ABSTRACT

AMANATIDES, MEGAN MICHELLE. Variability in Trends and Meteorological Drivers of
Carbon Dioxide Exchange across Arctic Wetlands. (Under the direction of Dr. Erin Lee
Hestir.)

Arctic ecosystems are particularly vulnerable to future projections in climate
variability and climate change. Wetlands make up nearly 10% of all Arctic ecosystems
which, historically, have acted as sinks for atmospheric carbon dioxide (CO2); however, the
future CO2 balance of Arctic wetlands will be dependent on the balance between CO2 taken
up through plant productivity and CO2 lost through microbial respiration. This study analyzes
in situ measurements of net ecosystem exchange of CO2 (NEE) from June-August at four
wetland sites across the Arctic to investigate changes in CO2 balance over time as well as to
identify the meteorological drivers of CO2 exchange. Satellite data was also analyzed to
account for changes in vegetation cover. Prior to analysis, the CO2 balance of each site was
determined and each site was found to be a sink for atmospheric CO2. Then, a nonparametric
test for trend was performed on data at each site to consider how CO2 exchange,
meteorological conditions, and vegetation cover may have changed over time. Results
indicate contrasting trends in CO2 exchange across these ecosystems. At US-Brw, NEE was
significantly decreasing over time meaning that the site became a stronger sink for
atmospheric CO2 while at FI-Kaa, NEE was significantly increasing over time meaning that
the site shifted from a sink towards a source of atmospheric CO2. At US-ICs and DK-NuF,
NEE did not significantly change. Vegetation cover and most meteorological factors showed
little evidence of statistically significant changes likely due to the relatively short time series
considered. However, air temperature increased at US-Brw, evapotranspiration decreased at

US-ICs, and vegetation cover increased at FI-Kaa Then, to explore which meteorological
factors have the largest influence on CO2 exchange, a conditional Random Forest regression
algorithm was applied to each dataset and variable importance was assessed. Results suggest
large site-to-site variability. However, air temperature frequently demonstrated high variable
importance meaning that air temperature is important in predicting CO2 exchange – including
both plant productivity and microbial respiration – in these ecosystems. Thus, it is expected
that projected increases in air temperature have the potential to alter all aspects of CO2
exchange in Arctic wetlands. Additionally, spatial and interannual variability among sites
highlights the need for increased spatial and temporal coverage across varying wetland
ecosystems and climatic gradients. Future efforts should be made to increase both temporal
and spatial coverage of in situ measurements of CO2 exchange across Arctic wetlands.

Variability in Trends and Meteorological Drivers of Carbon Dioxide
Exchange across Arctic Wetlands

by
Megan Michelle Amanatides

A thesis submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Master of Science

Marine, Earth and Atmospheric Science

Raleigh, North Carolina
2017

APPROVED BY:

___________________________
Dr. Helena Mitasova

___________________________
Dr. Sandra Yuter

______________________________
Dr. Erin Lee Hestir
Committee Chair

ii

DEDICATION

Dedicated to my mother who has acted as a fantastic support system, especially over the last
two years, as well as my father who instilled in me a love for science.

iii

BIOGRAPHY

I was born in Frederick, MD and grew up throughout the East Coast including
Fairfield, PA, Ijamsville, MD, Greenville, NC, and Miami, FL. In 2011, I moved to Raleigh,
NC to attend Meredith College where I would graduate 4 years later with a B.S. in
Mathematics and minors in Statistics and Psychology. During my time at Meredith, I began
working at NC State University as an undergraduate research assistant. Undergraduate
research motivated me to apply to graduate school, and I began working with Dr. Erin Lee
Hestir in the fall of 2015 to pursue my M.S. in Atmospheric Science. Upon graduation, I plan
to pursue a career in either data analysis or climate research.

iv

ACKNOWLEDGMENTS

First and foremost, I want to extend my gratitude to my advisor, Dr. Erin Lee Hestir
who not only expanded my knowledge and appreciation for scientific research, but also
provided continual support and encouragement. I thank my committee members, Dr. Helena
Mitasova and Dr. Sandra Yuter, for providing direction and advice. I would also like to thank
the members of the Earth Observation and Remote Sensing Lab at NC State University,
especially Christiana Ade, for their constant encouragement.
I would like to acknowledge several organizations for their data. Data from US-Brw
were provided by Ameriflux. Funding for AmeriFlux data resources was provided by the
U.S. Department of Energy’s Office of Science. Data from US-ICs were provided by the
Institute of Arctic Biology, UAF, based upon work supported by the National Science
Foundation under grant #1107892. Data from FI-Kaa were provided by the European Eddy
Fluxes Database Cluster under Principal Investigators Dr. Tuomas Laurila and Dr. Mika
Aurela. Data from DK-NuF were provided by the GeoBasis subprogram of the Greenland
Ecosystem Monitoring program, funded by the Danish Energy Agency.
Additionally, I would like to thank several individuals for their advice including
throughout this process including Colin Edgar, Dr. Asko Noormets, Dr. Magnus Lund, Dr.
Frank Anderson, Dr. Donatella Zona, Dr. Dennis Baldocchi, and Dr. Kyaw Tha Paw U.

v

TABLE OF CONTENTS

LIST OF TABLES ................................................................................................................ vii
LIST OF FIGURES ............................................................................................................... viii
LIST OF ABBREVIATIONS ............................................................................................... ix
VARIABILITY IN TRENDS AND METEOROLOGICAL DRIVERS
OF CARBON DIOXIDE EXCHANGE ACROSS ARCTIC WETLANDS ......................... 1
1 Introduction ............................................................................................................... 1
2 Materials and Methods .............................................................................................. 4
2.1 Study sites ..................................................................................................... 4
2.2 Data .............................................................................................................. 7
2.2.1 Micrometeorological flux tower data .............................................. 7
2.2.2 Micrometeorological flux data processing ...................................... 9
2.2.3 Satellite estimates of vegetation cover ............................................ 15
2.3 Data analysis ............................................................................................... 17
2.3.1 Investigating the current CO2 balance of Arctic wetlands ............... 17
2.3.2 NEE, GPP, and Reco in response to changing meteorological
conditions ........................................................................................ 17
2.3.3 Evaluating trends in CO2 exchange, meteorological conditions,
and vegetation cover ....................................................................... 20
3 Results ...................................................................................................................... 21
3.1 NEE, NPP, GPP, and Reco from June-August............................................... 21
3.2 CO2 exchange in response to meteorological conditions ............................ 24
3.3 Trends in CO2 exchange, meteorological conditions, and vegetation
dynamics ......................................................................................... 28
4 Discussion ................................................................................................................ 35
4.1 Arctic wetlands as a sink for atmospheric CO2 from June-August ............. 35
4.2 Changes in NEE and their relation to meteorological and
ecological conditions ....................................................................... 37
4.2.1 Diverging trends in CO2 exchange across Arctic wetlands ............ 37
4.2.2 Trends in meteorological and ecological conditions ...................... 38
4.2.3 Relating trends in CO2 exchange to trends in meteorological
and ecological conditions ................................................................ 40
4.3 Potential of using meteorological variables as drivers of CO2 exchange .... 42
4.3.1 Air temperature as a primary driver for CO2 exchange ................. 42
4.3.2 The influence of wind direction at US-Brw .................................. 43
4.3.3 Other meteorological drivers of CO2 exchange ............................ 46
4.4 Spatial variability in patterns and indicators of CO2 exchange ................... 48
5 Conclusions .............................................................................................................. 49
References ................................................................................................................... 51
APPENDICES ....................................................................................................................... 62

vi

Appendix A. Carbon cycle in Arctic wetlands .............................................................. 63
Appendix B. Overview of micrometeorological flux towers and flux networks .......... 67
Appendix C. Conditional variable importance results ................................................... 69
Appendix D. CO2 exchange of various ecosystems ...................................................... 72

vii

LIST OF TABLES

Table 1

Characteristics of each study site ..................................................................... 6

Table 2

EC instrumentation for each micrometeorological flux tower ......................... 9

Table 3

Tower height and summary of flux footprint (based on half-hourly
observations) at each site ................................................................................ 13

Table 4

Summary of NDVI values across sites based on 16-day composite NDVI
values............................................................................................................... 16

Table 5

June-August CO2 balance at each site found by first taking the balance of daily
aggregated data for each summer and then averaging this balance for each year
within the time series ...................................................................................... 22

Table 6

Results of a trend analysis on daily aggregated data for NEE, NPP, GPP, and
Reco. Percent change indicates the percent change over the entire time period of
observations for each site................................................................................. 30

Table 7

Results of a trend analysis on daily aggregated observations of meteorological
variables.......................................................................................................... 33

Table 8

Results of a trend analysis on average annual NDVI based on average of all 16day composite NDVI values for each year at each site. Percent change indicates
the percent change over the entire time period of observations for each
site................................................................................................................... 34

Table 9

Gamma statistic for NEE at each site based on daily aggregated
observations..................................................................................................... 35

viii

LIST OF FIGURES

Figure 1

Circumpolar map of the Northern Hemisphere with location of each study
site.................................................................................................................... 5

Figure 2

Time series of daily aggregated average NEE, GPP, and Reco for each year at
each study site ................................................................................................. 11

Figure 3

Summary of daily aggregated averages of NEE, NPP, and Reco for each year of
observation at each site ................................................................................... 12

Figure 4

Landsat images of each study site with flux footprints overlaid ...................... 15

Figure 5

Daily aggregated average (± 1 standard deviation) of NEE, NPP, GPP, and Reco
over the period of observations at each site...................................................... 24

Figure 6

Variable importance as indicated by mean decrease in accuracy determined
using a conditional Random Forest regression model on daily aggregated
observations of meteorological variables and CO2 exchange at each
site................................................................................................................... 26

Figure 7

Circumpolar maps of the Northern Hemisphere indicating strength of the trend
in daily aggregated data for NEE, NPP, GPP, and Reco where the size of the
circle indicates strength of the trend ................................................................ 31

Table 8

Wind rose representing the frequency of observations from different wind
directions at US-Brw ……............................................................................... 44

