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Amplified eruptive outbreaks of bark beetles as a consequence of climate change can
cause tree mortality that significantly affects terrestrial water and carbon fluxes.
However, the lack of field-scale observations of underlying physiological mechanisms
currently hampers the expression of such ecosystem disturbances in predictive
modelling. Based on a unique flux tower dataset from a subalpine forest located in
the Rocky Mountains, mechanisms of stomatal response to an extensive bark beetle
outbreak were investigated using various models and parametrizations. The datasets
cover a decade, including the periods of pre-infestation, infestation, and post-
infestation. Field measurements showed considerable decreases in evapotranspira-
tion (ET), transpiration (T), and leaf area index (LAI) during the two-year infestation
period compared to the pre-infestation period. Model interpretations of observed
water and carbon fluxes indicated that the overall reductions in T were not solely
due to decreased LA, but also to changes in physiological behaviours. The summer
season's canopy-scale stomatal conductance was significantly reduced during the
infestation period, from 0.0018 to 0.0011 ms~'. One primary reason for the
observed variations is likely that the bark beetle infestation hampers the water trans-
port in the xylem. The damage of xylem has important implications for water use effi-
ciency (WUE), which also significantly influences the parameterization of stomatal
conductance. When using stomatal conductance models to forecast ecosystem
dynamics, it is crucial to recalibrate the model's parameters to ensure the accurate
depiction of stomatal dynamics during various infestation periods. The neglect of the
temporal variability of canopy-scale stomatal conductance under ecosystem distur-
bances (e.g., bark beetle infestations) in current earth system models, therefore,

requires specific attention in assessments of large-scale water and carbon balances.
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1 | INTRODUCTION

Rising air temperatures and precipitation deficits have amplified erup-
tive outbreaks of bark beetles across North America, Europe, and Asia
in recent decades (Goodsman et al., 2018; Hofstetter et al., 2022).
The high frequency of bark beetle infestation outbreaks and the large
areas of regions affected by tree mortality have significantly impacted
ecohydrology (Ren et al., 2021; Seidl et al., 2017). These impacts are
mainly exerted through modified canopy structures and altered physi-
ological behaviours of infested trees (Carlson et al., 2020; Ren
et al.,, 2023). Bark beetles can introduce a blue-stain fungus that dam-
ages the tree vascular system and interrupts the xylem flow, com-
monly resulting in hydraulic failure (Chen et al, 2015; Frank
et al., 2019). A decrease in leaf area index (LAI) can change the energy
partitioning, alter the fraction of penetrated solar radiation to the soil
surface, and consequently increase sensible heat and land surface
temperature of the infested area (Forzieri et al., 2020). In terms of
hydrological cycling, the decreased LAl can reduce canopy transpira-
tion and interception, while increase soil evaporation and understory
transpiration (Bearup et al., 2014; Forzieri et al., 2020).

Stomatal conductance is a key parameter governing the exchange
of water and CO, between stomata and the atmosphere (Baca
Cabrera et al., 2021; Damour et al., 2010; Henry et al., 2019; Lin
et al., 2015). Various stomatal conductance models have been pro-
posed based on different conceptualizations of stomatal behaviour in
response to environmental conditions (Buckley & Mott, 2013; Lamour
et al., 2022; Shao et al., 2023). Jarvis et al. (1976) developed a stoma-
tal conductance model formulated with multiple stress factors, includ-
ing light density, leaf temperature, vapour pressure deficit (VPD), CO,
concentration, and soil water potential. Several follow-up studies sug-
gested that stomatal conductance can be a function of the photosyn-
thesis rate at the leaf surface (Lloyd & Farquhar, 1994; Medlyn
et al., 2011; Miner et al., 2017). According to this theory, Ball et al.
(1987) proposed a model, in which the assimilation rate and relative
humidity were positively correlated with stomatal conductance. Leun-
ing (1995) used a similar formulation, replacing the relative humidity
with the VPD. An alternative stomatal conductance model has also
been formulated, based on the optimum theory that assumes that the
vegetation tends to maximize the carbon gain while minimizing water
consumption (Cowan & Farquhar, 1977; Lin et al., 2015; Medlyn
et al, 2011). Similar model formulations were proposed by
Medlyn et al. (2011) and Knauer et al. (2019). Overall, commonly-used
stomatal conductance models differ widely in their mathematical for-
mulations and underlying theories, which contributes to uncertainties
in estimated transpiration (Buckley & Mott, 2013; Franks et al., 2018;
Lamour et al., 2022). Therefore, the selection of an appropriate and
reliable model is critical in estimating stomatal conductance and pre-
dicting transpiration.

Identifying the effects of forest disturbances on ecosystems com-
monly requires consistent, high-frequency monitoring of terrestrial
carbon, and water fluxes, which is furthermore a prerequisite for
investigating the potential variation of stomatal behaviour. The pat-

tern of stomatal opening and closing can be affected by long-term

climate change and drastic ecosystem disturbances (Buckley &
Mott, 2013; Liang et al., 2023). For instance, in the long run, climate
warming decreased the efficiency of water transport between sto-
mata and the atmosphere by decreasing stomatal aperture, density,
and size, which has implications for the parameterization of the sto-
matal conductance model (Liang et al., 2023; Lin et al., 2015). How-
ever, the main focus in parameterizing stomatal conductance models
has been on the differences among vegetation species, with little con-
sideration given to the temporal variation in the parameterization of
stomatal conductance model (Bauerle et al., 2014; Damour
et al.,, 2010; Liang et al., 2023; Xu et al., 2021).

