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ABSTRACT

Boreal forests account for roughly one third of the carbon sequestered in terrestrial ecosystems, and the high-
latitude boreal ecosystem they make up has been consequently vulnerable to recent climate change. This
study investigated stem respiration of Alaska dominant black spruce trees in interior Alaska during the growing
season of 2007. The continuous measurement of stem respiration was conducted in black spruce trees of four
different ages (4.3, 7.2, 9.8, and 13.5 cm in diameter at breast height (DBH)) in interior Alaska, using a CO5
analyzer, a 12-V pump, chambers, and a data-logger. Mean stem respiration is 0.014 + 0.006 mg CO; m ™2 s~
(range 0.003-0.039 mg CO, m 2 s71) in different aged four black spruce trees, indicating remarkably temporal
variations in stem respiration with temperatures in air and stem. We found that metabolism is 1.5-fold higher in
the younger black spruce tree than in the older. Temperatures in air and stem are significant regulators in
regulating stem respiration. The stand-level annual stem respiration simulated by Q¢ value based on air tem-
perature is 73.9 g CO; m™2, corresponding to 5.0% of the ecosystem respiration (Re) estimated by eddy
covariance tower in 2007. Our findings demonstrate that stem respiration is a significant component in the scale-

up of the regional carbon budget in a black spruce forest of interior Alaska.

1. Introduction

Currently, high-latitude terrestrial ecosystems are at risk from
increasing ambient temperatures (AMAP, 2011). Northern boreal forests
represent approximately 35% of the world’s permafrost area, and also
contain approximately 66% of the world’s forest soil carbon pools
(Kasischke and Stocks, 2000). Recent studies also suggest a browning
phenomenon in boreal forests, which has weakened the metabolic
response to drastic climate change within interior Alaska (Verbyla,
2008; Parent and Verbyla, 2010). Meanwhile, stem respirations of
boreal forests are sensitive to changes in climate and environment,
leading to modulate the source capacity of atmospheric carbon (Ryan
et al., 1995, 1997; Lavigne, 1996; Lavigne and Ryan, 1997). Stem res-
pirations have contributed to 25-50% of ecosystem respiration in
northern coniferous forests and deciduous forests (Edwards et al., 1981,
Lavigne, 1996; Lavigne and Ryan, 1997). Thus, stem respiration is sig-
nificant for both contributing to the carbon budget (Damesin et al.,
2002), and for constructing the land surface model in northern

coniferous forests (Ryan and Waring, 1992), which depends on param-
eters in environments and ecophysiologies such as temperature, PAR
(photosynthetically active radiation), DBH (diameters at breast height),
sapwood volume/surface area, and so on (Ryan et al., 1995; Lavigne,
1996; Carey et al., 1997; Lavigne and Ryan, 1997; Ceschia et al., 2002;
Zha et al., 2004; Lavigne et al., 2004; Acosta et al., 2008). Stem respi-
ration from non-photosynthetic organs has gained forest carbon atten-
tion since CO5 emission was mainly determined by respiration instead of
total photosynthesis by green organs (Janssens et al., 2001).

Eddy covariance tower observation is a beneficial tool for consecu-
tively determining the ecosystem carbon cycle’s photosynthesis and
respiration at hourly, daily, weekly, monthly, annual and inter-annual
periods (Law et al., 1999; Aubinet et al., 2002; Baldocchi, 2003;
Ueyama et al., 2014). Nevertheless, eddy covariance methods do not
support direct information from each compartment contribution, and
are difficult to evaluate across heterogeneous regions due to peculiar
variations in the influencing footprint on a space-time scale. Hence, stem
respiration plays a significant part in elucidating differences and

* Corresponding author. International Arctic Research Center (IARC), University of Alaska Fairbanks (UAF), Fairbanks, AK, 99775-7340, USA.

E-mail address: kimywjp@gmail.com (Y. Kim).

https://doi.org/10.1016/j.polar.2021.100693

Received 2 October 2020; Received in revised form 19 April 2021; Accepted 6 May 2021

Available online 20 May 2021
1873-9652/© 2021 Elsevier B.V. and NIPR. All rights reserved.


mailto:kimywjp@gmail.com
www.sciencedirect.com/science/journal/18739652
https://www.elsevier.com/locate/polar
https://doi.org/10.1016/j.polar.2021.100693
https://doi.org/10.1016/j.polar.2021.100693
https://doi.org/10.1016/j.polar.2021.100693
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polar.2021.100693&domain=pdf

Y. Kim et al.

a) b)

Fan (inside air) 20m

Polar Science 29 (2021) 100693

Fig. 1. Scheme for stem respiration
measuring system. (a) Grey dashed
bevel arrows denote exchange of inside

Outlet

PRIYIYQ

Q
HERRE

Pump < and outside air by two fans of the top
and bottom under no measurement, and
v vertical solid arrows show the transport
of sample air emitted from the stem

IRcﬂ surface by pump for CO, analysis after
closing the two fans and measuring. (b)

y CO; concentration in transported air is
measured by the IRGA (Infra-Red Gas

Data LOgger Analyzer) for determination of CO»

concentration gradient for 7.5 min, and
measured data is stored to the data

20m

&

variations in ecosystem respiration (Ryan et al., 1995; Law et al., 1999;
Damesin et al., 2002; Shibistova et al., 2002; Tang et al., 2008).

Interpreted stem respiration rates are affected by the spatiotemporal
intensity of measurement, and also by the differences in observing
methodology. For instance, methodological factors such as an active
cross-section of the chamber, measuring frequency (e.g., hourly, daily,
monthly, seasonal and annual), and stem respiration-measuring system
type (e.g., manual or automated type) may affect each respiration
computation (Ryan et al., 1995; Damesin et al., 2002; Vose and Ryan,
2002; Zha et al., 2004). Widely recognized, different methodologies are
used for different purposes, and manual chamber systems are tradi-
tionally used for capturing spatial heterogeneity, while automated
chamber systems offer much improved measurement frequency during
snow-free periods (Zha et al., 2004; Kim et al., 2016). To a large extent,
the degree to which measured respirations are representative of reality
depends on a half-hour interval and spatial coverage within same boreal
forest trees, with the automated chamber system used in this study.

