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, Chao-Tzuen Cheng? (¥, Jing-Shan Hong?, Fang-Li Yeh!*, and

'Research Center for Environmental Changes, Academia Sinica, Taipei, Taiwan, >National Science and Technology, Center
for Disaster Reduction, Taipei, Taiwan, *Central Weather Bureau, Taipei, Taiwan, *“Now at Manysplendid Infotech, Taipei,
Taiwan, *Department of Ecology, VU, Amsterdam, The Netherlands

Abstract This study seeks to understand the impact on the forest biomass of different kinds of
environmental disturbance, including high winds from typhoons, land-use/land-cover changes (LULCC), and
CO, fertilization. A series of factorial experiments addressing the impact of different types of environmental
disturbance on the forest biomass in Taiwan was conducted using the advanced ORCHIDEE-CAN land surface
model with a recently developed wind-throw module. The climatic forcing driving the ORCHIDEE-CAN land
surface model was first simulated by an atmospheric general circulation model, then dynamically downscaled
to a more satisfactory spatial and temporal resolution. The initial and boundary conditions applied in the
numerical simulations were based on the long-term CO, concentration and LULCC reconstruction, respectively.
The model simulation showed an increase in the aboveground wood volume from 209 m? ha=! in 1979 to

229 m? ha~!in 2017, and the dynamics were consistent with those recorded in the national forest inventory.
The annual average carbon sequestration rate over the past 39 years was 0.5 m> ha~! yr~! for a forested area of
2.4 M ha. The most surprising finding was the contribution of the wind disturbance to wood loss, which was

at almost the same level as the annual carbon sequestration rate. The LULCC experiment showed a trade-off
between afforestation and deforestation in forest biomass accumulation in Taiwan from 1979 to 2017. The

CO, fertilization effect contributed to an enhancement of forest biomass stock of around 39%, while the CO,
concentration increased from 296 to 406 ppm over 39 years.

Plain Language Summary Forest biomass is one of the main carbon pools found in terrestrial
ecosystems. Its storage capacity is, however, vulnerable to climate change and anthropogenic and natural
disturbances. In this study, simulation experiments were carried out to understand the impact of tropical
cyclones, land use and land cover change, as well as increasing atmospheric CO, concentrations on the forest
biomass in Taiwan. The simulation experiments were made possible thanks to century-long country-specific
land cover and climate reconstructions, and recent developments of the ORCHIDEE model by the addition of a
module capable of simulating the effects of windstorms on forest biomass. Studies show that wind disturbance
has a big impact on carbon sequestration rates. In the absence of wind disturbance, the annual sequestration rate
would be double that of the present-day rate. In other words, not considering wind disturbances could lead to a
significant overestimation of the forest biomass in regions prone to frequent tropical cyclones, some of which
can reach typhoon strength.

1. Introduction

One-third of the world's tropical cyclones originate over the Western Pacific Ocean, and almost 90% of these
make landfall somewhere in the area (Landsea, 2000). Taiwan is an island situated in East Asia near the coast of
mainland China and along the track of tropical cyclones originating in the Western Pacific. Its geolocation makes
it a popular area for studies assessing the impact of tropical cyclones on terrestrial ecosystems (Lin et al., 2020).
According to historical data reported by Taiwan's Central Weather Bureau (CWB), over the past hundred years
the island has been struck by around 3—4 typhoons per year (CWB, n.d.). The strong winds and heavy rainfall
brought by typhoons can be very destructive. For example, Typhoon Morakot resulted in an estimated loss to
forestry and agriculture of more than 16 billion New Taiwan Dollars (TWD; Yang et al., 2014).

The interaction between the background climate, environmental disturbances, and the forest ecosystem itself, is
subtle and complex, and disturbances can trigger multiple succession-disturbance processes (Cannon et al., 2019).
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Furthermore, the impact of environmental disturbances in the forest can be worsened by the synergetic effects of
natural and anthropogenic forcings within the social-ecological-technological system (Lugo, 2020). For example,
frequent land-use/land-cover changes (LULCC), that is, when forested is replaced by other land cover types,
can lead to forest degradation, resulting in increased CO, emissions from the carbon pool (from harvested wood
and organic soils). Past studies have concluded that, following the burning of fossil fuels, emissions due to
historical LULCC are the primary sources of an elevation of CO, in the atmosphere (Houghton et al., 2012; Li
etal., 2017; Pongratz et al., 2009). Increases in atmospheric CO, concentrations have been linked to ocean warm-
ing (Wang et al., 2014), which in turn affects the frequency and intensity of tropical cyclones (Mei & Xie, 2016).
However, it should be noted that forests can also benefit from increased CO, concentrations in the atmosphere, by
enhancement of their growth rate through photosynthesis. This is known as the CO, fertilization effect (Donohue
et al., 2013; Farquhar, 1997; Zhu et al., 2016).

