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Abstract: The ecosystem services of forests, such as the water conservation function, are the combined
results of diverse processes, and the modification of one part of a forest affects each ecosystem service
separately via complex processes. It is necessary to develop an ecosystem service assessment model
for various tree species to ensure proper forest management. In this study, a model to evaluate three
ecosystem services, namely, the water supply, wood supply, and carbon sink, for various tree species
in Japan is developed using many observation data from the previous literature. The integrated
evaluation model consists of the forest model, hydrological model, and carbon stock assessment
model. The forest model consists of the forest growth model and LAI estimation model, based on
allometry. The results of the simulations for the major tree species yield the following findings:
(1) Water supply varies with tree species but decreases until about 40 years of age, after which it
is near constant. (2) Although beech has a larger LAI than needleleaf forests, water supply is not
significantly different. (3) Broadleaf forests are more affected by thinning than needleleaf forests and
tend to receive increased water supply as a result of processes such as thinning. This study enabled
the evaluation of water conservation function in watersheds containing various tree species.

Keywords: sustainable forest management; ecosystem services; water supply; wood supply; carbon
stock; LAI

1. Introduction

Forests provide a variety of ecosystem services such as disaster prevention, water
supply, water purification, global warming mitigation, timber production, and biodiversity.
In order to obtain sustainable ecosystem services from forests, it is necessary to apply
effective forest management. Ecosystem services are the combined results of diverse pro-
cesses, and the modification of one part of a forest affects each ecosystem service separately
via complex processes. Thus, there are trade-offs whereby some practices increase the
effectiveness of timber supply but reduce water supply, or synergies whereby both services
are improved [1]. In Japan, there is a tax on forests called the Forest Environment Tax [2],
and it is necessary to explain how the ecosystem services obtained will change if forests are
improved. Therefore, a model is needed to evaluate how the ecosystem services provided
vary with tree species and forest condition. Forest management in Japan has so far focused
on timber production. However, a survey conducted by the Cabinet Office in Japan showed
that disaster prevention, water resources, and global warming mitigation were the top three
functions expected of forests by the public, indicating that the public considers the water
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conservation function of forests to be important [3]. In that context, we must consider how
ecosystem services differ in their processes and effects for each forest type and tree species.
In Japan, cedar and cypress are widely planted for timber supply, but other coniferous
forests such as larch and red pine, and broadleaf forests such as beech, oak, and birch, are
also widely distributed. Therefore, to evaluate ecosystem services at the watershed scale,
it is necessary to develop an ecosystem service evaluation model for various tree species.
Biome-BGC [4] is an ecosystem service assessment model that takes forest growth into
account, and Yamaura et al. [5] evaluated ecosystem services over the past 60 years using
an assessment model that assumed four forest types as Japanese cedar, cypress, pine, and
natural forest (Quercus serrata, Castanea crenata, Carpinus laxiflora, Prunus jamasakura, and
so on). However, while these results address a few forest types, they are inadequate in
that they do not cover more, which is especially important for diverse broadleaf forests. So
far, cedar and cypress have been considered the most important tree species in the field
of forestry, and while many observations of other tree species have also been reported,
an ecosystem service assessment model that integrates the results of these observations
for various tree species has not yet been proposed. Like other ecosystem services, the
water conservation function of forests, which is of interest to the public, is the result of a
complex combination of various hydrological processes, including canopy interception,
evapotranspiration, infiltration, and water movement within the forest soil. Many studies
on water dynamics in forests have been reported. Cheng et al. [6] applied different thinning
treatments to a 36-year-old Larix principis-rupprechtii plantation to investigate differences in
canopy interception, and reported that the interception increased with thinning intensity.
Chen et al. [7] applied different thinning treatments to a pine–oak mixed forest to inves-
tigate differences in soil infiltration and water storage capacity. Komatsu [8] proposed a
linear formula to estimate the canopy interception rate from stand density, based on obser-
vations in Chamaecyparis obtusa, Cryptomeria japonica, and Pinus densiflora forests. Watanabe
et al. [9] proposed an interception model, which takes into account canopy openness, for
a coniferous and deciduous forest. In addition to the above studies of water balance at
a plot scale, many results have been reported at a watershed scale. Komatsu et al. [10]
investigated the relationship between watershed peak runoff and forestry practices, and
reported that the increases in flood risk due to decreased forestry practices are less. Gao
et al. [11] applied the InVEST model to Qilian Mountain National Park, China, and analyzed
the long-term trend of the water conservation function and found that it increased over
the past 32 years. They concluded that precipitation had a greater impact on the trend
than land use and vegetation cover. As we mentioned above, although research on water
dynamics in forests is ongoing, it is not yet clear to what extent the water conservation
function is affected by various tree species, including a broadleaf forest, and by differences
in forest conditions, because an integrated model, which takes into account various tree
species, has not been proposed. Therefore, the objectives of this study were (1) to develop a
model to evaluate three ecosystem services, the water supply, wood supply, and carbon
sink, for various tree species in Japan, and (2) to apply the model to a real watershed in
Japan to evaluate differences in ecosystem services depending on forest growth and forest
management methods.

