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1 Introduction

In view of the increased concern about an upcorglobal change, the understanding of
soil processes and soil-atmosphere exchange pescgssns in importance. The major
greenhouse gas GOwith its spatial and temporal variability in theifférent

compartments is in the focus of several researcjes.

1.1 Statement of problem

In the context of an upcoming global change theviashce of soil C@emissions has
increased drastically, as pointed out in numerdudies (IPCC 2007, Schlesinger &
Andrews 2000). With regard to soil respiration, Whexdge of processes is still poor and
experimental data remains insufficient in combimatiwith a weak geographical
representation (Yuste et al. 2007, Saiz et al. 007

In general three main components contribute td tmith respiration. Those components
are the respiration from live roots, the respimataf root-derived carbon (root exudates)
by mycorrizhae or other microfauna in the rhizogsphand the respiration of soil carbon
by soil fauna. It is a common approach to combio@ and root-associated respiration
into one component called rhizosphere or autotmpdspiration due to the difficulty of
separating both components from each other (Haretoal. 2000, Meharg 1994).
Respiration of soil carbon by soil fauna is ofteferred to as microbial or heterotrophic
respiration. Microorganisms decompose litter, whisuming oxygen and producing
carbon dioxide. Soil COefflux is the combined result of production and geansport
(Suarez & Simunek 1993, Fang & Moncrieff 1999). Tinain environmental factors
controlling soil CQ efflux are temperature and soil water content ({@son et al. 1998,
Janssens et al. 2001). Among other influencingofactre the amount and quality of
carbon stored in the soil and the litter layer amderal soil and plant root activities
(Nadelhoffer & Raich 1992, Bowden et al. 1993). fEhis still insufficient information
on the extent to which environmental parameter$ sictemperature, soil moisture or
litter availability control rhizosphere or microbiaspiration.

Nevertheless research has been carried out to shedyactors controlling soil CO
efflux. The most common approach to quantify sd@i,@fflux has been the development
of empirical models based on relationships betvsa@inCO, efflux, soil temperature and
soil water content (Davidson et al. 1998, Buchm20@0).

There is an increasing interest in using procesedbanodels, which take into account
physiological properties and environmental regal&i affecting soil respiratory
processes. Each developed process-based modetdomudifferent aspects, serving the

particular situation it was set up for.



1.2 The aim of this study

The project presented here is part of the Transr&glllaborative Research Centre 32
.Patterns in Soil-Vegetation-Atmosphere Systems:nitooing, modelling and data
assimilation®, funded by the German Research Fauimd®FG. The aim is to achieve a
better understanding of complex spatial and tenigmatierns in heat, water and matter
fluxes on a catchment scale.

We conducted a study on a 60-year-old spruce df@ivgaabieg located in Western
Germany from April 2008 to December 2010 with wgekheasurements for 89
measurement points arranged in two setups. Ourctiigs were to reveal reasons for
spatial and temporal patterns of soil £&flux in a spruce forest of temperate climate
through field measurements and the application pfagess-based model for soil €O
efflux to back up field data and improve the untierding of temporal patterns as a
prerequisite for understanding spatial patternse €@ntral research question aims at the
importance of the factor temperature. Is tempeeatioe main factor controlling soil GO
efflux? Does it play a major role in the spatiattpans of soil CQ efflux? Which other
factors determine spatial and temporal patternsodf respiration? Another important
goal is to study the feasibility of upscaling fraime existent monitoring network to
catchment scale. Further research questions caettetime applicability of the soail
respiration model PATCIS (Fang & Moncrieff 1999)oés the model PATCIS help to

answer the stated research questions?

1.3 The practical approach

1.3.1 Research area

The study area is located in the northern parhefBifel National Park, which is part of

the so-called Rureifel, in the catchment area & Wulstebach stream (Figure 1).
Measurements were concentrated in the upper patieofVistebach catchment area,
including the headwaters. The area has a size fogimately 27 ha and shows a
distance in altitude of up to 34 m (ranging fronb558 a.s.l. to 629 m a.s.l.). The borders
of the considered catchment area are partly ofraléund partly of anthropogenic origin.

The motorway 258 defines the southern border ot#tehment, while a small rural road

in the western part of the catchment displays &mdivide.
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Figure 1 Location of the Wiistebach research area (modéfest Sciuto & Diekkriiger, 2010)



1.3.2 Soil characterization

Underlying bedrock consists of a stratigraphic sege of clay shales, the so called
“Wistebach-Schiefer”, which is dark blue-grey taadK-grey in colour and can be
weathered from light grey to white. Sporadicallydstone banks with a fine grained or
medium grained structure can occur. During thesRleene talus material built up due to
solifluction and cryofracturing. (Meyer 1994)

Soils are alkali-poor and nutrient poor and are idated by cambisols, which are
normally well aerated, but are partly affected &y water. In the groundwater influenced
floodplains alongside the Wdstebach stream GleysBtagnosols or Histosols are
present. The Geological Survey North Rhine-WestphalGeologischer Dienst
Nordrhein-Westfalen) developed a soil map at aeschll:5,000 m, (figure 2) which was

used in this study.
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Figure 2: Soil map of the Wistebach catchment ag&sl typesB — Cambisol; B-S — Cambisol-
Planosol; G — Gleysol; G-Q — Gleysol-Regosol; G-Gleysol-Planosol; GHn — Histosol-Gleysol,
GM — Histosol-Gleysol; HN — Histosol (Niedermoo®);— Regosol; Q-G — Regosol-Gleysol; S-B
— Planosol-Cambisol; S-G — Planosol-Gleysol. Thkdets display the measurement points of the
soil CG; efflux measurement setup. (own illustration basedlata from the Geological Survey
North Rhine Westphalia)




Typical soil profiles of a Cambisol (a), Gleysol) (@hd Histosol (c) are illustrated in
figure 3.
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(c) Figure 3: Soil profiles of (a) Cambisol, (b)
] Gleysol and (c) Histosol. Properties of the
T layers are displayed in table 1. (source: own
5 illustration of own data and data from the
Geological Survey of NRW)
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Table 1: Layer properties of different soil types at theearch site (BD = Bulk Density)

Cambisol Gleysol Histosol

Layer 1 BD=0.11, needle litter BD=0.11, needle litter BD=O.26I,ose|1IrtnIoam, clay
Laver 2 BD=0.61, mediumclay @ BD=0.53, mediumclay = BD=0.23, silt loam, clay

y loam loam loam
Laver 3 BD=0.69, medium clay BD=0.60, strong clay BD=0.36, silt loam, clay

y loam loam loam
BD=0.85, strong clay BD=0.99, strong clay BD=0.67, clay loam, silt

Layer 4
loam loam loam

BD=1.15, strong clay
loam

BD=0.90, clay loam, silt

BD=1.53, silt loam
loam

Layer 5




1.3.3 Vegetation

Spruce Picea abie¥ stands are dominating the vegetation in the cag¢ct area, with an
average age of 60 years, partly juvenescence o(ages10-20 years). The matiReea
abiesshows a sinker root system consisting of horidbnspreading roots from which
vertical or sinker roots develop (Gruber 1994). Tio®t system can be modified,
depending on soil conditions, to plate-root systémighout any vertical roots). Spruce
roots are very sensitive to waterlogging and anoiierefore the development of vertical
roots is encouraged by nutrient-rich soils withthigase saturation under well-aerated
conditions. (Puhe 1994). Due to the unfavourabilecsmditions with high acid saturation
present in the Wistebach catchment, the sprucdsstare have developed a plate-root

system. On poor soil conditions the trees caninget and are prone to windfall (figure

Figure 4: Spruce tree affected by windfall (photo by Guidiu®)

Common alderAlnus glutinosaappears alongside the stream, while scatteredpgan
beeches Ragus sylvatica can be found throughout the area. The densityheftree
vegetation and the unfavourable soil conditiondhwaitlow nutrient content and a thick
litter layer result in a low diversity of species the understorey with ferns, herbage,
mosses, few shrubs and phanerogams. The potertiade nvegetation of the upper
Wistebach valley is théuzula-Fagetum typicunforest with Fagus sylvaticaas a

keystone species. Current vegetation originatech fan extensive anthropogenic impact



on the area. Native wood was clear-cut for utiiaratin the context of wood charcoal
production. Written records reveal that most paftshe Eifel region were deforested
during mediaeval times (Schwind 1984). Only towatus beginning of the 19century
the state of the forest gained an increasing isteféicea abieswas preferred for
afforestation due to its fast growth. Both worldrevénvolved repeated forest clearance,
soon after whiclPicea abiesvas again used for further afforestation.

The vegetation period (= period of days with anrage temperature above 10°C) in the
Wistebach forest lies between 127 days (2008) &l days (2007) during the
considered period of analysis. In comparison ts, ttie vegetation period in the northern
region of the Eifel National Park (around Nideggeege figure A8) lasts 160 days.
Unfavourable conditions for the vegetation are fedst and cold air, which accumulates

on the plateaus of the Rureifel and can not ruinafiediately due to low slope.

1.3.4 Climate

The climate in the catchment area is oceanic witthean annual temperature of 6.5°C to
7.5°C and a mean annual precipitation of 1100 @0X2m (see table 2 and figures 5 &
6). A snow cover is present on 20-30 days per yEae. wind predominantly originates
from a western direction. Precipitation data wasilable from two meteorological
stations, with numerous data gaps. For 2007 complata was also available through a
simulation with the model COSMO, developed by trexrtan Weather Service (DWD)
for numerical weather forecasts, and called “reaisil. Air temperature was measured

directly in the Wistebach catchment.

Table 2: Nearby climate stations with precipitation dataufge: DWD; *from COSMO model)

Mean annual
Name Coordinates Height Resolution  rainfall [mm]
Easting Northing [m] 2007 2008 2009
Schleiden-
Schoéneseiffen 2528366 5597820 572 Daily 1391 9358210
Monschau - daily,

Kalterherberg 2515365 5597766 535 6 hours 1455 1318 1224

Reanalysis* 2523669 5596549 598 hourly 1603 - -
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Figure 5: Boxplots of mean monthly precipitations for thati&in Kall-Sistig for the years 2004
(from August 04) — 2008. (source: own illustratiwith data from the DWD)
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Figure 6: Boxplots of mean monthly temperatures for the Wliath station for the years 2007-
2009. (source: own illustration of data collectedtie frame of the Transregio 32)

1.3.5 Historical land use

The contemporary vegetation structure of the EN&tional Park originated from
profound anthropogenic influences of the last agegu Due to climatic conditions and
the presence of nutrient-poor soils, the region vpaisnarily affected by forest
management since the start of settlement in tffecEBitury and to a lesser extent by
agriculture. Natural forest was cut down and theodvavas used for wood charcoal
production to satisfy a growing energy demand & ifon industry during the 18
century (Schwind 1984).



Most woodland areas of the Eifel region are scedatige-group forests (Scholler 2002),
which characterizes coeval and comparably unstredtiree stands. In economically
used forests, trees are taken out in their vitalsphand are replaced by young growth.
Therefore the decay and alteration phase withdhedtion of deadwood stands, which is
relevant for a natural forest, is nonexistent. Tigto forest tending strategies such as
pruning or selective cutting, coniferous trees einmulated to a straight and fast growth
and therefore build uniform and dense stands (&at2002).

Towards the end of the $@entury most parts of the Eifel region were passetb state-
run forestry. Along with natural beech trees, cerdfis wood such as spruce was
introduced and used for afforestation. Further desfiation occurred during the two
world wars, accompanied by visible signs in thd stiucture of the forest (i.e. bomb
craters, trenches). Afforestation after the Sedmmilld War lead to a further large-scale
distribution of spruce tree®icea abiek

In 2004 110 kmz2 of the Eifel region were declaredEifel National Park in order to

protect people and landscape and to abandon wawedgta

1.4 Analysis and modelling concept

To achieve a comprehensive data set of soil terhperand soil moisture for several soil
layers and time periods, a model had to be chageich is able to simulate water as well
as heat fluxes. The model SIMULAT (Diekkriiger 1996)s chosen because it provides
a substantial output by requiring moderate inpuaupeeters, which could sufficiently be
provided with a relatively low uncertainty.

For transport of C® in soil ordinary gaseous diffusion and convectilew are
considered to be the most important mechanismgj€Fi& Leffelaar 1996). A mass
balance model for the soil is commonly used to tibartCO,-efflux and the spatial
distribution of CQ within the soil (Suarez & Simunek 1993, Wood et &993).
Describing CQ production and its dependence on soil conditisimked to uncertainty,
no existing model is wholly appropriate. The numlaérpublished soil C® efflux
models, which are based on C@lease in decomposition in soil and on molecular
diffusion of CQ into the atmosphere, is rather small.

The model PATCIS after Fang & Moncrieff (1999) wa®sen because it shows a more
complex model structure, with separate determinatibmicrobial and root respiration,
which is especially important for forest ecosyst&uil moisture, temperature and even
O.-influence are sufficiently taken into account. Thely drawback is the need of
numerous parameters, which require extensive &nttllaboratory studies and lead to an
increase of model uncertainty. A scheme of the fiodeapproach can be found in

figure 7.
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Figure 7: Scheme of the modelling approach. Meteorologioal soil parameter data are used as
input for the soil water budget model SIMULAT l1ldietmodel is calibrated and validated with
measured soil temperature data. Simulated soil éeapre and soil moisture along with measured
soil parameter data is then used as input for tierespiration model PATCIS. PATCIS is
parameterized with the model SIMLAB and the Latigpldrcube analysis. Measured soil £O
efflux is used for calibration and validation oftimodel, as well as for parameterization. (source:
own illustration)

1.5 Structural Overview

After introducing aims and objectives of this stuatyd the research area, chapter 2 will
provide the present status of knowledge conceroartpon soil fluxes and aspects of
measuring and modelling them. Chapter 3 descrilhes nhethodological approach
concerning measurements and the simulation of €@ efflux and several
environmental parameters. The results of severdhads of analysis are discussed in
chapter 4, while model application, including mogarameterization and modification,
are illustrated in chapter 5. Results are summdrizechapter 6 and general conclusions

are presented in chapter 7.
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2 Research context

It is apparent that no lifetime is long enough inieh to explore
the resources of a few square yards of ground.
(Alice M. Coats)

In recent years research on soil respiration hdsedain importance due to the
importance of C@as one of the driving forces of climate change.eAdy as 1932, an
analysis of total humus content in the upper lapérseveral soil profiles was conducted
by Romell (1932). At the beginning of the"2€entury Lundegardh (1927) noted that soil
respiration was correlated with various factorghsas temperature, soil moisture and the
nutrient content of the soil.

Schlesinger (1977), who published a comparativeystd early soil respiration research,
characterized soil respiration as a major, @@ within terrestrial ecosystems as well as
between biosphere and atmosphere. It is widely agladged that temperature exerts a
dominating influence on soil respiration (Buchma&®®00, Davidson et al. 1998, Subke et
al. 2006). The relationship between soil tempeeatand soil respiration is typically
described by an empirical;gfunction (Davidson et al. 1998, Graf et al. 2008)e Qo
factor describes the increase in soil respiratioiin \&n increase in temperature by 10
Kelvin. Lloyd and Taylor (1994) emphasize the terapgre dependency of ;Qitself,
leading to higher values of,Qin colder climates. Furthermore,{Js affected by soil
moisture (Kirschbaum et al. 1995). Davidson et(#298) point out that Q increases
with depth, which complicates comparisons amonfeiht studies. In most studies soil
temperature is measured in one depth only, whientlkeasured value of soil respiration
includes the C®production from several depth with various tempeearegimes (Graf
et al. 2008). Some researchers have analysed wdnigherature depth yields the highest
coefficient of determination (R2) (Tang et al. 20@i et al. 2006). Q is not constant
throughout the year; it changes seasonally (Jaas&drilegaard 2003). An increase in
temperature and a decrease in soil moisture lead ttecrease in soil respiration
(Kirschbaum 1995, Rayment & Jarvis 2000, Xu & QD20 There are major restrictions
on the @, function (Davidson et al. 2006). Enzyme activithffusion of oxygen and
soluble carbon substrates through soil air andnywtite growth of microbial populations
and root tissues can have multiplicative effectsaihrespiration (Davidson et al. 2006).
Although empirical relationships between soil resfon, soil temperature and soll

moisture are not sufficient and site specific (Belhet al. 1977, Hanson et al. 1993), they
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are commonly applied due to the lack of a full ngtktic understanding of all processes
involved.

While an increase in temperature generally leadartancrease in decomposition of
organic material (Buchmann 2000, Subke et al. 2B@6ig & Moncrieff 1999, Pumpanen
et al. 2003), it can also lead to dehydration dfsand therefore limited water conteAt.
low soil water content leads to a limitation of strhte diffusion in water films and
therefore to desiccation stress (Orchard & Cook31%kopp et al. 1990), while a high
soil water content results in a limitation of oxwygdiffusion in pore spaces (Linn &
Doran 1984, Skopp et al. 1990).

Hanson et al. (2003) pointed out the effects ofudhh periods on microbial respiration.
While dry periods cause cumulative death of micabbells and therefore a decrease in
microbial soil respiration, even a small precipitatevent shortly after this period leads
to a significant increase in soil respiration doehe sudden substrate availability. £O
flux from the soil is commonly modelled as a funatiof soil temperature and soil
moisture (Qi & Xu 2001). While scientists agree mphe effect of soil temperature on
soil respiration (Lloyd & Taylor 1994), the funatidorm of the moisture effect remains
controversial. Different functions to combine thiéeets of soil temperature and soll
moisture on soil respiration exist in literature. $everal studies the effects of soil
moisture and soil temperature are assumed to bipfudtive (Parton et al. 1993, Potter
et al. 1993, Raich et al. 1991). With the avaiigpibf large data sets the effect of soil
temperature and soil moisture in combination iserffitted using multiple linear
equations (Leiros et al. 1999, Rout & Gupta 1988jidus function forms can be found
in different studies (Davidson et al. 1998, Eproale1999, Orchard & Cook 1983).Qi &
Xu (2001) separated the effects of soil moisturé soil temperature using a two-step
procedure and applied a partial correlation anslgfferwards to detect these effects. The
combined effect of soil temperature and soil moestis modelled using two power
functions.

Other factors such as soil texture, substrate tyuatid quantity can also exert influence
on soil respiration (Randerson et al. 1996, Bodred.€1998). Soil components like clay
minerals have the ability to adsorb organic compsumhich could result in a decrease of
heterotrophic respiration. Soils with a higher emttof aggregates might also show a
lower heterotrophic respiration due to C-compoutmsng embedded in between
aggregates (Scheffer & Schachtschabel 2002).

Heterotrophic and autotrophic respiration reacted#ntly to changes in environmental
conditions (Kirschbaum 1995, Boone et al. 1998).toftophic respiration is
characterized more sensitive to temperature thaerdteophic respiration, displaying

different Qo values (Boone et al. 1998). A general opiniorh&t soil warming will lead
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to an increase of microbial decomposition and withn increase of heterotrophic and
autotrophic respiration, due to the plant nutrietase and the overall plant productivity
increase (Van Cleve et al. 1983). This would ingican increase in total soil respiration
with a soil temperature increase. However, stutlege shown that the soil respiration
enhancement is not sustained at high levels inorespto warming (Jarvis & Linder
2000, Rustad et al. 2001). Instead root respiratiay decrease or remain constant with
warming because of temperature adaptation. Ro@ist &d warmer average temperatures
by respiring less at a given temperature (Sowelipfamer 1986, Luo et al. 2001).

