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Abstract. The tundra ecosystem is quite vulnerable to dras-742 and 539 g C&m—2 period™1 for 2011 and 2012, respec-
tic climate change in the Arctic, and the quantification of car- tively, suggesting the 2012 G@mission rate was reduced to
bon dynamics is of significant importance regarding thawing27 % (95 % credible interval: 17—36 %) of the 2011 emission,
permafrost, changes to the snow-covered period and snowue to higher soil moisture from severe rain. The estimated
and shrub community extent, and the decline of sea ice irgrowing season C&£emission rate ranged from 0.86 Mg €O
the Arctic. Here, CQ efflux measurements using a manual in 2012 to 1.20 Mg C@in 2011 within a 40 mx 40 m plot,
chamber system within a 40m40m (5 m interval; 81 total  corresponding to 86 and 80 % of annual £€nission rates
points) plot were conducted within dominant tundra vegeta-within the western Alaska tundra ecosystem, estimated from
tion on the Seward Peninsula of Alaska, during the growingthe temperature dependence of £éi¥flux. Therefore, this
seasons of 2011 and 2012, for the assessment of driving p&dB model can be readily applied to observedGfiflux, as
rameters of CQ efflux. We applied a hierarchical Bayesian it demands only four environmental factors and can also be
(HB) model — a function of soil temperature, soil moisture, effective for quantitatively assessing the driving parameters
vegetation type, and thaw depth — to quantify the effects ofof CO, efflux.

environmental factors on CCefflux and to estimate grow-
ing season C®emissions. Our results showed that average
CO, efflux in 2011 was 1.4 times higher than in 2012, result-
ing from the distinct difference in soil moisture between the 1  Introduction

2 years. Tussock-dominated g@fflux is 1.4 to 2.3 times

higher than those measured in lichen and moss communitie§&;arbon dioxide (C@) efflux from the soil surface into the
revealing tussock as a significant €®ource in the Arc- atmosphere is important for estimating regional and global
tic, with a wide area distribution on the circumpolar scale. carbon budgets (Schlesinger and Andrews, 2000; Bond-
CO;, efflux followed soil temperature nearly exponentially Lamberty and Thomson, 2010), as well as being susceptible
from both the observed data and the posterior medians of0 increasing air temperature (Bond-Lamberty and Thomson,
the HB model. This reveals that soil temperature regulate€2010), the degradation of permafrost (Schuur et al., 2009;
the seasonal variation of GQfflux and that soil moisture Jensen et al., 2014), and the expansion of the shrub commu-
contributes to the interannual variation of €@fflux for ity (Sturm et al., 2005). All of which suggests the alteration
the two growing seasons in question. Obvious changes i9f the terrestrial carbon cycle in response to drastic climate

soil moisture during the growing seasons of 2011 and 201Xhange in the Arctic (ACIA, 2004). o
resulted in an explicit difference between £@ffluxes — The tundra ecosystem of Alaska has received increased at-

tention for the enhanced greening of abundant Arctic coastal
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shrubs that has come with the decline of sea ice (Bhat 20 - 40

et al., 2010, 2013; Post et al., 2013), the shortened snowg 15 -

o

covered period (Hinzman et al., 2005), thawing permafrost,3 1, | LT
and shrinking ponds and lakes (Romanovsky et al., 2002 2 |
Yoshikawa and Hinzman, 2003; Hinzman et al., 2005; Smith § ol RS Ml _ SR 00
et al., 2005) — all of these reflect the changes in terrestria § R ¢ Jafie f

carbon and water cycles (Davidson et al., 1998; Oechel e - | T8 1
al., 2000; Michaelson and Ping, 2003; ACIA, 2004; Ober- > -° "- g | 110
bauer et al., 2007; Walter et al., 2007; Koven et al., 2011).8 15 ',.-‘- i | | 1°
Recently, Jensen et al. (2014) found a distinct difference ir  -20 e | = :

CO, efflux from undisturbed tundra during 2011 and 2012, Apr May J“”‘;noth“'y Aug  Sep
resulting from greater rainfall in the growing season of 2012.

This suggests that higher soil moisture from rainfall is a sup-Figure 1. Average daily ambient temperature and precipitation in
pressant factor for So”-produced @@n‘ntted into the atmo- Council, Seward Peninsula, Alaska during ApriI—October of 2011
sphere (Davidson et al., 1998; Oberbauer et al., 2007), dednd 2012 (V\/_esterrj Regional Climate Center). Dotted arroyvs_denote
creasing C@emissions by 43 % (Jensen et al., 2014). David—that cumulative rainfall in 2012 exceeds that of 2011, beginning 20
son et al. (1998) reported that G@fflux increased with soil August 2012.

moisture of 0 to 0.2 hm~3 and steadily decreased with in-
creasing soil moisture content beyond 02m13. Hence,
CO, efflux magnitude depends profoundly on the extent of
soil moisture. Further, soil temperature is well-known as a
significant factor in the regulation of GCefflux in terres-
trial ecosystems worldwide, as reported by many researche
(Davidson et al., 1998; Xu and Qi, 2001; Davidson and
Janssens, 2006; Rayment and Jarvis, 2000; Kim et al., 200

2013; Jensen etal., 2014). Thao value, which is a measure uation of parameters with less bias. Lately, free software

?.f ﬂ:e nggge 'rr: re%ctlon r:flte ?t ||?tervalj tof’m(l]loyzd ?r?dt such as WinBUGSHttp://www.mrc-bsu.ac.uk/buybas re-
aylor, )’. 1as been eliectively used o evaluate the 1eMg, o4 in the development of a HB model using the Markov
perature sensitivity of soil microbial activity as an exponen-

