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ARTICLE INFO ABSTRACT

Keywords: Peatlands are among the largest stocks of soil carbon, which can be stored for thousands of years under well-
Eddy covariance wetted conditions. The main goals of the study were to assess annual and seasonal CO; balances of a
NDVI

temperate peatland and the main biophysical factors affecting these CO3 fluxes. The studied peatland was usually
a CO, sink with a mean annual net ecosystem production (NEP) of 110483 gCO,-C-m~2.yr ! and extreme
balances in 2006 (-17 gCO4-C-m~2yr~!) and 2011 (194 gCO,-C-m~2yr~1). Annual fluxes were not significantly
correlated with biophysical variables, unlike seasonal data. Furthermore, the average air temperature in spring
and summer was related to NEP at r>=0.65 and r?=0.61, respectively (warmer spring increased NEP while hot
summer decreased NEP in these seasons). A decrease in daytime measured NEP during the summer period (June-
August) was observed when TA exceeded 25 °C or VPD was above 15 hPa, respectively, due to the growing Reco
and possibly plant photorespiration. These findings suggest a negative impact of ongoing global warming on
temperate peatland CO; balances.
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1. Introduction

The global carbon budget is one of the most-discussed issues in the
context of carbon dioxide emissions and global warming (IPCC, 2021;
Friedlingstein et al., 2019). Peatlands, which cover only about 3% of the
terrestrial area (mainly in the boreal and subarctic zones), store
approximately 400-600 Gt of carbon in peat (Gorham, 1991; Frolking
et al., 2011; Page et al., 2011), which is one-third of global soil carbon
(Lappalainen, 1996; Page et al., 2011; Rydin and Jeglum, 2013).

Pristine and semi-natural peatlands are usually net carbon sinks
(Turunen et al., 2002; Makila and Saarnisto, 2008), but their degrada-
tion due to human activity (Hooijer et al., 2010; Page et al., 2011;

Moore et al., 2013) and climate change (IPCC, 2021; Gallego-Sala et al.,
2018; Harenda et al., 2018) may turn them into net sources of carbon.
This feature makes these ecosystems an essential element of the
biosphere that can substantially modify the atmospheric COy concen-
tration. Therefore, research on these vulnerable ecosystems is a vital
issue in the context of ongoing global warming (Dise, 2009; de Jong
et al., 2010).

The CO4 balance of the ecosystem consists of three elements: net CO,
uptake (net ecosystem production — NEP), which is the difference be-
tween the total CO, uptake (gross ecosystem production — GEP) and the
sum of autotrophic and heterotrophic CO5 emission (ecosystem respi-
ration — Reco). Positive values of NEP indicate net CO, uptake of the
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Fig. 1. Picture of Rzecin peatland, the status of 2015, with marked EC tower location. Presented tower design was maintained between 2004 and 2011.

ecosystem. Currently, the eddy covariance (EC) technique is a
measuring standard of CO2 exchange between the vegetation and the
atmosphere, and its continuous observations enable to determine of the
seasonal and annual estimations of the CO; balance on the ecosystem
scale (Baldocchi 2003; Aubinet et al., 2012; Baldocchi 2014, 2020).

There are two groups of factors that have an impact on the ecosystem
carbon balance: an abiotic (precipitation, temperature, water table
depth, humidity) and biotic one (vegetation communities, plant
phenology; Law et al., 2002; van Dijk et al., 2005; Richardson et al.,
2010; Yi et al., 2010; Acosta et al., 2017; Harenda et al., 2022). An in-
crease in air/soil temperature and the frequency of droughts may
decrease the net productivity of peatlands (Lafleur et al., 2003; Son-
nentag et al., 2010; Fortuniak et al., 2017). In many studies of peatland
productivity, the water table depth (WTD) impact on the NEP has been
analyzed (Lafleur et al., 2003; Yurova et al., 2007; Aurela et al., 2007;
Lund et al., 2012a; Peichl et al., 2014; Aslan-Sungur et al., 2016; Stra-
chan et al., 2016). Generally speaking, the lowering of WTD reduces the
net CO; sink. On the other hand, Hurkuck et al. (2016) found no cor-
relation between the nighttime measured Rec, and WTD. The effect of
WTD lowering on the well wetted floating peat carpet can be limited due
to the fact that WTD is followed by this layer of vegetation, roots and
plant debris (Juszczak et al., 2013). Manipulation experiments pre-
sented the significance of precipitation and air temperature for the
photosynthetic capacity of plants on a peatland (Bragazza et al., 2016;
Rastogi et al., 2019). Vapour pressure deficit (VPD) stimulates evapo-
transpiration, as well as the photosynthetic activity of plants (Farquhar
and Sharkey, 1982). The leaf stomata are closed under high VPD (during
warm conditions), and this mechanism protects plants from drying out
(Massmann et al., 2019) but also substantially reduces photosynthesis
intensity via the reduction of gas exchange at the leaf level (Oren et al.,
1999). The evaluation of a general physiological status (phenological
phase) of plant canopy is commonly made based on data sensed
remotely, e.g., spectral Vegetation Indices (VIs) as Normalized Differ-
ence Vegetation Index (NDVI; Chojnicki, 2013) and Enhanced Vegeta-
tion Index (EVI; Matsushita et al., 2007). The VIs are most commonly
obtained with Advanced Very High Resolution Radiometer (AVHRR;
Goward and Prince, 1995), Moderate Resolution Imaging Spectroradi-
ometer (MODIS; Friedl et al., 2002), Landsat (Escuin et al., 2008) and
Sentinel (Drusch et al., 2012) sensors.

Research carried out on the study site in Rzecin peatland, Poland,
was usually related to chamber measurements of GHG fluxes (Chojnicki
et al., 2010; Juszczak et al., 2012, 2013; Juszczak and Agustin, 2013;
Acosta et al., 2017;), spectral vegetation indices (Bandopadhyay et al.,

2019, 2021) and manipulation experiments (Rastogi et al., 2019, 2020;
Basinska et al., 2020; Gorecki et al., 2021). At the same time, EC-related
studies concerned short-time data sets (Chojnicki, 2013; Kowalska et al.,
2013; Harenda et al., 2021, 2022).

In this study, we present an 8-year long data set of EC-measured CO»
fluxes from a peatland site in Poland since 2004. The aim of the study is
to present the seasonal carbon dioxide flux patterns, the annual balances
and its inter-annual variability at a pristine fen with a floating peat
carpet in East-Central Europe. The flux data were compiled with mete-
orological observations and satellite-delivered VIs to determine the ef-
fect of biophysical factors on the CO; exchange of this ecosystem. The
presented results contribute to expanding the knowledge of CO, bal-
ances of temperate zone peatlands, especially that the Rzecin peatland
formed on the overgrowing lake, which makes them a unique ecosystem
in this climatic zone, and their productivity has not been widely
described in the literature so far.

