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Abstract

Plant transpiration depends on environmental conditions, and soil water availability is
its primary control under water deficit conditions. In this study, we improve a simpli-
fied process-based model (hereafter “BTA”) by including soil water potential (i) to
explicitly represent the dependence of plant transpiration on root-zone moisture con-
ditions. The improved model is denoted as the BTA-y model. We assessed the per-
formance of the BTA and BTA-y models in a subtropical monsoon climate and a
Mediterranean climate with different levels of water stress. The BTA model per-
formed reasonably in estimating daily and hourly transpiration under sufficient water
conditions, but it failed during dry periods. Overall, the BTA-y model provided a sig-
nificant improvement for estimating transpiration under a wide range of soil moisture
conditions. Although both models could estimate transpiration (sap flow) at night,
BTA-y was superior to BTA in this regard. Species differences in the calibrated
parameters of both models were consistent with leaf-level photosynthetic measure-
ments on each species, as expected given the physiological basis of these parameters.
With a simplified representation of physiological regulation and reasonable perfor-
mance across a range of soil moisture conditions, the BTA-y model provides a useful

alternative to purely empirical models for modelling transpiration.
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1 | INTRODUCTION

Transpiration (E.) plays an important role in land-surface energy and
water balance, amounting to roughly 40% of terrestrial precipitation
(Oki & Kanae, 2006; Schlesinger & Jasechko, 2014) and influencing
regional and global climate (Dickinson, 1987; Fatichi, Pappas, &
Ivanov, 2016; LeMone et al., 2007). Transpiration depends on environ-
mental conditions and will respond to changes in climate and local
hydrological conditions (Gharbia, Smullen, Gill, Johnston, & Pilla,
2018). Accurate estimation of transpiration is therefore crucial to
understanding how hydrometeorological conditions (e.g., solar
radiation, soil water status, temperature, vapour pressure deficit, and
CO, concentration) impact plant function, drought response, and
mechanisms of mortality (e.g., hydraulic failure and carbon starvation;
Hartmann, Ziegler, Kolle, & Trumbore, 2013; McDowell et al., 2008).

A number of approaches have been developed for estimating
transpiration. Because transpiration is coupled with photosynthesis
(Cowan, 1982), many models use the coupling of net CO, assimila-
tion rate (A,) and stomatal conductance (g) to constrain models of
plant-atmosphere CO, and water vapour exchange (Best et al.,
2011; Boussetta et al., 2013; Oleson et al., 2010). Nevertheless, it
is often desirable to estimate transpiration independently from
photosynthesis. For example, one of the two transpiration models
adopted in the Noah land surface model estimates transpiration
based on the Jarvis scheme (Wei, Xia, Mitchell, & Ek, 2013). The
enhanced Physiological Principles in Predicting Growth (3PG+) forest
growth model integrated into the Catchment Analysis Tool (Beverly,
Bari, Christy, Hocking, & Smettem, 2005) adopted the Food and
Agriculture Organization approach based on potential evapotranspi-
ration (Feikema et al., 2010). AquaCrop, a crop water productivity
model developed by the Land and Water Division of Food and Agri-
culture Organization, mainly focuses on water dynamics and balance
(Saccon, 2018), in which transpiration is estimated from the crop
coefficient and reference evapotranspiration (ETp; Allen, Pereira,
Raes, & Smith, 1998).

Several methods are available to estimate E. independent of pho-
tosynthesis. The Penman-Monteith (P-M) equation is one of the most
widely used methods for estimating plant water use (Khamzina,
Sommer, Jpa, & Plg, 2009; Pereira, Green, & Nova, 2006). A few other
models estimate E. directly by calculating a theoretical maximum
transpiration rate and then reducing actual transpiration below this
maximum using stress functions based on environmental inputs
(Mission, Panek, & Goldstein, 2004; White, Beadle, Sands, Worledge,
& Honeysett, 1999; Whitley, Medlyn, Zeppel, Macinnis-Ng, & Eamus,
2009); this method is often referred to as the modified Jarvis-Stewart
method (MJS), as the stress functions are formulated in a manner
similar to the Jarvis-Stewart approach (Jarvis, 1976; Stewart, 1988).
MJS requires fewer parameters and input variables than the P-M
equation, and it calculates transpiration directly from environmental
variables, bypassing canopy conductance (g.).

Process-based models have also been developed to estimate
transpiration rates (Choudhury & Digirolamo, 1998; Federer, 1979;
Gao, Zhao, Zeng, Cai, & Shen, 2002). These models include

parameters that explicitly represent measurable biophysical proper-
ties or traits, for example, leaf-specific hydraulic conductance, soil
water potential or leaf water potential, and epidermal osmotic pres-
sure. Because direct quantification of these traits is often time-
consuming and requires specialized equipment, process-based models
for tree water use are perceived to have limited applicability for
catchment managers (Gharun, Turnbull, Henry, & Adams, 2015). Buck-
ley, Mott, and Farquhar (2003) proposed a process-based model (here-
after BMF) based on biophysical process laws for gas exchange and
water transport and experimentally supported hypotheses about
how stomata respond to leaf water potential. Rodriguez-Dominguez
et al. (2016) used a modified version of the BMF model to clarify
the mechanisms of stomatal regulation under soil drought. Buckley,
Turnbull, and Adams (2012) simplified the BMF model in another
form, which is now referred to as the “BTA” model (Wang, Guan, &
Simmons, 2016). The BTA model, which includes just two environ-
mental variables (incoming shortwave radiation and vapour pressure
deficit), was able to simulate sap flux and stomatal conductance for
two south-east Australian species at different time scales (Buckley
et al, 2012). Xu, Yu, Ji, and Studicky (2017) have shown that the
BTA model outperforms the MJS model in arid regions. Wang et al.
(2016) demonstrated that the MJS and BTA models generally outper-
form the P-M equation for simulating tree water use under
Mediterranean-type climate conditions.

