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ABSTRACT

The eddy covariance method was applied to measure net ecosystem CO2 exchange (NEE) at a subarctic black spruce

forest in interior Alaska during 2003 and 2004. To clarify the budget of CO2, we divided photosynthesis and respiration

by applying the Carbon Budget Analysis Tool, in which the potential photosynthetic rate, the light use efficiency, and

the suppression factors on photosynthesis were evaluated.

The potential photosynthetic rate and the light use efficiency were related with the understory leaf area index. The

determined optimal temperature of photosynthesis was higher than 15 ◦C, which was higher than that of other boreal

forests. Drought in midsummer of 2004 suppressed both photosynthesis and respiration, but the suppression was more

effective in photosynthesis, resulting in a slightly decreased NEE. Cumulative respiration and photosynthesis were 2.29

and −2.50 kg CO2 m−2 in 2003, and 2.37 and −2.44 kg CO2 m−2 in 2004, resulting in calculated annual CO2 sink

budgets of −210 and −70 g CO2 m−2 in 2003 and 2004, respectively.

1. Introduction

Investigation of carbon exchange between terrestrial ecosystems

and the atmosphere is essential to understand the global car-

bon cycle. The boreal forest ecosystem may be a large sink of

atmospheric CO2 (Myneni et al., 2001; Schimel et al., 2001).

However, the carbon budget is sensitive to change in tempera-

ture (Lindroth et al., 1998; Chen et al., 1999; Randerson et al.,

1999), depth of soil thaw (Goulden et al., 1998) and other

environmental factors (Frolking, 1997), which could enhance

the amplitude of the annual carbon budget from year to year

(Goulden et al., 1998; Chen et al., 1999). Summer warming in

arctic Alaska has accelerated during the past few decades, and

further warming in relation to the ecosystem shift is estimated

for the subarctic (Chapin et al., 2005). To investigate the re-

sponse of the terrestrial ecosystem to climate change, long-term

data sets of carbon exchange between the vegetation and atmo-

sphere are necessary, particularly for model parameterization

in the northern high latitude. The eddy covariance method is a

powerful tool for evaluating net ecosystem CO2 exchange (NEE)

for long-term observation (e.g. Baldocchi et al., 1996; Goulden
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et al., 1996). Previous long-term measurements of arctic and

boreal ecosystems were mainly conducted in dense forests in

Canada (Goulden et al., 1997; Jarvis et al., 1997), and in arctic

tundra in Alaska (Oechel et al., 2000; Harazono et al., 2003).

However, there are few long-term measurements in the boreal

forest ecosystem in interior Alaska, where it is severely cold in

winter and daylight persists for many hours in summer. In order

to know the ecosystem response to current arctic warming and

to continue to improve parameterization of model analyses, we

have conducted year-round comprehensive flux observations at

a black spruce forest in interior Alaska since fall 2002 (Ueyama

et al., 2006).

Most of the interior region of Alaska is located on discontinu-

ous permafrost, which could represent a unique carbon exchange

in contrast to other regions. The wide annual temperature ranges

of air and soil and the low precipitation could affect both photo-

synthesis and respiration compared to other ecosystems. Further-

more, wide range temperature and low precipitation might affect

each process differently. For instance, different responses to sum-

mer drought were reported in boreal ecosystems (Arneth et al.,

2002; Iwashita et al., 2005). To better understand the ecosys-

tem responses to the current warming, it is important to evaluate

the two processes separately. The Carbon Budget Analysis Tool

(CBAT) is an empirical model designed to analyse photosynthe-

sis and respiration at the stand level, using half-hourly NEE and
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environmental factors as a big-leaf approach. Previously, CBAT

successfully evaluated characteristics of the two processes at

various tundra ecosystems in arctic Alaska (Yoshimoto et al.,

1997; Harazono et al., 1998; Mano et al., 2003). In this paper,

we will examine the dominant ecological parameters controlling

the responses of a black spruce forest in a subarctic continental

climate, by applying CBAT to observed data at a black spruce

forest in interior Alaska. We will also examine the contributions

of photosynthesis and respiration to the interannual CO2 budget.

