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Abstract
To understand the role of forest ecosystems in the global carbon cycle, it is
important to clarify the factors affecting the carbon balance of forest ecosystems. However, little is known about the direct effect of forest types, especially dominant species, on their different carbon dynamics. To clarify the effect
of difference in forest types, an experiment was conducted in three forests,
which were located in the same place and exposed to the same climate conditions. These forests were middle-aged (40 - 45 years) and dominated by
Quercus serrata (Q forest), Larix kaempferi (L forest) and Pinus densiflora (P
forest). Net primary production (NPP), heterotrophic respiration (HR) and
net ecosystem production (NEP) were estimated in each forest, using a biometric method over one year. For NPP estimated from the annual growth of
tree biomass (ΔB) and amount of litter (LF), P forest NPP (5.3 MgC·ha−1·yr−1)
was higher than Q and L forest NPP (4.6 and 3.2 MgC·ha−1·yr−1). The difference was affected by a significant difference in ΔB (p = 0.032) and LF (p <
0.001) mainly because of leaf biomass. The HR in Q forest (4.1 MgC·ha−1·yr−1)
was higher than L and P forest (2.3 and 2.1 MgC·ha−1·yr−1). This difference
could result from the amount of litter (respiration substrate) and chemical
properties of litter (lability of decomposition). The NEP, which was calculated from the difference between NPP and HR, varied widely among the forest types (0.5, 0.9 and 3.2 MgC·ha−1·yr−1 in Q, L and P forests, respectively).
The range of values among the forest types was comparable to those among
age sequences and climate zones in previous studies. These results suggest
that the difference in forest types (especially dominant species) can potential-
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ly lead to a large variation in carbon dynamics, in ecosystems located in the
same place.

Keywords
Dominant Species, Functional Type, Heterotrophic Respiration,
Net Ecosystem Production, Net Primary Production

1. Introduction
Many studies have found that forest ecosystems have a major role in the global
carbon cycle as a carbon sink between the ecosystem and atmosphere [1] [2].
The carbon balance of forest ecosystems has been generally evaluated as net
ecosystem exchange (NEE) and net ecosystem production (NEP) by eddy covariance and biometric methods. The former method can directly measure the
carbon balance between the ecosystems and the atmosphere, and has been used
to determine the carbon balance on a regional scale [3] [4] [5]. The latter method estimates the flow rates of carbon in the ecosystem from net primary production (NPP) (amount of tree growth, litter fall and grazing) and heterotrophic
respiration (HR) (decomposition of soil organic carbon and course woody debris). The sum of the flow rate is regarded as the total carbon balance of the ecosystem to atmosphere (NEP) and can clarify which components affect variations
in the total carbon balance [6] [7] [8]. Therefore, this method is suitable for a
comparison of carbon dynamics between different ecosystems or inter-annual
variations within an ecosystem.
The NEP varies widely with differences in climate zone (solar radiation, air
temperature and amount of precipitation), soil type (geography and physicochemical properties), and vegetation structure (stand age and species composition) [9] [10]. Vegetation structure has the potential to strongly influence the
variation of NPP and HR, and consequently NEP. For example, NPP depends on
the amount of leaf (biomass and leaf area index), plant physiological traits (photosynthesis and plant respiration rate) and the length of the photosynthesis period [11]. In contrast, HR depends on the amount of litter (litter mass and soil
organic matter content), litter chemical properties and exudates from roots [12]
[13]. Therefore, previous research leads us to expect that NEP should show large
variations only among different dominant functional types, such as deciduous
and evergreen trees or broad-leaved and conifer trees. In many cases, however,
estimated NEP included not only the influence of different dominant species but
also that of different climates, soil types and other vegetation structures. This has
done little to directly clarify the effect of different dominant species on NEP, and
thus we need to measure NEP in adjacent forests which grow in the same environmental conditions.
We hypothesized that the difference in dominant species could cause the variations of NPP and HR, and consequently large variations in NEP under similar
DOI: 10.4236/jep.2019.107055
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climate conditions. To clarify this hypothesis, NPP, HR and NEP were estimated
by a biometric method through one year from spring 2012 to 2013 in three forest
ecosystems in the same region, dominated by Quercus serrata (broad-leaved deciduous), Larix kaempferi (needle-leaved deciduous) and Pinus densiflora
(needle-leaved evergreen).

