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Abstract: Environmental conditions influence forest ecosystems and consequently, its productivity.
Thus, the quantification of forest CO2 exchange is a critical requirement to estimate the CO2 balance of
forests on a local and regional scale. Besides interpreting the annual CO2 exchange corresponding to
environmental conditions over the studied years (2015–2020) at the floodplain forest in Lanžhot, Czech
Republic (48.6815483 N, 16.9463317 E), the influence of below-above canopy air mass decoupling
on above canopy derived CO2 exchange is the focus of this study. For this purpose, we applied the
eddy covariance (EC) method above and below the forest canopy, assessing different single- and
two-level flux filtering strategies. We focused on one example year (2019) of concurrent below and
above canopy EC measurements. We hypothesized that conventional single-level EC flux filtering
strategies such as the friction velocity (u*) filtering approach might not be sufficient to fully capture
the forest CO2 exchange at the studied ecosystem. Results suggest that decoupling occurs regularly,
but the implication on the above canopy derived EC CO2 fluxes appears to be negligible on an annual
scale. We attribute this to the open canopy and flat EC tower surrounding terrain which inhibits
horizontal removal of below-canopy respired CO2.

Keywords: canopy decoupling; CO2 fluxes; eddy covariance; floodplain forest

1. Introduction

Floodplain forests play an important role in strong, mutual and continuous interaction
between climate and the ecosystems, despite a relatively small total area of coverage
in Europe [1]. They are characterized by a high production level and biodiversity [1,2].
Floodplain forests are able to store huge amounts of soil carbon [3]. Wetlands, to which
floodplain forests belong, hold the majority of the global soil carbon pool [4]. Carbon
dioxide (CO2) sequestration and storage is the result of the balance of gross primary
production (GPP) (taking up CO2 for photosynthesis and producing organic matter), and
ecosystem respiration, Reco (or decomposition; generating CO2 or methane from organic
matter) [5]. On some wetlands, the decomposition is very slow, and when plant productivity
exceeds it, carbon accumulates [6]. In the course of ongoing climate change with more often
occurring extreme events, the role of floodplain forests as carbon stores and their role in
nutrient cycles to mitigate climate change has become even more crucial [7–10]. Changing
temperature and precipitation regimes due to changing climatic conditions can shift the
balance between the rate of Reco and GPP, which can cause wetlands to become a carbon
source [11,12].

The floodplain forest study site near Lanžhot, Czech Republic is a hydrologically
controlled wetland ecosystem. Thus, changes in the environmental conditions at the study
site might be man-made by artificial flooding, or induced by climate changes. Interpreting
the annual CO2 exchange corresponding to environmental conditions in the course of the
study at the floodplain forest in Lanžhot was one of our main interests. We focused on
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the quantification of Net Ecosystem CO2 Exchange (NEE) attributable to the floodplain
forest near Lanžhot. This quantification is a critical requirement in order to estimate the
CO2 balance on a local and regional scale.

Our main method of choice, the eddy covariance (EC) method, has become a key
approach to assess the forest ecosystem CO2 exchange [13,14]. Through direct, precise
and continuous measurements, EC provides the unique possibility to measure ecosystem-
atmosphere turbulent exchange of matter and energy fluxes, e.g., CO2 fluxes. In the case of
CO2, this flux equals NEE under optimal measurement conditions and on longer time scales
(e.g., annual). Revealing the interactions between terrestrial biosphere and atmosphere
on an ecosystem scale, NEE indicates if there is a carbon uptake or efflux in the studied
ecosystem [15]. From NEE and accompanying environmental measurements, GPP and Reco
can be derived [16].