2. Material and Methods

To evaluate the ecosystem services affected by tree species, forest management, and so
on, this study developed an ecosystem service assessment model consisting of the following
three models: (1) the forest model, (2) hydrological model, and (3) carbon stock assessment
model. The forest model calculates changes in forest conditions such as stem volume
and LAI due to forest growth, thinning, afforestation, and so on. The hydrological model
estimates evapotranspiration, rainfall interception snow accumulation, and snowmelt
based on forest conditions, land use, and land cover to evaluate annual water supply. The
carbon stock assessment model evaluates the amount of carbon stored in a forest based on
forest condition, timber volume, and so on. Details of the models are shown below:
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2.1. Forest Model

The forest model is divided into two parts: the forest growth model, which calculates
forest annual changes using growth curves and inverse yield-density effects, and the forest
structure model, which calculates forest factors such as the diameter at breast height and
LAI (leaf area index) using other forest structural factors such as stand density and tree
height. Details of the model parameters are given in Appendix A.

2.1.1. Forest Growth Model

Japanese forestry industries use yield-density diagrams in predicting tree growth and
timber harvest [12–20]. In this study, the forest growth model was developed based on
yield-density diagrams. Tree height of the top layer Ht (m) was defined based on growth
curve equations. The growth curves used were the Mitscherlich curve (Equation (1)),
logistic curve (Equation (2)), Gompertz curve (Equation (3)), and so on.

Ht = M{1 − Lexp(−Kt)} (1)

Ht = M/(1 + Lexp(−Kt)) (2)

Ht = exp{M(1 − Lexp(−Kt))} (3)

where t is forest age (y), and M, L, and K are parameters determined for each tree species
and each area. Variation in growth at the same forest age is adjusted for the growth status.
The growth status is a parameter determined for each location based on sunlight, soil,
moisture condition, and other factors. In this study, the tree height determined through
Equations (1)–(3) was taken as status 3, and the index of statuses 1–5 given to each area
was used to represent the variation in growth. The distribution range of statuses was
determined so that 95% of the forest sample said to determine the parameters of the growth
curves fell between statuses 1 and 5. Figure 1 shows the plots and the growth curves of
Japanese cedar (Cryptomeria japonica) and type L-1 broadleaf forests, such as beech (Fagus
crenata), Mizunara oak (Quercus crispula), Keyaki (Zelkova serrata), walnut (Juglans), horse
chestnut (Aesculus turbinata), and so on, for samples of statuses 1–5.
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Figure 1. Forest sample plots and growth curves: (a) cedar (Cryptomeria japonica); (b) type L-1
broadleaf forest. Thick solid curves are the growth curves for growth status 3. Other solid curves
represent variation in growth by status.
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Stem volume excluding branches and leaves is the so-called “merchantable volume”.
The average “merchantable volume” (hereinafter “stem volume”) per hectare V (m3/ha) is
obtained from the following inverse formula for the yield-density effect.

V =

(
b1Ht

b2 +
b3Ht

b4

N

)−1

(4)

where N is the stand density (trees/ha), and b1 to b4 are parameters determined for each
tree species and each area. The average diameter at breast height D (cm) is obtained from
the following equations:

HF = α1 + α2Ht +
α3
√

NHt

100
(5)

Dg = 200

√
V

πNHF
(6)

D = β1 + β2Dg +
β3
√

NHt

100
(7)

where HF is the stand shape ratio, Dg is the average section diameter (cm), and α1 to α3
and β1 to β3 are parameters determined for each tree species and each area. Stand density
varies with forest management, but if the stand is not artificially managed, it decreases
due to natural mortality. A smaller stand density for the next year based on the natural
mortality curve, defined as per Equation (8), and maximum density NR f (trees/ha) based
on the maximum density curve, defined as per Equation (9), are adopted.

