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Abstract. CO, production and transport from forest floorsis  Finally, four clusters with significantly different environ-

an important component of the carbon cycle and is closelymental conditions (i.e. permanent high soil moisture condi-
related to the global atmosphere £€€@oncentration. If we tion, accumulated litter amount, high variability in soil mois-
are to understand the feedback between soil processes amare content, and dominant temperature dependence) were
atmospheric C@ we need to know more about the spatio- found to be relevant in explaining the spatio-temporal vari-
temporal variability of this soil respiration under different ability of CO, efflux and providing reference-specific char-
environmental conditions. In this study, long-term measure-acteristic values for the investigated area.

ments were conducted in a spruce-dominated forest ecosys-

tem in western Germany. Multivariate analysis-based simi-

larities between different measurement sites led to the detec-

tion of site clusters along two Gmission axes: (1) mainly 1 Introduction

controlled by soil temperature and moisture condition, and

(2) mainly controlled by root biomass and the forest floor lit- Understanding the feedback between terrestrial ecosystems
ter. The combined effects of soil temperature and soil mois-and the atmosphere is one of the key issues for predicting
ture were used as a time-dependent rating factor affectinghe evolution of atmospheric GQroncentration and global
the optimal CQ production and transport at cluster level. climatic change (Longdoz et al., 2000). Accordingly, more
High/moderate/weak time-dependent rating factors were asstudies are required on the role of soil processes if we are
sociated with the different clusters. The process-based, mo4e improve our understanding of the flux rate functions and
distant clusters were identified using specified pattern charthe stability and resilience of soil processes that contribute
acteristics: the reaction rates in the soil layers, the activatiorio large-scale surface fluxes of water, heat and greenhouse
energy for bio-chemical reactions, the soil moisture depen-gases (Fang and Moncrieff, 1999).

dency parameter, the root biomass factor, the litter layer fac- The release of C®from the soil surface is the result of
tor and the organic matter factor. A HYDRUS-1D model sys- & number of complex processes, including G&oduction,

tem was inversely used to compute soil hydraulic paramegas transport and interactions between physical and biologi-
ters from soil moisture measurements. Heat transport parantal factors within the soil (Moncrieff and Fang, 1999). Car-
eters were calibrated based on observed soil temperatureBon dioxide in the soil is produced by the oxidation of soil
The results were used to adjust £froductions by soil mi-  organic matter during litter decomposition by heterotrophic
croorganisms and plant roots under optimal conditions formicroorganisms and the respiration by plant roots (Jenkinson
each cluster. Although the uncertainty associated with theet al., 1991; Hui and Luo, 2004; Pandey et al., 2010; Jassal
HYDRUS-1D simulations is higher, the results were con- et al., 2005). Soil respiration is often measured as a flux of

sistent with both the multivariate clustering and the time- carbon dioxide from the soil surface, i.e. as soil C&¥lux
dependent rating of site production. which approximately equals soil respiration at annual scale,

