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ABSTRACT 

Forest ecosystems are critical for adjusting the dynamic balance of the hydrological cycle. 

This balance is affected by vegetation community types, phenology, and forest density. 

Previous long-term catchment-scale model studies have focused on changes in forest 
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areas while ignoring the above factors. Since the 1980s, climate change caused by 

increases in atmospheric CO2 levels has enhanced forest growth. Moreover, amendments 

to forest management policies, including intermediate cuttings caused by economic 

factors, have yielded unprecedented changes in forest ecosystems. In this study, we 

designed a methodology and created a credible model using the Soil and Water 

Assessment Tool (SWAT) that can precisely reflect water balance variations caused by 

different ecosystem situations during long-term changes in forest density. We focused on 

the Yamato River catchment in Western Japan, which includes three planted forests and 

one primeval forest, each markedly different with respect to vegetation community 

composition and management policy. In the process, we examined the ratio of coniferous 

vegetation and broad-leaved vegetation in different forest areas, used remote sensing 

methods to quantify the maximum and minimum leaf area index (LAI) of each forest 

region over 40 years, and calibrated the model by comparing the LAI growth curve, 

evapotranspiration, and streamflow with observed data. Moreover, we separated the 

decadal canopy evaporation, transpiration, and soil evaporation from the SWAT output 

results. We found that (1) forest evapotranspiration has increased in recent decades 

because of the above reasons; (2) in young or well-managed forests, the forest water 

balance may have changed significantly with forest growth. For long-term studies, it is 

necessary to distinguish the growth characteristics of different forests during different 

periods, and a detailed definition of a mixed forest is required. The forest parameters and 

growth characteristics are critical for understanding forest ecosystems and cannot be 

ignored at catchment-scale.  

 

Keywords: Forest density, SWAT, remote sensing, evaporation, transpiration 
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1. Introduction 

Forest ecosystems are vital for adjusting the dynamic balances of the hydrologic cycle, and 

usually cover the upstream regions of catchments. The water balance is affected by forest growth and 

management, both of which change the forest density, particularly the canopy density, which directly 

determines the canopy interception or storage capacity and forest evapotranspiration (ET) (Skovsgaard 

et al., 2011; Durło et al., 2016; MacDicken et al., 2016; Sharma and Saikia, 2018). In addition, forest 

density also determines the water absorption capacity of the forest plants and impacts the soil water 

content and groundwater recharge process (Osman and Barakbah, 2006; Nepstad et al., 1994). An 

extreme case is the Amazon region, where the ET of the primeval forest is much higher than that of 

the young planted forest. This difference was most obvious in the canopy transpiration (Kunert et al., 

2015).  

During 1982 to 1999, global changes in climate of atmospheric CO2 levels increased from 

337 to 369 ppm, break through the limitation of temperature for plant growth and enhanced plant 

growth (Nemani et al. 2003). This kind of climate change is still going on, the atmospheric CO2 levels 

have exceeded 400 ppm at the second half of 2010s (Quéré et al. 2015). This changes the forest 

ecosystem and environment from a stable situation. 

In addition, due to global economic growth, forest management policies driven by economic 

factors have also led to changes in forest density (Takeda et al., 2010; Rautiainen et al., 2011). Since 

1990, the area of primeval forest has continuously decreased in South America and Africa; however, 

the area of planted forest increased by 123 million ha worldwide. These increases were particularly 

obvious in Asia and Europe (FAO, 2020). Until now, more than 2 billion ha of forest has management 

plans, while ~1.9 billion ha of forest is used primarily for production (FAO, 2020). Thus, intermediate 

cutting has a significant impact on the forest ecosystem and environment. 

Based on the above factors, forest ecosystems have likely undergone major changes since 
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the 1980s, which can affect the water balance at forest and catchment scales. However, the impact of 

forest growth and forest management on water balance has not been comprehensively analyzed in the 

context of long-term catchment-scale studies. 

 Changes in forest phenology also impact forest water balance, particularly between different 

vegetation communities such as coniferous and broad-leaved forests (Staelens et al., 2011; Paul-

Limoges et al., 2020). Under the same climatic and latitude conditions, some studies note that the ET 

of coniferous forests is higher than that of broad-leaved forests because the coniferous forest canopy 

can intercept more precipitation during the winter (Swank and Douglass, 1974; Komatsu et al. 2008). 

However, some studies have found that broad-leaved forests exhibit higher ET because precipitation 

during the winter is generally low, and canopy interception differences during the winter are not 

important for annual ET (Komatsu et al., 2007; Komatsu et al., 2009). In the mid-latitudes, forests 

typically contain a mix of coniferous and broad-leaved vegetation. The compositions of the vegetation 

communities in different mixed forests vary, but this compositional difference is typically either 

underestimated or ignored in most studies.  

 Research on the forest hydrological cycle is currently limited, particularly studies of ET. 

Field work cannot currently obtain historical forest information; however, remote sensing technology 

has been a popular method used in recent years, with moderate resolution imaging spectroradiometer 

(MODIS) data as an example. MODIS enables direct access to leaf area index (LAI) and ET data. 

However, the spatial resolution of the ground data used by MODIS is 500 m (Running et al., 2019). 

At this scale, land-use types are typically mixed and do not include only forests. In addition, MODIS 

data are only available after 2000; therefore, they are not feasible for use in studies of long-term 

variations. Landsat imagery is another satellite-based remote sensing method. Landsat images are 

available from 1972 onwards, and due to frequent equipment replacements early on, the data after 

1982 are higher quality. Unmanned aerial vehicle remote sensing is also a popular method, as it has 
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the advantage of extremely high spatial resolution; however, only recent data are available. For ET 

estimation, the simplest method subtracts river discharge from the precipitation amount; however, this 

method ignores transmission loss (Kayane and Takeuchi, 1971). Another method utilizes a potential 

ET equation, such as the Penman–Monteith, Priestley–Taylor, or Hargreaves ET equation, but only 

determines potential ET (Monteith, 1965; Priestley and Taylor, 1972; Hargreaves et al., 1985).  