Although the bark beetle outbreak shares similarities with other
types of disturbances, such as harvest or fire, leading to dramatic
removal or destruction of vegetation, it is fundamentally different in
many aspects. Forest leaves and stems may be completely destroyed
through combustion during fire events (Bar et al., 2019). Similarly, log-
ging implies the removal of stems, reducing the biomass of the forest.
On the contrary, after insect infestation, a certain fraction of the veg-
etation may survive relatively unharmed and even utilize the nutrients
left by the dying trees. Moreover, bark beetle outbreaks commonly
last for a relatively long period of 3 ~ 5 years, whereas fire and log-
ging events commonly occur over much shorter periods (Davis
et al,, 2020). Forests that have encountered stand-replacing fire are
therefore solely composed of new vegetation replacing the dead one
(Bar et al., 2019). However, in bark beetle-infested areas, the forest
composition is more complex with infected trees, unharmed trees,
and new trees replacing the dead ones. The infested trees and the
growth of new trees may interact with each other through unknown
mechanisms. Quantification of such disturbed and highly dynamic
ecosystems may be difficult, especially when parameterizing the asso-
ciated stomatal conductance dynamics.

This study seeks to (1) identify the influence of bark beetle infes-
tation on the canopy-scale stomatal conductance and transpiration;
(2) evaluate whether or not, and to which extent, the parameterization
of stomatal conductance models needs to be altered in areas impacted
by bark beetle infestation; (3) elucidate the mechanisms underlying
the variation in canopy-scale stomatal conductance and transpiration
under bark beetle infestation. A bark beetle-infested mature spruce
forest was chosen as the study area, where the LA, carbon flux, and
water flux were observed in situ throughout periods of pre-
infestation, infestation, and post-infestation. The variation in canopy-
scale stomatal conductance of the spruce forest may be subject to
complex mechanisms related to both a reduction of LAl and changes
in physiological behaviour in response to bark beetle attacks. We
parameterized stomatal conductance models (e.g., Ball-Berry model,
Leuning model, and Medlyn model) separately for the three infesta-
tion periods (pre-infestation, infestation, and post-infestation), to
investigate changes in the stomatal responses under the course of a
bark beetle infestation event. By comparing the simulation accuracy
of canopy-scale stomatal conductance and transpiration under an
evolution-varied parameterization (considering all infestation stages)
and a pre-infestation-fixed parameterization (considering undisturbed

conditions), the impact of bark beetle infestation could be identified.
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2 | DATA AND METHODS

21 | Study site and field instrumentation

The study is based on a high-elevation subalpine forest in the Rocky
Mountains of southeastern Wyoming (41° 21.992" N, 106°
14.397" W, 3190 m above sea level) (Musselman, 1994). The weather
features long cold winters (between —23 and —1°C). In the summer
season, the air temperature ranges from —7 to 21°C. The annual aver-
age precipitation is 1200 mm/year (Speckman et al., 2015) with 70%
in the form of snow (Musselman, 1994). Snow cover frequently exists
from late October until July.

The land cover is mainly subalpine forest mixed with subalpine
wetland and alpine tundra. Tree species are dominated by Engelmann
spruce (Picea engelmannii) comprising 72% of the trees, while subal-
pine fir (Abies lasiocarpa) is the only companion species (Speckman
et al., 2015). The canopy height is around 18 m, and LAl ranged from
4.8 to 2.8 m? m~2 from 2005 to 2014 (Frank et al., 2014).

The bark beetle infestation started in 2008, and a related severe
tree disturbance developed in 2008 and 2009 (Frank et al., 2014). In
2011, it was estimated that approximately 85% of the forest basal
area was infested or destroyed by bark beetles (Speckman
et al., 2015). The study period can be partitioned into three infestation
periods: pre-infestation (2005 ~ 2007), infestation (2008 ~ 2009),
and post-infestation (2010 ~ 2014). The field monitoring was con-
ducted at the Glacier Lakes Ecosystem Experiments Site (GLEES). The
instrumentation mainly consisted of a flux tower equipped to measure
meteorological forcing and water/carbon fluxes above the canopy.
The 90% effective fetch of the scaffold footprint extended 0.77
+ 0.18 km (Frank et al., 2014; Gash, 1986). The study area is relatively
flat with a 4% slope over 0.5 km down to a streambed before rising
upward at a slope of approximately 6%. The half-hour micrometeoro-
logical forcings and carbon/water flux measurements at the GLEES
Ameriflux site were described in detail by Frank et al. (2014). The data
are available from the FLUXNET 2015 dataset (https://fluxnet.org/
data/fluxnet2015-datase) and the GLEES Ameriflux site (https://doi.
org/10.17190/AMF/1246056).

