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Abstract. Whole-system fluxes of isoprene from a moist
acidic tundra ecosystem and leaf-level emission rates of
isoprene from a common species (Salix pulchra) in that
same ecosystem were measured during three separate field
campaigns. The field campaigns were conducted during
the summers of 2005, 2010 and 2011 and took place at
the Toolik Field Station (68.6◦ N, 149.6◦ W) on the north
slope of the Brooks Range in Alaska, USA. The max-
imum rate of whole-system isoprene flux measured was
over 1.2 mg C m−2 h−1 with an air temperature of 22◦C and
a PAR level over 1500 µmol m−2 s−1. Leaf-level isoprene
emission rates forS. pulchraaveraged 12.4 nmol m−2 s−1

(27.4 µg C gdw−1 h−1) extrapolated to standard conditions
(PAR= 1000 µmol m−2 s−1 and leaf temperature= 30◦C).
Leaf-level isoprene emission rates were well characterized
by the Guenther algorithm for temperature with published
coefficients, but less so for light. Chamber measurements
from a nearby moist acidic tundra ecosystem with littleS.
pulchraemitted significant amounts of isoprene, but at lower
rates (0.45 mg C m−2 h−1) suggesting other significant iso-
prene emitters. Comparison of our results to predictions from
a global model found broad agreement, but a detailed analy-
sis revealed some significant discrepancies. An atmospheric
chemistry box model predicts that the observed isoprene
emissions have a significant impact on Arctic atmospheric
chemistry, including a reduction of hydroxyl radical (OH)
concentrations. Our results support the prediction that iso-
prene emissions from Arctic ecosystems will increase with
global climate change.

1 Introduction

Emission of biogenic volatile organic compounds (BVOCs)
from plants strongly couples terrestrial ecosystem processes
and atmospheric chemistry cycles, and the cross-disciplinary
nature of this subject brings together the fields of ecophysi-
ology, plant physiology, ecology, micrometeorology, and at-
mospheric chemistry (Harrison et al., 2013). While the func-
tions of some BVOCs are now well understood – ranging
from protection against herbivory (monoterpenes; Trapp and
Croteau, 2001) to by-products of plant growth (methanol;
Fall, 2003) – the function of another important BVOC, iso-
prene, is still debated (Sharkey and Singsaas, 1995; Rosen-
stiel et al., 2004; Loreto et al., 2001; Sharkey et al., 2008).
This study focuses on isoprene (C5H8), which accounts for
500 to 750 Tg of carbon emitted globally per year (Guenther
et al., 2006).

Once isoprene enters the atmosphere, it has profound ef-
fects on regional air quality (Chameides et al., 1988), the
global oxidizing capacity of the atmosphere (Crutzen and
Zimmermann, 1991), and secondary organic aerosol produc-
tion (Andreae and Crutzen, 1997). Isoprene emissions are
modelled using algorithms derived from the leaf-level re-
sponse of emissions to variations in temperature and light,
which have mechanistic underpinnings (Guenther et al.,
1993; Grote and Niinemets, 2008; Monson et al., 2012). Iso-
prene emissions are also sensitive to climate change (Lath-
iere et al., 2010; Pẽnuelas and Staudt, 2010; Arneth et al.,
2011; Laothawornkitkul et al., 2009). Examples of factors af-
fected by climate change which impact ecosystem isoprene
production are species composition (Sharkey and Yeh, 2001);
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temperature (Monson and Fall, 1989; Sharkey et al., 1999);
nitrogen availability (Harley et al., 1994); herbivory/insect
interactions (McCormick et al., 2012; Yuan et al., 2009);
air quality (Pinto et al., 2010); stress and multiple stressors
(Holopainen and Gershenzon, 2010; Niinemets, 2010); and
canopy architecture (Harley et al., 1996; Baldocchi et al.,
1999).

Most field studies of isoprene emissions have focused on
temperate ecosystems (e.g., Goldstein et al., 1995; Pressley
et al., 2005; McKinney et al., 2011) due to accessibility and
tropical ecosystems (e.g., Geron et al., 2002; Rinne et al.,
2002; Langford et al., 2010) because warm temperatures,
high biomass densities, and long growing seasons drive glob-
ally significant fluxes. Other studies have stretched from sa-
vannahs (e.g., Guenther et al., 1996; Otter et al., 2003) to bo-
real forests (e.g., Rinne et al., 2000; Spirig et al., 2004). How-
ever, Arctic (latitude above 66.6◦ N) tundra ecosystems have
been neglected, with most studies coming from the same field
station near Abisko, Sweden (Ekberg et al., 2009; Faubert et
al., 2010; Rinnan et al., 2011; Tiiva et al., 2008; Ekberg et
al., 2011; Holst et al., 2010; Faubert et al., 2012; note that no
isoprene emissions were detected in the Faubert et al., 2012
study) and another study in northern Finland (Tiiva et al.,
2007).

The Arctic is an important region to observe ecosys-
tem responses to global climate change. Observations and
model predictions both indicate that high-latitude ecosys-
tems are particularly sensitive to global climate change for
two reasons. First, the climate of the Arctic is dispropor-
tionately affected by global climate change. For example,
CO2 concentration measurements have revealed increases in
growing-season length (Myneni et al., 1997), and tempera-
ture records (including paleoclimate proxies) have revealed
a strong warming trend at high latitudes (Overpeck et al.,
1997; Serreze et al., 2000). Precipitation amounts also have
increased during the last 50 years (Rawlins et al., 2010).
Unique aspects of the Arctic climate system also contribute
to increased sensitivity to climate change. The recent precip-
itous decline in sea ice extent (Kwok et al., 2009) also high-
lights the sensitivity of the Arctic region to global change.
Changes in surface temperature, ice sheets, glaciers, snow
cover, permafrost, and sea ice are detectable through satel-
lite observations (Comiso and Parkinson, 2004). Addition-
ally, many climate models predict a decrease in thermohaline
circulation, which impacts the heat budget of vast regions of
the Arctic (Clark et al., 2002). Finally, Arctic warming trends
drastically change the state of an ecosystem by eroding the
permafrost layer and increasing active layer depth (Chen et
al., 2003; Frauenfeld et al., 2004).

The second reason driving the sensitivity of the region to
global climate change is that Arctic ecosystems are highly
adapted to extreme environmental conditions and small envi-
ronmental changes may have large consequences. For exam-
ple, if a perturbation in Arctic climate causes an increase in
deciduous shrubs, the “snow fence” effect will cause greater

snow depths leading to warmer soil temperatures, increased
mineralization rates, and more nutrient availability – which
favours further shrub growth (Sturm et al., 2001). This pos-
itive feedback loop demonstrates the inherent instability of
the tundra ecosystem in regard to climate change.

1.1 Previous research on Arctic air-surface exchanges

Previous field studies have explored aspects of the impact
of surface exchanges with the terrestrial biosphere on atmo-
spheric chemistry in high-latitude regions, but there has been
little focus on summer-time BVOC chemistry. The Arctic
Boundary Layer Expedition (ABLE-3A) focused on inves-
tigating exchange processes of NOy, CO, and methane on
the ground in the Yukon–Kuskokwim Delta region. These
ground-based experiments were complemented by airborne
measurements of a variety of important reactive trace gases
(Harriss et al., 1992b). While detailed knowledge of methane
sources and sinks (Bartlett et al., 1992) as well as NOx (Bak-
win et al., 1992) and O3 deposition fluxes (Jacob et al., 1992)
were obtained during ABLE-3A, BVOC exchange measure-
ments were not quantified. Non-methane hydrocarbon mea-
surements on the NASA Electra research aircraft, however,
indicated the abundance of important biogenic reactive trace
gases in the Arctic (isoprene, Blake et al., 1992).

In contrast to the terrestrial biosphere, many studies have
focused on the impact of ice and snow surfaces on Arc-
tic atmospheric chemistry. These studies were motivated by
the observation that these air-surface exchanges had im-
portant implications for cycles of atmospheric chemistry in
the Arctic. One emphasis has been springtime tropospheric
O3 depletion events (Barrie et al., 1988), which are ob-
served throughout the Arctic at coastal stations (Helmig et
al., 2007). Arctic tropospheric O3 depletion is thought to be
linked to emissions of halogens from within the sea ice zone
(Helmig et al., 2007). In addition, a significant amount of
data has been collected above the snowpack and firm ice with
important implications for Arctic photochemistry. These in-
vestigations were prompted by the finding from the Polar
Sunrise Experiment (PSE98) that formaldehyde was emitted
from the snowpack at Alert after polar sunrise (Sumner and
Shepson, 1999; Sumner et al., 2002). The impact of air–ice
exchanges on Arctic atmospheric chemistry demonstrates the
sensitivity of the system to relatively small exchanges of re-
active species.