When the original process-based model (Buckley et al., 2003) was
simplified by Buckley et al. (2012), three biophysical parameters—the
leaf-specific plant hydraulic conductance, K;; the leaf solute potential,
Usears and the soil water potential, Ysoy—were combined into a single
parameter intended to be estimated empirically, Enax = Ki (Wsoil = Us,
leaf). One rationale for this simplification was that, in many species,
osmotic adjustment (active decline in Ysjear by solute accumulation
in leaves) counterbalances declining soil water potential, such that
Emax remains approximately constant, obviating the need to measure
its component parameters directly. As a result, the BTA model
does not explicitly include soil moisture. However, Wang et al.
(2016) reported that BTA fails to simulate transpiration accurately
when soil water condition varies widely. We hypothesized that
this failure could be remedied, and the model's performance under
varying soil moisture conditions could be improved, by expanding
the parameter E,.., to reflect its dependence on soil water potential.
We refer to the BTA model with expanded E. function as the
“BTA-U” model.

Another benefit of process-based models is their ability to inform
understanding of the physiological basis of observed variations in tree
growth, water use, and environmental responses (Houghton, Jenkins,
& Ephraums, 1990). Despite the BTA model's simplifications, its
parameters nevertheless bear transparent relationships to the underly-
ing biophysical parameters, so the model remains potentially useful in
this respect (Buckley et al., 2012; Wang et al., 2016). Buckley et al.
(2012) demonstrated this for two eucalypt species. However, the
BTA model's ability to provide insights about the processes underlying
transpiration has not been explored further, and this has not been
examined at all for the BTA-U.
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The objectives of this study were (a) to improve the performance
of the BTA model in estimating transpiration across a wide range of
water conditions by making the role of soil water potential explicit,
as in the original BMF model, and (b) to assess the capability of the
BTA and BTA-y models to infer physiological processes by comparing
their calibrated parameters with values derived from leaf-level gas
exchange measurements. We examined the performance of both
models across four species in two climate zones, at both daily and
hourly scales.

2 | METHODOLOGY

2.1 | Sites and target species

The experiments in this study were conducted at three sites. The first
was near the campus of Flinders University (138°34'28"E, 35°01'49"
S, elevation 100 m) in Adelaide, South Australia. The climate of
Adelaide is Mediterranean, characterized by hot and dry summers
and mild and rainy winters. Two Allocasuarina verticillata trees, a typi-
cal conifer in South Australia, were selected as the target species in
this study. The measurements for A. verticillata were performed over
two periods: January to April and October to December in 2012.
The other two sites were in Wangjiawan (112°53'20"E, 28°09'46"
N, elevation of 70 m) and the Yuelu Mountain (112°55'58"E, 28°10’
34"N, elevation 195 m), both located in Changsha, the capital city of
Hunan Province in the central south of China. The sites are away from
dense residential areas. The study areas have a subtropical monsoon
climate characterized with hot and wet summers and cold and dry win-
ters. Precipitation is concentrated in spring and early summer, followed
by a dry period in July and August (Liu, Guan, Luo, et al., 2017). Two
individuals of Osmmanthus fragrans and one of Cinnamomum camphora
were monitored in Wangjiawan during the growing season (from
April to September) in 2013. Both species are evergreen trees, widely
distributed in southern China. Data after August 1, 2013, were
excluded for C. camphora due to drought-induced leaf senescence.
Another C. camphora and two Liquidambar formosana trees were mea-
sured in Yuelu Mountain from 2014 to 2015. L. formosana is a common
local deciduous species, whose leaves appear in spring and fall in

autumn. All experimental trees were mature individuals. Data about
the study sites and trees are summarized in Table 1.

2.2 | Field measurements

2.2.1 | Measurement of micrometeorological data

Micrometeorological data were collected from a standard automatic
weather station (WeatherHark-232, USA), which was installed on a
flat piece of open land in each experimental site, with a distance from
target trees in a range of 20-50 m. Wind speed, relative humidity,
air temperature, precipitation, and solar radiation were measured.
Measurement frequency of the automatic weather stations was set
at a 15-min interval in Adelaide and a 30-min interval in Changsha.
Subhourly data were averaged for air temperature, relative humidity,
and wind speed and summed for solar radiation and precipitation to
hourly and daily values. There was a month-long drought period (from
July to August) in the summer of 2013 in Changsha. Total precipitation
from July to August in 2013 was about 32% of the average for the
same period from 1982 to 2013. In Adelaide, episodic rain events
during dry summer and autumn regularly produce a wide range of
moisture conditions. These variations in soil moisture provide a good
opportunity to examine the performance of the BTA and BTA-U
models under progressive soil drying. The temporal variation of mete-
orological measurement at the two studied zones is shown in Figure 1.

2.2.2 | Measurement of sap flow

Sap flow was measured with heat-pulse sap flow sensors (SFM, ICT
International Pty Ltd, Australia) at 30-min intervals. For each tree,
two sets of sap flow probes were installed in the south and north sides
of the trunk, at a height of 1.3 m above ground. A software “sap flow
tool” from the provider was used to calculate the daily and hourly sap
flow rates, with input observed parameters including sapwood depth,
bark thickness, sapwood fresh and dry weight, and sapwood fresh
volume, based on the method described in Burgess et al. (2001). The
sap flow rates were estimated from the average values of the two sets
of probes installed in each tree.