2. Site and method

2.1. Site condition and observation

Measurements were made at a boreal forest in Fairbanks, central

Alaska (64◦ 52′N, 147◦ 51′W), where the permafrost is discontin-

uous. The forest is dominated by black spruce (Picea mariana),

with height up to 6.0 m, but mostly less than 1.5 m. The under-

story is composed of vascular plants and low shrubs. The forest

floor is tussock tundra, covered by mosses and lichens. The for-

est around the observation tower is old growth with the mean

stand age of 120 yr (Vogel et al., 2005), and no record exists of

fire disturbance to the surrounding area since 1950 (Alaska Fire

Service). In order to know the seasonal change of leaf area index

(LAI), a plant canopy analyser (Li-Cor, LAI-2000) was applied.

Thereafter, weekly observed data by the plant canopy analyser

as used as LAI.

The mean monthly temperature for Fairbanks is the lowest in

January at −19.3◦C; the maximum is 17.4◦C in July, with an

annual mean of −1.4◦C (Fairbanks National Weather Service,

1980–2000 monthly mean). The average annual precipitation

was 270.6 mm, in which approximately 37% fell as snow, and

the rest as rain in the summer months.

CO2, H2O, heat and momentum fluxes were measured by

using the eddy covariance method (Baldocchi, 2003). The fluc-

tuation of wind speed and temperature were measured with a

three-dimensional sonic anemometer (Campbell, CSAT3). The

mixing ratios of CO2 and water vapor were measured with an

open-path infrared gas analyser (Li-Cor, LI-7500). Half-hourly

turbulent fluxes were calculated from the recorded data, by cor-

recting effects of the path-length and sensor separation (Moore,

1986) and air density effect of counter flow (Webb et al., 1980).

The nighttime NEE were filtered by applying the u∗ threshold

with 0.2 m s−1, and then filled by using temperature response

functions for nighttime NEE. Details of the site conditions, the

measurements, and the weather during the observations are in

Ueyama et al. (2006).

3. Analysis of photosynthesis by Carbon Budget
Analysis Tool

The CBAT is an empirical model designed to analyse the control

parameters on photosynthesis and respiration at the stand level.

The parameters are empirically determined by using microme-

teorological factors as a big leaf approach, which mainly consist

of two processes, photosynthesis, P, and respiration, Reco.

NEE = P + Reco, (1)

where P is defined as potential photosynthesis, P0, and sup-

pression effects caused by environmental factors. The potential

photosynthesis is defined as a rectangular hyperbola function of

PAR (Monsi and Saeki, 1953).

P0 = Pmaxb PAR

Pmax + b PAR
, (2)

where Pmax and b are the hypothetical maximum of photosyn-

thesis and the light use efficiency. The suppression effects are

defined according to a simple conductance model (Jarvis, 1976),

assuming that the different instances of photosynthesis on the

same PAR occur under different environmental stresses.

P = P0gmax f (Ta) f (VPD) f (PAR), (3)

where gmax is the maximum normalized ecosystem conductance,

PAR is photosynthetically active radiation, T a is air temperature

at 4 m, and VPD is vapour pressure deficit. f represents suppres-

sion functions, which range between 0 and 1. The response to

air temperature is also described as follows (Jarvis, 1976):

f (Ta) =
(

Ta − Tl

Topt − Tl

) [(
Th − Ta

Th − Topt

)(Th−Topt)/(Topt−Tl)
]

, (4)

where T opt is the optimal temperature, T h is the maximum tem-

perature at which f (T a) is reduced to zero, and T l is the minimum

temperature at which f (T a) is reduced to zero. The response to

vapor pressure deficit was described as a simple linear function.

Finally, the response to PAR is described as a rectangular hyper-

bola (Kosugi et al., 1995).

f (PAR) = PAR

PAR + gmax

/
ag

, (5)

where ag is the initial slope of the light-conductance curve.

The ecosystem respiration, Reco, is defined by a simple expo-

nential relationship.