 Hydrological models can be used to estimate the forest hydrological cycle. However, users 

do not have a sufficient number of forest type choices, as the options usually include only evergreen, 

deciduous, and mixed forests. In addition, the phenological characteristics of the different forest 

vegetation communities are also difficult to distinguish, which limits investigations of the effects of 

mixed forests with different vegetation communities on the water balance. The objective of this study 

was to build a credible SWAT model to address how ET (including canopy evaporation, transpiration, 

and soil evaporation) is influenced by the detailed temporal evolution of forest growth and 

management in different vegetation communities.  

 

2. Materials and methods 

2.1 Study catchment 

The Yamato River catchment covers 1077 km2 and had an average annual precipitation of 

~1400 mm over the last 50 years. Forests cover over 40% of the catchment and are located in 

mountains with slopes greater than 30°. The mountainous areas are primarily dominated by Dystric 

Regosols. The forests in the Yamato River catchment are predominately planted forests. Four forest 

regions are located within the catchment, each of which located on the mountains surrounding the 

Nara plain (Figure 1), and the distributions of the vegetation communities in the four forest regions 

also vary. We investigated the forest management history and the compositions of vegetation 

communities in each forest region. 
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Mt. Ikoma is located to the northwest of the Nara plain. Its primary vegetation type is 

Quercus serrata, which covers 78% of the forest region. Evergreen coniferous vegetation 

(Cryptomeria japonica and Chamaecyparis obtuse) covers 14% of the Ikoma forest region. The other 

8% of the Ikoma forest region contains shrubs and bamboo forests. The ecosystems of the Ikoma forest 

region were destroyed by forest fires in the 1960s, and large-scale tree planting activity has gradually 

restored the forest ecosystem since the 1970s (Osaka Prefecture, 2021).  

Mt. Kasuga is located to the northeast of the Nara plain. Its primary vegetation includes 

Cryptomeria japonica and Chamaecyparis obtuse, which cover 70% of the forest region. Quercus 

serrata covers 16% of the Kasuga forest region, while 14% of the forest is Castanopsis cuspidate, 

which is a broad-leaved evergreen vegetation type. Unlike the other forest regions, the Kasuga forest 

region is primeval forest (Nara Prefecture, 2016). 

Mt. Kongo is located to the southwest of the Nara plain. Its primary vegetation includes 

Cryptomeria japonica and Chamaecyparis obtuse, which cover 83% of the forest region. Quercus 

serrata covers 14% of the Kongo forest region, while 3% of the forest is shrubs and bamboo forests. 

This forest area has a small timber mill, but trees usually grow freely due to limited management 

conditions such that 80 year old trees accounted for a large proportion of the forest in recent years 

(Tomimura Environmental Office, 2015; Japan Forestock Association, 2021). 

The final forest region is located around the Sakurai and Yoshino forest regions southeast of 

the Nara plain (hereafter the Sakurai forest region). Because 97% of the Sakurai forest region is 

dominated by Cryptomeria japonica and Chamaecyparis obtuse, the region is considered to be an 

evergreen coniferous forest. This forest region is well managed, and is an important timber producing 

area of Japan, from which trees greater than 50 years old are cut down for timber (Nara Prefecture, 

2021). Due to economic reasons, felling and tree planting activities occurred most frequently during 

the 1960s and 1970s in this region (Agriculture and Forestry Department of Nara, 2018).  
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2.2 Soil and Water Assessment Tool 

SWAT is a scale model developed by the United States Department of Agriculture (USDA, 

1980). SWAT is not only effective for evaluating surface water, but also plays a vital role in baseflow 

analyses (Sun and Cornish, 2005; Marhaento et al., 2017), demonstrating that SWAT can 

comprehensively analyze water balance. SWAT simulates the canopy interception, infiltration, ET, soil 

water, surface runoff, groundwater recharge, and streamflow in a region. The water balance equation 

that governs the land phase of the hydrological cycle in the SWAT is expressed as (Neitsch et al., 

2011): 

SWt = SW0 + ∑ �𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸𝑑𝑑 −𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑄𝑄𝑔𝑔𝑔𝑔�𝑡𝑡
𝑖𝑖=1        (1) 

where SWt is the final soil water content (mm H2O), SW0 represents the initial soil moisture (mm H2O), 

t is time (d), Rday is the daily precipitation (mm H2O), Qsurf is the accumulated excess runoff or rainfall 

(mm H2O), Ea is the amount of ET (mm H2O), Wseep is the amount of water entering the vadose zone 

from the soil profile (mm H2O), and Qgw is the amount of return flow (mm H2O). 

The SWAT provides a variety of calculation methods for potential ET. In this study, we used 

the Penman–Monteith equation to calculate ET, which is expressed as (Monteith, 1965): 

λ𝐸𝐸 =  ∆∙
(𝐻𝐻𝑛𝑛𝑛𝑛𝑛𝑛−𝐺𝐺)+𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎∙𝑐𝑐𝑝𝑝∙[𝑠𝑠𝑧𝑧0−𝑠𝑠𝑧𝑧]/𝑠𝑠𝑎𝑎

