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Abstract
Are tundra ecosystems currently a carbon source or sink? What is the future trajectory of tundra carbon
fluxes in response to climate change? These questions are of global importance because of the vast quantities of organic carbon stored in permafrost soils. In this meta-analysis, we compile 40 years of CO2 flux
observations from 54 studies spanning 32 sites across northern high latitudes. Using time-series analysis,
we investigated if seasonal or annual CO2 fluxes have changed over time, and whether spatial differences
in mean annual temperature could help explain temporal changes in CO2 flux. Growing season net CO2
uptake has definitely increased since the 1990s; the data also suggest (albeit less definitively) an increase in
winter CO2 emissions, especially in the last decade. In spite of the uncertainty in the winter trend, we estimate that tundra sites were annual CO2 sources from the mid-1980s until the 2000s, and data from the last
7 years show that tundra continue to emit CO2 annually. CO2 emissions exceed CO2 uptake across the
range of temperatures that occur in the tundra biome. Taken together, these data suggest that despite
increases in growing season uptake, tundra ecosystems are currently CO2 sources on an annual basis.
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INTRODUCTION

Over the past five decades, researchers have tried to determine
whether high-latitude ecosystems will become a source of carbon
(C) to the atmosphere, or remain a sink, as climate changes. This
question is of global importance because these ecosystems cover
large areas of the northern high latitudes and store vast quantities
of organic C in their soils (Schuur et al. 2008; Tarnocai et al. 2009).
Based on their large standing stocks of carbon, researchers have
determined that these ecosystems have been, on average, a C sink
for the past 10 000 years (Harden et al. 1992; Hicks Pries et al.
2012). The ability of tundra to sequester and store carbon is due to
long, harsh winters and poorly drained permafrost soils, which create conditions that slow decomposition relative to plant production
(Chapin et al. 1980; Miller et al. 1983; Billings 1987; Post 1990; Oechel & Billings 1992; Hobbie et al. 2000). But temperatures in high
latitudes are rising (Chapin et al. 2005; IPCC 2007). The response of
the carbon cycle to this climate forcing is of vital importance but
the magnitude and timing of change is uncertain.
Two opposing feedbacks within the carbon cycle will determine
the future C balance of tundra ecosystems. Rising temperatures
resulting from increased atmospheric CO2 concentrations could
warm and thaw permafrost soils and stimulate decomposition and
ecosystem respiration, resulting in a positive feedback to climate
change by further increasing atmospheric CO2 concentration (Shaver et al. 1992; Hobbie et al. 2000; Schuur et al. 2008; McGuire et al.
2009; Grosse et al. 2011). On the other hand, increases in temperature and CO2 concentration could stimulate primary production.
Stimulation effects could be direct through effects on plant physiology, or indirect through increases in plant-available nutrients

released from decomposing organic matter and/or lengthening of
the growing season (Shaver et al. 1992; Johnson et al. 2000). If gross
primary production exceeds ecosystem respiration, the ecosystem
will sequester CO2 from the atmosphere and act as a negative feedback to climate change.
Much effort has gone into quantifying the carbon balance of tundra ecosystems and understanding the controls over carbon uptake
and emission. Previous studies of growing season CO2 exchange
have shown initial release of CO2 in the 1980s (Oechel et al. 1993),
followed by a longer term response of increased growing season
CO2 uptake (Oechel et al. 2000; Ueyama et al. in press). However,
growing season patterns of CO2 flux are only a part of the picture
and by themselves do not provide complete information about the
trajectory of tundra ecosystems. Winter CO2 emissions have been
recognised as an integral part of tundra carbon balance, and
although there is considerably less winter data in the literature,
recent efforts have improved our knowledge of the controls over
winter CO2 flux (Fahnestock et al. 1998, 1999; Welker et al. 2000;
Grogan & Jonasson 2006; Nobrega & Grogan 2007; Sullivan et al.
2008; Rogers et al. 2011). However, a regional synthesis of winter
CO2 emission is missing.
In this meta-analysis, we compiled CO2 flux observations from
both growing season and winter time periods. Using linear models
of temporal trends, we assess whether seasonal or annual CO2
fluxes have changed over time. By comparing CO2 fluxes from different sites, we investigated the response of the carbon cycle to
local differences in climate. Our intent is to revisit the question of
whether tundra ecosystems are sources or sinks of CO2, and to
determine if the available observational evidence supports either
trajectory.
© 2013 John Wiley & Sons Ltd/CNRS
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MATERIAL AND METHODS

Literature search

We compiled published observational data on CO2 flux (gross primary production: GPP, ecosystem respiration: ER, net ecosystem
exchange: NEE) from fifty-four studies (see Table S1 in Supporting
Information) at 32 different sites (Fig. 1). NEE is the net exchange
of CO2 between the atmosphere and the ecosystem over a time
interval (Baldocchi 2003) and is the balance of two strong, opposing
processes during the growing season: CO2 uptake by primary producers (GPP) and respiration losses of CO2 by both primary producers and heterotrophs (ER). During winter, tundra vegetation is
covered by snow and photosynthesis is negligible, therefore NEE is
effectively equivalent to ER. We used the convention that negative
values indicate CO2 uptake by the ecosystem (Baldocchi 2003).
We gathered CO2 flux data by searching ISI Web of Science and
Google Scholar using the keywords ‘carbon and tundra’. We only
included studies containing CO2 flux observations from tundra ecosystems. As a second line of investigation, we contacted all lead
investigators identified during our initial literature search and
inquired about any additional studies that were previously overlooked. As a second filter for our meta-analysis, we only included
studies if flux measurements were distributed throughout the season
(growing season or winter) and spanned the range of conditions
encountered at each site. As a third filter, we only included studies
from sites with ‘tundra’ vegetation, although we recognise that this
category includes a variety of plant communities across a moisture
gradient. We specifically excluded studies from high-latitude forests,
as well as fens, bogs and mires, because these wetlands have different controls over carbon balance. We were interested in non-manipulated fluxes but also report control or ambient CO2 flux estimates
from experimental manipulations. For comparison, all data are
reported as total seasonal fluxes in g C m 2 for either growing
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season or winter time periods (see Table S1). Because there was a
wide range in the interpretation of what constitutes the growing
season and winter, and to follow conventions comparable with previous meta-analyses (Oechel et al. 1993, 2000), we standardised the
length of the growing season (100 days) and winter (245 days) by
dividing seasonal estimates by the length of the reported season to
estimate average daily (g C m 2 day 1) flux. We then multiplied
daily estimates by the standardised growing season and winter
length. We chose season lengths based on the average length of the
seasons reported in our meta-analysis, which is why the length of
the growing season (100 days) and winter (245 days) does not add
up to a full year. During the remaining 20 days, at the season transitions, CO2 fluxes are roughly balanced with GPP = ER (i.e. net
flux is approximately zero), so excluding these periods does not
alter estimates of annual flux derived by adding growing season and
winter estimates. Data were gathered on climate corresponding to
the year when CO2 fluxes were measured (mean annual temperature: MAT, total annual precipitation: TAP) for each of the 32 sites
sampled (Fig. 1 and see Table S1) from the University of Delaware
precipitation and air temperature data set on NOAA/OAR/ESRL
PSD, Boulder, Colorado, USA, at http://www.esrl.noaa.gov/psd/.
These weather data are a gridded interpolation of land station data
and have a spatial resolution of 0.5 9 0.5 degrees, which may
reduce data variation of nearby sites. If data were reported as an
average of multiple sites, we report the average climate conditions.
Data analysis

