upper aerobic soil layers (Wagner et al. 2003, Jungkunst et al. 2008).
At Mer Bleue and the Friesinger Moor the amount of methane emitted is more or less

the same and also the water table level has the same depth ((Roulet et al. 2007, Beetz
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et al. 2013), Table 4.2). This coincides with the findings that the methane emissions
with a water table level of more than 20 cm below soil level is close to zero (Wagner
et al. 2003, Jungkunst et al. 2008, Couwenberg et al. 2010, Turetsky et al. 2014). At
Stordalen and Glencar the water table level was much shallower and therefore the
methane emission was much higher (Backstrand et al. 2010, Koehler et al. 2011,
Turetsky et al. 2014). At Horstermeer the methane fluxes were very high and not
comparable with other sites where methane fluxes were measured, since it is a restored
peatland and the eutrophic soil was not excavated (Hendriks et al. 2007). It has to be
stated that the methane fluxes and the water table depth at Monte Bondone were only

measured during the wettest year (2014) and not for the complete year.

4.6 Conclusion

The study of carbon fluxes of an alpine peatland for 2012-2014 shows that the peatland
at Monte Bondone acted as a significant carbon source, based on its CO, emissions.
This is a major contrast to all other pristine peatlands studied to date, most of which
are at clevations below 300 m a.s.] , which are sinks for carbon. The methane
emissions of this site were very low, due to a low water table. Despite being very high,
the GPP of the peatland during the growing season was not high enough to compensate
for the even higher loss of carbon (Reco) during the winter period. During the snow
cover, the decomposition of organic matter was an ongoing process. The active carbon
uptake period of the peatland was 73 + 7 days. The start of the growing season was
induced by the melt of the snow, so changes in the date of snowmelt could result in

differences in the carbon balance of the peatland.

With climate change, the period with snow cover will be shorter, which can possibly
result in a longer growing season (Aurela et al. 2004, Humphreys and Lafleur 2011).

With a decrease of precipitation, part of the peatland will likely dry up, which will
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lead to an overall increase in M. caerulea and will even make it possible for other
species to colonize it. The surrounding area of the peatland is covered by grasses
(Sieversio-Nardetum strictae association), which can invade the peatland when the
water table drops (Stine et al. 2011). The increase in M. caerulea could result in a
higher carbon uptake, while the eventual transition to grassland will have unknown
consequences. However, the first years to decades the grassland might act as a carbon
source, since the carbon in the soil will become unstable (Schwalm and Zeitz 2014).
To gain a better insight in the effect of climate change on alpine peatlands, a longer
time series of carbon measurements is needed as well as studies on changes in the

hydrology and the vegetation of the peatland.
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4.8 Supplementary material

Supplement Table 4.1 Seasonal thresholds for CO: fluxes used for filtering the raw fluxes to remove the amount of
noise in the data.

Uptake (umol s! m?) Loss (umol s! m?)
Winter -4 5
Spring -15 9
Summer -35 15
Autumn -15 9
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4.9 Appendix I: Interannual variability of air temperature and precipitation
compared to long-term data
The mean monthly air temperature and monthly precipitation for the years 2012-2014
have been compared to the long-term data (1958-2008 (Eccel et al. 2012)). The
monthly mean air temperature values measured for 2012 and 2013 are within the long-
term variation (Figure 4-10), apart from the air temperatures in February and
December 2012 and in February 2013 where the air temperatures were slightly lower
than the long-term average. In May 2013, the air temperature was also lower than the
long-term average (5.5 °C and 8.5 °C, respectively). The summer of 2014 was lower
than the long-term average (June 11.1 °C, and July 12.1 °C compared to the long-term
average of 11.6 °C and 14.2 °C, respectively). Only March 2012 had monthly mean
air temperature higher than the monthly long-term mean air temperature, resulting in
three colder years (2012: 5.1 °C, 2013: 4.3 °C and 2014: 5.0 °C) compared to the long-

term average (1958-2008: 5.4 °C, Eccel et al. (2012) and chapter 4.4.1 of this thesis).
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= monthly air temperature (°C)
—— long term average air temperature (°C)
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Figure 4-10 Monthly mean air temperature over the years 2012-2014 (bars) and the monthly long term mean air
temperature (1958-2008) with standard deviation (line with error bars)

The variability in the precipitation data is higher than in the variability in air

temperature data (Figure 4-11), also indicated by the high values of standard deviation
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of the long-term monthly precipitation. In total seven months out of the thirty-six
months had precipitation values that were not within the standard deviation of the
long-term precipitation data (2012: September, 2013: May, July and 2014: January,
February, June and October). Out of these seven months only two months had a lower
precipitation compared to the long-term average (July 2013 and October 2014), for
the other five months the precipitation was higher than the long-term average. The
high amount of snow measured in 2014 can be related to the high amount of
precipitation in January and February 2014. The precipitation variation in the three
years was very pronounced, with annual cumulative values of 1650.4, 1740.6, and
2082.6 mm (for 2012, 2013 and 2014, respectively), all well above the long-term

average of 1290 mm per year (Eccel et al. (2012) and chapter 4.4.1 of this thesis).
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Figure 4-11 Monthly precipitation over the years 2012-2014 (bars) and the monthly long-term precipitation (1958-
2008) with standard deviation (line with error bars)
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4.10 Appendix II: A comparison of three gap filling techniques for eddy
covariance fluxes and two NEE partitioning techniques

4.10.1 Introduction

A disadvantage of eddy covariance data is that it contains gaps due to malfunctioning
of the system, bad meteorological conditions and the filtering of the data (chapter 3.3).
To get an annual balance these gaps need to be filled, for which many methods are
available (Moffat et al. 2007). The flux partitioning and gap-filling method (Reichstein
et al. 2005) used in this thesis, while conventionally used world-wide, is compared
against other gap filling methods to determine whether the interannual variability
(IAV) of Net Ecosystem Exchange (NEE) is influenced by biases introduced by the
used gap-filling technique (Moffat et al. 2007). The used method has been developed
for forests and agricultural sites, and their direct utility to peatlands remains an open
question. To assess the correctness of the gap filling technique, the used gap filling
technique is compared to two other techniques (Mean diurnal variation (Falge et al.
2001) and artificial neural network (Dengel et al. 2013)). These three major gap filling
techniques have previously been used in a study with short vegetation (Zhao and

Huang 2015), as is present in the Monte Bondone peatland.

With an eddy covariance tower the NEE is continuously measured. The NEE is the
difference between the Gross Primary Production (GPP) and ecosystem respiration
(Reco). Different partitioning tools are available to partition the NEE into GPP and Reco
fluxes (Stoy et al. 2006), in this chapter a night-time based and day-time based
approach is used to partition the NEE fluxes gap filled using the three different gap

filling techniques.

This study is has the objective to compare the three major gap filling techniques to

identify changes in NEE fluxes when these different techniques are used and to asses
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if the conventionally used world-wide gap filling technique (Reichstein et al. 2005)

was a valid approach for the research site at the peatland of Monte Bondone.

4.10.2 Methods

In this chapter three different gap filling techniques are used: the mean diurnal
variation technique (MDV, Falge et al. 2001), the artificial neural network technique
(ANN, Dengel et al. 2013) and the look up table technique as used by FLUXENT
(LUT, Reichstein et al. 2005). The NEE are later partitioned into GPP and Rec, fluxes
based on a day-time based (Lasslop et al. 2010) and night-time based approach

(Reichstein et al. 2005).

4.10.2.1 Gap filling

4.10.2.1.1 Mean Diurnal Variation

The mean diurnal variation technique (MDV, Falge et al. 2001) is the simplest gap
filling technique of the three methods used in this chapter. In the MDV technique, a
missing measurement is replaced by the mean for that half-hour of the adjacent days.
For this exercise, the range of adjacent days in which the algorithm was looking for
gaps was 14 days. A previous study has indicated that this range should be between 7
and 14 days, shorter periods were not enough to determine a mean from measurements
and longer periods introduces error because of nonlinear dependence on
environmental variables (Falge et al. 2001). Due to the gap distribution in the
measured data a seven days window did not result in a gap filled dataset (data not

shown).

4.10.2.1.2 Artificial Neural Network
The artificial neural network is a technique that finds nonlinear regressions between
parameters. In this exercise, the net ecosystem exchange is correlated with day of year,

time of the day, global radiation, soil temperature at 5 cm depth and the relative
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humidity. These parameters are used, since they are also used in the look up table
technique, which is used in this thesis. The non-gap filled dataset of the measurements
(19268 data points) was randomly spilt into a training (14451 data points, 75% of
total) and a test dataset (4817 data points, 25% of total). The training dataset was used
to train the ANN and to find the nonlinear regressions between the parameters. The
test dataset was used to validate the predicted NEE based on the ANN. The model was
also cross-validated against the data by running the ANN method ten times on
different training sets, the data presented in this chapter are the results of the ten runs,
which were not significantly different (p < 0.05). For the implementation of the ANN,
the R package Neuralnet was used (Fritsch et al. 2016), the ANN was configured to

have 1 hidden layers with 3 neurons, as in Dengel et al. (2013).

4.10.2.1.3 Look up table

The look up table (Reichstein et al. 2005) is the methodology used by the FLUXNET
community and is therefore the most used gap filling technique. With this technique
missing values are replaced by the average value under similar meteorological
condition within a certain timeframe, in this case 7 days or if no similar conditions are
found the window is increased with steps of 7 days. Since this technique is used
throughout the thesis, further explanation of the technique is presented in chapter 3.3

and 4.3.3.

4.10.2.2 Statistical errors
To compare the three different gap filling techniques the statistical sums were
calculated using the individual observed NEE data and the predicted value the sum

relative error (SRE) were as follows:

SRE:ZOi_ i

2o
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in which a positive error indicates an overestimation and a negative error in

underestimation by the respective method (Zhao and Huang 2015).

4.10.2.3 Partitioning

The NEE measurements of the eddy covariance tower can be partitioned into the Gross
Primary Production (GPP) and ecosystem respiration (Reco) fluxes. In this chapter, we
will use two types of partitioning methods, a night-time based (Reichstein et al. 2005)

and a day-time based (Lasslop et al. 2010) approach to partition the NEE fluxes.

4.10.2.3.1 Night-time based partitioning

Night-time data was selected according to a global radiation threshold of 20 W m?2,
this night-time NEE data is considered ecosystem respiration (Reichstein et al. 2005).
In this method the partitioning of the NEE fluxes into GPP and Rec, is based on the

Lloyd-and-Taylor (1994) model:

E0.<T;_T_1T )
Reco (T) = Reco,ref e ref=To 0

in which T is soil temperature at 5 cm and Ty is kept constant at -46.02 °C, Eo is the
activation energy and Trer a reference temperature, set constant at 10 “C. Both the Eo
and Reco ref are estimated via this function. The GPP values are the difference between

the NEE and the calculated Reco fluxes.

4.10.2.3.2 Day-time based partitioning

The partitioning of the NEE into GPP and Rec, can also be calculated via the day-time
based partitioning (Lasslop et al. 2010). In the day-time base approach the NEE was
modelled using the common rectangular hyperbolic light-response curve (Falge et al.
2001) with the addition of the Lloyd-and-Taylor (1994) model, as presented by

Gilmanov et al. (2003):
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aBRy

NEE =
aRy, +p

EO.(;_;)
. Tref—1. T—-To
+ Reco,ref e ref=To

In which a is the canopy light utilization efficiency (umol C J'), B is the maximum
CO: uptake rate of the canopy at light saturation (umol C m2 s™), R, is the global

radiation (W m) and the same Lloyd-and-Taylor model as previously described.

4.10.3 Results

4.10.3.1 Gap filling

4.10.3.1.1 Mean Diurnal Variation

The MDYV approach with a 14 days window resulted in a complete gap filled dataset
of NEE, the cumulative NEE fluxes indicate that the peatland was a carbon source for
all three years (as described in Pullens et al. (2016b)). The NEE fluxes show a big [AV
over the three years (Figure 4-12 and Table 4-3). The MDV is the simplest gap filling
approach used in this chapter and apart from a small artefact in July 2012 the technique

is able to reproduce the characteristic sigmoid curve of NEE fluxes.
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Figure 4-12 Cumulative Net Ecosystem Exchange (g C m? yr) over three years based on the Mean Diurnal
Variation gapfilling technique (Falge et al. 2001)
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4.10.3.1.2 Artificial Neural Network

The ANN approach is the most complex gap filling technique used in this chapter,
since first a model was fitted to a training dataset. This model was parameterized via
nonlinear regression in which 1 layer with 3 hidden neurons were present, following
the method described by Dengel et al. (2013). The ANN approach gives weights to
each connection (Figure 4-13). The model is behaving as a black-box, but has been

used to calibrate on the training dataset.

Error: 35.325775 Steps: 10744

Figure 4-13 A neural network with the weights on each connection. The network has a hidden layer with 3 nodes.

Validation of the model behaviour was analysed by comparing the model output with
the test dataset, that was excluded prior to the training. For comparison, the data was
also tested against a fitted linear model with the same parameters (Figure 4-14). The
ANN approach (modelled= -0.39 + 0.76*measured, R? = 0.75, RMSE = 3.57, NSE =
0.75) performed better than the linear model (modelled = -0.84 +0.42*measured,

R?=0.43, RMSE = 5.42, NSE = -0.43).
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Figure 4-14 1:1 Plot of the model outputs of the artificial neural network and the linear model compared to the
test dataset, a subset of the dataset not used for calibration.

The ANN was used to gap fill the NEE fluxes, the cumulative fluxes for all three years
indicated that the peatland was a carbon source (Figure 4-15 and Table 4-3). The
fluxes show little IAV over the three years, with the peatland being a stable carbon

source of around 150 g C m2 yr!.
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Figure 4-15 Cumulative Net Ecosystem Exchange (g C m? yrl) over three years based on the Neural Network
gapfilling technique (Dengel et al. 2013)

4.10.3.1.3 Look up table
The results of the look up table are discussed in more depth in chapter 4, in this chapter

also an uncertainty analysis was presented. The uncertainty analysis was performed
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by estimating uncertainties separately for the different error sources (Aurela et al.
2002). By combining these errors, an uncertainty of 23%, 21% and 30% for 2012,
2013 and 2014 was calculated for the annual balance. These values are in the same
range as presented for eddy covariance measurements (Lafleur et al. 2001, Aurela et

al. 2002, Richardson et al. 2008, Sottocornola and Kiely 2010a).
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Figure 4-16 Cumulative Net Ecosystem Exchange (g C m™ yr') over three years based on the look-up Table
gapfilling technique (Reichstein et al. 2005)

Based on all gap filling approaches the peatland was a carbon source for all three years
(Figure 4-12, Figure 4-15, Figure 4-16 and Table 4-3). The ANN approach resulted in
the highest cumulative NEE fluxes in 2012 and 2014, while in 2013 the MDV

approach resulted in the highest cumulative NEE fluxes.
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Table 4-3 Sum of Net Ecosystem Exchange (g C m? yr'!) per year for three different gap filling techniques with

mean values per year and per gap filling technique

NEE MDV ANN LUT Mean
2012 22.8 137.9 103.5 101.1
2013 316.2 164.5 262.9 257.9
2014 165.6 155.8 175.7 176.0
Mean 168.2 152.7 180.7
Max-Min 293.4 26.6 159.4

The sum of relative error (Table 4-4) shows that the MDV technique is
underestimating the NEE fluxes in 2012, while being close to the measurements in
2013 and 2014, indicated by the small SRE values. The neural network is
overestimating the observed NEE in 2012 and slightly underestimating the observed
NEE fluxes in 2013 and 2014. While the look up table technique is overestimating the
observed NEE fluxes for all three years. The mean SRE over the three years is the

smallest for the ANN based approach.

Table 4-4 Sum of relative error (SRE) of Net Ecosystem Exchange per year for three different gap filling techniques
with mean values per year and per gap filling technique

MDV ANN LUT
2012 -3.55 1.51 1.64
2013 0.17 -0.31 2.21
2014 -0.06 -0.12 1.76
Mean -1.14 0.36 1.87
Max-Min 3.72 1.82 0.57

4.10.3.2 Partitioning

Two methods of NEE flux partitioning are used, a night-time based (Reichstein et al.
2005) and a day-time based (Lasslop et al. 2010) approach. The night-time based

approach is the approach most commonly used by the FLUXNET community.
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The night-time based approach resulted in similar mean GPP and Rec, for all three gap
filling techniques, with the look up table approach having the highest mean GPP and
Reco. The highest GPP and Rec, fluxes for 2012, 2013 and 2014 are for the ANN, LUT,
MDYV respectively. The biggest range of GPP and Rec, was based on the MDV gap

filling approach.

Table 4-5 Sum of Gross Primary Production (g C m-2 yr-1) and ecosystem respiration (g C m-2 yr-1) per year for

three different gap filling techniques based on Night-time partitioning with mean values per year and per gap
filling technique

MDV ANN LUT Mean

GPP Reco GPP Reco GPP Reco GPP Reco

2012 | 976.8 ]999.6 |1033.9 |1171.8 | 999.1 | 1102.6 | 1003.3 | 1091.3

2013 | 1059.3 | 1375.5 | 964.3 | 1128.8 | 1133.6 | 1396.5 | 1052.4 | 1300.3

2014 | 1296.2 | 1461.8 | 1119.2 | 1275.0 | 1248.2 | 1426.9 | 1221.2 | 1387.9

Mean | 1110.8 | 1279.0 | 1039.1 | 1191.9 | 1127.0 | 1307.7

Max- |319.4 |462.2 |154.9 |146.2 |249.1 |3243

Min

The day-time based approach resulted in similar mean GPP and Re, for all three gap
filling techniques, with the artificial neural network approach having the highest mean
GPP and Reco. The highest GPP fluxes for 2012, 2013 and 2014 are for the ANN, LUT
and MDYV respectively, while the highest mean Reco fluxes are for ANN, LUT and
ANN respectively. The biggest range of GPP and Reco was based on the MDV gap

filling approach.
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Table 4-6 Sum of Gross Primary Production (g C m? yr') and ecosystem respiration (g C m? yr') per year for
three different gap filling techniques based on Day-time partitioning with mean values per year and per gap filling
technique

MDV ANN LUT Mean

GPP Reco GPP Reco GPP | Reeo GPP Reco

2012 810.5 | 802.7 |851.8 |917.6 |8049 |831.3 |8224 |850.5

2013 857.0 | 1034.7 | 872.3 | 1006.1 | 878.8 | 1059.1 | 869.4 1033.3

2014 933.0 | 8199 |910.8 |894.1 |927.5 |840.6 |923.8 851.5

Mean 866.8 | 885.8 | 878.3 9393 |870.4 |910.3

Max- 122.5 | 232 59 112 122.6 |227.8

Min

4.10.4 Discussion

With all three gap filling techniques the peatland was a carbon source for all three
years, with 2013 having the highest carbon emission with all gap filling techniques.
An interesting observation is that the NEE fluxes based on the ANN technique do not
show the IAV shown by the other gap filling techniques, with MDV having the biggest
range of NEE values. In 2012 the MDV had a low NEE flux (22.8 g C m? yr)
compared to the cumulative NEE fluxes based on the ANN and LUT approach (137.9
and 103.5 g C m? yr'!, respectively). 2012 was also the year with the most data gaps
(63.2% of the year, compared to 59.8 and 55.3 % for 2013 and 2014) indicating that
the MDYV technique is not preferred technique when big gaps are present in the dataset.
This is also supported by the high negative SRE value (Table 4-4). When a big amount
of data is missing, due to malfunctioning of the instruments or the subsequently
filtering of the raw data, the ANN or LUT approach should be preferred. In 2013, the
cumulative NEE fluxes gap filled with MDYV are higher compared to the other two
approaches, while in 2014 (the year with the lowest amount of gaps) the fluxes are in

the same range of the other two methods, indicating the weaknesses of the approach
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when a high amount of gaps and gaps of longer periods of time are present (Falge et

al. 2001, Moffat et al. 2007).

The cumulative NEE fluxes gap filled with the ANN approach do not show a clear
IAV, while the IAV is present in the gap filled NEE based on the other two approaches.
IAV in the NEE fluxes were expected, due to the IAV the meteorological conditions
(chapter 3.3). Potentially the reason that the TAV is lost is due to the selection of the
parameters, although the same parameters are used in the LUT technique, where the
IAV is present. Nevertheless, did the ANN compare well with the test dataset after the
calibration. The addition of more parameters to the ANN could have resulted in a
higher IAV, but for the comparison of the three gap filling techniques in this chapter

the same parameters were used in the ANN and LUT methods.

For the three gap filling techniques over the three years the mean values of the annual
sum of NEE are in the same range and showed that the peatland was a carbon source.
The sum of relative error was the lowest for the ANN technique, but the IAV was lost.
The look up table had higher SRE values indicating an overestimation of the NEE
fluxes, nevertheless are the mean values of the annual sum of NEE in the same range

indicating that the used method in the thesis is a valid approach.

The flux partitioning based on the night-time and day-time approach showed the same
annual dynamics, with the highest GPP and Rec, values for the same year. The gap
filling method resulting in the highest GPP and Reco values per year did not correlate

with the gap filling method resulting in the highest NEE values (
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Table 4-3, Table 4-5 and Table 4-6). Based on the night-time approach the GPP and
Reco fluxes were much higher than based on the day-time approach, following the
conclusions of Juszczak et al (2012) based on chamber measurements on peatland in
Poland. The differences in the GPP and Reco fluxes based on the two approaches do
not have an impact on the work presented in this thesis, but should be taken into
account when GPP and R values are compared between sites and are used for

modelling.

4.10.5 Conclusion

Three gap filling techniques are used in this chapter to gap fill three years of eddy
covariance data measured from 2012-2014 at the peatland on Monte Bondone, Italy.
This data was previously published by Pullens et al. (2016b) in Agricultural and Forest
Meteorology. Three gap filling methods are used to identify changes in NEE fluxes
when these different techniques are used: the Mean Diurnal Variability (Falge et al.
2001), the artificial neutral network (Dengel et al. 2013) and the Look up table
(Reichstein et al. 2005) and two types of flux partitioning methods are used the night-
time (Reichstein et al. 2005) and the day-time based approach (Lasslop et al. 2010).
The neural network approach was the only gap filling method that reduces the
interannual variability, that is present in the NEE with the other gap filling techniques.
The mean values of the annual sum of NEE of all the gap filling techniques are in the
same range and for all three years the peatland was a carbon source based on all three
gap filling techniques. Based on the sum of relative error the look up table (Reichstein
et al. 2005) is overestimating the NEE fluxes, nevertheless the mean values of the
annual sum of NEE are in the same range indicating that the used method in the thesis

is a valid approach.
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The comparison of the two NEE separation techniques shows that with the day-time
flux separation (Lasslop et al. 2010) both the GPP and the Rec, for the three gap filling
techniques are lower than the GPP and Rec, calculated with the night-time flux
separation approach (Reichstein et al. 2005). These differences indicate that the GPP
and Reco values provided in the literature should be treated with this uncertainty, in

particular when the GPP and Rec, fluxes are used in models.

4.11 Appendix III: Spatially heterogeneous release of methane fluxes

The presented methane fluxes in chapter 4 are further analysed and described in this
appendix to discuss the possible mechanisms for the spatially heterogeneous release
of CH4. The occurrence of ebullition has been tested by correlating the CH4 fluxes
with the measured air pressure, but due to the spatially heterogeneity of the field, the
subsequent conclusion that ebullition does not play a role in this peatland was
potentially stated as a too strong conclusion. For this reason, a more in-depth analysis
of the non-gap filled CH4 fluxes is performed in which the occurrence of ebullition or

other heterogeneous mechanisms are investigated.

To test the occurrence of ebullition or other heterogeneous mechanisms, the
correlation between the covariance of the CO», H,O and CH4 fluxes with the vertical
wind speed (w’), when w’ is positive, is tested. If the covariances of the fluxes and w’
are correlated, the fluxes are turbulence-driven and hence no ebullition or other
heterogeneous mechanisms are driving the CHs fluxes. The correlation between the
covariance of the CO2 and H>O fluxes and w’ is also analysed as a comparison for the
correlation between the covariance of the CO; and CH4 fluxes and w’. The non-gap
filled data set is split into a day and night dataset to analyse differences in day and

night time fluxes and correlations.
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A high correlation between CO> and H>O fluxes was found for both day (-0.7, p <
0.05) and night (0.33, p < 0.05), these values are set as a baseline to which the
correlation with the CHs is measured. The CHs fluxes are tested for correlation

between CO2 and H2O fluxes (both the day- and night-time fluxes, Table 4-7).

Table 4-7 Correlation coefficients between the covariances of the CO2, H>0 and CH fluxes and w’ for both night-
and day-time fluxes

CO, HO
Day-time 0.08 (p <0.05) -0.15 (p < 0.05)
Night-time -0.02 (p>0.1) -0.06 (p <0.05)

Analysis show a weak correlation between the CHj4 fluxes and the CO» and H>O fluxes
for both night-and day-time. All correlation coefficients between CO» and CH4 and
H>O and CH4 are lower than the correlation coefficients between CO» and H20O,
indicating that the CH4 fluxes are not turbulence-driven. The results presented in this
appendix indicate that, in contrast to the conclusion stated in chapter 4, ebullition and
other heterogenous mechanisms and not turbulence are driving the CH4 fluxes in the

Monte Bondone peatland.
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5.1 Abstract

Over millennia, peatlands have stored around 30% of the global soil organic carbon.
The peat has formed and accumulated due to the slow decomposition rate of organic
matter in waterlogged, anaerobic conditions. It is therefore important to understand
the water cycle of peatlands to understand the functioning of peatlands. The water and
energy cycle of an alpine catchment in Italy, which includes a peatland, was studied
using the process-based hydrological model GEOtop and an appropriate set of in situ
measurements to simulate 4 years (2012-2015) of water and energy fluxes. This is a
challenging modelling exercise that has not been tried before with GEOtop, because
it focuses on a complex (peatland, grassland, scree, bare rock) mountainous
catchment. The GEOtop model was able to replicate the energy and water fluxes
measured by an eddy covariance tower located in the peatland and the volumetric
water content and soil temperature of the peatland accurately over the four year. This
study shows that a process-based hydrological model can be used to study the water

and energy dynamics of a peatland in a mountainous area.

Moreover, the modeled water cycle, together with a number of water sample analyses,
was used to quantify the loss of dissolved organic carbon (DOC) and hence to calculate
the full carbon balance of the peatland together with CO2 and CH4 fluxes measured by

the eddy covariance tower.

5.2 Introduction

Peatlands are highly dependent on water, as in the waterlogged, anaerobic soils the
decomposition of organic matter is very slow. The organic matter accumulates and
can form a peat layer ranging from centimeters to meters. Over millennia, globally,

peatlands have stored up to 547 (473-621) Pg of soil organic carbon, in the form of
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peat (Gorham 1991, Yu 2012). This is equivalent to about 30% of the global soil

organic carbon (Gorham 1991).

Pristine peatlands are today mainly acting as carbon sinks (e.g. Lund et al. 2010,
McVeigh et al. 2014), while disturbed peatland predominantly act as carbon sources
(e.g. Hendriks et al. 2007, Aslan-Sungur et al. 2016). The accumulated carbon in
peatlands can be lost as CO;, through ecosystem respiration, as methane (CHs)
emissions and/or as dissolved organic carbon (DOC) in stream runoff. The stored
carbon in the soil is vulnerable to environmental and climate change (Lafleur et al.
2003, Camill 2005, Frolking et al. 2011, McVeigh et al. 2014, Aslan-Sungur et al.
2016). Apart from the climate change many factors can influence the fate of the stored
carbon, such as: ground water level (Murphy et al. 2009, Sottocornola and Kiely
2010b, Lewis et al. 2013, Miller et al. 2015, Pullens et al. 2016b), management
(Hendriks et al. 2007, Wilson et al. 2007, van der Molen et al. 2007, Baldocchi et al.
2012) and water cycle (Roulet et al. 2007, Koehler et al. 2011). The source of water
(ombrotrophic or minerotrophic) and its dissolved minerals is important for peatland
ecosystems; differences in water sources and the dissolved nutrients lead to different
plant communities (Koerselman 1989). The water cycle plays a crucial role in the

functioning of peatland ecosystems (Gorham 1957).

The level of the water table impacts the carbon balance of peatlands, since a raise in
water table depth can result in higher methane emissions (Wagner et al. 2003,
Jungkunst et al. 2008) and/or in more runoff and thus a removal of organic matter
through DOC in the water. A rising water table will also reduce the soil respiration
due to anaerobic soil conditions (e.g. Sonnentag et al. 2010, McVeigh et al. 2014,
Strachan et al. 2016). Therefore, it is important to understand the dynamics of the

water table and thus the water cycle of the peatland catchment. To understand these
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dynamics, state of the art hydrological models can be used. A decrease in precipitation
will lead to the drying of peatlands and less waterlogged soils, which will result in
higher decomposition rates of the peat. The expected rising temperatures from climate
change will result in higher evaporation and decomposition rates, which may change

the peatlands from natural carbon sinks to carbon sources.

Many studied peatlands are located in high latitude regions, where the vulnerability of
their carbon storage, the effects on climate change and permafrost degradation has
been investigated (Frolking et al. 2001, Camill 2005, Dorrepaal et al. 2009). Beside
the occurrence of peatlands at high latitudes, peatlands also occur at high elevation,
although less research has been done on the latter, because they are not the dominant
ecosystems in those areas (Parish et al. 2008). Even though there are numerous
peatlands in the Alps, which are being threatened by rising temperatures and changes
in the precipitation regime (Beniston et al. 1997, IPCC 2007, 2013, Im et al. 2010,
Eccel et al. 2012, Steger et al. 2013, Pepin et al. 2015, Tudoroiu et al. 2016), their
carbon, energy and water cycle has been little studied. As to the authors knowledge,
the carbon fluxes has been studied continuously over multiple years in only one alpine

peatland (Pullens et al. 2016b), which is the focus of this paper as well.

To analyze the energy and water cycles in complex ecosystems, hydrological models
are an essential tool for water and environment resource management (Devia et al.
2015). There are various hydrological models available (see (Todini 2007)), ranging
from models based on the unit hydrograph to complex process based catchment
models (Beven and Kirkby 1979, Gregory et al. 1996, Rinaldo and Rodriguez-Iturbe
1996, Ewen et al. 2000, Vivoni et al. 2004, Rigon et al. 2006, 2016, Endrizzi et al.
2014). The requirements and research questions of the user determine the choice of

the model (Devia et al. 2015). Because of the multiplicity of interactions responsible
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for peatlands dynamics, a process-based model of the water and energy budget in

conjunction with a series of in situ measurements was used (Fatichi et al. 2016).