1.2 Previous research on global change factors and
deciduous shrub species

The Toolik Field Station (TFS) has been the setting for a wide
variety of ecological experiments focused on global change
factors in the Arctic. The shrub species in the moist acidic
tundra ecosystems near Toolik are dominated by two genera:
Betula(birch) andSalix (willow) (Kade et al., 2012).Betula
spp. are not isoprene emitters, although they do emit other
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BVOCs, whileSalixspp. are strong isoprene emitters (Wied-
inmyer, 2004) and are the focus of this study. Most of the
global change experiments conducted at TFS fall into four
categories: fertilization, warming, shading, and alteration in
growing season length (including interactions among these
factors). Shaver et al. (2001) found thatBetula nana, a de-
ciduous species (dwarf birch), dominated the upper canopy
when nutrients were added to a moist acidic tundra ecosys-
tem. The fertilization effect can become self-sustaining since
leaf litter from B. nanais more readily decomposable (van
Wijk et al., 2004). In comparison, for sites where deciduous
species had a relatively low starting percentage of cover (i.e.,
moist non-acidic tundra), deciduous shrub cover did not in-
crease with either fertilization or warming (Gough and Hob-
bie, 2003). Other studies have focused more generally on the
total impact on shrub cover. Warming experiments showed
species responses that favoured deciduous plants (Hobbie
and Chapin, 1998) in moist acidic tussock tundra, while
shading experiments led to decreased shrub growth (Chapin
et al., 1995). Another snow-depth study found that either in-
creased soil temperatures (due to direct warming) or drifting
snow lead to increases in growing season length and greater
biomass (Walker et al., 1999) for both moist and dry ecosys-
tem types. This predicted increase in the dominance of shrubs
has been seen in aerial photographs (Tape et al., 2006), de-
tected in the Russian Arctic using tree-ring growth (Forbes et
al., 2010) and is the current focus of remote sensing studies
(e.g., Boelman et al., 2011).

Changing species-composition effects on ecosystem
BVOC emissions in the Arctic are complex. A study of
mountain birch (B. pubescens) forests found that ecosystem
BVOC emissions (in particular, sesquiterpenes) would de-
crease because warming would increase nutrient availabil-
ity that would in turn promote ground-cover species with
lower emission capacities (Faubert et al., 2012). But in-
creases in deciduous shrubs could lead to increases in ecosys-
tem BVOC emissions. WhileBetula species are not iso-
prene emitters, they do emit monoterpenes and sesquiter-
penes (Haapanala et al., 2009; Tarvainen et al., 2007), so in-
creases inBetulaspecies would lead to increases in ecosys-
tem BVOC emissions, assuming that the replaced grasses and
sedges had lower emission capacities.

1.3 Current study

The current study investigates two hypotheses. The first is
that isoprene emissions from tundra ecosystems have a sig-
nificant impact on Arctic atmospheric chemistry. As outlined
above, previous Arctic atmospheric chemistry studies show
the system is sensitive to air-surface interactions over snow
and seawater. Our studies use leaf-level and whole-system
measurements of isoprene emission from a moist acidic tun-
dra ecosystem to estimate ecosystem emission factors. First,
we compare these measured factors to a global isoprene
model. Next, these factors are then used to drive an atmo-

spheric chemistry model to determine their impact on Arctic
photochemistry. Our second hypothesis is that global change
factors will lead to increased isoprene emissions. If isoprene
emissions from deciduous shrubs play a key role in the cur-
rent system, this influence is predicted to grow with the in-
creasing dominance of tundra shrubs from warming Arctic
temperatures. We test this hypothesis by performing leaf-
level isoprene emission rate measurements at an existing ex-
periment that manipulates nutrients and ecosystem tempera-
ture. To support the exploration of these hypotheses we tested
the applicability for Arctic tundra species and ecosystems
of leaf-level and whole-system models of isoprene emission
that were primarily developed based on observations from
mid-latitude species.

2 Methods

2.1 Overview of field campaigns

All research was performed near the Toolik Field Station
(68◦38′ N, 149◦38′ W) on the north slope of the Brooks
Range in Alaska (Fig. 1) in moist acidic tundra ecosystems.
Data were collected during 3 field campaigns that occurred
near the peak of the growing season in late June and early
July for the years 2005, 2010 and 2011. The eddy covari-
ance technique was used during 2005 and 2010 (denoted
as EC05 and EC10) to measure isoprene fluxes at an exist-
ing station that measures carbon dioxide (CO2) flux. This
station is located in the Imnavait Creek experimental water-
shed, which is 12 km east of the main field station (labelled
EC in Fig. 1), and is at an elevation of 930 m. The exist-
ing eddy flux system is part of the Arctic Observatory Net-
work (AON http://aon.iab.uaf.edu, Euskirchen et al., 2012).
Whole-system measurements of isoprene fluxes were also
obtained with static and dynamic chamber systems during
2011 (CH11) at a location approximately 500 m north of the
main field station (labelled CH in Fig. 1). The leaf-level data
were also collected during the 2011 field campaign from and
near an existing global change manipulation experiment (la-
belled LL in Fig. 1).

2.2 Leaf-level measurements

Leaf-level measurements were performed with a LI-6400
leaf-gas exchange system (LI-COR Biosciences, Lincoln,
Nebraska, USA) with a self-contained LED light source and
typical gas-exchange parameters were measured (e.g., pho-
tosynthesis, transpiration, conductance and intercellular CO2
concentration). The system has the ability to control leaf tem-
perature, incident light and CO2 concentration of the incom-
ing air stream. There is some ability to control water vapour
via a desiccant scrub (Drierite, W. A. Hammond Drierite, Xe-
nia, Ohio, USA) or by adding< 10 mL of water to the CO2
scrub (soda lime). Incoming air first was drawn though an
external filter to remove hydrocarbons and ozone (Refillable
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LL

CH

EC

Fig. 1. The Toolik Field Station is located on the north slope of the Brooks Range. The Imnavait Creek experimental watershed (marked
EC) is 12 km east of the main field station, and is at an elevation of 930 m. The chamber measurements were located just north of the field
station (marked CH). Leaf-level measurements were performed to the southwest of the station (marked LL). (Map courtesy of the Toolik
Field Station GIS Office,http://toolik.alaska.edu/gis/maps/index.php).

Hydrocarbon Trap, Restek, Bellefonte, PA). The impact of
isoprene reacting with O3 is minimal because the LI-6400
pump removes most incoming O3 (Geron et al., 2006) and
ambient O3 concentrations are low. If CO2 was being con-
trolled, the built-in CO2 scrubber removed all incoming CO2
and the LI-6400 mixer set the concentration using disposable
CO2 cartridges (LI-COR).

Isoprene emission rates were determined by measuring the
isoprene concentration of air exiting the LI-6400. The ex-
haust stream was coupled to an automated GC-FID with a
fixed solid absorbent trap, and further analytical details are
available in the Supplement. All measurements were made
on excised leaves in the laboratory. Investigators have done
experiments (photosynthesis withB. nana, personal commu-
nication, Marjan van de Weg, and respiration withS. pul-
chra, Griffin, data not shown) on excised leaves from this
tundra ecosystem, and comparisons have shown no effect of

excision on CO2 gas exchange at times up to 2 h. In addi-
tion, a comparison of excised leaves and intact leaves con-
ducted at Imnavait Creek showed no significant difference
in emission rates (n = 3, mean cut/uncut ratio 0.88, standard
error= 0.19). We assume the small impact of leaf excision
on leaf physiology is due to the relatively low water stress
of tundra plants, since leaf water potential has been observed
to become less negative at higher latitudes (Figueroa et al.,
2010).