Ecosystem fluxes were measured using the eddy covariance tech-
nique. The eddy covariance sensors (model SATI/3Vx sonic anemome-
ter, Applied Technologies, Inc., Longmont, CO and LI-7500 open-path
infrared gas analyser, Li-Cor, Inc) were installed on a boom extending
2 m to the west and at 22.65 m height above the soil surface (Frank
et al., 2014). Sensible heat, water vapour, and CO,, fluxes were calcu-
lated based on the vertical wind covariance and Webb Pearman-
Leuning (WPL) corrections (Gu et al., 2012; Massman & Lee, 2002;
Webb et al., 1980). The terrestrial CO, flux was quantified as the net
ecosystem production (NEP, positive representing carbon sink, and
negative representing carbon source). The gross primary production
(GPP) was partitioned from NEP with the night-time partitioning
method (Reichstein et al., 2005). The method uses night-time temper-
ature data to parameterize a respiration-temperature model that is
then applied to the whole dataset to estimate ecosystem respiration
(RECO). GPP is then calculated as the difference between RECO and

NEP. Further details regarding parameterization and code can be
found in Pastorello et al. (2020). The evapotranspiration (ET) was
derived from latent heat measured from the eddy covariance system.
The photosynthetic photon flux density (PPFD) was separated into
diffuse and direct components (Campbell, 1998; Frank et al., 2014;
Spitters et al., 1986). The fluxes were recorded at 20 Hz on data
packer (model PAD-1202, Applied Technologies, Inc.) in serial connec-
tion to a micro-logger (CR3000, Campbell Scientific, Inc.) at a 5 min
interval and resampled to 30 min. Two vertical profiles of soil temper-
ature and volumetric water content were measured in both forest and
meadow at 0.05, 0.10, 0.20, 0.51, and 1.02 m depths (Hydra probe,
Vitel, Inc., Chantilly, VA), and soil heat flux was measured at 0.09 m
(HFT-1, Radiation Energy Balance Systems, Inc.). Considering the pos-
sible depth measurement errors, the reported soil moisture content
(SWC) in this study was weighted with measured volumetric water
content at depths of 0.2, 0.5, and 1.02 m using weighting coefficients
of 0.2, 0.3, and 0.5, respectively. Those measurements were also aver-
aged over a 30-minute interval (CR10X micro-logger, Campbell Scien-
tific, Inc.) (Frank et al., 2014).

2.2 | Penman-Monteith equation and the inverse
calculation of canopy-scale stomatal conductance

Evapotranspiration ET from a vegetated area consists of transpiration
T and evaporation E from the soil surface and interception. Flux tower
measurements capture ET at the land surface. T was partitioned using
the method proposed by Zhou et al. (2016). For this partitioning
method, the relationship between T and GPP-VPD®? is assumed to be
linear, suggesting that the ratio of GPP-VPD®?> to T remains constant.
When considering the E from the soil surface and interception, the
ratio of GPP-VPD®® to ET, namely underlying water use efficiency
(UWUE = GPP-VPD%>/T), is expected to vary according to the faction
of E (Zhou et al., 2016). If E constitutes a significant proportion of ET,
the UWUE approaches zero due to the weak correlation between
E and GPP. Conversely, when T dominates ET, the uWUE is high.
Hence, the average uUWUE can represent the ET comprised of T and
average E, while the highest uWUE can reflect T. Consequently, the
ratio between the highest uWUE and average uWUE can be consid-
ered equivalent to the ratio of T and ET. In this study, the 95th per-
centile of UWUE was chosen to denote that the T constitutes a
significant portion of ET with a minimal E. The detailed theories, equa-
tions, and results for estimating transpiration rates are provided in the
supplementary material.

The value of T partitioned from ET can be used to estimate
canopy-scale stomatal conductance with an inverted Penman-
Monteith equation (Lin et al., 2018; Monteith, 1965; Penman, 1963):

r8alpw T (1)
(Rn—LpwT) +pacpga(es —ea) —yrLpy T,

Gc:A

where p,, (kg m™3) is the density of water, T (m s™%) is the transpira-
tion rate, L (kJ kg~1) is the latent heat of vaporization, A (kPa K™% is
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the gradient of the saturation vapour pressure-temperature curve, R,
(W m~?) represents net radiation received by vegetation canopy, es
and e, (kPa) are the saturated and actual vapour pressure of the air,
es—e, is defined as the VPD (kPa), y (kPa K™%) is the psychrometric
constant, p, (kg m~3) and ¢, (kJ kg~* K~?) are the density and specific
heat capacity of the atmospheric air, g, (m s™1) is the aerodynamic
conductance from reference a height of atmosphere (Lin et al., 2018),

and G, (m s~ %) is the canopy-scale stomatal conductance.

2.3 | Stomatal conductance models

2.3.1 | Ball-Berry model

In the Ball-Berry model (Ball et al., 1987), stomatal conductance g;g
(mol m~2 s~ %) is linked to net assimilation rate A, (umolCO, m2 s 1Y),
relative humidity hs (dimensionless), and CO, concentration Cg
(umolCO, mol~?Y) at leaf surface, according to:

hs

C. +8o0s: 2

8s8 = gl,BAn

where gog (Mol m~2s7%) is the residual stomatal conductance when

A, approaches zero, g1 g (dimensionless) is the slope of the relation-
ship between A,hs/C; (the Ball-index) and g5 g, which is also called the

stomatal sensitivity factor.

