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Developing stand transpiration model relating canopy conductance to 
stand sapwood area in a Korean pine plantation
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With increasing concern for forest water use and anthropogenic alteration of
forest structures, understanding the effects of structural changes in forests on
transpiration is important. Our aim is to develop a stand transpiration model
relating canopy conductance with stand sapwood area (SA) and environmental
conditions for  assessing the interannual variation in stand transpiration. The
stand transpiration model is developed based on multiplicative empirical Gc es-
timations at eight Korean pine stands with different SAs. The model integrated
the response of stomatal conductance to various environmental variables as
vapor pressure deficit (D), photosynthetic active radiation (Q), air tempera-
ture (Ta), and soil  water content (θ). The reference  Gc (Gc at  D=1kPa)  and
stomatal sensitivity to D was found to have a significant relationship with the
SA, whereas other parameters like stomatal sensitivity to Q or Ta did not show
significant relationships with it. The Gc model successfully reproduced changes
in stand transpiration with changes in SA and climatic conditions. As this model
uses SA, a simple and easily measurable structural variable, it can be easily ap-
plied to other Korean pine forests and can help estimate the spatial and tem-
poral variations in stand transpiration.
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Introduction
Forest stand structures, such as standing

biomass,  stand density,  and species  com-
position are the important factors control-
ling forest water use and yield. Many stud-
ies have confirmed the effects of structural
changes in forests, by natural disturbance
or forest management practices, on forest
water balance (Hornbeck et al. 1993, Simo-

nin et al. 2007). Important forest structural
properties  that  regulate forest  water  bal-
ance have been identified, and one of the
most sensitive structural parameters in de-
termining the spatial heterogeneity of for-
est water use and yield is the spatial varia-
tion of stand sapwood area (Vertessy et al.
2001,  Benyon et al. 2017). Sapwood area is
highly  correlated  with  the  index  of  the
stand leaf area (Medhurst & Beadle 2002).
In addition,  the easiness of measurement
makes the sapwood area a useful index for
estimate transpiration over a large area.

However,  using  a  stand  sapwood  area
alone  fails  to  estimate  interannual  varia-
tions  in  forest  water  use.  In  short  term,
large temporal variation in stand transpira-
tion  is  mainly  owing  to  the  physiological
regulation  of  transpiration  by  controlling
stomatal  conductance  under  various  cli-
matic conditions (Tang et al.  2006). Trees
reduce the  stomatal  conductance  to  pre-
vent  excessive  water  loss  under  drought
conditions and maintain internal water po-
tentials within the operative range. In addi-
tion, adjustments of the tree structure to
climatic  conditions  control  temporal  vari-
ability of transpiration at a long-time scale.
For example,  trees tend to allocate more
to  conducting  tissue  under  drier  condi-
tions,  which  changes  in  leaf  to  sapwood
area  ratios  (Cosme  et  al.  2017).  These
sources of spatial and temporal variations
can be connected through canopy conduc-
tance  (GC),  as  GC is  mainly  correlated  by
both stand leaf area index (and sapwood
area) and climatic conditions.

To estimate GC, empirical and mechanistic
models have been used. Mechanistic mod-
els consider the response of  GC against in-
ternal  physiological  processes  in  plants,
such as  the  regulation of  stomatal  guard
cells  by  the  ion  channel  and  signalling
(Wang et al. 2012). On the contrary, empiri-
cal models rely on the observed responses
of  GC to variations in environmental condi-
tions, and do not provide any specific phys-
iological  interpretations,  but  have  been
employed  primarily  at  field-level  analysis
due  to  their  simplicity  and  effectiveness
(Oren et al.  2001,  Blanken & Black 2004).
For  example,  multiplicative  models  use  a
set of limiting functions to modify the max-
imum conductance to account for the em-
pirical  relationships  among environmental
variables (Jarvis 1976).

To develop the empirical models, continu-
ous measurements of  GC under various en-
vironmental  and  structural  conditions  are
needed.  Due to  the  difficulties  in  directly
measuring GC, indirect measurements from
stand transpiration by using sap flux den-
sity measurement are widely used (Granier
et al. 2000b, Blanken & Black 2004,  Kuma-
gai et al. 2008). In pine species, also, large
variations  in  physiological  regulation with
stand structural properties or climatic con-
ditions were analysed by sap flow measure-
ments in large geographical areas (Poyatos
et al.  2007a,  Tor-ngern et al.  2017).  Under
moist conditions, the reference  GC  increas-
ed with leaf area index until saturation re-
gardless  of  soil  types  (Tor-ngern  et  al.
2017). The  GC sensitivity to vapor pressure
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deficit  and soil  moisture  deficit  increased
with summer evaporative demand as well
(Poyatos et al. 2007a). These sap flux mea-
surements are suitable for areas with com-
plex terrain structures like Korean forests
and could be used in developing and vali-
dating  stand  transpiration  estimates  by
empirical model, which is enabling reliable
estimation of forest water use. This is im-
portant  for  forest  management  planning
because  forest  transpiration  mainly  con-
trols the water yield (Caldwell et al. 2016).