To elucidate changes in the tundra carbon cycle over space and time,
we explored both temporal trends in CO2 fluxes and relationships
among CO2 fluxes and spatial differences in climate. First, we examined how seasonal CO2 fluxes have changed over the last four decades, and estimated the historical annual CO2 balance from our
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Figure 1 Map showing the 32 sites (stars) included in this meta-analysis.
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sinks, but overall growing season NEE has been decreasing over
time (i.e. net CO2 uptake is increasing: Fig. 2). Seventy per cent of
the total growing season NEE observations were below zero (net
CO2 uptake). Across the full data set, growing season NEE has
decreased 3.8  1.4 g C m 2 year 1 (standard F test P = 0.007;
bootstrap adjusted P = 0.03). Due to the limited number of sites
and sparse observations at individual sites during the 1980s, we

Growing season NEE (g C m–2 season–1)

(a)

(b)

Winter NEE (g C m–2 season–1)

temporal estimates. Temporal trends in growing season and winter
CO2 fluxes were estimated using a linear mixed effect model with site
and site 9 year interaction as random effects to account for variation
in the slopes with respect to time due to local site differences. There
was a small but significant correlation between year and long-term
average (1950–2000) temperature (r = 0.21; P = 0.003), and longterm average precipitation (r = 0.32; P = 0.001) for sites included in
the analysis. An autoregressive (AR1) correlation structure was added
to the model to account for temporal autocorrelation within sites.
Flux estimates were aggregated by site for each year and weighted by
the number of observations within each site-year combination. Simulations of the null hypothesis (no overall trend at the population
level) suggested that this approach was anticonservative, with a type-I
error rate of approximately 0.1 for a nominal P-value of 0.05; therefore, we used parametric bootstrapping to achieve an appropriately
conservative estimate for the significance of the trend (Booth 1995).
Because our winter data were insufficient to support such a complex
analysis, we did not include the correlation structure in the winter
model and only included site (not the site 9 year interaction) as a
random effect. To calculate an annual estimate of tundra CO2 balance, we fitted the growing season model to a restricted data set containing only sites sampled during winter (to avoid calculating an
annual estimate from disparate sites). We then summed the predicted
values from the restricted growing season and winter models to calculate the annual estimate. The variance of the annual estimate was
estimated as the sum of the variances of the winter and growing season models (Lyons 1991).We used a Student’s t-test of the differences in estimated slopes to determine significant seasonal
differences in the rates of change through time.
Second, we used simple linear regressions to explore if the observed
variation in CO2 fluxes (NEE, GPP, ER) during the growing season
and winter were related to spatial differences in climate (MAT &
TAP). Because MAT and TAP were highly correlated (r = 0.7;
P < 0.001) for sites in our analysis, and the observational record of
temperature is much stronger, we present only results from MAT, recognising that responses to temperature and precipitation are strongly
confounded (see Table S2 for full analysis and TAP results). We also
explored the use of growing season (June to August) temperature to
explain growing season trends in CO2 fluxes, but found MAT
explained more overall variation (higher adjusted R2). In addition,
slopes estimated with growing season temperature did not differ from
MAT estimated slopes for either GPP or ER, and growing season
temperature was a non-significant predictor of growing season NEE
(P = 0.47); therefore, we use MAT in our analysis of both seasons.
To determine if the growing season or the winter was responding
more strongly to changes in MAT, we tested for the difference
between slopes using a Student’s t-test. Similar to the temporal analysis above, we calculated an annual response to temperature by adding
estimated growing season and winter trends together. All models were
fitted using the base and nlme (version 3.1-98: Pinheiro et al. 2011)
packages; graphics were produced with the ggplot package (version
0.8.9: Wickham 2009) in R (R Core Development Team 2011).
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Year
year 1)
during the (a) growing season ( 3.8  1.4 g C m year ; P = 0.03), and (b)
winter with the long-term winter trend (1.5  1.1 g C m 2 year 1; P = 0.18)
shown in solid blue and the most recent 7-year winter trend
(15.94.3 g C m 2 year 1; P = 0.03) in dashed red. Estimates of slopes are
reported with standard errors; positive values denote a C source. The trend lines
shown are from simple linear models, but slope estimates are based on the full
mixed-effect models.
Figure 2 Temporal trends of net ecosystem CO2 exchange (g C m
2

RESULTS

Changes in CO2 flux over time

Over the past four decades, tundra ecosystems measured during the
growing season have been found to be both CO2 sources and CO2
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Relationships between CO2 flux and spatial differences in climate

To identify potential factors driving temporal trends in CO2 flux,
we explored patterns among CO2 fluxes and spatial differences in
© 2013 John Wiley & Sons Ltd/CNRS
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Net Ecosystem Exchange (g C m–2 season–1)