TABLE 1 Selected information for tree of the four species used in this study

Target tree Site Period of data record Plant type Tree age (years) DBH (cm) Height (m) L. (m? m™2)
Allocasuarina verticillata 1 ~ Flinders Jan. to Apr. and Oct. to Dec. 2012 Conifer 15 6 1.9
A. verticillata 2 Flinders Oct. to Dec. 2012 Conifer 13 6 1.8
Osmmanthus fragrans 1 Wangjiawan Apr. to Sep. 2013 EB 10 7.6 4.5 4.3
O. fragrans 2 Wangjiawan Apr. to Sep. 2013 EB 10 8.7 3.8 4.3
Cinnamomum camphora 1 Wangjiawan Apr. to Jul. 2013 EB 8 15.8 6.0 1.8
C. camphora 2 Yuelu Mountain  Apr. 2014 to Nov. 2015 EB 12 19.1 8.1 3.1
Liquidambar formosana 1~ Yuelu Mountain  Apr. 2014 to Nov. 2015 DB 50 39.8 17.2 3.6
L. formosana 2 Yuelu Mountain Jun. to Oct. 2015 DB 40 35.0 17 34

Note. DBH: tree diameters at breast height; EB: evergreen broad-leaved; DB: deciduous broad-leaved; L.: canopy leaf area index.
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National Meteorological Information Center (http://data.cma.cn/), and data from 1977 to 2011 in Adelaide are from the Bureau of Meteorology
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2.2.3 | Measurement of predawn leaf water potential

The predawn leaf water potential was measured using a Scholander-
type pressure chamber (PMS 1000, PMS Inst., Corvallis, OR, USA)
between 5:00 a.m. and 6:00 a.m., once weekly from June to Septem-
ber in 2013 at the site in southern China. Two branches with healthy
leaves were cut off from the target tree, and the water potential of
one leaf from each branch was measured using the PMS. If the two
observed values differed by less than 0.2 MPa, their averaged value
was the final predawn leaf water potential for this tree at that day. If
the error was over 0.2 MPa, two more branches were selected to
measure the leaf water potential, and then all measured values of this

tree were averaged as the final value.

224 |
potential

Measurement of predawn stem water

Stem water potential was measured every 30 min with thermocouple
stem psychrometers (PSY1, ICT International Pty Ltd, Australia),
developed by Dixon and Tyree (1984). Water potential along the
soil-root-stem-leaf continuum is commonly assumed to be in equilib-
rium at predawn (Wang, Guan, Deng, & Simmons, 2014; Yang et al.,
2013), and our data support this assumption (e.g., Figure 2a). There-
fore, in this study, we used predawn stem water potential (averaged
between 4:00 a.m. and 6:00 a.m.) as a surrogate for root-zone soil
water potential. Figure 2a,b shows how stem water potential varied

over time in O. fragrans 1 and A. verticillata 1.

2.2.5 | Measurement of canopy leaf area index

Digital cover photography (Pekin & Macfarlane, 2009) was adopted
to calculate canopy leaf area index (L. in this study. The method
uses vertical field-of-view canopy pictures taken by cameras and
then calculates L. in Matlab using code written by Pekin and
Macfarlane (2009).

2.2.6 | Measurement of leaf gas exchange

Leaf-level gas exchange was measured using an Li-6400 portable pho-
tosynthesis system (LI-COR, USA). Photosynthetically active radiation
(PAR) was provided by a red/blue light source (Li-6400-02B) con-
nected to the system with photosynthetic photon flux density varying
between 0 and 2,000 pmol m™2 s 1. Light response curves were
measured on sunny days; more details can be found in Luo, Guan,
Zhang, and Liu (2017). For broad-leaf species, the one-sided leaf area
included in the leaf chamber was input to calculate net photosynthesis
rates, whereas for needle-leaf species, the total leaf surface area was
used, as leaves in the chamber were exposed to light from all directions.

2.3 | Upscaling sap flow to canopy transpiration

Transpiration rates were calculated from sap flow measurements
based on the equation (Yang et al., 2013):

-2

- (1
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(a) Half-hourly stem water potential and predawn leaf water potential of Osmmanthus fragrans 1, and precipitation from June to

September (from DOY 159 to 244) in 2013. The difference between predawn leaf and stem water potential is minor, indicating water potential
equilibrium within the plant at predawn. Stem water potential increased at DOY 221 because of irrigation. (b) Half-hourly stem water potential of
Allocasuarina verticillata 1, and precipitation during two measured periods (from DOY 21 to 106 and DOY 275 to 366) in 2012. DOY is the day of

the year (i.e.,, 1 = January 1)

where A, is the effective canopy leaf area (cm?) and Q is the volumetric
sap flux (cm® day™* or cm® hr™Y). The effective canopy area is required
to convert volumetric sap fluxes (on a sapwood area basis; i.e., cm®
water-cm™2 sapwood-hr™!) to transpiration rates (on a ground area
basis; i.e., cm® water-cm ™2 ground-hr™2). A. conceptually is not necessar-
ily the projected canopy area, as it is related to canopy leaf area index,
root distribution of specific sample trees, as well as soil properties.
With an assumption that A. does not change with season for ever-
green species (A. verticillata, O. fragrans and C. camphora), and within
the growing season of the deciduous species (L. formosana), A, can
then be estimated by matching E. to potential transpiration during
the days with optimal soil moisture, for example, in a sunny day fol-
lowing a sizable rainfall. We adopt a hybrid dual source model (Guan

& Wilson, 2009) to estimate potential transpiration of a tree.