. . . ) . ' Chain Monte Carlo (MCMC) method (Spiegelhalter and
tial function (Davidson et al., 1998; Xu and Qi, 2001; Mon- Best, 2000). Clark (2005) described that the HB model re-

son etal., 2006; Bond-Lamberty and Thomson, 2.010; Kim e.tveals complex nonlinear relationships between efflux and en-
al., 2013). For example, Monson et al. (2006) estimated the'(/ironmental factors

highestQ1 value, 1.25¢ 10%, as the beneath-snowpack soil In this study, we modeled observed £@fflux using a

telniw'g)erfatruretvi\;]arcrnfdrfrngr t(;O tiCnm ﬁihlr?hr-geva’zon t?ur?_ HB model with four explanatory variables: soil temperature,
aipine fores olorado, reflecting higher &productio soil moisture, vegetation types, and thaw depth, all under

bydber;ea_tht-snowdmlcrlobes .(SUCh as sno:/v rtr;]olds) l(ljtérm_g trgj?ne assumption of the lognormal distribution. The HB model
end of winter and early spring season. 'n e Well-orainea, qq 4 i, thjs study accommodated nonlinear relationships be-

?rc(;ig;zsi(ijlkgggaer?r,ocr;r:e;gﬁlrj Sh;vlv?:grs%?r)] ECES:;?thi;nre_tween efﬂgx and environmental factors. Therefore, the o_bjec-

lated to the trapping of Coproduced during winter Subs’e- tives of this study are to (1) eva_lua_te the effects of_ QOmlnant
! e . . ‘ plants on CQ efflux; (2) quantitatively assess driving pa-

quently, there is a distinct difference @y values between rameters of CQefflux simulated by a hierarchical Bayesian

ﬁgpggtué\e/:na\?vﬁ\fn wzge?e!gx;:tg\ﬁgsvzlg; b(eéﬁ,v;rﬁﬁroan HB) model; and (3) estimate growing season &mission
! 0 9 ate within a 40 mx 40 m plot in the western Alaska tundra

Brandt, 2003). Therefore, soil temperature, which is an ana-
S . e . . ecosystem.

logue of soil microbial activity under the assumption that soil
moisture and substrate availability are not limiting factors, is
the most important factor in producing G@ the soil. 2 Materials and methods

Monthly CO;, efflux measured in the tundra ecosystem has
been further recognized as having insufficient spatiotemporap.1  Study site and experimental methods
resolution and efflux data representativeness from the con-
ventional dynamic chamber method (Hutchinson and Liv- The study site is primarily covered by typical tussock tun-
ingston, 2002; Savage and Davidson, 2003). Oberbauer atra. This site is located at the community of Council
al. (1992) developed a mathematical model which proved(64°51'38.3' N; 163°4239.7' W; 45ma.s.l.) on the Seward
that soil temperature and water table depth might be usedPeninsula, about 120 km northeast of Nome, Alaska. This
as efficient predictors of ecosystem g€fflux in the ripar-  site was selected for its relatively smooth transition from

Daily precipitation (mm)

ian tundra of the northern foothills of Alaska. In order to
overcome the weakness of monthly £€flux measurement

in the field, the hierarchical Bayesian (HB) model frame-
work can be applied for the estimation of g®fflux from

'he tundra ecosystem, as in Clark (2005) and Nishina et
_?I. (2009, 2012). Their results indicated that the HB model
I$ an effective tool for the estimation of fluxes and eval-
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forest to tundra, with underlying discontinuous permafrost2.2 Estimation of CO; efflux
regime. The monthly average air temperature of°C 2at
the Nome airport from 1971 to 2010 ranged frer0.5°C ~ Our dynamic CQ efflux-measuring system was portable,
in January to 14.6C in July. Annual average precipitation convenient, and capable of calculating efflux in situ. The 81-
was 427 mm, including snowfall (Western Regional Climate cylinder chamber base (30 cm diameter, 40 cm height) was
Center). During the growing seasons (June to September) dfxed to the surface at each point. This system consisted of
2011 and 2012, average ambient temperature and precipit& transparent-material chamber lid (35cm diameter, 0.3cm
tion were 8.9+ 1.0°C (CV, coefficient of variance: 12 %) and thickness) with input and output urethane tubing (6 mm OD;
285mm, and 8.3 2.8°C (CV: 33%) and 380 mm, respec- 4 mmID) and a pressure vent, a commercial pump (CM-15-
tively, as shown in Fig. 1. Precipitation in July—August of 12, Enomoto Micro Pump Co., Ltd., Japan), an NDIRLCO
2011 and 2012 were 231 and 299 mm, respectively, correanalyzer (LI-820, LI-COR Inc., USA), a commercial 12V
sponding to 81 and 79 % of growing season precipitation.battery, and a laptop computer for efflux calculation (Kim et
Under heavy precipitation in early July of 2011, ¢£@f- al., 2013). This system is similar to the manual system by
flux measurement could not be conducted, unfortunately, duéavage and Davidson (2003; see Fig. 1). To minimize the ef-
to the underestimation of GCefflux. The sampling periods ~fect of pressure inside the chamber, the flow rate of the pump
were June 17-24, August 2—8, and September 915 for 201was maintained at 0.5 L mitt due to the under- or overesti-
and June 20-29, July 14-21, August 11-18, and Septembépation of CQ efflux by under- or over-pressurization of the
8-15 for 2012. The Alaska DOT (Department of Transporta-chamber used and caused by flow restrictions in air circula-
tion) maintains the access road from Nome to Council fromtion design (Davidson et al., 2002). Efflux-measuring time
late May to late September. Because this access road wagas on a 5-10 min interval, depending on weather and soil
closed during the snow-covered period (October to May),surface conditions. For tussock géfflux estimates, the sur-
we could not conduct COefflux measurement during the face area was variable and dependent on height; average tus-
non-growing season. The Council site has been managed b§ock height in this case was 18:5.1 cm (CV: 27 %)).
the WERC (Water Environmental Research Center) of UAF  Efflux was calculated from the following equation, as de-
(University of Alaska Fairbanks) since 1999, for examining scribed by Kim et al. (2013):
changes in permafrost and the water cycle (Yoshikawa and
Hinzman, 2003). Fco, = pax (C/1) x (V/A), 1)

This study determined CCefflux and environmental fac-
tors in lichen-, moss-, and tussock-dominant tundra mi-

crosites within a 40 nx 40 m plot (5 m interval; 81 points) 3 3 . :
at this site during the growing seasons of 2011 and 2012.(mo_I m=, € (p_pmv)_ Is the change n Cpconcentraﬂons
during measuring timet{ 5 to 10min), V is chamber