repeated this linear analysis using data collected post-1990, when
the majority of observations were collected. The decreasing trend of
growing season NEE for this period is 4.5  0.9 g C m 2 year 1
(bootstrap adjusted P = 0.005), which amounts to an estimated
cumulative increase of 90 g C m 2 of net growing season C uptake
between 1990 and 2010. Before 1990, the limited number of sites
and sparse observations do not allow for robust tests of trends
through time; thus, the best-fit line extending through the whole
data set is poorly constrained for the early decades of the data set.
over
time
The
trend
in winter
CO2 emissions
(1.5  1.1 g C m 2 year 1), across the entire winter data set
(1979–2010) was much weaker and not statistically significantly different from zero (Fig. 2b; P = 0.18), when including a random
intercept to control for among-site differences. However, the winter
CO2 flux data set overall has many fewer sites, and fluxes at individual sites are more sparsely quantified in comparison to growing
season studies. Early records in the winter data set (Table S1) came
from relatively cold sites only. The middle period (1995–2000) contains a wider range of sites, but come mostly from sites sampled
only during 1 year. The most recent period of the record (from
2004 to 2010) contains sites that span the range of environmental
conditions (MAT, MAP), and includes multiple sites monitored over
several seasons that have more coherent with-site trends. In the latest period alone, we find a significant increase in winter CO2 emissions
over
time,
with
an
estimated
increase
of
15.9  4.3 g C m 2 year 1 (P = 0.002; Fig. 2b). This increase in
recent CO2 emissions could be due to a recent amplification of
winter CO2 emissions or to the stronger data record, which
improved our ability to estimate temporal trends in winter CO2
flux. However, the exact slope of the line may not be representative
of longer term trends because it is fit to only 7 years of data.
Estimates of annual CO2 flux based on combining growing season
and winter regressions show that the mean flux across the data set
ranged from an estimated net loss of 82 g C m 2 year 1 in 1979 to
an estimated loss of 21 g C m 2 year 1 in 2010 (Fig. 3). In 1980, it
was not possible to determine if this net loss was statistically different
from C neutral due to data scarcity. But for several decades from the
early 1980s until the early 2000s, tundra ecosystems were a net source
of CO2 to the atmosphere, with a mean net loss of
76 g C m 2 year 1 in 1982 and a net loss of 36 g C m 2 year 1 in
2002. By the mid 2000s, the overall declining but statistically insignificant
annual
trend
(estimate = 2.0  1.9 g C m 2 year 1;
P = 0.18) pushed the estimated annual CO2 flux towards net C neutrality. Clearly, observed increases in growing season CO2 uptake are
shifting tundra sites towards becoming a CO2 sink on an annual basis.
However, the magnitude of the more uncertain winter emissions also
plays a role. The winter trend from the recent data intensive period
(2004–2010;Fig. 3b) counterbalances the shift towards C neutrality
and reverses the trend through time, resulting in a continued increase
in CO2 emissions on an annual basis (Fig. 3b). Although it is hard to
know how trends documented over a 7-year period will change in the
future, these results highlight the important role of winter CO2 emissions in determining annual CO2 exchange, and emphasise the need
for more sustained winter CO2 flux data from a variety of locations.
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Year
Figure 3 Estimates of temporal trends of net ecosystem exchange
(g C m 2 season 1) of CO2 (a) over the entire data record during the growing
season (GS; blue), winter (red) and the annual period (black; produced by
summing predicted values of seasonal trends and their variances). The subset
within figure (b) shows temporal trends of GS, winter and annual periods
estimated from the last 7 years of the record. Trend lines are reported with 95%
confidence intervals and are based on predictions from full mixed-effect models;
positive values denote a C source.

MAT. We recognise that MAT is highly correlated with precipitation at the sites included in our analysis, so we are using MAT as a
proxy for the general climate influence on CO2 flux. Both growing
season CO2 emissions (Fig. 4a) and CO2 uptake (Fig. 4b) are
greater at sites with higher temperatures, with an overall negative
trend between MAT and growing season NEE. This corresponds to
higher net growing season CO2 uptake at sites with higher MAT
(Fig. 4c). The slope of the growing season GPP trend is significantly greater than the slope of the growing season ER trend
(est. = 3.6  2.0 g C m 2 year 1; P = 0.05), indicating that
growing season GPP responds more strongly than growing season
ER to differences in MAT. In contrast to the analysis with time,
there is no indication of positive growing season CO2 fluxes (where
respiration > plant uptake) across the range of MAT. This suggests
that the period of growing season net CO2 loss predicted by the
regression model before 1990 in the analysis with time (Fig. 2) was
driven by data scarcity and influential points early in the record
rather than being a true feature of ecosystems pre-1990.
During the winter, when only heterotrophic respiration is occurring, sites with higher MAT exhibited greater CO2 emissions
(Fig. 4d). The estimate of predicted net annual (winter plus growing
season) CO2 flux is positive throughout the range of temperatures
(Fig. 5), yet there was no statistical difference between the absolute

Review and Synthesis

Tundra ecosystems observed to be CO2 sources 1311

(a)

(c)

(d)

300
250

150
100
50
0
0

Growing season GPP
(g C m–2 season–1)

(b)

300

150

Winter NEE (g C m–2 season–1)

200

Growing Season NEE (g C m–2 season–1)

Growing season ER
(g C m–2 season–1)

350

200

100

0

100

50

0
0

0

0

Figure 4 Linear relationships between mean annual temperature (°C) and (a) growing season ecosystem respiration (ER; est. = 13.3  1.6; P = 0.001; adj. R2 = 0.45), (b)
growing season gross primary production (GPP; est. = 16.7  2.3; P = 0.001; adj. R2 = 0.43), (c) growing season net ecosystem exchange (NEE; est. = 4.5  1.7;
P = 0.007; adj. R2 = 0.04) and (d) winter NEE (est. = 6.8  1.3; P = 0.001; adj. R2 = 0.31). Estimates of slopes are reported with standard errors; positive values denote
a C source.

value of slopes of the growing season and winter trends
(est. = 1.9  2.0 g C m 2 year 1; P = 0.2). This result suggests
that both growing season and winter CO2 flux have similar
responses to changes in MAT, but the magnitude of the CO2 emission exceeds CO2 uptake. Based on predictions from the annual
response, mean annual C emissions should range from 23 to
56 g C m 2 across the gradient of tundra temperatures, and a 1 °C
increase in temperature would increase annual emissions by
2 g C m 2. These results indicate that the recent amplification of
arctic temperature should have increased both CO2 uptake and CO2
emission at a similar rate, but that ultimately the source strength of
tundra ecosystems is greater on an annual basis.

Net Ecosystem Exchange (g C m–2 season–1)

GS
Winter
Annual
300

200

100

DISCUSSION

0

−100

–15

–10

–5

0

Mean Annual Temperature (C)
Figure 5 Estimates of linear relationships between mean annual temperature (°C)
and net ecosystem exchange (g C m 2 season 1) of CO2 during the growing
season (GS; blue), and winter (red) with 95% confidence intervals, and the
annual estimate (black) of the temperature relationship produced by summing
predicted values of seasonal trends and their variances. Positive values denote a
C source.