but is influenced by transport conditions over shorter time
steps (Raich and Schlesinger, 1992; Niinisto et al., 2011).
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Respiration is a suite of metabolic reactions regulated by twddy further assuming that (1) live and dead biomass dominate
major abiotic factors, temperature and moisture, with soilthe distribution of CQ efflux on the forest floor and (2) mi-
temperature usually having an overriding influence in forestcrobial respiration in the mineral soil is inversely related to
ecosystems (Schlesinger, 1977; Niinisto et al., 2011; Jassahe amount of organic matter. Satisfactory results were ob-
et al., 2005). Soil C@transport to the atmosphere is con- tained with the percentages of the variation in LC&flux
trolled by the rate of C@ production in the soil, the C©  accounted for by the variation in a predictor variable and as-
concentration gradient between the soil and the atmospherspciated variations in other variables. Thus 86, 64 and 36 %
soil physical properties, and environmental conditions (diffu- of the variation was accounted for in the microbial respiration
sion through air-filled pores and cracks in the soil) (Raich andin the mineral soil, fine root respiration and the microbial res-
Schlesinger, 1992; Hui and Luo, 2004). The effects of soil piration in the surface layer, respectively. These results sug-
temperature and soil moisture on g€ffluxes are nonlinear gest that such an approach may be extended by incorporating
and complex. A change in soil moisture has a greater impacé time-dependent rating factor to account for regions where
when the temperatures are high, while a change in tempersoil moisture is a limiting factor.
atures has a greater impact when the soil is humid (Howard Accounting simultaneously for effects of bio-chemical re-
and Howard, 1979; Joffre et al., 2003). Many previous stud-actions at a specific location and for time-dependent fac-
ies (Fiener et al., 2011; Hashimoto et al., 2009; Niinistd ettors such as soil moisture and temperature is only possible
al., 2011; Shi et al., 2006) have based Cé&¥flux estima-  with a relatively small number of process-based models (e.g.
tion purely on soil temperature (using e.g. Arrhenius law) SOILCO2, PATCIS, HYDRUS-1D) (Fang and Moncrieff,
because soil moisture is found not to be a limiting factor in 1999; Simiinek et al., 2005; Simlinek and Suarez, 1993a, b).
most of the studied regions. However, soil £aiffusivity In these models, Cfproduction in the soil layers is related
changes with air-filled porosity, which in turn is affected by to the amount and quality of organic matter and to the live
soil bulk density and soil water content (Jassal et al., 2005)and dead root distribution through the soil layers..@@ns-
This finding implies a potential link between changes in soil port in the soil is linked to gas diffusion, liquid dispersion,
CO, efflux and the soil moisture dependency parameter thagas convection and vertical water movement. The uncertain-
characterizes a specific location. Richter et al. (1996) used &ies associated with these models’ results can be significantly
combination of the Arrhenius law and the Walker's empiri- reduced by inversely computing the model parameters from
cal formula (Walker and Allen, 1984) to express temperaturefield measurements while minimizing the residual sum of
and moisture dependency through soil layers. This combinasquares. However, even if the models are able to predigt CO
tion of laws could be used as a rating factor of soilGilux dynamics relatively accurately, the large numbers of param-
in regions where dependence on soil moisture is high. eters to be calibrated, the poor data availability and the costs
Only a small number of studies have based a direct estiof experimental measurements mean that they are still weak
mation of CQ efflux on soil moisture content. For example, models, but can be improved. Furthermore, the complexity
Xu and Qi (2001) applied soil moisture thresholds dependingof the models hampers the understanding of the processes
on site conditions to inter-seasonal £€¥flux measurements and variables included in the model (Pumpanen et al., 2003).
to determine periods of high/weak temperature dependenc&/hile applying HYDRUS-1D for the simulation of soil res-
and periods of positive/negative contributing effects of soil piration in an agricultural field, Buchner et al. (2008) showed
moisture. They used a nonlinear regression model, includinghat HYDRUS-1D is well suited for modelling and that ¢O
soil temperature and moisture, and found explanations for 7@fflux strongly depends on soil hydrological properties which
and 95 % of the variation in soil CQefflux for soil volu- determine degradation as well as transport rates within the
metric moisture< 19 % and> 19 %, respectively. However, soil.
although the results were good, they were forced to conclude The spatio-temporal variability of soil respiration is anal-
that soil temperature and moisture are good predictors of thgsed in a number of studies ranging from global to local
temporal variation of C@efflux but poor predictors of the scales. Reichstein et al. (2003) analysed 17 sites in Europe
spatial variations of soil C®efflux. In a study in a temper- and North America with different site properties. Within the
ate forest Sitka spruce stand, Saiz et al. (2007) showed tha& UROFLUX project, Morales et al. (2005) applied different
soil temperature is the dominating factor, but soil moisturemodels for a number of sites spread over Europe to determine
is more variable and had an overall negative effect on soilmodel applicability to this data set. From this study, not too
respiration. much can be learned concerning the effect of site conditions
By assuming that the influence of soil moisture and tem-on soil respiration. Kang et al. (2003) studied the effect of
perature was negligible, Fang et al. (1998) followed ideaslocal topographic and climatic conditions on soil respiration
developed by Sokal and Rohlf (1995) in which root and mi- in Korea. They compared six slopes with different aspect, el-
crobial respiration are considered as predictor variables wheevation, and rainfall and found again that temperature is the
characterizing the spatial variability of G@fflux in a forest ~ most important driver. Pacific et al. (2009) investigated how
ecosystem in a Florida slash pine plantation. They developethrge the effect of local-scale topography is on soil respira-
a simple model to specify the spatial variation in £&3flux tion. They analysed two different positions along a transect
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from the riparian zone of a river to the drier hill slope for characterized by a shallow root system; the plant coverage is
two short periods (less than 3 months) in a wet and a dryabout 90 % (Sciuto and Diekkriiger, 2010).
year. They found a strong influence of the hill slope position
on soil respiration which is further modified by climate con- 2.2 Measurements and data processing
ditions. Because the measurement periods were rather short
and they did not attempt to model the data, the findings canin this study, soil CQ efflux was measured on a weekly ba-
not be transferred directly to other sites. sis using a closed dynamic chamber system (LI-8100, Li-
This study involved measurements sites with both similarCor Inc., Lincoln, Nebraska, USA). The G@fflux from the
and significantly different topographic conditions. This pro- soil was estimated by placing the chamber on PVC collars
cedure was chosen because it was assumed that different t20 cm diameter) and measuring the increase of @Ghin
pographic conditions may result in different soil parametersthe chamber. The insertion depth of the collars was 5-8 cm
with different moisture dynamics, but may not necessarilyinto the forest floor. Along with soil C® efflux, the soil
show comparable root biomass contents or litter depths, fotemperature and soil moisture were measured weekly and a
instance. If this assumption proves viable, it indicates thatsoil survey analysis was conducted, including soil bulk den-
a high level of complexity may exist and affect the speci- sity, root biomass, organic matter content and grain size dis-
fication of CQ variability within the study area. Multivari- tribution. Soil temperature was measured with a Testo 100
ate analyses, such as multiple factor analyses, may poter{festo AG, Germany) temperature device at the depths of 5
tially provide linkages between environmental properties andand 11 cm. Measurements in the depth of 11 cm were avail-
CO; efflux and account for similarities and dissimilarities be- able for the whole measurement period, while soil temper-
tween the investigated measurement sites. ature measurements in 5cm depth were limited to the pe-
The objective of this study is to analyse and understandiod 2008—-2010. Dwersteg (2012) analysed the differences
the spatio-temporal variability of GOefflux patterns and in correlation between 5 and 11 cm using an Arrhenius re-
their determining factors from measurement sites with signif-lationship. She found that the coefficient of determination
icantly different environmental properties, qualified as spe-slightly reduces from 0.9 to 0.85 when data are used from
cific sites. This objective is met by applying multivariate data 11 cm depth instead of 5 cm. Because of the variability in the
analysis techniques to develop a simple nonlinear model dethickness of the litter layer, Dwersteg decided to use 11cm
scribing a time-dependent rating of site-specific@@duc-  depth in order to always be in the mineral soil. This is sim-
tion and transport and comparing results with the output ofilar to the approach of Saiz et al. (2007) who compared soll
the process-based HYDRUS-1D model system. temperature measurements in 2 and 10cm soil. Soil mois-
ture was measured with a TDR soil moisture probe (Trime-
FM soil moisture probe, IMKO, Germany) over an interval

