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ABSTRACT

Rainfall is one of the essential factors in affecting the inter-annual variability of
vegetation productivity over tropical forests. However, it was reported that transpiration
and productivity in tropical montane cloud forests with sufficient water are lower than in
non-cloud tropical forests. By comparing the observational precipitation and vegetation
indexes from satellite datasets, different water demand was found between Chi-Lan (CL)
montane cloud forest and LienHuaChih (LHC) typical forest from January to April. More
precipitation accumulation in November and December causes higher photosynthetic

activities in LHC, while there is no significant change in CL.

We further conducted idealized sensitivity tests on precipitation in atmospheric
forcing by using the land surface model to explore the critical factors affecting vegetation
growth. The result shows that local microclimate dominates transpiration and
photosynthesis, and a nonlinear response between the rainfall and gas exchange process
in LHC corresponds to the soil water variation and vapor pressure deficit. No significant
change in CL was found because of the stable and higher soil water content. Our study
reveals that in non-cloud forests, vegetation photosynthetic activities in lower soil water
periods could be affected by rainfall in the preceding months, while montane cloud forests
are less susceptible because of sufficient water availability and less available solar energy.
It could also indicate that in the future, with dry-get-drier climate conditions, montane
cloud forests may be less influenced due to their relatively stable hydro-climatic

conditions, especially from the water availability perspective.

Keywords: cloud forest, precipitation, vegetation index, photosynthesis, transpiration
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Chapter 1  Introduction

Montane cloud forests, whose distribution overlaps with biodiversity hotspots, are
characterized by a high frequency of fog. The high density of fog can obscure solar
radiation and reduce the vapor pressure deficit (VPD) that develops, forming a distinctive
hydro-climatological cycle and supporting the vulnerable ecosystem. Recently, montane
cloud forests behave one of the most endangered forest types in the world under climate
change. (Bruijnzeel et al., 2001; Mildenberger et al., 2009).

Gotsch et al. (2016) compared the water and carbon relations of lowland tropical
forests and montane cloud forests, in which leaf light-saturated photosynthesis,
transpiration, and vegetation productivity were mainly discussed from an ecosystem
perspective. The plant water and carbon exchange in forests are inseparable since the
transpiration process could open the stomata and thus allows carbon dioxide to diffuse
into the air, completing a primary function of photosynthesis. The study shows that both
transpiration and productivity in montane cloud forests are lower than in tropical forests
(Gotsch et al., 2016). In montane cloud forests, reduced transpiration results in higher leaf
wetness and soil water, implying that lower water demand and the shortage of
photosynthetic active radiation may affect the greatest difference between cloud forests
and non-cloud forests.

The insufficient radiation combined with abundant water could make montane cloud
forests energy-limited, with the equilibrium between these two variables described by the
concept of the Budyko curve (Fig. 1, Budyko, 1974). If the ratio of potential
evapotranspiration (PET) to precipitation (P) is larger than the ratio of actual
evapotranspiration (AET) to precipitation (P), the area is considered an energy-limited

region. However, it has not been verified that montane cloud forests belong to energy-
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limited areas.

Precipitation has always played an important role in determining the water or
energy-limited environment. Previous studies have shown that annual rainfall over a
threshold of 1800 to 2000mm/yr can keep the photosynthetic activity in the dry season in
tropical evergreen forests, meaning that vegetation in these areas can still grow (Guan et
al., 2015, 2018). The phenomenon also indicates that water from the wet season can store
in soil and support plant growth in the dry season. On the other hand, places with annual
rainfall lower than the threshold do not have enough water availability from the soil in
the dry season. Results from Chang et al. (2017) also show similarities. By doing
correlation on Normalized Difference Infrared Index (NDII6, a satellite data which
represents leaf water content) and the standardized precipitation index with a three-month
time scale (SPI3, a drought index) in spatial scale, Chang et al. (2017) found a difference
between southwestern (dry region) and northeastern Taiwan (wet region) in January and
April. In northeastern Taiwan, where annual rainfall is larger than 2500mm/yr, the dry
condition will not affect leaf surface wetness.

Chi-Lan (CL) montane cloud forest, located in northeastern Taiwan, receives
approximately 4000mm/yr of rainfall and is frequently covered by fog and low-altitude
clouds. Transpiration was suppressed by the frequent fog occurrence and in line with the
net radiation rise, further resulting in photosynthesis activities. (Gu et al., 2021) Therefore,
CL is a suitable place for studying how forest productivity changes and its linkage with
micro-climatology. As a perhumid place with low energy input, we could hypothesize that
CL is more like a radiation-limited place compared to the water-limited in non-cloud
tropical forests. Hydrological processes and the ecosystem would be less sensitive to
water changes without precipitation.