In spite of the spatial variation in climate, soil characteristics, vegetation composition and site histories within the tundra biome (Callaghan et al. 2004), our meta-analysis detected an apparent regional
amplification of the C cycle in recent decades. Growing season net
CO2 uptake has definitively increased since the 1990s, and trends
point towards a potential increase in winter CO2 emissions, at least
in the last decade (Fig. 3). Changing temperature, and the factors
that covary with it, may have played a role in this amplification.
Based on the relationship with site MAT (Fig. 5), CO2 emissions
exceed CO2 uptake across the range of temperatures that occur in
the tundra biome, indicating a shift from the historical state of tundra as a CO2 sink.
Early analysis of Alaskan tundra reported a shift in growing
season CO2 balance from a historical C sink to a C source in
response to warming and drying (Oechel et al. 1993). As more flux
data were compiled from Alaskan tundra, across-site CO2 balance
was measured as net CO2 uptake during the growing season. It was
hypothesised that tundra ecosystems could have initially lost CO2 in
© 2013 John Wiley & Sons Ltd/CNRS
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response to warming, then metabolically adjusted to continued
warming while subsequently increasing CO2 sink activity (Oechel
et al. 2000). Our analysis using linear models does not allow us to
quantify short-term fluctuations in source and sink activity, and data
limitations preclude us from quantifying growing season trends in
the early part of the record (pre-1990). However, the larger post1990 data set clearly shows an increasing trend of growing season
CO2 uptake (Fig. 2a). Our meta-analysis over a longer time period
and from 32 sites across the tundra biome shows a more gradual
and continuing increase in CO2 uptake during the growing season,
on average, through the modern period. This amplification of growing season carbon uptake is in concordance with earlier reports,
which showed increased sink activity over time (Oechel et al. 2000).
However, growing season net carbon uptake, on average across tundra sites, appeared to be closer to C neutral (~1990) with no widespread evidence from other sites to support the magnitude of the
largest net growing season losses reported for the early 1980s (Oechel et al. 1993).
Similar to our finding of increased net growing season CO2
uptake, recent studies have reported that tundra was a growing season CO2 sink during the past two decades (McGuire et al. 2012;
Ueyama et al. in press), with increasing CO2 uptake in a majority of
tundra sites in the 2000s (McGuire et al. 2012). In addition, longterm (since the early 1980s) remote sensing observations show a
greening Arctic (Myneni et al. 1997; Jia & Epstein 2003; Nemani
et al. 2003; Goetz et al. 2005; Sitch et al. 2007; Jia et al. 2009) and
increased shrub encroachment (Stow et al. 2004; Sturm et al. 2005),
both suggesting a regional response of accelerated C uptake by tundra vegetation. By extrapolating our post-1990 growing season trend
to the areal extent of tundra (10.5 9 106 km2; McGuire et al. 1997;
Callaghan et al. 2004), we estimate that tundra on average sequestered 137  80 Tg C during the growing seasons of the last few
decades (1990–2006).
Winter CO2 trends were less clear in our analysis across the entire
data set (not significant at P = 0.05), but the last 7 years of the
record where the data set is much stronger do show a strong and
significant increase in CO2 emissions over time (Fig 2b). The slope
estimated from a 7-year trend are not likely to match decadal-scale
trends; based on the entire record it appears that the 7-year slope
may overestimate longer term winter trends (Fig 2b). Taken
together, winter CO2 emissions may have increased for more than
just the past 7 years, but the sparsity of the data highlights the great
need for additional sustained winter data to strengthen the record.
Summing the growing season and longer term winter trend, we estimated that tundra sites were CO2 sources during the 1990s,
although we were unable to differentiate tundra from carbon neutral
during the 2000s (Fig. 3). This finding supports the magnitude of
annual net C loss reported in Oechel et al. (1993, 2000) with the
addition of winter respiration losses enough to offset growing season uptake; a pattern that has been observed elsewhere as well
(Oechel et al. 1997; Welker et al. 2000; Belshe et al. 2012; Euskirchen et al. 2012). Using only the more recent 7-year winter trend
predicts increasing CO2 emission annually for the most recent time
period (Fig. 3b), and the increasing winter and annual temperature
trends (Fig. 5) indicate that recent increases of arctic air temperature
should lead to an increase in annual CO2 emissions. While the analysis with time (Fig. 3) and with temperature (Fig. 5) are at some
odds with one another in terms of the prediction of tundra as a
sustained annual net C source, this is most likely due to data
© 2013 John Wiley & Sons Ltd/CNRS
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scarcity in particular during the winter. Although we cannot refute
the potential influence for other factors affecting annual CO2 balance, the congruence of the MAT trends and the temporal analysis
using more recent, data-robust 7-year period supports our conclusion that insufficient data are leading to the disparity between our
temperature and long-term temporal predictions.
Several other lines of evidence support an amplification of the
tundra C cycle in recent decades, but large uncertainty in past estimates have impeded the ability to accurately determine the annual
C balance. Top-down atmospheric inversion studies show the Arctic
as a C sink ( 410  400 Tg C year 1) during the 1990s (Baker
et al. 2006; McGuire et al. 2009), although recent inversion analyses
were unable to distinguish Arctic tundra from C neutral in the
1990s ( 13; range = 321 to 140 Tg C year 1) or the 2000s
( 117; range = 439 to 243 Tg C year 1; McGuire et al., 2012).
Retrospective analyses from process-based models show an amplification of tundra C uptake and C emissions, but in the last few decades predict that tundra is a C sink. However, model predictions
vary in sink strength and exhibit large temporal and spatial variability in source and sink activity (Clein et al. 2000; McGuire et al. 2000;
Sitch et al. 2003, 2007; Grant et al. 2011). In a recent comparative
analysis McGuire et al. (2012) found that summed estimates of
annual C fluxes over the past few decades (1990-2006) from inversion models ( 96; range = 331 to 173 Tg C year 1) were C neutral, while regional ( 177; range = 284 to 41 Tg C year 1) and
global ( 86; range = 205 to
1 Tg C year 1) process-based
models predicted that tundra was a C sink, although sink strength
could not be determined due to uncertainty in estimates. In addition, observationally based estimates of annual CO2 balance over
the last two decades ranged from C neutral (10; range = 10 to
28 Tg C year 1) to a weak C sink ( 82; range = 134 to
30 Tg C year 1; McGuire et al. 2012). In contrast, our mean
annual estimate (Fig. 3a) extrapolated to the areal extent of tundra
from the same time period predicts tundra was a CO2 source
(462  378 Tg C year 1). The divergence of these observationally
based estimates is likely due to the larger variation in vegetation
types (including forest tundra, fens, bogs and mires) and sampling
duration and frequency of studies included in that synthesis. Using
a restricted group of dry/mesic tundra sites, McGuire et al. (2012)
estimated tundra was annual carbon source, which is similar to our
finding, although uncertainty in their estimate made it indistinguishable from carbon neutral. This suggests that increased variation as a
result of including different vegetation/ecosystem types may have
obscured overall trends, and also highlights the need to increase
both the coverage and the standardisation of carbon flux observations in high-latitude ecosystems to resolve how the carbon cycle is
responding to climate change.
For tundra to be a historical C sink over centuries to millennia, C
uptake had to be greater than C emissions across the range of conditions within the biome. Yet, our annual temperature response
based on the past several decades of measurements predicts that
tundra sites are CO2 sources across the range of temperatures
(Fig 5). Within this range, tundra sites with warmer temperatures
exhibit greater CO2 fluxes (Fig. 4; Ueyama et al. in press) and both
CO2 uptake and CO2 emissions are amplified by temperature by a
similar amount. These results suggest a shift from the historical
equilibrium, with C uptake and C emissions now of different magnitudes, with C emissions dominating across the range of conditions
on an annual basis. These predictions are supported by recent flux
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studies (2008–2010) from relatively warm (long-term MAT of
1 °C) and cold (long-term MAT of 12 °C) tundra sites, which
report CO2 losses in five out of six annual observations ranging
from 13 to 78 g C m 2 year 1 and 2–82 g C m 2 year 1 respectively (Belshe et al. 2012; Euskirchen et al. 2012).
A combination of several factors may have shifted the C balance
of tundra ecosystems in recent decades. Surface air temperature
has increased 0.35 °C per decade since the 1970s, with dramatic
increases since the 1990s (Polyakov et al. 2002; Hinzman et al.
2005; Serreze & Francis 2006; Euskirchen et al. 2007; McGuire
et al. 2009), atmospheric CO2 has increased by 50 ppm since 1980
(Keeling & Whorf 2004) NOAA/ESLR) and the rate and areal
extent of permafrost thaw has dramatically increased (Jorgenson
et al. 2001; Stow et al. 2004; Hinzman et al. 2005; Schuur et al.
2008; Osterkamp et al. 2009). This analysis indicates that tundra
ecosystems are responding to these recent changes and are currently undergoing a multi-decade transition. Growing season net
CO2 uptake has definitely increased since the 1990s, and the data
also suggest (albeit not definitively) the possibility of an increase in
winter CO2 emissions, especially in the last 7-year period. Our
result of increased growing season CO2 uptake supports previous
findings of an amplification of tundra carbon uptake in response
to regional changes in climate (Oechel et al. 2000). We ask whether
our inability to detect a significant change in winter CO2 emissions
over the entire time period is due to scarcity of winter observations (Type II error), as opposed to a real lack of response of the
winter fluxes to the changes occurring over the last four decades.
No matter what the winter temporal trend, the magnitude of C
release in the winter made tundra sites, as a whole, annual CO2
sources from the early-1980s until at least the early 2000s (Fig. 3).
Although increases in growing season CO2 uptake shift tundra
towards annual carbon neutrality in the absence of a detectable
long-term response, data from the last 7 years suggest that winter
CO2 fluxes are continuing to offset growing season C gains. The
importance and ability of offsetting increasing growing uptake by
winter emissions has been demonstrated (Oechel et al. 1993, 1997,
2000; Welker et al. 2000; Belshe et al. 2012; Euskirchen et al. 2012).
Contrary to temporal trends of carbon fluxes, temperature
response models predict that winter CO2 emissions and growing
season CO2 uptake respond similar to increases in temperature. If
tundra ecosystems follow observed patterns linked to MAT
response (Fig 5), warmer conditions will eventually push CO2
emissions to exceed uptake and make tundra a CO2 source on an
annual basis, if they are not already doing so. Ultimately more
widespread and long-term measurements of both growing season
and winter CO2 flux are needed to definitively resolve the
response of tundra carbon cycle to the changes taking place in
high-latitude ecosystems.

