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Abstract. Heathlands are cultural landscapes which are mand  Introduction

aged through cyclical cutting, burning or grazing practices.

Understanding the carbon (C) fluxes from these ecosystemg ;| respiration represents an important source of @Qhe
provides information on the optimal management cycle timepjosphere as it is the second largest flux after gross primary
to maximise C uptake and minimise C output. The interpre-p o qyctivity in the global carbon (C) cycle, contributing 20—
tation of field data into annual C loss values requires the usgyq oy, of atmospheric annual C input (Raich and Schlesinger,
of soil respiration models. These generally include modellggz; Schlesinger and Andrews, 2000). Soil respirech CO
variables related to the underlying drivers of soil respiration, yriginates from a number of partitioned belowground sources
such as soil temperature, soil moisture and plant activity.an this total soil respiratiorRs) can be broadly categorised
Very few studies have used selection procedures in whichig autotrophic respirationa: the activity of roots and rhi-
structurally different models are calibrated, then Va“datedzosphere organisms) and heterotrophic respiratken bac-

on separate observation datasets and the outcomes criticallé iz ang fungi decomposition of organic matter and soil fau-
compared. We present thorough model selection procedures,) activity in the organic and mineral horizons) (Hanson
to determir_1e _soil heterotrophic (microbial) and autotrophic ot 4 2000). There has been increasing research attention
(root) respiration for a heathland chronosequence and shoyjrected towards quantifying C losses from soil respiration,
that soil respiration models are required to correct the ef-yih gt a local ecosystem scale and at a global scale, with the
fect of experimental design on soil temperature. Measuresjm, of quantifying C balances and predicting C flux changes
of photosynthesis, plant biomass, photosynthetically activgq, the future.

radiation, root biomass, and microbial biomass did not sig- Changes to soil C fluxes have been linked to anthropogeni-
nificantly improve model fit when included with soil temper- cally induced conditions, such as the IPCC predicted cli-
ature. This contradicts many current studies in which thesgyate change (IPCC, 2007), where increased soil warming
plant variables are used (but not often tested for paramep g resulted in increased C efflux rates (e.g. Davidson and
ter significance). We critically discuss a nhumber of altema"]anssens, 2006: Rustad et al., 2001: Schindlbacher et al.,
tive ecosystem variables associated with soil respiration Pro2012), and prolonged drought periods have resulted in re-
cesses in order to inform future experimental planning andy,ced C efflux rates (e.g. Selsted et al., 2012; Sowerby et
model variable selection at other heathland field sites. ThedL' 2008; Suseela et al., 2012). Changes in C fluxes can also
best predictive model used a generalized linear multi-levelyq 5550ciated with anthropogenic land management regimes,
model with soil temperature as the only variable. Total an-g,,ch as the selected land use (e.g. grazing; Peichl et al.,
nual soil C loss from the young, middle and old communitieszmz), any subsequent land use change (Perez-Quezada et
was calculated to be 650, 462 and 435gChyr*, respec- al., 2012); soil disturbances (Novara et al., 2012) and cycli-
tively. cal vegetation management practices like heathland burning
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or plantation forest harvesting (Clark et al., 2004; Clay et al.,required calibration was often dependent on both the spatio-

2010). temporal scale at which the models were to be applied and
These overall changes in GCefflux are often associ- the available environmental data (Keenan et al., 2012).
ated with changes to the underlying drivers R activity Where modelling was used to generate annual soil C loss

in an ecosystem. These drivers include abiotic factors, suclestimates (rather than to generalize the results of an experi-
as temperature and soil moisture, and biotic factors, such ament or survey), most studies assessed their selected model
gross primary productivity (Bahn et al., 2010a; Davidson andusing measures of fit for the calibration-data (e.g. Kutsch
Janssens, 2006; Trumbore, 2006). These factors can inteet al., 2010; Selsted et al., 2012), with many fewer stud-
act with each other or can independently affect soil respiradies evaluating models through a (cross-)validation procedure
tion from eitherRy or Ra sources (Davidson et al., 2006). on separate observation datasets (Caquet et al., 2012; Web-
The Ry is proportionate to the decomposition of soil car- ster et al., 2009). Furthermore, relatively few studies con-
bon by microbial communities, which use mostly the re- sidered the evaluation of structurally different models and
cently produced organic matter as an energy source (Ryaa complete variable selection procedure (Chen et al., 2011;
and Law, 2005; Trumbore, 2006). In contrast, £d@st from Webster et al., 2009). Recently, several review studies have
autotrophic activity is tied to the assimilation of organic com- discussed progress in the modelling of soil respiration and
pounds supplied by plant metabolism with a part of this car-proposed better model-data integration with more rigorous
bon rapidly released from the soil (Horwath et al., 1994; Met-and critical procedures to test respiration models (Keenan
calfe etal., 2011; Ryan and Law, 2005). Live root respirationet al., 2012; Vargas et al., 2011). Interestingly, soil respi-
is typically quantified either by using an isotopic approach, ration trial measurements have often been collected repeat-
such as repeated pulse labeling, continuous labeling, naturadly in time (i.e. longitudinal) and clustered in space but
abundance (following change of land use/species); by vegthis method has generally not been discussed within the con-
etation removal techniques, such as tree girdling; or by ustext of soil respiration models. This type of data should ide-
ing one of the root exclusion methods, such as root removalally be analyzed by hierarchical (multi-level) model frame-
trenching and gap analysis (ChemidlireRPost-Boug et al.,  work. In this framework, the measurements which are col-
2009; Daz-Pirés et al., 2010; Gomez-Casanovas et al., 2012jected for the same observation unit are explicitly assumed
Graham et al., 2012; Hanson et al., 2000; Jassal and Blackp be dependent, which leads to a more realistic estimate
2006). of the effective degrees of freedom (and consequently more
Once field measurements have been collected, respiratiorealistic confidence bounds) than when assuming indepen-
data has generally been interpreted through statistical analent observations. However, only a few soil respiration stud-
ysis to determine any treatment effects. Many studies thernes adopt a multi-level modelling approach (Bernhardt et
additionally processed their observations using the knowral., 2006), whereas multi-level modelling is commonplace in
exponential relationship between organic matter decompomany other areas of ecology and the environmental sciences
sition and temperature (Davidson and Janssens, 2006; Sier(®ian et al., 2010). In this study, we aimed to follow these
etal., 2011) to determin@1¢ values and investigate the sen- guidelines to implement good modelling practices and build
sitivity of Rs to temperature within their studied treatments predictive models foRs, R and Ry for a managed heath-
(e.g. Sowerby et al., 2008; Suseela et al., 2012; Webster et aland site. The ultimate goal of this research was to evaluate
2009; Xiang and Freeman, 2009). However, a much fewersoil respiration fluxes for the heathland at different vegeta-
number of studies calculated a continuous,Cflux time  tion development phases, which would allow for future cal-
series for either the length of the study period or predictedculation of a C balance.
for a projection into the future, to allow the annual C loss Heathlands are cultural landscapes in which cyclical man-
from Rs (or Ry and Rp) to be estimated. Where these con- agement practices, such as cutting, burning or grazing are un-
tinuous efflux series were modelled, the soil temperature redertaken (Webb, 1998). It is known that the structure of the
lationship was consistently used in model equations whiledominant heathland planCglluna vulgarig changes with
a smaller number of studies included additional measuresncreasing plant age, from a “net biomass gain” phase up un-
of ecosystem processes in the model equations. These atlt 15 yr of age, to a “net biomass loss” phase after this time
ditional variables have commonly included soil water con- (Gimingham, 1985). It was hypothesized that the younger
tent or precipitation, as organic matter decomposition andvegetation community would have the highest plant activity,
plant activity are affected by moisture availability (David- resulting in greater allocation of C to the roots and there-
son et al., 2006; Raich and Schlesinger, 1992). Increasinglyfore a greateiRa (and subsequently great®g) than on the
direct measures of plant activity, such as plant metabolism oolder communities. Community age was not expected to in-
litter production, have also been included to link the above-fluenceRry as there was no significant difference in the quan-
ground processes with the belowground processes that occtity of microbial energy source (carbon stock) between the
within ecosystems (Bahn et al., 2010b; Metcalfe et al., 2011 yvegetation ages prior to treatment application (Kopittke et al.,
Ryan and Law, 2005). The degree to which soil respiration2012). Therefore, based on the known relationships between
models could be modelled with a priori parameter values omicrobial respiration, soil temperature and soil moisture it
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was hypothesized that soil temperature and soil moisturd@ablished within each heathland age in April 2041 24).
would be significant variables for they model. In addition,  Four of these plots were used to measure heterotrophic respi-
based on the contribution of plant metabolism to root pro-ration on each community age (henceforth called ‘trenched’
cesses, it was hypothesized that soil temperature, soil moislots; n = 12) and the other four were used to measure to-
ture and a measure of plant activity would contribute signifi- tal respiration on each community age (“untrenched” plots;
cantly to theRs models for all three community ages. n = 12). In this study, the terminology “total soil respiration”
and “heterotrophic soil respiration” refers to the observed
field data from the untrenched plots and trenched plots, re-
spectively. Due to the inherent nature of the site, random-
ization of the factor “community age” is not possible in our
experiment. However, collinearity of weather data with the

The investigation was undertaken at a dry heathland, locateiStribution of the three age classes is highly unlikely since

approximately 25 meters a.s.l. at Oldebroek, the Netherlangdhe areais small compared to variations in weather-variables.
The dominant vascular species at the si@aiuna vulgaris Furthermore, soil data (including soil temperature and soil

(L.) Hull which grows to a maximum height of 75 cm and moisture) appear not to vary much between the age classes.

provides approximately 95 % of the groundcover, with some 1€ términology Rs”, “ Riy” and “Ra” refers to the mod-
Deschamspia flexuosend Molinia caerulea The dominant elled total soil respiration, modelled heterotrophic soil respi-
nonvascular species ldypnum cupressiformeledw. with ration and modelled autotrpphic_ respiration, respe(_:tively. .
two ecological phenotypes, one growing under Calluna pro- The plots were placed in pairs (one trenched in combi-

tection and the other adapted to more light between Callun&ation with one untrenched plot) that were 1.5m apart, but
plants. the exact location of the individual plot as well as the loca-

The trial was established within a 50x50 m area, at tion of the pairs were randomly allocated within each vege-
the convergence of three Calluna communities of differentt@tion age (Fig. 1). In May 2011, the aboveground biomass
ages. Each community age was considered to be a treatmer¥@S harvested from the four trenched plots within each age
Replication of these treatments was not possible due to th@fOUP and a narrow trench was excavated to 50cm depth
inherent nature of the site. Therefore, a quasi-experimentafound the 60 cnx 60 cm plot area. This depth extended be-
design was used, in which groups were selected upon whiclPW the main rooting zone, but was above the water table and

the variables were tested but where randomization and replidid N0t encounter any impermeable layers, all of which may
cation processes were not possible (Campbell and Stanlefave affected C@concentration productions at depths (Jas-

1966). sal and Black, 2006). A nylon mesh (Plastok Associated Ltd.,

The oldest heathland area (the old community) was apBirkenhead, Wirral, UK) of 41 um was placed in the trench
proximately 28 yr of age at the conclusion of the investiga- 10 Préevent the new roots growing into the plots during the ex-
tion, while the vegetation on the south-eastern third of the reP€riment. The soil horizons were backiilled in the order of
search site was approximately 19 yr of age (the middle comfémoval to keep soil disturbance to a minimum. Any subse-
munity). The southern portion of the site was last cut in the dUent vegetation regrowth was periodically removed but the
year 2000 as part of the creation of a fire break and was 12 yfemains left in the plot on the soil surface. The remaining
old (the young community) at the conclusion of the study. four untrenched plots in each vegetation age were not dis-

The site is relatively flat in the west and rises in the eastUrPed and were used as a control treatment.
and north-east onto a gentle slope with a south-western as- FOr the purposes of soil respiration model validation, an
pect. The soil is a nutrient-poor, well drained, acid Sano|yadd|t|onal four plots (“trenched valldatlon." plots) in eagh
Haplic Podzol (van Meeteren et al., 2008). The soil has an or’€athland age group were trenched using the described
ganic horizon which ranged between 1.4 and 8 cm thick, with™ethod & = 12) and data collected for the purposes of vali-
the mean thickness of 3.9 cm0.04 (Kopittke et al., 2012). dating the derive® model. A further nine untrenched plots
The carbon stock of the soil (organic layer and to 25 cm(‘untrenched validation” plots) were established in the old
depth of mineral soil) was 8.0 0.6 kg nT2 on the young vegetation and the collected data was used for validation of
community, 7.61 0.5 kg 2 on the middle community and  the derivedRs model.
6.18+ 0.4 kg 2 on the old community and were not signif-
icantly different to each other (Kopittke et al., 2012). Further 2 3 sjte meteorological and treatment soil conditions
information about the site location, species composition and
climate is provided in Table 1.