1
N(t + 1)

=
1

N0
− v(t)

K5N0
(K1+1)

(8)

NR f = K4Ht
K3 (9)

where N(t + 1) is the stand density in year t + 1, N0 is the planted stand density (trees/ha),
and v(t) is the average stem volume for a stand (m3) in year t. K1 to K4 are determined
with the parameters b1 to b4 of the inverse formula for the yield-density effect and marginal
competition ratio number R f as follows:

K1 =
b4

b2 − b4
(10)

K3 = b4 − b2 (11)

K4 =
b3

(
1 − R f

)
b1R f

(12)

K5 =
K1R f

b3

(
R f

1 − R f

b1

b3

)K1( b2

b4

)(K1+1)
(13)

Figure 2 shows the observed sample forest plots and estimated stand density of
Japanese cedar and type L-1 broadleaf forests. The plots with densities less than the natural
mortality curves and the maximum density curves indicate locations where densities have
decreased due to thinning, etc.
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2.1.2. LAI Estimation Model

LAI (leaf area index) is the leaf area per unit area (m2/m2). LAI is obtained with
the equation for the relationship of dry leaf weight and leaf area and the equation for the
relationship of the breast height diameter and dry leaf weight. Those equations are defined
for each tree species. Total leaf weight of a tree is more strongly related to the cross-sectional
area under the living branch than the diameter at breast height, including dead conduits, as
shown by Shinozaki et al. [21]. Shinozaki’s pipe model is a well-known model in the field
of ecology, but very few forest survey data are available, and in many cases, equations have
been proposed using the breast height diameter as an alternative to the cross-sectional area
under the living branch, for example, in [22,23]. Therefore, in this study, LAI estimation
models using the cross-sectional area under the living branch were developed for Japanese
cedar and cypress (Chamaecyparis obtusa), for which survey data are abundant, and models
using the breast height diameter for other species as follows:

The cross-sectional area under the living branch is related to the height under the
branch HB (m). Although the height under the living branch changes due to forest manage-
ment practices such as pruning, in a case where there is no artificial care, it is estimated
using the following equation proposed by Kanazawa et al. [24]:

HB =
Ht

a0Sr
a1 + 1

(14)

where Sr is the relative spacing index, defined as follows:

Sr =
10000
Ht

√
N

(15)

where a and b are parameters determined for each tree species. Equation (14) is modified
as follows:

log10

(
Ht

HB
− 1
)

= log10 a0 + a1log10 Sr (16)

Figure 3 shows the results of plotting data extracted from several previous studies [22,
25–40]. In this study, the parameters a0 and a1 of Equation (16) are defined as a0 = 0.02039
and a1 = 1.384 for cedar and a0 = 0.01694 and a1 = 1.439 for cypress from Figure 3. The
correlations between the observed and the estimated HB, using Equation (16) and the
obtained parameters, are R = 0.967 and 0.943 for cedar and cypress, respectively, indicating
that the parameters were estimated with good accuracy.
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Figure 3. Relationships of relative spacing index and height under the branch: (a) cedar (Cryptomeria
japonica) [22,25–33]; (b) cypress (Chamaecyparis obtusa) [34–40].

Assuming that the trunk shape is trapezoidal, the following equation is proposed
between the cross-sectional area under the living branch AB (m2) and HB [27,41]:

AB = A(Ht − HB)/(Ht − H0) (17)

where A is the cross-sectional area at breast height (m2), and H0 is breast height, which is
typically 1.3 m [41]. In this study, the following equation, modified from Equation (17), was
used to adjust for small differences among tree species:

log10 AB = c0log10{A(Ht − HB)/(Ht − 1.3)}+ c1 (18)

where c0 and c1 are parameters determined for each tree species. Figure 4 shows the results
of plotting data extracted from several previous studies [26,29,31,34,36,42–45]. In this study,
the parameters c0 and c1 of Equation (18) are defined as c0 = 0.9558 and c1 = −0.09077
for cedar and c0 = 0.9682 and c1 = −0.08349 for cypress from Figure 4. The correlations
between the observed and the estimated AB are R = 0.980 and 0.983 for cedar and cypress,
respectively, indicating that the parameters were estimated with good accuracy.
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Many equations have been proposed for estimating dry leaf mass, including one that
uses the cross-sectional area and another that uses the square of the diameter. In this
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study, the following equations, which were relatively accurate for all species analyzed,
are proposed:

log10 WL = d0log10 AB + d1 (19)

log10 WL = d2log10 D + d3 (20)

where WL is the total dry leaf mass of one tree (kg), and d0 to d3 are parameters determined
for each tree species. Figure 5 shows the relationships of WL and AB with data extracted
from several previous studies [22,25–27,29–34,36,40–47]. In this study, the parameters d0
and d1 of Equation (19) are defined as d0 = 0.9601 and d1 = 2.759 for cedar and d0 = 1.031
and d1 = 2.897 for cypress from Figure 5. The correlations between AB and WL are R = 0.858
and 0.914 for cedar and cypress, respectively, indicating that the parameters were estimated
with good accuracy.
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Figure 6 shows the relationships WL and D with extracted data from several previous
studies for beech, Konara oak, and birch [45,48–55]. Table 1 shows the obtained parameters
and their correlations, as determined from Figure 6. Any correlations are more than 0.85,
so good parameters were obtained.
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Table 1. Parameters obtained for Equation (20) and their correlations for beech, Konara oak and birch.