ACKNOWLEDGEMENTS

We thank Rosvel Bracho for his help with site-level data analysis
and helpful comments and guidance on the manuscript. Thanks to
Caitlin Hicks Pries and Pep Sanjuan for being sounding boards at
every step along the way. This study was supported by grants to E
Schuur: NSF grants #0955713, #0747195, #0516326, and
#0620579 and the DOE NICCR and TEP programs. E. Fay Belshe
was supported by the Department of Energy, Graduate Research

Tundra ecosystems observed to be CO2 sources 1313

Environmental Fellowship. B. Bolker was supported by an NSERC
Discovery grant.
AUTHORSHIP

EB collected data from the literature, designed criteria for inclusion
of studies, participated in data analysis and modelling and wrote the
first draft of the manuscript. BB developed methods and implementation for data analysis and modelling, and contributed to manuscript revisions. ES provided guidance in the initial conception of
the study and contributed to manuscript revisions.
REFERENCES
*Arens, S., Sullivan, P.F. & Welker, J.M. (2008). Nonlinear responses to nitrogen
and strong interactions with nitrogen and phosphorus additions drastically
alter the structure and function of a high arctic. J. Geophys. Res., 113, G03S09.
Baker, D.F., Peylin, P., Law, R.M., Gurney, K.R., Rayner, P., Denning, A.S. et al.
(2006). TransCom 3 inversion intercomparison: impact of transport model
errors on the interannual variability of regional CO2 fluxes, 1988-2003. Global
Biogeochem. Cycles, 20, 1002.
Baldocchi, D. (2003). Assessing the eddy covariance technique for evaluating
carbon dioxide exchange rates of ecosystems: past, present and future. Glob.
Change Biol., 9, 479–492.
Belshe, E.F., Schuur, E.A.G., Bolker, B.M. & Bracho, R. (2012). Incorporating
Spatial Heterogeneity Created by Permafrost Thaw into a Landscape Carbon
Estimate. J. Geophys. Res.: Biogeosci., 117, 10–11.
Billings, W. (1987). Carbon balance of Alaskan tundra and tiaga ecosystems: past,
present, and future. Quatern. Sci. Rev., 6, 165–177.
Booth, J. (1995). Bootstrap methods for generalized linear mixed models with
applications to small area estimation. In: Statistical Modeling (ed. Seeber, G.U.H.,
Francis, B.J., Hatzinger, R. & Steckel-Berger, G.). Springer, New York, NY,
pp. 43–51.
Callaghan, T., Bjorn, L., Chernov, Y., Chapin, T., Christensen, T., Huntley, B.
et al. (2004). Effects on the function of Arctic ecosystems in the short- and
long-term perspectives. Ambio, 33, 448–458.
Chapin, F., Miller, P.C., Billings, W.D. & Coyne, P.I. (1980). Carbon and
nutrient budgets and their control in coastal tundra. In: An Arctic Tundra
Ecosystem. The Coastal Tundra at Barrow, Alaska (eds Brown, J., Miller, P.,
Tieszen, L.L. & Bunnell, F.). Dowden Hutchinson and Ross Stroudsburg,
Pennsylvania, pp. 458–482.
Chapin, F., Sturm, M., Serreze, M.C., McFadden, J.P., Key, J.R., Lloyd, A.H. et al.
(2005). Role of land-surface changes in Arctic summer. Science, 310, 657–660.
Clein, J.S., Kwiatkowski, B., McGuire, A.D., Hobbie, J.E., Rastetter, E.B., Melillo,
J.M. et al. (2000). Modeling carbon responses of tundra ecosystems to historical
and projected climate: a comparison of a plot- and a global-scale ecosystem
model to identify process-based uncertainties. Glob. Change Biol., 6, 127–140.
*Coyne, P.I. & Kelley, J.J. (1975). CO2 exchange over the Alaskan Arctic tundra:
meteorological assessment by an aerodynamic method. J. Appl. Ecol., 12, 587–
661.
*Epstein, H.E., Beringer, J., Gould, W., Lloyd, A.H., Thompson, C.D., Chapin,
F.S. III et al. (2004). The nature of spatial transitions in the Arctic. J. Biogeogr.,
31, 1917–1933.
Euskirchen, S.E., McGuire, A.D. & Chapin, F.S. III (2007). Energy feedbacks of
northern high-latitude ecosystems to the climate system due to reduced snow
cover during the 20th century warming. Glob. Change Biol., 13, 2425–2438.
Euskirchen, E.S., Bret-Harte, M.S., Scott, G.J., Edgar, C. & Shaver, G.R. (2012).
Seasonal patterns of carbon dioxide and water fluxes in three representative
tundra ecosystems in Northern Alaska. Ecosphere, 3: Article 4. DOI: 10.1890/
ES11-00202.1.
Fahnestock, J., Jones, M., Brooks, P., Walker, D.A. & Welker, J.M. (1998).
Winter and early spring CO2 efflux from tundra communities of Northern
Alaska. J. Geophys. Res., 103, 29023–29027.
*