2 Materials and methods

2.1 Study site

Site meteorological conditions were recorded on an hourly
2.2 Experimental design basis (Decagon Devices Inc.; DC, USA). Air temperature and
relative humidity measurements were obtained from 20cm
To measure soil respiration and calibrate soil respirationabove ground surface at a central location on the site. Rain-
models, eight experimental plots (60 ctt60 cm) were es-  fall was measured using a Vaisala tipping bucket rain gauge
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Table 1. Description of the Oldebroek trial location.

Category Description

Location ASK Oldebroek, Oldebroekse heide, Province of Gelderland, the Netherlands
Co-ordinates 524 N, 5°55 E

Elevation 25 m ASL

Slope 2%

Climate Temperate, humid.

Rainfall 1018 mm

Air Temperature
Plant Species

Soil
Parent Material

Average for January: 20 July: 17.8C Annual: 10.C
Calluna vulgaris, Molinia caerulea, Deschampsia flexuosa, Pinus sylvestris, Betula pendula,
Empertrum nigrum, Juniperus communis, Hypnum cupressifétaalyv, Hypnum jutlandicum
Holmen et WarnckeDicranum scopariuntdedw.
Haplic Podzol with mormoder humus form

Coversand, fluvioglacial deposits

Soil Chemistr{ Organic Horizons \ Mineral Horizons

Name L+F H Ae Bs 1BC 2BC C
Depth (cm) +8.0to+1.4 +1.4t0o(00to55 55t013 13to21 21to27>27
pH 3.7 3.9 3.9 4.0 4.5 4.4 4.9
EC (uS cnl) 197.9 92.0 88.7 73.2 323 46.3 30.8
NO3 (umol kg™1)  646.6 216.2 | 20.2 62.4 22.1 47.6 13.1
POy (umol kg™l) 1589 126 4.6 14 0.1 0.1 0.1
C/N ratio 40.4 17.7 27.7 18.0 16.7 18.5 11.7
Soil Moisturé% 104.8 47.1 15.7 14.9 6.3 6.3 6.3

Texture - - | fine grainsand | medium to coarse grain

2 \Water extraction of 1:5 for organic horizons and 1: 1 for mineral horizons.
b Obtained following a rainfall event and reported as a percentage (g per g dry weight soil).

(Vaisala; Vantaa, Finland) connected to a Decagon datalog-

ger. T .
Treatment soil conditions were recorded on an hourly N [V} i Co'\:ﬂﬂﬁity

basis (Decagon Devices Inc.; DC, USA). Soil moisture Po 7 7 ) (19 years)

(m®m~3) and soil temperatur€ C) measurements were ob- EI

tained from 4-7 cm below ground surface in two trenched E

plots, two untrenched plots, and two trenched validation plots
in each heathland age group (5TM Sensor, Decagon Device
Inc., DC, USA). The same measurements were obtained fron
the three untrenched validation plots on the old community.

N I [u]Pe
Pe BN, o
NN %

PG Y
1

. . . . o Old
In total, 21 soil _prob_es_ were m_stalled, with six being in the Community 7 YU
young community, six in the middle community and nine in (28 years) ,

Ps '
;’F

the old community.

Ps
2

2.4 Soil respiration measurements PG P - Ps
Community = Ps
Respiration collars of 10 cm diameter and 6 cm height were (12 years)

inserted approximately one centimeter into the soil surface

in each plot, maintaining a minimum buffer zone of 10cm Fig. 1. The experimental layout showing the nested design of the
from the plot boundary. In the untrenched plots, moss was rel!ntrenched plots (“U”), trenched plots (“T”) and the trenched val-
moved from inside these collars, to ensure that only soil residation plots ) in the young, middle and old vegetation commu-
piration was measured. Moss was not present on the trenched!'®® (notto scale). The untrenched validation pIC)3 &re shown

lots as it had been removed during trenching activities Soilm the old community. Gross photosynthesis measurement locations
P 9 9 ’ are shown with a Pg". The boundaries of the three communities

respiration measurements were obtained using a portablg.. represented by a dotted grey line.
gas exchange and fluorescence system (LI-6400XT; LICOR
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Biosciences, Lincoln, NE USA) in combination with a soil sampling was undertaken using a soil corer of 5cm diameter
CO, flux chamber (LI-6400-09; LICOR Biosciences) which and intact soil samples were obtained from the organic hori-
fitted onto the collars. zon and 0-5cm mineral soil. Three cores were obtained and
Soil respiration measurements using this methodologywere bulked by soil horizon from each trenched ptoiH 12)
commenced in May 2011, three days after trenching oc-and untrenched plot:(= 12). The soils were kept refriger-
curred, and continued until August 2012. A total of 29 mea-ated during preparation. All the soil was sieved and roots
surement events occurred post-trenching on the three agesere separated, washed, oven dried &@@nd the root dry
of vegetation. A common effect of a trenching methodol- weight calculated for the organic and the mineral horizon.
ogy is a flush of C@ within the first weeks or months after In the organic horizon, each sample was divided into
trenching which originates from decomposing roots (Hansonthree subsamples of each 10g. One part was analyzed for
et al., 2000). To minimise this effect of root decomposition, water content by drying at A« and bulk density was
the first four months of C®efflux measurements were ex- then calculated. Samples were ground and the C concen-
cluded from the study and only observations after 21 Septemtrations were analyzed on a CNS analyzer (Vario EL An-
ber 2011 are included in the analyses. In addition, to deteralyzer, Elementar). Another subsample was fumigated with
mine if there had been significant root biomass loss from thethe chloroform-fumigation method and extracted for 1 h in
trenched plots (ie decomposition) during the study period,50 mL 0.5 M KoSOy (Jonasson et al., 1996). The third soil
the root biomass in the trenched and the untrenched plotfraction was extracted for 1 h without prior fumigation for
was assessed one year after trenching activities. There weinitial content of carbon and nutrients. The extractions were
19 soil respiration measurement events from September 201ftozen until shortly before analysis. Upon defrosting, anal-
until August 2012. ysis of total organic C (TOC) was undertaken on a vario
Soil respiration measurements using the above methodo@OC cube (Elementar). Microbial C was estimated as the
ogy were also obtained from the trenched validation plots todifference between the concentration of TOC in the fumi-
validate theRy model and from the untrenched validation gated and un-fumigated extract. An extractability constant of

plots to validate the old vegetatidts model. Kec=0.45 was used for microbial C (Jensen et al., 2003).
Microbial C (mg) of the organic horizon is reported per gram
2.5 Photosynthesis measurements of substrate C.

The gross photosynthetic rate provided a measure of plang-7 Data analysis

activity for the three heathland ages. This gross photosyn- . ) _ .

thetic rate ) was calculated as the net ecosystem exchangd N€ data analysis workflow approach is described in the fol-
(NEE) rate of CQ flux minus the ecosystem respiration (ER) lowing S(_act|ons and is summarised in Fig. .2. I.nmally, the
rate of CQ flux (umol CG:m~2s-1). This photosynthetic observational data was analyzed to determine if there were
rate has a negative sign. A loess smoother curve was app"e%tatistically significant differences between community ages
to the Pg data to obtain daily estimates of plant activity for (& 2ge effect) or between trenched and untrenched plots
use in the soil respiration models. (a methodological effect). This indicated how the datasets

Three permanent sampling locations were selected in each’0uld be grouped in the later modelling phase; for example,
vegetation age. A metal base frame (60160 cm) was per- if there was no soil respiration difference between trenched
manently installed using small, narrow sandbags to provide?!°ts on the three community ages and there was no hypoth-
a seal between the frame and the soil surface and fixed wit§SiZ€d environmental reason as to why there shouldiie a
metal pins. The C@fluxes of the vegetation were measured dlﬁereqce, then the three age datasets were grouped for the
with the same LI-6400 infrared gas analyzer as used for thdndelling phase. o
soil respiration measurements (LICOR, Lincoln, NE, USA) Once the observation data had been statistically analyzed,

but in this case attached to a 288 L ultra-violet light transpar-& number of plausible model formats and explanatory vari-
ent Perspex chamber (60 caB0 cmx 80 cm). Full details ables were chosen for calibration and validation (Jgrgensen

of the NEE and ER method used at this site are provided if?"d Bendoricchio, 2001). The explanatory variables were
Appendix A. chosen around the major drivers®§ and Ry, being abiotic

factors, such as temperature and soil moisture, and biotic fac-
tors, such as gross primary productivity (Bahn et al., 2010a;
Davidson and Janssens, 2006; Trumbore, 2006). A number

The biomass harvested from the trenched plots in April 201 1°f drivers were considered for inclusion as explanatory vari-

was separated into Calluna and moss layers. These Compg_bles but the final decision was based on the observation data
nents were oven dried at 7G and the dry weight recorded available, the outcome of the statistical analysis, the variables
(n = 12). used in other studies and the outcome of a preliminary fitting

Microbial biomass and root biomass were sampled in May©f the models.
2012, approximately one year after trenching activities. Soll

2.6 Plant and microbial biomass
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[ Observational Data I Statistical Analysis I Modelling Strategy ]

Model Ages separately Selection of model

Soil Respiration formats & the
Model Ages together explanatory
variables

(Indicates different Ag@

Photosynthesis response: supports

separate modellin
. P g J

Calluna Biomass
Root Biomass /

Microbial Biomass

Soil Temperature l \

Soil Moisture

Calibration and
validation of models

Indicates Age

Community Age Effect? similarity: supports
No i s g

L joint data modelling )

[ Plant Activity

é Indicates effect of =

methodology

Confirms modelling required
| lodetermineRy Selection of model

(Indicates no effect 01:\
methodology annual Closs from

soil respiration
compartments

Soil Conditions

& predict

Trenching Effect?

Is modelling required to
determine Ry?

. J

Fig. 2. Schematic Representation of the Data Analysis Workflow.

Preliminary model fitting indicated that no model could the Bonferroni correction factor) was undertaken whereby an
account for the extreme values recorded on 21 Marcheffect is considered as significant if it is associatedalue
2012, which were associated with an extreme meteorologicails smaller than 0.05. The effect of vegetation age on the re-
episode (freeze followed by thaw). In addition, the misfit on peated measurements (soil respiration and on photosynthetic
this day dominated the overall performance criterion. Theseactivity) was investigated using a linear multi-level model
extreme values are most likely associated with the death ofPinheiro and Bates, 2000). Where the response variable in
fine roots and microbial populations during a late winter the linear multi-level model was the GCfflux measure-
(February), extreme freeze periodZ0°C), followed by the  ment (a repeated measurement per location), the vegetation
rapid recovery of microbial populations as daytime air tem-ages formed the fixed effects and the measurement locations
peratures reached 15°C (March) which all lead to short- formed the random effects.
term fluxes of CQ@ from the soil (Matzner and Borken, 2008;  Where mean results are referenced, the standard errors of
Sulkava and Huhta, 2003). Although theseQJ€leases oc- the mean (SEM) are provided in both text and graphics. For
cur, there is strong evidence that these events have little effedll statistical analyses, the R statistical computing program
on soil C losses at an annual time scale (Matzner and Borkenyas used (R Development Core Team, 2008).