Beech Konara Oak Birch

d2 1.854 1.974 2.278
dd −1.883 −1.659 −2.290
R 0.958 0.858 0.889

Many equations have been proposed for estimating the leaf area from the dry weight
of the leaf. In this study, the following equations, which were relatively accurate for all
species analyzed, are proposed:

AL = aWL (21)

where AL is the total leaf area of one tree (m2), and a is a parameter determined for each
tree species. Figure 7 shows the relationships of AL and WL with data extracted from several
previous studies for cedar, cypress, beech, Konara oak, and birch [26,32,33,36,45,49,51,56–63].
Table 2 shows the parameters obtained and their correlations, as determined from Figure 7.
Any correlations are more than 0.95, so good parameters were obtained.
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Table 2. Parameters obtained for Equation (21) and their correlations for cedar, cypress, beech, Konara
oak and birch.

Cedar Cypress Beech Konara Oak Birch

a 2.897 3.666 20.77 11.90 17.62
R 0.995 0.993 0.998 0.992 0.973
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Finally, LAI is obtained using the stand density as follows:

LAI = ALN/10000 (22)

where LAI is LAI (m2/m2) and N is stand density (trees/ha). As described in this section,
the LAI estimation model is proposed based on forest structural factors such as forest age,
tree height, and stand density for several tree species, including broadleaf forest species.

2.2. Hydrological Model

The time variation of the basin storage volume S is expressed using runoff volume Q,
precipitation R, and evapotranspiration E as follows:

dS
dt

= R − Q − E (23)

where t is time. Considering the long-term water balance, dS/dt = 0. Thus, Equation (23)
is modified to Q = R − E. If the annual water supply is considered as the water conser-
vation function, the estimation of annual evapotranspiration and observation of annual
precipitation are important to evaluate the water conservation function for the specific
basin. In Japan, rainfall radar observation networks are well developed, so it is possi-
ble to estimate annual basin precipitation amounts. Annual evaporation is estimated
using the following procedure, which combines the estimation of evapotranspiration and
interception evaporation:

Evapotranspiration is obtained using potential evapotranspiration according to the
Makkink equation [64], which considers albedo, and correction factors as follows:

Ep = (a + 0.05 − α)
∆

∆ + γ

Rs

ι
+ b (24)

where Ep is daily potential evapotranspiration (mm/d), γ is the psychrometric coefficient, ∆
is the gradient of the saturated vapor pressure curve (hPa/◦C), Rs is the total solar radiation
(MJm−2d−1), ι is latent heat of evaporation (MJ/kg), α is albedo, and a and b are parameters
for each location. The difference between actual and possible evapotranspiration varies
depending on the condition of the ground surface, vegetation, and so on. Kondo [65]
proposed the following correction factors using LAI:

Et

Ep
=

0.78
1 + exp{−0.78(LAI − 2.2)} (25)

Et

Ep
= 0.45 + 0.4{1 − exp(−1.5LAI)} (26)

where LAI is LAI (m2/m2), and Et is daily actual evapotranspiration (mm/d). Equa-
tions (25) and (26) are used for forest area and grassland, respectively.

Interception evaporation is estimated according to the following method proposed by
Kondo et al. [66–68]:

I = IPOT × (τ/24) + S (27)

where I is interception evaporation (mm), IPOT is the potential interception evaporation
(mm), τ is the duration of a rainfall event (h), and S is the water storage capacity of tree
surfaces (mm). IPOT is defined using the following equation:

ιIPOT

Rn − G − σT4 =
∆
γ

{
T+ + q+(1 − rh)

}
J (28)
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where Rn is the net radiation (W/m2), G is the ground heat flux (W/m2), T is the air
temperature (K), rh is relative humidity, and σ is the Stefan–Boltzmann constant. T+, q+,
and J are defined using the following equations:

T+ =
1 − J(∆/γ)(1 − rh)q+

1 + J(1 + ∆/γ)
(29)

q+ =
1

Rn − G − σT4
4σT3qsat(T)

∆
(30)

J =
(

cPρ/4σT3
)

CHu (31)

where qsat(T) is the saturated specific humidity at air temperature T, u is wind speed, cP is
the constant pressure specific heat of air (1006 J/kg/K at 1.0 a.t.m.), ρ is the wet gas density
(kg/m3), and CH is the bulk exchange coefficient for sensible heat. The water storage
capacity S is defined using the following equation:

S = slea f LAI + sbranchBAI + sstemSAI (32)

where BAI is the branch area index (BAI), which is the branch area per unit area (m2/m2),
and SAI is the stem area index (SAI), which is the stem area per unit area (m2/m2). slea f ,
sbranch, and sstem are the water storage capacity of the leaf, branch, and stem (mm/LAI,
mm/BAI, mm/SAI), respectively. BAI was estimated using the cedar and cypress tree
shape model proposed by Ebisu et al. [69]. For other species, the mean of the parameters for
cedar and cypress was used instead. SAI considers the tree shape as a triangular pyramid
and calculates the surface area of the triangular pyramid with the cross-sectional area at
breast height as the base area and the height of the tree as the height of the triangular
pyramid.