In this paper the process-based hydrological model GEOtop (Rigon et al. 2006) was
implemented on a catchment in the Italian Alps. GEOtop v. 2.0 models the energy and
water budgets at and below the soil surface (Endrizzi et al. 2014) and provides the
soil-vegetation-atmospheric interactions (SVAT) for complex terrain. It has
previously been implemented by Lewis et al. (2013) to study the effect of afforestation
on the hydrology of a blanket peatland in Ireland, where it was shown that GEOtop is
suitable for modelling the hydrological processes in a peatland. The model is also able
to reproduce the spatial patterns of land surface temperature and soil moisture and the
energy balance components in alpine and pre-alpine environments (Bertoldi et al.
2006, 2010, 2014, Chiesa et al. 2014, Hingerl et al. 2016). To date, GEOtop has not
been used to simulate the water and energy balance over multiple years of an alpine

catchment, in which a fen type of peatland is located.

Specifically, the paper aims at investigating: (I) the possibility to simulate the water
and energy budgets of an alpine peatland with a process-based model; and (II) the
capability of the model to reproduce the observed interannual variability (2012-2015)
of the energy fluxes in a mountain area. The two objectives are addressed using the
GEOtop v 2.0 model and in situ measurements. The latter are: the bulk density, the
hydraulic conductivity, meteorological conditions, carbon fluxes (CO» and CHs), and
discharge and dissolved organic carbon (DOC) out of the peatland area. The DOC loss
can subsequently be used to estimate the main components of the ecosystem carbon
budget which includes the fluxes of CO,, CHs4 and DOC, where the CO> and CH4

fluxes have been previously measured and published (Pullens et al. 2016b).
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5.3 Materials and Methods

5.3.1 The site

The study site is a 10 hectare minerotrophic fen located at 1563 m asl on the Monte
Bondone plateau, near Trento, in the Eastern Italian Alps (Figure 5-1a, 46°01' N,
11°02" E). The peatland is located in a 93 ha catchment and includes part of the Palon
mountain and the surrounding slopes to the mountain tops (Cima verde, Dos
d’Abramo and Cornetto). The catchment area was calculated by means of the Qgis
software (version 2.6, Brighton) with the DEM (resolution 1 by 1 meter) provided by
the Autonomous Province of Trento. The catchment consists of bare rock (limestone)
and rock with a very shallow layer of soil, some managed grassland (cut once a year),
coniferous forest (Norway spruce (Picea abies) and European larch (Larix decidua))
and a minerotrophic fen type peatland. The resolution of the catchment was rescaled

to 25 by 25 m for computational reasons.

The peatland is a relic of an ancient lake that was formed by a glacier during the last
ice age (Cescatti et al. 1999). The thickness of the peat layer ranges from 80 cm at the
border to 4.4 meter in the center (Dalla Fior 1969), in 1914 the top peat layer of 0.35
ha of the peatland was harvested for fuel (Cescatti et al. 1999). The peatland has
different microforms (from high to low), hummock, lawns and hollows, where the
lawns are flat areas in the peatland. The peatland at Monte Bondone has a diverse
vegetation (Figure 1b, Perucco et al. 2013): the lawns are dominated by either grasses,
Molinia caerulea or sedges, Carex nigra and Eriophorum vaginatum, while the main
vegetation in the hollows consists of Carex rostrata, Scorpidium cossonii and
Sphagnum subsecundum and S. compactum, and few short hummocks are covered by
S. compactum and S. sect. acutifolia and Calluna vulgaris. In the center of the peatland

a small open pool is located, which acts as a buffer for the discharge after a
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precipitation event. Close to this pond, birches (Betula pendula) and cotton deergrass
(Trichophorum alpinum) can be found. The vegetation at plot 1, 2, 4, 5 and 6 are
mainly dominated by Molinia caerulea. At Plot 4 Trichophorum alpinum has a high
cover and plot 4 is the only plot where Sphagnum species are highly present
(Sphagnum subsecundum). Apart from M. caerulea the other abundant occurring plant
species are: Atplot 1 Calluna vulgaris, Trichophorum alpinum; At plot 2 Carex nigra,
At plot 5 Aulacomnium palustre, Equisetum palustre, Tomentypnum nitens and at plot
6: Campylium stellatum, Carex rostrata, Scorpidium cossonii. At the other plots, no
M. caerulea is present, Plot 3 is dominated by Carex nigra, plot 7 is dominated by C.
rostrata and Valeriana dioica, plot 8 by Scorpidium cossonii and plot 9 by Calluna

vulgaris.

The water table of the complete catchment flows on deep impermeable morainic strata,
which results into seepage into the fen (Cescatti et al. 1999). Seepage reaches the
surface in the peatland at two ephemeral springs (defined as inflows, Figure 1b). This
water flows through superficial streams to the lowest point of the peatland, where the
water drains into a perennial stream, which flows down the mountain (defined as

outflow, Figure 1b).

The average annual air temperature of 2012, 2014 and 2015, were close to the long-
term average, while the temperature in 2013 was lower (Table 5-1). In the first three
years, the precipitation was higher than the long-term average, with 2014 being an
exceptional wet year, while in 2015, the precipitation was well below the long-term

average (Table 5-1).
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Table 5-1 Annual average temperature and annual precipitation at the Monte Bondone peatland over the period
2012-2015in combination with the long-term average.

Long-term average | 2012 | 2013 | 2014 | 2015

(1958-2008, Eccel et al.

2012)
Average annual air | 5.4 5.1 43 5.0 5.0
temperature (°C)
Precipitation (mm) 1290 1650.4 | 1740.6 | 2082.6 | 964.8

5.3.2 Experimental setup

An eddy covariance instrumented tower was mounted in the center of the peatland in
2011 to measure water, carbon and energy fluxes and meteorological conditions. A
shielded probe (Rotronic M103A, Bassersdorf, Germany) measured air temperature
and relative humidity at 2 m height. Incoming Photosynthetically Active Radiation
(PAR) was measured by a LICOR 190SZ sensor (Licor, Lincoln, NE, USA), while the
incoming and outgoing short- and longwave-infrared radiation was measured by a
CNRI1 (Kipp & Zonen, Delft, the Netherlands). Both of these latter two sensors were
installed on a horizontal bar at 3.5 meter above the soil surface. The volumetric soil
water content was measured between tussocks of Molinia caerulea and under Calluna
vulgaris at 5 cm depth with a CS616 water content reflectometer (Campbell Scientific,
Logan, UT, USA). The distance between the locations, where these two sensors were
installed is around 10 meters. The soil temperature was measured along a profile at 2,
5, 10, 20 and 50 cm depth with a STPO1 sensor (Hukseflux Thermal Sensors B.V,
Delft, the Netherlands) from the 1% July 2012. All data was collected once a minute
on a CR3000 data logger (Campbell Scientific, Logan, UT, USA) with an AM16/32
multiplexer (Campbell Scientific, Logan, UT, USA) and averaged to half-hourly
values. Wind speed, wind direction and sensible heat fluxes were measured at 20 Hz

with a R3-100 3D sonic anemometer (Gill instruments, Lymington, Hampshire, UK).
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The latent heat fluxes were measured with the eddy covariance system, consisting of
two infrared gas analyzers (LI7500 and LI7200 (Licor, Lincoln, NE, USA)). The data
of the gas analyzers and the anemometer was stored on an industrial computer

(FX5507, Fabiatech, Taipei, Taiwan) located in the field (Pullens et al. 2016b).

On the 16" December 2013 a heated tipping bucket rain gauge (model 52202 Young,
Traverse City, MI, USA) was installed. Before then, the precipitation data from a
meteorological station, located 400 m away from the EC tower, was used (Meteo
Trentino, station name: Giardino Botanico). In addition, the total snow height and the
snow density of the freshly fallen snow were daily manually measured at this location

by the provincial meteorological service, Meteo Trentino.

Missing meteorological data (20% of the half hourly data points, due to
malfunctioning of the sensors or power shortage) were replaced by data from a nearby
(500 meters horizontal distance) eddy covariance tower located in a grassland (Figure
5-1a) (Marcolla et al. 2011, Sakowska et al. 2014). For soil temperature, a dissimilarity
was expected between the grassland and the peatland, but there was a highly
significant relationship between the two sites for all depths (R? > 0.95, Tsoil,peatiand,5em
= -0.46+0.94* Tsoil,grassland,5em)- The remaining gaps in the meteorological data (0.9%),
caused by malfunction of both towers, were replaced by data from two nearby
meteorological stations of Meteo Trentino (Figure 5-1a, Giardino Botanico and Viote,
the latter 1 km away from the peatland tower). Soil temperature was not measured at
the Meteo Trentino weather stations, therefore when missing, soil temperatures were
replaced by linear interpolations. A more detailed overview of the site and the

instruments is described in (Pullens et al., 2016b).

The measured soil water content data was not considered correct when the soil was

covered by snow; under these conditions the temperature of the soil at the depth of the
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soil water content probes (5 cm) was around zero degrees Celsius, which resulted in

soil water content measurements dropping to unrealistic values (< 20%).

5.3.3 Soil properties

Soil samples were collected on 3-4 July 2014 for physical and chemical analyses under
all nine main vegetation types occurring in the fen (Figure 5.1b). At each point, three
soil samples replicates located at 1 m distance were collected at different depths (0-5,
50-55 and 100-105 cm). The samples at 0-5 cm were taken with Eijkelkamp soil core
sampler rings (diameter 5 cm, height 5 cm, volume 98 cm?), while at the depths of 50-
55 and 100-105 cm the samples were collected with an Eijkelkamp split tube sampler
(Eijkelkamp, Giesbeek, the Netherlands, same dimensions as the soil core sampler

rings). The samples were not taken in plant tussocks.

1000
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Figure 5-1a Catchment area (yellow shade, 93 ha)
plotted over an aerial picture, with the four
meteorology stations (in red). The ‘“Viote” and
“Giardino Botanico” meteorology stations are
managed by MeteoTrentino. The “Peatland” and
“Grassland” are eddy covariance towers. The
turquois line is the stream outflow from the peatland.

Figure 5.1b Overview of the peatland with the
location of the eddy covariance tower (red), sampling
points of the bulk density (light blue), measurement
sites of stream flow and DOC at inflow 1,2 and the
outflow (purple) and the streams/channels (blue-
green). The location of the pool is indicated with a
blue dot. Orthophoto from Autonomous Province of

The outline of the peatland is drawn with a darker —Trento.

yellow inside the catchment area. Orthophoto from
Autonomous Province of Trento.

Overall, 81 samples were collected from the 9 plots; samples that were too compacted
due to compression were discarded as well as samples which were too wet, i.e. slurry.
In total 50 soil samples were transported in closed plastic bags to the laboratory for

analyses. The samples were composed of 27 samples from 0-5 cm, 15 samples from
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50-55 cm and 8 samples from 100-105 cm depths. Each sample was weighed on the
day of sampling before it was oven dried at 55°C until a stable mass was reached (after
~24 hours) to calculate the bulk density. The bulk density was sampled to explore the
soil variability and to identify the plots for hydraulic conductivity measurements
(Assouline 2006), where an increase in soil bulk density associated with compaction

can impact on soil hydraulic properties (Laliberte et al. 1966).

After this step, the soil was grinded with a mortar and pestle, to break clumps of peat,
before it was sieved (2 mm sieve) to remove leaves and roots. A subset of the sample
was placed in a metal container with a metal ball and inserted in a Mixer Mill MM
200 (Retsch, Haan, Germany), which was run at the speed of 25 Hz for 5 minutes. The
rest of the sample was placed in a 105°C oven to measure the remaining water content.
A homogenous subsample (5 mg) from the ball-milled samples was inserted in tin
caps and the amount of soil carbon and nitrogen was measured in a PerkinElmer 2400

Series I CHNS/O Elemental analyzer (PerkinElmer, Waltham, MA, USA).

Before statistical analysis was applied, the bulk density data was tested for normality.
In this study all of the values were normally distributed (Shapiro-Wilk test, W=0.99,
p=0.9). For the statistical analysis of the bulk density, the Tukey's HSD (honest
significant difference) test was used using the R software (version: 3.1.2, (R

Development Core Team. R Foundation for Statistical Computing 2017)).

5.3.4 Hydraulic conductivity

The saturated hydraulic conductivity of the peatland soil was measured by means of
the adjusted Modified Cube Method presented in Lewis et al. (2012). In literature,
different methods are used to measure the hydraulic conductivity, such as the
standpipe technique (Hvorslev 1951) and Modified Cube Method (MCM, Beckwith

et al. 2003). An advantage of the MCM over the standpipe technique is that with the
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MCM both the horizontal and the vertical hydraulic conductivity can be measured. In
August 2014 two soil samples from 5 of the 9 bulk density plots were sampled at O-
10 and 40-50 cm depths. These plots were chosen because they showed the biggest
range of bulk density (see Results section) and therefore the extent of hydraulic
conductivity in the peatland could be analyzed (Assouline 2006). A metal tube with a
square section (12x12x100 cm) and a cutting edge was driven into the peat to a depth
of 70 cm, after the vegetation was removed from the top soil to prevent damage to the
peat core. The tube was extracted and due to suction, the sample stayed in the sampling
tube during the retrieval. The saturated hydraulic conductivity was calculated by using

Darcy’s law (Darcy 1856):

Q+*L
Ksar = A=Ah (5.1)

in which, K is the saturated hydraulic conductivity (m s!), Q is the discharge (m? s
1, L is the length of the sample (m), A is the area of one open side of the cube (m?),
and Ah is the difference in head between the top and bottom of the sample (m). For
each peat block, both the horizontal and vertical hydraulic conductivities were
measured. For the horizontal hydraulic conductivity, the procedure was identical, only
the blocks were rotated 90 degrees. The hydraulic conductivity was only measured on
soil samples from the peatland. Due to lower volumetric water content in the
surrounding soils, there was no suction of the soil to remain in the sampler. For these

soils hydraulic conductivity values from literature are used.

5.3.5 Streamflow and dissolved organic carbon (DOC)
The stream heights at the two inflows and the outflow of the peatland were measured
with pressure transducers (Dipper-PT, SEBA Hydrometrie GmbH & Co., Germany).

The pressure transducers were installed in perforated pipes on the May 14 2014. The
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water level was measured every half-hour and the data was stored on internal Flash

memory cards and collected at regular intervals.

The streamflow was measured and water samples for dissolved organic carbon (DOC)
were collected at the same locations as the stream height (Figure 1b). The streamflow
was measured 10 times during 2014 and 2015 with a FP111 Global Flow Probe
(College Station, Texas, USA) to convert the stream height measurement time series
in discharge time series. The uncertainty of the device used for the flow measurements
is 0.1 m/s. No weir was allowed to be installed at the in- and outflows since the site is
a Natura 2000 protected area. Stream flow measurements were complicated due to the
dynamic cross sections of the stream channels and the occurrence of dense vegetation

in the stream.

During the streamflow measurements, stream water samples (around 500 ml) were
collected. The samples were filtered in the laboratory with a Millipore System, using
Isopore™ Membrane filters with 0.4 um pore size (Merck Millipore, Billerica, MA,
USA). After the filtration, the samples were frozen and stored at -20°C before
shipment to the department of Agriculture of the University of Bologna. At the
University of Bologna the samples were melted and well mixed. From each sample a
2 ml aliquot was taken, where 30pul of 2M HCI was added. To eliminate inorganic
carbon the samples were sparged for 3 minutes. After this step, 50 pl of each sample
was inserted in a TOC-V-RMN1 Shimadzu analyzer and combusted at a temperature
of 720°C. At least three measurements of organic C and total N (mineral and organic
dissolved N) were performed with the same sample (a minimum of three to a
maximum of five in order to have the lowest coefficient of variation among three

measurements).
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5.3.6 GEOtop

GEOtop is a process-based distributed model of the water and energy budget (Rigon
et al. 2006), that requires a digital elevation model (DEM), soil type, vegetation and
river networks in distributed maps for the catchment. Also meteorological data is
needed to calculate the water and energy balance of the given catchment: precipitation,
air temperature, wind speed, wind direction, incoming short- and longwave radiation,
which were all measured at an eddy covariance tower in the peatland (Pullens et al.
2016b). During this study, the GEOtop model was run with an hourly time step to
calculate the water and energy balance over the complete catchment, therefore all
input data was aggregated to hourly values. GEOtop incorporates precipitation to
calculate evapotranspiration, runoff and seepage. To model the horizontal and vertical
movement of the water in the soil, a fully three-dimensional description of the
Richards’ equation is used (Endrizzi et al. 2014). For this modelling exercise, the
authors used the GEOtop version 2.0, which also simulates freezing soils (Dall’ Amico
et al. 2011) and a multi-layered snow cover (Endrizzi et al. 2014), which is necessary

since the Monte Bondone site receives snow every winter.

The modeled period was October 1 2011 until January 1 2016 where the initial three
months were used as a spin-up. The temperature and precipitation at higher altitudes
than the tower were calculated using lapse-rates; for temperature 6.5 °C km™! and a
precipitation lapse rate of 0.2 mm km™' (Gubler et al. 2013), which are the average
lapse-rate values calculated for the complete Autonomous Province of Trento (Eccel
et al. 2012). The air temperature threshold when the precipitation was considered as

snow instead of rain was set to 0°C.

The soil and plant parameters are needed as input variables in GEOtop and are crucial

for the water and energy dynamics (Table 5-2). All plant parameters are set constant
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over the complete modelling period, as no detailed in-situ information was available
over the complete modelling period on the dynamics of the vegetation in the complete
catchment. The catchment was partitioned into four different soil types: bare rock and
rock with a very shallow layer of soil (scree); peat; mineral soil and mineral soil with
high hydraulic conductivity. A mineral soil with a high hydraulic conductivity, an
artificial pathway, was added because GEOtop needed it to be able to model water

flowing into the peatland.

An average of measured values of hydraulic conductivity was used for the peatland,
more details of the field measurements are presented in the Results section. For the
rocks and grassland the hydraulic conductivity values were initially taken from
literature (Holden and Burt 2003, Xie et al. 2012, Lewis et al. 2012, Gubler et al. 2013,
Cunliffe et al. 2013, Endrizzi et al. 2014, Chiesa et al. 2014), and were manually varied
minimal (less than 10%) around those values, but within the measured ranges which
are presented in the mentioned references (Table 5-3). The hydraulic conductivity
values derived from literature were varied in such a way that the simulated discharge
was behaving in a natural matter, thus no immediate peak runoff or stagnation of water
was simulated. The depth of the bedrock/impermeable soil layer was set to the
measured maximum depth of the peat of 4 m (Dalla Fior 1969), at this depth the
hydraulic conductivity was set to 0 mm s, to create an impervious boundary. The
soils in the catchment were divided in 6 layers, with increasing depth from 0.1 to 1.5
m (0-0.1, 0.1-0.4, 0.4-0.5, 0.5-1.5, 1.5-2.5, 2.5-4 m). The soil depth of the “bare rock
and rock with a very shallow layer of soil” was set to 0.5 m, while for the other sites

a constant soil depth of 4 meter was used.
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Table 5-2 Vegetation parameters used in the GEOtop simulations for the Monte Bondone catchment. Parameters
not mentioned in this table are kept at the default value.

transmissivity in the
near infrared

spectrum

Rock Grassland Peatland | Forest
Height of vegetation | 200 300 300 3000
(mm)
Depth of roots (mm) | 100 300 300 1000
LAI (m/m) 1 1 2.5 4
Canopy fraction (%) | 95 95 95 100
Vegetation 0.15 0.15 0.4 0.15
reflectivity in the
visible spectrum
Vegetation 0.4 0.4 0.4 0.4
reflectivity in the near
infrared spectrum
Vegetation 0.07 0.07 0.07 0.07
transmissivity in the
visible spectrum
Vegetation 0.32 0.32 0.32 0.32
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Table 5-3 Soil parameters used for simulating the water and energy balance of the Monte Bondone peatland. The values of the hydraulic conductivity of the peatland are the measured
values in this study. Other values are derived from literature (Holden and Burt 2003, Xie et al. 2012, Lewis et al. 2012, Gubler et al. 2013, Cunliffe et al. 2013, Endrizzi et al. 2014,
Chiesa et al. 2014)

Symbol Unit Rocks Mineral soil Mineral soil with high hydraulic | Peat
conductivity

Horizontal saturated hydraulic conductivity 0-40 cm | Kheo4o | ms’ 1-10° 2-10* 1-107 3-10°
depth
Vertical saturated hydraulic conductivity 0-40 cm depth | Kveo40 | ms™ 1-10° 2-10* 5-10" 1-10°
Horizontal saturated hydraulic conductivity 40-400 cm | Khgo400 | m s 1-10° 2:10° 1-10° 2-10°¢
depth
Vertical saturated hydraulic conductivity 40-400 cm | K000 | m s 1-10° 2-10°¢ 5-10" 6-107
depth
Residual water content Ores - 0.05 0.25 0.05 0.2
Saturated water content Osat - 0.3 0.5 0.3 0.9
Van Genuchten n - 2 2 2 1.8
Van Genuchten o cm’! 0.01 0.1 0.5 0.05
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GEOtop calculates the water and energy balance of each 25m side grid cell composing
the catchment. To validate the model, the output of the grid cell where the eddy
covariance tower is located was compared with the measured 5 cm depth soil
temperature and water content, with snow depth, outgoing short- and longwave
radiation, the latent and sensible heat fluxes and the stream discharge of the complete

catchment.

5.4 Results

5.4.1 Bulk density

The bulk density of all samples ranged from 0.04 to 0.22 g/cm?, while its averages
were 0.10 (+ 0.03), 0.14 (£ 0.02) and 0.16 (+ 0.05) g/cm? at 0-5, 50-55 and 100-105
cm depth respectively. No significant difference between the three replicates at each
of the nine plots was found (data not shown, Tukey test, a = 0.05). The bulk density
of all the plots was significantly higher at 100-105 cm depth compared to 0-5 cm depth
(p =0.002), while there was no statistical difference between 50-55 cm depth and 100-
105 cm depth and 0-5 cm depth and 50-55 cm depth. At the 0-5cm depth layer, the
bulk density of two plots 3 and 7 (Figure 5-2a), both located close to the peatland edge
and with some plant species common to grasslands (e.g. Deschampsia cespitosa and
Primula farinosa), was statically higher than all the other samples at the same depth
(Figure 5-2, Tukey test, a = 0.05). No statistical difference between plots was found

at deeper layers.

The mean soil carbon-to-nitrogen (C/N) ratios were 23.61 (£ 8.98), 20.34 (+ 4.68) and
20.13 (£ 5.21) at 0-5, 50-55 and 100-105 cm depth respectively. The C/N ratio of the
peat was only significantly higher at 0-5 cm depth under a Calluna vulgaris-dominated

plot (plot 9, Figure 5-2b). There was no significant difference among the depths.

104



Chapter 5

Water, energy and carbon balance of a peatland catchment in the Alps

0.20

n=27
mean=0.10

n=27

| mean=23.61

ab

ab

ab
-
i
i

é

a

a T

.
"7 ég
-

E_‘_ a
=

TRE
|
H] e
L
Carbon/Nitrogen ratio

Bulk density tgfcms)
010
1
o
=3

a
==y

0.05
1

0.00

Figure 5-2a. Bulk density of soil samples collected at 0-5 cm depth. Samples with the same letter did not differ
significantly based on Tukey HSD pair-wise comparison (o = 0.05). b. Carbon/nitrogen ratio of soil samples
collected at 0-5 cm depth. Samples with the same letter did not differ significantly based on Tukey HSD pair-wise
comparison (o. = 0.05).

5.4.2 Hydraulic conductivity

Since the highest variation in bulk density was observed between sample plots 1, 3, 4,
7 and 9, the horizontal and vertical saturated hydraulic conductivity was measured at
these plots. In general the hydraulic conductivity of the peatland was very low, but the
variation between the plots was very high (Table 5-4). The horizontal saturated
hydraulic conductivity, Khsa, at the surface (0-5 cm) ranged from 2.11-10¢ m/s to
2.74-10*m/s (a difference of two orders of magnitude), while at deeper depth (40-50
cm), the Khg, ranged from 9.0-10 m/s to 1.51-10-° m/s (a difference of three orders
of magnitude). The vertical saturated hydraulic conductivity showed the same
variability: Kvsa, at the surface (0-5 cm) ranged from 2.35-10° m/s to 2.24-10° m/s, a
difference of one order of magnitude and at deeper depth (40-50 cm), Kvsa ranged
from 4.0-107 m/s to 1.55-10” m/s (a difference of two orders of magnitude). At plot
3, dominated by Carex nigra, it was not possible to collect the sample at 40-50 cm
depth because the soil was too wet, i.e. slurry. Interesting to note is that at plot 9, where
there is mainly C. vulgaris, the water drains very fast, while at plot 4, where more

Sphagnum spp. is located, the water has a tendency to drain slowly.
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Table 5-4 Hydraulic conductivity of different plots and at different depths. *at plot 3 it was not possible to collect
samples at the depth of 40-50 cm. NOTE: at plot 9 the horizontal hydraulic conductivity at 0-10 cm depth was 10-

100 times higher compared to the other samples at the same depth.

Depth Plot 1 Plot 3 Plot 4 Plot 7 Plot 9

0-10cm | Khe (ms™) [ 2.43-106 | 6.97-10° | 2.11-10° | 3.02-10° | 2.74-10*
Kvsae (ms?) | 2.24-10° | 1.41-10° | 1.18-10° | 1.13-10° | 2.35-10°¢

40-50 cm | Khgg (ms™) | 1.51-10° | NA* 4.09-10° | 2.24-10° | 9.01-10®
Kvsat (ms™) | 8.03-106 | NA* 6.97-10 | 1.55-10 | 4.03-107

5.4.3 Dissolved organic carbon

The DOC concentrations at both inflows were low, while the outflow showed higher

values (Figure 5-3). The average amount of DOC over the 9-month period is 0.72 (+

0.26) mg/L, 1.34 (+ 1.07) mg/L and 3.02 (+ 0.76) mg/L for inflow 1, 2 and the outflow

respectively. The average difference between the outflow and the sum of the inflows

is 0.96 (x 1.34) mg/L, indicating a carbon loss. A peak in DOC concentrations was

observed in inflow 3 in the autumn, when the vegetation was senescing. After

snowmelt there was a peak in inflow 2 (Figure 5-3), indicating a source of DOC from

vegetation located higher in the catchment.
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Figure 5-3 Dissolved organic carbon in water sampled during 2015 at two inflows/seepage (inflow 1 and 2) and
one outflow (outflow). The snow height in mm is also indicated.

5.44 GEOtop

Over the four years (January 1 2012 until January 1 2016), GEOtop was able to
simulate the soil temperature at 5 cm depth very accurately (Figure 5-4 and Table 5-6),
even with a slight overestimation, in particular in the years 2012 and 2013. During the
period of snow cover the model was performing worse than during the snow-free
period (Table 5-6). Over the complete catchment, the peatland had the smallest

amplitude in the soil temperature of all soil types, due to the higher soil water content.
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Figure 5-4 a. Time series and 1:1 regression plot (b) of the modeled and measured soil temperature at 5 cm depth
over the period 2012-2015.

The outgoing shortwave radiation in winter is high due to the reflection of the light by
the snow. During snowmelt, the values rapidly decrease when the soil and vegetation
become visible again (Figure 5-5). The model slightly underestimated the measured
outgoing shortwave radiation (Table 5-6, Figure 5-5), replicating measurements better

during snow cover than in the snow-free period (Table 5-6).
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Figure 5-5 a. Time series and 1:1 regression plot (b) of the modeled and measured outgoing shortwave radiation
over the period 2012-2015.

For outgoing longwave radiation the model performs overall better than for shortwave
radiation (Table 5-6 and Figure 5-6). The model is following the measured seasonality
and its outputs are in the same range as the measured values, particularly in the snow-

free period (Table 5-6).
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Figure 5-6 a. Time series and 1:1 regression plot (b) of the modeled and measured outgoing longwave radiation
over the period 2012-2015.

The modeled soil water content of the catchment has a large spatial and temporal
variability (Appendix 7.2). In the peatland, the measured soil water content during the
snow-free period ranged between 25 and 90%. The model was able to follow the
dynamics of the SWC over the years (Figure 5-7). The SWC measured under Molinia
caerulea and Calluna vulgaris correlated well when no snow cover was present
(R?>=0.75, RMSE=11.8, sWcmolinia = 11.5 + 0.76 * swccaliuna). The output of the model
tracked the data from the sensor under C. vulgaris slightly better than the data from
the sensor under M. caerulea (Figure 5-7 and Table 5-6). Overall, the model was able
to follow the dynamics measured in the field, even the big drop in soil water content
at the beginning of 2015. In 2014, which was the wettest year of the simulation, the
model overestimated the soil water content during the summer months after the big
rain events occurred. The model was representing the soil water content accurately in

2012 and 2013, with an overestimation of the SWC from the mid-2015.
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Figure 5-7 a. Time series of the modeled and measured soil water content at 5 cm depth and measured precipitation
over the period 2012-2015. b and c. 1:1 regression plot of modeled soil water content and measured soil water
content under Molinia caerulea (b) and Calluna vulgaris (c).

The modeled heat fluxes were compared with the measured, non-gap filled latent
(Table 5-6, Figure 5-8) and sensible (Table 5-6 and Figure 5-9) heat fluxes measured
with the eddy covariance system over the peatland (Pullens et al. 2016b). The
modelled latent heat fluxes were overestimated (Figure 5-8), while the sensible heat
fluxes were underestimated (Figure 5-9). The negative sensible heat fluxes occur when
the air temperature is colder than the soil temperature and indicate a heat flux from the

soil surface.

111



Chapter 5 Water, energy and carbon balance of a peatland catchment in the Alps

—~ 600 modeled —— measured

600
500
400
300
200
100

Modeled Latent Heat flux tWerz‘.l

100 = | .
-100 0 100 200 300 400 500 600

Measured Latent Heat flux (W/ mE)

Figure 5-8 a. Time series and 1:1 regression plot (b) of the modeled and measured latent heat flux over the period
2012-2015.
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Figure 5-9 a. Time series and 1:1 regression plot (b) of the modeled and measured sensible heat flux over the
period 2012-2015.

The simulated monthly energy balance of the peatland is illustrated in Figure 5-10.

Most of the net radiation is converted by the system into latent heat flux (annual: 51%,
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with a maximum of 65% in August). The energy balance is almost closed, with the
total incoming energy being only slightly higher than the outgoing energy fluxes, the

imbalance of the modelled energy balance closure was 9 % for each of the four years.
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Figure 5-10 Modeled monthly energy balance at the Monte Bondone peatland averaged over 2012-2015.

The model is able to follow the interannual variability of the snow height correctly for
the 4 years (Table 5-6 and Figure 5-11). The measured snow height ranged from 43 to
204 cm in 2012 and 2014. At the beginning of the 2014 - 2015 winter, the measured
air temperature was below 0 °C, therefore the model simulated snow, while in the field

no snow was present yet.
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Figure 5-11 a. Time series and 1:1 regression plot (b) of the modeled and measured snow height over the period
2012-2015.