2008), therefore it was decided to omit this specific extreme
event in the modelling process. This allowed the modelto be, 7 5 il moisture model
calibrated and validated more accurately on the observations
in which non-extreme processes are believed to be dominank : . - : . .
. . . zero-dimensional finite difference soil moisture model
The models were calibrated and validated, using the pro-. “ N . o )
. i : . i.e. a “bucket model”), with a daily time resolution and
cedures described in the following sections. Based on thesg . ) .
. L model inputs of rainfall plus air temperature, was constructed
results, a model was selected and soil respiration rates were

redicted. These values were used to estimate arfat and calibrated on the observed soil moisture data. When
gndRA C.Ioss for each community. H compared to observed data, the soil model gives an unbi-

ased prediction and explains approximately 70 % of the vari-
ance (the details of this model are given in Appendix B). The
2.7.1 Observational data analysis soil moisture information in this study is used as a potential
explanatory variable for respiration. A soil moisture model,
The effect of community age on the single occasion mea-+ather than observed soil moisture, was used for two reasons.
surements of biomass (plant leaves/shoots, plant roots anBlirstly, a dynamic model is an appropriate method to inte-
microbes) was investigated by a linear model ANOVA. If a grate the soil moisture values per sensor to an average soil
treatment effect was identified, then a pairwigests (using  moisture value per treatment and this integration is necessary

Biogeosciences, 10, 3003638 2013 www.biogeosciences.net/10/3007/2013/



G. R. Kopittke et al.: Soil respiration on an aging managed heathland 3013

because not all plots were equipped with a soil moisture senparsimonious variants with two variables (temperature and
sor. Secondly, it overcomes problems of missing data, suclsoil moisture or temperature and biomass) and with one vari-
as when a respiration model is used at other sites for predicable (temperature).

tive purposes: in these cases, the soil moisture data is usu- Next, a linear multi-level model (LMM) with the same
ally not available, whereas daily rainfall and temperature arevariables as the Selsted model was calibrated and validated.
commonly present. The result of the soil moisture model wasThe multi-level structure is required to deal with the repeated
treated as if it were an observation for an individual observa-measurements on individual locations. Furthermore, a gen-
tion plot (without assuming any additional variable uncer- eralized linear multi-level model (GLMM) with a Gamma-

tainty associated with modelling process). distributed error and a log link function (again with the same
_ o o o variables) was calibrated and validated. Generalized linear
2.7.3 Soil respiration model calibration and validation models extend linear models that involve non-normal error

. distributions or heteroscedasticity and may also require a
A model comparison framework was used 10 assesKE€  yansformation to become linear. Linear functions of the pre-

models andRy models (Burnham and Anderson, 2002). gicior variables are obtained by transforming the right side
A number of plausible models were calibrated and only o¢ the equation by a so-called link function. In this case
the models with significant parameter values were retained;, o shape of the relationship is exponential, so by taking
These models were ranked according to the root mearg logarithm it becomes linear. The data are then fit in this
squared error for the calibration data (RM$)&nd the mod-  4nstormed scale (using an iterative routine based on least
els with low RMSEe were considered suitable for further val- 4, ares), but the expected variance is calculated on the orig-
idation and discussion. o inal scale of the predictor variables. The Gamma distribution
Validation of the suitable models was done with soil res- yescribes that the error is right-skewed at low values of the

piration data obtained from the validation plots. The mOdelspredictor variable and becomes symmetric at higher values.
were fitted and validated to data in accordance with Table 2y, ;s case. the mean and variance of the model error are

where validation was conducted on different observation dataequal (McCullagh and Nelder, 1989).

over the calibration time period (Validation Type I) and for |y 5" hext step, the soil moisture and biomass variables
a different time period (Validation Type II). A third valida- \yere transformed into quadratic variables and the LMM
tion method (cross-validation) was also used in the model,,4 GL.MM models using these variables were also cali-

selection procedure. The cross-validation results did not alyy4ted and validated (these models are denoted by LMM2

ter the outcomes of the model selection procedure; therefore, GLMM2). These quadratic forms of the models were

the full details on met.hod gnd resultg are not discussed fur'successfully applied in the study by Khomik et al. (2009).
ther here but are provided in Appendix C.

oo Following the approach by Selsted et al. (2012), soil mois-
For each of the validation datasets, a root mean squareg,re 55 well as biomass was scaled to represent relative soil

error (RMSE/) was calculated. The RMSE is specified in i qistyre and relative biomass. Equations (2) and (3), respec-

Eq. (1). tively, provide the details of these transformed variables.
0
M=—, 2
™ @)

RMSE=

1)

whereM is the relative soil moisture content (a fraction be-
tween approximately 0.1 and 19, is the volumetric soil
moisture content (in this study output from a dynamic soil
moisture model, Sect. 2.7.2k is the soil moisture content
at field capacity. An estimate feé¥. was available per treat-
ment from the soil moisture model (Sect. 2.7.2).

whereR; is the predicted respiration at tinigR; is the ob-
served respiration at timeandn is total number the number
of observations. The general equation is identical when ap
plied to calibration or validation data, as well as ®¢ and

Ry.

The group of plausible models was built-up as follows. Biomass

. . . . . . B — - , 3
First, an existing soil respiration model was selected from5 = 1. (3)

a study undertaken on a comparaBiluna vulgarisheath-

land located in Denmark (Selsted et al., 2012). This modelwhereB is the relative biomass (a fraction between approx-
(henceforth denoted as the Selsted model) is used in thignately 0.3 and 1), “Biomass” is the aboveground Calluna
study as a null model for bottRs and Ry. It is a non-  biomass in gm? for a given observation plot and “Max
linear model with three explanatory variables (temperature Biomass” (a value of 2.2) for the plot with the greatest quan-
soil moisture and biomass) and four parameters that need ttity of aboveground biomass. Moss was also harvested from
be calibrated (further details follow below). The model se- the plots, however only the Calluna biomass was used in this
lection procedure calibrated and validated not only the full calculation as the Calluna root systems were expected to con-
model with three explanatory variables, but also the moretribute to Ra but the moss layer lacks a rooting system and

www.biogeosciences.net/10/3007/2013/ Biogeosciences, 10, 3W3BB-2013



3014 G. R. Kopittke et al.: Soil respiration on an aging managed heathland

Table 2. Description of the data used for model calibration and validation.

Modelling  Total soil respiration models Heterotrophic respiration models
stage Rs) (RH)
Calibration  Data: Untrenched plots Data: Trenched plots

Dates: September 2011-August 2012  Dates: September 2011-August 2012

Validation  Data: Untrenched validation plots Data: Trenched validation plots
(Type ) Dates: September 2011-August 2012 Dates: September 2011-August 2012

Validation ~ Data: Untrenched validation plots -
(Type 11) Dates: November 2010-August 2011 —

would not contribute t@Ra. For the model developed by Sel- 2.7.4 Soil respiration model selection and generation of
sted et al. (2012), peak biomass was estimated using non- predictions
destructive techniques. In the current study, the biomass ini-
tially harvested from the trenched plots within each nestedThe final models foRs and Ry were selected using the fol-
replicate was used as an estimate of aboveground biomadewing rationale. Firstly, the calibrated models in which all
for the untrenched plots in the same nested replicate. coefficients were significant were identified and retained for
However, as harvested biomass does not give a dynamiturther consideration. Secondly, only models in which pa-
measure of plant activity throughout the year and the changegameters were feasible according to literature values and ex-
of seasons, a measure of photosynthetic activity (Sect. 2.5perience were retained. The reasonableness of these param-
was included in the model testing process as an alternativeters were defined for basal respiration raf @ to 0.5 for
variable for Calluna biomass. A value for relative photosyn- the Selsted and GLMM models},> 0 andc > 0 (GLMM
thetic activity was calculated as follows: models) ora <0 andc <0 (LMM models). For theRy
Pe models, a complete set of validation data for each vegeta-
P=—«—, 4) tion age was available. Therefore, the subseRg@fmodels
Maximum Pg with significant parameter values were further assessed by
where Pg is the gross photosynthesis measured per plot intheir RMSE/1 values, and those with the lowest values were
pumol CO m—2s-1, and MaximumPg is the maximum C@  considered most suitable.
consumption rate measured during the study, as described in In the Rs models, the validation data and therefore, the
Sect. 2.5. The absolute values for Maximuig were 23.2, RMSE/; and RMSKE;,s, were only available for the old
12.2 and 8.1, respectively, for young, middle and old com-community. Consequently, the RMgEprovided a better
munities. measure of model performance across each age of vegeta-
In the first modelling cycle, the soil temperature at 5cm tion. Hence, theRs models with significant parameter values
depth ([seil) was used, as it is a common component of soil and the lowest RMSE were selected while the values for
respiration models. However, in a second modelling cycle, RMSE,/; and RMSEy» were of secondary importance (these
air temperatureT(;;) was also tested as a substitute for soil should lie in the lower to mid-range of all RMSE values).
temperature, as it is often a more commonly recorded vari- Following the selection of the moddts andRy were pre-
able across ecosystems. The equations for the Selsted, LMMilicted for the length of the study period using a single hourly
LMM2, GLMM and GLMM2 models using th&, M, Band  soil temperature dataset from the untrenched treatment. The
P variables (see Eqgs. 2—4) as predictor variables are showmean annual C loss froms and the 95% confidence in-
in Table 3. tervals of model predictions were calculated using a boot-
In addition to the variables detailed above, a number ofstrap procedure with 1000 replications (Davison and Hink-
other variables were tested in an early explorative phase thdey, 1997).
occurred prior to the formal model identification process.
These other variables included Photosynthetically Active Ra-
diation (PAR) values used as a substitute for theariable, 3 Results
the microbial biomass as a substitute for theariable and
the root biomass as a substitute for tRevariable in both 3.1 Vegetation characteristics
Rs and Ry models. In that explorative phase, it was found
that the RMSE and RMSE; values for the models involv- Destructive vegetation sampling indicated that mean Cal-
ing these variables were higher or close to those variabletuna aboveground biomass was lowest on the young
shown in Table 3. Therefore, the results of these alternativeommunity and greatest on the middle community. The
variable combinations were not tested further. difference between young and middle communities was
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Table 3. The models to estimat®g and Ry in umol CG, m~2s~1 The explanatory variables afe(models using air temperature at 20 cm
above ground surface and soil temperature at 5 cm below ground surface are evaluatédpatias defined in Egs. (2) to (3). The model
parameters ar&g, k, a, b andc and the units vary per modeRg is always in pmol CQm*2 s~1. Parametek is in °C~1 for Selsted,
GLMM and GLMM2 models, and in pmol C&m~2s~1°C~1 for LMM and LMM2. The parametera, » and ¢ are dimensionless for
Selsted, GLMM and GLMM2 models and are in pmol £&2s~1 for the LMM and LMM2 models.

Model Variables Equations for Equations for
Type Rs Model Ry Model
Selsted T RoekT RoekT
™ RoekT (1_ o4 —b(l—M)*2> RoekT <1_ o4 —b(l—M)’z)
TB RoekT (B +¢) -
TP RoekT (P 4¢) -
TMB  RoekT (1— @ bA-M)7?) (g1 ¢) —
TMP  RoekT (1— @ bA-M72)(p o) —
LMM T Ro+ kT Ro+ kT
™ Ro+ kT +aM Ro+ kT +aM
TB Ro+ kT +cB -
TP Ro+ kT +cP -
TMB Ro+ kT +aM +cB -
TMP Ro+ kT +aM +cP -
LMM2**  TM Ro+ kT +a (M —1)2 Ro+ kT +a (M —1)2
TB Ro+ kT +¢ (B —1)? -
TP Ro+ kT +¢ (P —1)2 -
TMB Ro+ kT +a(M —1)2+c(B—1)2 -
TMP Ro+kT+aM-12+c(P-12 -
GLMM* T Roe*T (identical to Selsted — T) RoekT
TM RoekTeaM ROékTeaM
TB RoekT B -
TP RoekT P -
TMB RoekTeaMecB -
TMP RoekT eaM P -
GLMM2**  TM RoekT ea(M-1)? RoekT e#M=D?
TB RoekTec(Bfl)Z _
TP RoekT e¢(P=D? -
TMB RoekT @M =172 pe(B—1)? _
TMP RoekT ea(M =12 pe(P=1)? _

* The equation for the GLMM-T model is identical to the Selsted-T equation. The GLMM-T model is still included as a
separate model due to a different treatment of model residuals and different optimality criteria in the calibration of the Selsted
and the GLMM models, which results in different optimal parameters for the two models.

