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[1] In this study, we demonstrated that the leaf area index (LAI) and forest floor
vegetation cover (FVC) are indicators of net primary productivity (NPP) in Siberian larch
forest by considering forest biometric and CO2 budget parameters. Further, we
estimated the distributions of these indicators and the corresponding NPP using Landsat
ETM+ imagery. This estimation was based on the spectral measurements of larch
leaves and the forest floor and on radiative transfer modeling studies. The results revealed
that the estimated and observed values of larch LAI and FVC were similar; however,
the estimated NPP (222 ± 24 gC m�2 yr�1) was greater than that obtained from
observations frommeteorological towers and soil heterotrophic respiration values (130–
180 gCm�2 yr�1) at the study site. We present the geographical distributions of larch LAI,
FVC, and annualNPP that are associatedwith the components of theCO2 budget and spectral
parameters, which will be used to conduct intercomparison studies in the future.
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1. Introduction

[2] In Siberia and the Russian far east, larch forests
occupy 263 million ha, thereby accounting for 52% of the
total forest cover in the region [Federal Service of Forest
Management of Russia, 1995] and 6.8% of the total forest
area worldwide [Food and Agriculture Organization of the
United Nations, 2001]. In the Sakha Republic (Yakutia),
Russian Federation, larch forests occupy 109 million ha,
accounting for 90% of the total forest cover in the region.
These areas are underlain by continuous permafrost from
the bottom of the seasonal thawing layer to depths of as
much as 400–500 m. This prevents water infiltration, and
large forest areas are preserved even under conditions of
extremely low precipitation (200–300 mm/yr). The mean
annual air temperature of Yakutsk has increased by 2.5�C in
the last 100 years [Romanovsky, 2003] and is predicted to
increase by 3–11�C in the next 100 years [Sazonova et al.,
2004]. This change is accompanied by changes in the larch
forest and its CO2 budget in a geographically distributed
area that affect the atmospheric CO2 concentration.

[3] In Canada, human-induced climate changes have
had a detectable influence on the area that was burned
by forest fires over recent decades [Gillett et al., 2004], and
forest fires themselves influence the changes in the boreal
forest CO2 budget [Hinzman et al., 2003]. In particular, in
Siberian larch forests, surface fires that burn only forest
floors predominate over crown fires, while crown fires are
more dominant in North America [Wooster and Zhang,
2004]. Disturbances in Siberian larch forest strongly alter
the soil thermal and hydrological conditions; this is depen-
dent on initial ice content in the soil and influences
vegetation recovery [Iwahana et al., 2005]. In order to
estimate the changes in the CO2 budget of the ecosystem
before and after fires, the CO2 budget in a geographically
distributed area must be estimated.
[4] Remote sensing is the most promising method by

which the geographical distribution of the CO2 budget of
terrestrial ecosystems and the changes it undergoes can be
estimated. Remote sensing of net primary productivity
(NPP) in North America was based on ecosystem modeling
[Goetz et al., 1999; Kimball et al., 2000; Liu et al., 2002].
These models were based on the leaf area index (LAI) and
the fraction of absorbed photosynthetically active radiation
(FAPAR) obtained from the remotely sensed normalized
difference vegetation index (NDVI) for each vegetation
type. The estimated LAI or FAPAR was combined with
plant physiology models and climate data including tem-
perature and precipitation. In order to estimate net ecosys-
tem productivity (NEP) as a component of the ecosystem
CO2 budget, soil respiration was assumed to mainly include
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degradation of the litter from canopy foliage. Kushida et al.
[2004] focused on the contribution of not only the canopy
but also the forest floor mosses or lichens to the total NPP,
and included the aerial estimation of mosses or lichens in
the CO2 budget of a spruce forest in interior of Alaska.
[5] Further, remote sensing of the ecosystem CO2 budget

distribution in forests in Siberia and the Russian Far East
has been included in studies conducted on a global scale by
using the NDVI spectral index [Myneni et al., 2001; Nemani
et al., 2003; Running et al., 2004; Bunn and Goetz, 2006];
however, these studies have not considered the ecosystem
CO2 budget at the regional or tree-species level. Boreal
forests are characterized by the high contribution of forest
floor NPP to the total NPP, but this differs depending on the
tree species and site characteristics.
[6] Here we first demonstrate that the LAI of larch and

forest floor vegetation cover (FVC) are indicators of the
NPP of Siberian larch forest by considering forest biometric
and CO2 budget parameters. Second, we estimate the
indicators and the corresponding NPP distribution using
Landsat Enhanced Thematic Mapper Plus (ETM+) imagery.

2. Materials and Methods

2.1. Site Specifications

[7] Leaf and forest floor spectra were recorded in a
170-year-old larch forest (Neleger site, 62�190N 129�310E,
220 m asl) in the East Siberian taiga, which is located 35 km
northwest of Yakutsk. Larch (Larix cajanderi Mayr.) is the
dominant tree species, reaching heights of 20 m. More than
99% of the trees higher than 1 m are larch, present at a
density of 0.2 trees/m2. Up to a height of 10 cm, the
understory is dominated by the evergreen shrub Vaccinium
vitis-idaea L. Unvegetated portions with fallen larch leaves
are widely present on the forest floor, although woody
plants such as Rosa acicularis Lindl. and herbaceous plants
such as Limnas stelleri Trin. occur in small portions. The
topography is flat, and the soil type is silty loam.
[8] Summer and autumn Landsat ETM+ images of the

study site were taken on 13 August 2000 and 3 October
2001 (path: 122 and row: 16). These images were overlaid
and used for land cover classification. The larch forest was
differentiated from other land categories such as pine and
birch forests, fire scars, grasslands, water bodies, ice, and
sand by maximum likelihood supervised classification of
the two images. In the autumn image, the larch and birch
forests are leafless. The larch forest area on the summer
Landsat ETM+ image was used to estimate the geographical
distribution of the NPP components. Atmospheric correc-
tion was performed using ATCOR2 for Erdas Imagine 8.7
(Leica Geosystems Corp., Heerbrugg, Switzerland) with the
standard parameters (midlatitude summer, rural, 20.0 km
scene visibility).