Our plot was established for better understanding of spa- | dA i ; tie.070 12
tiotemporal variations of C@efflux and environmental data. ¥%UT193 irt] ¢ IS shur ace Srea (crosls sectior. d I). id
Within the 81-point area, dominant ground plants are lichen € height of each chamber was aiso measured alongside

(Cladonia mitis, Cladonia crispataandCladonia stellari3; the chamber to allow calculation of the efflux.

moss such as sphagnu@phagnum magellanicyrSphag- To assess the'respt.)nse of temperature dgpendencezon. Cco
num angustifoliumandSphagnum fuscurand othersRoly- efflux, the re_latlonshlp was plotted, showing exponential
trichumspp.,Thuidium abietinumandCalliergonspp.); and curves for_ SO_" temperature at depths of 5 and 10cm from
cotton grass tussock tundrarjophorum vaginatumn Dom- this equation:

inant lichen, moss, and tussock tundra occupied 27, 53, an
20 % of the plot, respectively.

Soil t_emperatures were taken at5 ar_1d 10 cm below the sufynereT is soil temperature’C) andBo andp: are constants.
face using a portable thermometer with two probes (Modelths exponential relationship is commonly used to represent
8402-20, Cole-Parmer, USA), and soil moisture was meaxi| carbon efflux as a function of temperature (Davidson et
sured at each point with a portable soil-moisture loggery| 1998: Xu and Qi, 2001; Davidson and Janssens, 2006;
(HH2, Delta-T Devices, UK) with sensor (ML2, Delta-T De- Rayment and Jarvis, 2000; Kim et al., 2007, 2013)o tem-

vices, UK). Thaw depth was measured with a fiberglass tileperatyre coefficient values were calculated as in Davidson et
probe (1.5m long) and pH with a waterproof meter (IQ 160, 5| (1998) and Kim et al. (2013):

Ben Meadows, USA) in September 2011 for soil character-

where Fco, represents measured soil g€Oefflux
(9COm2min~1), p, is the molar density of dry air

g’coz = Bo x T (2

istics. A one-way and two-way ANOVA (95 % confidence ;= ¢f1*10 (3)
level) and data regression analysis using Microsoft Excel
Data Analysis software were performed. Q10 is a measure of the change in reaction rate at intervals

of 10°C, based on Van 't Hoff’s empirical rule that a rate
increase on the order of 2—3 times occurs for everyQ0
rise in temperature (LIoyd and Taylor, 1994).
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2.3 Description of Hierarchical Bayesian (HB) model where the thaw depth function also ranges from 0 to 1.
THAW is the explanatory variable of this function, akd

To evaluate the relationship between O&flux and environ-  andr are the parameters. We assumed,@®lux to mono-

mental variables, we modeled observed @&@lux using an  tonically increase together with thaw depth (depth of active

HB model with four explanatory variables: soil temperature layer); however, these increases are not simply proportional,

(ST), soil moisture (SM), vegetation types (Vege), and thawdue to carbon depth distribution.

depth (THAW). Finally, we modeled the priors of each parameter. For veg-

First, CQ efflux (Fco,) was assumed normally dis- etation, we incorporated a random effect as follows:
tributed with mean parametetfyx) and variance parameter
(0): Vege, ~ normal0, ovege), (10)

Fco, ~ normal iiiux, 0°2). 4

> ™ @ Yeay; ~ normal0, oyear). (11)
The scale parametenfyx) was determined from the follow-
ing equation: For spatially explicit random effect, we used CAR modeling

(Besag et al., 1991) as follows:

Utlux = fPfSTfSMITHAW s (5)
. . . Opos,
where fp represents the function of G@fflux potential,/r ~ Pos}; ~ normalb;;, 5), 12)
and fsy are limiting response functions, ranging from 0 to neighborsi )
. . 1
1. fp was defined as follows: bij ~ - Z by (13)

. n
fp = Bo+veggy) +yeag; + posy;;]. (6) i om=1
wheren;; is the number of neighbors for neighborhdpd

in which fpis a linear predictor with intercepts;,) and three | .
fe P Ot6o) For priors, we defined as follows:

random effects (vege, year, and posi). The Posi term repre-

s_ents the spatial random effect of the conditional autoregresB0 ~ normal0, 1000,

sive model (CAR) proposed by Besag et al. (1991). i 1.10
Temperature r) uses a modified Van 't Hoff equation as Q10 ~ uniform(l, 10).

follows: a ~ uniform(—2, 0),

b ~ uniform(0.1, 0.5),

¢ ~ uniform(l, 3),
where fstis the temperature response function, varying from ; uniform(0.01, 10),
0 to 1. The explanatory variable of this function, represented .
by ST and STy, is a constant, set at 2& for this study. The k ~ uniform(0, 10),
temperature sensitivity parameter is shown@is. The soil ~ r ~ uniform(0, 1),

ST—STye
fsT=e 1 e |09(Q10)’ 7)

moisture limiting function fsy) is defined as follows: o2 ~ uniform(0, 100),
; <S|v| _a ) (SM - c>—d<”—6>/ (b—a) © 02, ge ~ Uniform(0, 100,
Jsm= ;
b—a b—c 025"~ Uniform(0, 100). (14)

where the soil moisture response functigigym, ranges from

0 to 1 and is the same as the temperature response functitfnorﬂo' we usedg normal dls(:_rlbuuo_r; with mea? 0and avery
(Hashimoto et al., 2010). Soil moisture is the explanatory arge variance. Priors regarding soil moisture functieni{