In this study, we aim to investigate the importance of rainfall to vegetation

2
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photosynthesis by comparing two Taiwan forests, Chi-Lan (CL, montane cloud forest)
and LienHuaChih (LHC, non-cloud forest). Monthly precipitation from in-situ flux
towers and two kinds of satellite observational vegetation indexes were used to represent
quantified photosynthetic capacity and vegetation greenness. We focused on the relation
from January to April, a relatively drier periods for soil water in both sites. We
hypothesized that montane cloud forests were not as required for water demand as tropical
forests. Offline land model simulations in transpiration and net photosynthesis were also

discussed to present the specific water and carbon flux.
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Chapter 2 Data and Methodology

To investigate the uniqueness of montane cloud forests, we compared two flux tower
sites in Taiwan montane region: Chi-Lan montane cloud forest with frequent fog
occurrence and LienHuaChih as a reference for a non-cloud forest. Two vegetation
indexes are derived from satellite datasets for examining photosynthesis. Besides, to
figure out the mechanism from rainfall to vegetation, offline land model experiments were

designed.
2.1  Site Description

Chi-Lan montane cloud forest is located in northeastern Taiwan, being frequently
immersed in afternoon fog happened at around 3 pm. Coniferous species are filled in this
evergreen site, mostly dominated by Taiwan yellow cypress (Chamaecyparis obtuse var.
formosana). CL flux tower (24°35°N, 121°25’E) was built on 14° mountain slope toward
the southeast side (Fig. 2.1) at 1650m above mean sea level height, providing local
meteorological and flux data, which was calculated by the eddy covariance method.
Observational data from 2008 to 2011 and 2015 to 2019 shows the mean temperature is
around 15°C, and the annual precipitation is more than 3300mm/yr. The precipitation in
CL is usually associated with the lifting orographic cloud, which results from the warm
air brought by valley wind. Typhoon and Mei-Yu season could lead to heavy rain in
summer, while the cold front and northeast monsoon bring humid vapor to CL. (Chang et
al., 2002; Klemm et al.,2006; Chu et al., 2014)

LienHuaChih presents a case of a non-cloud forest (mixed evergreen broadleaves)
in central Taiwan, with 21°C in mean annual temperature and 2292mm/yr in precipitation
from 2008 to 2016. LHC flux tower (23°55’52’N, 120°53°59”E) was built at 780m above
mean sea level in sub-watershed No.5 at LHC Research Center (Chen and Li, 2012)

4
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Precipitation seasonality in LHC is different from that of CL. The primary rainfall
season in CL is from May to October, which gets a peak in October. LHC has significant
seasonal variation, with the dry season from October to April and the wet season from

May to September (Fig. 2.3).

2.2  Meteorological data

2.2.1 Observational Data

We accumulated half-hourly precipitation data to monthly one in CL flux tower and
LHC flux tower. The period of CL dataset is 2008 to 2011 and 2015 to 2019, while the
one in LHC is 2008 to 2016. The blank period in CL is because of the tower collapse in
2012, damaged during the typhoon season.

Besides precipitation, the other meteorological data were taken in fewer years in
each site (CL: 2008 to 2011; LHC: 2009 to 2013) because of the maximum available data.
Such as radiation, temperature, humidity, wind speed, and air pressure were used to
calculate PET (Chapter 2.4, Fig. 3.2) and applied in land model simulation (Chapter 2.5).

2.2.2 Taiwan ReAnalysis Downscaling data

Taiwan ReAnalysis Downscaling data (TReAD) is provided by the Taiwan Climate
Change Projection Information and Adaptation Knowledge Platform (TCCIP), which is
coordinated by the National Science and Technology Center for Disaster Reduction
(NCDR). TReAD was dynamically downscaled from European Centre for Medium-
Range Weather Forecasts (ECMWF) ERAS reanalysis data by the WRF model. It
provided a 2km resolution for each grid in hourly timescales from 1980 to 2020 in Taiwan.
We used the TReAD as long-term data to make up for the shortage in flux tower

observation.
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2.3  Vegetation Indexes

We complemented two vegetation indexes products each other from 2001 to 2020:
Enhanced Vegetation Index (EVI) from Terra Moderate Resolution Imaging
Spectroradiometer (MODIS) and Leaf Area Index (LAI) from Copernicus Global Land
Service (GLCS). Both products provide monthly and 1km resolution.

Vegetation indexes in our study present the photosynthetic ability, which are highly
related to canopy transpiration, dominating evapotranspiration in tropical forests. We took
the position of the flux tower as the center, selected an area of Skm by 5km outward, and
then weighted averaged the indexes to represent the vegetation greenness state of the

study sites.

2.3.1 Enhanced Vegetation Index (EVI)

We used MODIS-derived EVI data as a proxy of canopy photosynthetic capacities,
according to Guan et al. (2015). EVI is an optimized vegetation index, which has been
found to perform well with vegetation phenology. (Huete et al., 2002) Monthly 1km
spatial resolution of EVI datasets (MOD13A3) was utilized in our research from 2000 to
2020, and it has minimized canopy background variation, being more sensitive to
vegetation measure. We extracted image-transform to numerical EVI datasets online at
the Application for Extracting and Exploring Analysis Ready Samples website
(AppEEARS, https://Ipdaacsvc.cr.usgs.gov/appeears/), which provides geospatial data
with customized spatial, temporal, and band/layer parameters.