Temperature and light curves were obtained by using
an autoprogram with a 20-min time step. For temperature
curves, leaf temperature was first set to 30◦C, and then
stepped from 20 to 32.5 in 2.5◦C increments. Although air
temperatures were generally lower than this range, leaf tem-
peratures can be elevated by 7◦C above ambient air tem-
perature in Arctic plants (Wilson, 1957). For light curves,
PAR (photosynthetically active radiation) was initially set

Biogeosciences, 10, 871–889, 2013 www.biogeosciences.net/10/871/2013/
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to 1000 µmol m−2 s−1, and then stepped through 100, 200,
400, 800, 1000 and 1600 µmol m−2 s−1. For the temperature
curves, light was kept constant at 1000 µmol m−2 s−1 and for
the light curves, leaf temperature was kept at 25◦C. For all
measurements, flow rate was constant at 250 µmol s−1 and
incoming CO2 was controlled at 400 ppmv. When ambient
humidity was low, drops (< 10 mL) of distilled water were
added to the CO2 scrub to minimize the leaf vapour pressure
deficit.

2.3 Leaf-level modelling

The measured leaf-level responses were compared to pre-
dictions based on the algorithms proposed by Guenther et
al. (1993), commonly known as the Guenther algorithms.
These equations are derived from empirical observations but
agree well with theoretical considerations, if an adjustment
is included to correct a mismatch in the units (Monson et al.,
2012). Leaf-level emissions are predicted by

Emissionleaf = EFleaf× CL × CT , (1)

where EFleaf is the basal emission rate at 30◦C leaf temper-
ature and 1000 µmol m−2 s−1 PAR. The two factors are

CL =
αCL1L

√
1+ α2L2

, (2)

whereα = 0.0027,CL1 = 1.066, andL is the PAR level, and

CT =
expCT 1(T −TS )

RTST

1+ expCT 2(T −TM )
RTST

, (3)

where R = 8.314 J K−1 mol−1, CT 1 = 95 000 J mol−1,
CT 2 = 230 000 J mol−1, TS = 303 K, TM = 314 K, andT is
the leaf temperature in K.

For light curves, the measured emissions in each
curve were normalized by the measurement taken at
PAR= 1000 µmol m−2 s−1. To further explore the applica-
bility of the Guenther algorithms to emissions from Artic
plants, an additional fit to the leaf-level data was performed
which estimatedα andCL1 with a non-linear, least-squares
technique. For temperature curves, the instrument was not
always able to obtain the leaf temperature set point, so mea-
surements were normalized by calculating the slope of a lin-
ear fit of measured emissions versus calculatedCT values.
The slope was then used to normalize the measurements.

2.4 Global change experiment

We performed leaf-level isoprene emission rate measure-
ments onS. pulchraplants from an existing global change
manipulation experiment (for full details, see Chapin et al.,
1995; Bret-Harte et al., 2001; Shaver et al., 2001). The fol-
lowing treatments were applied in addition to the control (C):

nitrogen (N), phosphorus (P), combined nitrogen and phos-
phorus (NP), and a greenhouse (GH) treatment which ele-
vated ecosystem temperature. Each treatment was applied to
a 5 by 20 m plot and replicated in 4 blocks with 3 leaves sam-
pled per block. The fertilization plots (N, P, NP) received the
respective treatments of fertilizer after snowmelt each June.
The greenhouses were simple wooden “A” frames, approx-
imately 2 by 4 m and are covered annually with 0.15 mm
transparent plastic sheeting in late May and uncovered at the
end of August (Bret-Harte et al., 2001). PAR was reduced in
the greenhouse due to the plastic sheeting by about 20 % of
the ambient light PAR values (data not shown). Air temper-
ature and relative humidity were also measured during the
growing season with sensors read every minute and aver-
aged every hour. During the summer months, the daytime
air temperature within the greenhouses typically ranged 5–
10◦C warmer than the ambient air temperatures. The data
were analysed by first computing a mean from the 3 samples
within each block, and then performing an ANOVA on the
linear model with the 5 treatments (n = 4). The results were
also analysed using Tukey’s Honest Significant Difference
(HSD) test.

2.5 Eddy covariance measurements

For EC05 and EC10, we used the eddy covariance (EC)
technique to measure ecosystem fluxes. The eddy covariance
technique requires that the landscape is homogeneous (Bal-
docchi, 2003), and the long-term record of CO2 fluxes, in-
cluding turbulence data, is useful for testing this assumption.
CO2 fluxes obtained at this site were well described by an
ecosystem model using an ensemble Kalman filter (Rastet-
ter et al., 2010). Ecosystem fluxes were calculated with stan-
dard micrometeorological procedures closely related to basic
protocols used for analysing eddy covariance data developed
by the flux community for the EUROFLUX (now known as
CARBOEUROPE) (Aubinet et al., 2000) and AmeriFlux net-
works (Baldocchi et al., 2001). Wind and isoprene concentra-
tion measurements were recorded at a rate 10 and 1 Hz, re-
spectively. Isoprene fluxes were determined directly by using
a Fast Isoprene System (FIS) analyser (Guenther and Hills,
1998) from Hills Scientific (Boulder, Colorado, USA). This
instrument uses a chemiluminescence technique to measure
isoprene by counting photons from the reaction of O3 (gen-
erated by the system) and isoprene. Isoprene flux measure-
ments were conducted at the existing CO2/H2O eddy covari-
ance tower. The AON project provided all ancillary measure-
ments (e.g., radiation, air temperature) necessary for inter-
preting our isoprene flux measurements.

A description of the eddy covariance equipment and data
analysis procedures for the CO2 and H2O fluxes is given in
Rastetter et al. (2010) and is briefly summarized here. Eddy
covariance data were collected with an open-path CO2/H2O
gas analyser (LI-7500, LI-COR) and sonic anemometer
(CSAT3, Campbell Scientific, Logan, Utah, USA) located

www.biogeosciences.net/10/871/2013/ Biogeosciences, 10, 871–889, 2013



876 M. J. Potosnak et al.: Isoprene emissions from a tundra ecosystem

approximately 2 m above the land surface. The vertical wind
was rotated using the 2-D method of Wilczak et al. (2001)
and the derived rotation angles closely matched the slope (cf.
Turnipseed et al., 2003, Fig. 7). After computing the covari-
ance between the rotated wind and the CO2 concentrations,
the CO2 fluxes were corrected using the sensible and latent
heat fluxes (Webb et al., 1980). Isoprene fluxes were calcu-
lated in a similar manner with two exceptions. First, the FIS
instrumental noise restricted the collection frequency to 1 Hz,
so the wind measurements were averaged to that frequency.
Second, because of relatively low isoprene concentrations,
the corrections of Webb et al. (1980) are small and were ne-
glected.

Although the existing flux tower was powered by solar
panels and a wind turbine, because of power requirements
the FIS was run using a portable gasoline generator (2 kVA).
For EC05, the generator was located approximately 100 m
from the tower, in the prevailing down-wind direction. For
EC10, the generator was located approximately 300 m down
slope (towards the west). This allowed for our isoprene mea-
surements to be conducted without contamination of the flux
field.

2.6 Whole-system emission models

Whole-system isoprene emissions were modelled with two
methods. First, for the chamber measurements and for the
eddy covariance data, a big-leaf model analogous to Eq. (1)
was used:

Emissioncanopy= EFcanopy× CL × CT . (4)

The only change compared to Eq. (1) is that air temperature
was used in place of leaf temperature, which has been as-
sumed before in the literature for a high-latitude ecosystem
(Olofsson et al., 2005).