** The equations and the optimal parameters for the LMM-T and GLMM-T models are identical to those of, respectively,
LMM2-T and GLMM2-T. Therefore, LMM2-T and GLMM2-T are not included in the table.

just above the 0.05 significance level after the Bon-thesis on the young —2.1+0.7umolCQm—2s1),
ferroni correction p =0.059; Fig. 3a), hence we do middle (-1.0+£0.3pmolC@m—2s71) or old
not interpret this as a difference. The biomass of the(—1.84+0.5pumolCQ@m—2s1) communities. How-
moss layer was almost double on the young communityever, in summer months there was significantly
(0.434+0.09 kg nT2) than the moss biomass on either the greater photosynthesis on the young community
middle community (0.2% 0.04 kgn12) or old community  (—16.0+ 1.4 umol CQ@m~2s™1) than on either the middle
(0.264 0.04 kg nT?; results not shown). community 5.7+1.5pmolC@m=—2s1) or the old
Photosynthesis, as a measure of plant activity throughoutommunity 5.2+ 1.0 umolCQ@ m—2s-1). The old com-
the year, was greatest in the summer months, least in thenunity was significantly different to the middle community
winter months and was significantly different between com-in summer ¢ =48, p = 0.049) but there were no other
munities F = 25.1, p < 0.001; Fig. 3b). In winter months, seasonal differences between the mean photosynthetic rates
there was no significant difference between mean photosynef the middle and old communities during the study period.
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3016 G. R. Kopittke et al.: Soil respiration on an aging managed heathland

25

1(a .
( ) . 8 7 (b) A e aanlh, . & A A A 4
Tw A -  CRadie i A A o A &
e - ® - 4 -~
b o 7] ; E}‘,_ il —_— —‘. il x . ’ o | & - . -_— -
E - A . * % A
2 4 o o | $ . 3.
~ 0 O ' . ® . o .
%3 — 7 ° ’ e A
@ 2 ° .
E 5w . I
2 T T heen” . et =m0
@i e ) 2
@ e Y
E 2 % 8. 7 * A
© = *
2 w E w .
- s 97 ° -#  Young Commungy
o —4= Middle Community
= -
o | & QOld Community
=) T T T T T T T T T T T T T T
w k=) o b > [+ = o i = > = = =)
Young Middle Old 3 2 S £ 2 s ° S 2 g 3 = E
Vegetation Community Month

Fig. 3. Measures of plant activity for the young, middle and old communities, shog@nmean Calluna biomass (kgTR) obtained in

April 2011 during trenching activities:(= 12); and(b) C uptake by Photosynthesis (umol @ﬁifz s~1) obtained between August 2011

and August 2012« = 9) with observations represented by symbols and the mean curves (loess curves) represented by lines. The SEM bars
are shown for each mean value. The three means are not significantly different at the 0.05 level (adopting a Bonferroni correction).

3.2 Soil respiration PR

-#- Young Untrenched
—= Middle Untrenched
Old Untrenched

The age of the vegetation had a significant effect on soil res:
piration (F =5, p = 0.035) and in every season of the year,
total soil respiration was significantly greater on the young
community than on the old community (winter= 0.034,
spring p = 0.0144, summep = 0.007, autumrnp = 0.006). o5

7 (b)

Soil Respiration (pmol CO; m™ 57
3
L
I—i’i—'—l
™
g
H5>:4

- Young Trenched

The greatest mean total soil respiration was recorded in sum® o DT
mer months on all three communities, ranging from a mear§ ]

of 2.840.2 umol C@ m~?s! on the young community to £ "7 i
2.1+ 1.9 umol C@ m~2s~1 on the old community (Fig. 4a). & ~- 3 Y
The lowest mean soil respiration values were recorded irg‘j - 72’?’ \f‘j

winter, although soil respiration was still significantly greater # |
than zero (= 14.7, p < 0.001) in these colder conditions. 5
The differences between the communities were greatest il
spring with total soil respiration on the young community
(1.940.2umol CQ@ m~?s~1) exceeding respiration on the

Jul
Aug -

May
J

Fig. 4. Soil Respiration (umol COm~2s~1) on three ages of veg-

. . . etation for the(a) total soil respiration as represented by the un-
middle community by a factor of 1.6 and exceeding the OIdtrenched plots; an¢b) heterotrophic soil respiration, as represented

community by a factor of 1.7. ) . by the trenched plots from September 2011-August 2@12 4
There was no effect of community age in any season forper age per sampling event). For pl@), the young community

heterotrophic soil respiration on the trenched plots (Fig. 4b).SEM bar in March 2012 extends outside the graphical boundaries
Therefore, the heterotrophic data was not split into ageto 6.79 umolC@m—2s~L,

treatments for further analyses, but was treated as a single
dataset. Mean heterotrophic soil respiration was least in win-
ter months (0.4-0.05umolC@m~2?s™!) and greatest in  trenched plots was 5.11 umol G&2s~* (also young com-
summer months (12 0.09 umolCQm—2s71). munity).

A peak was observed in both total soil respiration and het-
erotrophic soil respiration on 21 March 2012. The elevated3.3 Treatment effect
respiration results were observed on both trenched and un-
trenched plots and, although the £€@ux was variable be-  Soil temperature at 5¢cm below ground surface was sig-
tween measurement locations, the largest fluxes were gemificantly different between the trenched plots and the un-
erally observed on the young community. The maximumtrenched plots over the study period (Fig. 5a). The mean
respiration observed on this day for the trenched plots wasoil temperature in winter was significantly lower on the
10.28 pmol C@m~2s~1 (young community) and for the un-  trenched plots (3.8 0.07°C) than on the untrenched plots
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= resent statistical significance and the SEM bars are shown for each
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Fig. 5. Environmental parameters for September 2011-August

2012, showing(a) hourly temperatures®°C) of the air at 20cm

above ground surface and of the soil at 5 cm below ground surface3.4 Calibration of the model for total soil respiration
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and (b) mean daily soil moisture (Am~3) at 5cm below ground (Rs)
surface for the trenched plots and the untrenched plots. Periods of
frozen soil moisture are indicated by shading. All model predictions of soil respiration generally followed

the seasonal soil temperature patterns, where the lowest res-
. ) piration was recorded in winter (in February). However, not
(4.8+0.10°C) (r = 4.24, p = 0.016, 3 plots and using av- || models predicted the highest respiration equally, with
erages of soil temperature per plot for the complete winter).gome models predicting peak values in June, while others
However, the reverse occurred in summer, where mean SOBredicted peak values in August.
temperature was significantly greater on the trenched plots giepwise application of variables into the different models
(16.9+0.28°C) than on the untrenched plot (15:9.18°C)  sing the untrenched datasets produced models with abso-
(1=-4.11,p = 0.021, 3 plots and using averages of soil tem- |yte RMSE: values that ranged from 0.30 to 2.32 (Fig. 7,
perature per plot for the complete winter). Mean air tem- |eft panel). When soil temperaturgsi) was assigned as the
perature at 20 cm above ground surface was@.h win- 7 yariable, the RMSEs were generally lower than when air
ter and 15.7C in summer for both trenched and Umre”Chedtemperature was usetl{,). The lowest RMSE values were
plots. Soil moisture was significantly different between the yptained using the Selsted, GLMM and GLMM2 models and
trenched and untrenched plots with lower soil moisture Val-therefore, the LMM and LMM2 models are not further dis-
ues observed on the trenched plots than the untrenched plofg;ssed within this results section. A selection of models and
in non-rainfall periods (Fig. 5b; 1.5 vol. % less soil moisture e RMSE: values are provided in Table 4.
on tr.ench.ed, plots,= 31.78,1? < 0.001 pased on 3 plots). Within the GLMM and GLMM2 model formats the use of
Microbial C was not significantly different between the he explanatory variablgsg resulted in lower mean RMSE
trenched plots and the untrenched plots in the organic horiyajyes (0.31 to 0.49) than whef;; (0.35 to 0.68) was in-
zons for any of the young, middle or old vegetation agesc|yded, with the exception of tte+ M+ P models. When all
(Fig. 6). _On. gntrenched pIoFs, the organic honzqn microbialthree variable§” + M + P were used in the GLMM format,
C was significantly greater in the young vegetation than thejne model over-predicted soil efflux and resulted in very high
middle or old vegetation but there was no significant differ- erors (0.68 to 2.32); thus, these were excluded from further
ence between the middle and the old vegetation. consideration. This did not occur with the GLMM2 format.
Root biomass (summed for organic horizon and 0-5cMynen T (both for Tsei or Tair) Was the only variable used,
mineral horizon) was not significantly different between the the model parameters were significant for all three young,
trenched and untrenched plots on the young, middle or theniddie and old dataset.
old vegetation (Fig. 6). Additionally, the root biomass inthe  The GLMM models in which all parameters were con-
untrenched plots was not significantly affected by the veg-gigered significant occurred on 18 occasions. However, the
etation age. However, there was a significantly greater roo;| MM model was only significant for all three vegetation
b|omass in the organic horizon than in the 0-5cm mineralcommunities when the T variable (eithBioi and Tair) was
horizon for all vegetation ages (data not shown). used alone (Fig. 7, left panel). The parameters in all of these
significant models were considered reasonable.
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Fig. 7. Comparison of RMSE values for models ofa) total soil respiration data (untrenched plots) gbyheterotrophic soil respiration

data (trenched plots). The models tested are listed on the left side of the figure. The explanatory variables within each model are listed on the y
axis and are abbreviated As-temperature (soil or aitC as indicated)) = soil moisture B =relative biomassP = relative photosynthesis.

The “*” indicates that all model parameters were significant for one of either “Y” (young), “M” (middle) or “O” (old) vegetation community
models. The SEM bars on the total soil respiration means were calculated from thed3M&Ehe three community ages. SEM bars

could not be calculated for the heterotrophic models. Two means are outside the plotted range: TgkMW + P (1.326) and GLMM

Tsoil + M + P (1.390).

Table 5 lists the parameter values for the GLMM mod- The stepwise addition of the Selsted equation resulted in
els Tsoil, Tsoil + M andTsej + P. It appeared that adding soil RMSEc values that were very similar to the GLMM and
moisture to a model with only temperature only loweggd  GLMM2 models. However, there were fewer occasions for
while hardly influencing the parameter value associated withthe Selsted models (10 occasions) than for the GLMM mod-
temperaturek), whereas adding photosynthesis had the re-els in which all parameters were significant (Fig. 7, left
verse effect (it lowered the k-parameter, associated with tempanel).
perature, and did not influend®).
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Table 4. The residual standard deviation with RMSEnd RMSE; (Validation Type | and I1) values for a selection of GLMM models.

Only models in which all variables were significant are shown. See Table 2 for definition of validation types, Table 3 for model definitions
and Table 5 for parameter values of the models shown here. Results for cross-validation and with additional error metrics are provided in
Appendix C.

Variables Residual standard deviation
Random Unexplained RMSE RMSE/1 RMSE/»
factors

Rs models (old community)

Tsoil 0.08 0.07 0.37 0.51 0.57

Tsoi+M  0.06 0.08 0.32 0.62 0.58

Tsoil + P 0.06 0.08 0.32 0.51 0.48
Ry models

Tsoil 0.14 0.25 0.32 0.39 -

Tsoil+M 0.15 0.25 0.31 0.37 -

Table 5.Optimal parameter values &s and Ry models for the young, middle and old communities (GLMj, Tsoil + M andTggj + P

Models), with 95 % confidence intervals for the parameters in brackets. See text and Table 3 for parameter explanakpnsnéoel

Tsoil+ P does not exist. The values of the different parameters are given with different numbers of significant digits to reflect the uncertainty
in the corresponding variable. The bold cells indicate parameter values that are not significant at the 0.05 significance level. Diagnostic plots
for the models listed in this table are shown in Appendix D.