Here, the probability of precipitation impacting a tree body Ω∗ is defined using the
following equation:

Ω∗ = Ω
{

1 − exp
(
− f ·LAI

Ω

)}
(33)

where Ω is the canopy closure rate, and f is the factor of leaf tilt, usually 0.5. In the case
of Ω ∗ ×Pg > IPOT × (τ/24) + S, canopy interception can be estimated as I = IPOT ×
(τ/24) + S; otherwise, I = Ω ∗ ×Pg, where Pg is gross precipitation (mm). Ω is expressed
based on the Beer–Lambert law as follows:

1 − Ω = exp(−k·LAI) (34)

where k is the extinction coefficient, affected by the angle of the leaves. In this study, the
relationship of 1 − Ω and LAI was plotted in Figure 8 [70,71], and the value of k = 0.4035
(R = 0.892) was obtained.

2.3. Carbon Stock Assessment Model

In this study, the carbon stock in living biomass in forest CF (t-C/ha) was calculated
using the following equation, based on a greenhouse gas inventory report by the CGER,
Japan [72]:

CF = V·Dd·BEF·(1 + Rroot)·CF (35)

where V is the stem volume per hectare (m3/ha), Dd is the dry wood density (t/m3), BEF
is the biomass expansion factor for the conversion of merchantable volume, Rroot is the root-
to-shoot ratio, and CF is the carbon fraction of dry matter (t-C/t). Thus, V·BEF·(1 + Rroot)
reflects the total volume of trees, including leaves, branches, roots, and stem. Parameters
for the major tree species are listed in Table 3.



Water 2024, 16, 588 11 of 23
Water 2024, 16, 588 11 of 23 
 

 

 
Figure 8. Relationships of canopy openness and LAI [70,71]. 

2.3. Carbon Stock Assessment Model 
In this study, the carbon stock in living biomass in forest 𝐶ி (t-C/ha) was calculated 

using the following equation, based on a greenhouse gas inventory report by the CGER, 
Japan [72]: 𝐶ி = 𝑉 ∙ 𝐷ௗ ∙ 𝐵𝐸𝐹 ∙ ሺ1 + 𝑅௥௢௢௧ሻ ∙ 𝐶𝐹 (35) 

where 𝑉 is the stem volume per hectare (m3/ha), 𝐷ௗ is the dry wood density (t/m3), 𝐵𝐸𝐹 
is the biomass expansion factor for the conversion of merchantable volume, 𝑅௥௢௢௧ is the 
root-to-shoot ratio, and 𝐶𝐹 is the carbon fraction of dry matter (t-C/t). Thus, 𝑉 ∙ 𝐵𝐸𝐹 ∙ሺ1 + 𝑅௥௢௢௧ሻ reflects the total volume of trees, including leaves, branches, roots, and stem. 
Parameters for the major tree species are listed in Table 3. 

Table 3. Parameters for estimations of living biomass for each species [66]. 

 Cedar Cypress Beech Oak Birch 𝐵𝐸𝐹 ≤ 20 1.57 1.55 1.58 1.40 1.31 > 20 1.23 1.24 1.32 1.26 1.20 𝑅௥௢௢௧ 0.25 0.26 0.26 0.26 0.26 𝐷ௗ 0.314 0.407 0.573 0.624 0.438 𝐶𝐹 0.51 0.51 0.48 0.48 0.48 
Note— 𝐵𝐸𝐹: biomass expansion factor (20 = age); 𝑅௥௢௢௧: root-to-shoot ratio; 𝐷ௗ: dry wood density; 𝐶𝐹: carbon fraction; Cedar: Cryptomeria japonica; Cypress: Chamaecyparis obtusa; Beech: Fagus crenata; 
Oak: Quercus; Birch: Betula. 

3. Results and Discussion 
3.1. Application of Each Species 

From the above, a model that evaluates water conservation function, carbon stock, 
and woody production by calculating forest parameters based on tree species, forest age, 
stand density, and growth status was developed. Figure 9 shows the simulated changes 
in LAI, stand density, and tree height with forest age in a case where the initial number of 
trees planted is 4000 trees/ha and the growth status is 3, using the proposed model in this 
study. The target area is assumed to be Gujo City, Gifu Prefecture, Japan. The density of 
cedar trees decreases rapidly due to natural mortality, while the density of other tree spe-
cies decreases relatively slowly. The LAI of beech has a maximum of about 7, while the 

Figure 8. Relationships of canopy openness and LAI [70,71].

Table 3. Parameters for estimations of living biomass for each species [66].