Stem respiration is directly dependent on change in temperature,
well known as the most significantly environmental parameter in
regulating stem respiration, estimating carbon budgets in response to
climate change, and validating ecosystem productivity models and land
surface models on local and region scales (Paembonan et al., 1991; Ryan
et al., 1995; Lavigne, 1996; Lavigne and Ryan, 1997; Xu et al., 2000;
Vose and Ryan, 2002; Zha et al., 2004; Harris et al., 2008; Rossi et al.,
2011; Lugo et al., 2012).

Measurement of stem respiration is important for improving our
understanding of ecosystem carbon cycling and budget, which in-
fluences the carbon and energy balance in the ecosystem and contributes
to feedbacks driving future climate change (Xu et al., 2000). Stem
respiration as a percentage of the aboveground carbon budget is esti-
mated to comprise anywhere from 9%, in a 50-year-old stand of Scot
pine (Zha et al., 2004), to as much as 13% (Ryan and Waring, 1992) in a
245-year-old stand of lodgepole pine. Moreover, since forest ecosystems
are very finely balanced between carbon sources and carbon sinks (Ryan
et al., 1997), it has become crucial to improve the accuracy of models
used for estimating forest carbon budgets, and thus for improving our
knowledge of stem respiration processes (Ceschia et al., 2002). Further,
measuring the stem respiration process and understanding what regu-
lates it are essential steps in understanding regional and global carbon
balances, and in modeling the CO; exchange between forests and the
atmosphere (Zha et al., 2004).

Black spruce communities, a dominant (39-44%) stand in the inte-
rior boreal forest, are widely distributed in interior Alaska, and under-
lain here by discontinuous permafrost (Barney and Stocks, 1983; Viereck
et al., 1992). Alaska black spruce communities typically occur at cold,
poorly drained, nutrient-poor sites with a shallow permafrost layer;
hence, and productivity is typically low (Viereck et al., 1992).

< logger.
Inlet

These questions and requirements have been addressed by continu-
ously monitoring the stem respiration rate of a black spruce tree (Picea
mariana) in interior Alaska during the growing season of 2007. Our
objectives are to 1) determine the response by stem respiration from
differently aged black spruce trees to temperatures during the growing
season; 2) examine intra-annual changes in stem respiration rate,
simulated by Q¢ value based on air temperature; and 3) evaluate the
contribution from stem respiration rate to Re (ecosystem respiration;
gCOy m 2 d 1), estimated by eddy covariance tower in a black spruce
forest, Interior Alaska.

2. Materials and experimental methods
2.1. Research sites

The research site was located on the western ridge of the University
of Alaska Fairbanks, in interior Alaska (64°51'N, 147°50'W, 166 m.a.s.
1.). This site represents a typical boreal black spruce forest (Picea
mariana), at which mean height was 6.6 m within a 60 x 60 m plot.
Black spruce density was 3290 tree/ha, according to a forest census
survey that measured bottom diameter (D,) and DBH (diameter at breast
height: 1.3 m high) of black spruce trees. Within the plot, 1183 trees
were alive and 43 were dead. Average D, and DBH were 6.6 + 3.2 cm
and 4.6 + 2.5 cm, respectively. Ueyama et al. (2014) reported ages
ranging from 35 to 120 years old at the neighboring site, based on
tree-ring investigation.

Stem respiration of these black spruce trees was monitored during
the growing season of 2007. The four targeted black spruce trees were
4.3, 7.2, 9.8, and 14.5 cm in DBH, and 3.6, 6.1, 9.2, and 10.3 m high,
respectively, representing four differently aged trees. However, this
study could not determine the exact age spans for the four trees, as we
did not cut holes in the stems for dating. Rosner (2004) found that
height-age trends of black spruce showed similar growth rates but var-
iations in ages at breast height, indicating a positively good linear
relationship between height and ages at breast height. Also, Wirth et al.
(1999) reported linear relationships for average tree height-stand age
and for DBH-stand age in four chronosequence of Central Siberian Pinus
sylvestris stands.

The forest floor is made up of tussocks, vascular plants, shrubs,
sphagnum and feather mosses, and lichen (e.g., Betula glandulosa, Ledum
palustre, Vaccinium vitis-idaea, Carex lugens, Sphagnum spp., Thuidium
abietinum, Cladina stellaris) over a discontinuous permafrost regime.
Annual mean air temperature was —2.0 °C, and mean temperature in
July was 17.3 °C, representing the maximum temperature for this area in
the last forty-five years. Annual mean precipitation was 290 mm, and
the mean precipitation of 47 mm from August was also the highest for
this area in the past forty-five years. During the growing season of May 1
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Fig. 2. Temporal variations in stem respirations of four black spruce trees with mean (thick grey line) with error bars, as well as temperatures in air (grey solid line)
and soil (grey dotted line), and heavy precipitation events (downward grey arrows). Rainy events led to decreased stem respiration and temperature in the mid-

growing season.

to September 30 of 2007, mean air temperature and precipitation were
13.6 °C and 243 mm, respectively, corresponding to 84% of annual
precipitation.