2.3.2 | Leuning model
Leuning (1995) compared two possible formulations of how stomatal
conductance is related to VPD, namely a linear and a hyperbolic

dependence, and proposed a hyperbolic function that may provide a

more  appropriate  description of stomatal conductance
gs,(mol m2s7Y):
g1.A
&L= L +8o,Ls (3)
(C-D)(1+8)

where D (kPa) is the VPD at the leaf surface, I" (umolCO, mol™Y) is
the CO, compensation point of photosynthesis, and go.
(molm~2s™%), Dy (kPa) and g1,L (dimensionless) are fitted constants.
Here go represents the residual stomatal conductance as the A,
reaches zero, Dg represents the sensitivity of stomatal conductance to
VPD, and g1, express the slope of g5, and A./[(Cs — T')(1 + D/Do)].

2.3.3 | Medlyn model

Medlyn et al. (2011) combined optimal stomatal behaviour theory
(Cowan & Farquhar, 1977) with a photosynthesis model (Farquhar et al.,
1980) deriving an expression of stomatal conductance gsm (mol m2s7Y):

g A
gsm=8om+1.6 <1+%)é‘ (4)

where the meanings of A,, D, and Cs are as same as the Leuning
model, and the g, v (kPa'/?) is a fitted parameter representing the cor-
relation between the g; and A,/ (CS ﬁ)

24 | Upscaling leaf-scale stomatal conductance to
canopy-scale stomatal conductance

The validity of assumptions in the Ball-Berry model (Equation 2),
Leuning model (Equation 3), and Medlyn model (Equation 4) was con-
firmed at the leaf scale. However, in this study, stomatal conductance
is estimated through an inverted Penman-Monteith equation
(Equation 1) with T to represent the water exchange rate at the can-
opy scale. When upscaling these stomatal conductance models to the
canopy scale, A, should be approximated by gross primary production
(GPP, in pmolCO, m~2 s™1), representing the carbon exchange rate at
the canopy scale, and D is approximated by VPD (Yu et al., 2001).
Then, the leaf-level stomatal conductance (gs) is scaled up to canopy-
scale stomatal conductance (g).

All three models assume that g, is positively correlated with GPP
and negatively correlated with VPD, with specific relationships
defined using the parameters go and g4. The parameter g, represents
the residual stomatal conductance when GPP approaches zero, typi-
cally specified with a negligible value (De Kauwe et al., 2015). The
parameter g4 is positive to the ratio of g. and GPP. Since g is posi-
tively correlated with T in the Penman-Monteith equation
(Equation 1), g, can be considered negatively correlated with water
use efficiency (WUE), reflecting vegetation physiology. A larger g,
thus represents a smaller WUE, indicating that the vegetation tends
to consume more water with the same GPP.

To estimate parameter g, of the stomatal conductance model, g.
is inversely estimated by the Penman-Monteith equation (Equation 1)
with T. However, the unit of canopy-scale stomatal conductance in
the Penman-Monteith model (G.) is m s~ . While in the stomatal con-

2571 To ensure consis-

ductance model, g. uses the unit of mol m™
tency of unit, the ideal gas law is used to transform the unit of G,

from m s~ to mol m~2 s~ (Pearcy & Zimmermann, 2000):
P,
gc= GCR_Ta’ (5)

where P, is the atmospheric pressure (kPa), R is the dry air gas con-
stant (0.008314 m® kPa K~ mol™1), and T, is the air temperature (K).

2.5 | Water use efficiency
Water use efficiency (WUE, unit in g kg™1) is defined as the amount
of carbon gained per unit of water loss to quantify the trade-off

between assimilation and transpiration (Beer et al., 2009):
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WUE:mg, (6)

where the unit of GPP and T is umolCO, m~2 s~ and mm h~2, respec-
tively, m with the value of 1.22 x 107 md umol CO[1
stant to keep the consistency of unit. A relatively high value of WUE

is the con-

implies a high efficiency of photosynthesis consuming less water.

2.6 | Modelling strategies

The analysis in this study considers three periods, namely pre-
infestation (2005 ~ 2007), infestation (2008 ~ 2009), and post-
infestation (2010 ~ 2014), to investigate the impact of bark beetle out-
breaks on the ecosystem. The variations in the daily means of observed
meteorological variables (i.e., R,,, T,, VPD) and measured water and car-
bon fluxes (ET and GPP) from 2005 to 2014 are presented in
Section 3.1. Analysis of variance (ANOVA) was used to test for the sig-
nificance of changes in observed meteorological variables (i.e., R, Ta,
VPD) and measured water and carbon fluxes. The significance level is
indicated by the p value; the smaller the value of p, the more significant
the change. If p < 0.05, the change is considered statistically significant.

The canopy-scale stomatal conductance and transpiration were only
estimated for the summer season (July and August) when the minimum
air temperatures were consistently higher than 0°C. Freezing period was
excluded due to negligible transpiration. The eddy covariance system
provided measurement of evapotranspiration ET, which consists of tran-
spiration T from the vegetation and evaporation E from the soil surface
and interception. ET was partitioned into E and T for each year from
2005 to 2014 based on the method proposed by Zhou et al. (2016), see
details in the supplementary material. T was used to estimate G, accord-
ing to the inverted Penman-Monteith equation (Equation 1). LAl was cal-
culated based on the measurement of PAR, see the supplementary
material for further detail. The results regarding LAI, partitioned T, and
inversely estimated G. in the growing season (July and August) from
2005 to 2014 are shown in Sections 3.2 and 3.3. Throughout the analy-
sis, only values at full daylight (R, > 10 W m~2) were used.