High soil water content can impede root respiratromineral soil. Moncrieff and Fang
(1999) show that microbial respiration in the upgei is left unhindered, from which the
conclusion is drawn that soil moisture is no inflaimg factor in the litter layer. With low
soil moisture conditions, dissolved carbon, whiglséen as the most important substrate
for heterotrophic respiration, is limited. The d#fon of enzymes needed for
decomposition of organic material can only takecelan liquid phase. Moncrieff and
Fang (1999) defined the maximum of soil 8&flux at a volumetric soil water content of
20-35%. Less than 15% would lead to a decreasespiration due to the limitation on
substrate availability, while more than 35% woubdd to a decrease in oxygen and
therefore likewise limit soil respiration. Low se¥iater content leads to desiccation stress
which results in closure of stomata, exfoliatior. gBorken et al. 2005). It remains
unclear to which extent root respiration is batlefi®mm desiccation stress of the plant.
Recent radiocarbon data suggest that respiratigowfg carbon substrates, such as those
respired by live roots, is less affected by droughtorest ecosystems than is microbial
decomposition of older substrates in the litteretagBorken et al. 2005). If this is true,
then variation of soil water content within an mbediate range may affect soil
respiration primarily through its effect on diffosi of solutes to soil microorganisms.
(Davidson et al. 1998)

Soil texture plays an important role with regardstdl moisture and oxygen availability.
The high-level groundwater in bogs and half-bogsdéeto oxygen deficiency which
inhibits organic matter decomposition. (ScheffeB&hachtschabel 2002).

Several methods to achieve the separation of hetptac and autotrophic respiration are
discussed in literature (Subke et al. 2006, Hamdad. 2000). While the use of isotopes
seems to be a reliable way to distinguish betweienolmal and root respiration, so-called
root exclusion methods, including root trenchinggtrremoval and gap analysis, often
provide an easier and more cost-efficient way (ldaret al. 2000).

The contribution of root respiration to total seéspiration can be anything from
10...95% (Hanson et al. 2000). Buchmann (2000) dis) a percentage of less than

30% of autotrophic respiration to total soil regpion in her study on Ricea abiedorest
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stand in Northeast Germany using the method otlieg. Saiz et al. (2007) identified
autotrophic respiration as the dominant soil retfmn component with 54.7% for their
Sitka spruce stand using the process-based modeCFA which differentiates between
heterotrophic and autotrophic respiration. DiazRinet al. (2008) gained 25%
autotrophic respiration of total soil respiratiaiorh their study in a spruce-dominated
Austrian mountain forest, which is supported byd&ts from Epron et al. (1999) and Lee
et al. (2003). Brumme (1995) applied the methodagf analysis for a 146 year old beech
stand. Two years after clear-cutting the contritoutof root respiration to total soil
respiration was identified as 40%. The us&'6fpulse labelling on hybrid poplar trees by
Horwarth et al. (1994) resulted in a contributidr26% for root respiration to total sail
respiration. Subke et al. (2006) point out thattigbaariability of total soil respiration
can be attributed to root respiration and therefitre spatial distribution of roots.
Extensive research has been carried out to stufatttors controlling soil COefflux.
The most common approach to quantify soil ,Gfflux has been the development of
empirical models based on relationships between®0j efflux, soil temperature and
soil water content (Davidson et al. 1998, Buchma&@®0). These models lack a
biological framework, which makes it difficult t@e@ount for the role of the environment
on soil respiration (Fang & Moncrieff 1999, Pumparet al. 2003). Therefore process-
based models are more commonly applied, which take account physiological
properties and environmental regulations affecsioifrespiratory processes.

For transport of C@in soil ordinary gaseous diffusion and advectieavfare considered
to be the most important mechanisms (Freijer & élegir 1996). A mass balance model
for the soil is commonly used to quantify &€fflux and the spatial distribution of GO
within the soil (Simunek & Suarez 1993, Wood et1£193). Describing COproduction
and its dependence on soil conditions is linkedreertainty, no existing model is wholly
appropriate. The number of published soil &fflux models, which are based on £O
release in decomposition in soil and on molecuifmgion of CQ into the atmosphere is
rather small. Billings et al. (1998) calculatedlsuirface CQ@-efflux for boreal forests
based on soil-profile CQOconcentration and the diffusion of gas throughsgbié profile.
Cook et al. (1998) developed a one-dimensionaldgtetate model for COdiffusion
from soil for a stand oPinus radiata The model is based on vertical decrease of the
source term described by a power function and ataan diffusion coefficient. The
surface-flux density of COfrom the soil is derived from integration of theusce term
with depth. Suarez and Simunek (1993) developedomptex simulation model
SOILCO2, which includes one-dimensional water flamd multiphase transport of GO
utilizing the Richards’ and the convection-dispensequations as well as heat flow and a

CO,-production model. The model was set up for agriral areas. Fang and Moncrieff
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(1999) developed a process-based model (PATCISghnimulates the production and
transport of C@in soil. CQ produced by respiration is transported in the lspi§aseous
diffusion and liquid-based dispersion as well as ganvection and vertical water
movement. Microbial respiration is related to timoant and quality of organic matter
and root respiration to the distribution of rootsthe soil. Temperature and moisture
responses of soil respiration are included in tlogleh Reichstein et al. (2003) take into
account the influence of substrate availability sml respiration. As an indicator for
substrate availability the leaf area index (LAlused. This was achieved by applying a
general regression model and adding an empirigaloitxdependency of soil respiration
on maximum site leaf area index. The model wasiatdid for several European forests.
Pumpanen et al. (2003) partition the soil in sdvigers and the processes and soil
properties are described separately for each Iayex. CQ flux between the layers is
driven by diffusion, depending on G@oncentration, porosity and temperature of the

layers. The model was developed for a Scots Piestfetand.
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3 Measurement and simulation of soil CQefflux and its environmental parameters
The spatial and temporal variability of soil €€Xflux is highly complex. This chapter
will illustrate the experimental setup, the meam@sts of soil CQ efflux and its
environmental parameters and the methods involvetharacterize the soil G@fflux in
this particular area of the Eifel National ParkbSeqguent to this, the analysis and the
different approaches to analyse spatial and terhpargbility of soil CQ efflux will be

discussed.

3.1 Measurement setup

The installation of 35 measurement points, arranigedwo crossing transects, was
conducted before the start of this study in 200 €rossing point of the transects WA
and WB was located close to the Wistebach streanthenidea was to capture a possible
CGO, gradient from the stream uphill. In 2008 the twamsects were modified (one point
was taken out, 6 new measurement points were afigade 8) and a new measurement

grid (M) was established.
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Figure 8: Position of soil C@Q measurement transects WA and WB. For exact possie figure
1. (source: own illustration)

The new grid M contained 35 points, which were rfiedi by and by to a current
measurement grid of 49 measurement points (figure@ two of those 49 measurement
points the litter layer (2-4 cm) was removed, whiiter layer and organic layers (up to ~

12 cm) were removed for two further points.
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Figure 9: Position of soil C@measurement grid M. For exact position see figuillla, M7a/b,
M16metal, M18a, M19metal/a, M23a, M24a/b, M29a, Mhg2al, M33a/metal are points affected
by root separation techniques. M8a, M9a, M13a, Ma#a control points for adjacent layer
removal points. (source: own illustration)

In order to explain possible different reactions léterotrophic and autotrophic
respiration to changes in temperature, soil magstarganic matter content etc. the two

T 7

components of soil respiration were separated r@idi0).

Figure 10: Installation of collars used for root exclusiom@bo by Guido Sciuto)

Several methods to achieve this separation areistied in literature (Subke et al. 2006,
Hanson et al. 2000). While the use of isotopes sdenbe a reliable way to distinguish
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between microbial and root respiration, so-caltsat exclusion methods often provide an
easier and more cost-efficient way. Root exclusi@thods (Hanson et al. 2000) can be

divided into three groups:

1. Root elimination

The soil is excavated and all roots are removeterdiards the soil is replaced in reverse
order. Barriers are constructed to avoid reintréidacof roots into the measured spot.
One advantage of this method is the immediate rahuf\all roots; no root litter is left

for degradation by microbes. The low costs involdesplay another advantage. Major
drawbacks of this method are the heavy disturbahtiee soil structure and possible
compression of soil due to the soil replacemeng Jéparation of roots and soil is time-
consuming. In case larger roots are present, thiicapon of this method might be

difficult or even impossible.

2. Root trenching

The roots are cut with the collar used for the &fib-chamber. A rest period of several
months is needed to allow for the roots to be Hptdégraded. Fine roots need to be
monitored carefully. Measurement spots should badaquate distance from trees to
avoid large roots. The advantages of this methedls easy handling and the low costs
and efforts involved. The soil structure is nottalibed. The major drawback is the root
litter left for microbial degradation. This methaxl not advisable for plants with deep

roots, root ingrowth from below might be a majooldem there.

3. Gap analysis

Elimination of complete vegetation, e.g. clear cfitforests. The advantage is the
immediate elimination of live roots and therefohe tautotrophic respiration. There are
several large drawbacks however. A large amounbof litter is left for heterotrophic
respiration on the one hand; on the other hargf litiput from aboveground litter fall is
not available for heterotrophic respiration anymadrbe lack of vegetation results in a
change of radiation and water budget, leading tnghs in soil temperature and soil
water content. The extreme alteration of the edesysnakes it difficult to compare the
former ecosystem before the gap analysis and the eeosystem with regard to
autotrophic and heterotrophic respiration. PartthefWistebach catchment will be clear
cut in the near future enabling us to test the puetif gap analysis for measurement grid
M.
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For two of the 49 measurement points of grid Mrtiethod of root elimination was used.
Due to the fact that steel collars with a lengtrd@fcm and a diameter of 20 cm were
installed, we resigned from the construction ofrieas. For nine further measurement
points the method of root trenching was appliedhla case the steel (or plastic) collars,
as described above, were used to cut the roots.

All measurement collars were installed at leastwegks prior measurements to reduce
soil disturbance. A long term measurement chambeB8300-101; Licor Biosciences
Ltd) was installed outside the catchment areagedodhe Feuerwachturm (figure 11) and
diurnal soil CQ efflux was measured for individual days in Septermdnd October 2009.

A detailed description of individual measuremeningocan be found on the CD (file

“point characteristics”).

I . = 3 2 S
5'1 *\ VT ~ i L i J i b *‘i-.,__’_ et ol 1

Figure 11: Position of the soil COmeasurement points; green dot: long term measuneme
chamber (Feuerwachturm) (source: map changed déter from Geological Survey of North
Rhine-Westphalia)

3.2 Measurement of soil CQefflux

Soil CG, efflux was measured on a weekly basis using a&dldynamic chamber system
(LI 8100, Licor Biosciences Ltd). The chamber (figu2) is placed on PVC collars (g
20 cm) to use the increase of £Within the chamber for estimation of g@iffusion

from the soil. Insertion depth of collars was 5r8 ioto the forest floor.
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Figure 12: LICOR-8100 measurement chamber (left) and plastilar for soil respiration (right)
(own photo material)

The LI-8100 uses the rate of increase of,@Cthe measurement chamber to estimate the
rate at which C@diffuses into free air outside the chamber (mezsent accuracy:
1.5% of reading). For such an estimate to be vabdditions must be similar inside and
outside the chamber; these conditions include tbecentration gradients driving
diffusion, barometric pressure, temperature andsta@ of the soil. The CQgradient
between the soil surface layer and air are notthgx#te same inside and outside the
chamber, because there is an increase in @ale fraction inside the chamber. The
diffusion rate is estimated and corrected by atyéinal technique that takes into account
the effects of increasing chamber £€bpncentration on the diffusion gradient. This
makes it possible to estimate the initial rate @,@hcrease that occurred immediately
after the chamber closed (manual LI-8100, LicordBiences Ltd). We used a 3 minute-
measurement interval, recommended by the manugactur

The resulting regression line (figure 13) can Iedi in two ways: the traditional linear
fit, and the theoretically more correct exponentital The LI-8100 uses all raw records
after the start time (= deadband; the time unghdy chamber mixing is established), but
allows the user to shorten this by specifying g dime. If the regression takes the
maximum number of iterations and still hasn't cageel, then the normalized sums of
the squares of the residuals are compared to sesh \ghve the better fit — linear or
exponential. Strict guidelines concerning the caat exponential and linear fit do not
exist among scientists. The choice of a suitalileefnains subjective and the question
whether it is advisable to mix linear and expora@ntalues with regard to their
comparability stays unresolved. With regard to thenufacturer linear fits are more
robust than exponential fits, but tend to undemeestit the soil C© efflux. The
exponential regression on the other hand is sardgmduce the data more precisely but
is prone to “bumps” (up and down of values) in tieasurement data (figure 13). Bumps

could occur due to chamber restrictions or measeinéerrors. Measurement errors could
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develop through disturbance of the measurementdying the chamber (air inflow) or
through loose tube fittings (figure 13d).
There is no unique recipe for dealing with raw d&ame examples may help to explain

basic decisions on “irregular” data.

21



Fisgpmr=n Py

-]

=g

a)

Toma(n)

Negrewson

b)

-1a o 10 0 £ an 5 L] L B 0 108 o 20
T {0

Fagrasian Mo

c)

05

387,

£

Cary (ppm)

s

0 10 Ed ] 40 50 ™ 80 Ed 100 110 120

0
Time (3)

Figure 13: Examples for soil C® measurement plots provided by LI-8100 viewer safey
Figure 13 a shows a perfect measurement while &3 Ishow problems in the measurements but
may still be interpretable. Figure 13 d shows a sueament which is not interpretable. More
details are given in the text.
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Figure 13b shows an irregular picture differingndfigantly from the ideal case (figure

13a), with several bumps. These bumps can be araldrpphenomenon due to a not
always consistently working chamber which does metessarily have to refer to a
measurement error. Nevertheless there could beldgon using the exponential fit, since
data jumps up and down making it difficult to plear@ exponential curve. In this case a
linear fit could be more appropriate. Figure 13oveh a different picture. The graph

seems to consist solely of bumps — neverthelessxponential fit is proposed, which

turns out to be inappropriate. The unusual behavidéuhe data with larger bumps and
irregular features could hint at a measurement .efwoything looking like what can be

seen in figures 13d should be discarded, sincetdtaly erratic course points at a
measurement error.

The measurement values used in this thesis wenddndlly checked and, if applicable,

corrected by one person only to minimize the eror.overview of data availability and

missing data can be found in appendix (CD) angpeadix (figures A1-A2).

3.3 Measurement of environmental factors
Along with soil CQ efflux the parameters temperature and soil mastgre measured
weekly and a soil survey analysis was conduct&Dd®9, including soil bulk density, root

biomass, organic matter content and grain sizeilaliston.

3.3.1 Soil temperature and soil moisture

Soil temperature was measured parallel to measmtsraémeasurement depths of 35 cm
(2006 and 2007), 11 cm (2008-2010) and 5 cm (Ma98220D10) with the LI-8100
temperature device (35 cm) and with a Testo 10GtTAG, Germany) temperature
device (5 and 11 cm).

Soil moisture was measured with a TDR soil moisturebe (Trime-FM soil moisture
probe, IMKO, Germany) over an interval of 15 cmcliming soil litter). Continuous
information on soil temperature and soil moisturerevderived from the application of
the soil water budget model SIMULAT (Diekkruiger 899see chapter 3.4.

3.3.2 Soil parameters

In June 2009 each measurement point was sampldulfiordensity in 10 cm depth and
bulk density of the litter layer using metal cylerd (& 8 cm), while detailed soil profiles
for bulk density were generated for each soil tfipetotal 8 profiles) using soil core
sampling (figure 14). Six soil profiles, represegtsix different soil types, were taken for
determination of organic matter content and rootriaiss. The organic matter content in

the soll, respectively litter, was determined usaan@arbon/Nitrogen analyzer (Leco CNS-
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2000). Soil bulk density was determined by retnigviundisturbed cores of known
volume to subsequently oven-dry the samples at Q0&itil constant weight was
reached. Samples for determination of root biomasee rinsed and sieved to detach
roots from soil mineral particles. Washed rootsentken classified by diameter class and
weighted after being oven-dried at 70°C for 48 hdédermine root biomass. The grain
size distribution was analysed after Kéhn (DISIO 11277) and by using a Particle
Analyzer (Analysette 22, Fritsch, Germany).

Soil information for model application was takewrfr a soil map (1:5,000; figure 2,
chapter 1.3.2), produced by the Geologischer Di&RW and from literature (AG
Bodenkunde 2005).

H
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Figure 14: Metal cylinder used for bulk density analysis tlefnd soil core (right) (own photo

material)

3.4 The model SIMULAT

The model SIMULAT (Diekkrtiger 1996) is a physicaligsed, one-dimensional model,
which simulates water fluxes in the soil. An adshtil module to calculate soil

temperature is available. The considered soil colused for calculation of fluxes can be
divided into horizons, which again can be dividatbiuser-defined numerical layers
(figure 15). The state variables will then be chldted for the numerical layers. Input and

output parameters of the model can be found iretabl
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Figure 15: lllustration of hydrological processes and modehponents (Giertz et al. 2010)

Table 3: Input and output parameters of the soil water letidgpdel SIMULAT (own illustration)

Input Parameters Output parameters
Geographical latitude and longitude Infiltration
Height of climate station Transpiration
Mean soil temperature of lower boundary Evaporation
Amplitude of soil temperature of lower boundary fage runoff
Day of year when temperature of lower boundary Egueean

Interflow
temperature
Thickness of layers Base flow
Parameters of the soil water retention curve: at¢drwater
content, residual water content, parameteasd n (van Soil temperatures
Genuchten 1980)
Saturated soil hydraulic conductivity Soil watentent

Soil bulk density

Clay content

Heat capacity of the solid

Quiartz fraction of the solid

Mineral fraction of the solid

Minimum and maximum rooting depth
Plant albedo
Leaf area index
Rainfall

Relative humidity
Wind velocity

Air temperature
Global radiation

or Potential evapotranspiration

3.4.1 Evapotranspiration
The potential evapotranspiration is calculatedrd&enman-Monteith (Monteith 1976):
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AR, -G)+c, esr G

AET,, = . a

A+y1+-=

ra

)
ET,o Potential evapotranspiration [kgs’]
A Elevation of saturation vapour pressure curve [-]
A Latent enthalpy of vaporization [J Kg
R, Radiation budget [W i
G Soil heat flux [W nif]
c, Specific heat of air [1005 J (kg K))
€.,€, Saturated vapour pressure or actual vapour prefseag
r, Aerodynamic resistance [sn
y Psychrometer constant [0.68 hPa] K
r Bulk-Stomata-Resistance [s'in

For calculating the actual evapotranspiration tbeetial evapotranspiration is separated
into potential evaporation and potential transprausing the leaf area index (LAI). The
actual evaporation (&) is determined empirically after Ritchie (1972prFealculating
the actual transpiration {§) the approach by Feddes et al. (1978) is impleetki
SIMULAT.

3.4.2 Interception
SIMULAT reduces the precipitation by the interceptioss using an empirical approach.
The maximum storage capacity of the plants is taled empirically in relation to the

leaf area index:

c, = gLAI (2)

Maximum storage capacity of plants [mm]

g Plant-dependent parameter [mm/LAl]
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LAI Leaf area index [m?2/m?]

The calculated intercepted amount of water evapsratith the potential evaporation
rate.

3.4.3 Infiltration and Surface Runoff

Infiltration is calculated using the semi-analytisalution of the Richard’'s equation after
Smith and Parlange (1978). For every precipitageent the Smith-Parlange-Infiltration
equation is calculated. To consider spatial valitgbof the infiltration process a Latin
Hypercube (LH) approach is implemented resulting annumber of infiltration
simulations. The mean of executed simulations digplthe net infiltration rate,
transferred to the soil matrix.

The amount of water not infiltrating, is characted as short-term surface storage, which
infiltrates after the precipitation event. The léag amount of water is defined as

surface runoff.

3.4.4 Water transport into the soil matrix
The water flux in the soil matrix is calculated ngsithe Richard’'s equation. Assuming

vertical fluxes the Richard’s equation reduces to:

0 0 0
CW)F = (KO W-2)£Q @
Cw) Specific water capacity [crhcmi® hP&']
v/ Matric potential [hPa]
Q Sources and sinks [chrem® d]
K(8) Hydraulic water conductivity [cmg
z Depth below ground level [cm]

This equation is solved iteratively and implicitiging a Quasi-Newton-method (Hornung
& Messing 1984), which makes it possible to simailabth saturated and unsaturated

conditions.
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The water retention curve (relationship betw@eand y) is described mathematically
using either an approach by van Genuchten (198@ wersion of Brooks and Corey
(1964) modified by Smith (1992):

1 forgy <0
S\
o=1{1s ( v j )
Dy
1 fory >0
6 Relative saturation [-]
Y, Point of air entry pressure [hPa]

Constant [-]

A Pore size index [-]

g = Bvol B Bres (5)
Hsat - Hres

6 Relative saturatioh [-

6, Volumetric water conté¥]

(7 Residual water conten} [%

0., Saturated water contéti [

The actual water conductivity in unsaturated soitiétermined by “relative x saturated”
water conductivity curves, calculated by Van Genensts approach (1980) or Brooks
and Corey’s (1964).