2.3.2 Leaf Area Index (LAI)

LAI is widely used to describe vegetation development in ecosystems and can
determine the ability of photosynthetic degree and evapotranspiration. We planned to

compare the performance of LAI with EVI, then observe the mutually impacted

6
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precipitation timestep to vegetation in our study period. For comparison, we used LAI
data from the European Space Agency (ESA) instead of the MODIS-derived one. ESA
LAI was obtained from The Copernicus Global Land Service website (CGLS,
https://land.copernicus.eu/global/products/lai), which provides a global land-monitoring
dataset. Two kinds of products, SPOT/VGT (1999-2013) and PROBA-V (2014-2020),
were combined as long-term observations for each grid. 10-days LAI index has been
validated with other global products and removed the contamination from clouds and
snow. ESA LAIT has a high correlation with in-situ observational LAI and performs better
vegetation phenology than MODIS LAI in tropical evergreen areas (Brown et al., 2020;

Gessner et al., 2013).
2.4  Potential Evapotranspiration Estimation

Potential evapotranspiration (PET) can be derived from atmospheric conditions
without considering the available water supply. Penman-Monteith Equation and Priestley-
Taylor Equation are primarily used in PET estimation (Monteith 1965, 1979; Allen et al.,
1998; Priestley & Taylor, 1972). Priestley-Taylor Equation was more simplified than
Penman-Monteith Equation; the vapor pressure deficit and convection term seemed as
constant, easily with bias in drier conditions (McAneney & Itier, 1996). As a result,
Penman-Monteith Equation is more suitable for comparing cloud and non-cloud forests.
We need meteorological data such as net radiation, temperature, humidity, wind speed,
and air pressure. Because of the maximum availability of observational data, calculation
in CL was from 2008-2011 and LHC from 2009-2013. (Eq. 1)

e
qg.

PET =

A+y(14-5)
ra

A : slope of the vapor pressure curve
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Rn : net radiation

G ' ground evaporation

es — e, - vapor pressure deficit

p, - mean air density at constant pressure
¢p * specific heat of the air

Y : psychrometric constant

1, - aerodynamic resistance

r. - surface resistance

Ground evaporation and surface resistance could be neglected in CL due to the
saturated soil water surface. In LHC, ground evaporation derived by Community Land
Model (Chapter 2.5) is about 12% of net radiation in average (GrLuc = 0.12Rn). We took
24.8 (mm/s) for surface conductance (1/r.) in LHC as the value was suggested for

maximum surface conductance for tropical forests. (Tan et al., 2019)
2.5 Model simulations

We ran Community Land Model (CLM, Version 5) to simulate transpiration
(decomposed from latent heat flux) and photosynthesis, which two variables have been
compared in the previous study (Gostch et al., 2016) and cannot be easily measured in
observational data. We mapped a 2X2 degree area as the proxy for a single point in each
site, putting the same value in each grid, with CL (2008-2011) and LHC (2009-2013) flux
tower observational data. Half-hourly data of precipitation, downward shortwave
radiation, temperature, surface pressure, specific humidity, wind speed, and downward
longwave radiation were used as the atmospheric forcing for the land model. Missing

values were filled by their climatology each time step.
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We followed the CL landtype setting by Gu et al. (2021), which is 100% evergreen
needleleaf temperate tree with a yearly mean LAI of around 4.3m%*m? and 0.2533mm
maximum allowed dew. The landtype in LHC was set by model default, and the LAI was
adjusted to 3.95 m?/m? on a yearly average. The forcing ran once in the same period as
the forcing year, and we removed the first-year simulation because of the spin-up
mechanism. Transpiration and total photosynthesis were mainly discussed, which present
the gas exchange process from vegetation to the atmosphere in hydrology and ecology,
respectively.

Three idealized experiments were conducted in two sites. (Table 1) We firstly
multiplied November and December precipitation values (Prec ND) by 10% to 150%
without changing other climate variables (Exp 1). To investigate the variation, we
subtracted with the control run one (CTR, precipitation value times 100%) and
normalized it in each case. Second, to ensure how the landtype difference influence local
photosynthesis, Experiment 2 (Exp 2) was conducted by exchanging CL and LHC
landtype. That is, CL would involve in a significant seasonal variation while LHC turned
into a constantly humid area.

In the third experiment (Exp 3), we exchanged all other atmospheric forcing but only
kept local Prec ND for multiplying in the sensitivity test. For example, in
LHCclm_CLsurf, abundant water was input in November and December, while the plants
obtained more light and were in a warmer atmosphere. In the other case, rainfall became
smaller in November and December, with a cooler and humid environment all year. This
experiment could tell us how the sudden more/less rainfall would influence local soil
variability and, thus ecosystem when it was already in dry/humid conditions. We chose
the same period in the atmospheric forcing from 2009 to 2011 in each site to avoid the

different synoptic weather conditions by interannual variability. Both cases were

9
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simulated repeatedly for six years, and the data in the last three years were analyzed in

Exp3.