Table 9

Variable importance results at US-Brw excluding fluxes that originate in the
northwest and northeast quadrants of the flux footprint ................................. 45

ix

LIST OF ABBREVIATIONS

CO2

Carbon dioxide

NEE

Net Ecosystem Exchange

NPP

Net Primary Productivity

GPP

Gross Primary Productivity

Reco

Ecosystem respiration

VPD

Vapor Pressure Deficit

NDVI

Normalized Difference Vegetation Index

1

1 Introduction
Arctic ecosystems are particularly vulnerable to climate variability and climate change.
As our climate continues to warm, temperatures at northern latitudes are expected to increase at a
rate twice as high as the global average [Trenberth et al., 2007]. Precipitation is also projected to
increase across the Arctic with more precipitation falling as rain rather than snow [ACIA, 2004;
Bintanja and Selten, 2014; Wisser et al., 2011]. Widespread changes have already been observed
across the Arctic. Warmer temperatures have occurred across all seasons, and observations
suggest that precipitation has increased by nearly 10 % over the past 100 years [ACIA, 2004].
Observations suggest that Arctic air temperatures increased at a rate of 1.36°C per century from
1875 – 2008 with more warming occurring during the winter (1.73°C per century) versus the
summer (0.87°C per century) [Bekryaev et al., 2010]. These changes have contributed to shifts in
the extent and productivity of Arctic vegetation [ACIA, 2005; Ju and Masek, 2016; Kimball et
al., 2006].
Wetlands make up approximately 10% of all terrestrial Arctic ecosystems [Olefeldt et al.,
2016]. Historically, Arctic wetlands have acted as sinks for atmospheric carbon dioxide (CO2)
[Smith et al., 2004]. The ability of these ecosystems to store large amounts of carbon is a result
of their cold and wet soils which reduce the decomposition rate of organic matter allowing
carbon to be sequestered over long periods of time [Miller et al., 1983; Mitra et al., 2005]. It has
been estimated that these ecosystems contain 20-30% of the global soil pool of carbon
[Bridgham et al., 2006; Roulet, 2000]. However, the future carbon balance of Arctic wetlands is
dependent on the balance between CO2 taken up through plant productivity, which may increase
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under warming [Natali et al., 2012], and CO2 lost through plant respiration and decomposition,
which has been found to increase with increasing temperatures [Mikan et al., 2002]. If plant
productivity dominates over microbial respiration, the ecosystems will likely continue to act as a
sink for atmospheric CO2; otherwise, the ecosystems have the potential to shift from a sink
towards a source of CO2 to the atmosphere.
Some studies speculate that climate change will cause Arctic wetlands to become a
stronger sink of atmospheric CO2 [ACIA, 2005; Euskirchen et al., 2006; Flanagan and Syed,
2011; McGuire et al., 2000; Sitch et al., 2003; White et al., 2000], while others expect climate
change will cause Arctic wetlands to shift from a sink to a source of atmospheric CO2 [Belshe et
al., 2013; Field et al., 2007; Gruber et al., 2004; Sitch et al., 2007; Zhuang et al., 2006]. Those
that predict Arctic wetlands will become a stronger sink of CO2 argue that climate change will
increase temperatures which will promote plant growth and lengthen the growing season; this
will increase photosynthetic activity allowing more CO2 to be taken up by the ecosystem thus
decreasing the CO2 exchange. Those that predict Arctic wetlands will shift from a sink to a
source of CO2 suggest that climate change will increase temperatures which will increase the rate
of soil decomposition decreasing the amount of CO2 sequestered by the ecosystem thus
increasing the CO2 exchange.
Until recently, it was difficult directly measure CO2 exchange between ecosystems and
the atmosphere. The development of micrometeorological flux towers allowed for the first
observations of whole ecosystem monitoring of CO2 exchange [Baldocchi, 2003]. The recent
funding of coordinated widespread deployments of these towers and the availability of these data
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as free and open-access enables comprehensive analyses of CO2 exchange at regional and global
scales.
Monitoring whole ecosystem CO2 exchange is fundamental in order to understand the
status of CO2 balance across Arctic wetlands. However, given that only recently could these
measurements be obtained, few long-term datasets exist. Additionally, obtaining these
measurements in Arctic ecosystems is particularly difficult given their harsh environment and
limited accessibility. Despite these challenges, numerous micrometeorological flux towers have
been installed across the Arctic. The majority of these towers have collected data over short time
periods on the order of one to a few years, but some of these towers have collected data over
multiple years giving us the ability to establish a baseline regarding the current CO2 balance of
these sites in an effort to monitor change in the future.
I analyzed in situ measurements of summer net ecosystem exchange of CO2 (NEE) which
is the measure of the quantity of CO2 being sequestered by and emitted from the ecosystem.
These measurements were obtained at four wetland sites with multiple years of data across the
Arctic to investigate the current state of CO2 exchange as well as to identify its meteorological
drivers. Specifically, I addressed the following research questions: (1) What is the current status
of NEE across Arctic wetlands? In other words, are Arctic wetlands currently acting as sinks or
sources for atmospheric CO2? (2) What meteorological factors are the best indicators of NEE
across Arctic wetlands? (3) How is summer CO2 exchange changing across Arctic wetlands?
Results of this study indicate that all sites acted as a sink for atmospheric CO2 from JuneAugust with site-to-site variability in the strength of the CO2 sink. Meteorological indicators of
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NEE showed variability across sites. Additionally, there was some evidence of changes in CO2
exchange, meteorological conditions, and ecological conditions across the study sites considered
in this analysis. One site became a stronger sink for atmospheric CO2 over time, one site became
a weaker sink for atmospheric CO2 over time, and two sites remained essentially unchanged in
their CO2 sink strength over time. Larger interannual variations were also observed at each site
emphasizing the need for long-term observations in order to understand changes across these
ecosystems.

2 Materials and methods
2.1 Study sites
This study uses data from four wetlands across the Arctic including two sites in Alaska
(US-Brw and US-ICs), one site in Finland (FI-Kaa), and one site in Greenland (DK-NuF). These
sites range from 64 to 71°N and include between seven and ten years of data across varying time
periods (Figure 1; Table 1). US-Brw is a coastal wetland located along the North Slope of Alaska
and is the coldest and driest site considered. FI-Kaa is an interior wetland located near the village
of Kaamanen in northern Finland and is the warmest site considered. US-ICs is an interior
wetland located in the Imnovait Creek Watershed along the foothills of the Brooks Mountain
Range in northern Alaska. DK-NuF is a coastal wetland located approximately 30 km outside of
Nuuk, the capital of Greenland, and is the wettest site considered.
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Figure 1 Circumpolar map of the Northern Hemisphere with location of each study site.
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Table 1 Characteristics of each study site.
a
Arctic Monitoring and Assessment Programme [Bliss et al., 1981]
b
Circum-Arctic Map of Permafrost and Ground Ice Conditions [Brown et al., 1998]
c
Circumpolar Arctic Vegetation Map [Walker et al., 2005] and site description by PI
d
1981-2010 mean annual temperature (MAT) and mean annual precipitation (MAP) obtained from nearest meteorological station. At US-Brw and US-ICs,
data from National Climate Data Center (https://www.ncdc.noaa.gov). At FI-Kaa, data from Finnish Meteorological Institute
(http://en.ilmatieteenlaitos.fi/climate). At DK-NuF, data from Danish Meteorological Institute (http://www.dmi.dk/vejr/arkiver/normaler-og-ekstremer).
Site
Location
Lat.
Long.
Elev.
Years
Arctic
Permafrost
Dominate
MAT
MAP
Reference
(m)
type a
extent b
vegetation type c (°C) d
(mm) d
US-Brw Barrow,
71.32 − 156.6 1
2000 - Low
Continuous
Sedge/grass,
− 11.2 115.1
[Goodrich et
AK, USA
2007
Arctic
(90-100%)
moss wetland
al., 2016;
Zona et al.,
2016]
FI-Kaa
Kaamanen, 69.14 27.3
155
2000 - Subarctic Discontinuous Sedge, shrub,
− 0.6
500.1
[Aurela et
Finland
2008
(50-90%)
moss
al., 2004]

US-ICs

Imnovait
Creek,
AK, USA

68.61

− 149.3

920

2008 2016

Low
Arctic

Continuous
(90-100%)

Tussock sedge,
dwarf-shrub,
moss tundra

− 7.5

338.8

[Euskirchen
et al., 2016]

DK-NuF

Nuuk,
Greenland

64.13

− 51.3

50

2008 2014

Low
arctic

Isolated
patches
(0-10%)