Reco = R0 exp

[
ln(Q10)

10
Ta

]
, (6)

where R0 is the ecosystem respiration at the reference tempera-

ture, 0◦C and Q10 is the temperature sensitivity coefficient.

4. Results

4.1. Seasonal change of LAI

The seasonal change of LAI in 2004 is shown in Fig. 1. LAI above

1.0 m is also shown for 2004 and 2005. LAI was averaged from 80

measurement locations because of sparse black spruce structure.

Observed LAI showed a clear seasonal variation, in which LAI

gradually increased from 1.2 m2 m−2 after spring thaw around

day of year (DOY) 115 to 2.4 m2 m−2 at midsummer around
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Fig. 2. Relationships between ecosystem

respiration and air temperature during (a)

2003 and (b) 2004. Each data points are

mean and bars are standard error.

DOY 220, and then decreased. LAI above 1.0 m, on the other

hand, did not show a clear seasonality, and varied between 0.5

and 0.1 m2 m−2, suggesting that leaf area of the black spruce had

little seasonality. Therefore, the seasonal variation of LAI above

the ground might represent the phenology of the understory.

4.2. Ecosystem respiration

The relationship between nighttime respiration and air tempera-

ture changed when the divided periods were compared (Fig. 2).

The Q10 value was about 1.5 throughout the year, except 1.2

during DOY 197–254 in 2004. The declined Q10 value was

only obtained during the drought period (shown in 4–4). On the

other hand, R0 changed through the season from 0.14 to 0.42 g

CO2 m−2 h−1 in both years. The shifts in R0 during the growing

season were related to increased biomass; LAI increased from 0.5

to 2.5 m2 m−2 during the growing season, which could enhance

maintenance respiration. Previous studies also showed that the

relationships between the ecosystem respiration and temperature

changed within the growing season (Goulden et al., 1997, 1998).

These changes were thought to reflect the changes in basal

metabolism of above-ground spruce or moss (Skre and Oechel,
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1981; Goulden et al., 1997). The R0 shift could be caused by

not only the basal metabolism but also to change of the active

layer depth. A deepening active layer could increase the decom-

posed CO2 emission the same as in a boreal forest (Goulden et

al., 1998). The results suggested that the ecosystem respiration

in subarctic forests must be estimated separately in each sea-

son, applying different relationships for several periods within a

growing season.

4.3. Ecosystem photosynthesis

Since the daytime CO2 uptake and nighttime respiration showed

a clear seasonality, we divided the observation period into 13

terms for analysis, and then parameters of CBAT were deter-

mined for each term. The parameters were assumed constant

within each term, because the LAI were relatively the same

values within each term (Fig. 1). The half-hourly photosyn-

thetic rate was determined from eq. (1) using Reco and observed

NEE. According to the conventional respiration of the eddy

flux observation, downward NEE and ecosystem photosynthesis,

namely CO2 uptake by the ecosystem, was shown as negative

values.

The relationships between PAR and the ecosystem photosyn-

thesis for 13 terms were shown in Fig. 3, in which each curve

showed rectangular hyperbola functions fitted to the maximum

values. The photosynthesis during midwinter was almost zero

and did not have significant relationships with PAR, suggesting
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Fig. 3. Seasonal variations of relationship

between ecosystem photosynthesis and PAR

during 2003.

that the black spruce stand was at dormancy under extreme cold

weather and insufficient radiation. Clear relationships between

PAR and photosynthesis started from late winter to early spring,

DOY 58–85, when the forest floor was still covered by snow.

After the spring thaw, DOY 115, the photosynthetic rate grad-

ually increased and achieved the maximum level during DOY

198–225. During DOY 254–281, the photosynthetic rate rapidly

decreased and became the same level as that during DOY 58–

113. Although the stand level photosynthesis increased with PAR

until the light saturation point of about 800 μmol m−2 s−1, the

photosynthesis above the point did not show a clear relationship

with PAR in each term. Particularly during DOY 198–225, the

photosynthetic rate was decreased at high PAR.