2.2. Determination of stem respiration and environmental parameters

The automated chamber system used for stem respiration (SR) con-
sists of 1) four stem chambers; 2) a control box, including a mini-pump
(5 L min~!, Enomoto Micro Pump Co., Japan), and a desiccant tube (3-
cm inside diameter, 20-cm length) filled with Drierite (Fisher Scientific,
USA); 3) an infrared gas analyzer (IRGA; Li-820, Licor, Nebraska, USA);
and 4) two data loggers (CR-1000, Campbell Scientific Inc., Utah, USA)
for storage of CO2 concentration and environmental parameters. The
scheme on the stem chamber installed at the DBH of the four trees is
shown in Fig. 1. The body of the stem chamber was made of a trans-
parent, high-density polyethylene (HDPE) film (35 cm high, 60 cm wide;
0.05 cm thick). The top and bottom parts of the chamber were packed
with commercial self-sealing insulation foam, and then fixed with clear
silicone and assorted cable ties to prevent outside air from entering the
chamber inside. Each chamber had two fans at the top and bottom
surfaces for the exchange of outside and inside air, with inlet tubing
(0.6-cm diameter) on the bottom and an outlet at the top. When mea-
surements were not conducted, inside air was exchanged with outside
air by two fans before the determination (grey arrows; Fig. 1a). Top and
bottom tubes in the inside chamber had twenty to thirty holes (0.3 cm in
diameter), used to measure CO, concentration emitted from the overall
surface of each stem (solid arrows; Fig. 1a-b). The two fans on the top
and bottom were stopped, the upper and lower valves were closed, in-
side air was transferred to the CO, gas analyzer by the pump, and the
change in CO, concentration was measured for 7.5 min, as shown in
Fig. 1b. In order to remove the remnants of outside air and estimate the
‘real’ concentration gradient, the first one to 3 min of CO5 concentration
was discarded due to contamination by previous air samples in the
tubing from chamber to analyzer. Stem respiration estimated hourly
mean values at 30-min intervals. The chamber was 4 cm higher than the
stem surface and 30 cm long, as shown in Fig. 1a. Although these four
stem respirations were monitored from the end of July to the end of
September, these data can be analyzed for characteristics in temporal
variations and the contribution of stem respiration from the averaged
four trees to ecosystem respiration (Re), measured from the eddy
covariance tower.

Growing season environmental parameters measured temperatures
of air and stem using two thermocouples (T type; Oregon Scientific Co.,
USA). Temperatures in air and stem were measured 1.5 m above the
surface and 0.01 m below the stem bark, respectively.

Stem respiration (SR) is calculated using the following equation:

SR=(AC /A1) x (V/A), @

where SR is stem respiration (mg CO, m2 s_l), AC is the change in CO,
concentration for measuring time (At, in seconds), and V and A are the
volume and surface area of the chamber (m3 and mz), respectively. We
computed the temperature’s dependency on observed hourly stem
respiration by fitting the following equation for temperatures of air and
stem:

SR = f, x ™7 (2)

where SR is measured stem respiration (mg CO, m2sY); Tis temper-
ature (°C) in air and stem; and fp and f; are constants. This exponential
relationship is commonly used to represent stem respiration as a func-
tion of temperature. Q¢ is a measure of the change in reaction rate at
intervals of 10 °C, and is based on Van’t Hoff’s empirical rule that a rate
increase on the order of two to three times occurs for every 10 °C rise in
temperature (Lloyd and Taylor, 1994). Q¢ value was calculated thusly:

QIO — eﬂlxlO (3)

A reference value for Rjp (stem respiration normalized to an air
temperature of 10 °C; Kim et al., 2014) was then calculated as

Rig = R; Q107101 )

where R; is simulated stem respiration (mg CO; m 2 s 1) and T is air
temperatures (°C). Using calculated values for Q¢ and Rjy, stem respi-
ration was simulated on the basis of measured air temperature (Kim
et al., 2014, 2016bib_Kim_et al 2014bib_Kim_et_al 2016). This trans-
formation was applied to meet the homoscedasticity condition (i.e.,
equal variance around the regression line for all values of the indepen-
dent variable), which is required to perform regression using the Qiq
function, as in equation (4). In order to estimate stem respiration for
each tree, simulated stem respiration R; (mg CO» m 2 s 1) was calcu-
lated as

R = Rlo/Qlo[“O_T)/IO]«, (5)
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The parameters of the nonrectangular hyperbola function were
determined daily, using a fifteen-day moving window and the least-
squares method. Stem respiration (SR) was estimated using the
following two models (Ueyama et al., 2014; Kim et al., 2016):

SR=Ry x Q""" (6)

E 1 1
SR=R,; X {—“( - )} @)
Ryos \Tk + Toy — To Tp + T, — Tp

where T, is air temperature and stem temperature, R, represents stem
respiration at 0 °C, and Qo is the temperature sensitivity coefficient of
stem respiration. Ry is the stem respiration at Ty, Eo is the activation
energy, and Ry is the ideal gas constant. Ty, Tp, and Ty are 273.15 K,
227.13 K, and 283.15 K, respectively (Lloyd and Taylor, 1994). We used
the conventional Q19 model to estimate stem respiration, though we
used the Lloyd and Taylor model equation (7) for uncertainty
estimates—as Q¢ exhibited clear seasonal variations, whereas Eq
showed no discernible seasonal variation. We also performed a one-way
ANOVA (95% confidence level) for this data, using Microsoft Excel Data
Analysis software. We used regression analysis to examine the rela-
tionship between stem respiration and environmental parameters.

3. Results and discussion

3.1. Temporal variations in stem respiration and environmental
parameters

Temporal variations in daily stem respirations of four different aged
black spruce trees (4.3-, 7.2-. 9.8-, and 14.5-cm diameter at DBH), as
well as temperature in air and stem, during the growing seasons of 2007
are shown in Fig. 2. Daily mean stem respirations +standard deviation of
four black spruce trees were 0.020 + 0.016, 0.018 + 0.011, 0.015 +
0.009, and 0.011 + 0.008 mg CO, m? s} respectively. That is,
younger stems represented much higher respiration, representing more
active metabolism (i.e., photosynthesis and respiration), relative to the
old. Furthermore, black spruce trees showed a much slower growth rate
than other species, despite being the dominant trees in the Alaska boreal
forest (Barney and Stocks, 1983; Viereck et al., 1992). Alaska black
spruce communities typically occur at poorly drained, nutrient-poor
sites with a discontinuous permafrost layer; hence, their productivity
is much lower relative to other stands (Viereck et al., 1992). Wolken
et al. (2016) showed that the mean ring width of black spruce at
different site levels (eg, Summit, Side slope, Toe slope, and Valley bot-
tom) was 0.42 + 0.04 mm yr’l, in interior Alaska.