¢, d) are based on Hashimoto et al. (2012). We set priors for

variable of this function, and, b, ¢, andd are the param- 2’ ando2.. to be vague, meaning large enough in value to

eters for determining the shape of the soil moisture function °vege year

The function has a convex shape, and values range from 8ccommpdate the_ actual ob_s_erv_edzcaﬁlu_x of this study.
to 1. Parameters and ¢ are the minimum and maximum The joint posterior probability is described as follows:

values of SM, respectively (i.eg(a) = g(c) = 0). Parameter
b, which ranges betweem and c, is the optimum param- p(]data o<l_[NormaI(Fc02|u,ﬁo,lo,a,b,c,d,k,r,
eter (i.e.,g(b) = 1). Parameter! controls the curvature of 01, Ovegedyeadposi) X P(Bo) X p(Q10)
the function, though the three other parameters also affect x p(a) x p(b) x p(c) x p(d) x pk) x p(r)
the shape. This function was adopted from the DAYCENT
model (Parton et al., 1996; Del Grosso et al., 2000).

frHaw is a function of thaw depth. We modeled this as where p(9) denotes priors. For this model, we used MCMC

X p(01) X p(ovege X p(Oyean X p(Oposi)s (15)

follows: methods implemented with Bayesian inference using the
1 Gibbs sampling software WinBUGS (WinBUGS, version
STHAW = 14 h—rTHAW ) 1.4.3; D. Spiegelhalter et al., 2007, availabléntip://mww.
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mrc-bsu.ac.uk/bugs and the Gelman—Rubin convergence temperature and lower precipitation in June (see Fig. 1). This
diagnostic as an index. For the model, we ran 20 000 Gibbdgurther suggests an explicit difference in €€&fflux between
sampler iterations for three chains, with a thinning interval of June of 2011 and June 2012 within the plot, as shown in
10 iterations. We discarded the first 10 000 iterations as burnTable 1. We also note that GCefflux in September 2012
in, and used the remaining iterations to calculate posteriorapidly decreased due to heavy rainfall from mid-August
estimates. R was used to call JAGS/WinBUGS and calculatéo mid-September 2012. Within the plot, while the CV of
statistics in R. monthly average C@efflux in 2011 was prone to decrease,
CVin 2012 tends to increase. This denotes the extremely en-
vironmental and meteorological changes in 2012 compared

3 Results and discussion to 2011.
Annual growing season average and standard deviation
3.1 CO; efflux and environmental factors for soil temperatures at 5 and 10 cm below the soil surface

were 9.0+ 4.2°C (47 %) and 5.9 3.9°C (66 %) for 2011

Table 1 shows monthly averagestandard deviation (co- and 7.7+4.5°C (58 %) and 5.4 3.5°C (61 %) for 2012,
efficient of variance, %) of C@efflux, soil temperature at respectively. This indicates that soil temperature in 2011 was
5 and 10 cm below the surface, soil moisture, thaw depthhigher than in 2012, similar to annual average Gsiflux,
and pH in lichen, moss, tussock tundra, and grass during theuggesting soil temperature is likely to modulatex@&dlux,
growing seasons of 2011 and 2012. Annual growing-seasonas largely reported in regions worldwide (Davidson et al.,
average CQ efflux is 4.6£2.5mgCQ@m—2min~1 (54%)  1998; Xu and Qi, 2001; Davidson and Janssens, 2006; Ray-
and 3.1+ 2.0mg CQ m—2min~1 (66 %) for 2011 and 2012, ment and Jarvis, 2000; Kim et al., 2007, 2013). The spatial
respectively. This indicates that growing season, @@ux distribution of high/low soil temperature for each month was
in 2011 was 1.5 times higher than in 2012, as well as the sigidentical to the pattern of high/low Cfflux, as also shown
nificance of heavy rainfall during the middle of the growing in Fig. 2.
season of 2012. CPefflux in tussock tundra was approx-  Annual average soil moisture was 0.2568.158 n¥ m—3
imately 1.8 times greater than in other plants, which may(CV: 62%) in 2011 and 0.2720.180n¥m~3 (66 %) in
be due more to tussock’s relatively wider surface area thar2012, indicating moisture in 2011 was slightly lower than
others. While surface area in lichen and moss is 0.070 min 2012. Soil moisture in September 2011 was not measured,
— the same surface area of the measurement chamber — agiue to damage to the soil moisture sensor. Spatial distribu-
erage surface area of tussock is 0.890.024 n?, based on  tion of soil moisture is related to geographical topography,
an average height of 1925.1 cm. CQ efflux in the Arctic ~ such as slope and relief within the plot, reflecting spatial dis-
tundra of Alaska ranged from 0.38 to 1.6 mg® 2min—! tribution of lower CQ efflux and lower soil temperature in
in lichen and 0.44 to 4.3mg G@n—2min—1 in tussock dur-  the trough area (not shown). Soil moisture, along with soil
ing the growing season (Poole and Miller, 1982). Within temperature, is also an important factor in the control 0pCO
tundra near Barrow, Alaska, meanwhile, £€fflux in tus-  efflux (Davidson et al., 1998; Gaumont-Guay et al., 2006;
sock and wet sedge was 0.23 and 0.022mg®@c*min~1,  Mahecha et al., 2010; Kim et al., 2013).
respectively (Oechel et al., 1997), suggesting thap @0 Average thaw depth was 395cm (15%) in 2011 and
flux in tussock is indeed a more significant atmospherieg CO 38+ 6 cm (15 %) in 2012, showing no significant difference,
source than wet sedge. Kim et al. (2013) reported that tusbased on a one-way ANOVA at the 95 % confidence level
sock is an important source of carbon efflux into the at-(p <0.001). The distribution of thaw depth (not shown) ap-
mosphere, contributing 3.4-fold more than other vegetationpears similar to the soil moisture pattern, which is inversely
types in Alaska tundra and boreal forest systems. Furthenelated to CQ efflux and soil temperature. The average
tussock-originated C@efflux, which occupies a circumpo- thaw rate over our 81 points was 0.43 cmdhyjn 2011 and
lar area ranging from & 10"m?2 (Miller et al., 1983) to  0.41cmday? in 2012, reflecting that thaw rate over time re-
6.5x 1012m?2 (Whalen and Reeburgh, 1988) when counted mains almost constant during the growing season, and that
with moss species, provides a quantitative understanding athaw depth is not considered to regulate G&flux. In gen-
a significant atmospheric carbon source from the Arctic ter-eral, the deeper the active layer in response to permafrost
restrial ecosystem. Considering the circumpolar distributionthaw in the Arctic (Marchenko et al., 2008), the greater the
of tussock tundra and moss in the Arctic tundra ecosystemCQO, emissions from the soil into the atmosphere (Elberling
CO, efflux measured in this study should not be overlookedet al., 2013), also suggesting the potential decomposition of
in the evaluation of the regional/global carbon budget regardfrozen, higher-stocked soil organic carbon (Ping et al., 2008;
ing distribution characteristics of ground plants. Tarnocai et al., 2009; Grosse et al., 2011). However, tempo-