In this paper, we developed a model that
connects  stand  transpiration  with  stand
structural  attributes  and  environmental
conditions.  The  model  estimated  stand
transpiration was validated with calculated
stand transpiration by upscaling measured
sapflux density during the four consecutive
growing seasons in even-aged Korean pine
(Pinus  koraiensis)  plantation.  Our  objec-
tives were to (1) find the main controlling
environmental variables in stand transpira-
tion, (2) relate changes of model parame-
ter  values  with  stand  sapwood  area  vari-
ability, and (3) test the model applicability
under diverse environmental conditions.

Material and methods

Study sites
The study was conducted at Mt. Taehwa

in central Korea (37.18° N, 127.18° E, 190 m
a.s.l.). The experiments were conducted at
eight  sites  with  different  stand  densities
(SDs), basal areas (BAs), and sapwood ar-
eas  (SAs – Tab.  1).  The  experiment  sites
were located adjacent each other, and un-
der  the  same  environmental  conditions.
The mean annual temperature at the near-
est weather station is 11.4 ± 0.6 °C, and the
mean annual precipitation is about 1355.8 ±
300.2 mm, where most of the precipitation
occurs during the summer season due to
the  monsoon  climate.  Soil  is  loam gener-
ated from granite mixed with gneiss moth-
er rock. Each experimental site was 0.04 ha
and the distance among nearest plots was
5  m  and  the  maximum  distance  among
plots was 30 m. They featured even-aged

single-canopy  species  (Pinus  koraiensis),
and  a  few  deciduous  understory  species
that  occupied  less  than  5%  of  the  total
stand basal area. These understory species
were not considered in stand transpiration
estimation.  Korean  pine  was  selected  as
the target species because it is one of the
main planting species in Korea (occupying
more  than  20%  of  coniferous  plantation
area (Bae et al. 2011), and provides valuable
ecosystem services like carbon sequestra-
tion and pine nut production.

Following the end of the growing season
in 2011, the initial diameter-at-breast height
(DBH) was measured for all trees in the ex-
perimental plots. Annual growth was con-
tinually measured by hand-made dendrom-
eters installed on 98 out of a total of 103
trees (including all trees monitored for sap
flux  density)  within  experimental  plots.
Each tree diameter  growth was recorded
manually  7-13  times  per  growing  season
and used to calculate sapwood area incre-
ment of each plot.

Environmental  conditions,  photosynthet-
ic active radiation (Q, LI-190, LI-Cor), precip-
itation (03319-00, Cole-Parmer), air temper-
ature (Ta), and relative humidity (RH, HMP-
45C,  Campbell  Scientific)  were  measured
on  a  25-m-high  walk-up  tower  and  were
gap-filled  with  a  nearby  50-m  high  flux
tower. Volumetric soil water content (θ) of
the top 30 cm of the soil  layer was mea-
sured  by  TDR  sensors  (CS-616,  Campbell
Scientific, USA). All the environmental vari-
ables were measured by 30-second interval
and  30-minutes  averaged  values  were
stored. Vapor pressure deficit (D) was cal-
culated from Ta and RH.

Stand transpiration measurement
Stand transpiration was estimated  from

sap  flux  density  (JS)  measured  during  4
consecutive growing seasons from 2012 to
2015 by the hand-made Granier-type ther-
mal  dissipation  probe  method  (Granier
1987).  This  method  employs  two  probes,
an upper heating probe and a lower refer-
ence probe. The upper probe was heated
by a constant power (0.2 W), and the tem-

perature  differences  between  upper  and
lower probes were measured by 30-second
intervals  and  averaged  by  30-minutes.  To
minimize natural temperature gradient, the
probes were installed on the northern side
of  stems  and  shielded  by  light-reflecting
covers.  The  reference  probes  were  in-
stalled  at  least  above  120  cm  from  the
ground,  and  upper  probes  were  installed
vertically 10 to 15 cm apart from the refer-
ence sensors  to prevent thermal  interfer-
ences.  To prevent the errors from sensor
dislocation  caused  by  stem  growth,  new
sensors  were  reinstalled  at  proper  depth
on high growth trees. For considering tree-
to-tree variation in JS, we installed the sen-
sors on 12 trees per plot. In addition, radial
variations  of  sap  flux  density  were  mea-
sured on 4 sample trees covering most of
diameter  range within  study  plots.  Three
sensors per tree were installed radially (0-
20,  20-40,  and 40-60 mm),  and measured
the radial variation in sap flux density un-
der  changes  in  environmental  conditions
(Moon et al. 2016).