Cedar Cypress Beech Oak Birch

BEF
≤ 20 1.57 1.55 1.58 1.40 1.31
> 20 1.23 1.24 1.32 1.26 1.20

Rroot 0.25 0.26 0.26 0.26 0.26
Dd 0.314 0.407 0.573 0.624 0.438
CF 0.51 0.51 0.48 0.48 0.48

Note—BEF: biomass expansion factor (20 = age); Rroot: root-to-shoot ratio; Dd: dry wood density; CF: car-
bon fraction; Cedar: Cryptomeria japonica; Cypress: Chamaecyparis obtusa; Beech: Fagus crenata; Oak: Quercus;
Birch: Betula.

3. Results and Discussion
3.1. Application of Each Species

From the above, a model that evaluates water conservation function, carbon stock,
and woody production by calculating forest parameters based on tree species, forest age,
stand density, and growth status was developed. Figure 9 shows the simulated changes
in LAI, stand density, and tree height with forest age in a case where the initial number
of trees planted is 4000 trees/ha and the growth status is 3, using the proposed model in
this study. The target area is assumed to be Gujo City, Gifu Prefecture, Japan. The density
of cedar trees decreases rapidly due to natural mortality, while the density of other tree
species decreases relatively slowly. The LAI of beech has a maximum of about 7, while the
LAI of Japanese cedar and Japanese cypress has a maximum of about 5. On the other hand,
the LAI of birch is up to 4. This shows that the LAI varies depending on the species, or
even among the same broadleaf trees.

Figure 10 shows the simulated changes in LAI, stand density, and tree height with
forest management as 30% thinning at 25, 35, 45, and 55 years, respectively, versus Figure 9.
Cedar is less affected by thinning, except for a small increase in LAI when thinned. Thinning
of cypress increases LAI. This is the reason why a decrease in the living branch height and
an increase in the living branch cross-sectional area are caused by a decrease in tree density.
The LAIs of beech and birch decrease with thinning. Although not the same for all forest
management and forest conditions, thinning like that for the management of cedar and
cypress is excessive for beech and birch. Excessive thinning greatly reduces the number of
trees, resulting in a large decrease in LAI. The example analysis presented in this section
assumes growth status 3 and the initial planting of 4000 trees/ha and does not simulate a
real forest. Nonetheless, the development of this model enables us to evaluate the impact
of forest management on a forest with diverse tree species.
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Figure 11 shows the simulated changes in the water supply evaluation factors, such
as annual water supply, annual evapotranspiration, and annual interception evaporation.
The target area is assumed to be Gujo City, Gifu Prefecture, Japan. The water supply for
each species is simulated using observation data from the Hachiman gauge station, Japan
Meteorological Agency. Meteorological data from 1994, the most severe drought year in
the past 30 years, are used. Water supply varies with tree species, but generally decreases
until about 40 years old, after which it is near constant. Although beech forests have a
larger LAI than needleleaf forests, water supply is not significantly different. The reasons
for this are not only differences in LAI but also differences in the water storage capacity per
unit area and differences in albedo between the broadleaf forest and needleleaf forest. The
modified Makkink equation allows us to estimate that the possible evapotranspiration of
the broadleaf forest is less than that of the needleleaf forest due to differences in albedo.
When applying this calculation, the albedos of the broadleaf and needleleaf forest are
α = 0.20 and 0.15, respectively. Water supply does not change much in cedar, decreases
in cypress, and increases in beech and birch as a result of LAI changes due to thinning.
Yamamura et al. [5] also reported in their model analysis that the water conservation
function decreases with forest growth up to a certain forest age and then tends to be almost
constant. Vertessy et al. [73] also reported that the water balance and discharge in the
watershed of mountain ash forests after forest burns decreased with forest growth up to a
certain age, and it becomes almost constant thereafter. Kojima [74] analyzed daily water
discharge over about 20 years in a small forested watershed with a cypress priority, and
reported a slight decline trend in discharge in a well-grown forest. Our proposed model
reproduced the trend reported in the above studies that “the water conservation function
declines up to a certain forest age and then becomes almost constat”, which can evaluate
water conservation function with high accuracy.
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Figure 12 shows the simulated changes in the stem volume and carbon stock per unit
area. Figure 12 shows that needleleaf forests accumulate a very large amount of carbon
stock, while broadleaf forests accumulate less carbon. For other species besides cedar, the
accumulated carbon stock is reduced via thinning. When considering forests as carbon
sinks, planting cedar trees was found to be the most effective using this model.
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3.2. Basin-Scale Application
3.2.1. LAI Estimation