∆+𝛾𝛾∙(1+𝑠𝑠𝑐𝑐/𝑠𝑠𝑎𝑎)      (2) 

where λ𝐸𝐸 is the latent heat flux density (MJ m-2 d-1), 𝐸𝐸  is the depth rate evaporation (mm d-1), ∆ is the 

slope of the saturation vapor pressure–temperature curve (kPa °C-1), 𝐻𝐻𝑛𝑛𝑠𝑠𝑡𝑡 is the net radiation (MJ m-2 

d-1), G is the heat flux density to the ground (MJ m-2 d-1), 𝜌𝜌𝑑𝑑𝑖𝑖𝑠𝑠 is the air density (kg m-3) , 𝑐𝑐𝑠𝑠 is the 

specific heat at a constant pressure (MJ kg-2 °C-1), 𝑒𝑒𝑧𝑧0 is the saturation vapor pressure of the air at 

height z (kPa), 𝑒𝑒𝑧𝑧  is the water vapor pressure of the air at height z (kPa), 𝛾𝛾   is the psychrometric 

constant (kPa °C-1) , 𝑟𝑟𝑐𝑐 is the plant canopy resistance (s m-1), and 𝑟𝑟𝑑𝑑 is the diffusion resistance of the 

air layer (aerodynamic resistance) (s m-1). Further details regarding the water balance and ET equations 
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can be found in the SWAT documentation (Neitsch et al., 2011). 

There are many parameters available in the plant growth database, and forest growth 

characteristics can be defined sufficiently in the SWAT plant growth database using these parameters. 

The most critical parameters are the LAI parameters. By controlling the growth characteristics and 

maximum LAI, SWAT can calculate the annual LAI vegetation changes and use this value to calculate 

the canopy water storage, as illustrated by Equation 3 (Neitsch et al., 2011): 

  𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 ∙
𝐿𝐿𝐿𝐿𝐿𝐿
𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚

       (3) 

where 𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑 is the maximum amount of water that can be trapped in the canopy on a particular day 

(mm H2O), 𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 is the maximum amount of water that can be trapped in the fully developed canopy 

(mm H2O), LAI is the leaf area index for a particular day, and 𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚 is the maximum leaf area index 

of the plant. 

 The plant growth modes in SWAT are designed for crops and are unsuitable for perennial 

vegetation, such as forest trees. In this study, we applied SWAT-T, which is a revised version of SWAT, 

modified the growth process of perennial vegetation, and more suitable for forest catchment than the 

original version (Alemayehu et al., 2017).  

 

2.3 General Data Processing 

SWAT requires topography, land use, and soil data to determine the hydrologic response 

units (HRUs) for the watershed configuration. The topography data were obtained from the Shuttle 

Radar Topography Mission of the United States Geological Survey, which has a spatial resolution of 

30 m. Land use and soil data were obtained from the Ministry of Land, Infrastructure, Transport and 

Tourism of Japan, which has a spatial resolution of 100 m. The slope data were calculated from the 

digital elevation model data. Land use maps utilized the following categories: agricultural land, 

residential land, forests, grassland, and wasteland. The spatial datasets were converted to SWAT input 
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datasets using ArcSWAT 10.6, an external Geographical Information System interface (Neitsch et al., 

2011) and the SWAT version used was 2012. The climate data were derived from eight meteorological 

stations located in or close to the watershed (Figure 1) and included daily precipitation, maximum 

temperature, minimum temperature, wind speed, solar radiation, and relative humidity data. We 

obtained 40 years of streamflow data in the downstream areas of each forest regions (Figure 1). Banjou 

station covered the Kasuga forest region, Hota station covered the Sakurai forest region, Ouji station 

covered the Ikoma region and the two upstream forest regions, and Kashiwara station covered the 

entire forest area. For global calibration period, we collected MODIS ET data for each forest region 

to improve the model efficiency. The forest types were not distinguished in our original land use map, 

which is similar to the land use maps of most studies. Therefore, in this study, we classified the forest 

region types using the method described in section 2.4. 

 

2.4 Forest Data Processing 

We first created a plant growth database for the studied forest region. Most of the parameters 

were directly referenced from previous studies or field survey results. CN2, which reflects the land 

cover surface characteristics, is affected by the soil hydrological group, land cover type, and land cover 

density. In this study, we calculated the deciduous forest to evergreen forest area ratios in the forest 

regions and the initial CN2 for each forest type to obtain the CN2 value of each forest area for the 

various hydrological groups (Soil Conservation Service Engineering Division, 1986), as follows: 

CN2i =  CN2di ∙  ad + CN2ei  ∙  ae     (4) 

where CN2i is the CN2 of hydrological group i; CN2di and CN2ei are the CN2 values of hydrological 

group i in deciduous and evergreen forests, respectively; and ad  and ae  are the proportions of 

deciduous and evergreen forests compared to the total forest region, respectively. The CN2 values 

required calibration via the SWAT calibration and uncertainty procedure (SWAT-CUP). 
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The second step required calculating the leaf area development curve parameters for each 

forest region. The canopy characteristics of the vegetation growth stage were reflected by FRGRW1, 

LAIMX1, FRGRW2, and LAIMX2, as listed in Table 1. The first growth point was before the 

vegetation entered the rapid growth season, and the second growth point was after the rapid growth 

season and before reaching the maximum LAI (Neitsch et al., 2011). These parameters were based on 

the MODIS LAI product and calibrated and validated using a daily time step (Myneni et al., 2015) in 

SWAT-CUP. The LAI data used for calibration was the average of all sampling points in the forest 

region collected on the same date. The fitted parameters were used in the SWAT for all periods, (Table 

1). 