The  temperature  differences  between
the  probes  were  converted  into  sap  flux
density by the following equation (Granier
1987 – eqn. 1):

(1)

where JS  is sap flux density (g m-2 s-1), ΔTmax

is  the  maximum  temperature  difference
recorded at zero flux, and ΔT is the temper-
ature  difference  recorded  at  each  time
step.  Because  coefficients  in  eqn. 1  are
highly  sensitive  to  the  applied  heat  (Gra-
nier  1987),  constant  power  (0.2  W)  was
supplied  to  the  heating  probe.  The  zero
flux was determined by biophysical condi-
tions (night time with low D, < 0.1 kPa) and
stability of  ΔT (less than 0.05 standard de-
viation changes in ΔT for 2 hours).

A  power  failure  after  a  typhoon  event
caused 20-day data gaps in sap flux density
measurements from June 2012 to July 2012.
These data gaps were filled using the rela-
tionship between JS and environmental var-
iables. (mean and minimum  r2 between  JS

and environmental variables were 0.62 and
0.49,  respectively).  At  other  times during
the study periods, single tree data gaps oc-
casionally occurred due to sensor damage.
These individual tree data gaps in  JS were
filled  using  the  linear  relationship  with
other  trees  in  the  same  plot  (mean  and
minimum  r2 between trees were 0.96 and
0.83, respectively).

Daily stand-level transpiration (ET, mm d-1)
was scaled up by multiplying the measured
sapflux density with the relevant sapwood
area (eqn. 2):

(2)

where  Jsi is  the  daily  aggregated  sapflux
density of the outer- (0-20 mm), mid- (20-
40 mm), and inner- (40-60 mm) sapwood
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Tab.  1 -  Stand characteristics  of experimental  plots.  Stand density (SD),  basal  area
(BA), and sapwood area (SA) are expressed per hectare, diameter at breast height
(DBH) is expressed stand arithmetic means ± 1 standard error (SE), and leaf area index
(LAI) estimated by allometric relationship on March 2012 is expressed leaf area per
ground area.

Plot SD
(trees ha-1)

BA
(m2 ha-1)

SA
(m2 ha-1)

DBH
(cm)

LAI
(m2 m-2)

P1 400 29.2 18.2 29.9 ± 1.5 4.41

P2 375 26.1 16.8 29.5 ± 1.0 2.70

P3 300 22.2 13.9 30.4 ± 1.4 2.69

P4 325 28.1 16.8 33.0 ± 1.0 3.46

P5 300 27.7 16.0 34.1 ± 1.2 2.96

P6 400 25.6 17.0 28.3 ± 1.0 3.89

P7 250 17.6 11.4 29.8 ± 0.9 1.93

P8 225 14.7 9.8 28.8 ± 0.7 2.00
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(kg m-2 d-1), respectively,  ASi is the relevant
sapwood  area  (m2),  and  AP is  the  total
stand area (m2). Due to little color distinc-
tion  between  heartwood  and  sapwood,
the active sapwood area was determined
by  the  zero-sapflux  density  depth.  The
outer  60  mm  of  each  tree’s  BA  was  as-
sumed to be a conductive SA because sap
flow across sapwood area deeper than 60
mm was considered negligible (Moon et al.
2015).  On  average,  outer  sapwood  trans-
ported most (> 80%) of sap flow. Mid- and
inner-sapwood area contributed less than
20% of sap flow, where sap flux density of
mid-sapwood was 13.67% of outer sap flux
density  and  that  of  inner  sapwood  was
6.86% of  outer  sap flux density.  The  sap-
wood area was selected as the only scaling
factor because total needle mass was high-
ly  correlated  with  DBH  (Ryu et  al.  2014),
which  in  turn  showed  a  high  correlation
with sapwood area.

Stand transpiration estimation model
The  model  development  processes  con-

sist  of  three  steps.  First,  GC is  calculated
from stand transpiration estimated by sap
flux  density  measurements.  Second,  the
limitation in  GC according to each environ-
mental variable is analysed. Third, the limit-
ing  function of  GC is  related to the struc-
tural  parameters  (sapwood  area),  and  its
applicability to different climatic conditions
was tested.

