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Abstract

A seven year CO»-flux dataset measured in a 70 year old spruce monoculture
is presented, of which 22 % was deforested three years after the start of the mea-
surements to accelerate regeneration towards natural deciduous vegetation. An eddy
covariance (EC) system, mounted on top of a tower within the spruce forest, con-
tinuously sampled fluxes of momentum, sensible heat, latent heat and CO,. After
clear-cutting, a second EC station with an identical set of instruments was installed
inside the deforested area. In total, we examined an EC dataset including three years

before (forest) and four years after partial deforestation (forest and deforested). Full
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time series and annual carbon budgets of the net ecosystem exchange (NEE) and its
components gross primary production (GPP) and total ecosystem respiration (Rec,)
were calculated for both EC sites. Soil respiration was measured with manual cham-
bers on average every month after the deforestation at 75 measurement points in the
forest and deforested area. Annual sums of NEE measured above the forest indi-
cated a strong carbon sink of -660 (-535) g C m y"! with small interannual variabil-
ity £78 (72) g C m™ y'! (values in brackets including correction for self-heating of
the open-path gas analyzer). In the first year after partial deforestation, regrowth on
the clearcut consisted mainly of grasses, with beginning of the second year shrubs
and young trees became increasingly important. The regrowth of vegetation is re-
flected in the annual sums of NEE, which decreased from a carbon source of 521
(548) g C m? y! towards 82 (236) g C m™ y! over the past four years, due to an

increase in the magnitude of GPP from 385 (447) to 892 (1036) g C m2 yl.

Keywords: Net ecosystem exchange (NEE), Natural succession, Soil respiration,

Gross primary production (GPP), Ecosystem respiration, Radiative forcing

1 Introduction

Forest ecosystems in the northern mid-latitudes typically act as a sink for atmospheric car-
bon dioxide (various authors after Lindauer et al.,|2014)) and hence play an important role
in the global carbon cycle. Disturbances in such ecosystems lead to changes in their car-
bon balance. Carbon dioxide (CO;) exchange of a forest ecosystem with the atmosphere
is the result of photosynthesis (gross primary production, GPP) and ecosystem respiration
(Reco). After a disturbance has occurred, the duration of altered exchange rates depends
on the type of disturbance, vegetation species, climate conditions and the post-disturbance
land management (Luyssaert et al., 2008; [Erb et al., 2018)).

Many studies examined forest disturbances like clearcut and stand-replacement (Ran-

nik et al., 2002; Kowalski et al., 2003} 2004; [Humphreys et al., 2005; Takagi et al., 2009;
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Grant et al., [2010; Aguilos et al., 2014; Paul-Limoges et al., [2015) with different stand
ages (chronosequence studies |[Kolari et al., [2004; (Clark et al., [2004; Humphreys et al.,
2006} Gough et al., 2007; |Amiro et al., [2010; Grant et al., 2010; Paul-Limoges et al.,
2015)), fire (Dore et al., 2012; |Amiro et al., 2006)), insect outbreaks (Seidl et al., [2008)) and
wind-throws (Knohl et al., 2002; [Yamanoi et al., 2015} Liu et al., 2016). Some studies
focused on Central European forests; e. g., after wind-throw in a mountain forest in the
Alps (Matthews et al., 2017), a mixed forest in Sweden (Lindroth et al., [2009) or an up-
land spruce forest in Germany (Lindauer et al., 2014). |Kowalski et al.| (2004) examined
the effect of harvest on carbon exchange for four different European forest ecosystems by
using eddy covariance (EC) measurements and empirical modeling. One main finding of
these studies is that the above-mentioned interventions transformed forests from a carbon
absorbing to a carbon emitting ecosystem.

The primary purpose of these studies was to determine to what extent an intervention
in forest ecosystems changes their carbon balance and influences the global carbon cycle
on the larger scale. Crucial questions, among others, are whether the disturbance turns
a prior sink becomes a source and if so, when it becomes a sink again, i.e. when the
ecosystem carbon compensation point is reached. As a second important, even later point,
a payback period can be defined (Aguilos et al., 2014). To date, only few analyses provide
an answer to the duration of forest regeneration up to the compensation point based on
observation data (Aguilos et al., 2014), because most observations stopped a few years
after the intervention (Lindauer et al., 2014; [Kowalski et al., 2003} 2004), or including
non-continuous time series (Matthews et al., [2017). Information on the payback time
could only be provided by studies that used modeled time series (Aguilos et al., 2014)
or by assumptions based on chronosequence studies (Noormets et al., [2007; Wang et al.,
2014). To our knowledge, there are no studies in which reference measurements in a
remaining stand of the same forest ecosystem were collected and evaluated before and
after the disturbance.

The study site investigated in this paper is part of the TERENO (Terrestrial Environ-
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mental Observatories) network in Germany. The study area consists of a spruce mono-
culture (originally intended for wood production), which was partially deforested within
a re-naturalization project initiated by the management of the Eifel National Park. This
opportunity allowed to examine changes in individual ecosystem components and to com-
pare them with the data of a nearby reference area where the spruce forest remained. In
recent years, the study area has been intensively examined, particularly with regard to its
hydrological (Rosenbaum et al., 2012} Graf et al., 2014} Baatz et al., 2015; Wiekenkamp
et al., 2016a,b) and biochemical (Gottselig et al., 2017; Wu et al.,[2017) properties.

Here, we compare a seven year EC dataset of the forest, including three years before
and four years after the deforestation, and a four year EC dataset from the deforested
site (clearcut), to quantify the magnitude of the initial sink-source strength change and
the pace of recovery during the first years. In addition to the net ecosystem exchange of
CO; (NEE) and its data-driven partitioning into GPP and R,.,, we consider measured soil
respiration (Ry), and compare the climate effect due to changing CO, sequestration to the

biophysical one due to changed albedo.

2 Material and Methods

2.1 Test site and forest management

The Wiistebach research site, named after the Wiistebach stream and its catchment, is
located in the Eifel National Park (50°30°N, 6°19’E) within the Eifel low mountain range
in Western Germany and is part of the Lower Rhine Valley / Eifel Observatory in the
TERENO network (Zacharias et al., 2011)). The catchment covers an area of 38.5 ha (Fig.
[T)) with an elevation ranging from 595 to 630 m. The slope within the catchment area is
3.6 % on average. Its soils are dominated by Cambisols and Planosols on hill slopes and
Gleysols and Histosols in the riparian zone. The main soil texture is silty clay loam with
sandstone inclusions (Bogena et al., 2010).

Forestry has dominated the area since the 19" century. Due to a complete deforesta-
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tion during world war II and reforestation directly thereafter, the predominant vegetation
before the clearcut in 2013 was a 70-year-old spruce stock (Norway spruce, Picea abies
L.) with an area coverage of 90 %. Tree density was 370 trees/ha and tree height 25 m on
average (Etmann, 2009). Small parts in the northern part of the study area, particularly
along the Wiistebach stream, were covered with meadow (6 %) and the central part of
the catchment was covered by peat bog and half-bog with an alder stock near the stream
(Lehmkuhl et al., |2010). By using allometric biomass functions, a dry biomass of about
310.5 t ha~! was calculated for the forest area two years before CO, flux measurements
started, including above and below ground living biomass and deadwood (8.1 t ha—!, Et-
mann, [2009).