The potential photosynthetic rate, Pmax, and the light use ef-

ficiency, b, showed clear seasonal variations (Fig. 4), and trends

were similar between 2003 and 2004. Pmax ranged from 0.1 to

3.8 g CO2 m−2 h−1, and peaked between late July and early

August, which were higher in 2003. The seasonal change of b
was similar to Pmax, but the peak in 2004 was later and higher than

that in 2003. The different levels of Pmax and b were attributed

to different weather conditions, such as air temperature, rainfall,

and smoke cover by wildfires, in each year. These parameters

also contributed to the CBAT calculation.

As temperature, vapor pressure deficit, and light intensity are

known as key factors to control the photosynthesis of boreal

forest ecosystems (Goulden et al., 1997; Jarvis et al., 1997; Chen

et al., 1999), we examined these factors as suppression factors

controlling the ecosystem photosynthesis, by applying eq. (3).

Tellus 58B (2006), 5
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The suppression functions for air temperature, PAR and VPD

are shown in Fig. 5. The suppression function theoretically takes

1.0 at its maximum, but the extent of each observed suppression

was randomly affected by other suppression and also affected

by other excluded parameters. Consequently, the lines in the

figures were drawn to fit the observed suppression. The suppres-

sion function for VPD was negatively related with VPD during

limited terms, DOY 142–197 of 2003 and DOY 201–245 of

2004. In calculation of eq. (3), consequently, we only applied

the suppression of VPD for the above limited terms. The sup-

pression effects of VPD were different in each term, in which the

slopes of the linear function were −0.0072 in DOY 142–197 of

2003, −0.0063 in DOY 197–224 of 2004 and −0.0041 in DOY

225–245 of 2004. The suppression function for air temperature

was examined by fitting to eq. (4). The results showed that the

suppression function for temperature gradually increased with

increasing temperature. An examined optimal temperature was

about 22◦C. During midwinter DOY 1–57 and 310–365, on the

other hand, a clear relationship between air temperature and sup-

pression function was not found. Consequently, we selected the

mean value of the suppression function for temperature, 0.45.

The relationship with PAR was determined within the optimal

temperature, by fitting eq. (5), in which gmax ranged between

1.00 and 0.69 and ag was 0.006. The derived suppression func-

tions for environmental factors were used in CBAT to estimate

photosynthesis throughout a year.
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4.4. Meteorological inputs

The meteorology used to calculate CBAT, air temperature, VPD

and PAR measured at the site in 2003 and 2004 are shown in Fig. 6

as 7-d running means. Cumulative rainfall is also shown.

The snow-free period was DOY 115–290 in 2003 and DOY

115–300 in 2004. In this paper, we defined the growing sea-

son as the snow-free period. The average air temperature during

the growing season in 2004 was about 2.7◦C higher than that in

2003. Although rainfall in 2004 was higher than 2003 until June,

a drought occurred after DOY 170 in 2004. Consequently, the

rainfall during the growing season in 2004 was 140 mm, which

was about half of that in 2003, 238 mm. VPD during the early

growing season was high between DOY 140 and 190 in 2003 in

relation to low rainfall. On the other hand, VPD was higher in

the late growing season in 2004.

4.5. Comparisons of CBAT outputs and observed NEE

We calculated half-hourly photosynthesis, respiration and NEE,

by applying meteorological data and parameters derived from
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CBAT. Diurnal variations of calculated half-hourly NEE, mea-

sured NEE, and PAR between DOY 160 and 168 in 2003 were

shown in Fig. 7 as an example. The relationship between ob-

served and calculated NEE is shown in Fig. 8. For all data, the

regression line underestimated the data by 30%. However, for

the range between −1.0 and 0.5 g CO2 m−2 s−1, the underesti-

mation was less than 7%. Since more than 90% of the half-hourly

data were in this range, the model estimation seems to reflect the
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relationship between NEE and meteorology. One reason for the

poor relationship between all data was because each parameter

was derived for term-averaged characteristics, which resulted in

a failure to estimate peak values (Fig. 7).