Three stomatal conductance models, namely Ball-Berry, Leuning,
and Medlyn model were adopted to investigate the relationships
between g, and the primary drivers (i.e., GPP and VPD). Considering that
3o is a non-sensitive parameter in a stomatal conductance model, its
values were taken from the literature (De Kauwe et al., 2015; Medlyn
et al, 2011). Based on the recommended parameterization sets for the
Ball-Berry model and Leuning model, we used the standard parameteri-
zation of the CABLE (Community Atmosphere Biosphere Land Exchange)
model (3o =0.01 molm 2571, g; = 9.0, Do = 1.5 kPa for C3 vegeta-
tion) (De Kauwe et al., 2015; Oleson et al., 2013; Sellers et al., 1996).
Based on the recommended parameterization of the Medlyn model, we
adopted the fitted parameters of Medlyn et al. (2011) for tree species of
spruce (3o = 0.003 mol m~2s7%, g; = 0.14 kPa¥?). All parameterizations
for the simulations are shown in the Table 1.

The g, parameters of three stomatal conductance models (Ball-

Berry, Leuning, and Medlyn model) were calibrated using a nonlinear

optimization algorithm (‘Isqcurvefit’ function in MATLAB software),
and sampled using the Bootstrap method (Section 3.4). The Bootstrap
method was used to randomly select 300 data points during the day-
time (11:00 ~ 14:00) of each year's summer season, resulting in
approximately 2976 data points in total. Each year, the datasets were
sampled 100 times to estimate g. using a nonlinear optimization algo-
rithm. The probability density function (PDF) of the parameter, which
was assumed to follow a Gaussian distribution, was fitted through the
frequency distribution histogram (FDH) of 100 parameters.

To identify the impact of bark beetle infestation, the simulated
transpiration rates using three distinct parameterization approaches
within the stomatal conductance model were compared: the recom-
mended standard parameterization for C3 vegetation, a fixed calibra-
tion parameterization (referred to as pre-infestation-fixed
parameterization) that refers to undisturbed conditions prior to infes-
tation without accounting for subsequent disturbances, and an adap-
tive parameterization (named evolution-varied parameterization) that
was calibrated annually from 2005 to 2014 to incorporate the effects
of all three stages of disturbance. In Sections 3.5 and 3.6, the pre-
infestation-fixed parameterization was fitted using daytime data of
July and August during the pre-infestation period (2005 ~ 2007) to
represent the physiological behaviour of undisturbed trees. The
evolution-varied parameterization was fitted each year from 2005 to
2014 using the daytime data of July and August to reflect
physiological behaviours under bark beetle infestation. Both the pre-
infestation-fixed parameterization and the evolution-varied parame-
terization were used in stomatal conductance models (Section 2.3)
and the Penman-Monteith equation (Equation 1) to estimate g. and T.
Then the impacts of bark beetle infestation on g. and T were revealed
by comparing differences between the pre-infestation-fixed parame-
terization and the evolution-varied parameterization.

3 | RESULTS

3.1 | Variation in meteorological variables, carbon
and water fluxes

The daily means of the measured meteorological variables (R,, T,, and
VPD) and water and carbon fluxes (ET and GPP) in the GLEES station
in southwestern Wyoming from 2005 and 2014 are shown in
Figure 1. The meteorological forcing variables showed a strong sea-
sonal variation but negligible annual or inter-annual variability. The

daily means of R, ranged between 5 and 250 W m~2

, reflecting sea-
sonal variations, but its inter-annual variability or trend across differ-
ent infestation periods was not significant (p = 0.0169; Figure 1a).
The T, values fluctuated between —20 and 17°C in close correlation
with R, (Figure 1b). The daily mean VPD values commonly ranged
between 0 and 1.5 kPa without a significant inter-annual trend across
different infestation periods (p = 0.4939; Figure 1c).

The bark beetle outbreak significantly reduced GPP (p < 0.0001)
and ET (p < 0.0001) since 2008 (Figure 1d). The annual mean GPP
~24-1