Model Young Middle old

RoekT

Rs Rg=0.45(0.35-056) Rp=0.23(0.19-0.29)  Rp=0.26 (0.21-0.32)
k =0.115 (0.103-0.128) k =0.138 (0.128-0.149) k =0.128 (0.113-0.142)
Ru Rg=0.27 (0.23-0.31)
k =0.100 (0.093-0.108)

RoekTeuM

Rs  Rp=0.30(0.25-0.36)  Rg=0.17 (0.15-0.21)  Rg=0.09 (0.06-0.15)
k=0.118 (0.104-0.131) k =0.139 (0.128 — 0.141) k =0.135 (0.121-0.149)
a=1.4(-0.3-3.1) a=1.2(0.0-2.4) a=3.8(2.2-5.4)

Ru Rg=0.12 (0.10-0.15)
k =0.103 (0.095-0.111)
a=3.4(1.8-4.9)

RoekTeCP

Rs  Rg=0.45(0.35-0.56)  Rp=0.25(0.18-0.30) R =0.29 (0.23-0.36)
k =0.115 (0.0081-0.149) k = 0.113 (0.095-0.1349) k = 0.074 (0.042—0.106)

¢=0.0 (-0.5-0.5) c=0.4(0.2-0.7) ¢=0.9(0.4-1.3)
3.5 Calibration of the model for heterotrophic soil els. Therefore, only Selsted, GLMM and GLMMZ2,; mod-
respiration (Ry) els are further discussed within this results section.

The significant GLMM models were those which applied

Stepwise application of variables into the different mod- /soil Variable singly and als@soi in combination withM.
els using the trenched data produced models with absolut&Nis was not the case for the Selsted model, where Bigly

RMSE: values that ranged from 0.3 to 0.44 (Fig. 7, right applied alone resulted in a model in which all parameters
panel). The RMSE values were lower on the heterotrophic Were significant. The GLMMsoii+-M model had the lowest

models in whichTsoj was used as the T variable, rather than RMSEc, while the Selsted and GLMMso models had the
Tair. Similarly, the GLMM models and Selsted models re- second lowest RMSE All parameters were considered to be

sulted in RMSE values that were lower than the LMM mod- é@sonable for these significant models.
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Table 5 lists the parameter values for the GLMM mod- 3.7 Model selection
els Tsojl and T + M. Similar to the models foRs, adding
soil moisture to a model with only temperature low&s Following the rationale described in the methodology to se-
while not influencing the parameter value associated withlect the best predictive models, both the Selsted and GLMM

temperaturek). models using onlysj or usingTsei + M are selected as the
o best predictive models foRy. However, the GLMM mod-
3.6 Model validation els provide more realistic confidence bounds (by taking the

) o property of repeated measurements in our data into account).
The calibrated models were used on the validation data fo"l’herefore we preferred to use the GLMM model for predic-

period one (September 2011-August 2012) and period tW@je purposes. Furthermore, the RMSE, parameter values and
(November 2010-August 2011, see Table 2). The resulting, e gictions of thefsoi andTsoi + M models were similar. So
RMSE validation values (RMSk and RMSE2) were then  the most parsimonious model (using offly; as predictor)
compared to the RMSE calibration values (RMSEA se- a5 selected to be used for further predictions.

lection of these results, are shown in Table 4. 'Reemodels For the Rs models, the best predictive models were the
which had the lowest RMSEand RMSE; values used the Selsted and GLMM models, using orify;i of usingTsoil +

GLMM format with Tsoil as a single variable, withisil + P p As with the Ry models, we have selected the GLMM
and with Tir + P. Of these, the GLMMZsoj model and the 6 4es for prediction rather than the Selsted model. The dif-
GLMM Tair + P model were the only ones where all param- farences between the GLMIAqj and GLMM T+ P mod-

eters were significant for all vegetation ages. Ragmodels g5 (with respect to RMSE RMSE,; and RMSE) were
which performed the worst in the validation phase also usedyinor. So choosing the most parsimonious modeKgalso

the GLMM format and included the T variable (bdfiand  |eads to a model withso; as the only predictor variable. The

Tair) in combination withM + P. A large part of the unex- G| MM 7, models forRy andRs were used to predict soil

plained variance in the models with+ M + P appears 10 reqpiration over the length of the study period (Table 5 and
be due to location-effects (when the error of the multi-level Fig. 8).

models are evaluated with location as fixed effects, the misfit
is in fact quite small).
The average ratio of RMSE : RMSE¢ in the Rs models

was 1.5 and the ratio of RMS&: RMSEc was 1.3. The ra-  aytotrophic soil respiration was determined by subtracting

tio of validation error : calibration error measures the degreene model predicted heterotrophic soil respiration results
at which a model can generalize the results for a specific Sitg oy the total soil respiration results in each vegetation com-

(or experiment) to other locations or conditions. If the ratio munity (Rs— Ry = Ra: Fig. 9). Soil Ra was approximately

is large, it indicates that the calibration data is unrepresens qrq on the middle and old communities in winter. The great-

tative or that the model for which the ratio is calculated is est Ra was predicted to occur on the young community

over-parameterized. In our experience, ratios smaller than 2, the summer months. with a maximum in July when ap-
are quite acceptable and we therefore think that the Ca"braproximately 55 9% of soil respiration was attributable to au-

tion dataset is representative and that the models that WeTRytrophic sources. In this same time period, approximately
applied are not over-parameterized. The ranges for RMSE 4504 and 37% of soil respiration on the middle and old

(approx. 0.5 to 2.8) and RMS& (approx. 0.4510 3.5) were  communities, respectively, was attributable to autotrophic
comparable, with the same four of the fifty-seveg mod- ¢, rces.

els (LMM and GLMM, usingT, M and P, for both air and

soil temperature) leading to very high values for RMBSE 3 9  annual soil carbon loss estimates

as well as for RMSk,. For theRs models, there was very

a high correlation 0.99) between RMSE RMSE/1 and  gased on model predictions, annugd C loss was signifi-

RMSEy». It should be noted that the validation was done cantly greater on the young community (650 g CZgr—1)

only for the old vegetation. _ than either the middle (462 g CTAyr—1; p = 0.048) or the
The Ry models produced relatively low RM§Evalues old (4359CnT2 yr—1: p=0.029) communities (Fig. 10).

for.aII combinations and formats<(0.49). TheRy models  There was no significant difference between annRlC
which produced the lowest RM§Evalues were the GLMM  |5<s on the middle and old communities £ 0.39). The

format with Tsoil +- M, the GLMM and Selsted format with 55451 soil C losses fromta and Ry were approximately
Tsoil alone, and the LMM format witffseji + M. The ratio of equal in the young vegetation (50% wa&s), but it was
RMSE/1 : RMSEc in the Ry models was, on average, 1.15. ooy jated that there was greater soil C loss frBmthan
There was a very strong correlation between RMS8d  om R, sources in both the middle and the old communi-
RMSE1 (Pearson correlation coef. of 0.997). ties (30 % and 26 % waRa, respectively). The soil C loss
was plotted against community age, using a “time for space”
chronosequence approach to approximate changes in soil C

3.8 Autotrophic soil respiration
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Soil Respiration (Temperature Model)

Young
Observed Efflux
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Old
Efflux [pmal GO, m™> s7)
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Maonth Predicted Effiux

Fig. 8. Predicted and observed soil respiration on the young, middle and old community “untrenched” plots (total soil respiration:
pmol CG m—2 s_l) and the “trenched” plots (heterotrophic soil respiration: umoﬁ@DZ s_l) calculated with the GLMM model using
the Tsoj explanatory variable. The observed values from 21 March 2012 are excluded from these plots.

loss over a 30yr period. Year zero represents the bare sod Discussion

which would be expected following a vegetation cutting cy-

cle. In this case, all soil respiration would be expected toCarbon loss from soil respiration was greatest on the young
originate fromRy, as no plant roots are respiring and the community and root-associated respiration contributed ap-
lack of vegetation would result in more variable soil tem- Proximately equally to the annual C sum as was contributed
peratures, as observed in the bare Trenching plots. Therddy microbial respiration. As the community age increased,
fore, soil C loss in year zero was predicted using the morethe annual C loss from soil respiration decreased and this
variable trenched soil temperatures (350 gCyr—1). Soil change was driven by the decreasing contribution of root res-
temperatures were less variable under plant cover and so theiration.

untrenched temperatures were used in the model to predict The following sections have been grouped around discus-

annualRy C loss (322 g C m?yr—1) where plant cover was ~ Sion of the soil respiration, of the trenching effects, the mod-
present. elling process and finally a discussion of the annual soil C

loss model predictions.
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Total Soil Respiration
=== Heterotrophic Soil Respiration
Autotrophic Soil Respiration
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Fig. 9. Predictions of soail respiration fda) young community(b) middle community andc) old community calculated using the GLMM
model with theTyqj explanatory variable.

4.1 Soil respiration ter results in slower decomposition rates (Filley et al., 2008;
Kalbitz et al., 2003). However, as no differences in respira-

_ o o _ tion were observed, it is possible that the rapid decomposi-
Heterotrophic respiration rates were not statistically differ- jon of the labile organic matter masked any underlying dif-

ent between the three communities and this was consistefigrences (if indeed present) in the more recalcitrant pools.
with the original hypothesis. In general, @@ffluxes from The differences observed between total soil respiration on
microbial decomposition are determined by the quantity antine community ages was not associated with heterotrophic
quality of available substrate, the soil temperature and OtheFespiration and therefore by eliminatioR{— Ry = Ra),
conditions that control decomposer activity (Kirschbaum, a5 associated with autotrophic respiration. The greater total
2006). This was consistent with trial observations, as thereg;| respiration on the young community indicated that the
was no difference between the quantity of available substrat%ung Calluna plant roots were more actively respiring than
in the different communities prior to trenching, that is, soil 4, the middle or old communities. These higher rates corre-
C stocks to 10 cm soil depth (Kopittke et al., 2012), and NOsponded to a highefg and supported the hypothesis that the
soil temperature or soil moisture pattern differences betwee@/oungest plants, which were in a “net biomass gain” phase

the trenched plots. However, the quality of the organic mat-s growth (Gimingham, 1985), had the highest plant activity
ter and recently deposited litter (prior to trenching) was notyth greater allocation of carbon to the roots.

known. The proportion of lignin in the litter could be ex-  owever, Calluna biomass was not the only contributor to
pected to increase with increasing community age, as woodys Mosses also contributed g, with almost double the

stem growth increases with increasing plant age (Giming-mss biomass on the young community than on the middle or
ham, 1985). Increasing the lignified material in organic mat-
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R tal soil respiration rates were 16 pmolg@~2s~ in 2003

< Autotrophi Sol Respitaion (Sowerby et al., 2008), which was approximately 5.8 times

the mean summer respiration observed on the young commu-
nity at Oldebroek in 2012. This large difference is most likely
associated with the age of the vegetation and possibly differ-

ences in vegetation composition rather than soil differences.