Noncarbonate
mountain
complex, heath,
copse, fen

− 1.4

781.6

[Westergaar
d-Nielsen et
al., 2013]
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2.2 Data
2.2.1 Micrometeorological flux tower data
To study NEE within an ecosystem, the CO2 flux is measured. CO2 flux is defined as
the exchange of CO2 between the ecosystem and the atmosphere. A negative CO2 flux
indicates more CO2 going into the ecosystem than into the atmosphere, therefore, the
ecosystem is acting as a sink for atmospheric CO2. Conversely, a positive CO2 flux indicates
more CO2 going into the atmosphere than into the ecosystem, and thus the ecosystem is
acting as a source of atmospheric CO2. A detailed description of the Carbon cycle in Arctic
wetlands can be found in Appendix A.
In the past two decades, the eddy covariance (EC) technique has become the primary
method for measuring CO2 flux between the ecosystem and the atmosphere [Baldocchi et al.,
2001]. The EC technique quantifies the exchange of CO2 by coupling high frequency
measurements of wind velocity with trace gas concentration measurements. Wind velocity is
measured with a three-dimensional sonic anemometer, and trace gas concentrations are
measured with an infrared gas analyzer (IRGA) which uses a filter at 4.26 µm to measure
CO2 concentration and a filter at 2.59 µm to measure H2O concentration. These instruments
are installed on micrometeorological flux towers. This technique has been widely used to
measure CO2 flux in ecosystems around the world [Baldocchi, 2008; Beer et al., 2010; Fisher
et al., 2008], including Arctic wetlands [Aurela et al., 2001; Groendahl et al., 2007; Merbold
et al., 2009; Westergaard-Nielsen et al., 2013].
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Several regional micrometeorological flux measurement networks have been
established to provide access to both carbon exchange and meteorological data on a regional
or even a global scale allowing for comprehensive synthesis efforts. An overview of the
history of micrometeorological flux networks can be found in Appendix B. My research
combines data from several regional networks including the AmeriFlux network
(http://ameriflux.lbl.gov/), the European Fluxes Database (http://www.europe-fluxdata.eu/),
and the Arctic Observatory Network (http://aon.iab.uaf.edu/) in an effort to synthesize
patterns and trends across the Arctic.
Half-hourly estimates of NEE were obtained from micrometeorological flux towers at
each of the four sites. The EC instrumentation at each site is detailed in Table 2. In addition
to a sonic anemometer and an IRGA, each tower is also equipped with instrumentation to
obtain half-hourly measurements of air temperature, incoming shortwave radiation, wind
speed, wind direction, relative humidity, and precipitation. At one site, US-Brw, data for
incoming shortwave radiation was unavailable, so estimates were made from photosynthetic
photon flux density (PPFD) using a scaling factor of 2.05 [Meek et al., 1984].
Evapotranspiration [Mu et al., 2011] and vapor pressure deficit (VPD) [Monteith, 1973] were
estimated from other observations at each tower.
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Table 2 EC instrumentation for each micrometeorological flux tower.
Site
IRGA
Sonic Anemometer
US-Brw
LI-7500
Gill R3
FI-Kaa
LI-7000
Metek USA-1
US-ICs
LI-7500A
CSAT-3
DK-NuF
LI-7000
Gill R3

Tower Height
5
5
2.5
2.1

Harsh conditions and the remote location of many of these sites make winter
observations difficult to obtain; therefore, this study only considers the summer months at
each site which is defined here as June-August which effectively captures the peak of the
growing season while excluding the influence of snow and ice before and after the growing
season.

2.2.2 Micrometeorological flux data processing
Since the data were combined from several databases, extra care was taken to ensure
that data processing across all sites was standardized before analysis which prevents
differences stemming from data processing or instrument setup [Goodrich et al., 2016; Lund
et al., 2010]. Postprocessing of NEE data included implementing quality flags provided with
the data, applying a u* threshold to ensure sufficient turbulence (u* ≤ 0.1 m s-1), flagging
data collected during precipitation events, and despiking to account for outliers caused by
both environmental and instrument noise.
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Gaps in both NEE and meteorological factors occur as a result of both the
aforementioned postprocessing procedures and instrument failure. Air temperature, incoming
shortwave radiation, VPD, and NEE were gap-filled before analysis using the REddyProc
package in R [Reichstein et al., 2005]. Gap-filled data are then flagged as either most,
medium, or least reliable based on the method used and window size considered. Data
flagged as “least reliable” were discarded.
The same package in R was also used to partition NEE data into gross primary
productivity (GPP) and ecosystem respiration (Reco) before aggregating to daily averages
[Lasslop et al., 2010; Reichstein et al., 2005]. GPP represents the total amount of CO2 fixed
in the process of photosynthesis, and Reco represents the sum of respiration from plants and
respiration from soil microbes in the ecosystem. Thus, GPP can be used as a proxy for
photosynthetic activity and Reco can be used as a proxy for decomposition. Net primary
productivity (NPP) can then be calculated as the difference between GPP and Reco to
represent the net production of organic matter by plants in the ecosystem.
NEE across Arctic wetlands typically follows an inverted bell-shape with the lowest
values occurring in the middle of the growing season when photosynthetic activity is at its
peak and the highest values occurring just before and just after the growing season when
photosynthetic activity is limited but soil respiration continues (Figure 2). This seasonal
pattern is also reflected in both GPP and Reco. GPP is approximately zero at the beginning of
the growing season then reaches its lowest values during the peak of the growing season and
increases again to approximately zero at the end of the growing season. Reco is slightly
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positive at the beginning of the growing season then increases until it reaches its peak around
the middle of the growing season, although this seasonal change is not as dramatic as the
change in GPP or NEE.

Figure 2 Time series of daily aggregated average NEE, GPP, and Reco for each year at each study site.
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Figure 3 summarizes daily aggregated averages of NEE, GPP, and Reco at each site
highlighting the interannual variability each site.

Figure 3 Summary of daily aggregated averages of NEE, NPP, and Reco for each year of observation at each site.
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After quality control of the data was complete, the flux footprint was calculated for
each site [Hsieh et al., 2000]. The flux footprint represents the contribution of the
surrounding surface to the fluxes measured by the EC system. Its size is influenced by
measurement height, surface roughness, and atmospheric stability where increased
measurement height, decreased surface roughness, and a more stable atmosphere all increase
the size of the flux footprint. Its shape is influenced mainly by wind direction. Calculating
the flux footprint gives us a better understanding of the extent of the surface area measured
by the flux tower (Table 3).

Table 3 Tower height and summary of flux footprint (based on half-hourly observations) at each site.
Site
Tower height (m)
Mean (km2)
Median (km2)
Standard Deviation (km2)
US-Brw
5.0
11.78
10.46
3.47
FI-Kaa
5.0
17.91
19.03
4.42
US-ICs
2.6
2.74
2.66
0.92
DK-NuF
2.1
4.05
4.02
0.60

The size of the flux footprints varies widely across sites ranging from 2 km2 to nearly
18 km2. US-ICs and DK-NuF have smaller average flux footprints and a smaller spread as
indicated by low standard deviations while US-Brw and FI-Kaa have larger average flux
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footprints and a larger spread. These differences are reasonable given the difference in tower
height across sites. US-Brw and FI-Kaa each have a tower height of 5 m which would
increase the area of the flux footprint while US-ICs and DK-NuF have a tower height of 2.6
and 2.1 m, respectively, which would decrease the area of the flux footprint.
In addition to differences in size and variability, there are also differences in the
composition of each flux footprint. Figure 4 shows a satellite image of each study site with
the average flux footprint overlaid. Satellite images are from Landsat 7 and 8 obtained from
USGS EarthExplorer (https://earthexplorer.usgs.gov/). At US-Brw, the average flux footprint
includes contributions from a large bay to the north. FI-Kaa seems to include contributions
from both vegetated land and soil. At US-ICs, there appears to be influences from both
vegetated land and mountainous terrain. At DK-NuF, the average flux footprint includes both
vegetated land and mountainous terrain, and the bay to the north of the tower does not seem
to contribute to the average flux footprint.
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Figure 4 Landsat images of each study site with flux footprints overlaid.

2.2.3 Satellite estimates of vegetation cover
Analyzing vegetation cover can reveal important relationships between vegetation
extent and CO2 exchange. To analyze changes in vegetation cover, MODIS Vegetation
Indices (MOD13Q1) were retrieved from the online MODIS Subsetting Tool, courtesy of the
NASA EOSDIS Land Processes Distributed Active Archive Center (LP DAAC),
USGS/Earth Resources Observation and Science (EROS) Center, Sioux Falls, South Dakota,
(https://daac.ornl.gov/MODIS/modis.shtml). Vegetation indices can serve as proxies for
green biomass, leaf area index, and GPP at various scales, and have been frequently used in
Arctic ecosystems [Huemmrich et al., 2010; Stow et al., 2004; Street et al., 2007]. In this
study, the normalized difference vegetation index (NDVI) was used as a proxy for vegetation
extent and productivity [Rouse et al., 1974]. NDVI is a unitless index with values range from
-1 to 1 where values near 1 indicate extremely vigorous vegetation, values near 0 indicate
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very little, if any, vegetation, and negative values indicate snow or water. MODIS 16-day
NDVI products were obtained for June-August at each site during the years in which
micrometeorological flux observations were obtained (Table 4).

Table 4 Summary of NDVI values across sites based on 16-day composite NDVI values.
Site
Mean
Median
Standard Deviation
US-Brw
0.45
0.48
0.15
FI-Kaa
0.64
0.66
0.06
US-ICs
0.58
0.61
0.13
DK-NuF
0.19
0.21
0.09

NDVI values were highest at FI-Kaa (mean = 0.66) indicating increased vegetation
extent and productivity from June-August while they were lowest at DK-NuF (mean = 0.21)
likely suggesting a higher fraction of snow and ice cover compared to the other sites.
Additionally, NDVI values at US-Brw and US-ICs had a large spread meaning NDVI varied
widely across the growing season (standard deviation = 0.15 and standard deviation = 0.13,
respectively) while NDVI values at FI-Kaa and DK-NuF were fairly consistent across the
growing season (standard deviation = 0.06 and standard deviation = 0.09, respectively).
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2.3 Data analysis
2.3.1 Investigating the current CO2 balance of Arctic wetlands
The average CO2 balance for June-August was found at each site by first taking the
balance of daily aggregated data for each summer and then averaging this balance for each
year within the time series. Additionally, CO2 exchange was summarized by the finding the
average values for June-August for NEE, NPP, GPP and Reco. Summarizing these values can
reveal important relationships regarding photosynthetic activity and respiration across sites.