The model is applied to the Kori River Basin in Omura City, Nagasaki Prefecture.
This basin (54.7 km2) has a relatively mild climate with an average annual temperature
of about 17 ◦C and annual rainfall of about 1800 mm, with the Kayase Dam (total storage
capacity: 6.8 Mm3) in its upper reaches. Figure 13 shows the distribution of tree species
and land cover types in the target basin. The basic forest information, such as species, age,
and growth status, was obtained from the Omura City Forest Inventory for FY2020, the
National Forest Inventory for FY2021, and Natural Environmental GIS by the Biodiversity
Center of Japan [75]. The forest conditions from 2006 to 2020 were estimated using the
forest model described above, based on the forest management history, such as thinning,
clear-cutting, and harvest rate. Figure 14 shows the distribution of LAI in 2006 and 2020,
estimated with the forest model. The LAI increases in some areas between 2006 and 2020
due to growth, while the LAI decreases in other areas due to forest management such as
logging, clear-cutting, and thinning.
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3.2.2. Hydrological Application and Validation

Using the hydrological model described above, daily effective rainfall was calculated
by subtracting daily interception evaporation and evapotranspiration from total precipita-
tion, and daily discharge at the Kayaba Dam was calculated using a simple runoff model.
Figure 15 compares the observed and simulated inflow hydrographs at the Kayaba Dam
in 2017 with a drought trend and in 2020 with a heavy rainfall event. Peak flow rates
were slightly underestimated, but generally good results were obtained. Table 4 shows
validation results based on the Nash–Sutcliffe efficiency (NSE). An NSE of more than 0.7
was obtained for all years, indicating that the flow rate could be calculated with good
estimation accuracy. The annual water supply in the Kori River Basin was evaluated based
on the LAI distribution for 2006 to 2020. Meteorological conditions were unified for the
year 2020. Figure 16 shows the variation in annual water supply. We found that changes
in LAI associated with forest management can result in slight variations in water supply
with the same meteorological data. However, the change is very small, at less than 1% of
the total, suggesting that the forest management practices currently in place do not have a
significant impact on water supply.
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4. Conclusions

In this study, we developed an integrated tool to evaluate how ecosystem services
such as the water conservation function, wood production, and carbon absorption are
changed by forest management practices such as clear-cutting, thinning, pruning, and
tree species shifting for sustainable forest management. Previous studies have classified
conifers and broadleaf trees, and evergreen and deciduous trees, but have been insufficient
to cover the diversity of tree species in Japan. In Japan, there are many observations and
developed models for cedar and cypress for timber production purposes, but models to
evaluate species differences have been lacking for other trees, especially for broadleaf trees.
By referring to many previous reports and combining data, we developed a model for
multiple tree species, which can evaluate changes that may occur as a result of species
conversion and forest management in each species.

The results of our simulations for the major tree species produced the following findings:

• Water supply varies with tree species but generally decreases until about 40 years of
age, after which it is near constant.

• Cedar is less affected than other tree species by thinning. The water supply is barely
affected by thinning.

• The thinning of cypress trees increases the LAI due to reduced density, and water
supply is reduced in thinned forests compared to in abandoned forests, influenced by
an increased LAI.
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• Although beech forests have a larger LAI than needleleaf forests, water supply is not
significantly different.

• Birch has a smaller LAI and a much larger water supply than other species.
• Broadleaf forests are more affected by thinning than needleleaf forests and tend to

receive an increased water supply as a result of thinning.

Our model also enables the evaluation of the water conservation function at the basin
scale. Application to the Kori River Basin, Omura City, Nagasaki Prefecture, Japan, showed
that large-scale clear-cutting and species conversion may have an impact, but the forest
management currently practiced by Omura City does not result in significant changes in
forest function.

To summarize, in this study, we developed a model to evaluate forest modification
and changes in function for diverse tree species. In the future, we would like to use this
model to examine the degree to which forest conditions change and whether that is to
the extent that significant alterations in forest function occur, as well as the relationship
between the costs of forest management and the ecosystem services that change.
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Appendix A

The parameters for each tree species and region used in the model for estimating the
upper tree height and diameter at breast height are listed in Table A1. Parameters for cedar
(Cryptomeria japonica), cypress (Chamaecyparis obtusa), red pine (Pinus densiflora), larch (Larix
kaempferi), and broadleaf forests in the Gifu region were determined based on values and
data provided in the Gifu Prefecture Forest Resources Management Division report [12–16].
The Forestry Resources Management Division of Gifu Prefecture classifies broadleaf forests
into the following three categories and applies growth models [16]:

• Type L-1: the species that grow well initially but then stop growing, such as beech
(Fagus crenata), Mizunara oak (Quercus crispula), Keyaki (Zelkova serrata), a kind of
walnut (Juglans), horsechestnuts (Aesculus turbinata), and so on.

• Type L-2: the species with slow initial growth and subsequent growth as well, such as
Konara oak (Quercus serrata), cherry blossom (Cerasus jamasakura), chestnuts (Castanea
crenata), Honoki (Magnolia obovata), maple kind (Acer), and so on.