10
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Chapter 3 Results

3.1  Vegetation might be sensitive to climate variables from

January to April

To determine the dry season in both sites, we discussed the three conditions from
hydrological and ecological perspectives. The comparison of local monthly PET and
precipitation was first considered (Fig. 3.1(a); Fig3.1(b)). PET was derived from
meteorological variables from in-situ flux towers and defined as maximum evaporation
under a sufficient water source. LHC has a significantly seasonal variation, with a long
dry period from September to April. On the contrary, with a higher value in precipitation
than PET, there is no obvious dry season found in CL in this aspect, except for the very
close value in April.

We then secondly looked into soil moisture, which means the water content of the
soil (Fig. 3.1(c); Fig 3.1(d)). Soil moisture is a key factor in controlling the water and heat
fluxes through evapotranspiration, and it also provides the water for photosynthesis. Due
to the humid environment and shallow soil depth, soil moisture is always stable in CL. In
contrast, a large seasonal variation was shown in LHC, meaning the place was easily
affected by water input. It can be noticed that both CL and LHC have lower soil moisture
from January to April, which also overlaps with the lower difference between PET and
rainfall in CL and a part of the dry period in LHC.

The inter-annual standard deviations in EVI and LAI were investigated from the
ecological perspective. EVI and LAI have apparent seasonal variation, and they peak in
July while being lowest in January (Fig. 3.2). The primary growing months start in April,
supposedly the driest month in soil moisture. A larger variation was found from January

to April, indicating that vegetation in each site is more susceptible to environmental
11
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factors during this dry period.

3.2 Different water demand between two sites from January
to April

The dominant precipitation period to EVI and LAI in the water period was
determined by Pearson correlation with monthly datasets (Fig. 3.3). Under the influence
of the precipitation in the preceding year, especially from October to December, there is
a strong correlation with EVI anomaly, indicating a delayed response between
precipitation and photosynthesis. In CL, the precipitation at the end of the previous year
has a negative effect on EVI of the following months (Jan-Apr), while it is a positive in
LHC. This relationship can also be seen in LAI results in the preceding November to
December (Prec_ND) (Fig. 3.4). A difference is that the correlation of LA is not as strong
as that of EVI, the positive effect of LHC is smaller, and the negative effect in EVI turns
to no correlation in CL (R<0.4).

Focusing on the interannual variation of each month, we subtracted vegetation
indexes with their climatology, and investigated anomaly value as the change degree (Fig.
3.5). Since LAI is calculated by the area of foliar as an indicator, it may not change
significantly in tropical evergreen forests. In terms of vegetation greenness, the two sites
show different slope signs from the regression, implicating their characteristics on water
demand. From Jan. to Apr., LHC PET is greater than the precipitation value, meaning that
local plants suffer from water shortage, and photosynthesis is highly affected by water.
During the same period in CL, though it is drier than the state of the whole year, due to
sufficient water, photosynthesis may saturate, resulting in a negative or no significant
response with precipitation.

In addition, LHC Agricultural Station has long-term precipitation data, and its
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location is about 2.5 kilometers away from the LHC flux tower, which is also in the range
of 25km? area that we applied for vegetation indexes. Results of twenty years in LHC
show the vegetation indexes change significantly, followed by Prec ND amount (Fig.
3.6). Although the flux tower regression results for LAI are not as strong as those for EVI,
the long-term regression results suggest that Prec ND may impact LAI next year. In
summary, when only considering the effect of water to vegetation in the drier period,

photosynthesis in CL is less sensitive to water input, but the one in LHC is.

3.3  Precipitation Sensitivity Test

3.3.1 Soil moisture variation and stomatal conductance

In the model simulation, we mainly discussed transpiration and total photosynthesis
from January to April, presenting water and carbon gas exchange, respectively, from
hydrological and ecological perspectives. Both two variables show similar changes with
the observational results. A significant rising trend followed by increasing Prec ND is
shown in the LHC, while it tends to zero in CL (Fig. 3.8).

The water supply for plants’ internal water transport depends on soil moisture. LHC
soil moisture rises linearly before the CTR, meaning the added rainfall can wet the dry
soil in the following month (Fig. 3.9(a)). In contrast, CL has a little increase in soil water
from 0.1Prec_ND to 0.3Prec_ND, but the rest of the tendency is stable, meaning the soil
water has already saturated.