The canopy conductance was estimated
by the inversion of the simplified Penman-
Monteith equation (Jarvis  & McNaughton
1986,  Komatsu et  al.  2014).  This  equation
assumes  that  equilibrium  evaporation  is
negligible,  and can be applied  to conifer-
ous  plantations  closely  coupled  to  over-
head  atmosphere  owing  to  their  short
characteristic  leaf  length  (Kelliher  et  al.
1993). The equation expressed  GC as (eqn.
3):

(3)

where  ρ is the density of air (kg m -3),  CP is
its specific heat (J K-1 kg-1), GC is canopy con-
ductance  (mm  d-1),  D is  vapor  pressure
deficit  (kPa),  γ is  the  psychrometric  con-
stant (kPa K-1), and  λ is  the latent heat of
water vaporization (J kg-1).

The  modeled  Gc calculated  by  the  rela-
tionship  between  environmental  condi-
tions and  ET was used as the reference in
the estimation model. This model uses the
sensitivity of Gc against environmental vari-
ables, and a set of limiting function was ap-
plied  as  follows (Jarvis  1976,  Harris  et  al.
2004, Rodrigues et al. 2016 – eqn. 4):

(4)

where f1(D), f2(Q), f3(Ta), and f4(θ) are func-
tions expressing the responses of Gc to the
daily mean vapor pressure deficit (D), pho-
tosynthetically active radiation (Q), air tem-
perature (Ta), and soil  water contents (θ),

respectively.  Each response was modeled
as follows (eqn. 5 – eqn. 8):

(5)

(6)

(8)

where  GCref is  the  reference  value  of  Gc

when  D = 1.0 kPa,  m is the slope between
Gc and ln(D), δ is the parameter that deter-
mines the sensitivity of  Q to limitations in
Gc,  Tmin,  Tmax,  and  Topt are  the  minimum,
maximum, and optimum  Ta for  GC, respec-
tively,  θmin is the soil water content where
stomata are completely closed by soil wa-
ter limitation, and θmax is the soil water con-
tent  where  limitation  by  soil  water  no
longer exists. At first, the observed Gc  was
compared with D. Q was compared with GC

divided by  f1(D),  Ta  was compared with  GC

divided by f1(D) f2(Q), and θ was compared
with GC divided by f1(D) f2(Q) f3(Ta).

All the above parameter values were esti-
mated by the gradient-based L-BFGS-B al-
gorithm in the “optim” function in R soft-
ware (R Core Team 2016), which minimizes
the variance between the structural char-
acteristics of the observed Gc and the esti-
mated  Gc.  Of  the parameters,  GCref and  m
showed  large  variations  between  sites
(Oren et al.  1999,  Herbst et al.  2008). On
the  contrary,  other  parameters  like  δ
showed  very  conservative  characteristics
regardless of the difference in stand struc-
ture (Ewers et al. 2008). This indicates that
structural  characteristics of the stand can
be assumed to be related to  GCref and  m,
but not to the other parameters.

To  test  the  compatibility  of  the  stand
transpiration model  with  various  environ-
mental  and  sapwood  area  conditions,
three model parameter set-ups were com-
pared  with  a  four-year  continually  mea-
sured stand transpiration data from eight
plots.  The first  model  used optimized pa-
rameter values for each plot and each year
(hereinafter,  the  E1  model).  The  second
model  used  GCref and  m estimated by  the
quadric  relationship  between  SA and  the
other optimized parameter values in each
plot  in  the first  measurement  year  (here-
inafter,  the  E2  model).  The  third  model
used the same values of GCref and m as the
E2  model,  with  the  mean  values  of  the
plots  for  the  other  parameters  (herein-
after,  the E3 model).  The performance of
each model  was compared by the overall
coefficient  of  determination  for  4  years,
and correlation coefficients  were  used to
compare  the  performance  of  models  on
each growing season.

Statistical analysis
The  sensitivities  of  sap  flux  density

against  environmental  variables  were
tested before model development. The pa-
rameters  for  describing  canopy  conduc-
tance  (Gc)  response  to  D variations  (GCref

and m) were calculated with boundary-line
analysis  (Schäfer  et  al.  2000).  The  data
recorded on low  D (< 0.6 kPa) conditions
were  excluded  in  boundary-line  analysis.
The parameters for radiation sensitivity (δ)
were  determined  by  employing  least-
squares method on regressing the relation-
ship between observed  Gc divided by  f1(D)
and  Q.  The  parameters  for  temperature
sensitivity (Tmin, Tmax, and Topt) were also de-
termined  by  least-square  method  on  the
regression of the relationship between ob-
served Gc divided by  f1(D)  f2(Q) and Ta. The
same method was applied on the parame-
ters  for  soil  moisture  sensitivity  (θmin and
θmax)  using  observed  Gc divided  by  f1(D)
f2(Q) f3(Ta) and θ.