Eddy covariance requires certain assumptions and preconditions to be fulfilled, e.g.,
steady-state conditions, well-developed turbulence, homogenous underlying vegetation
and ideally, flat terrain [14]. Additionally, a number of corrections are necessary during
the flux calculation process [13,17]. These preconditions are not always met. For example,
low wind conditions and stable stratification across the canopy may lead to decoupling
of the air masses close to the ground from the air masses above the canopy due to in-
sufficient turbulent mixing. As NEE measurements are conducted only above the forest,
respiration components from within and below canopy might be missing in the above
canopy data under such insufficient mixing conditions. This leads to an overestimation
of the carbon sink strength of the studied forest ecosystems [18–22], if the respired below
canopy CO2 is removed from the probed measurement volume before reaching the above
canopy instrumentation.

The most common approach to guarantee well-developed turbulence is the single-level
friction velocity (u*) filtering approach [23–26]. Friction velocity is a measure of mechanical
turbulence development and allows to discard measurements from weak turbulent periods
which are potentially not fully representative for the whole ecosystem, and to replace them
by gap-filled estimates obtained under well-developed turbulence conditions [27]. The
estimation of a filtering threshold is site-specific and empirically determined by evaluating
the relation between u* and nighttime above canopy CO2 fluxes under the assumption that
nighttime above canopy CO2 fluxes become independent of u* at a certain threshold [28–30].

The problem of flux determination under poorly developed turbulence has been
known for many years, however, all determining factors are not yet fully understood. In
recent years, several case studies approached this topic by addressing canopy decoupling
in forests. They aimed, inter alia, for testing and validating the applicability of the EC
technique, assessing the spatial variability of subcanopy fluxes, evaluating the factors
controlling these fluxes, or the improvement of the NEE estimates [20,22,31–33].

Some of these studies led to the conclusion that using the single-level u* filtering
approach is not sufficient to define well-developed turbulent mixing between below and
above canopy air masses [13,20,21,34]. Especially at tall and dense canopies, continuous
decoupling of the sub-canopy layer from the overstory and above canopy air masses may
occur due to stable stratification across the canopy and the mechanical barrier induced by
the forest canopy [35].

Recently, as an alternative to the single-level u* filtering approach, a two-level filtering
strategy has been proposed [20,32]. It can be applied both on the relation between u* above
and u* below the canopy as well as on the relation between the standard deviation of the
vertical wind speed above (σw_a) and below (σw_b) the canopy. Linear relation between
u* above and below canopy (or σw_a and σw_b) reflects conditions when below and
above canopy air masses are fully coupled. Thomas et al. [20] proposed ways to identify
thresholds for both σw (or u*) above and below the canopy, above which full coupling is
assumed. However, as micrometeorological conditions differ spatially and temporarily,
individual threshold determination approaches might be applicable, even though general
strategies are proposed [20,32]. For comparability reasons, the focus in the current study
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is on the u* thresholds as it gives the possibility to directly assess the decoupling effect in
comparison to the most widely used standard method single-level u* filtering.

The application of concurrent EC below and above canopy at the studied floodplain
forest promises new insights on the phenomenon of canopy decoupling and its potential
influence on above canopy derived EC fluxes, as the study site is in very flat terrain. In this
sense, the study site represents ideality.

Our specific aims are (1) to interpret the annual CO2 exchange corresponding to
environmental conditions over the study years at the floodplain forest in Lanžhot and (2) to
evaluate and assess different single- and two-level flux filtering strategies with regards to
decoupling and its impact on above canopy derived forest CO2 exchange.

We hypothesized that conventional single-level EC flux filtering strategies like the u*
filtering might not fully capture the forest CO2 exchange at the studied ecosystem.

2. Materials and Methods
2.1. Site Description and Characteristics

The studied lowland floodplain forest is situated 6.5 km north of the confluence of
Morava and Thaya rivers (48.6815483 N, 16.9463317 E), on a flat surface area at elevation
150 m a.s.l. in the Czech Republic (Figure 1).

Figure 1. Map of Czech Republic (left), the study site Lanžhot with the location of the EC tower
(middle) and the view of the floodplain forest ecosystem from above (right).