2.3.2 NEE, GPP, and Reco in response to changing meteorological conditions
To investigate potential drivers of CO2 exchange across Arctic wetlands, and
ensemble learning method was applied. Ensemble learning methods are those that generate
many classifiers and aggregate their results. In 2001, Leo Breiman proposed a type of
ensemble learning method called Random Forests [Breiman, 2001]. A Random Forest
consists of a collection of regression trees that use a random subset of the data to estimate an
independent variable, the response, given several dependent variables, the predictors. In
ecological studies, they are widely used for regression analyses such as modeling the
distribution of tree species under future climate scenarios [Prasad et al., 2006], predicting
wetland biomass from satellite imagery [Mutanga et al., 2012], and identifying the primary
factors that explain the likelihood of fire occurrence [Oliveira et al., 2012]. Recently,
Random Forest regression was used on micrometeorological flux tower data to assess
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variable importance in predicting NEE in two Arctic ecosystems. It was concluded that this
technique was appropriate for the given analysis [Emmerton et al., 2016].
For each Random Forest, variable importance can be assessed [Breiman, 2001].
However, it has been demonstrated that variable importance measures show bias towards
correlated predictor variables [Nicodemus and Shugart, 2007; Strobl et al., 2008]. This is
because at each split in a regression tree, correlated variables are seen as interchangeable to
the algorithm. This has two potential consequences. First, predictor variables that are not
important for the response variable could show high variable importance. Second, predictor
variables that are highly important could show low variable importance. This bias is a result
of an important assumption made by the Random Forest which is violated with correlated
predictor variables: the predictor variable of interest is independent of both the response
variable and all other predictor variables.
Strobl et al. [2008] offers a solution referred to as a conditional Random Forest in
which both variable selection within the Random Forest and variable importance are
calculated similarly to a partial correlation. In other words, the association between a
predictor variable and the response variable is measured while considering the correlation
structure between the predictor variable and all other variables in the dataset. Using this
approach, variable importance can be assessed to reflect the true impact of each predictor
variable more reliably than the original approach.
In the past, studies commonly used a multiple linear regression to investigate the
influence of different environmental conditions on NEE [Kwon et al., 2006; Lu et al., 2016;
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Mbufong et al., 2014; Zhong et al., 2016]. However, there are several unique advantages of
Random Forests including robustness to outliers and efficiency when handling large datasets
[Breiman, 2001]. A conditional Random Forest exhibits these advantages as well. Thus, we
considered this a more appropriate technique than multiple linear regression for analyzing
this dataset.
A conditional Random Forest regression algorithm was used to investigate the
influence of different meteorological conditions on CO2 exchange using daily aggregated
data. We developed three different conditional Random Forest models for each study site
using the party package in R [Hothorn et al., 2006; Strobl et al., 2007; Strobl et al., 2008].
Each conditional Random Forest considered the same independent variables: air temperature,
incoming shortwave radiation, evapotranspiration, VPD, precipitation, wind speed, and wind
direction. However, each considered a different dependent variable: either NEE, GPP, or
Reco. It is important to note that not all of these variables are independent of one another. For
example, evapotranspiration and VPD are not independent of air temperatures since each of
these variables are a function of air temperature. However, as noted earlier, one of the
primary advantages of a conditional random forest is that it overcomes bias that can occur as
a result of correlated or dependent variables by considering the correlation structure between
the predictor variables and the other variables in a dataset. Each conditional Random Forest
was generated by creating 500 regression trees. For each tree, a random sample (with
replacement) was drawn from the training data. A regression tree was then grown to the
random sample. To grow a regression tree, at each terminal node the “best” variable
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(indicated by the variable with the lowest Gini index at that node) was chosen and the
terminal node was split into two daughter nodes. All meteorological factors were considered
at each split.
After creating each conditional Random Forest, variable importance was assessed by
calculating the mean decrease in accuracy which measures the prediction strength of each
variable. The mean decrease in accuracy is calculated by passing the out-of-bag (OOB)
samples (i.e. the samples not included in the random sample for each regression tree) through
the tree and recording the prediction accuracy. Then, the values of the variable of interest are
randomly permuted within the OOB samples and the accuracy is computed again. The
decrease in accuracy as a result of this permutation is averaged over all trees and used as a
measure of the importance of the variable. A higher mean decrease in accuracy indicates a
predictor variable is a more important indicator of the response variable.

2.3.3 Evaluating trends in CO2 exchange, meteorological conditions, and vegetation cover
To consider how the current state of CO2 exchange may have changed over the time
period of observations, a trend test was applied on daily aggregated data for NEE, GPP, Reco,
and NPP. Additionally, a trend test was applied on daily aggregated observations of
meteorological variables as well as 16-day composites of vegetation indices to see how local
meteorological or ecological conditions may have co-varied over time. We used a
nonparametric test to assess trends in NEE, NPP, GPP, Reco, air temperature, incoming
shortwave radiation, evapotranspiration, VPD, precipitation, and NDVI at each site. The
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Mann-Kendall test for trend was chosen to indicate whether or not a trend was present in the
data [Kendall, 1948; Mann, 1945]. In order to determine the magnitude of the trend, the
Theil-Sen slope was calculated [Sen, 1968; Theil, 1950] after considering pre-whitening to
remove lag-1 correlations using the Yue and Pilon method in the zyp package in R
[Bronaugh and Werner, 2013; Yue et al., 2002]. All trends were evaluated using a 95% (pvalue ≤ 0.05) minimum significance threshold. All analyses were conducted in R version
3.3.3 [R Core Development Team, 2017].
Given the relatively short time series of these observations (ranging from 7-10 years),
an additional parameter, referred to here as the gamma statistic, was calculated for NEE at
each site. The gamma statistic considers the residual variability and the Theil-Sen slope
providing an indication of the number of observations necessary for the trend signal to
outweigh the variance in the observations. It can be thought of as the number of years of
observations needed at each site to detect a statistically significant trend which provides
insight into how long observations from micrometeorological flux towers should be in order
to confidently analyze changes in CO2 exchange.

3 Results
3.1 NEE, NPP, GPP, and Reco from June-August
Each site had a negative CO2 balance indicating that each site acted as a sink for
atmospheric CO2 from June-August. However, the strength of each sink varied (Table 5).
US-ICs was the strongest sink storing an average of −89.93 g C m-2 season-1 while US-Brw
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was the weakest sink storing an average of −33.83 g C m-2 season-1. FI-Kaa and DK-NuF
indicated an intermediate CO2 balance string an average of −57.15 g C m-2 season-1 and
−64.27 g C m-2 season-1, respectively. These results suggest that there can be relatively large
variations between sites with relatively close geographic proximity such as US-Brw and USICs both of which are located in Alaska.

Table 5 June-August CO2 balance at each site found by first taking the balance of daily aggregated data for each
summer and then averaging this balance for each year within the time series.
Site
CO2 balance (g C m-2 season-1)
US-Brw
− 33.83
FI-Kaa
− 57.15
US-ICs
− 89.93
DK-NuF
− 64.27

To further explore the current status of CO2 exchange across Arctic wetlands, the
average NEE, NPP, GPP, and Reco were calculated for each site. These results reinforce the
notion that each site acted as a sink for atmospheric CO2 given that the average NEE at each
site is negative (Figure 5). DK-NuF had the lowest average NEE, meaning that on average it
was the strongest sink, while FI-Kaa was the weakest sink. Bars representing one standard
deviation around the mean spanned both positive and negative values indicating that although
each site is a sink, there is also source activity occurring during the growing season.
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NPP was lowest at DK-NuF and highest at FI-Kaa, which is consistent with the
observed patterns of NEE across sites. Lower values of NPP would indicate higher rates of
productivity and thus more CO2 taken out of the atmosphere. It is important to note that the
bars representing one standard deviation around the mean again include both positive and
negative values because positive values of NPP would indicate that Reco is larger than GPP,
and in these situations the ecosystem is acting as a source rather than a sink. DK-NuF also
shows the lowest rate of GPP and highest rate of Reco indicating that the most photosynthetic
activity and respiration are occurring at this site. Conversely, FI-Kaa shows the highest rate
of GPP and lowest rate of Reco. The Alaskan sites, US-Brw and US-ICs, are relatively similar
and fall in between the two extremes of DK-NuF and FI-Kaa for NEE, NPP, GPP, and Reco.

24

Figure 5 Daily aggregated average (± 1 standard deviation) of NEE, NPP, GPP, and R eco over the period of
observations at each site.

3.2 CO2 exchange in response to meteorological conditions
Air temperature was consistently found to be an important driver of CO2 exchange;
however, all other meteorological variables tended to show high variability within and
among sites (Figure 6). Values of variable importance should not be compared across
conditional random forest, but rather among each meteorological variable for a particular
conditional random forest. The variable importance metric used, mean decrease in accuracy,
is a unitless metric and the numeric valuable is not very informative. Instead, we consider the
magnitude of a meteorological variable relative the magnitude of the other meteorological
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variables for each conditional random forest. The observed mean decrease in accuracy for
each conditional Random Forest can be found in Appendix C. Variable importance was fairly
consistent within each site, particularly when comparing NEE and GPP. Spatial variability
among sites highlights the complexity and range of processes that affect overall CO2 balance
and its components (GPP, Reco) in Arctic wetlands.
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Figure 6 Variable importance as indicated by mean decrease in accuracy determined using a conditional
Random Forest regression model on daily aggregated observations of meteorological variables and CO 2
exchange at each site.
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Air temperature showed high variable importance for Reco across all sites which likely
reflects the influence of air temperature on the rate of soil decomposition which would
influence soil respiration and ultimately ecosystem respiration. At FI-Kaa, US-ICs, and DKNuF, all other meteorological variables showed little variable importance. However, at USBrw, several meteorological variables showed high variable importance particularly wind
direction, wind speed, and evapotranspiration. Air temperature again indicated high variable
importance for NEE and GPP which likely reflects the influence of air temperature on
photosynthetic activity. When considering variable importance for NEE and GPP, several
other meteorological variables also showed relatively high variable importance among sites.
Again, wind direction was a prominent factor at US-Brw while at the other three sites
incoming shortwave radiation, evapotranspiration, and VPD showed relatively high variable
importance. Precipitation repeatedly displayed little to no variable importance.
At US-Brw wind direction was the most important meteorological variable for NEE
and Reco. This relationship is discussed further in section 4.3.1. Air temperature indicated
high variable importance for NEE and GPP. In addition to wind direction, wind speed and
evapotranspiration indicated relatively high variable importance for Reco at US-Brw.
At FI-Kaa air temperature indicated the highest variable importance for NEE, GPP,
and Reco. Evapotranspiration and VPD also showed relatively high variable importance for
both NEE and GPP while for Reco all other atmospheric variables showed little to no variable
importance. This could indicate that ecosystem respiration is controlled predominately by air
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temperature at this site, or this could indicate that there are other variables not considered in
this study that are driving variations in ecosystem respiration.
Air temperature, incoming shortwave radiation, and wind speed all had high variable
importance for NEE and GPP at US-ICs while air temperature was the dominate factor for
Reco with some influence from VPD. US-ICs had the strongest sink of the sites considered
and a comparatively high average NDVI value throughout the growing season. Thus, the
high variable importance of air temperature and incoming shortwave radiation is reasonable
given their influence on vegetation growth and productivity.
At DK-NuF, air temperature again was the most important variable for NEE, GPP,
and Reco. VPD and incoming shortwave radiation also showed relatively high variable
importance for NEE and GPP. In addition to air temperature evapotranspiration indicated
relatively high variable importance for Reco at this site.