Equation (4) was used to infer the canopy emission factor
from the whole-system measurements. Equation 4 was rear-
ranged to solve for EFcanopy based on the measured values
of Emissioncanopyand values ofCL andCT based on ambi-
ent light and temperature for each 30-min flux period. The
approach uses several assumptions to allow the use of these
leaf-level equations. First, air temperature is used in place
of the leaf temperature. Second, the canopy is treated as a
single flat leaf with a leaf area index (LAI) equal to 1. By
plotting observed emissions against the combined tempera-
ture and light scaling factors, the canopy emission factor is
derived from the slope of the best fit line with a zero inter-
cept. We also employed the MEGAN framework (Model of
Emissions of Gases and Aerosols from Nature) described in
Guenther et al. (2006). The model employs a radiative trans-
fer scheme to predict incident light for both sun and shade
leaves with a 5-layer canopy. In addition, the model calcu-
lates leaf temperature accounting for air temperature, vapour
pressure deficit and wind speed (Guenther et al., 1999). Al-
though MEGAN has algorithms to account for the impact of

10 and 1-day previous temperature and light regimes on the
capony emission factor, those algorithms were not utilised
in the analyses for this study. The model uses the following
meteorological variables from the existing eddy flux system:
solar radiation, air temperature, absolute humidity and wind
speed. The only other parameters necessary for MEGAN are
LAI of the entire ecosystem, which was set to 0.66 follow-
ing the work of Williams et al. (2006) at this same field site,
latitude (68.5◦ N) and canopy type (grass). The MEGAN ap-
proach is similar to Eq. (4):

Emissioncanopy= [ε] [γ ] , (5)

whereε is a canopy emission factor analogous to EFcanopyin
Eq. (4) andγ depends on the meteorological variables.

We used a transect method to estimate the ecosystem LAI
for S. pulchrasurrounding the tower, the focus of our leaf-
level measurements. Starting 10 m from the base of the tower,
we used existing transects that followed the 4 cardinal direc-
tions. Each transect ranged from 10 to 45 m and each point
in the transect was spaced at 5 m. For each point in the tran-
sect, we counted the number of branches ofS. pulchrawithin
a 30 cm radius. A random sub-sample of branches was col-
lected and leaf area per branch was determined with a flatbed
scanner. The average leaf area per branch was then used to
scale up the number of branches at each transect location,
which was then averaged to estimate an ecosystem-level LAI
for S. pulchra.

2.7 Chamber measurements

For CH11, two chamber systems were used to measure iso-
prene fluxes: a larger static chamber and a smaller dynamic
chamber. For the chamber measurements, isoprene concen-
trations were determined by collecting solid absorbent car-
tridges in the field and followed by analysis in the labora-
tory (see Supplement for further details). The static mea-
surements were made with transparent acrylic chambers that
were fitted to permanently white polypropylene chamber
bases that were installed in each plot in June 2009. Over the
course of 4 days, 15 separate measurements across 6 differ-
ent pre-installed chamber bases were performed. The relative
abundance of species present in the chambers is given in Ta-
ble 1 and is representative of moist acidic tundra ecosystems.
The chamber was approximately 35 cm in height (including
the base) and 1.2 m on each side, enclosing a ground-surface
area of 1.46 m2. The bases were installed for a project mea-
suring whole-system CO2 isotopes. A static chamber tech-
nique was employed with 4 box fans in the chamber to
promote mixing. Cartridge samples were collected over 15
to 20 min to calculate the change in isoprene concentration
with time. Sampling began 2 to 5 min after the chamber was
in place and each cartridge was filled for 5 min. For each
measurement 3 to 4 cartridges were collected and then the
cartridges were analysed using the procedures outlined in
the Supplement. Static chambers have the disadvantage of
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Table 1.Relative occurrence of species in the static chambers.

Species Relative occurrence (%)
Mosses 17.7
Eriphorum vaginatum 14.8
Hylocomium splendens 12.5
Vaccinium uliginosum 7.3
Carex bigelowii 6.8
Cassiope tetragona 6.6
Lichens 6.5
Vaccinium vitis-idaea 4.3
Betula nana 3.3
Sphagnum spp. 3.2
Bryum spp. 2.4
Arctostaphylous alpina 2.3
Ledum palustre 2.2
Salix pulchra 2.1
Andromeda polyfolia 1.5
Dryas integrifolia 1.4
Polygonum vivparum 1.1
Others below 1 % 4.3

perturbing environmental conditions, and in particular lead
to increasing air and leaf temperatures (Ortega and Helmig,
2008). To compensate for this, air temperature was continu-
ously monitored with a thermocouple inside the chamber and
light with a PAR sensor (model MQ, Apogee Instruments,
Logan, Utah, USA). Also, immediately after removing the
chamber, leaf/ground temperatures were measured with an
infrared thermometer inside and outside the chamber base to
assess the impact of heating.

In addition, leak rates were significant, since isoprene con-
centrations inside the chamber were much higher than out-
side concentrations (typically by a factor of 100). High cham-
ber concentrations can lead to an underestimate of flux rates
with the static enclosure technique (Nay et al., 1994). We
used a simple model to predict the ecosystem exchange fac-
tor (EFcanopy) using Eq. (4) and a leak rate. The leak rate was
estimated to be 7 % min−1 assuming the amount of isoprene
lost was proportional to concentration and based on measur-
ing the decrease in isoprene concentration when the chamber
was covered with a tarp (performed twice). The model pre-
dicted isoprene concentrations with a one-minute time step
by using Eq. (4) to estimate emissions and then accounting
for the loss of isoprene due to the leak rate. The basal emis-
sion rate was determined iteratively by minimizing the resid-
ual sum of squares calculated from the measured isoprene
concentrations.

Dynamic chamber measurements were also employed
with smaller chambers. These smaller dynamic chambers
were located to only encloseSphagnumssp. Similar to the
larger static chambers, these chambers had pre-existing bases
placed in the ground and the placement of the chamber top
did not physically touch any plant matter. The smaller dy-
namic chambers were circular, with a diameter of 19.2 cm, a

height of 5 to 10 cm and an enclosed surface area of 290 cm2.
The flow rate through the chamber was 0.9 L min−1. Fluxes
were calculated by measuring the isoprene concentration of
air exiting the chamber and subtracting the concentration of
isoprene measured in the air entering the chamber, which was
not scrubbed for O3 or hydrocarbons. Because of low ambi-
ent O3 concentrations and the low reactivity of isoprene with
O3, we assume chemical loss of isoprene was small. Two
measurements were made of the isoprene concentration exit-
ing the chamber and the results were averaged. Sample col-
lection began at 6 and 30 min after enclosure, and each sam-
ple was collected for 20 min onto a cartridge and analysed
using the procedures described in the Supplement. Temper-
ature and light were measured with the same equipment de-
scribed for the static chambers.

2.8 Atmospheric chemistry model

The impact of isoprene emissions on Arctic atmospheric
chemistry was investigated with the RACM2 model (Re-
gional Atmospheric Chemistry Mechanism, version 2, Stock-
well and Goliff, 2004; Papiez et al., 2009). By running
RACM with and without isoprene emissions and observing
how the predicted concentrations of reactive species varied
with time, we could assess how isoprene emissions influence
atmospheric chemistry. This model includes a comprehen-
sive isoprene oxidation scheme and lumps chemical species
together for computational efficiency. The RACM2 mecha-
nism was used in a box model mode, assuming a fixed con-
vective boundary layer (CBL) height of 1000 m. The model
has zero spatial dimensions, so the CBL height is only used
for the dilution of the isoprene emission source. Measure-
ments at a similar latitude found a CBL height of 750 m (Lib-
erto et al., 2012), and using 1000 m provides a lower-bound
estimate on the impact of isoprene on chemical processes.
The model output step was 30 min and ran from 07:00 to
01:00 the following day, local Alaska Daylight Time. Pho-
tolysis rates used for driving the model chemistry were gen-
erated using the appropriate time, date and latitude with the
assumption of clear-sky conditions. Isoprene was added for
each 30 min time step using emissions observed during day
180 of EC05. The model was also run with these emissions
set to zero to analyse the impact of emissions on chemical
processes. The initial concentrations of reactive gases were
selected based on observations obtained during the ABLE
3A study (Table 2), primarily near Barrow, Alaska.

3 Results and discussion

3.1 Leaf-level emission rates

3.1.1 Temperature and light response

Leaf-level rates of isoprene emission were explored as a
function of leaf temperature and light (Fig. 2). We used
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Table 2. Concentrations and sources used to initialize the RACM
model. PAN is peroxyacyl nitrates. Any chemical species not listed
but that is tracked by the model (for example, methyl vinyl ketone
and methacrolein) were initialized to zero.