The Stomatal state has a direct response to both transpiration and photosynthesis.
Stomatal conductance (g;) can be a proxy of the stomatal opening degree, which
influences the gas exchange above the canopy. In CLMS5.0, stomatal conductance was
derived by three variables by using Medlyn stomatal conductance model: net leaf

photosynthesis rate (Anet), vapor pressure deficit (VPD), and CO> concentration. (Eq. 2,
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Medlyn et al. 2011) As CO; partial pressure here is constant, stomatal conductance was

determined by VPD and Anet. (Fig. 3.10(d))
_ 91 Anet
gs = go +1.6(1 + \/5) - (Eq. 2)

go : minimum stomatal conductance (umol/m 2s)

g1 : plant functional type dependent parameter (de Kauwe et al. 2015)

At : net leaf photosynthesis rate (umol CO2/m %s)

Cs : COz partial pressure at the leaf surface (Pa)

P,tm : atmospheric pressure (Pa)
D : vapor pressure deficit at the leaf surface (kPa)

VPD is the subtraction of saturated vapor pressure (es) and air vapor pressure (€a),
the drier environment results in higher VPD, and thus the stomata close in order to retain
the internal water. Our tests show that adding water lowers the es but makes e, higher,
which results in VPD reduction, turning LHC into a wetter place so that the transpiration
could get faster (Fig. 3.10(a); Fig3.10(b)). However, the VPD value in CL is inherently
low, representing a very humid environment, so the transpiration could not process
efficiently (Fig. 3.13).

The transpiration beta factor (value from 0 to 1) is a function of Anet, which can
reflect on the plants’ hydraulic stress. It represents the ability of water transport from soil
water to transpiration; the higher the value is, the vegetation more unstressed to water. In
LHC case, the transpiration beta factor is highly following the soil water change in the
beginning but turns to constant later (Fig. 3.10(c)). The changes in beta factor
complementarity with VPD may be one of the reasons for the nonlinear trend. Initially,
VPD and transpiration beta factor changes fast, making stomata open easily. When it is

wet in the later stage, it can be seen that both two parameters slow down though the soil
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moisture still rises rapidly. If the transpiration beta factor remains constant, it means that

the supply of water is fixed. VPD would then be a regulating factor in the whole process.
3.3.2 Microclimate is the main controlling factor to ecosystem

By comparing experiment 1 and 2, we confirmed that surface characteristics rarely
affect forests ecosystem rather than atmospheric factors (Fig. 3.11). CLatm_LHCsurf was
nearly zero changes, while the variety in LHCatm_CLsurf shows a similar pattern to LHC
case in EXP1. Local microclimate plays a critical role in maintaining the forest ecosystem
and may dominate the hydrological and ecological difference between CL montane cloud
forest and LHC non-cloud forest. The phenomenon has also verified the speculation in
the previous study (Gotsch et al., 2016).

Experiment 3 was conducted to present the importance of soil moisture variability
(Fig. 3.12). Simulations forced by CL atmospheric forcing are stable in transpiration and
photosynthesis no matter how less or more rainfall was input. In contrast, climatology in
LHC has a significant dry and wet season, which involves a very dry state at the beginning
(0.1Prec_ND), resulting in a large variation in soil moisture under precipitation changes.
A higher amount of rainfall input sharply increases the soil water and then gets saturated
at 0.5Prec_ND, which is about twice the amount of CTR Prec ND in LHC flux tower
data. Transpiration and photosynthesis tend to be constant after 0.3Prec_ND though soil
water is still increasing. This infers that even in non-cloud forests, subsurface soil water
supply to vegetation might be larger than water loss via transpiration and photosynthesis,
so water and carbon gas change could get to an upper limit, thus transforming to energy

limit condition.
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Chapter 4 Discussion

4.1 The relationship of vegetation indexes and precipitation

in long-term perspective

Since the rainfall data in the flux tower only have nine years in each site without
totally overlapped, a concern was raised about the data shortage. Would the relationship
between Prec ND and vegetation growth in the dry-soil season also show in a longer
period? To cope with the data with EVI and LAI (2001-2020), we used Taiwan
ReAnalysis Downscaling data (TReAD) to verify our result. Precipitation data in TReAD
can interpret seasonal variation well with completely flux tower data (R? = 0.93(CL),
0.96(LHC)) though there is some underestimation in October (Fig. 2.3).

Pearson correlation value in 20 years seems less robust than the observational ones
(Fig. 4.1). It still can be seen that the two sites are requesting the different water demands
between Prec ND and vegetation indexes during the lower soil water period, especially
in EVI. Prec_ND has a positive response to the vegetation indexes in LHC. CL has a little
negative effect on November rainfall and EVI, but mostly no significant correlation
between those two. Surface temperature and net radiation were also taken into
consideration for the same phase correlation (Fig. 4.2; Fig. 4.3). Surface temperature has
a significant positive response to EVI from January to March in CL, indicating that energy
1s more important to vegetation photosynthetic capacity than water. It could be noticed
that the relationship between net radiation and vegetation indexes is very weak, mostly in

all places.

4.2 Budyko curve
Gu et al. (2021) claimed that transpiration is in the same phase with net radiation
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because photosynthesis process in diurnal scale; however, no significant correlation was
shown between net radiation and vegetation indexes in TReAD results (Fig. 4.3). We tried
to analyze observational data to the Budyko curve, where PET and AET were normalized
by precipitation, respectively. The higher value of PET/P, the drier the area is. This
method can distinguish whether evapotranspiration is affected by light in the case of
sufficient water. When the ratio falls around the 1:1 line, the evapotranspiration is
dominated by energy; On the contrary, when the PET/P exceeds 1, it becomes water-
limited (Fig. 1.1).