2. Material and methods
2.1. Site description

The study area is located at the PolWET station in Rzecin
(52°45'43"N, 16°18'35"E, 56 m a.s.l.; Fig. 1) in Puszcza Notecka forest
(Western Poland). This ecosystem is protected within the Natura 2000
Network (PLH300019) Habitats Directive. Rzecin peatland is a result of
the shallowing of the lake that remains in the eastern part of the
ecosystem (Barabach, 2012) and is classified as a fen (Chojnicki et al.,
2007) with about 260 years of carbon accumulation time (Milecka et al.,
2016; Salmon et al., 2022). The total area covers 86 ha, including 15 ha
of the lake (Basinska et al., 2020). Two main peatland phytocoenosis are
present at the site footprint: Phragmites australis (Cav.) Trin. ex Steud and
Sphagnum spp. covering the northern part, while the southern part is a
floating peat carpet (70 cm thick). The latter is more biologically diverse
and is dominated by Sphagnum spp., Menyanthes trifoliata L., Carex nigra
L., Carex limosa L. and Oxycoccus palustris L. In addition, a small number
of pine trees was also observed, which may indicate that the peatland
had gone through drought periods in recent years. A more detailed
description of the site’s vegetation can be found in Chojnicki et al.
(2007), Kowalska et al. (2013), Milecka et al. (2016), Acosta et al.
(2017), Bandopadhyay et al. (2019) and Basinska et al. (2020). The site
climate is typical for Central Europe and results from oceanic (more
often) and continental air masses. The mean annual air temperature is
found to be 8.6 °C, with January and July means of —0.9 °C and 18.9 °C,
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respectively — the reference period of 1981-2010 (based on Szamotu-
ty-Baboréwko station meteorological data, 29 km SE of the PoIWET
station; IMGW-PIB, 2021). The average annual precipitation is 526 mm
(Farat et al., 2004). The soil type of this peatland is classified as Limnic
Hemic Floatic Ombric Rheic Histosol (Epidystric), according to the FAO
2006 classification. The surface water has a pH of 4.9 + 0.4 and a
conductivity of 53 + 4 pS-cm’1 (Romanowska, 2015).

2.2. Eddy covariance measurements

The eddy covariance system at the POIWET station in Rzecin consists
of a CO2/H0 infrared gas analyzer (IRGA) with an open path, model LI-
7500 (LI-COR Biosciences Inc., Lincoln, NE, USA) and a three-
dimensional sonic anemometer, model R3-100 (Gill Instruments Ltd.,
Lymington, Hampshire, UK), mounted at the height of 4.5 m above
ground level (AGL; Fig. 1). The data obtained from these two in-
struments were saved with a 20 Hz sampling rate by an analogue-digital
converter — datalogger KEST16 (Kest Electronic, Poznan, Greater
Poland, Poland).

2.3. Auxiliary data

Meteorological measurements (METEO) were carried out along with
EC observations with a measurement frequency of 1 Hz and 20 s ag-
gregation time, which were further averaged into 30 min values. The
HMPO0Y sensor (Vaisala Inc., Helsinki, Uusimaa, Finland) with a
ventilated radiation shield collected air temperature (TA) and relative
humidity (RH) data. Short- and long-wave radiation measurements were
made with a net radiometer, model CNR1 (Kipp & Zonen B.V., Delft,
South Holland, The Netherlands). Photosynthetic photon flux density
data were collected by the sensor SKP215 (Skye Instruments Ltd.,
Llandrindod Wells, Powys, UK) and BF3H (Delta-T Devices Ltd., Bur-
well, Cambridge, UK). All radiation and TA/RH instruments were
mounted at a height of 2.5 m AGL. All METEO data were recorded by the
KEST32 datalogger (Kest Electronic, Poznan, Greater Poland, Poland).
The tipping-bucket rain gauge model HOBO RG2-M (Onset Computer
Corporation, Bourne, MA, USA) was used for precipitation observations.
The gaps in the precipitation time series were filled based on rain
measurements carried out at the Mialy station (located 10 km NW of the
Rzecin peatland) owned by the Polish Institute of Meteorology and
Water Management — National Research Institute (IMGW-PIB, 2021).

2.4. Flux data processing

The collected EC data have been initially processed within the
EddyPro program (ver. 6.2.2). The 30 min integration time was applied
(FLUXNET standard). We applied well-established correction methods,
including despiking, angle-of-attack (Nakai and Shimoyama, 2012),
double axis rotation (Kaimal and Finnigan, 1994), block average
detrending, WPL (Webb et al., 1980) and spectral correction of flux
attenuation (Moncrieff et al., 1997). The quality assessment of the flux
data was based on stationarity (Mauder and Foken, 2006) and friction
velocity (u*y) tests, and the latter was determined using the breakpoint
detection method (Reichstein et al., 2005; Barr et al., 2013; Wutzler
et al., 2018). The daytime values were selected using the global
short-wave radiation values threshold of 10 W-m 2. Nocturnal data se-
ries were tested in terms of outliers detections using the anomalize
package (Dancho and Vaughan, 2020) for the R program (R Core Team
2019). This package detects outliers in data series characterised by
trends and seasonality. For this analysis, we applied a two-week window
and a threshold of two standard deviations (+2c), which resulted in a
rejection of 1.8% of the flux data. Finally, only 47% of all analyzed flux
data was of the highest quality (qc=0), according to Mauder and Foken
(2004) and was used in this study.

We used the Marginal Distribution Sampling algorithm based on
nighttime data (Reichstein et al., 2005) to fill the data gaps and partition
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net flux into GEP and Re,. For this purpose, we applied the REddyProc
package for the R (Wutzler et al., 2018, 2020) and its internal proced-
ures along with u* filtering. An uncertainty analysis of NEP flux was
completed using the openeddy package for R (function agg fsd(); Sigut,
2022). The estimated uncertainty result was multiplied by 1.96 to obtain
a 95% confidence interval, according to the REddyProc methodology.
Within this study, we assumed EC-delivered Net Ecosystem Exchange
(NEE) multiplied by —1 as NEP (NEP = —1*NEE) and Gross Primary
Production (GPP) approximated as GEP. The same approach was applied
to cited articles for consistency and discussion clarity.

2.5. Vegetation indices

The spectral vegetation indices Normalized Difference Vegetation
Index (NDVI) and Enhanced Vegetation Index (EVI) were obtained from
the Moderate Resolution Imaging Spectroradiometer (MODIS) installed
on board Terra (product MOD13Q1) and Aqua (product MYD13Q1)
satellites. The processing of data sets with 250 m spatial resolution and
16-day intervals from two satellites by applying the MODISTools pack-
age (Tuck et al., 2014) dedicated to the R programming language (R
Core Team, 2019) allowed us to obtain an average overpass of every
eight days. We applied the quality control procedure for received pixels,
i.e., "VI quality" with a range of 0-1 out of 0-2 and "VI usefulness" with a
range of 0-5 out of 0-15. We used the linear interpolation for gaps
within obtained 8-day interval NDVI/EVI data set to reach daily values
of VIs.

2.6. Meteorological data processing and seasons determination

Small gaps in the radiation, air temperature and humidity times se-
ries, caused for example by a lack of electricity, were filled by the
Marginal Distribution Sampling method (Reichstein et al., 2005). We
used the TA and RH values for vapour pressure deficit calculation
(Walter et al., 2005). The light use efficiency (LUE) was calculated as
LUE=GEP/PPFD from daytime half-hourly values. In this paper, we
defined spring as March-May, summer as June-August, autumn as
September-November, winter as December-February (Ziemblinska
et al., 2016) and the growing season as May-September.

2.7. Measured half-hour NEP fluxes in relation to TA and VPD

2.7.1. Seasonal nighttime net CO2 emission and TA

Nocturnal half-hourly periods with measured values of Reco (night-
time measured NEP=R..,) were divided into four seasons, as described
in Section 2.6. We extrapolated the daily NDVI into half-hourly values
assuming each half-hour value is the same as the daily one. Within each
season, we excluded Rec, values below the 1st percentile and air tem-
perature values below the 1st and above 99th percentile from the
analyzed dataset (to exclude outliers). The temperature range of 39 °C
between the minimum winter temperature of —12.7 °C and the
maximum summer temperature of 26.3 °C was split into 100 air tem-
perature bins (0.39 °C each), and Re¢, and NDVI values were averaged
within those TA bins separately for each season. For example, all values
of spring Reco Which correspond to TA of 0.0-0.39 °C, were averaged to
one value, then for 0.39-0.78 °C etc. This approach sustains the same
temperature scale and bins position, e.g., averaging bin for TA of
0.0-0.39 °C is the same for all seasons. However, the number of points
for each season differs due to the other air temperature ranges.