The effects of LULCC and CO, fertilization are thus included in most dynamic vegetation models (Bayer
et al., 2017; Kato et al., 2013; Yue et al., 2018). However, most existing land surface models do not consider
tree mortality due to strong wind disturbances. Rather, this type of disturbance is simplified with the invariant
background mortality (Smith et al., 2001; Thurner et al., 2017). This simplification has hampered efforts to study
the impact of wind disturbance on the forest ecosystem using a modeling approach. Fortunately, the physical
process of wind disturbance has been recently implemented in the dynamic vegetation model, ORCHIDEE 14262,
allowing for the modeling of abrupt changes in tree mortality in forest stands (Chen et al., 2018). This recent
development provides an opportunity to study the impact of wind disturbance on forest biomass, especially in
typhoon-prone areas such as Taiwan.

Thus, this study aims to quantify the impact of different types of environmental disturbance, including trop-
ical cyclones, LULCC, and CO, fertilization, on the forest biomass in Taiwan by evaluating changes in the
aboveground wood volume (AGW) in factorial simulation experiments.

2. Materials and Methods
2.1. Forest Inventory and Environmental Forcing
2.1.1. Forest Inventory

Since 1954, the Forestry Bureau of Taiwan has conducted a forest inventory every 15 to 20 years. At present, the
results for the 1954, 1972, 1990, and 2012 inventories are available. Of these inventories, the most recent 2012
inventory not only provides aggregated information but also reports the locations of the sampling plots, enabling
a spatially explicit analysis and model evaluation (see Section 2.5).

The sampling plots in the 2012 inventory are almost evenly distributed across the country, including on both
private and public forested land. However, the grid spacing used for the plots differs depending upon land owner-
ship, with a 3 km by 3 km grid applied for public forests and a 1.5 km by 1.5 km grid for private forests. Measure-
ments of the number of tree species, the diameter at breast height (DBH), and tree height for all individual living
trees with a diameter of more than 6 cm within each 0.05 ha sampling plot are included.

However, a spatially explicit data-model comparison requires identical grid sizes for the data and the models.
Because the grid used in the model is determined by the grid of its climate forcing (typically the boundary condi-
tion with the coarsest resolution), it is easier to regrid the observations than change the grid in the simulations.
The basal area data were taken from the fourth forest inventory, which began in 2008 and was completed in 2012
and included 3,648 plots (Qiu et al., 2015). In this study, the inventoried biomass data were up-scaled to a 5 km
by 5 km grid by combining them with high spatial resolution (30 m) canopy height data (Potapov et al., 2021)
and in situ basal area data. By using this approach, it is possible to avoid errors introduced by limited samples
within the 5 km simulation grid. First, the canopy height data were converted to a coarse resolution by averaging
the pixels within a 5 km grid area (Fig. Sla in Supporting Information S1). The up-scaled 5 km canopy height
information was then multiplied by the grid averaged basal area (mean value of all observations within the 5 km
grid area) to obtain the spatially averaged AGW (Figure S1b in Supporting Information S1). The AGW was esti-
mated by multiplying 0.45, the basal area (BA), and the canopy height (H ; AGW = 0.45*BA*H) as suggested
in the national inventory report.
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2.1.2. Land Cover Maps

The model simulations followed the land cover reconstruction process used by Chen et al. (2019). Land cover
changes between the years 1904, 1926, 1956, 1980, 1995, 2000, 2005, 2010, and 2015 were reconstructed using
various local spatially explicit sources with linear interpolation carried out to show differences in land cover
fractions between these years; the land cover was assumed invariant before 1904 and after 2015.

The annual reconstruction distinguished six major land types: forest, grassland, agricultural land, inland water,
built-up land, and bare soil. Therefore, to use the reconstruction results as boundary conditions for a land surface
model, remapping of six types of land cover as plant functional types (PFTs) was required.

The land cover type, forest, was remapped into three potential PFTs, broad-leaved evergreen tropical, broad-leaved
rain-green tropical, and needle leaf evergreen temperate. The vegetation coverage of the different tree species
as derived from the forest inventory and local elevations were combined to build the regression model. The
fraction of each PFT (Figure S2 in Supporting Information S1) was then estimated by applying the regression
model including the altitude (Figure S3 in Supporting Information S1). Data from the fourth forest inventory
were fit to this regression model. Built-up and bare soil areas were merged into one plant functional group: bare
soil. Grassland and cropland were identified as natural C, grass and agricultural C, crop type, respectively, in
the simulation. The rules applied to remap land cover types as PFTs are summarized in Table S1 in Supporting
Information S1.

2.1.3. Climate Forcing

The hourly 5 km by 5 km climate fields, which describe the incoming short-wave and long-wave radiations,
near-surface pressure, near-surface specific humidity, surface air temperature, and surface wind speeds, were
obtained from the Taiwan Climate Change Projection Information and Adaptation Knowledge Platform project
(TCCIP) and Central Weather Bureau (CWB). The climate fields for 1979-2003 were based on the climate
projections produced by the Meteorological Research Institute-Atmospheric General Circulation Model version
3.2S (MRI-AGCM3.2S) run at a 20 km horizontal resolution with 60 vertical atmospheric layers up to 0.1 hPa
(Mizuta et al., 2017) and observation-based sea surface temperatures from HadISST (Rayner, 2003). Subse-
quently, the MRI-AGCM3.2S climate projection was downscaled using the Weather Research and Forecasting
(WREF) version 3.5.1 software over the region from 150°E—130°E and 15°N-30°N to produce the 5 km by 5 km
climate fields.