The daily integrated NEE compared with the CBAT calcula-

tion and the measured values are shown in Fig. 9. Gray areas

represent data gaps caused by equipment error. The calculation

by CBAT could satisfactorily reproduce the observed daily NEE.

The observed annual budget was −250 g CO2 m−2 in 2003 and

−150 g CO2 m−2 in 2004, which was applied to quality control

and gap filling using the mean diurnal variation method (Falge

et al., 2001). However, CBAT provided annual sinks of −210

and −70 g CO2 m−2 in 2003 and 2004, which were underes-

timates of the annual budget by about 40 g CO2 m−2 in 2003

and 80 g CO2 m−2 in 2004. The underestimation may be caused

by the failed estimations of peak values by CBAT. Nonetheless,
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Fig. 9. Interannual variations of measured
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CBAT successfully reproduced the diurnal changes of NEE and

interannual variations as well. Therefore, the calculated photo-

synthesis and respiration by CBAT were available to examine

the interannual variation, and then the reasons for the difference

in the annual CO2 budget may be clarified.

4.6. Interannual variation of net ecosystem exchange

The interannual variations of a 7-d running mean of CBAT

components, respiration, photosynthesis and NEE, are shown in

Fig. 10, in which the ratio between photosynthesis and respi-

ration (P/Reco), were also shown. P/Reco represents the relative

contribution of each process to daily NEE, in which P/Reco be-

low one represents the CO2 source and above one represents the

CO2 sink. Photosynthesis began around DOY 58, and rapidly

increased to a peak, about −25 g CO2 m−2 d−1 around DOY

210 in 2003 and about −20 g m−2 CO2 d−1 around DOY 175

in 2004, respectively. Although maximum solar radiation oc-

curred at solstice DOY 172, the peak of photosynthesis lagged in

2003. After the peak, photosynthesis rapidly decreased in 2003.

During mid winter, ecosystem photosynthesis was almost zero.

On the other hand, respiration ranged between 1.5 and 2.0 g

CO2 m−2 d−1 during midwinter. Respiration rapidly increased

after around DOY 100 in relation to the rapid increase of air

temperature (shown in Fig. 6). Although Fig. 10 only shows 7-d

running mean values, peak levels for daily respiration occurred

around 20 g CO2 m−2 d−1 and 16 g CO2 m−2 d−1, at around DOY

200 in 2003 and DOY 180 in 2004 (not shown in the figure).

During the decreasing trends in respiration after fall, respiration

increased again due to a warming between DOY 260 and 280 in

2003 (shown in Fig. 6). Consequently, significant upward NEE

was both observed and calculated (shown in Fig. 9) because pho-

tosynthesis was less sensitive to increased air temperature in this

period.

P/Reco showed a peak during late winter in each year, during

which the value of P/Reco was around 1.9 and 1.5, respectively.

These peaks clearly showed the sink activity during the late win-

ter, but the levels are relatively exaggerated because the ratio
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was derived from fraction of small P and Reco values. Between

late June and early July 2003, P/Reco was around 1.5, which

reflected the high photosynthetic activity under the optimal air

temperature and longer daylight length.

The seasonal trends of interannual CO2 budgets and each com-

ponent, respiration and photosynthesis, were shown in Fig. 11.

The calculated annual CO2 budget was the difference between

the two large terms. Cumulative respiration and photosynthesis

were 2.29 and −2.50 kg CO2 m−2 in 2003, and 2.37 and −2.44 kg

CO2 m−2 in 2004, resulting in annual CO2 sink budgets of −210

and −70 g CO2 m−2 in 2003 and 2004, respectively.

5. Discussion

The obvious uptake of CO2 occurred about 2 months before

snowmelt in the subarctic black spruce forest. During this pe-

riod, photosynthetic activity was obviously related to PAR (Fig.