The performance of each model  (E1,  E2,
and E3) was compared by an overall coeffi-
cient of determination for 4 years, and cor-
relation  coefficients,  mean  absolute  error
(MAE)  and  mean  bias  error  (MBE)  were
used to compare the performance of mod-
els  on  each  growing  season.  All  analyses
were conducted in R (R Core Team 2016).

Results

Environmental variables
Environmental  conditions  showed  inter-

annual variations over the 4-year study pe-
riod. Ta  was similar during the study period
(Fig.  1a).  Annual  mean  Q highest  in  2012
and lowest  in 2014 (Fig.  1b).  Notably,  the
annual mean D was similar among the first
3  years  but  was  highest  in  2015  (Fig.  1c).
The first two years were generally wet and
the last two years were dry (Fig. 1d). These
conditions  resulted in  a  distinct  combina-
tion of environmental variables during the
measurement years. In general, 2012 was a
wet year with  high light,  2013 was a wet
year  with  low  light,  2014  was  a  dry  year
with  a  humid atmospheric  condition,  and
2015 was a dry year with a dry atmospheric
condition (Fig. 1a-d).

Environmental constraints on canopy 
conductance

Fig.  2 shows  the  relationships  between
environmental  variables  (D,  Q,  Ta,  and  θ)
and canopy conductance (GC). Each plot in
Fig. 1 represents the limiting interaction of
each  environmental  variable  during  the
2012 growing season. The results of P1 for
the first measurement year are only shown
here,  but  the  same  processes  were  con-
ducted on other plots and for other years.

Relationship between parameter values
and sapwood area

There  were large inter-plot  variations  in
m and GCref. The maximum values of m (1.37
mm d-1 kPa-1) and GCref (1.74 mm d-1) were ap-
proximately 70% higher than the minimum
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GC=
ETγ λ
ρCpD

GC=f 1(D )⋅f 2(Q)⋅f 3 (T a)⋅f 4(θ )

f 1 (D)=GCref−m⋅ln(D )

f 2(Q )=min{( Q600)
δ

,1}
f 3 (T a )={( T a−TmaxT opt−Tmin)( Tmax−T aTmax−T opt)}(

T opt−T max
T opt−Tmin )

f 4(θ )={ 0 when θ <θ min

θ−θ min

θ max−θ min
when θ min<θ <θ max

1 when θ >θ max
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values  of  m (0.79  mm  d-1 kPa-1)  and  GCref

(1.06 mm d-1). δ showed a variation among
the plots as well  (maximum  δ  = 0.63 and
minimum δ = 0.40). Topt exhibited a smaller

variation among them than  GCref,  m, and  δ
(minimum Topt  = 18.5 °C and maximum Topt  =
21.1 °C).

The  parameters  m and  Gcref showed sig-

nificant  correlations  with  the  stand  sap-
wood area (Fig. 3a, Fig. 3b). The second-or-
der regression explains 90.5% of the varia-
tion in  m (P < 0.001) and 85.8% of that in

189 iForest 14: 186-194

Fig. 1 - Meteorological 
conditions from 2012 to 
2015. (a) Daily mean air 
temperature (Ta); (b) daily
mean photosynthetically 
active radiation (Q); (c) 
daily mean vapor pres-
sure deficit (D); (d) daily 
precipitation (PRCP).

Fig. 2 - Relationships (a) between vapor 
pressure deficit (D) and canopy conduc-
tance (Gc), (b) between photosynthetic 
active radiation (Q) and GC divided by 
estimated GC using D only (f1(D)), (c) 
between air temperature (Ta) and Gc 
divided by estimated GC by using D and 
Q (f1(D)f2(Q)), and (d) between volumet-
ric soil water content (θ) and GC divided 
by estimated GC by using D, Q, and Ta 
(f1(D)f2(Q)f3(Ta)). The red line in each 
plot indicates the function expressing 
the response of GC to D, Q, Ta, and θ, 
respectively. The data from single plot 
and single growing season were shown.
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Fig. 3 - Relationship (a) between stand 
sapwood area (SA) and the slope (m) in 
f1(D), (b) between SA and reference 
canopy conductance (GCref) in f1(D), (c) 
between SA and the regression coeffi-
cient (δ) in f2(Q), and (d) between SA 
and optimum air temperature (Topt) in 
f3(Ta). The red lines indicate statistically 
significant regression between SA, and 
(a) m and (b) GCref, respectively.
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GCref  (P < 0.001). The regression lines were
determined  as  m =  0.014SA2 – 0.362SA +
3.02, and GCref = 0.014SA2 – 0.334SA + 3.016,
respectively. The other two parameters did
not show a significant correlation with the
SA (Fig. 3c, Fig. 3d).