The climate fields from 2008 to 2017 were extracted from the regional weather forecast system (RFS) oper-
ated by the CWB (Chen et al., 2007). An important feature of the RFS is that the rainfall fields are assimi-
lated from real-time radar and in situ measurements which results in more reliable soil moisture conditions
(Hung et al., 2014). The long-term annual mean temperature and annual precipitation are shown in Figure S3 in
Supporting Information S1. The downscaled hourly windspeed fields at 5 km for eight extreme events (Typhoons
Soulik (2013), Nesat (2017), Soudeler (2015), Dujuan (2015), Megi (2016), Matmo (2014), Nepartak (2016),
and Meranti (2016)), which occurred from 2013 to 2017, were compared with wind speed observations from the
nearest respective CWB meteorological stations. The WRF simulation showed a slight overestimation for winds
greater than class 2 on the Beaufort scale. The wind speed realization parameter mean wind ratio (observed wind
speed/simulated wind speed, MWR) MWR = 0.7, was applied to adjust the downscaled daily maximum wind
speed in the wind-throw module. For a description of the sensitivity analysis of the introduced model parameter,
MWR, please see the Supporting Information (Figure S4 in Supporting Information S1).

With the exception of the years 2004 and 2007, for which climate forcing could not be constructed with this
method, matching climate fields for the years from 1979 to 2017 were used in the simulation. The gap for the
missing years was filled using data from 2008 to 2011. Monthly rainfall and temperature measured by the CWB
stations during these two periods show similar patterns, without extreme dry or wet events. Model spin-up and the
simulations before 1979 were cycled over the climate fields from 1979 to 1994. This length of period was chosen
to include a complete cycle of the south Pacific decadal oscillation (Hsu & Chen, 2011).
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2.1.4. CO, Concentration

The annual observed atmospheric CO, concentrations used in the simulations were based on historical observa-
tions (Dlugokencky & Tans, 2020; Keeling et al., 1995). The atmospheric CO, concentrations started at 296 ppm
in 1900 and had increased to 406 ppm by 2017.

2.2. Model Description

The ORCHIDEE (Organizing Carbon and Hydrology In Dynamic Ecosystems Environment; Bellassen
et al., 2010; Krinner et al., 2005) land surface model can be run using any temporal resolution from a minute
to a year. However, this apparent flexibility is somewhat restricted because the processes are formalized with
given time steps: half-hourly (i.e., photosynthesis and energy budget), daily (i.e., net primary production), and
annual (i.e., vegetation dynamics). Hence, meaningful simulations for the energy balance, water balance, and
photosynthesis calculations must have a temporal resolution of 15 min to 1 hr. ORCHIDEE builds on the concept
of meta-classes to describe the vegetation distribution. By default, 13 meta-classes are distinguished (one for
bare soil, eight for forests, two for grasslands, and two for croplands). Each meta-class can be subdivided into
an unlimited number of PFTs. For Taiwan, only 6 out of the 28 PFTs defined by ORCHIDEE 14262 are needed
(Table S1 in Supporting Information S1).

The biogeochemical and biophysical variables are calculated for each PFT. ORCHIDEE r4262 (Chen et al., 2016;
Ryder et al., 2016) is a version of the ORCHIDEE model. In contrast to most land surface models, ORCHIDEE
r4262 can simulate dynamic canopy structures, which is essential to simulating the likelihood of wind-throw
damage (Chen et al., 2018). Changes in canopy structure resulting from wind-throw are accounted for when
calculating the carbon, water, and energy exchange between the land surface and the lower atmosphere. The
biomass of the different pools, leaf area index, crown volume, crown density, stem diameter, stem height, and
stand density are simulated as accumulated growth for input into the ORCHIDEE 14262 wind-throw module.
The critical wind speed is calculated based on the first principles applied in the ForestGALES computer-based
support tool (Gardiner et al., 2000) and storm damage is calculated based on the difference between the actual
and critical wind speeds, as developed and tested by Anyomi et al. (2017).

At the start of the simulation, each PFT contains a user-defined number of diameter classes. This number is
held constant, whereas the boundaries of the classes are adjusted throughout the simulation to accommodate
temporal evolution in the structure of the stand. Thus, different forest structures can be simulated using flexible
class boundaries with a fixed number of diameter classes. In the simulation, an even-aged forest, for example, is
represented as having a small range of diameters between the smallest and largest trees. All trees thus belong to
the same stratum.

On the other hand, an uneven-aged forest is simulated by applying an extensive range between the diameter
classes. Different diameter classes, therefore, represent different strata. Each diameter class in the model contains
a single tree which is replicated to produce realistic stand densities. Following this, tree growth, canopy dimen-
sions, and stand density are updated. Individual tree mortality throughout the simulation causes the stand density
to decrease. In ORCHIDEE r4262, individual tree mortality is caused by self-thinning and forest management.
In the absence of these processes, a constant rate of environmental background mortality is applied to account
for mortality through fires, pests, and wind-throw. However, mortality from wind-throw can now be explicitly
accounted for by applying the newly developed wind-throw and storm damage module r4262.