2.7.2. Summer daytime net COz uptake and TA/VPD

We used the daytime half-hourly data for June-August (summer) to
estimate VPD and TA impact on measured NEP. We excluded NEP values
above the 99th percentile and VPD below 1st and higher than the 99th
percentile from the first analyzed dataset. From the second dataset, we
excluded NEP values above the 99th percentile and TA below 1st and
higher than the 99th percentile. The remaining datasets were filtered
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Fig. 2. Annual (a) and growing season (b) anomalies of air temperature (TA) and precipitation (P) during the study years 2004-2011 at the Rzecin peatland. The
circle colour indicates the yearly (a) or growing season (b) sum of photosynthetic photon flux density (PPFD kmol-m~2). The Y-axis represents the TA anomaly, and
the X-axis represents the P anomaly concerning the reference period of 1981-2010 based on data from Szamotuly-Baboréwko station (IMGW-PIB, 2021).

using the light use efficiency factor of NEP (LUEngp; calculated as
LUENgp=NEP/PPFD) for LUEyngp+206. The VPD- and TA-dependant
datasets were split into 100 vapour pressure deficit and air tempera-
ture bins, respectively (0.367 hPa and 0.23 °C each). We also calculated
the NEP values standard deviation within each bin. The remaining data
processing was completed following that described in Section 2.7.1.

Ta [°C]

3. Results
3.1. Climate patterns of the analyzed period

The combination of both annual average air temperature and the
total precipitation was used for the classification of each year (Fig. 2a).
The precipitation and air temperature values of the reference period
(512 mm and 8.63 °C, respectively) were calculated based on a dataset
from Szamotuly-Baboréwko station (IMGW-PIB, 2021). The annual TA
and P deviations range from —1.6 °C to 1.1 °C and from —156 mm to
272 mm, respectively. Four of the analyzed years (2007, 2009-2011)
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Fig. 3. The daily mean runs of the (a) air temperature (TA) and (b) vapour pressure deficit (VPD), and total (c) photosynthetic photon flux density (PPFD) at the
Rzecin peatland for 2004-2011. The coloured background represents the growing season (May-September).



P. Poczta et al.

2004 2005 2006 2007

Agricultural and Forest Meteorology 338 (2023) 109529

2008 2009 2010 2011

250+

]

«— 200-
150-
100+

50

NEP, GEP, Rec, [gCO, - C-m

Fluxes

Il NEP

i GEP
Reco

JFMAMJJASOND|JFMAMJJASOND| JFMAMJJASOND| JFMAMJJASOND

-501

JFMAMJJASOND|JFMAMJJASOND| JFMAMJJASOND|JFMAMJJASOND

Month

Fig. 4. Monthly sums of gross ecosystem production (GEP - yellow), ecosystem respiration (Reco — green) and net ecosystem production (NEP — purple) in 2004-2011
at the Rzecin peatland (positive NEP — net sink of CO,; negative NEP and positive Rec, — net source of CO; if there is no Reco, then Reco=GEP).

can be classified as wet (P anomaly > 100 mm), but it must be
mentioned that an extraordinary daily total precipitation (20 July, 155
mm) was observed in 2011. Whereas 2006 was characterised by
extremely low total precipitation (P anomaly < —150 mm), the rest of
the years with precipitation was higher than the reference period
(Fig. 2a). We found five of the analyzed years (2004-2006, 2009, 2011)
to have an average TA close to the reference period (+0.5 °C), while
2008 and 2010 were the warmest and coldest years with an average
temperature of 9.8 °C and 7.0 °C, respectively.

The growing seasons (Fig. 2b) were characterised by TA close to the
reference period (+£0.5 °C) for most of the seasons, with two exceptions
for the coldest 2004 (15.3 °C) and warmest 2006 (17.5 °C), respectively.
However, 6 of 8 analyzed growing seasons were colder than the refer-
ence (2004-2005, 2007, 2009-2011). Precipitation values classified
three growing seasons as wet (2009-2011) and two as dry (2004 and
2006), with overall humid conditions for 6 out of 8 analyzed growing
seasons (2005, 2007-2011).

The warmest (2008) and coldest (2010) years were characterised by
the growing season mean air temperature close to the reference one. The
opposite situation represents the temperature-average years 2004
(8.6 °C) and 2006 (9.0 °C), with the coldest and warmest growing season
mean air temperature, respectively. The growing seasons classification

Table 1

of climate conditions only partly corresponds with the annual classifi-
cation (Fig. 2b). The strongest heat-waves periods occurred in the
summers of 2006 and 2010 (Fig. 3a). They correspond with some of the
highest VPD values (Fig. 3b). High VPD values were also observed in
summer 2008 (Fig. 3b). Seasonal runs of PPFD are also variable with the
highest values for the growing seasons of 2006 and 2008 (Figs. 2b, 3c),
and noticeable reductions of the PPFD in 2004 in both, annual and
growing season scales (Figs. 2a-b, 3c).

3.2. Monthly patterns of CO2 exchange

The summer (June-August) is the period in which the Rzecin peat-
land has always been a net sink of CO (Fig. 4). At the same time, in the
growing season (May-September), approximately 86.9% and 75.1% of
the annual GEP and R, were accumulated, respectively (Table Al).
Meanwhile, the lowest NEP (highest net CO, emission) was usually
observed in October (2004, 2006-2009) and remained negative for the
next six months (with an exception for April 2008 and February 2009;
Fig. 4). This net COy emission for 7 out of 12 months of the year
(October-April average NEP) is 89% compensated by the average net
CO3 uptake in July (Table Al). The second most productive month is
June, both in the context of GEP and NEP, which underlines the

Annual (A) and growing season (GS) sums of the net ecosystem production (NEP), gross ecosystem production (GEP), ecosystem respiration (Reco), photosynthetic
photon flux density (PPFD) and precipitation (P), average air temperature (TA) and vapour pressure deficit (VPD) in 2004-2011 at the Rzecin peatland; (*) denotes
aggregated uncertainty of the net flux; SD = standard deviation; minor discrepancies are due to rounding values in the table.

NEP GEP Reco PPFD TA [°C] P [mm] VPD [hPa]
[gC0O,-C-m~2] [gCO,-C-m~2] [gCO5-C-m™2] [kmol-m 2]

Year A(*) GS(*) A GS A GS A GS A GS A GS A GS
2004 6(29) 79(41) 706 603 694 517 6.7 45 8.6 15.3 560 244 3.4 5.8
2005 163(37) 247(63) 851 749 703 517 7.9 5.2 8.4 15.7 568 310 35 6.0
2006 -17(29) 104(52) 805 727 814 620 7.8 5.4 9.0 17.5 355 222 45 8.3
2007 174(41) 272(73) 1040 927 856 648 7.4 4.8 9.3 16.0 736 292 4.2 6.8
2008 73(30) 119(46) 888 731 806 605 7.7 5.3 9.8 16.3 533 314 5.0 8.8
2009 184(47) 216(66) 988 826 795 602 7.7 5.1 8.4 15.7 621 383 41 7.0
2010 107(46) 184(67) 868 755 750 562 7.3 4.7 7.0 15.9 784 459 4.2 7.6
2011 194(37) 278(55) 880 787 666 497 7.9 5.2 9.0 16.0 718 498 5.0 8.1
Mean 110(37) 187(58) 878 763 760 571 7.5 5.0 8.6 16.0 609 340 4.2 7.3
SD +83(7) +78(11) +103 +92 +68 +56 +0.4 +0.3 +0.8 +0.65 +138 +99 +0.6 +1.1
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Table 2

The coefficients of determination r? between annual sums of the net ecosystem
production (NEP), gross ecosystem production (GEP), ecosystem respiration
(Reco), photosynthetic photon flux density (PPFD) and precipitation (P), average
air temperature (TA), vapour pressure deficit (VPD) and light use efficiency
(LUE) in 2004-2011 at the Rzecin peatland; * denotes p-value < 0.1; ** denotes
p-value < 0.05; if not marked = no statistical significance.