decreased from 2.03 umolCO, m in the pre-infestation period
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TABLE 1 The parameters of the three stomatal conductance models (Ball-Berry, Leuning and Medlyn model) are given including
recommended parameterization from published literatures (De Kauwe et al., 2015; Medlyn et al., 2011), the pre-infestation-fixed fitting
parameterization, and the evolution-varied parameterization.
Ball-Berry Leuning Medlyn
o (molm~2s77) g18(-) 9o (molm2s7%) g1 (-) gom (molm2s7%) g1,m (kPa'’?)
Recommended 0.01 9.00 0.01 9 0.003 0.14
Pre-infestation-fixed 0.01 2.12 0.01 1.48 0.003 —-0.26
Evolution-varied 2005 0.01 2.40 0.01 1.65 0.003 -0.16
2006 0.01 2.23 0.01 157 0.003 -0.22
2007 0.01 1.79 0.01 1.30 0.003 -0.33
2008 0.01 1.79 0.01 1.14 0.003 —-0.40
2009 0.01 1.84 0.01 1.18 0.003 -0.30
2010 0.01 2.05 0.01 1.52 0.003 -0.13
2011 0.01 1.89 0.01 1.22 0.003 -0.31
2012 0.01 1.32 0.01 0.89 0.003 —-048
2013 0.01 1.35 0.01 0.95 0.003 -043
2014 0.01 1.24 0.01 0.89 0.003 -0.35
(a) Net radiation
T T T T T = = =
(b) Air temperature
T T T T T T T
20F - -
6 1 ! :
<, B H E
=5 : :
_20 1 1 1 1 1 1 E E E
(c) Vapour pressure deficit
T T T T T T T
< 15F .
a9 _ -
SR 1 T ;
2ost Ih G f
= g0
0 I 1 1 L + + .
- (d) Gross primary production
wva T T T T T T T T T
f:'E 10 4 -
& T« o7
59 3 T D Lo
S 0 O
S 0 s ;
g I 1 L H H +
3
(e) Evapotranspiration
~; ' i 17 FIGURE 1 The daily mean of
'%\ : : T meteorological forcing variables
E < 2 ) : : and carbon and water flux ((a) net
E 1 4 H radiation R,; (b) air temperature
~ 0 . | . + + + Ta; (c) vapour pressure deficit
2005 2007 2010 2012 2015 VPD; (d) gross primary production
GPP; (e) evapotranspiration ET)
Pre-infestation Infestation Post-infestation from 2005 to 2014.

to 1.45 pmol CO, m~2 s in the post-infestation period. During the
post-infestation period, daily mean GPP values showed an increasing
trend, but the increase was not statistically significant (p = 0.508),

which was consistent with the ongoing recovery of the forest ecosys-
tem. The daily mean ET values were between 0.11 and
3.69 mm day ! depending on season. The peak values of daily mean
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ET decreased significantly from 3.15 mm day ™! in 2007 to less than
2.58 mmday ! in 2008 (Figure 1e). During the post-infestation
period, the peak values of daily mean ET recovered significantly
(p < 0.0001) but still did not reach the same magnitude as those in the
pre-infestation period.

3.2 | Partitioning of evapotranspiration

Under typical conditions, the bark beetle infestation leads to a reduc-
tion in LA, consequently influencing the T/ET ratio. Figure 2 shows
box plots representing ET, the T/ET ratio, and partitioned T and

a. Evapotranspiration

9 -
8 § ET
d T
6 i T
25t | |
= : : !
£ 4r i !
g !
3l .
2 L
e E s
ol L s <
Pre infestation Post
5 c.Transpiration
T
a7
b T
> : i
& ! : —
S i ! .
g ol = ; i
S 2 : i
1 L
ol < s -
Pre infestation Post

E during three distinct infestation periods: pre-infestation, infestation,
and post-infestation.

The median value of ET decreased from 2.43 mm day~* in the
pre-infestation period to 2.19 mm day ! in the infestation period
(p < 0.0001). The T/ET ratio decreased from 0.46 in the pre-
infestation period to 0.43 in the infestation period indicating a
significant decrease in T (p < 0.0001). The decreases in ET can
mainly be attributed to the decrease in T. The transition from the
pre-infestation period to the infestation period was accompanied
by the decrease of T from 1.14 to 0.94 mm day~* (p < 0.0001),
whereas E decreased slightly from 1.27 to 1.25 mm day?!
(p < 0.0001).

b.Ratio of 7 and ET
05+ T/ET
048 + 1
0.46 — ]
0.44 t § ]
C 1 :
042+ ]
04r¢ .
Pre infestation Post
5 d.Evaporation
R E
4r E _ 1
3t i ]
> ' . :
& : . !
= : : !
Enl : i l
g 2 '
1 L 4
ol i - 4 ]
Pre infestation Post

FIGURE 2 Box plots of evapotranspiration ET, T/ET, transpiration T, and soil evaporation E in pre-infestation periods (bule box), infestation

periods (grey box), and post-infestation periods (green box).
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During the post-infestation period, the values of ET, T, and
E continued to decrease. The median values of ET decreased from
2.19 mmday ! in the infestation period to 1.81 mmday™! in the
post-infestation period (p < 0.0001). The median value of T decreased

1 in the infestation period to 0.74 mm day~! in

from 0.94 mm day™
the post-infestation period (p < 0.0001). The median value of
E decreased from 1.25mmday ! in the infestation period to

1.06 mm day~! in the post-infestation period (p < 0.0001).

3.3 | Variations in LA, transpiration, and canopy-
scale stomatal conductance

The box plots of annual LAI, T, and G. from 2005 to 2014 are shown
in Figure 3. In the pre-infestation period, the LAI fluctuated around
4.51 m2 m~2. As the infested trees died from 2008 to 2011, the LAl

decreased from 4.55m2?m~2 in 2007 to 2.92m?m~2 in 2011
(p < 0.0001). In the post-infestation period, the LAl tended to be sta-
ble with an annual mean value of 3.06 m? m~2 (Figure 3a).