Furthermore, age classes are used to simulate regrowth of the forest after a change in land cover or forest manage-
ment event. Following a change in the land cover, the biomass and soil carbon pool (but not soil water columns)
are either merged or split to represent the various outcomes of the change. This dynamic approach to modeling
the structure of the stand and landscape is exploited in other parts of the model, that is, for precipitation intercep-
tion, transpiration, energy budget calculations, the radiation scheme, absorption of light for photosynthesis, and,
for r4262, tree mortality from wind storms. The ORCHIDEE r4262 model was selected as the research tool to
conduct all experiments, as detailed in the next section.

CHEN ET AL.
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2.3. Experimental Design

A series of factorial simulation experiments, EXP.T1, EXP.T2, and EXP.T3, as well as a spin-up experiment
(EXP.T0), was designed to quantify changes in forest biomass in Taiwan that occurred in response to historical
environmental changes and disturbances:

EXP.TO: this simulation was driven by the relatively cold climatic conditions of 1979, with the land cover state in
1904 assigned as an initial condition to determine the quasi-equilibrium state of the soil carbon pool. The effect
of tropical cyclones was also considered by running the model with the wind-throw module over the simulation
period. This simulation was designed to run for 300 cyclic years and applied as the initial condition for EXP.T1.

EXP.T1: was a so-called transient simulation designed to account for changes in the soil carbon stock associated
with dynamic land cover changes. This simulation started in 1904 running until 1978. The climate fields from
1979 to 1994 are cycled within this 75-year period. This specific 15-year period was chosen because it covers an
entire cycle of the south Pacific decadal oscillation, which affects the weather in Taiwan (Hsu & Chen, 2011).
Dynamic land cover maps of Taiwan from 1904 to 1978 were used during the simulation period as well as
the observed atmospheric CO, concentrations. The simulation result was then used as the initial condition for
EXP.T2.

EXP.T2 (Control): the aim was to best reproduce the present-day biomass of Taiwan's forest by accounting for
land cover changes and natural disturbances such as wind-throw and drought. For this simulation, the historical
land cover maps, atmospheric CO, concentrations, and matching climate fields were used to drive the model
during the period from 1979 to 2017.

EXP.T3: was comprised of three configurations making up the actual attribution experiment. EXP.T3A differed
from the control experiment in that the atmospheric CO, concentrations were fixed at the 1979 level. EXP.T3B
differed from the control simulation in that the land cover was fixed at the 1979 level. EXP.T3C differed from the
control experiment in that it did not account for damage from wind-throw. The same climate fields were applied
in all three EXP.T3 configurations for the period from 1979 to 2017.

A comparison of EXP.T2 (control run) and EXP.T3 was made revealing the effect of CO, fertilization (EXP.
T3A), land cover change (EXP.T3B), and wind-throw (EXP.T3C) on the Taiwan forest biomass in the second half
of the twentieth century. A simplified factorial set-up was used, which implies that the interaction between the
factors (CO, fertilization, land cover changes, and wind-throw) cannot be quantified.

2.4. Model Sensitivity

The sensitivity of the wind-throw model was tested by introducing an additional parameter, the mean wind ratio
(MWR), for correction of the magnitude of the daily maximum wind speed calculation. Eight extreme events
including Typhoons Soulik (2013), Nesat (2017), Soudeler (2015), Dujuan (2015), Megi (2016), Matmo (2014),
Nepartak (2016), and Meranti (2016) during the period from 2013 to 2017 were analyzed. The median MWR
obtained from the selected extreme events ranged from 0.4 to 1.0. A detailed analysis of the MWR calculation can
be found in the supplementary data (Figure S4 in Supporting Information S1).

Sensitivity experiments were conducted with different daily maximum wind speed adjustments. The MWR
was represented by three ranks within the wind-throw module, 0.4, 0.7, and 1.0, with cyclic climatic forcing
(1979-1994) before 1979 and historical climatic forcing after 1980, and the land type and CO, values were obtained
from reconstructed annual land cover maps and global averaged annual mean atmospheric CO, concentration. All
experiments were restarted from the spin-up experiment (EXP.T0) and simulated across 104 years (1904-2017).
Simulated AGWs from all sensitivity experiments are shown in Figure S5 in Supporting Information S1.

2.5. Model Evaluation

Prior to running a simulation experiment, it needs to be established whether the model can reproduce the obser-
vational records of critical variables as well as the changes therein. Previous evaluation studies using ORCHIDEE
12290 and r2566 focused on Europe (see Section 4.1, Chen et al., 2016; Luyssaert et al., 2018; Naudts et al., 2015;
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Figure 1. (a) The dynamics of model-simulated forest AGW from the control simulation and forest inventory. Comparison of the observed and model simulated DBH
distribution for (b) broad-leaved species (c) and needle leaf species.