2.2. Spectral Measurements

[9] As described by Kushida et al. [2004], the forest floor
vegetation cover (FVC), namely, V. vitis-idaea L. and the
unvegetated portions with fallen and live larch leaves, were
spectrally measured with a GER-2600 spectroradiometer
(GER Corp., New York, United States) at a wavelength of
350–2500 nm in late July 2000 and 2001, respectively. For
the FVC components, each reflectance of a 0.15-m diameter

circle to the nadir direction at wavelengths in the 1.5-nm
interval in 350–1050 nm; the 11.5-nm interval in the 1050–
2500 nm range was observed by alternately measuring the
emissions from the object and from a standard reflectance
Spectralon panel at least 5 times. A LI-COR integrating
sphere (LI-1800-12) was attached to the spectroradiometer,
and the method of Daughtry et al. [1989] was used to
observe the reflectance and transmittance of the leaves set at
the 14-mm diameter sample port.
[10] In late July 2001, in the same plot, the horizontal

distribution of the forest floor plant species was mapped
using 900 pictures of a 30 m � 30 m plot in the Neleger
site; the field was described, and the cover ratios of the
dominant species were determined.

2.3. Radiative Transfer Model

[11] The spectral data were used as input for a canopy
radiative transfer model [Kushida et al., 2004], which is
based on the SAIL model [Verhoef, 1984] and a clumping
index [Chen et al., 2005], in order to calculate the variations
in the relationships between the upper canopy LAI and the
reflectance factors in the Landsat ETM+ bands depending
on the change in FVC. The clumping index that denotes the
inhomogeneity of leaf spatial distribution was set at 0.68 by
adopting the value assigned to deciduous conifer forests in
the Northern hemisphere in the global foliage clumping-
index distribution estimated by Chen et al. [2005]. The leaf
angle distribution was assumed to be spherical. The solar
beam was assumed to be a specular radiation from a 45�
zenith angle. The forest floor was modeled as a horizontal
mixture of V. vitis-idaea and the unvegetated portion with
fallen larch leaves.

2.4. Larch NPP

[12] The total NPP (gC m�2 yr�1) and NEP (gC m�2

yr�1) can be expressed as follows:

NPP ¼ NPPl þ NPPu; ð1Þ

NEP ¼ NPP � SHR; ð2Þ

where NPPl (gC m�2 yr�1) and NPPu (gC m�2 yr�1)
represent the NPP of the larch and the understory,
respectively, and SHR (gC m�2 yr�1) represents soil
heterotrophic respiration. On the basis of the mensuration
of the larch (L. gmelinii (Rupr.) Rupr. and L. cajanderi
Mayr.) forests in Yakutia, yield tables were prepared by
Usoltsev [2002]. These tables include information on the
age-related changes in the biomass of the stem (Bs, g/m

2),
foliage (Bf, g/m

2), branch (Bb, g/m
2), root (Br, g/m

2), and
stand density (S, m�2) for each of the eight site indices that
further indicate site condition and forest floor types. Br can
be further classified into fine root biomass (Bfr, g/m

2) and
coarse root biomass. NPPl can be expressed as follows
[after Chen et al., 2002]:

NPPl ¼ DC þ Lf þ Lb þ Lfr þM

¼ DC þ rf cf Bf þ rbcbBb þ rfrcfrBfr þM ; ð3Þ

where DC (gC m�2 yr�1) is the carbon increment due
to biomass increment; Lf (gC m�2 yr�1), Lb (gC m�2 yr�1),
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Lfr (gC m�2 yr�1), and M (gC m�2 yr�1) are foliage litter
fall, branch litter fall, fine root turnover, and mortality,
respectively; rf (yr�1), rb (yr�1), and rfr (yr�1) are the
turnover rates of foliage, branches, and fine roots,
respectively; and cf (gC/g), cb (gC/g), and cfr (gC/g) are the
carbon contents of the foliage, branches, and fine roots,
respectively. The carbon content of the foliage and fine
roots and that of the other parts was assumed be 0.45 gC/g and
0.50 gC/g, respectively. The mortality at the age (Ai + Ai�1)/2
(years) can be expressed as follows:

M
Ai þ Ai�1

2

� �
¼ aM

C Ai�1ð Þ
S Ai�1ð Þ

S Aið Þ � S Ai�1ð Þ
Ai � Ai�1

; ð4Þ

where C(Ai) (gC/m2) and S(Ai) (m�2) denote the carbon
amount and stand density, respectively, at age Ai (years), and
aM (gC/gC) denotes the coefficient of mortality. The NPPl at
each age for each of the eight site indices was calculated on
the basis of data from the Usoltsev yield table and on the
basis of rf, rb, rfr, and aM by using equation (3). The upper
canopy LAI at each age for each of the eight site indices
(LAIl, m

2/m2) was calculated as follows:

LAIl ¼ Bf � SLA; ð5Þ

where SLA (cm2/g (d.w.)) is the specific leaf area of the larch;
its value was fixed at 139.4 cm2/g (d.w.) as determined by
Kanazawa and Osawa [1994].
[13] We then deduced the relationship between LAIl and