In the pre-infestation period, the T and G. fluctuated around
2.15 mm day~t and 1.8 x 1073 m s, After the onset of the bark bee-
tle infestation period in 2008, the T and G. significantly decreased
(p < 0.0001). The annual mean of T decreased from 2.09 mm day ! in
2007 to 1.57 mmday~! in 2008 (Figure 3b). The annual mean G.
decreased significantly from 1.6 x 10> ms~! in 2007 to less than
1.1 x 103 m st in 2008 (Figure 3c). After 2008, the annual mean
value of T and G, fluctuated within small ranges, from 1.51 mm day !
to 1.2 m day~* and from 9.7 x 10~%to 1.0 x 1073 m s~ respectively.

Reductions in LAl should, in theory, be accompanied by decreases
in both T and G, that is, in the absence of other influencing factors.
The current results showed a significant decrease in LAl during the
period 2009 ~ 2011 (p < 0.0001).

However, the variations in

(a) Leaf area index

LAI (m*/m?)

(b) Transpiration

T (mm/day)

'
'
.

[
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o
R

T
'
< -+ -+ -+ -

0
:

(c) Canopy-scale stomatal conductance (inverse)
T | T T | T

G (m/s)

IFo s

'
'

' ' T

' ' '

' ' '

: i 1

O (— -+ -+ . .

'
'
'
+ .

I
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FIGURE 3 Boxplots of (a) leaf area index LA, (b) transpiration T, and (c) canopy-scale stomatal conductance G, in July and August from 2005 to 2014.
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T (p=0.1526) and G. (p = 0.6131) did not exhibit a significant
decrease comparable to LAl The distinct patterns observed in the
changes between LAl and the patterns of T and G. may therefore be
attributed to other factors, such as the variation in the physiological
characteristics of insect-affected trees, as discussed in detail in
Section 4.

3.4 | Fitted parameter g4 for three stomatal
conductance models and three infestation periods

The parameter g4 represents the correlation between g. and GPP in
the stomatal conductance models. Considering the positive

918

R

correlation between g. and T in the Penman-Monteith equation
(Equation 1), g4 is consequently negatively correlated with water use
efficiency (WUE), reflecting vegetation physiology. The physiological
characteristics of plants are therefore represented by the probability
distributions of g4. Employing the Bootstrap method as described in
Section 2.6, the probability distribution function (PDF) of parameter
g4 for each year was constructed by fitting frequency distribution his-
tograms of 100 parameters. The PDFs of parameter g4 in the Ball-
Berry, Leuning, and Medlyn models are shown as violin plots in
Figure 4.

The value ranges of parameter g, differed among the stomatal
conductance models. In the Ball-Berry model, the values of g4 varied
from 3.39 to 8.86. The fitted g, values were lower in the Leuning

(a) Parameter g, g of Ball Barry

N
T

(b) Parameter g, | of Leuning

1 1 1

IR 2 2

gy (kPa'?)
T

o
(@)
T

AKX

(c) Parameter g, y of Medlyn

2005 2006 2007 2008 2009

2010 2011 2012 2013 2014

I-Pre-infestation [ Jinfestation [ ]Post-infestaion

FIGURE 4 The probability distribution for the parameters of g, fitted from 2005 to 2014 of the three stomatal conductance models ((a) Ball-

Berry, (b) Leuning, and (c) Medlyn model).
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model, ranging from 2.43 to 6.50, as the Leuning model took the CO,
compensation point (I') of photosynthesis into account. The parame-
ter g, in the Medlyn model considered the influence of a higher diffu-
sion rate (=1.6) of water vapour than CO,. The estimated value of g4
in the Medlyn model ranged from 0.077 to 1.63.

The fitted parameter values of g4 in the three stomatal conduc-
tance models showed consistent trends of drastic increases in the
infestation period and gradual decreases due to the recovery in
the post-infestation period (Figure 4). In 2010, the values of parame-
ter g, showed a significant increase. The consistent trends of the g4
values in different models provided robust evidence of changes in the
vegetation physiology due to the bark beetle infestation.

3.5 | Simulated G. and T using recommended
parametrization, and calibrated parametrization with
pre-infestation-fixed or evolution-varied periods

The accuracy of simulated G. and T under three parameterizations
(recommended, pre-infestation-fixed, and evolution-varied) of the
Ball-Berry, Leuning, and Medlyn models is evaluated using standard
deviation (SD), correlation coefficient, and root mean square deviation
(RMSD) as shown in the Taylor diagram in Figure 5. The average SD
and RMSD of G. using the recommended parameterization were
2.24 x 1072 and 1.67 x 1073 m s~ 1, respectively. The high values of
SD and RMSD of simulated G, indicated large margins of errors when
employing the recommended standard parametrization to represent
the physiological behaviours of subalpine forests located in the Rocky
Mountains (De Kauwe et al., 2015; Medlyn et al., 2011). The fitted G,
exhibited smaller errors compared to the recommended standard
parametrization. The average SD and RMSD of G, using pre-
5.05x 10™*  and

infestation-fixed  parameterization  were

(a) canopy-scale stomatal conductance

(b) Transpiration

7.36 x 10~% m s, respectively. Further reductions in errors in simu-
lated G. were achieved with the evolution-varied parameterization,
resulting in a smaller SD of 5.00 x 10~* m s~* and smaller RMSD of
7.09 x 10 ms™%,

Errors in the recommended standard parameterization of G, can
propagate to estimated transpiration. Employing the recommended
parameterization of G, led to relatively large errors in simulated T,
with an average SD of 0.214 mmh~! and an average RMSD of
0.167 mm h™%. The improved G.-values from the evolution-varied
parameterization reduced the simulated error of T (SD and RMSD of
0.0859 and 0.0466 mmh~2), also compared to the pre-
infestation-fixed parameterization (SD and RMSD of 0.0878 and
0.0488 mm h™Y).