Stand transpiration estimated by the 
combination of limiting functions

Fig. 4 shows the serial  time steps in the
estimation of stand transpiration. At first,
stand transpiration was calculated by cano-
py  conductance  estimated  by  using  only
f1(D). This caused an overestimation in the
spring, monsoon, late autumn, and winter
seasons, when Q was generally low, and re-
sulted in a relatively low determination co-

efficient  (adj.  R2 =  0.624  – Fig.  3a).  When
limitation  by  Q was  considered,  errors  in
spring,  monsoon,  and  autumn  were  re-
duced, but still showed considerable over-
estimation in winter. The determination co-
efficient  was  slightly  increased  (adj.  R2 =
0.705 – Fig. 3b). These errors in winter de-
creased by  considering a limitation by  Ta.
The estimated  ET reproduced the seasonal
variation in the observed ET, and the deter-
mination coefficient significantly increased
(adj. R2 = 0.805 – Fig. 3c). The limitation by
soil water content had little effect on stand
transpiration estimation, and the determi-
nation coefficient slightly increased (adj. R2

= 0.807 – Fig. 3d).

Evaluating model performance
Fig. 5 shows the relationship between the

observed  stand  transpiration  and  esti-
mated transpiration using an E1 model (Fig.
4a), E2 model (Fig. 4b), and E3 model (Fig.
4c). As parameters were estimated by less
measurement data periods, model perfor-
mance was decreased, but estimated ET by
most simple model (E3) still showed good
agreements  with  measured  ET.  The  esti-
mated  ET by the optimized parameters for
each year and plot was strongly correlated
with the observed  ET (r = 0.97,  P < 0.001,
MAE=9.33,  MBE=-7.3).  The  use  of  SA-re-
lated  parameters  reduced  the  correlation
between  the  estimated  ET and  observed
ET (r =  0.88,  P <  0.001,  MAE=19.24,  MBE=
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Fig. 4 - Time series of observed
daily transpiration (ET) for P1 in

2012 and ET estimated by stom-
atal conductance model (a)

using D only, (b) D and Q, (c) D,
Q, and Ta, and (d) using all of

variables (D, Q, Ta and θ). The fig-
ures on the right side show the

correlation between the esti-
mated ET and observed ET.

Fig. 5 - Relationship between observed annual stand transpiration for 4 years (2012-2015) and estimated stand transpiration from 8 
plots by E1 model (a), by E2 model (b), and by E3 model (c).
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-10.76). The correlation coefficient showed
a reduction over year, and was the highest
in 2012 (r = 0.98, P < 0.001) and the lowest
in 2014 (r = 0.80, P = 0.016). The other two
years showed intermediate correlations (in
2013, r = 0.87, P = 0.005, in 2015, r = 0.82, P
= 0.012). The use of the plot’s mean param-
eter values slightly reduced the correlation
coefficient (r = 0.86, P < 0.001, MAE=19.24,
MBE=-12.25). Same in the previous model,
the  correlation  was  highest  in  2012  (r =
0.96, P < 0.001) and lowest in 2014 (r = 0.73,
P = 0.039).

Interannual variation in parameters
In general, the parameter values in each

limiting function were relatively conserva-
tive  and  showed  minor  interannual  varia-
tions (Fig. 6, Tab. S1 in Supplementary ma-
terial). The m and GCref  showed similar rela-
tionships  with  SA  during  4  growing  sea-
sons,  and  less  variation  was  observed  in
GCref  than  m.  The  radiation  sensitivity,  δ,
showed  relatively  large  interannual  varia-
tion than other parameters (Fig. 6c). These
interannual variations in  δ  were related to
the annual mean θ (Fig. 7). The θ variation
does not explain the inter-plot differences

in  δ,  but the mean  δ  was highest in 2013
when annual mean  θ was the highest and
was lowest in 2014 when θ was the lowest.