3.3 Trends in CO2 exchange, meteorological conditions, and vegetation dynamics
Trends in CO2 exchange vary spatially across sites and are statistically significant at
two of the four sites considered (Table 6; Figure 7). NEE at US-Brw showed a statistically
significant decrease from 2000-2007 (i.e. this site became a stronger sink for atmospheric
CO2) at a rate of −0.007 g C m-2 season-1 (p-value = 2.82 × 10-13). This corresponds to a 2.38
% decrease in NEE over the time series analyzed. NEE at FI-Kaa showed a statistically
significant increase from 2000-2008 (i.e. this site shifted from a sink towards a source of
atmospheric CO2) at a rate of 0.002 g C m-2 season-1 (p-value = 5.07 × 10-5). This
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corresponds to a 0.59 % increase in NEE over the time series analyzed. NEE at US-ICs and
DK-NuF showed no statistically significant trend from 2008-2016 and 2008-2014,
respectively (i.e. the sink strength of these sites did not statistically significantly change).
NPP showed a statistically significant increase at US-Brw and a statistically
significant decrease at FI-Kaa. NPP at US-Brw increased at a rate of 0.007 g C m-2 season-1
(p-value ≈ 0.00) which corresponds to a 2.38 % increase from 2000-2007. An increase in
NPP indicates that the difference between GPP and Reco became larger which can be
explained by the observed trend in GPP at this site as well. NPP and FI-Kaa decreased at a
rate of −0.002 g C m-2 season-1 (p-value = 5.07 × 10-5) which corresponds to a 0.59 %
decrease from 2000-2008. A decrease in NPP indicates that the difference between GPP and
Reco became smaller over time.
Photosynthetic activity showed a statistically significant increase at US-Brw as
indicated by a decrease in GPP at a rate of −0.007 g C m-2 season-1 (p-value = 4.95 × 10-7)
which corresponds to a 7.43 % decrease over the time series analyzed. GPP did not
statistically significantly change at any of the other sites. Additionally, Reco did not
statistically significantly change at any site.
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Table 6 Results of a trend analysis on daily aggregated data for NEE, NPP, GPP, and Reco. Percent change
indicates the percent change over the entire time period of observations for each site.
a
Mann-Kendall test statistic
* Significant trend (p-value ≤ 0.05)
Site
Variable
Kendall’s τ a
Sen Slope (g C m-2 Percent change (g
p-value
season-1)
C m-2 period-1)
US-Brw
NEE
− 0.185
− 0.007
− 2.38 %
2.82 × 10-13 *
NPP
0.185
0.007
2.38 %
≈ 0.00 *
GPP
− 0.128
− 0.008
− 7.43 %
4.95 × 10-7 *
Reco
0.040
0.002
0.54 %
0.11
FI-Kaa
NEE
0.095
0.002
0.59 %
5.07 × 10-5 *
NPP
− 0.095
− 0.002
− 0.59 %
5.07 × 10-5 *
GPP
0.024
0.001
0.12 %
0.30
Reco
− 0.013
− 0.001
− 0.09 %
0.59
US-ICs
NEE
0.032
0.001
0.40 %
0.18
NPP
− 0.038
− 0.002
− 0.45 %
0.11
GPP
0.029
0.002
0.21 %
0.27
Reco
− 0.008
− 0.001
− 0.05 %
0.75
DK-NuF NEE
− 0.014
− 0.001
− 0.28 %
0.61
NPP
0.014
0.001
0.28 %
0.61
GPP
− 0.036
− 0.003
− 0.33 %
0.19
Reco
0.041
0.002
0.25 %
0.12
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Figure 7 Circumpolar maps of the Northern Hemisphere indicating strength of the trend in daily aggregated data
for NEE, NPP, GPP, and Reco where the size of the circle indicates strength of the trend.

32

A trend test was also performed on daily aggregated observations of meteorological
variables; however, out of all of the factors analyzed, only two variables showed a
statistically significant trend (Table 7). Air temperature at US-Brw showed a statistically
significant increase from 2000-2007 at a rate of 0.096°C season-1 (p-value = 2.27 × 10-3)
which corresponds to a 0.24% increase over time. This result agrees with previous
observations of increased air temperatures in the Arctic. Evapotranspiration at US-ICs
showed a statistically significant decrease from 2008-2016 at a rate of 0.010 mm season-1 (pvalue = 0.03) which corresponds to a 0.28 % decrease over time. This result could either
indicate that the wetland became drier throughout the time series and there was less moisture
available to be released through evapotranspiration or it could indicate that the wetland was
retaining more moisture and releasing less to the atmosphere. No other meteorological
factors showed a statistically significant change over the time period analyzed.
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Table 7 Results of a trend analysis on daily aggregated observations of meteorological variables.
a
Mann-Kendall test statistic
* Significant trend (p-value ≤ 0.05)
Site
Variable
Kendall’s τ a Sen Slope (units Percent change
season-1)
(units season-1)
US-Brw
Air temperature (°C)
0.076
0.096
0.24 %
Shortwave radiation (W m-2) − 0.003
− 0.089
− 0.02 %
Evapotranspiration (mm)
0.015
0.002
0.11 %
VPD (hPa)
0.042
0.006
0.36 %
Precipitation (mm)
0.000
0.000
0.00 %
FI-Kaa
Air temperature (°C)
− 0.007
− 0.011
− 0.03 %
Shortwave radiation (W m-2) − 0.025
− 0.447
− 0.12 %
Evapotranspiration (mm)
− 0.024
− 0.005
− 0.10 %
VPD (hPa)
− 0.010
− 0.009
− 0.10 %
Precipitation (mm)
− 0.023
0.000
0.00 %
US-ICs
Air temperature (°C)
− 0.026
− 0.047
− 0.16 %
-2
Shortwave radiation (W m ) − 0.023
− 0.500
− 0.11 %
Evapotranspiration (mm)
− 0.055
− 0.010
− 0.28 %
VPD (hPa)
− 0.037
− 0.033
− 0.39 %
Precipitation (mm)
− 0.008
0.000
0.00 %
DK-NuF Air temperature (°C)
0.010
0.014
0.04 %
Shortwave radiation (W m-2) 0.050
1.576
0.40 %
Evapotranspiration (mm)
0.015
0.002
0.09 %
VPD (hPa)
− 0.025
− 0.012
− 0.12 %
Precipitation (mm)
0.032
0.000
0.00 %

p-value
2.27 × 10-3 *
0.92
0.54
0.09
1.00
0.76
0.32
0.30
0.71
0.00
0.29
0.35
0.03 *
0.15
0.00
0.69
0.06
0.59
0.34
0.00

I performed a trend analysis on NDVI data to investigate how ecological conditions
may have co-varied with CO2 exchange. This trend analysis was performed on average
annual NDVI for each site based on the average of all 16-day composite NDVI values for
each year in the time series. Results indicate a statistically significant change at one site
(Table 8). NDVI at FI-Kaa showed a statistically significant increase from 2000-2008 at a
rate of 0.008 units per season (p-value = 0.04) which corresponds to a 0.11 % increase over
time. An increase in NDVI over time likely indicates an increase in vegetation growth and
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productivity. NDVI showed no statistically significant change at any of the other sites
although this could reflect the short time series considered. At all four sites, the Sen Slope
was positive indicating an increase in NDVI though at US-Brw, US-ICs, and DK-NuF this
slope was not statistically significant at the 95% confidence level.

Table 8 Results of a trend analysis on average annual NDVI based on average of all 16-day composite NDVI
values for each year at each site. Percent change indicates the percent change over the entire time period of
observations for each site.
a
Mann-Kendall test statistic
* Significant trend (p-value ≤ 0.05)
Site
Kendall τ a
Sen Slope (units season-1) Percent change (units period-1) p-value
US-Brw
0.33
0.017
0.28 %
0.37
FI-Kaa
0.64
0.008
0.11 %
0.04 *
US-ICs
0.15
0.003
0.05 %
0.67
DK-NuF 0.14
0.005
0.17 %
0.76

The gamma statistic at each site varies dramatically indicating that anywhere from 4
to approximately 50 years of observations are needed to reliably detect a trend in NEE at
these sites (Table 9). A relatively short time series – roughly 4 years – was needed at US-Brw
which is reasonable given the observed trend in NEE at this site. At US-ICs, only about a
decade of observations are needed to reliably detect a trend in NEE. At FI-Kaa, data
spanning nearly that of a climate record, i.e. about 20 years, is needed for the slope in NEE to
overcome the variance based on the current observations. At DK-NuF, this statistic revealed
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that approximately 50 years of observations are needed to detect a meaningful trend given
current conditions; however, this large number likely reflects the small slope in NEE found at
this site.