Information about the leaf area index was collected with a SunScan-System SS1 (Delta-
T devices, Cambridge, UK) from April 2016 until July 2017 at least once per month in
the clearcut and during five dates in the forest in a plot of 10 different locations for the
clearcut and 60 for the forest. The mean LAI between the years 2016 and 2017 was 4.2
(£0.3) and 2.0 (£0.4) in the forested and deforested area, respectively.

Since 2007, the Wiistebach site has been instrumented with a large variety of measure-
ment equipment to obtain information about hydrological, chemical and meteorological
states and fluxes (Bogena et al., 2015)). In 2010, a 37.8 m high tower was erected, which
hosts an EC station and meteorological measurements.

In September 2013, 8.6 ha of the spruce monoculture forest was deforested. The
clearcut area is located in the north-east part of the catchment and was allowed to regen-
erate naturally towards near natural mixed beech forest. A cut-to-length logging method
was applied, where only 3 % of the original biomass was left on-site (Baatz et al., 2015)).
In the first year after deforestation, the area grew mainly with grasses (e.g.: Deschampsia
flexuosa (L.) Trin., Luzula luzuloides (Lam) Dandy & Wilmott , Galium saxatile L.), red
foxglove (Digitalis purpurea L.) and fireweed (Epilobium angustifolium (L.) Holub). In
the following years, new trees appeared, among them in large parts rowan (Sorbus au-

cuparia L.), but also spruce (Picea abies L.), birch (Betula L.), aspen (Populus tremula
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L.) and elder (Sambucus L.). Shrub vegetation spread extensively and comprised broom
(Cytisus scoparius (L.) Link), heather (Calluna vulgaris (L.) Hull) and European blue-
berry (Vaccinium myrtillus L.). Bulrushes (Juncus effusus L.) grew in the wet areas mainly

at the edge of the stream.
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Figure 1: Overview of the study area Wiistebach and locations of the measurements after
partial deforestation in September 2013. Chamber measurements marked by blue col-
ored dots were performed before deforestation in order to obtain information about the

heterotrophic and autotrophic proportion of soil respiration (Ry).

2.2 Eddy covariance measurements and quality control

Turbulent fluxes of CO; (Fcp,), water vapor (AE) and sensible heat (H) were measured
by two continuously operating EC stations in the forested area since June 2010 and in
the deforested area since September 2013. Both stations comprised a three-dimensional
sonic anemometer (CSAT-3, Campbell Scientific, Inc., Logan, Utah, USA) and an open-
path infrared gas analyzer IRGA, LI-7500, Li-Cor, Inc., Biosciences, Lincoln, Nebraska,

USA), whereby the latter were installed with an inclination of 45°. The sensor separation
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between the sonic anemometer and the IRGA was 0.15 m for the forest EC station and
0.22 m for the clearcut EC station. Both analyzers were calibrated every three months.
The forest EC system was mounted on top of a tower at 37.8 m a.g.l., located in the west-
ern part of the forested catchment. The second EC station was placed in the deforested
area. Its measuring height of initially 2.5 m a.g.l. was changed in June 2017 to 3 m due
to vegetation growth. The measurement frequency for both stations was 20 Hz. Turbulent
fluxes were calculated as 30-min averages using the TK3.11 software package, which
includes rigorous correction procedures and quality control (Mauder and Foken, 2011}
Mauder et al., 2013). Additional to the WPL density-flux correction (Webb|(1982), imple-
mented in TK3.11) we also considered the correction for self-heating of open-path IRGA
after Burba et al.| (2008), using site-specific non-gap-filled meteorological data. Since
correction terms in Burba et al.| (2008) are generally performed for vertically adjusted
sensors and our analyzers were mounted inclined to reduce the influence of self-induced
heat fluxes, we used a modified form of the correction with a scaling parameter to account
only a fraction of the additional heat flux (Jarvi et al., [2009; Kittler et al., [2017). Since
there is no general consensus on the application of the correction, we decide to show both
variants of the resulting CO, fluxes, the uncorrected and the self-heating corrected. The
corrected flux was calculated considering a scaling factor to reduce the fraction of the
additional heat flux for sensors installed with inclination (as described above). The scal-
ing factor used in the literature was determined for an inclination of 15°, much less than
at our case. Consequently, we assume that the corrected data indicate the values for the
most unfavorable case and that real CO, fluxes lie between these and the values without
correction. For clarity, the following figures and calculations are based on the uncorrected
fluxes, only for the cumulated fluxes both variants are given, whereby the corrected quan-
tities are denoted with the suffix "CB’ (correction after [Burba et al.| (2008))) and values
within the text are given in brackets. As a result of the TK3.11 processing, flux data were
assigned to three quality classes (good, moderate, bad). For this study, data of good and

moderate quality were used.
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For measurements above tall canopies, NEE is composed of Frp, and the CO, storage
flux (Fj) in the air column below the EC measurement height. However, CO, profile
measurements were not existing at the study site and F; was estimated from a single point
CO, measurement as suggested by Hollinger et al.| (2004).

In the first six months of the measuring period, no internal diagnostic flag of the IRGA
was logged, which is essential for qualitiy checking prior to flux calculations. Therefore,
a subsequent quality check was performed by comparing the absolute humidity measured
with the IRGA against the absolute humidity calculated from on-site low frequency mea-
surements. Measured IRGA values were excluded if the absolute humidity differed more
than 2 g m>.

An additional method to check the plausibility of the EC measurements is the com-
parison between measured turbulent fluxes and the available energy (e. g., Wilson et al.,

2002). The energy balance equation is:

Q—B=H+ AE +Res (1)

where Q is net radiation, B is ground heat flux (the storage term of soil heat flux SHF
was calculated according to [Campbell Scientific (2003) and added to measured SHF),
H and AE are eddy covariance fluxes for sensible and latent heat, respectively. Res in-
cludes all fluxes, which are not detected by the EC stations (i.e. advection terms, canopy
heat storage and others). The energy balance closure (EBC) was estimated using a linear
regression between the available energy (Q—-B) and the energy fluxes (H+AE). Addi-
tional, the energy balance ratio (EBR) was calculated as the sum of the turbulent fluxes
divided by the available energy (Wilson et al., 2002). The residual term Res considered the
heat storage of the vegetation and the heat storage caused by temperature and latent heat
changes in the canopy air. The storage terms were calculated according the procedure and
equations given in Moderow et al.| (2009). The canopy heat storage between the ground

and the measuring height was determined from the temperature profile (six levels) at the
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forest tower. The storage change of latent heat in the canopy air was calculated using the
humidity measured from the gas analyzer. Biomass temperature was assumed to be equal
to the mean surface temperature of the stems. Wet biomass was estimated as 37.7 kg m 2
(2009, Etmann, 2009). For canopy specific heat capacity a value of 2.958 J kg~! K~!
was used (Moderow et al., 2009). Due to numerous and large gaps in the data basis of
the auxiliary meteorological measurements (temperature profile, trunk space temperature
and Q), the EBC of the forest EC station was determined only for the year 2013. Res was
neglected for the clearcut EC station.