Average stem respiration tstandard deviation during 2007 was
0.014 + 0.011 mg CO, m~2 s™}, as shown in Fig. 2. Seasonal charac-
teristics of stem respirations on the four trees showed up-and-down
patterns during the growing seasons, reflecting dependency on daily
air temperature. This pattern is also associated with the precipitation
events during the growing season, as shown in Fig. 2. For instance, Zha
et al. (2004) reported that stem respiration showed a much slower
response to the temperatures in air and stem before, compared to just
after, a rainfall event. However, this study has not shown any relation-
ship between daily mean stem respiration and daily precipitation (not
shown). Nevertheless, additional work is required to identify the rela-
tionship between hourly stem respiration and soil moisture.

Stem respiration of the 14.5-cm black spruce was higher than other
black spruce trees below zero. When temperature rapidly dropped below
zero after September 22, stem respiration from the old tree (14.5 cm)
remained nearly constant relative to the others, possibly due to its
relatively larger heat capacity against a sudden change in ambient
temperature (Becker and Edwards, 1999; Gu et al., 2007). Unfortu-
nately, winter stem respiration-measurement was not conducted during
the snow-covered period because of degradation to the rubber-made
diaphragm pump under the extremely cold environment of interior
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Fig. 3. Response from hourly stem temperature (ST) of black spruce tree to
hourly air temperatures (AT). Solid and dotted lines indicate relationships be-
tween stem temperature and air temperature, and a 1:1 line, respectively. The
equation is ST = 1.02 x AT + 1.99 (R> = 0.95; n = 1489) during the
growing season.

Alaska.

Daily mean temperatures of air and stem +standard deviation in four
trees were 12.1 £ 7.8, and 13.3 + 8.0 °C during the observation period
of 2017, respectively. As shown in Fig. 2, in general, stem temperature
was slightly higher than ambient temperature. Ambient temperature
(AT) was linearly correlated to stem temperature (ST) in the black
spruce trees, indicating ST=1.02 x AT + 1.99 (R> = 0.95; p < 0.01;n =
1489) during the growing seasons of 2007 (Fig. 3). This suggests that
stem temperature is 2.0 °C higher than ambient temperature, and that
ambient temperature elucidates 95% of the variability in stem temper-
ature during the growing season of 2007. It suggests that a higher stem
temperature may be due to a relatively larger heat capacity for the stem
than the atmosphere.

3.2. Temperature dependency of stem respiration

The responses from stem respirations by different aged black spruce
trees to temperatures in air and stem are shown in Fig. 4a-b, and
represent an exponential curve. This implies the temperature depen-
dence of stem respiration (Lavigne, 1996; Lavigne and Ryan, 1997; Zha
et al., 2004; Harris et al., 2008; Kim et al., 2014). Stem respiration in the
younger black spruce tree depends strongly on temperatures in air and
stem, relative to old trees. Mean stem respiration for temperatures in air
and stem is between 7.2 cm and 9.8 cm black spruce trees. As previously
described, the response from 14.5-cm black spruce stem respiration
appears to blunt temperatures in air and stem relative to other thinner
trees, indicating that a thicker stem black spruce tree has much higher
heat capacity than others, and then has much slower response to tem-
peratures in air and stem.

Growing season and monthly Q;¢ values and coefficients of deter-
mination (R%) calculated using equations (2) and (3) are listed in
Table 1. The pattern of Qj¢ values for the four trees tended to increase
from stem temperature to air temperature, suggesting the response in
stem respiration to air temperature is quite sensitive to stem tempera-
ture (Lavigne, 1996; Lavigne and Ryan, 1997; Bolstad et al., 2004; Zha
et al., 2004; Harris et al., 2008). Q1 values for temperatures in air and
stem during the growing season ranged from 2.04 to 2.76, compared to
1.2-3.5 in the Picea, Populus, and Pinus species for air and stem tem-
perature during growing seasons (Lavigne, 1996; Lavigne and Ryan,
1997; Bolstad et al., 2004; Zha et al., 2004; Harris et al., 2008).

Fig. 5 shows fifteen-day moving Qi values, determined for each of
measured trees using equations (6) and (7) during the growing season.
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Fig. 4. Response from stem respiration of four different aged black spruce trees to temperatures of (a) air and (b) stem, indicating exponential relationships between
stem respiration and temperatures in air and stem for 4.3 cm (solid curve), 7.2 cm (dotted), 9.8 cm (dashed), 14.5 cm (dash-dotted), and mean (thick grey curve) with

95% confidence level, respectively.

Table 1

Q10 values estimated by equation (2) and coefficients of determination (R?) from the relationships between stem respirations and temperatures of air and stem in four
differently aged black spruce trees in interior Alaska, during the growing season of 2007.

Stem Total in growing season July August September

DBH * AT" ST AT ST AT ST AT ST

(cm) Q10 R’ Q10 R’ Q1o R’ Q1o R? Q1o R’ Q1o R’ Q10 R’ Q1o R
4.3 2.76 0.71 2.51 0.71 2.15 0.78 2.13 0.83 2.16 0.66 2.19 0.72 1.90 0.60 2.08 0.74
7.2 2.22 0.65 2.05 0.65 2.22 0.84 2.17 0.87 2.28 0.77 2.26 0.79 2.12 0.69 2.28 0.78
9.8 2.19 0.70 2.04 0.70 1.79 0.67 1.80 0.75 1.89 0.71 1.91 0.76 1.64 0.52 1.78 0.67
14.5 2.31 0.64 2.14 0.65 2.01 0.82 1.93 0.80 2.06 0.73 2.03 0.73 1.94 0.52 2.05 0.57
Average 2.37 0.69 2.19 0.69 2.04 0.78 2.01 0.81 2.10 0.72 2.10 0.75 1.90 0.58 2.05 0.69

@ DBH is the diamtere at breast height that stem chamber is mounted on the surface.

b AT and ST denote air and stem temperatures.