NPPl for the East Siberian larch forest from the relation-
ships between age and NPPl or LAIl by assuming rf, rb, rfr,
aM, and SLA as constant values. The parameters of the CO2

budget components were fixed as shown in Table 1. Larch
is deciduous, and the foliage turnover rate (rf) was set at
1.0 yr�1.
[14] Gill and Jackson [2000] used several methods and

found that the rfr ranged from 0.8 yr�1 in tropical regions to
0.4 yr�1 at high latitudes. The adoption of these values

considerably increases the larch NPP in comparison to
the values obtained from tower observations in Yakutia
by Hollinger et al. [1998], Dolman et al. [2004], and
Machimura et al. [2005]. On the other hand, Matamala et
al. [2003] obtained a value of 0.16 yr�1 for loblolly pine
(Pinus taeda L.) in North Carolina by using depleted 13CO2

under free-air CO2 enrichment (FACE); this indicates the
overestimation of rfr by conventional methods. As an
alternative, we adopted a value of 0.16 yr�1 for rfr.
[15] Bfr (fine root, 	5 mm in diameter) was calculated

from Br by using the following equation [Chen et al., 2002]:

Bfr ¼ Br �0:1351 ln Brð Þ þ 1:3173ð Þ: ð6Þ

This is common in spruce, pine, and boreal broadleaf
forests. For larches (L. gmelinii) in Central Siberia
[Kajimoto et al., 1999, 2003], Bfr was calculated from Br

by using this equation, and the values of Bfr were 526 g/m2

and 445 g/m2; these values were similar to the actual values
observed at the site, i.e., 590 g/m2 and 410 g/m2,
respectively. In Siberia, both a macroscopic inventory
[Shvidenko and Nilsson, 1998] and site-level observation
[Schulze et al., 1999] revealed that mortality is equivalent to
net stem wood growth. Assuming a value of 0.4 gC/gC for
aM, the Usoltsev yield table yields larch mortality in
Yakutia as equivalent to its net stem wood growth on the
basis of another assumption regarding the age distribution in
Russian needleleaf forests [Shvidenko and Nilsson, 1996].
An rb value of 0.05 yr�1 was deduced by multiplying the
value of the ratio of branch detritus to branch biomass in the
170-year-old larch forest in Yakutia [Kanazawa and Osawa,
1994] with the woody detritus decomposition rate of pine in
Northwestern Russia, i.e., 0.05 yr�1 [Harmon et al., 2000].

2.5. Forest Floor NPP

[16] For the following flux parameter determination, the
hourly soil temperature at the soil surface and at a 10-cm
depth in a L. cajanderi forest in Spasskaya Pad, Yakutia

Table 1. Parameters for CO2 Budget Estimationa

Components Equations and Parameters References

Biomass increment, DBb B Aið Þ�B Ai�1ð Þ
Ai�Ai�1

Usoltsev [2002]

Foliage turnover rate, rf 1.0 yr�1 . . .
Branch turnover rate, rb 0.05 yr�1 Kanazawa and Osawa [1994],

Harmon et al. [2000]
Fine root turnover rate, rfr 0.16 yr�1 Matamala et al. [2003]

Mortality, M 0.4
C Ai�1ð Þ
S Ai�1ð Þ

S Aið Þ�S Ai�1ð Þ
Ai�Ai�1

this studyc

NPP of understory, NPPu
d 57 gC m�2 yr�1 this studye

Soil heterotrophic respiration, SHRf 49 gC m�2 yr�1 Sawamoto et al. [2001, 2003]
Specific leaf area, SLA 139.4 cm2/g (d.w.) Kanazawa and Osawa [1994]
Fine root biomass, Bfr

g Br(�0.1351 ln(Br) + 1.3173) (g/m2) Chen et al. [2002],
Kajimoto et al. [1999],
Kajimoto et al. [2003]

aB(Ai), C(Ai), and S(Ai) denote biomass (g/m2), carbon amount (g/m2), and stand density (m�2), respectively, at age
Ai (y). Br denotes total root biomass (g/m2). The carbon content in foliage and fine roots and in other parts was assumed be
0.45 gC/g and 0.50 gC/g, respectively.

bAge is (Ai + Ai�1)/2 (years).
cValue is calculated on the basis of work by Shvidenko and Nilsson [1998], Schulze et al. [1999], and Usoltsev [2002].
dSite is the Neleger.
eValue is calculated on the basis of work by Burton et al. [2002], Sawamoto et al. [2001, 2003], and Saito et al. [2005].
fObservation is at the Neleger site.
gRoot diameter is 	5 mm.
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(1998) [Ohta et al., 2001] was used; further, the anomalies
estimated from the differences in the monthly mean air
temperature between 1998 and a normal year were cor-
rected. The fluxes for all months with the exception of May
to September were assumed to be 0 gC m�2 yr�1. In 1998,
the average monthly mean air temperature in May, June,
July, August, and September and from May to September
was 4.2, 18.7, 20.1, 16.9, 3.5, and 12.7�C, respectively,
which was slightly warmer than that in a normal year.
[17] Soil heterotrophic respiration (SHR) at the Neleger

site was fixed at 49 gC m�2 yr�1 based on calculations
made by Sawamoto et al. [2001, 2003]. They related the
total soil respiration (TSR) to the soil temperature on the
basis of flux measurements using a closed-chamber method
conducted at the Neleger site. They determined the TSR-
SHR ratio as 15% by conducting flux measurements from
soil samples that were collected at each soil horizon at the
Neleger site and incubated under various temperature con-
ditions. Plants on the soil surface were removed before
setting the chamber for the measurement. The TSR at the
Neleger site was estimated to be 361 gC m�2 yr�1 in 1998;
it changed to 325 gC m�2 yr�1 in a normal year after the
monthly air temperature anomalies between the two years
were corrected.
[18] NPP of the forest floor (understory) vegetation