200
1

Carbon Efflux (gC m* year )
400 00 800
1 1 1
5 &
— - —
s

$ The soil type at Mols was similar, but the heathland experi-
°1@ : , ‘ : ‘ enced a heather beetle attack in 1999, which mainly resulted
° ° . 1 0 25 in Deschampsia regrowth and young Calluna plants (four

years old). Similarly, total soil respiration on a hydric Cal-
Fig. 10. Estimated total annual soil respiratioRd), heterotrophic  |una heathland at Clocaenog in Wales was also consistently

soil respiration ) and autotrophic soil respiratiorkh) as pre-  greater in every season than the young community, even
dicted by the GLMMTsoj model. Year O is represented by respi- \vhen the peak values of 5.6 pmol @m—z g1 (young com-

ration from bare soil, year 12 by the young community, year 19 bymunit and 7.6 umol Cem—2s-1 (Clocaenoq) were com-
the middle community and year 28 by the old community. Mean aredy()Emmet.t e‘: al 2(%2) ( 9)

prediction values are provided with the bars representing the 950/9

Confidence Intervals. .
4.2 Trenching effect

The soil temperature difference observed between trenched
old communities. Although moss did not contribute directly and untrenched plots is likely to be a function of the Cal-
to Ra, as it lacks a root system, this mismatch in above-luna plants providing shade and the thick moss layer pro-
ground and belowground rates is likely to have introducedviding insulation at the soil surface. These two factors are
additional bias when includings as a variable in theks hypothesized to have regulated soil temperature in the un-
models. This study did not quantify the separ&tecontri- trenched plots but not in the trenched plots where the above-
butions of moss and Calluna. However, based on the prelimiground vegetation had been removed. Since the tempera-
nary data from a trial in May 2012, the young Calluna plantsture difference between trenched and untrenched plots was
were approximately 2.5 times more photosynthetically activeconsiderable (temperature on trenched plots minus tempera-
than the middle and old Calluna; therefog; would still ture on untrenched plots:1.0°C, p = 0.016 in winter, and
provide a measure of the plant activity for each community. +1.4°C, p = 0.021 in summer), total soil respiration and het-

The peak respiration values recorded in March 2012 cor-erotrophic respiration cannot be directly compared, &ad
responded to the first warm period in which air temperaturescannot be obtained accurately by difference. Soil respiration
exceeded 1%C, following from a severe frost20°C) in models are capable of compensating such experiment related
February 2012. These extreme values were most likely astemperature artefacts to obtain meaningful partitioning into
sociated with the death of fine roots and microbial popula-Ry andRa.
tions, followed by the rapid recovery of microbial popula-  Soil moisture patterns were also observed to differ be-
tions which lead to short-term fluxes of G&rom the soil  tween the trenched and untrenched plots, where the trenched
(Matzner and Borken, 2008; Sulkava and Huhta, 2003). Inplots were drier than the untrenched plots in non-rainfall pe-
addition, Calluna litter fall measurements on the old vegeta-+iods. This is contrary to other studies in which trenching was
tion have shown peak fall rates occur approximately in Jan-observed to result in higher soil moisture than the control
uary and old flowers are the dominant litter type (unpublishedplots (Hanson et al., 2000). It is hypothesized that vegetation
data from the adjacent long-term trial). This unlignified litter removal led to a loss of shade cover and this resulted in the
is likely to provide a rapidly decomposable energy source fororganic layer and litter layer being exposed to greater evap-
microbial populations and may have contributed to the gen-oration rates. This hypothesis is supported by visual obser-
eral CQ efflux peak that was observed in spring. vations of a drier and cracked organic layer on the trenched

The observed total soil respiration rates were comparabl@lots. The respiration models being tested incorporated a soil
to other Calluna heathland communities, such as in Brandbmoisture parameter so that any moisture effect could be as-
jerg, Denmark and a hydric Calluna heathlands in the North-sessed.
ern Pennines, England (Heinemeyer et al., 2011; Selsted et
al., 2012). The mean summer total soil respiration rates i4.3 Model evaluation
Brandbjerg ranged between 1.2 and 2.9 pmop@02s1
(2008 and 2006, respectively) and this was within the sameAll models followed generally the same pattern in the predic-
range observed at Oldebroek in the summer of 2012. tion of minimum effluxes in the winter, maximum effluxes in

Total soil respiration of other heathlands far exceeded thehe summer and the highest autotrophic respiration for the
observations recorded at the Oldebroek study site. In thegoung community (see Fig. 8, showing only the results for
mesic heathland at Mols in Denmark, mean summer to-GLMM). However, the specific fit to the observations (as
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summarised by RMSE varied between the different modelsmodel, soil moisture has been shown to impact microbial
(see Fig. 7). respiration (and thereforgy) only at extremely low water
The RMSE values for all models usifgoj were consis-  contents when desiccation stress becomes important for mi-
tently lower than those usinfly;. Additionally, the Selsted crobial substrate supply (Davidson et al., 2006). It is possi-
and GLMM models led to lower RMSE values and a lower ble that in our study the soil did not reach these desiccation
spread in RMSE between the different vegetation ages thastress levels, thus resulting in a non-significant soil moisture
the other models. However, only the models usikg alone parameter for theRy models. For theRs model, Calluna
were significant for all community ages. These results indi-plants appear to be resilient to water stress and heathlands
cated that the complex parameterization of soil moisture andtan withstand quite severe summer droughts, if annual rain-
biomass effects in the Selsted model were not suitable for oufall is high enough to compensate for the drought (Loidi et
site. This difference in model fithess may be due to site dif-al., 2010). Additionally, the Oldebroek heathland is estab-
ferences, such as the % grass cover or topsoil thickness, bdished on a free-draining, sandy soil that has relatively low
tween the Brandbjerg heathland in Denmark (for which thestored soil moisture in the mineral soil. The majority of the
Selsted model was developed) and Oldebroek. Calluna roots were identified within the organic layer of the
Both for the Ry and Rs models, the RMSE values were soil and this is also where the largest proportion of the soil
very similar and highly correlated between the calibration moisture is stored (see Table 1). However, continuous soil
and validation phases. Therefore, these models were consianoisture measurements in the organic layer are very difficult
ered stable and it can be assumed that the model predictivdue to instrumentation constraints (Schaap et al., 1997). Be-
uncertainty was mainly due to parametric uncertainty. Also,cause of this, it is likely that a large proportion of the soll
the very high correlation between model prediction errors forrespiration response to reductions in soil moisture occurred
calibration and validation indicates that the calibration andin the organic horizon, and this was not able to be quanti-
validation data contain data with a very similar information fied with the current technology. Therefore, continuous soil
content. When the model misfit is analysed in greater detaimoisture measurements in the organic horizon may have im-
(see Appendix D), several structural deviations of the resid{proved model fit.
ual are seen over time (the model residual is not uncorrelated Other variables from published soil respiration models that
but contains information which is not captured by the model).could be considered have included using relative PAR with
This misfit is not apparent with regard to temperature. In oursoil temperature and soil moisture (Caquet et al., 2012). In
view, the most plausible explanation for the structure in theour study, PAR was included in the initial model screening
model residuals is that one or more important covarying vari-process as a single predictor variable and as a predictor vari-
ables are lacking in the models that were parameterized sable together with temperature. However, neither of these
far. models resulted in a better fit than soil temperature alone and
From the variables assessed and available for inclusion itherefore, PAR was not included in further model testing.
our model selection process, very similar fits of the observed Alternatively, another plant variable which has been con-
data was provided by models using soil temperature (possisidered in other respiration models is the rate of litter de-
bly in combination with soil moisture or plant activity). How- composition (Kutsch and Kappen, 1997; Kutsch et al., 2010).
ever, the model with soil temperature as only variable con-However, itis unclear from these studies whether the addition
tained less parameters and was therefore preferred for prediof litter decomposition to the soil temperature and moisture
tive purposes. The application of only a temperature functionmodel resulted in a better model fit, as the parameter signif-
to model soil respiration data has previously been questioneitance was not reported. Soil temperature has been found to
since, as already discussed, other factors such as soil moigienerally have a good relationship with organic matter de-
ture limitation of microbial processes and the C allocation viacomposition rates (Davidson and Janssens, 2006) and there-
plant roots are all reported to influence soil respiration ratedore it is hypothesized that a litter decomposition variable
(Davidson et al., 2006; Rustad et al., 2000). However, our rewould not explain significantly more variability than already
sults indicated that soil moisture and plant activity (Callunaexplained by soil temperature. Other plant litter variables,
biomass,Pg, microbial biomass and root biomass) were not such as litter fall rates, are also often included in dynamic
significant variables for our site. To examine this further, it models as they provide an important feedback into the car-
is first considered if it is possible that some of the measuredon cycle and substrate available for decomposition (Keenan
variables would have been significant, if the data had beeret al., 2012). Litterfall results were not available for the
measured differently. Secondly, other variables are considyoung and middle communities, although litter data was col-
ered that have been used in similar soil respiration studiesected on the old community validation plots between March
and may have improved model fit. 2011 and February 2012 (unpublished results). The maxi-
Soil moisture was not found to be a significant variable. mum litterfall rate occurred in January (8 gAdmonth 1)
Whilst the use of a soil moisture model may have intro- and the minimum in February (2 grAmontht) with grad-
duced additional noise or bias, our interpretation of resultsually declining rates recorded from March to November
is that it did not introduce additional artefacts. For tRe (7 to 5gnr2month1). This pattern did not correspond to
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the observed soil respiration rates and suggRgtés more It is not possible to measure all ecosystem processes on
closely associated with temperature than with litterfall pat-an experimental trial due to practical constraints and it is not
terns. However, if sufficient litterfall data had been available always possible to know which measured process would im-
for inclusion as a variable with soil temperature, it may haveprove the model fit, although pre-planning field experiments
improved Ry model fit by explaining additional data varia- based on the models we wish to use may assist in this pro-
tion. cess. This finding supports the discussion presented by Subke
Root maintenance (as a function of root nitrogen concen-and Bahn (2010) on the ability to use the immeasurable to
trations) and root growth have also been included in other soipredict the unknown. In our study, although one or more
respiration models. In a study in Tennessee USA, a modeimportant covarying variables were lacking (and model fit
with root variables was able to describe more of the biolog-would have improved had these been measured), it is worth
ical dynamics than the other models tested although it wagonsidering that soil temperature was likely to also be related
still not capable of capturing all the data variation across theto seasonal plant activity and may simply be the overwhelm-
different study treatments (Chen et al., 2011). Root dynamicsng driver of soil respiration in this system. Therefore, in the
provides a direct measure of root activity and, if it had beenabsence of other variables, tifig) variable was sufficient to
measured at the Oldebroek site, may have explained morexplain most of the seasonal variation ®§. Similar find-
variance that the photosynthetic rates. ings have been reported in other studies, where site differ-
A further layer of complexity to the discussion is that ences inRs were largely determined by plant productivity
model results may be influenced by a suboptimal measurebut since bothRs and Pg fluxes increased with temperature,
ment integration volume or integration time, as well as theit was concluded that the soil temperature typically sufficed
alignment in space and time of different measurementsto explainRsin non-drought ecosystems (Bahn et al., 2010a;
Problems of this kind (“scale problems”) are common in the Janssens et al., 2001; Reichstein et al., 2003).
natural sciences and are an important source of model error, We think that the findings from this empirical study (on
thus are considered as the most important challenge in ecothe basis of static models) can also be used to investigate
ogy (Bloschl and Sivapalan, 1995; Wiens, 1989). An exam-or test dynamic soil respiration models (which are typically
ple of a data alignment problem in our study was the collec-parameter-rich and often model more than only soil respira-
tion of soil respiration measurements on different days thartion in isolation). First of all, there are many dynamic soil res-
the photosynthesis measurements, which required intermedpiration models which effectively contain a respiration equa-
ate data processing for photosynthesis (viz. Fig. 3). Also, soition similar to those used in this study (e.g. Keenan et al.,
temperature was measured at a depth (5 cm), whereas the s@012; Kutsch et al., 2010). In those models, the more com-
respiration was an integral measurement over a soil colummlex equation could easily be replaced by a similarly appro-
(e.g. Reichstein and Beer, 2008). There may also be a lagriate, but simpler, equation, which leads to less parameters
time present within the data, where plant growth on one dayrequiring calibration or more stable model behaviour. Other-
does not immediately correspond to root respiration (Gomezwise, if the way in which respiration is modelled is incompat-
Casanovas et al., 2012; Kuzyakov and Gavrichkova, 2010)ible with the static equations in this study (and results cannot
which our non-continuous data would not have been able tairectly be translated), discussion needs to be given to the
detect. These trial design aspects may have resulted in smaihodel evaluation methods used for soil respiration research.
data mismatches and is possible that the model calibratioffhe process by which different models or model components
and validation results would have improved if the resolution are evaluated on calibration and validation datasets (i.e. the
and alignment of the data had improved. method promoted in this study) deserves attention — not be-
The model selection process resulted in a model that usedause it is new, but because it is currently uncommon in this
Tsoil alone, which is arguably the simplest variable. However,soil respiration research area. A lack of critical model evalu-
this “simple” result does not negate the use of a detailed seation limits progress.
lection procedure, as the process also highlighted that the In nature, many interactions can occur and when our field
current variables measured were not adequate to model atlials don't test these interactions, it is not possible to incor-
the variation observed in thRs (and thereforekp) data. This  porate them into long-term model predictions. Therefore, it
is an important outcome of this study, as many studies in4is necessary to develop field trials which incorporate this in-
clude processes that are theoretically associated with soil regreased complexity, as suggested by Dieleman et al. (2012).
piration but the model variables are not assessed for signifiHowever, if early consideration is not given to the models
cance and may not explain any additional data variation. Thighat we later want to fit to the data (and the data required to
practice leads to a publication bias (Dieleman and Janssensigorously test the models), then increasing the complexity of
2011). The use and reporting of full data pre-processing andield experiments will not necessarily provide us with better
modelling workflows that apply sound scientific procedures, predictions of these interactions. Therefore, attention should
which also report the “negative” or “less interesting” results, be given to the trial layout, variable selection, measurement
helps to avoid such a publication bias. intensity and model selection process prior to the start of a
trial to determine if they will provide the appropriate data for
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model predictions. Consideration also needs to be given tahrough the use of models to predict b&gandRy over the