3), while the ecosystem respiration was restricted by low air tem-

perature and snow cover, resulting in significant sink observed as

negative NEE and calculated as photosynthesis by CBAT. In this

period, average temperature ranged between −5 and −20◦C,

although maximum temperature was around 0 ◦C on several

days. Previously, the timing of the thaw was thought as an im-

portant factor to determine the commencement of photosynthesis

(Jarvis and Linder, 2000), because the uptake of water by plants

was restricted by frozen soil. Suni et al., (2003) suggested that

photosynthesis commenced 1.5 months before the soil thawed,

and that the water storage in tree stems could be used for tran-

spiration until the soil thaws. The current results from field ob-

servations and CBAT analysis suggest the occurrence of photo-

synthesis of the black spruce forest in the subarctic before thaw.

We believe that the CO2 uptake during late winter was caused

by plant photosynthesis.

The controlling factors of photosynthesis, Pmax and b, had a

positive relationship with LAI during the growing season. Since

the seasonal variation of LAI at the black spruce forest was
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strongly affected by the understory phenology, the determined

characteristics of controlling factors could be affected by the un-

derstory. LAI gradually decreased during the senescence period,

while Pmax was rapidly depleted. The rapid decline of photo-

synthesis could be caused by frost damage around DOY 255 in

both years, when air temperature decreased to the freezing point

(Fig. 6). Pmax between DOY 197 and 253 in 2004 was lower

than in 2003. One of the reasons for this decline was insuffi-

cient growth in 2004. During the early growing season of 2004,

incident PAR was 11% lower than in 2003, which reduced pho-

tosynthesis to 85% compared to 2003 on CBAT calculation. The

reduction of photosynthesis might have restricted the growth of

vegetation. Another reason was the drought stress of the vegeta-

tion (shown below); rainfall in the growing season of 2004 was

one third of that in 2003. The drought could have restricted not

only the growth in earlier half of the growing season, but also

Pmax between DOY 197 and 253 in 2004.

The light use efficiency, b, during DOY 225–253 of 2004 was

obviously higher than that in 2003 (Fig. 4), which could be ex-

plained by the different air temperature. Mean air temperature

during the period was 2.8◦C higher than that in 2003, which

could have accelerated the photosynthetic enzyme. Chen et al.

(1999) indicated that the photosynthesis of a boreal aspen forest

was mainly limited by low b values due to low temperature at

both the beginning and end of growing seasons. Lafleur et al.

(2001) also showed clear seasonal variations in Pmax and b at a

boreal bog peatland, which reflected seasonal variations of LAI

and temperature. Another possibility is differing light conditions

in each year. In summer of 2004, severe wildfires occurred, and

smoke covered most of interior Alaska resulting in continuous

low solar radiation, which might increase the light use efficiency

due to diffused radiation. The effect of cloudiness on light use

efficiency was discussed by Fan et al. (1995), in which the coni-

cal crowns of black spruce allowed an even distribution of light

over the forest during cloudy periods. In interior Alaska, the fre-

quency of large fire years has recently increased dramatically

(Kasischke et al., 2006). Smoke from these fires might increase

the light use efficiency of such coniferous forests. Air temper-

ature and wildfire smoke, therefore, could be important factors

in determining the light use efficiency in interior Alaska’s black

spruce forest.

Determined optimal temperature of the ecosystem photosyn-

thesis showed a higher optimal temperature than 15◦C. Several

studies of boreal forests showed that the optimal temperature

ranged between 15 and 20◦C in aspen stands (Chen et al., 1999),

between 14 and 15◦C in a mixed Scots pine and Norway spruce

forest (Lindroth et al., 1998) and between 14 and 16◦C in a

black spruce forest (Goulden et al., 1997; Jarvis et al., 1997),

which mainly consisted of a dense canopy with high LAI values.

In contrast, our research site had a quite sparse canopy of LAI

with 0.2–0.5 m2 m−2 above 1.0 m. Therefore, photosynthesis

of black spruce at this site could have contributed less to the

total ecosystem photosynthesis, and the higher optimal tempera-

ture could reflect the characteristic of understory photosynthesis.