The spatial distribution of C@® efflux within a  ral variation in thaw depth of the active layer may not stimu-
40mx 40m plot in 2011 and 2012 is shown in Fig. 2. late CQ production. This suggests that the strength 0HLCO
CO, efflux in June 2011 was much higher than during production that depends on soil microbial metabolism is af-
other observation periods, reflecting the effects of higher aiffected more by environmental factors than constant active

www.biogeosciences.net/11/5567/2014/ Biogeosciences, 11, 557B-2014
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Table 1. Average and standard deviation (coefficient of variation, %) op @@lux, soil temperature at 5 and 10 cm below the surface, soll
moisture, thaw depth, and pH in lichen, moss, and tussock tundra in Council, Seward Peninsula, Alaska during growing seasons of 2011 anc
2012.

Month Vegetation n CO; efflux Soil temperature®C) Soil moisture  Thaw depth pH
(mgCO,m2min~1) 5cm 10 cm (Mm=3) (cm)
June, 2011 Lichen 22 5#3.6(63) 10.125(25) 3.3:1.4(42) 0.276:0.162(60) 22:3(12) n.m.***
Moss 43 7.862.2(29) 13.2:2.9(22) 6.742.8(42) 0.224:-0.122(54) 2H13(14) n.m.
Tussock 16 12.96.2(48) 124 3.3(26) 7.6£3.7(48) 0.3010.116(39) 22:2(11) n.m.
Average 81* 8.0:3.6 (45) 12.3t3.2(53) 6.0£3.1(51) 0.255:0.127 (49) 2H-3(14)
August, 2011  Lichen 24 251.2(47) 6.9-1.5(22) 4.4+1.1(25) 0.2970.200 (67) 38t 5 (14) n.m.
Moss 41 3.3:1.7(52) 9.0-1.6(18) 6.2£1.7(27) 0.264:0.237(90) 4H-8(19) n.m.
Tussock 16 5#2.7((53) 9.4:24(25) 7.0:2.1(30) 0.256£0.141(55) 40t5(12) n.m.
Average 81* 3.313(39) 86:1.9(22) 5.8t1.4(24) 0.272:0.180(66) 406 (15)
September, Lichen 23 2:80.9 (40) 6.2+1.0 (16) 4.6+1.0 (21) — 57+8 (13) 3.7+0.4(7)
2011 Moss 43 2512(0) 6.9£1.4(20) 5.6:1.3(23) — 58:12(20) 3.8£0.4(11)
Tussock 15 3.515(43) 6.5£14(22) 5.2:1.3(25) - 55+5(8) 3.8£0.3(8)
Average 81* 2.6£08(30) 6.0:1.6(26) 5.3:1.1(21) - 5A9(16) 3.8£0.4(11)
June, 2012 Lichen 25 3#2.0(53) 11.13.0(27) 59:2.6(44) 0.213:0.113(53) 22£3(12) —**
Moss 38 4741.8(39) 12.A424(19) 7.14+23(32) 0.189£0.097(51) 21-3(16) -
Tussock 14 5.61.9(33) 12.2t2.4(19) 8.8:2.5(29) 0.339:£0.136(40) 212 (11) -
Grass 4 522.1(40) 10.4:3.0(28) 6.4£2.1(33) 0.304:0.149 (49) 212 (8) -
Average 81* 4.8:2.0(42) 11.5:2.6(23) 6.6:2.5(38) 0.224£0.125(56) 213 (14)
July, 2012 Lichen 25 48415(38) 10.H21(21) 6.9£1.8(26) 0.165:-0.088 (53) 333 (9) —x*
Moss 38 43:15(35) 11.2£2.4(22) 7.9-1.9(25) 0.243:0.086(60) 314 (13) -
Tussock 14 5.42.8(48) 10.5:t25(23) 7.9-2.5(31) 0.268:0.140 (52) 312 (8) -
Grass 4 5.6£19(34) 9.9-11(11) 6.6£1.0(15) 0.208:0.088(42) 366 (16) -
Average 81* 5.6:2.0(40) 11.3t2.2(19) 7.2£2.4(33) 0.1940.118(62) 33:6(18)
August, 2012  Lichen 25 381.1(33) 13.0t2.6(20) 9.3:2.2(23) 0.20%0.117(58)  45:4(10) —
Moss 38 4741.6(35) 16.0:2.5(15) 11.9-2.7(22) 0.258:0.115(73) 44t 7 (15) -
Tussock 14 6.421(33) 16.2:2.5(15) 12.6:4.0(32) 0.288:0.120 (42) 433 (7) -
Grass 4 5524(43) 13.2£0.8(6) 9.3:1.2(13) 0.199:0.069 (35) 47 11(22) -
Average 81* 4.8:1.9(40) 15.0:2.9(19) 11.0:3.2(29) 0.246£0.126(51) 45:6(13)
September, Lichen 25 1609(54) 35:1.9(55) 2.1+1.6(75) 0.465:-0.260(56) 59:7(11) — ¥
2012 Moss 38 1.860.8(44) 4.9:23(47) 3.1+1.8(59) 0.340:0.264(78) 60t 9 (16) -
Tussock 14 2.31.0(44) 5.9:25(42) 4.14+2.0(48) 0.4270.121(28) 574 (7) -
Grass 4 2209(40) 29-25(26) 2.0£1.6(82) 0.456:0.378(82) 64:9(14) -
Average 81* 1.9:0.8(42) 4.4£2.2(50) 2.7+£1.8(65) 0.424£0.262 (62) 60t 8(13)

* denotes total measured points.
** means not conducted.
*** indicates not measured.