Annual NEP GEP Reco
[gCm ~ %]
NDVI [-] 0.02 0.25 0.25
EVI [-] 0.04 0.55%* 0.66%*
PPFD [pmol-m ~ 2] 0.16 0.15 0.01
TA [ °C] 0.02 0.02 0.16
VPD [hPa] 0.01 0.08 0.06
P [mm] 0.49% 0.23 0.03
LUE [-] 0.31 0.64%* 0.31

importance of the early summer in the annual CO5 balance of Rzecin
peatland. The August GEP is similar to June on average, however, higher
Reco in the second part of the growing season resulted in slightly less NEP
(Table Al). The high summer photosynthetic assimilation rates of Rze-
cin peatland correspond well to the period of the highest NDVI and EVI
(Table Al).

We found the ecosystem to be more productive in September than in
May, and monthly GEP values were equal to 98.2 + 6.9 gCO-
Cm 2mth™! and 85.8+16.8 gCO,-C-m~2-mth™!, respectively. Simul-
taneously, the higher GEP in September was accompanied by higher Reco
(90.6+12.7 gCO,-C:m 2mth™!) than in May (76.947.2 gCOo-
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C-m~2.mth™!), which resulted in a nearly equal role in the annual bal-
ance of COy of these months of 8.3+14.2 and 6.5+12.3 gCOo-
C-m~2.mth™! for May and September, respectively. However, in 3/4 of
the cases, the net CO3 fluxes in May and September are relatively low in
the range of approximately —9 to 10 gCOo-C-m~2-mth™! (Fig. 4).

3.3. Seasonal patterns of CO5 exchange

The mean annual NEP value of Rzecin peatland (+ standard devia-
tion) was equal to 110483 gCO,-C-m 2yr~! with an average yearly
uncertainty of 37 gCOZ-C-m’Z-yr*1 (Table 1). The highest annual NEP
was observed in 2011 (194437 gCO,-C-m~2-yr~!) and 2009 (18447
gC02-C-m~2yr™1), while lowest NEP in 2006 (—17+29 gCO,-
C-m~2yr 1) and 2004 (629 gCO,-C-m 2yr 1). The highest interan-
nual span of NEP of two consecutive years reached 191 gCO-C-m ™2
between 2006 and 2007 (—17 against 174 gCO,-C-m~2.yr~!, respec-
tively). The NEP analysis of the growing seasons showed that the
maximum NEP occurred in 2011 (278+55 gCOg-C~m’2~gs’l), while the
lowest one was found in 2004 (79441 gCOz—C-m72~gsfl).

The linear regressions of annual CO2 fluxes and environmental
drivers showed very few significant relationships between the variables
(Table 2). The only exception is precipitation, which explains about 49%
of annual NEP variability. Additionally, LUE is correlated with GEP at
= 0.64, and EVI is correlated with GEP and Rec, at r*> = 0.55 and 0.66,
respectively (Table 2).

In summer, the Rzecin peatland was a net CO; sink for all years in the
study period with a prolonged net CO» uptake until early autumn in
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Fig. 5. Cumulative annual net ecosystem production (NEP) in 2004-2011 at the Rzecin peatland. Seasons discrimination according to Section 2.6.

Table 3

The coefficients of determination r? between seasonal sums of the net ecosystem production (NEP), gross ecosystem production (GEP), ecosystem respiration (Reco),
photosynthetic photon flux density (PPFD) and precipitation (P), average air temperature (TA), vapour pressure deficit (VPD) and light use efficiency (LUE) in
2004-2011 at the Rzecin peatland; * denotes p-value < 0.05; ** Summer regression with NEP does not including 2004; if not marked = p-value > 0.05; the results are
based on the values in Table B1.

Seasonal NEP [gC-m 2] GEP [gC-m 2] Reco [gC-m 2]
Spring Summer** Autumn Spring Summer Autumn Spring Summer Autumn

NDVI [-] 0.52* 0.53 0.04 0.83* 0.86* 0.61* 0.37 0.15 0.25
EVI [-] 0.18 0.07 0.19 0.59* 0.78* 0.27 0.49 0.51% 0.40
PPFD [kmol-m 2] 0.57* 0.70* 0.06 0.35 0.01 0.23 0.02 0.11 0.0

TA [°C] 0.65* 0.62* 0.49 0.57* 0.0 0.0 0.09 0.29 0.60*
VPD [hPa] 0.85* 0.71% 0.01 0.50* 0.0 0.36 0.0 0.24 0.14

P [mm] 0.22 0.10 0.45 0.0 0.07 0.02 0.39 0.06 0.50
LUE [-] 0.09 0.46 0.0 0.48 0.77* 0.15 0.63* 0.23 0.04
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Fig. 6. Seasonal nocturnal bin-averaged from half-hourly measured ecosystem respiration (Reco) against air temperature (TA) in 2004-2011 at the Rzecin peatland.
Square = winter, circles = spring, diamonds = summer, triangles = autumn, point colour represents NDVI.

2010 and 2011 (Fig. 5). However, there is variability in summer net usually a net source of CO, (with different intensities).
uptake, with summer 2007 taking up three times as much CO5 as sum- All years with above-average spring TA (2007-2009, 2011) resulted
mer 2004 (Table B1). Outside the growing season, the Rzecin peatland is in above-average NEP this season. However, the second-highest spring
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Fig. 7. Daytime bin-averaged from half-hourly vapour pressure deficit (VPD; panel a) and air temperature (TA; panel b) against measured net ecosystem production

(NEP) in June-August period 2004-2011 at the Rzecin peatland. Where circle size is photosynthetic photon flux density (PPFD), circle colour is TA and VPD at (a) and
(b) panel, respectively. Error bars indicate the standard deviation of the data averaged in each bin.
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TA in 2011 resulted in the second-lowest Reco, While second-lowest TA in
2010 occurred with second-highest Reeo (Table B1), which are unex-
pected results taking into account the known relation between temper-
ature and ecosystem respiration. On the other hand, years with low
spring NDVI (2004-2006) resulted in low GEP, while higher GEP was
observed in 2007-2011 when NDVI was also higher (Table B1). The
fourth low-NEP season (2004) was affected by low PPFD in both spring
and summertime and characterised by the lowest NDVI and EVI
(Table B1). Additionally, in 2004 the latest start of continuous CO2
uptake was observed (~165 DOY Fig. 5). Three years of low summer
NEP (2006, 2008 and 2010) were observed under high VPD and TA
conditions. On the other hand, years with the highest summer sums of
NEP (2005, 2007, 2009, 2011) overlapped with below-average TA. The
highest summer NEP (2007) occurred with the highest mean values of
NDVI and EVI (Table B1). The highest 2006 and lowest 2010 TA during
autumn resulted in the highest and lowest Rec, from the study years,
respectively (Table B1). The Rzecin peatland is a net CO5 source for ¥% of
the year, with a high CO; sink during the summer period, which usually
exceeds the emission annually (Fig. 5, Table B1).