2. Materials and Methods
2.1. Study Site
The three study sites, which were dominated by Q. serrata (Q forest), L. kaempferi (L forest) and P. densiflora (P forest), were located on the middle slopes of
Mt. Asama within 3 km of the Karuizawa Seminar House (36˚20'N, 138˚33'E, at
1004 m a.s.l.) (Figure 1). In 2012, the ages of the dominant species were about
40 years for Q and P forests, and 45 years in L forest. Between 1977 and 2007,
the annual mean air temperature was 7.9˚C and annual precipitation was 1198
mm (Karuizawa Weather Station of the Japan Meteorological Agency). This region is categorized as a cool temperate zone.
A permanent quadrat (30 m × 30 m; divided to nine sub quadrats of 10 m ×
10 m) was established in each of the forests. Tree census was conducted for all
living trees (diameter at breast height; DBH > 5 cm) to clarify species composition and community structure such as stem density, DBH, biomass and basal
area. The number of vegetation species was higher in Q and P (5 species) forest
than L forest (2 species) (Table 1), although the biomass of the dominant species
was around 90% of the total biomass in each forest (98%, 90%, 87% in L, Q, and
P forests, respectively). The number of dominant species stems was lower in Q
forest (67%) than L and P forests (98% and 93%), although the basal area, which
is generally regarded as an indicator of dominant vegetation, was more than 85%
in each forest.

Figure 1. Study site of three cool-temperate forests. Q, L and P forest represent study
plots dominated by Quercus serrata, Larix kaempferi and Pinus densiflora, respectively.
DOI: 10.4236/jep.2019.107055
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Table 1. Species composition and community structure in the permanent plots.
Species

Stem density

DBH (cm)

Biomass (MgC·ha−1)

Basal area

(ha−1)

%

Mean

Max

Above-ground

Below-ground

Total

%

(m2·ha−1)

%

Quercus serrata

800

68.6

20.6

33.9

85.6

15.0

100.6

89.8

20.1

85.6

Cerasus jamasakura

267

22.9

6.6

20.4

3.0

0.6

3.7

3.3

1.3

5.5

Larix kempferi

67

5.7

20.7

30.2

6.5

1.1

7.6

6.8

2.0

8.5

Acer mono Maxim

22

1.9

5.1

5.7

0.1

0.0

0.1

0.1

0.0

0.2

Kalopanax pictum

11

1.0

6.6

6.6

0.1

0.0

0.1

0.1

0.0

0.2

1167

100.0

16.7

33.9

95.3

16.8

112.1

100

23.5

100.0

Larix kempferi

978

97.8

19.7

35.4

64.5

17.7

82.2

97.9

31.7

99.0

Pinus densiflora

22

2.2

20.2

21.3

1.4

0.4

1.8

2.1

0.3

1.0

1000

100.0

19.7

35.4

65.9

18.1

84.0

100

32

100.0

Pinus densiflora

1089

92.5

18.3

26.1

61.9

13.3

75.2

96.6

30.3

95.4

Quercus serrata

44

3.8

12.8

19.6

1.4

0.3

1.7

2.1

0.7

2.2

Castanea crenata

22

1.9

18.7

22.3

0.4

0.3

0.7

0.9

0.6

2.0

Prunus grayana

11

0.9

12.1

12.1

0.3

0.0

0.3

0.4

0.1

0.4

Quercus crispula

11

0.9

5.7

5.7

0.1

0.0

0.1

0.1

0.0

0.1

1178

100.0

17.9

26.1

64.0

13.9

77.9

100

31.7

100.0

Q forest

Total

L forest

Total

P forest

Total

Q, L and P forest represent study plots dominated by Quercus serrata, Larix kaempferi and Pinus densiflora, respectively. Diameter at breast height (DBH)
was measured for >5 cm in March 2013.

The soil type was categorized as an immature volcanic soil. L forest was located about 200 m higher above sea level than Q forest. Therefore, the average
annual soil temperature, which was measured hourly at 5 cm depth, was lower in
L forest than Q forest (from April 2012 to May 2013) (Table 2), although the
difference was relatively small (1.8˚C). The difference was 1.9˚C in the warm
season (from May to October 2013).