2 Materials and methods of 15cm (including soil litter). A total of 80 single points
along two different transects across the investigated catch-
2.1 Site description ment river and at a grid set-up in the southern part of the

catchment were monitored from 2006 to 2012 (cf. Dwersteqg,
The study was carried out in the Wistebach catchment (38 h2012 for more details). In the present study, our objective is
in size, Fig. 1) located in the low mountain area of the Eifel to analyse how the heterogeneity of the catchment is affect-
National Park (5830'N, 6°19 E, WGS84), Germany. It is ing the CQ pattern, so 10 measurements sites were selected
a spruce-dominated headwater catchment, a tributary of thaccording to different site properties. To confirm the selec-
Erkensruhr River in western Germany. The catchment has #on process, the measurements of the 10 selected sites were
warm temperate oceanic climate with a mean annual temgrouped using a cluster analysis to show consistencies with
perature of PC, yearly mean sunshine from 1500 to 1600 h the selection criteria, such as topography, soil type and prox-
and a mean annual precipitation usually ranging from 1100imity to the river. It should be noted that in our approach a
to 1200 mm (Sciuto and Diekkriiger, 2010). The altitude in- high number of clusters is expected.
creases from 595 m in the north to 628 m in the south, while  As reported by Dwersteg (2012), each measurement point
the mean slope is 3.6 % with a maximum of 10.4 % (Bo- was sampled for bulk density in 10 cm depth and bulk density
gena et al., 2010; Rosenbaum et al., 2012). The bedrockf the litter layer using metal cylinders (8 cm diameter), and
consists of Devonian shales with sporadic sandstone includetailed soil profiles for bulk density were generated for each
sions and is covered by a 1-3 m thick periglacial solifluction soil type (in total eight profiles) using soil core sampling.
layer in which mainly Cambisols in the western part and stag-The organic matter content and root biomass were deter-
nic Cambisols in the eastern part of the site have developedined through six soil profiles representing six different soil
(Rosenbaum et al., 2012). Gleysols, Stagnosols or Histosolg/pes. The organic matter content in the soil or litter was de-
are present in the groundwater-influenced floodplains alongtermined using a Carbon/Nitrogen/Sulphur analyser (CNS-
side the Wiistebach stream, (Dwersteg, 2012). The catchme000, Leco, St. Joseph, Michigan, USA). Soil bulk density
is densely forested by Norway spru¢idea abie} a species was determined by retrieving undisturbed cores of known
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Site Soil type Slope Elevation Bulk derlsity Root bio;nass Organic rgatter Litter thickness
(%) (m) [gem™] [gm7] [gm”] [m]
WA1 S-B: Gleyic Cambisol 8.84 600 0.82 131.25 10029.67 0.02
WA6 S-G: Stagnic Eutric Gleysol 5.59 598 0.91 73.20 12272.50 0.02
WA7 S-G: Stagnic Eutric Gleysol 5 598 0.90 73.20 12272.50 0.02
WA10 B-S: Cambisol 5.3 597 0.67 177.73 10029.67 0.04
WA11 B-S: Cambisol 7.29 598 0.70 177.73 10029.67 0.02
WA15 S-B: Gleyic Cambisol 12.87 601 0.70 131.25 10029.67 0.02
WB3 S-B: Gleyic Cambisol 12.75 604 0.82 131.25 12511.83 0.03
WB4 S-B: Gleyic Cambisol 14.25 605 0.76 131.25 12511.83 0.02
M1 S-B: Gleyic Cambisol 7.29 616 0.76 28.58 11019.17 0.04
M8 S-B: Gleyic Cambisol 7.29 617 0.84 52.40 7330.17 0.08

Figure 1. Location of the measurement sites (M1, M8, WAL, WA6, WA7, WA10, WA11, WA15, WB3b, WBA4) in the Wistebach catchment,
Germany, as used in this study (modified from Sciuto and Diekkriiger, 2010).

volume to subsequently oven-dry the samples at®@6&n-  particle analyser (Analysette 22, Fritsch, Germany). Soil in-
til a constant weight was reached. Samples for determiningormation for the model was taken from a soil map (1 : 5000;
root biomass were rinsed and sieved to detach roots from soffig. 1) produced by the Geologischer Dienst NRW and from
mineral particles. The washed root mass was then determineliterature (AG Bodenkunde, 2005).

by classifying it into diameter classes and weighing it after

being oven-dried at 70C for 48 h. The grain size distribution

was analysed according to Kéhn (ISO 11 277) and by using a
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2.3 Time-dependent rating of site-specific C@efflux

4239

steps as in Richter et al. (1996), aRdis the gas constant
(kJ (mol K)™1).

The combined effects of soil temperature and soil moisture aE
were used as a time-dependent rating factor affecting a siteF=F"K (6, T)=(a+bBp-+cMI—dIn(Ms) /$)6%koe *T (4)

specific optimal C@ production and transport. This method
is a generalized estimation approach to characterizg &8O
flux within the catchment. In the method, observed soil tem-
perature, soil moisture, soil parameters and soib @®@lux

wherea, b, ¢, d, kg, AE anda are parameters to be deter-
mined in agreement to the measurements (soil temperature,
soil moisture, CQ efflux and soil parameters).

are used to automatically solve a generalized equation wherg 4 HyDRUS-1D parameterization

only site-specific C@ production and transport parameters

are unknown. The classical law of Arrhenius, the empirical HYDRUS-1D (Simlinek et al., 2005) is a one-dimensional
formula of Walker and Allen (1984), and a formula char- process-based model used in this study to simulate daily soil
acterizing a site-specific CQefflux developed by Fang et CO, efflux. HYDRUS-1D incorporates simulation compo-
al. (1998) are combined to account for the temporal patterments such as water flow, heat transport and the movement
of soil CO;, efflux. An Excel solver engine was used to find of solutes considering first-order decay reactions in vari-
optimal parameter values based on the Generalized Reducegbly saturated soils. HYDRUS-1D uses the Richards equa-

Gradient Nonlinear approach.
According to Fang et al. (1998), a site-specific £flux
from the soil surface at a certain tinteand in a forest en-

tion (Eqg. 5) for simulating variably saturated flow and the
Fickian-based advection-dispersion equations for heat and
solute transport. The water flow equation incorporates a sink

vironment can be expressed as a sum of root and microbiaderm to account for water uptake by plant roots. The heat

respiration:

transport equation considers transport due to conduction and

convection with flowing water.