The modeled discharge is very spiky, as expected given the small catchment size
(Figure 5-12 a and b). These spikes are not in the episodic measurements of the stream
flow, since the flow was not measured immediately after a precipitation event. 2014
was the wettest year and the modeled discharge is higher than the episodic
measurements. In 2015, the driest year, the model is much closer to the episodic
measurements. The model simulated a mean annual flow of 29, 36, 50 and 20 L/s, for

2012, 2013, 2014 and 2015, respectively.
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Figure 5-12 a. Modeled discharge over the period 2012-2015 in liters per second. The discharge measurements
and their uncertainties are depicted in red. b Modeled discharge over the period 2014-2015 in liter per second.
The discharge measurements and their uncertainties are depicted in red.

During 2012-2015, the average annual measured precipitation at the peatland was
1318 mm/year, the evapotranspiration was 214 mm/year (16% of precipitation) and
the discharge 1148 was mm/year (84% of precipitation). The modelled monthly water
balance is depicted in Figure 5-13. In winter, there was very low evapotranspiration.
During spring (April and May) the snow melts, which results in a high discharge
indicating that precipitation was stored as snowpack. While in November and

December the precipitation is higher than the discharge indicating the arrival of snow.
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Figure 5-13 Monthly water balance at the Monte Bondone peatland averaged over 2012-2015.

The estimation of discharges was required to determine the DOC flux. The annual

DOC export was calculated with the average concentration of DOC (0.96 + 1.34
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mg/L), and the modeled monthly stream flow (Table 5-5). The carbon balance of the

peatland over the years 2012 — 2015 including CO2, CH4 and DOC fluxes was 168.3

+82.0 g C m? yr'! (Table 5-5), indicating a loss of carbon.

Table 5-5 DOC export, percentage of NEE by the DOC export and the complete carbon balance of the peatland

over four years (2012-2015).

DOC fluxes, g C m? yr!)

2012 | 2013 |2014 2015
DOC export (g C m? yr'!) 7.7 123 | 13.8 8.0
Percentage of extra loss of DOC of the |7.5% (4.7% [79% |9.0%
measured NEE
Complete carbon balance (CO2, CHs and | 111.2 | 275.3 | 189.5 97.3
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Table 5-6 Spearman’s correlation, root mean square error (RMSE) and linear regression of soil temperature, outgoing short- and longwave radiation, soil water content, latent and
sensible heat fluxes between model outputs and measurements for the complete period of 2012-2015 and for the sub periods with or without snow cover. * The soil water content

measurements are not considered reliable under snow cover. **The regression is formulated as “modeled=a+bx ", in which x is the measured variable.

Soil Outgoing Outgoing Soil water | Soil water | Latent heat | Sensible
temperature | shortwave longwave content C. | content M. | flux heat flux
(°0) radiation (W/m?) | radiation vulgaris* | caerulea® | (W/m?) (W/m?)
(W/m?)
Complete | R? 0.92 0.74 0.86 - - 0.53 0.52
period RMSE 1.90 48.13 20.06 - - 67.89 55.10
Regression** | -0.20+1.06x | 3.40+0.90x 29.8+0.93x | - - 28.4+0.96x | 12.8+0.46x
Sow R? 0.15 0.78 0.63 - - 0.27 0.24
cover RMSE 2.23 61.25 16.61 - - 17.49 29.70
Regression** | 0.28+0.52x 37.73+0.94x 81.4+0.72x | - - 4.20+0.40x | -4.28+0.18x
No snow | R? 0.83 0.67 0.83 0.60 0.56 0.47 0.09
cover RMSE 1.25 40.66 21.50 15.36 16.39 60.10 90.61
Regression** | -0.09+1.05x | 4.690.85x 70.1+0.83x | 2.10+0.88x | 8.19+0.75x | 16.01+0.3x | 3.39+0.033x
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5.5 Discussion

The vegetation in the peatland is heterogeneous, which results in differences in bulk
densities and C/N ratios. The occurrence of some grassland plant species in two plots
could suggest that the peatland is slowly being transformed into a grassland, via the
encroachment of grassland and woody plant species surrounding the peatland (Gerdol
etal. 2008, Stine et al. 2011, Holmgren et al. 2015). At the plot where Calluna vulgaris
was located (plot 9), the bulk density did not differ significantly from the other plots,
while the C/N ratio of the soil top layer was higher than any other plots. Due to the
differences in vegetation and bulk densities, the hydraulic conductivity in the peatland
was highly variable with differences of two-three orders of magnitude (plot 1, 3, 4, 7
and 9, Table 5-4). Differences of these orders of magnitude have been observed in
other peatlands (Lewis et al. 2012, Cunliffe et al. 2013) and can arise from different

humification and fibrosity of the peat (Hoag and Price 1995, Cunliffe et al. 2013).

The spatial variability of the hydraulic conductivity introduces a high uncertainty in
the simulation of soil water content. For this study, the average of the hydraulic
conductivity of the plots with the most abundant plant species was used (Table 5-4).
The hydraulic conductivity of the rock and mineral soils in the catchment is based on
a literature study and on model evaluations. The error introduced into the model by
using literature values cannot be quantified, because no hydraulic conductivity have
been measured in the other soil types. Due to the low moisture content of these soils
there was no suction of the soil to remain in the sampler, and therefore no samples
were taken. During first trial simulations, the water did not flow into the peatland, the
water stagnated around the peatland, which indicates that the water in the field had
quick preferential pathways. Possibly due the existence of macropores that make the

soil drain faster through seepage and underground water flows, which are difficult to
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simulate and quantify in the field (Nousiainen et al. 2015). In addition, the coarse
model grid may have cancelled out the small-scale (sub-grid) variability. With the
addition of a mineral soil with high hydraulic conductivity along water pathways, the

model was able to simulate a superficial underground flow.

Overall, the model performs better during the snow-free period, the model simulated
the soil water content and soil temperature well and was able to follow the interannual
variability of the soil temperature for all the four years. For almost all outputs, a lower
coefficient of determination was found for the period of snow cover, apart from
sensible heat and outgoing short wave radiation where a higher coefficient of
determination was found during the period of snow cover. Both these results could
potentially be the result of a static, non-dynamic vegetation used in the model.
Nevertheless, the low values of RMSE indicate a reasonable fit for all outputs under
snow cover. The comparison between the data from the eddy covariance tower and the
GEOtop simulation also indicates that the model reasonably represents the energy

balance, even with the vegetation parameters as static, non-dynamic.

In the winter of 2014-2015 snow was modeled earlier than it was measured in the field,
in GEOtop the snowfall is simulated based on the measured air temperature at 2
meters. The threshold for precipitation to fall as snow was set to 0 degrees Celsius.
The mismatch between model outputs and measurements could indicate that the air
temperature at 2 meter is not a good indicator of predicting snow, since the soil

temperature could be too high, resulting in immediate snowmelt.

The relatively high latent heat flux, compared to the net radiation was comparable with
the GEOtop simulation of the Rott catchment (Hingerl et al. 2016), supporting the
suitability of GEOtop to model complex catchments containing peatland ecosystems.

The Rott catchment is located in a pre-alpine region of Southern Germany (ranging
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from 550 — 850 m asl) and the predominant land use types are pasture (44%),
coniferous (37%) and mixed forest (18%). Overall, the energy balance and its
components simulated by the model follow the expected pattern and are similar to the
measured values of the heat fluxes (Figure 5-8 and 9). The imbalance of the modeled
energy balance closure is much better (9%) than the typical imbalance of the measured
energy balance closure by eddy covariance systems (25%, Wilson et al. 2002). The
model simulates a low sensible heat and a high latent heat flux compared to the
measurements, in the model the vegetation is set as a constant without any seasonal
trends. This results in mismatches between the model outputs and the measurements,
which have been seen in other simulations with GEOtop in complex mountainous

terrains (Hingerl et al. 2016).

The model seems to overestimate the discharge and simulates high discharge peaks,
which were not measured in the field but may have occurred due to the lack of
continuous monitoring of discharge. Possible explanations for the differences between
the measurements and the model output can be the lack of measurements just after
heavy rain events, the spatial variability of the hydraulic conductivity, which can give
high percentage errors in the water budget (Koerselman 1989) and/or the fact that after
a precipitation event the runoff flows over the banks. Additionally to the flow
overbanks, no stage-discharge relation could be established, because of the dynamic
shape of the stream. During the field campaign, the measured streamflow velocity was
between 0-0.1 m/s. This is within the accuracy of the instrument and could not be

considered as reliable as desired.

In 1914 the top layer of some section of the peatland were harvested (Cescatti et al.
1999), which could have resulted in pathways where the water drains faster.

Subsequently it could have introduced flat areas where water stagnates. The
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occurrence of these pools in the catchment is not incorporated in GEOtop, while in the
peatland there are some areas with standing water almost year round. The size of these
pools vary significantly over the year, which indicate they could act as a buffer for the

discharge, resulting in the modelled discharge being than the measured discharge.

Since the complete catchment is located on a deep impermeable morainic strata, there
is seepage into the fen (Cescatti et al. 1999). The seep reaches the surface in the
peatland in two places, where it forms two streams (inflows). Due to the complex
topography of the catchment and the variation in soil depth and soil composition in
the catchment, the flow in the unconfined aquifer is not quantifiable. The existence of
a confined aquifer cannot be identified in the field: this could lead to an additional sink
of water, not integrated in the model and therefore resulting in higher modeled stream
flow (Holden and Burt 2002, Lowry et al. 2009, Lewis et al. 2012, Cunliffe et al.
2013). The depth of the soils in the complete catchment is variable; in the peatland the
depth ranges from 0.8 m at the border to 4.4 m in the center (Dalla Fior 1969). These
irregularities result in the variability in the amount of water that can be stored in this
soil column, which are currently not integrated in GEOtop. In the model a constant
soil thickness has been assumed, and due to the coarse grid size the variability in the
soil was cancelled out. The average annual water balance shows that the highest
amounts of discharge are at the end of the snow period. In these periods, the snow is
melting which results in high runoff. The model is able to simulate the
evapotranspiration clear seasonal trend with its very low values during the period of

snow cover, which is also found in the measured data.

5.5.1 Dissolved Organic Carbon
Just before snowfall, the concentration of DOC has a small spike in all streams, which

could be coming from the vegetated area higher up the mountain, where snow arrived
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earlier in the year. During the first days after snowfall, the snow melts during daytime
and the water drains into the soil. During this period, the water could have collected
DOC in the forested area located above the peatland. Only after snowmelt, the DOC
concentration in one of the two inflows (inflow 2) was higher than the outflow. For all
the other samples, the DOC in the outflow was higher than the sum of the two inflows,
indicating a carbon loss of the peatland via DOC. The monthly measurement of DOC
used in this study was an adequate interval of sampling to calculate the annual flux of
DOC, since the changes in flow are a bigger contribution to annual DOC export than
changes in DOC concentration (Griinheid et al. 2005, Worrall et al. 2006, Nilsson et
al. 2008, Koehler et al. 2009). The carbon emissions via DOC can have a big influence
on the carbon balance of the ecosystem (Gielen et al. 2011). In pristine peatlands the
DOC can account for 20% to 40% of the net ecosystem CO: exchange (Roulet et al.
2007, Nilsson et al. 2008, Koehler et al. 2011). Also in drained peatlands a big carbon
loss through DOC has been measured (even up to 3.3 £ 1.5 kg DOC over several days
after draining a 900 m? poor fen (Strack et al. 2008)). The concentration of DOC at
the Monte Bondone peatland site is at the lower range of DOC measured at peatlands
(Freeman et al. 2004, Munir et al. 2015). Due to the aerobic conditions in the soil, the
dead organic matter was decomposed and mineralized to CO>. The most abundant
plant species is M. caerulea, which decomposing fast (Vuuren et al. 1993) and results
in high ecosystem respiration (Pullens et al. 2016b)s. Also with a deep water table, the
DOC values were expected to be high (Freeman et al. 2004, Worrall et al. 2006,
Dieleman et al. 2016). The fact that the DOC values were low could indicate that most
of the carbon is emitted via ecosystem respiration and that the main source of DOC
were the partially decomposed recalcitrant carbon compounds in the soil, such as root
exudates (Fenner and Freeman 2011, Hribljan et al. 2014, Dieleman et al. 2016). The

modeled annual water balance indicates that 87 % of the precipitation leaves the
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catchment as discharge, based on the average of the measured DOC concentrations
and the monthly average modeled discharge values an initial estimate of the total DOC
export can be calculated. It has to be taken into account that this method introduce
high uncertainties in the total export, since it is a combination of the uncertainty of the
measured water flow, the uncertainty in the model outcomes and the uncertainty of the
DOC measurements. In this study the modeled discharge is likely to be overestimated,
which could result in an overestimation of the DOC export. The small measured
amount of DOC in combination with the modeled discharge results in a small export
of DOC from the peatland. Over the four years the average of the loss of DOC is 10.2
(+3.8) gC m? yr'! (Table 5-5), this is comparable to a blanket bog peatland in Ireland
(14.1 £1.5 g C m? yr! for 2007 (Koehler et al. 2009)), an upland peat catchment in
England (9.4 ¢ C m? yr'! (Worrall et al. 2003)), a subarctic Atlantic blanket bog in
Norway (7.2 £ 0.7 g C m? yr! (de Wit et al. 2016)), a mixed acid mire system in
Sweden (17.8 £ 0.7 g C m? yr! (Nilsson et al. 2008)), a fen in Minnesota, United
States (10.0 + 3.0 g C m? yr! (Pastor et al. 2003)) and lower than a rich fen in
Minnesota, United States (21.2 £ 6.9 g C m? yr! (Urban et al. 1989)). At a restored
peatland, on former agricultural land, in the Netherlands, the DOC export is higher

(20.6 £4.3 ¢ C m? yr'! (Hendriks et al. 2007)).

The combination of DOC and the previously presented carbon fluxes (CO2 and CHy
(Pullens et al. 2016b)) indicate that the peatland is acting as a carbon source for all

four subsequent years with a carbon balance ranging from 95.3 to 273.8 g C m? yr!.

Following the simulation, it could be advocated that the use of a hydrological model
could provide a better insight in the water and energy balance of any given catchment.
In this study, the implementation of GEOtop indicated the need of the integration of a

‘mineral soil with high hydraulic conductivity’ as an artificial pathway. Even with an
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extensive field campaign, this soil type and the possible existence of macropores could
have not have been identified, since not the complete soil column could have been
sampled. Possibly the application of a ground penetrating radar would have resulted
in a better insight in the hydraulic pathways in the soil compared to an extensive field
campaign. Nevertheless, the implementation of GEOtop, without this extensive soil
data can provide very important insights in the water and energy balance of a complex

mountainous catchment.

5.6 Conclusion

This study presents a study of a peatland on the Monte Bondone plateau, near Trento,
in the Eastern Italian Alps conducted with the model GEOtop (v2.0), and an ad hoc
field campaign. The peatland has a heterogeneous vegetation, which results in diverse
soil bulk density and hydraulic conductivity. This introduces biases into the model
outputs but overall GEOtop was able to simulate the water and energy dynamics of

the peatland over four years comparable to the measured values.

The bulk density and hydraulic conductivity of the peatland were measured from in
situ samples to investigate soil variability. The modeled streamflow has higher
discharge peaks compared to the infrequent measured discharge. Nevertheless the
model was able to simulate the interannual variability of the volumetric water content
and soil temperature accurately. The comparison of the modeled energy fluxes and the
measured values from the eddy covariance tower indicate that GEOtop is able to
follow the seasonal patterns and is within the same range of the measured values. The
model has a smaller misbalance of the energy balance compared to the measurements

made by the on-site eddy covariance tower.

Based on the modeled discharge and the measured DOC values, an initial estimation

of DOC export of the peatland through extrapolation was made. The DOC
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concentration in the stream water was low, but the high stream flows lead to similar

DOC losses compared to other peatlands.

The study shows that a process-based hydrological model can be used to study the
water and energy dynamics of a peatland in a mountainous area, when some
adjustments are made like the addition of an artificial pathway with high hydraulic
conductivity. For the peatland at Monte Bondone this resulted in the estimate of four
years of carbon balance (CO2, CHs4 fluxes and DOC losses combined), which indicated
that the peatland was a carbon source for all four subsequent years. The carbon balance
was 111.2, 275.2, 189.5 and 97.3 g C m? yr! for 2012, 2013, 2014 and 2015

respectively.

5.7 Replicable Research

GEOtop model is freely available as indicated on the site htttp://www.geotop.org. The
orthophoto and DEM data of the site are available from Autonomous Province of
Trento, P.A.T, from http://www.urbanistica.provincia.tn.it/sez_siat/BancheDati/-
RepertorioCartografico/pagina3.html. Data  from  the  campaign and
hydrometeorological data used in this paper are available (from the authors). A
simplified test case of this study is online available at:

https://github.com/jeroenpullens/geotop monte bondone sample
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6.1 Abstract

Since peatlands store up to 30% of the global soil organic carbon, it is important to
understand how these ecosystems will react to a change in climate and management.
Process-based ecosystem models have emerged as important tools for predicting long-
term peatland dynamics, but their application is often challenging because they require
programming skills. In this paper, we present NUCOMBog, an R package of the
NUCOM-Bog model (Heijmans et al. 2008), which simulates the vegetation, carbon,
nitrogen and water dynamics of peatlands in monthly time steps. The package
complements the model with appropriate functions, such as the calculation of net
ecosystem exchange, as well as parallel functionality. As a result, the NUCOMBog R
package provides a user-friendly tool for simulating vegetation and biogeochemical
cycles/fluxes in peatlands over years/decades, under different management strategies
and climate change scenarios, with the option to use all the in-built model analysis

capabilities of R, such as plotting, sensitivity analysis or optimization.

6.2 Introduction

Peatlands play an important role in the carbon cycle of the Earth. Although they cover
only about 3% of the terrestrial global surface, they have stored up to 455-600
Petagrams (Pg, 10" g) carbon during the postglacial period (Gorham 1991, Yu et al.
2010, Yu 2012), equivalent to about 30% of the global soil organic carbon (Gorham
1991). Peatland soils consist of dead organic matter, which is decomposed slowly due
to the permanently water saturated soil. The presence of Sphagnum mosses makes the
decomposition rates even lower due to their high recalcitrance to decomposition.
Pristine peatlands commonly act as carbon sinks (e.g. Lund et al. 2010, Humphreys et
al. 2014, McVeigh et al. 2014), while peatlands disturbed by human activities (e.g.

such as peat harvesting) are mostly acting as carbon sources (e.g. Hendriks et al. 2007,
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Harpenslager et al. 2015a, Moreno-Mateos et al. 2015, Pullens et al. 2016b). A major
concern is that the immense soil carbon pool of peatlands is vulnerable to climate
change, in particular to changes in precipitation, water table depth and temperature
(Frolking et al. 2011, Van Der Kolk et al. 2016). Changes in precipitation regimes
would likely have an effect on the plant species composition through changes in the
water table depth (Sottocornola et al. 2009, Dieleman et al. 2015). Peatlands located
in regions with a maritime climate are also threatened by invasions of shrubs and trees
(Stine etal. 2011, Heijmans et al. 2013, Holmgren et al. 2015), which could potentially
reverse their carbon footprint from a sink to a source (Dorrepaal et al. 2009, Bond-
Lamberty and Thomson 2010, Frolking et al. 2011), resulting in a positive climate
feedback. It is therefore vital to understand how the stored carbon in peatlands will

respond to changes in climate and management.

The reaction of peatlands to climate change is a slow process (years/decades to
centruries, Frolking et al. 2010), with complex interactions between different
vegetation communities. The most widely used tool to understand these interactions
and simulate the future of both the stored carbon and the vegetation are process-based

models.

The application of these models, however, is often challenging for new users because
they require specialized input formats and programming knowledge when tasks such
as sensitivity analyses or parameter calibrations are needed. It would therefore be an
advantage to have ecosystem models available in established environments for
scientific computing, such as R or Python. In this paper, we describe the new
NUCOMBog R package, which provides a user-friendly interface to the NUCOM-
Bog ecosystem model, which simulates the dynamics of vegetation, carbon, nitrogen

and water in peatlands.
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6.3 Model description

The NUCOM-Bog model (NUtrient cycling and COmpetition Model (Berendse 1988,
van Oene et al. 1999, Heijmans et al. 2008, 2013)), written in Delphi, simulates the
carbon and nitrogen dynamics of five plant functional types (PFTs): graminoids,
ericaceous shrubs and three groups of Sphagnum mosses (lawn, hollow and hummock
mosses) in monthly time steps. The model simulates an area of one square meter with
a flat moss surface. A schematic representation of the model is depicted in Figure 6-1.
The model can be used to simulate the current state of the peatland and to assess the
effects of climate change (e.g. temperature increase, changes in precipitation regime),
or other global changes such as increasing atmospheric CO; levels and nitrogen
deposition, as well as local nitrogen fertilization or different re-vegetation regimes,

which can aid the design of management strategies.

Changes in vegetation composition are driven by competition for light and nitrogen
among the five PFTs. Light is first available to the taller graminoids, then to the dwarf
shrubs and finally to the mosses. For each time step (one month), NUCOMBog
calculates the potential growth rate of each plant functional type (Gpof) based on the
amount of intercepted light (L/), maximum growth rate (Gmax), the CO2 concentration

in the atmosphere, air temperature (femp) and water table depth (WTD) according to
Gpot = LI * Gpgyx * f(COZ) * f(temp) * f(WTD)~ (1)

Each plant functional type has its own optimal range for temperature and water level
depth. The model calculates the WTD based on precipitation, potential
evapotranspiration (according to Penman, 1946) and drainage. The drainage in the
model calculation considers surface run-off and lateral outflow through the living

moss layer (Heijmans et al., 2008).
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The only nutrient limiting growth of the plants in the model is nitrogen. When not
enough nitrogen is available, the calculated potential growth rate (Gpof) for each PFT
is reduced. The incoming nitrogen from wet and dry atmospheric depositions is first
made available to the mosses (Heijmans et al. 2002). The remaining nitrogen leaches
into the soil, where it becomes available for the ericaceous shrubs with their shallow
roots (Figure 6-1). Deeper in the soil the nitrogen is available for the roots of the
graminoids. Apart from light and nitrogen, the growth rate of each PFT depends on its
optimal temperature and WTD range. For the carbon balance, plant growth (net
primary production) and decomposition of soil organic matter (heterotrophic
respiration) are simulated for each PFT. A detailed description of the model is

provided in Heijmans et al. (2008).

Dead organic matter (DOM), which is critical for the development of peatlands,
follows the same route to deeper soil layers as nitrogen: fresh DOM is first
incorporated in the moss layer, before it enters the top soil (acrotelm). In the acrotelm
the water table fluctuates, which results in both anaerobic and aerobic decomposition
taking place. Below the acrotelm is the permanent waterlogged soil (catotelm), where
decomposition rates are lower due to the lack of oxygen (Figure 6-1). In the model,
the boundary between acrotelm and catotelm is defined as the yearly deepest mean
WTD, calculated over the previous 10 years. The change of soil depth of the acrotelm
and the catotelm is calculated from the incoming DOM and decomposition in the

respective layer.

The model assumes that all PFTs are present at any time, with a minimum cover of
0.1 %. Thus, PFTs can always grow once their growing conditions are suitable (these
assumptions correspond to a permanent seed bank). While the plant community

develops, the original NUCOM-Bog model (Heijmans et al., 2008) calculates the
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monthly net primary production (NPP). For this package, NUCOM-Bog has been
modified in such a way that it also returns the monthly heterotrophic respiration. In

this way, the net ecosystem exchange (NEE) can be calculated:
NEE = —(NPP — heterotrophic respiration) (2)

The NUCOMBog R package follows the micro-meteorological sign convention, i.e. a
negative NEE is a carbon uptake for the ecosystem. All fluxes are in grams of carbon

per square meter per month (g C m? month™).

Nitrogen deposition
Light

Graminoids

Water level

Figure 6-1 Schematic representation of NUCOM-Bog (Adapted from Heijmans et al. 2008)
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NUCOM-Bog has been validated with paleo-ecological data, which showed that the
model was able to simulate vegetation composition changes in response to climatic
changes in the Little Ice Age (Heijmans et al. 2008). In addition, simulated year-to-
year variations in water table position and the response of mosses and vascular plants

to these changes compared well with observations (Heijmans et al. 2013).

6.4 R package

The NUCOMBog R package provides an interface to the statistical programing
language R (R Development Core Team. R Foundation for Statistical Computing
2017), which is available under the terms of the Free Software Foundation’s GNU
General Public License in source code form for Windows, MacOS and Linux. The
NUCOMBog package is available on the Comprehensive R Archive Network (CRAN)
and was first released in April 2016. The R package relies on an external executable,
which is freely available at: https://github.com/jeroenpullens/NUCOMBog as model
source code, as well as a precompiled executable. To run the model in R, the user first
has to provide the bulk density and the initial biomass values per PFT separated into
grams of carbon and nitrogen per plant tissue (shoot/leaf, stem and root), soil carbon
and nitrogen content and the bulk density of the acrotelm and catotelm, as well as
environmental and climatic data (Figure 6-2). The environmental data consists of the
annual atmospheric CO; concentration in parts per million (ppm) and the sum of both
wet and dry annual nitrogen deposition in kg N per hectare (kg N ha™! yr'). The
climatic data consists of monthly air temperature (°C), precipitation (mm), and the
calculated Penman potential evapotranspiration (mm, Penman 1948). The R package
also includes some test data (data from Heijmans et al. 2008), that needs to be copied
into a user defined folder prior to use. The function copytestdata allows the user to

copy the data and test the model.
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To initialize a model run, the function setupNUCOM is called. The user must specify
the file paths of the input data as well as the output directory (Figure 6-2). In addition,
the starting and end year of the simulation need to be specified. The model simulates
full years, starting in January and ending in December. When not all the initial biomass
values are available (e.g. root biomass is unavailable because destructive measurement
are not allowed on site), the user can decide to perform a spin-up run to reach a stable
equilibrium (so-called “steady state”). When the data from the spin-up is not needed
for subsequent analysis, the parameter "Startval" in the function setupNUCOM can be
used. The “Startval” value should be set to the number of months used for the spin-

up, and the function getData will only load the requested data into the R environment.

The setupNUCOM function also allows specifying the output variables; the function
getData is implemented to retrieve the desired output variables and for the period
requested. While the NUCOMBog model returns net primary production (NPP), the
R package NUCOMBog also returns the monthly heterotrophic respiration (Ry). From
these two values the net ecosystem exchange (NEE) is calculated, so that the model
outputs can be compared to sites where carbon fluxes are measured by eddy covariance
towers or flux chambers. The model also predicts the water table depth (m), where
positive values indicate water table depths below ground surface. The output is directly
loaded in R via the function getData, so it can be used for further analyses. A

schematic representation of the workflow of the R package is depicted in Figure 6-2.
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Environmental
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i
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Input Setup Model run

Figure 6-2 Schematic representation of the workflow of the R package NUCOMBog.

The model can be run with either the default parameter values from Heijmans et al.
(2008), or user-defined parameters, via the runNUCOM function. Parameter values
not provided by the user are automatically set to their default values. To facilitate the
swift calculation of a large number of model evaluations, for example for sensitivity
analysis or model calibration, the package provides support for parallel runs on
multiple processors via the runparalleINUCOM function. The runparalleINUCOM
function will run the model for a list of parameter combinations, and save the outputs
in separate folders. These functionalities, together with the integration of the model in
R, open the possibility to use the model together with one of the many algorithms for
model calibration and analysis that are implemented in R, for example sensitivity
analysis (Saltelli et al. 2008), parameter calibration via optimization, and Bayesian
inference (Hartig et al. 2012). The possibility to make use of such sophisticated
algorithms will help to improve the model, and identify gaps in the present knowledge
about the functioning of peatlands in general and specifically under stress of climate

change or management regimes.

6.5 Case study: Walton Moss, England
As a case study, we show a simulation with NUCOMBog for historic data from the

Walton Moss site in England (Heijmans et al. 2008). The data for this simulation is
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included in the test data of the NUCOMBog R package. To run the simulations, first

the data is copied from the R package to a user-defined folder

copytestdata(new_folder = "/home/jeroen/test_data/")

After this step, the executable of the model is copied into the folder. The folder
structure has to be kept intact. When the executable is copied, the model can be run

by using the following commands.

test_setup_singlecore <- setupNUCOM(mainDir = "/home/jeroen/test_data/",

climate = "ClimWLMhis.txt", environment = "EnvWLMhis.txt",
inival = "inivalWLMhis.txt", start = 1766, end = 1999, type = c("NEE",
"WTD", "NPP", "hetero_resp"), parallel = F)

output <- runNUCOM(setup = test_setup_singlecore, parameters = NULL)

This command runs the model with the input data from 1766 to 1999, and requests the
outputs NEE, WTD, NPP and heterotrophic respiration. Outputs are stored in the
variable “output”, which can subsequently be used for further analysis in R, for
example to produce figures (Figure 6-3), compare model outputs to data, perform
sensitivity analysis and parameter calibration (for which several packages already

exist within the R environment).
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Figure 6-3 Simulated monthly NPP, NEE, heterotrophic respiration and WTD from 1980 until 1999 for Walton
Moss, England.

6.6 Conclusion

Some of the most important uses of models are to correctly represent physical
processes, to predict the future and to understand the past. With the presented
NUCOMBog R package, the vegetation, carbon and water balance of peatlands can
be easily simulated from within the R environment. The ease of running the model,
together with various options of analysis, provides many possibilities for investigating
the stability of peatland vegetation, as well as facilitate its use for educational

purposes.
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The addition of heterotrophic respiration and net ecosystem exchange as outputs
provides better possibilities to investigate processes in peatlands that are equipped
with eddy covariance towers, or where flux chamber measurements are being taken.
In particular, when data over many years are available, the model outputs could be
evaluated against the measured data. The possibility to perform sensitivity analysis
and model calibration can give precious insights on the relative importance and
uncertainty of parameters, which will in turn lead to a better understanding of the
ecosystem functioning. Because the package allows running the model in parallel, the

computational time of such tasks is significantly reduced.

In conclusion, the integration of NUCOMBog into the R environment streamlines the
process of model application and opens up many new options of model analysis. We
hope that these possibilities will eventually lead to new insights about peatland
dynamics, thus making NUCOMBog an even more valuable tool to investigate the
vegetation, carbon, nitrogen and water dynamics of peatlands over time and to identify

possible threats for the modelled peatlands.

6.7 Acknowledgements

The authors would like to thank Alessio Gianelle for his help with the Delphi code.
This work was supported by a STSM grant to JWMP from COST Action FP1304
(Profound, http://cost-profound.eu/site/). MB acknowledges funding by the DFG

Priority Program 1374 "Infrastructure-Biodiversity-Exploratories" (Ref-No DO

786/8-1).

Author contributions: JWMP, DG, MB, FH, MS and GK designed the research;

JWMP, MB and FH performed the research; MB, FH, MMPDH and RSG contributed

138



Chapter 6 The NUCOMBog R package for simulating vegetation, water, carbon and
nitrogen dynamics in peatlands

with model coding and gave conceptual advice; JWMP wrote the paper. All authors

discussed the results and implications and commented on the manuscript at all stages.