2.2. Estimation of NPP, HR and NEP
The annual growth of DBH (cm) was measured on all tree stems > 5 cm in each
plot in March 2012 and 2013. Tree biomass (kg dry weight; kg D.W.) was estimated from equations of the allometric relationship between tree biomass (stem,
branch and coarse roots) and DBH which was investigated in forests near the
study site by harvesting the same tree species as in our study [14]. Annual
DOI: 10.4236/jep.2019.107055
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Table 2. Average soil temperature measured hourly at 5 cm soil depth in the three forests.
Average soil temperature (˚C)
Q

L

P

Annual

10.0

18.2

18.9

Warm season

16.2

14.4

15.8

Cool season

13.0

11.5

11.3

Q, L and P forest represent study plots dominated by Quercus serrata, Larix kaempferi and Pinus densiflora,
respectively. Warm and cool season indicates the period from May to October in 2013 and other times of
year, respectively.

growth of tree biomass (ΔB) was estimated as the difference of tree biomass between March 2012 and 2013. Leaf biomass in closed forest canopies was directly
influenced by site quality [15]. It was not appropriate to use the allometric equations constructed in other sites. Therefore, the estimated ΔB does not include the
change in leaf biomass.
The amount of litter fall was measured from nine litter traps (1 m2 area) established in each permanent plot. Litter was collected from June to December 2012
every one or two months. Collected litter was dried for 72 hours at 70˚C, separated into leaf, branch and other litter, and then each dry weight was measured.
The sum of leaf and other litter values was regarded as annual amount of litter
(LF) (because branch litter was counted as ΔB from the allometric equations).
Annual NPP (MgC·ha−1·yr−1) was calculated using the following equation [5]:
NPP =∆B + LF

(1)

Fifty percent of the D.W. was regarded as carbon weight in our study. The
NPP should include the amount of grazing and tree mortality. However, the
amount of grazing was omitted because there was little impact to NPP here.
Mortality was not considered because no trees died during study period in the
three sites. Therefore, these values were not included in the NPP in our study.
HR was estimated by the trenching method which has been described by [16]
in detail. In brief, four trenched plots (area; 60 × 60 cm2, depth 40 cm, n = 4)
were established in July 2009 at the Q forest and November 2011 at the L and P
forests. The CO2 flux rate from the soil surface in the trenched plots (Rtre,
mgCO2·m−2·h−1) was measured by the closed chamber method connected to a
portable infrared gas analyzer (GMP343, Vaisala, Finland) in some months from
May to December 2012. The CO2 flux rate caused by only heterotroph (Rh,
mgCO2·m−2·h−1) was calculated using the CO2 flux rate from residual roots (RD)
in the trenched plots. RD was estimated based on initial root biomass (RBinitial) in
the trenched plots and residual root biomass (RBresidual) with mass loss of decomposition (root bag method) separating the three classes by diameter (fine < 2
mm, medium 2 - 10 mm, coarse > 10 mm) from depths of 0 - 30 cm in each plot
(n = 3). The relationships between the RBresidual and elapsed hours (t) were fitted
with the following equation:

RBresidual = ae−bt
DOI: 10.4236/jep.2019.107055
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where a and b are fitting parameters, and indicate RBinitial and mass loss rate, respectively.
Soil temperature (ST, ˚C) at 5 cm depth was also measured with Rtre by a
portable thermo sensor (AD-5622, A&D, Tokyo, Japan). Then, the relationship
between Rh and ST was evaluated as follows:

R h = ce d ST

(3)

where c and d are fitting parameters. Continuous respiration rate was estimated
from Equation (3) and hourly soil temperature at 5 cm depth measured at each
plot (Table 2) from April 2012 to May 2013. The sum of these continuous respiration rates was regarded as the annual HR (MgC·ha−1·yr−1). In addition, annual standardized HR (HRstan) was estimated using the same soil temperature
data in P forest to clarify the effect of a difference in soil temperature on HR
among the forest types.
Annual NEP (MgC·ha−1·yr−1) was determined as a balance between annual
NPP and HR using the following equation:
NEP
= NPP − HR

(4)

2.3. Statistical Analysis
All statistical analysis was performed using SPSS software for Windows (SPSS
Statistics 17.0, SPSS Inc., Chicago, IL, USA). Statistical comparisons among the
forest types were conducted using one-way analysis of variance (ANOVA) and
Tukey multiple comparison as the post hoc test for ΔB and LF constructing the
NPP, and Rh constructing the HR in each month. Significant differences for all
statistical tests were evaluated at the P < 0.05 level.