• Type L-3: the species with poor initial growth but long-lasting growth afterwards,
such as birch (Betula), alder (Alnus japonica), and so on.

Parameters for cedar in the Fukuoka region and cypress in the Nagasaki region were
determined based on the reports by Narasaki et al. [20] and Maeda [17], respectively.
Parameters for cypress and red pine for the Kyushu region were determined based on a
report by the Forestry Experiment Station, Japan [18,19].
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Table A1. List of forest growth model parameters.

Region Gifu Fukuoka Nagasaki Kyushu

Species broadleaf forest
cedar cypress red pine larch L-1 L-2 L-3 cedar cypress cypress red pine

Growth
curve Equation (1) Equation (1) Equation (3) Equation (3) Equation (3) Equation (1) Equation (1) Equation (2) Equation (3) Equation (1) Equation (3)

M 34.02 25.07 2.886 3.250 3.115 21.82 16.81 30.30 3.378 30.86 2.977

L 0.9522 0.8986 0.8120 0.6541 0.3634 0.7109 0.8504 1.368 0.6353 0.9473 0.7617

K 0.02120 0.01992 0.06159 0.06772 0.0375 0.0262 0.06793 0.04403 0.02347 0.01388 0.05550

b1 0.07736 0.06897 0.07798 0.1794 0.7017 0.08544 0.09967 0.04980 0.05239 0.04933 0.1326

b2 −1.417 −1.242 −1.313 −1.519 −1.662 −1.015 −0.8997 −1.326 −1.406 −1.206 −1.481

b3 9612 46673 9775 3222 16944 7077 15909 773.5 5274 8676 2110

b4 −3.021 −3.853 −3.149 −2.638 −3.569 −2.773 −3.251 −2.275 −2.881 −3.262 −2.872

α1 −0.6833 −0.4443 −0.8869 0.6736 1.547 1.2867 1.348 2.356 0.7746 0.4063 1.573

α2 0.3736 0.4698 0.3780 0.4767 0.3768 0.3040 0.2967 0.2615 0.3768 0.4247 0.3726

α3 0.2528 0.1924 0.1551 −0.0005389 −0.2242 −0.09113 −0.008533 0.2612 0.1410 0.1574 0.1082

β1 −0.1028 −0.04263 −0.3429 −0.2018 −0.2038 −0.08979 0.4594 0.6868 −0.2465 0.04933 −0.5569

β2 0.9709 0.9765 0.9886 0.9693 0.9544 0.9401 0.8915 0.9767 0.9624 0.9916 0.9817

β3 0.0000 0.0000 0.0000 0.0005188 0.02688 0.1031 0.04779 −0.03031 0.1410 −0.02918 0.04130

R f 0.34 0.10 0.22 0.043 0.0315 0.146 0.0626 0.291 0.393 0.162 0.115
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Appendix B

The parameters for Equations (20) and (21), to estimate dry leaf mass and leaf area for
each tree species, are shown in this appendix. The relationship between dry leaf mass and
breast height for each broadleaf tree species is shown in Figure A1. Table A2 shows the
model parameters and determination coefficients for each tree species, as obtained from
Figure A1. Any correlations are more than 0.849, so good parameters were obtained.

However, for red pine and larch, the estimation equations described in “The latest
illustrations of tree roots” [48] are used.
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proposed by Kumagai [77] and Fellner et al. [78], respectively, are used. 

Figure A1. Relationships of diameter at breast height D and dry leaf mass WL for each broadleaf tree
species: (a) Mizunara oak (Quercus crispula) [45,48,51]; (b) Keyaki (Zelkova serrata) [23,48,76]; (c) cherry
blossom (Cerasus Mill.) [45]; (d) maple (Acer) [45]; (e) chestnuts (Castanea crenata) [45]; (f) Honoki
(Magnolia obovata) [45].

Table A2. Parameters obtained for Equation (20) and their correlations for Mizunara oak, Keyaki,
cherry blossom, maple, chestnuts and Honoki.

Mizunara Oak Keyaki Cherry Blossom Maple Chestnuts Honoki

d2 1.752 1.677 2.097 2.036 1.478 2.456
dd −1.703 −1.494 −2.298 −2.183 −1.329 −2.711
R 0.937 0.849 0.858 0.924 0.937 0.965

The relationship between leaf area and dry leaf mass for each broadleaf tree species is
shown in Figure A2. Table A3 shows the model parameters and determination coefficients
for each tree species, as obtained from Figure A2. Any correlations are more than 0.85, so
good parameters were obtained. However, for red pine and larch, the equations proposed
by Kumagai [77] and Fellner et al. [78], respectively, are used.
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Table A3. Parameters obtained for Equation (21) and their correlations for Mizunara oak, Keyaki, 
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