The footprint of the observed Frp, was determined using an analytical footprint model
included in the software package TK.311, which was developed according to Kormann
and Meixner (2001). We evaluated the cumulative footprint every 30 min for the forest
and clearcut EC station up to a distance of 3 km and 1 km, respectively. Target areas were
set to calculate the flux contribution originating from the area of interest. Subsequently,

all 30-min NEE fluxes with less than 70 % contribution from the target area (i.e., spruce

forest and deforested area, respectively) were rejected.

2.3 Measurements of meteorological parameters

The meteorological tower at the forest site is equipped with a net radiometer (NRO1,
Hukseflux Thermal Sensors, Delft, Netherlands) and a photosynthetically active radia-
tion (PAR) quantum sensor (SKP 215, Skye Instruments Ltd, Llandrindod Wells, UK),
which were installed on a 5 m long extension arm at 34 m a.g.l.. Relative humidity and
air temperature (HMP45, Vaisala Inc., Helsinki, Finland) were measured at 38 m a.g.l..
Additional, air temperature was measured at levels of 38, 31, 27, 24, 16 and 8 m by ven-
tilated and radiation shielded PT-1000 (CS240, Campbell Scientific, Inc., Logan, Utah,
USA). Three infrared remote temperature sensors (IR120, Campbell Scientific, Inc., Lo-
gan, Utah, USA) were mounted 2 m a.g.l. and sampled surface temperatures of the soil
surface, undergrowth and trunk space. In the immediate vicinity of the tower, the soil

temperature 7 (thermistor type 107, Campbell Scientific, Inc., Logan, Utah, USA) and
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soil water content SWC (CS616, same manufacturer) were measured with three sensors
each at 0.02, 0.05, 0.1, 0.2, 0.5 and 0.8 m depth. Three heat flux plates (HFPO1, Huk-
seflux Thermal Sensors, Delft, Netherlands) measured the SHF at 0.05 m depth. All
micrometeorological parameters were sampled continuously in 10-min intervals.

The EC station at the deforested area was additionally equipped with sensors for air
temperature and relative humidity (HMP45C, Vaisala Inc., Helsinki, Finland), radiation
quantities (NRO1, Hukseflux Thermal Sensors, Delft, Netherlands) and PAR (L1190, LI-
COR, Lincoln, Nebraska, USA). Precipitation P (pluviometer Pluvio?, OTT Hydromet,
Kempten, Germany) was sampled at a separate weather station close to the EC station.
Furthermore, SHF was measured using three soil heat flux plates (HFPO1, Hukseflux
Thermal Sensors, Delft, Netherlands), two deployed in a depth of 0.02 m and one in
0.08 m. 7§ (0.01, 0.04 and 0.05 m) and SWC (0.025 m) were measured using thermocou-
ple probes (TCAV, Campbell Scientific, Inc., Logan, Utah, USA) and two water reflec-
tometers (CS616, same manufacturer).

Meteorological parameters which were not available at the Wiistebach site but used in
this work for gap-filling came from the TERENO research site Schoneseiffen (50°30°N,
6°22’E, 610 m a.s.l., multi-sensor WXT510, Vaisala Inc, Helsinki, Finland). This station

is located about 3 km northeast on an open meadow area.

2.4 Chamber measurements

Soil respiration (Ry) measurements with two portable chambers (survey system LI-8100,
Li-Cor Inc., Lincoln, Nebraska, USA) started in October 2013, shortly after the clear-
cutting. Three polyvinyl chloride (PVC) collars were installed at each of 25 measuring
locations (75 measurements in total), which were arranged in transects through the forest
(twelve locations) and clearcut (thirteen locations, Fig. [I). The collars had a diameter of
0.2 m and a height of 0.07 m and were installed such that they protruded 0.02 m above
the soil surface. They were left in place during the entire measurement period with oc-

casional re-fitting, if required. Vegetation inside the collars was not removed completely,

10
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as it would have affected the soil structure, but kept short by clipping preferably after
measurements. On measurement days with a partial or complete snow cover (December
2014, January, March and November 2015, January and November 2016), the columns
were carefully cleared from the snow prior to the measurement where necessary. The
chamber was placed once on each collar and CO, as well as water vapor concentration
and chamber headspace temperature were logged every second. The chamber was closed
for 90 sec in total, while only the last 60 sec were used for flux calculation by fitting a
linear regression to CO; concentrations. Fluxes were subsequently corrected for changes
in air density and water vapor dilution. Chamber measurements were performed monthly
at the same time of the day around noon. Between January and September 2016, mea-
surements were taken every two months.

To investigate the relationship between R, and 7 at the deforested area, 7; data mea-
sured at the clearcut EC station were used with the corresponding monthly R; measured
in immediate vicinity to the station (approx. 3 m distance). 7y was selected from a 10-min
dataset such that it was closest to the time of the chamber measurement of the second soil
collar of the triple. R; was averaged over all three measured collars. In the next step, we
fitted the observed data to an empirical exponential van 't Hoff type equation (van 't Hoff],

1989; Lloyd and Taylor, |1994):

Ry=a- exp(st), ()

where a and b are regression coefficients. The parameters a and b were used to calculate

the base respiration Ry, at 10°C:

R0 = expl@10+h), 3)

and the Q¢ relationship which describes the temperature sensitivity of Ry:

019 = exp1®). (4)
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For calculating the R,/R,, fraction, a mean was computed for all measured transect
R values (36 in the forest and 39 in the deforested area) for every measurement day.
Half-hourly R..,, calculated after Lasslop et al.| (2010) (see Section[2.5]), were paired with
corresponding Ry measurements to calculate a ratio.

In order to obtain information regarding the proportion of heterotrophic and autotrophic
respiration to Ry, an additional dataset (April 2011 to March 2014) was evaluated. The in-
stallation of the measurement grid is described in Dwersteg| (2012) and comprised eleven
measuring points with root exclusion, two of which were treated with the method of root
elimination, and nine with the method of root trenching. Steel (for trenching) and plas-
tic collars were used with the usual diameter of 0.2 m, but a a length of 0.4 m to avoid
re-invasion by roots. The grid was located about 150 m south of the clearcut EC station in-
side the spruce forest before deforestation. Here, Ry was measured on a weekly basis with
the same chamber system and procedure as described above. Autotrophic respiration was
calculated by subtracting measured heterotrophic respiration (measurement points with
root exclusion) from Ry measured at the corresponding control points.

In an effort to prepare future long-term measurements and to test the relevance of
a possible confounding effect of manual measurements at a fixed daytime (Keane and
Ineson, 2017) for our site, we installed one automated chamber near the forest and one
near the clearcut EC station in May 2017 (for more information see Appendix). The
system (Li-8100, Li-Cor Inc. Biosciences, Lincoln, Nebraska, USA), collar size, closure
time and analysis strategy were the same as with the manual measurements, while the
closure interval was 30 min. Results of these measurements are shown in the Appendix.

On the same day when the monthly R; measurement were carried out, a transpar-
ent chamber was operated inside the cleacut area to sample daytime values of NEE and
evapotranspiration. The minimum disturbance chamber has a rectangular tunnel shape
with a surface area of 1.6 m? and is passively ventilated through the in- and outlet of the
tunnel. Due to the passive ventilation principle of the system, measurements had to be

excluded when the wind was weak or the wind direction changed within one measuring
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day. A detailed description of the system and the validation against EC measurements in
homogeneous ecosystems is given in (Graf et al.|(2013). The location of the chamber was
changed frequently within the clearcut area and included grass locations as well as bog
vegetation. In the context of this study, we focus on these chamber measurements as an

additional check on the magnitude of EC fluxes measured on the clearcut (Sect. [3.2).