Table 9 Gamma statistic for NEE at each site based on daily aggregated observations.
Site
Gamma statistic (in years)
US-Brw
3.82
FI-Kaa
9.68
US-ICs
21.84
DK-NuF
51.04

4 Discussion
4.1 Arctic wetlands as a sink for atmospheric CO2 from June-August
CO2 sink strength from June-August ranged from – 33.83 g C m-2 season-1 to – 89.93 g
C m-2 season-1. Despite having the lowest average NDVI, DK-NuF acted as a relatively
strong sink taking up – 64.27 g C m-2 season-1. Similarly, FI-Kaa had the highest NDVI, but
had the second weakest sink taking up only − 57.15 g C m-2 season-1. US-Brw and US-ICs
had intermediate NDVI values but acted as the weakest and strongest sinks taking up − 33.83
g C m-2 season-1 and − 89.93 g C m-2 season-1, respectively.
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Several studies have found Arctic wetlands to be a summer sink for CO2. However,
the strength of this sink varies considerably between sites. Euskirchen et al. [2012] found an
Alaskan wetland also in the Imnovait Creek Watershed to be a sink of up to − 95 g C m-2
year-1 from June through August. Oechel et al. found an inland Alaskan site about 100 km
south of Barrow to be a sink of − 24.3 g C m-2 year-1 [2014] and another coastal Alaskan site
about 300 km east to be a sink of only − 0.46 g C m-2 year-1 [2000]. Lüers et al. [2014] found
a high latitude Arctic wetland in Svalbard, Norway to be a sink of − 10 g C m-2 year-1 from
July through August. While the majority of studies have found Arctic wetlands to be a
summer sink for CO2, some studies have found the balance of Arctic wetlands to be near
neutral or even a summer source for CO2. For example, Oechel et al. [2000] found a moist
tussock site in Alaska to have a near neutral exchange of CO2 during the summer months one
year but act as a source of 100 g C m-2 year-1 the following year. Additionally, Shurpali et al.
[1995] found a Boreal peatland to be a source of approximately 71 g C m-2 year-1 from midMay to mid-October.
When comparing studies, it is important to note that what is considered summer is not
consistent from one study to another. Thus, some studies may define a shorter summer in
which case a shorter growing season would likely be reflected in the data leading to a
stronger sink being observed since the ecosystem is likely taking up CO2 during the entire
time series of observations. Conversely, a study that defines a longer summer would likely
reflect the source activity commonly seen before and after the growing season leading to a
weaker sink or even a source. A comparison of results from this study to previously
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published results for various ecosystems including Arctic wetlands can be found in Appendix
D.
While this study effectively summarizes NEE from June-August across four Arctic
wetlands, there are two important limitations that were not considered: winter NEE and
methane (CH4) emissions. Winter CO2 flux has been found to be a key component of the
annual CO2 balance in Arctic ecosystems [Lüers et al., 2014; Panikov et al., 2006]. However,
harsh winter conditions and the remote location of these sites prevented year-round
observations. Furthermore, wetlands are the largest natural source of CH4 emissions to the
atmosphere which may substantially affect the annual net carbon balance of these ecosystems
[Lund et al., 2010]. CH4 fluxes were not considered in this study because of the lack of
continuous observations for this measurement. Observations of CH4 fluxes have just recently
been implemented across Arctic wetlands, and the data that are available are not yet
sufficient for a time series analysis.

4.2 Changes in NEE and their relation to meteorological and ecological conditions
4.2.1 Diverging trends in CO2 exchange across Arctic wetlands
Many studies have argued that Arctic wetlands are either becoming a stronger sink
for atmospheric CO2 or shifting from a sink towards a source of atmospheric CO2. However,
few studies have actually quantified a trend in NEE across Arctic wetland ecosystems. This
study found that at US-Brw, the ecosystem became a stronger sink for atmospheric CO2
while at FI-Kaa, the ecosystem became a weaker sink for atmospheric CO2 potentially
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shifting towards a source of atmospheric CO2. No trend was detected at US-ICs or DK-NuF.
Euskirchen et al. [2016] performed a similar trend analysis on data from US-ICs and also
found no clear trend in annual CO2 exchange from 2008-2015, but they did find a decreasing
trend in CO2 exchange at two non-wetland ecosystems meaning that they became a stronger
sink for atmospheric CO2.
Gamma statistics on the time series analysis emphasize the need for long-term
observations of CO2 exchange in Arctic wetlands. Although information can still be gathered
from shorter time series, in order for scientists to monitor how these ecosystems are changing
with climate change, observations need to be collected on the order of decades at a time in a
manner similar to a climate record. Without long-term observations, we can only speculate
about how the CO2 balance of these ecosystems has changed making it difficult to predict
their future CO2 balance.

4.2.2 Trends in meteorological and ecological conditions
These results indicate that only two sites showed a statistically significant change in
any meteorological factors considered. Air temperature increased from 2000-2007 at US-Brw
and evapotranspiration decreased from 2008-2016 at US-ICs. Additionally, NDVI showed a
statistically significant increase from 2000-2008 at FI-Kaa. The lack of observed trends in
meteorological and ecological conditions across all sites can likely be attributed to the
relatively short time series considered.
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Although research suggests that climate change may affect ecosystems of the far
north disproportionally [Maxwell, 1992; Oechel et al., 1993], when considering trends in
meteorological factors at these four Arctic wetland sites, only two statistically significant
trends were found. At US-Brw, air temperature increased from 2000-2007. Increases in air
temperature have frequently been seen across the Arctic from both in situ observations and
satellite remote sensing observations [ACIA, 2004; Bekryaev et al., 2010; Comiso, 2003].
Climate projections suggest that air temperature will continue to increase across the Arctic
[Trenberth et al., 2007]. At US-ICs evapotranspiration decreased from 2008-2016. Although
few studies have made any projections regarding future rates of evapotranspiration across
Arctic ecosystems, those that have expect evapotranspiration to increase with climate change
primarily due to increased temperatures at high latitudes [Hinzman et al., 2005; Tarnocai,
2006].
In recent decades, observations have suggested a “greening” Arctic which has been
attributed to increased photosynthetic activity in existing vegetation and shrub expansion into
predominately tundra ecosystems [ACIA, 2005; Callaghan et al., 2004; Hinzman et al., 2005;
Richter-Menge et al., 2006]. The Advanced Very High Resolution Radiometer (AVHRR)
was one of the first instruments to collect data used to analyze trends in vegetation dynamics.
Guay et al. [2015] used NDVI data from AVHRR for the 1982-2010 growing seasons (JuneAugust) to detect trends in vegetation growth and productivity. Their results indicate that per
growing season NDVI increased by 0.6% at US-Brw, 0.3% at FI-Kaa, 0.5% at US-ICs, and
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0.1% at DK-NuF. More recently, Ju and Masek [2016] found that from 1984-2012, 24.4% of
Arctic wetlands greened while 3.9% browned.
Results from the current study slightly differ from the results of Guay et al. [2015]
due in part to several important differences between these datasets. Although this study found
only one statistically significant trend at the 95% confidence interval, this could be explained
by the length of the time series considered. It is also important to recognize that these
analyses were during different time periods since the AVHRR data spanned 1981-2010 and
the MODIS data spanned 2000-2016 with specific time periods analyzed for each site.
Additionally, NDVI is not comparable across sensors making it difficult to compare results
using MODIS data from this study to data from different sensors analyzed in previous studies
[Galvão et al., 1999; Teillet et al., 1997].

4.2.3 Relating trends in CO2 exchange to trends in meteorological and ecological conditions
At US-Brw which is both the highest latitude site and the coldest site, NEE and GPP
were found to statistically significantly decrease from 2000-2007 at a rate of 0.007 and 0.008
g C m-2 season-1. Additionally, NPP was found to statistically significant increase at a rate of
0.007 g C m-2 season-1. These trends in CO2 exchange corresponded to a statistically
significant increase in air temperature during the same period. Given the observed trends in
NEE and air temperature, we speculate that increases in air temperature increased
photosynthetic activity leading to an observed increase in GPP and no statistically significant
change in Reco. This led to an overall decrease in NEE as the ecosystem took up more CO2
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through photosynthesis while releasing approximately the same amount of CO2 through
respiration meaning that the site became a stronger sink for atmospheric CO2 over the time
period considered.
At FI-Kaa, NEE was found to statistically significantly increase from 2000-2008 at a
rate of 0.002 g C m-2 season-1 and NPP was found to statistically significant decrease at a rate
of 0.002 g C m-2 season-1. A decreasing trend in NPP indicates that the difference between
GPP and Reco decreased over time which would occur if either GPP decreased in relation to
Reco or Reco increased in relation to GPP. Since there were no statistically significant trends in
GPP or Reco, it is difficult to identify which of these processes caused a decrease in NPP and
the corresponding increase in NEE. Nonetheless, the observed increase in NEE indicates that
the site shifted from a sink towards a source over the time period considered. Notable, NDVI
was also found to statistically significantly increase at this site at a rate of 0.008 units season1

which is somewhat contradictory to the observed increase in NEE. This could potentially be

explained by the difference in spatial coverage between measurements from the
micrometeorological flux tower and the MODIS sensor. Due to the spatial resolution of the
MODIS sensor, the NDVI estimates cover a larger area than the flux footprint. Thus, the
observed trends in NEE and NPP could reflect changes on a smaller scale while the observed
trend in NDVI could reflect changes on a larger scale.
Even though the period of observations at FI-Kaa is nearly identical to that at USBrw, the differences in ecosystem characteristics between these two sites likely explains the
contrasting trends in CO2 exchange. For instance, FI-Kaa had the highest MAT while US-
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Brw had the lowest MAT and permafrost extent at FI-Kaa was less than 10% but greater than
90% at US-Brw.
Both US-ICs and DK-NuF showed no trends in either NEE, NPP, GPP, or Reco from
2008-2016 and from 2008-2014, respectively. We speculate that these ecosystems remained
approximately stable in their CO2 exchange, vegetation growth, and ecosystem respiration
from over the time periods considered.
Despite several similarities between US-Brw and US-ICs including consistent
permafrost cover and wetland type as well as a comparable latitude, MAT, MAP, and
average NDVI values, there were no consistent trends observed between these sites.
However, the average values for NEE, NPP, GPP, and Reco were similar. The differences
between these sites can likely be explained by other characteristics at each site, i.e. US-Brw
is a coastal wetland and has the coldest average temperature while US-ICs is an inland
wetland and has the highest elevation among the four sites considered as well as differences
in the dominant vegetation types.