The thicker grey lines represent the mean and its 95% confidence level
for temperatures in air and stem (Fig. 5a and b), respectively. During the
growing season, mean Qj¢ estimated using air temperature was 2.49 for
4.3 cm, 2.44 for 7.2 cm, 2.46 for 9.8 cm, 2.46 for 14.5 cm, and 2.41 as
mean for the four trees. Mean Q¢ estimated using stem temperature was
2.63 for 4.3 cm, 2.68 for 7.2 cm, 2.67 for 9.8 cm, 2.60 for 14.5 cm, and
2.65 for mean of four trees. For Qo determined using air temperature
records (Fig. 5a), values generally fall from near 3.5 early in the moni-
toring period to roughly 1.5, and show a similar trend across the four
trees. Fig. 5b shows fifteen-day moving Q;¢ values, determined using
stem temperature and showing greater scattering, higher than those
determined by air temperature.

Relationships between mean stem respiration (SR) and temperatures
in air and stem were SR = 0.0047 x exp (0.0865 x AT), (R = 0.69; Q1o
=2.36), and SR = 0.0045 x exp (0.0782 x ST), (RZ =0.69; Q10=2.19),
respectively, suggesting temperature elucidates 69% (64-71%) and 69%
(65-71%) of the variability in growing-season stem respiration,
respectively, as listed in Table 1. This implies the temperature sensitivity
of stem respiration (Lavigne, 1996; Lavigne and Ryan, 1997; Zha et al.,
2004; Harris et al., 2008; Kim et al., 2014). Furthermore, temperature in
July accounts for 78 and 81% in air and stem of the variability July stem
respiration, respectively. This demonstrates the temperature de-
pendency of July stem respiration is much higher than stem respirations
in August and September, as shown in Fig. 5.

3.3. Simulated stem respiration based on air temperature

We further estimated simulated respirations (R;), normalized to an
air temperature of 10 °C (Ryy), as well as Q¢ values using equations 4
and 5 for mean stem respiration of the four trees. The relationship be-
tween simulated (SSR) and mean observed stem respiration (OSR) for
the four trees denoted a positively linear relationship: SSR = 0.89 x OSR
+ 0.003 (RZ = 0.87; p < 0.001), based on a one-way ANOVA at a 95%
confidence level (Fig. 6). Simulated stem respiration (SSR) elucidated
87% of the variability in observed stem respiration (OSR) for each tree.
Zha et al. (2004) reported the coefficient of determination (RZ) between
SSR and OSR was 0.75-0.83 for three Scots pines.

Stem respiration was calculated as area (mZ) of stem surface covered
by the chamber, and scaled for ground-level surface area of observed
trees, allowing mean height, DBH, and total number of black spruce
within a 60-m x 60-m plot. Nevertheless, this study could not measure
branch respiration, due to the different sizes of branches and the exis-
tence of live/dead branches relative to stem—with stems even 7.8-times
higher in weight than branch and foliage. Furthermore, this study
assumed that the outer surface of each black spruce was a long conic
shape. Table 2 lists mean simulated stem respiration on a ground level of
four black spruce trees within a 60-m x 60-m plot during spring (DOY
(day of year) 121-151), summer (DOY 161-241), fall (DOY 251-291),
and winter (DOY 1-111 and DOY 301-361), at an interval of ten days.

Ueyama et al. (2014) reported that carbon exchange rates (i.e., GPP,
NEE, and Re) estimated by eddy covariance tower method were deter-
mined in the same black spruce forest of interior Alaska. The stand-level
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Fig. 5. Temporal variations in Q¢ values using equations (6) and (7) for (a) air
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annual stem respiration simulated by Q¢ value based on air tempera-
ture is 73.9 g COy m ™2, corresponding to 5.0% of the annual ecosystem
respiration (Re) estimated by eddy covariance tower in 2007. Also,
seasonal stand-level mean simulated stem respiration (SSR) contributed
4.4, 3.8, 3.7, and 5.5% of ecosystem respiration (Re) as measured by
eddy covariance during the spring, summer, fall, and winter seasons,
respectively (Table 2). The contribution from simulated stem respiration
to ecosystem respiration (Re), estimated by eddy covariance tower
observation, ranged from 1.1 to 12.8%, denoting higher winter/spring
contributions and lower summer/fall contributions to ecosystem respi-
ration (Ryan and Waring, 1992; Livigne, 1996; Lavigne and Ryan, 1997;
Vose and Ryan, 2002). The response from stand-level simulated stem
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Table 2

Contribution (%) of simulated stem respiration estimated by equation (5) to-
ward ecosystem respiration (Re), estimated by eddy covariance tower in black
spruce forest in interior Alaska, during 2007.

DOY Sim. stem respiration Re Contribution
(gCO, m? d™) (%)
1 0.009 0.072 12.6
11 0.023 0.147 15.8
21 0.029 0.338 8.6
31 0.022 0.341 6.5
41 0.021 0.344 6.0
51 0.009 0.645 1.3
61 0.013 0.653 2.0
71 0.020 0.660 3.1
81 0.026 0.722 3.6
91 0.095 1.541 6.2
101 0.110 1.250 8.8
111 0.158 2.401 6.6
1212 0.182 3.137 5.8
1312 0.215 3.869 5.6
1412 0.322 5.571 5.8
1512 0.335 6.886 4.9
161 0.373 8.724 4.3
171 0.403 12.584 3.2
181 0.466 13.504 3.5
191 0.390 12.185 3.2
201 0.567 11.221 5.1
211 0.460 9.011 5.1
221 0.424 11.079 3.8
231 0.307 10.251 3.0
241 0.248 9.270 2.7
251" 0.210 6.949 3.0
261" 0.138 4.031 3.4
271° 0.109 2.163 5.0
281° 0.063 2.121 3.0
201 ° 0.049 1.229 4.0
301 0.047 1.086 4.4
311 0.034 1.087 3.2
321 0.052 0.762 6.8
331 0.026 0.658 4.0
341 0.037 0.745 5.0
351 0.014 0.801 1.7
361 0.017 0.333 5.1
Average 0.163 4.01 5.0
Stdev 0.167 4.38 2.9