24 | Leaf-level photosynthesis data analysis

Canopy transpiration is connected to leaf-level stomatal responses,
which can be measured by leaf gas exchange. Thus, we compared
parameters derived at the canopy level from the BTA and BTA-{
models against those from leaf-level gas exchange measurements.
Leaf-level photosynthesis light responses (i.e., the response of
photosynthesis to irradiance) for each species were fitted to a
nonrectangular hyperbola (Cernusak, Hutley, Beringer, Jam, & Turner,
2011; Johnson & Thornley, 1984; Marshall & Biscoe, 1980):

dl + Amax ~ \/((Dl + Amax)2 - 46(])Amaxl
A= 28 - Rp,

where A is the net photosynthesis rate (umol COym 2572, ® is the
initial slope of the curve (umol CO, pmol™ PAR), Anax is the
maximum rate of photosynthesis (umol CO,-m~2-s™%), I is the irradiance
(umol-m™2s™1) of PAR, 6 is a curvature parameter (dimensionless),
and Rp is the respiration rate (umol CO,:m™%s7%). The calibration
method is based on Cernusak et al. (2011). Values of @ and Rp were
fitted first by the least square method at I below 50 pmol-m™2-s™%, and
then A« and 6 were estimated by the least square method. As the
photosynthetic rates were measured at leaf scale but transpiration
rates at the canopy scale, L. was introduced to convert A,,.x from leaf
scale to canopy scale, and the maximum canopy photosynthetic rate
was calculated by An.x L. This is based on the model proposed by
Bazzaz and Harper (1977) and on the assumption that the measured
leaves represent the average of all leaves, in terms of leaf age, leaf
distribution, nitrogen content, and so on. L. 7t (it = 3.14) was adopted
for A. verticillata to convert A,.x from leaf scale to canopy scale. The

inferred values of Anax, @, 6, and Rp are shown inTable 2.

2.5 | The BTA transpiration model

The BTA model is formulated as

Emax(Rs 4+ Ro)D

E. = tmaxi® T RO)Z
¢ " k+bRs + (Rs + Ro)D’

(3)
where E. stands for canopy transpiration and E., is the maximum
transpiration under optimal environmental conditions and can be
fitted as a parameter. R, means solar radiation (W m™2), and D is the

leaf to air vapour pressure deficit and can be approximated by air
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TABLE 2 Parameters of photosynthetic light response curves (Amax, @, 6, and Rp) measured by gas exchange

Species Anmax (umol CO,m2s7%) ® (umol CO, umol™* PAR) 0 (unitless) Rp (umol COpm2s7Y)
Allocasuarina verticillata 3.76 0.028 0.535 0.93
Osmmanthus fragrans 4.76 0.035 0.707 0.86
Cinnamomum camphora 13.94 0.055 0.308 2.22
Liquidambar formosana 8.41 0.048 0.554 1.76

Note. PAR: photosynthetically active radiation.

vapour pressure deficit (VPD) when canopy is coupled aerodynamically
(Jarvis & McNaughton, 1986). We use VPD (kPa) as a surrogate for D
in this study as we lacked estimates of canopy temperature. The
parameters k (kPa-W-m~2), b (kPa), and Ro (W m~?) are fitted. Rg is
included to enable the model to simulate nocturnal transpiration/sap
flow (Rg > O permits nonzero E. at night, when Ry = 0). Rg is set to zero

when the model is used to simulate daily total transpiration.

2.6 | The BTA- transpiration model

Darcy's Law was used to describe the relationship between canopy
conductance (g.), D, soil water potential, and the hydraulic conduc-
tance of the soil to leaf pathway (K|) for fluid flow (Tyree & Ewers,
1991). If boundary layer conductance is large relative to g, then g. is
equal to K. (Ysoil = Yiear)/D (e.g., Hubbard, Ryan, Stiller, & Sperry,
2001), where Yyeas is leaf water potential. For canopy well coupled
with surrounding air, transpiration is controlled by canopy conduc-
tance (g.) and vapour pressure deficit. Transpiration rates can be calcu-
lated as E. = g. D (Whitehead, 1998; Whitley et al., 2009). Given that
Ylear Cannot be more negative than s ear (because Yiear = Prear + s,
leafr aNd Piear = O [where Py is leaf turgor pressure]), it follows that
the gradient driving water flow to the canopy (Useii = Wiear) cannot
be greater than Y = Ysear, and hence, E. cannot exceed a maximum

value, Enax given by

Emax = Kl(q)soil - q)s.leaf)v ()

where K; (mm-MPathr' or mm:-MPa tday™?) is the stand-level
hydraulic conductance and s e¢ (MPa) is the solute potential (osmotic
potential) of the leaf. The original model of Buckley et al. (2003) upon
which BTA is based assumes (s eor to be more specifically that of the
epidermis, but recent studies (Diaz-Espejo et al., 2012; Rodriguez-
Dominguez et al., 2016) suggest that it represents bulk leaf osmotic
potential. When measurements of soil water potential are available,
the performance of the BTA model under water shortage can be
improved by inserting Equation (4) into Equation (3), resulting in what
we refer to as the BTA-U model:

E — Ki (Lbsoil - l<bs,leuf)RsD
" k+bRs+RD

at a daily scale, or

E — K!(Lpsoil - d’s,leaf) (Rs + RO)D
¢ k + bRs + (Rs + R,)D

at an hourly scale (R, is included in Equation 6 to permit hourly varia-
tions in nocturnal transpiration to be simulated). Here, both K; and s,
leaf are treated as fitted parameters, although we note that they have
physiological meanings and can be measured experimentally (e.g., as
shown by Rodriguez-Dominguez et al., 2016).

2.7 | Model calibration and parameter optimization

As rainfall may reduce the reliability of sap flow measurements and
some measurements of predawn stem water potential were missing
on rainy days, data from rainy days were not included in the analysis.
To obtain a single parameterization for each species, we combined all
types of data to train and test the BTA and BTA-y models by cross-
validation, for both hourly and daily time steps. One half of the
combined data (the “training” data) was randomly selected and used
to calibrate the models, and the remaining half of the data (the
“testing” data) was used to test the calibrated models. Results are
presented only using the testing data.