The algorithm for calculating the Budyko curve is mostly year by year. Unfortunately,
there are only 4 to 5 years of observational data for our calculation, so we averaged the
data in monthly climatology, avoiding overmuch missing values. (Fig. 4.4). A large
proportion of points fall around the energy-limited line in CL, while points in LHC are
primarily out of the 1:1 line. The ratio of PET/P is always at a very high value because of
the small daily precipitation value. Here, we removed the value PET/P larger than 5 and
compared the percentage of energy-limited points to all valid points. Both two sides had
removed half of the total data.

For all the valid months, 93% of points in CL are energy limited, while 58% are in
LHC. When it comes to January to April, there are 80% energy-limited points and only
30% in LHC. We could roughly determine that CL is more energy-limited than LHC.
Though we tried to use daily climatological data to distinguish whether CL is an energy

or water-limited place, it is still uncertain because of the less data.
4.3  Scarcities in idealized sensitivity tests
The idealized tests did not take into realistic weather conditions account, so there are
many uncertainties that need to be discussed. First, in our model simulation, LAI and
17
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productivity changes were not simulated effectively. LAI value kept constant no matter
how we changed the atmospheric forcing. It was maintained with the climatology setting.
Moreover, many parameters of biological processes cannot be simulated in single-point
simulations, such as respiration and net primary productivity. Although transpiration and
total photosynthesis can be seen in our results, they can only reflect the partial
mechanisms in the biological process. Therefore, transpiration can better show the
efficiency of current plant gas exchange than photosynthesis in our study.

Second, other atmospheric variables should be considered for reasonable weather

conditions. For example, fog’s effect can suppress the CO, uptake in cloud forests. (+,

2020) However, as previously discussed, biological parameters are mostly not simulated
in our experiments. Besides fog and precipitation, specific humidity, air temperature, and
radiation could be very different from 0.1 times precipitation to 1.5 times precipitation.
The idealized experiments were conducted in all the same energy conditions. On the other
hand, temperature could also affect vegetation growth, as we have discussed previously
from the TReAD correlation result (Chapter 4.1). The impacts of multiple factors
coupling to the gas change process would be the priority discussion in the future.

Third, Prec ND was decided by Pearson correlation results on rainfall and
vegetation indexes in observational data. It is not sure if earlier months (e.g., October and
more precede months) could affect the vegetation or not. For example, the correlation
result in CL shows that October also has a negative effect on spring EVI (Fig. 4.2(a)).
The lag responses between rainfall and vegetation in two kinds of forests could possibly

be explained if we conduct more tests at different temporal scales.
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44 Water and Carbon changes under the intensified
precipitation

Recent studies have discussed how would climate changes influence cloud forests.
The net photosynthesis rate increase because of easier CO; absorption through the rising
CO2 concentration, and the efficiency of photosynthesis becomes higher. (Ainsworth and
Rogers, 2007) The rising temperature might decrease the relative humidity in cloud
forests, reducing the formation of fog. (Foster, 2001; Still et al., 1999) Besides, lower
humidity will increase vapor pressure deficit, which in turn increases stomatal
conductance, making transpiration more efficient. (Stewart, 1988) From hydrological
perspective, in some tropical cloud forests with significant seasonal variation in
precipitation, fog interception can maintain water storage in soil, supporting vegetation
growth even in the dry season. (Dawson & GoldSmith, 2018; Limm et al., 2012;
Septllveda et al., 2018) Decreasing in fog occurrence may pose a threat to those regions.

In the cool season, October to April, the fog also has a remarkable proportion in CL
hydrology (Chu et al., 2014), which overlaps with our study time period. However, our
study has shown that, in CL, a high amount of precipitation provided abundant water to
local vegetation. This includes that fog can reduce the energy input instead of being a
water input factor, making CL always an energy limit place. The shortage of fog
immersion under climate change probably does not impact the available water to CL
cloud forests, or it can positively grow trees better due to higher accessed solar energy.

In the future climate projection in Taiwan, the dry season gets drier, especially in
spring. The decreased water availability might pose a threat to non-cloud forests, making
plants hardly conduct the photosynthesis process. Conversely, montane could forests

might have an effective photosynthesis process meanwhile because of less water input.
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The increasing number of non-rainy days could evaporate the redundant water, rising the
vapor pressure deficit value in montane cloud forests. Furthermore, local plants might
earn more solar radiation because of fog dissipation. The gas exchange between leaves
and the atmosphere could be more effective. This makes montane cloud forests play an
important role as a carbon sink in the ecosystem. Still, the multiple climate factors that

impacted the photosynthetic process in this period should be discussed more.
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Chapter 5 Conclusion

CL montane cloud forest has a large amount of precipitation due to the orographical
rainfall, northeastern monsoon systems, and winter fronts. Besides these, the frequent of
occurrence also provides horizontal interception and reduces solar radiation, making soil
moisture almost saturated all year round. This humid environment allows vegetation to
thrive even during non-rainy seasons without experiencing water shortages. In contrast,
LHC non-cloud forest has distinct seasonal variation in soil water, so water availability
during the non-rainy season could have a strong impact on the local ecosystem.