PPFD and TA can explain 57% and 65% of the spring NEP variability,
respectively (Table 3). The high correlation between spring NEP and
VPD (r* = 0.85) was considered an artefact due to the relationship be-
tween VPD and TA/PPFD, and the low VPD values did not likely have an
impact on plant photosynthesis during this period. On the other hand,
the variance of the spring GEP was explained by TA, EVI and NDVI at
57%, 59% and 83%, respectively (Table 3). Summer NDVI and EVI
values explained 86% and 78% of the GEP variability, respectively,
while LUE correlated with GEP at r? = 0.77 during the summer season.
Summer correlations with NEP appeared only in the case of excluding
the non-typical 2004 year (affected by insufficient plant development
represented by lowest NDVI and EVI and consequently late start of net
CO4 sequestration) - then NEP variability is explained in 61%, 70% and
71% by variability in summer TA, PPFD and VPD (Table 3). In spring,
Reco is correlated with LUE at 12 = 0.64, while in autumn, the correlation
between Reco, and air temperature is visible, where TA explains 60% of
the Reco variability. Additionally, only GEP correlation with NDVI re-
mains during an autumn period (r? = 0.6). Winter values presented in
Table B1 were calculated according to the scheme: December of the
previous year and January-February of the current year - for this reason,
in 2004, the sums/averages were prepared only based on data from
January and February (except for precipitation). Winter periods were
found as a continuous source of CO5 into the atmosphere with no clear
patterns between CO; fluxes and biophysical factors, except for LUE,
which correlates with GEP and NEP at r>=0.79 and 0.53, respectively.

3.4. Air temperature and nocturnal NEP

Ecosystem respiration is an effect of the sum of heterotrophic and
autotrophic respiration. Both are correlated with the temperature
(higher air/soil temperature increases respiration). However, autotro-
phic respiration is also directly connected to the plant development
stage, i.e., the amount of biomass involved in the respiration process.
That is why the analysis of Rec, has been performed for different seasons.
The EC system can measure Reco fluxes only during nighttime periods
(when NEP=R,); hence, only those NEP data were used to build the
Reco Versus temperature relationship (Fig. 6).

During the winter season, the CO, emission is relatively constant in
the range of about 0.25 to 0.75 umolCO,-m~2s~!, while the lowest
emission corresponds to TA<O °C and the higher emission to TA>0 °C.
Spring and autumn CO; emission ranges have a minimum of about 0.25
and 0.7 pmolCO,-m 257!, respectively, while maximum CO, release
reached about 2.3 and 3.4 pmolCO,-m 2:s! in spring and autumn,
respectively. The average standard deviation of the averaged Re., values
in each bin in Fig. 6 was 0.62, 1.1, 0.76 and 0.34 pmolCOz-m_Z-s_1 for
spring, summer, autumn, and winter, respectively. The NDVI values
were higher during autumn than spring for TA>5°C, probably due to
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dead biomass at the beginning of the growing season. Meanwhile, the
season with the highest plant development stage (summer) was char-
acterised by the highest nocturnal R, in the range of about 2.6 to 4.8
umolCO,-m 251 for 8°C and 26°°C, respectively (Fig. 6).

3.5. Vapour pressure deficit and air temperature

Two commonly observed factors influencing photosynthesis are the
air temperature and vapour pressure deficit. We compared both factors
with the summer daytime NEP measurements (Fig. 7).

The VPD is highly correlated with both TA and PPFD. Thus, the in-
crease of net CO3 uptake under low VPD (up to 9 hPa; Fig. 7a) is most
likely related to the morning/evening conditions when the photosyn-
thetic activity of plants is starting or ending. NEP remains stable until
VPD reaches 15 hPa, and over this threshold, the value of net CO, uptake
noticeably decreases and this trend is maintained until the maximum
values analyzed VPD. The highest NEP values (7.63 + 0.27
pmolCO,-m~2-s™1) were observed at the range of VPD 8-15 hPa, which
corresponds to TA and PPFD values range of 20.87 + 1.29 °C and 863 +
71 umol-m~2s~}, respectively (Fig. 7a). The cited values are represen-
tative of data from Fig. 7 (i.e., already bin-averaged).

On the other hand, net CO; uptake increases up to 25 °C (Fig. 7b).
After crossing the threshold of 25 °C, the NEP rapidly decreases to about
29.5 °C and stabilises to about 32.5 °C. Then the NEP value declines
again until the maximum values of analyzed TA. The highest NEP values
(7.40+0.33 pmolCOz~m’2~s’1) were observed at the range of TA
20-25 °C, which corresponds to VPD and PPFD values range of 13.83
+2.42 hPa and 992481 pmol-m 257!, respectively (Fig. 7b). The
decreasing of NEP value above 23 and 25 °C thresholds (for Fig. 7a and
7b, respectively) can correspond with increasing of Rec, together with
higher temperatures (confirmed by summertime Rec, in Fig. 6), which
exceeded CO, uptake growth or CO, uptake stabilization (taking into
consideration that ecosystem production has limitations) in such tem-
perature conditions. Despite these connections with TA and Rec,, an
unexpected peak of NEP for TA between 29.5 °C and 32.5 °C occurred
(Fig. 7b). The NEP standard deviation (error bars of Fig. 7) remains
stable throughout the entire scale, and the mean value is equal to +3.0
and £3.1 ymolCO,-m 257! for Fig. 7a and 7b, respectively.

4. Discussion

Despite the initial character of the Rzecin peatland (the result of the
lake overgrowing), the ecosystem is characterized by a large variability
of annual and seasonal CO; balances, which makes the peatland a net
CO4 source under drought and heat stress (2006), CO neutral in seasons
with limited irradiance and plant canopy development (2004), or a
robust net CO3 sink in periods with mild temperatures (2005, 2009). At
the same time, the Rzecin peatland is represented by optimal net CO,
uptake in air temperature conditions of about 22.5-25 °C and VPD not
exceeding 15 hPa.

4.1. Net CO2 emission in 2006

Despite well-wetted conditions (floating peat carpet on an over-
growing lake), the peatland was a net carbon dioxide source in the
summer and autumn of 2006, coinciding with the highest TA of 1.9 °C
and 1.8 °C above average and the lowest P (42% and 56% less than
average). Low CO, uptake in 2006 was also observed by Peichl et al.
(2014) for a boreal fen, where 2006 was characterised as extremely dry
(with WTD dropping in the late summer) with the lowest annual NEP
across 12 study years. Moreover, droughts in 2018 observed across
Europe (Ramonet et al., 2020; Thompson et al., 2020) affected 3 out of 5
Scandinavian peatlands located at lower latitudes to be net CO5 sources,
as presented by Rinne et al. (2020). Additionally, Fenner and Freeman
(2011) manipulation experiment and field observations showed that
drought conditions cause peatland ecosystems to release CO. Generally
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speaking, bacterial growth in aerobic conditions accelerated the
decomposition of organic matter (Fenner and Freeman 2011). This is in
line with another manipulation experiment (over the same peatland as
in this study; Gorecki et al., 2021), where researchers found that
although the litter decomposition rates depend on temperature, the
WTD and its fluctuations were the main controlling factors of decom-
position rates. Increased decomposition and respiration rates with lower
WTD and its fluctuations were also reported by Barel et al. (2021). Our
study did not present the WTD time series (due to the lack of WTD data
for a representative period). However, we assumed that periods with less
precipitation represent droughts with lower WTD. This assumption is
based on many studies where a direct correlation between precipitation
and WTD was reported for peatlands (Dyukarev et al., 2019; Ahmad
etal., 2021; Miao et al., 2017). The floating carpet lowering and reduced
precipitation favour drier and more aerobic conditions on the peatland
surface. These conditions, along with high TA, accelerated the Reco.