In this study, we used the DiffeRential Evolution Adaptive Metrop-
olis (DREAM) algorithm (Vrugt, Braak, Clark, Hyman, & Robinson, 2008)
to optimize parameter fitting for each model. DREAM requires users to
input a distribution for the values of each parameter and to set the
number of iterations. We estimated reasonable ranges for each param-
eter as follows. E,., was set as the maximum value of all measured tran-
spiration rates in the training period, and k, b, Rs, and K, were allowed to
range between 10 and 500 kPa-W-m~2, 0.1 and 10 kPa, 0 and 50 W m™2,
and 0 and 5 mm-MPa *hr ! or mm-MPa-day?, respectively, based on
the physical meaning of each parameter as well as the ranges identified
automatically by the DREAM algorithm. Figure 2b indicates that
the measured stem water potential of A. verticillata was lower than
-5 MPa during drought. Thus, the range for (5 ear Was set to -10 to
0 MPa for A. verticillata and -5 to O MPa for O. fragrans, C. camphora,
and L. formosana, which grow in a humid climate zone. DREAM runs
10 Markov chains at the same time and automatically searches the
scale and orientation of the proposed parameter distributions using
differential evolution. DREAM then produces 1,000 sets of parameters
and calculates a score for each parameter set. Finally, DREAM outputs

the numerical values of parameters with the best score.

2.8 | Model evaluation and validation

In order to quantify the predictive power of both models, two perfor-

mance statistical indices, root mean square error (RMSE) and the
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Nash-Sutcliffe coefficient of efficiency (NSE; Legates & Mccabe, 1999;
Nash & Sutcliffe, 1970), were used to evaluate the fitted models.
RMSE is an effective measure of the deviation of model estimates
from observed data. NSE indicates how well the predicted and
observed values fit the 1:1 line, and it ranges between -« and 1. Higher
values of NSE indicate that the model simulation is in better agreement
with the experimental observation, with NSE = 1 being optimal. If
NSE > 0.5, the simulation can be considered satisfactory; if NSE > 0.65,
the model is considered to perform well (Moriasi et al., 2007).

The Bayesian information criterion (BIC; Schwarz, 1978) penalizes
inclusion of extra parameters in a model (Hawkins, 2003) to prevent

overfitting. BIC is calculated as
BIC = nlog (Si—E> -+ mlog(n), (7)

where SSE is the sum of squared errors, n is the number of data points,
and m is the number of predictors. A model is preferred if its BIC is
smaller than others (Guan, Zhang, Makhnin, & Sun, 2013).

2.9 | Assessment of the physical processes from the
model parameters

The sensitivity of transpiration to environmental drivers may vary
across species (Whitley et al., 2013), and these differences can be
reflected in the value of parameters for transpiration models such as
BTA and BTA-U. In the BTA model, k and b are lumped parameters,
given as (Buckley et al., 2012):

k=Ki/(x®), 8

b= K’/( X amax): (9)

where K; is the same as in Equation (4), x (mm-MPa"*-kPa™%) is a factor
that scales guard and epidermal cell turgor pressures to stomatal con-
ductance and includes the effect of stomatal density, ¢ (W m™2)7%) is
the initial slope of the response of guard cell advantage to irradiance,
and day (unitless) is the guard cell advantage at saturating irradiance.
(The “guard cell advantage,” a, is a term from the original BMF model
of Buckley et al., 2003, the premise of which is that guard cells actively
adjust their osmotic pressures [rrg] in proportion to leaf turgor pres-
sure [Pieatl; a is the sensitivity of 1 to Pieay, i.€., @ = 9mg/dPiear) It is
more convenient to consider the ratio of k/b rather than to analyse
each single parameter, as the ratio eliminates x and K, giving dtax/,
which only involves the solar radiation response components. A large
k/b (i.e., dmax/®) means a large value of a., or small value of ¢, or
both. The values of ama/@ related to independent leaf-level gas
exchange measurements. It is reasonable to analyse the results of
k/b at hourly scale to compare with the value of A, L./® calculated
by gas exchange data, which is measured instantaneously.

To quantify uncertainty in fitted parameters, we compared param-
eter values obtained using 20 different training datasets of varying
sizes (25%, 50%, and 75% of all hourly data points) and reported the

coefficient of variation (CV) for each value across training datasets;

CV quantifies the relative uncertainty in parameter (CV = standard
deviation/mean). ldeally, final optimized parameters should have
uncertainty smaller than that resulting from 20 training iterations
based on 75% data.

3 | RESULTS

3.1 | Daily transpiration modelling

Statistical results of comparison between simulated daily transpiration
rates and those derived from observed sap flow are shown in Figure 3.
Figure 4 shows time series of simulations from both models and
observations derived from sap flow for each target species at daily
scale. Under conditions of sufficient soil moisture, both models
performed comparably (e.g., in 2014 and 2015 for C. camphora and
L. formosana), with differences below 0.02 in both RMSE (mm day ™)
and NSE (Figure 4c,d, respectively), indicating that the input of water
potential to the BTA-y model is not necessary under sufficient water
conditions.

However, the BTA model loses the ability to estimate transpiration
rate when soil water potential varies widely, especially for
A. verticillata, with NSE less than zero. In such conditions, BTA-)
outperformed BTA significantly. For example, in A. verticillata,
NSE = 0.602 for BTA-Y versus -0.147 for BTA, and in O. fragrans,
NSE = 0.590 for BTA-U versus 0.140 for BTA. The measured transpi-
ration rates of two O. fragrans trees decreased gradually from July to
August 2013 (~DOY 180 to 230) during a month-long drought, and
the BTA model failed to capture this trend.