SIMULAT provides the following options for lower badary conditions:

e Temporally variable water tension and respectigebundwater levels (Dirichlet

boundary condition)
e Temporally variable water flux (Neumann boundargditon)
e Gradient of water tension is known (e.g. free cage)

e Lysimeter boundary condition
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3.4.5 Soil temperature

Parameters used in the following equations are:

Oh heat flux [W ii]

A thermal conductivity [W TK™]
temperature [K]

z depth [m]

Cu specific heat capacity of water [JK§"]

e water flux [m 9]

Ch volumetric heat capacity [J*HK™]

Soil heat flow driven by conduction and convectiam be described by

oT
qh = _/1 E - Cquw (6)

Combining conservation of heat with one-dimensidret flow leads to

oT _ o (,0T
Ch—=—| A—|-¢c,a.T 7
h ot az( 62) wqw ()

This equation is valid if frost and thaw of icenisglected

Temperature boundary conditions

The soil surface temperature depends on the apdrature and the radiative and latent
heat transfer. With regard to the upper boundaeysilrface temperature equals the air
temperature when the radiative and latent heasfeagan be neglected, as given in forest
ecosystems. In cases where the heat transfer dabenoeglected, the radiative heat

transfer can be calculated considering global taxtialong wave sky irradiance, surface

albedo and air temperature. The latent heat fluxbEacomputed by evaporation models
like the Penman-Monteith equation (Monteith 1976).

At the lower boundary the annual fluctuation of pemature with time can be described

by a sinusoidal cycle

(27t -t,)
T@t)=T__ +T_ sin ——2 8
( ) mean ampl [ 365.25 j ( )
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Tmean mean annual temperature [°C]
Tampl maximum amplitude at the lower boundag}
to time at which T = Tean[d]

3.4.6 Data input for SIMULAT

Precipitation data for 2007 was taken from reanglgata (COSMO-CLM model, Rockel
et al. 2008) provided by the Meteorological InggtuBonn, Germany, because further
data was not available at the time of model apfitinaFor 2008 and 2009 precipitation
data from the DWD weather station Monschau-Kaltdybey was used, gaps were filled
with interpolation methods. Air temperature dataswesed from the climate station
located in the Wistebach catchment. Soil profiferimation was taken from own soil
surveys and from the soil map (1:5,000). The p@éptrapotranspiration was calculated
after Penman-Monteith (Monteith 1965).

3.5 The model PATCIS

PATCIS ProductionAnd Transport ofCO, In the Soil) is a one-dimensional, process-
based model developed by Fang and Moncrieff (19889¢h simulates production and
transport of C@in soil. It can predict COefflux from the surface and respiration rates
within the soil. CQ efflux from the soil is considered to be the resafl two major
processes: the production of €énd gas transport through the soil which conttioés
movement of C@ from the soil to the atmosphere and of oxygenha bpposite
direction. Gaseous diffusionF{;) and liquid phase dispersiorF,() are the major

mechanisms governing the transport of,(f@ure 16).
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Figure 16: The concept of the soil respiration model PATGIBanged after Fang & Moncrieff

(1999)

Production of C@® in the soil is seen as the result of living roespiration and
decomposition of soil organic matter by microbesvel and dead biomass, soall
temperature, moisture content and oxygen conc@nirat soil are considered as direct
influencing factors on soil COproduction and transport. Different layers areirdsf
which refer to given soil layers with individualikocharacteristics (figure 17). A detailed

description of model discretization for individuabints can be found on the CD (file

“point characteristics”).
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Figure 17: Layer structure for PATCIS (source: own illustoai

One-dimensional CQtransport in both the gas phase (g) and liquidglagse in the soil
can be expressed using a mass balance equatiorefSared Simunek 1993), with the
assumption of horizontal homogeneity:

oc, _ 0
ot - _E(ng + Fag + I:dw + I:aw)i S (9)
ng Cdlux caused by gas diffusion
Fag GQ@ux resulting from gas convection
Fow Flux resulting dispersion
F. Flux resultimgiin vertical liquid transport
S sources aimks of CQ

where C; is the total concentration of G@n both the gas and liquid phases, defined by
eq.(10):

C; =C,V, +CV, (10)
C,.Cy CQoncentrations [mg CON”] in the gas and liquid phase
Vy Vi Volumetric fractionair and water in the soil
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Changes in soil water volume are always matcheahanges in gas volume in the

opposite direction:

V, +Vy =&
(11)
Heterotrophic microbial respiration is a processle€omposition of soil organic matter

by microbes. The decomposition rate for constawirenmental conditions is

M

6_ =-kM (12)
ot

k decomposition rate coefficient

M amount dieetive decomposing substance

However, soil organic matter is a mixture of diffet substances with different
decomposition rates under the same environmentalittons. Hunt (1977) divides soil

organic matter into labile and resistant fractions.

oM

ot = ~KapAM =K (1_/1)M =K pM' (13)
A ratio of labile to total amount of organic matter
Kip s Kiis decomposition rét@slabile and resistant organic matter

where M'= AM +k (1- A))M /k,, can be considered as the equivalent amount of

labile organic matter, to which microbial respioatiis directly related.
Under the assumption that all carbon in decomposioif organic matter is finally

transformed into Cg) the microbial respiration rate can be descritzed a

Rm=acij—|\:|=ymM' 14)

o coef@int representing the amount of C&ising from the

degmosition per unit of dry organic matter
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The production of C®from root respiration is related to the specifater of root

respiration and the root biomass. The total rogpiration can be given as

R = Z Vi B (15)
Vi respicatirate parameter of root size class i
B root biomass of size class i

If the respiration rate of the finest rootfpethe equivalent root biomass B’ is given by

g=YYg (16)
Ve

and equation (15) becomes

R =yFB (17)

Under the assumption that the effects of envirortalefactors on soil respiration are
multipliable, and that the influences of these dextare similar for both root and

microbial respiration, we have

V. = Vo f(M)fW)F(0,) (18)
Vo = Vo F(T)EW)F(C,) (19)
Vior Vo maximum respirati@teas of roots and microorganisms under

optintainditions at a given temperaturg T
f(T), f(w), (0,) scaling factors for the dependence of soil respinatn

temgpieire, water content and, ©@oncentration

The response of soil respiration to soil tempegatsrdescribed using an Arrhenius type
equation:
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_ -E
f(l')—ex;{ﬁj

(20)

E activation energy for respiration k"]
universal gas constant [J/(mol K)]

T absolute temperature [K]

After Lloyd and Tayler (1994) E is assumed to beasiable parameter in PATCIS,
having a larger value at low temperature thangtt kkmperature. Assuming that f(T) = 1
at temperature 1§ = 283.15 K, then the temperature dependence bfesgiiration can be

expressed as

_ E (T-Ty)
f(T)—exp{RT T j (21)

The dependence of soil respiration on soil moistaetent is not yet clear. Different
types of equations have been reported (Van Clevep&ague 1971, Orchard & Cook
1983, Oberbauer et al. 1992). Generally, low orhhigoisture contents impose a
restriction on soil respiration. Under dry condigothe diffusion of liquid substances
decreases due to the decline of soil water filnige diffusion of extra cellular enzymes
which are produced by microbes for decompositioarganic matter and the diffusion of
soluble C-substrates which can be bound by battis can only take place in liquid
phase (Davidson et al. 2006). Higher soil moistaeditions on the other hand implicate
a decrease in air-filled pores and therefore aedser in oxygen which is required for
microbial respiration (Fang & Moncrieff 1999). Thiespiratory potential of the soll
cannot be fully realised when the soil is dry. Anrease of water will lead to an increase
of soil respiration, when other conditions are ¢ans The increasing rate of soil
respiration will slow down with an ongoing incredresoil moisture. If the increase in
soil respiration is linearly related to the unrsadl respiratory potential, the direct effect

of soil moisture content on soil respiration carekpressed as

of W) _

sy =L Wna = f W) (22)

W soil moisture content
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a parameter, defining the maximal increasihe rate
of soil respiration with soil moisture
fF(W) max nraxm value of f(W) when soil moisture content

does not limit respiration

Integrating equation (22) gives

f(W) =1-expFaW +c) (23)

where c is an integration constant.

Respiration rates of plant tissues have been obddovincrease linearly with increasing
ambient Q concentration when £{concentration is low. The increase in respiratiate
will slow down, to a maximum, with further increase0, concentration (Forward 1965).
Applying this relationship to microbial respiratidhe dependence of soil respiration rate
on ambient oxygen concentration can be describethéyMichaelis-Menten equation
(Glinski & Stepniewski 1985):

y - V[0
0]+ K,
(24)
Vv eaction rate
V max maximal reaction rate
Kwm MieHis-Menten constant

O, uptake in the different layers is assumed to pamsible for the interaction of soil
respiration between different soil layers. An irage in respiration in the upper layer goes
along with less respiration in the lower layers ttwéhe consumption of OOn the other
hand, if soil respiration in a lower layer is aerated, a steeper,@radient through the
soil profile will occur in order to supply suffigié O, to the soil layer. This leads to a
lower G, concentration and therefore a decrease in sdgiireg®on in the upper soil layers.
Progressive iteration is used to simulate the djeendence of soil respiration rates
between layers. The upper boundary condition igiial oxygen concentration of 21%
for the uppermost layer, while the lower boundaondition shows an initial oxygen

concentration of 21%.
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CGO, profile in the soil and CEefflux from the soil surface are simulated witkpiation
rates, soil diffusivity and the variations in sGiD, pool. Further details are given in Fang
& Moncrieff (1999).

3.5.1 Data input for PATCIS

Climate data, soil temperature and soil moistureewesed from the model SIMULAT

(chapter 3.4). Soil profile information was takearfi own soil surveys and from the soil
map (1:5,000). Only few points were sampled fort fsiomass and soil organic matter
content. Those values were extrapolated to othémtgyoaccording to soil type and

distance from trees.

3.5.2 Parameterization of the PATCIS model using MLAB 2.2

An automatic procedure for calibrating PATCIS i4 awailable. To be able to perform
automatic sensitivity analysis and to use the sarmathodology for determining optimal
model parameters, PATCIS was linked to a procedoreautomatically compute
numerous data sets. SIMLAB 2.2 was applied to predu specified number (here 150)
of parameter combinations as model input for PATQKng the Latin Hypercube
method. These parameter combinations were usethdéosimulation of soil C®efflux
with PATCIS and the results compared with meassmdCQO, efflux. The model output
included the quality criterion of the simulationsittw the different parameter
combinations, in particular the coefficient of detenation of the regression (measured
vs. simulated), the axis interception of the regji@sline and the slope of the regression
line.

SIMLAB 2.2 (Simlab 2011) is a sensitivity analyseol based on the Monte Carlo or
Latin Hypercube method. Multiple model evaluatiovith probalistically selected model
input can be performed. For that, range and digioh of each input variable are defined
by the user and used to generate sets of paramé&tersmodel is then fed with those
parameter sets resulting in sets of model outptistware used as the basis for model
calibration and an uncertainty analysis. Statiktcdput, such as mean value, variance,
coefficient of determination etc. is provided. Thesodel evaluation results can be used

as the basis for sensitivity analysis in a furttep.

Latin Hypercube
The method of Latin Hypercube is a method of dteati sampling, which aims at
achieving a better coverage of the sample spaapof factors. Let the sample space S

of the input vector X be partitioned into L disjpistrata $...S,. Represent the size of

37



each $as p, = P(xJS)and obtain a random samplg sh =1,...,n, from S, where

|
Zni =N. In particular, when N = 1, the result is a randsample over the entire
i=1

sample space. In the latin hypercube the rangeci enput factor, Xj = 1,2, ...k, is
divided into N intervals of equal marginal probdijl 1/N, and one observation of each
input factor is made in each interval using randsampling within that interval. Thus
there are N non-overlapping realisations for eathhe k input factors. One of the
realisations on Xis randomly selected (each observation is equilityy to be selected)
matched with a randomly selected realisation HfaXid so on until X These collectively
constitute a first sampleyg.xOne of the remaining realisations on iX then matched at
random with one of the remaining observations gnaxd so on, to get,xA similar

procedure is followed forsx..., Xu.

X4

X,

Figure 18: Latin square with parameteXs andX, and the resulting five samples in grey used for
modelling (changed after Richter et al. (1996))

3.6 Fine root biomass

Ammer and Wagner (2005) developed a model to prédiie-root biomass distribution
of Norway spruce trees. The model calculates tlaive fine-root biomass for any point
in a system of coordinates, taking into accountdistance of single trees to that point

and their dimensions. The model is based on thewalg assumptions:

e the maximum distance from the tree trunk, wherd¢srgan be found, depends on
the dimension of the tree and exceeds the edgéseofrown by a significant
distance (Wiedemann 1927, Stone & Kalisz 1991, dreret al. 1994, Miller &
Wagner 2003)
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» fine-root biomass decreases with increasing distafrom the tree trunk
(Friedrich 2002, Drexhage 1994)

« fine-root biomass increases with diameter at brieigtht (dbh, 1.3 m) of the tree
(Drexhage, 1994)

» the maximum fine-root biomass can be found at sdistance from the stem
(Hilf 1927, Taskinen et al. 2003)

These assumptions were transformed into two modléislel A defines a proportional

decrease of fine-root with decreasing dbh, whensadel B assumes a stronger decrease.

1. Model A: RD, = dbh/6assuming a maximum rootspread distance of 10 ra for

tree of 60 cm in dbh (Ammer 2000)
Model B: RD, = dbh/6 + z with z=—(dbh- 60)/10if dbh<60 (otherwise as
in model A; applying the term z for thicker treesuld lead to unreasonable

distances of maximum root spread), wherez RDthe maximum root spread

distance in meters, and dbh is the diameter asbheaght in centimetres.

2. Model A and B:RD, = (2/3)RD,, RD, = (1/3)RD, andRD, =0.
3. Model A: rFRB, = dbh /100
Model B: rFRB, = (dbh)/(100+ g) with g = -(dbh-60).
4. Model A and B:rFRB, = (5/3)rFRB,, rFRB, = (5/6)fFRB, and rFRB = 0,

where
rFRB,;, rFRB, and rFRB are the relative fine-root biomasses at distanbg, R
RD, and R, respectively.

Based on the distances R RD; in both models a polynomial of third degree fog th
dbh of each tree is calculated using the Gregomythie procedures (Stdcker 1995). This
allows the calculation of the rFRB of each treastand at any point x,y.
1. If D > RD3, then rFRB = 0, where D is the distance betwibe tree’s trunk and
X,Y.
2. If D <RD3, then rFRB of a tree at point x,y isadhted as follows:

h=RD, - RD, (25)
b, = rFRB,
(26)
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_ IFRB, - IFRB,

. Th
(27)
b, = ((FRB, - rFRB, ) - (rFRB, - IFRB, )) (28)
2he
( ((rFRB, -rFRB, )~ (rFRB, —rFRB,)) ]
b, = -((rFRB, - rFRB,) - (FFRB, - rFFRB,)) 29)
3he
rFRB,,
=b, +b,(D - RD;) +b,(D - RD,)(D -~ RD) 30}

+b,(D - RD,)(D - RD,)(D - RD,)

An additive total rFRB (TrFRB) at point x,y was calated as:

TrFRB= ) rFRB (31)

i=1
where i is the tree number of the stand. It is meglithat the total amount of fine roots at a
given point results from additive contribution diettrees. Figure 19 illustrates the relative
fine root biomass of a tree in relation to theatise from the stem trunk and the diameter at
breast height (dbh).

dbh=60 cm

/l'

s

dish=50 cm

s

cbh=40 cm

u'u_";llll|ﬂlil|IIIF|'|FI!|'I|I4!
a 2 4 & B 10

distance from tree trunk (m)

Figure 19: Relative fine root biomass of a tree in relation
to the diste from the stem trunk and the diameter at
breast teifdbh). (source: Ammer & Wagner 2005)

3.7 Geostatistical Analysis
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Geostatistical methods are based on the theomygudmalized variables which consists of
a structural and a random component and are useta@cterize spatial or temporal
autocorrelation.

Values of the observation variable for sampled tioos x;,...,% are defined as
Z(%),---,2(%)- These are referred to as realisations of theamneariableZ(x),...,Z(%)-
Unsampled locations are likewise related to rand@mables. To characterize spatial
autocorrelation, the mean and the variance of dhdom variable are analysed. If weak
stationarity can be assumed mean and varianceesahtinements Z(x+h)-Z(x) exists and

are independent on x:

E[z(x+h)-Z(x)]=0
(32)
Var[Z(x+h) - ZAx)] = 2y(h) (33)

in which h is the distance between measurementgge(h) is called semi-variogram

and is computed as

n(h)

yh) == [z(x) - Z(x,)] (34)

2n(h) 1=

in which n is the number of measurements within a certaigeast disctances like e.g.
50-100m. To be used for interpolation, this expental variogram is fitted to a
theoretical variogram. In this study the commonrdgd spherical model was chosen as a
theoretical variogram. It has a simple polynomigtression and shows an almost linear
growth up to a certain distance then stabilizafamstrong 1998).

3
C, t¢C 1.51—0. h
ys(h) = & a, forh<a (35)

C TG forh>a

To characterize the variogram three propertiesregeliired: Thenugget variancécy)
describes the small scale variability based orabdiiy below the smallest measurement
distance or errors in measurements. It is thegatgion with the axis of the ordinate. As
variance is limited in space, the gith) describes the largest variance which is reached at
a certain distance. The total variance is the sfirp+c,. Therangea describes the

maximum distancé in which the realisations Z(x) and Z(x+h) are imotependent.
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An example for a spherical model is shown in fig2de
The program VESPER (Whelan et al. 2001) was usededate local variograms for soil

CO, efflux, soil temperature and soil moisture.

Figure 20: Typical variogram which reaches a sill at the mmgth a nugget effect. (source: own
illustration)

3.8 Statistics of Temporal Persistence

When a location is repeatedly surveyed for an envitrental parameter such as soil water
content, sites often behave similar in time andashkoil characteristics (such as wetness
or drought) constantly higher or lower comparedhe field average. Vachaud et al.

(1985) characterized this phenomenon as temporsilspence or temporal stability.

Two methods, first suggested by Vachaud et al. §},98ere used to analyze temporal

stability of the data. The first method include® ttwo-dimensional, linear Pearson

coefficient of correlation, which is calculated by:

2L R )
\/zinq(xi _)_()zzin:l(yi -y)?

(36)

where X, — X is the covariance of the measurement datenely is the covariance of

the consecutive measurement dates. The ihdegresents the measurement points. We
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used the Pearson correlation coefficient betweendensecutive measurement dates to
quantify temporal stability. The closers to 1, the more stable the process will be.

To characterize soil CQefflux on a larger scale, it is useful either @colate field
averages or to use representative test sites.r@geptative test site can be defined as that
site which always shows a mean behaviour at eadisunement date. This can be
determined using the mean relative differences ate{MRD), first applied by Vachaud
et al. (1985) for soil water content and by Heddsdl. (2009) for C@efflux. For that, the
ranked mean relative difference is computed whigltudates the mean of the relative
difference of the parameter at the n locationseawh time of measurement. The relative

difference for each measurement datecalculated according as:

Xi j—ij
$ij == (37)
X;

wherei is the sampling point arjds the date. Next the mean relative differencestch

sampling point is calculated:

MRD, = =3¢ (38)
m j=1

wherem s the number of measurement dates. That siteadifRD close to zero shows a
mean behaviour over time. To characterize varigbilhe standard deviation of the
relative differences at each sampling point is alsloulated. Because a large part of the
data did not show a log normal distribution; therefthe data was logarithmically

transformed prior to statistical analysis.