We found that the photosynthetic capacity was sensitive to the meteorological factor
from January to April (low soil water periods) from the analysis of observational rainfall
data and vegetation indexes. Water sources from precipitation in the preceding November
and December can easily influence LHC non-cloud forest, with the lag response of
precipitation variations to the soil. In contrast, CL montane cloud forest seemed less
susceptible to water input.

The precipitation sensitivity tests confirmed that local microclimate characteristics
dominate the vegetation greenness state compared to the changes in the land type and
species. Instead, stomatal conductance and soil water content play important roles in
controlling gas exchange. Stomatal conductance is affected by water transport from soil
to vegetation and vapor pressure deficit, which restrain each other and regulate the
stomata closure (Fig. 5.1).

Our study focused on the relationship between precipitation and vegetation.
However, other climate variables, such as temperature and solar radiation, may also affect
forest productivity. By considering these factors, we could better understand whether CL

montane cloud forest is sensitive to energy factors in non-rainy seasons. Only then could

21

doi:10.6342/NTU202210168



we know whether CL montane cloud forest is sensitive to energy factors in non-rainy
seasons.

Also, the biogeochemical mechanism of photosynthesis still accounts for a crucial
part that needs further investigation. It is unclear whether cloud forests will be able to
function as vital carbon sinks under future climate change or if they will become
vulnerable to multiple climate change factors. More idealized model simulations and
observational-based data may be necessary to fully understand plant water relations in

these ecosystems.
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Figure 1.1 A schematic of Budyko diagram. The solid lines represent energy and water

limits to the evaporative index, and the dashed line represents the original theoretical

Budyko curve (after Budyko, 1974). (The figure is taken from Creed et al., 2014)
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Figure 2.1 The location of the CL flux tower (red dot) and LHC flux tower (blue dot).
The boxes around the flux tower indicates the area of two sides in our research,

approximately Skm by Skm in size.
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Figure 2.2 Landtype comparison between CL and LHC. (The figure is taken from +

(2020) and the middle Taiwan map is taken from Schulz et al. (2017))
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Figure 2.3 Precipitation seasonality in CL (2008-2011) and LHC (2008-2013). Solid

lines present rainfall data from flux towers; dash lines are from TReAD data.
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Figure 3.1 Seasonality of three plant hydrology related variables in CL and LHC.
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underground.
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Figure 3.2 The comparison of seasonality vegetation indexes during different year period
in CL (orange lines) and LHC (blue lines): (a) EVI data, the averaged years matches the
year of valid meteorological data from the flux tower (b) long-term EVI data from 2000-
2020 (c) LAI data, the averaged years matches the year of valid meteorological data from
the flux tower (d) long-term LAI data from 2000-2020 The shading colors represent the
variation of EVI/ LAI between first quartile and third quartile from 9 years data (left) and

20 years data (right).
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Figure 3.3 Month to month correlation between rainfall and EVI in CL and LHC.
To the left of the dashed line present the precipitation in preceding year, while the right
present current year to EVI. The blank space is VIs-leading condition, which are not to

be considered.
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Figure 3.4 Month to month correlation between rainfall and LAI in CL and LHC.
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Figure 3.5 Scatter plot of average rainfall data in November and December and dry

season vegetation indexes anomaly in CL (orange) and LHC (blue). The lines show

linear regression results in each site. Both rainfall data are from in-situ flux tower.
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Figure 3.6 Scatter plot of average rainfall data in November and December and dry

season vegetation indexes anomaly in CL (orange) and LHC (blue). The lines show linear

regression results in each site. The rainfall data in LHC are from agricultural station, and

rainfall data in CL are from in-situ flux tower.

32

doi:10.6342/NTU202210168



Monthly Precipitation Comparison

TN TN N AN NN T N NN TN NN TN AN SN TN NN TN S NN AN N TN N AN TR SO N N

R = 0.95
y =1.07x + 9.678

1400

1200

1

1000

800

AGR (mm)

600

400

TR R T N N T N TN T NN T N BEN

200

I I ] 1 1 1 | I 1 I 1 I 1 1 | I T I ] 1 I I ] I 1 1 ] 1

0 200 400 600 800 1000 1200 1400
Flux Tower (mm)

Figure 3.7 Comparison of LHC monthly rainfall from 2008 to 2016 between flux tower
and agricultural station (AGR). The solid line presents linear regression between two

datasets, and the p-value < 0.01.
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Figure 3.8 Results of dry season transpiration and photosynthesis from experiment 1.