indicates that the above references are sources of data used in analyses

© 2013 John Wiley & Sons Ltd/CNRS

1314 E. F. Belshe, E. A. G. Schuur and B. M. Bolk

Fahnestock, J., Jones, M. & Welker, J.M. (1999). Wintertime CO2 efflux from
Arctic soils: implications for annual carbon budgets. Global Biogeochem. Cycles,
13, 775–779.
*Giblin, A., Nadelhoffer, K. & Shaver, G. (1991). Biogeochemical diversity along
a riverside toposequence in Arctic Alaska. Ecol. Monogr., 61, 415–435.
Goetz, S., Bunn, A.G., Fiske, G.L. & Houghton, R.A. (2005). Satellite-observed
photosynthetic trends across boreal North America associated with climate
and fire disturbance. Proc. Natl Acad. Sci. USA, 102, 13521.
Grant, R.F., Humphreys, E.R., Lafleur, P.M. & Dimitrov, D.D. (2011).
Ecological controls on net ecosystem productivity of a mesic arctic tundra
under current and future climates. J. Geophys. Res.: Biogeosci., 116, G01031.
*Groendahl, L., Friborg, T. & Soegaard, H. (2007). Temperature and snow-melt
controls on interannual variability in carbon exchange in the high Arctic.
Theoret. Appl. Climatol., 88, 111–125.
*Grogan, P. & Chapin, F.S. III (1999). Arctic soil respiration: effects of climate
and vegetation depend on season. Ecosystems, 2, 451–459.
Grogan, P. & Jonasson, S. (2006). Ecosystem CO2 production during winter in a
Swedish subarctic region: the relative importance of climate and vegetation
type. Glob. Change Biol., 12, 1479–1495.
Grosse, G., Harden, J., Turetsky, M., McGuire, A.D., Camill, P., Tarnocai, C.
et al. (2011). Vulnerability of high-latitude soil organic carbon in North
America to distribance. J. Geophys. Res., 116, G00K06. DOI: 10.1029/
2010JG001507.
*Grulke, N., Riechers, G., Oechel, W. & Hjelm, U. (1990). Carbon balance in
tussock tundra under ambient and elevated atmospheric CO2. Oecologia, 83,
485–494.
*Harazono, Y., Mano, M., Miyata, A. & Zulueta, R. (2003). Inter-annual carbon
dioxide uptake of a wet sedge tundra ecosystem in the Arctic. Tellus B Chemi.
Phys. Meteorol., 55B, 215–231.
Harden, J., Mark, R.K., Sundquist, E.T. & Stallard, R.F. (1992). Dynamics of soil
carbon during deglaciation of the Laurentide ice sheet. Science, 258, 1921–1924.
*Heikkinen, J., Elsakov, V. & Martikainem, P.J. (2002). Carbon dioxide and
methane dynamics and annual carbon balance in tundra wetland in NE
Europe, Russia. Global Biogeochem. Cycles, 16, 1115.
*Heikkinen, J.E.P., Virtanen, T., Huttunen, J.T., Elsakov, V. & Martikainen, P.J.
(2004). Carbon balance in East European tundra. Global Biogeochem. Cycles, 18,
GB1023.
Hicks Pries, C.E., Schuur, E.A.G. & Crummer, K.G. (2012). Holocene carbon
stocks and carbon accumulation rates altered in soils undergoing permafrost
thaw. Ecosystems, 15, 162–173.
Hinzman, L., Bettez, N.D., Bolton, W.R., Chapin, F.S., Dyurgerov, M.B., Fastie,
C.L. et al. (2005). Evidence and implications of recent climate change in
Northern Alaska and other Arctic regions. Clim. Change, 72, 251–298.
*Hobbie, S.E. & Chapin, F.S. III (1998). The response of tundra plant biomass,
aboveground production, nitrogen, and CO2 flux to experimental warming.
Ecology, 79, 1526–1544.
Hobbie, S., Schimel, J.P., Trumbore, S.E. & Randerson, J.R. (2000). Controls
over carbon storage and turnover in high-latitude soils. Glob. Change Biol., 6,
196–210.
*Huemmrich, K.F., Kinoshita, G., Gamon, J.A., Houston, S., Kwon, H. &
Oechel, W.C. (2010). Tundra carbon balance under varying temperature and
moisture regimes. J. Geophys. Res.: Biogeosci., 115, G00I02.
*Humphreys, E.R. & Lafleur, P.M. (2011). Does earlier snowmelt lead to greater
CO2 sequestration in two low Arctic tundra ecosystems? Geophys. Res. Lett., 38,
L09703.
IPCC (2007). Climate Change 2007: The Physical Science Basis. Contribution of Working
Group 1 to the Fouth Assesment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, UK / New York, NY.
Jia, G. & Epstein, H. (2003). Greening of Arctic Alaska. 1981-2001. Geophys. Res.
Lett., 30, 2067.
Jia, G., Epstein, H. & Walker, D.A. (2009). Vegetation greening in the Canadian
Arctic related to decadal warming. J. Environ. Monit., 11, 2231–2238.
*Johnson, P.L. & Kelley, J.J. (1970). Dynamics of carbon dioxide and
productivity in an Arctic biosphere. Ecology, 51, 73–80.
Johnson, L., Shaver, G., Cades, D., Rastetter, E., Nadelhoffer, K., Giblin, A.
et al. (2000). Plant carbon-nutrient interactions control CO2 exchange in
Alaskan wet sedge tundra ecosystems. Ecology, 81(2), 453–469.