2 and ° denote spring and fall of 2007, respectively.

respiration (SSR) to GPP and Re from eddy covariance tower repre-
sented a linear relationship of GPP = 46.6 x SSR - 0.41 (R? = 0.89) and
Re = 30.8x SSR - 0.068 (R2 = 0.89), respectively, indicating that stem
respiration (SSR) accounts for 89% of the variability in GPP and Re in
the black spruce forest of interior Alaska (not shown). Zha et al. (2004)
noted that stem respiration (SSR) accounts for 65-71% of the variability
of GPP in Scots pine trees in a boreal forest.

Tang et al. (2008) noted that stem respiration contributed to 13% of
ecosystem respiration, while soil respiration accounted for 72% of
ecosystem respiration in the old-growth hardwood forest of Ottawa
National Forest in Michigan, USA. In the central Siberian forest, Shi-
bistova et al. (2002) estimated the respirations of soil, stem, and foliar
were attributable to 61, 21, and 18%, respectively, of the annual res-
piratory emission of a Scots pine (Pinus sylvestris) stand. Bolstad et al.
(2004) further noted that stem respiration explained 20% and 11% of
total respiration (i.e., leaf and stem) of northern hardwood and mature
aspen, respectively. Soil respiration contributed 75 and 81% of total
respiration in northern hardwood and mature aspen (Bolstad et al.,
2004). Stem respiration was estimated to comprise from 9% in a
50-year-old stand of Scot pine (Zha et al., 2004) to as much as 13%
(Ryan and Waring, 1992) in a 245-year-old stand of lodgepole pine, for
which the contribution was within the ranges of our winter results
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Fig. 7. Temporal variations in simulated stem respiration (solid line) with errors (grey) and temperatures of air (grey dotted line). Grey shade box denotes growing

season stem respiration above zero from April 7 to October 10, 2007.

(Table 2). Although this study could not conduct winter measurements
of stem respiration for four differently aged black spruce trees, we can
estimate simulated stem respiration based on air temperature and
observed growing season stem respiration.

In Fig. 7, annual simulated stem respiration is divided into growing
(shaded) and non-growing stem respirations, based on the air temper-
ature of zero. Growing season for the black spruce tree is from April 7 to
October 1 (178-day) for above-zero temperatures, while the non-
growing season is January 1 to April 6 and October 2 to December 31
(187-day). Summed growing and non-growing stem respirations were
1.23 and 0.13 kg CO, m 2, respectively. Non-growing stem respiration
contributes 9.5% of annual simulated stem respiration.

4. Summary and conclusions

Temporal variations in stem respiration for these four differently
aged black spruce trees were modulated by changes in air and stem
temperatures, which are key in determining and simulating stem
respiration; this response from stem respiration to temperature is likely
to depend on the observed diameter of black spruce during the growing
season of 2007. Simulated stem respiration, Q¢ adjusted and normal-
ized to an air temperature of 10 °C (R10), accounted for 87% of measured
stem respiration averaged the four trees. The research findings demon-
strate that stem respiration is a significant component for scaling up an
ecosystem carbon budget and should not overlooked. However, addi-
tional study is needed to determine year-round stem respiration with FD
(forced diffusion) CO chamber system (Risk et al., 2011; Kim et al.,
2016). Additional work is also required to investigate the relationships
between stem respiration and soil moisture at each tree and between
stem respiration and the radial growth rate of black spruce, for the
quantitative evaluation of the stem respiration-precipitation and other
climate-related trends during the growing season.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements
This research was supported by a National Research Foundation of

Korea Grant from the Korean Government (MSIT; the Ministry of Science
and ICT, NRF-2021M1A5A1065425) (KOPRI-PN21011) (Title:

Interrelationship Investigation and Comprehensive Monitoring based on
Permafrost-Atmospheric Environment (CAPEC succession Project and
KOPRI’s basic research project). This research was also conducted under
the JAMSTEC-IARC Collaboration Study (JICS project), with also fund-
ing provided by the Japan Agency for Marine-Earth Science and Tech-
nology (JAMSTEC). The authors appreciate Mr. N. Bauer of the
International Arctic Research Center (IARC) of the University of Alaska
Fairbanks (UAF) for reviewing the text as a professional English-
language editor, as well as Dr. M. Ueyama of Osaka Prefecture Univer-
sity as a provider of tower data. Finally, this manuscript is dedicated to
the late Dr. Rikie Suzuki of the JAMSTEC, our most treasured colleague.

References

Acosta, M., Pavelka, M., Pokorny, R., Janous, D., Marek, M.V., 2008. Seasonal variation
in CO; efflux of stems and branches of Norway spruce tress. Ann. Bot. (Lond.) 101,
469-477.

AMAP, 2011. Snow, Water, Ice and Permafrost in the Arctic (SWIPA): Climate Change
and the Cryosphere, Arctic Monitoring and Assessment Programme (AMAP). Oslo,
Norway, p. 538.

Aubinet, M., Heinesch, B., Longdoz, B., 2002. Estimation of the carbon sequestration by a
heterogeneous forest: night flux corrections, heterogeneity of the site and inter-
annual variability. Global Change Biol. 8, 1053-1071.

Barney, R.J., Stocks, B.J., 1983. Fire frequencies during the suppression period. In:
Wein, Ross W., MacLean, David A. (Eds.), The Role of Fire in Northern Circumpolar
Ecosystems. John Wiley & Sons, New York, pp. 45-61.