2.5 Gap-filling and source partitioning

Data gaps in meteorological variables of air temperature, humidity and global radiation
(S J) were filled with a variant of the data interpolating empirical orthogonal functions
(DINEOF) method (Beckers and Rixen, 2003}; |Graf,, 2017), using linear relations to the
same variables measured by up to 19 other TERENO stations in a radius of 50 km.

The R package REddyProc (REddyProc Team, [2014)), which follows mostly the stan-
dardized FLUXNET gap-filling procedure, was used to fill gaps in half-hourly EC data.
This method uses marginal distribution sampling or look-up table similar to |[Falge et al.
(2001) with additional consideration of co-variation of fluxes with meteorological vari-
ables and temporal auto-correlation of fluxes described in |Reichstein et al.| (2005).

Before gap-filling, friction velocity (u.) filtering was applied to remove NEE data
measured under conditions with insufficient turbulence. To identify the u,-threshold we
used a change point detection method described in |Barr et al.| (2013) (implemented in
REddyProc) and was applied to annual subsets of the data. For the forest and clearcut EC
stations, thresholds were estimated by 0.35+0.05 m s™' and 0.1340.01 m s™!, respectively.

The most common method to disentangle GPP and R, from directly measured NEE
is the nonlinear regression method (NLR) based on parameterized non-linear functions,
which express semi-empirical relationships between net ecosystem flux and environmen-
tal variables, commonly temperature and S |. Many different versions have been imple-
mented (Falge et al., 2001}; Hollinger et al., [2004; [Barr et al., 2004; Desai et al., 2005
Richardson and Hollinger, 2007; Noormets et al., 2007). Here, we used a daytime data-

based flux-partitioning algorithm after Lasslop et al.|(2010), implemented in REddyProc.
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NEE was modeled using a rectangular hyperbolic light-response curve, taking into ac-
count the temperature dependency of respiration and vapor pressure deficit limitation of
photosynthesis.

To avoid discontinuities and minimize extrapolation, the datasets were not generally
split into e.g. annual subsets before gap-filling and source partitioning. However, the
forest dataset had to be split in the center of one particularly long data gap, which occurred

from mid-December 2016 to early March 2017.

2.6 Assessment of albedo effect

Afforestation and deforestation affect local and global climate through a multitude of
pathways. Beside the net CO, exchange, which typically dominates the biogeochemical
feedback, changed albedo (o) is often considered an important factor. This biophysical
effect can override biogeochemical ones (Betts, 2000), especially during the first years
after a land use change, because its radiative forcing is immediate as opposed to the slow,
continuous accumulation of forcing by a CO; source or sink. If the effects of o and NEE
are opposite and steady in time, these different temporal dynamics of both result in a
compensation time after which the cumulating CO, forcing overrides the steady albedo
forcing again. According to Rotenberg and Yakir (2010) the compensation time can be
on the order of tens of years.

On the temporal scale of our study, the short-term dynamics of both NEE and o on the
clearcut cannot be ignored, and estimation of a compensation time from both changing
quantities might be premature. We used the same basic equations as Rotenberg and Yakir
(2010), but rather than solving for compensation time, we explicitly computed radiative
forcing of both the (instantaneous) albedo effect and (cumulative) NEE effect for the end
of each year after clear-cutting. The global increase in atmospheric CO, dry mole fraction

due to a local sink or source is

B-NEE -t-Agjte - M,

e M. &)

Axcor =
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(compare Betts|, 2000), where ¢ is time, Agj. is the surface area of the ecosystem, m,
is the mass of the atmosphere (5 15-10%! g), M, and M, are the molar masses of air and
carbon required if NEE is given in g C per area and time (M,/M, = 2.414), and B is an

estimate of the airborne fraction (0.5). The resulting radiative forcing

A
REver = 5.35-In(1 + ~X€02) ©)
X0,c02

(Myhre et al., 1998)), where 5.35 is an empirical value in W m~2 and Xo.co2 is the base
concentration to which the change is applied (~ 400 ppm in our case), can be linearized
for Axcor < Xo,co2 to yield RFygg =~ 5.35 - A)coo )((; éoz- The global radiative forcing
of a local surface albedo change, neglecting any net side effect on the long-wave radiation

budget, is

Asite

ARFy=S]-Aa ,
Ag

(7

where S_¢ is the mean incoming short-wave radiation, A« is the difference in albedo
between two land surfaces or between before and after change, and Ag is the surface area
of the earth (5.1-10'* m?). Here, we used only high-quality local measurements of radi-
ation at each of both sites (Sect. [2.3)) to determine its & as the ratio between the annual
sums of jointly available outgoing and incoming shortwave radiation values. To remove
any effect of small interannual fluctuations of annual S | on the analysis, and accom-
modate longer data gaps in forest tower radiation, we used for all four years after the
deforestation a constant S | computed as the average of the gap-filled (Sect. S at
the clearcut site over the whole period, and a constant forest o based on the study year
2013-2014. The clearcut «, in contrast, was updated for each study year to accommodate
for changes resulting from vegetation regrowth. Due to the linearization of RFygg we can
drop Agje from both equations [5] and [7] (thus reporting the global effect of each square
meter of treated land surface), compute ARFygg between both surfaces directly as a func-

tion of their NEE difference ANEE, and cumulate it over years. Hence, the combined

15



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

401

402

403

404

405

406

407

radiative forcing (} gr) from both NEE and o is

RF, S]-Aay L 535Wm % B-ANEE;-M,

ZRF - Asite AE * Z

i=1 X0,c02 - Mg M,

; ®)

where the indices y and i indicate the study year (year after deforestation) under con-
sideration. It has already been clarified by Rotenberg and Yakir (2010) that such a radia-
tive forcing-based comparison is only a rough, convenient way to compare the magnitude
of the two presumably most important, often opposite warming and cooling effects of
land use change. In the context of our study it is used to demonstrate how CO, budget

changes, which remain the focus of this paper, can be offset by biogeophysical effects.