3. Results
3.1. Net Primary Production
The ΔB in Q forest did not show a significant difference from those in P and L
forest. However, ΔB in P forest was highest and significantly higher (1.9 times)
than that in L forest (Figure 2) (p = 0.032). The LF in Q and P forest was significantly higher (1.4 times) than that in L forest (p < 0.001). Consequently, NPP in
P forest was higher (1.2 and 1.7 times) than that in Q and L forest, respectively.

3.2. Heterotrophic Respiration
The a (RBinitial) value from Equation (2) tended to be higher in P forest, followed
by Q and L forest (Table 3). In Q forest, the value in fine roots was higher than
in medium and coarse roots. In contrast, the value in medium roots was higher
than the others in P and L forest. The b (mass loss rate) tended to be higher in Q,
following P and L forest.
Rh in Q forest tended to be higher in L and P forest in each month. There was
a significant difference with L forest in September and in P forest in May and
October, respectively (Table 4). Rh increased exponentially with soil temperature
DOI: 10.4236/jep.2019.107055
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in each forest (Figure 3). Across the full range of soil temperature, Rh was relatively higher in Q forest than others. However, Rh in L forest was relatively higher than that in P forest especially at higher temperatures.
The annual HR in Q forest, which was estimated from the relational equations
(Figure 3) and hourly soil temperature (Table 2), was 1.8 and 2.0 times higher
than those in L and P forest, respectively (Figure 4). Annual HRstan was also
higher in Q forest than others (1.4 and 1.9 times that of L and P forest). The differences in HRstan among the forest types were slightly smaller than those of HR.
Table 3. The parameters of Equation (2) for estimating the CO2 flux rate from residual
root (RD) in a trenched plot with the root bag method.
a (RBinitial)

b (mass loss rate)

R2

Course

069

−5 × 10−5

0.84

Medium

168

−4 × 10

−5

0.78

Fine

359

−2 × 10

−5

0.71

Total

596

Q forest

L forest
Course

52

−8 × 10−5

0.49

Medium

144

−8 × 10−5

0.51

Fine

117

−9 × 10−5

0.85

Total

312

P forest
Course

217

−6 × 10−5

0.74

Medium

278

−7 × 10

−5

0.86

Fine

211

−8 × 10−5

0.63

Total

706

Q, L and P forest represent study plots dominated by Quercus serrata, Larix kaempferi and Pinus densiflora,
respectively. RBinitial indicates initial root biomass in the trench plot.

Table 4. Average heterotrophic respiration in three forests.
Respiration rate (mgCO2·m−2·hr−1)
Q

L
074

P

May

126

July

295a

296a

236a

August

354a

231a

350a

September

399a

173b

339a

October

153a

126a

099b

December

112a

040a

065a

a

a

036b

Q, L and P forest represent study plots dominated by Quercus serrata, Larix kaempferi and Pinus densiflora,
respectively. Different letters indicate statistically significant differences (p < 0.05) among the forest types in
each month.
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Figure 2. Variation in annual growth of biomass (ΔB), amount of litter fall (LF) and net
primary production (NPP) among the three forest types from March 2012 to March 2013.
Q, L and P forest represent study plots dominated by Quercus serrata, Larix kaempferi
and Pinus densiflora, respectively. Error bars indicate standard deviation. Different letters
indicate statistically significant differences (p < 0.05).

Figure 3. Relationships between heterotrophic respiration rate (Rh) and soil temperature
at 5 cm depth in the three forests. Q, L and P forest represent study plots dominated by
Quercus serrata, Larix kaempferi and Pinus densiflora, respectively. Regression are Rh =
30.82 × e(−0.1061 × ST) (r2 = 0.71, p < 0.05), Rh = 58.47 × e(−0.0874 × ST) (r2 = 0.60, p < 0.05), Rh =
33.76 × e(−0.1001 × ST) (r2 = 0.59, p < 0.05), in Q, L and P forest, respectively.