6.8 Data accessibility

The NUCOMBOG R package is available on the Comprehensive R Archive Network
(CRAN)), test data is incorporated in the package and the source code of the executable
and the executable of the model are available on  GitHub
(https://github.com/jeroenpullens/NUCOMBog). All functions in the NUCOMBog R
package have documented help files and more information about running the package

is provided in the vignette of the package.

139



Chapter 7 Site-specific and multi-site calibration of vegetation and carbon model on
three different peatlands

7 Site-specific and multi-site calibration of vegetation and
carbon model on three different peatlands

7.1 Abstract

Peatlands store a vast amount of carbon in their soils and therefore play an important
role in the earth’s carbon cycle. The NUtrient cycling and COMpetition Model
(NUCOM-Bog) was applied for three different sites to investigate how peatlands in
different climates and locations around the world function and to understand which
are the main factors that drive the different ecosystems. A site-specific and a multi-
site Bayesian calibration was performed and compared using net ecosystem exchange
and water table depth from three sites (Canada, Ireland and Italy). The peatlands are a
raised bog (Mer Bleue), a blanket bog (Glencar) and a fen (Monte Bondone). The
multi-site calibration was comparable to the site-specific calibration. The model has
difficulties to represent the respiration in winter at all sites, both at the site-specific
and the multi-site calibration, and in simulating the water table depth at sites where
the water drains via streams (Glencar and Monte Bondone). A comparison of the
marginal parameter uncertainty of the multi-site calibration and the site-specific
calibrations indicate that with the multi-site calibration the parameter uncertainty can

be reduced by using information from multiple sites.

7.2 Introduction

Peatlands play a very important role in the carbon cycle of the Earth (Gorham 1991,
Yu 2012), they cover only 3% of the land surface, mainly in the northern hemisphere
(IPCC 2007, 2013, Parish et al. 2008, Yu et al. 2010, Schuur et al. 2015). Yet they
have stored up to 455-600 petagram (Pg, 10'3 g) carbon during the postglacial period
(Gorham 1991, Yu et al. 2010, Yu 2012, Charman et al. 2013), equivalent to 20-30%

of the global soil organic carbon (Gorham 1991, Yu 2012). Peatland soils contain

140



Chapter 7 Site-specific and multi-site calibration of vegetation and carbon model on
three different peatlands

approximately half the amount of carbon dioxide in the atmosphere in the form of
carbon (Rydin and Jeglum 2015). Due to the waterlogged soils, there is an imbalance
between the decomposition, that is limited, and the biomass production. Consequently,
in peatlands the dead organic matter (DOM) is accumulating, which over

centuries/millennia resulted in layers of peat ranging from centimetres to meters.

Peatlands occur in different types, with bogs and fens as the main types. The main
difference between these two types of peatlands is the origin of the water. For bogs
the main source of water is precipitation (ombrotrophic), while for fens the water
comes from surface- and groundwater (minerotrophic) (Wheeler and Proctor 2000).
This results in differences in nutrients and minerals in the peatland and therefore
influences the vegetation composition (Sottocornola et al. 2009). In bogs, the
vegetation is dominated by Sphagnum mosses, which make the water more acidic by
taking up cations and secreting H* ions (Clymo 1964). This acidification results in
slowing down the decomposition of plant material even further. While fens are mainly
dominated by grasses, sedges and reeds, and are due to their water source and its

dissolved minerals more alkaline.

Millennia have passed to arrive at the state in which the peatlands are now and due to
human disturbances and climate change the future of natural peatlands and therefore
their carbon pools are under pressure (Frolking et al. 2011, Petrescu et al. 2015,
Kamocki et al. 2016). Following the stages of peatland formation (Gorham 1957), the
vegetation of peatlands has changed over time (Chambers et al. 2017). The
understanding of these transitions in the vegetation are important to understand how

peatlands are working and cope with climate change.

In this paper, we investigate how peatlands in different climates and locations around

the world differ from each other, by implementing the NUCOM-Bog (NUtrient
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cycling and COmpetition Model (Chapter 6 and Heijmans et al. 2008)) on the different

peatlands.

The objectives of this study are i) to calibrate NUCOM-Bog for different sites. With
the calibration of the model for each site specific, we want to understand whether the
differences in parameter values have an ecological meaning or can they be explained
by other factors, such as climate or location. After the model has been calibrated, ii) a
multi-site calibration will be performed to get a more general parameter set and in this
way to get more information about the ecosystem functioning. With a multi-site
calibration a global set of parameters can be found, which might perform worse
compared to site-specific calibration, but might result to parameters, which are
generalizable. For sites with a low amount of data, the multi-site calibration could

result in a better calibration, since information from the other sites is used.

7.3 Materials and Methods

7.3.1 Sites

In this paper three sites will be compared, all located in the Northern Hemisphere. The
sites are located on different continents and have all different climates, and are
therefore different types of peatlands. The peatlands are located in Canada, Ireland

and Italy.

7.3.1.1 Mer Bleue

The Mer Bleue peatland is a 2,800 ha ombrotrophic raised bog located in the Ottawa
River Valley, 10 km east of Ottawa, Ontario, Canada (45.40° N longitude, 75.50° W
latitude, 69 m asl). The mean annual temperature is 6.3 °C and ranges from —10.5 °C
in January to 21.0 °C in July. The mean annual precipitation is 943 mm, of which 268
mm falls during the summer months (Bubier et al. 2006). During winter the snow

cover usually lasts from December to March with a maximum height of 0.6 and 0.8 m
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(Lafleur et al. 2003). The total nitrogen deposition at this site is around 8 kg N/ha/yr

(Turunen et al. 2004).

The dominant vegetation of Mer Bleue are mosses, Sphagnum angustifolium, S.
rubellum, S. magellanicum, sedges, Eriophorum vaginatum, and shrubs,
Chamaedaphne calyculata, Ledum groenlandicum, Kalmia angustifolia, and
Vaccinium myrtillodes. On the site is a small fraction of trees (Larix laricina, Betula
papyrifera, and Picea glauca) (Lafleur et al. 2001, Letts et al. 2005). At the Mer Bleue
site, an eddy covariance tower has been operational since 1999. For more information

about the Mer Bleue site, see Roulet et al. (2007).

For this exercise, monthly meteorological and eddy covariance data from the site from
1999-2013 is used, and meteorological data from a nearby meteorological station at
Ottawa International Airport (15 km south-west of the site, Environmental Canada)

from 1939 - 1999 is used.

7.3.1.2 Glencar

The Glencar site is an Atlantic blanket bog located in the Southwest of Ireland (51°55°
N latitude, 9°55” W longitude, 150 m asl) (Sottocornola and Kiely 2010b). The mean
annual temperature is 10.5°C and the mean annual precipitation is 2571 mm, where
the summers are drier than the winters (McVeigh et al. 2014). The total nitrogen at
this site is around 5 kg N/ha/yr (Henry and Aherne 2014, Johnson et al. 2016). The
site is divided into four microforms based on their relative elevation: hummocks, high
lawns, low lawns, and hollows. The distribution of the microform composition inside
the eddy-covariance footprint was estimated as 6% hummocks, 62% high lawns, 21%
low lawns, and 11% hollows (Laine et al. 2006). Vascular plants cover about 30% of
the bog surface, with the most common species being Molinia caerulea, Calluna

vulgaris, Erica tetralix, Narthecium ossifragum, Rhynchospora alba, Eriophorum
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angustifolium, Schoenus nigricans, and Menyanthes trifoliata. The bryophyte
component is not widespread, about 25% of the bog surface, and the principal species
include a brown moss, Racomitrium lanuginosum, and Sphagnum mosses, covering
about 10% each, so that large areas of the peatland are covered by bare soil
(Sottocornola et al. 2009, McVeigh et al. 2014). At the Glencar site, an eddy
covariance tower has been operational since 2003. For more information about the

Glencar wetland, see McVeigh et al. (2014).

For this exercise, monthly meteorological and eddy covariance data from the site from
2003-2012 is used, and meteorological data from a nearby meteorological station at

Valentia (30 km west of the site, Met Eireann) from 1939 - 2003 is used.

7.3.1.3 Monte Bondone

Monte Bondone peatland is a 10 hectares minerotrophic relatively nutrient-poor fen
located on the Monte Bondone plateau in the Italian Alps (46°01°03 N latitude,
11°02°27 E longitude, 1563 m a.s.l.) (Pullens et al. 2016b). Mean annual temperature
is 5.4°C and mean annual precipitation is 1290 mm (Eccel et al. 2012), with a typical
snow cover lasting from October-November until early May. The total nitrogen at this
site is around 20 kg N/ha/yr (Sutton et al. 2011). The vegetation of the area is very
heterogeneous, but is mainly dominated by Molinia caerulea forming big tussocks,
while in the depressions the main vegetation consists of Carex rostrata, Valeriana
dioica, Scorpidium cossonii and scattered Sphagnum spp. The southwestern area of
the peatland is dominated by Eriophorum vaginatum, with high tussocks of Carex
nigra covering the lower areas. Sphagnum spp. as well as Trichophorum alpinum and
Drosera rotundifolia occur close to the outflow stream. In the eastern part of the
peatland, there are some short hummocks with Calluna vulgaris and Sphagnum

section acutifolia. In 1914, 0.35 ha of the peatland was harvested, for burning, by
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removing the peat top layer (Cescatti et al. 1999). At the Monte Bondone peatland site,
an eddy covariance tower has been operational since 2012. For more information about

the Monte Bondone peatland, see Pullens et al. (2016b).

For this exercise, monthly meteorological and eddy covariance data from the site from
2012-2016 is used, and meteorological data from a nearby meteorological station at

Monte Bondone (1 km from the site, Meteo Trentino) from 1926 - 2012 is used.

7.3.2 NUCOM-Bog

In this paper the R package entitled NUCOMBog (Chapter 6 and Pullens et al. 2016a)
is used, which incorporates the NUCOM-Bog (NUtrient cycling and COmpetition
Model (Heijmans et al. 2008)) and calculates the monthly net ecosystem exchange,
heterotrophic respiration, net primary production and water table depth. The NUCOM-
Bog model is derived from earlier NUCOM models (Berendse 1988, van Oene et al.
1999) and simulates the vegetation, water and carbon dynamics in peat bogs on a
monthly time step. In the model, five plant functional types (PFTs) are represented:
graminoids, shrubs, hummock, lawn and hollow mosses, where all PFTs compete for
light and nitrogen. The incoming light is first available for the graminoids, the fraction
of light that is not absorbed is available for the shrubs, and finally for the mosses
(Figure 7-1). The mosses are the only PFT that are able to bind the nitrogen deposition,
the uptake of nitrogen by the canopy of vascular plants is assumed negligible
(Heijmans et al. 2008). The deposited nitrogen, which is not taken up by the mosses,
leaches into the soil. The roots of the vascular plants are not evenly distributed in the
soil, the roots of the shrubs are shallower than the roots of the graminoids (Figure 7-1).
Leached nitrogen is, therefore, firstly available for the shrubs, and later for the
graminoids. Hence the nitrogen and light follow the opposite order of availability for

the PFTs.
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When the mosses die, the nitrogen is incorporated into the soil. The soil is composed
of three layers, the living moss layer, the acrotelm and the catotelm (Figure 7-1). Both
the acrotelm and the catotelm are composed of dead organic material. The catotelm is
always water saturated; therefore, all biological processes are slower in the catotelm
compared to the acrotelm (Heijmans et al. 2008). In the acrotelm, the roots of the
shrubs are present, while in the catotelm the roots of the graminoids are located. The
dead plant material is first incorporated in the acrotelm, where it is partially
decomposed, and subsequently passed on to the catotelm when the water table level

rises.

Nitrogen deposition

Light

graminoids

living hol ~ lawn hummock
moss Sphagna Sphagna
4 Acrotelm
Water
| eve | Catotelm

Figure 7-1 Schematic representation of NUCOM-Bog (adapted from Heijmans et al. 2008)

Since two out of three sites are covered in snow during winter, an adaptation to the
model has been made. In the original model the decomposition of the DOM is
calculated by using the air temperature, but previous research has shown that the

respiration is better calculated by using soil temperature (Wohlfahrt and Galvagno
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2017). This has also been seen at each used site: Mer Bleue (Lafleur et al. 2005),

Glencar (McVeigh et al. 2014) and Monte Bondone (Pullens et al. 2016b).

The formula that calculates the decomposition per soil layer, the air temperature is

changed with soil temperature:

Decomposition rate = Carbon dead mass * relative decay rates x fp(T) (7.1)
in which the relative decay rates are specific for the acrotelm and catotelm and differ
among the PFTs and the organs of the PFTs, the temperature dependent function is

defined by Kirschbaum (1995) as:

T
) (7.2)

fo(T) = exp(—3.764 + 0.204 * T x (1 — 0.5 * 369

where T is changed from air temperature to soil temperature. For the catotelm half the
temperature dependency is used because fluctuations are reduced (Heijmans et al.

2008).

7.3.3 Data processing

For each model run a stabilization period was used, for each site the model was run
starting from 1766 till 2012 (Ireland), 2013 (Mer Bleue) and 2016 (Italy). A historical
dataset was made by assembling all available climate data into monthly minimum and
maximum values. Repetition and trends in the meteorological data were avoided set
by copying the data back to 1766. For each month, a value was taken randomly
between the measured minimum and maximum of that specific month over the

complete data set.

To get a data set of nitrogen deposition for the period from 1766 - present, measured
data for each individual site was used and organised following the dynamics of
nitrogen deposition published in Heijmans et al. (2008) and matching modelled values

for the past and future (Dentener 2006).
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7.3.4 Sensitivity analysis

The total number of parameters in the model is too big to be used in the calibration (
>150 parameters, see supplementary material of (Heijmans et al. 2008)), therefore
prior to calibration a sensitivity analysis was performed. A sensitivity analysis
indicates which parameters are the most sensitive, i.e. the parameters whose variation
around the set values causes the biggest changes in the model output. This information
is needed to know which parameters are the most important and allows to focus the
calibration effort on them. The Morris function of the R-package “sensitivity” (Saltelli
et al. 2008) which implements the Morris's elementary effects screening method
(Morris 1991, Campolongo et al. 2007) was used. This Morris function ‘walks’
through the complete parameter range for each parameter specified, changing one
factor at a time (OAT-method) and creates a Latin Hypercube with all the parameter
combinations. The function subsequently starts running the model with all
precalculated parameter value sets. From the outputs of the model runs, the sensitivity

of the model to different parameters are derived.

The sensitivity analysis was carried out for all sites individually and the minimum and
maximum values are provided for each parameter, corresponding to the parameter

space of the prior distribution used during the Bayesian calibration.

7.3.5 Bayesian calibration

A Bayesian algorithm was used to find the parameter distribution for which the model
has the lowest mismatch with the data. The data that was used to calibrate the model
against is the net ecosystem exchange (NEE) and the water table depth (WTD), for
both these measurements, the standard deviation was included as two extra parameters
in the calibration. In this study, the DE-zs algorithm was used, which stands for

Differential Evolution Markov Chain with a snooker updater (Ter Braak and Vrugt
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2008). The algorithm starts with a set of parameters taken from the predefined prior
distribution for each parameter. Since some parameters in the model are empirical and
without physiological meaning, the prior distributions was set uniform. The prior
distributions were not set too wide, since the values might not have a biological
significance and might not result in convergence of parameters (Gelman and Rubin
1992). The initial set of parameter values were the starting point of the Bayesian
calibration. This method searches through the parameter distribution of all parameters,

which returns the highest negative log likelihood:

L(6|D) x p(DI0) 3)
in which £ is the likelihood of a set of parameters (0), given outcome (D) is equal to

the probability (p) of the observed outcome (D) given the parameter values (0).

The DE-zs algorithm runs a set number of parallel chains and during the run shares
information among the parallel chains so that the proposal densities of randomised
jumps are adjusted, resulting in accelerated movement of the MCMC chains towards
an equilibrium (Ter Braak and Vrugt 2008). This equilibrium has the smallest log

likelihood, i.e. the smallest error between the model and the data.

The DE-zs algorithm is implemented in the R package “BayesianTools”, which is
available on CRAN (Hartig et al. 2017). In this paper all analyses are done with R
(version: 3.2.0 (R Development Core Team. R Foundation for Statistical Computing

2017)), NUCOMBog (version: 1.0.2.1) and BayesianTools (version: 0.0.10.0).

For each site, the NUCOMBog model was calibrated on the complete available data
set of net ecosystem exchange and water table depth. Each calibration was run for 10°
iterations, before the Gelman-Rubin index (Gelman and Rubin 1992) was calculated.
After each site was calibrated individually, a multi-site calibration was started. The

multi-site calibration is performed by running the model for all the three sites in
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parallel and summing up the likelihood values. This has as an advantage that the
variability of the climate is wider and that potential measurement or systematic errors

are cancelled out in respect to site-specific calibration (Minunno et al. 2016).

The predictive power of the model was assessed by calculating the coefficient of
regression and the Nash-Sutcliffe efficiency (Nash and Sutcliffe 1970), also known as
the modelling efficiency (Janssen and Heuberger 1995) for the maximum a posteriori
parameter distribution. The confidence interval of the Bayesian calibration was

addressed by randomly selecting 200 parameter sets from the posterior distribution.

7.4 Results

7.4.1 Sensitivity analysis

The Morris sensitivity analysis returns two metrics, p* and o, which represent the
mean and the standard deviation of the output in respect to the original values (Morris
1991). In total 33 parameters are found to be the most sensitive for the model, for all
sites the parameter set was identical. The growth and the mortality parameters are the
most sensitive parameters for all the PFTs, see Appendix 7.1. The sensitivity analysis
gives an insight in where the model is the most sensitive and where potentially more
research has to be done. In the original model the growth and mortality parameters in

the model are based on field measurement and on literature values.

7.4.2 Site-specific calibration

7.4.2.1 Mer Bleue

For the Mer Bleue site, the most amount of data is available and for the calibration the
complete dataset is used. After the calibration, the modelled net ecosystem exchange
(Figure 7-2) and water table depth data (Figure 7-3) were compared with the measured
data. The Gelman-Rubin diagnostics (1.12, (Gelman and Rubin 1992)) indicate that
the model parameters reached convergence after 10° iterations. For both the net
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ecosystem exchange and the water table depth, the model results after calibration are
in the range of the measurements. The maximum a posteriori values indicate that the
model has problems with simulating the respiration in winter. Nevertheless for net

ecosystem exchange the model performs reasonable compared to the measured data

(R? = 0.60, NSE = 0.55).

200 random distributions
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Figure 7-2 Net ecosystem exchange at Mer Bleue. In grey, the result of 200 randomly taken parameter set from the
posterior distribution (ensemble), in red the measured values and in black, the NEE calculated with the maximum
a posteriori (MAP) values.

The calibrated model is simulating the water table depth poor (R? = 0.24, NSE=0.14),
nevertheless the modelled values are in the range of the measured values and the model
is following the trend of the data (Figure 7-3). Interesting to see is that the model
simulates (at one time step) a water table level slightly above the surface level, while
the measured data is around 30 cm deep. This mismatch in water table data does not
seem to have a big impact on the NEE values. Over the complete period, the modelled

water table depth is in the upper region of the measured data.
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Figure 7-3 Water table depth at Mer Bleue. In grey, the result of 200 randomly taken parameter set from the
posterior distribution, in red the measured values and in black, the water table depth calculated with the maximum
a posteriori values.

7.4.2.2 Glencar

For Glencar the model has difficulties to reach convergence, after 10° iterations the
Gelman-Rubin index is 1.92. This indicates that the calibration has problems with
finding the posterior distribution for the parameters, an increase of the number of
iterations not decrease the Gelman-Rubin parameter (data not shown). Nevertheless,
the parameters for this site are the most restricted after calibration (Appendix 7.2). The
maximum a posteriori distribution of the parameters shows that the calibrated model
is not able to simulate respiration data in winter (Figure 7-4), as previously seen for
Mer Bleue. However, the model is following the trend (Figure 7-4) of the
measurements and is able to reach the maximum uptake values (R?>= 0.44, NSE= 0.44).
With the random 200 posterior distributions, the model is able to simulate the

respiration values better, but not as close as the model was able at the Mer Bleue site.
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Figure 7-4 Net Ecosystem Exchange at Glencar. In grey, the result of 200 randomly taken parameter set from the
posterior distribution, in red the measured values and in black, the NEE calculated with the maximum a posteriori
values.

The model has difficulties in following the dynamics of the water table at Glencar
(Figure 7-5). Overall the model is in the same range, but the model is does not follow
the dynamics of the measurements (R?=0.03, NSE= -3.21). Also the model seems to

simulate the water table depths above the surface that are not measured in the field.
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Figure 7-5 Water table depth at Glencar. In grey, the result of 200 randomly taken parameter set from the posterior
distribution, in red the measured values and in black, the water table depth calculated with the maximum a
posteriori values.
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7.4.2.3 Monte Bondone

The Monte Bondone site is the only fen and is the site with the amount number of data.
Also at this site the simulation with the maximum a posteriori parameters results in no
respiration in winter, while the model is able to reach the levels of uptake (R? = 0.30,
NSE= 0.20). The Gelman-Rubin diagnostics (1.13, (Gelman and Rubin 1992))
indicate that the model parameters reached convergence after 10° iterations. When the
ensemble of 200 parameter sets randomly taken from the prior distributions is used,

the model is able to reach the respiration values (Figure 7-6).
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Figure 7-6 Net Ecosystem Exchange at Monte Bondone. In grey, the result of 200 randomly taken parameter set
from the posterior distribution, in red the measured values and in black, the NEE calculated with the maximum a
posteriori values.

For the first years, no water table depth data was available; nevertheless, the model is
in the range of the measured values (Figure 7-7). The model is simulating two peaks,
where the water is above the soil surface. This is not measured in the field and results

to a big mismatch (R?= 0.04, NSE= -2.31), since there is a small amount of data.
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Figure 7-7 Water table depth at Monte Bondone. In grey, the result of 200 randomly taken parameter set from the
posterior distribution, in red the measured values and in black, the water table depth calculated with the maximum
a posteriori values.

7.4.3 Multi-site calibration

During the multi-site calibration all data from the three sites was used to calculate one
common likelihood and to calculate a global parameter set. The multi-site calibration
performs comparable to the site-specific calibration for each individual site, both the
R? and the NSE are similar (Table 7-1). The Gelman-Rubin index for the multi-site
calibration was the highest in this study (2.4), indicating convergence problems. For
the water table depth simulations of Mer Bleue the same peak can be identified, and
the same trend of water table depth for Monte Bondone can be seen (Figure 7-8). For
Glencar the calibration is simulating a lower water table depth than measured, also

compared to the site-specific calibration.

Also after the multi-site calibration, the simulated net ecosystem exchange for Mer
Bleue and Monte Bondone show no respiration in winter, while for Glencar the winter
values are closer to the measured values, but a bigger mismatch is introduced in the

uptake values.
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The marginal parameter uncertainty of the multi-site calibration is narrower than the
site-specific calibration for both Mer Bleue and Monte Bondone, and comparable with

the marginal parameter uncertainty of Glencar (Appendix 7.2).

Table 7-1 Coefficient of determination (R?) and Nash Sutcliffe (NSE) for the net ecosystem exchange (NEE) and
water table depth (WTD) of all three sites calculated based on the maximum a posteriori values from the multi-site
comparison.

R? NSE

NEE 0.58 0.51
Mer Bleue

WTD 0.24 0.14

NEE 0.41 0.41
Glencar

WTD 0.01 -10.51

NEE 0.29 0.14
Monte Bondone

WTD 0.04 -2.32

7.5 Discussion

Before this model exercise, the NUCOM-Bog model has not been used to analyse the
monthly and year-to-year variation. The model has been proven successful in
simulation over a long period of time (Heijmans et al. 2008), by focussing at the

vegetation changes and the stored carbon pool in the peat.

The original parameter values in the model are based on field measurements and on
literature reviews, but it has to be kept in mind that these parameters are difficult to
measure. The potential growth rate of a plant can only be guessed and not measured,
a plant never grows on its maximum potential growth rate, since there are always
limiting factors. Nevertheless the model was able to simulate the uptake values
reasonably well. The mortality rate of the plants in the model are defined as monthly
values, this is a significant simplification of the reality, where the mortality is

following a seasonal trend. The graminoids die off when the air temperature goes
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below a certain limit (Taylor et al. 2001), this is not incorporated in the model and
could explain the difficulties in modelling winter decomposition. The model does not
compute ecosystem respiration, but only net primary production and heterotrophic

respiration; these values are not measured by the eddy covariance towers.

7.5.1 Site-specific calibration

The calibration has been performed on three sites individually and on all the sites
together. The site-specific calibrations indicate that the model has problems with the
simulation of respiration in winter. At Mer Bleue and Monte Bondone in winter the
peatland is covered by a layer of snow, this snow cover isolates the soil and can store
CO3 in the snow pack (Monson et al. 2006, Larsen et al. 2007). Since NUCOM-Bog
does not compute a snow cover and calculates the respiration values based on air
temperature, the decision to use the soil temperature for respiration was made (Lafleur
et al. 2005, McVeigh et al. 2014, Pullens et al. 2016b, Wohlfahrt and Galvagno 2017).
The model has a basic function to calculate the respiration of the DOM in both layers
of the soil (equation 7.1), this function is based on a literature review (Kirschbaum
1995). The relation Kirschbaum (1995) (equation 7.2) found with the data derived
from literature had a coefficient of determination of 0.500. The shape of the formula
implies that there is no decomposition when the air temperature is below zero degrees
(equation 7.2). Apart from the snow cover that is present at Mer Bleue and Monte
Bondone, the maximum a posteriori parameter values also indicate no winter
respiration at Glencar. Different empirical function of respiration curves, such as the
Q10 formula and the Arrhenius function (Arrhenius 1898), as well as equations
proposed by Lloyd and Taylor (1994) and Jenkinson (1990) have been tested in the

model, but none of them led to reasonable results in winter.
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In both Glencar and Monte Bondone the model simulates water table levels above the
soil surface. In both sites the water drains via streams (Chapter 5 and Lewis et al.
2013), this process is not incorporated in NUCOM-Bog and therefore high water table
levels are simulated. In the model, the whole water balance is calculated four times a
month by dividing the monthly precipitation into four equal portions. This procedure
speeds up drainage and the response of evapotranspiration to water level (Heijmans et
al. 2008), but also creates a bias, by assuming that the precipitation is uniform during
the month. Despite the model is not able to simulate lower water table levels at these

specific months, for the other months the model is in the range of the measurements.

The fact that the model runs on a monthly time step has as consequence that sub
monthly or daily fluctuations, which might be present in the data are averaged out in
the model. The model does not seem to be able to simulate the extremes in the data,
probably because there are more data points around the mean values. It also has to be
kept in mind that the data is measured via the eddy covariance technique and
subsequently gap filled, which is known to introduce high uncertainties. The range of
uncertainties in the measurements at these sites are in the range of 20-30% (Roulet et
al. 2007, McVeigh et al. 2014, Pullens et al. 2016b). These uncertainties are considered
during this model exercise, but it has to be taken into account when comparing the

model with the measurements.

For all model simulations the run started at the year 1766, in this way the vegetation
could establish and the ecosystem could stabilize. The methods used to make a data
set starting in 1766 could have introduced a bias of which the range is not quantifiable.
Nevertheless, the model performs well for the Mer Bleue site, with only a minor

change to the model by using the soil temperature in the decomposition formula.
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For Monte Bondone the smallest dataset was available and this results in less power
of the calibration. For sites with a low amount of data a multi-site calibration could

result in a better calibration.

7.5.2 Multisite calibration

The multi-site calibration did not perform better than the single-site calibration;
overall, the model efficiency and the coefficient of determination were similar (Table
7-1). The same has been found by Minunno et al. (2016), who calibrated a simple
ecosystem model, with 12 parameters, to estimate carbon and water fluxes of boreal
forests on 10 sites. The sites of the present study are located on different continents
and are different types of peatland, which result in difficulties for calibration.
Nevertheless, the multi-site calibration results in a narrower marginal parameter
uncertainty of parameters for Monte Bondone and Mer Bleue, based on the
information provided by the Glencar site (Appendix 7.2). As Mikeld et al. (2008)
found for their model, most likely the parameters in the model are highly correlated
and the processes in the model can be equally well represented by a generic
parameterisation. The fact that the single-site and the multi-site calibration result in
the same mismatch between the data and the model would suggest that the error to be

predominantly the model’s rather than that of the data. (Van Oijen et al. 2011).

7.6 Conclusion

The presented study indicates that the NUCOM-Bog model is able to simulate the
summer uptakes reasonably well, but the model has difficulties in simulating the
respiration values in winter. Nevertheless, the model is following for all sites the
measured trends and the modelled ranges of the uptakes are in the range of the
measured uptakes. The model has difficulties in simulating the water table depth for

sites where the peatland is drained via streams. An improvement in the water table
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depth simulations and the winter respiration should be considered vital for the model
to be able to simulate the carbon and water dynamics accurately at monthly time steps.
Compared to the site-specific calibration, the multi-site calibration performed similar,
but the multi-site calibration result in a narrower marginal parameter uncertainty

indicating the strength of multi-site calibration by using the information from all sites.
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7.8  Appendixes

Appendix 7.1 List of parameters used in the calibration.

Plant functional Default value (Heijmans et | Minim | Maxim
type Description (unit) al. 2008) um um
Graminoids . L .
Light extinction coefficient (-) 0.5 0.05 1
Maximum growth rate (g C/m?*/month) 70 7 350
Mortality rate of leaves (month™") 0.08 0.008 0.4
Specific Leaf Area (m? g C) 0.012 0.0012 0.024
Minimum temperature for optimal growth (°C) 12 1.2 4.8
Maximum temperature for optimal growth (°C) 20 2 34
Temperature for optimal growth (°C) 25 2.5 35
Ericaceous . L .
Light extinction coefficient (-) 0.8 0.08 1
Maximum growth rate (g C/ m*month) 60 6 300
Mortality rate of leaves (month™) 0.04 0.004 0.2
Specific Leaf Area (m%g C) 0.012 0.0012 0.024
Minimum temperature for optimal growth (°C) 5 0.5 2
Maximum temperature for optimal growth (°C) 14 1.4 30.8
Temperature for optimal growth (°C) 25 2.5 35
Minimum water table level for optimal growth
(mm) 100 10 167
Carbon allocation factor (-) 1 0.1 5
Maximum growth rate (g C/m?*/month) 45 4.5 225
Hummock
mosses Mortality rate of leaves (month™") 0.04 0.004 0.2
Minimum temperature for optimal growth (°C) 25 2.5 35
Maximum temperature for optimal growth (°C) 14 14 19.6
Temperature for optimal growth (°C) 18 1.8 39.6
Lawn mosses .
Carbon allocation factor (-) 1 0.1 5
Maximum growth rate (g C/m*/month) 50 5 250
Mortality rate of leaves (month™") 0.04 0.004 0.2
Minimum temperature for optimal growth (°C) 25 2.5 35
Maximum temperature for optimal growth ("°C) 14 1.4 19.6
Temperature for optimal growth (°C) 18 1.8 39.6
Hollow mosses .
Carbon allocation factor (-) 1 0.1 5
Maximum growth rate (g C/m?*/month) 60 6 300
Mortality rate of leaves (month™) 0.08 0.008 0.4
Minimum temperature for optimal growth (°C) 25 2.5 35
Maximum temperature for optimal growth (°C) 10 1 14
Temperature for optimal growth (°C) 18 1.8 39.6
Generic Standard deviation of net ecosystem exchange
parameters measurements 1 0.1 10
Standard deviation of water table measurements | 0.1 0.01 0.1
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Appendix 7.2 Marginal parameter uncertainty of parameters after calibration scaled to

the prior provided minimum and maximum values.