3.9 Relationship of soil CQ efflux and soil parameters

Nonlinear regression was used to test the reldtipnbetween soil COefflux, soil
moisture and soil temperature (eq. 39). Thew@lue, which characterizes the increase of
soil CG; efflux with an increase of 10°C in temperaturedescribed by eq. 40 after van't
Hoff (Buchmann 2000, Davidson et al. 2006).

y=B,* AT or y= B * AW (39)
Qo = ol (40)
where

T soil temperature (°C)
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w soil moisture [Vol%].

By, B, fitted parameters

The Qg value can alternatively be calculated using a fiedlivan't Hoff approach
(Davidson et al. 2006, Fang & Moncrieff 2001):

10

res (T2-T1)

QlO = ﬁ (41)
resp,

where

resp Respiration rateeted at temperature T1

resp, Respiration rateeted at temperature T2

T1 Temperatute T

T2 Temperatuz T

A bimodal or polynomial regression was proposedXioyand Qi (2001) to describe the

relationship between soil respiration and soil moes

y=BW*+BW + 5,

(42)

where

W soil moisture [Vol%]
Bos B1, B2 fitted parameters
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4 Analyzing soil CQ;, efflux and other environmental parameters

4.1 Temporal variability in soil CO, efflux measurements

Soil CQO, efflux ranged from 0.13 g/m?/d to 58.8 g/m#/d dgriall measurement years,
2006-2010. Mc Dowell et al. (2000) investigated &, efflux over snow and reported
soil CG; efflux values as low as 0.42 g/m#/d. In most mailons maximum soil CO
efflux did not exceed 35 g/m2/d (Hanson et al. 1993l 1991, Certini et al. 2003). An

overview of measured soil G@fflux rates can be found in table 4.

Table 4: Minimum and maximum measured soil £€fflux for all measurement points for the
years
2006-2010 in g/m2d (own data)

Year Transects WA and WB Grid M
CQ, efflux (min) CQefflux CO, efflux (min) Coefflux
(max) (max)
2006 2.1 32.9 - -
2007 1.9 35.7 - -
2008 1.3 41.2 0.1 27.9
2009 11 42.2 0.3 58.8
2010 0.5 38.6 0.3 54.7

A higher range of values is noticeable for the meament grid M compared to the
transects WA and WB. The year 2008 features rdtdvermaximum values of soil CO

efflux for grid M compared to the transects WA an@. This can be attributed to the
fact that measurements for grid M started in Augusiile transects WA and WB were
sampled from April on. The highest values for WAIaNB in 2008 were detected for the

month June.

4.1.1 Seasonal patterns of soil CCefflux

The seasonal trend of soil ¢@fflux in transects WA and WB was similar for all
measurement years (figure 21). Soil LFflux increased during spring and summer, and
reached mean maximum values of 22.3 ¢ @3 d™ in July 2008. During fall (October),

soil CO, efflux rates declined again, reaching values ctoghose in spring (April).
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Figure 21: Seasonal trend of soil G@fflux measurements for transects WA and WB fa th
years 2006 — 2010 (source: illustration of own Hata

The seasonal trend of soil @@fflux for the measurement grid M was comparable t
transects WA and WB (figure 22). Soil géfflux increased during spring and summer,
and reached mean maximum values of 15.8%githin July 2009. During fall (October),

soil CO, efflux rates declined again, reaching values ctoghose in spring (April).
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Figure 22: Seasonal trend of soil G@fflux measurements for grid M for the years 2608010
(source: illustration of own data)
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For a better overview figures 23a-c illustrate mesml CG, efflux rates for all
measurement grids for 2008-2010. It is clearly blesi that mean values for all

measurement grids were similar for the consideszats;
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Figure 23a: Seasonal trend of soil G@fflux measurements for transects WA/WB and gridioi
the years 2008 (source: illustration of own data)
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Figure 23b: Seasonal trend of soil G@fflux measurements for transects WA/WB and gridoi
the years 2009 (source: illustration of own data)
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Figure 23c: Seasonal trend of soil G@fflux measurements for transects WA/WB and gridoi
the years 2009 (source: illustration of own data)

The growing season was defined from May to Septemiddle the non-growing season
was defined from October to April. Table 5 showsamevalues of soil COefflux,
standard deviation and coefficients of variatiom foansects WA and WB for all

measurement years, while table 6 shows the samrmdasurement grid M.

Table 5 Mean values of soil CQefflux (g/m2d), standard deviation (SD) and caznéfnt of
variation (CV) for transects WA and WB (n = numbé&measurements) (own data)

Growing season (May — September) Non-Growing-Seédatober — April)
CO, efflux CGO; efflux
2006 2007 2008 2009 2010 2006 2007 2008 2009 2010

Mean 142 147 141 117 116 8.7 6.7 6.0 6.6 54

SD 5.2 5.0 6.1 5.8 6.2 3.8 3.4 2.7 3.1 3.0
CV[%] 37 34 43 50 53 44 50 45 48 56
n 351 378 620 380 740 323 386 200 387 492

The years 2006-2008 showed similar mean valueibfCO, efflux for the growing
season for transects WA and WB, while 2009 and 2846 much lower mean values.
The year 2006 featured a mean value of 8.7°gdrhfor WA/WB for the non-growing
season, which was high compared to the years 2000-®hich can be explained by the
fact that measurements started in October 2006ieg¢drom January to April tend to be
lower than the soil COefflux values from October to December. For measent grid
M soil CO, efflux mean were lower in general compared todeats WA/WB, at the
same time the coefficients of variation were higloergrid M compared to WA/WB. This

could be referred to the existence of outlier point grid M, which showed constantly

48



low values throughout the year due to their positio a bog area (see file “point

characteristics”on CD).

Table 6 Mean values of soil CQefflux (g/mad), standard deviation (SD) and cazéfint of
variation (CV) for grid M (n = number of measurengr{own data)

Growing season (May — September) Non-Growing SeéSctober — April)
CGO; efflux CG; efflux
2008 2009 2010 2008 2009 2010
Mean 10.0 11.7 10.4 5.3 5.6 3.3
SD 4.8 6.0 7.6 3.4 35 2.6
CVI[%] 48 51 73 64 63 79
n 176 415 602 214 393 429
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Figure 24: Mean measured soil G@fflux of WA/WB and M with upper and lower confidee
intervals (CQ efflux + standard deviation), mean measured soiigerature in 11 cm depth of
WA/WB and M and measured precipitation (sourcesiilation of own data)

Figure 24 illustrates the mean measured soi} €fux of all measurement points from
2006 to 2010 with confidence intervals (standardiateon). The years 2007 and 2008
showed the highest mean measured soi} €ux, with values around 20-22 g,
while years 2006, 2009 and 2010 displayed lowerimam mean measured values
during summer month (16-17 gna™®). Standard deviation was highest during summer
months leading to larger spatial variability. D@i@006 and 2007 standard deviation
values were low in compared to 2008 and especi2ll§9 and 2010. This can be
attributed to the fact that that 2006 and 2007 amtyude data from transects WA and
WB because grid M did not exist at that time. THdi&gon of grid M to the total quantity
of points leads to an increase in standard dewviaditd therefore an increase in spatial
variability.
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Soil temperatures at 5 and 11 cm depth showedatine seasonal course as the soib CO
efflux. Figure 25 shows the seasonal course of reoiksture, soil temperature and soil
CQ, efflux for transects WA and WB for the year 20@8her years and measurement
grid M contained similar seasonality for those ¢hparameters (appendix, figures A3-
A7). In contrast, soil moisture features a contragasonal course compared with soil
temperature and soil G@fflux.
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Figure 25: Seasonal course of measured soil temperaturensisture (over an integral of 15 cm)
and soil CQ efflux for transects WA and WB for the year 2088rce: illustration of own data)
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Tables 5 and 6 show the coefficient of variationdlh measurement values and all years.
For each point the mean soil €@fflux was calculated separately for the considere
period of time and the coefficient of variation @t mean values from individual points
was calculated in a second step. The coefficientaofation therefore includes spatial
patterns. To exclude the impact of spatial vamatigures 26 and 27 show the temporal
coefficient of variation for each year for the measnent grids by calculating the
coefficient of variation as a mean of the singleftioients of variation for each of the
measurement points. This results in lower coeffitief variation for the growing season
and the non growing season compared to tables ®.ahdking into account all seasons

leads to higher coefficients of variation, in compan to a separate season approach.
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Figure 26: Temporal coefficient of variation (= mean of thagle coefficients of variation for
each measurement point for all measurement datesefyear) for measurement transects WA
and WB (source: illustration of own data)
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Figure 27: Temporal coefficient of variation (= mean of thagle coefficients of variation for

each measurement point for all measurement dateseofear) for measurement grid M (source:
illustration of own data)

4.1.2 Diurnal variability in soil CO; efflux

The long term chamber measured hourly soi} €flux for individual days in September
and October 2009. A weak diurnal pattern was silBome days showed a nearly
constant course of soil G@fflux, while others showed a trend towards a pieathe
afternoon hours. Figure 28 shows the diurnal s@j €fflux and soil temperature at 5 cm
depth of three consecutive days from 17.09.2009t09.2009.

The diurnal course of soil GCefflux roughly follows the course of soil tempena,
apart from minor irregularities in soil G@fflux rates. The irregularities were larger than

the general measurement accuracy of the measuretmember of + 1.5%.
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Figure 28: Diurnal course of soil COefflux (red) and soil temperature (5 cm deptheg)efrom
17/09/2009 to 19/09/2009, measured with the LICARE101 long-term chamber (source:
illustration of own data)

4.1.3 The effects of root exclusion on soil G@fflux

Exclusion of roots resulted in the exclusion ofcddphic respiration and therefore
heterotrophic respiration was measured. Autotropbgpiration could be calculated by
subtracting measured heterotrophic respiration fiatal soil respiration measured at the
control plots. Heterotrophic respiration seems dotlie dominant type of respiration in
the Wistebach catchment (see figure 29). Autotmpdépiration on average accounted
for 21-59% for individual points. Literature valués the contribution of autotrophic
respiration to total soil respiration range from%&% (Hanson et al. 2000). Diaz-Pinés et
al. (2008) gained 25% autotrophic respiration tdlteoil respiration from their study in a
spruce-dominated Austrian mountain forest, which sigoported by studies from
Buchmann (2000), Epron et al. (1999) and Lee ef2803). A direct correlation of the
percentage of autotrophic respiration with theatise of the measurement point from the
next tree was not visible. On the one hand measnepoints M1 and Mla, M24, M24a
and M24b (see figure 9 for position) are located/vd@ose to a tree (distance = 0.6 m)
and show a high percentage of autotrophic respiraton the other hand measurement
points M7, M7a and M7b are located close to a ae®vell (distance = 0.9 m) and show
only a moderate contribution of autotrophic redpra to total soil respiration.
Measurement points M29 and M29a are located fan feotree (distance = 2.6 m) and
show only 21% of autotrophic respiration. Measunenp®mint M16 lies very far from the
next tree (distance = 4.6 m) but still shows a matgeamount of autotrophic respiration
(36%).
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Figure 29: Percentage of heterotrophic and autotrophic respir for rootless measurement
points and their control points. (source: illustratof own data)

A great variability among single values for indivad measurement dates hints at

temporal variability in the proportion of hetergttoc respiration and autotrophic

respiration (figure 30). The temporal course of gheportion of heterotrophic respiration

to total soil respiration was similar for neighbiogy points, e.g. M7a & M7b or M24a &

M24b.
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Figure 30: Temporal course of the percentage of heterotrofsipiration to total soil respiration
for rootless neighbouring points M7a and M7b (seuiltustration of own data)
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With regard to the drawbacks of the used exclusimgthods, uncertainties in the
measurements must be taken into account. Temperatar soil moisture regimes within
the collar can be different, since the used stekérs do not allow lateral flow of water
and might heat up faster than the surrounding <introl samples were taken in
September 2008 to compare soil temperature andnsmgture inside and outside the
collars. A temperature increase of up to 0.5°C m@tged inside the collars at a depth of
5 cm (appendix, tables A1-A3). For a depth of 11mmsignificant temperature change
was observable. Soil moisture showed a slight as®en the collars compared to the
adjacent soil, but this increase was smaller th@ngeneral small-scale (~ 1 m) spatial
variability in soil moisture.

For the trenched plots the degradation of deadsrcan be an extra source of COhis
would lead to an underestimation of autotrophicpiresion. This issue is generally
acknowledged by scientists, but there is no cazrsishethodology for an implementation
of corrections. Epron et al. (1999) investigatedt rbecay of trenched plots by sampling
root biomass at the time of trenching and afteredod of 2 years. An average root
biomass loss of 26% per year was determined. Pigdlisalues for root decay average at
around 34% per year, with considerably high rarfgem 21-96% per year (Bowden et
al. 1993, Lavigne et al. 2003, Nakane et al. 180z et al. 2006). Vogt et al. (1996)
found no consistent trend of root turnover or sofianic matter accumulation among
different forest types or soil orders. Thereforésitikely that root degradation itself is
also site-specific and therefore the applicatioritefature values for root decay is not
advisable.

For the plots where root exclusion was used, ageis were disturbed greatly and due to
compression the original properties of the soietgymight have been changed.

From October 2008 the measurement point M19 shaedter column in the collar
(5cm above the soil surface) due to its placemenhé bog area and the oversaturated

soil. Therefore it was not included in the aboggife 29.

4.1.4 The effects of soil horizons removal on s@lO, efflux

The removal of litter and organic layers generabigulted in a decrease of soil £0
efflux. Soil CQ efflux was reduced by 34-39% on average after vaiof the needle
litter layer and by 43-46% after removal of neddter layer and organic layers (figure
31). Similar results were reported by Buchmann QQ00r a spruce forest in Eastern
Germany with a decrease in soil Cé¥flux by 10-20%, when needle litter was removed,

and a decrease by 30-40% when needle litter andrtfanic layers were removed. Saiz
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et al. (2007) detected a 40% decrease in sol €@ux from litter and organic layer

removal in a 15-year old Sitka spruce stand.

Soil CO, efflux [g C m 2 d™]
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Figure 31: Effects of soil layer removal on measured soib@@lux. All: mean values of all
control points (n=4) for all measurement datesstaddard deviation (whiske@ll-L : mean
values of all points with removed litter layer (n#@r all measurement dates and standard
deviation (whisker)All-LH : mean values of all points with removed litter amdanic layers
(n=2) for all measurement dates and standard dewi@thisker). 57 measurement days were
included in the calculation. (source: illustratioihown data)

The considered points showed a very low litter tageensity; therefore the removal of
needle litter might have partially led to a remoaélorganic soil, too. Data could be
biased because the points were only irregularlgreld from fallen needle litter during
2009 and 2010

4.1.5 Relationship between soil temperature and $&0, efflux

An exponential equation (eq. 38) was used to dasciie relationship between soll
temperature at various depths (5 cm and 11 cmyaih€ O, efflux.

Transects WA/WB and measurement grid M were consilseparately, because of their
different characteristics with regard to soil tymasl distances from point to point and
from surrounding trees.

Soil temperature values for transects WA and WRjedrfrom 0°C to 19.3°C for a depth
of 5 cm (median: 8.5°C; n=70), and from 0.4°C tol18 for a depth of 11 cm (median:
8.7°C; n=127) over the complete measurement peSpdtial variability was very low.
Soil temperature values for grid M ranged from G8C19.6°C for a depth of 5 cm
(median: 8.3°C; n=63), and from 0°C to 15.5°C fodepth of 11 cm (median: 8.1°C;
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n=63) over the complete measurement period. Spatrébility was similar to transects
WA and WB.

Transects WA and WB

The coefficients of determination of the expondntiggression of soil temperature and
soil CG;, efflux were between 50% and 82% for single meamarg points over the
whole measurement period with median values of 64%cm depth and 69% in 11 cm
depth. A separate consideration of each measurgaantor a depth of 5 cm resulted in
high coefficients of determination for the year 2@@mpared to the years 2009 and 2010
(table 7).

Table 7: Coefficients of determination [%)] of the relatibifs between soil temperature and soil
CO, efflux for transects WA and WB for individual ysaMinimum values and maximum values
among all measurement points are given, as wethedian values for the whole measurement
transects. (own data)

2008 2009 2010
R2 (minimum) 61 21 37
R2 (maximum) 96 88 86
R2 (median) 82 62 69

An examination of individual seasons (spring, sumraatumn, winter) was difficult due
to a lack of data. With such a low data volume (lmwnber of measurement dates) each
measurement date was accorded a high impact oregjnession, resulting in uncertain
regression equations. Nevertheless the separatitme aneasurement years in growing
season (May-September) and non-growing season l§€efpril) featured enough data
(n > 10). A high variability of R2 among the indivial measurement points was visible

with high ranges, as displayed in table 8.

Table 8: Coefficients of determination [%)] of the relatibifs between soil temperature and soil
CO, efflux for transects WA and WB for individual seas (growing season vs. non-growing
season). Minimum values and maximum values amdngedsurement points are given, as well
as median values for the whole measurement tramgegtn data)

Growing Season Non-Growing Season
2008 2009 2008-2010 2009 2008-2010
R2 (minimum) 12 6 30 1 3
R2 (maximum) 91 78 77 87 69
R2? (median) 61 57 51 55 43

A regression of all measurement points and all onessent dates (figure 32) results in a
coefficient of determination of 50% and highly see¢d data, which hints at different

temperature — soil CCefflux relationships for individual points.
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Figure 32: Exponential regression of soil temperature in 5dapth and soil COefflux for all
measurement points of transects WA and WB andlfoneasurement dates (level of significance:
o = 0.01) (source: illustration of own data)

The use of mean values for each measurement dalg @verage) on the other hand

results in a high coefficient of determination @#8 (figure 33).
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Figure 33: Exponential regression of field average valuessfot temperature in 5 cm depth and
soil CO, efflux of transects WA and WB for all measuremdates (level of significance: =
0.01) (source: illustration of own data)
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The correlation with temperature in 11 cm depthagha similar picture. A regression of
all measurement points and all measurement dates€f34) results in a coefficient of
determination of 49%, while the use of mean valisgseach measurement day (field
average) on the other hand results in a high coefii of determination of 85% (figure
35). All regressions were highly significant (p €0%, Student’s t-test).
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Figure 34: Exponential regression of soil temperature in &ildepth and soil COefflux for all
measurement points of transects WA and WB andlfoneasurement dates (level of significance:
o = 0.01) (source: illustration of own data)
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Figure 35: Exponential regression of field average valuesstilrtemperature in 11 cm depth and
soil CO, efflux of transects WA and WB for all measuremdates (level of significancer =
0.01) (source: illustration of own data)
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Qo values for growing seasons and non-growing seaBwnsdividual points varied
between 1.1 and 7.4, with median values betweenartd53.0 for all measurement points
(table 9).

Table 9: Q.o values for individual seasons for transects WA awB. Minimum values and
maximum values among all measurement points aengi&s well as median values for the whole
measurement transects. (own data)

Growing Season Non-Growing Season
2008 2009 2008-2010 2009 2008-2010
Q10 (Minimum) 1.4 1.4 1.8 11 13
Q10 (Maximum) 6.8 7.2 5.5 4.8 7.4
Q10 (Mmedian) 2.7 2.5 2.5 2.5 3.0

The typical range of Q for European and North American forest systensbetween 2
and 6.3 (Davidson 1998). It has to be taken intooant that short-term temperature
dependence may differ greatly from annual timescélanssens & Pilegaard 2003). A
comparison of ¢ values determined in different studies is difficgince some studies
are based on measured field data, while othersitdeaccount simulations of fitted,§
relationships (Fang & Moncrieff 2001). The,Qalue over the whole measurement
period taking into account all measurement poiatsafdepth of 5 cm was 2.8, while the
Q1o value for a depth of 11 cm was 3.4, @alues for field averages were 2.8 for a depth
of 5 cm and 3.5 for a depth of 11 cm, respectivEhis confirms the assumption that,Q
values increase with the depths of the temperat@asurements (Davidson et al. 2006).
As pointed out by Graf et al. (2008) the fact ttahperature measurements of single
measurement depths are correlated with total sBf €flux, which is a sum of efflux

from various depths, is mostly not considered.

Grid M

The coefficients of determination were between Gtl 0.91 for single measurement
points over the whole measurement period with nred&ues of 71% in 5 cm depth and

72% in 11 cm depth. A separate consideration o eaeasurement year for a depth of 5
cm resulted in high coefficients of determination the year 2008 compared to the years
2009 and 2010 (table 10). This resembles datadosécts WA and WB.