Since most understory species were deciduous, the examined op-

timal temperature might adapt to summer temperature, which is

comparable to that of the deciduous stands (Chen et al., 1999).

The suppression by VPD was only detected for several terms,

which were consistent with the low rainfall periods. The result

suggested that high VPD could suppress the photosynthesis only

under dry conditions. The suppression also occurred at low light

intensities, which could be an adaptation to conserve water un-

der low light (Chapin et al., 2002). The suppression function

of PAR might be the correction of the simple rectangular hy-

perbola (eq. (2)). The suppression functions for environmental

factors showed relatively scattered values (Fig. 5), which could

be affected by the site heterogeneity and the contribution of the

various plant responses.

The results show that the early growing season acted as an

important sink period in the subarctic black spruce forest, in

which the photosynthesis overwhelmed respiration. The negative

NEE, the CO2 sink, was determined as the balance between

commenced photosynthesis and suppressed respiration. After

snowmelt, LAI increased due to understory foliation (Fig. 1),

and thus the photosynthetic activity increased rapidly (Fig. 10),

while the respiration did not increase rapidly by low het-

erotrophic activity due to low soil and air temperature. A similar

phenomenon was examined by Goulden et al. (1998). At this

forest, the active layer in the early growing season was quite

thin, which could not have increased the heterotrophic respira-

tion rapidly. During the late growing season in 2003, both pho-

tosynthesis and respiration reached the maximum level, and the

two processes were almost the same levels. Since the understory

senescence and decreased daylight limited photosynthesis dur-

ing this period, respiration was more sensitive to temperature

than was photosynthesis. This result suggests that, if the recent

warming trends in Alaska can increase the late growing season

temperature or prolong the growing season, the CO2 exchange

during late growing season may shift to CO2 emission.

There was a 44-d drought before DOY 210 in 2004, but we

could not explain the drought effects on ecosystem CO2 ex-

change because of lack of observed data during this period. How-

ever, CBAT analysis showed that the drought between DOY 210

and 253 in 2004 suppressed both photosynthesis and respira-

tion, where the ecosystem uptake of CO2 was slightly decreased

because the suppression of photosynthesis by the drought was

more effective than that of respiration. Skre and Oechel (1981)

reported that photosynthesis of a moss decreased to 20% of the

original level due to drought stress. A similar result was reported

by Arneth et al. (2002), in which the relationship between photo-

synthesis and PAR were distorted by drought stress in a Russian

boreal bog. A similar drought condition after the 44-d drought

in 2004 also reduced the sensitivity of ecosystem respiration,

Q10, from 1.45 to 1.2 at the present black spruce forest, which

decreased the calculated ecosystem respiration in 2004 to 90%

of that in 2003, despite warmer temperatures. Although drought
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was generally thought to decrease the ecosystem uptake dramat-

ically (Arneth et al., 2002; Ciais et al., 2005), the observed and

calculated results suggested NEE was less sensitive to drought;

the drought decreased both photosynthesis and respiration to the

same degree in the present subarctic black spruce forest.

6. Conclusion

To better understand ecosystem responses to the climate, it is im-

portant to evaluate photosynthesis and respiration separately. We

applied the CBAT to observed data at a black spruce forest in in-

terior Alaska. Evaluated photosynthesis and respiration showed

different seasonal trends; the commencement of the photosyn-

thetic activity was earlier than that of respiration, resulting in a

CO2 sink being observed in the late winter and the early grow-

ing season. During the late growing season, on the other hand,

photosynthesis and respiration were almost at the same levels.

Drought in midsummer of 2004 suppressed both photosynthesis

and respiration; during this time, NEE was slightly decreased

because the suppression was more effective on photosynthe-

sis. Recent warming prolonged the growing season in interior

Alaska (Chapin et al., 2005), which could enhance the positive

feedback due to both increased respiration by warmer tempera-

ture and decreased photosynthesis by subsequent drought, par-

ticularly late in the growing season. Considering the equilib-

rium budget of CO2, the Alaska black spruce forests can be

expected to shift to a carbon source when forced by the climate

warming.
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