4.2. Neutral CO balance in 2004

The neutral CO, balance indicated in this study in 2004 is most
probably a combined effect of low irradiance and NDVI/EVI (as a proxy
of plant phenology and biomass) values, which delayed the starting
point of the growing season. The direct relation between NEP and PPFD
on peatland is well known (Frolking et al., 1998), with NEP/GEP satu-
ration over high radiation values (Stoy et al., 2014). GEP is commonly
modeled as a function of incoming radiation (Dyukarev, 2017), and
NDVI is related to plant phenology (Soudani et al., 2012). Light response
curves analysis (Flanagan et al., 2002) based on Michaelis-Menten ki-
netics for daytime conditions in July each year presented a significant
difference between 2004 and the remaining years. The GEP increase of
up to 10 pmolCO,m 2s~! was reached for PPFD at about 595
umol-m~2s~! in 2004, while the average PPFD value for the rest of the
years was about 375 ymol-m~2.s~!, which indicates lower light response
dynamics in 2004 compared to other years. Considering both can be
supposed that low PPFD during the summer of 2004 (Table B1) limited
the plant development (visible in low NDVI/EVI), which resulted in less
ecosystem-scale photosynthetic capacity (lowest summer/annual GEP
across the study) and consequently low annual net CO, uptake of the
ecosystem.

4.3. Carbon dioxide environmental control

Despite statistically significant correlations between CO fluxes and
biophysical factors, there is no single factor that plays a dominant role in
controlling the CO, balance in the Rzecin peatland. However, the air
temperature can promote Reco (r2 = 0.6 in the autumn) and contribute to
a higher NEP (12 = 0.65 in the spring). Most likely, factors such as higher
surface moisture after winter and spring growth or autumn decompo-
sition of plant biomass play a role here.

The highest correlations were found between CO, fluxes and NDV1/
EVI. The NDVI variability was responsible for 83% and 86% of the GEP
variance in spring and summer, respectively (Table 3). Moreover, during
the summer months, when the peatland presented its highest photo-
synthetic efficiency, LUE explained 77% of the variability in GEP. The
net CO; flux, which results from two opposing processes, is more chal-
lenging to parameterise. Therefore, it is usually represented by a lower
coefficient of determination than GEP, which was also seen in Arm-
strong et al. (2015).

Other peatland-related studies also evaluated different controlling
factors of seasonal/yearly CO- fluxes. Studies by Aurela et al. (2004) and
Lund et al. (2012b) found a clear positive correlation between snow melt
time and annual CO4 balance, while Humphreys and Lafleur (2011) did
not notice this kind of correlation. Moreover, researchers noticed a
positive correlation between the length of the growing season and the
CO5 accumulated for this period (Christensen et al., 2012) or the
inter-annual variability of net CO5 uptake (Helfter et al., 2015). On the
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other hand, many studies indicate that the CO; balance in a peatland is
mainly controlled by WTD (Fortuniak et al., 2021; Strachan et al., 2016).

Defining the impact of the most significant meteorological factors
(TA, WTD/precipitation and radiation) on CO3 fluxes can allow deter-
mining whether they affect NEP by controlling GEP (Sonnentag et al.,
2010; Niu et al., 2011) or Reco (Aurela et al., 2007; Cai et al., 2010). Our
observations contain periods with the predominant impact of GEP or
Reco On the overall CO5 balance. For example, the difference in annual
net CO3 flux between 2004 and 2005 was caused by the difference in
GEP while Rec, remained the same. Between 2008 and 2009, we
observed a similar situation; however, GEP and R, were much higher
than in 2004-2005. On the other hand, differences in annual NEP be-
tween 2005 and 2006 and also 2010 and 2011 seem to be linked with
Reco Variability. It suggests that this study contains seasons with
completely diverse meteorological conditions that affect CO5 fluxes
differently.

In our particular study, we found that LUE in winter correlates with
GEP and NEP. However, the lack of any correlation between other
meteorological factors and CO; fluxes in winter, nor any correlation
with other seasons, does not allow for defining winter conditions as a
determinant of the CO5 balance. In contrast, Helfter et al. (2015) noticed
that the winter average air temperature is responsible for the
inter-annual variability of CO5 absorption in the following summer.

4.4. NEP response to daytime TA and VPD

Based on summer data sets of measured NEP, we considered that the
TA between 22.5 and 25 °C represents the highest values of net CO,
uptake (Fig. 7b). Huang et al. (2019) found similar outcomes, where
24.5 °C was established as the optimal temperature for vegetation pro-
ductivity of the Rzecin peatland (site ID: PL-wet; these results were
derived from daily Gross Primary Productivity). Taking into account
decreasing daytime NEP for TA>25 °C (Fig. 7b), it can be assumed that
average daily summer TA in 2006, 2008, and 2010 (22.71 °C, 21.24 °C
and 22.31 °C, respectively; the highest values across the study) were one
of the main reasons of small NEP in these seasons. Moreover, summer TA
explained 61% of NEP variability from 2005 to 2011 (higher TA
decreased NEP).

A process that may significantly reduce the summertime daytime
NEP under hot conditions is the increase of Reco, due to the correlation
between temperature and ecosystem respiration (Loyd and Taylor,
1994). This study observed an interaction between TA and nighttime
Reco Which in the summer reached a mean increase of R, of about 0.71
pmolCOz-m’z-s’l for every 5 °C (Fig. 6; considered summer Rec, for
18 °C>TA>9 °C to maximise respiration flux), while the mean decline of
daytime NEP for TA>25 °C reached about of 1.13 umolCOy-m 25! per
5 °C (Fig. 7b). Thus, the decrease in the daytime NEP is not only due to
the increase in Reco. Additionally, the inhibition of dark leaf respiration
(mitochondrial respiration) under sunlight conditions (Keenan et al.,
2019) suggests that summertime Rec, fluxes could be lower during the
daytime than at nighttime.

In addition to the increased Rec, at higher temperatures, a daytime
NEP reduction was noticed when a VPD>15 hPa threshold was excee-
ded. A decrease in daytime NEP under higher VPD values was also
observed by Aurela et al. (2007). This net CO5 flux reduction may be
related to the stomatal closure influenced by higher VPD and the plant
photorespiration process (releasing CO, molecules instead of assimi-
lating them; Foyer et al., 2009). Photorespiration is a process that always
coexists with photosynthesis and, for example, leads to the energy
dissipation reaction (protection of photosynthesis from photoinhibition)
and metabolic repair (Kozaki and Takeba, 1996; Voss et al., 2013;
Eisenhut et al., 2017). However, higher temperature, as well as lower
COs and higher O, concentration in leaves (e.g., when plant stomata are
closed to prevent dehydration under high VPD conditions; Otieno et al.,
2012), promotes Rubisco enzyme to increase oxygenation of Ribulose 1,
5-bisphosphate (RuBP; fixing the RuBP with Oy instead of CO2) and
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Table 4
Mean annual NEP from multi-year studies in northern peatlands.
Site and location Type of ecosystem Years of measurements Mean annual NEP (gCO,- Refs.
Cm 2yr )