Table 10:: Coefficients of determination [%] of the relatibis between soil temperature and soil
CO, efflux for grid M for individual years. Minimum ¥aes and maximum values among all
measurement points are given, as well as mediaresdbr the whole measurement grid. (own
data)

2008 2009 2010
R2 (minimum) 56 1 30
R2 (maximum) 98 91 93
R2 (median) 90 70 74
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Values for growing season (2008-2010) and non-gigwseason (2008-2010) are
comparable to those from transects WA and WB, wiitjhtly higher ranges (table 11).
Median coefficients of determination are 44% foe tdrowing season and 49% for the

non-growing season.

Table 11: C Coefficients of determination [%] of the relatship between soil temperature and
soil CO, efflux for grid M for individual seasons (growingeason vs. non-growing season).
Minimum values and maximum values among all measarg points are given, as well as median
values for the whole measurement grid. (own data)

Growing Season Non-Growing Season
2008-2010 2008-2010
R2 (minimum) 5 1
R2 (maximum) 79 83
R2 (median) 44 49

A regression of all measurement points and all omesmsent dates for a temperature
measurement depth of 5 cm (figure 36) results aoeftficient of determination of 43%

and highly scattered data, comparable to tran¥géteind WB.
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Figure 36: Exponential regression of soil temperature in 5dapth and soil COefflux for all
measurement points of grid M and for all measurdntdates (level of significancer = 0.01)
(source: illustration of own data)

The use of mean values for each measurement dalg @verage) on the other hand

results in a high coefficient of determination @8 (figure 37).
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Figure 37: Exponential regression of field average valuessfot temperature in 5 cm depth and
soil CO, efflux of grid M for all measurement dates (lewl significance:a = 0.01) (source:
illustration of own data)

Qo values for growing seasons, non-growing seasodsaiinmeasurement years for
individual points varied between 1.3 and 8.5, withdian values between 2.4 and 3.4 for

all measurement points (table 12).

Table 12: Qo values for individual seasons for grid M. Minimuralues and maximum values
among all measurement points are given, as wethedian values for the whole measurement
grid. (own data)

All measurements Growing Non-Growing Season
Season
2008-2010 2008-2010 2008-2010
Q10 (Minimum) 2.2 14 1.3
Q10 (Maximum) 4.7 4.2 8.5
Q10 (Mmedian) 34 24 3.3

Q1o values for the non-growing season are mostly higten Qo values for the growing
season; the median value for the non-growing se&s@3 compared to 2.4 for the
growing season. This is approved by Janssens @04813) who found out that winter;§)

is always higher than summegQThe high winter values are probably connecteldwo
basal respiration rates. The increase in soi} €ux per temperature unit is smaller at
low fluxes in winter, than at high fluxes in summelespite higher Q values. The
relative nature of ¢ leads to many different ;@values produced by a given absolute

increase in soil CEefflux, depending on the magnitude of the flux.
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The Qo value over the whole measurement period taking @micount all measurement
points for a depth of 5 cm was 3.3, while thg @lue for a depth of 11 cm was 4.1,,Q
values for field averages were 3.2 for a depth @hband 3.9 for a depth of 11 cm,
respectively.

However, the @ values calculated here represent a combinatioautdtrophic and
heterotrophic respiration, and both can exhibitedént Q, values. Boone et al. (1998)
found that autotrophic respiration showed signiftta higher Qo values (4.6) than
heterotrophic respiration (3.5). A comparison gf @lues for measurement points M1,
M7, M18, M23 and M24 with their rootless countetpavila, M7a/b, M18a, M23a and
M24a/b resulted in higher @ values for the points including heterotrophic and
autotrophic respiration (M1, M7, M18, M23, M24) cpaned to points with heterotrophic
respiration only (Mla, M7a/b, M18a, M23a, M24aflgufe 38).
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Figure 38: Qyo values for rootless points and control points Kdalue: control point; light blue:
rootless point) (source: illustration of own data)

4.1.6 Relationship between soil moisture and soil@; efflux

Soil moisture values for transects WA and WB ranged 3 Vol% to 81 Vol% for
single measurements (median: 30.7 Vol%; n=77), faoch 4 Vol% to 100 Vol% for
measurement grid M (median: 30.2 Vol%; n=44) oher tomplete measurement period.
Spatial variability was high, with a coefficient @ériation ranging from 7 Vol% to 47
Vol % (median: 27 Vol%) for transects WA and WB aadcoefficient of variation
ranging from 23 Vol% to 86 Vol% (median: 38 Vol%)rfmeasurement grid M. The

comparably higher spatial variability for grid Mrche attributed to the presence of bog
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soil for two of the measurement points which showssimanently saturated soil
conditions.

Soil moisture data featured several gaps due t&ebranstruments. None of the
measurement years holds a complete data set gverial of 12 months. For the year
2008 data is available from April to November foartsects WA and WB. Figure 39
shows the mean monthly soil moisture for WA/WB fihis time period and the

cumulative monthly precipitation.
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Figure 39: Mean monthly soil moisture and cumulative preeifiitn of transects WA and WB for
2008 (source: illustration of own data)

The coefficients of determination of the expondmigression of soil moisture and soil
CO, efflux were between 0% and 47% for single measargnpoints over the whole

measurement period, with a median value of 27%tfansects WA and WB. For

measurement grid M the coefficients of determimaticere between 3% and 64% for
single measurement points, with a median valud2

An exponential regression of mean values for eaghsurement day (field average) with
soil moisture (figures 40 and 41) results in a fioeht of determination of 55% for

transects WA and WB and in a coefficient of deteation of 40% for measurement grid
M.
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Figure 40: Exponential regression of field average valuesstol moisture and soil CQefflux of
transects WA and WB for all measurement dates. fiéiationship is significant (level of
significance = 0.01). (source: illustration of own data)
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Figure 41: Exponential regression of field average valuesstol moisture and soil CQefflux of
grid M for all measurement dates. The relationghigignificant ((level of significancer = 0.01)).
(source: illustration of own data)

Soil moisture and soil CQOefflux showed a negative correlation, for indivadlypoints a

bimodal correlation, as found by Davidson (1998)Xar and Qi (2001), resulted in a
better fit, when values below 10 Vol% were preqégture 42). This did not relate to all
points. Especially when soil moisture values were in general (figure 43), lower soil

water contents were connected with a higher soy €Zflix.
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Figure 42: Polynomial (bimodal) regression of measurement {p@ih10 for soil moisture and
soil CO, efflux for all measurement dates (growing seas@reen, non growing season = blue).
The relationship was significant (level of signéfitce:a = 0.01) (source: illustration of own data)

Soil CO, efflux [g m 2d™]

y = 5.5846e %%
R? = 0.3266

10 15 20
Soil Moisture [Vol%]

25

Figure 43: Exponential regression of measurement point MIséirmoisture and soil CQefflux
for all measurement dates. The relationship wasifsignt (level of significancen = 0.01)

(source: illustration of own data)

4.1.7 Temporal stability

In order to understand spatial patterns it is usefiknow whether the data are time

persistent. The Pearson correlation coefficientcofisecutive days (calculated after
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Vachaud et al. 1985) gives information about dasistence and can be found in table
13 for soil CQ efflux, soil water content and soil temperaturetfansects WA and WB
for years 2006 and 2008 and in table 14 for M f00&to 2010. A table for the years
2007, 2009 and 2010 for WA and WB can be foundhénappendix (table A4.

High correlation coefficients between consecutiveasurement dates indicate temporal
persistence. The highest temporal stability wasalet! for soil water conten®{s), with
most values above 90%. This resembles findings aghdud et al. (1985). Soil GO
efflux (CO,) — with some exceptions - showed high values fostnof the time intervals.
The correlation coefficients did not seem to depemdhe length of the interval between
consecutive measurement dates.

High correlation coefficients were present for shiatervals, as well as for long intervals.
Low correlations coefficients could be found fotibas well.

Negative values were detected for soil temperaflirg, which can be accounted to the
low variability of temperature throughout the plahd the accuracy of the soil
temperature measurements. Similar observations mvade by Herbst et al. (2009), who
conducted a study on bare soil. Highest correlatioefficients were detected for soil
moisture, followed by soil respiration and soil fgmrature. In general correlation

coefficients were mostly lower compared to resiutisn our study.
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Table 13: Pearson Correlation Coefficients for soil C€¥flux (CO,), soil temperature in 11 cm
depth (T;3; 11 cm was chosen because the temperature daéiacfarwas not available over such a
long period of time) and soil water content overiraterval of 15 cm{s) for transects WA and
WB. The Pearson Correlation Coefficients were higignificant for coefficients > 0.7 (p < 0.01).

(own data)
Year Date Interval Pearson Correlation Coefficient
[d] CO, Ty 015

18.09
25.09 7 0.82 0.92 0.92
02.10 7 0.68 0.88 0.91
05.10 3 0.85 0.65 0.89
16.10 11 0.60 0.39 0.78
2006  23.10 7 0.08 -0.24 0.66
30.10 7 0.34 0.44 0.75
06.11 7 0.69 0.08 0.70
15.11 9 0.66 0.74 0.36
27.11 12 0.76 0.69 0.61
05.12 8 0.67 0.74 0.31
18.12 13 0.71 0.70 0.26
21.5 181 0.75 0.07 0.62
28.5 7 0.78 0.26 0.91
2.6 5 0.55 0.73 0.89
11.6 9 0.56 0.85 0.91
19.6 8 0.81 0.77 0.94
25.6 6 0.76 0.65 0.92
9.7 14 0.80 0.53 0.89
16.7 7 0.87 0.78 0.94
30.7 14 0.81 0.69 0.96
6.8 7 0.65 0.64 0.94
2008 558 14 0.69 0.80 0.92
27.8 7 0.86 0.78 0.91
3.9 7 0.90 0.85 0.91
10.9 7 0.80 0.69 0.95
17.9 7 0.67 0.47 0.94
24.9 7 0.87 0.69 0.91
30.9 6 0.88 0.52 0.98
29.10 29 0.89 0.51 0.91
5.11 7 0.96 0.74 0.89
12.11 7 0.95 0.78 0.85
19.11 7 0.94 0.68 0.78
26.11 7 0.92 0.74 0.61
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Table 14: Pearson Correlation Coefficients for soil respirat(R;), soil temperature in 11 cm
depth (T;) and soil water contenBfs) for grid M. The Pearson Correlation Coefficiemisre
highly significant for coefficients > 0.7 (p < 0J0Town data)

Year Date Interval Pearson Correlation Coefficient
[d] Rs Ty 015

27.8
3.9 7 0.90 0.62 0.92
10.9 7 0.93 0.64 0.94
17.9 7 0.97 0.39 0.95
24.9 7 0.96 0.82 0.94
2008 30.9 6 0.91 0.92 0.94
8.10 8 0.85 0.33 0.88
29.10 21 0.87 0.13 0.93
5.11 7 0.94 0.84 0.87
12.11 7 0.89 0.74 0.85
19.11 7 0.95 0.83 0.93
26.11 7 0.93 0.70 0.92
10.12 14 0.89 0.69 0.95
2.4 113 0.59 0.38 0.96
9.4 7 0.37 0.50 0.91
16.4 7 0.38 0.79 0.93
23.4 7 0.60 0.33 0.96
30.4 7 0.81 0.85 0.96
2009 7.5 7 0.80 0.68 0.96
20.5 13 0.70 0.66 0.94
2.11 166 0.59 0.17 0.92
9.11 7 0.87 -0.03 0.95
23.11 14 0.74 -0.19 0.96
30.11 7 0.81 0.80 0.93
14.12 14 0.83 0.71 0.98
4.1 21 0.83 0.27 0.96
26.3 81 0.83 0.73 0.96
2.4 7 0.80 0.13 0.95
9.4 7 0.32 0.42 0.90
16.4 7 0.79 0.77 0.82
23.4 7 0.86 0.89 0.61
28.4 5 0.56 0.55 0.61
2010 5.5 7 0.33 0.30 0.98
125 7 0.59 0.86 0.93
19.5 7 0.56 0.82 0.95
27.5 8 0.70 0.53 0.96
3.6 7 0.87 0.73 0.98
16.6 13 0.70 0.76 0.97
23.6 7 0.63 0.64 0.98
30.6 7 0.47 0.23 0.97
9.7 9 0.52 0.59 0.98

4.2 Spatial variability in soil CO, efflux measurements

Coefficients of variation for single measurementdaere calculated for soil G@fflux,
soil temperature and soil moisture to show spataiability. For soil CQ efflux
coefficients of variation were high and ranged frdf%o to 65% for transects WA/WB
and from 35% to 103% for grid M, with median coefnts of variation of 37% and 53%

respectively. Lower values were detected for saisture, ranging between 7% and 53%
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for transects WA/WB and between 22% and 79% fai htj with median values of 31%
and 35%. Lowest spatial variability was found foil $emperature with ranges between
2-50% for transects WA/WB and between 2-68% fod ¢fi Median values were 5% for
WA/WB and 4% for M.

4.2.1 Spatial distribution of soil CQ efflux

Spatial variability of soil C@ efflux for individual days could be high; by loolg at
median values the spatial variability in the resbaarea was moderate (figures 44 and
45). Median values were used to exclude the inflaesf extreme values. Distinct spatial
patterns with regard to morphology or distance e tstream were not visible.
Nevertheless single measurement points showed satatdnbehaviour over time by
displaying either higher or lower values compaiedlt other measurement points. Apart
from those extreme values the measurement poimiwezh median values between 5.1
and 13.4 g i d. Several measurement points showed median vaktesén 5.1 and
10 g n? d* (figures 44 and 45). Low values of less than 5gdrhcould mainly be found
in measurement grid M, where points were affectetitter removal or root exclusion or

were situated in the bog area.
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Figure 44: Median soil CQ efflux rates over the whole measurement periodriorsects WA and
WB (black dots are not relevant) (source: illustnaiof own data)
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4.2.2 Relationship between vegetation parameters @rsoil CO, efflux

Soil CG, efflux and the thickness of the litter layer parsthowed some consistency
(figures 46 and 47). Especially some of the extreralees were well explained by the
thickness of the litter layer. Points WB3, M1 an@Ishowed comparably high soil €O
efflux rates, which went along with thick litterylers. A thick litter layer can either mean
a good supply with fresh decomposable litter, ndeft microbial respiration or

constricted microbial respiration rates which linmé decomposition of litter.
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Figure 46: Median soil CQ efflux and thickness of litter layer for transe@é#\ and WB (source:
illustration of own data)
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Figure 47: Median soil CQ efflux and thickness of litter layer for grid Mofgrce: illustration of
own data)

A correlation of soil C@ efflux with the distance from the nearest treewaoh a weak
correlation for WA and WB (figure 48) and a goodretation for grid M (figure 49).
Several outliers were excluded from these regrassaiculations (points from young

stands, bog-affected points, and points with vegh ralues of soil C@efflux).
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A negative correlation was detected for all measerg grids. With an increase of
distance between a measurement point and the hegressoil CQ efflux decreased.
This might hint at a decrease of root density withincrease of distance from a tree and
at a decrease of litter layer density with an iaseeof distance from a tree. Therefore

heterotrophic as well as autotrophic respiratiomldde affected.
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Figure 48: Linear regression of median soil €@fflux and distance from the next tree for
transects WA and WB for the whole measurement gdio= 131 dates). The relationship is not
significant (p > 0.05). (source: illustration of nwata)
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Figure 49: Linear regression of median soil €€fflux and distance from the next tree for grid M
for the whole measurement period (n = 73 datesk fidationship is significant (p < 0.05).
(source: illustration of own data)
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The mean relative root biomass was calculated aftemer and Wagner (2005) for six
measurement points (WA10, WB3, WB15, M20, M23 an@5Mand compared to
measured root biomass (see Chapter 3.6). Figush&@s no correlation. Particularly the
measurement points from measurement grid M didfihat due to their low measured
root biomass. Exclusion of those points would l&a@ coefficient of determination of
96%. Since the correlation would then be basechmetpoints only, the outcome has to

be considered with caution.
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Figure 50: Comparison of measured root biomass versus catclilaean relative root biomass
for model A and model B after Ammer & Wagner (20&)urce: illustration of own data)

Measurement point M20 of grid M is situated in b area with a grass cover instead
of the common needle litter cover. Roots detectedugh the soil analysis were thin

grass roots, which could be a possible reasormélow measured biomass values.

4.2.3 Variogram analysis

Semivariograms were used to examine spatial pattéfigure 51 shows selected
variograms of soil CQefflux, soil temperature and soil water contertr Boil CQ
efflux no spatial correlation was visible for maftthe measurement dates (c) with one
exception (d). On the &9f April a range of 31 m was given for soil €€flux. This
value should be used with care due to the high eugffect and the uniqueness of this

event. It is likely that no spatial correlation wagsent on this scale (distance of points:
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5-10 m) referring to research by Herbst et al. @00 heir study revealed a spatial
correlation with a maximum range of 5.4 m for atekly homogenous bare field.

Soil water content showed good spatial correlatmnsome measurement dates (figure
51b). Due to low spatial variability of soil tempéure, the semivariance for transects
WA and WB was exiguous with a tendency towards lpwéng a high spatial
dependency (figure 51a). Soil water content disgdlag good spatial correlation for most
measurement dates for transects WA/WB, while waltedated measurement days were
scarce for grid M. Ranges varied from 26.1 m to &85wvith a median range of 62.3 m
for WA/WB and a median range of 44 m for measurdrged M (table 15).

The analysis of variograms has shown that soib €fflux had no spatial correlation
across this measurement setup; ranges were prolmaidy and could therefore not be

detected.

Table 15: VESPER variogram parameterg, C, and A for individual dates for soil moisture ,C
= nugget effect; C= sample variance; /= range. (own data)

Co Cl Al

M 29.10.2008 0.002 0.003 26.5
05.11.2008 0.000 0.010 35.5
02.04.2009 0.001 0.003 36.6
07.05.2009 0.001 0.008 44.0
09.04.2010 0.001 0.011 56.9
23.06.2010 0.016 0.030 53.8
30.06.2010 0.026 0.041 48.4
WA & WB 15.11.2006 11.2 20.7 51.8
27.11.2006 36.8 76.6 39.3
24.10.2007 45.9 30.4 55.0
21.05.2008 13.0 58.3 46.8
28.05.2008 195 39.1 29.3
02.06.2008 5.1 55.6 26.1
09.07.2008 37.8 47.5 46.1
16.07.2008 22.4 40.0 33.5
26.11.2008 14.5 17.8 123.4
19.03.2009 10.5 14.6 71.8
23.04.2009 0 27.4 27.1
02.11.2009 29.0 23.2 62.3
26.03.2010 46.5 42.7 92.0
02.04.2010 34.6 90.3 135.0
28.04.2010 28.6 50.2 85.2
19.05.2010 28.0 38.1 7.7
27.05.2010 45.9 46.4 90.6
03.06.2010 21.9 56.9 71.5
16.06.2010 41.0 61.7 88.8
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Figure 51: Selected variograms of measurement grid M for teoilperature (a), soil moisture (b)

and soil CQ efflux (c) for the 23.11.2009. Figure 5(d) shows tariogram for soil C@Qefflux for
the 09.04.2009. (source: illustration of own data)

4.2.4 Analysis of Mean Relative Differences (MRD)

To characterize soil CQefflux on a larger scale (e.g. on the scale of tiver
catchment), it is useful to calculate field avesage to use representative test sites. A
representative test site could be that site whistayss shows a mean behaviour over time.
This can be determined using the mean relativemifices method (MRD), first applied
by Vachaud et al. (1985). Calculating mean reladiifeerences can otherwise be helpful
to identify outliers and characterize spatial patie

Figures 52(a-c) and 53(a-c) show the ranked MRDthaf transects WA/WB and
measurement grid M respectively, for soil O&flux, soil temperature and soil moisture
over the complete measurement period. Mean relalifferences were sorted into

classes, which were defined individually for each tke parameters due to great
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differences in range. Equally sized classes amdmg ihdividual ranges for soil
respiration, soil moisture or soil temperature waireed at, with red and dark blue signs
characterizing extreme values and green signs cieaizang points which can be seen as
representative field averages. For the soil watertent of grid M median values were
used instead of mean values due to high outliezsemt, e.g. points located in the bog
area. Additional figures of ranked MRD for indivelumeasurement years can be found
in the appendix (CD).