3.2 | Hourly transpiration modelling

Hourly transpiration rates were simulated for the entire measured
period, and the statistical indicators of model performance are summa-
rized in Figure 5. For L. formosana, NSE and BIC were comparable for
both models. However, although the BTA model also performed well
for O. fragrans, C. camphora, and L. formosana, with NSE > 0.65, the
BTA-y model had much higher NSE and lower BIC in each species
(although these differences were quite small for L. formosana). For
example, for A. verticillata, NSE was 0.857 (BTA-y) versus 0.572
(BTA), for O. fragrans, NSE was 0.905 (BTA-y) versus 0.760 (BTA),
and for C. camphora, NSE was 0.767 (BTA-U) versus 0.660 (BTA).
The better performance of the BTA-U model is clearly evident in com-
parisons of hourly scale simulations and measurements during drought
periods (Figure 6). The BTA model failed to capture wide variations in
daily maximum transpiration rate during drought, with marked overes-
timation of midday transpiration. With the effect of soil water poten-
tial included, the simulations by the BTA-y model were in good
agreement with observations during both daytime and night-time.
These results indicate that BTA-U significantly improves transpiration
simulation of these species under a wide range of water conditions
at the hourly scale in both subtropical humid and Mediterranean
climate zones.
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FIGURE 3 Calculated and simulated transpiration (E.) for Allocasuarina verticillata (a), Osmmanthus fragrans (b), Cinnamomum camphora (c), and
Liquidambar formosana (d) from the BTA and BTA-y models. The dot-dashed lines are 1:1 lines. BIC: Bayesian information criterion; NSE:

Nash-Sutcliffe coefficient of efficiency; RMSE: root mean square error

3.3 | Nocturnal sap flow modelling

Both the BTA and BTA-Uy models accurately simulated nocturnal sap
flow, within £10%, in the subtropical climate zone (Figure 7). How-
ever, the BTA-y model outperformed the BTA model for all species,
especially for A. verticillata (e.g., the BTA model underestimated noc-
turnal transpiration by 15.5% in this species, vs. 1.7% underestimation
by the BTA-U model).

3.4 | Comparison of parameters estimated by leaf
gas exchange versus by calibration of transpiration
models

The parameters in both models have a basis in leaf physiology, so
physiological traits could potentially be inferred by fitting these
models to sap flow and environmental data. We tested this potential
by comparing parameters estimated from both models (using 100%
of transpiration data to train the models) with those calculated directly
from leaf gas exchange measurements. On the basis of Figure 8, which
shows that the uncertainty of the calibrated parameters k, b, k/b, and

Ro decreases gradually with the increase of the size of training data,

we estimate that the uncertainty for each fitted parameter is 5% of
its mean fitted value. We estimated photosynthetic parameters by
fitting Equation (2) to leaf-level gas exchange measurements
(Figure 9a). The ratio of the parameters k and b in the BTA and
BTA-y models should be proportional to the quantity Am.x L/D
calculated from gas exchange data, and our data generally support this
prediction, with correlation coefficients of 0.84 for the BTA-y model
and 0.70 for the BTA model (Figure 9b). This supports the notion that
the parameters in the BTA and BTA-y models have physiological

significance.

4 | DISCUSSION

4.1 | Advantage of the BTA-y model for simulating
transpiration over a range of moisture conditions

The effect of soil water potential on transpiration under drought
stress has long been incorporated in the soil-plant-atmosphere
models, although typically using empirical models to capture this
1979).

transpiration/sap flow were substantially improved by expanding

effect (Federer, Our results show that simulations of
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the parameter E,.. in the process-based BTA model to explicitly
describe the effect of soil water potential, rather than treating E..x
as a constant during periods of varying soil moisture. These
results demonstrate that a compact and tractable process-based
model of canopy transpiration can be useful for predicting
transpiration.

We found that the BTA and BTA-{ models performed comparably
under sufficient water conditions, but the BTA model failed in esti-
mating transpiration when soil moisture varies widely. The results
agree with the conclusions in Wang et al. (2016), in which BTA per-
formed better within seasons than across seasons as soil moisture
changed greatly, but contrast with results of Xu et al. (2017), who
found that the BTA performed well over longer experiment periods
(April to September in 2014 and 2015). Two possibilities may explain
the different performances of the BTA model between these studies.
The first is related to the different water sources between experimen-
tal sites. In Wang et al. (2016), stem water potential (MPa) tracked
precipitation during summer, suggesting that precipitation is the pri-
mary (if not the only) source for root-zone soil water at that site. By

contrast, Xu et al. (2017) performed measurements in a continental

- . (d)
L. formosana 1 in 2015 : L. formosana
i 2in2015
é L] L] \
i FIGURE 4 Simulated transpiration from the
} BTA and BTA-y models in comparison with
: the observations by sap flow measurement for
L] . ..
; ; : iy — : y Allocasuarina verticillata (a), Osmmanthus
210 236 269 215 241 293

fragrans (b), Cinnamomum camphora (c), and
Liquidambar formosana (d) at the daily scale

arid temperate climate with hot and dry summers, on desert shrub
species with deep root systems. Many ecosystems in arid and semi-
arid regions are dependent on groundwater (Liu, Guan, Zhao, Yang,
& Li, 2017). It is likely that the species in Xu et al. (2017) are ground-
water dependent, in which case they would be relatively insensitive to
fluctuations in moisture levels of the upper soil horizons caused by
seasonal variation in precipitation. Indeed, Xu et al. (2017) noted that
soil water content was significantly high below 20-cm depth. Another
possibility is that the leaf osmotic potential (sear) becomes more
negative in magnitude in response to the root-zone soil water deficit
in the species examined by Xu et al. (2017); such a pattern of “osmotic
adjustment” is common (Turner, 2018) and helps to maintain active
leaf gas exchange during soil drought. In the BTA model, osmotic
adjustment would make the parameter E, ., relatively insensitive to
soil drought, obviating the need to include s explicitly in the model,
as in the BTA-y model. Thus, we suggest that the BTA model can be
used to estimate transpiration for species with reliable groundwater
supply and/or strong osmotic adjustment, whereas the BTA-{ model
is more appropriate for species and sites that experience a wide range
of soil water stress.
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FIGURE 5 Hourly transpiration observed by sap flow and simulated by the BTA and BTA-y models, for Allocasuarina verticillata (a), Osmmanthus
fragrans (b), Cinnamomum camphora (c), and Liquidambar formosana (d). The dot-dashed lines are 1:1 lines. BIC: Bayesian information criterion; NSE:
Nash-Sutcliffe coefficient of efficiency; RMSE: root mean square error