Naudets et al., 2016; Ryder et al., 2016) but in this study, the modeling is applied to Taiwan data. It is necessary,
therefore, to evaluate whether the model (EXP.T2) can reproduce the wood volume and probability density func-
tion of the DBH, as well as the number of individuals per unit of ground area as reported in the fourth National
Forest Inventory.

3. Results
3.1. Model Evaluation

Between 1979 and 2017, the simulated AGW increased by 20 m? ha~! from 209 m? ha~! to 229 m? ha~'. In 2012,
the simulated AGW reached 225 m? ha™! compared to the observed 228 + 5 m3 ha~! as reported in the fourth
National Forest Inventory (Figure 1a).

A comparison of the simulated and observed DBH distributions of broad-leaved and needle leaf tree species
(Figures 1b and 1c, respectively) shows that the model tends to overestimate the number of individual trees with
a DBH below 10 cm and underestimate the number of trees for needle leaf species when the DBH ranges from 15
to 25 cm. Consequently, there is a 2 cm difference between the simulated mean DBH and observed mean DBH
for the needle leaf tree species, that is, 19 cm in the simulations compared to 21 c¢m in the observations. The
simulated mean DBH for broad-leaved trees is 22 cm, which is quite close to the DBH of 21 cm reported in the
fourth National Forest Inventory report.

The spatial distribution of the simulated AGW, as presented in Figure 2a is positively correlated to the up-scaled
AGW from the fourth National Forest Inventory (Figure 2a). Both the observed and simulated high wood volume
results approach 600 m3 ha~! in the Central Mountain Range. The model calculated 5 km AGW shows a slightly
over-estimation (slope = 0.94) with an RMSE of 110 m? ha~! (see Figure S6 in Supporting Information S1). The
large RMSE in Figure S6 in Supporting Information S1 reflects the curvilinear relationship between the model
simulation results and in situ observation. The model tends to overestimate the AGW at values from 100 m? ha™!
to 500 m3 ha~! but underestimates AGW at values exceeding 500 m> ha~'.

Three long-term flux observation sites, two secondary broad-leaved forest sites (Lien-Hua-Chi (LHC) and
Da-Nong-Da-Fu (DNDF)), and a needle leaf site (Chi-Lan-Mountain (CLM)) were selected for the data-model
comparison. Likewise, the AGW of the DNDF afforestation site at Hualien is 100 m3 ha~! (the stand age is nearly
20 years), whereas the simulated AGW is 101 m* ha~!, as indicated by the closed and open red circles in Figures 2
and 2b, respectively. The AGW of the LHC secondary forest site located in central Taiwan is 282 m?* ha~' (the
stand age is about 70 years), and the simulated AGW is 166 m?® ha™!, as indicated by the closed and open red
circles in both Figures 2b and 2c, respectively. The difference is greater for the needle leaf site. The AGW of the
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Figure 2. Comparison of model-simulated forest AGW (a) and inventory data. The black and open gray circles indicate the model simulation and inventory data,
respectively. One afforestation site, Da-Nong-Da-Fu (DNDF), is in Hualien. Two secondary forest sites are in Lian-Hua-Chih and Ci-Lan-Mountain (LHC and
CLM), which were marked with red and open tringles. The subplots show the relationships between precipitation and temperature. Parts (b) and (c) show the data for
broad-leaved forests and (d) and (e) for needle leaf forests. The forest biomass in broadleaved forests shows a positive relationship with annual precipitation (see b)
and a negative association with annual mean temperature (see c). On the other hand, the forest biomass of needle leaf forests shows a weak correlation with annual

precipitation and annual mean temperature (see d and e). The solid black lines in (a) show the borders of the four water resource sectors in Taiwan, and the solid gray
lines indicate the boundaries of the five national parks.

CLM site is 275 m3 ha~!, as indicated by the closed red circles (stand age is about 60 years); however, the simu-
lated AGW is 605 m® ha™!, as indicated by the open red circles in both Figures 2d and 2e.

The observed and simulated biomass of broad-leaved forests show a weakly positive relationship with the precip-
itation gradient (p = 0.2, p < 0.01 for the observations; p = 0.5, p < 0.01 for the simulation results; Figures 2b
and 2a negative relationship with the temperature gradient (p = —0.5, p < 0.01 for the observations; p = —0.6,
p < 0.01 for the simulation results; Figure 2c). However, the observed and simulated biomass for needle leaf
forests show no significant correlation with precipitation gradients (p = 0.1, p = 0.50 for the observations;
p =—0.2, p =0.12 for the simulation results; Figure 2d) or temperature (p = —0.1, p = 0.99 for the observations;
p =—0.2, p = 0.05 for the simulation results; Figure 2e). These results demonstrate the capability of the model
to reproduce the observed relationships between biomass, temperature, and precipitation for forests in Taiwan.