77



3.0

| MRD<07
L | 07SMRD<0.2
20 || 02<MRD<02
| 02<MRD=07
3 MRD > 0.7
£ 1.0
S
ki
o
o N e
% e I V. S 4 W N~ O 0 0 ) o m.m._"_"¥
@
o
§
S -1.0 -
=
=2.0
-3.0

) 8858558385855 38588¢ 35588838568
a
MRD < 0.2
|| 02smRD<0.05
| | ©vossMrRDz005
| | oos<mrDs02
g B wrosoz LI
: LT
& T oo 5
= +
@@
2
&
T
&
=
o
@
=
1Y, O S S S e
IEceo T odgTazeoESscCSERogEYNyTEgEe2eRgg
b) Ef33gssgssgzszegsfzgsgsosaongseEsEaesss
1.0
MRD < -0.07
0.8 - 007 < MRD < 0,02
002 MRD <002
0.6 4 0.02 < MRD £ 0.07
B wrDso07
@
1=
c
£
&
a
@
=
-
&
@
("4
=
g
-0.6 -
0.8
T e ey T S

Figure 52a-c: Ranked mean relative differences of soil Qfflux (a), soil moisture (b) and soll
temperature (c) for transects WA and WB over theleimeasurement period (source: illustration
of own data)
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Figure 53a-c: Ranked mean relative differences of soil Qflux (a), soil moisture (b) and soll
temperature (c) for grid M over the whole measungmperiod (source: illustration of own data)
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When the MRD is close to zero and the standardatiewi is small, the point can be said
to characterize the field average. Soil &&flux showed higher MRD values compared
to soil temperature and soil water content. This ba attributed to a general higher
spatial variability. Mean relative differences fewil temperature were very low, most
values showed an MRD < 0.05. For soil L€fflux in each case only one or two
measurement points showed an MRD value below OMRBRD values for most
measurement points exceeded 0.1.

The point WB6 for transects WA/WB could be idertificharacterizing the field average,
having a MRD less than 0.05 for all three paranseaed low standard deviation. For grid
M no point could be identified showing a MRD lekan 0.05 for all three parameters, the
MRD for soil CG efflux exceeded 0.05. The points M22 and M26 shibleer MRD for
temperature and soil moisture (< 0.05) and adedu&P for soil CQ efflux (0.09 and
0.14 respectively). Mean soil G@fflux over the whole measurement period for WB6
was 10.8 g/m2d with a range from 2.6 g/m2d to 2f/r2d. This value is comparable to
the calculated mean value of 10.3 g/m2d for all sueament points of WA and WB.

Mean soil CQ efflux rates for points M22 and M26 were 8.2 g/mith a range from 1.5
g/m2d to 27 g/m2d and 7.5 g/m2d with a range frofhgim?d to 17.6 g/m2d respectively.
This corresponds to the calculated mean valueSof/m?d for soil CQefflux.

Graphical visualization was used to help detecsipatial patterns in soil GCefflux in

combination with soil temperature and soil moistiigures 54 and 55).
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Figure 54: Areal distribution of MRD groups for soil G@fflux (dark blue MRD < -0.7,light
blue -0.7< MRD < -0.2,green -0.2< MRD < 0.2,orange 0.2 < MRD< 0.7,red: MRD > 0.7),
soil temperaturedark blue MRD < -0.07,light blue -0.07< MRD < -0.02,green -0.02< MRD
< 0.02,orange 0.02 < MRD< 0.07,red: MRD > 0.07) and soil moisturelgrk blue MRD < -0.2,
light blue -0.2< MRD < -0.05,green -0.05< MRD < 0.05,orange 0.05 < MRD< 0.2, red:
MRD > 0.2). Soil types: B (Cambisol), SB (Plano&ambisol) and GM (Histosol-Gleysol;
Niedermoorgley) (source: illustration of own data)
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For measurement grid M (figure 54) a trend washbigsiof slightly decreased soil
temperature values among the northern points ofntleasurement plot and slightly
increased soil temperature values among the boftomts. For soil CQ efflux the
occurrence of extreme values seemed to be randdistiybuted over the measurement
plot. Extreme values for soil moisture were mogtgtricted to lower parts of the
measurement plot, where bog is present.

Analyzing other environmental factors such as sabstavailability or root distribution
might help to find out whether similar soil tempera and soil moisture values are
responsible for similar soil CCefflux or whether other factors play an importaoie.
The graphical visualization helps to understand gadterns of soil C@efflux did not
follow patterns of soil temperature. High soil teargtures did not necessarily lead to
high soil CQ efflux. Slightly elevated soil temperatures aniytgly decreased soll
moisture could lead to slightly elevated soil G&flux as well as slightly decreased soill
CO, efflux. To conclude some other factor beside ritperature and soil moisture must
be the reason for the spatial variability in saD &fflux, at least for this special case. In
a study of spatial patterns in two stands of Dosifjla(Pseudotsuga menzidséind beech
(Fagus sylvaticalLongdoz et al. (2000) detected horizontal hetenagty in root density,
SOM (soil organic matter) biomass, C:N and lignimatios, soil acidity and soil texture
as possible causes for spatial variability in €11, efflux. Raich and Tufekcioglu (2000)
set a focus on tree species composition as a nrarerdor spatial patterns in soil
respiration. Soe and Buchmann (2005) took up thpotnesis by Longdoz et al. (2000)
and assumed that stand characteristics could exptane of the spatial variation. Their
study showed that the combination of root, soil atathd structure measurements might
help to understand mechanisms underlying soil ragpn and the role of soil respiration

itself in the global carbon budget.
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Figure 55: Areal distribution of MRD groups for soil Gfflux (circle,dark blue MRD < -0.7,
light blue -0.7< MRD < -0.2,green -0.2< MRD < 0.2,orange 0.2 < MRD< 0.7,red: MRD >
0.7), soil temperature (squadgrk blue MRD < -0.07 ,light blue -0.07< MRD < -0.02,green -
0.02< MRD < 0.02,0range 0.02 < MRD< 0.07,red: MRD > 0.07) and soil moisture (triangle,
dark blue MRD < -0.2,light blue -0.2< MRD < -0.05,green -0.05< MRD < 0.05,orange 0.05
<MRD < 0.2,red: MRD > 0.2) (source: illustration of own data)

A similar picture was visible for transects WA aWB (figure 55), but some structures
can be detected. Extreme values for soib @flux could be found on the eastern slope,
together with mostly lower efflux rates for thetregthe points. Soil Coefflux rates in
the western region tended to be elevated for sepenats. Soil moisture was higher with
high MRD for points close to the stream. For a nembf measurement points in
WA/WB or in M it was visible that soil CQefflux and soil moisture were opposed to
each other. High soil moisture values were foundannection with low soil C@efflux,

while high soil CQ efflux rates were found in connection with lowlsabisture.
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5 Modelling soil CG, efflux and environmental parameters

5.1 Simulation of soil temperature and soil moistug as a modelling basis for
PATCIS

To obtain continuous soil temperature and soil mos data as input for the soil
respiration model PATCIS, the model SIMULAT 1d wasplied. The simulated period
begins on the *Lof January 2007 and ends on thé' 81 December 2009. The use of
hourly values for the simulation results in 87@8disteps per year (the"26f February
2008 was neglected). The model was calibrateddibtheat parameters, since measured
soil temperature values were of sufficient quafity comparison with simulated soil
temperature values. Measured soil moisture datduded numerous gaps and
characterized a value measured over an intervdl50tm or less, depending on the
insertion depth of the moisture probe. Error in sueaments was high, depending on
insertion depth, removal of litter and high spatiatiability on a small scale. Therefore
soil moisture was not used for model validation gadameters connected solely to sail
moisture were not calibrated. The annual sum ofipitation for 2007 was comparably
high with 1600 mm, while annual sums for 2008 a@@2were 1318 mm and 1224 mm
respectively. Only 29% of the precipitation evapedsaccording to the simulation, while
discharge accounted for 70.9%. Figure 56 exempliéostrates the amount of
precipitation, simulated discharge and simulatetisdcevapotranspiration for the year
2007.
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Figure 56: Cumulative precipitation and simulated actual evaptspiration and discharge for the
year 2007 (mean values of all measurement points)
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Potential and actual evapotranspiration showedasirféatures with regard to peak height
(figure 57), apart from smaller differences towatte beginning of the year 2007.
Elevated discharge values follow intense precipite¢vents.

: W i

Figure 57: Simulated potential and actual evapotranspiratiisgcharge and precipitation for 2007
(mean values of all measurement points of WA/WB)

Soil moisture and soil temperature were simulatedafl measurement points from 2007
to 2009. The year 2007 was used for manual callirdvalues of the saturated water
conductivity and the heat capacity coefficient weedibrated), while 2008 and 2009
served as validation years.

Measured soil temperature values in 11 cm depthe ve®mpared to simulated soil
temperature values (figure 58). Coefficients ofedmination were between 86% and
99%, with a mean of 95%. All relationships werettygsignificant with p < 0.001.
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Figure 58: Simulated and measured soil temperature as a ofedlhmeasurement points (11 cm
depth) from 2007-2009. 2007 was used as calibrgiEnind (calibrated for saturated hydraulic
conductivity and heat capacity), while 2008 and 2Q@ere used as validation periods with
parameterization after 2007. All relationships wiighly significant (p < 0.001). Gaps occur due
to the removal of initial values (discontinuous slation).

The comparison of simulated soil moisture valuemeasured soil moisture values was
difficult. Soil moisture was measured over an indgf 15 cm, including needle litter. In
some cases needle litter was removed, in othersdasemoisture probe could not be
totally immerged into the soil due to skeleton eomt The measurements took place at
different spots each time, due to the disturbarfcéhe soil by the moisture probe. For
each measurement point 2-3 soil moisture measutsrmare undertaken, from which a
mean value was calculated to reduce small-scal@abpariability. Results of soll
moisture measurements for the organic layers obttparea need to be taken with care
because the moisture probe was not calibrateddgrdsea as would be required. The
litter layer density used in the model equals itterllayer density within the collar, while
soil moisture measurements took place at spotsemitésr layer densities might differ
(or might have been removed completely). Compasismiween simulated and measured
soil moisture values were done for a couple of fgofrom the measurement grid M for
the year 2009. Figure 59a shows measured soil uneistalues for measurement point
M1, which displays a thick litter layer of 4 cm,damean simulated soil moisture values
of the top 15 cm. Measurement point M2 does noivshthick litter layer and therefore a
higher measured soil moisture (figure 59b). Sinedatoil moisture values of the top 15

cm tend to underestimate the measured soil mojstMhie simulated soil moisture
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values at a depth of 15 cm show an overestimaikomts of the bog area could not be

simulated sufficiently (figure 59c). Soil moistwalues were largely underestimated.
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Figure 59: Simulated (mean of 1-15 cm) and measured soil tor@is(integral of 15 cm) for
measurement point M1 (a), M2 (b) and M20 (c) fa ylear 2009
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Figure 60 shows simulated soil moisture valueseach layer of measurement point
WAL for the year 2007 and precipitation values.| Bmisture values of the upper litter
layer (0-2 cm) showed greater fluctuations durimgyear, in accordance to the course of
precipitation. These fluctuations were reduced wd#tcreasing simulation depth. A
simulation depth of 40-60 cm displayed an almosistant level of soil moisture during
the year.
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Figure 60: Simulated soil moisture values for each layer oAdVmeasured soil moisture and
measured precipitation for the year 2007
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5.2 Simulation of soil CQ efflux

5.2.1 Parameterization of PATCIS

Before simulation of soil COefflux could take place, the model needed to be
parameterized, using the Latin Hypercube analysisaddition to this the model was
calibrated for some points with insufficient qualdf model results. For the calibration
the parameter organic matter content was changkd. riodel PATCIS features a
parameterization file with several parameters Usednodel parameterization (see table
16).

Table 16: Parameters used for Latin Hypercube parameterizatio

parameter name / unit range equation
activation energy at < 10°C E / [kJ fiol 6*10°-1*10° (20)
activation energy at 10-20°C ki mol?] 6*10°-1*10° (20)
activation energy at > 20°C E / [kJ ritpl 6*10°-1*10° (20)
moisture parameter a for mineral soil al-- 5-30 22)(
moisture parameter c for mineral soil c/-- 0.02-0 (22)
moisture parameter a for forest soil al-- 5-10 2)(2
moisture parameter c for forest soil c/-- 0.02-0. (22)
Michaelis Menten constant & [mg & m? 4*10*1*10° (23)
optimal organic matter decay rate Mo/ Mg CQgtst  3*10°%7*10° (12)
optimal litter decay rate Mes/ Mg CQ g* st 0.01-0.2 (12)
microbial respiration rate parameter Ym/ mg CQ g*s’ 1-2 (13)
optimal root respiration rate for roots @ 5-10 y,/mgCQg's’  3*10°-6*10° (14)
mm
optimal root respiration rate for roots @>10 y,/mg CQg*s’ 0.05-0.5 (14)
mm
root respiration constant y,/mg CQg*'s’ 0.01-0.02 (16)

Instead of using an automatic calibration procedtive model was parameterized with
the Latin Hypercube method, which uses stratifiath@ing without replacement (see
chapter 3.52). The probability distribution is spfito n intervals of equal probability,
where n is the number of samples that are to be performedhe model. As the
simulation progresses each of thntervals is sampled once. The sum of squarebeof t
residual between estimated and measured €fluxes is used as an indicator to find
parameter values which produce the best estimateilod€Q; efflux.

For parameterization, PATCIS was run 150 times wdifferent model parameter
combination sets. Results, as well as the qualitgimulation for each parameter set,
were displayed in the output. Each year was caébrandividually for transects WA/WB
and measurement grid M. The five best parametetbiwtions for each measurement
point and year were selected. For grid WA/WB thedelovas validated for the years
2008 and 2009 by using parameter values of thedagaimeter combination from 2007
and for grid M the model was validated for the y2@09 by using parameter values of

the best parameter combination from 2008, respagtiv
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Parameterization of individual years for individyalints resulted in several good fits of
parameter combinations with totally different cltaea (see figures 61 and 62 for point
M1), which resembles the concept of equifinalitgyBn 2006).

Combination 63 B Combination 132 Combination 45 M Combination 113 M Combination 91
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Figure 61: Values of activation energy for the five best pagter combinations for point M1 for
2008. Note that temperature > 20°C are rarely eeasured and therefore not representative for
the simulation.
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Figure 62: Values of optimal organic matter decay rate fa five best parameter combinations
of M1 for 2008
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Only 35 of the 150 different parameter combinatiaese among the five best fits for all
measurement points of WA/WB for the calibrationry2@07, while in 2008 74 and for
2009 100 different parameter combinations were antla best five (figures 63-65).
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Figure 63: Occurrence of parameter combinations among tleetfest fits of WA/WB for 2007
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Figure 64: Occurrence of parameter combinations among tleetfest fits of WA/WB for 2008
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Figure 65: Occurrence of parameter combinations among tleetfest fits of WA/WB for 2009

For measurement grid M the year 2008 features 1fféreht parameter combinations,

while year 2009 shows 71 different parameter coatibns (figures 66 & 67).
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Figure 66: Occurrence of parameter combinations among thebige fits of M for 2008
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Figure 67: Occurrence of parameter combinations among thebfagt fits of M for 2009

The calibration year 2007 exhibited 27 out of 3damgement points with an identical
parameter set for the five best fits. Thereforegtigp variability concerning model
parameters was low. For 2008™{(Zalibration year of WA/WB) a maximum of 7
measurement points out of 34 shared the same ptaset among the five best fits,
while for 2009 (&' calibration year of WA/WB) only a maximum of 5 nse@aement
points out of 34 shared the same parameter setgtherbest fits. The spatial variability
of calibration parameters was high during thosesiea

For grid M only two identical parameter sets of flve best fits were present for 2008,
for 2009 no identical parameter set existed. Tiselte from the validation of the 2007
parameter combinations for the years 2008 and Z0609ransects WA/WB were of
moderate quality. The coefficient of determinatwss similar, but values were generally
overestimated for both years.

Each year displayed one measurement date, whichamebutlier position. For the year
2007 it was the 250f April, for 2008 the 28 of May and for 2009 the 20of August.
Excluding these days improved the fit, except f002 for transects WA and WB. The
year 2009 generally showed low coefficients of deteation for the calibration, as well
as for the validation. The validation of 2009 mpditought about an underestimation of
measured values. The model was calibrated usinguread soil organic matter for some
points. Where measurement values of soil organittemavere not available, they were

transferred from other points, which may causedatgcertainties in the model output.
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5.2.2 Sensitivity Analysis

A sensitivity analysis was performed on parametesfactors driving soil respiration by
applying a +/-10% change on each parameter sepyafagsults can be found in table 17;
parameters are ranked by their order of influentesal CQ efflux. The evaluation of
the sensitivity is based on Lenhart et al. (2002)efach parameter (eq 42); results can be
found in table 18.

_output,,, —output g,

Sho output -
in which

Sl = sensitivity index with 10%ange of input parameter

output.ig = model output with input parameter irsed by 10%

outputyge, = model output with input parameter @ased by 10%

outputes = model output with original inputrpeneter

Table 17: Sensitivity analysis of model parameters

Variable or Parameter % change in output for a % change in output for a 10%
10% increase of model decrease of model parameter
parameter

Soil temperature +9.81 -7.71

Soil organic matter +8.75 -7.63

Microbial respiration +8.60 -7.53

constant

Activation energy -2.70 +4.33

Soil Moisture +2.48 -1.77

Moisture parameters for +2.4 -1.80

roots and microbes

Root respiration constant +2.37 -1.24

Live fine root biomass +2.36 +0.38

Oxygen concentration -0.60 +1.77

constant

Optimal specific organic +1.44 -0.32

matter decomposition rate

Soil bulk density +1.20 +0.55

Optimal specific fine root  +0.67 -0.45

respiratory rate

Aboveground litter fall +0.63 +0.49

Soil particle density +0.53 +0.56

An increase in temperature of 1°C resulted in ameiase of soil Cefflux by 9.7%,

while a decrease in temperature of -1°C resulteddecrease of soil G@fflux by 7.1%.
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Table 18: Sensitivity index of model parameters and rankifigr Lenhart et al. (2002)

Variable or Parameter Sl-Index

Soil temperature 0.23 high

Soil organic matter 0.17 average
Microbial respiration constant 0.16 average
Activation energy 0.01 negligible to low
Soil moisture 0.01 negligible to low
Moisture parameters for roots and microbes 0.04 ligible to low
Root respiration constant 0.03 negligible to low
Live fine root biomass 0.02 negligible to low
Oxygen concentration constant 0.02 negligible % lo
Optimal specific organic matter decomposition rate 0.02 negligible to low
Soil bulk density 0.002 negligible to low
Optimal specific fine root respiratory rate 0.002 eghgible to low
Aboveground litter fall 0.002 negligible to low
Soil particle density 0.000006 negligible to low

The most important parameter controlling soil C&flux was soil temperature, which
had the greatest impact during summer months. iBh&own infigure 68 in which

simulated temperature was decreased and increaseid%. This agrees well with
previous studies (Moncrieff & Fang 1999, Hui & LA004, Saiz et al 2007). Considering
the high quality of simulations, this results inl@av uncertainty concerning soil

temperature.
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Figure 68: Sensitivity of modelled soil CQefflux to a £10% change in soil temperature for
measurement point WA2 for 2007.