4.2 | Inference of physiological properties from
calibrated parameters

The structure and parameters of the BTA and BTA-y models can be
traced directly to physiological mechanisms and properties, and thus,
fitted parameters from these models are expected to reflect physio-
logical difference across species, at least qualitatively. This means that
model projections can be progressively improved as physiological
understanding of the underlying processes improves. It also offers
the prospect of using the model to understand the physiological basis
of species differences in transpiration. For example, the ratio of the
fitted parameters k and b, as well as the measured parameter combina-
tion Amax Lo/ D (Amax Le 1/@ for conifer species), which theory suggests
should be proportional to k/b (Buckley et al., 2012), was greatest for
A. verticillata among four species. This may reflect the greater total
leaf surface area of the conifer A. verticillata and is consistent with
the finding that maximum mean diurnal gross primary production is
larger for temperate conifers than temperate broad-leaf deciduous
trees (Falge et al., 2002). By contrast, k/b was lowest for L. formosana,
which implies a large initial slope of the response of stomatal conduc-
tance to irradiance (¢; Equation 8) and corresponds well with the large
initial slope of the response of photosynthesis to irradiance (®) in this
species. This is likely because L. formosana is a deciduous species with

current-year leaves, which are sensitive to radiation. Values of A,.x
and ® were greater in C. camphora than in O. fragrans, indicating that
photosynthesis of C. camphora is more sensitive to light and reaches
greater maximum rates. High photosynthetic rates in turn imply a large
demand for water, which might explain why leaves of C. camphora
senesced after a severe drought in 2013 whereas the O. fragrans
canopy remained viable (Luo et al., 2016).

It should be noted that the fitted parameters from the BTA and
BTA-U models differed in most cases. This difference is likely due to
the fact that BTA cannot capture changes in soil moisture, due to
the invariance of its parameter E, .. This causes a compensatory shift
in the model's other fitted parameters, leading them to deviate
from their physical values. This problem was more pronounced for
the three species that experienced varying soil moisture (A. verticillata,
O. fragrans, and C. camphora), whereas fitted parameters for the BTA
and BTA-U models agreed better for L. formosana, which was mea-
sured under well-watered conditions. The divergence between param-
eters fitted for the BTA and BTA-{ models in the other three species
questions the assumption, implicit in treating E,.x as a constant, that
osmotic adjustment counterbalances changes in soil water potential
in these species.

Such a problem of unrealistic fitted parameters in the BTA model can

be found in published studies. For example, negative calibrated values



LIU ET AL

e Data — BTA —— BTA-y
0.4 4. verticillata 1 in 2012

A. verticillata 2 in 2012 (a)

362 364 366

0.1

O. fragrans 2 in 2013 (b)

. el
v T : " e = .- — :
201 205 209 213 217 221 202 206 211 215 220
0.5
C. camphora . .
04 1in2013 C. camphora 2 in 2014 C. camphora 2 1in 2015(c)

Transpiration rates (mm h)

L. formosana 1 in 2014 L. formosana 1 in 2015
0.4 gge
L]

o b
S -
2 . 45 42
S U O 1
s s
Ea o : : L
B e ||
¢ 3 1.7
v = -5
>
3 E 61 55-52
B
z ©-10 4
IR
8 =
=] 35 | OBTA
155 mBTAy
-20
A. verticillata O. fragrans C. camphora L. formosana

have been reported for the parameter b (Buckley et al., 2012; Xu et al.,
2017), which is not consistent with its physiological meaning. By con-
trast, fitted values of k/b in the BTA-{ model are consistent with mea-

sured values of A, L/®. We suggest that caution is required in

FIGURE 6 Simulated transpiration from the
BTA and BTA-{ models at the hourly scale in
comparison with the observations under
conditions of reduced soil moisture. Only data
points for Allocasuarina verticillata (a) from
December 15 to 31, 2012, and for
Osmmanthus fragrans (b), Cinnamomum
campbhora (c), and Liquidambar formosana (d)
from July 20 to August 10 in each year from
2013 to 2015 are shown to have a better
view for analysing the performance of models,
as the dry season often occurs from the
middle of July to the beginning of August in
Changsha and a drought period is in
December in Adelaide

FIGURE 7 Comparison between nocturnal
sap flow summed from each hourly simulation
and sap flow measurements of each target
species. The number above or below the bars
is the overestimated or underestimated
percentage by the BTA (open symbol) and
BTA-Y (solid symbol) models

inferring physiological parameters from calibrated parameters in indi-

vidual species and that further study is necessary to resolve this. We

also suggest that to obtain reasonable results, a reasonable initial range

of parameters should be given based on the physiological backgrounds.
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FIGURE 9 (a) Light response curves averaged for four Allocasuarina verticillata trees in 2017, Osmmanthus fragrans 1 in 2013, Cinnamomum
camphora 2, and Liquidambar formosana 1 in 2015. Data of the species in Adelaide and in Changsha were collected in summer. (b) The
relationship between A« L./®, calculated from observed leaf-level gas exchange, and k/b fitted for the BTA model (open symbols) and the
BTA-y model (solid symbols) by cross-validation against whole-tree sap flow measurements