X-axis shows the multiple of Prec ND, and Y-axis are the change rate for transpiration

and photosynthesis compared to their CTR. (CL: orange line; LHC: blue line)
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Figure 3.9 Results of four variables in dry season from from experiment 1. (a) upper
10cm soil water (b) vapor pressure deficit (c) sunlit stomatal conductance (d) shaded
stomatal conductance (CL: orange line; LHC: blue line) Y-axis are the change rate for

each variable compared to the CTR.
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Figure 3.10 Results of four variables in dry season from experiment 1. (a) saturated
vapor pressure (b) air vapor pressure (c) transpiration beta factor (d) CO; partial
pressure (CL: orange line; LHC: blue line) Y-axes are the change rate for each variable

compared to the CTR.
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Figure 3.11 Results of dry season transpiration and photosynthesis from experiment 1
and 2. X-axis shows the multiple of Prec ND, and Y-axis are the change rate for
transpiration and photosynthesis compared to their CTR. (CL: orange line; LHC: blue

line; CLatm_LHCsurf: red line; LHCatm_ CLsurf: dodgerblue line)
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Figure 3.12 Results of dry season transpiration and photosynthesis from experiment 1 to

3. X-axis shows the multiple of Prec_ ND, and Y-axis are the change rate for transpiration

and photosynthesis compared to their CTR. (CL: orange line; LHC: blue line;

CLatm_LHCsurf: red line; LHCatm_CLsurf: dodgerblue line; CLclm_LHCsurf: brown

line; LHCclm_CLsurf: lightblue line)
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Figure 3.13 Vapor pressure deficit seasonality calculated by observational flux tower data.

Orange line for CL and blue line for LHC. Left picture are the was calculated by total

time steps, while right picture only include daytime from 8a.m. to Sp.m. The shading

colors represent the variation of VPD between first quartile and third quartile from 4 years

in CL and 5 years in LHC.
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Figure 4.1 Month to month correlation between TReAD rainfall (P) and EVI (up) and
LAI (down) in CL and LHC. To the left of the dashed line present the precipitation in
preceding year, while the right present current year. The blank space is vegetation-leading

condition, which are not to be considered.
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Figure 4.2 Month to month correlation between TReAD surface temperature (T) and EVI
(up) and LAI (down) in CL and LHC. The blank space is vegetation-leading condition,

which are not to be considered.
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Figure 4.3 Month to month correlation between TReAD net radiation (Rn) and EVI (up)
and LAI (down) in CL and LHC. The blank space is vegetation-leading condition, which

are not to be considered.
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Figure 4.4 Monthly normalized potential evapotranspiration (PET) and actual

evapotranspiration (AET) by precipitation in CL and LHC. Red circles present the

calculation from January to April. Dash gray line represent energy and water limited.
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Figure 5.1 Schematic of low soil water period plant-water relation in tropical non-cloud

forests, all the parameters derived from stomatal conductance formula in Community

Land Model.
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TABLES

Table 2.1 Experiment Design in CLM model simulation.

Experiment | Name of Land surface condition Atmospheric
Number experiments forcing

1 CL 100% evergreen needleleaf tree, | CL 2008~2011 half hourly
annual mean LAI =4.3, observational data
coefficient of maximum
allowed dew = 0.2533

LHC 4.64% evergreen needleleaf LHC 2009~2013 half hourly

tree, observational data
57.9% evergreen broadleaf tree,
2.04% deciduous broadleaf tree,
35.22% C3 grass,
annual mean LAI = 3.95

2 LHCatm_CLsurf 100% evergreen needleleaf tree, | LHC 2009~2013 half hourly
annual mean LAl =4.3, observational data
coefficient of maximum
allowed dew = 0.2533

CLatm_LHCsurf 4.64% evergreen needleleaf CL 2008~2011 half hourly

tree, observational data
57.9% evergreen broadleaf tree,
2.04% deciduous broadleaf tree,
35.22% C3 grass,
annual mean LAI = 3.95

3 LHCclm_CLsurf 100% evergreen needleleaf tree, | LHC 2009~2011 half hourly

annual mean LAI =4.3,
coefficient of maximum
allowed dew = 0.2533

observational data

Nov. to Dec. Precipitation:
CL 2009~2011 half hourly
observational rainfall data.

CLclm_LHCsurf

4.64% evergreen needleleaf
tree,

57.9% evergreen broadleaf tree,
2.04% deciduous broadleaf tree,
35.22% C3 grass,

annual mean LAI = 3.95

CL 2009~2011 half hourly
observational data

Nov. to Dec. Precipitation:
LHC 2009~2011 half hourly
observational rainfall data.
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Table 2.2 Daily average of multiple of November and December precipitation

(Prec ND) in CL and LHC.

Multiple value CL (mm/day) LHC (mm/day)
0.1 0.76 0.22
0.2 1.53 0.45
0.3 2.29 0.67
0.4 3.05 0.9
0.5 3.82 1.12
0.6 4.58 1.35
0.7 5.34 1.57
0.8 6.11 1.79
0.9 6.87 2.02
Control Run (CTR) 7.63 2.24
1.1 8.39 2.47
1.2 9.16 2.69
1.3 9.92 291
14 10.68 3.14
15 11.45 3.36
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