The third step involved setting the minimum and maximum LAIs for each period. In SWAT, 

the minimum LAI parameters are LAI_INIT and ALAI_MIN, and the maximum LAI parameter is 

BLAI. These parameter values were calculated from the MODIS LAI and the Landsat normalized 

difference vegetation index (NDVI). The values for the 2000s and 2010s were obtained directly using 

MODIS LAI products, while the values during the 1980s and 1990s were calculated using Equation 

5: 

LAIh =   LAImodis
NDVIlandsat

∙  NDVIh     (5) 

where LAIh is the historic minimum or maximum LAI in the 1980s and 1990s, LAImodis is the average 

MODIS LAI of a particular sampling point and month for different years during the 2000s and 2010s, 

NDVIlandsat is the average Landsat NDVI for a particular sampling point and month for different years 

during the 2000s and 2010s, and NDVIh is the historic Landsat NDVI of a particular sampling point 

and month for different years during the 1980s and 1990s. We utilized multiple sampling points in 

each forest region, and the maximum or minimum value for each period was the average value of all 

the sampling points for all years during the period. ALAI_MIN, LAI_INIT, and BLAI did not require 

calibration in SWAT-CUP (Table 3). 
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2.5 Model Implementation 

Model calibration and validation were divided into two stages. The first stage calibrated the 

canopy growth processes of the forest phenology characteristics. The default operation schedule 

setting was that plant growth begins in May and ends (withers) in August, and the plant LAI was set 

to 0 before growth began and after withering. This setting is completely different from the actual 

scenario, particularly for forests that exhibit high evergreen vegetation community coverage. To 

improve upon this unreasonable setting, two adjustments must be made to the forest operation schedule. 

The initial growth date was adjusted to January 1st and the wither data was adjusted based on the actual 

scenario; thus, the wither operation was set to “harvest only” as the default operation. Because the 

default wither operation is “harvest and kill,” the LAI is set to 0 after this operation. By setting the 

default to “harvest only,” the LAI after this operation is set to the ALAI_MIN. Thus, we can define 

the LAI of the dormant period using the LAI_INIT and ALAI_MIN values and adjust the growth 

process using the canopy growth parameters. This stage calibrates four plant growth parameters 

(FRGRW1, LAIMX1, FRGRW2, and LAIMX2) and two growth temperature parameters (T_OPT and 

T_BASE). In this stage, simulations were run in daily time steps to compare the model results with 

the observed MODIS LAI data, with calibration using the 2017 data and validation using the 2018 

data. The model was then adjusted based on the fitted plant growth parameters after calibration and 

validation. 

In the second stage, simulations were run in monthly time steps. The research period was 

divided into four 10 y sub-periods. Parameters unrelated to forest hydrological processes, such as soil 

characteristics, were only calibrated once during the global calibration period using methods from 

previous studies to avoid the influence of changing parameters and land use impacts such as 

urbanization (Wang et al., 2021). Parameters related to forest hydrological processes (CANMX and 
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ESCO) of the forest HRU, must be re-calibrated for each sub-calibration period because the forest 

scenario changed in each period. The same initial range of ESCO was applied to all periods and forest 

regions, while the range of the maximum canopy storage (CANMX) was allowed to vary. 

In this study, we used a range of 0.5–1.5 times the calculation result of Equation (6) as the 

initial range of CANMX for each sub-calibration period in each forest region (Von Hoyningen-Huene, 

1981), which is widely used in forest and ET studies (Kozak et al., 2007; Dube et al., 2017). 

𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 = 0.935 + 0.498(𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚)− 0.00575(𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚2)     (6) 

To determine the reliability of the results obtained from the simulation, it was necessary to 

evaluate their accuracy. In this study, three indices were chosen to ascertain the reliability of the results: 

the coefficient of determination (R2), the Nash–Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970), 

and the percentage of bias (PBIAS) (Equations 7–9, Kvalseth, 1985; Nash and Sutcliffe, 1970; Gupta 

et al., 1998). 

R2 = ∑ [(𝑋𝑋−𝑋𝑋′)(𝑌𝑌−𝑌𝑌′)]2𝑎𝑎
∑ (𝑋𝑋−𝑋𝑋′𝑎𝑎 )2 ∑ (𝑌𝑌−𝑌𝑌′)2𝑎𝑎

,     (7) 

NSE = 1 − �∑ (𝑋𝑋−𝑌𝑌)2𝑎𝑎
∑ (𝑋𝑋−𝑋𝑋′)2𝑎𝑎

�,     (8) 

PBIAS= ∑ (𝑋𝑋−𝑌𝑌)𝑎𝑎
∑ 𝑋𝑋𝑎𝑎

× 100 (9) 

where X is the observed data; Y is the result of the SWAT simulation; 𝑋𝑋′and 𝑌𝑌′ are the means of the 

observed and simulated data, respectively; and i is the number of observed or simulated data points. 

R2 ranges between 0 and 1, with larger values indicating better model simulation performance. NSE is 

the most popular hydrological model efficiency indicator and ranges between −∞ and 1, where NSE 

= 1 is the optimal value. The PBIAS is used to measure the difference between the simulated and 

measured values, and has an optimal value of zero. Positive and negative values indicate model 

estimation biases due to underestimation or overestimation, respectively. R2 and NSE values greater 

than 0.5 and an absolute value of PBIAS < 25 are considered “satisfactory” simulation results, while 
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R2 and NSE values greater than 0.75 and an absolute value of PBIAS < 10 are considered “very good” 

simulation results (Moriasi et al., 2007). 

 We also simulated a scenario after calibration and validation that applied the climate data 

from the 2010s to the forest scenario during the 1980s to assess the forest growth impact on water 

balance under the same climatic conditions. 

 

2.6 Canopy Evaporation, Transpiration, and Soil Evaporation Estimations 

To understand the changes in the forest hydrological processes, we separated the canopy 

evaporation ( 𝐸𝐸𝑐𝑐𝑑𝑑𝑛𝑛 ) transpiration ( 𝑇𝑇 ), and soil evaporation and the understory vegetation 

evapotranspiration (𝐸𝐸𝑠𝑠) in the forest regions. We separated the ET processes in the SWAT output results 

using Equations (10–21). 