Discussion

Sensitivity of canopy conductance to 
environmental and structural variables

The developed stand transpiration model
successfully  reproduced  interannual  and
seasonal  variations  in  the  observed ET in
eight  plots  with  different  sapwood  areas
for  four  years  (Fig.  4,  Fig.  5).  D was  the
most  significant  limiting  factor  in  canopy
conductance and explained 62% of tempo-
ral variations in ET alone. The incorporation
of limitations by other environmental vari-
ables increased model performance slight-
ly (Fig. 4b, Fig. 4c), but θ did not influence
ET estimation (Fig. 5d). One reason that the
relation between soil water status and ET is
not significant may be that θ is not a limit-
ing  factor  in  investigated  forests,  or  at
least during the first measurement period
(during  the  2012  growing  season)  when
empirical relationships are analysed. The θ-
related reduction in GC was not observed in
other  temperate  forests  (Komatsu  et  al.

2006), but significant soil  water limitation
effects have been reported elsewhere (Ta-
naka et al. 2002, Kim et al. 2008).

The  increased  model  performance  in
spring, autumn, and monsoon season by in-
corporation  of  Q limitation  (Fig.  4b)  is
caused  by  water  availability.  The  Asian
monsoon region generally experiences dry
periods before and after summer monsoon
(Zhang & Zhou 2015), and this could lead to
a decline in hydraulic conductance by em-
bolism associated with  D stress (Duursma
et  al.  2008).  Monsoon  reduces  water
stress,  and  tree  water  use  is  further  af-
fected by the available energy.  Limitation
due to  Ta  has  a  dominant  effect  on  Gc in
winter and early spring.  GC shows its opti-
mum under Ta conditions between 15 to 20
°C (Gash et al. 1989), and starts decreasing
when  Ta is  below  15  °C (Granier  et  al.
2000a).

GCref and  m showed  significant  interac-
tions with stand sapwood area (Fig. 3). In
general,  GCref has  a  positive  relationship
with stand leaf area, the ratio of sapwood-
to-leaf  area,  and  the  inverse  of  canopy
height (Novick et al.  2009). However, the
GC-SA relationship found in this study was
different  from  that  of  previous  studies,
which reported saturation of canopy con-
ductance at high LAI (> 6 m2 m-2 – Granier
et  al.  2000b).  This  was  due to  low stand
density  and  sapwood  area.  The  LAI  esti-
mated by a site-specific allometric equation
(Ryu et al. 2014) ranged from 1.93 to 4.41
(Tab. 1) and was much lower than the re-
ported  LAI  (≈6)  at  saturation  of  the  ob-
served GC.

Interannual variation in parameters
The  conservative  characteristics  of  pa-

rameter  values  in  each  limiting  function
(Fig. 6) was partly caused by the physical
characteristics of the target species.  Pinus
species generally showed isohydric charac-
teristics  (Klein  et  al.  2011,  Roman  et  al.
2015). They constantly regulated water loss
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Fig. 6 - Interannual variation in relation-
ship between (a) stand sapwood area 
(SA) and the slope (m) in f1(D); (b) SA 
and reference canopy conductance 
(GCref) in f1(D); (c) SA and regression 
coefficient (δ) in f2(Q); and (d) SA and 
optimum air temperature (Topt) in f3(Ta).

Fig. 7 - Relationship
between interannual

variation of parameter
for canopy conduc-

tance sensitivity to radi-
ation (δ) and annual

mean soil water con-
tent (θ) of each plot.
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within certain ranges to reduce the varia-
tion in leaf water potential (Buckley 2005).
In isohydric species,  GCref and  m showed a
conservative relationship, regardless of the
difference  in  species  and  climatic  condi-
tions (Oren et al. 2001,  Ewers et al. 2005),
which was also  shown in  this  study.  Fur-
thermore, leaf water potential was consid-
ered to be regulated within relatively con-
stant  ranges  regardless  of  soil  water  sta-
tus. This led to similar relations between D
and  GC under  a  variety  of  climatic  condi-
tions.  These  results  were  different  from
the previous study which reported interan-
nual  variations  in  D  sensitivity  with  soil
moisture conditions (Tor-ngern et al. 2017).
However,  the limited effects of soil  mois-
ture were also reported due to the use of
deep  soil  water  under  drought  periods
(Poyatos et al. 2007b), or monsoon caused
moist conditions when atmospheric evapo-
rative demand was high in the summer sea-
son.