In this appendix, the marginal parameter uncertainty of parameters after calibration
scaled to the minimum and maximum values provided are presented for the three site-
specific calibration and the multi-site calibration. The order of the parameters on the
y axis is the inverse order of the parameters in Appendix 1, but the number correlate

with the parameters in Appendix 1.
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Multi-site calibration

Marginal parameter uncertainty
scaled to min/max values provided
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8.1 Carbon fluxes

At the Monte Bondone peatland the CO; fluxes were continuously measured with an
eddy covariance system for a four-year period (2012-2015), during a 10-month
measurement campaign in 2014 also the methane fluxes were measured. Based on the
CO: fluxes the peatlands was acting as a carbon source with a net ecosystem exchange
(NEE) of 103.5, 262.9, 175.7, 89.2 g C-CO2> m™ yr! for 2012, 2013, 2014 and 2015
respectively. With the addition of the methane fluxes the peatland was a bigger source,
even though the methane fluxes were small (3.2 g C/m?) compared to other peatlands:
3.7 to 32 g C- CHs m yr!, (Hendriks et al. 2007, Roulet et al. 2007, Nilsson et al.
2008, Aurela et al. 2009, Lund et al. 2009, 2010, Backstrand et al. 2010, Sonnentag et
al. 2010, Beetz et al. 2013, Wu et al. 2013, McVeigh et al. 2014). The peatland is a
carbon source due to the short growing season (carbon uptake period: 73 £+ 7 days) and
the presence of a snow cover during winter. Under the snow cover, the soil does not
reach sub-zero temperatures and therefore the decomposition was considered ongoing
(Morgner et al. 2010). The locked-up COz in the snow was released during snow melt
and results in a high ecosystem respiration (Reco) after winter. In spite of the short
carbon uptake period, the annual growth primary production (GPP) was very high due
to the abundance of the highly productive Molinia caerulea. These high GPP values
during the growing season were not high enough to compensate for the even higher
loss of carbon via ecosystem respiration (Reco) during the year and in particular the

winter period.

The interannual variability in NEE was very big, in 2013 the loss of carbon was more
than twice as big as the loss of carbon in 2015. The biggest drivers of this variability

were air temperature, soil water content and photosynthetic active radiation. Due to
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climate change it is expected that the air temperature will rise and changes in the
precipitation regime will happen at high elevation (Beniston et al. 1997, IPCC 2007,
2013, Im et al. 2010, Eccel et al. 2012, Steger et al. 2013, Pepin et al. 2015, Tudoroiu
et al. 2016). The predicted changes in precipitation can be opposite of sign and
different in magnitude. These effects of the climate change can lead to a higher Reco
and therefore a bigger carbon loss of the peatland over time, or a higher GPP and
changing the peatland from a carbon source to a carbon sink, but the scale and the

range these effects are still unknown.

8.2 Hydrological modelling

The Monte Bondone peatland is located in the lowest area of the Viote plateau, and
thereby receives all the precipitation of the catchment, either via runoff or via seepage.
To study the hydrology of the catchment the process-based hydrological model
GEOtop in combination with an appropriate set of in situ measurements were used.
Due to the highly heterogeneous vegetation, differences in the bulk density and hence
the hydraulic conductivity of the soil occurred (Assouline 2006). In the peatland,
differences of two-three orders of magnitude for hydraulic conductivity have been
measured, which are in range with measurements taken at other peatlands (van
Breemen 1995, Beckwith et al. 2003, Holden and Burt 2003, Lewis et al. 2012). The
spatial variability of the hydraulic conductivity introduces a high uncertainty in the
simulation of soil water content. The values for the hydraulic conductivity of the other

soils, a grassland, forest and bare rock, in the catchment are based on a literature study.

The model seems to overestimate the discharge and simulates high discharge peaks,
which are not measured in the field. Since the peatland is a Natura 2000 protected area,
no weir could be installed and the overflow could not be quantified. Possible

explanations for the differences between the measurements and the model output can
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be the lack of measurements immediately after heavy rain events, the spatial variability
of the hydraulic conductivity and/or the fact that after a precipitation event the runoff
flows over the banks. Nevertheless did the model simulated the soil water content and
soil temperature well and was it able to follow the interannual variability of the soil
temperature for all the four years. Based on the energy balance, the model is able to
follow the energy fluxes of the peatland. Overall the GEOtop model performed
reasonably well and is able to provide valuable information to assess a water, energy

and carbon budget of the system.

With the modelled discharge and the measured dissolved organic carbon (DOC)
concentration, an estimate of the DOC fluxes can be calculated. Over the 10 month
sampling period a DOC loss of 0.96 mg/L was measured and combined with the
modelled discharge, this resulted in an average loss of DOC 10.2 + 3.8 g C m™ yr!
over the four years. The loss of carbon due to DOC was an extra loss of 7.0 + 1.8 %
of the NEE over the four years, which is lower than what is measured in pristine
peatlands, where DOC can account for 20% to 40% of the net ecosystem CO>
exchange (Roulet et al. 2007, Koehler et al. 2011). Over the four years the average of
the loss of DOC at the Monte Bondone site is comparable to a blanket bog peatland in
Ireland (14.1 = 1.5 ¢ C m? yr! for 2007 (Koehler et al. 2009)), an upland peat
catchment in England (9.4 g C m* yr'! (Worrall et al. 2003)), a subarctic Atlantic
blanket bog in Norway (7.2 +0.7 g C m? yr'! (de Wit et al. 2016)). a fen in Minnesota,
United States (10.0 + 3.0 g C m* yr'! (Pastor et al. 2003)) and is lower than a rich fen

in Minnesota, United States (21.2 = 6.9 g C m* yr'! (Urban et al. 1989)).

With the estimation of DOC loss, four years of carbon balance (CO2, CH4 fluxes and
DOC losses combined) could be calculated, which indicated that the peatland was a

carbon source for all four subsequent years. The carbon balance was 112.3, 273.8,
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190.8 and 95.3 g C m* yr'! for 2012, 2013, 2014 and 2015 respectively. This study
shows that a process-based hydrological model can be used to study the water and

energy dynamics of a peatland in a mountainous area.

8.3 Carbon modelling

Carbon models are generally applied to simulate one particular site, but in this study,
three study sites are simulated with the same model. The model has been calibrated
for each of the three sites individually and on all the sites together (multi-site
calibration). The strength of a multi-site calibration, compared to site-specific
calibrations is that the parameter values can provide more information about the
ecosystem functioning in general. This global set of parameters, which might perform
worse compared to site-specific calibrations, are more generic. This means that the
model can be potentially used for more sites, without calibrating for each site
specifically (Minunno et al. 2016). The calibration with the help of Bayesian
framework is a useful tool since this method also calculates the uncertainty in the
posterior distributions of the parameters. For the calibration, only little prior
knowledge for the parameter ranges is needed. Some parameters in the model are
empirical and without physiological meaning, for these parameters no prior

knowledge is available, therefore uniform prior distributions are used.

In this study, it has been show that the multi-site calibration has comparable results
with the site-specific calibration. The three different sites used in this study do not
only differ in type of peatland (raised bog, blanket bog and fen), but also differ in
climate, nevertheless does the multi-site calibration result in a narrower marginal
parameter uncertainty of parameters for Monte Bondone and Mer Bleue, based on the
information provided by the Glencar site. The broad marginal parameter uncertainties

for Mer Bleue and Monte Bondone indicate that most likely the parameters in the
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model are highly correlated and the processes in the model can be equally well

represented by a generic parameterisation (Mikeld et al. 2008, Yuan et al. 2014).

The fact that the single-site and the multi-site calibration result in the same mismatch
between the data and the model would suggest that the error to be predominantly the
model’s rather than that of the data (Van Oijen et al. 2011). Nevertheless is the model
for all sites following the measured trends and are the modelled ranges of the carbon
uptake in the range of the measured uptakes. The model has difficulties in simulating
the water table depth for sites where the peatland is drained via streams and in
simulating winter respiration for all three sites. An improvement in the water table
depth simulations and the winter respiration should be considered vital for the model

to be able to simulate the carbon and water dynamics accurately at monthly time steps.
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Recommendations for future research

The research conducted at the Monte Bondone peatland since 2012 raises some issues

and questions that [ would like to recommend for future investigations.

e The carbon balance of the peatland was measured over a four year period in
which the site was a pertinent carbon source. The hypothesis is that this is due
to the snow cover in winter. A snow removal experiment could provide more
information on the winter fluxes without snow cover. Since this experiment is
not applicable on ecosystem scale multiple chambers has to be installed to
measure the winter fluxes.

e The interannual variability in the four years measurement was high, interesting
would be to continue the measurements for a longer period, to capture the
interannual variability of both the carbon fluxes as the meteorological
conditions.

e To get an idea about how much carbon is stored in this specific peatland, better
peat depth measurements have to be taken. The proposed method is a ground
penetrating radar; in this case, both the depth of the bedrock and potential
natural drainage pipes can be measured. The results could be used for better
hydrologic modelling and as a validation for carbon accumulation models.

e Remote sensing techniques could be used to identify and quantify the number
of peatlands in the Alps, in this way an estimate of the extent of peatlands in
the Alps can be made.

e Since the Monte Bondone peatland is the first alpine peatland for which a
carbon balance is made, the addition of other sites could result in better insights

in the carbon storage in alpine peatlands.
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The pools/ponds in the wetland can play a big role in the carbon balance of the
peatland; more research has to be done to identify the contribution of ebullition
(gas emission via bubbling) to the greenhouse gas balance.

The influence of the peat harvesting in 1914 on the carbon balance is not
known, potentially with chamber measurements, the pristine parts can be
measured. A comparison between these measurements and the eddy
covariance technique can possibly indicate the effect of the harvesting.

The climate change in mountainous areas is expected to push plant species out
of their climate envelope. Longer time series of eddy covariance measurements
in combination with reoccurring intensive vegetation surveys can provide

detailed information in the effects of climate change.
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It is widely known that peatlands are a significant carbon (C) stock. Most peatlands are located in boreal
and subarctic regions of the northern hemisphere but some occur also at high altitude and, contrary to
the first; their contribution in terms of carbon sequestration is far less studied. In the Alps, there are
numerous small peatlands, which are threatened by increasing temperatures and an alteration of their
water balance. The aim of this study was to investigate the carbon fluxes of a small-scale fen in the Alps
over three years (2012-2014).

During the study period, the peatland experienced a high interannual variation in weather conditions
while it acted as a carbon source based on CO, emissions (NEE: 180.7 + 65.2 g C—CO, m~2 yr~1) for all
three years. This was mainly due to the short net C uptake period (73 +7 days) and high respiration.
Ecosystem respiration and summer gross primary production were both very high compared to other
peatlands around the world and compared to a nearby low productive grassland. In wintertime, the
soil did not freeze, resulting in a slow decomposition of the organic matter. Low methane fluxes were
recorded during a 10-month measurement campaign, for a total of 3.2 g C—CH4 m~2 over the December
2013-September 2014 period. Our findings suggest that the interannual variability of temperature and
soil water content exert a strong influence on the carbon balance of peatlands of the Alps and that could
further worsen depending upon the magnitude of climate change.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Peatlands contain the largest terrestrial soil carbon (C) pool in
the world (Gorham, 1991). Northern peatlands store an estimated
547 (473-621)PgC (Yu et al., 2010), which is around 20% of the
total amount of global soil organic carbon (IPCC, 2007), despite
covering only about 3% of the land surface. Peatlands occur glob-
ally; however the biggest and most studied areas are located in
the northern hemisphere (Parish et al., 2008; Schuur et al., 2015;
Yu et al., 2010). Most of researched peatlands are in high latitude
regions and these peatlands are studied for the vulnerability of their
carbon storage, the effects of climate change and permafrost degra-
dation (Camill, 2005; Dorrepaal et al., 2009; Frolking et al., 2001).
Peatlands have been accumulating carbon for thousands of years.

* Corresponding author at: Fondazione Edmund Mach, Sustainable Ecosystems &
Bioresources, Via Mach 1, San Michele All'’Adige, 38010 Trento, Italy.
Tel.: +39 (0) 461 615 675.
E-mail address: johannes.pullens@fmach.it (J.W.M. Pullens).

http://dx.doi.org/10.1016/j.agrformet.2016.01.012
0168-1923/© 2016 Elsevier B.V. All rights reserved.

The decomposition of plant material is very slow due to the water-
logged soils and high recalcitrance of present Sphagnum mosses.
The carbon can be released as the greenhouse gasses carbon diox-
ide (CO,), methane (CHy), or as Dissolved Organic Carbon (DOC)
in waterbodies. Methane is only produced under anaerobic con-
ditions (Wang et al., 2013). The emission of CH4 in peatlands is
has been linked to the presence of plants with aerenchyma, a tis-
sue that can conduct methane from the soil to the atmosphere
(Carmichael et al., 2014; Van Den Pol-Van Dasselaar et al., 1999).
Aerenchyma tissue can be found mainly in sedges, so a high sedge
abundance could potentially be an indicator of high methane emis-
sion (Armstrong, 1979; Gebauer et al., 1995). It is estimated that
peatlands contribute to around 33% of the annual global methane
efflux (ca 645 Tg CHy year—!, (Carmichael et al., 2014)).

Due to climate change, pristine peatlands can be potential car-
bon sources (Bond-Lamberty and Thomson, 2010; Dorrepaal et al.,
2009; Drosler et al., 2008; Frolking et al., 2011; Lawrence et al.,
2013). The general global response of peatlands to climate change
is hard to predict due to the uneven distribution of peatlands over
the world, in addition to this only the most accessible peatlands are
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studied (Frolking et al., 2011). Warmer temperatures could lead to
an increase in plant growth (net primary production, NPP) and an
increase in ecosystem respiration (Reco) (Beer and Blodau, 2007;
Smith and Fang, 2010; Gong et al., 2013). The different magnitudes
of these two contrasting fluxes could change peatlands from a car-
bon sink to a carbon source (Bond-Lamberty and Thomson, 2010;
Dorrepaal et al., 2009; Lawrence et al., 2013). A difference in annual
precipitation could result in a drop in the water table depth which
will trigger faster decomposition of stored carbon, since more peat
can be decomposed under aerobic conditions and simultaneously
a reduction in CH4 emissions (Andersen et al., 2013; Couwenberg
et al,, 2010; Gong et al., 2013; Jungkunst et al., 2008; Mitsch et al.,
2012). On the contrary a rise in water table depth can reduce the
decomposition (Murphy et al., 2009), increase the NPP (Sonnentag
etal., 2010), with a positive effect on carbon accumulation, but with
a negative effect in terms of increased CH4 emissions (Lawrence
et al., 2013; Petrescu et al., 2015; Vanselow-Algan et al., 2015).

To measure the net ecosystem CO, exchange (NEE) at an ecosys-
tem level, the eddy covariance (EC) micrometeorological technique
is typically used. This technique allows to measure turbulent fluxes,
which are exchanged between vegetation canopy and the atmo-
sphere (Baldocchi, 2003). The advantage of this method is that it
continuously measures the fluxes over a long period of time (years
or even decades) and in a non-destructive way. In this way, the
dynamics of ecosystems can be investigated and followed over
time. NEE can then be partitioned to calculate the gross primary
production (GPP) and ecosystem respiration (Reco ).

As highlighted by Drosler et al. (2008) measurements need
to be done at different peatland ecosystems, to reach a better
understanding of, and to upscale the greenhouse gas balance of
peatlands regionally and/or globally. The difficulty with upscaling
is that peatlands occur in different types: e.g. fen, aapa mire, blan-
ket bog and raised bog, which are reliant on different water and
nutrient sources, ombrotrophic (rainwater fed) vs minerotrophic
(groundwater fed) (Wheeler and Proctor, 2000). The differences
in water sources, the dissolved minerals and nutrients can lead
to different plant communities and therefore a different green-
house gas balance. Measurements on pristine peatlands indicate
that these untouched peatlands are mainly acting as a CO, sink
(34.9 to 329gC—CO, m2yr—!) and as a methane source (3.2 to
32gC—CHy;m2yr1) (Aurela et al., 2009; Bickstrand et al., 2010;
Beetz et al., 2013; Koehler et al., 2011; Lund et al., 2010, 2007;
McVeigh et al., 2014; Nilsson et al., 2008; Petrescu et al., 2015;
Roulet et al., 2007; Sonnentag et al., 2010; Sottocornola and Kiely,
2010; Wu et al., 2013). On the contrary drained and managed wet-
lands often act as a CO, source (Beyer and Hoper, 2015; Hatala
et al.,, 2012). Many factors are influencing the carbon balance, such
as: vegetation, hydrology, ground water level (Murphy et al., 2009),
human disturbance (Hendriks et al., 2007) and climatic variability
(McVeigh et al., 2014). Peatlands with a high cover of bryophytes
and a low cover of vascular plants, show lower GPP than peatlands
with a high vascular plant cover (Beetz et al., 2013). Since peatlands
are rather widespread, the climatic conditions are very important.
A comparison of different peatlands can provide more information
why some peatlands are bigger carbon sources than others (Drosler
et al., 2008).

In the Alpine area, numerous small peatland fens are present.
In the Alps the climatic conditions for these fens to develop into
raised bogs are rare. This results in an infilling of non-peatland plant
species (trees and grasses) into the peatland. The peatland fens in
the Alps are being threatened by rising temperatures and changesin
their precipitation regime (Beniston et al., 1997; Eccel et al., 2012;
Im et al,, 2010; IPCC, 2013, 2007; Pepin et al., 2015; Steger et al.,
2012). The predicted changes in precipitation can be opposite of
sign and different in magnitude. Alpine fens are already experienc-
ing modifications due to climate change with an acceleration of the

infilling with trees (Stine et al., 2011). This is leading to the invasion
of non-peatland plants typical of drier ecosystems that are tur-
ning the peatlands into grasslands and forests, with a consequent
loss of both their stored soil carbon and their biodiversity (Stine
et al., 2011). Tree encroachment for example is more persistent
with global warming than it is with summer drought, while a com-
bination of the two results in tree-dominated peatlands (Heijmans
et al.,, 2013; Holmgren et al., 2015). Despite the risks and the reg-
ular occurrence of peatlands in the Alps, their carbon and water
cycle has been poorly studied because peatlands represent a small
part of the dominant ecosystems in the Alps (Parish et al., 2008).
To our knowledge the only research on Alpine peatlands focused
on their restoration and management (Ammann et al., 2013; Van
Der Knaap et al., 2011) while no attempt was taken to measure the
carbon fluxes with an eddy covariance system.

The objectives of this paper are (i) to investigate three years
of carbon and methane fluxes of a peatland in the Italian Alps,
(ii) to study the inter annual variability of the carbon fluxes and
(iii) to compare the fluxes of this alpine peatland with other
peatlands.

We hypothesize that the peatland will be a small carbon sink,
since the vegetation of the peatland grows very fast during the
growing season. We assume that the carbon taken up during this
period is more than the carbon released over the rest of the year,
particularly when the peatland is covered with snow and all bio-
logical processes are slowed down or stopped. We also think that
the peatland will have high methane fluxes, since the peatland has
a high coverage of sedges.

2. Materials and methods
2.1. Site

The study site is a 10 hectares minerotrophic relatively nutri-
ent poor fen located at 1563 m a.s.l. on the Monte Bondone plateau
(Fig. 1), near Trento, in the Italian Alps (latitude 46°01’03N, longi-
tude 11°02'27E). The peatland is placed in a relict glacial lakebed,
that was formed during the last ice age (Cescatti et al., 1999), in a
saddle shaped valley with a mountain top on the eastside (Palon,
2090 m a.s.l,, Fig. 1a). The runoff of the complete watershed flows
on deep impermeable morainic strata, which result into seepage
into the fen (Cescatti et al., 1999). This seepage enters the peatland
through two inflow streams; from the fen the water discharges in a
stream (Fig. 1). The average annual precipitation during 1958-2008
was 1290 mmyr~! with an average air temperature of 5.4 °C (Eccel
etal., 2012). The snow-free period typically lasts from early May to
late October-beginning November.

The vegetation of the area is very heterogeneous: the areas clos-
est to the tower are mainly dominated by Molinia caerula forming
big tussocks, while in the depressions the main vegetation consists
of Carex rostrata, Valeriana dioica, Scorpidium cossonii and scattered
Sphagnum spp. The southwestern area of the peatland is dominated
by Eriophorum vaginatum, with high tussocks of Carex nigra cover-
ing the lower areas. Sphagnum spp. as well as Trichophorum alpinum
and Drosera rotundifolia occur close to the outflow stream. In the
eastern part of the peatland, between the two inflow streams, there
are some short hummocks with Calluna vulgaris and Sphagnum sec-
tion acutifolia. At this part of the peatland, there is no influence from
the incoming streams.

In 1914, 0.35 ha of the peatland was harvested for burning by
removing the peat top layer (Cescatti et al., 1999), this is still visible
today (Fig. 1b). This area is mainly covered by Campylium stellatum,
S. cossonii and C. rostrata today. The depth of the peat ranges from
0.82m at the border (Cescatti et al., 1999; Zanella et al., 2001) to
4.3 m in the centre (Dalla Fior, 1969).
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1000 1500 2000 m

Fig. 1. (Top left) The location of the peatland in respect to the topography of Italy, (top right) An overview of Monte Bondone site. The names refer to the sites of which data
has been used. Giardino Botanico and Viote are two meteorological towers of Meteo Trentino. Grassland is an eddy covariance tower located at an alpine grassland (Marcolla
etal,, 2011; Sakowska et al., 2015); peatland is the location of the eddy covariance tower at the peatland. The plotted contour lines have an interval of 10 m. (Bottom) aerial
view of the peatland site, with in blue the areas where peat extraction has taken place in 1914. The highlighted area is 0.35 ha. the turquoise line is a stream running through
the peatland. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.2. Meteorological data

A four-meter tower was installed in the summer of 2011 at
the centre of the peatland. The tower was equipped with mul-
tiple meteorological sensors. A shielded probe (Rotronic M103A,
Bassersdorf, Germany) measured air temperature and relative
humidity at 2m height. The incoming and outgoing, shortwave
and far-infrared radiation were measured by a CNR1 (Kipp &
Zonen, Delft, the Netherland), while the incoming Photosyntheti-
cally Active Radiation (PAR) was measured by a LICOR 190SZ sensor
(Licor, Lincoln, NE, USA). All radiometers were positioned on a hor-
izontal side arm of the tower at a height of 3.5m above the soil
surface.

The soil temperature was measured along a profile at 2, 5, 10, 20
and 50 cm depth below the surface with a STPO1 sensor (Hukseflux
Thermal Sensors B.V, Delft, the Netherlands) from the 1st of July
2012. Soil temperature was also measured with four T107 tem-
perature probes at 2 and 5cm depth (Campbell Scientific, Logan,
UT, USA), under a tussock of M. caerula and under a C. vulgaris

shrub. In the same locations as the T107, two volumetric water
content probes (CS616, Campbell Scientific, Logan, UT, USA) were
also buried at a depth of 5 cm.

A heated tipping bucket rain gauge (model 52202 from Young,
Traverse City, MI, USA) measured precipitation. This instrument
was installed on the 16th of December 2013. Before then, the
data from a meteorological station, located 400 meters away, was
used (Meteo Trentino, station name: Giardino Botanico (46°01'18N,
11°02'23E)). The snow height and density were measured at
another Meteo Trentino weather station (Monte Bondone-Viote
46°00'49N, 11°03’17E) on the same plateau as the peatland.

All meteorological data was collected once a minute on a
data logger (CR3000, Campbell Scientific, Logan, UT, USA) with a
multiplexer (AM16/32, Campbell Scientific, Logan, UT, USA) and
averaged or summed to half-hourly values. Missing meteorologi-
cal data (26% of the total, due to malfunctioning of the sensors or
power shortage) were replaced by data from a nearby (500 m hori-
zontal distance) meteorological and eddy covariance tower located
in a nutrient poor grassland (Marcolla et al., 2011; Sakowska et al.,
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2014).Since the towers were very close to each other, no significant
differences in temperature, PAR and relative humidity were found
(datanot shown). Since the grassland tower is located on a different
slope the precipitation data of the grassland was not used. For soil
temperature a difference was expected between the grassland and
the peatland, but there was a highly significant correlation between
the half-hourly values from the two sites for all depths (R >0.95).
If data were missing from the grassland site too (0.9%), they were
replaced by data from the two close Meteo Trentino meteorolog-
ical stations (Giardino Botanico and Viote, Fig. 1a). The Giardino
Botanico station is located on the same slope as the eddy covariance
tower and therefore the precipitation data of the Giardino Botan-
ico station was used to fill the gaps in the precipitation data. Soil
temperature was not measured at these stations, but since no gap
exceed 5 h, gaps in the peatland timeseries were filled with linear
interpolation.

The water table depth of the peatland was measured at 3 m dis-
tance from the tower with a pressure transducer (Dipper-PT, SEBA
Hydrometrie GmbH & Co., Germany). The pressure transducer was
installed inside a perforated pipe on the 14th of May 2014. The
water level was measured every half-hour. The data of the pres-
sure transducer was collected on an internal Flash memory card
and downloaded at regular intervals.

2.3. Carbon and methane fluxes measurements

Besides the meteorological sensors, the tower was equipped
with an eddy covariance system mounted at 1.6 m above the soil
surface. The system, consisting of a LI7500 open path CO,/H,0 gas
analyser, a LI7200 enclosed path CO,/H,0 gas analyser (both from
Licor, Lincoln, NE, USA) and a R3-100 3D sonic anemometer (Gill
instruments, Lymington, Hampshire, UK), all operating at 20 Hz.
In December 2013, a LI7700 open path CH4 analyser (Licor, Lin-
coln, NE, USA) was also installed at the same height. The data from
both the LI7200 and LI7700 was collected and stored in an Analyser
Interface Unit (LI7550); the data from the LI7500 was collected by
Scanemone software (University of Tuscia, Italy) and stored on an
industrial PC. Because both the LI7500 and the LI7200 were simul-
taneously operational, the signal from the anemometer was split
into a digital and an analogue signal: the digital signal was col-
lected by the LI7550, where the data was combined with the data
from the LI7200 and LI7700. The analogue signal was transferred
to an indoor PCI unit of Gill, where it was computed with the data
from the LI7500.

The intake tube of the enclosed path analyser (LI7200) was
98.7 cm long, with an internal diameter of 9 mm. The flow rate to
suck air into the analyser was set to 15Lmin~!. To prevent con-
densation, the inlet tube was heated by a spiral resistor wire and
insulated. Moreover, the intake tube was slightly tilted down, to
avoid water entering the sensor cell. To prevent insects or other
debris being drawn into the cell, a fine screen was added at the
inlet of the intake tube.

All fluxes were analysed using the EddyPro Software (version
5.1.1, LICOR, Lincoln, NE, USA), applying a 2-D rotation and with
the following corrections: (1) angle of attack for wind components
for the Gill anemometer (Nakai and Shimoyama, 2012); (2) a WPL
‘Burba correction’ was implemented on the data from the LI7500
to compensate for the density fluctuations of the gases because of
the heating effect of this instrument (Burba et al., 2012); (3) the
low-pass frequency response correction (Moncrieff et al., 1997).

Consecutive the fluxes were removed when: (1) their quality
flag was different from 0 or 1 (“0” means high quality fluxes, “1”
means fluxes are suitable for carbon budget analysis) (Moncrieff
et al., 2004); (2) u* was lower than 0.2ms~! during night-time
(PAR<20 pmolm~2s~1) (Papale et al., 2006); (3) the CO, mixing
ratio was smaller than 250 or bigger than 500 pmol mol~1; (4) the

CO,, fluxes were above or below seasonal thresholds (Supplement
Table 1); (5) less than 70% of the fluxes originated from inside the
peatland (the footprint was calculated by using the footprint model
of Kljun et al. (2004)). After these filters the percentage of data
gaps increased from 34% to 65% of gaps for the LI7200 and for the
LI7500 from 53% to 74%. The former gap figures were due to system
malfunctioning or power outage.

After the filters were applied, the relationship between the CO,
fluxes computed from the data of the two infrared gas analysers
was significant (p<0.05, RZ>0.92, LI7200=0.09+0.99 x LI7500,
n=7524). During the winter the R? value (0.2713) was lower than
in the summer (0.8985), but R was significant in all seasons.

Therefore, CO, fluxes computed with the LI7200 are pre-
sented here and gaps in this time series were filled with data
computed from the open path sensor (LI7500). When both time
series were missing or removed, (53% of the data), the CO, fluxes
were gap filled with the online Reichstein tool (Reichstein et al.,
2005; URL: http://www.bgc-jena.mpg.de/bgi/index.php/Services/
REddyProcWeb). The same tool was used to partition the mea-
sured NEE into GPP and Reco. The environmental factors used for
the gap filling were: Global radiation, Soil temperature at 5cm,
relative humidity, Vapour pressure deficit (VPD) and u* (friction
velocity). The tool made a look up table where gaps in the NEE data
were filled with NEE with similar climatic conditions. The window
in which the method is looking for similar results is 7 days, if there
are no similar conditions found the method increased the window
with steps of 7 days.

The methane sensor (LI7700) was active at this site from
December 2013 until September 2014 and during this period there
were minor problems with the data acquisition. Since the sensor
has an open path the quality and availability of the data was suscep-
tible to meteorological conditions (in total 66% of data gaps). The
data was collected by a LI7550 and analysed with EddyPro. Only
the fluxes with a quality flag of 0 and 1 were used (Moncrieff et al.,
2004). Nevertheless, the data was very noisy and hard filters were
applied: all fluxes outside the range of —0.04 to 0.05 wmols~! m—2
were discarded. After the filters, 30% of the data was considered
good. The CH, fluxes were gap filled using the online Reichstein
tool (Reichstein et al., 2005).

Due to the high amount of snow during the winter of 2013-2014
(upto 204 cm),onthe 11th of March 2014 the complete LICOR setup
was raised 1.5 m above the snow level (3.1 m above soil surface).
During the snowmelt in the early spring (the 29th of April 2014),
the LICOR setup was lowered to its original position (1.6 m above
soil surface).

An error analysis was performed by estimating uncertainties
separately for the different error sources (Aurela, 2002). By com-
bining these errors, an uncertainty of 23%, 21% and 30% for 2012,
2013 and 2014 was calculated for the annual balance. These values
are in the same range as presented for eddy covariance measure-
ments (Aurela, 2002; Lafleur et al., 2001; Richardson et al., 2008;
Sottocornola and Kiely, 2010).