the cost associated with obtaining the appropriate measuresame temperature range, thus allowRygto be calculated.
ments, in terms of collection frequency, method accuracy and Soil temperature appeared to be the best predictor for
overall outcomes of the project. In some cases, it may be thaRs as well asRy in the heathland ecosystem of our study,
using a proxy such as soil temperature (or even air temperwhile soil moisture, photosynthesis, plant biomass, PAR, root
ature for rough estimations) with the soil respiration obser-biomass and microbial biomass did not significantly improve
vations is a suitable substitute in models in the absence ofmodel fit when added to soil temperature. However, the tem-

suitable and significant variables. perature model still contained temporal autocorrelation in the
residuals, suggesting that alternative variables which were
4.4  Annual soil C loss and links to global change not considered in this study (like litter decomposition rates or

root growth) could be important predictors. For our future ex-
Our model interpolations identified an annu& C loss that ~ Perimental work, this model based on soil temperature may
was at the lower end of the range identified on the Dan-act as a null model against which the performance of other
ish heathland ecosystem of 672—-719 g1 (Selsted ~models can be compared.
et al., 2012). To place this within a broader European con-
text, the heathland soil respiration is within the same range
as temperate forest ecosystems, which have been reportésppendix A
between 430 g C mPyr~1 (Belgium) and 859gC mPyr—1
(Germany) (Bahn et al., 2010a; Khomik et al., 2009; Raich Details of the P measurements
and Schlesinger, 1992). In contrast, the heathland is at
the lower end of the scale for annual soil respiration The gross photosynthetic rate provided a measure of pho-
in Comparison to temperate grass|ands] which ranged betosynthetic activity for the three heathland ages. The gross
tween 729gCm2yr—1 (Germany) and 1988gCmyr1! photosynthetic ratefs) was calculated as the net ecosystem
(Switzerland) (Bahn et al., 2010a). exchange (NEE) rate of COlux minus the ecosystem respi-
The study also identified a change in soil respiration with ration (ER) rate of C@flux (umol CQ:m~2s™1). This pho-
an increasing age of heathlands. Sl provided the largest ~ tosynthetic rate has a negative sign. A loess smoother curve
change over time, from a complete absence on bare soil to was applied to the photosynthesis data to obtain daily esti-
maximum at the 12 years and then decreasing up to the maxihates of plant activity.
mum studied age of 28 years. A similar relationship between The CQ fluxes of the vegetation were measured a LI-
soil respiration and vegetation age has been previously foun§400 infrared gas analyzer (LI-COR, Lincoln, NE, USA) at-
for forest stands, where the younger stands had significantljached to a 288 L ultra-violet light transparent Perspex cham-
higher respiration rates than the more mature sites (Saiz der (60 cmx 60 cmx 80 cm) using the method described by
al., 2006; Wang et al., 2011). Larsen et al. (2007). The chamber was installed with a fan
Within the last 50 yr, the cutting, burning and grazing cy- as Well as a soil temperature probe (LI-6400-09 temperature
cles on heathlands have not occurred as frequently or as reg’obe) and a PAR sensor (LI-COR quantum sensor).
ularly as during the intensive agricultural periods of past cen- Three permanent sampling locations were selected in each
turies (Webb, 1998). Management of heathlands is requireyegetation age. A metal base frame (6010 cm) was per-
to maintain these cultural landscapes and in the past this marinanently installed using small, narrow sandbags to provide
agement occurred ona3—-4 yr Cyc|e (Webb, ]_998) Currenﬂy’a seal between the frame and the soil surface and fixed with
this cycle length has extended or is non-existent (Diemontmetal pins. Measurement of G@uxes commenced immedi-
and Heil, 1984; Wessel et al., 2004). From the perspective ofitely prior to the Perspex chamber being placed on the frame
optimizing C uptake and minimizing C output, having an un- SO as to capture the point at which the chamber was sealed
derstanding the C dynamics of these ecosystems allows us @1d NEE occurred entirely within the chamber. The LICOR
determine the optimum time to cut the vegetation, thus con-measurement program ran for 180 seconds, however, the re-
tributing to global C emission mitigation measures. sults obtained while the chamber was being fitted were later
discarded so that only data obtained from the sealed chamber
(approximately 150s) were utilized for calculation of NEE
rates. After the NEE measurements, the chamber was vented
5 Conclusions and measurements of the ER rate were obtained by covering
the chamber with a fitted blackout-cloth, in which the outer
This study showed that soil respiration models are requiredayer was white and the inner lining was black, to minimise
not only for prediction but also to correctly interpret field any heating effect within the darkened chamber.
measurements of total and heterotrophic soil respiration. In most cases, NEE decreased from the first to the third
That is, the effect of experimental design on soil tempera-minute of measurement, indicating an effect of the cham-
ture (and subsequently soil respiration) can be corrected fober by the decreasing GQoncentration as photosynthesis

Biogeosciences, 10, 3003638 2013 www.biogeosciences.net/10/3007/2013/
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Fig. B1. Observed versus predicted soil moisture for the four different vegetation communities in this study.

progressed. Therefore a linear regression did not provide #he following equations:

good fit for all measurements. To overcome this problem,

the HMR procedure was used (Pedersen et al., 2010). ThiPrain = max(0; Smoist_; — depth:fc) - df, (B1)
procedure was developed for soil-atmosphere trace-gas flux

estimation with static chambers and tests the fit of both log- . .

linear and linear regression models to the NEE or ER datdVSMOISt = max(0; Smoist_; — depth wp), (B2)
at each measurement. If linear regression provided the best

fit, the flux value was determined by the slope of the regres- . ) .
sion line. If non-linear regression gave the best fit, the quxET’ - mln(Temp - AvSmms;) -ef, (B3)
was determined by the sloperat 0s. The HMR procedure

is implemented in an R-package (Pedersen, 2011) and this Smoist rf

: : i EfRain =Rain - [ ——— B4

implementation was used in our study. ain = Rain ((depth- poroS) (B4)

Appendix B Smoist = min(depth- porog Smoist_1 + EfRain)  (B5)
—Drain, — ET,.

Details of the soil moisture model

In the equationg, refers to a day. Equation (B1) calculates
The soil moisture model used in this study is a zero-drainage (Draip in mmday 1) as a linear reservoir with soil
dimensional finite difference model using a daily time res- moisture (Smoist 1, in mm) above a threshold (deptft) as
olution of rainfall data and air temperature data as model in-the driving force. Draiprefers to the drainage of soil mois-
puts. It was constructed and calibrated on approximately on¢ure from the soil layer under consideration (i.e. the top of
year of observed soil moisture, rainfall and temperature datahe mineral soil down to depth mm); Smoist refers to the
for 12 individual soil moisture sensors. The model comprisessoil moisture in the soil layer under consideration, and depth,

www.biogeosciences.net/10/3007/2013/ Biogeosciences, 10, 3W3BB-2013
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fc (field capacity, as a fraction of the soil volume) and df Appendix C
(drainage fraction) are model parameters. The depth param-
eter is set to 100 mm, while the values for fc and df were Dealing with additional validation methods and error
identified by model calibration. metrics
Equation (B2) calculates the soil moisture available for
evapotranspiration (AvSmojsin mm) and the parameter wp A large number of different methods exist for model calibra-
(as a fraction of the soil volume) represents the wilting pointtion, model validation and for the assessment of model fit.
below which only a negligible rate of evapotranspiration oc- Calibration Type I, Validation Type | and Validation Type II
curred. The value for wp was found by model calibration. ~ are described and applied in the main paper. Additional meth-
Evapotranspiration (E7 is calculated in Eq. (B3). Evap- 0ds were selected for further consideration in the model se-
otranspiration is a modelled linear reservoir with either thelection procedure and these are summarised in Table C1.
air temperature or the available soil moisture as the driving Calibration Type Il uses all the available data (calibration
force, depending of which factor is limiting. The parameter and validation data) from the same period to calibrate the
tf is set to 1 mm {C)~1, and the value for the parameter ef model and the error is shown as RM&EIn this case, there
was identified by model calibration. is no validation using Type | or Type Il model validation.
The effective rain, i.e. the rainfall which enters the soil The Validation Type Ill is also commonly known as cross-
layer under consideration (EfR@jin mm), is calculated in ~ Validation, where the dataset is partitioned and one subset is
Eq. (B4). EfRain is proportional to a soil saturation factor Used to calibrate the model and then the remaining subset cal-

which contains two parameters: soil porosity (poros) and abrates the model. Multiple rounds of cross-validation were

rainfall factor (rf). The porosity is calculated by taking the Pperformed using different partitions and the validation results

maximum observed soil moisture content over the measureaveraged (RMSg).

ment period, while the rainfall factor is calculated by model ~Additional error metrics that were generated and avail-

calibration. able for model comparison included the mean error, abso-
In Eq. (B5), an upda’[e of the soil moisture is calculated by|Ute mean error, mean squared error, root mean square error

a balance equation, whereby it is assumed that any rainfalRMSE), percentage bias, Nash—Sutcliffe efficiency (NSE),

which cannot be stored in the soil layer under consideratiorf€fined index of agreement (RIA), Aikaike information crite-
is lost as surface runoff. ria (AIC), persistence index and volumetric efficiency.

The water balance model thus contains eight parame- To compare the different calibration/validation methods,
ters, three of which have fixed values (depth=2100mm,the RMSE, NSE and RIA for selectekls and Ry models
poros =may; (Smoist/depth), and tf=1mnPC)1, and are provided in Tables C2 and C3. The NSE is a normalized

five of which were found via calibration (df, ef, fc, rf and wp). Statistic that determines the relative magnitude of the resid-
Calibration was undertaken by minimizing the root meanual variance compared to the measured data variance (Nash
squared error between observed and predicted soil moisturd970). This can range fromoo to 1.0, where a value of 1.0

using the optimization routine by Byrd et al. (1995), as im- corresponds to a perfect match of modelled data to the ob-
plemented in the standard R function “optim”. served data and a valye0 occurs when the observed mean

The fit of the soil moisture model for the different treat- IS a better predictor than the model. The RIA is another sta-
ments is shown in the diagnostic plots of Fig. B1. The plotstistical index of model performance, which is dimensionless
illustrate that there is still quite some room for improvement and ranges froma-1.0 to 1.0 (Willmott, 2012). The Calibra-
in the soil moisture model. For each of the cases, the extion Type | RMSE; values are graphed in the main article,
plained variance in the observed versus predicted plot is apwhile the associated N&k values are plotted in Fig. C1.
proximately 0.7. The results also showed that where Calibration Type Il was

To further check the adequacy of the modelled soil mois-undertaken, the RMSE values for bokiy and Ry models
ture, we compared the cross-correlograms for daily air temwere marginally higher than the Calibration Type | output,
perature and modelled soil moisture versus air temperatur@lthough the general ranking of the models did not change,
and observed soil moisture. These appeared to agree welith the exception of the a number of models including a
and, on the basis of this, we concluded that the modelled soivariable in which the parameters were no longer significant.
moisture did not lead a different correlation structure with
respect to air temperature than observed soil moisture.

In subsequent modelling, we treated the result of the soil
moisture model as if it were an observation for an individual
observation plot.