e ()]

d  dx ox T COF

whereh is the water pressure head (19)js the volumetric

water content (EL—23), 7 is the time (), x is the spatial coor-

dinate (L) (positive upward) is the sink term (EL—3T~1),

) B is the angle between the flow direction and the vertical
axis (i.e. g = 0° for vertical flow, 90 for horizontal flow,

whereB is the biomass of live fine roots in the sajljs the ~ and 0 < g <90 for inclined flow), andk is the unsaturated

soil total porosity,M; is the present amount of litter and hu- hydraulic conductivity function (L T?). The sink term, is

mus of forest floorMs is the amount of organic matter in the defined as the volume of water removed from a unit volume

mineral soil at time andq, b, ¢ andd are parameters to be ©Of soil per unit time due to plant water uptake as described

determined in agreement to the observations. In is the logaby Feddes et al. (1978).

rithmic function with base. It is assumed that soil parame- ~ HYDRUS-1D assumes that the individual g@roduc-

ters do not change within the short time of the investigations tion processes are additive and performs the calculation as

Richter et al. (1996) mentioned that under field conditionsthe superposition of individual processes that reduce produc-
soil temperatureX() and soil humidity §) act simultaneously ~ tion from the optimal value (Simdinek and Suarez, 1993a).
as a kinetic parametet (Eq. 3), affecting the degradation Thus, the production of COis considered as the sum of
rate of pesticide through soil layers. The approach used irthe production by soil microorganisms and by plant roots.
this work assumed the same effect but as a rating factor ofl YDRUS-1D also assumes that the £€Bansport in the un-
the optimal CQ production/transport at a specific location. saturated zone can occur in both the liquid and gas phases.
Thus CQ efflux at a specific location over timé, (Eq. 4), Furthermore it is assumed that the £€bncentration in the
can be expressed as the producFef(Fang et al., 1998) by  Soil is governed by two transport processes: convective and
K (Richter et al., 1996). diffusive transport in both gas and aqueous phases, and CO
production and/or removal (Patwardhan et al., 1988).

In this study, the atmospheric boundary condition at the
surface layer (i.e. daily potential evaporation and transpira-
tion fluxes, daily rainfall, and daily air temperature) is used
for the upper water flow boundary condition. This condition
permits water to build up on the surface. The height of the
activation energy (Jmol), « is the parameter describ- surface water layer increases due to precipitation and is re-
ing soil moisture dependency’ (1), A is the humidity re-  duced because of infiltration and evaporation. The lower wa-
sponse function parameter set equal to 1 in the followingter flow boundary condition is set to constant pressure head.

F* = R+ Rmi + Rms, 1)
whereF* is the CQ efflux from the soil surface an&ly, R,

and Rms are root respiration, microbial respiration in litter
and humus layers and microbial respiration in the mineral
soil, respectivelyF* is finally expressed as

®)

F* =a +bB¢+CM| _dln(MS)/¢’

K®O,T)=K(@)K(T) = A0%kge T, 3)
where K (9) is the empirical formula of Walker and Allen
(1984), K (T) is the classical law of Arrheniugp is the
reaction rate at reference temperatiige(T—1), AE is the
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The upper heat transport boundary condition is set to temThe index of agreement ranging between 0 and 1 is strongly

perature boundary condition, and the lower heat transporinfluenced by the mean value (simulated or observed vari-

boundary condition is set to zero gradient. The snow meltingable) and evaluates the performance of the temporal char-
constant, the amount of snow that will melt during 1 day for acteristics of the simulated curves. A value of 1 indicates a

each’C, is set to 0.43 cm while the sublimation constant usedcomplete agreement between measured and simulated val-
to reduce the potential evaporation from an existing snowues.

layer is setto 0.4. The initial model parameter sets considered in the uncer-
. . tainty analysis are (1) optimized parameter sets( c, d,
2.5 Inverse simulation approach a, ko and AE) obtained by applying the Excel solver en-

gine with the Generalized Reduced Gradient Nonlinear ap-
Hydraulic parameters behind the @®mulations were es-  proach, (2) inversely computed hydraulic parameters using
timated and optimized from the soil moisture measurementspe HYDRUS-1D model and based on measured soil mois-
using an inverse modelling approach included in HYDRUS-tyre, and (3) adjusted heat parameters, optimab @@-
1D. The objective functio (Eq. 6) minimized during the  qyction and transport parameters using HYDRUS-1D and
parameter estimation process is described by Simunek &§3sed on measured temperature ang €fux. To quantify
al. (1998). The first term represents deviations between thene prediction uncertainties, an uncertaintyiot % was as-
measured and calculated space-time variables (water congmed for each parameter, thus generating parameter ranges
tents at different locations and/or time in the flow domain). for the Latin Hypercube sampling. The uncertainties in the
The second term represents differences between indepepyedictions are quantified by the percentage of measurements
dently measured and predicted soil hydraulic properties (€.9pracketed by the 95 % prediction uncertainty baRdgctor)
retention, hydraulic conductivity). The last term represents 8 Abbaspour et al., 2004). The 95% uncertainty prediction is
penalty function for deviations between prior knowledge of cajcylated at the 2.5 and 97.5 % levels of cumulative distri-

the soil hydraulic parameters and their final estimates. bution of an output variable obtained through e.g. Latin Hy-
percube sampling, excluding 5 % of the very bad simulations
o(b,q.p) = Z',"jl vj Zf’j”l wi.j [q;‘f(x, ) —qj(x,t, b)] (due to very bad parameter combination). The ratio of aver-
= = ) age distance between 2.5 and 97.5 percentiles of the cumu-
+ Z””" Vi ZW Wi [p*f(g-) —pie b)] lative distribution of the simulated variable and the standard
j=1 J i=1 "bJ Jet J .. . .
) deviation of the corresponding measured varialfdactor)
" an v [b}‘ _ b,] ’ (6) provided insights into the thickness of the uncertainty band
j=1Y .