There was an interaction between inter-
annual variations in radiation sensitivity (δ)
and soil water availability (θ – Fig. 7). Both
soil  water availability and energy input by
radiation  control  the  forest  transpiration,
and the relative importance between them
could vary by soil water conditions. Under
sufficient  soil  water  conditions,  radiation
limits  the  transpiration  which  causes
higher  GC sensitivity  to  radiation,  but  the
sensitivity could be reduced when transpi-
ration was limited by soil water availability.

The model that used the site-specific and
year-to-year parameter values showed the
best  performance.  However,  the  models
using estimated or general mean parame-
ter  values  also  showed  acceptable  (r2 >
0.74) performance in annual stand transpi-
ration estimation.

Limitations
Empirical  approaches  exhibit  reasonable

performance in limited ranges of environ-
mental conditions. As they have been de-
veloped under constrained ranges of envi-
ronmental  conditions,  extreme  climatic
conditions like drought reduce their capa-
bility in terms of estimations of  Gc (Gao et
al. 2002). Thus, the applicable range of em-
pirical models depends on the generality of
the observed relationship and the range in
which it is valid.

There  are  sources  of  uncertainty  in  up-
scaling from sapflux density measurements
to stand transpiration. Although the mea-
sured radial and circumferential variations
of sapflux density (Moon et al. 2015) were
used for upscaling, the assumption of simi-
lar  radial  variations,  regardless  of  stand
sapwood  area,  could  be  invalid  because
they can be significantly altered by stand
density (Medhurst et al. 2002). Moreover,
the  relationship between SA and LAI  can
be affected by stand density. In less com-
petitive plots, trees can access more water
and nutrients and allocate more biomass to
above-ground. This could make trees sup-
port more leaf area per unit basal area in

low-density  stands  (Shibuya  et  al.  2005).
The  assumption  of  same sapwood  depth
regardless of tree size could also increase
the uncertainty of stand transpiration esti-
mation. However, due to even-aged stand
conditions and similar canopy positions in
this  study,  differences  in  sapwood  depth
among  trees  may  be  small.  Moreover,
since most of sap was transported through
the  outer  sapwood  area,  uncertainties  in
inner sapwood depth did not result in large
errors in stand transpiration estimation.

In the simplification of the Penman-Mon-
teith  equation,  aerodynamic  conductance
is assumed to be infinite. This assumption
is generally accepted for coniferous forests
(Herbst 1995), but forest stand structures
and surface roughness affect aerodynamic
conductance. As a result, applying the sim-
plified  Penman-Monteith  equation  on  a
stand with low aerodynamic conductance
causes  an  overestimation  of  canopy  con-
ductance.

Implications for forest management
Similar  methods  have  been  applied  to

predict  ET at  various  sites  (Granier  et  al.
2000b,  Benyon et  al.  2017).  However,  the
empirical  relationships  in  those  studies
could not be directly applied to other spe-
cific forests or tree species. The  ET model
developed in this study can be very useful
to estimated changes in  ET in Korean pine
forests  with  forest  management-induced
structural changes.

The ET model helps estimate spatial varia-
tion in  ET and total  forest water use with
the combined use of a forest digital  map
and  National  Forest  Inventory  data.  The
most powerful aspect of this model is the
use  of  the  simple  and  easily  measurable
forest  structural  variable  (SA).  However,
this model application is constrained to Pi-
nus koraiensis forests at present. The direct
application  of  the  empirical  relationship
found in this study to other types of forest
can generate erroneous estimations of  ET,
but the concept underlying it is useful for
developing  an  ET model  for  forests  com-
posed of other species.

Furthermore, this model can help to esti-
mate forest  productivity when combining
stand water use with water use efficiency
estimated by other approaches such as sta-
ble  isotope  discrimination  measurements
(Turnbull et al. 2002, Wang et al. 2014).

Conclusion
This study found the main environmental

constraint in stand transpiration and devel-
oped a stand transpiration model that re-
lated  the  stand  structural  variable  with
canopy conductance. The stand transpira-
tion was regulated mostly  by vapor  pres-
sure deficit. The stomatal sensitivity to va-
por pressure deficit and reference canopy
conductance  were  increased  with  stand
sapwood area. The model successfully  re-
produced  changes  in  stand  transpiration
against  changes  in  stand  sapwood  area
and climatic conditions.

The results indicate that measurement on
a single growing season on stands with var-
ious sapwood areas can generate a reliable
stand  transpiration  model  for  mono-
species’ forests. Moreover, the use of sim-
ple forest structural variables can lend gen-
erality to this method and enable an easy
application to other forests. This can help
us understand the mechanisms underlying
spatial  and  temporal  variations  in  forest
water use.
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