© 2013 John Wiley & Sons Ltd/CNRS

Review and Synthesis

*Jones, M., Fahnestock, J. & Welker, J.M. (1999). Early and late winter CO2
efflux from Arctic tundra in the Kuparuk River watershed, Alaska, USA. Arct.
Antarct. Alp. Res., 31, 187–190.
Jorgenson, M.T., Racine, C.H., Walters, J.C. & Osterkamp, T.E. (2001).
Permafrost degradation and ecological changes associated with a warming
climate in Central Alaska. Clim. Change, 48, 551–579.
Keeling, C.D. & Whorf, T.P. (2004). Atmospheric CO2 records from sites in the
SIO air sampling network. In: Trends: A Compendium of Data on Global Change.
Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory,
Tennessee, USA. Available at: http://cdiac.esd.ornl. gov/trends/co2/siokeel.htm.
*Kutzbach, L., Wille, C. & Pfeiffer, E.M. (2007). The exchange of carbon
dioxide between wet arctic tundra and the atmosphere at the Lena River
Delta, Northern Siberia. Biogeosciences, 4, 869–890.
*Kwon, H.-J., Oechel, W.C., Zulueta, R.C. & Hastings, S.J. (2006). Effects of
climate variability on carbon sequestration among adjacent wet sedge tundra
and moist tussock tundra ecosystems. J. Geophys. Res.: Biogeosci., 111, G03014.
*Lafleur, P.M. & Humphreys, E.R. (2007). Spring warming and carbon dioxide
exchange over low Arctic tundra in Central Canada. Glob. Change Biol., 14,
740–756.
Lyons, L. (1991). A Practical Guide to Data Analysis for Physical Science Students.
Cambridge University Press, Cambridge, England.
McGuire, A., Melillo, J.M., Kicklighter, D.W., Pan, Y., Xiao, X., Helfrich, J. et al.
(1997). Equilibrium responses of global net primary productivity and carbon
storage to doubled atmospheric carbon dioxide: sensitivity to changes in
vegetation nitrogen concentration. Global Biogeochem. Cycles, 11, 173–189.
McGuire, A.D., Clein, J.S., Melillo, J.M., Kicklighter, D.W., Meier, R.A.,
Vorosmarty, C.J. et al. (2000). Modelling carbon responses of tundra
ecosystems to historical and projected climate: sensitivity of pan-Arctic carbon
storage to temporal and spatial variation in climate. Glob. Change Biol., 6, 141–
159.
McGuire, A.D., Anderson, L.G., Christensen, T.R., Dallimore, S., Guo, L.,
Haynes, D.J. et al. (2009). Sensitivity of the carbon cycle in the Arctic to
climate change. Ecol. Monogr., 79, 523–555.
McGuire, A.D., Christensen, T.R., Hayes, D., Heroult, A., Euskirchen, E., Yi, Y.
et al. (2012). An assessment of the carbon balance of Arctic tundra:
comparisons among observations, process models, and atmospheric
inversions. Biogeosciences, 9, 4543–4594.
Miller, P., Kendall, R. & Oechel, W.C. (1983). Simulating carbon accumulation in
northern ecosystems. Simulation, 40, 119–131.
*van der Molen, M.K., van Huissteden, J., Parmentier, F.J.W., Petrescu, A.M.R.,
Dolman, A.J., Maximov, T.C. (2007). The growing season greenhouse gas
balance of a continental tundra site in the Indigirka Lowlands, NE Siberia.
Biogeosciences, 4, 985–1003.
Myneni, R.B., Keeling, C.D., Tucker, C.J., Asrar, G. & Nemani, R.R. (1997).
Increased plant growth in the northern high latitudes from 1981-1991. Nature,
386, 698–702.
*Natali, S., Schuur, E.A.G., Trucco, C., Hicks Pries, C., Crummer, K. & Baron
Lopez, A.F. (2010). Effects of experimental warming of air, soil and
permafrost on carbon balance in Alaskan tundra. Glob. Change Biol., 3, 1394–
1407.
Nemani, R.R., Keeling, C.D., Hashimoto, H., Molly, W.M., Piper, S.C., Tucker,
C.J. et al. (2003). Climate-driven increases in global terrestrial net primary
production from 1982-1999. Science, 300, 1560–1563.
Nobrega, S. & Grogan, P. (2007). Deeper snow enhances winter respiration
from both plant-associated and bulk soil carbon pools in birch hummock
tundra. Ecosystems, 10, 419–431.
*Nobrega, S. & Grogan, P. (2008). Landscape and ecosystem-level controls on
net carbon dioxide exchange along a natural moisture gradient in Canadian
Low Arctic tundra. Ecosystems, 11, 377–396.
*Oberbauer, S., Gillespie, C., Cheng, W., Sala, A., Gebauer, R. & Tenhunen, J.D.
(1996). Diurnal and seasonal patterns of ecosystem CO2 efflux from upland
tundra in the foothills of the Brooks Range, Alaska, USA. Arct. Alp. Res., 28,
328–338.
*Oberbauer, S., Starr, G. & Pop, E.W. (1998). Effects of extended growing
season and soil warming on carbon dioxide and methane exchange of tussock
tundra in Alaska. J. Geophys. Res., 103, 29075–29082.

Review and Synthesis

Oechel, W. & Billings, W.D. (1992).Effects of global change on the carbon
balance of Arctic plants and ecosystems. In: Arctic Ecosystems in a Changing
Climate: An Ecophysiological Perspective (eds Chapin, F. III, Jefferies, R., Reynolds,
J., Shaver, G. & Svoboda, J.). Academic Press , San Diego, CA, pp. 139–168.
Oechel, W., Hastings, S.J., Vourlitis, G., Jenkins, M., Riechers, G. & Grulke, N.
(1993). Recent change of Arctic tundra ecosystems from a net carbon dioxide
sink to a source. Nature, 361, 520–523.
*Oechel, W., Vourlitis, G. & Hastings, S. (1995). Change in Arctic CO2 flux
over two decades: effects of climate change at Barrow, Alaska. Ecol. Appl., 5,
846–855.
Oechel, W., Vourlitis, G. & Hastings, S.J. (1997). Cold season CO2 emission
from Arctic soils. Global Biogeochem. Cycles, 11, 163–172.
*Oechel, W., Vourlitis, G., Hastings, S., Ault, R.P. & Bryant, P. (1998). The
effects of water table manipulation and elevated temperature on the net CO2
flux of wet sedge tundra ecosystems. Glob. Change Biol., 4, 77–90.
Oechel, W., Vourlitis, G.L., Hastings, S.J., Zulueta, R.C., Hinzman, L. & Kane,
D. (2000). Acclimation of ecosystem CO2 exchange in the Alaskan Arctic in
response to decadal climate warming. Nature, 406, 978–981.
*Olivas, P., Oberbauer, S., Tweedie, C., Oechel, W.C., Lin, D. & Kuchy, A.
(2011). Effects of fine-scale topography on CO2 flux components of Alaskan
Coastal Plain tundra: response to contrasting growing seasons. Arct. Antarct.
Alp. Res., 43, 256–266.
Osterkamp, T.E., Jorgenson, M.T., Schuur, E.A.G., Shur, Y.L., Lamevskiy, M.Z.,
Vogel, J.G. et al. (2009). Physical and ecological changes associated with
warming permafrost and thermokarst in Interior Alaska. Permafrost Periglac.
Process., 20, 235–256.
*Pinheiro, J., Bates, D. & Sarkar, D. & R development Core Team (2011). nlme:
Linear and Nonlinear Mixed Effects Models. R package version 3.1-98. ???, ???.
Polyakov, I.D., Alekseev, G.V., Bekryacy, R.V., Bhatt, U., Colony, R., Johnson,
M.A. et al. (2002). Observationally based assessment of polar amplification of
global warming. Geophys. Res. Lett., 29, 1878.
*Poole, D. & Miller, P.C. (1982). Carbon dioxide flux from three Arctic tundra
types in North-Central Alaska, USA. Arct. Alp. Res., 14, 27–32.
Post, W. (1990). Report of a Workshop on Climate Feedbacks and the Role of Peatlands,
Tundra, and Boreal Ecosystems in the Global Carbon Cycle. Oak Ridge National Lab,
Oak Ridge, TN.
*Rocha, A. & Shaver, G.R. (2011). Burn severity influences postfire CO2
exchange in Arctic tundra. Ecol. Appl., 21, 477–489.
Rogers, M.C., Sullivan, P.F. & Welker, J.M. (2011). Evidence of nonlinearity in
the response of net ecosystem CO2 exchange to increasing levels of winter
snow depth in the High Arctic of Northwest Greenland. Arct. Antarct. Alp.
Res., 43, 95–106.
Schuur, E., Bockheim, J., Canadell, J.G., Euskirchen, E., Field, C.B., Goryachkin,
S.V. et al. (2008). Vulnerability of permafrost carbon to climate change:
implications for the global carbon cycle. Bioscience, 58, 701–714.
Serreze, M. & Francis, J.A. (2006). The arctic amplification debate. Clim. Change,
76, 241–264.
Shaver, G., Billings, W.D., Chapin, F..S. III, Giblin, A.E., Nadelhoffer, K.J.,
Oechel, W.C. et al. (1992). Global change and the carbon balance of arctic
ecosystems. Bioscience, 42, 433–441.
Sitch, S., Smith, B., Prentice, I.C., Arneth, A., Bondeau, A., Cramer, W. et al.
(2003). Evaluation of ecosystem dynamics, plant geography and terrestrial
carbon cycling in the LPJ dynamic global vegetation model. Glob. Change Biol.,
9, 161–185.
Sitch, S., McGuire, A.D., Kimball, J., Gedney, N., Gamon, J., Engstrom, R. et al.
(2007). Assessing the carbon balance of circumpolar Arctic tundra using
remote sensing and process modeling. Ecol. Appl., 17, 213–234.
*Sj€
ogersten, S., van der Wal, R. & Woodin, S.J. (2008). Habitat type determines
herbivory controls over CO2 fluxes in a warmer Arctic. Ecology, 89, 2103–
2116.
*Soegaard, H., Nordstroem, C., Frigorg, T. & Hansen, B.U. (2000). Trace gas
exchange in a high-arctic valley: integrating and scaling CO2 fluxes from
canopy to landscape using flux data, footprint modeling, and remote sensing.
Global Biogeochem. Cycles, 14, 725–744.
Stow, D., Hope, A., McGuire, D., Verbyla, D., Gamon, J., Huemmrich, F. et al.
(2004). Remote sensing of vegetation and land-cover change in Arctic tundra
ecosystems. Remote Sensing Environment, 89, 281–308.