(Abbaspour et al., 2004).

where,m, andm, are the number of different sets of mea-
surementsy,; andn,; are the number of measurements in
a particular measurement se;,(x, t;) and pj(e,-) represent
specific measurements at timdor the jth measurement set 31 \yltivariate dependence of CQ efflux

at locationx, ¢;(x,#;, b) andp;(s;, b) are the corresponding

model predictions for the vector of optimized parameters The measurements & 984 observations) analysed in this
(e.9.6,,05, a, n, andK;, van Genuchten parameters), and  work are from 10 sites characterized by significantly differ-
andw; ; are weights associated with a particular measure-ent slope values ranging from 3.6 to 10.4 %. In some cases,

3 Results and discussion

ment set or point, respectively. the sites are very close to the river bed, e.g. sites WA6 and
_ WA7 (cf. Fig. 1). Here, lateral flow may differently influ-
2.6 Uncertainty approach ence site-specific soil moisture and thus greatly affect the

) ) ) CO, efflux from soil. Table 1 shows descriptive statistics of
A new processing and executing routine was developed (us;

; ) all measured variables at the different sites. The soil param-
ing a FORTRAN environment) for the HYDRUS-1D model ger gre presented as mean values for the entire soil pro-

allowing the user to run hundreds of simulations at oncejes This table shows that the litter depth and the density

based on a very large parameter matrix that can be obtainegk 1ot hiomass displayed the highest coefficients of varia-
by e.g. Latin Hypercube sampling (McKay et al., 1979). The i5n and may be relevant factors for characterizing a site-

quality measure of the model performance (fitting to the mea-yqific hehaviour. Nevertheless, this result should also be

s%rements) is evaluated by the coefficient of determination,a\ysed with caution, since randomly distributed observa-
R*, the model efficiency (ME) of Nash and Sutcliffe (1970) {jons are obtained for the density of root biomass and not for

and the index of ag'reergent of Willmott (1981). The coef- ¢ |itter depth (Table 1). Thus, all investigated soil param-
ficient of determinationk” describes the linear dependency eers are randomly distributed except the litter depth, which

between measurec_i and simulated values within the range of 91ay be highly influenced by local-scale factors, such as wind
to 1. The ME describes the degree of accordance between oby; transport through preferential surface flow.

served and simulated values and varies betwesmnand 1.

Biogeosciences, 11, 4238249 2014 www.biogeosciences.net/11/4235/2014/
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Table 1.Descriptive statistics €984 observations) for 10 sites (M1, M8, WA1, WA6, WA7, WA10, WA11, WA15, WB3, WB4) from 2006
to 2012 along two transects (cf. Fig. 1 for the locations of measurement sites and for more details). The symbol (=) means that the dynamic
variables were not tested for normality.

Variables Min. Max. Mean Std. Coef.of  Normally
deviation variation distributed
Litter thickness (m) 0.02 0.08 0.03 0.02 0.57 no
Bulk density (g ch3) 0.67 0.91 0.79 0.08 0.10 yes
Root biomass (g m°) 28.6 177.7 113.2 47.9 0.42 yes
Organic matter (g m3) 7330.2 12511.8 10833.6 1513.0 0.14 yes
Soil moisture at 15 cm depth (% Vol.) 2.03 54.77 22.78 - - -
Soil temperature at 11 cm depthQ) 0.00 15.80 8.58 - - -
CO, efflux (umol nT2s-1) 0.02 8.74 2.51 - - -

Figure 2 shows Ceefflux rates for the investigated sites ~ Combining information from Fig. 2 and calculated mean
with their dependence on soil temperature and soil moistureefflux values, it can be seen that
for seasonal means over the period 2011 to 2012. The cir- . . .
cle sizes indicate the rate of G@fflux at a given site. The 1+ & Seasonal (Spfz'”g)lmea” soil gefflux ranging from
transition from spring to summer is expressed by an aver-  1:2 10 3pmolm®s™*was associated with a large range
age increase of soil temperature of abo€5and an aver- of seasonal mean volumetric soﬂ moisture ranging frqm
age decrease in soil moisture of about 5%. A global view on 12 0 33%, while the mean soil temperature remains
the flux pattern at relatively fix temperature ranges (seasonal ~ 'elatively close to 8C
means) shows that emission rates decrease with increasings 5 seasonal (summer) mean soil S&flux ranging from
soil moisture. A clear dependence of the Q@attern on soil
temperature (transition from spring to summer) is not nec-
essarily shown, even if the humidity conditions are similar,
which is likely for the sites WA6 and WA?7 as they are close
to the river bed (permanently wet). In addition, £€mission
rates may increase (e.g. WA1) or decrease (e.g. WB3) with Both environmental factors and seasonal means of ob-
increasing temperature and decreasing soil moisture. With &erved variables (e.g. G@fflux, soil moisture and soil tem-
clearly changed moisture condition from spring to summer,perature) from 2011 to 2012 were combined as multivariate
the CQ efflux rate may also remain similar (e.g. M8). Thus, data for a multiple factor analysis. In Fig. 3, the results show
the CQ efflux rate remained, for instance, almost unchangedwo main axes (factors F1 and F2) controlling about 70 % of
at site M8, while soil moisture decreased and soil temperathe total observed variance. @®ignificantly contributed to
ture increased, a condition that, in principle, should simplyboth axes at about 20 % but at a higher rate for the axis F1.
lead to an increase of the flux (Shibistova et al., 2002). ThisThe factor F1 is mainly controlled by soil moisture and soil
result led us to conclude that in such an ecosyster, €O  temperature, with a predominant influence of temperature in
flux from soil may not be highly affected by temporal factors, spring and a predominant influence of soil moisture in sum-
but it may be affected by spatial factors. The other sites M1,mer. CQ efflux is positively correlated with soil temperature
WA10, WA11, WA15 and WB4 may be classified anywhere and negatively correlated with soil moisture. The factor F2 is
between or within the cases mentioned above. It is impornainly controlled by the litter depth and the root biomass,
tant to remember that the measurement sites involved in thi@nd this result seems to be consistent with the information
study may have differences and similarities (strongly linked previously drawn from Table 1. Cefflux is positively cor-
to environmental properties) that cannot be clearly shownrelated with the root biomass and negatively correlated with
from a description based only on soil temperature and soithe litter depth. Similarities between the sites are shown in
moisture measurements. the same axis system on the right side of the graphics (mul-
In summary, site WAG is characterized by very low £0 tivariate clustering). The arrows of the axes indicate emis-
efflux due to permanent moisture conditions, while both thesion gradients with M1 (cluster C1, Table 2) pointed out as
high emission rate of the site M1 and the relatively constantthe most important emission site. M1 is mainly dependent on
emission rate of M8 still have to be clarified. Particular be- soil temperature and should benefit from the transition from
haviours of the other sites, if existing, remain unclear. spring to summer, but this benefit is not clearly shown in
Fig. 2, maybe due to adverse effects from soil moisture. The
relatively constant and low emission rate at the site M8 re-
sults mainly from the litter depth. The figures show that if the

1.7 to 4.5pumolm?s~1 was associated with a large
range of seasonal mean volumetric soil moisture rang-
ing from 8 to 30 %, while the mean soil temperature re-
mains relatively close to 1ZC.
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Table 2. Potential clusters for characterizing the patterns op@€lux in the study area.