Biogeosciences, 10, 3003638 2013 www.biogeosciences.net/10/3007/2013/
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Fig. C1.Comparison of NSE values for models dfa) total soil respiration data (untrenched plots) éndheterotrophic soil respiration data
(trenched plots). The models tested are listed on the left side of the figure. The explanatory variables within each model are listed on the y-
axis and are abbreviated &s=temperature (soil or aitC as indicated))M = soil moisture B =relative biomassP =relative photosynthesis.

The “*” indicates that all model parameters were significant for one of either “Y” (young), “M” (middle) or “O” (old) vegetation community
models. The SEM bars on the total soil respiration means were calculated from thes MSte three community ages. SEM bars could

not be calculated for the heterotrophic models. Four mean values are outside the plotted range TgtMM + P (—1.966), GLMM

Tsoil + M + P (—2.803), LMM Ty, + M + P (—0.136) and LMMTgqj + M + P (—0.153).

Table C1.Description of the data used for model calibration and validation.

Modelling  Total soil respiration models Heterotrophic respiration models
stage Rs) (RH)
Calibration Data: Untrenched plots Data: Trenched plots
(Type ) Dates: September 2011-August 2012 Dates: September 2011-August 2012
Calibration  Data: Untrenched plots and Data: Trenched plots and
(Type II) Untrenched Validation plots Trenched validation plots

Dates: September 2011-August 2012 Dates: September 2011-August 2012
Validation  Data: Untrenched validation plots Data: Trenched validation plots
(Type ) Dates: September 2011-August 2012 Dates: September 2011-August 2012
Validation  Data: Untrenched validation plots -
(Type 1I) Dates: November 2010—August 2011 -
Validation  Data: Partial data from Untrenched plots  Data: Partial data from Trenched plots
(Type IlI) Dates: November 2010—August 2011 Dates: September 2011-August 2012

www.biogeosciences.net/10/3007/2013/

Biogeosciences, 10, 3WBR-2013



Soil respiration on an aging managed heathland

G. R. Kopittke et al.:

3030

007/2013/

™
Table C2. The measures of model fit for a selection®$ models using the Calibration data, Validation Type | data, Validation Type |l data, Validation Type Il data. See Table&x1

for Type definitions and Table 3 in the main article for parameter explanations. Calibration Type | models which included non-significant parameters are not shown in the t

italicized text indicates that not all variables in this Calibration Type 1l model were significant.

Model Variables Age Calibration Type | Calibration Type Il Validation Type | Validation Type Il Validation Type IlI
RMSEc1 NSEci RIAct RMSEc, NSEc, RIAco RMSE;; NSBEy;4 RIAy; RMSE» NSE/» RIAy,  RMSEy;3 NSE/z  RIAys

GLMM Tsoil + M old 0.32 0.82 0.81 0.47 0.64 0.74 0.62 0.38 0.64 0.58 0.35 0.69 0.39 0.72 0.74
GLMM Tair + P Old 0.32 0.82 0.81 0.46 0.64 0.74 0.51 0.57 0.7 0.48 0.55 0.72 0.38 0.74 0.74
GLMM2  Tgoj+M+ P Middle 0.34 0.85 0.83 As per Calibration Type | - - - - - - 0.43 0.75 0.76
GLMM Tar+ P Middle 0.34 0.85 0.83 As per Calibration Type | - - - — — - 0.43 0.75 0.76
GLMM Tair+ P old 0.35 0.78 0.79 0.67 0.25 0.62 0.57 0.47 0.66 0.52 0.49 0.69 0.56 0.72 0.74
GLMM Tsoil + M Middle 0.36 0.83 0.83 As per Calibration Type | - - - - - - 0.55 0.75 0.78
Selsted Ty + P Middle 0.36 0.84 0.82 As per Calibration Type | - - - — — - 0.55 0.76 0.79
GLMM2 Ty + M+P old 0.36 0.77 0.79 0.73 0.12 0.61 0.69 0.23 0.59 0.45 0.62 0.7 0.56 0.71 0.75
GLMM Tsoil Middle 0.37 0.82 0.82 As per Calibration Type | - - - - - - 0.48 0.76 0.78
Selsted  Tgpj Middle 0.37 0.82 0.82 As per Calibration Type | - - - - - - 0.48 0.76 0.78
GLMM Tsoil Old 0.37 0.76 0.79 0.46 0.65 0.74 0.51 0.58 0.71 0.57 0.38 0.7 0.44 0.70 0.73
LMM Tsoil + M Old 0.37 0.76 0.76 0.47 0.64 0.71 0.59 0.43 0.65 0.48 0.55 0.7 0.43 0.69 0.74
Selsted  Tspjl Old 0.37 0.76 0.78 0.46 0.65 0.73 0.51 0.58 0.71 0.56 0.4 0.7 0.44 0.69 0.74
GLMM Tair+ P Middle 0.39 0.81 0.8 As per Calibration Type | - - - - - - 0.43 0.75 0.79
Selsted  Tyir+ P Middle 0.39 0.81 0.8 As per Calibration Type | — — - - - - 0.45 0.75 0.79
GLMM2 Ty + M+P Middle 0.4 0.79 0.8 As per Calibration Type | - - - - - - 0.47 0.73 0.75
LMM Tsoil Middle 0.41 0.78 0.8 As per Calibration Type | - - - - - - 0.49 0.71 0.74
GLMM TB young  0.42 0.83 0.8 As per Calibration Type | - - - - - - 0.49 0.74 0.75
LMM2 TP Middle 0.43 0.76 0.78 As per Calibration Type | - - - - - - 0.47 0.70 0.74
GLMM Tsoil Young 0.49 0.77 0.78 As per Calibration Type | - - - - - - 0.50 0.69 0.73
Selsted  Tspjl Young 0.49 0.77 0.78 As per Calibration Type | - - - - - - 0.51 0.68 0.75
LMM2 Tair+ M Old 0.5 0.55 0.64 0.57 0.46 0.61 0.64 0.33 0.58 0.59 0.34 0.59 0.53 0.50 0.61
GLMM Tair+M Old 0.52 0.52 0.66 0.59 0.41 0.61 0.69 0.24 0.58 0.55 0.41 0.64 0.56 0.47 0.55
Selsted Ty + P Young 0.54 0.72 0.74 As per Calibration Type | - - - - - - 0.56 0.71 0.76
Selsted Ty old 0.55 0.47 0.6 0.59 0.42 0.57 0.61 0.39 0.54 0.53 0.46 0.6 0.57 0.42 0.59
GLMM Tar+ P Young 0.55 0.71 0.74 As per Calibration Type | - - - - - - 0.56 0.65 0.69
GLMM Tair Old 0.56 0.45 0.64 0.6 0.41 0.6 0.61 0.39 0.58 0.55 0.43 0.63 0.55 0.41 0.48
GLMM2  Tyjr+ P Young 0.56 0.7 0.75 As per Calibration Type | - - - - - - 0.58 0.66 0.71
LMM2 Tar+ P Young 0.56 0.7 0.74 As per Calibration Type | - - - - - - 0.61 0.66 0.72
GLMM Tair+M Middle 0.58 0.56 0.68 As per Calibration Type | - - - - - - 0.59 0.52 0.65
Selsted  Tyir Middle 0.59 0.55 0.63 As per Calibration Type | - - - - - - 0.59 0.51 0.62
GLMM Tair Middle 0.61 0.52 0.66 As per Calibration Type | - - - - - - 0.62 0.48 0.64
Selsted  Tyjr Young 0.66 0.58 0.65 As per Calibration Type | - - - - - - 0.68 0.53 0.65
GLMM Tair Young 0.68 0.56 0.68 As per Calibration Type | - - - - - - 0.67 0.52 0.65
LMM Tsoi+M+P Ol 121 —-158 0.35 1.07 —-0.92 0.39 1.38 -2.1 0.31 1.63 —4.11 0.28 1.02 -1.76  0.37
GLMM Tair+ M+ P Old 191 —-5.41 0.32 1.15 —-1.22 0.46 2.19 —6.78 0.27 2.73 -13.29 0.21 1.28 —-5.32 0.36
GLMM Tsoi+M+P Ol 2.32 -8.49 0.27 1.68 —-3.67 0.35 2.86 —-12.24 0.21 3.54 —22.98 0.17 1.54 -8.41 0.29

mmm. Gre
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Table C3.The measures of model fit for a selection®y§ models using the Calibration data, Validation Type | data, and Validation Type Il data. See Table C1 for Type definitions @d

Table 3 in main article for parameter explanations.

Validation Type | Validation Type II Validation Type IlI

Calibration Type I

RMSEcs

Calibration Type |
RMSEc1
+M Trenched 0.31

Age

Variables

Model

RMSE/; NSEB/; RIAy1 RMSE; 2, NSBEs2 RIAy2 RMSE/;3 NSE/3  RIAy3

RIAGC2

NSEc?

RIAc1

NSEc1
0.

0.72
0.71
0.71
0.69
0.69
0.61
0.62
0.62
0.62
0.62

0.64
0.61
0.61
0.61
0.61
0.48

0.5

0.37
0.39
0.39
0.38
0.39
0.45
0.44
0.44
0.46
0.46

0.74
0.73
0.73
0.71
0.71
0.64
0.65
0.65
0.65
0.65

0.71
0.68
0.68
0.67
0.67
0.55
0.55
0.55
0.53
0.53

0.34
0.35
0.35
0.36
0.36
0.42
0.42
0.42
0.43
0.43
0.46
0.45

0.77
0.76
0.76
0.74
0.74
0.67
0.67
0.67
0.68
0.68

76
74
74
72
71
61

0.

Trenched 0.32

0.

Trenched 0.32

+M Trenched 0.34
+M Trenched 0.34

0.

Tsoi

LMM2
LMM

0.

Tsoi

0.

Trenched 0.39

Trenched
Trenched

0.59
0.59
0.58
0.58

0.4

0.5

0.4

0.45
0.45
0.39
0.42

0.41
0.44

Trenched 0.41
Trenched
Trenched
Trenched

0.59
0.56

0.49
0.47

0.62
0.6

0.47
0.48

0.65
0.63

0.52
0.53
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The error metrics for both thRs and R4 models indicated
that NSE1 and RIAc; were closest to 1.0 for the models
with the lowest RMSE; values and showed the same gen-
eral ranking as for the RMSE values. The exception to this
trend was again in a number of models with thevariable,
where the NSE> was lower than the NS&3 and RMSE»
was higher than the RMSJ, thus confirming that these
models should be excluded from further consideration.

In the Rs models, the NSE; and RIA¢; values were gen-
erally > 0.77 where the RMSf values were< 0.5, (Ta-
ble C2), with the NSE; values being closest to 1.0 in the
Selsted and GLMM models (Fig. C1). ThRes models in
which parameters were significant for all community ages
were the GLMM Ty, GLMM Tair, GLMM Tyir + P, Sel-
sted Tsoy and Selsted,ir. Given that the Calibration Type
Il results showed the inclusion of the variable increased
the RMSE:» and reduced the NSz values, this model was
excluded from further consideration.

The final selection of either a Selsted model or GLMM
model is discussed within the main article and the additional
calibration, validation methods and error metrics provided to
illustrate that the correlation between the metrics as well as
the different calibration-validation methods is very high.

Appendix D

Diagnostic plots for selected models

In this appendix, diagnostic plots are shown for #gand

Ry models listed in Tables 4 and 5, using calibration data
(see Table 2). Per model, the residuals are plotted over time
as well as over Temperature and furthermore the quantile of
the residuals is plotted against that of the theoretical distri-
bution. While the error properties of the residuals of nearly
all of these models are good, a clear temporal autocorrela-
tion of the residuals is visible for th&s models (with a
slight over-prediction in February and an under-prediction of
the observed respiration in May). This structure is important,
since it points at some underlying variable or process which
was not observed in this study.

Biogeosciences, 10, 3WBR-2013
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Models for total respiration, using soil temperature (Tsoi|)
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Models for total respiration, using soil temperature and relative moisture (soj + M)
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Models for total respiration, using soil temp. and relative photosynthetic activity (Tsqj + P)
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Models for heterotrophic respiration
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