In addition, the fitted parameters based on hourly and daily data et al,, 2012; Wang et al., 2016; Xu et al., 2017). This result further
are significantly different for both BTA and BTA-y (Table 3). Similar confirms that parameters should be calibrated separately at different
results have been reported in previous studies with BTA (Buckley temporal scales (Wang et al., 2016).
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TABLE 3 Parameter values for the BTA and BTA-y models calibrated using all data (“training data” + “testing data”) by DiffeRential Evolution

Adaptive Metropolis at daily and hourly time scales

Model Time scale  Species k (kPa-W-:m™2) b (kPa)
BTA Daily Allocasuarina verticillata ~ 66.5 1.01
Osmmanthus fragrans 15.7 0.59
Cinnamomum camphora  200.4 0.11
Liquidambar formosana 39.2 0.44
Hourly A. verticillata 309.6 1.28
O. fragrans 214.4 1.89
C. camphora 112.5 1.15
L. formosana 754 0.83
BTA-y  Daily A. verticillata 96.6 0.10
O. fragrans 10.3 0.64
C. camphora 211.9 0.11
L. formosana 29.2 0.32
Hourly A. verticillata 235.3 0.13
O. fragrans 146.3 0.20
C. camphora 88.5 0.10
L. formosana 68.3 0.71
4.3 | Simulation of nocturnal sap flow

A particular strength of the BTA and BTA-y models, compared with
other models (e.g., the MJS model), is their ability to estimate noctur-
nal transpiration or sap flow (Figure 7). Night-time transpiration has
been observed across a range of ecosystems (e.g., Dawson et al.,
2007; Novick, Oren, Stoy, Siqueira, & Katul, 2009; Snyder, Richards,
& Donovanm, 2003). Our data show substantial nocturnal sap flow
for each of our study species, representing 6%, 7%, 14%, and 22%
of total daily sap flow for A. verticillata, O. fragrans, C. camphora, and
L. formosana, respectively. These values are within the range of
reported night-time transpiration, for example, <10% for a range of
desert shrubs (Xu et al., 2017), 6-10% for Australian native woody
species (Buckley, Turnbull, Pfautsch, & Adams, 2011; Zeppel, Tissue,
Taylor, Macinnis-Ng, & Eamus, 2010), and up to 40% for some Amazo-
nian woody plants (Oliveira, Dawson, Burgess, & Nepstad, 2005).
Because of the large magnitude of nocturnal water loss, it is important
for models of evapotranspiration to include this phenomenon (e.g.,
Novick et al., 2009).

There have been some debates about whether nocturnal sap flow
actually represents transpiration or instead represents flow of water
into depleted water stores in tree trunks. The former interpretation
is supported by the tight relationship typically reported between noc-
turnal sap flow and VPD, which drives transpiration (e.g., Buckley et al.,
2011; Fisher, Baldocchi, Misson, Dawson, & Goldstein, 2007; Zeppel
et al., 2010), and by the studies that used modelling to partition plant
water recharge and transpiration (Buckley et al., 2011; Fisher et al.,
2007). The BTA and BTA-y models cannot, by themselves, distinguish
transpiration from storage flows. More direct validation of these
models' nocturnal predictions would require either nocturnal measure-
ments of stomatal conductance or sap flow measurements in
branches, which are hydraulically distal to most of the trunk water

storage volume.

K; (mm-MPa%hr™* or mm-MPa.day™?) Usjear (MPa)  Ro (W m2)
11.7
7.99
15.4
224
1.05 -6.02
0.69 -4.99
1.22 -4.99
0.82 -4.98
0.08 -6.18 15.9
0.05 -4.98 10.9
0.09 -3.60 22.3
0.10 -4.65 21.1
44 | A common limitation of simplified transpiration
models

A notable weakness of the BTA and BTA-U models is that neither
model was able to capture the full range between the smallest and
largest observed transpiration rates (e.g., Figures 4 and 6). Some sim-
ulated transpiration rates have a tendency towards an upper envelope
as well as a lower bound, especially at hourly scale (Figure 5). The
value of the upper bound is close to E,.x (the maximum transpiration
rate in the BTA model) and is limited by the fitted parameters K; and
Ys,lear in the BTA- model. We found that the observed transpiration
rates exceeded the fitted value of E,,. because the latter was adjusted
to optimize overall model fit, despite the fact that the quantities
embedded within E,. (notably soil water potential) were in fact
changing over the period for which the model was fitted. Because this
is not consistent with the physical meaning of E,.., we decided to set
Emax €qual to the maximum observed value; however, this produces a
negative bias, because in the BTA model, the transpiration rate can
never actually reach E..x but can only approach it asymptotically
(cf. Equation 3). The lower bound values are estimated at night and
might be affected by these fitted parameters as well. A similar result
was also found elsewhere using the MJS model (Macfarlane, White,
& Adams, 2004; Wang et al., 2016; Whitley et al., 2013).

5 | CONCLUSIONS

The performance of the BTA model under conditions of varying soil
moisture can be improved by incorporating the effect of root-zone soil
water potential. For a species in Mediterranean climate zone and three
species in subtropical humid zone at both daily and hourly scales, the
BTA model's failure to predict transpiration accurately under water

stress questions the assumption of osmotic adjustment that was
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implicit in that model's treatment of the parameter E,,, as a constant.
The improved model (BTA-U) is significantly better at predicting tran-
spiration over a large range of moisture stress, although the BTA
model was adequate under sufficient water conditions. Both models
were able to predict nocturnal sap flow, though BTA-U was superior
to BTA in this regard as well. Variation in calibrated parameters in both
models corresponded reasonably well with measured variation in
associated leaf-level physiological parameters.

The study provides modellers with an alternative transpiration
model with simplified physiological representation and reasonable
performance. Future work is required to test the improvements using
new data from other bioclimatic zones and in larger scales, for

example, based on eddy covariance flux measurements.
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