Species Concentration Units Source
O3 32 ppb (Gregory et al., 1992)
NO 8.5 ppt (Sandholm et al., 1992)
NO2 16.5 ppt (Sandholm et al., 1992)
HNO3 40 ppt (Talbot et al., 1992)
PAN 25 ppt (Singh et al., 1992)
CO 90 ppb (Harriss et al., 1992a)
CH4 1.73 ppm (Harriss et al., 1992a)
Ethyne 40 ppt (Blake et al., 1992)
Toluene 47 ppt (Rasmussen and Khalil, 1983)
Benzene 167 ppt (Rasmussen and Khalil, 1983)

Eq. (1) to compare our measurements to predictions from
the well-tested algorithms of Guenther et al. (1993). No ad-
justments were made to the coefficients of the published al-
gorithm. The fit to temperature is good, with the algorithm
explaining 96 % of the observed variation (Fig. 2, left panel).
The fit for light was less satisfactory and only 58 % of the
variation was explained. The response to light is more lin-
ear than predicted by the algorithm, which also has been
observed in tropical ecosystems (Keller and Lerdau, 1999).
Optimizing the parametersα andCL1 explains 81 % of the
variance, an improvement.

Our next goal was to determine the average basal emission
rate (EFleaf in Eq. 1) forS. pulchra. We measured 21 indepen-
dent leaves from a location approximately 500 m southwest
of the field station. These leaves were located in the con-
trol plots of an experiment to measure the impact of nutrient
addition and warming on the tundra ecosystem (Chapin et
al., 1995). The average emission rate from these measure-
ments at a leaf temperature of 25◦C and 1000 µmol m−2 s−1

PAR was 6.85 (SD= 5.87) nmol m−2 s−1. Using measured
dry leaf mass to express this on a gram dry weight (gdw) ba-
sis, the average rate is 15.1 µg C gdw−1 h−1. Since the Guen-
ther algorithm for temperature worked well with our data
set, we can use Eq. (3) to estimate the rate at 30◦C to be
27.4 µg C gdw−1 h−1 to compare our results to measurements
from temperate ecosystem plants. Our measured rate is very
close to the average (27.2 µg C gdw−1 h−1) which has been
previously reported in the BVOC emission inventory for all
Salixspecies (Wiedinmyer, 2004). Overall, the leaf-level iso-
prene emissions fromS. pulchralocated in the moist acidic
tundra ecosystem were consistent with previous results from
mid-latitude ecosystems, except that the response to light
was more linear than predicted. The agreement in the basal
emission rate and response to temperature has been noted
previously in high-latitude ecosystems for a range of species
(Karl et al., 2009 and references therein) and specifically for
Salixat lower latitudes (Copeland et al., 2012).

3.1.2 Global change factor experiment

There were no significant differences observed in leaf-level
isoprene emission rates fromS. pulchrafor any of the nutri-
ent addition treatments versus the control:p = 0.98 for N,
p = 0.98 for P andp = 0.99 for NP. This was contrary to
our expectation, since, in particular, nitrogen fertilization has
been shown to increase isoprene emission rates for temperate
species (Harley et al., 1994). Our results are consistent with
a recent report that also found no impact of fertilization on
isoprene emissions from a similarSalix species (S. phylici-
folia) treated to a similar fertilization experiment in Abisko,
Sweden (Rinnan et al., 2011). On the other hand, the green-
house warming experiment lead to an over 3-fold increase in
isoprene emission rates (standard errors): from 4.49 (0.79) to
13.92 (2.92) nmol m−2 s−1 (p < 0.01 from Tukey’s Honest
Significant Difference,n = 4). This result is not explained
by a difference in specific leaf weight, which increased only
3.4 % in greenhouse; this difference is not significant (t-test,
p = 0.73). As summarized in Bret-Harte (2001), the main ef-
fect of the greenhouse is to increase air temperature, but two
side effects are decreased PAR and decreased relative hu-
midity. Decreasing PAR would suppress emissions (Harley
et al., 1996), so this does not drive the observed increase in
the basal emission rate. In isolation, changes in relative hu-
midity do not impact isoprene emission rates – for example,
relative humidity is not included in the Guenther algorithms.

The increasing basal emission rate with a higher growth
temperature is consistent with many previous studies on the
impact of growth temperature on the isoprene emission ca-
pacity of plants (for an early reference, see Monson and Fall,
1989). Unlike the fertilization component, our results differ
from the similar experiment performed in Sweden (Rinnan
et al., 2011). Rinnan et al. observed no significant difference
for the warming treatment onS. phylicifolia. Three observa-
tions may explain this discrepancy. (1) In the Sweden experi-
ment, warming is accomplished with open-top tents that em-
ploy passive warming. By chance, cloudy weather caused the
temperatures in the warmed plot to be the same as the con-
trol plot at the time of measurement. Although our protocol
of using detached leaves makes the instantaneous tempera-
ture the same (25◦C), short-term effects (5 to 10 days) could
be influencing the basal emission rate (Petron et al., 2001;
Grote and Niinemets, 2008; Monson et al., 2012) in our re-
sults. (2) The amount of warming in the two experiments
differed. In our experiment, air temperatures were elevated
in the range of 5 to 10◦C, while in the Sweden experiment
the average was 4◦C (see Sect. 2.1 in Rinnan et al., 2011).
(3) The statistical power in the Sweden experiment is rela-
tively low (n = 3), and true differences in the mean may have
been masked by high variability (see Table 2 in Rinnan et al.,
2011). Our replication is also low (n = 4), but the large dif-
ference in means and lower variability results in a significant
difference (p < 0.01 as noted above).
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3.2 Whole-ecosystem emissions

3.2.1 Eddy covariance measurements

We measured whole-system isoprene fluxes at the Imnavait
Creek field site during the summer of 2005 (EC05) and
we observed fluxes exceeding 1.2 mg C m−2 h−1 on day 180
(June 29) (Fig. 3). This maximum value is just over 50 %
higher than a previous report (0.73 mg C m−2 h−1) for high-
latitudeSalixplantation (58◦ N, Olofsson et al., 2005). To put
this in perspective, a northern hardwood forest in Michigan
had average midday fluxes of 3 mg C m−2 h−1 over the entire
growing season (Pressley et al., 2005), and several short data
sets of emissions from tropical ecosystems give estimates of
approximately 2.5 mg C m−2 h−1 (Rinne et al., 2002; Karl
et al., 2004). This tundra ecosystem has a much lower LAI
than both the mid-latitude and tropical forested ecosystems.
In addition, the average daily temperatures during the grow-
ing season are also much lower for tundra ecosystems. Lower
LAI and lower average temperature are factors that decrease
whole-system isoprene emissions (Guenther et al., 2006).

The record from EC05 is relatively short since this was an
exploratory experiment and logistics constrained the amount
of data collected. In addition, after day 180 the weather
turned much cooler: air temperature did not exceed 10◦C
for the following week. This cool weather prevented fur-
ther meaningful flux measurements. As seen on day 182,
these low temperatures completely suppress isoprene emis-
sions, even though light levels exceeded 1500 µmol m−2 s−1.
This result is expected, since Eq. (3) decreases by a factor of
4 when the temperature decreases from 20 to 10◦C. Given
the short span of our experiment, we did capture one of the
warmest days of the growing season. Only for two consec-
utive days in August did air temperature exceed the level
reached on day 180.

For EC10, one day (190) had temperatures that ex-
ceeded 20◦C and were similar to day 180 in EC05
(Fig. 4). In this case, isoprene emission fluxes reached over
0.8 mg C m−2 h−1. Because of the short nature of both data
sets, we cannot assume this observed difference represents a
true difference in the underlying capacity of the ecosystem to
emit isoprene. From the experimental error perspective, esti-
mation of sensible and latent heat fluxes by the eddy covari-
ance can be off by 20 % (Goulden et al., 1996). This should
be considered a lower bound for the error in our isoprene
fluxes, and could potentially explain half of the observed dif-
ference between EC05 and EC10.

But given the uncertainty in our measurements due to their
limited length, the change in observed emission rates at sim-
ilar conditions for light and temperature could be due to pre-
ceding air temperatures. The capacity to emit isoprene (EFleaf
in Eq. 1) varies with the previous temperature experienced by
leaves. For oaks, Petron et al. (2001) observed that isoprene
emission at a leaf temperature of 30◦C doubled when the
growth temperature increased from 25 to 30◦C. In EC05, the

Fig. 2.Normalized isoprene emissions as a function of leaf temper-
ature and light forS. pulchraleaves compared to the G93 algorithm
(black curves). The dashed curve in the right-hand panel is the same
algorithm with theα andCL1 parameters in Eq. (2) optimized to fit
the data. The individual sets of measurements from the same leaf
are denoted by the same colour and type of plotting character.