POIWET site in Rzecin, north-western Poland fen peatland 2004-2011 (8) 110+83 this study

Degero Stormyr in northern Sweden oligotrophic minerogenic mire 2001-2012 (12) 58+21 Peichl et al. (2014)

Lac Le Caron site in north-western Quebec, ombrotrophic bog 2008-2012 (5) 76+40 Strachan et al. (2016)
Canada

Bog Lake Fen site in northcentral Minnesota, transitional poor fen 2009-2011 (3) 35.3 + 6.6 Olson et al. (2013)
USA

Kopytkowo site in northeastern Poland Biebrza mire 2013-2018 (6) 49495 Fortuniak et al. (2021)

Mer Bleue, east of Ottawa, Canada ombrotrophic peatland Nov.1998-Oct.2004 (6) 40.2 + 40.5 Roulet et al. (2007)

Mer Bleue, east of Ottawa, Canada freshwater marsh 2005-2009 (5) 224+54 Strachan et al. (2015)

Kaamanen, northern Finland mesotrophic fen within the aapa mire 1997-2002 (6) 22420 Aurela et al. (2004)

region

Northeast of Athabasca, central Alberta, moderately rich treed fen 2004-2009 (6) 189+47 Flanagan and Syed
Canada (2011)

Near Glencar, southwestern Ireland atlantic blanket bog Sep.2002-Aug.2012 (10) 55.7 + 18.9 McVeigh et al. (2014)

Auchencorth Moss site, south of Edinburgh,  low-lying ombrotrophic peatland 2003-2013 excluded 2011 64.1 + 33.6 Helfter et al. (2015)
Scotland (10)

Stordalen Mire site, subarctic Sweden palsa mire 2001-2008 (8) 66+29.1 Christensen et al.

(2012)
7 northern peatlands 24 site years (incl. 2 years data set from PolWET site) 103+103 Lund et al. (2010)
Mean +SD 84+60.1

consequently lower photosynthesis to photorespiration ratio. Thus, the
gap between increasing Rec, and decreasing NEP rates during summer
may indicate that photorespiration negatively affects the daytime NEP
fluxes under high VPD/TA conditions at Rzecin peatland. Furthermore,
ecosystem respiration and photorespiration possibly explain the higher
CO4 balance during colder summer seasons. Although cooler summers
may be associated with more frequent cloud presence, and diffused ra-
diation can increase ecosystem productivity (Harenda et al., 2021; Zhou
et al., 2021), this study did not find a clear correlation between summer
PPFD diffusion index and NEP.

The calculation method shown in Fig. 7 has one major characteristic:
each bin has a different number of values averaged within the bin. This is
not an issue for commonly observed values; however, extreme values
may contain greater standard deviation due to the (usually) higher
number of outliers. Nevertheless, based on the error bars in Fig. 7, this
study has no such situation. Therefore, this calculation method and
presentation were found appropriate for the general presentation of a
broad set of measured data (non-gap-filled NEP) containing data from
different, often contrasting, seasons and years.

4.5. Productivity of Rzecin peatlands compared to northern peatlands

The mean annual CO5 balance (NEP+SD) at Rzecin was 110 + 83
gCO,-C-m~2-yr~!, making this peatland a robust sink of carbon dioxide.
The average uncertainty of the annual flux reached 34% of NEP. How-
ever, the share of uncertainty in the total flux is higher in years with a
small annual balance (e.g. 2004) and could indicate a change in a Rzecin
peatland CO» balance from a minimal sink to a significant source of CO».
Other multi-year studies over northern peatlands found mean annual
NEPs ranging from 22 gCO,-C-m~2.yr~! in sub-arctic fen to 224 gCO,-
C-m’z-yr’1 in a temperate freshwater marsh (Table 4).

These studies were characterised by different mean annual CO5 up-
take and standard deviations, which place the PoIWET site among the
most productive peatlands. The high standard deviation of the annual
NEP over Rzecin peatland suggests sensitivity to biophysical factors in
various combinations and intensities. Moreover, the high inter-annual
variability of NEP (e.g., from source to strong sink of CO, year-by-
year) also suggests the photosynthetic capacity of the ecosystem,
which can be “released” under optimal conditions and result in a high
annual NEP value.
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5. Conclusions

This study of the CO balance over a young temperate fen peatland
with a floating peat carpet adds a multi-year perspective to the knowl-
edge about annual CO, balances of peatlands in East-Central Europe.
Our peatland site was generally a robust net CO; sink, also compared to
other northern peatlands. However, the CO, dynamics observed at the
Rzecin peatland site do not provide a complete picture of the carbon
balance of the studied ecosystem. In future research, it is crucial to
ensure continuous measurements of CHy exchange rates to fill the
knowledge gap on the carbon balance of the peatland on the over-
growing lake. Additionally, regular observations of CHy fluxes should be
carried out at the site to estimate the global warming potential of this
interesting ecosystem. Despite the relatively young age of the fen
(formed approximately 260 years ago), the presence of a ~70 cm peat
carpet suggests that the Rzecin peatland has very good carbon accu-
mulation and storage capabilities, which are key functions of peatlands
in the context of the global carbon cycle. However, this high CO5 uptake
capacity may be disrupted by unfavourable weather conditions, both
shown in this study. The observed net CO5 emission in 2006 contrasts
with the assumption that peatlands with floating peat carpets should be
drought-resistant by their ability to lower the peat mat together with
WTD. The monitoring of WTD with the accurate estimation of the
moisture profile of floating carpet could be an interesting research issue,
as well as an absolute measurement of the rise and drop of the peat
carpet.

Warmer springs favour higher NEP during this period, while higher
air temperature and vapour pressure deficit over the summer signifi-
cantly reduce the net CO, uptake of the peatland. In other words, mild
temperatures ensure optimal conditions for high net CO5 uptake (2005,
2009). However, reduced radiation and consequently diminished
vegetation development may be the NEP limiting factor (2004). Vege-
tation indices can serve as reliable predictors of spring and summer GEP,
still, they are not suitable for assessing the net CO, balance. The
nighttime Rec, revealed different values at the same temperature
depending on the season, indicating plants’ explicit participation in
creating the total ecosystem respiration. The estimated optimal ranges
of air temperature (22.5-25 °C) and vapour pressure deficit (8-15 hPa)
for summertime net CO, uptake raise concerns regarding the carbon
dioxide balance of this ecosystem, in the context of ongoing global
warming. Nevertheless, the studied peatland retains daytime uptake
capacity even for years with extreme TA and VPD values. Thus, the
statement that Rzecin-like peatlands do not pose a potential climate
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Table A1

Monthly mean values of sums of gross ecosystem production (GEP), ecosystem respiration (Reco), net ecosystem production (NEP), air temperature (TA), photosyn-
thetic photon flux density (PPFD), normalised difference vegetation index (NDVI), and enhanced vegetation index (EVI) in 2004-2011 at the Rzecin peatland (AVG —
mean, SD - standard deviation, share — share in yearly total value, mth — month).