 1) The actual free water held in the canopy was calculated using: 

if 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑐𝑐𝑐𝑐𝑐𝑐0 ≥ 𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑 : 𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑      (10) 

if  𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑐𝑐𝑐𝑐𝑐𝑐0 < 𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑  : 𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 = 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑐𝑐𝑐𝑐𝑐𝑐0    (11) 

where 𝑐𝑐𝑐𝑐𝑐𝑐0 is the remaining canopy water from the previous day after canopy evaporation (mm H2O) 

and 𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 is the canopy water stored on the studied day (mm H2O). 

 2) The canopy evaporation was calculated: 

  if 𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡  ≥  𝐸𝐸𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 : 𝐸𝐸𝑐𝑐𝑑𝑑𝑛𝑛 = 𝐸𝐸𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑,  𝑐𝑐𝑐𝑐𝑐𝑐0′ =  𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 −  𝐸𝐸𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑,  𝐸𝐸𝑇𝑇′ = 0   (12–14) 

  if 𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡  <  𝐸𝐸𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 : 𝐸𝐸𝑐𝑐𝑑𝑑𝑛𝑛 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 ,  𝑐𝑐𝑐𝑐𝑐𝑐0′ = 0,  𝐸𝐸𝑇𝑇′ = 𝐸𝐸𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 − 𝐸𝐸𝑐𝑐𝑑𝑑𝑛𝑛   (15–17) 

where 𝐸𝐸𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 is the daily ET in the forest HRUs (mm H2O), 𝐸𝐸𝑐𝑐𝑑𝑑𝑛𝑛 is the canopy evaporation (mm H2O), 

 𝑐𝑐𝑐𝑐𝑐𝑐0′  is the remaining canopy water (mm H2O), and 𝐸𝐸𝑇𝑇′ is the daily ET after canopy evaporation (mm 

H2O). 

 3) Transpiration was estimated (𝐸𝐸𝑇𝑇′ > 0): 

if 𝐿𝐿𝐿𝐿𝐿𝐿 ≥ 3: 𝑇𝑇 = 𝐸𝐸𝑇𝑇′,𝐸𝐸𝑠𝑠 = 0   (18 and 19) 
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if 𝐿𝐿𝐿𝐿𝐿𝐿 < 3: 𝑇𝑇 = 𝐸𝐸𝑇𝑇′ ∙ 𝐿𝐿𝐿𝐿𝐿𝐿
3

 ,𝐸𝐸𝑠𝑠 = 𝐸𝐸𝑇𝑇′ − 𝑇𝑇  (20 and 21) 

where 𝑇𝑇  is the tree transpiration (mm H2O) and 𝐸𝐸𝑠𝑠 is the soil evaporation and understory vegetation 

evapotranspiration (mm H2O). 

 

3. Results 

3.1 Model Performance 

To allow the forest LAI growth curve to conform to actual forest phenological changes, we 

calibrated FRGRW1, LAIMX1, FRGRW2, LAIMX2, T_OPT, and T_BASE at the HRU-scale in each 

forest region. The simulation results are shown in Figure 2, and the efficiency coefficients are listed 

in Table 2. The LAI during the dormant period of the default scenario was 0 and the maximum LAI 

was less than 3, which differ from those of the actual situation. The calibrated LAI growth curves were 

closely fitted to the actual forest phenology changes. The R2 and NSE values for all of the forest 

regions were greater than 0.9, and the absolute value of PBIAS was less than 2%.  

 In this study, a total of 18 parameters were calibrated to simulate ET and streamflow. 

CANMX and ESCO exhibited different fitting values in the sub-calibration periods. The fitted values 

for the different sub-calibration periods were verified in the corresponding sub-validation periods. The 

simulation results are shown in Figures 3 and 4, and the ET and streamflow efficiency coefficients are 

listed in Table 2. 

The R2 and NSE values of the simulated ET results were greater than 0.8 and the absolute 

value of PBIAS was less than 5%, while the R2 of the simulated streamflow results was higher than 

0.6, the NSE was greater than 0.55, and the absolute value of PBIAS was less than 15% (Table 2). 

Based on the modeling standards of Moriasi et al. (2007), all of the simulated results were “satisfactory.” 

At the Ouji and Kashiwara stations, the simulated results were “good,” and some periods were “very 

good.” At the Banjou station during the 1990s–2010s, the simulated results were “good.” Thus, the 
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overall modeling results can be considered reliable. 

 

3.2 Forest Growth Impacts on Water Balance 

We estimated the decadal ET processes for each forest region in the study area. During the 

study period, the total ET increased by 194 mm, 77 mm, 91 mm, and 178 mm in the Ikoma, Kasuga, 

Kongo, and Sakurai forest regions (Figure 5). Comparing the simulation scenario to the 2010s, the 

total ET increased by 131 mm, 32 mm, 17 mm, and 124 mm in the Ikoma, Kasuga, Kongo, and Sakurai 

forest regions, respectively, under the same climatic conditions. This change in the water balance is 

because forest growth includes both the impacts of long-term global climate change and anthropogenic 

forest management for economic reasons.  

Canopy evaporation was the ET component that exhibited the most significant changes. 

Compared to the simulated scenario, canopy evaporation increased by 115 mm, 52 mm, -3 mm, and 

93 mm in the Ikoma, Kasuga, Kongo, and Sakurai forest regions, respectively, under the same climatic 

conditions. The canopy evaporation in the Kasuga, Kongo, and Sakurai forest regions were higher 

than that in the Ikoma forest region. 

Transpiration increased by 19 mm, 12 mm, and 41 mm in the Ikoma, Kongo, and Sakurai 

forest regions, respectively, under the same climatic conditions, but decreased by 18 mm in the Kasuga 

forest region. The soil evaporation and understory vegetation ET of the three evergreen vegetation 

forests were very low, but were high in the Ikoma forest region (average 122 mm) during the study 

period. It is worth noting that 𝐸𝐸𝑠𝑠 only increased and  𝐸𝐸𝑐𝑐𝑑𝑑𝑛𝑛 only decreased in the Kongo forest region 

under the same climatic conditions. 