Fig. 3.Ecosystem-level fluxes of isoprene (top panel) and tempera-
ture (black, solid line) and photosynthetically active radiation (red,
dashed line) for 2005 (bottom panel). The system was not run from
day 181 to 192 since light and temperature were suppressed by
ground fog.

maximum temperature increased linearly from 13 to 20◦C in
the 5 days preceding day 180. In EC10, although the air tem-
perature reached almost 20◦C on the day previous to 190, the
temperature had not exceeded 10◦C in the 3 days previous to
that (186–188 days, Fig. 4).

MEGAN uses two time periods to model the impact of pre-
vious temperature: 1 day and 10 days. Using these metrics,
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EC05 and EC10 are similar. For the previous 1 day, the aver-
age temperature was 16.8◦C in 2005 and 19.0◦C in 2010,
while for the previous 10 days, the averages were 10.5◦C
(2005) and 10.4◦C (2010). The algorithm in MEGAN would
predict a 12 % higher emission capacity in 2010 compared to
2005 because of the 2.2◦C increase in averaged air tempera-
ture over the preceding 1 day, while the small 0.1◦C change
over the preceding 10 days results in a change of less than
1 %. The predicted 12 % increase is opposite of the observed
decrease in emissions from 2005 to 2010 under similar tem-
perature and light conditions. But as mentioned above, the
air temperatures in 2010 were much cooler 2 days before the
warm day. Using 5 days as the averaging period, in 2005 the
average temperature was 14.9◦C while it was 9.7◦C in 2010.
Again, we cannot confirm the role of previous temperature
given these two relatively short measurement periods, but
variations in tundra ecosystem’s capacity to emit isoprene (ε

in Eq. 5) warrant further study.
The shape of the diurnal cycle of isoprene emissions is

similar to the shape observed for mid-latitude ecosystems
(compare our Figs. 3–5 in Baldocchi et al., 1995). Night-time
emissions are near zero in both cases. Since isoprene emis-
sions require light (cf. Eq. 2), this is the expected result for
the mid-latitude ecosystem. Because Toolik is located above
the Arctic Circle near 69◦ N, the sun never set during EC05
or EC10 so this is a less obvious result. But the diurnal cy-
cle in temperature and light were sufficient to suppress night-
time isoprene emissions (Figs. 3 and 4). The peak in isoprene
emissions occurs around 15:00 LT (Fig. 3) in 2005, which is
1 h after solar noon (14:00 LT) and corresponds to the peak
in air temperature. Again, this result is consistent with mid-
latitude ecosystems (e.g., Pressley et al., 2005).

3.2.2 Chamber measurements

Static chamber measurements of whole-system isoprene
fluxes were performed 6–9 July (187–190 days of year) dur-
ing 2011. Over these 4 days, 15 samples were collected from
6 different installed bases. Of this set, 4 samples were re-
jected because our technique of using observed temperature
and PAR and a fixed leak rate explained less than 55 % of
the variation in isoprene concentration (averager2

= 0.26).
In 2 of these four rejected cases, clouds passed overhead
during the measurement and changed PAR values measured
inside the enclosure by a factor of 3. Excluding these 4
cases only causes a 5 % increase in the result. For the 11
samples retained, our model explained on average 95 % of
the observed variation in isoprene concentrations. The mean
of these measurements was 0.45 (SD= 0.19) mg C m−2 h−1.
Because our static chamber model was based on Eq. (4),
this result is effectively EFcanopyand can be compared to the
EFcanopyvalues calculated for the EC05 and EC11 measure-
ments in Fig. 5. The slope of the line for each year gives
EFcanopy: 1.93 (EC05) and 0.93 (EC10) mg C m−2 h−1. We
considered three factors that could explain the differences in

Fig. 4.Ecosystem-level fluxes of isoprene (top panel) and tempera-
ture (black, solid line) and photosynthetically active radiation (red,
dashed line) for 2010 (bottom panel).

emission rates observed between the CH11 and EC05/EC10
measurements: chamber effects on measured air temperature,
previous temperature and ecosystem composition.

Both the eddy covariance and chamber EFcanopyestimates
are based on air temperature, which is an imperfect proxy
for the leaf temperature driving isoprene emissions because
solar heating elevates leaf temperature above air temperature
(see Sect. 2.2). But this elevation of leaf versus air tempera-
ture could differ for the chamber measurements versus the
eddy covariance measurements for two reasons. First, the
air temperature measurement is much closer to the ground
(20 to 30 cm vs. 2 m). Second, solar radiation is reduced by
chamber top. If the net impact is a reduction of the differ-
ence between air and leaf temperature, this creates a bias to-
wards lower estimates of EFcanopy by the chamber method
compared to the eddy covariance method. This could explain
some of the observed discrepancy in addition to the reasons
below.

The importance of variability due to previous tempera-
ture regime was discussed above for the eddy covariance
results. Air temperature data were available from a nearby
(less than 1 km) weather station operated by the Environ-
mental Data Team of the Toolik Field Station (http://toolik.
alaska.edu/edc/abioticmonitoring/dataquery.php). Over the
4-day sampling period, the 24-h average previous temper-
ature ranged from 9.6 to 14.0◦C, considerably lower than
either EC05 (16.8◦C) or EC10 (19.0◦C). Similarly, the 10-
day average temperature ranged from 8.7 to 9.4◦C, again
lower than the 10.5 and 10.4◦C observed for EC05 and
EC10, respectively. The lower values of EFcanopy observed
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Fig. 5. Left-hand panels: a model of whole-ecosystem isoprene
fluxes using the G93 algorithms and treating the tundra as a single
“big leaf” for each year (Eq. 4). Model predictions of the impact
of temperature and light (CL ×CT ) are on the x-axis, the measure-
ments of whole-system isoprene emissions (Emissioncanopy) are on
the y-axis and the canopy emission factor (EFcanopy) is the slope
of the fitted line. Right-hand panels: the same model (Eq. 4), except
that theα andCL1 parameters in the G93 algorithm for light (Eq. 2)
have been optimized. The solid line is the linear fit with a zero in-
tercept between the model and the observations for each individual
year. The dashed line is the same fit for both years (EC05 and EC10)
combined. The statistics for the combined fit with the original big-
leaf model (two left-hand panels) arer2

= 0.66 and slope= 1.31
and with the adjusted big-leaf model (two right-hand panels) are
r2

= 0.73 and slope 1.38.

for CH11 are consistent with the influence of previous tem-
peratures.

Although the CH11 and EC05/EC10 measurements were
both taken from moist acidic tundra ecosystems, there were
differences between the sampling locations (Fig. 1). In par-
ticular, lessS. pulchrawas present in the ecosystems en-
closed by the chambers (CH11). The average percent cover
for S. pulchrawas 2.1 % within the chamber bases (Table 1).
For the moist acidic tundra ecosystem near the Imnavait
Creek flux tower (EC experiments), we estimated an LAI
of 0.054 for S. pulchrafrom our transect data, compared
to a total LAI of 0.66 from the literature (Williams et al.,
2006). This gives a percent coverage of 8.2 %, approximately
4 times that observed within the chamber bases for CH11.
This moist acidic tundra ecosystem in the footprint of the
tower consists of evergreen shrubs, the deciduous shrubs, the
sedgeEriophorum vaginatumand mosses, and this ecosys-
tem type dominates the ground cover (95 %; for complete
details see Sect. 2.2 in Kade et al., 2012). The impact of

this increase inS. Pulchracoverage on the predicted canopy
emission factor is explored below under the whole-system
modelling section.

Isoprene fluxes observed from the smaller dynamic cham-
bers enclosing onlySphagnumspp. were much lower than
observed from the larger static chambers. The data were col-
lected simultaneously (8–9 July, 189–190 days of year) and
at the same location. No measurements from the dynamic
chambers exceeded 0.038 mg C m−2 h−1, which was less
than 10 % of the values observed from the static chambers.
These smaller dynamic chambers were selectively placed
overSphagnumspp. (moss). Given the uncertainties inherent
in using different measurement techniques, we conclude that
the mosses do not contribute significantly (< 10 %) to the en-
tire ecosystem flux of isoprene, which is in agreement with a
study that found vascular plants contributed over 90 % of the
isoprene flux from a boreal peatland (Tiiva et al., 2009). We
do note thatSphagnumssp. have complex controls related
to photosynthesis and water availability which could affect
their contribution to ecosystem isoprene flux under different
environmental conditions (Ekberg et al., 2011).