The seasonal trend for the influence of soil meestan soil CQ efflux was more variable

than that of soil temperature throughout the yaavertheless a decrease or increase of
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10% resulted in a high impact on soil moisture miginmonths, where precipitation and
soil moisture were low (figure 69). The introducgtater pressure on soil moisture
conditions through an increase or decrease provideding conditions for soil

respiration
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Figure 69: Sensitivity of modelled soil C{efflux to a £10% change in soil moisture for WA# f
2007

Another important factor controlling soil respimti was soil organic matter. The
sensitivity of the efflux to organic matter presémthe soil profile and the comparably
smaller sensitivity to live root biomass confirntbe heterotrophic component as a larger
contributor to soil respiration as compared to @wofihic respiration. Previous studies
(Hui & Luo 2004, Saiz et al. 2007) detected autatiio respiration as a larger contributor
to soil respiration as compared to heterotrophgépiration, which resulted in a higher
sensitivity of model results to changes in paransstennected to autotrophic respiration.
On the other hand the sensitivity analysis showtrofactors such as soil particle
density, moisture parameters and aboveground fétiewith a much more limited role on
soil CG, efflux (table 17).
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5.2.3 Seasonal variation of soil C@efflux and soil respiration

Simulated mean daily total soil G@fflux rates simulated with the process-based inode
PATCIS increased from 1.3 g G@i°d™ in spring to the maximum value of 31.5 g CO
m2d™ in summer and decreased to 1.2 ¢ @Gd™ in winter. The total annual G@fflux

for simulated years ranged from 2528 g,Gra’ to 3590 g C@m“a*’. Transects WA
and WB showed higher annual efflux rates compaveddgasurement grid M (figure 70).
Moncrieff and Fang (1999) reported an annual effd)6136 g CQ m“a”, while other
studies with PATCIS resulted in comparably loweluea of 691 g COm?a* (Saiz et al.
2007) or 1211 g COm?a" (Hui & Luo 2004). The global annual soil respioati
database of Raich and Schlesinger (1992) show gerahannual soil respiration rates

from 250-1255 g COm? a* for temperate coniferous forest systems
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Figure 70: Simulated mean annual soil €€fflux rates of transect WA/WB and grid M

The simulated seasonal trend of soil &@lux in transects WA and WB (figure 71) and
for grid M (figure 72) was similar for all simulateyears, as it is driven by the same
climate. Soil CQ efflux increased during spring and summer, andcched mean
maximum values of 31.5 g G@i? d” in July 2007. Similar to measured values (chapter
4.1.1) soil CQ efflux rates declined again during fall (Septen®etober), reaching
values close to those in spring (April).
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Figure 71: Simulated mean seasonal soil £&flux rates of transects WA/WB for the years 2007
2009

30

—— 2008

— 2009
25 ~

N
o
I

Soil CO, efflux [gm 2d™]
= =
o (6]
=
——
- ——
A
S—
— =

w» /
"y

0 50 100 150 200 250 300 350
Day of Year

Figure 72: Simulated mean seasonal soil £&Hlux rates of grid M for the years 2008-2009

Soil temperatures in layer 2 (organic layer) ohsect WA showed the same seasonal
course as the soil G@fflux (figure 74) for the year 2007. In some aseil moisture
featured a contrary seasonal course compared lttesgperature and soil G@fflux, in
other cases high soil moisture came along with siiperature and soil GCefflux.
Sudden increases in soil moisture conditions dusingmer lead to a subsequent major

increase in soil COefflux. This corresponds to findings of Hansonakt(2003), who
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pointed out the effects of drought periods on nbabrespiration. While dry periods

cause cumulative death of microbial cells and floeeea decrease in microbial soil

respiration, even a small precipitation event $pafter this period leads to a significant

increase in soil respiration due to the sudden tsatiesavailability. High precipitation

events during colder months on the other hand diccause this effect (figure 73). Here

the low soil temperature was the crucial factor.
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Figure 73: Seasonal mean course of soil moisture [Vol%], smihperature [°C] in layer 2 and

simulated soil C@efflux [g m? d*] for the year 2007 for measurement grid WA/WB

PATCIS differentiates between soil respiration, ebhiincludes heterotrophic and

autotrophic respiration, and soil g@fflux, which describes the total amount of £O

emitted by soil, including soil respiration and £@nsported by gas and water.

The difference between soil G@fflux and soil respiration simulated with PATCGMas

minimal (Figure 74). The largest difference coimddwith major rainfall events, as

displayed in figure 74 for measurement year 20Qfefoyears showed similar results).

The observed minimal difference between soil,@lux and soil respiration refers to

little restriction on gas transport within the sevhich is supported by the fact that most

CQ; is produced in the highly porous upper soil lay&igure 75).
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Figure 74: Difference between simulated soil €€fflux and soil respiration of WA/WB for 2007
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Figure 75: Simulated monthly soil respiration for individullyers of WA/WB (mean of all
points) for 2007

Seasonal coefficients of variation, mean valuesodlf CO, efflux and standard deviation
can be found in table 19 for transects WA and WBafbsimulated years, relevant for the

days where field measurements were done simultaheou
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Simulated mean values of soil €@fflux for the growing season were similar to
measured mean values, while simulated mean vabrethé non-growing season were
slightly lower compared to mean measured values.SEasonal coefficients of variation

were slightly lower for simulated values comparedneasured values.

Table 19: Mean values, standard deviation and coefficierftsvariation for simulated and
measured soil COefflux rates of WA/WB for individual seasons

Growing season (May — September) Non-Growing-@eéctober — April)

CGO; efflux CG; efflux

2007 2008 2009 2007 2008 2009

Simulated Mean 14.3 14.1 14.1 6.1 5.1 6.6
SD 45 5.0 5.5 2.1 1.1 1.8

CV(%) 32 36 39 35 21 27

Measured Mean 14.7 14.1 11.7 6.7 6.0 6.6
SD 5.0 6.1 5.8 3.4 2.7 3.1

CV(%) 34 43 50 50 45 48

In general modelled soil GOefflux using the PATCIS model compared well with
observed measurements. Coefficients of determimaigre between 0% and 99%, with a

median value of 73% (table 20 & 21; most relatigpshvere significant with p < 0.05).
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Table 20: Linear regression results of measured and sinilsdd CQ efflux for transects WA

and WB
2007 2008 2009
intersection intersection intersection
gradient  with y-axis R2  gradient withy-axis R2? gradient with y-axis R2
WAL 1.02 0.00 81 0.99 0.01 88 1.02 -0.01 61
WA2 0.99 0.00 93 0.99 0.02 83 1.00 -0.01 63
WA3 0.81 0.01 85 0.98 -0.01 88 0.97 0.00 69
WA4 1.00 0.00 93 1.01 0.01 87 1.00 0.01 65
WAS 0.99 0.00 83 1.00 0.00 83 1.00 0.01 76
WAB6 1.01 0.03 90 1.02 0.06 56 0.99 0.00 45
WA7 1.00 0.01 82 0.99 -0.01 76 0.85 0.05 30
WAS8 0.83 0.03 80 0.82 0.04 81 0.99 0.04 88
WA9 1.02 0.01 92 0.88 0.06 74 1.01 0.01 79
WA10 1.00 0.00 79 1.01 0.00 83 0.99 0.00 58
WA11 0.97 0.01 79 1.01 0.01 66 1.00 0.00 84
WA12 1.02 0.00 88 1.01 0.01 73 1.00 0.01 68
WA13 0.94 0.01 83 1.01 0.01 75 0.98 0.00 57
WA14  0.94 0.01 81 1.00 0.00 77 1.00 0.00 57
WA15 0.68 0.00 82 0.90 0.03 69 0.67 0.03 24
WA16 0.89 0.00 90 0.99 0.00 96 1.02 0.00 67
WA17 0.97 0.02 87 1.00 -0.01 94 1.01 0.00 55
WB1 1.03 0.01 81 1.00 0.01 72 1.01 0.03 60
WB2 0.99 0.00 82 1.02 0.01 72 1.00 0.03 49
WB3 0.75 0.00 68 1.00 -0.06 85 1.00 -0.02 56
wB4 0.97 -0.03 84 1.00 -0.06 85 0.98 -0.01 55
WB5 1.01 -0.01 89 1.00 0.00 77 1.00 0.00 46
WB6 0.97 0.01 74 1.00 0.01 92 0.98 0.00 75
WB7 0.93 0.01 87 1.01 0.01 83 1.01 0.03 60
WB8 0.99 0.00 95 0.99 0.01 75 1.02 0.00 46
WB10 1.00 0.01 88 1.03 0.00 53 1.00 0.03 29
WB11 1.02 0.00 75 1.00 0.00 72 1.00 0.00 37
WB12 0.98 0.00 93 0.98 0.01 73 0.99 0.00 37
WB13 0.98 0.00 82 1.00 0.00 70 1.00 0.04 29
wB14  0.98 -0.01 91 0.97 0.00 77 1.03 -0.01 56
WB15 1.02 -0.01 68 1.00 0.01 86 1.00 0.04 64
WB16 1.02 0.01 86 0.99 0.00 92 1.03 0.00 65
WB17 1.00 -0.01 86 0.98 -0.01 95 0.90 0.02 43
WB18 0.97 0.00 77 0.99 0.01 92 1.02 0.00 43
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Table 21: Linear regression results of measured and sinilsdd CQ efflux for transects WA
and WB (nha = no data available)

2007 2008
gradient intersection with y-axis R2 gradient intggction with y-axis  R?
M1 0.76 0.00 85 0.77 0.00 51
M2 0.99 0.00 92 1.00 0.00 50
M3 1.01 -0.01 79 1.00 0.00 50
M6 1.00 0.00 84 0.98 0.01 69
M7 1.00 0.00 91 1.00 0.01 70
M8 1.00 -0.01 92 0.99 0.02 73
M9 1.00 0.01 60 0.99 0.02 35
M10 0.99 0.01 97 0.97 0.00 74
M11 1.01 -0.01 86 0.99 0.00 80
M12 1.03 -0.01 85 0.98 0.00 53
M13 1.00 0.00 51 1.00 0.01 19
M14 0.84 0.02 84 1.04 0.01 83
M15 1.03 0.01 79 1.01 0.08 49
M16 0.99 0.00 99 1.01 0.00 69
Mi16metal 0.99 0.00 81 0.99 0.03 65
M18 1.01 0.00 86 1.00 0.05 26
M19 1.30 0.00 92 1.01 0.05 47
M19metal 1.00 0.05 74 0.99 0.08 4
M20 1.20 0.03 64 na na na
M21 0.97 0.00 73 1.01 0.02 68
M22 1.01 0.00 92 1.00 0.04 47
M23 0.94 0.01 85 0.97 0.01 59
M24 0.99 -0.03 65 0.56 0.09 33
M25 1.02 0.00 97 1.00 0.01 74
M26 1.00 0.00 78 1.02 0.01 63
M27 1.01 -0.01 64 1.02 0.05 42
M28 1.01 0.00 92 1.00 0.05 74
M29 1.00 0.00 85 1.00 0.01 35
M30 1.00 0.00 91 0.98 0.00 85
M31 0.99 -0.06 80 1.00 0.00 71
M32 1.00 0.01 84 0.99 0.00 67
M32metal 1.00 0.01 88 0.99 0.01 74
M33 1.00 0.01 86 1.02 0.03 70
M33metal 1.00 0.04 71 1.00 0.02 66
M34 0.99 0.02 72 0.99 0.07 57

Mean simulated and mean measured soif €fflux values are illustrated in figures 76-84

for different years and measurement grids.
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Figure 76: Mean simulated and mean measured values of sailgffldx for the year 2007 for
transects WA and WB
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Figure 77: Mean measured soil G@fflux versus mean simulated soil €€fflux for 2007 for
WA and WB

As shown in figures 76 and 77 mean measured véilugsll with mean simulated values
for the year 2007, with a high coefficient of deteration of 93%.

104



40

— Simulated

o
35 | Measured

w
o
|

N
ol
|

N
o
|

[y
o
1

Soil CO; efflux [g CO > m2d™]

=
o
|

(62]
L

0 T T T T T T T T T T T
Jan-08 Feb-08 Mar-08 Apr-08 May-08 Jun-08 Jul-08 Aug-08 Sep -08 Oct-08 Nov-08 Dec-08

Figure 78: Mean simulated and mean measured values of sailgffldx for the year 2008 for
transects WA and WB (new calibration of 2008, F¥7$4)
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Figure 79: Mean simulated and mean measured values of sailgffldx for the year 2008 for
transects WA and WB (validation of 2007 parameteniginations, Rz = 97%)
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Figure 80: Mean simulated and mean measured values of sailgffldx for the year 2008 for
grid M (calibration, R2 = 94%)

A new calibration (parameterization) of 2008 faartsects WA and WB resulted in a
good fit of mean measured and mean simulated vdhresoil CQ efflux, while the
validation of the 2007 parameterization for 2008ve&d good R? values but generally
overestimated the efflux (figures 78 & 79).

A good fit of soil CQ efflux with measured values could mostly be foding winter
months. Therefore the fit of mean measured soib €flux for grid M with mean
simulated values for 2008 (figure 80), which in&ddmainly values of the non-growing

period, was good.
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Figure 81: Mean simulated and mean measured values of sailgffldx for the year 2009 for
transects WA and WB (new calibration, R2 = 84%)
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Figure 82: Mean simulated and mean measured values of sailgffldx for the year 2009 for
transects WA and WB (validation of 2007 parametamniginations, R2 = 81%)
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Figure 83: Mean simulated and mean measured values of sailgffldx for the year 2009 for

grid M (new calibration, R2 = 83%)
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Figure 84: Mean simulated and mean measured values of sailgffldx for the year 2009 for

grid M (validation of parameter combinations fro808, R2 = 84%)
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The simulation of mean soil GCefflux for 2009 resulted in high coefficients of
determinatior(figures 81-84), but values were generally ovenestied, especially during
summer months. The validation of the parameter caaions from 2008 for grid M
resulted in a better fit than the new parametedmatof 2009. Coefficients of
determination for individual measurement points learfiound in table A5 (appendix).
Although mean simulated soil G@fflux was in accordance with measured soil,CO
efflux, spatial variability among the individual ipts was high, as shown in figure 85 for
WA and WB for the year 2007. Spatial variabilitypeessed in the spatial coefficient of
variation for individual dates was higher for measuvalues compared to simulated
values. The coefficient of variation for measured €0, efflux was on average 11%
higher than simulated soil G@fflux for transects WA/WB and grid M for the yez(08.
This could be referred to the insufficient chardetgion of individual points with regard

to organic matter content or root biomass. Sampie® only taken for few points and
transferred to all points.
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Figure 85: Mean simulated (thick black line) and measured (fets) soil C@ efflux of transects

WA and WB for 2007. The simulated confidence inéng displayed in grey (mean soil €O
efflux + standard deviation)

Standard deviation and therefore spatial varigbiids higher during the growing period,
compared to standard deviation of the non-growrgog (figures 86 and 87).
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Figure 86. Mean measured and mean simulated soi} €fffux for transects WA and WB with
standard deviation of measurements for the yedi3-2008
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Figure 87. Mean measured and mean simulated soi €@ux for grid M with standard deviation
of measurements for the years 2008-2009
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5.2.4 Heterotrophic vs. autotrophic respiration

The simulated results of heterotrophic and autdiimpespiration identified heterotrophic
respiration as the dominant type of respirationthe Wuistebach catchment, which
resembles the findings of the measurements (Chaies).

In contrast to measurement results the percentalgeterotrophic respiration was higher
for the simulation, between 88-97% (Figure 88, &abP). According to Hanson et al.
(2000) the contribution of autotrophic respirattortotal respiration can be anything from
10...95%. Buchmann (2000) discovered a percentadessfthan 30% of autotrophic
respiration to total soil respiration in her stumly aPicea abiedorest stand in Northeast
Germany using root exclusion methods. Saiz et 2007) identified autotrophic

respiration as the dominant soil respiration congmbnvith 54.7% for their Sitka spruce
stand using PATCIS.

Table 22 Comparison of measured and simulated percentadneeterotrophic and autotrophic
respiration to total soil respiration from 20082@10

measurement point heterotrophic respiration [%] otaphic respiration [%0]
measured simulated measured simulated
M1/ Mla 48 97 52 3
M7 / M7a and M7b 65 97 35 3
M16 / M16_metal 64 97 36 3
M18 / M18a 72 97 28 3
M23 / M23a 71 97 29 3
M24 | M24a and M24b 43 98 57 2
M29 / M29a 79 97 21 3
M32 / M32 metal 74 94 26 6
M33 / M33 metal 74 95 26 5
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Figure 88: Percentage of heterotrophic and autotrophic remmpirafor grid M and transects
WA/WB for individual years
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Individual points did not show a great variability the proportion of heterotrophic

respiration and autotrophic respiration. Simulatainmeasurement points displayed in
chapter 4.1.3 in the context of root exclusion dal resemble the measured values of
heterotrophic respiration (figure 89). This largéedence could partly be referred to a
high uncertainty in root biomass analysis (diffteed in finding a representative spot,
difficult separation of roots and soil, which rdsuh loss, especially of fine roots) or as

discussed in chapter 4.1.3 to uncertainty in raotusion methods.
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Figure 89: Simulated percentage of heterotrophic and autbicogspiration for rootless points of
grid M
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Figure 90 shows the simulated seasonal variatiof\f and WB 2007 (further years
and measurement plots were similar) in both hatgpbic and autotrophic soil
respiration. The contribution of both componentsdtl soil respiration did not vary
considerably over the year. The detected seasomahbility in the proportion of
heterotrophic and autotrophic respiration in chagté.3 could not be confirmed by the
simulation. A significant contribution of autotrdphrespiration to total soil respiration
during the growing season, as found by Saiz €2807), could not be detected for the
simulation. One reason for this is the lack of eaakvariability in input parameters such
as root biomass. Due to the large physical efforolved in the analysis of root
distribution, a possible seasonal variability inotrobiomass was excluded from
observation. Based on the existence of maturgyfolivn trees, a high seasonality of root
growth was not expected.

The seasonal variability visible in the measuremdgohapter 4.1.3) on the other hand

could not be related to growing period and non-gngwperiod. Differences in the
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proportion of heterotrophic and autotrophic redmrawere not dependent of seasonal
cycles, as they were existent during winter morghd summer months. An incorrect
measurement, possible root ingrowth or degradationots by microorganisms could be

more appropriate explanations.
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Figure 90: Simulated seasonal variation in autotrophic an@roétophic respiration of transects
WA/WB for 2007

5.2.5 Modifications of environmental conditions andheir effect on soil CQ efflux
Some measurement points were modified by layer vamavhich was used to test model
output. The removal of layers as described in araptl.4 was simulated for the four
affected measurement points.

Layer Removal

The measurement points M8 and M14 were simulatethowi the litter layer,

measurement points M9 and M13 were simulated withiber layer and organic layers.

Table 23: Sum of measured and simulated soil ,Gflux (g m? d*) for measurement points
affected by layer removal (M8, M9, M13, and M14Y&heir corresponding control points (M8a,
M9a, M13a, M14) for the year 2009

> 2009 M8a M8 M9a M9 M13a M13 M1l4a M14
measured 193 140 120 53 194 58 207 140
simulated 225 187 163 94 259 76 160 157

Compared to measured values for most points sigdilahlues overestimated the soil
CQO,; efflux (table 23). Simulated soil G@fflux for M8 in 2008 otherwise showed a good

fit with measured values with a tendency to underegion rather than overestimation
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(figure 91 a/b). The simulation of 2009 for M8 rked in an overestimation of the

measurement values (figure 92).
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Figure 91: Simulated and measured soil C€fflux of M8 affected by litter layer removal for
2008 (a) and linear regression of measured sojl €flux vs. simulated soil COefflux (b)
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Measurement points M9 and M13 without litter andyamic layers showed good

simulation results for 2008, while in 2009 fluxegr® largely overestimated for both

points (figure 93).
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Figure 93: Simulated and measured soil C€fflux of M9 affected by litter layer and organic

layer removal for 2009

In general the simulation of layer removal dispthylee actual measured layer removal in

a sufficient way for measurement point M8 and Mivhich showed significant
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correlations (p < 0.05).A significant relationshgr measurement points M9 and M13

was not detectable (p > 0.05).
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6 Discussions

6.1 Concept of analysis

Several methods to analyse the spatial and tempatedrns of soil C@efflux on a field
scale have been applied. The observed temporarpatincluded hourly, weekly and
seasonal structures, while observed spatial pattemnged from a cm- to m-scale. The
main conclusion from the analyzing concept is dult temperature plays a major role in
the explanation of patterns of @éfflux

6.1.1 Factors controlling temporal patterns

The analysis of measured soil C€¥flux and soil temperature data showed that tiby d
and the seasonal course of soil G&flux follows that of soil temperature. The high
impact of soil temperature on soil ¢@fflux is resembled in the results of exponential
regression analysis with high values for coeffitienf determination. Measured soill
moisture showed a contrary course to measuredCsailefflux throughout the year. In
comparison to soil temperature, soil moisture playpdy a minor role in temporal
patterns, depending on characteristics of indiMidnaasurement points. Measurement
points with comparably low or high soil moistureogled a larger impact of soil moisture
on soil CQ efflux than points with medium soil moisture caias.