Under the same climatic conditions and with an increased ET, the surface runoff and 

baseflow from the forest decreased (Figure 6). Surface runoff decreased by 30 mm, 5 mm, 3 mm, and 

20 mm in the Ikoma, Kasuga, Kongo, and Sakurai forest regions, respectively. Baseflow in these 
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regions decreased by 76 mm, 15 mm, 11 mm, and 76 mm, respectively. Although the baseflow quantity 

decreased, the proportion of lateral flow in the baseflow increased, particularly in the Ikoma and 

Sakurai forest regions, where the percentages of lateral flow in the baseflow were 24.7% and 23.3% 

and increased by 3.6% and 3.4%, respectively.  

 

4. Discussion 

4.1 Model Improvements and Uncertainty 

The simulation results during the non-flood season were improved in this study compared 

to previous studies. Parajuli et al. (2018) compared MODIS ET and SWAT ET, and although the 

efficiency coefficients of the models reached reliable levels, their fitting results during the winter were 

insufficient. By adjusting the LAI growth curve to fit the actual situation, the blank period of the 

default setting caused by the “harvest and kill” operation was removed. During the non-flood season, 

the baseflow may be too low/too high due to too much/too little ET, respectively (Qin et al., 2009; 

Zhao et al., 2015). This is because the default LAI value is 0 during the blank period and some 

parameters may not be fully calibrated; thus, the ET and streamflow during the non-flood season may 

be higher or lower than the actual situation. 

In this study, we calculated the initial CANMX range before calibration based on the 

equation of Von Hoyningen-Huene (1981). In the SWAT parameter database, the CANMX ranges from 

0 to 100 mm H2O (Neitsch et al., 2011), and users may obtain particularly high fitted CANMX values. 

For example, Jajarmizadeh et al. (2017) obtained a fitted CANMX value of 55 in their model, Pang et 

al. (2020) obtained a fitted CANMX value of 40, and Mendonça dos Santos et al. (2020) obtained a 

fitted forest CANMX value of 80. These values are acceptable for modeling studies because less 

sensitive parameters may not be fully calibrated due to the algorithm in SWAT-CUP, but the model 

still obtains a satisfactory mathematical simulation result (Abbaspour et al., 2007). However, this value 
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cannot explain the actual hydrological processes in a forest or catchment because the values of the 

daily maximum canopy storage are too high and are nearly impossible in actual situations. 

In this study, the fitted CANMX values in the Ikoma forest region were lower than those in 

the other three forest regions. This could either be due to uncertainty in the model or due to the actual 

situation in the study area. The uncertainty is based on the fact that the observation points in the 

catchment area cover other land use types apart from forests, which may affect the sensitivity of forest 

CANMX parameters. Compared to previous research, Syahida and Azida (2018) measured canopy 

intercept using a rainfall simulator and showed that a coniferous vegetation canopy can generally 

intercept more precipitation. Saito et al. (2013) measured the canopy interception rates of Cryptomeria 

japonica and Chamaecyparis obtuse in Japan, both of which were 25.5%. Hörmann et al. (1996) and 

Fathizadeh et al. (2013) measured the canopy interception rates of Quercus serrata in Germany and 

Iran, both of which were only 20%. Based on these findings, we think that the SWAT results for 

CANMX obtained in this study are reasonable. 

 Another uncertainty lies in the transpiration calculation. We selected an LAI of 3 as the 𝑇𝑇  

and 𝐸𝐸𝑠𝑠  dividing line because the SWAT algorithm also uses an LAI of 3 to calculate the transpiration 

ratio in its ET calculation (Neitsch et al., 2011). However, it may differ from the ground truth. In the 

SWAT algorithm, this part of the algorithm is skipped if the Penman–Monteith ET equation is selected 

as the ET method. In the Penman–Monteith equation, the vegetation canopy influence is calculated as 

the canopy resistance, and 𝑇𝑇  cannot be separated from ET (Monteith, 1965). The Hargreaves equation 

only considers precipitation and temperature, but this method is not suitable unless the climate data 

are limited (Hargreaves et al., 1985). Priestley and Taylor (1972) also developed a popular ET 

estimation method, but this method does not consider wind speed and is therefore unsuitable for highly 

advective conditions, whereas most coastal catchments exhibit highly advective conditions. As a result, 

the 𝐸𝐸𝑠𝑠  primarily covered by evergreen vegetation was very small, which may be because we ignored 
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𝐸𝐸𝑠𝑠  when the LAI exceeded 3. Kunert et al. (2015) measured soil evaporation values of 0 in a well-

developed evergreen forest, which is similar to the findings of this study. 

 

4.2 Forest growth and its catchment-scale impacts 

In this study, the impacts of forest growth on ET in the Ikoma and Sakurai forest regions 

were significantly stronger than in the other forest regions, as the average tree ages in these two forest 

regions were younger. Molchanov (1963) summarized the relationship between forest ET and average 

tree ages, and found that ET increased with increasing tree ages in forests that contained trees less than 

50 years old. This is consistent with the performance of the Ikoma and Sakurai forest areas in this 

study. However, Molchanov (1963) also noted that forests with trees greater than 50 years old exhibit 

decreased ET with plant growth, which was not confirmed in the current study. There are two potential 

reasons for this. This type of forest evapotranspiration study is usually accomplished by investigating 

forests of different ages during the same period and cannot reflect continuous long-term forest growth 

processes (Molchanov, 1963, Murakami, 2002). More importantly, as mentioned above, the continued 

increases in atmospheric CO2 concentrations since the 1980s have enhanced plant growth (Nemani et 

al., 2003). This is supported by the observed increases in CO2 mixing ratio during the 1990s in Central 

Japan (Inoue and Matsueda, 2001). As the average age of the trees is older, the LAI did not increase 

significantly during the 40 year study period in the Kasuga and Kongo forest regions, which is 

consistent with the growth characteristics of trees in previous studies (Molchanov, 1963, Liu et al., 

2012). Due to these atmospheric changes, the growth of forests resulted in slight increases in ET. In 

contrast, due to the young tree ages and good management strategies in the Ikoma and Sakurai forest 

regions, atmospheric changes more obviously intensified the forest growth process during the growth 

phase, which has led to significant increases in ET. 