3.2. Impact of Environmental Disturbances on the AGW

The control simulation (EXP.T2) suggests an increase in AGW of 20 m3 ha~! between 1979 and 2017 due to the
combined effects of forest growth, land cover change, CO, fertilization, and associated climate change as well
as wind-throw (Figure 3a). The factorial simulation experiment shows the impact of CO, fertilization, with the
contribution of related climate change (EXP.T3A) being 13.6 m? ha~'. The effect of these environmental changes
on forests shows a homogeneous spatial pattern for all forests in Taiwan (Figure 3b).

The LULCC, CO, fertilization, and the associated climate change (EXP.T3B) contributed 21 m?> ha~! between
1979 and 2017. In other words, the afforestation and deforestation LULCC offset each other in terms of forest
biomass resulting in a similar net change of AGW (21 m? ha~! vs. 20 m? ha~"') compared to the control simulation
(EXP.T2). The spatial pattern showed an increase of forest biomass in lowland areas and a decrease of forest
biomass in the mountainous area due to agricultural expansion and local deforestation (Figure 3c).

The results of the factorial simulation experiment without wind-throw (EXP.T3C) suggest that there would be
an accumulation of 38 m?® ha~! of wood in the absence of tropical cyclones due to the combined effects of forest
growth on LULCC, and CO, fertilization and the associated climate change. Between 1979 and 2001 tropical
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Table 1
Aboveground Wood Volume and Biomass Estimation From in Situ Forest Inventory
Stand age Vegetation type Aboveground wood volume (m?* ha=!) Reference
20-year/27-year Needle leaf Sp. 310/338 Lin et al. (2003)
Secondary forest Broad-leaved Sp. 186 Lee and Feng (2008)
46-year/26-year Broad-leaved Sp. 504/216 Lin et al. (2008)
34-year Needle leaf Sp. 356 Lin and Lin (2008)
50-year Needle leaf Sp. >400 Chiu et al. (2011)
10-year (afforestation) Broad-leaved Sp. ~110 Cheng et al. (2016)

cyclones led to several decreases in AGW. After 2001, however, the impact of individual tropical cyclones on
AGW was no longer apparent (Figure 1a). In the simulations, most storm damages occurred in the Central Moun-
tain Range, the southern part of Taiwan, and the coastal areas. In contrast, the simulations showed a slight wood
loss in the western part of Taiwan (Figure 3d).

4. Discussion
4.1. Model Evaluation

The model predictions were obtained for the gross primary production (GPP), albedo, transpiration, and surface
energy fluxes, all of which have been evaluated in previous studies for Europe (Chen et al., 2016; Naudts
et al., 2015, 2016; Otto et al., 2014), without revealing significant differences with the model. For Taiwan,
however, the interplay between the current model parameters describing the leaf, root, and sapwood longevity,
self-thinning relationship, and diameter-height relationship tended to produce an overestimation of the lower
range of AGW. The underestimation of the high range of AGWs was possibly due to the temporal scaling param-
eter MWR used for the wind speed, which resulted in the curvilinear relationship between the model simulation
and the in situ observations (Figure S6 in Supporting Information S1). The simulated critical wind speed for
stem-breakage of large trees is less than for small trees. Big trees are thus more likely to be removed, resulting in
a decrease of AGW. The type of wind damage (such as litterfall as reported by Lin et al. (2017)) is not considered
in the wind-throw module, which could also have contributed to this mismatch.

Subsequent model evaluation was made by comparing the results between the observations and the simulated
values obtained throughout the study area, that is, Taiwan. Observations of Taiwan's forests have shown an
accumulation of AGWs between 110 and 504 m3 ha~! across different tree species and stand ages (Table 1). The
simulation gave an assembled value for the AGW between the third (1990) and fourth (2012) national inventory
of 21 + 4 m3 ha~! in about 23 years.

The probability density function for the diameter at breast height matches the observations for broad-leaved
species (x test, p-value <0.05, n = 854) but fails to reproduce the observations for needle leaf species (y test,
p-value = 0.5, n = 456). However, the observed number of large trees (>25 cm in diameter) which comprise 17%
of the total biomass, is consistent with the number simulated by the model. Thus, despite underestimating the
number of small trees, the model could simulate the total wood volume. The inconsistency in biomass estimation
suggests that the parameters used for the simulated stand structure have a reasonable value for the broad-leaved
species but need to be refined for the needle leaf species to enhance the match between the simulation results and
observations.

The observations, however, suggest an abrupt increase of AGW, of 85 m? ha~!, between the first (1954) and
second forest inventory (1972; Figure S7 in Supporting Information S1). This steep increase could be the result of
significant deforestation of young forests or rapid afforestation by fast-growing species. However, the land cover
reconstruction shows only a slight decrease (—1.9%, —397 km?) in forest area.