(NPPu) was then calculated as follows:

NPPu ¼ ANPPu � RRu ¼ TSR� FCO2ð Þ
� TSR� SHR� RRlð Þ ¼ �FCO2 þ SHRþ RRl ; ð7Þ

where ANPPu (gC m�2 yr�1), RRu (gC m�2 yr�1),
FCO2 (gC m�2 yr�1), and RRl (gC m�2 yr�1) are understory
aboveground NPP, understory root respiration, CO2 upward
flux at the top of the understory (FCO2), and larch root
respiration (RRl), respectively. From the relationship between
temperature and flux [Hollinger et al., 1998], FCO2 in a
L.gmelinii forest inYakutiawasestimated tobe85gCm�2yr�1.
The FCO2 at the Neleger site was 130 gC m�2 yr�1, as
determined by tower observations conducted in 2004
(T. Machimura, personal communication, 2005); this value
was revised to 140 gC m�2 yr�1 in a normal year after the
monthly air temperature anomalies between the two years were
corrected using the temperature-FCO2 relationship determined
by Hollinger et al. [1998].

[19] RRl at the Neleger site was fixed at 148 gC m�2 yr�1.
Burton et al. [2002] observed broad, cross-species relation-
ships between the fine root respiration rate, nitrogen con-
tent, and temperature as follows:

FRR ¼ �0:185þ 0:83Nð Þ exp 0:092Tð Þ; ð8Þ

where FRR (nmol CO2�g�1�s�1) is the fine root respiration
rate, N (%) is the fine root nitrogen content, and T (�C) is
the ambient temperature. The FRR at the Neleger site was
calculated using the larch N at the site and it was found to be
0.68% [Saito et al., 2005]. Since the lateral roots of
L. gmelinii in Siberia extend to a depth of 20 cm or lower
below the ground surface [Kajimoto et al., 1999], the
ambient temperature was set as the soil temperature at a
depth of 10 cm. Coarse root respiration rates were found to
be 8–23% of the FRRs in the Boreal Ecosystem-
Atmosphere Study (BOREAS) sites in Canada [Widen and
Majdi, 2001] and were fixed at 15% of the FRRs. From
equation (6) and the Usoltsev yield table, the coarse and
fine root biomass at the Neleger site were estimated as
3060 g/m2 and 780 g/m2, respectively. This estimation was
consistent with the results of a coarse root biomass study by
Kanazawa and Osawa [1994]. On the basis of the
relationship between temperature and root respiration, larch
root respiration (RRl) at the Neleger site was estimated as
148 gC m�2 yr�1 by weighing the coarse and fine root
biomass.
[20] Thus, from equation (7), NPPu was estimated to be

57 gC m�2 yr�1 at the Neleger site. Correspondingly, from
the TSR, the ANPPu and RRu at the Neleger site were
estimated to be 185 gC m�2 yr�1 and 128 gC m�2 yr�1,
respectively. CO2 budget components at the Neleger site are
summarized in Table 2.
[21] Forest floor mapping and plant identification were

carried out in the 30 m � 30 m plot at the Neleger site. On
the basis of these studies, the plant cover ratios of V. vitis-
idaea, other shrubs (Rosa acicularis Lindl., Salix bebbiana
Sarg., Betula platyphylla Sukachev, etc.), herbaceous plants
(L. stelleri Trin. etc.), and mosses (Tomenthypnum nitens
(Hedw.) Loeske, Polytrichum strictum Brid., Ptilidium
ciliare (L.) Hampe, etc.) were calculated and were found
to be 41%, 4%, 7%, and 1%, respectively. Assuming that

Table 2. CO2 Budget Components at the Neleger Site

Value, gC m�2 yr�1a References

Soil heterotrophic respiration, SHR 49 Sawamoto et al. [2001, 2003]
Total soil respiration, TSR 325 Sawamoto et al. [2001, 2003]
Larch root respiration, RRl 148 Kajimoto et al. [1999],

Widen and Majdi [2001],
Burton et al. [2002],
Chen et al. [2002],
Kajimoto et al. [2003],
Saito et al. [2005].

CO2 upward flux at the top of the
understory, FCO2

140 T. Machimura, personal
communication, 2005

Understory root respiration, RRu 128 this studyb

Understory aboveground NPP, ANPPu 185 this studyc

Understory NPP, NPPu 57 this studyd

aValue is revised by using temperature data in 1998.
bValue is estimated by RRu = TSR � SHR � RRl.
cValue is estimated by ANPPu = TSR � FCO2.
dValue is estimated by equation (7).
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the contributions of the mosses to the NPPu are negligible
and that the NPP of V. vitis-idaea, other shrubs, and the
herbaceous plants per unit ground area is equivalent to that
obtained at the Neleger site, which was 57 gC m�2 yr�1, the
relationship between the forest floor vegetation cover FVC
(%) and NPPu was defined as follows:

NPPu ¼ 1:10FVC gCm�2 yr�1
� �

: ð9Þ

2.6. Relationship Between NPP, Larch LAI, FVC,
and Spectral Indices

[22] By using the radiative transfer model mentioned in
section 2.3, we considered individual estimation of larch
LAI and FVC from spectral indices. We then directly
compared the estimation of the total NPP from NDVI and
the quotients of difference and summation of bands 4 and 2
(B4 � B2)/(B4 + B2) and the NDVI (B4 � B3)/(B4 + B3)
with that obtained from equation (11), in which the values
of larch LAI and FVC were individually estimated from the
spectral data. B4 (%) and B3 (%) are atmospherically
corrected reflectance factors in Landsat ETM+ bands 4
and 3, respectively. NDVI was calculated from the reflec-
tance factors, and which differs from the NDVI calculated
from the spectral radiance or digital count values. In the
simulation, we assumed that larch LAI and FVC are
uniformly distributed from 0 to 4 and from 0% to 100%,
respectively. NDVI, (B4 � B2)/(B4 + B2), and the forest
canopy reflectance factors were calculated for each larch
LAI and FVC, assuming independent normal distributions
of the larch leaf reflectance and transmittance and
reflectances of V. vitis-idaea and fallen leaves with the
averages and standard deviations obtained in the spectral
measurements.