3 Results and Discussion

3.1 Meteorological conditions during the observation period

The climate at the study site is influenced by the Atlantic Ocean with relatively high
rainfall. The long-term mean annual temperature is 7°C and the mean annual precipitation
is 1332 mm (reference period 1981-2010, temperature data are taken from the DWD
station Schneifelforsthaus and precipitation from Kalterherberg). Winters are moderately
cold with periods of snow. Annual average snow duration (snow coverage > 50 %) was 50
days with a mean snow depth of 13 cm (1981-2010). Summers are often characterized by
relatively humid and cool conditions. The prevailing wind direction is south-west. Figure
2] shows the meteorological conditions from 1 January 2011 until 30 September 2017.
Within the considered time-frame, annual mean air temperature (7°) at the research site
ranged between 7.1°C (year 2013) and 8.9°C (year 2014) with an annual average of 8.2°C
for the entire measurement period (Tab. [I)). Annual sums of P ranged between 990 mm
(year 2013) and 1358 mm (year 2012). The observed mean annual precipitation sum was
1160 mm during the observation. The monthly mean 7" were mostly positive and slightly

negative in winter months, except in 2014 and 2016. The coldest winter period was from
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January until March 2013, the warmest from December 2013 until March 2014, while
the summer months of 2015 and 2016 were warmer than average. P is distributed evenly
over the whole year, partly with very high P sums in the winter and summer months, due
to fronts and convective weather phenomena. Heavy precipitation events took place in
January 2012, late summer 2014 and in the summer months 2016. During the observation
period (2010-2017), snow duration was in average 44 days with a mean snow depth of

13 cm.
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Figure 2: Meteorological overview from 1 January 2011 until 30 September 2017 for the
Wiistebach catchment. a) Daily mean air temperature (7). Shaded line marks the daily
minimum and maximum values. b) daily means of photosynthetically active radiation
(PAR) and c) daily sums of precipitation (P) and daily snow depth. Information about the
snow depth were taken from the DWD (German Weather Service) station Kalterherberg

(535 m a.s.l.), at a distance of 8.4 km to the study area.
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Table 1: Annual means of air temperature (7'), photosynthetically active radiation (PAR)

and annual sums of precipitation (P) for the years 2011-2016 for the Wiistebach catch-

ment.
year 2011 2012 2013 2014 2015 2016
T (°C) 8.7 7.7 7.1 8.9 8.0 8.5
PAR (umol m~2 s71) 242 224 227 250 269 253
P (mm) 1109 1358 990 1183 1175 1159

3.2 Analyses of flux quality and flux dynamics

After applying quality control in the post processing and u+ filtering analysis to all records
of measured NEE, only a total data coverage of 52 % and 60 % remained for the EC station

in the forest and deforested area, respectively.

L4 EC Stations

— Wauestebach Stream

[ Forested Region

1 Deforested Region
Cumulative Footprint

800

Figure 3: Cumulative footprint analysis for the forest EC station (EC 1) and the EC station
at the deforested area. The footprint climatology comprises all evaluable 30-min footprint
distribution data of the year 2016. The 0.5, 0.6, 0.7, 0.8 and 0.9 isolines equal 50, 60, 70,

80 and 90 % of source distribution.
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The test for energy balance closure on the forest site shows a coefficient of determi-

nation (R?) of 0.85 and an EBR of 85 % (year 2013). The deforested EC-station reached
an EBR of 83 % with a R? of 0.87 (year 2014 to 2016). An imbalance around 20 % is
well known even under otherwise ideal conditions for using the EC method (Wilson et al.,
2002).
The footprint analysis in Figure [3shows that 50 % of the cumulative footprint of the for-
est EC station originated inside the forested region regardless of the wind direction. The
90 % footprint isoline covered most of the catchment as well as surrounding areas, which
consisted mainly of spruce monocultures of the same age and height. With easterly and
south-easterly winds, the station was influenced by the deforested area. Therefore, fluxes
measured from a wind-direction sector between 63° to 135° were removed in addition
to the 70 % criterion described in Section 2.2l This reduced the evaluable EC data for
the forest station to 43 %. The extension of the 90 % footprint isoline was approximate
1000 m, which was primarily caused by the height of the measuring tower and mea-
surements during stable stratification (mostly during the night). The footprint of the EC
station in the deforested area was much smaller and its shape reflected a channeling effect
of the clearcut on the wind direction at this measurement height (2.5 to 3 m a.g.l.). The
90 %-isoline had a maximum extension of 200 m, which is located almost completely
within the limits of the deforested area.

As many studies have shown, clearcuts within ecosystems with tall canopies have an
impact on wind and turbulence regimes within the atmospheric surface layer (Sogachev
et al.,|2005;Wang and Davis|, 2008; Zhang et al., 2007), as for instance recirculation could
lead to downwind on the forest edge, which probably bias EC flux measurements. The
size of the recirculation area depends on the height of the overflowed obstacle (Aubinet
et al., 2012), here the canopy height (4.) of the forest. A recirculation area distance of
2 to 5 h. as formulated in Detto et al. (2008)) implies that recirculation may occur within
a distance of 50 to 125 m (with A, = 25 m) between the forest edge and clearcut at our

site. This estimated distance did not affect 80 % of the cumulative flux footprint and we
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assume that the influence of the forest edge on the flux measurements of the clearcut is

rather small.

41 R2=0.75
y=0.94x + 0.9 * 7

NEE EC. (umol m2s71)
|
N

NEE tunnel (umol m~2 s~ 1)

Figure 4: NEE measured with a minimum-disturbance chamber (tunnel) vs. observed
NEE from the clearcut EC station. Points represent daily averaged NEE. The red line is

the reduced major axis (Webster,|1997). The scattered black line is the 1:1 line.

NEE estimated from roving, manual measurements with a transparent minimum dis-
turbance chamber (end of Sect. [2.4) was compared with those measured by the clearcut
EC station (Fig. [)). NEE values sampled during the growing season from April to Octo-
ber 2016 and 2017 were excluded from the analysis in order to preclude an influence of
regrowing trees, which were not included in the chamber measurement. According to this
criterion and wind speed and direction (Sect. [2.4), 21 out of a total of 34 measurement
days remained evaluable. Given the small (1.7 m?) and changing footprint of the cham-
ber measurements, the regression in Figure {] shows a fairly good agreement between the
chamber and EC measurements with a R? of 0.75. This result supports our assumption
that recirculation did not largely or systematically affect clearcut EC measurements.
During stable conditions, storage fluxes and advection become important, especially for

flux measurements over tall canopies and complex terrains. This subject is often discussed
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as night flux error and is mostly related to an underestimation of CO, fluxes during low
turbulent conditions which could lead to an underestimation of annual NEE (Aubinet
et al., |2000; |Goulden et al., [2006; |Aubinet et al., 2012). This problem can be solved by
discarding affected nighttime data, which is mostly done with an u, filtering procedure
(Aubinet et al., [2012). Since the tower at the forest site is situated on a gentle slope, it
is possible that along the topographic gradient cold air drainage flows may occur under
stable stratification. Although u* filtering has been applied and resulting gaps were filled,

it is possible that annual sums of carbon fluxes might be slightly biased.

3.3 Diurnal, seasonal and interannual changes in carbon fluxes of

forest and clearcut before and after deforestation

The open-path self-heating correction (Sec. [2.2)) has a negligible small effect on single
half-hourly NEE fluxes but gains importance when considering long-term budgets. For
this reason and for the sake of clarity, we also show annual totals with this correction in
brackets. Figure [5|shows gap-filled half-hourly values of NEE for the forest (top panel)
and deforested area (lower panel). Positive values indicate a release from the ecosystem
to the atmosphere and negative values the reverse. At the forest site, the maximum am-
plitude between CO, uptake (blue color in the daytime) and release (red color during the
night) was higher (40.5 umol m~2 s7!) than in the deforested area (21 umol m~2s7!). The
deforested area was a clear carbon source with positive NEE fluxes in the first year after
deforestation. In the following growing seasons, fluxes during the day became increas-

ingly negative caused by regrowth of vegetation.