The long-term average annual precipitation is 517 mm and the mean annual tem-
perature is 9.5 ◦C. The average groundwater level is −2.7 m. The last flood was in 2013
and only in the lowest parts of the studied site above the soil surface. The experimental
site consisting of a 122 (in the year 2022) years-old forest is composed of typical hard-
wood species. The main tree species are English oak (Quercus robur L.), narrow-leaved
ash (Fraxinus angustifolia Vahl) and hornbeam (Carpinus betulus L.) with average diameter
at breast height (DBH ± standard deviation) of 51.8 (±12.3) cm, 56.4 (±9.2) cm and 27.7
(±11.2) cm [9]. The average stand height is 27 m and the average height of the three main
species separately is 31.0 (±3.6) m for oak, 35.9 (±3.4) m for ash and 23.4 (±6.9) m for
hornbeam. The predominant soil types are Eutric Humic Fluvisol, Haplic Fluvisol and
Eutric Fluvisol (according FAO 2014 Classification) with minimal soil depth of 60 cm [36].
Rising air temperatures and decreasing water level depths can be observed in the study
region which are likely caused by climate change. Additionally, hydrological management
via building of artificial dams in the study region amplified the drying of the study site and
yielded that natural flooding very rarely occurs nowadays. Consequently, the water regime
of the site changed over the years and nowadays represents relatively dry conditions for a
floodplain forest.

2.2. Instrumentation

Eddy covariance measurements
Two eddy covariance systems provided data to this study. The above canopy system

was installed initially at a height of 44 m and on 5th December 2018 moved to 48 m above
ground. The second system was installed below the canopy at a height of 3.5 m above
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ground. Both systems consisted of a Gill HS-50 sonic anemometer (Gill Instruments Limited,
Hampshire, UK) for measuring the horizontal (u, v) and vertical (w) wind components
as well as sonic temperature (Ts), and an LI-7200 (LI-COR Environmental, Lincoln, USA)
gas analyzer for detecting H2O and CO2 mixing ratios (dry mole fraction). The sampling
frequency of both systems was 20 Hz.

Environmental measurements
The instrumentation used in our study (Table 1) follows the standards of the Integrated

Carbon Observation System (ICOS) which provides high-quality long-term observations of
greenhouse gases (GHG) and greenhouse gas exchange https://www.icos-cp.eu/ (accessed
on 5 March 2022) [37–41]. Vapor pressure deficit (VPD), later on used in the course of this
study, was calculated using Tair and RH measurements.

Table 1. Overview over the used instrumentation in the course of this study.

Site Name: Lanžhot Sensor Height/Depth (m)

Eddy covariance LI-7200RS, LI-COR, Inc. (NE, USA), HS-50, (Gill
Instruments, UK)

44 m until 22 October 2018,
later 48 m

Global incoming radiation (GR) CNR4 (Kipp & Zonen, Delft, The Netherlands) 42 m until 22 October 2018,
later 44 m

Air temperature (Tair) and relative
humidity (RH)

EMS 33 (EMS Brno, Czech Republic) until 21 June
2019, later HMP 155 (Vaisala, Vantaa, Finland),

HMP 155 (Vaisala, Vantaa, Finland),
35 m

Soil temperature (Tsoil) Pt100 (Sensit, CZ) 0.02 m

Precipitation (P) Laser Precipitation monitor, Thies Clima
(Göttingen, Germany)

44 m until 22 October 2018,
later 48 m

2.3. Data Handling
2.3.1. Turbulent Flux Calculation and Post-Processing

Our whole analysis covers a multi-year period of EC measurements above the canopy
(years 2015–2020), and a 1-year focal period (year 2019) with concurrent EC measurements
above and below the canopy.

Standardly, vertical turbulent fluxes were calculated with EddyPro® (version 6.2.0,
LI-COR Biosciences, Rockville, MD, USA) using the eddy covariance method (described
in detail by [13,42]) both above and below the canopy with an averaging time of 30 min.
The correct application of the EC method requires several corrections on the calculated
covariances between vertical wind component w and the quantity of interest, e.g., CO2. The
planar-fit method [43] was used to ensure that the long-term mean of individual vertical
wind measurements w is negligible or nullified. Furthermore, a rotation into the main wind
direction is conducted with this method. Potential flux losses in the high frequency range,
e.g., due to path length averaging or the spatial separation of sonic measurement path and
gas analyzer were accounted for with the correction proposed by [44]. Additionally, the
measured buoyancy flux was converted into the real sensible heat flux according to [45].
The EC software also includes a quality flagging scheme testing the data for stationarity
and development of turbulence and finally, providing an overall quality flag combining the
results of both tests [46].