3.3 Whole-system modelling

We tested a very simple model of isoprene emission consid-
ering the tundra ecosystem as a “big leaf” (Eq. 4). We were
motivated to investigate the use of a big-leaf model because
of the relatively short height of plants in the tussock tundra
ecosystem and relatively low LAI (LAI= 0.66, Williams et
al., 2006). While the model has some predictive capability
(solid lines in the 2 left panels of Fig. 5), the model over-
predicts at low emission levels and under-predicts at high
emission levels, especially in 2005. Results from leaf-level
measurements (Fig. 2) demonstrate that these emission al-
gorithms (with parameters derived from temperate species
research) perform well for temperature but less satisfactorily
for light. Following our results at the leaf-level, we computed
a canopy emission factor based on the optimized parameters
α and CL1 determined from the light-response curve data
(Fig. 2). The fraction of variance explained by this modifi-
cation to the model increased for each year (0.79 to 0.86 for
2005 and 0.68 to 0.76 for 2010).

Although this fit is very good, we were concerned if the
model was actually capturing the underlying processes well
or if there was covariance between explanatory variables that
gave a satisfactory result only valid for our short data set.
Our major concern was the covariance of temperature and
light in the data sets and the influence of leaf temperature
elevation versus air temperature. Measurements with an in-
frared thermometer found leaf/ground temperatures reach-
ing up to 10◦C above air temperatures in 2005 (data not
shown). The motivation to adjust the light relationship by op-
timizing α andCL1 was based on the leaf-level observations.
At the whole-system level, straightening the light-response
curve might give a good fit to the data, but the underlying
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response at higher light levels could be a combination of two
processes. First, isoprene emissions at the leaf-level plateau
with increasing light as predicted by Eq. (2). Second, the in-
creasing light levels increase leaf temperature at a constant
air temperature. The overall effect would appear to be a more
linear increase at high light levels. This would be a problem
since our big-leaf model uses air temperature, not leaf tem-
perature. To test this concern, we moved to a more sophisti-
cated isoprene emission model which estimates leaf temper-
atures: MEGAN.

The switch to MEGAN, driven by default values from
the global database (Guenther et al., 2006), significantly im-
proved the fit versus the big-leaf model (compare left-hand
panels of Fig. 5 to left-hand panels of Fig. 6). For the data
set in 2005, ther2 values increased from 0.79 to 0.86 and in
2010 they increased from 0.68 to 0.74. Interestingly, the re-
sults from MEGAN are almost the same as the adjusted big-
leaf model with optimized coefficients (compare right-hand
panels of Fig. 5 to left-hand panels of Fig. 6).

In addition to improving the fit, the MEGAN model also
provides an absolute value for the flux to compare to our
measured values (Eq. 5). The only adjustment to MEGAN
was to use the LAI value with no bare cover. Based on re-
mote sensing data, the grid cell that includes the Toolik area
is considered to be 42.5 % bare in the MEGAN database.
This is appropriate for the entire cell, but not for the fully
vegetated area within the flux tower footprint. For 2005,
the fit to default values from MEGAN is surprisingly good:
on average, the modelled fluxes are only 18 % higher than
the observed fluxes (Fig. 6, top-left panel). As discussed in
Sect. 3.2.1, measured whole-system fluxes were higher in
2005 compared with 2010, although environmental condi-
tions were similar. This is also reflected in the comparison of
the MEGAN model to the measured fluxes for 2010; the mea-
surements are on average only 40 % of the MEGAN values
(Fig. 6, bottom-left panel). Interestingly, some of the highest
fluxes measured are much closer to the one-to-one line than
lower fluxes.

Again, we explored if this good fit to the global estimate
in MEGAN reflected our full understanding of the proper-
ties associated with this moist acidic tundra ecosystem. First,
the LAI used by MEGAN based on remote sensing data
is 1.6. This is much higher than the value typically mea-
sured for moist acidic tundra (0.66, Williams et al., 2006)
and estimated from a whole-system CO2 exchange model
and measured CO2 fluxes from the same tower (0.3–0.6, see
Fig. 6 in Rastetter et al., 2010). For the second version of the
MEGAN model (“localized”; right-hand panels in Fig. 6), we
set LAI= 0.66.

The next modification was to use a canopy emission factor
(ε in Eq. 5) based on our results from leaf-level and chamber
measurements. As a baseline, we used 0.45 mg C m−2 h−1

from our chamber measurements. As noted above, there was
little S. pulchrawithin the bases used for the chamber mea-
surements: the ground cover ofS. pulchrawas 2.1 %. We

Fig. 6. Comparison of whole-ecosystem isoprene fluxes mea-
sured to the MEGAN emission model. Model predictions of the
Emissioncanopyare on the x-axis and the measurements of whole-
system isoprene emissions are on the y-axis. Left-hand panels:
output using the default parameter values from MEGAN’s global
database. Right-hand panels: output using parameter values esti-
mated for the moist acidic tundra ecosystem. The solid line is the
linear fit with a zero intercept between the model and the observa-
tions for each individual year. The dashed line is the same fit for
both years (EC05 and EC10) combined. The statistics for the com-
bined fit with MEGAN defaults (two left-hand panels) arer2

= 0.72
and slope= 0.70 and with MEGAN localized (two right-hand pan-
els) arer2

= 0.70 and slope 1.57.

ascribe the emissions observed from the static chambers to
sedge species. We did not conduct an extensive survey of
leaf-level emissions from sedge species, but other inves-
tigators have found appreciable emissions (Ekberg et al.,
2009). Averaging across species (Eriophorum angustifolium
andCarex rostrata), year (2005 and 2006) and season (June
through September) for the data reported Ekbert et al. (2009;
Table 1,) and then using Eq. (3) to adjust to 30◦C, the av-
erage basal emission rate is 4.5 nmol m−2 s−1. This is 36 %
of the value we report forS. pulchra. To account for the
increased abundance ofS. pulchraat the EC05/10 site, we
used the results of our transect survey ofS. pulchraLAI
(0.054). We combined this with our leaf-level emission rate
(12.4 nmol m−2 s−1 for a leaf temperature of 30◦C) from S.
pulchra to derive a new whole-system emission factor. Us-
ing the convention of MEGAN,ε is standardized to an LAI
of 5 and is 2.47 mg C m−2 h−1 for the combined contribu-
tion from sedges andS. pulchra. The final modification was
to switch the canopy type used by MEGAN, which affects a
range of parameters, for example, canopy height, leaf width
and reflection and scattering coefficients. The global default
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in MEGAN for our grid cell is shrub, while grass would
be more appropriate for the tundra ecosystem. For example,
canopy height is 2 m for shrubs but 0.5 m for grass; the later
value is more accurate for the tundra ecosystem.

The results of the MEGAN using localized input values
are shown in the right-hand panels of Fig. 6. The amount of
variance explained by MEGAN decreases slightly for each
year (0.86 to 0.83 for 2005 and 0.74 to 0.72 for 2010) with
these changes applied. Note that the change to the canopy
emission factor will not affect the fit (variance explained) of
the model, so the slight decrease is due to the change in LAI
and the change in canopy type from shrub to grass. We are
unable to explain why the improvements in the input values
to MEGAN did not correspond to an increase in MEGAN’s
predictive ability, but we note again that the data sets are
short and the overall fits are good. The absolute fit is very
good for EC10: the model under predicts measured fluxes by
less than 10 %. But conversely, the model under prediction
is much worse for EC05; the measured fluxes are a factor
of 2.32 higher than predicted by MEGAN. This difference
is consistent with our previous discussion of inter-annual ef-
fects.