3. Results

3.1. Relationship Between NPP, Larch LAI, FVC,
and Spectral Indices

[23] Analysis of the relationships between the upper
canopy (larch) LAI and the larch NPP components showed

that the larch forest was characterized by a high contribution
of foliage turnover to the larch NPP, and the LAI (LAIl) and
NPP (NPPl) were highly correlated. The changes in the LAI
and NPP components with the age of the larch forest (site
index: Vaccinium type, V) are shown in Figure 1. The
relationship between the LAI and NPP of the larch forest
in Yakutia for the eight site indices are shown in Figure 2.
The relationship between the upper canopy LAI and NPP
was independent of the site index while that of spruce
forests in North America was dependent on the site index
[Kushida et al., 2004, Figure 5]. The relationship between
LAIl and NPPl was as follows:

NPPl ¼ 70:4LAIl gCm�2 yr�1
� �

ðR2 ¼ 0:90Þ: ð10Þ

Figure 1. Changes in the components of the upper canopy (larch) LAI (LAIl) and larch NPP (NPPl)
with the age of the larch forest (site index: Vaccinium type, V) in Yakutia. The solid circles indicate larch
LAI (LAIl). The areas within solid polygons indicate carbon increment due to biomass increment (DC),
foliage turnover (Lf), fine root turnover (Lfr), and mortality (M) (arranged from darker to brighter shades);
the white area indicates branch turnover (Lb).

Figure 2. Relationship between the upper canopy (larch)
LAI (LAIl) and larch NPP (NPPl). The solid circles
correspond to each site index at each age.
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[24] The root mean square error (RMSE) of the NPPl

estimation was 26 gC m�2 yr�1. From equations (1), (9),
and (10), we obtain the following equation:

NPP ¼ 70:4LAIl þ 1:10FVC þ D gCm�2 yr�1
� �

; ð11Þ

where D (gC m�2 yr�1) is a term that represents any
unknown factors including climate factors. Equation (11)
indicates that 1 (m2/m2) of LAIl is equivalent to 64 (%) of
FVC.
[25] From the radiative transfer analyses carried out using

the component spectral characteristics observed, band 2 was
found to be the most effective among the single bands, bi-
band ratios, and quotients of bi-band difference and sum-
mation to obtain larch LAI. The reflectances from the larch
canopy in band 2 were independent of the forest floor types.
Table 3 shows the component spectral characteristics that
were observed in the Landsat ETM+ bands. In band 2,
V. vitis-idaea and the fallen leaves on the forest floor showed
similar reflectances, and the reflectance factors of the larch
forest in band 2 decreased as the larch LAI increased. In the
other bands or any bi-band ratios, V. vitis-idaea and the fallen
leaves showed different reflectances or exhibited lower
sensitivities of the larch canopy reflectance to the larch
LAI. For example, V. vitis-idaea had higher NDVI
and (B4 � B2)/(B4 + B2) than those of the fallen leaves.
Figure 3 shows the relationships of larch LAI and FVC with
NDVI and (B4 � B2)/(B4 + B2). Both NDVI and (B4 � B2)/
(B4 + B2) increased with an increase in the larch LAI and
FVC, and the individual values of larch LAI and FVC were
not well estimated using these spectral indices.
[26] The LAI value calculated from band 2 was used as

the input for the radiative transfer model in the other
bands. Among the single bands, bi-band ratios, and
quotients of bi-band difference and summation, band 5
was the most sensitive to FVC. FVC was assigned a value
under the assumption of independent normal distributions of
the larch leaf reflectance and transmittance and the reflec-
tances of V. vitis-idaea and the fallen leaves with the
averages and standard deviations obtained in the spectral
measurements. Figure 4 shows the relationships of larch
LAI and FVC with bands 2 and 5, respectively.
[27] Individual values of larch LAI and FVC were not

well estimated using NDVI and (B4 � B2)/(B4 + B2);
however, these indices have the potential to estimate gross
primary productivity as shown in previous studies. We
compared the estimation of the total NPP by using NDVI
and (B4 � B2)/(B4 + B2) with that by using equation (11) in

which the values of larch LAI and FVC were estimated
using bands 2 and 5 under the assumptions mentioned in
2.6. Figure 5 shows the result of the simulation. The
plateaus in the lower and higher NPPs in Figures 5a, 5b,
and 5c resulted from the upper and lower limits of larch LAI
and FVC that were set in the simulation. The RMSEs of the
estimation using NDVI, (B4 � B2)/(B4 + B2), and the
function of bands 2 and 5 at 200 gC m�2 yr�1 of NPP
were 80, 75, and 48 gC m�2 yr�1, respectively. Over
the entire NPP range, the estimation using the function of
bands 2 and 5 had a lower RMSE than that using NDVI and
(B4 � B2)/(B4 + B2). This shows that NPP estimation using
the function of bands 2 and 5 was more effective than that
using the others, provided the spectral data are atmospher-
ically corrected.