Month  GEP GEP GEP Reco Reco Reco NEP NEP TA TA PPFD  PPFD NDVI NDVISD  EVI EVI
AVG SD share AVG SD share AVG SD AVG SD SD AVG —  AVG SD
[gCO,-C-m 2 [%] [gCO5-C-m~2 [%] [gCO,-C-m ™2 [°Cl [mol-m~2 [-1 [-1
-mth™'] -mth™!] -mth™'] -mth™']

1 4.9 4.2 0.6% 13.8 3.1 1.8% -89 6.3 -1.7 4.0 142 33 0.19 0.13  0.12 0.06

2 3.7 6.4 0.4% 12.6 4.4 1.7% -9.3 5.7 -0.2 2.7 227 36 0.20 0.14 012 0.06

3 10.8 8.1 1.2% 19.7 6.0 2.6% -9.0 4.8 3.2 1.9 558 84 0.36 0.05 0.18 0.03

4 26.7 8.7 3.0% 38.1 5.0 5.0% -11.3 7.8 9.1 1.4 936 143 0.45 0.05 022 0.03

5 85.8 16.8 9.8% 76.9 7.2 10.1% 8.3 14.2 13.0 1.2 1082 166 0.57 0.06  0.31 0.04

6 183.2 36.3 20.9% 122.1 15.1 16.1% 60.3 31.7 16.8 1.4 1184 140 0.71 0.04  0.42 0.04

7 216.4 28.3 24.6% 146.7 16.0 19.3% 68.9 19.7 19.5 2.5 1125 165 0.74 0.02  0.47 0.02

8 179.8 18.1 20.5% 134.6 17.6 17.7% 43.5 17.2 17.5 0.7 935 124 0.74 0.02 0.43 0.03

9 98.2 6.9 11.2% 90.6 12.7 11.9% 6.5 12.3 13.3 1.3 695 79 0.66 0.03 037 0.03

10 44.2 5.6 5.0% 58.9 6.8 7.8% -15.5 8.8 8.1 1.4 397 66 0.55 0.02 028 0.02

11 17.9 4.1 2.0% 28.8 3.3 3.8% —-11.4 5.5 3.9 1.5 166 43 0.40 0.10  0.20 0.03

12 6.7 3.1 0.8% 17.6 3.8 2.3% -11.7 4.4 0.4 3.1 90 16 0.24 0.14 0.14 0.06

threat in the context of CO, emission-related feedback is justified to Database Cluster, site code PL-wet. Datasets from 2010 to 2011 will be

some extent. available in the future.
Data statement Funding

Data sets from 2004 to 2009 are available on European Eddy Fluxes This work has been done as a joint effort within the frame of the
Table B1

Seasonal sums of the net ecosystem production (NEP gCOz-C~m’2), gross ecosystem production (GEP gCOz-C‘m’z), ecosystem respiration (Reco gCOz-Cm’z),
photosynthetic photon flux density (PPFD kmol-m~2) and precipitation (P mm), average air temperature (TA°C), vapour pressure deficit (VPD hPa), normalised
difference vegetation index (NDVI), enhanced vegetation index (EVI) and light use efficiency (LUE multiplied by 1000) during spring, summer, autumn and winter in
2004-2011 at the Rzecin peatland; SD = standard deviation.

Season Variable 2004 2005 2006 2007 2008 2009 2010 2011 Mean+SD
Spring NEP -30.9 —15.2 -29 —6.1 7.5 —0.2 -29.1 7.1 —12+16.3
GEP 92.3 108.4 92.3 152.3 137.7 146.2 124.4 132.7 123.3 +23.3
Reco 123 126.2 119.8 158.4 131.2 147 149.6 121.6 134.6 + 14.9
PPFD 2.27 2.66 2.52 2.83 2.55 2.75 2.21 2.83 2.58+0.24
TA 8.21 7.45 7.01 9.96 9.38 8.83 7.12 9.48 8.43+1.15
P 69 123 111 125 58 119 157 52 102438
VPD 3.75 3.85 3.92 5.37 5.35 5.03 3.36 6.06 4.59+0.98
NDVI 0.41 0.42 0.4 0.49 0.51 0.48 0.48 0.48 0.46+0.04
EVI 0.2 0.21 0.21 0.25 0.27 0.25 0.27 0.23 0.24+0.03
LUE 5.6 6.6 3.9 8.5 6.9 6.1 7.1 5.5 63+1.4
Summer NEP 83.2 228.4 107.6 254.3 112 212.1 165.8 218.3 172.7 + 64.8
GEP 446.1 576 543.4 712.8 558.8 641.9 579.8 576.6 579.4 £76.7
Reco 356.3 359.7 435 455.8 441.0 422.2 407.8 349.6 403.4 +£42.3
PPFD 2.85 3.37 3.45 3.04 3.45 3.26 3.36 3.18 3.25+0.21
TA 17.05 17.04 19.81 17.66 18.2 17.36 19.07 17.36 17.94+1.01
P 182 200 142 243 264 245 281 399 245477
VPD 6.49 6.55 9.7 7.55 10.34 7.78 10.26 8.57 8.41+1.56
NDVI 0.69 0.72 0.71 0.77 0.72 0.76 0.73 0.74 0.73+0.03
EVI 0.39 0.42 0.44 0.48 0.44 0.47 0.46 0.44 0.44+0.03
LUE 16.7 23.1 20.8 34.4 18.6 22.6 20.5 20.6 22.24+5.7
Autumn NEP -31.1 -18 -56.3 -32.1 —24.9 -21.2 10.5 9.1 —20.5 £ 22
GEP 146 152.8 162.6 156.5 164 165.5 161 173.5 160.2 + 8.4
Reco 175.1 172.8 213.6 184.6 186 184.5 148.9 161.4 178.4 +19.2
PPFD 1.12 1.41 1.32 1.12 1.24 1.25 1.22 1.4 1.264+0.11
TA 8.75 8.86 10.18 7.23 8.86 8.73 6.57 8.14 8.42+1.11
P 127 75 55 115 112 166 227 120 125453
VPD 2.52 2.86 3.44 241 2.73 2.84 2.35 3.51 2.83+0.44
NDVI 0.49 0.5 0.59 0.53 0.55 0.55 0.49 0.59 0.54+0.04
EVI 0.26 0.25 0.31 0.3 0.28 0.3 0.27 0.28 0.28+0.02
LUE 14.6 15.0 13.9 17.1 13.6 15.4 16.1 13.3 149+ 1.3
Winter NEP -5.5 —23.2 —41.6 —45.5 —28.2 -8.1 -37.5 —36.8 —28.3 +£15.1
GEP 12.9 18.1 3.6 19.8 24.7 32.8 10.7 -1.6 15.1 +£11.2
Reco 21.2 40.7 43.7 63.2 49.9 39.7 48.3 32.8 42.4+12.4
PPFD 0.38 0.46 0.5 0.45 0.4 0.44 0.5 0.46 0.45+0.04
TA —0.44 0.58 -2.73 3.08 2.68 -1.1 -3.14 -3.74 —0.6 +2.59
P 181 111 118 239 154 54 93 140 136+57
VPD 0.88 0.91 0.68 1.33 1.45 0.67 0.72 1.31 0.99+0.32
NDVI 0.26 0.25 0.07 0.32 0.39 0.19 0.13 0.06 0.21+0.12
EVI 0.13 0.12 0.06 0.19 0.19 0.14 0.1 0.06 0.12+0.05
LUE 6.4 8.3 3.0 4.0 8.5 10.2 4.9 1.9 59+3.0
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Appendix A. Monthly values of CO, fluxes and biophysical
variables

A summary of CO; fluxes and key biophysical parameters for indi-
vidual months was prepared to evaluate the variability of the fluxes and
their share in the annual carbon dioxide balance (Table A1).

Appendix B. Seasonal values of CO, fluxes and biophysical
variables

Correlations between the annual values of variables are usually
challenging to identify. Therefore, a list of all variables used in this
work, divided into individual seasons, has been prepared. The data
presented in Table B1 were the basis for obtaining the coefficient of
determination r? illustrated in Table 3.
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