Although the first and the second national forest inventories were both based on airborne remote sensing obser-
vations, the aboveground biomass estimates for the first inventory were made with reference to 545 control plots
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Statistics for Aboveground Wood Volume (AGW) for Different Regions in Taiwan
Area of young Average AGW Average AGW (m®  Potential
forests in this region  (m? ha~!) for low ha~!) for the other  increase
Region Elevation x 102 (ha) biomass forests forests (m?ha-")
Lowlands <500 m 6,700 59.7 100.2 40.5
Low elevation mountains 500-800 m 3,000 103.2 171.6 68.4
Montane cloud forests 800-2,500 m 10,475 238.4 300.0 61.6

with different tree species. This difference may be the reason for the abrupt change, rather than this change
representing a sudden alteration in forest growth. Given the relatively constant size of the forested area, the
increase is likely caused by an increase in productivity per unit of land in 87 m® ha~! over a 23-year interval. The
increased growth rate of AGW would then be about 3.8 m3 ha=! yr!
rate. Enhancement of the growth rate in the early stage of plant development has been documented as possibly
due to nitrogen fertilization, irrigation, changes in short rotation coppice, or the thinning of subtropical tree
species, within the range from 40% to nearly 200% (Chang et al., 2019; Yen & Li, 2019). However, none of these
changes have been documented to have occurred on a sufficiently large scale to explain the increase in AGW
between 1954 and 1976. Therefore, we consider it more likely that the AGW based on the 1954 inventory was too
low. Another possible reason for the large under-estimation could be the lower sample numbers in mountainous
areas inaccessible by public transport at that time. In the latest inventory report the biomass is also observed to
be higher at higher altitudes. In this study, the model simulations are designed to assume default forest manage-
ment (un-managed forests), which would result in an underestimation of the biomass for needle leaf forests. The
incorporation of detailed forest management map information might improve the model bias demonstrated by the
difference between the simulation results and the reported forest inventory results, especially for the needle leaf
forests.

, equivalent to four times the actual growth

4.2. Present-Day Forest Biomass Distribution

The present-day global average AGW forest biomass (volume of growing stock) is 137 m?® ha~! while for Asia
it is 100 m? ha~! (FAOQ, 2020). The observed forest biomass for Taiwan's forests was 228 m> ha~! in 2012 with
the simulated value for 2012 estimated to be 225 m3 ha~!. Taiwan's AGW is similar to Japan's (170 m*® ha!),
but around 2-3 times the values reported for other nearby places such as China (85 m? ha~!), Korea (79 m?® ha™!;
Tomppo et al., 2010), or the Chinese province of Fujian (87 m? ha~!; Xu et al., 2019). Assuming that owners
continue to manage their forested land as high-stand growth and there are no changes in land cover, the relatively
lower biomass forests (lowest 20% of AGW) could reach the average biomass observed in regions with similar
climatic background conditions. Forest management could increase the average AGW by about 40.5 m? ha™!,
68.4 m3ha~!, and 61.6 m® ha~! for lowlands, lower elevation mountains, and montane cloud forests, respectively
(Table 2). Here, it is assumed that the biomass in low biomass forests should be the same or even higher than in
mature forests.

The spatial distribution of the simulated forest biomass reproduces the observed gradient, with an AGW of over
300 m?* ha~! in the central mountainous areas and stocks of less than 100 m? ha~! dominant in the lowlands
(Figure S1 in Supporting Information S1 and Table 2). The high AGW in the central mountains occurs in the
so-called “cloud forests” (Gu, 2020; Schulz et al., 2017), where the ecological conditions support abundant
vegetation growth in combination with a low disturbance frequency. Several of these cloud forests, for example,
Mt. Peitungyen (McEwan et al., 2011) managed by the National Chung Hsing University and Hapen Creek (Lin
et al., 2018), are now protected as nature reserves. However, given the specific ecological requirements, that is,
cloud forest conditions and low disturbance frequency, the spatial extent of these high-biomass forests in Taiwan
is expected to be somewhat limited.

Previous studies have suggested that extreme rainfall events like those triggered by typhoons and seasonal
monsoons, as well as the topography, are essential drivers for forest growth in Taiwan's mountainous areas (Chiu
et al., 2018; Lin et al., 2011, 2018; McEwan et al., 2011). When a typhoon passes over the mountains, the wind
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Figure 4. Correlation of calculated aboveground wood volume (AGW) to elevation. The percentage in the pie charts
indicates the proportional coverage of needle leaf forest (green) and broad-leaved forest (dark green). The circle size
represents the number of simulation grids for each elevation-AGW binning.

speed increases and orographic lifting of the air mass further intensifies rainfall on the mountains' windward side.
Given that the typhoons typically travel from east to west, and the geography does not change, it means that the
same valleys will be impacted by or protected from high winds. It is expected that this will result in short-statured
forests with low biomass, a phenomenon known as dwarfing, in valleys which are exposed to typhoon winds (Lin
et al., 2018), while taller forests with high biomass will flourish in the sheltered valleys. In the simulation results,
the locations of low biomass in the mountainous areas do coincide with the observed occurrence of extremely
high wind speeds (Figure S7 in Supporting Information S1). The results of the control simulation reproduce the
large-scale spatial variability in the biomass recorded in the fourth National Forest Inventory.