3.2. NPP Mapping

[28] Using equation (11) and the relationship of larch LAI
and FVC with bands 2 and 5 (Figure 4), the geographical
distributions of larch LAI, FVC, and the annual NPP were
calculated using the August 2000 Landsat ETM+ imagery.
The geographical distributions are shown in Figure 6.
Evaluation by field observations at the Neleger site
(Table 4, Neleger site) showed that the observed values of
larch LAI and FVC were within the average ± standard
deviations of the estimated values of the two, respectively.

Table 3. Spectral Characteristics of Forest Floor Components and Leaves of the Larch Forest in Landsat ETM+

Bandsa

Band Wavelength V. vitis-idaea Fallen Leaves Leaf reflectance Leaf transmittance

1 0.45–0.52 mm 3.2 ± 0.5 4.9 ± 0.6 6.1 ± 0.8 2.1 ± 0.9
2 0.53–0.61 mm 8.8 ± 1.1 9.4 ± 1.1 13.2 ± 1.8 7.7 ± 0.9
3 0.63–0.69 mm 4.9 ± 0.9 11.2 ± 1.7 6.3 ± 1.1 1.2 ± 0.1
4 0.75–0.90 mm 41.3 ± 3.8 24.1 ± 3.2 48.8 ± 5.1 38.8 ± 3.7
5 1.55–1.75 mm 27.3 ± 4.7 41.6 ± 6.9 32.4 ± 3.0 24.6 ± 3.4
7 2.09–2.35 mm 25.0 ± 10.9 47.5 ± 9.8 58.6 ± 10.2 22.8 ± 14.7
aValues are given as average ± standard deviation, unit:%. The number of samples is 10 for forest floor reflectance and 14 for

leaf reflectance and transmittance.

Figure 3. Relationships between the larch LAI (LAIl),
forest floor vegetation cover (FVC), and Landsat ETM+
spectral indices. (a) Landsat ETM+ NDVI versus larch LAI
(LAIl); the solid and dotted lines indicate 100% and 0%
FVC, respectively. (b) (B4 � B2)/(B4 + B2) versus larch
LAI (LAIl); the solid and dotted lines indicate 100% and 0%
FVC, respectively. B2 and B4 denote reflectance factors (%)
in Landsat ETM+ bands 2 and 4, respectively.
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NPPwas,however,overestimated.Theaverage larchNPPthat
was estimated from the Landsat scene (194 ± 22 gCm�2 yr�1)
(Table 4, 185 km � 185 km area) was lower than that of
the Neleger site by 30 gCm�2 yr�1.
[29] The relationship between the estimated NPP and

NDVI showed that the range corresponding to each NDVI
value was so wide that the NPP estimation by the NDVI
could show different results from that by the individual
estimation of larch LAI and FVC. Figure 7 shows the
relationship between the estimated NPP and the NDVI for
larch forests observed using Landsat ETM+ imagery. The
lattices of the low-probability densities in Figure 7 were
caused by quantization of the imagery. There was a
significant correlation between the estimated NPP (NPP
(gC m�2 yr�1)) and NDVI (NDVI) (NPP = 511NDVI � 236,
R2=0.17), but theRMSE in the regressionwas20gCm�2 yr�1,

which was close to the standard deviation of the estimated
NPP (22 gCm�2 yr�1).
[30] Larch LAI and FVC estimated from the Landsat

ETM+ imagery were correlated (LAIl = �4.35FVC +
4.68, R2 = 0.71), but the distributions of the FVC, larch
LAI, and the corresponding NPP estimated from the Land-
sat ETM+ imagery (Figure 8), revealed that the variations in
FVC contributed to those in NPP even if the larch LAI
was constant. This was because the isograms of NPP were
almost parallel to the regression line of the larch LAI-FVC
relationship. Thus FVC influences the estimation of larch
canopy NPP using Siberian imagery.

4. Discussion

[31] On the basis of forest biometric and CO2 budget
parameters, we found that the larch LAI and FVC are
indicators of the annual NPP of Siberian larch forest. These
indicators were related to Landsat ETM+ bands using a
radiative transfer model and component spectral character-
istics. The distributions of the LAI, FVC, and NPP were
mapped using Landsat ETM+ imagery. Evaluation using
field observations showed that the estimated and observed
values of larch LAI and FVC were equivalent; however, the
estimated NPP was greater than that obtained from obser-
vations from meteorological towers and the heterotrophic
soil respiration at the study site.
[32] The overestimation of NPP appeared to be due to the

inadequacy of parameters for forest biometry and the
influence of FVC. The estimated NPP was greater than that
observed even when the differences between the estimated
and observed values of larch LAI and FVC were corrected.
Nevertheless, the biometric and meteorological methods for
CO2 budget estimation are based on different frameworks,
and a simple comparison is difficult. The meteorological
method detects the year-to-year variation, while the
biometric method indicates the average values in the last
10 to 100 years.
[33] The contributions of heterotrophic respiration to the

total soil respiration of larch [Sawamoto et al., 2003] and
pine [Kelliher et al., 1999; Santruckova et al., 2003] forests
in Siberia were smaller than those of the boreal forests in
Canada and Sweden [Bond-Lamberty et al., 2004]. However,

Figure 4. Relationships between larchLAI (LAIl), forest floor
vegetation cover (FVC), and reflectance factors. (a) Landsat
ETM+ band 2 versus larch LAI (LAIl); the solid and dotted
lines indicate 100% and 0% FVC, respectively (LAIl =
�1.321ln (0.2154B2 � 0.9698), R2 = 0.99). (b) Landsat
ETM+ band 5 versus FVC; the chain, dotted, and solid lines
indicate LAIl values of 1, 2, and 4, respectively. (FVC =
�11.7B5 + 357 + E1 (LAIl = 1), FVC = �20.8B5 + 491 +
E2 (LAIl = 2), and FVC = �73.0B5 + 1284 + E4 (LAIl = 4)),
where E1, E2, and E4 are error functions and are 0 at B5 =
50 (%), and B2 and B5 denote reflectance factors (%) in
Landsat ETM+ bands 2 and 5, respectively.