6.1.2 Factors controlling spatial patterns

The analysis of measured soil £€¥flux, soil temperature and soil moisture showrest
spatial patterns are time-persistent. Within-séigation was very high for soil G@fflux

as shown by high coefficients of variation. Sohfeerature otherwise resembled a very
low within-site variation which excludes soil temnatire as important factor controlling
spatial patterns. Using median values of soil, @@lux over the whole measurement
period drastically decreases spatial pattern. Trask of litter layer and distance from the
next tree partly explained spatial patterns for soof the measurement points. The
variogram analysis did not reveal spatial correlatf soil CQ efflux on the considered
scale. The analysis of mean relative differenceRDY helped to characterize outliers
and to calculate field averages. For individualnpemiextreme values of soil temperature
and soil moisture helped to explain patterns.

6.2 The modelling concept

The second goal of this study was to analyse ifoggss-based model system is able to
reproduce measured data and to simulate tempdtalpa

6.2.1 Reproducing temporal patterns

The results of the simulations of individual measnent points indicated that it is
possible to reproduce the courses of soil, @lux with the soil respiration model
PATCIS. It was shown that soil temperature and s@hknic matter displayed the most

important factors controlling soil GCefflux. Similar to analysis of measurements soil
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CQO,; efflux and soil temperature showed a comparalde@®l course while the course of
soil moisture was contrary. The parameterizatiothef model using a Latin Hypercube
analysis remains questionable due to the wide tyaoné equally suitable parameters
(equifinality) detected through this method.

Model input was of moderate quality due to the higffort involved in obtaining
representative soil organic matter and root biomadsges for 89 measurement points.
The transfer of analysed root biomass and soil rocganatter for few points to the
complete measurement grid probably resulted inrgelarror. This error is of high
importance for the simulation due to the high iafiae of soil organic matter on model

output.
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7 Conclusions
In this chapter the results of this study are eat#ld in respect to their usefulness for

analysis of spatio-temporal patterns. Returnintpéoposed research question in chapter,

- Is temperature the main factor controlling soil &&flux?

- Does temperature play a major role in the spatittepns of soil C@efflux?

- Which other factors determine spatial and tempoatterns?

- Isit possible to upscale from monitoring netwockls to catchment scale?

- Is the model PATCIS feasible and does it help tewan the stated research

questions?

The following concluding remarks can be made. Aswshby measurement analysis as
well as by simulation analysis, temperature pldngs most important role in controlling
temporal patterns of soil GCefflux in the observed catchment area. With regard
spatial patterns temperature could not be idedtdi® a main driver, as shown by analysis
of MRD and variogram analysis.

Other factors responsible for spatial patternsadod identified qualitatively, including
thickness of litter layer, and distance from th&trieee. A general outstanding parameter
relevant for all measurement points was not detéetdMeasurements and simulations
hint at a low importance of autotrophic respirationcomparison with heterotrophic
respiration, which would assign the distribution robts only a minor role in spatial
patterns of soil C@efflux. Soil organic matter otherwise was idestifias a major
parameter controlling soil CGOefflux in the simulation. A more precise and
comprehensive sampling of soil organic matter mighate led to the detection of
potential spatial patterns of soil organic mattehich then might have been of help
explaining spatial patterns in soil gé&fflux.

Analysis of measurements showed that, when lookingnedian values over a longer
period of time, spatial variability of soil GOefflux was low, apart from single
measurement points, which showed a constantly highéower soil CQ efflux during
the whole measurement period. Those outlier pougie linked with extreme values of
soil temperature, soil moisture or thickness ¢étitayer.

This ties in with the next question, whether upscplfrom measurement plot to
catchment scale is feasible or not. Keeping in ntivad over a longer period of time soll
CO, efflux for most points of the measurement netwaréis similar, except from
individual outliers, upscaling of values to catcimingcale does seem feasible. Small-scale

structures, e.g. extreme values, would get lost,tlber general overall mean soil €O
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efflux would remain. As shown by this study the hoet of mean relative differences is a
useful tool to identify points characterizing fiedderages for upscaling.

With regard to the application of a soil respiratimodel the simulation results are
encouraging. It could be shown that the proceseeasdel PATCIS can be applied for
the considered catchment area in order to calcidate CO, efflux and to illustrate
temporal patterns. With regard to further applmatof this model in the catchment area,
an improvement of input parameter quality shouldcbesidered, especially concerning
soil organic matter content and root biomass. Melaborate methods to separate
heterotrophic and autotrophic respiration, sucksat®pe labelling, would be appropriate
to provide a solid basis of comparison of measwedus simulated soil GCefflux.
Further research should also be concentrated &imgdjranalysis of micro-scale patterns
(e.g. laboratory scale, few cm) to analysis ofdfietale patterns in order to achieve a
more profound understanding of spatial and temppeadierns of soil Coefflux and
detect underlying relationships of soil €@fflux and environmental parameters. The
restructuring of forest, as planned short-term, bana unigque opportunity to capture
patterns of soil C@efflux in a rapidly changing environment and tliere deliver

valuable information in view of an upcoming glolehinate change.
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8 Summary

The objective of this study was the analysis ofgeral and spatial patterns of soail
respiration on a catchment scale. This study ig parthe DFG-financed project
Transregio 32, which deals with the analysis oftiapand temporal patterns of matter
fluxes on different scales. For investigation ofdbCGQ-fluxes from soil a catchment
area of 27 ha in a spruce stand of the Eifel Nati®ark was chosen and 89 measurement
points, placed along two transects and one measumteigrid, were installed. Soll
respiration was measured weekly using a closedrdinahamber system, along with
soil temperature (in 5 and 11 cm depth) and soistace (integral of 15 cm) for each
measurement point. Additionally soil samples fog ttharacterization of soil structure,
including texture, density, root distribution angy@anic matter content, were taken.

In a first step the measured values were evaluatddregard to temporal and spatial
patterns. These values were reproduced througkimédnsional simulation using a soil
respiration model in a second step.

The results of the measurements show that temperatays an important role in the
explanation of existing temporal patterns of s@$piration. Soil moisture exerts an
influence on the temporal development of soil,@dxes, when extremely high or
extremely low values of soil moisture are pres&matial patterns are partly explained
through the thickness of litter layer and througk tistance from the next tree. The
analysis of mean relative differences (MRD) prowadisfactory with regard to the
identification of outliers and representative fialerages.

The application of the soil respiration model PASQIFang & Moncrieff 1999) was
helpful, as it resulted in a good accordance ofufated and measured values of soil,CO
efflux. The assumption, that temperature plays gomeale in the variability of soil
respiration, was verified by the model. Additiogathe amount of organic matter in sail
was identified as a second important factor expigipatterns in soil respiration. Since
the measurement of soil organic matter involveggh kffort and was therefore reduced
to a minimum, the characterization of unsampledsueament points may be affected by
large extrapolation errors, which in turn can bepomsible for a high modelling error.
Future investigations in the observed catchmera ateuld involve a detailed spatial
examination of different soil parameters, espegiall soil organic matter, to further

reduce possible errors in simulation.
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8 Zusammenfassung

In der vorliegenden Arbeit werden die zeitlichendumdumlichen Muster der
Bodenrespiration auf Einzugsgebietsgrofie untersiabse Arbeit steht im Kontext des
DFG-finanzierten Projektes Transregio 32, welches it der Untersuchung raumlicher
und zeitlicher Muster von Stoffflissen auf unteiedlichen Skalen beschéftigt. Zur
Untersuchung der lokalen G®lusse aus dem Boden wurde ein Einzugsgebiet vdra2
in einem Fichtenwaldgebiet des Nationalparks E#elsgewahlt und insgesamt 89
Messpunkte entlang zweier Transekte und eines ez errichtet. Die Messungen der
Bodenrespiration wurden wdchentlich mittels einessahplossenen dynamischen
Kammersystems durchgefiihrt. Parallel wurden soBolklentemperatur (in 5 und 11 cm
Tiefe) als auch Bodenfeuchte (Uber ein Integral ¥6rem Tiefe) pro Messpunkt erfasst.
Zusatzlich wurden Bodenproben zur Charakterisieruthgy Bodenbeschaffenheit
bezuglich Kérnung, Dichte, Durchwurzelung und Kaolsieffgehalt enthommen und
analysiert.

In einem ersten Schritt werden die gemessenen Wertdinsicht auf zeitliche und
raumliche Muster ausgewertet. Diese Werte werdeginiam zweiten Schritt durch eine
1-dimensionale Modellierung mit einem Bodenresmregmodell nachgebildet.

Die Ergebnisse der Messungen zeigen, dass der Tatupdie bedeutendste Rolle in der
Erklarung der vorhandenen zeitlichen Muster der éBwdspiration zukommt. Die
Bodenfeuchte hat vor allem dann einen Einflussdaiizeitliche Entwicklung der Boden-
CO,-Flisse, wenn sie extrem hohe oder extrem niedfigete aufweist. Raumliche
Muster der Bodenrespiration sind teilweise durcd Machtigkeit der Streuschicht /
organischen Auflage und durch den Abstand zum méichBaum zu erklaren. Die
Analyse der Mittleren Relativen Differenzen (MRD)weist sich als hilfreich im
Hinblick auf die Identifikation von Ausrei3ern uneprasentativen Feldmittelwerten.

Die Anwendung des Bodenrespirationsmodells PATE&N§ & Moncrieff 1999) war
erfolgreich, da sie in einer guten Ubereinstimmwog gemessenen und simulierten
Werten resultierte. Die Annahme, dass Temperang g&hr grofRe Rolle in der zeitlichen
Variabilitat der Bodenrespiration spielt, wurde curdas Modell verifiziert. Zusatzlich
wurde der Anteil organischen Materials im Bodenbadeutender Faktor identifiziert. Da
aufgrund des hohen Aufwands nur an einzelnen Messpon alle Bodeneigenschaften
erhoben wurden, kann es bei der Charakterisierengvditeren Messpunkte zu Fehlern
bei den Extrapolationen kommen, die wiederum zuntnimerheblichen Modellfehlern
fuhren kénnen.

Um mogliche Fehler in der Simulation weiter zu raduen wéare eine hoch aufgeldste
raumliche Betrachtung unterschiedlicher Bodenpatamasbesondere des organischen

Materials, angebracht.
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Figure Al: Overview of available data of soil G@fflux for transects WA and WB from 2006 to
2010 (source: illustration of own data)
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Figure A2: Overview of available data of soil G@fflux for grid M from 2008-2010 (source:
illustration of own data)
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Figure A3: Seasonal course of soil temperature, soil moigtwer an integral of 15 cm) and soil
CO, efflux for transects WA and WB for the measuremgar 2006 (source: illustration of own
data)
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data)
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CO, efflux for transects WA and WB for the measuremgar 2009 (source: illustration of own
data)

132



1lcm
16 4 —e-5cm
14 4
v,

Soil temperature [C]
[e¢]

45

40 -

35

30 A

25 A

20 ~

Soil moisture [Vol%]

15 4

10 A

25

20 4

=
(&2}
I

Soil CO, efflux [g m? d™]
=
o

0 T T T T T T T
0 50 100 150 200 250 300 350

Figure A6: Seasonal course of soil temperature, soil moigawer an integral of 15 cm) and soil
CG, efflux for grid M for the measurement year 2008ufee: illustration of own data)

133



17 A 11cm
—-5cm
15 4

Soil temperature [C]
~
°

45

40 -

35 A
N ‘\v,_~
25 A

20 ~

Soil moisture [Vol%)]

15~

10 A

25

20

[y
a1
I

104

Soil CO, efflux [g m? d¥

0 T T T T T T T
0 50 100 150 200 250 300 350

Figure A7: Seasonal course of soil temperature, soil moigawer an integral of 15 cm) and soil
CO; efflux for grid M for the measurement year 2008uige: illustration of own data)

134



e Obermaubach 56 |
ETEger = v Fae
Hahn v,ww Hurtgenwald f 265
#m . Siedlung B b Rath Fossenicn ESiEn t
| Hurigen randenberg y [
wmrath Mularshote % Bergstein Nideggen Zulpich o o
ithet Clermeley ; e Juntersaort amimien
Rott Vossenack Berg it e
= 285
: Abenden - Uigi
58 %‘ 399 Harscheidt b Wallersheim )
%
& ahrmidt Elens =1 = Sinzenich
rvenic
§ Roetgen Vigiten \
%»q& Waldsied|ung e Schwerfen
“a : ssg.nfel:s Heimbach 285 la77 | Obe
Lammersdarf ¢ : :
arzdeld 1o Firmey
e : Sfeckanbom Wnﬁe}shann Hiats
Paustenbach = Esgarien
Bickerath Rurberg B Kommern
: i itiling AR
immera Glehn Hommermn-So
5 th Kesternich &h
258 | - N i Mechernich
Huppensroich Nat"'-‘"ﬂlpfa_rk" Wellgorien Blalbuir
tanzen Eitruh Eifel 7Tl
inruhr T (.
i Eicherschald il [ Etrampt
Imgenbrolch
Gemidnd r
Mitzenleh . 2 | 2648 ‘Vuszem
e Marabach <
Monschau ] CHEOn 7
waide ; Herhahn 25 n
Dreistegen Rafiren Draibom Olet sl .4
Heikn Keldenich Wers— e
] \ Schleiden '
tittzhot [3 258 o - Golbach 8  Pa
1 Kalt Sotenlch
alterherberg ity H bl ]
Wiistebach arperache Bronsfald 1258 i
{2
Urft :
Zingshelm
gﬂ?‘ 258 Oherhausen g i
i Blumenthal i
Wettersheim  Ergeigau
—| S, R R S 3

Figure A8: Map of the Rureifel region (source: own illusioat with data from Google maps)
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Table Al: Soil moisture [Vol%] over an interval of 15 cm rsesed inside and outside collars
(own data)

03/09/2008 24/09/2008 30/09/2008 08/10/2008

M16 23 33 24

M16 in collar 26 28 26

M19 59 56 46

M19 in collar 54 50 57 water column
M32 24 26 30 36

M32 in collar 28 31 33 31

M33 30 27 35

M33 in collar 37 34 35

Table A2 Soil temperature [°C] at a depth of 5 cm measinsidie and outside collars (own data)

03/09/2008 10/09/2008 17/09/2008 24/09/2008 30382

5cm 5cm 5cm 5cm 5cm

M16 11.4 13 8.2 8.8 7.8
M16 in

collar 11.2 13.2 8.7 8.8 7.8
M19 11.9 12.6 8.4 8.8 7.5
M19 in

collar 11.6 12.9 8.7 9 7.9
M32 12.1 13.2 9.8 9.4 8.1
M32 in

collar 12.1 13.7 9.7 9.4 8
M33 12.2 13.3 9.5 9.2 8.5
M33 in

collar 12.2 13.5 9.5 9.5 7.9

Table A3 Soil temperature [°C] at a depth of 11 cm measumsitle and outside collars (own
data)

03/09/2008 10/09/2008 17/09/2008 24/09/2008 30@IB2

11 cm 11 cm 11 cm 11 cm 11 cm
M16 11.9 12.1 8.9 8.8 8.3
M16 in
collar 11.4 12.4 8.9 8.8 8.1
M19 12.2 11.9 9.3 9 8.4
M19 in
collar 12.3 11.8 9.1 9 8.3
M32 12.4 12.5 9.7 9.3 8.8
M32 in
collar 12.4 12.7 9.7 9.3 8.4
M33 12.7 12.5 9.3 9.3 8.8
M33in
collar 12.7 12.7 9.3 9.2 8.4
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Table A4 Pearson Correlation Coefficients for soil £€¥flux (CO,), soil temperature in 11 cm
depth (T;3; 11 cm was chosen because the temperature daéiacfarwas not available over such a
long period of time) and soil water content overiraterval of 15 cm{s) for transects WA and
WB. The Pearson Correlation Coefficients were higignificant for coefficients > 0.7 (p < 0.01).

(own data)
Year Date Interval Pearson Correlation Coefficient
d Co, Ty 015

03.01.
15.01. 12 0.78 0.73 0.62
22.01. 7 0.84 0.83 0.50
07.02. 16 0.77 0.81 0.71
08.03. 29 0.36 0.75 0.73

2007 20.09. 196 0.45 -0.20 0.82
10.10. 20 0.71 0.84 0.83
17.10. 7 0.72 0.82 0.87
24.10. 7 0.81 0.61 0.82
08.11. 15 0.86 0.92 0.87
22.11. 14 0.49 0.46 0.83
02.04.
16.04. 14 0.42 0.31 0.85
23.04. 7 0.84 0.52 0.82
30.04. 7 0.30 0.81 0.88
07.05. 7 0.33 0.73 0.80

2009 14.05. 7 0.84 0.45 0.81
26.10. 165 0.65 0.20 0.21
02.11. 7 0.62 0.81 0.82
30.11. 28 0.85 0.43 0.76
26.03. 0.81 0.39 0.89
02.04. 7 0.53 0.21 0.85
09.04. 7 0.52 0.79 0.73
14.04. 5 0.67 0.92 0.58
28.04. 14 0.53 0.30 0.56

2010 05.05. 7 0.61 0.30 0.95
12.05. 7 0.72 0.75 0.92
19.05. 7 0.62 0.74 0.91
27.05. 8 0.44 0.65 0.94
03.06. 7 0.41 0.85 0.92
16.06. 15 0.52 0.78 0.90
30.06. 14 0.50 0.21 0.91
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Table A5 Coefficients of determination of individual measonent points for simulated vs.
measured soil Coefflux (param. = parameterization; own data)

2007 2008 2008 2009 2009 2008 2009 2009
param. param. param. of param. of
of 2007 of 2007 2009 2008
WAL 81 88 88 61 57 M1 85 51 58
WA2 93 83 77 63 60 M2 92 50 45
WA3 85 88 88 69 68 M3 79 50 49
WA4 93 87 81 65 57 M6 84 69 65
WAS5 83 83 84 76 7% M7 91 70 70
WA6 90 56 56 45 45 M8 92 73 67
WA7 82 76 74 30 44 M9 60 35 35
WAS8 80 81 81 88 88 M10 97 74 73
WA9 92 74 75 79 78 M1l 86 80 78
WA10 79 83 82 58 55 M12 85 53 59
WAl11 79 66 64 84 76 M13 51 19 19
WA12 88 73 73 68 68 Ml14 84 83 86
WA13 83 75 76 57 51 M15 79 49 46
WA14 81 77 77 57 55 M16 99 69 68
WA15 82 69 69 24 24 Mlémetal 81 65 65
WA16 90 96 96 67 55 M18 86 26 27
WA17 87 94 94 55 57 M19 92 47 30
WB1 81 72 76 60 47 M19metal 74 4 2
WB2 82 72 82 49 53 M20 64 0 0
WB3 68 85 84 56 59 M21 73 68 66
WB4 84 85 85 55 57 M22 92 47 47
WB5 89 77 78 46 47 M23 85 59 57
WB6 74 92 90 75 73 M24 65 33 34
WB7 87 83 85 60 57 M25 97 74 75
WBS8 95 75 75 46 46 M26 78 63 63
WB10 88 53 54 29 25 M27 64 42 54
WB11 75 72 72 37 38 M28 92 74 75
wB12 93 73 73 37 37 M29 85 35 40
WwB13 82 70 69 29 26 M30 91 85 83
wB14 91 77 77 56 48 M31 80 71 70
WB15 68 86 87 64 57 M32 84 67 66
WB16 86 92 92 65 57 M32metal 88 74 72
WB17 86 95 95 43 43 M33 86 70 60
wB18 77 92 92 43 46 M33metal 71 66 65
M34 72 57 54
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