21



501

502

503

504

505

506

507

508

509

510

511

512

forest

214 | 30
5 181 20 «
S 151 I J;\‘ \‘ | 10 =)
12| | J‘ b l \ 1\ ”;\\ \l Ll it lm\ ||I\ Ul e ‘ l“‘p 0 3
2 09{l" .Q} w ) \ l‘ | M it ~10 E
= 061 ‘ -20°

03 -30 T

00— : : : <

Jan 11 Jan 12 Jan 13 Jan 14 Jan 15 Jan 16 ]an 17
clearcut

21 30 7,
[— 15 10 g
S 0,y
& -10
= 06+ -20 i‘f

03+ 30w

00— : : : : : : <

Jan 11 Jan 12 Jan 13 Jan 14 Jan 15 Jan 16 Jan 17
date

Figure 5: Net ecosystem exchange (NEE) (30-min values, with gap-filling after [Lasslop
et al., 2010). Top panel shows the values of the forest EC station from 1 October 2010
until 30 September 2017 and the lower panel shows the clearcut from 1 October 2013

until 30 September 2017.

7-day running means for forest NEE fluxes in Figure [6] were mostly negative, even
during most of the winter periods, indicating a strong sink for CO;. Clearcut NEE was
mostly positive (0 to 5 ymol m~2 s7!) during the first year after the deforestation. In
the following years, negative values were reached for short periods during each growing
season (-1.0 yumol m~2 s~ in 2015 and -2.5 umol m~2 s~ in 2016). Comparing the intra-
annual trends of both areas, the period of CO, uptake in the forest began earlier and

persisted longer than on the clearcut area.
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Figure 6: Carbon fluxes of net ecosystem exchange (NEE), gross primary production
(GPP) and ecosystem respiration (R..,) as 7-day averages for the forested (green) and de-
forested (yellow) area. Shaded areas mark the minima and maxima during the respective

7 days.

During the first year after clear-cutting, strongly reduced photosynthetic uptake is
indicated by low fluxes of inferred GPP (2.5 umol m~2 s~), which approximately tripled
in the third year (7.5 ymol m~2 ~!) and remained at this level during the fourth. The
level of GPP in the clearcut never exceeded the one in the forest, which ranged in all

1

observed years between 0.5 and 11.0 umol m~2 s~ in winter and summer, respectively.

Under sufficient radiation conditions, spruce is still able to assimilate CO;, even during

frost down to -7°C (Schmidt-Vogt, [1989).

7-day averaged fluxes of R, in the clearcut area were small in the first year (0.5 to

5.0 umol m~2 s7!) and increased slightly until the last year (0.8 to 7.0 umol m~2s7!). In
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the first two years after clear-cutting, R,., remained on the same maximum level through-
out the seasons and peaked more distinctly in midsummer thereafter, due to proceeding
seasonal grass and tree development. The interannual course and amplitude of R,, at the

forest site remained relatively stable.

3.4 Annual carbon fluxes of forest and clearcut before and after de-

forestation

Table 2: Net ecosystem exchange (NEE), gross primary production (GPP) and ecosystem
respiration (Reco) from October 2010 for the forested region and from October 2013 for
the clearcut until September 2017. Each observation year (y) starts at 15t October. Fluxes
determined after correction for self-heating of open-path IRGA (Burba et al., 2008) are

declared with CB.

Annual total carbon flux forested area

(gCm?) yl y2 y3 y4 yS y6 y7
NEE -587 -664 -680 -761 -759 -658 -530
NEEcp -481 -490 -592 -594 -425 -518 -648
GPP 1515 1622 1569 1738 1816 1738 1760
GPPcp 1496 1288 1732 1980 1959 1862 1966
Reco 928 958 889 997 1057 1080 1230
RecocB 1015 798 1139 1386 1533 1343 1317
Annual total carbon flux deforested area
NEE - - - 521 283 95 83
NEEcp - - - 548 374 242 236
GPP - - - 385 670 923 892
GPPcp - - - 447 763 1062 1036
Reco - - - 906 953 1018 975
RecocB - - - 995 1137 1303 1272

A small interannual variability was observed in the annual sums of NEE, GPP and R,
in the forest (Tab. [2). Throughout the seven-year observation period, the mean annual
carbon flux of the forested area was -663+78 (-535+72) g C m2 for NEE, 1680+103
(17554£249) g C m™2 for GPP and 1020106 (12194232) g C m2 for R,.,. These values
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are comparable with those from long-term observations of a spruce forest in Eastern Ger-
many (Grinwald and Bernhofer, 2007), whereby the uncorrected CO; uptake was higher
at our study site. Four years after clear-cutting, the deforested area remained a source for
CO, with a NEE of 83 (236) g C m™. NEE and GPP changed dynamically in the first
three years, followed by a stagnation in the fourth year. While NEE decreased between
year 1 and year 2, and GPP increased over the same period, NEE decreased only neg-
ligible from the third to the fourth year. At the beginning of the growing period (May
and June) 2017, a decline in GPP (Fig. [7)) could be observed in analogy to decreased air
temperature (Fig. [2), 42 % less P and lower mean PAR (spring 2016: 361 ymol m~2 s~!
compared to spring 2017: 322 umol m~2 s~1), which probably have reduced the growth
rate of vegetation on the clearcut area. On the contrary, the annual total GPP in the forest,
showed an increased sum in 2017 despite the unfavorable weather conditions in spring
and early summer. This indicates, that the evergreen spruce forest had a higher resilience
towards shifting weather conditions within the vegetation phase than the grass dominated
clearcut.

However, stagnation induced by natural fluctuations of the recovery phase of disturbed
forest ecosystem is also conceivable. In studies with different types of post-disturbance
land management, the shift of NEE from a carbon source to a sink was not linear and
showed interannual fluctuations (Humphreys et al., 2005} Lindauer et al., [2014; |Aguilos

et al., [2014).
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Figure 7: Comparison of the cumulative net ecosystem exchange (NEE), gross primary
productivity (GPP) and ecosystem respiration (Reco) in g C m™ (without correction for
self-heating of open-path IRGA) from October 2010 for the forested region and October

2013 for the clearcut until September 2017. Each observation year starts at 1% October.

In the clearcut, R, increased slightly from 906 (995) g C m™2 in the first year to 1018
(1303) g C m™ in the third year, which is contrary to observations made in a clearcut with
new plantation (Takagi et al.,|2009; Paul-Limoges et al., 2015) and a wind-throw disturbed
spruce forest (Lindauer et al., [2014), where R,., gained higher values rapidly within the
first year of forest succession. In the first years after harvesting, R,., mainly results from
wood debris decomposition (Noormets et al., 2012). At our study site, only 3 % of the
previous aboveground biomass remained in the field (cf. Section[2.1), which could have
suppressed carbon release from decomposition processes. Along with the recovery of the
vegetation in the following years, R,., increased simultaneously with increasing GPP. We
assume, that above- and below-ground autotrophic respiration act as main contributors
to the increase of R.., and decomposition remained comparatively stable. Compared to
the forest, the annual total of R,, in the deforested area was lower and always exceeded
clearcut GPP.