Figure 5. Simulation of NPP (NPP) estimation by (a) NDVI, (b) (B4 � B2)/(B4 + B2), and (c) larch
LAI (LAIl) and forest floor vegetation cover (FVC) calculations by B2 and B5. The solid and dotted lines
indicate average and average ±S.D., respectively. In the simulation, LAIl and FVC were assumed to be
uniformly distributed from 0 to 4 and from 0% to 100%, respectively.
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there are limited documented analyses of the soil heterotro-
phic respiration of the Siberian larch forest, and this makes
evaluation difficult. Assuming that the soil heterotrophic
respiration is greater by a gC m�2 yr�1 than the observed
value,NPPu can be shown to increase bya gCm�2 yr�1 from
equation (9), and the NPP at the Neleger site is of the same
value as that derived from equation (11).
[34] Mortality (M) that was set at 0.4 yr�1 (Table 1) was

greater than or equal to that of spruce forests in Canada for
which M ranged from 0.2 to 0.4 yr�1 [Chen et al., 2002].
The rb value that was set at 0.05 yr�1 was greater than that
of spruce forests in Canada (rb value, 0.024 yr�1) [Chen et
al., 2002]. Assuming the mortality and branch turnover rate

to be 0.3 yr�1 and 0.024 yr�1, respectively, the NPP at
the Neleger site was found to decrease by 5 gC m�2 yr�1

and 6 gC m�2 yr�1, respectively.
[35] A possible reason for the overestimation may be that

the parameters are barely measured. The rfr value was set at
0.16 yr�1 by adopting the value in North Carolina that was
determined using depleted 13CO2, but rfr is generally
observed to decrease with latitude [Gill and Jackson,
2000]. If the rfr at the Neleger site is assumed to be
0.08 yr�1, the NPP at this site decreases by 14 gC m�2 yr�1.
In direct flux observations, it was difficult to distinguish
between RRl and V. vitis-idaea root respiration. If 10% RRl

variation is assumed, the NPP at the Neleger site changes by

Figure 6. Geographical distributions of (a) upper canopy (larch) LAI (LAIl), (b) forest floor vegetation
cover (FVC), and (c) annual NPP (NPP) (Landsat ETM+ 122-16 on 13 August 2000; 61.8�N–63.9�N,
126.6�E–131.3�E; 300-m grid).

Table 4. Evaluation of the Estimation Using Field Observations

Estimateda Observed References

Neleger Site
LAI 2.2 ± 0.3 2.4 Shibuya et al. [2004],

Kanazawa and Osawa [1994]
FVC,% 61 ± 9 52b this study
NPP, gC m�2 yr�1 222 ± 24 130–180c Machimura et al. [2005],

Sawamoto et al. [2001, 2003]

185 km � 185 km Area
LAI 1.7 ± 0.4 . . . . . .
FVC,% 69 ± 8 . . . . . .
NPP, gC m�2 yr�1 194 ± 22 . . . . . .

aValues are estimated from this study. For the Neleger site LAI and FVC, the averages ± standard deviations
were determined assuming the independent normal distributions of larch leaf reflectance and transmittance and the
reflectances of V. vitis-idaea and fallen leaves with the averages and standard errors obtained in the spectral
measurements. For the Neleger site NPP, the averages ± standard deviations were determined using equations (11)
and (2) assuming that the standard deviations of LAI and FVC and the RMS of larch NPP estimation from
equation (10). For a 185 km � 185 km area, the averages±standard deviations for a 300 m � 300 m unit area were
calculated using Landsat ETM+ (13 August 2000; path: 122, row: 16; 61.8�N–63.9�N, 126.6�E–131.3�E).

bPercentages are as follows: 41% V. vitis-idaea, 4% other shrubs, and 7% herbaceous plants.
cRange is obtained from tower flux observations and soil heterotropic respiration at the Neleger site.
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15 gC m�2 yr�1. There is little information on the specific
leaf area (SLA) of Siberian larch trees, although SLA is one
of the most important parameters in remote sensing and
concerns the coefficient of the relationship between larch
LAI and larch NPP. If a 10% SLA variation is assumed, the
NPP at the Neleger site changes by 15 gC m�2 yr�1.
Therefore a combination of the variations in the above-
mentioned parameters can account for the overestimation
of NPP.
[36] The variations in turnover rates and understory NPP

with those in the tree age and sites were not accounted for in
this study because of the lack of observations. However, a
strong relationship exists between larch LAI and larch NPP,
and the relationship is based on foliage turnover that is
equivalent to the upper layer LAI. When M, rb, rfr, and SLA
were assumed to have the maximum values of 0.3 yr�1,
0.024 yr�1, 0.08 yr�1, and 153.3 cm2/g (d.w.), respectively,
NPPl was found to be 52.1LAIl (R