2.3.2. CO2 Flux Gap-Filling and Partitioning

Gaps in the time series of measured CO2 fluxes due to instrument malfunctioning
or filtering strategies were filled using the R [47] package REddyProc [48] where a MDS
(marginal distribution sampling) gap-filling algorithm is applied [30].

The CO2 flux partitioning in GPP and Reco was also carried out with REddyProc. We
followed the “daytime” approach as proposed by [16]. This approach uses nighttime CO2
fluxes to infer the temperature sensitivity of Reco, but uses daytime data only to derive the
light- and temperature-driven models for GPP and Reco, respectively [49].

https://www.icos-cp.eu/
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2.3.3. Storage Flux Calculation

Changes in CO2 storage were calculated following the approach outlined in [50]:

Jc =

hm∫
0

∂CO2

∂t
dz (1)

where the integration is performed from the ground to the measurement height hm.
Equation (1) describes the changes of CO2 concentrations (∂CO2) over time (∂t) along
the measurement path (dz) from ground to uppermost measurement height.

We used the single-point version of Equation (1) which is assuming that all gradients
nullify at ground level and that the profile is linear from the measurement point to the
ground. These conditions are rarely met in reality. Even if this assumption can produce
significant uncertainty on half-hourly storage fluxes, the effect of these errors of the single-
point storage method is minor on long-term storage change estimates [51]. The single-point
storage method is implemented in EddyPro which provides the data for our further storage
flux analysis.

2.3.4. Filtering Approaches to Address Decoupling Effects on CO2 Fluxes

u* filtering
To derive the u* filtering thresholds, we applied the moving point test method [26]

implemented in REddyProc on our data. This approach provides u* thresholds for sea-
sons/temperature subclasses and finally aggregates these u* values also to a yearly thresh-
old. The u* filtering was conducted on the already quality flag-filtered data.

u* two-level filtering
The two-level u* filtering method allowed us to detect whether air masses above

and below the canopy are fully coupled or not. This filtering was applied on the already
quality filtered data. We used the relation of above and below canopy u* as the decoupling
indicator. When the relation is linear and both thresholds are met, the air masses above and
below the canopy are fully coupled [20]. The filtering thresholds of u* above and below
the canopy were derived following the procedure described by [21]. The above canopy u*
threshold was verified by break point analysis applied on the relation between above and
below canopy u* values, using the R [47] package segmented in its standard configuration.

2.3.5. Net Ecosystem CO2 Exchange

The net ecosystem CO2 exchange sums up via the three components of turbulent
exchange, storage flux and advection [22]. By applying the two-level filtering proposed in
Section 2.3.4 on EC data, we can assume that advection is negligible [20]. Storage fluxes,
on the other hand, nullify over longer time periods [22]. Consequently, it is justified to
assume that the EC measured turbulent flux is approximately equal to NEE, when used for
decoupling filtered data and evaluating longer time periods.

According to the atmospheric sign convention, negative fluxes of NEE represent a
carbon uptake period (CUP).

3. Results
3.1. Meteorological Conditions

The study period (2015–2020) was characterized by an average air temperature of
11.4 ◦C, soil temperature of 10.2 ◦C and mean annual total precipitation of 517 mm. A
detailed description of the particular years 2015–2018 is presented in [9]. In comparison
with the most dry and hot 2018 year with a mean annual air temperature of 12.1 ◦C and
annual total precipitation of 434.7 mm, the years 2019 and 2020 stood out with the highest
total annual precipitation (622.2 mm and 616 mm, respectively) and lower mean annual air
temperature (11.7 ◦C and 11.1 ◦C, respectively) (Figure 2).