4.3 Potential of using meteorological variables as drivers of CO2 exchange
4.3.1 Air temperature as a primary driver for CO2 exchange
Across all sites, air temperature showed high variable importance for NEE, GPP, and
Reco. The effect of air temperature likely reflects its influence on both photosynthetic activity
and the rate of soil decomposition and thus soil respiration. Air temperature has been widely
studied as a driver for NEE in these ecosystems and has been found to explain a large portion
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of variability in NEE across several Arctic wetlands [Bubier et al., 1998; Grant et al., 2003;
Groendahl et al., 2007; Jahn et al., 2010; Kwon et al., 2006; Lindroth et al., 2007; Lund et
al., 2012; Lund et al., 2010; Mbufong et al., 2014; Shaver et al., 2013]. These studies
attribute this to several mechanisms including increased CO2 uptake through photosynthetic
activity, improved photosynthetic capacity, increased growing season length due to warmer
temperatures, and changes in the hydrologic cycle caused by changes in temperature.
Generally, air temperature demonstrated the highest variable importance for
indicating CO2 exchange. Air temperature co-varied with CO2 exchange at US-Brw;
however, at FI-Kaa air temperature remained relatively unchanged while both NEE and NPP
increased. The reason for this discrepancy at FI-Kaa is unknown and is likely due to a
complex interaction of factors all of which may not have been considered in this analysis.

4.3.2 The influence of wind direction at US-Brw
The influence of wind direction at US-Brw is likely due to the location of this flux
tower in relation to large bodies of water. As seen in Figure 3, the average flux footprint
includes influences from a large bay to the north. The actual footprint at a given time can be
larger than this and include influences from the Chukchi Sea and other water bodies located
around the flux tower. The wind rose in Figure 8 highlights the frequency of flux
observations from areas to the north, primarily the northeast, where flux measurements from
the ocean could influence observations of CO2 exchange at this site. Clearly, the CO2 flux
from a water body would differ from that of a wetland meaning changes in CO2 exchange
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may be driven by whether or not fluxes originate from the northwest and northeast as
opposed to the southern quadrants of the wind rose.

Figure 8 Wind rose representing the frequency of observations from different wind directions at US-Brw.

To investigate this relationship, the flux observations at this site were subset to
exclude those from both the northwest and the northeast quadrants (only observations
obtained when the wind direction was between 90° and 270° were included) in an effort to
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eliminate the effect of the water bodies on measurements of CO2 exchange. After applying a
conditional Random Forest on this subset of data, conditional variable importance was again
assessed (Figure 9). These results indicate that by only including fluxes that originate in the
southwest and southeast quadrants of the flux footprint, the high variable importance of wind
direction fades. Instead, wind speed has the highest mean decrease in accuracy for NEE and
GPP and air temperature has the highest mean decrease in accuracy for Reco.

Figure 9 Variable importance results at US-Brw excluding fluxes that originate in the northwest and northeast
quadrants of the flux footprint.
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4.3.3 Other meteorological drivers of CO2 exchange
The importance of incoming shortwave radiation is presumably only affecting
photosynthetic activity and not respiration. Incoming shortwave radiation and related
observations such as photosynthetic photon flux density (PPFD) and photosynthetically
active radiation (PAR) have been found to have high explanatory power in similar
ecosystems [Bubier et al., 1998; Oechel et al., 2014; Shaver et al., 2013]. This has been
attributed to increased photosynthetic activity under higher light availability. One study noted
that PAR has a direct and immediate effect on NEE before reaching saturation at which point
other variables have a larger effect on NEE [Kwon et al., 2006].
The influence of evapotranspiration represents a combination of evaporation from the
water surface and transpiration from the plant surface. A higher rate of evapotranspiration
likely indicates more water available for evapotranspiration, and higher water availability
promotes vegetation growth while suppressing soil respiration. Evapotranspiration was not
found in any previous studies as a driver of NEE in Arctic wetlands, but this study reveals
that it may play an important role in determining the CO2 balance of these ecosystems.
Evapotranspiration can be thought of as a proxy for available water resources; thus, changes
in evapotranspiration will likely influence both photosynthetic activity which is a waterdependent reaction, and soil respiration which decreases with increasing water depth.
Measurements of soil moisture would have been beneficial in differentiating between
evaporation from the water surface and transpiration from the plant surface, but these
observations were not available across all sites.
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VPD was an important variable in for Reco at US-Brw. This can likely be explained by
the influence of VPD on stomatal conductance which would ultimately control respiration by
the vegetation and, thus, ecosystem respiration. Neither FI-Kaa, US-ICs, nor DK-NuF
indicated particularly high variable importance for VPD in driving Reco. This is potentially
due to the low average value of VPD seen at US-Brw while the other sites have much higher
average values for VPD. The effect of VPD on Reco potentially reflects stomatal conductance
through which plants can respire CO2 into the atmosphere. Atmospheric moisture variables
such as VPD and relative humidity have been found to act as important indicators of NEE,
but not necessarily Reco [Aurela et al., 2001; Aurela et al., 2009; Euskirchen et al., 2012;
Kwon et al., 2006; Lloyd, 2001; Lund et al., 2010]. Stomatal conductance is the primary
mechanism described when considering the effect of atmospheric moisture on NEE, but there
is no consensus concerning whether higher or lower values leads to higher NEE.
The low variable importance of daily aggregated precipitation was unexpected,
although this could be attributable to the timestep used. We speculate that the large number
of observations in which no precipitation occurred contributed to its low variable importance.
This is because if a response variable, such as CO2 exchange, is changing while a predictor
variable, such as precipitation, is nearly constant, the predictor variable probably will not
reflect a large influence on the response variable. Despite results from this study, several
previous studies have found precipitation to be an important driver of NEE in these
ecosystems, but contrasting mechanisms have been described [Euskirchen et al., 2012;
Groendahl et al., 2007]. Euskirchen et al. attributed this process to a disproportionate
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reduction in soil decomposition compared to increased primary productivity with higher
water levels [2012]. Conversely, Groendahl et al. attributed this process to increased
precipitation leading to increased snow cover, a decreased growing season, and, thus, an
increase in CO2 flux [2007].
Although not considered in this study, variables such as growing degree days,
growing season length, and snowmelt date have been found to be important predictors of
annual CO2 balance [Aurela et al., 2004; Groendahl et al., 2007]. Lund et al. found that soil
pH was statistically significantly correlated with GPP; however, they also noted that pH is
not a direct driver of photosynthesis, but likely acts as an ecosystem indicator for conditions
supporting factors leading to high LAI and plant productivity [2010]. Soil temperature has
also been found to be an important indicator of NEE [Aurela et al., 2002; Bubier et al., 1998;
Oechel et al., 2014]. These variables were not considered in this study because these data
were not available across all sites.

4.4 Spatial variability in patterns and indicators of CO2 exchange
Variability among sites was found in both patterns of CO2 exchange as well as its
drivers. Several studies have noted site-to-site variability across Arctic wetland ecosystems
[Bubier et al., 1998; Lindroth et al., 2007; Lund et al., 2010]. Mbufong et al. [2014]
performed a meta-analysis of 12 Arctic tundra ecosystems and found that neither geographic
proximity nor similarities in latitude were the primary mechanisms describing CO2 fluxes in
this region, rather they are dominated by variability in air temperature. This observed spatial

49

variability emphasizes the need to incorporate observations from different regions when
considering Arctic wetlands as a whole.
Concerning drivers of CO2 exchange, several different meteorological and ecological
indicators have been cited in the literature. While results from this study support some of
these findings, there are also several differences. These differences highlight the complexity
of these ecosystems and the importance of considering a range of atmospheric conditions
when studying the CO2 balance of Arctic wetlands.

5 Conclusions
All sites acted as a sink for atmospheric CO2; however, trends in NEE were
inconsistent across sites. US-Brw became a stronger sink for CO2, FI-Kaa shifted from a sink
towards a source of CO2, and both US-ICs and DK-NuF showed no statistically significant
trend in CO2 exchange. Additionally, US-Brw became warmer over the time series
considered as indicated by a statistically significant increase in air temperature and
evapotranspiration at US-ICs decreased over the time series considered. The remaining
meteorological factors remained approximately stable across sites. Ecological conditions at
FI-Kaa changed over the time series considered as indicated by a statistically significant
increase in NDVI. The lack of any additional trends in meteorological variables or NDVI can
likely be explained by the relatively short time series of data available in this region. This
emphasizes the importance of capturing long-term observations of CO2 flux and
accompanying meteorological variables. Additionally, the variability in NEE across sites
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highlights the need for spatial coverage across varying wetland ecosystems and climatic
gradients. Thus, future efforts should be made to increase both temporal and spatial coverage
of micrometeorological flux towers across Arctic wetlands.
Air temperature was found to be an important variable for NEE, GPP, and Reco across
all four sites. Thus, it is expected that projected increases in air temperature [IPCC, 2013]
will alter all aspects of CO2 exchange disproportionately more than changes in other
meteorological factors. In addition to air temperature, incoming shortwave radiation,
evapotranspiration, and VPD were found to be important variables. Projected decreases in
incoming shortwave radiation due to increased cloudiness [Vavrus et al., 2012], increases in
evapotranspiration due to increasing air temperatures [Mitra et al., 2005; Tarnocai, 2006;
Wisser et al., 2011], and increases in VPD due to increasing air temperature [M Zhao and
Running, 2010] will therefore all affect the CO2 balance of Arctic wetlands. However, the
rate and extent of these effects are difficult to predict given the complexity and variability
across these ecosystems.
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Appendix A. Carbon cycle in Arctic wetlands
There are three main components of the carbon cycle in Arctic wetlands including the
exchange of CO2, the release of CH4, and the storage of carbon in the ecosystem (Figure A1).
Of these processes, photosynthesis and decomposition contribute to carbon sink activity since
photosynthesis takes up CO2 from the atmosphere and decomposition sequesters carbon in
the ecosystem over long time periods. Additionally, respiration, decomposition,
methanogenesis, and diffusion contribute to carbon source activity since respiration and
decomposition release CO2 as a bi-product, methanogenesis creates CH4 through
decomposition, and diffusion transports both CO2 and CH4 through the ecosystem into the
atmosphere.
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Figure A1 A representation of the carbon cycle in wetlands where DOC is dissolved organic carbon, POC is
particulate organic carbon, and DIC is dissolved inorganic carbon (redrawn from Lloyd et al. [2013] and van
der Valk [2012]).