All analyses of the data were done with the half-hourly val-
ues of the fluxes and meteorological parameters, unless otherwise
indicated. The data was analysed by using the R software ver-
sion 3.2.1 (R Core Team, 2013) with the zoo package (Zeileis and
Grothendieck, 2005). For the analysis the growing season is defined
as the period where the cumulative NEE is declining, indicating an
uptake of carbon. The micrometeorological sign convention is used
in this paper, e.g. a negative sign means carbon sequestration.

A correlation coefficient analysis was performed to understand
the main drivers of the measured carbon fluxes. Apart from the
NEE, GPP and Reco daily average values of air temperature, PAR, soil
water content (SWC), VPD and daily sum of precipitation were used
for this analysis. The Spearman correlations were calculated over
three complete years and over each quarter of the years
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Fig. 2. Quarterly average air temperature and precipitation for 2012, 2013 and 2014 compared with the long-term average and their variation (1985-2008, Eccel et al., 2012).

3. Results
3.1. Meteorological data

The 2012 and 2014 annual temperatures of 5.1°C and 5.0°C,
respectively, were close to the long-term average (1985-2008:
5.4°C, Eccel et al., 2012), while in 2013 the temperature was
lower (4.3 °C). The seasonal temperatures in 2012 were close to
the averages apart from higher temperatures in May and lower
temperatures in December (Figs. 2 and 3). In 2014 the spring and
summer temperatures were colder, while in winter and autumn
were warmer than the long-term average. The colder 2013 annual
temperature was caused by colder temperatures in all seasons
except in autumn, in particular in winter. The precipitation vari-
ation in the three years was also very pronounced, with annual
values of 1650.4, 1740.6, and 2082.6 mm (for 2012, 2013 and 2014,
respectively), all well above the long-term average of 1290 mm per
year (Eccel et al., 2012). The first and third quarter of 2014 was
wetter than the long-term average (Fig. 2). 2014 had particularly
high precipitation in January and February and in July compared
to the other years, while May and September were dryer (Fig. 3).
2012 had a dry winter with little snowfall compared to the other
two years and then regular precipitation throughout the year. 2013
had little precipitation in the winter, but a very wet spring. In
July and August 2014, the radiation was consistent with the high
amount of precipitation, with lower radiation than the other years
(Fig. 3). The annual daytime average PAR was 318 (2012), 290
(2013) and 287 (2014) wmolm~2s~1, while the average daytime
PAR during the growing season was 1006 (2012), 948 (2013) and
942 (2014) wmolm~2 s~1. During the very wet summer 2014 the
water table was around 17 cm below soil level, while in autumn it
dropped to 60 cm deep following a very dry September and start of
October (Fig. 4). The mean water table depth was 27 cm below the
surface over the measured period.

During the winter, neither the soil temperature at 5cm depth
under M. caerula and C. vulgaris dropped below 0°C, because the
snow cover and the layer of dead M. caerula leaves were acting as
insulators (Fig. 3 and Fig. 5). In all years the soil temperature at 5 cm

depth was above 5 °C when the first snow fell, then it decreased to
near 0°C in the following two months under the snow pack. The
date at which the snow arrived was very variable with a range of
16 to 43 days difference. In 2011, the snow arrived the on 13th
December; in 2012 it arrived on the 31st October, in 2013 on the
15th November and in 2014 the snow did not arrive (it arrived
the 16th of January 2015). The maximum snow height in the three
winters, was very variable and ranged from 43 cm (2012), 101 cm
(2013) to 204 cm (2014) (Fig. 5). During the winters of 2011-2012
and 2013-2014, the snow density showed an increasing trend;
while in the winter 2012-2013, there was a drop in snow den-
sity in the middle of the snow covered period. The peatland was
covered with snow for 101, 173 and 157 days during the winter
of 2012, 2013 and 2014, respectively. The long-term snow cover
period average and the maximum snow height from 1985-2015
is 140 £ 29 days and 95 4+ 52 cm, respectively (Meteotrentino). The
difference in the snow water equivalent and amount of precipita-
tion was responsible for the difference in SWC, which was higher
in winter 2014 (above 80%) than in the other winters. During the
summer season the SWC of the peatland never dropped below 31%,
which was measured during the summer of 2013 (Fig. 3). Con-
versely, in 2014, the wettest year, the SWC did not drop beneath
66% during the summer. Under the snow cover the SWC dropped
to 60% in 2013 compared to more than 80% in 2014, the annual
average of the SWC was 74% over the three years.

3.2. Carbon and methane fluxes measurements

In all three years, the peatland was a source of CO, (Fig. 6). The
peatland acted as a carbon sink for only four months a year, June to
September (Fig. 6). The annual NEE measured at the Monte Bondone
fenwas 103.5,262.9,175.7 g C—CO, m~2 in the calendar years 2012,
cooler 2013 and wettest 2014 respectively (Fig. 6). In total, the net
CO, uptake period (the period where NEE <0) was 64, 75 and 81
days for 2012, 2013 and 2014, respectively. During this period, the
uptake was 4.2, 2.8 and 3.5 g C—CO, m~2 per day. In 2013, the CO,
uptake period started later than in 2014 (Fig. 6 and Fig. 7), because of
the long period of snow cover. The quarterly inter-annual variations
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Fig. 3. Monthly values for meteorological variables across 3 years: average air temperature with the long-term average (Eccel et al., 2012) as a solid line, average soil
temperature at 5 cm depth, total photosynthetic active radiation (PAR), mean vapour pressure deficit, total precipitation, and volumetric water content under Calluna vulgaris
at 5cm depth.

showed that all seasons have the same trends, apart from higher the lower annual NEE of 2012 can be explained by the shorter C
daily emissions in the first quarter of 2014, compared to the other uptake period, due to an increase in ecosystem respiration.

years (Fig. 8). This could have been driven by high SWC, which was The gross primary production (GPP) was high between June
higher than in the other years (Table 1). Interesting to see is that and September for all years, with the highest production in

Table 1

Spearman’s correlations between Net Ecosystem Exchange (g C—CO, m~2s-1), Gross Primary Production (gC—CO, m—2s-!) and ecosystem respiration (gC—CO, m—2s-1)
and air temperature (°C), photosynthetic active radiation (pmol m~2 s~1), vapor pressure deficit (Pa), soil water content (%) and precipitation (mm) over three complete years
and over each quarter of the years. All values are daily averages, apart from precipitation, which is a daily sum.

NEE GPP Reco

Air temp PAR VPD SwWcC Prec Air temp PAR VPD SWC Prec Air temp PAR VPD SWC Prec
Yearly — —0.34 —0.40 ~0.00 0.18 007 082 065 057 045 @68 os2 056 061 -056 0.06
Q1 -0.07 0.10 0.40 ~0.70 008 023 034 046 0.06 016  0.03 023 046 -059 [GEH
Q2 -0.33 ~0.15 -0.20 0.34 009 074 029 042 -084 018 082 029 038 -079 -0.15
Q3 ~0.52 -0.63 —004 [EOHEM 004 065 063  0.09 0.07 006 063 034 015 -0.14 0.13
Q4 0.67 0.29 064  -030 019 055 026 066 -0.09 024 068 024 072 -022 0.25

Light gray: p<0.05.
Dark gray: p<0.10.
White: p>0.1.
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Fig. 4. Daily water table depth (in black) and daily precipitation (in red) from 14th
of May 2014.

July (168.7, 117.0 and 150.1gC—CO, m~2 for 2012, 2013 and
2014, respectively). During May, the GPP was still very low, due
to the late snowmelt. The annual GPP was 999.1, 1133.6 and
1248.2 g C—CO, m~2 for 2012, 2013 and 2014, respectively.
During the three winters there was a slight variation in the NEE,
where 2013 had the highest emissions despite having the coldest
air temperature (Fig. 8). Through the winter of 2012 and 2014 the
ecosystem respiration was low, compared to the ecosystem respi-
ration of the winter of 2013 (Fig. 7). During the winter of2012-2013
the peatland was a big source of CO, and showed an elevated Reco
(compared to the other years) over the first three months of the year
with a maximum monthly emission of 118.2 g C—CO, m~2 (March
2013). During the summer months of all years (Fig. 8), the Reco
increased and showed the characteristic bell shape. In 2012, the

Net Ecosystem Exchange

Gross Primary Production

75

Snow height and snow density

o
& ‘%
o -8
90 @
%
% -~
o 5 - &
2 1 3
. g %
p ) - o
E 8 g &
< . §° =
5 2z
2 84 od g ° -
= 0 . g 4d - 3
2 o 8¢ o cem =z
(2] . 03@ * 3o 2
o6 . 4§ o o
¢ oo o%oo oo © - O
o e é ~
5 1. D
P o o
L] e O
o
& 9 oo -3
%‘e’%;’g .2 v
@QQ o& ° o% §
o 7 e ®@¢ %0 e eo ) 8 . o

Jan2012 Jul2012 Jan2013 Jul2013 Jan2014 Jul2014 Jan2015

Fig. 5. Measured snow height and snow density during the years 2012, 2013 and
2014. The snow height (cm) is depicted by the black dots and the snow density
(kg/m3) by the red points. The values are not measured on site but at nearby a
meteorological site.

Reco was lower in all months, apart from May and December, com-
pared to the other years. In wettest 2014, the Reco Was higher in
June, September, October and November, compared to the same
months of the other years. The annual ecosystem respiration (Reco)
was 1102.4, 1396.4 and 1423.8 gC—CO, m~2 in the calendar years
2012, 2013 and 2014.

Based on the three years of carbon fluxes and meteorologi-
cal measurements the correlation between the half-hourly values
of NEE, Reco, GPP and meteorological parameters were analysed.
Frolking et al. (1998) described a correlation between NEE of peat-
lands and incoming radiation:

o x PAR x GPPpax
NEE = o x PAR + GPPmax R

Ecosystem Respiration

gC—-CO,/m?

Fig. 6. (a) Cumulative NEE flux for each year (b) Cumulative GPP flux for each year (c) cumulative Rec, flux for each year.
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where « is the initial slope of the rectangular hyperbola and R is
the dark respiration value. For this analysis, only the data from
the summer was used, where the midday uptake was higher than
5wmolm~2s~1, Over the data a rectangular hyperbola was fitted,
since NEE becomes light saturated.

0.05xPARXGPPmax 2 _
NEE = $93<PARXCIPnax _ 6.4 R =0.83,p < 0.01

Over the complete years and all half-hourly data points, the GPP
was linearly correlated to NEE.

GPP=3.66 — 1.09 x NEE R?>=0.85, p<0.01

While Reco Was exponentially correlated with the air tempera-
ture. Reco =e9-1029xTair + 1 2656 R2=0.58, p<0.01

No comparison with soil temperature at 5cm depth has been
made since this variable was used to gap fill the data.

Over the three years, the daily values of NEE, GPP and Reco
are significantly correlated with Air temperature, PAR, VPD, soil
water content and precipitation (Table 1). NEE is significantly cor-
related with air temperature, PAR and SWC. Interesting is that
SWC has a negative relation with GPP and Reco, Which means

that a decrease of SWC will increase the GPP and Reco. Over
the years, during all seasons the SWC had a significant corre-
lation with inter-annual variability of NEE, but in the second
quarter of the year (months: April, May, June) there was a pos-
itive correlation between NEE and SWC. During these months
the soil was very wet, due to the snow melt (Figs. 3 and 5).
Overall an increase in NEE is correlated with an increase of air
temperature and PAR and a decrease in NEE with an increase
in SWC.

Methane fluxes measured over 10 month showed small emis-
sions, generally not higher than 0.035 wmol CHy m—2s-1 (Fig. 9).
Over this 10-month period, the total emission of the peatland
was 3.2 g C—CH, m~2. No relation between water table depth and
methane fluxes at half hourly, nor daily time steps was found. In
addition, air pressure as a proxy for ebullition of methane bub-
bles did not explain the methane flux (data not shown, R? <0.001,
p>0.25). The CH4 fluxes also show no daily or monthly trend or
relationship with any measured meteorological parameters (data
not shown, p>0.10).
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4. Discussion

The observed CO, emissions of this Alpine peatland were much
higher than in all of the other untouched peatlands monitored
with an eddy covariance system (Aurela et al. 2015; Aurela et al.,
2009; Bdckstrand et al., 2010; Beetz et al., 2013; Hendriks et al.,
2007; Lund et al., 2007; McVeigh et al., 2014; Roulet et al., 2007;
Sonnentag et al., 2010), since most of the low altitude northern lat-
itude, pristine peatlands act as a carbon sink. The range of annual

NEE (—329 to —9gC—C0, m~2), GPP (288 to 1215gC—C0O, m~2)
and Reco (232 to 1307 g C—CO, m~2) over different types of peat-
lands and altitudes are presented in Table 2; all peatlands are
either untouched (by anthropogenic disturbances), or these activ-
ities were minor and occurred more than 30 years ago, apart from
The Horstermeer site which is a wetland restored around 20 years
ago from an abandoned agricultural peat meadow (Hendriks et al.,
2007). Compared to the peatlands presented in Table 2, which are
all carbon sinks, the peatland at Monte Bondone had a significantly
shorter active carbon uptake period (ANOVA, p<0.01). In spite of
this short carbon uptake period, the annual GPP was very high. Only
in one of the peatlands where fluxes are measured with an EC sys-
tem (Horstermeer, NL), such a high annual GPP was measured. At
the Horstermeer-site the annual GPP was high because of the long
growing season (around 165 days) and the relatively eutrophic soil
conditions (Hendriks et al., 2007). The GPP in other fens was less
than half of the GPP measured at Monte Bondone. At these other
sites more mosses and less vascular plants are present compared to
the Monte Bondone peatland (Aurela et al., 2009; Beetz et al., 2013;
Nilsson et al., 2008; Sonnentag et al., 2010; Wu et al., 2013). At our
site, the abundant presence of M. caerula was possibly resulting in
high values of GPP (Aerts and Berendse, 1989; Jarosz et al., 2008;
Vanselow-Algan et al., 2015).

The Reco of the Monte Bondone peatland is the highest value
seen in Table 2; most of the sites have an ecosystem respiration
of about 200-500 g C—CO, m~2 yr~1. The great root biomass of M.
caerula when it is as widespread and developed as in Monte Bon-
done probablyresultsin anincreased root respiration and microbial
respiration of root exudates compared to other plant communities
(Gatis et al., 2015). The high Reco during winter, with low air tem-
peratures, was the effect of the snow insulation (Morgner et al.,
2010), so the soil temperatures were still high enough to support
decomposition even though the temperatures were close to zero
degrees Celsius (Clein and Schimel, 1995).

The fitted rectangular hyperbola on the NEE of the peatland
at Monte Bondone shows a clear difference with other peatlands
(Frolking et al., 1998). Frolking et al. (1998) found an average of
0.024 +0.008 for the initial slope of the rectangular hyperbola (o)
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Table 2

Comparison of Monte Bondone peatland with other peatlands of different types and locations, with the standard deviation in brackets (+).

Monte Bondone

peatland

Degerd Stormyr

Lompolojankka

Friesinger
(Aurela et al.,

Sandhill fen

Horstermeer

Mer Bleue Stordalen

Fdjemyr (Lund
et al., 2007,

2010)

Glencar

Site

(Nilsson et al., 2008;

Wau et al., 2013)

Moos (Beetz
etal,2013)

(Sonnentag
etal, 2010)

(Hendriks et al.,

2007)

(Roulet et al., (Backstrand

2007)

(McVeigh et al.,

2014)

(this study)

2009; Aurela
etal. 2015)

etal, 2010)

46.02N
11.03E

Fen

64.18N

67.03N
24.49E

Fen

53.68N
8.82E

Fen

53.80N

52.25N
5.04E

56.15N 4541N 55.78N
3.23W

13.33E

51.55N
9.55E

Latitude

19.55E
Poor fen

270

104.62E
Fen
494

75.48W

Longitude
Type

Restored peatland

Mixed Mire

267
11

Raised bog

69

Eccentric bog

96

Blanket bog
145-170

1563

180

Elevation (m a.s.l.)

Duration (years)

73+7

119 153

218

Around 180

163+26

169

171+22

214

Around 130

Length growing season (days)
NEE (gC—CO; m~2yr1)
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180.7 +65.2

-54+5.6
448 + 83

-117+834

n.a.

-14+75
630+ 64
617 +38
4.7+0.6

-129.7+74.7
421.8+69.2
301.5+30.0

n.a.

-329+88
1215+70
886 +27
32+21

—-349+4

—40.2 +£40.5

259+52
230+40
3.7+0.5

-80

-55.7+18.9

288+17

1191.0+42.9
1307.7+254

3.2

Around 200
Around 150
11+£12

Around 250
Around 250

n.a.

GPP (gC—CO; m~2yr1)

404+76

n.a.

232+7
6.2°

Reco (§C—CO, m~2 yr 1)

11.5+2.2
-10+5

n.a.

CH4 (gC—CHsm=2yr1)

—-27.6+18

-59+20 25+23

-15+10

-33+7.8 —-40+10 -5+10 —-20+25

-44+14

Water table depth® (cm)

" For the methane fluxes of the Monte Bondone peatland no uncertainty can be given, since this value is derived from the 10 and a half-month data-period.

3 Chamber measurements (Laine et al., 2007).

b Negative values of water table depth are below soil level.

and —2.38 + 2.45 for the dark respiration (R) for peatlands, while at
Monte Bondone the values were: 0.05 and —6.4, respectively. The
higher value for the dark respiration could explain the high values
of Reco, While the higher value for a indicates a productive system.
These high values are found at C3 crops or at grasslands (Ruimy
etal., 1995).

The fluxes measured at the Bondone peatland were very differ-
ent from those measured at the same time in a nearby managed
poor grassland (Sieversio-Nardetum strictae), since the grassland
was close to being CO, neutral (9.14 + 75.21 g C—C0O, m~2 (Marcolla
etal,, 2011)). The different NEE between the two sites are due to the
higher winter ecosystem respiration in the peatland compared to
the grassland. The high winter ecosystem respiration at the peat-
land, under the snow cover indicates that the microbes in the soil
are still actively decomposing the high amount of stored soil car-
bon (Clein and Schimel, 1995). The GPP of the peatland was also
higher than the GPP of the grassland (Marcolla et al., 2011) possi-
bly because of the higher productivity of the peatland plants (as M.
caerulea) compared to the less productive (Festuca rubra and Nar-
dus stricta) Monte Bondone grassland plants (Marcolla et al., 2011;
Sakowska et al., 2014) and to the management of the grassland.
Each year around mid-July, the vegetation is cut and the biomass is
removed, reducing the GPP and the Reco.

During the three years the GPP as well as the duration of the net
CO, uptake period increased; the same trend is not visible in NEE
(Fig. 8). The high GPP in 2014 can be explained by the fact that the
soil water content was high (Table 1), due to the high amount of
precipitation. The plants could therefore keep their stomata open
longer without having to cope with water stress (Oren et al., 1999).

The NEE and Reco in February and March of 2013 were higher
than in the same months of the other years (Fig. 7). During this
period the SWC was lower than in the winter of 2013-2014, which
might indicate that the WTL was also lower. As a consequence,
this could have resulted in a faster decomposition under aerobic
condition of soil organic carbon.

Possible errors in the measured fluxes at the Monte Bondone
site consist of high data loss due to unstable situations, rain, power
failure and due to the snowfall. The total amount of data gaps for
the open path analyser (74%) was higher than the enclosed path
analyser (65%). The open path is much more susceptible to external
influences, e.g. when it rains the laser path is blocked and no fluxes
can be measured. In total 53% of the data consisted of gaps, since
not all the gaps of both analysers did not overlap. Another source of
error can be the snowfall, when the snow fell the EC system should
be lifted to maintain a constant height above the soil surface. In
2014 the EC system was raised, on the date that the EC system was
raised the snow was close to the EC system. The snow heightin 2014
increased very fast, which could have resulted in an underestima-
tion of fluxes due to a decrease of the footprint. At sites were snow
is present during the winter, the height of the EC system should
be increased according to the snow height. The methane open path
sensor was more susceptible to influences, since the open path was
longer, 50 cm compared to 12.5 cm of the open path CO, analyser,
hence the low amount of data available from this sensor (30%).

In February and March 2013, the average air temperature was
lower than in the other years. The combination of low air temper-
atures and snowfall leads to a snow pack with a low density, e.g.
presence of macro pores (Bowling and Massman, 2011; Massman
et al., 1997). The increase in snow depth in February and March
2013 (Fig. 5), possibly caused air to be trapped in the newly fallen
snow pack. During daytime, the occasionally positive air tempera-
ture and the high level of incoming radiation resulted in snowmelt.
Due to the high porosity of the snow the water migrated down and
accumulated (Rempel, 2007). During the nights, the air temper-
ature dropped below zero again. This unfreezing and re-freezing
process could have led to the formation of ice lenses in the snow
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pack. Ice lenses have the capability to trap the air underneath it
(Mast et al., 1998), so that the CO, produced during the decom-
position was being stored in the snow pack (Larsen et al., 2007).
During the snowmelt the ice lenses melted and the stored gasses
was released in pulses, measured as peaks of ecosystem respiration
in February and March 2013 (Fig. 7) (Larsen et al., 2007; Monson
etal.,2006). Soil respiration in winter could be as much as 7-10% of
the annual ecosystem respiration (Monson et al., 2006), in March
2013, during snow melt, the ecosystem respiration was 8.5% of the
annual ecosystem respiration.

The methane fluxes were not measured for a complete year and
no correlation between methane fluxes and meteorological vari-
ables was found. Nevertheless, it is plausible that the methane
fluxes at this site do not play a major role in the carbon balance
due to the low water table. During the measurements in 2014, the
release of methane was a continuous diffusion process, even though
the data showed many spikes. In our data there was no diurnal
trend, which was also found by Rinne et al. (2007) at a peatland
in Finland. It is difficult to measure methane fluxes with an eddy
covariance setup, the micrometeorology plays a big role in the pro-
duction of methane and the microbes which produce methane are
not uniformly spread in the soil (Baldocchi et al., 2012; Bohn et al.,
2013; Koebsch et al., 2015). The gap filling of methane is much
more difficult compared to CO, data, therefore no consensus about
the best method to gap fill methane data has been found in lit-
erature (Dengel et al., 2013). Methane can be released in bursts,
which happens when there is a drop in the air pressure. This drop
in pressure results in an over pressure of methane gas in the soil,
which can result in the ebullition of methane gas (Tokida et al.,
2007). After the snowmelt, the emission of methane increased a lit-
tle, but overall the fluxes were at the lower range (3.2 g C—CH4 m—2
over the 10-month study period), compared to other peatlands: 3.7
to 32gC—CH, m~2yr—!, Table 2). This is remarkable since most of
the peatland is covered by M. caerula, which is known to be able
to conduct methane through its aerenchyma (Carmichael et al.,
2014; Turetsky et al., 2014; Van Den Pol-Van Dasselaar et al., 1999).
The high cover of M. caerula in this peatland does not directly link
with high emissions of methane, while this relation was found in
other peatlands (e.g. Couwenberg et al., 2010; Turetsky et al., 2014,
Vanselow-Algan et al., 2015). During the measurement of the CHy
fluxes, the measured water table was deep, up to 17 cm in sum-
mer and even to 60 cm in autumn. Methane is only produced under
anaerobic conditions and emitted with a shallow water table; with
a deep water table the methane is oxidized in the upper aerobic soil
layers (Jungkunst et al., 2008; Wagner et al., 2003). At Mer Bleue
and the Friesinger Moor the amount of methane emitted is more
or less the same and also the water table level has the same depth
(Beetz et al., 2013; Roulet et al., 2007, Table 2). This coincides with
the findings that the methane emissions with a water table level of
more than 20 cm below soil level is close to zero (Couwenberg et al.,
2010; Jungkunst et al., 2008; Turetsky et al., 2014; Wagner et al.,
2003). At Stordalen and Glencar the water table level was much
shallower and therefore the methane emission was much higher
(Bdckstrand et al., 2010; Koehler et al., 2011; Turetsky et al., 2014).
At Horstermeer the methane fluxes were very high and not compa-
rable with other sites where methane fluxes were measured, since
it is a restored peatland and the eutrophic soil was not excavated
(Hendriks et al., 2007). It has to be stated that the methane fluxes
and the water table depth at Monte Bondone were only measured
during the wettest year (2014) and not for the complete year.

5. Conclusion

The study of carbon fluxes of an alpine peatland for 2012-2014
shows that the peatland at Monte Bondone acted as a significant

carbon source, based on its CO, emissions. This is a major con-
trast to all other pristine peatlands studied to date, most of which
are at elevations below 300 m a.s.l, which are sinks for carbon. The
methane emissions of this site were very low, due to a low water
table. Despite being very high, the GPP of the peatland during the
growing season was not high enough to compensate for the even
higher loss of carbon (Reco) during the winter period. During the
snow cover, the decomposition of organic matter was an ongoing
process. The active carbon uptake period of the peatland was 73 +£7
days. The start of the growing season was induced by the melt of the
snow, so changes in the date of snowmelt could result in differences
in the carbon balance of the peatland.

With climate change, the period with snow cover will be shorter,
which can possibly result in a longer growing season (Aurela et al.,
2004; Humphreys and Lafleur, 2011). With a decrease of precip-
itation, part of the peatland will likely dry up, which will lead to
an overall increase in M. caerula and will even make it possible
for other species to colonize it. The surrounding area of the peat-
land is covered by grasses (Sieversio-Nardetum strictae association),
which can invade the peatland when the water table drops (Stine
et al.,2011). The increase in M. caerula could result in a higher car-
bon uptake, while the eventual transition to grassland will have
unknown consequences. However, the first years to decades the
grassland might act as a carbon source, since the carbon in the
soil will become unstable (Schwalm and Zeitz, 2014). To gain a
better insight in the effect of climate change on alpine peatlands,
a longer time series of carbon measurements is needed as well
as studies on changes in the hydrology and the vegetation of the
peatland.
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ARTICLE INFO ABSTRACT

Keywords: Since peatlands store up to 30% of the global soil organic carbon, it is important to understand how these
Competition ecosystems will react to a change in climate and management. Process-based ecosystem models have emerged as
Net ecosystem exchange important tools for predicting long-term peatland dynamics, but their application is often challenging because
NUCOMBOG they require programming skills. In this paper, we present NUCOMBog, an R package of the NUCOM-Bog model
Ee;:::;;e (Heijmans et al. 2008), which simulates the vegetation, carbon, nitrogen and water dynamics of peatlands in
Vegetation monthly time steps. The package complements the model with appropriate functions, such as the calculation of

net ecosystem exchange, as well as parallel functionality. As a result, the NUCOMBog R package provides a user-
friendly tool for simulating vegetation and biogeochemical cycles/fluxes in peatlands over years/decades, under
different management strategies and climate change scenarios, with the option to use all the in-built model
analysis capabilities of R, such as plotting, sensitivity analysis or optimization.

1. Introduction

Peatlands play an important role in the carbon cycle of the Earth.
Although they cover only about 3% of the terrestrial global surface,
they have stored up to 455-600 Petagrams (Pg, 10'° g) carbon during
the postglacial period (Gorham, 1991; Yu, 2012; Yu et al., 2010),
equivalent to about 30% of the global soil organic carbon (Gorham,
1991). Peatland soils consist of dead organic matter, which is decom-
posed slowly due to the permanently water saturated soil. The presence
of Sphagnum mosses makes the decomposition rates even lower due to
their high recalcitrance to decomposition. Pristine peatlands commonly
act as carbon sinks (e.g. Humphreys et al., 2014; Lund et al., 2010;
McVeigh et al., 2014), while peatlands disturbed by human activities
(e.g. such as peat harvesting) are mostly acting as carbon sources (e.g.
Harpenslager et al., 2015; Hendriks et al., 2007; Moreno-Mateos et al.,
2015; Pullens et al., 2016). A major concern is that the immense soil
carbon pool of peatlands is vulnerable to climate change, in particular
to changes in precipitation, water table depth and temperature

(Frolking et al., 2011; van der Kolk et al., 2016). Changes in precipita-
tion regimes would likely have an effect on the plant species composi-
tion through changes in the water table depth (Dieleman et al., 2015;
Sottocornola et al., 2009). Peatlands located in regions with a maritime
climate are also threatened by invasions of shrubs and trees (Heijmans
et al., 2013; Holmgren et al., 2015; Stine et al., 2011), which could
potentially reverse their carbon footprint from a sink to a source (Bond-
Lamberty and Thomson, 2010; Dorrepaal et al., 2009; Frolking et al.,
2011), resulting in a positive climate feedback. It is therefore vital to
understand how the stored carbon in peatlands will respond to changes
in climate and management.

The reaction of peatlands to climate change is a slow process (years/
decades to centruries, Frolking et al., 2010), with complex interactions
between different vegetation communities. The most widely used tool
to understand these interactions and simulate the future of both the
stored carbon and the vegetation are process-based models.

The application of these models, however, is often challenging for
new users because they require specialized input formats and program-
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ming knowledge when tasks such as sensitivity analyses or parameter
calibrations are needed. It would therefore be an advantage to have
ecosystem models available in established environments for scientific
computing, such as R or Python. In this paper, we describe the new
NUCOMBog R package, which provides a user-friendly interface to the
NUCOM-Bog ecosystem model, which simulates the dynamics of
vegetation, carbon, nitrogen and water in peatlands.

2. Model description

The NUCOM-Bog model (NUtrient cycling and COmpetition Model
(Berendse, 1988, Heijmans et al., 2008, 2013, van Oene et al., 1999)),
written in Delphi, simulates the carbon and nitrogen dynamics of five
plant functional types (PFTs): graminoids, ericaceous shrubs and three
groups of Sphagnum mosses (lawn, hollow and hummock mosses) in
monthly time steps. The model simulates an area of one square meter
with a flat moss surface. A schematic representation of the model is
depicted in Fig. 2. The model can be used to simulate the current state
of the peatland and to assess the effects of climate change (e.g.
temperature increase, changes in precipitation regime), or other global
changes such as increasing atmospheric CO, levels and nitrogen
deposition, as well as local nitrogen fertilization or different re-
vegetation regimes, which can aid the design of management strategies.

Changes in vegetation composition are driven by competition for
light and nitrogen among the five PFTs. Light is first available to the
taller graminoids, then to the dwarf shrubs and finally to the mosses.
For each time step (one month), NUCOMBog calculates the potential
growth rate of each plant functional type (G, based on the amount of
intercepted light (LI), maximum growth rate (G;,q,), the CO5 concen-
tration in the atmosphere, air temperature (temp) and water table depth
(WTD) according to

Gpor = LI"Gypax™ f (CO2Y'f (temp)'f (WTD). @

Each plant functional type has its own optimal range for tempera-
ture and water level depth. The model calculates the WTD based on
precipitation, potential evapotranspiration (according to Penman,
1946) and drainage. The drainage in the model calculation considers
surface run-off and lateral outflow through the living moss layer
(Heijmans et al., 2008).