Three of the forest regions in this study were "mixed forests;" however, both the canopy 



19 
 

characteristics and water balance for each forest region during each period differed. The Ikoma region, 

which exhibited high deciduous vegetation coverage, also generated the most surface runoff of the 

four forest regions (Figure 6). Thus, the ratio of deciduous and evergreen vegetation communities in 

the mixed forest exerted a major influence on the terrestrial hydrological processes.  

For mixed land use catchments, such as urbanized catchments, forests are typically located 

upstream of the catchment and cover a large area. The water yield of forests directly affects the 

downstream catchment, which is typically covered by residential areas. High-density forests contribute 

less baseflow, while low-density forests contribute a larger quantity of the baseflow. If the actual forest 

growth scenario is not considered, the baseflow and river discharge of the catchment may be 

overestimated or underestimated. In extreme cases, unrealistic forest growth conditions may lead to 

unpredictable downstream droughts or floods due to the overestimation or underestimation of 

upstream baseflow discharge. There are many cases of regulating downstream water hazards by 

adjusting the upstream forest density, which requires accurate quantifications and analyses of forest 

growth and its hydrologic impacts (Komatsu et al., 2010; Ford et al., 2011). In addition, attention 

should be paid to forest growth in studies of long-term land use changes. Suttles et al. (2018) 

demonstrated that land use changes impact baseflow more severely than climate change. However, 

their study did not consider forest growth. Forest growth can reduce baseflow and can be superimposed 

on the impact of land use changes, which can further reduce the baseflow and cause a drought 

(Gaertner et al., 2019). If the forest is over-felled, the forest density is reduced and a larger water yield 

from the upstream area may cause downstream flooding.  

 

5. Conclusions 

We conducted a study of the detailed temporal evolution of forest growth and its impact on 

the hydrological response during different periods in four forest regions with different canopy 
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phenology characteristics. Additionally, we designed a method to separate canopy evaporation and 

transpiration, soil evaporation, and the understory vegetation evapotranspiration, from the SWAT 

results. The method to quantify forest density changes through long-term LAI changes and LAI 

phenological changes, as well as the method of separating the ET processes can be used widely for 

other catchments and is not limited by data availability. We found that the water balance of different 

mixed forests with different vegetation community compositions under different growth conditions 

was very different. In addition, the most significant change we observed was the increase in canopy 

evaporation that accompanied increases in forest and canopy density. Under influence of changes in 

the atmospheric environment and forest management policies, the hydrological and ecological 

environment of the forest is changing. The results of this study emphasize that forest characteristics 

and parameters used in long-term studies require adjustments based on ground truthed data. Accurate 

quantifications of the upstream forest characteristics and water balance are crucial for understanding 

the downstream water environment, ignoring the vegetation proportions in forests and their growth 

characteristics and changes produces inaccurate forest ET estimates, thereby yielding incorrect 

estimated of the distribution of forest and downstream catchment water resources. The results of this 

study provide valuable information for SWAT and hydrological modeling that can be used to 

accurately assess the hydrological and ecological cycles of forests and complex watersheds, 

particularly for detailed ET processes. Finally, we encourage the model users to estimate the range of 

parameters through the methods described in this paper, or other feasible methods, before calibrating 

the canopy storage parameters to improve the practical significance of the parameter. 
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Table 1. Calibrated plant database parameters used in this study 
Name Describe Ikoma Kasuga Kongo Sakurai 
FRGRW1 Fraction of the plant growing season corresponding to 

the 1st point on the optimal leaf area development 
curve. 

0.40 0.38 0.38 0.37 

LAIMX1 Fraction of the maximum leaf area index 
corresponding to the 1st point on the optimal leaf area 
development curve. 

0.10 0.15 0.15 0.20 

FRGRW2 Fraction of the plant growing season corresponding to 
the 2nd point on the optimal leaf area development 
curve. 

0.55 0.53 0.53 0.37 

LAIMX2 Fraction of the maximum leaf area index 
corresponding to the 2nd point on the optimal leaf area 
development curve. 

0.70 0.85 0.85 0.90 

T_OPT Optimal temperature for plant growth (°C) 28 26 26 26 
T_BASE Minimum temperature for plant growth (°C) 5 5 5 5 
CHTMX Maximum canopy height (m) 30 30 30 30 
CN2a SCS runoff curve number (Hydrologic group: A) 35 26 24 21 
CN2b SCS runoff curve number (Hydrologic group: B) 54 49 48 46 
CN2c SCS runoff curve number (Hydrologic group: C) 64 61 60 59 
CN2d SCS runoff curve number (Hydrologic group: D) 69 67 66 65 
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Table 2. Model efficiency coefficients 

Period Target Calibration / Validation R2 NSE PBIAS 

2010s 

LAI (Ikoma) 2017 (calibration) / 2018 (validation) 0.97 / 0.94 0.95 / 0.93 -1.51 / -1.68 
LAI (Kasuga) 2017 (calibration) / 2018 (validation) 0.93 / 0.93 0.92 / 0.90 -1.22 / -1.85 