Compared to changes in evapotranspiration, which was initially reduced by approxi-
mately 50 % on the clearcut and returned rapidly towards forest-level values within the

first years (Wiekenkamp et al., [2016a), changes in CO; fluxes were more profound and
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long-lasting. After four years, the deforested area still acted as a source for CO, on an
annual basis, although growing biomass led to a fast increasing uptake through the years.
The ecosystem carbon compensation point, where a regenerating ecosystem changes
from source to sink, varies between studies from 3 to 20 years covering a variety of
climate conditions, forest ecosystems, stand age and post-disturbance land management
(Takagi et al., 2009). Estimations including different chronosequence studies (mainly bo-
real forests) indicated a compensation point within 20 years after the clear-cutting, with a
maximum at 10 years (Aguilos et al., [2014). In a next step, |Aguilos et al.| (2014) calcu-
lated the duration until a forest ecosystem completely recovers all the carbon emitted into
the atmosphere after a disturbance. This duration, named payback period, was estimated
by dividing the total amount of NEE during the period when the forest was a net source
by the annual sum of NEE before disturbances. They concluded that most of the studied
sites need at least the same time as they needed to become carbon neutral, and in general
more than 20 years to recover all emitted CO, (Aguilos et al., 2014).
As can be seen from Tab. 2} the application of self-heating correction adjusted the annual
totals towards a larger carbon loss. Reverter et al. (2011) studied the magnitude of this
correction using EC data from different ecosystems spanning climate zones from Mediter-
ranean temperate to cool alpine and found that annual corrections of NEE varied between
129 and 190 g C m—2 y~!. Thus, they hypothesized that annual carbon balances obtained
from measurements using the LI-7500 open-path systems may be biased without applying

self-heating correction.
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3.5 Albedo effect

Table 3: Annual mean values of albedo () for the forest and clearcut site, the difference
of the cumulative net ecosystem exchange for forest and clearcut (ANEEf .. in g C m?2,
without correction for self-heating of open-path IRGA), the global radiative forcing of
albedo (ARF) and the radiative forcing of CO, (ARFygg) in 10" W m(global) m™

(treated surface) and the sum Y pr of the former for the years after clear-cutting.

y4 yS y6 y7
Oforest 0.07 0.07 0.07 0.07
Olelearcut 0.16 0.22 0.25 0.21

ANEEy .. 1282 1042 753 613
ARFy -2.10 -3.56 -4.19 -3.23
ARFNEE 0.40 0.73 0.96 1.16
Y rF -1.70 -2.83 -3.23 -2.08

Whereas the spruce forest showed a mean & of 7 %, o of the deforested area was clearly
higher in all study years (Tab. [3). During the first three years after deforestation, ¢ in-
creased from 16 to 25 % presumably due to coverage of initially bare soil surface by
grasses and shrubby vegetation. Likewise, the reduction in year 7 could be due to increas-
ing abundance of darker-leaved rowan and broom vegetation (Sect. [2.I). The cooling
effect ARFy, of this higher albedo outweighed the warming effect ARFygg throughout the
study period, but due to cumulation of the latter over time, it becomes increasingly im-
portant (Rotenberg and Yakir, [2010). As a possible future scenario for the net effect of
the study site on global warming, continuing failure to match the high net CO, uptake of
the adjacent spruce forest throughout the next years, accompanied by a decreasing & as
woody vegetation grows on, could turn the present net cooling effect of the deforestation
into a warming effect in the medium term. However, o of the eventually expected de-
ciduous natural forest will remain higher than that of spruce forest (various authors after
Matthies and Valsta, [2016). Therefore, if ever the cumulative CO, sink strength of the
new forest compared to spruce reaches a payback point (Aguilos et al., 2014), the point

where the net effect of the land cover change is cooling will be reached even earlier due
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to the albedo effect.

3.6 Comparison of soil respiration and its contribution to ecosystem
respiration
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Figure 8: Soil respiration (Ry) averaged over all measurement points for the forest (f) and
the clearcut (cc) site. For comparison, total ecosystem respiration (R,.,) as also shown in

Figure[6] Error bars indicate the 95 % confidence intervals of the mean values of R;.

R, of forests accounts for about 30 to 80 % of R.., (Davidson et al., 2006} |Acosta et al.|
2013) and should therefore be taken into account when studying ecosystem carbon bal-
ances. Ry varied in space and time in the forest and deforested area. The area-averaged
Ry in forest and clearcut varied monthly and followed a typical seasonal pattern (Fig. [§).
In the first year after cutting, maximum respiration rate was reached from late summer to
early autumn (forest: 3.6 umol m2 s*! and clearcut: 3.7 umol m™ s™') and the minimum
during winter (forest: 0.9 pumol m™ s™!, clearcut: 0.6 umol m? s!). In the following
years, Ry peaked in summer (forest: 5.1 umol m™? s7!, clearcut: 5.4 pmol m2 s!), while

the smallest values were measured in the winter months. The peak in Ry measured in the
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clearcut increased in the second and third year and stagnated in the last observation year
2017, which is consistent with the observed decreasing R,., in Section An increase
of Ry in the second and third year after clear-cutting was also observed in a 100-year-old
Norway spruce forest, Finland (Kulmala et al., 2014)).

In the last two years, the annual range was approximately 1.5 times higher in the
clearcut than in the forest. Forest Ry showed approximately the same behavior throughout
all observation years for intra-annual minima and maxima. Here, heterotrophic respiration
was the dominant component (Fig. [9) during April 2011 until July 2013 with a total
average of all measurement points of 59 %, while autotrophic respiration for the various
measurement points ranged between 19 and 54 %. These values are consistent with those
observed in previous years at the same study site (Dwersteg, 2012). The analysis of
one measurement day in March 2014 shortly after deforestation, showed that autotrophic
respiration in the clearcut accounted for 16 % of R;. However, the significance of this

single value is limited.

100% -

80% ~
£ 60% -
g autotrophic Rs
g 40% 1 Bheterotrophic Rs
lT.;

20% A

0% 1

Figure 9: Relative contribution of heterotrophic and autotrophic respiration at the forest
site as monthly averages from April 2011 until July 2013. For January and February were

no data available.

R, from both sites followed the seasonal pattern of R,., (Fig. @ but were less in
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the forest than in the clearcut, especially during the summer months. The difference of
the monthly measured area-averages of R, between forest and clearcut was not always
statistically significant. During winter times and the first two years after cutting, the
error bars overlap, indicating no appreciable differences of R; in the forest and clearcut.
In the last two growing seasons, R; was significantly higher in the clearcut than in the
forest, which is probably due to the increased root respiration. Molchanov et al.| (2017)
studied the effect of clear-cutting on soil CO, emission in a spruce forest and reported,
that besides soil temperature also the thickness of the litter layer, the degree of damage of
the upper soil layer and logging residue on the soil surface have influenced the rate of R;.
They showed that in general R; was higher in undisturbed soil and plots with litter fall and

accumulated logging residues, and was lower in plots with disturbed humus horizons.

—— y1:Rpp=1.9, Q1p=3.3, R?=0.80 [/ /
—A- y2 Rb10=2-7: Q10=5.0, R2=093 L/ A
74 —8— v3: Rp10=2.3, Q19=4.7, R?=0.79

~It-
~ Q
~|

V.