2 = 0.79) with an RMSE
of 32 gC m�2 yr�1. NPPu was implicitly estimated, and
detailed observations in the future will lend better accuracy
to this value. On the other hand, the CO2 assimilation rate of
V. vitis-idaea was equivalent to that of L. gmelinii based on
the observations made in Yakutia by Vygodskaya et al.
[1997]. The LAI of V. vitis-idaea was 67% of the LAI
of larch in a 130-year-old L. gmelinii forest in Yakutia
[Kelliher et al., 1997]. These studies support the inclusion
of NPPu as an indicator of NPP. In the East Siberian larch
forest, surface fires often occur. The frequency of surface
fires characterizes the forest floor vegetation cover. The
high variation in the forest floor vegetation cover that is
caused by frequent surface fires in this region supports the
assumption that the NPPu per unit vegetated area is a
constant proportional value.
[37] The estimation of the larch LAI from Landsat ETM+

band 2 was based on the observation that the reflectance
factors of V. vitis-idaea and the fallen larch leaves in band 2
were similar, and the absorption by live larch leaves in

band 2 was 79% (Table 3). The reflectance factor of the live
larch leaves was slightly greater than those of the fallen
larch leaves and V. vitis-idaea. On the other hand, the
distribution of the live larch leaves was observed to be
three-dimensional, while those of V. vitis-idaea and the
fallen larch leaves were horizontal. Owing to the high
absorption of the live larch leaves, the increase in the larch
LAI leads to an exponential increase in the absorption of the
larch canopy in band 2, thereby decreasing the reflectance
from the larch forest in band 2 (Figure 4a).
[38] The estimated NPP had a weak positive correlation

with the NDVI for the larch forests that was observed using
Landsat imagery (Figure 7). This suggests that NDVI is an
indicator of larch NPP but does not perform as well as the
estimation method used in this study. The estimation of
the larch LAI and FVC as indicators of NPP is connected to
the scientific bases obtained through biometric and
meteorological studies. The negative correlation between
the larch LAI and FVC that was estimated using Landsat
imagery (Figure 8) can be explained by a reduction in the
incident solar irradiance transmitted to the forest floor
vegetation due to the increased larch LAI. The high contri-
bution of FVC to the total NPP indicates that besides LAI,
FVC is also an indicator of NPP. Other studies have noted
similarly important influences of ground cover on boreal
forest NPP [e.g., Goetz and Prince, 1996].

5. Conclusion

[39] We proposed several spectral indices to estimate the
upper canopy LAI, forest floor vegetation cover, and NPP
distributions of larch forests in East Siberia based on
biometric analyses of the CO2 budget, spectral measure-
ments of the larch leaf and forest floor components, and
radiative transfer modeling. Further, we evaluated the esti-
mates using observations of field LAI, FVC, and meteoro-
logical CO2 budgets. LAI has been estimated by remote

Figure 7. Relationship between NDVI and NPP estimated
using the proposed method by Landsat ETM+ imagery. The
probability densities were normalized by the maximum
value.

Figure 8. Relationship between the forest floor vegetation
cover (FVC), larch LAI (LAIl), and NPP estimated using
Landsat ETM+ imagery. The probability densities were
normalized by the maximum value. The dotted lines denote
isograms of the estimated NPP.
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sensing in many previous studies, but the relationship
between LAI and the NPP components has rarely been
studied at an individual tree-species level. Thus far, obser-
vations of the NPP of forest floor vegetation have been
restricted to species such as mosses and lichens. This study
includes assumptions for NPP component estimation, but
comparisons of ecological and physiological studies using
the results of this study may lead to further advancement in
both these areas of research.

Notation

NPP net primary productivity (NPP), gC m�2

yr�1.
NEP net ecosystem productivity (NEP), gC

m�2 yr�1.
NPPl net primary productivity (NPP) of larch,

gC m�2 yr�1.
NPPu NPP of understory, gC m�2 yr�1.
SHR soil heterotrophic respiration, gC m�2

yr�1.
Bs biomass of stem, g/m2.
Bf biomass of foliage, g/m2.
Bb biomass of branches, g/m2.
Br biomass of root, g/m2.
Bfr biomass of fine roots, g/m2.
S stand density, m�2.

DC carbon increment due to biomass incre-
ment, gC m�2 yr�1.

Lf foliage litter fall, gC m�2 yr�1.
Lb branch litter fall, gC m�2 yr�1.
Lfr fine root turnover, gC m�2 yr�1.
M mortality, gC m�2 yr�1.
rf turnover rate of foliage, yr�1.
rb turnover rate of branches, yr�1.
rfr turnover rate of fine roots, yr�1.
cf carbon content of foliage, gC/g.
cb carbon content of branches, gC/g.
cfr carbon content of fine roots, gC/g.
Ai age, years.

B(Ai) biomass at age Ai, g/m
2.

C(Ai) carbon amount at age Ai, gC/m
2.

S(Ai) stand density at age Ai, m
�2.

aM coefficient of mortality, gC/gC.
SLA specific leaf area, cm2/g (d.w.)
LAIl upper canopy (larch) LAI, m2/m2.
TSR total soil respiration, gC m�2 yr�1.

ANPPu understory aboveground NPP, gC m�2

yr�1.
RRu understory root respiration, gC m�2 yr�1.
FCO2 CO2 upward flux at the top of the

understory, gC m�2 yr�1.
RRl larch root respiration, gC m�2 yr�1.
FRR fine root respiration rate, nmol CO2 g�1

s�1.
N fine root nitrogen content, %.
T ambient temperature, �C.

FVC forest floor vegetation cover, %.
D disturbance term (unknown factors) for

NPP estimation, gC m�2 yr�1.
NDVI normalized difference vegetation index

determined by Landsat ETM+ imagery.

B2 reflectance factor in Landsat ETM+ band
2, %.

B3 reflectance factor in Landsat ETM+ band
3, %.

B4 reflectance factor in Landsat ETM+ band
4, %.

B5 reflectance factor in Landsat ETM+ band
5, %.

E1, E2, and E4 error functions for forest floor vegetation
cover estimation, %.
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