LAI (Kongo) 2017 (calibration) / 2018 (validation) 0.95 / 0.91 0.93 / 0.89 -1.47 / -1.91 

LAI (Sakurai) 2017 (calibration) / 2018 (validation) 0.94 / 0.92 0.93 / 0.91 -0.45 / -0.76 

ET (Ikoma) 2009–2013 (GC/SC) / 2014–2018 (GC/SV) 0.92 / 0.89 0.91 / 0.87 -3.0 / -3.6 

ET (Kasuga) 2009–2013 (GC/SC) / 2014–2018 (GC/SV) 0.91 / 0.88 0.90 / 0.86 -2.2 / -4.3 

ET (Kongo) 2009–2013 (GC/SC) / 2014–2018 (GC/SV) 0.91 / 0.87 0.90 / 0.85 -3.8 / - 4.3 

ET (Sakurai) 2009–2013 (GC/SC) / 2014–2018 (GC/SV) 0.93 / 0.85 0.92 / 0.83 -2.0 / - 4.7 

SF (Banjou) 2009–2013 (GC/SC) / 2014–2018 (GC/SV) 0.73 / 0.67 0.72 / 0.67 4.6 / 5.7 

SF (Hota) 2009–2013 (GC/SC) / 2014–2018 (GC/SV) 0.69 / 0.64 0.67 / 0.62 7.6 / 11.5 

SF (Ouji) 2009–2013 (GC/SC) / 2014–2018 (GC/SV) 0.86 / 0.78 0.79 / 0.70 3.9 / 6.4 

SF(Kashiwara) 2009–2013 (GC/SC) 2014–2018 (GC/SV) 0.93 / 0.89 0.92 / 0.89 2.1 / 4.7 

2000s 

SF (Banjou) 1999–2003 (GV/SC) / 2004–2008 (GV/SV) 0.88 / 0.82 0.76 / 0.69 9.7 / 13.6 

SF (Hota) 1999–2003 (GV/SC) / 2004–2008 (GV/SV) 0.67 / 0.62 0.61 / 0.58 10.3 / 14.7 

SF (Ouji) 1999–2003 (GV/SC) / 2004–2008 (GV/SV) 0.93 / 0.89 0.81 / 0.77 9.6 / 12.3 

SF(Kashiwara) 1999–2003 (GV/SC) / 2004–2008 (GV/SV) 0.94 / 0.90 0.86 / 0.85 8.0 / 10.3 

1990s 

SF (Banjou) 1989–1993 (GV/SC) / 1994–1998 (GV/SV) 0.94 / 0.91  0.72 / 0.66 9.9 / 13.1 

SF (Hota) 1989–1993 (GV/SC) / 1994–1998 (GV/SV) 0.71 / 0.61 0.57 / 0.53 10.0 / 14.8 

SF (Ouji) 1989–1993 (GV/SC) / 1994–1998 (GV/SV) 0.94 / 0.93 0.88 / 0.84 8.4 / 11.6 

SF(Kashiwara) 1989–1993 (GV/SC) / 1994–1998 (GV/SV) 0.95 / 0.93 0.90 / 0.91 8.7 / 10.9  

1980s 

SF (Banjou) 1979–1983 (GV/SC) / 1984–1988 (GV/SV) 0.81 / 0.72 0.59 / 0.57 12.6 / 14.7 

SF (Hota) 1979–1983 (GV/SC) / 1984–1988 (GV/SV) 0.73 / 0.69 0.62 / 0.59 10.9 / 12.5 

SF (Ouji) 1979–1983 (GV/SC) / 1984–1988 (GV/SV) 0.96 / 0.89 0.83 / 0.77 9.6 / 13.5 

SF(Kashiwara) 1979–1983 (GV/SC) / 1984–1988 (GV/SV) 0.93 / 0.9 0.88 / 0.78 8.3 / 9.9 

(SF: Streamflow; GC: global calibration; SC: sub-calibration; GV: global validation; SV: sub-validation) 
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Table 3. Canopy density parameters and fitted CANMX values during different periods 

Type Name Describe Scale 1980s 1990s 2000s 2010s 

Input 
value 

LAI_INIT Initial LAI 

Ikoma 0.7 0.7 0.9 0.9 
Kasuga 2.9 3.1 3.3 3.2 
Kongo 2.7 2.9 2.9 2.6 
Sakurai 2.6 3.0 3.5 4.0 

ALAI_MIN Minimum LAI for plants 
during dormant period 

Ikoma 0.7 0.7 0.9 0.9 
Kasuga 2.9 3.1 3.3 3.2 
Kongo 2.7 2.9 2.9 2.6 
Sakurai 2.6 3.0 3.5 4.0 

BLAI Maximum potential LAI 

Ikoma 3.9 4.9 5.9 6.5 
Kasuga 5.3 5.7 6.0 5.9 
Kongo 4.9 5.1 5.1 4.7 
Sakurai 3.7 4.4 5.1 5.7 

Fitted 
value CANMX Maximum canopy storage 

(mm) 

Ikoma 1.43 1.92 2.80 3.94 
Kasuga 4.21 4.93 5.27 5.27 
Kongo 3.70 4.10 3.93 3.64 
Sakurai 2.77 3.35 4.18 4.78 
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Figure 1. Meteorological and hydrological station locations and watershed information 
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Figure 2. Fitted leaf area index (LAI) growth curves for the forest regions in the study 
area 
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Figure 3. Comparison of MODIS ET and SWAT ET data during the global calibration 
period 
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Figure 4. Monthly mean streamflow simulations at each hydrological station 
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Figure 5. Changes in forest evapotranspiration (ET) processes due to forest growth 
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Figure 6. Surface runoff and baseflow for each region during different periods 

 