The only nutrient limiting growth of the plants in the model is
nitrogen. When not enough nitrogen is available, the calculated
potential growth rate (G,,) for each PFT is reduced. The incoming
nitrogen from wet and dry atmospheric depositions is first made
available to the mosses (Heijmans et al., 2002). The remaining nitrogen
leaches into the soil, where it becomes available for the ericaceous
shrubs with their shallow roots (Fig. 1). Deeper in the soil the nitrogen
is available for the roots of the graminoids. Apart from light and
nitrogen, the growth rate of each PFT depends on its optimal
temperature and WTD range. For the carbon balance, plant growth
(net primary production) and decomposition of soil organic matter
(heterotrophic respiration) are simulated for each PFT. A detailed
description of the model is provided in Heijmans et al. (2008).

Dead organic matter (DOM), which is critical for the development of
peatlands, follows the same route to deeper soil layers as nitrogen: fresh
DOM is first incorporated in the moss layer, before it enters the top soil
(acrotelm). In the acrotelm the water table fluctuates, which results in
both anaerobic and aerobic decomposition taking place. Below the
acrotelm is the permanent waterlogged soil (catotelm), where decom-
position rates are lower due to the lack of oxygen (Fig. 1). In the model,
the boundary between acrotelm and catotelm is defined as the yearly
deepest mean WTD, calculated over the previous 10 years. The change
of soil depth of the acrotelm and the catotelm is calculated from the
incoming DOM and decomposition in the respective layer.

The model assumes that all PFTs are present at any time, with a
minimum cover of 0.1%. Thus, PFTs can always grow once their
growing conditions are suitable (these assumptions correspond to a
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Fig. 1. Schematic representation of NUCOM-Bog.
(Adapted from Heijmans et al., 2008)

permanent seed bank). While the plant community develops, the
original NUCOM-Bog model (Heijmans et al., 2008) calculates the
monthly net primary production (NPP). For this package, NUCOM-Bog
has been modified in such a way that it also returns the monthly
heterotrophic respiration. In this way, the net ecosystem exchange
(NEE) can be calculated:

NEE = —(NPP-heterotrophic respiration) 2)

The NUCOMBog R package follows the micro-meteorological sign
convention, i.e. a negative NEE is a carbon uptake for the ecosystem. All
fluxes are in grams of carbon per square meter per month
(gCm~™ 2 month™1).

NUCOMBog has been validated with paleo-ecological data, which
showed that the model was able to simulate vegetation composition
changes in response to climatic changes in the Little Ice Age (Heijmans
et al., 2008). In addition, simulated year-to-year variations in water
table position and the response of mosses and vascular plants to these
changes compared well with observations (Heijmans et al., 2013).

3. R package

The NUCOMBog R package provides an interface to the statistical
programing language R (R Core Team, 2017), which is available under
the terms of the Free Software Foundation's GNU General Public License
in source code form for Windows, MacOS and Linux. The NUCOMBog
package is available on the Comprehensive R Archive Network (CRAN)
and was first released in April 2016. The R package relies on an external
executable, which is freely available at: https://github.com/
jeroenpullens/NUCOMBog as model source code, as well as a precom-
piled executable. To run the model in R, the user first has to provide the
bulk density and the initial biomass values per PFT separated into
grams of carbon and nitrogen per plant tissue (shoot/leaf, stem and
root), soil carbon and nitrogen content and the bulk density of the
acrotelm and catotelm, as well as environmental and climatic data
(Fig. 2). The environmental data consists of the annual atmospheric
CO,, concentration in parts per million (ppm) and the sum of both wet
and dry annual nitrogen deposition in kg N per hectare
(kg Nha~'yr~1). The climatic data consists of monthly air tempera-
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Fig. 2. Schematic representation of the workflow of the R package NUCOMBog.

ture (°C), precipitation (mm), and the calculated Penman potential multiple processors via the runparalleINUCOM function. The runpar-
evapotranspiration (mm, Penman, 1946). The R package also includes alleINUCOM function will run the model for a list of parameter
some test data (data from Heijmans et al., 2008), that needs to be combinations, and save the outputs in separate folders. These function-
copied into a user defined folder prior to use. The function copytestdata alities, together with the integration of the model in R, open the
allows the user to copy the data and test the model. possibility to use the model together with one of the many algorithms

To initialize a model run, the function setupNUCOM is called. The for model calibration and analysis that are implemented in R, for
user must specify the file paths of the input data as well as the output example sensitivity analysis (Saltelli et al., 2000), parameter calibration
directory (Fig. 2). In addition, the starting and end year of the via optimization, and Bayesian inference (Hartig et al., 2012). The
simulation need to be specified. The model simulates full years, starting possibility to make use of such sophisticated algorithms will help to
in January and ending in December. When not all the initial biomass improve the model, and identify gaps in the present knowledge about
values are available (e.g. root biomass is unavailable because destruc- the functioning of peatlands in general and specifically under stress of
tive measurement are not allowed on site), the user can decide to climate change or management regimes.

perform a spin-up run to reach a stable equilibrium (so-called “steady
state”). When the data from the spin-up is not needed for subsequent
analysis, the parameter “Startval” in the function setupNUCOM can be 4. Case study: Walton Moss, England
used. The “Startval” value should be set to the number of months used

for the spin-up, and the function getData will only load the requested As a case study, we show a simulation with NUCOMBog for historic
data into the R environment. data from the Walton Moss site in England (Heijmans et al., 2008). The

The setupNUCOM function also allows specifying the output vari- data for this simulation is included in the test data of the NUCOMBog R
ables; the function getData is implemented to retrieve the desired output package. To run the simulations, first the data is copied from the R

variables and for the period requested. While the NUCOMBog model package to a user-defined folder.
returns net primary production (NPP), the R package NUCOMBog also
returns the monthly heterotrophic respiration (Ry). From these two
values the net ecosystem exchange (NEE) is calculated, so that the

copytestdata( = "/home/jeroen/test_data/")

After this step, the executable of the model is copied into the folder.
The folder structure has to be kept intact. When the executable is

test_setup_singlecore <- setupNUCOM( = "/home/jeroen/test_data/",
= "ClimWLMhis.txt", = "EnvWLMhis.txt",
= "inivalWLMhis.txt", = 1766, = 1999, = c("NEE",
"WID", "NPP", "hetero_resp"), =F)

output <- runNUCOM( = test_setup_singlecore, = NULL)
model outputs can be compared to sites where carbon fluxes are copied, the model can be run by using the following commands.
measured by eddy covariance towers or flux chambers. The model also This command runs the model with the input data from 1766 to
predicts the water table depth (m), where positive values indicate water 1999, and requests the outputs NEE, WTD, NPP and heterotrophic
table depths below ground surface. The output is directly loaded in R respiration. Outputs are stored in the variable “output”, which can
via the function getData, so it can be used for further analyses. A subsequently be used for further analysis in R, for example to produce
schematic representation of the workflow of the R package is depicted figures (Fig. 3), compare model outputs to data, perform sensitivity
in Fig. 2. analysis and parameter calibration (for which several packages already

The model can be run with either the default parameter values from exist within the R environment).

Heijmans et al. (2008), or user-defined parameters, via the runNUCOM
function. Parameter values not provided by the user are automatically 5. Conclusion
set to their default values. To facilitate the swift calculation of a large
number of model evaluations, for example for sensitivity analysis or Some of the most important uses of models are to correctly
model calibration, the package provides support for parallel runs on represent physical processes, to predict the future and to understand
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Fig. 3. Simulated monthly NPP, NEE, heterotrophic respiration and WTD from 1980 until 1999 for Walton Moss, England.

the past. With the presented NUCOMBog R package, the vegetation,
carbon and water balance of peatlands can be easily simulated from
within the R environment. The ease of running the model, together with
various options of analysis, provides many possibilities for investigating
the stability of peatland vegetation, as well as facilitate its use for
educational purposes.

The addition of heterotrophic respiration and net ecosystem ex-
change as outputs provides better possibilities to investigate processes
in peatlands that are equipped with eddy covariance towers, or where
flux chamber measurements are being taken. In particular, when data
over many years are available, the model outputs could be evaluated
against the measured data. The possibility to perform sensitivity
analysis and model calibration can give precious insights on the relative
importance and uncertainty of parameters, which will in turn lead to a
better understanding of the ecosystem functioning. Because the package
allows running the model in parallel, the computational time of such
tasks is significantly reduced.

In conclusion, the integration of NUCOMBog into the R environment
streamlines the process of model application and opens up many new
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options of model analysis. We hope that these possibilities will
eventually lead to new insights about peatland dynamics, thus making
NUCOMBog an even more valuable tool to investigate the vegetation,
carbon, nitrogen and water dynamics of peatlands over time and to
identify possible threats for the modelled peatlands.
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Abstract. Over the past decades, vegetation and climate
have changed significantly in the Arctic. Deciduous shrub
cover is often assumed to expand in tundra landscapes, but
more frequent abrupt permafrost thaw resulting in forma-
tion of thaw ponds could lead to vegetation shifts towards
graminoid-dominated wetland. Which factors drive vegeta-
tion changes in the tundra ecosystem are still not sufficiently
clear. In this study, the dynamic tundra vegetation model,
NUCOM-tundra (NUtrient and COMpetition), was used to
evaluate the consequences of climate change scenarios of
warming and increasing precipitation for future tundra veg-
etation change. The model includes three plant functional
types (moss, graminoids and shrubs), carbon and nitrogen
cycling, water and permafrost dynamics and a simple thaw
pond module. Climate scenario simulations were performed
for 16 combinations of temperature and precipitation in-
creases in five vegetation types representing a gradient from
dry shrub-dominated to moist mixed and wet graminoid-
dominated sites. Vegetation composition dynamics in cur-
rently mixed vegetation sites were dependent on both tem-
perature and precipitation changes, with warming favour-
ing shrub dominance and increased precipitation favouring
graminoid abundance. Climate change simulations based on
greenhouse gas emission scenarios in which temperature and
precipitation increases were combined showed increases in
biomass of both graminoids and shrubs, with graminoids in-
creasing in abundance. The simulations suggest that shrub

growth can be limited by very wet soil conditions and low
nutrient supply, whereas graminoids have the advantage of
being able to grow in a wide range of soil moisture con-
ditions and have access to nutrients in deeper soil layers.
Abrupt permafrost thaw initiating thaw pond formation led
to complete domination of graminoids. However, due to in-
creased drainage, shrubs could profit from such changes in
adjacent areas. Both climate and thaw pond formation sim-
ulations suggest that a wetter tundra can be responsible for
local shrub decline instead of shrub expansion.

1 Introduction

Tundra ecosystems in the Arctic are shaped by strong inter-
actions between biological, hydrological and climatological
factors (Hinzman et al., 2005). An important feature of the
Arctic ecosystem is permafrost, which is the soil that is per-
sistently frozen for at least two years. For the near future,
global climate models project a further increase in tempera-
ture and precipitation, with pronounced changes in the Arctic
region (Johannessen et al., 2004; Vavrus et al., 2012; IPCC,
2014). Rising temperatures potentially result in increased
seasonal thawing of the permafrost, and thus in an increased
thickness of the active layer (the soil layer that thaws during
the growing season) and drawback of near surface permafrost
(Anisimov et al., 1997; Lawrence and Slater, 2005; Zhang et
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al., 2005). Given the large soil organic carbon stocks in per-
mafrost (Zimov et al., 2006a; Tarnocai et al., 2009), there is
a major concern that these stocks get decomposed and sub-
sequently released as CO, and CHy to the atmosphere (Dutta
et al., 2006; McGuire et al., 2009). An increase in green-
house gas release, including CO, and CHy (Christensen et
al., 2004; Walter et al., 2006; Nauta et al., 2015; Schuur et
al., 2015), from thawing permafrost could stimulate further
warming and result in a positive feedback loop between tem-
perature increase and greenhouse gas emission (Zimov et al.,
2006b; Schuur et al., 2008; MacDougall et al., 2012; van
Huissteden and Dolman, 2012; Schuur et al., 2015).

Climate change in the Arctic region affects tundra vege-
tation composition. The northernmost tundra is dominated
by mosses and lichens due to the extremely low summer
temperatures. Southwards, with increasing summer temper-
atures, graminoids and dwarf shrubs increase in abundance
(Walker et al., 2005). Climate change influences the tundra
vegetation in multiple ways. Warming experiments in tundra
ecosystems showed an increase in graminoids and deciduous
shrubs in response to raised temperatures, while mosses and
lichens and the overall species diversity decreased (Walker
et al., 2006). Shrubs have been observed to expand with on-
going temperature increase, presumably due to the increased
availability of nutrients in the warmer soil (Tape et al., 2006;
Myers-Smith et al., 2011). Several tree and shrub species, in-
cluding dwarf birches (Betula glandulosa and Betula nana),
willows (Salix spp.), juniper (Juniperus nana) and green
alder (Alnus viridis), have expanded and increased in abun-
dance in the Arctic as a response to climatic warming (Sturm
et al., 2001; Tape et al., 2006; Hallinger et al., 2010; El-
mendorf et al., 2012). However, besides climate, other fac-
tors such as herbivory, soil moisture and soil nutrient avail-
ability affect shrub growth as well, and it is therefore com-
plex predicting the expansion of shrubs in the Arctic region
(Myers-Smith et al., 2011, 2015). Increased abundance of
shrubs might have important consequences for permafrost
feedbacks. For example, an increase in low shrubs might
slow down permafrost thaw as a result of the shadow they
cast on the soil (Blok et al., 2010). However, tall shrubs may
increase atmospheric heating and permafrost thawing due to
their lower albedo (Bonfils et al., 2012)

Another mechanism by which climate change affects tun-
dra vegetation is abrupt thaw resulting in local collapse of the
permafrost. Thawing of underground ice masses results in
a collapse of the ground, by which water-filled thermokarst
ponds are formed. These ponds are first colonised by sedges
and later by mosses (Jorgenson et al., 2006). Due to thaw
pond formation, changes in northern permafrost landscapes
from dry birch forests or shrub-dominated vegetation to-
wards ponds or wetlands dominated by graminoids may oc-
cur with climatic change in both discontinuous and continu-
ous permafrost regions (Jorgenson et al., 2001, 2006; Turet-
sky et al., 2002; Christensen et al., 2004; Nauta et al., 2015).
In the continuous permafrost region, permafrost collapse can
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change the vegetation from shrub-dominated towards a wet
graminoid-dominated stage within less than one decade. The
thermokarst ponds might stimulate further soil collapse and
as a consequence drastically alter hydrological and soil pro-
cesses, as well as in adjacent areas (Osterkamp et al., 2009;
Nauta et al., 2015; Schuur et al., 2015).

The factors that drive the observed tundra vegetation com-
position changes, especially shrub expansion, and their con-
sequences are not yet well understood. Increased air tem-
peratures lead to higher soil temperatures, especially in the
shallow layers, and may thus promote microbial activity,
thereby increasing nutrient availability in the soil. In tun-
dra vegetation, shrubs are hypothesised to be best able to
respond to such increased nutrient availability (Tape et al.,
2006). It is, however, not known to what extent this and
other shrub growth factors, including precipitation, growing
season length and disturbances (Myers-Smith et al., 2011),
will affect the competition between different plant functional
types in the Arctic. As shrub expansion has important im-
plications for land surface albedo and consequently climate
feedbacks (Chapin et al., 2005; Pearson et al., 2013), it is cru-
cial that we understand and are able to predict further vege-
tation change in the tundra.

One approach to better understand the interactions be-
tween plants in tundra landscapes is to use a dynamic veg-
etation model to analyse developments in vegetation com-
position in response to climatic changes. Tundra vegeta-
tion models that aim to predict the impacts of climate
change on vegetation—substrate interactions should at least
include the most important plant functional types, competi-
tion and permafrost feedbacks. Although several tundra veg-
etation models exist, these models do not take into account
hydrological feedbacks, the formation of thaw ponds and
vegetation—permafrost feedbacks or do not include mosses
as separate plant functional type (e.g. Epstein et al., 2000;
Wolf et al., 2008; Euskirchen et al., 2009). Therefore, in this
study, the effects of climate change, including both tempera-
ture and precipitation change, on plant competition and veg-
etation composition were studied by developing a new model
named NUCOM-tundra, based on earlier NUCOM (NUtrient
and COMpetition) models for other ecosystems (Berendse,
1994a, b; van Oene et al., 1999; Heijmans et al., 2008,
2013). The new tundra vegetation model includes mosses,
graminoids, dwarf shrubs, hydrological and soil processes,
and permafrost dynamics. In this study, we simulated tun-
dra vegetation changes under different climate change sce-
narios in order to (1) analyse the effects of future tempera-
ture and precipitation scenarios on tundra vegetation compo-
sition, and (2) explore the impacts of thaw pond formation
due to local permafrost collapse.

www.biogeosciences.net/13/6229/2016/
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Figure 1. Schematic presentation of NUCOM-tundra, including the main processes simulated in organic and mineral soil layers and the
effects of moisture and available nitrogen on vegetation. Air temperature influences many of these processes, including active layer depth,
plant growth, evapotranspiration, snowmelt, decomposition, mineralisation and denitrification. The mineral soil is divided into 10 layers,

each 10 cm in height.

Figure 2. Vegetation types used in simulations of NUCOM-tundra. The vegetation types represent landscape positions, ranging from rela-
tively dry shrub-dominated (1) to wet graminoid-dominated (5) vegetation. Blue arrows indicate water flows.

2 Methods
2.1 Brief model description
NUCOM-tundra has been developed to simulate long-term

dynamics of vegetation composition in tundra landscapes for
analysis of vegetation—permafrost—carbon feedbacks in rela-

www.biogeosciences.net/13/6229/2016/

tion to climate change and includes nitrogen and carbon cy-
cling, permafrost and water dynamics (Fig. 1). An extensive
model description and all equations are provided in the Sup-
plement, Sect. S1.

NUCOM-tundra simulates the dynamics of three plant
functional types (PFTs), moss, graminoids (e.g. Eriophorum
vaginatum) and deciduous dwarf shrubs (e.g. Betula nana),

Biogeosciences, 13, 6229-6245, 2016
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on a local scale and in the decadal timescale using a daily
time step. NUCOM-tundra represents tundra landscapes,
which are an alternation of shrub-dominated, graminoid-
dominated and mixed vegetation types. The model is based
on an area of 1 m?. The biomass and nitrogen content of
the vascular PFTs is separated into fine roots, woody plant
parts (for shrubs) or rhizomes (for graminoids), and leaves.
Mosses form a layer on top of the soil surface, with a thick-
ness up to 4.5 cm. The soil profile is divided into an organic
top soil layer with a variable height and 10 deeper mineral
soil layers each with a thickness of 10 cm. The fine roots of
vascular plants are distributed throughout the active soil pro-
file, with graminoids rooting deeper in comparison to dwarf
shrubs (Shaver and Cutler, 1979; Nadelhoffer et al., 1996;
Iversen et al., 2015). The thickness of the active layer de-
pends on the soil temperature profile (Sect. S1). The thick-
ness of the organic layer, which consists solely of moss, leaf,
stem and root litter, generally increases over time, depend-
ing on the balance between litter input and litter decomposi-
tion. The mineral soil layers contain initial soil organic car-
bon and nitrogen pools as well. During the simulations, only
fine root litter is added to the mineral soil layers and decom-
posed there. The other litter types become part of the soil
organic layer. Decomposition rates depend on soil tempera-
ture and differ among PFTs and plant organs (leaves, stems
and fine roots).

Plant growth (net primary production) is determined by
temperature, light availability, nutrient availability and mois-
ture conditions (Sect. S1). In the model, there are temperature
thresholds for plant growth thus excluding growth during the
winter season. Graminoids and dwarf shrubs compete for the
incoming light based on their leaf area. It is assumed that
graminoids and dwarf shrubs are equally tall. The moisture
content in the upper 10cm of the soil can strongly reduce
PFT growth as both graminoids and dwarf shrubs have an
optimum growth only in part of the range of possible soil
moisture conditions. Dwarf shrubs prefer drier conditions,
and cannot grow if the soil is completely water-saturated.
The graminoids in the model do not grow well under dry
conditions, but can grow on water-saturated soils.

Mosses acquire nitrogen by nitrogen fixation from the at-
mosphere and can absorb available nitrogen from the upper
centimetre of the soil profile. Vascular plant nitrogen uptake
is determined by the fine root length of both graminoids and
dwarf shrubs present in each layer and the amount of nu-
trients available. At the start of the growing season, when
the air temperature is above the threshold for growth but the
soil is still mostly frozen, the plants can use nitrogen from
an internal storage, which is filled by reallocated nitrogen
from senescing leaves and roots. Dying plant material enters
the soil organic carbon and nitrogen litter pools. Soil organic
carbon is lost by microbial decomposition, whereas the min-
eralised nitrogen from soil organic nitrogen becomes avail-
able for plant uptake. The rate of decomposition and nitrogen
mineralisation depends on soil temperature. Part of the pool
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of available nitrogen can be lost by denitrification under high
soil moisture conditions (Sect. S1).

A simple hydrological module is included in NUCOM-
tundra, which simulates the volumetric water content of
the organic and mineral soil layers (Sect. S1). Water from
snowmelt, rainfall and inflow from a neighbouring vegetation
type (Fig. 2) fills up the pore space in the soil layers. Evap-
otranspiration, surface runoff, and lateral drainage out of the
moss and organic layer lower the water content. The lateral
drainage includes transport of dissolved nitrogen. The hy-
drological processes follow a seasonal pattern. A snow layer
accumulates during the winter season, and snowmelt occurs
with positive air temperatures at the start of the growing sea-
son. During this period, the shallow active layer becomes
water-saturated and the excess of water runs off over the soil
surface. During the growing season, evapotranspiration gen-
erally exceeds precipitation, resulting in gradual drying of
the soil.

2.2 Parameter values and model input

Parameter values for plant properties such as root character-
istics, mortality, reallocation and decomposition have been
derived from literature or have been calibrated using field
data collected at the Chokurdakh Scientific Tundra Station,
located 70°49' N, 147°29' E; altitude 10m (Sect. S2). The
Chokurdakh Scientific Tundra Station, also known as Ky-
talyk field station, is located in the lowlands of the Indigirka
River, north-eastern Siberia, which is in the continuous per-
mafrost zone and the Low Arctic climate zone. The vegeta-
tion is classified as tussock-sedge, dwarf-shrub moss tundra
(vegetation type G4 on the Circumpolar Arctic Vegetation
Map; Walker et al., 2005). The parameter values are provided
in Appendix A.

NUCOM-tundra requires daily temperature and precipita-
tion data as input for the model simulations. Weather data
from Chokurdakh weather station (WMO station 21946, lo-
cated 70°62' N, 147°88' E; altitude 44 m) for the years 1954
to 1994 obtained through the KNMI climate explorer tool
(Klein Tank et al., 2002, http://climexp.knmi.nl) were input
to the model. Initial values of the model simulations are pro-
vided in Sect. S3. The biomass start values were based on
field measurements at the Chokurdakh Scientific Tundra Sta-
tion.

2.3 Vegetation types

We defined five initial vegetation types representing a gra-
dient from relatively dry to wet sites for the climate
change simulations in NUCOM-tundra. These initial veg-
etation types represent five landscape positions, ranging
from relatively well-drained shrub patches to waterlogged
graminoid-dominated wetland (Fig. 2). The first vegetation
type represents dry shrub-dominated vegetation. Vegetation
types 2, 3 and 4 represent moist mixed vegetation from
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relatively dry to wet sites. Vegetation type 5 represents a
wet graminoid-dominated vegetation downslope which re-
ceives water from the neighbouring cell. In vegetation type
1, only outflow of both surface water and water in the or-
ganic layer occur, whereas moist sites are characterised by
having both water inflow and water outflow. The water flow
into a downslope landscape position is the actual water out-
flow from the adjacent upslope located simulation cell. This
water movement over the gradient includes transport of dis-
solved nitrogen from the elevated shrub patch to the sedge-
dominated depression.

2.4 Comparison with field data

The performance of several model parts was evaluated by
comparing outputs with data from the Kytalyk field station
and Chokurdakh weather station. The simulated timing of
snow accumulation and snowmelt was compared with snow
height data from the Chokurdakh weather station between
1944 and 2008. Time series of soil temperature at differ-
ent depths and measurements of thawing depth were used to
evaluate the soil temperature calculations. Furthermore, sim-
ulated PFT total biomass, biomass partitioning among leaves,
woody parts, rhizomes and fine roots, and vertical root dis-
tribution were compared with field data. Field biomass col-
lections were done for both graminoids and dwarf shrubs
in graminoid-dominated, mixed and dwarf shrub-dominated
vegetation sites at the tundra field site in north-eastern Siberia
(Wang et al., 2016). Roots were collected over different
depths, enabling the comparison of field data with simu-
lated root distribution over depth. These field data were com-
pared with simulations that were run with climate input from
the Chokurdakh weather station. A detailed description of
these comparisons of simulated and field data is provided in
Sect. S4.

2.5 Climate scenario simulations

For all vegetation types, a period of 40 years was simulated
to initialise the model using precipitation and temperature
data from the Chokurdakh weather station from 1 August
1954 to 31 July 1994 as input. This period excludes the
most pronounced warming that took place over the last few
decades. Annual precipitation was, however, variable with
both increasing and declining trends in the 40-year time pe-
riod (Sect. S2). After the initialisation phase, 16 different cli-
mate change scenarios were run for all five vegetation types
for the period 1 August 1994-31 July 2074. Inspired by the
RCP emission scenarios over the 21st century, we combined
four temperature increases with four precipitation increases
to simulate climatic changes over this 80-year period. The
combinations include temperature increases of 0, 2.5, 5 or
8 °C and precipitation changes of 0, 15, 30 or 45 % increase
over 100 years. In the Arctic region, increases of 2.5°C
and 15 % precipitation are expected under emission scenario
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Figure 3. Simulation grid used to simulate thaw pond initiation in
the vegetation types 1-4. Water flows at the start of the simulation
are as indicated in the diagram. After the local permafrost collapse,
the water flow from the cell with the thaw pond formation to the fol-
lowing downslope cell is stopped (see Fig. 8 for the consequences).

RCP2.6 and increases of 8 °C and 45 % precipitation are ex-
pected over the 21st century under emission scenario RCP8.5
(IPCC, 2014). A scenario with 5°C increase and 30 % pre-
cipitation increase is regarded here as an “Intermediate” sce-
nario.

The weather data series over the period 1 August 1954—
31 July 1994 from the Chokurdakh weather station was used
twice to create a baseline (“No change”) for the climate sce-
nario simulations between 1994 and 2074. For all climate
change scenarios, temperature and precipitation were grad-
ually increased over this 80-year simulation period. For pre-
cipitation, only the intensity of rainfall was increased and not
the number of days at which rainfall occurred.

To evaluate the effects of climate change on the vegetation
composition, we compared the biomass of moss, graminoids
and dwarf shrubs on 31 July, averaged over the last 10 years
of the simulation (corresponding with 2065-2074). Further-
more, several factors that influenced plant growth and com-
petition were evaluated using the simulations for moist mixed
vegetation sites (vegetation type 3) in which all three PFTs
co-occur. The following factors were evaluated for the last
10 years of the simulations:

1. Growing season length is the average number of days
per year at which the temperature threshold for vascular
plant growth was exceeded.
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2. Soil moisture is the average soil moisture content in the
upper 10 cm of the soil profile during the growing sea-
son.

3. Light competition is the average percentage of light in-
tercepted by graminoids and shrubs during the growing
season.

4. Moisture conditions are the percentage of time in the
growing season with optimal soil moisture content for
growth of graminoids and dwarf shrubs.

5. Nutrient limitation is the limitation of the growth of
graminoids and dwarf shrubs due to insufficient avail-
ability of nutrients in the growing season, expressed as
the percentage of potential growth realised.

2.6 Thaw pond simulations

Thaw pond initiation was simulated for dry and moist vege-
tation types (1-4) under three different climate change sce-
narios: “No change”, RCP2.6 and RCP8.5. Thaw pond col-
lapse was simulated by imposing a sudden alternation of
water flows. Upon a collapse event, water inflow, including
surface runoff and lateral drainage through the soil organic
layer, doubled whereas water outflow stopped. To evaluate
the effects of thaw pond collapse on downslope vegetation
sites, simulations were performed in series that included all
five vegetation types (Fig. 3). Thaw pond formation was ini-
tiated at a fixed time step halfway through the simulation
(corresponding to 31 July 2034). The change in vegetation
composition after collapse was evaluated by determining the
abundance of graminoids (in %) in the vascular plant com-
munity biomass in the last 10 summers of the simulation (31
July in the years 2065-2074), when the vegetation is at its
peak biomass.

3 Results
3.1 Comparison with field data

Simulated snow height, soil temperature, active layer thick-
ness, total PFT biomass, biomass partitioning and verti-
cal root distribution were compared with observations from
Chokurdakh Scientific Tundra Station or weather station (de-
tailed description in Sect. S4). Simulated timing of accumu-
lation and melt of the snow layer between 1944 and 2008
was in agreement with observations of snow depth at the
Chokurdakh weather station. Simulated shallow soil temper-
atures were in agreement with observations from the Ky-
talyk meteorological tower, but simulated deep soil tempera-
tures were higher than observed, resulting in simulated thaw-
ing depths that were on average 14 cm higher than observed
thawing depths (Fig. S4.2). This deeper active layer thickness
resulted in an overestimation of graminoid biomass, as was
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Figure 4. Simulated summer biomass of moss, graminoids and
dwarf shrubs between 1994 and 2074 under different temperature
(T, °C increase) and precipitation (P, % increase) change scenar-
ios over the 21st century.

demonstrated by simulations with lowered active layer thick-
ness (Fig. S4.3 in the Supplement). However, the patterns of
changing graminoid biomass among the main climate change
scenarios remained when the active layer thickness was low-
ered, indicating that the uncertainty about the simulated deep
soil temperatures did not significantly affect the vegetation
composition changes for the climate change scenario simu-
lations.

NUCOM-tundra simulated total biomass for graminoids
and dwarf shrubs within the range of biomass values obtained
for shrub, mixed and graminoid vegetation types at the field
site. Simulated biomass partitioning over leaves, stems and
fine roots was comparable to the partitioning observed in the
field with high total biomass, although the simulated biomass
partitioning was rather constant and did not change with in-
creasing total biomass, as observed in the field. Fine root ver-
tical distribution patterns were similar between observed and
simulated data as NUCOM-tundra took into account the dif-
ferent rooting patterns of graminoids and dwarf shrubs, and
variations in active layer thickness.
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Figure 5. Simulated summer biomass of moss, graminoids and
shrubs averaged over 2065-2074 for 16 climate scenario simula-
tions in five vegetation types representing a gradient from relatively
dry to wet conditions. Temperature and precipitation changes were
based on 21st century RCP climate change scenarios. Biomass is
total biomass (above and belowground).