layer depth for both years. The deeper active layer reache8.2 Environmental factors determining CO, efflux
nearly 80 cm below the surface with the soil temperature pro-

file at 50, 70, 80, and 92 cm from July 2012 to October 2013 , , i
CO, efflux is potentially modulated by environmental fac-

(not shown). When the soil contained much higher soil mois- ; ) .
ture and much deeper thaw depth for September, pH Ioret_ors such as soil temperature, §0|I moisture, and thaw depth.
sented a similar value of 3:-80.4 (11%), representing an <10 values were calculated using Eq. (3), based on the ex-

acidic tundra soil (pH<5.5; Walker et al., 1998) in whole ponential relationship between G@fflux and soil tempera-

points. The pH measurement was not conducted during théurle at5and 10 clm _depths ;fc.)r.each plant. Table ? showss
growing season of 2012, due to near uniformity within the values and correlation coefficients between,@ilux and

plot. soil temperature at 5 and 10 cm depths in lichen, moss, grass,
and tussock tundra during the growing season, based on a
one-way ANOVA with a 95 % confidence leveD.jg is prone
to increasing with time, suggesting that €@roduction by
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Figure 2. Spatial distribution of C@ efflux (mg CGQ m~2min~1) within a 40 mx 40 m plot (5m interval; 81 points) in Council, Seward

Peninsula, Alaska during the growing seasons of 2011 (upper panel) and 2012 (lower). Due to heavy rain in early July 2011, this data could

not be measured, as shown in Fig. 1.

soil microbes and roots has greater sensitivity to a narroweSeptember 2012, these relationships denoted positive lines
range of soil temperatures, such as in the spring and fall segfrom June to August 2012, as also shown in Fig. 3 (b2-5).
sons (Rayment and Jarvis, 2000; Gaumont-Guay et al., 2006Fhis seems to be the effect of heavy rainfall beginning in
Monson et al., 2006; Malcom et al., 2009). In this Alaska 20 August 2012, as shown in Fig. 1, which represents daily
tundra ecosystem, average daily £€¥flux from wet sedge and cumulative precipitation in 2011 and 2012. Interestingly,
followed soil surface temperature closely, increasing expo-cumulative rainfall indeed began to surpass 2011 cumulative
nentially as soil surface temperature increased, while effluxprecipitation on 20 August 2012 (not shown). The correlation
from the tussock tundra ecosystem followed soil surface temcoefficient ®?) from June to August 2012 ranged from 0.01
perature nearly logarithmically (Oechel et al., 1997). In thisin Fig. 3 (b3) to 0.32 in (b2). Hence, soil moisture elucidated
study, the response from G@fflux in tussock tundra to soil 32 % of the variability in CQ efflux before the severe rain-
temperature depicts an almost linear relationship; howeverfall event of the fall season of 2012, demonstrating that soil
it shows an exponential curve f@19 values, listed in Ta- moisture is another important factor aside from soil tempera-
ble 2. Soil temperature at 5cm depth explained 86 and 70 %ure. Jensen et al. (2014) estimated a@®lux of 2.3+ 0.2
of the variability in CQ efflux for 2011 and 2012, respec- and 1.3+ 0.11mgCQm~—2min~1 in the northwestern tun-
tively, from the linear relationships, demonstrating that soil dra of Alaska in July of 2011 and 2012, respectively, sug-
temperature is a significant factor in driving €@fflux in gesting lower carbon flux results from the stronger rainfall
dominant tundra plants during the growing season. Phe  eventin 2012 (see Fig. 3a, Jensen et al., 2014), with a simi-
value for soil temperature at 5 cm depth for the moss regimdar trend in air temperature between both years. This rainfall
in August 2012 was the lowest, at 1.15, resulting from highermay have possibly inhibited 43 % of G@missions from the
soil temperature and higher soil moisture in August 2012 (Ta-soil surface with increasing soil moisture in 2012, indicating
ble 1). a similar result to those observed in this study (Davidson et
Figure 3 shows the responses from monthly averagegl COal., 1998).
efflux to soil temperature at 5 and 10 cm depths (al and b1),
soil moisture (a2 and b2), and thaw depth (a3 and b3), an-3 Simulated CQ efflux from a hierarchical
the responses from soil temperature at 5cm to soil moisture ~ Bayesian model

(a4 and b4) and thaw depth (a5 and b5) during the growin . )
seasons of 2011 and 2012. Except for al and b1, these r%Ne used 486 data sets of g@fflux, soil temperature, soil

lationships were each negatively related during the growing™©!Sture, vegetation types, and thaw depth for adjusting the

season of 2011-2012. However, except for data measured jparameters of a hierarchical Bayesian (HB) model, and the
posterior distribution of the parameter for the £€fflux is

www.biogeosciences.net/11/5567/2014/ Biogeosciences, 11, 55582014
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Figure 3. Responses from monthly average £€¥flux to (1) average soil temperature at 5 and 10 cm (open and solid circles), (2) average

soil moisture, and (3) thaw depth, as well as responses from average soil temperature at 5cm to (4) average soil moisture and (5) averag
thaw depth during the growing seasonga@f2011 andb) 2012. Dashed curveal andbl) and dotted lines indicate the negatively linear
relationship between the two. Furthermore, solid lines in b2-5 denote the positively linear relationship between factors, except for data
measured in September.