Figure 4. Variation in heterotrophic respiration (HR) and standardized HR (HRstan)
among the three forest types. Q, L and P forest represent study plots dominated by
Quercus serrata, Larix kaempferi and Pinus densiflora, respectively.
DOI: 10.4236/jep.2019.107055
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3.3. Net Ecosystem Production (NEP)
NEP, which was the difference between NPP and HR, was higher in the order of
P, Q and L forest (Table 5). The Q forest had relatively large NPP, although it
had highest HR, consequently it had the lowest NEP. The L forest had the lowest
NPP and relatively low HR, therefore its NEP was also relatively low. The P forest had the largest NEP with the largest NPP and lowest HR.

4. Discussion
4.1. NPP for Q, L and P Forest
The amount of NPP is affected by leaf biomass, photosynthetic activity and
length of photosynthesis period [11]. In our results, LF, which could be an indicator of leaf biomass, showed a moderate value in P forest (Table 5). However,
Hatiya et al. [17] reported that most of the canopy of P forest was composed of
current and one-year-old leaves. If the amount of current and one-year-old
leaves were nearly equal, the leaf biomass should be estimated at 2 times LF.
Thus, leaf biomass could consequently be at a maximum in P forest and directly
affect the difference in NPP.
Table 5. Carbon fluxes and the factors affecting them in three forests.
Q

L

P

Magnitude

Carbon flux (MgC·ha−1·yr−1)
NEP

0.9

0.5

3.2

P>Q>L

NPP

4.6

3.2

5.3

P>Q>L

ΔB

2.3

1.6

3.1

P>Q>L

LF

2.3

1.6

2.2

Q>P>L

HR

4.1

2.3

2.1

Q>L>P

HRstan

3.9

2.7

2.1

Q>L>P

Factors to carbon flux
NPP factor
Leaf biomass

P>Q>L

Photosynthetic activity

L>Q>P

Length of photosynthesis period

P>Q≒L

Soil temperature

Q>P>L

Amount of litter (respiration substrate)

Q>P>L

Litter properties (lability of decomposition)

Q>L>P

HR factor

Q, L and P forest represent study plots dominated by Quercus serrata, Larix kaempferi and Pinus densiflora,
respectively. NEP, NPP, ΔB, LF, HR and HRstan are net ecosystem production, net primary production, annual growth of tree biomass, annual amount of litter, heterotrophic respiration and standardized heterotrophic respiration, respectively.
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Photosynthetic activity is generally evaluated as maximum photosynthesis
(Pmax) or carboxylation (Vc). Hirata et al. [7] demonstrated that the photosynthetic capacity of L. kaempferi was higher than that of other species, and the Pmax
rapidly increased with leaf expansion. However, the photosynthetic activity of Q.
serrata was larger than that of P. densiflora in those studies: Vc values for Q. serrata and P. densiflora were about 25 and 60 μmol·m−2·s−1 in summer, respectively
[18]. These previous studies suggest to us that photosynthetic activity is highest
in L, followed by Q and P forests (Table 5), although this trend was different for
NPP in our study. Therefore, the photosynthetic activity might weakly affect the
variations in NPP compared with the effect of leaf biomass.
The length of the photosynthesis period differs between an evergreen and a
deciduous forest: evergreen leaves are held in the canopy throughout the year
while deciduous leaves are not. In a cool-temperate area such as our study site,
NEP in P forest had a positive value from March to December and was also positive during the day in January and February [18]. Thus P. densiflora could photosynthesize and grow throughout the year. Therefore, not only leaf biomass but
also the length of the photosynthesis period would affect directly the high NPP
of the P forest (Table 5).