Cluster 1 (C1) Cluster2(C2) Cluster3(C3) Cluster4 (C4) Cluster5(C5) Cluster 6 (C6)

M1 M8 WAL WA6 WA10 WA11
WB3 WA7 WA15
WB4
35 35
Spring Summer
WA6 o
30 + 30 +
WA7 WA6
% O O WB3b -y WA7
o
> 5 O wat = 25
= X WB3b
[} Q WA1
; 20 -+ WA11 @ WAIO 5 20 + O
o O wms 7
o o
WA10
Es g we4 € 15 | @ WA11
) WA15 O b=t
) o O wms8
10 + m1 < WA15 O
10 + E ) WB4
M1
5 . . } s ) ) )
4 6 8 10 12 8 10 12 14 16

Soil temperature [°C] Soil temperature [°C]

Figure 2. 2-D plot of CO, efflux dependency on soil temperature and soil moisture and likely clustering based on average values observed
from 2011 to 2012. The circle sizes indicate the rate op@@lux at a given site.

litter is a factor that indirectly and positively influences the The estimation quality remains on average with coefficients
CO, efflux through microorganism respiration, it could be at of determination ranging from 0.43 to 0.65, model efficien-
the same time a factor that regulates the emission rate (negaies from 0.36 to 0.51, and indices of agreement from 0.73
tive correlation between the litter depth and £&lux). The  to 0.82. Uncertainty quality measures are relatively high,
site WA11 is mainly controlled by the root biomass. The siteswith more than 50 % of the measurements captured by the
WA10, WA15 and WB4 gathered in Cluster 5 (Fig. 3 and Ta- 95 % prediction band, ranging from 53 to 60 %. TRdac-
ble 2) are subjected to the simultaneous effects of the bottior ranges between 0.53 and 1.09. The uncertainty analysis
factors F1 and F2. is based on optimized parameter sets obtained by applying
One may conclude that the clusters C1 and C5 contairthe Excel solver engine with the Generalized Reduced Gradi-
sites highly affected by the time-dependence rating factorsent Nonlinear approach. Afterwards an uncertainty-Gf%
clusters C3 and C6 contain sites moderately affected by thevas assumed for each parameter, thus generating parameter
time-dependence rating factor, and clusters C2 and C4 corranges that quantified the prediction uncertainty.
tain sites weakly affected by the time-dependence rating fac- The estimated site-specific parameters are shown in Ta-
tor. Clusters C2, C4 and C5 are the most geometrically disble 3. This table shows the large dissimilarities between
tant in reference to the Fig. 3 and should lead to significantlyclusters C2, C4 and C5/C6, compared to the others. These
different site-specific parameters shown in Eq. (4) (e.g. reacfesults are consistent with the multiple factor analysis dis-
tion rate at reference temperature, activation energy, paramzussed in the Sect. 3.1, in which clusters C2, C4 and C5
eter describing soil moisture dependency, cluster constants)wvere found as the most distant (emission rate as well as pre-
dominance of factors). This result clearly shows how well
3.2 Site cluster weighting and characterization seasonal mean information matches the weekly scale infor-
mation since the multivariate analyses are performed using
Figure 4 shows the estimated and observed soi €ffux seasonal average data, while the parameter estimations are
and the quality measure displayed in the bottom table. AsPased on the weekly scale data.
mentioned in Sect. 2, the estimations are based on a non-
linear time-dependent rating of site-specific models (Eq. 4).
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Table 3. Factor parameters obtained for the different clusters (cf. Eq.kg}=reaction rate at reference temperatdig (T~1),
AE = activation energy (J mﬁll), «a = parameter describing soil moisture dependent?leTa = cluster constanf; = root biomass factor,
¢ = litter layer factord = organic matter factor.

ko (10%) AE10YH o (1079 a (1072 b (1072) ¢ (1072) d (1072
Cluster 1 12.22 7.12 —-2.78  2443546.23 2978.67 30088896.19 471.59
Cluster 2 316.17 9.00 —3.09 39840964.13 10332.46 1551055746.34 0.10
Cluster 3 11.12 6.78 —2.74 432919.94 97620.17 0.10 627307.69
Cluster 4 13.41 6.78 56.32 818192.95 0.10 0.10 0.00
Cluster 5 8.16 7.09 -2.63 640958.13 13557.46 26824424.54 7480.35
Cluster 6 68.68 7.23 —-1.85 0.88 1583662.25 39.94 5289549.76
Variables (axes F1 and F2: 68.86 %) Observations (axes F1 and F2: 68.86 %)
1
5
A
075 Lo s | () I
Root
biomass 3 T
0.5 + -
. Organic ) A Ve /
- CO, efflux matter /| WAILS T\wa11/
S 0.25 T+ '\g / WA10 % L O///W\
® S ! Lwea 2 T
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0.75 ® depth -4 N T
-1 -5
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Figure 3. Multiple factor analysis (MFA) based on seasonal means of observed variables from 2011 ttap@mé(c) are the correlations
between variables and factors over spring and summer, respecfheand(d) are the dependence of measurement sites on the factors and
clustering over spring and summer, respectively.
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Figure 4. Estimated vs. observed G@fflux based on the time-dependent rating of site-specific production and transport approach (Eq. 4).
(a) Scatter plot of simulated vs. measured £é€Jflux for all clusters from 2006 to 2012b) simulated vs. measured G@fflux with
associated 95 percent prediction uncertainty (95PPU) from 2011 to 2012 for the site M8 (cluster.CB)nt&hns clusters. 16.
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Combining information drawn from Fig. 4 and Table 3, it sites in the eastern Amazon. They found that litter contribu-
appears that clusters C1, C2, C4 and C5 may be seen as refion showed no clear seasonal change, though experimental
resentative when characterizing the spatio-temporal patterprecipitation exclusion was associated with a 10-fold reduc-
of CO, efflux from the forest floor of the Wistebach catch- tion in litter respiration relative to unmodified sites. These
ment: findings invite more attention and studies on how litter con-
trols CO efflux.