3.4 Atmospheric chemistry modelling

Modelling results demonstrate the impact of the measured
isoprene emissions on atmospheric chemistry (Fig. 7). Mod-
elled isoprene concentrations reach almost 1.5 ppb, which is
within the range of ambient concentrations observed during
our chamber measurements (CH11): 0.64 to 1.61 ppb. In ad-
dition, 9 samples of ambient air were collected during the
EC10 campaign, with an average value of 1.50 ppb. These
measured isoprene concentrations were collected at ground
level, so we also compare our modelled results to concentra-
tions observed in the CBL during mission 21 of the ABLE
3A campaign. In a vertical flight profile near Bethel, Alaska,
over tundra and boreal forest ecosystems, isoprene concen-
trations ranged between 0.50 and 0.53 ppb below an altitude
of 1000 m (see Fig. 17a in Blake et al., 1992). While these ob-
served concentrations are lower than modelled, the strength
of isoprene emissions in the flight source region is unknown.
The sharp decrease in isoprene concentrations with height
above 1000 m altitude supports our selection of that value
for the CBL height. Observed ozone concentrations (30 to
31 ppb) during the same flight at the same altitudes are con-
sistent with our initialization value (32 ppb).

With the inclusion of the isoprene source, the model pre-
dicts a greater than 50 % reduction in the maximum hydroxyl
radical (HO) concentration and even greater reductions past
solar noon (14:00 LT). The loss rate of ozone increases with
the addition of the isoprene source because of the direct re-
action of ozone with the double carbon-carbon bonds in iso-
prene. This is in contrast to the situation over most of the con-
tiguous United States, where isoprene emissions contribute
to ozone formation (Chameides et al., 1988). The reason is

Fig. 7.Results from running a photochemical box model (RACM2)
with (circles) and without (triangles) isoprene emissions. The model
was driven with the isoprene emissions observed on day of year 180
during EC05. The model time domain reached day 01:00 LT on day
of year 181, which is displayed as hour 25. Species codes: O3 is
ozone (O3), HO is the hydroxyl radical, ISO is isoprene and BEN
is benzene (C6H6). Note that solar noon occurs around 14:00 LT.

the relatively low NOx (NOx = NO+ NO2) concentrations
used in the model (see Table 2 for initialization values for all
chemical species). Overall, these results demonstrate that the
observed isoprene fluxes have a significant impact on atmo-
spheric chemistry.

4 Conclusions

4.1 Global isoprene models

In order to test our hypotheses, we first needed to understand
if current models of isoprene emission are adequate for tun-
dra ecosystems and plant species. Our results lend support to
the hypothesis of Arneth et al. (2008). Arneth et al. (2008)
start with the observation that different groups modelling
global isoprene emissions often converge on the same esti-
mate (Table 1, Arneth et al., 2008). But they find this con-
vergence “is in stark contrast with our lack of process under-
standing and the small number of observations for model pa-
rameterisation and evaluation” (abstract, Arneth et al., 2008).
While our measured whole-system fluxes are in reasonable
agreement with predictions from global models, this agree-
ment was based on offsetting errors in two important pa-
rameters. First, the actual LAI of the ecosystem was lower
than predicted by MEGAN (0.66 compared to 1.6). Second,
the actual canopy emission factor was higher than predicted
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(3.74 compared to 2.47 mg C m−2 h−1). While these errors
offset each other to produce an overall modelled estimate
that was close to our observations, this is only a fortuitous
result. More generally, errors such as these demonstrate that
much more experimental data are necessary to improve the
parameters used by these models. Moving past improved pa-
rameterization and more to the point of Arneth et al. (2008),
there are indications that the underlying algorithms used in
MEGAN are not optimal for the tundra ecosystem. Adjusting
two parameters in the algorithm improved the fit of the sim-
ple big-leaf model. Much longer data sets of whole-system
emissions from a variety of ecosystem types need to be col-
lected to fully understand the relevance of this observation.

4.2 Arctic atmospheric chemistry

The reduction in OH concentrations simulated by RACM has
a significant impact on the chemical loss rate of a reactive
hydrocarbon found in the Arctic due to long-range transport:
benzene (C6H6). The maximum chemical loss rate due to the
reaction of benzene with OH decreases with the addition of
isoprene by just over a factor of two (2.02, Fig. 7), which
is equivalent to a doubling of chemical lifetime of benzene.
Benzene is a reasonable surrogate for other hydrocarbons in
the Arctic atmosphere. In particular, the chemical loss rates
of persistent organic pollutants (POPs) are important for un-
derstanding their transport and fate in the Artic. Currently, in-
vestigators have hypothesized that Arctic warming is leading
to remobilization of these POPs (Ma et al., 2011). We spec-
ulate that if remobilization continues to occur, redeposition
of these POPs will increase in the Arctic because of the de-
crease in chemical oxidation. To fully predict future transport
of these remobilized POPs, changes in chemical loss rates
due to potential changes in isoprene emission rates should be
considered.

4.3 Global climate change and future emissions from
Arctic ecosystems

Based on our results, we predict that isoprene emissions from
Arctic ecosystems will increase due to future climate change.
Predicting future isoprene emissions from any ecosystem is
a two-step process. First, the factors that control isoprene
emissions must be identified and their relationship to emis-
sions understood. Second, predictions of how the identified
factors will change in the future are necessary. Temperature
is the one factor that is relatively straightforward. A sim-
ple extrapolation using the Guenther algorithm (Eq. 3) and
the predicted rise in global temperature over the next cen-
tury (2 to 3◦C) gives an increase of 30 to 45 % in predicted
global isoprene emissions (Peñuelas and Llusià, 2003). For
the Arctic, the temperature increase is expected to be greater
than the global increase (IPCC, 2007), and BVOC emissions
would be further amplified because of the exponential re-
lationship between emissions and temperature (Eq. 3). This

prediction is supported by our observation that the simulated
warming experiment increased isoprene emission rates by a
factor of 3. But this only considers the direct effect of tem-
perature. The response of isoprene emission to other global
change factors (nutrient addition, UV radiation, ozone, and
drought stress) is more complicated, with isoprene emissions
responding differently in different experiments (Peñuelas and
Staudt, 2010). Further, the suppression of isoprene emissions
by elevated CO2 concentrations can offset the increase pre-
dicted from increasing air temperatures (Arneth et al., 2007;
Monson et al., 2007). In our data set, one global change fac-
tor, fertilization by nitrogen and phosphorous, had no impact
on leaf-level isoprene emissions in our experiment.

Further, changes in ecosystem species composition due
to changing climate could cause major shifts in the canopy
emission factor (ε). Increasing temperatures have caused an
increase in woody shrubs in areas that are currently tundra
ecosystems (Elmendorf et al., 2012). The shift towardsBe-
tula was observed in a warming experiment near the Toolik
Field Station (Hobbie and Chapin, 1998), where the above-
ground biomass ofBetula nanaincreased almost two fold.
We note thatSalixwas relatively rare at this experimental lo-
cation. But another recent study found specifically thatSalix
growth would be favoured in the north-western Eurasian tun-
dra due to teleconnections between atmospheric circulation
and air-surface exchanges (Macias-Fauria et al., 2012).

If ecosystem changes lead to increases in the abundance
of Salixor other isoprene-emitting genera, then there will be
increases inε. But if non-isoprene-emitting genera likeBe-
tula (birch) increase, thenε could decrease for isoprene. The
impact on monoterpene and sesquiterpene emission capaci-
ties would be the opposite, sinceBetulais a significant emit-
ter of these chemical compounds (Haapanala et al., 2009).
This shift in the emissions profile would have impacts on
atmospheric chemistry because of the relatively higher re-
activity of these compounds compared to isoprene (see Ta-
ble 2 in Fuentes et al., 2000). Similarly, monoterpenes and
sesquiterpenes have higher aerosol yields which could lead to
increases in secondary organic aerosol formation and associ-
ated impacts on climate (O’Dowd et al., 2002). In addition to
changingε for isoprene, monoterpenes and sesquiterpenes,
climate change could lead to increases in leaf biomass which
could offset any reductions inε. Our overall conclusion is
that predicting future isoprene emissions from tundra ecosys-
tems will rely both on a better understanding of the processes
that control emissions from these high-latitude ecosystems
and detailed predictions of future ecosystem future and com-
position. Given the uncertainty, we do predict that tempera-
ture will be the dominant factor, and that isoprene emissions
from tundra ecosystems could become comparable to mid-
latitude ecosystems.
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Supplementary material related to this article is
available online at:http://www.biogeosciences.net/10/
871/2013/bg-10-871-2013-supplement.pdf.
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