Baldocchi, D.D., 2003. Assessing the eddy covariance technique for evaluating carbon
dioxide exchange rates of ecosystems: past, present and future. Global Change Biol.
9, 479-492.

Becker, P., Edwards, W.R.N., 1999. Corrected heat capacity of wood for sap flow
calculation. Tree Physiol. 19, 767-768.

Bolstad, P.V., Davis, K.J., Martin, J., Cook, B.D., Wang, W., 2004. Component and whole-
system respiration fluxes in northern deciduous forests. Tree Physiol. 24, 493-504.

Carey, E.V., Callaway, R.M., DeLucia, E.H., 1997. Stem respiration of ponderosa pines
grown in contrasting climate: implications for global climate change. Oecologia
(Berl.) 111, 19-25.

Ceschia, E., Damesin, C., Lebaube, S., Pontailler, J.-Y., Dufréne, E, 2002. Spatial and
seasonal variations in stem respiration of beech trees (Fagus sylvatica). Ann. For. Sci.
59, 801-812.

Damesin, C.E., Ceschia, N., Le Goff, Ottorini, J.-M., Dufrene, E., 2002. Stem and branch
respiration of beech: from tree measurements to estimations at the stand level. New
Phytol. 153, 159-172.

Edwards, N.T., Shugart, H.H., McLaughlin, S.B., Harris, W.R., Reichle, D.E., 1981. Caron
metabolism in terrestrial ecosystems. In: Reichle, D.E. (Ed.), Dynamics Properties of
Forest Ecosystems. Cambridge University Press, London, UK, pp. 499-536.

Gu, L., Meyers, T., Pallardy, S.G., Hanson, P.J., Yang, B., Heuer, M., Hosman, K.P.,
Liu, Q., Riggs, J.S., Stuss, D., Wullschleger, S.D., 2007. Influences of biomass heat
and biochemical energy storages on the land surface fluxes and radiative
temperature. J. Geophys. Res. 112, D02107. https://doi.org/10.1029/
2006JD007425.

Harris, N.L., Hall, C.A.S., Lugo, A.E., 2008. Estimates of species- and ecosystem-level
respiration of woody stems along an elevational gradient in the Luquillo Mountains,
Puerto Rico. Ecol. Model. 216, 253-264.


http://refhub.elsevier.com/S1873-9652(21)00070-0/sref1
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref1
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref1
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref2
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref2
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref2
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref3
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref3
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref3
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref4
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref4
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref4
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref5
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref5
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref5
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref6
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref6
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref7
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref7
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref8
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref8
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref8
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref9
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref9
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref9
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref10
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref10
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref10
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref11
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref11
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref11
https://doi.org/10.1029/2006JD007425
https://doi.org/10.1029/2006JD007425
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref13
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref13
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref13

Y. Kim et al.

Janssens, I.A., Lankreijer, H., Matteucci, G., Kowalski, A.S., Buchamann, N., Epron, D.,
Pilegaard, K., Kutsch, W., Longdoz, B., Griinwald, T., Montagnani, L., Dore, S.,
Rebmann, C., Morors, E.J., Grelle, A., Rannik, U., Morgenstern, K., Oltchev, S.,
Clement, R., Gudmundsson, J., Minerbi, S., Berbigier, P., Ibrom, A., Moncrieff, J.,
Aubinet, M., Bernhofer, C., Jensen, N.O., Vesala, T., Granier, A., Schulze, E.-D.,
Lindroth, A., Dolman, A.J., Javis, P.G., Ceulemans, R., Vlaentini, R., 2001.
Productivity overshadows temperature in determining soil and ecosystem
respiration across European forests. Global Change Biol. 7, 269-278.

Kasishcke, E.S., Stocks, B.J. (Eds.), 2000. Fire, Climate Change, and Carbon Cycling in
the Boreal Forest. Springer, New York, p. 461.

Kim, Y., Kodama, Y., Shim, C., Kushida, K., 2014. Carbon exchange rate in Polytrichum
Jjuniperinum moss of burned black spruce forest in interior Alaska. Polar Science 8,
146-155.

Kim, K., Park, S.-J., Lee, B.-Y., Risk, D., 2016. Continuous measurement of soil carbon
efflux with Forced Diffusion (FD) chamber technique in a tundra ecosystem of
Alaska. Sci. Total Environ. 175-184, 566-567.

Lavigne, M.B., 1996. Comparing stem respiration and growth of jack pine provenances
from northern and southern locations. Tree Physiol. 16, 847-852.

Lavigne, M.B., Ryan, M.G., 1997. Growth and maintenance respiration rates of aspen,

black spruce, jack pine stems at northern and southern BOREAS sites. Tree Physiol.

17, 543-551.

Lavigne, M.B., Little, C.H.A., Riding, R.G.T., 2004. Changes in stem respiration rate
during cambial reactivation can be used to refine estimates of growth and
maintenance respiration. New Phytol. 162, 81-93.

Law, B.E., Ryan, M.G., Anthoni, P.A., 1999. Seasonal and annual respiration of a
ponderosa pine ecosystem. Global Change Biol. 5, 169-182.

Lloyd, J., Taylor, J.A., 1994. On the temperature dependence of soil respiration. Funct.

Ecol. 8, 315-323.

Lugo, J.B., Deslauriers, A., Rossi, S., 2012. Duration of xylogenesis in black spruce
lengthened between 1950 and 2010. Ann. Bot. 110, 1099-1108.

Paembonan, S.A., Hagihara, A., Hozumi, K., 1991. Long-term measurement of COy
release from the aboveground parts of a hinoki forest tree in relation to air
temperature. Tree Physiol. 10, 101-110.

Parent, M.B., Verbyla, D., 2010. The browning of Alaska’s boreal forest. Rem. Sens. 2,
2729-2747.