Table 4 shows Pearson correlations between the site-
Epecific factors (cluster constant, root biomass factor, litter
layer factor, organic matter factor). These correlations are

2. As previously found, Cluster C2 is minimally affected overall insignificant, ensuring that the evaluated nonlinear
by the time-dependent rating factor but highly influ- model is not over-parameterized.
enced by the combined effects of root biomass and lit-
ter depth. The effects of the litter depth are predomi-3.3 CO; production and transport through soil layers
nant and expressed as an inhibiting factor for,Q@b-
duction and transport. This result clearly explains theAS mentioned in Sect. 2, soil hydraulic parameters were
very h|gh reaction rate at a reference temperature andjerived from soil moisture measurements USing inverse so-
the very high activation energy observed in Table 3. Aslutions through the HYDRUS-1D model system. The cali-
discussed in Sect. 3.1, if the litter is a factor indirectly brated hydraulic parameters were first combined with soil
and positively influencing the CQOefflux through mi- temperature measurements to adjust heat transport parame-
croorganism respiration, it could be at the same timeters. All these parameters were finally used to simulate soil
a factor that regulates the emission rate, depending o Oz efflux for one site picked from each cluster presented in
how important and dense it is (resulting in a negative the previous sub-sections.
correlation between the litter depth and £6¥flux). As Figure 5 shows observations versus best simulations with
already mentioned, different depths of litter may lead, the associated uncertainty ranges for the soib@@ux of
for instance, to different velocities of heat transport or the measurement sites picked up from the clusters. The ta-

air diffusion from or into the soil layers. The problem ble associated with Fig. 5 provides the quality measure of
raised here is then related to the quality of the forestthe simulation for the different sites taken from the clusters.

floor litter and the organic matter, which may be af- The quality measures are just acceptable. The coefficient of

fected by wind action, preferential runoff transport or determination g?), the model efficiency (ME) and the in-

deposition from different species as already pointed outdex of agreement (IA) range from 0.26 to 0.86. The per-
by Longdoz et al. (2000). centage of measurements captured by 95 % prediction uncer-

tainty ranges from 71 to 88 %, while the uncertainty bands
3. Cluster C4 was found to be mlnlma”y influenced by are re|ative|y |arge (from 1.32to 272)
both the time-dependent rating factor and a permanent Qverall, the uncertainty of the simulations using the
moisture condition. These influences result in a mod-HYDRUS-1D model were relatively high compared to those
erate reaction rate at reference temperature and a venyf the estimations presented in Sect. 3.2, where combined ef-
specific value as for the parameter describing soil wateffects of soil moisture and soil temperature were directly used
dependency (Table 3). as a time-dependent rating factor for site-specific, @@b-

: : duction and transport.
4. Clusters C5 and C6 are highly influenced by the com- . . .
bined effects of the time-dependent rating factor and the 4 T?ble 5 Zr}[ows cal|tbrated v?lues forhsne;;peufllcz(mlib— i
root biomass. This result is explained by the low value uction and transport parameters such as the molecufar diftu-

obtained for the parameter describing soil moisture de_sion coefficient of carbon dioxide in air, the molecular diffu-

pendency and the specific value obtained for the cluster'" cogfﬂment Of. car.bon d|0X|Qe in water, the ‘?p“m"’?'@o
constant (Table 3). production by soil microorganisms for the entire soil pro-

file and the optimal C@ production by plant roots for the
Many studies have investigated the litter control on soil entire soil profile. These values might be seen as character-
respiration. Li et al. (2004) studied the effects of litter ex- istic values for both the investigated sites and the underly-
clusion (exclusion of new litterfall over a 7-year experiment) ing clusters. The lowest respiration is observed for Cluster
on soil CQ efflux and found out that soil respiration was C4 and can be explained by the permanent moisture con-
significantly reduced. Sulzman et al. (2005) studied the con-dition, which inhibits microbial activity. The highest respi-
tribution of litter to total soil CQ efflux in an old growth  ration rates are observed at Cluster C3, which may be seen
coniferous forest and found that measured fluxes from plotsas a predominant effect, non-extreme/intermediary and suit-
with doubled needle litter led to an additional flux. Metcalfe able soil moisture condition resulting in optimal conditions
et al. (2007) investigated factors controlling spatio-temporalfor microorganism. It should be mentioned that Cluster C3
variation in CQ efflux from surface litter at four rain forest was identified in Sect. 3.2 as under moderate influence of the

1. Cluster C1 was clearly linked to the high temperature-
dependent effects as derived from Fig. 3 and does no
display any clear characteristic values in Table 3.