summarized in Table 3. Potential Géffluxes from the dom-  For soil moisture limiting functions (Fig. 4b), the optimum
inant plants calculated from posterior medians of the modekoil moisture value was 0.228%m=3 (95 % predicted ClI,
were 16.8mgCoOm2min~! in grass (95% predicted 0.184-0.238 im~3). CO; efflux tended to increase with an
credible intervals (Cl), 13.7-20.4mgG@& 2min~1), increase in soil moisture when the soil moisture value was at
15.3mgCQ@m~—2min~! in lichen (95% predicted CI, the optimum, as shown in Fig. 3a2 and b2. On the other hand,
11.1-16.8mgCOmM—2min~1), 14.8mgC@m—=2min 1 in  the response from CQefflux to soil moisture changed to a
moss (95% predicted Cl, 10.2—-15.9 mgQ® 2min1), negative trend beyond the optimum value for soil moisture.
and 21.9mgCOm2min~1 in tussock (95% predicted The results from Jensen et al. (2014) proved the findings ob-
Cl, 24.0-31.0mgCem=—2 min~1). This suggests that served in this study, in which CQefflux was relatively lower
the contribution of atmospheric carbon from tussock tun-when soil moisture was much higher in 2012 than 2011, com-
dra should receive attention when it comes to the tundrgpared to 2011 (see Fig. 4b, Jensen et al., 2014). Davidson et
ecosystem and a circumpolar-scale response to the changiral. (1998) reported a correlation between soil water content
climate in the high Northern Hemisphere latitudes (Oecheland CQ efflux in different drainage classes. €®@fflux in-
et al., 1997; Bhatt et al., 2010, 2013; Kim et al., 2013). creased when soil water content was less than 8:2n3; on
We computed limiting functions for soil temperature, soil the other hand, higher soil moisture resulted in a decrease in
moisture, and thaw depth of GOefflux simulated by CO, efflux (see Fig. 7, Davidson et al., 1998). For thaw depth
posterior distributions (& 1 000), as shown in Fig. 4, for the limiting functions, the parameter increased to 20 cm, which
gquantitative assessment of the driving parameters foy COrepresents the optimum thaw depth value (Fig. 4c). While
efflux. Because changes in vegetation within the plot wereCO; efflux increased with the rise in thaw depth in June until
not observed during this study period, these two parametergeaching the optimum thaw depth value, efflux was constant
are not correlated with one another. In actuality, there waslespite an increase in thaw depth with time. The response
very low correlation £2=0.019) betweemeg and tyear i from CQO, efflux to thaw depth turned to a negative trend
our results. during the growing seasons of 2011 and 2012, as shown in
For soil temperature limiting functions, the parameter sim-Fig. 3a3 and b3. These findings suggest that thaw depth may
ulated from the posterior median followed soil tempera- not be a significant parameter in influencing £€¥flux in
ture nearly exponentially (Fig. 4a), demonstrating the def-the tundra ecosystem, in spite of a deeper active layer over
inite temperature dependency of g@fflux (Raich and time.
Schlesinger, 1992; Davidson et al., 1998; Gaumont-Guay et Spatial distribution of simulated COefflux, calculated
al., 2006; Mahecha et al., 2010; Kim et al., 2013), as shown infrom the posterior medians of the hierarchical Bayesian
Fig. 3al and b1. For soil temperature response, the parameternodel during the growing seasons of 2011 and 2012, ex-
Q10 value was 2.5 0.12 (95% predicted ClI, 2.29-2.75). cluding July and September of 2011, is similar to that of
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Table 2. Q19 values and correlation coefficient between L&¥flux and soil temperature at 5 and 10 cm below the soil surface in lichen,
moss, and tussock during the growing season based on a one-way ANOVA with a 95 % confidence level.

Vegetation, Year Month 5cm 10 cm
010 R? P Q10 R? P
Lichen, 2011 June 205 0.10 <0.001 1.68 0.01 0.018
August 8.58 0.36 <0.001 247 0.04 <0.001
September 10.59 0.43 <0.001 6.87 0.32 <0.001
Total 497 0.34 <0.001 1.06 0.01 0.032
Moss, 2011 June 158 0.26 <0.001 1.54 0.15 0.073
August 6.59 040 <0.001 5.88 0.41 <0.001
September 754 0.28 <0.001 10.10 0.78 <0.001
Total 5,05 0.62 <0.002 446 0.21 <0.001
Tussock, 2011 June 2.68 0.54 0.890 2.01 0.33 0.005
August 8.66 0.68 <0.001 11.70 0.66 0.041
September 10.74 0.58 <0.001 9.64 0.44 0.008
Total 6.15 0.73 0.018 5.44 0.39 0.467
Lichen, 2012 June 4.03 0.66 <0.001 1.40 0.24 <0.001
July 5.04 0.69 <0.001 0.57 0.65 <0.001
August 241 046 <0.001 250 0.35 <0.001
September 6.17 057 <0.001 9.55 0.59 <0.001
Total 286 0.65 <0.001 1.09 0.19 <0.001
Moss, 2012 June 2.62 0.37 <0.001 0.95 0.01 <0.001
July 3.82 0.66 <0.001 351 051 <0.001
August 1.15 0.01 <0.001 1.14 0.01 <0.001
September 210 0.16 <0.001 2.18 0.11 <0.001
Total 244 054 <0.001 235 0.33 <0.001
Tussock, 2012 June 5,06 0.77 <0.001 459 0.68 <0.001
July 3.78 0.73 <0.001 2.78 050 <0.001
August 298 0.77 <0.001 159 0.37 <0.001
September 412 0.72 <0.001 5.01 0.59 <0.001
Total 3.11 0.76 <0.001 3.00 0.62 <0.001
Grass, 2012 Total 228 041 <0.001 3.11 0.38 <0.001

measured C@ efflux, as shown in Fig. 2. The pattern of 646-839gC@m2period 1) and 539 g C@m2 period!
simulated CQ efflux is nearly identical to the spatial dis- (95 % predicted Cl, 460—613 g G@ 2 period 1), respec-
tribution of measured Cgefflux (Fig. 3) as simulated CO  tively. These findings suggest that the 2012 ,Ggnission
efflux is a function of soil temperature, soil moisture, and rate is constrained 27 % (95 % CI, 17-36 %) compared to the
thaw depth. Of these, we consider soil temperature the mos2011 emission, demonstrating that higher soil moisture from
important parameter in modulating G@fflux in the tundra  severe rain constrains the emission of soil-producegd G0
ecosystem during the growing season. We compared meahe atmosphere (Jensen et al., 2014).