Atmosphere 2022, 13, 437 6 of 12

Figure 2. Time series of daily mean air temperature (Tair), soil temperature (Tsoil) and daily sums of
precipitation (P) over the whole study period at the study site Lanžhot, Czech Republic. The lines in
the uppermost two panels indicate local polynomial regression fittings (loess; span = 0.1).

The studied years (2015–2020) represent a transition from a normal year 2016 used
by [9] as a reference year, through the year 2018 characterized by exceptional drought over
large parts of Europe [9,52], ending with two wet and cool years.

3.2. Carbon Exchange Dynamics during the Study Years

Substantial increase in NEE, in comparison with previous years, was observed during
the year 2018. The studied forest showed the smallest NEE in 2019 and second, after 2020,
highest annual Reco. During the measurement period, the year 2020 exhibited the highest
GPP. In this year also, the highest annual Reco was observed (Figure 3).

Figure 3. Annual totals of gross primary production (GPP), net ecosystem exchange (NEE) and
ecosystem respiration (Reco) for the measurement period 2015–2020 at the floodplain forest in Lanžhot,
Czech Republic.
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3.3. Influence of Decoupling on above Canopy Derived Carbon Fluxes in the Study Years
2019–2020

The patterns of above and below canopy fluxes were analyzed to determine how much
of the below canopy fluxes are represented by the above canopy fluxes. On average, above
canopy fluxes exhibit CUP for the days of the year 110–281 (Figure 4, on the left). At nights,
often under conditions of very low or no turbulence when CO2 accumulates close to the
ground, below canopy fluxes were slightly higher than above canopy fluxes (Figure 4, on
the right).

Figure 4. Daily average exchange of CO2 above and below the canopy during the years 2019–2020
(on the left) and averaged diurnal patterns covering the years 2019–2020 (on the right).

u* two-level filtering
For 2019, we derived the filtering thresholds of u* above the canopy 0.43 m s−1 and

below the canopy 0.08 m s−1 (Figure 5). Periods with both u* above and below the canopy
above their thresholds indicate full coupling, i.e., sufficient mixing across the whole canopy.

Figure 5. Relation between below canopy u* vs. above canopy u* (black circles; 30 min resolution; m
s−1; both axes are in logarithmic scale). The yellow vertical and horizontal line indicate the estimated
above and below the canopy u* thresholds, respectively, which distinguish weak turbulent periods
from the period when the canopy layers were fully coupled.
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CO2 flux diurnal variation based on single- and two-level filtering
The mean diurnal variation of single- and two-level u* filtered CO2 exchange showed a

typical behavior characterized by CO2 uptake from around 5:00 till about 19:00, on average,
and CO2 emission only during the night hours. Small differences between the single- and
two-level u* filtered data can be observed. The two-level filtered data indicate higher
respiration during nighttime which depicts the effect of accounting for decoupling with the
two-level filtering (Figure 6).

Figure 6. Mean diurnal variation of CO2 exchange (NEE) based on single- and two-level u* filtered
data for the year 2019.

Sensitivity analysis of decoupling filtering thresholds
As the differences between the single- and two-level u* filtered data seemed only

marginal, we conducted a sensitivity analysis of the additional below canopy u* filtering
threshold. With this procedure, we wanted to evaluate how sensitive the above canopy
derived annual C exchange is for the additional decoupling filtering (Table 2).