Risk, D., Nickerson, N., Creelman, C., McArthur, G., Owens, J., 2011. Forced diffusion
soil flux: a new technique for continuous monitoring of soil gas efflux. Agr. For.
Meteorol. 151, 1622-1631.

Rosner, C., 2004. Growth and Yield of Black Spruce, Picea Mariana (Mill.) B.S.P., in
Alaska. Master’s Thesis. University of Alaska Fairbanks (UAF). p.128.

Polar Science 29 (2021) 100693

Rossi, S., Morin, H., Deslauriers, A., Plourde, R.-Y., 2011. Predicting xylem phenology in
black spruce under climate warming. Global Change Biol. 17, 614-625.

Ryan, M.G., Waring, H.W., 1992. Maintenance respiration and stand development in a
subalpine lodgepole pine forest. Ecology 73, 2100-2108.

Ryan, M.G., Gower, S.T., Hubbard, R.M., Waring, R.H., Gholz, H.L., Cropper, W.P.,
Running, S.W., 1995. Woody tissue maintenance respiration of four conifers in
contrasting climate. Oecologia 101, 133-140.

Ryan, M.G., Lavigne, M.B., Gower, S.T., 1997. Annual carbon cost of autotrophic
respiration in boreal forest ecosystems in relation to species and climate. J. Geophys.
Res. 102, 28,871-28,883.

Shibistova, O., Lloyd, J., Zrazhevskaya, G., Arneth, A., Kolle, O., Knohl, A.,
Astrakhantceva, N., Shijneva, 1., Schmerler, J., 2002. Annual ecosystem respiration
budget for a Pinus sylvestris stand in central Siberia. Tellus 54AB, 568-589.

Tang, J., Bolstad, P.V., Desai, A.R., Martin, J.G., Cook, B.D., Davis, K.J., Carey, E.V.,
2008. Ecosystem respiration and its components in an old-growth forest in the Great
Lakes region of the United States. Agric. For. Meteorol. 148, 171-185.

Ueyama, M., Iwata, H., Harazono, Y., 2014. Autumn warming reduces the CO5 sink of a
black spruce forest in interior Alaska based on a nine-year eddy covariance
measurement. Global Change Biol. 20, 1161-1173. https://doi.org/10.1111/
gcb.12434.

Viereck, L.A., Dyrness, C.T., Batten, A.R., 1992. The Alaska vegetation classification. In:
Gen. Tech. Rep. PNW-GWR-286. U.S. Department of Agriculture, Forest Service,
Portland, OR, p. 278 (Pacific Northwest Research Station).

Verbyla, D., 2008. The greening and browning of Alaska based on 1982-2003 satellite
data. Global Ecol. Biogeogr. 17, 547-555.

Vose, J.M., Ryan, M.G., 2002. Seasonal respiration of foliage, fine roots and woody
tissues in relation to growth, tissue N, and photosynthesis. Global Change Biol. 8,
155-166.

Wirth, C., Schulze, E.-D., Schulze, W., von Stiinzner-Karbe, D., Ziegler, W., Miljukova, I.
M., Sogatchev, A., Varlagin, A.B., Panyorov, M., Grigoriev, S., Kusnetzova, W.,
Siry, M., Hardes, G., Zimmermann, R., Vygodskaya, N.N., 1999. Above-ground
biomass and structure of pristine Siberian Sots pine forests as controlled by
competition and fire. Oecologia 121, 66-80.

Wolken, J.M., Mann, D.H., Grant III, T.A., Lloyd, A.H., Rupp, T.S., Hollingsworth, T.N.,
2016. Climate-growth relationships along a black spruce toposequence in interior
Alaska. Arctic Antarct. Alpine Res. 48 (4), 637-652. https://doi.org/10.1657/
AAAR0015-056.

Xu, M., Debiase, T.A., Qi, Y., 2000. A simple technique to measure stem respiration using
a horizontally oriented soil chamber. Can. J. For. Res. 30, 1555-1560.

Zha, T.S., Kellomaki, S., Wang, K.-Y., Pyyppo, A., Niinisto, S., 2004. Seasonal and annual
stem respiration of Scots pine trees under boreal condition. Ann. Bot. 94, 889-896.


http://refhub.elsevier.com/S1873-9652(21)00070-0/sref14
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref14
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref14
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref14
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref14
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref14
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref14
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref14
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref15
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref15
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref16
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref16
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref16
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref17
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref17
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref17
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref18
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref18
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref19
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref19
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref19
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref20
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref20
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref20
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref21
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref21
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref22
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref22
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref23
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref23
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref24
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref24
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref24
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref25
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref25
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref26
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref26
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref26
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref27
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref27
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref28
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref28
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref29
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref29
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref30
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref30
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref30
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref31
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref31
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref31
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref32
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref32
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref32
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref33
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref33
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref33
https://doi.org/10.1111/gcb.12434
https://doi.org/10.1111/gcb.12434
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref35
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref35
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref35
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref36
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref36
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref37
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref37
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref37
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref38
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref38
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref38
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref38
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref38
https://doi.org/10.1657/AAAR0015-056
https://doi.org/10.1657/AAAR0015-056
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref40
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref40
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref41
http://refhub.elsevier.com/S1873-9652(21)00070-0/sref41

	Characteristics of stem respiration in black spruce (Picea mariana) stand, interior Alaska
	1 Introduction
	2 Materials and experimental methods
	2.1 Research sites
	2.2 Determination of stem respiration and environmental parameters

	3 Results and discussion
	3.1 Temporal variations in stem respiration and environmental parameters
	3.2 Temperature dependency of stem respiration
	3.3 Simulated stem respiration based on air temperature

	4 Summary and conclusions
	Declaration of competing interest
	Acknowledgements
	References