www.biogeosciences.net/11/4235/2014/ Biogeosciences, 11, 42392014



4246 A. Y. Bossa and B. Diekkriiger: Spatio-temporal variability of soil respiration

10
a
N (a)
eCl +C2 =-C3 mC4 oC5 acCé
8 -
o
w'm 71
€
© °
E 6 - °
= °
= °
E ° " °
E 51 D °
5] o o
~ ° P 1 [ ) * L)
8 ¢ ¢+ = _ ° -
- 47 ¢ = l:'-. °
7] o= o Ldhdie ¥~ R N - ®
& L) L °
0 - . L ugn ;w [} LS
S 3 s * ) e® ' =
E | = ° A aa P £ : ° ¢
n ) - med o "l u oo A -
¢ = 5 S .
2 z \.-IA
A =e Tol ‘t._ ™
® 2 Ié A
1 A"‘ AL . a
++-|-I- +
+ +++
0 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Measured CO, efflux [umol m2s?]
4.5
® Measured b
4 ® Simulated with the 95PPU range ( )
35 +
o o0
v 3 [ ]
o 1»
€ o ® |
g 25 - el |l .
= o o %o L
X 2 W e |1 o [
= L ee | . o
= O .
~N15 . ° o % o
8 e é o
] ‘ o0
14 . [ ]
[ ]
05 + ¢
[ ]
0 1 1 1 1 1 I.
01.01.11 01.04.11 01.07.11 01.10.11 01.01.12 01.04.12 01.07.12 01.10.12
Date
Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6
Coef. D. 0.42 0.60 0.45 0.28 0.40 0.41
ME. 0.42 0.60 0.44 0.26 0.39 0.41
1A. 0.77 0.86 0.80 0.66 0.76 0.75
P-factor 0.78 0.88 0.75 0.76 0.71 0.76
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Figure 5. Simulated vs. observed G@fflux for selected sites from the clusters using HYDRUS-1D. The simulation quality measures are
displayed in the associated tab{a) Scatter plot of simulated vs. measured £é¥flux for all clusters from 2006 to 201%b) simulated

vs. measured C@efflux with associated 95 percent prediction uncertainty (95 PPU) from 2011 to 2012 for the site M8 (cluster.CB8). C1
means clusters.16.
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Table 4. Pearson correlations between parameters of the modified Fang et al. (1998) model (Eq. 4). Correlations are underlined while values
in italic are the significance of the correlations under alplta05. Values in bold highlight correlations with significane®.05.

Variables ko AE o a b c d
ko 0.982 -0.241 0.976 -0.023 0.980 -0.042
AE 0.982 —-0.330 0.975 -0.078 0.977 -0.102
o —0.241 -0.330 —-0.211 -0.203 -0.219 -0.212
a 0.976 0.975 -0.211 —0.238 0.999 -0.256
b —0.023 -0.078 -0.203 —0.238 —0.220  0.998
c 0.980 0.977 -0.219 0.999 -0.220 —0.238
d —0.042 -0.102 -0.212 -—-0.256  0.998 —0.238

Table 5.Estimated parameters of the HYDRUS-1D model: Air DiffMolecular diffusion coefficient of carbon dioxide in air (mmd—1);
Water Diff.= Molecular diffusion coefficient of carbon dioxide in water (m?rd—l); OCDP microorganisms Optimal CQ production
by soil microorganisms for the entire soil profile (umoT?ns‘l); OCDP roots= Optimal CG production by plant roots for the entire soil
profile (umolnm2s~1).

M1(C1) M8(C2) WAL(C3) WA7(C4) WAIL0(C5) WAL1 (C6)

Air Diff. 1373760 1373760 1373760 1373760 1373760 1373760
Water Diff. 152.9 152.9 152.9 152.9 152.9 152.9
OCDP microorganisms 10.40 9.48 11.31 6.32 10.65 7.27
OCDP roots 13.42 7.80 9.74 10.49 11.90 7.33

time-dependent rating factor (combined effects of soil mois- A multivariate clustering of the measurement sites de-
ture and soil temperature). The lowest root activities are ob-creased the complexity level of the environmental control
served for Cluster C2 (site M8) and Cluster C6 (site WA11) on CQ, efflux and allowed concordant evaluations of a sim-
and are partly consistent with conclusions drawn from Fig. 3ple nonlinear model of time-dependent rating of site-specific
in Sect. 3.1, where attention was drawn to a likely inhibiting CO, production compared to simulation issues with the
effect of the litter depth on the C(Qproduction and transport HYDRUS-1D model system. Although the uncertainty in-
with a direct link to very low air and heat circulation. This creased significantly from the nonlinear time-dependent rat-
result helps make clear why the activation energy found ining model to the HYDRUS-1D simulations, the comprehen-
Sect. 3.2 (Table 3) is very high. The highest£8oduction  sible linkage between the different results and the underlying
from root biomass (Table 5) is shown for Cluster C1 (site approaches was not affected.
M1) and Cluster C5. This result is also consistent with the The results indicate that GCefflux from the sub-surface
efflux gradient shown in Fig. 3 (Sect. 3.1). floor of the study area is mainly controlled by soil tempera-
ture, moisture condition, root biomass and litter distribution.
Four different process-based clusters with very clear physical
The current work provides a successful extension of earlie@d bio-chemical conditions (e.g. permanent moisture condi-
relevant research issues (Fang et al., 1998; Richter et allion, @ccumulated litter amount, high changes in the air-filled
1996) by discussing ongoing long-term E€fflux measure- porgs)_ were found relevant in explglmng the spatio-temporal
ments and multivariable environmental properties in a west-varability of CO;, efflux and providing reference character-
ern German forest ecosystem. istic value_s for the_ mve_stlgated area. Parameters suqh as the
For the period 2011 to 2012, data from 10 selected®n® describing soil moisture dependency were specified for

measurement sites in the spruce-dominated forest floor of'€ clusters, accounting for the link between soil moisture
the Wiistebach catchment have shown a spring mean sofind changes in soil GOemission rate. The results provide
CO, efflux ranging from 1.2 to 3pmolmfs (1.7 to many other pattern characteristics, such as the optimal CO

4.5 molm2s~1 in summer) associated with a large range production by soil microorganisms for the entire soil profile
of mean volumetric soil moisture ranging from 12 to 33% and the optimal C@production by plant roots for the entire
(8 to 30% in summer), while the mean soil temperature re-SOil profile. _ B
mains around 8C (12°C in summer). This less pronounced Finally, it should be remembered that the site-specific rat-
seasonal trend hides complex interactions between envirod factor approach used in this study produced comprehen-
mental factors, time-dependent factors and the, @@lux sible, valid and more certain results compared to using the
rate (Metcalfe et al., 2007). HYDRUS-1D.

4 Conclusions
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