3.2 Climate scenario simulations: vegetation changes

In the “No change” scenario, the total vegetation biomass
was rather stable throughout the simulation in all vegetation
types (Fig. 4a for vegetation type 3, data not shown for other
vegetation types). Gradual biomass increases between 1994
and 2074 were simulated under the three climate change sce-
narios based on the RCP scenarios (Fig. 4b—d). Consider-
ing all combinations of temperature and precipitation sce-
narios in all vegetation types, simulated total biomass of
the vegetation responded strongly to increased temperature
(Fig. 5). The average total (aboveground and belowground)
summer biomass between 2065 and 2074 ranged from 1970
to 3037 gm~2 with no temperature change, whereas total
biomass ranged between 4815 and 5402 g m~2 with a gradual
increase of 8 °C over the 21st century. In contrast, precipita-
tion change did not affect the total vegetation biomass.

The vegetation composition in relatively well-drained sites
dominated by shrub vegetation (type 1) and wet graminoid-
dominated vegetation (type 5) did not change under any
of the climate change scenarios (Fig. 5). In mixed vegeta-
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Figure 6. Percentage of graminoid biomass in the vascular plant
community biomass, averaged over 2065-2074, for vegetation type
3 (initial moist mixed vegetation) for 16 temperature and precipita-
tion scenarios in the 21st century.

tion (type 3), graminoids increased in abundance with the
RCP2.6 scenario (2.5 °C temperature and 15 % precipitation
increases over the 21st century), “Intermediate” and RCP8.5
scenario (8 °C temperature and 45 % precipitation increases
over the 21st century; Figs. 4b—d, 6). In other climate change
scenarios, the magnitude of both precipitation and temper-
ature change determined changes in vegetation composition
in currently mixed vegetation sites (Fig. 6). The proportion
of graminoids in the vascular plant community increased
in simulations with more pronounced precipitation changes
and lower temperature changes (Figs. 4e, 6). In contrast,
graminoids were outcompeted by shrubs by the end of sim-
ulations of initially mixed vegetation sites under a scenario
with 8 °C temperature increase but no precipitation change
over the 21st century (Fig. 4f).

Simulated moss biomass was in general lowest in wet
graminoid-dominated vegetation sites (Fig. 5), and showed
little variation among the climate scenario simulations
(Figs. 4, 5).

3.3 Nutrient availability, light competition and
moisture conditions

In comparison to the “No change” scenario, the growing
season was on average 39 days longer in the years 2065—
2074 in simulations with an 8 °C temperature increase sce-
nario (Table 1). During the same time period, the averaged
soil moisture at mixed vegetation sites was higher in simula-
tions with more pronounced precipitation change and lower
temperature changes (Table 1). Consequently, soil moisture
conditions became more favourable for graminoids under
these scenarios, whereas moisture conditions became more
favourable for shrubs with large changes in temperature
and small changes in precipitation. For the RCP2.6, “In-
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Table 1. Simulated growth-limiting factors for the vascular PFTs in vegetation type 3 under different climate change scenarios. Growing
season length, soil moisture, and light, moisture and nutrient conditions during the growing season were averaged for years 2064—1974.

Graminoids Shrubs
Growing
season Soil
T change® P change®  length® moisture Light® Moistured Nutrients® | Light® Moistured  Nutrients®
(§®) (%) (days)  (vol. %) (%) (%) (%) (%) (%) (%)
0 0 101 62.1 4.9 78.0 89.3 8.6 49.5 40.2
0 15 101 63.8 7.8 82.5 87.4 4.1 42.7 41.1
0 30 101 64.9 9.3 86.1 86.3 1.7 36.0 413
0 45 101 65.7 10.1 87.8 85.4 0.6 32.6 41.6
2.5 0 115 58.3 5.0 66.8 87.1 14.7 63.7 374
2.5 15 115 61.5 9.8 73.7 84.0 7.9 49.5 39.1
2.5 30 115 62.9 11.8 77.5 82.3 4.9 45.1 40.0
2.5 45 115 64.0 13.3 81.1 81.1 2.7 39.2 40.6
5 0 128 52.8 0.6 45.7 86.9 25.8 70.7 36.1
5 15 128 58.6 7.7 67.4 83.9 15.6 61.1 36.5
5 30 128 61.3 12.6 73.4 81.1 9.3 49.1 38.1
5 45 128 62.7 14.8 75.1 79.4 6.3 44.7 39.0
8 0 140 45.6 0.0 38.9 89.1 33.7 71.5 36.5
8 15 140 53.2 1.4 47.0 86.0 28.0 69.5 35.8
8 30 140 58.3 8.7 66.5 82.8 18.9 60.7 36.0
8 45 140 60.9 13.7 72.3 80.1 129 493 373

4 Temperature (T') and precipitation (P) change scenarios over the 21st century. b Growing season length is defined as the number of days with mean temperature
above 0 °C. ¢ Percentage of incoming light absorbed during the growing season. d Percentage of time at which soil moisture conditions were optimal for growth
during the growing season (100 % = optimal soil moisture conditions during the whole growing season). ¢ Percentage of realised potential growth (100 % = no

nutrient limitation).

termediate” and RCPS8.5 scenario, moisture conditions be-
came slightly less favourable for graminoid growth and re-
mained unchanged for shrub growth in comparison to the
“No change” scenario.

In general, shrubs were able to intercept more light in com-
parison to graminoids in pronounced climate change scenar-
ios (Table 1). Both graminoids and shrubs intercepted more
light when moisture conditions became more favourable. The
effect of temperature changes on light interception differed
between graminoids and shrubs. Shrubs intercepted more
light when temperature changes were more pronounced.
Light interception in graminoids, however, decreased un-
der scenarios with 8 °C temperature increase and less pro-
nounced precipitation increase over the 21st century. Nutri-
ents limited shrub growth under all climate scenarios (Ta-
ble 1). For both graminoids and shrubs, nutrients became less
limiting under less suitable growth conditions.

3.4 Thaw pond simulations

All thermokarst events (initiated in 2034) led to the com-
plete domination of graminoids over shrubs within 15 years
after initiation of thaw pond development (Figs. 7, 8). The
vegetation composition on collapsed sites became similar to
the composition on wet graminoid-dominated sites (vegeta-
tion type 5). After abrupt permafrost thaw, bryophytes took
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advantage of the decreased vascular plant leaf area, but sta-
bilised later at a biomass that was equal to the moss biomass
in non-collapsed, wet graminoid-dominated vegetation sites
(Fig. 8). When a collapse occurred in vegetation type 1, 2
or 3, the collapse enhanced shrub expansion in the next grid
cell. The thermokarst pond acted as a water sink due to which
water flows into the next grid cell were halted. Consequently,
the grid cell adjacent to the thermokarst pond became drier
which favoured shrub growth (Fig. 7). Similar patterns for
the thaw pond simulations were observed for “No change”,
RCP2.6 and RCP8.5 climate scenarios.

4 Discussion

The effects of climate change on tundra vegetation are com-
plex since temperature and precipitation drive changes in hy-
drology, active layer depths, nutrient availability and growing
season length, which interact with each other (Serreze et al.,
2000; Hinzman et al., 2005). NUCOM-tundra has been de-
veloped to explore future changes in the Arctic tundra vege-
tation composition in response to climate scenarios, thereby
taking changes in soil moisture, thawing depth and nutrient
availability into account.
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Veg. types simulation grid % graminoids No change

1 1+2+3+4+5 1 1*12+45+52+100
1 A+2+3+4+5 1*100 1+38+50+100
1 1+&+3+4+5 1 1+100 5+42+100
1 1+2+&+4+5 1 1+12+100 7*100
1 1+2 + 3 +A4 5 1 1 +12+457100 100
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Figure 7. Results of thaw pond simulations: simulation settings
(top left panel) in which vegetation types (numbers), initial wa-
ter flows (arrows) and permafrost collapse sites are indicated. The
other grids show the percentage of graminoids in total vascular plant
biomass during the summers of 2065-2074 and the altered water
flows for “No change”, RCP2.6 and RCP8.5 climate scenarios. Red
cells: shrub-dominated, blue cells: graminoid-dominated, both blue
and red cells: mixed vegetation.
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Figure 8. Biomass of moss, graminoids and shrubs and organic
layer moisture content during the thaw pond formation simulation
in an initially dry shrub-dominated vegetation type (1) under the
“No change” scenario. The dotted line indicates the moment of ice
wedge collapse.

4.1 Effects of increases in temperature and
precipitation

Our climate scenario simulations suggest a significant in-
crease in biomass with continuing climate change, and es-
pecially, increased graminoid abundance under scenarios
with different magnitudes of climate change. For modest
and strong emission scenarios (“Intermediate” and RCP8.5),
both shrub and graminoid biomass increased. These simula-
tions are in line with biomass increases in both shrubs and
graminoids that have been observed during the past decades
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in Arctic tundra landscapes as a response to temperature in-
crease (Dormann and Woodin, 2002; Walker et al., 2006;
Hudson and Henry, 2009). Shrub expansion has been ob-
served in many places in the Arctic (Sturm et al., 2001; Tape
et al., 2006; Myers-Smith et al., 2011), but is not explic-
itly simulated by NUCOM-tundra for the RCP-based climate
change scenarios which combine temperature and precipita-
tion increases.

As nutrient availability limits plant growth in tundra land-
scapes (Shaver et al., 2001), a positive effect of warming
on nutrient availability is a likely explanation for biomass
increase observed in tundra vegetation (Hudson and Henry,
2009). Climate warming might influence nutrient availability
positively by lengthening of the growing season, active layer
deepening and increased microbial activity. In our simula-
tions, nutrients were especially limiting for the shrubs, likely
due to their shallow rooting systems. Compared to shrubs,
graminoids root relatively deeply (Wang et al., 2016). As a
consequence, active layer deepening is expected to favour,
especially, graminoids. It is, however, unclear how plant root
morphology responds to climate warming. An experimental
warming study in dry tundra demonstrated that plants do not
necessarily root deeper in response to warmer temperatures,
but instead may concentrate their main root biomass in the
organic layer where most nutrient mineralisation takes place
(Bjork et al., 2007). Nevertheless, it is likely that growing
season lengthening and increased microbial mineralisation
of soil organic matter improve growing conditions for both
shrubs and graminoids, as also graminoids have been shown
to respond strongly upon fertilisation (e.g. Jonasson, 1992).

Strikingly, the climate simulations in this study show that
shifts in vegetation composition are not only dependent on
temperature change, but are strongly affected by precipita-
tion changes as well. Simulated soil moisture contents de-
creased with higher temperature and lower precipitation sce-
narios. Evapotranspiration is an important hydrological pro-
cess determining soil moisture during the growing season.
Throughout the growing season, the top soil layer dries out
as evapotranspiration exceeds precipitation during this pe-
riod, which is in agreement with observations at our study
site (Sect. S2). Higher summer temperatures increase poten-
tial evapotranspiration, and thus lead to drier soils, if precip-
itation remains unchanged. Consequently, the area of rela-
tively dry sites characterised by dense dwarf shrub vegetation
might increase. A similar imbalance of temperature and pre-
cipitation change between 1950 and 2002 has been proposed
by Riordan et al. (2006) as one of the possible causes for
drying of thermokarst ponds in Alaska. A second mechanism
for tundra drying with higher temperatures is increased water
drainage enabled by gradual deepening of the active layer or
permafrost degradation. The latter mechanism is especially
important in the discontinuous permafrost zone, where cli-
mate change may cause loss of permafrost at thermokarst
sites and subsequently lead to increased drainage to adjacent
areas (Yoshikawa and Hinzman, 2003).
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Whereas NUCOM-tundra predicts that graminoids espe-
cially benefit under the main climate change scenarios, other
Arctic vegetation models mainly simulate shrub expansion
(e.g. Epstein et al., 2000; Euskirchen et al., 2009; Yu et
al., 2011). As moisture conditions did not differ much be-
tween the combined climate change scenarios (Table 1), the
relatively large increase in graminoids in those scenarios is
likely enabled by active layer deepening. Nutrients that be-
come available in deeper soil layers are easily accessible by
graminoids which are able to root throughout the whole ac-
tive layer, whereas shrubs rely on the nutrient availability in
the top soil layers as their root system is confined to that re-
gion. It is important to note that NUCOM-tundra currently
uses a simple soil temperature soil module which calculates
soil temperature based on air temperature (Sect. S1.3.4). Es-
pecially for deeper soil layers, this module lacks accuracy
in precisely predicting changes in active layer thickness for
different temperature change scenarios, which results in un-
certainty in both the depth of the active layer and the amount
of nutrients that becomes available. These processes influ-
ence graminoid growth more than shrub growth. Coupling
NUCOM-tundra to an advanced soil temperature model is
needed to simulate the physical soil processes more accu-
rately.

Previously, the effectiveness of shrubs in dealing with in-
creased nutrient levels has been proposed as an explanation
for observed shrub expansion in the Arctic (Shaver et al.,
2001; Tape et al., 2006). Betula nana responds to higher nu-
trient availability by increasing its biomass, which is mainly
due to increased secondary stem growth (Shaver et al., 2001).
However, Betula nana is also known to respond to increased
temperatures and fertilisation by growing taller and by pro-
ducing more shoots and tillers, thereby increasing its ability
to compete for light with other species (Chapin and Shaver,
1996; Hobbie et al., 1999; Bret-Harte et al., 2001; Shaver
et al.,, 2001). In NUCOM-tundra, competition for light or
nutrients is determined by a combination of several plant
traits (parameters values). For light competition, leaf area
and light extinction are important, which are influenced by
parameters such as specific leaf area, biomass allocation to
leaves, leaf mortality and light extinction coefficient. Simi-
larly, nutrient competition is influenced by parameters such
as specific root length, root distribution and nutrient require-
ments. Although tiller production is not explicitly included in
NUCOM-tundra, shrubs had an advantage in the competition
for light as they have a higher specific leaf area and higher
light extinction coefficient than the graminoids. Yet, this ad-
vantage for shrubs was, in the combined climate change sce-
narios, overruled by the advantageous ability of graminoids
to root deep into the mineral soil layers. Based on our ob-
servations at our study site in the north-eastern Siberian tun-
dra and at Toolik Lake moist tussock tundra, we assumed the
(dwarf) shrubs and graminoids to be equally tall in the model.
With warming-induced increases in aboveground biomass
for both graminoids and shrubs, the competition for light be-
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comes more important. In parts of the tundra area, shrubs,
including Betula nana, can grow taller than graminoids. For
a wider application of the vegetation model, i.e. to include
transitions to tall shrub vegetation, a variable plant height up
to a maximum would be required.

Overall, our results from the climate change scenarios
mainly highlight the importance of changes in annual pre-
cipitation, as they have a large influence on the water ta-
ble and thus on the tundra vegetation composition. Precip-
itation, especially in summer, compensates for evapotranspi-
ration water losses, thereby having a direct positive influence
on soil moisture and water table position. Climate models
predict considerable precipitation increases for the Arctic re-
gion (IPCC, 2014) as the retreat of sea ice in the Arctic Ocean
results in strongly increased evaporation and precipitation
(Bintanja and Selten 2014). In agreement with these predic-
tions, significant increases in precipitation over the last few
decades have been demonstrated for several Arctic weather
stations (Hinzman et al., 2005; Urban et al., 2014). Changes
in precipitation are, however, less consistent in compari-
son to climate warming (Urban et al., 2014). In Chokur-
dakh, the location used for the model simulations, precipi-
tation has not increased along with temperature change be-
tween 1981 and 2010 (temperature 40.0565°C yr~!; pre-
cipitation —1.127 mmyr~!; http://climexp.knmi.nl/atlas; Li
et al., 2016). Continuation of the climate trends observed in
Chokurdakh between 1981 and 2010 would lead to a sce-
nario that most resembles a temperature increase of 5 °C and
no precipitation change by the end of this century. This sce-
nario would imply that currently mixed vegetation will shift
towards shrub-dominated vegetation in the near future due to
tundra drying.

4.2 Thaw pond formation

Formation and expansion of shrub vegetation might be set
back by the degradation and collapse of ice wedges in
the permafrost. Even in dry vegetation type simulations,
the initiation of thermokarst led, as a result of water ac-
cumulation in thaw ponds, to complete replacement of
shrubs by graminoids. The simple thaw pond module in
NUCOM-tundra simulated a peak of moss biomass shortly
after ground collapse and before significant colonisation of
graminoids. After the collapse, the shrubs were dying be-
cause of the water-saturated soil, while the graminoids had
not yet colonised the new thaw pond, and the mosses took
advantage of the increased light availability. At the Siberian
field site we also observe that mosses mostly drown and
the first colonisers of thaw ponds are mostly graminoids,
for example Eriophorum angustifolium (Jorgenson et al.,
2006), although mosses can also be the first colonisers.
NUCOM-tundra does not (yet) take surface water depth into
account for the calculation of plant and bryophyte growth,
due to which drowning of mosses could not be simulated.
The model is also not able to simulate further vegetation
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succession in thaw ponds. Most likely, after graminoid and
moss establishment, an organic layer starts to accumulate,
shrubs recolonise the collapsed sites, after which permafrost
aggradation can take place. Water runoff out of collapsed
sites is expected to increase when the organic layer accu-
mulates, probably aided by newly developing ice structures
which lift the surface.

Simulated thermokarst events favoured shrub growth in
adjacent grid cells due to increased drainage. Although
graminoids become dominant in thaw ponds, ice wedge col-
lapses may provide opportunities for shrub growth on the
pond margins due to small-scale changes in water flows.
Such a mechanism was observed in Alaska, where shrubs
became dominant around thermokarst spots as a result of in-
creased drainage from shrub-dominated patches to the new
ponds (Osterkamp et al., 2009). These results further re-
veal that tundra drying is an important mechanism for shrub
expansion in the Arctic. Thermokarst ponds, however, may
also act as a heat source and thereby stimulate further per-
mafrost collapse (Li et al., 2014). Overall, permafrost degra-
dation should be recognised as an important, potentially
graminoid stimulating factor when studying climate change
in Arctic landscapes (Jorgenson et al., 2006). Rapid expan-
sion of shrubs might be partly compensated by the formation
of graminoid-dominated thaw ponds, particularly in poorly
drained lowland tundra.

www.biogeosciences.net/13/6229/2016/

The inclusion of thaw pond formation is a new but not
yet fully developed element of NUCOM-tundra. There are
models that simulate tundra vegetation change (ArcVeg; Ep-
stein et al., 2000; TEM-DVM; Euskirchen et al., 2009; LPJ-
Guess; Wolf et al., 2008; Zhang et al., 2013) and models that
simulate thaw lake cycle dynamics (van Huissteden et al.,
2011). Taking into account the formation of thaw ponds and
the subsequent vegetation succession is, however, essential
for a full analysis of climate change effects on the tundra
ecosystem (Van Huissteden and Dolman, 2012). This model
feature should, therefore, receive special attention with fur-
ther model developments.

5 Data availability

Data are available upon request.
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Appendix A: Parameter values in NUCOM-tundra

Table A1. Plant functional type parameter values in NUCOM-tundra.

Parameter Description Unit Moss Gram. Shrub  Source
BDm bulk density moss gm™3 15660 Heijmans et al. (2004)
maxheight maximum height of moss layer m 0.045 Blok et al. (2010)
minheight minimum height of moss layer m 0.005
minleafarea  minimum leaf area m?m—2 0.001 0.001
Kext light extinction coefficient - 0.5 0.6  Heijmans et al. (2008) (Gram.)
SLA specific leaf area m? g*1 0.0060 0.0139  Shaver and Chapin (1991)
B rooting depth coefficient - 0.938 0.850  Murphy et al. (2009) (Gram.);
van Wijk (2007) (Shrub)
SRL specific root length m gfl 37.5 141.0  Eissenstat et al. (2000) (Gram.);
Pettersson et al. (1993) (Shrub)
Gmax maximum growth gm~2 day~ 12.0 29.0 32.5 calibrated
seedbiom daily seed biomass input g m~2 day™ 0.000033  0.000033  0.000033
Wmin minimum volumetric soil water content % 20 20 0
for growth
Wiow lowest volumetric soil water content % 40 40 10
for optimal growth
Whigh highest volumetric soil water content % 70 70 65
for optimal growth
Wmax maximum volumetric soil water content % 70 70 70
for growth
Tinin minimum air 7' for growth °C 0 1 1
Tow lowest air T for optimal growth °C 3 4 4
Nmin minimum N concentration for growth gNg™! 0.0102 0.0122 0.0172  Hobbie (1996)
Nmax maximum N concentration for N uptake = gN g*1 0.0184 0.0352 0.0278 Hobbie (1996)
Kallor allocation of growth to fine roots - 0.30 0.33  calibrated (Gram.);
Shaver and Chapin (1991) (Shrub)
Kallos allocation growth towards stems - 0.24 0.14  calibrated (Gram.);
Shaver and Chapin (1991) (Shrub)
Kallol allocation growth towards leaves - 0.46 0.53  calibrated (Gram.);
Shaver and Chapin (1991) (Shrub)
Krear reallocation of N in roots to storage - 0.30 0.10  Heijmans et al. (2008)
Kreas reallocation of N in stems to storage - 0 0  Heijmans et al. (2008)
Kreal reallocation of N in leaf to storage - 0.34 0.25 Chapin et al. (1975) (Graminoid)
mOrtmoss mortality moss day 1 0.000914 Chapin et al. (1996)
morty mortality root day~! 0.000825  0.001015  calibrated
mortg mortality stems day~—! 0.000232  0.000067  calibrated
mort; mortality leaf day™ 1 0.007315 0.010790  calibrated
maxmortg maximum mortality stems day 1 0.002500  0.002500
kdec_m decomposition moss litter day~! 0.001560 Lang et al. (2009)
kdec_r decomposition root litter day_l 0.001691 0.000946  Heal and French (1974)
kdec_s decomposition stems litter day*1 0.000758 0.001256  Heal and French (1974)
kdec_1 decomposition leaf litter day 1 0.001564 0.002167 Hobbie and Gough (2004)
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Table A2. Parameter values related to the soil profile, microbial processes and hydrology in NUCOM-tundra.

Parameter Description Unit Value  Source

maxlayer number of mineral layers - 10

layerdepth thickness of mineral layer m 0.10

BDorg organic matter density g m™3 150000 Marion and Miller (1982)
Nfixation_m  nitrogen fixation rate (by moss) gNday™ 0.00025

Ndeposition  nitrogen deposition rate gNday™ 0.00027

NCerit critical N : C ratio for mineralisation gNg c! 0.008

easseff microbial assimilation efficiency - 0.2  Heijmans et al. (2008)

o optimal denitrification rate day~! 0.1  Heinen (2006)

Stres minimum fraction of water-filled pores for denitrification 0.9

Smax fraction of water-filled pores for maximum denitrification 1

Q10 denitrification increase factor with 10 °C increase 2 Heinen (2006)

Tref reference temperature(for denitrification) °C 20  Heinen (2006)

DDF degree day factor for snowmelt mm °C~! day~ 5.3 Lundberg and Beringer (2005)
FieldCaporg ~ volumetric water content at field capacity in organic layer mmmm~— 0.36  Zotarelli et al. (2010)
MaxCaporg maximum volumetric water content in organic layer (saturation) mmmm™ 0.70

FieldCapp,j, volumetric water content at field capacity in mineral layer mmmm~ 0.42  Saxton and Rawls (2006)
MaxCapy,j, ~ maximum volumetric water content in mineral layer (saturation) mmmm™ 0.50  Saxton and Rawls (2006)
runoffr surface water runoff day*1 0.10

interflowr lateral drainage of water through organic layer day’1 0.01

evaporation  fraction evaporation of total evapotranspiration - 0.5

evapodepth soil depth over which evaporation occurs cm 10

wheight height of the upper soil layer for moisture calculation cm 10

leachr fixed nitrogen leach rate to deeper soil layer day*l 0.00163

leachrpax maximum nitrogen leach rate day*1 0.00747
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1 Abstract

The model NUCOM-Bog (NUtrient cycling and COMpetition) describes the vegetation, carbon,
nitrogen and water dynamics of peatland ecosystems (Heijmans et al., [2008). This model is derived
from earlier NUCOM models (Berendse, |1988; [Van Oene et al., [1999)). The NUCOMBog package links
the model, which is written in Delphi, to the R infrastructure. It runs on a monthly time step and the
competition is based on light and nitrogen. For more details about NUCOM-Bog, see |Heijmans et al.
(2008)). The executable of the model is available on request at the corresponding author and available

on https://github.com/jeroenpullens/NUCOMBog.

*corresponding author, jeroenpullens@gmail.com, executable of the model is available on request at corresponding
author


https://github.com/jeroenpullens/NUCOMBog

2 The NUCOMBog R package

The NUCOMBog R package provides several functions to setup and run the model.

setupNUCOM

In order to run the model a setup structure needs to be made. In this way the model knows the
working directory, the climatic, environmental data, the initial biomass values, the start year and the
end year. The model starts in January of the start year and ends in December of the end year. In the
setup also the output is specified, see section: For both the single core run and the multi-core
run the same setup function can be used. This can be done by setting the parameter ”parallel” to
TRUE or FALSE, the default value is FALSE. ”Separate” can only be use in parallel, it can be used
to run the model with a list of parameters where all parameters are run individually, in contrast to
a complete parameter list. Parameters for which no value has been given these parameters are set to
the original value, see

In some runs a spin-up period is used. During this spin-up the model can reach a stable equilibrium,
this can be useful when the initial biomass values are not completely known. Since the data from not
spin-up is not always needed for analysis, these values can be neglected by R. In the setup function
the parameter ”Startval” is implemented for that reason. The ”Startval” has to be the row number of
the output, i.e. if the model was run from 1970-2005 and only the data from January 2000 onward is
needed. The start value has to be set to (2000-1970)*12 = 360. This ”Startvalue” will be used in the

getData function.

getData

The getData function retrieves the monthly data from the model run. The data of monthly output
file is loaded into the global environment. The output that can be retrieved is Net Primary Production
("NPP”), Heterotrophic respiration ("hetero_resp”), Net Ecosystem Exchange ("NEE”) and water
table depth ("WTD?”). The ”Startvalue” can also be set, the ”Startval” has to be the row number of
the output, i.e. if the model was run from 1970-2005 and only the data from January 2000 onward is
needed. The start value has to be set to (2000-1970)*12 = 360.



runNUCOM

When the setupNUCOM function has run, the setup is used to run the model. The presented

function here only runs on a single core, for the multi-core run, see [runparalleINUCOM| To run

NUCOMBog we need the setup as previously described and potentially the parameter values. The
parameter values need to be in a data frame format with two columns. The column names have to be
"names” and ”values”, both without capital letter. When no parameters or few parameters are given
to the model, the model uses the values provided by Heijmans et al.|(2008) for the parameters which
are not provided. The names are the same as in the paper, but to identify to which PFT the variable
corresponds, the first four letters are used, so eric, gram, humm, lawn and holl. For example the
maximum potential growth rate of the graminoids is gram_maxgr. The shrubs are defined ericaceous,
e.g. the maximum potential growth rate is eric_maxgr.

During the run the parameter file is created in the input folder. In the output folder the monthly
and yearly output files are created. Example input files and the folder structure are integrated in the

R package and can be copied to a user specified folder, see section:

runparalleNUCOM

This function is used to run the model over multiple cores, this is particularly useful when multiple
parameter sets need to be run. This function makes use of the snowfall (Knaus, |2013)) package. To
run the model in parallel, the type of cluster is needed, by default this is set to ”SOCK”. The model
has not been tested on other cluster types so far. In the runparalleNUCOM function also the amount
of cores, that are available for the computation, are needed. By default it is set to ”1”.

During the parallel run of the model for each provided parameter set a new folder is created in
which the files with the climatic, environmental and initial data and the executable is copied. This has
the advantage that the parameter files and the output files are in one folder, so no specific tracking in
the cluster is needed.

The created folders are also very small (smaller than 2 MB) and therefore disk space issues are

most likely not occurring.

copytestdata

The R package also includes some test data, this data has to be copied to a user defined folder.

With the use of the function copytestdata the user can copy the data and test the model.



3 Data

The model needs three types of input data, all which need to be in the input folder as a ”.txt”
file. An example of the structure of the folder and the data of the example can are integrated in the

R package and can be copied, see section The data used in this publication are from

Heijmans et al| (2008). The three inputs are:

Initial values The model needs to be initialized with biomass values, preferable from field measure-
ments. In the model the biomass of the vascular plants is separated in ”"organs” (leaf, shoot, root),
while the biomass of the mosses is only the mass of the ”shoot”. The biomass needs to be separated
into grams of carbon and grams of nitrogen per plant organ. Also the carbon and nitrogen of each
specific plant organ stored/sequestrated in the acrotelm and catotelm is needed. As well as an initial

water table depth and average water table depth.

Environmental data The environmental data should contain the yearly atmospheric COy concen-

tration in ppm and nitrogen deposition (both wet and dry) in kg N per hectare.

Climatic data The climatic data should contain monthly temperature, precipitation, and potential

evapotranspiration. NUCOM-Bog was designed to run with the calculated Penman potential evapo-

transpiration 1946)).

4 Example Lille Vildmose, Denmark

In this section we will present an example of NUCOMBog. For this run the data from the Lille

Vildmose, Denmark as presented in [Heijmans et al. (2008)) is used.

test_setup_singlecore <- setupNUCOM(mainDir = "/home/jeroen/MEE_model/",

climate = "ClimLVMhis.txt", environment "EnvLVMhis.txt",
inival = "inivalLVMhis.txt", start = 1766, end = 1999, type = c("NEE",
"WID", "NPP", "hetero_resp"), parallel = F)

output <- runNUCOM(setup = test_setup_singlecore, parameters = NULL)

What we can see here is that the model has been run without any given parameters and therefore

the integrated values from Heijmans et al| (2008) are used. The model was run from January 1766




till December 1999. The net primary production, net ecosystem exchange and water table depth are

plotted from 1960 till 1999 (Figure [1).
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Figure 1: Simulated monthly NPP, NEE, heterotrophic respiration and WTD from 1960 till 1999.

The seasonal dynamics can be seen in the plot of the NPP, NEE and heterotrophic respiration, in
which the greatest uptake takes place during the summer months. During some of the summer months
the NEE ’peaks’ close to zero or even above zero, these episodes match with a drop in water table
depth. This could indicate that the plants were water stressed. During the winters the NEE is bigger

than 0 gC m? month', indicating a loss of carbon, through heterotrophic respiration.
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Figure 2: Cumulative monthly net ecosystem exchange from 1980 until 1999.

When we plot the cumulative modeled NEE, we see that the modeled Lil Vildmose site is acting

as a carbon sink, i.e. sequestering carbon, see Figure [2|.
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Figure 3: Biomass composition of the five different PFTs from 1766 till 1999.

Figure[3]indicates that the initial biomass of the graminoids was set too high. The plants die within
40 years and never return. At this location there is no hollow moss present and the initial values were

therefore set to 0 gC m2. The last 100 years the vegetation composition is stabilizing, only ericaceous



shrub species and lawn mosses are present. Both PFTs are increasing their biomass over time, due to

C' O, fertilization and an increase in temperature.
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