Another possible reason for the observation that the AGW is higher at higher altitudes is that these areas have
mostly been spared from anthropogenic land cover changes. In Taiwan, the vast majority of the population lives
near the coast and is reliant on nearby croplands, grasslands, and lowland forests for agriculture. Although the
higher mountain ranges have largely been spared changes due to the agricultural expansion, historical land cover
reconstruction maps still show a few. The effect of steep terrain on land cover change is reflected in the relation-
ship between the altitude and aboveground biomass (Figure 4). Thus, it can be said that the inaccessibility of the
mountain areas has protected the forests from both human exploitation and storm damage. Sheltered conditions
are required to develop a high biomass stand in a densely populated region which experiences the passage of
approximately four tropical cyclones per year (Wu & Kuo, 1999).

4.3. Historical Changes in Standing Biomass and Vulnerabilities Affecting Biomass Distribution

The model simulation estimated an average AGW of around 250 m3 ha~! for 1904, when forests covered 65%
of the total land area. The AGW gradually decreased to 225 m? ha~! together with a decrease in forest cover in
the subsequent decades. The lowest level of AGW in the past century (approximately 200 m? ha~!) occurred
around 1980, with land usage for agriculture reaching its maximum extent at that time. The AGW increased from
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200 m? ha=! to 225 m3 ha~! along with an increase in forest cover, following a series of nationwide afforestation
programs (Forestry Bureau of Taiwan, n.d.) and other measures aimed at protecting the national forests (Forestry
Bureau of Taiwan, n.d.). The coupling between AGW per unit of land and the land cover share of forests is
striking and suggests that, between 1904 and 1980, high biomass forested areas were converted to agricultural
land. The increase in forested area since 1980 is expected to result in a transient decrease in the AGW per unit of
area because the newly planted forest must have an AGW well below the national average. This dilution effect is
represented in the third National Forest Inventory and is reflected in the simulation, albeit to a lesser degree. Once
the newly planted forests reach maturity though, an increase in the average AGW is expected, as seen in both the
observations and the simulation results. The factorial simulation experiment suggests that part of this increase
is due to CO, fertilization and the associated climate change, a response that is well supported by experimental
evidence (Albani et al., 2006; Song & Zeng, 2017).

The factorial simulation experiment suggests that over the past 40 years, the frequent occurrence of tropical
cyclones has had a more substantial effect on the AGW than the combined effects of land cover change and CO,
fertilization, or associated climate changes. Thus, even at the national level, a handful of tropical cyclones could
offset the impact of decades of afforestation and forest protection programs as well as the effect of enhanced
forest growth due to changing environmental conditions. Losses in biomass following the passage of intense
tropical cyclones have been well documented (Lin et al., 2003, 2011; Uriarte et al., 2019), although a bias toward
studying the most intensive tropical cyclones (class 3 and up; Lin et al., 2020) has resulted in a limited under-
standing of how forests in storm-prone regions respond to the more frequent passage of lower intensity storms.

However, cyclone intensity is predicted to increase due to global warming, and storm tracks are projected to shift
poleward (Mizuta et al., 2017; Tsou et al., 2016; Yin, 2005). Moreover, the translation speed of tropical cyclones
has also been slowing down, which could be associated with increased local rainfall and storm-induced damage
(Kossin, 2018). More intense storms can be expected to decrease the AGW of Taiwan's forests. On the other hand,
if storm tracks move northward it would reduce the frequency of storms making landfall in Taiwan, in which
case, an increase in forest biomass could be expected. Similarly, a decrease in the aboveground biomass can be
expected in the areas further northward if future storms make landfall.

4.4. Model Limitations

Although nutrient cycling and nutrient limitations do play an important role in tree growth in the (sub)-tropical
forest biomes (Houlton et al., 2008), nitrogen (N) and phosphorous (P) cycling are not accounted for in
ORCHIDEE r4262. The abundance of dissolved inorganic nitrogen in the river discharge (Chang et al., 2020;
Huang et al., 2016) suggests that nitrogen is no longer a factor limiting plant growth over large areas of Taiwan.
The primary source of this nitrogen is likely atmospheric deposition from emissions from mainland China, and
from local industry and households, estimated to be between 0.8 and 20 kg N ha~! yr~! (Zhao et al., 2015). If
atmospheric deposition continues to increase in the future, nitrogen saturation in the soil may lead to a decline in
forest growth (Aber et al., 2003).

The ideal simulation method would account for both natural and anthropogenic disturbances and the direct and
indirect effects of a changing climate (McDowell et al., 2020). In this study, the most critical drivers in determin-
ing the growth of Taiwan forests are assumed to be related to the land cover change, unmanaged forests, storm
damage, CO, fertilization, and climate change. Wildfire could, under certain future climatic conditions, become a
substantial disturbing factor in Taiwan, but is not accounted for in this study. Future versions of the ORCHIDEE
model are expected to be capable of accounting for fire, drought, floods, windstorms, insect outbreaks, land cover
changes, forest management, and the interaction between these disturbances. In this respect, model developments
may outrun the empirical evidence, and modelers will soon need datasets that can be used to evaluate the impact
of individual disturbances and their interactions.

Data Availability Statement

All model simulation results and field observation data used in this study are publicly available at https://doi.
org/10.5281/zenodo.5717819.
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