sured CQ efflux to predicted C@efflux using posterior me- During the study periods (day-of-year; DOY: 179-273,;
dians in the HB model at each sampling period of 2011 andrFig. 6) of 2011 and 2012, average soil temperature was
2012 (Fig. 5), noting that C®efflux simulated by a non- 9.3+3.8°C (CV: 41%) and 8.64.8°C, (CV: 56 %) re-
linear equation is consistent with measured data. Using thepectively, showing that there is no significant difference
HB model, cumulative predicted GQemission rates from between the years based on a one-way ANOVA 95 9% con-
28 June to 30 September of 2011 and 2012 — based ofidence level. Trends in soil temperature during the peri-
monitored soil temperature and soil moisture in the Coun-ods of 2011 and 2012 were S3—0.135x DOY + 5522

cil area — were 742 g COm—2 period! (95 % predicted Cl, (R?=0.70) and ST —0.093x DOY + 3781 (R?=0.45),

www.biogeosciences.net/11/5567/2014/ Biogeosciences, 11, 557B-2014
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Figure 5. Response from measured g@fflux to simulated C@
efflux by posterior medians in the HB model as a function of soil reached the soil moisture measuring depth (e.g., near sur-
temperature, soil moisture, and thaw depth within a 4049 m face), as shown in Fig. 6b. The 2012 weather conditions
plot (5 m interval; 81 points) in Council, Seward Peninsula, Alaska may represent an episodic event, requiring additional mon-
during the growing seasons of 2011 and 2012. itoring for several representative points within the plot. Nev-
ertheless, the higher G@mission rate simulated by the HB
model in 2011 is considered as likely the result of £
respectively. On the other hand, trends for soil mois-flux increasing until soil moisture reached optimum value,
ture were SM=0.0025x DOY —103.5 (R?=0.37) in as shown in Fig. 4b. Therefore, soil moisture is an impor-
2011 and SM=-0.0008x DOY +33.2 (R?2=0.31) in tant parameter in constraining G@missions in this tundra
2012, as shown in Fig. 6. Average soil moisture wasecosystem when the soil moisture is over the optimum value.
0.260+0.040nfm=3 (15%) and 0.493-0.124n¥m~3  When the annual simulated G@mission rate was estimated
(25%) in 2011 and 2012, respectively, suggesting a distincfrom the relationship between G@fflux and air tempera-
difference in soil moisture between the 2 years. Soil mois-ture using Eq. (2), the annual emission rates were 827 and
ture during the 2012 period did not change with time, re-609gCQ m—2year ! in 2011 and 2012, respectively, cor-
sulting from heavy rainfall events (Fig. 1) during the grow- responding to 86 and 80 % of annual £@mission rates.
ing season (Jensen et al., 2014). When soil temperature &im et al. (2013) estimated the growing season,@&mis-
the end of September in 2012 was below zero (Fig. 6a)sions in the foothill tundra north of Brooks Range, Alaska to
soil moisture sharply decreased, suggesting the frozen laydve 645gC@m—2period-! during 2006—2010, despite the
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Figure 6. Temporal variations irfa) soil temperature®C) and(b) soil moisture (i m~3), measured for tundra sites during the growing
seasons of 2011 (black) and 2012 (red). When soil temperature was below zero, at the end of September 2012, soil moisture dropped rapidly
as shown in Fig. 1.

difference in latitudinal distributions for CCefflux and pa-  bon into the atmosphere (Davidson et al., 1998; Jensen et al.,
rameters. This value is situated between the 2011 and 2012014).
emission rates simulated for Council in this study. That is Using the HB model, we computed limiting functions for
to say, the simulated GOemission rates were 0.86 and soil temperature, soil moisture, and thaw depth ob@®lux
1.20 Mg CQ within a 40 mx 40 m plot during the growing simulated by posterior distribution. Simulated £€¥flux in-
seasons of 2012 and 2011, respectively. creased (1) exponentially as soil temperature increased and
(2) nearly linearly until soil moisture reached optimum val-
ues (0.228 im—23); however, efflux decreased (3) logarith-
4 Summary and future works mically when soil moisture was beyond the optimum, and
(4) nearly linearly until thaw depth was at optimum value
Here, CQ efflux measurement was conducted with a man-(20 cm). Finally, efflux remained constant when thaw depth
ual chamber system in the tundra ecosystem of the Sewarfhcreased with time. These simulated findings show simi-
Peninsula of western Alaska, during the growing seasonsar patterns to the data obtained in this study as well as the
of 2011 and 2012, to evaluate the significant parameter(sjensen et al. (2014) results observed in the northwestern tun-
controlling CQ efflux, as well as the effect(s) on the soil- dra of Alaska during the growing seasons of 2011 and 2012.
produced C@ emission rate, using a hierarchical Bayesian During these growing seasons, the difference in soil temper-
(HB) model within a 40mx 40m plot (5m interval, 81 ature between the 2 years was not significant; however, there
points). Tussock tundra is an atmospheric carbon source ivas a distinct difference in soil moisture between them, re-
the tundra ecosystem year-round (Oechel et al., 1997; Kim e$ulting in the inhibition of C@ emissions due to higher soil
al., 2007, 2013). Considering the wide-ranged distribution ofmoisture. This demonstrates that higher soil moisture con-
tussock in the high Northern Hemisphere latitudes, tussockstrains 27 % of C@ emissions in 2012 compared to 2011.
and moss-originated CCefflux should not be overlooked However, to prove the effect of soil moisture on controlling
as a significant carbon source in the estimation of regionalCO, emissions in the tundra ecosystem, additional studies
and global carbon budgets. The response fromp €flux  must monitor the profiles of soil moisture and soil temper-
in tussock to soil temperature showed a linear relationshipature at representative points from lichen, moss, and tus-
meanwhile, effluxes observed in lichen and moss regimesock tundra regimes within the plot. As conducted by Risk et
increased exponentially as soil temperature increased. Thial. (2011), the monitoring of soil COefflux must also show
finding suggests that soil temperature is a key environmentatepresentative points, along with the monitoring of environ-
factor in modulating C@efflux, as many scientists have also mental factor profiles within the plot.
reported around the world. Except for observations made in
September 2012, soil moisture played an important factor in
controlling CQ efflux. For 2012, higher soil moisture, re-
sulting from the heavy rainfall in the end of August, was The Supplement related to this article is available online
a constraining factor for the transport of soil-produced car-at doi:10.5194/bg-11-5567-2014-supplement
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