4.2. HR for Q, L and P Forest
The difference in annual HR among the forest types depended on the differences
in hourly soil temperature and relational Equation (3) (between soil respiration
rate and soil temperature) in each forest. The higher soil temperatures in Q forest directly affected the higher HR in Q forest, although estimated HRstan (supposing the same soil temperature based on the soil temperature data of P forest)
also tended to be highest in Q forest. Therefore, the difference in the relational
equation, which indicated the difference in the activity of HR, largely contributed to the difference in annual HR among the forest types. In addition, the
trenched plot was established two years earlier in Q forest than other forests.
Long term effects from trenching caused discontinuity in root exudation, which
is the respiration substrate, and consequently decreased HR rate compared with
the natural soil conditions [13]. These results suggest to us that actual HR could
be much higher in Q forest compared with other forests, which would lead to a
greater difference of HR among the forest types.
The HR rate depends on the amount of litter (respiration substrate) and its
properties (lability of decomposition) [19]. In our study, Q forest had the largest
LF and provided the substrate of respiration to the soil surface, which would
contribute to the higher HR in Q forest (Table 4). However, Hobbie et al. [20]
reported that the decomposition rate of litter was negatively related to litter lignin content. In general, needle and evergreen leaves have higher lignin content
and decompose much more slowly than broad and deciduous leaves [19]; thus,
the decomposition rate could be faster in Q forest, followed by L and P forest
(Table 4). This order agrees with our estimated HR, indicating that the leaf litter
chemical properties directly affect the variation in HR among the forest types.
DOI: 10.4236/jep.2019.107055
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4.3. NEP for Q, L and P Forest
Based on the above, NEP ranged from 0.5 to 3.2 MgC·ha−1·yr−1 among the forest
types because of the different balance between NPP and HR in our study. In previous studies, the difference of NEP among the forest types has been evaluated
based on several properties. For example, Peichl et al. [10] reported that NEP in
an age sequence (6, 19, 34 and 69 years old) was estimated from 0.8 to 4.4
MgC·ha−1·yr−1. Pregitzer et al. [9] reported that the NEP among climatic zones
(subarctic, temperate, and tropical forests) was estimated from 0.3 to 3.6
MgC·ha−1·yr−1, respectively. The variations in NEP in our study (from 0.5 to 3.2
MgC·ha−1·yr−1) were within the range of these previous studies, suggesting that
different forest types can cause variations in carbon dynamics that are comparable in size to those related to age sequences and climate zones.
In a similar climate zone to our study site, previous studies indicated NEP at
2.1 MgC·ha−1·yr−1 for a broad-leaved deciduous forest [2] and 4.3 MgC·ha−1·yr−1
for an evergreen coniferous forest [21] in Takayama, Japan. No biometric-based
NEP data was available for a needle-leaved deciduous forest but an eddy covariance-based NEP was estimated at 2.1 MgC·ha−1·yr−1 at Tomakomai, Japan [7].
Compared with these values, our estimated NEP tended to be relatively low. This
might be caused by two factors associated with NPP: the estimated NPP did not
include old woody litter production (e.g. branch litter fall) and fine root production. Ohtsuka et al. [2] and Yashiro et al. [21] reported that these components
contributed to 13% - 78% of NPP based on ΔB and LF. Considering these ratios,
the NPP and NEP in our study had a similar range compared with those in the
above studies.
The findings indicated to us that different forest types, especially functional
types, might show dramatically different variations under the same level of climate change. For example, if deciduous forest has current-year leaves, then the
climate conditions in the current year could directly affect the NPP. However,
evergreen forest is mainly composed by leaves that are several years old in many
cases, and this indicates that the NPP would be affected by previous climate
conditions. In addition, some researchers have reported that the sensitivity to
climate change is different between NPP and HR within a forest [2] [21] and,
therefore, NEP should be even more varied among the forest types. Therefore,
further studies with long term measurements are required to clearly understand
the effect of forest type on NEP, and the roles of forest types on global carbon
dynamics.

5. Conclusion
The difference in NPP among the forest types was affected by significant differences in ΔB and LF, which were mainly caused by leaf biomass. The difference in
HR was affected by differences in the amount of litter and chemical properties of
litter. Consequently, the NEP varied largely among the forest types, and its variation was comparable to those among age sequences and climate zones in preDOI: 10.4236/jep.2019.107055
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vious studies. These results suggest that differences in forest types, especially
dominant species, have the potential to cause a large variation in carbon dynamics.
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