The exchange of CO2 is driven by three processes: photosynthesis, respiration, and
decomposition. CO2 is taken out of the atmosphere through photosynthesis in which CO2 and
water are used to create sugars and oxygen. This reaction is light-limited meaning that
photosynthesis only occurs in the presence of sunlight. Respiration is essentially the opposite
of photosynthesis in which plants use oxygen and sugars created through photosynthesis to
create ATP for energy. Here, CO2 and water are bi-products. Respiration releases about half
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of the CO2 taken up through photosynthesis. Decomposition refers to the process by which
plant material dies and consumed by microbes within the soil. These microbes respire both
CO2 and CH4. Respiration is not a light-limited reaction meaning that it continues even
without sunlight.
The release of CH4 is driven by methanogenesis. Specific microbes called
methanogens aid in methanogenesis which is the formation of CH4 through decomposition.
Wetlands serve as the largest natural source of CH4 emissions.
Below the water table, the storage of carbon is driven by diffusion and
decomposition. Diffusion refers to the movement of CH4 and CO2 up through both the soil
and the water column to reach the atmosphere. Additionally, carbon that has been
decomposed is sequestered in the soil. The rate of decomposition is driven primarily by
temperature and moisture. Since Arctic wetlands are generally very cold and typically have a
relatively high water table, the rate of soil decomposition is slowed allowing carbon to be
sequestered over long periods while preventing CO2 from being released back into the
atmosphere.
While there are many components of the carbon cycle in Arctic wetlands, this study
focused on the exchange of CO2 between the ecosystem and the atmosphere known as the
CO2 flux. Figure A2 illustrates the concept of CO2 flux. A negative CO2 flux indicates more
CO2 going into the ecosystem than into the atmosphere in which the ecosystem is acting as a
sink for atmospheric CO2. A positive CO2 flux indicates more CO2 going into the atmosphere
than into the ecosystem in which the ecosystem is acting as a source for atmospheric CO2.
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Figure A2 Conceptual diagram of CO2 flux in an ecosystem.
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Appendix B. Overview of micrometeorological flux towers and flux networks
Before the invention of micrometeorological flux towers, measuring the exchange of
CO2 at an ecosystem scale was not possible. Instead, soil CO2 flux chambers were commonly
used. Although these are still important instruments today, they only offer very small-scale
measurements. Flux towers have allowed large scale monitoring of whole ecosystem CO2
exchange making it an appropriate method to study ecosystem physiology [Baldocchi, 2003].
The widespread deployment of these instruments began in the 1990’s with advancements in
instrument design and further developments in computing power and data storage
[Baldocchi, 2013]. The establishment of flux networks coincided with the widespread
deployment of flux towers in an effort to collect and standardize data collected by individual
PI’s. The three networks used in this research include AmeriFlux network
(http://ameriflux.lbl.gov/), the European Fluxes Database (http://www.europe-fluxdata.eu/),
and the Arctic Observatory Network (http://aon.iab.uaf.edu/).
The AmeriFlux network of towers was established in 1996 in an effort to quantify
spatial and temporal variations in trace gas exchange and to understand the underlying
processes regulating variations at different scales [Hargrove et al., 2003]. Today, AmeriFlux
serves as a network of PI-managed sites measuring ecosystem CO2, water, and energy fluxes
in North, Central, and South America. This network was established to connect research on
field sites representing major climate and ecological biomes.
The European Fluxes Database began as an initiative to improve standardization,
integration, and collaboration between databases that are part of European research projects.
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The database includes data acquired since 1996, and was created with the aim to provide
standard and high quality data processing and data sharing tools for flux measurements
between ecosystems and atmosphere.
The Arctic Observatory Network (AON) was established by the National Science
Foundation and the U.S. Study of Environmental Arctic Change to initiate scientific research
in the region. The primary objective of AON is to increase understanding of carbon, water,
and energy fluxes, and their interactions, in Arctic landscapes. Between 2007-2008, several
observatory sites were established to support this objective including one of the study sites
used in this research (US-ICs).
In addition to micrometeorological flux towers, satellite remote sensing has made
advancements in obtaining large-scale estimates of carbon exchange; but there are still
several limitations of this approach that make flux towers more appropriate for this research.
A well-known satellite product used to estimate CO2 exchange is the MODIS GPP/NPP
product which provides a continuous estimate of gross primary productivity and net primary
productivity across Earth’s entire vegetated land surface. However, this product uses a
combination of absorbed photosynthetically active radiation and a conversion efficiency
parameter which is determined based on the vegetation type and climate conditions meaning
that the algorithm uses a combination of variables as a proxy for carbon exchange rather than
directly measuring it. Additionally, an analysis of MODIS NPP and GPP products across
different biomes showed that Arctic tundra had the highest RMSE of all biomes considered
meaning that it performed the worst in Arctic tundra ecosystems [Turner et al., 2006].
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Appendix C. Conditional variable importance results
Table A1 indicates the variable importance for each meteorological variable in each
Random Forest regression model. Variable importance is assessed using the mean decrease
in accuracy.

Table A1 Variable importance for each meteorological variable in each Random Forest regression model.
Variable importance is assessed using the mean decrease in accuracy.
Site
Response variable
Meteorological variable
Mean decrease in accuracy
US-Brw
NEE
Air temperature
0.0007986
Shortwave radiation
0.0000955
Evapotranspiration
0.0000790
VPD
0.0000288
Precipitation
0.0000454
Wind speed
0.0001467
Wind direction
0.0011823
GPP
Air temperature
0.0009151
Shortwave radiation
0.0001551
Evapotranspiration
0.0000346
VPD
0.0000001
Precipitation
− 0.0000161
Wind speed
0.0001493
Wind direction
0.0009106
Reco
Air temperature
0.0000195
Shortwave radiation
0.0000098
Evapotranspiration
0.0000328
VPD
0.0000051
Precipitation
0.0000197
Wind speed
0.0000433
Wind direction
0.0000706
FI-Kaa
NEE
Air temperature
0.0002191
Shortwave radiation
0.0001557
Evapotranspiration
0.0000793
VPD
0.0000098
Precipitation
0.0000000
Wind speed
0.0001493
Wind direction
0.0000303
GPP
Air temperature
0.0007010
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Table A1 Continued

Reco

US-ICs

NEE

GPP

Reco

DK-NuF

NEE

GPP

Shortwave radiation
Evapotranspiration
VPD
Precipitation
Wind speed
Wind direction
Air temperature
Shortwave radiation
Evapotranspiration
VPD
Precipitation
Wind speed
Wind direction
Air temperature
Shortwave radiation
Evapotranspiration
VPD
Precipitation
Wind speed
Wind direction
Air temperature
Shortwave radiation
Evapotranspiration
VPD
Precipitation
Wind speed
Wind direction
Air temperature
Shortwave radiation
Evapotranspiration
VPD
Precipitation
Wind speed
Wind direction
Air temperature
Shortwave radiation
Evapotranspiration
VPD
Precipitation
Wind speed
Wind direction
Air temperature
Shortwave radiation
Evapotranspiration
VPD
Precipitation
Wind speed

0.0001531
0.0000427
0.0000527
0.0000084
0.0002507
0.0000914
0.0001600
0.0000012
0.0000026
0.0000268
0.0000102
0.0000056
0.0000091
0.0003368
0.0000656
0.0003160
0.0002569
0.0000502
0.0001249
0.0000005
0.0007897
0.0000452
0.0004076
0.0003147
0.0001304
0.0000807
0.0000171
0.0000791
0.0000151
0.0000084
0.0000006
0.0000104
− 0.0000036
0.0000083
0.0011324
0.0004711
0.0000190
0.0002424
0.0000313
0.0000612
0.0002508
0.0028057
0.0004015
0.0001032
0.0005150
0.0000422
− 0.0000423
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Table A1 Continued
Reco

Wind direction
Air temperature
Shortwave radiation
Evapotranspiration
VPD
Precipitation
Wind speed
Wind direction

0.0001867
0.0003283
0.0000205
0.0000611
0.0000374
0.0000019
0.0000021
0.0000089
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Appendix D. CO2 exchange of various ecosystems
Table A2 highlights annual NEE across different climate regions and difference
ecosystems including results from this study. Note, all studies represent annual NEE except
for results from this study which only considered observations from June-August.
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Table A2 Annual NEE across different climate regions and ecosystems.
Region
Ecosystem
Years
NEE (g C m-2 yr-1)
High Arctic
Peatland
2001 – 2005 − 74
Swamp
2004 – 2005 − 37
Boreal forest
− 131
− 40
− 178
Low Arctic
Wetland
2000 – 2007 − 4.69
2008 – 2016 − 7.94
2008 – 2014 − 7.91
Fen
1998 – 1999 − 10
2000 – 2006 − 22
Bog
1999 – 2006 − 68.6
2003 – 2005 − 57
1999 – 2001 − 54.7
Swamp
1998 – 2005 − 256
Forested peatland 2004 – 2007 − 195.5
2004 – 2005 − 252
2005 – 2006 − 30
2004
− 144
Boreal forest
1995 – 2004 1.8
Evergreen forest
1998 – 2006 − 244.3
2002 – 2006 91.2
Mixed forest
2004 – 2006 − 36.5
Subarctic
Fen
1997 – 1998 − 22
Wetland
2000 – 2008 − 4.78
Non-Arctic
Evergreen forest
− 398
− 133
− 380
− 403
Deciduous forest
− 311
1998 – 2005 − 350
Grasslands
− 228
− 16
Shrubland
2003 – 2004 − 67
Coastal wetland
2010
− 225
Marsh
2012
− 310
2012
− 558.4
Croplands
2000 – 2006 − 128.4
2001 – 2006 − 424
Global
Inland wetlands
− 93.2
Coastal wetlands
− 208.4
Atlantic Arctic
Tundra
1990 – 2009 − 68
European Arctic
Tundra
1990 – 2009 − 20
American Arctic Tundra
1990 – 2009 10
Eurasian Arctic
Tundra
1990 – 2009 − 82
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