Tundra ecosystems observed to be CO2 sources 1315

Sturm, M., Schimel, J., Michaelson, G., Welker, J.M., Oberbauer, S.F., Liston,
G.E. et al. (2005). Winter biological processes could help convert Arctic
tundra to shrubland. Bioscience, 55, 17–26.
Sullivan, P., Welker, J.M., Arens, S.J.T. & Sveinbjornsson, B. (2008). Continuous
estimates of CO2 efflux from Arctic and Boreal soils during the snow-covered
season in Alaska. J. Geophys. Res., 113, G04009.
*Taggeson, T., Mastepanov, M., Tamstorf, M.P., Eklundh, L., Schubert, P.,
Ekberg, A. et al. (2010). Satellites reveal an increase in gross primary
production in a Greenlandic High Arctic fen 1992-2008. Biogeosci. Disc., 7,
1101–1129.
Tarnocai, C., Canadell, J.G., Schuur, E.A.G., Kuhry, P., Mazhitova, G. & Zimov,
S. (2009). Soil organic carbon pools in the Northern Circumpolar permafrost
region. Global Biogeochem. Cycles, 23, 1–11.
*Trucco, C., Schuur, E.A.G., Natali, S., Belshe, E.F., Bracho, R. & Vogel, J.
(2012). Long-term trends of CO2 exchange in a tundra ecoystem affected by
permafrost thaw. J. Geophys. Res.: Biogeosci., 117, G02031.
Ueyama, M., Iwata, H., Harazono, Y., Euskirchen, E.S., Oechel, W.C. & Zona,
D. (in press). Growing season and spatial variations of carbon fluxes of arctic
and boreal ecosystems in Alaska. Ecol. Appl..
*Vogel, J., Schuur, E., Trucco, C. & Lee, H. (2009). Response of CO2 exchange
in a tussock tundra ecosystem to permafrost thaw and thermokarst
development. J. Geophys. Res., 114, G04018.
*Vourlitis, G. & Oechel, W.C. (1997). Landscape-scale CO2, H2O vapour and
energy flux of moist-wet coastal tundra ecosystems over two growing seasons.
J. Ecol., 85, 575–590.
*Vourlitis, G.L. & Oechel, W.C. (1999). Eddy covariance measurements of CO2
and energy fluxes of an Alaskan tussock tundra ecosystem. Ecology, 80, 686–
701.
*Vourlitis, G., Oechel, W. & Hastings, S. (1993). A system for measuring in situ
CO2 and CH4 flux in unmanaged ecosystems: an Arctic example. Funct. Ecol.,
7, 369–379.
*Vourlitis, G., Oechel, W.C., Hope, A., Stow, D., Boynton, B., Verfaillie, J., Jr
et al. (2000a). Physiological models for scaling plot measurements of CO2 flux
across an Arctic tundra landscape. Ecol. Appl., 10, 60–72.
*Vourlitis, G.L., Harazono, Y., Oechel, W.C., Yoshimoto, M. & Mano, M.
(2000b). Spatial and temporal variations in hectare-scale net CO2 flux,
respiration and gross primary production of Arctic tundra ecosystems. Funct.
Ecol., 14, 203–214.
*Welker, J., Brown, K.B. & Fahnestock, J. (1999). CO2 flux in arctic and alpine
dry tundra: comparative field responses under ambient and experimentally
warmed conditions. Arct. Antarct. Alp. Res., 31, 272–277.
Welker, J., Fahnestock, J. & Jones, M.H. (2000). Annual CO2 flux in dry and
moist arctic tundra: field responses to increases in summer temperatures and
winter snow depth. Clim. Change, 4, 139–150.
Wickham, H. (2009). ggplot2: Elegant Graphics for Data Analysis. Springer, New
York.
*Zamolodchikov, D., Karelin, D. & Ivaschenko, A. (2000). Sensitivity of tundra
carbon balance to ambient temperature. Water Air Soil Pollut., 119, 157–169.
*Zona, D., Oechel, W.C., Peterson, K.M., Clements, R.J., Paw, K.T. & Ustin,
S.L. (2010). Characterization of the carbon fluxes of a vegetated drained lake
basin chronosequence on the Alaskan Arctic Coastal Plain. Glob. Change Biol.,
16, 1870–1882.

SUPPORTING INFORMATION

Additional Supporting Information may be downloaded via the online
version of this article at Wiley Online Library (www.ecologyletters.com).

Editor, David Hooper
Manuscript received 27 May 2013
First decision made 3 June 2013
Second decision made 20 June 2013
Manuscript accepted 10 July 2013

© 2013 John Wiley & Sons Ltd/CNRS