Table 2. Sensitivity analysis for u*b and its influence on the carbon exchange values for 2019.

u* above the
Canopy (u*a)

u* below the
Canopy (u*b)

C Exchange
(g m−2)

for the 2019 Year

Percentage of Gaps after
Two-Level u* Filtering in Relation

to Single Level u* Filtering (%)

u*a = 0.43 – −188.9 –
u*a = 0.43 u*b = 0.02 −185.5 1.6
u*a = 0.43 u*b = 0.03 −181.3 6.0
u*a = 0.43 u*b = 0.04 −216.8 11.9
u*a = 0.43 u*b = 0.05 −201.0 18.0
u*a = 0.43 u*b = 0.06 −209.0 23.5
u*a = 0.43 u*b = 0.07 −203.7 27.8
u*a = 0.43 u*b = 0.08 −192.6 31.0

In the case that decoupling would significantly hinder the vertical CO2 transport
from forest floor through canopy, the annual cumulative C results should become less
negative with increasing strictness of decoupling filtering, as stricter filtering should better
account for below canopy respiration. Our results, however, suggest that at the study site,
decoupling occurs regularly, but has no significant effect on above canopy derived annual
cumulative C exchange. The annual storage flux in the year 2019 equals 0.9 g m−2, thus,
would not change this result.

4. Discussion

The highest NEE in 2018 in comparison to the other study years was generated by
an exceptionally warm spring (with earlier leaf development) and a dry summer [9].
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After this drought year, two years with high amounts of precipitation followed, which, in
consequence, led to the highest GPP in 2020 (Figures 2 and 3). However, wet conditions
were also associated with high ecosystem respiration and the NEE in 2020 was the smallest
among all studied years. Based on our results, we assume that this ecosystem was not
characterized by reduced growth after the drought year 2018 and the so-called ”legacy
effect” which is most dominant in dry ecosystems [53].

Analyzing the influence of decoupling on above canopy derived carbon fluxes, we ob-
served positive below canopy fluxes over the whole course of the year (Figure 4, left). They
indicate that decoupling outside of the CUP period would lead to an underestimation of
the above canopy derived ecosystem respiration, and ignoring this phenomenon during the
CUP period would yield an overestimation of the ecosystem carbon sink strength [54,55].

The u* two-level decoupling thresholds which we derived are comparable to other
sites [20], though differences exhibit the threshold dependency on site-specific character-
istics. On average, the two-level filtered data showed a higher respiration signal during
nighttime than the single-level filtered data (Figure 6), which would confirm the theoretical
assumption that the two-level filtered data are capturing more respiration signals from
below canopy as they consider only fully coupled periods. On an annual scale, however,
this does not make an impact on the carbon exchange at our site. There might also be
filtering effects during daytime which lead to more negative (higher uptake) flux values
during daytime periods (Figure 6) and counterbalance the nighttime effects of the two-level
filtering. Furthermore, the study site is situated in very flat terrain which inhibits potential
horizontal removal from CO2-rich below canopy air from the measurement volume. As
a consequence, we observe no clear effect of the two-level filtering on the annual carbon
exchange estimates (Table 2). At this specific site, contrary to a number of previous studies
at other forest sites [20–22,32], the single-level u*filtering appears to be sufficient to address
decoupling effects on annual carbon exchange values.

5. Summary and Conclusions

In this study, we evaluated different single- and two-level flux filtering strategies with
regards to decoupling and its impact on above canopy derived CO2 fluxes. We hypothesized
that conventional single-level EC flux filtering strategies like the u*filtering might not fully
capture the forest CO2 exchange at the studied ecosystem. Concurrent below- and above-
canopy EC measurements for the year 2019 showed the different carbon exchange dynamics
of the respective layers well. While the whole canopy was a net carbon sink during spring
and summer, the below canopy layer was a net source over the whole year. Though we
observed regular and frequent decoupling of the below and above canopy air masses, we
could not observe an effect of decoupling on the annual carbon exchange. We conclude
that the exceptional flat terrain around our study site inhibits the removal of CO2-rich air
from the measurement volume, consequently, a potentially biasing impact of decoupling
on above canopy derived CO2 exchange on longer time scales.

Our study underlines the need of explicit decoupling investigations at each forest
ecosystem, as decoupling is strongly site-specific, depending on canopy properties, vegeta-
tion structure, site meteorology and tower surrounding topography. Synthesis decoupling
analyses of a multitude of forest sites around the globe can shed more light on the charac-
teristics of decoupling in dependency of canopy properties, site meteorology and tower
surrounding topography.
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