--B-- y4: Rpig=2.1, Q10=9.1, R?=0.85 ,"7 ;o8

Rs (pmol m~2 s71)

O T T T T
0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Ts (°C)

Figure 10: Relationship between monthly soil respiration (Ry) and soil temperature (75),
both measured next to the clearcut EC station (see Sed2.4]for more information). For each
year (y) after deforestation, the base soil respiration at 10°C (Rg10) in , the temperature

sensitivity Qo and the R? of the regression are given.

At our site, the soil surface was protected against heavy logging machines by padding
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with spruce branches and the extent of soil damage can be assumed to be relatively small.
The relationship between Ry and 7 in the deforested area (Fig[I0) was over the entire
observation period strong with a R? of 0.80, varying between 0.79 and 0.93 in the dif-
ferent years. Ry,jo was smallest in the first year after deforestation (1.9 umol m™ s!)
and highest in the second year (2.7 umol m2 s, Afterwards, Rgp10 decreased to about
2.2 umol m2 s™'. Qg increased by a factor of 2.7 from the first year after cutting to the
last year of observation. We conclude that in the deforested area, temperature and re-

generating vegetation played the most important role in controlling temporal patterns of

R;.

1.0

4 forest
0.8 clearcut

e T

5 0.6 i £ 1
[0 1
< .41 i ? 1 i
0.2 1 I I } i
0.0 T T T T T T

Feb  Apr  Jun  Aug  Oct  Dec
Figure 11: Fraction between monthly soil respiration (R) measured by the manual cham-
bers and the corresponding ecosystem respiration (R..,) estimated after Lasslop et al.
(2010), calculated as fraction for forest (triangles) and clearcut (circles) and averaged
over all observation years after cutting. Error bars indicate the 95 % confidence intervals
of the mean values of Ry/R,.,. Fractions for January and December were rejected since

the evaluable sample size was less than two measurements.

The fraction of R,, originated from R, was estimated by dividing the spatial average
of Ry by R..,, inferred for the respective time stamp from the EC measurements (Section
[3.3). Across the year, the clearcut fractions of R/R., in Figure[[T|were in general higher

(0.5) than for the forest (0.4) due to less above-ground biomass which could respire.
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Slightly higher fractions around 0.6 were found for example after harvesting of Douglas-
fir forests (Paul-Limoges et al., [2015), which is possibly an indication that autotrophic
respiration was more prominent in our clearcut area. The highest R¢/R,., were found in
spring and summer months in the deforested area, because of the higher proportion of R;
caused by higher temperatures of the soil surface. In autumn, the forest showed higher
fractions, due to the ongoing plant and root activities and possibly dampened and delayed
soil cooling. This behavior can also be seen in the comparison of the contributions by
heterotrophic and autotrophic respiration to Ry (Fig. [9), where the autotrophic component
in autumn is still clearly higher than in the spring months. The trend of Ry/R,., in the
forest is comparable with those evaluated for a spruce dominated forest, where the min-
imum fraction was observed in early spring, followed by increasing values until autumn

(Davidson et al.| 20006)).

4 Summary and Conclusion

We presented seven years of CO, flux measurements within a spruce forest catchment
in the Eifel National Park, which was partly deforested three years after measurements
started and was allowed to regenerate naturally. During the seven years of observation,
the spruce forest was a strong sink for CO,. According to chamber measurements, about
40 % of R.., were due to soil respiration. Within the first year after deforestation, a strong
reduction in photosynthetic uptake of CO; transformed the clearcut area from a previous
sink into a large source for CO,. In the following years, the annual net CO; release from
the clearcut decreased continuously, indicating that the area regenerated rapidly. R; in-
creased continuously year by year and was 1.5 times higher in the last two years than
forest R,. The contribution of R, to R,., on the clearcut was about 50 %.

The albedo of the clearcut area increased from 0.16 to 0.25 in the third year after cut-
ting and was thus up to 3.5 times higher than the forest albedo. While in the first years

anaylzed here, the cooling effect of ARF, outweighs the warming effect ARFygg of the
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increased NEE release, a decreasing albedo due to a higher proportion of woody veg-
etation will weaken the cooling effect in the future. Assuming that the albedo of the
regenerated deciduous forest remains below that of the spruce forest, however, its effect
can be expected to cause an earlier occurrence of compensation and payback points when
CO; and albedo effects are considered in combination. Existing information about the
carbon compensation point and the duration of the payback time (Aguilos et al., 2014)
of disturbed forest ecosystems base largely on assumptions made from chronosequence
studies or are derived from ecosystem model estimations. With regard to the interaction
between land management and climate change, it is important to continue studies such
as the one presented here for at least several decades. It has been suggested that the fre-
quency and intensity of natural forest disturbance regimes have increased in the context
of climate change (Seidl et al., 2014} Hicke et al., 2012), such that forest management
becomes an increasingly important part of climate change mitigation strategies (Canadell

and Raupach, 2008}; Matthews et al., [2017).
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Appendix

Manual chamber measurements have the advantage that robust spatial averages of soil
respiration (R;) can be estimated with few mobile instruments even for large areas. At

the same time, however, they are time-consuming and provide only snapshots in time,
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typically at a fixed time of the day (late morning to noon in our case). While some of
the representativity issues caused by this fact can be solved by relating instantaneous Ry
area-averages to simultaneous R,., estimates as in Figure [I1] any hypothetical diurnal
cycle of this fraction and its effect on conclusions gained from snapshot measurements of
R will remain unknown. Keane and Ineson|(2017) demonstrated for a comparison of Ry
between barley and Miscanthus grown on adjacent fields that different diurnal cycles of Ry
combined with solely manual measurements at a fixed time-of-day can lead to erroneous

conclusions in such comparisons at least in extreme cases.

0.6 -
clearcut
T 044 —— forest
73]
i 0.2 1
g
° 0.0 ~
g
2 -0.2 1
0.4
0 5 10 15 20
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Figure A.1: Site comparison of the normalized mean diurnal cycle of R; measured with
the continuous chamber installation averaged over a period from 8 June until 19 Septem-

ber 2017.

The mean diurnal cycle during the growing season 2017 of R; is shown in Figure
Diurnal (and annual) cycles in Ry can result from cycles in surface temperature and heat
transport into the soil, which act on total respiration via its temperature sensitivity, and
from cycles in incoming photosynthetic active radiation, which can influence rhizospheric
respiration through assimilate transport (Pavelka et al., 2007} |Graf et al., 2008} |Kuzyakov
and Gavrichkova, 2010; Phillips et al.| [2011}; |[Darenova et al., [2014; |[Zhang et al., 2015)).
Both transport processes can be subject to similar delay and dampening effects, which
may be expected to be larger under a high forest canopy. Consequently, the forest mea-

surement shows a weaker diurnal cycle with a maximum shifted into the evening hours.
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Since both curves reflect only a single measurement point in space and their average
values (5.0 and 2.5 p mol m™ s°! for forest and clearcut, respectively) do not reflect the
difference between both areas found with area-averaging of the manual measurements
(Fig. , it remains uncertain whether the differences of up to 0.6 u mol m™ s’! found
in the late morning (Fig. should be used to correct the manually measured spatial
averages. However, it becomes clear from the confidence intervals in Figure @ that such a
correction would not have changed the main finding of clearcut-forest differences that are
insignificant during the first two growing seasons after the clearcut and significant during

the last two on a 5 % error probability level.
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