3.6 | The diurnal variation of G. and T during three
infestation periods, based on flux tower data and
variously parametrized stomatal conductance models

Figure 6 shows the diurnal variation of the inversely estimated G
(from flux tower data and the Penman-Monteith's equation), com-
pared to simulated G, using recommended-standard parametrization,
and calibrated parametrization (pre-infestation-fixed and evolution-
varied), based on the three models of Ball-Berry, Leuning, and Medlyn.
The corresponding diurnal variations of simulated and measured T are
shown in Figure 7. The average errors of the simulated G. and
T (equal to the difference between simulation and observation) in
three infestation periods are shown in Table 2.

Throughout the three infestation periods, the recommended stan-
dard parameterization overestimated G.. Compared with the inverse
modelling of the flux tower data in the pre-infestation period, the sto-

matal conductance models of both Ball-Berry and Leuning

—®—Obs

Ball Berry(pre-infestation-fixed)
Ball Berry(evolution-varied)

Ball Berry(De Kauwe et al., 2015)
Medlyn(pre-infestation-fixed)
Medlyn(evolution-varied)
Medlyn(Medlyn et al. 2011)
Leuning(pre-infestation-fixed)
Leuning(evolution-varied)
Leuning(De Kauwe et al., 2015)
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£ E o2
£ 0.002 c 024
a A 0.22
=t 2 o2
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FIGURE 5

The standard deviation (SD), root mean square deviation (RMSD) and correlation coefficient of G, and T simulated by the Ball-

Berry, Leuning, and Medlyn stomatal conductance model with recommended parameterization, pre-infestation-fixed parameterization, and annual

evolution-varied parameterization respectively.
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FIGURE 6 The average diurnal variation in G, from inverse modelling of flux tower data (red line), compared to stomatal conductance
modelling with recommended standard parametrization (purple dotted line), and pre-infestation-fixed parameterization (blue line) and annual
evolution-varied parameterization (green line), using (a) Ball-Berry, (b) Leuning, and (c) Medlyn models. The small inset at the upper right depicts
an amplified image within a black frame, showcasing the diurnal peak value of G..

underestimated G.. The Medlyn model can describe the G. more accu-
rately. The parameterization of G. can significantly affect simulated T.
The Medlyn model provided a more accurate description of G. com-
pared with the other two models (Figure 6c), which finally brought the
best-fitted simulation of T (Figure 7c).

The stomatal conductance models using pre-infestation-fixed
parameterization overestimated G, especially in the post-infestation
period. In comparison, the evolution-varied parameterization effec-
tively reduced the average error of G.. The average errors of G
using the pre-infestation-fixed parameterization were
6.24 x 107> ms~! (12.7% of the daily mean G.) in the infestation
period, and 8.89 x 107> m s~ (20.2% of the daily mean G.) in the

post-infestation period. The simulated errors of G. using the

evolution-varied parameterization were 1.23 x 10> ms™! (2.56%
of the daily mean G, in the infestation period, and
1.57 x 10> ms™! (3.56% of the daily mean G.) in the post-
infestation period.

Similar to G, the pre-infestation-fixed parameterization led to an
overestimation of T after the outbreak of the bark beetle. However,
the evolution-varied parameterization can reduce the simulated error
of T. The average errors of simulated T using the evolution-varied
parameterization were 6.32 x 10~% mm h~? (1.16% of the daily mean
T) during the infestation period and 6.44 x 10~* mm h™?! (1.32% of
the daily mean T) during the post-infestation period. In contrast,
employing the pre-infestation-fixed parameterization led to the over-
estimation of T by 48.2 x 10~* mm h™! (8.82% of the daily mean T)
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FIGURE 7 The average diurnal variation in measured T (red line), compared to estimated T using stomatal conductance modelling with
recommended standard parameterization (purple dotted line), pre-infestation-fixed parameterization (blue line) and annual evolution-varied
parameterization (green line), using (a) Ball-Berry, (b) Leuning, and (c) Medlyn models. The small inset at the upper right depicts an amplified image
within a black frame, showcasing the diurnal peak value of T.

TABLE 2 The average error of the simulated G, and T (equal to the difference between simulated value and measured value) with pre-
infestation-fixed parameterization and evolution-varied parameterization across three different infestation periods: pre-infestation, infestation,

and post-infestation period.

G. (m Pre
s :
Infestation
Post
T (mm Pre
h=?) ;
Infestation
Post

Ball-Berry

Leuning

Medlyn

Pre-infestation-
fixed

-7.76 x 107>
319 x 10°°
9.22 x 107>

—543 x 1072
152 x 1072
6.25 x 1072

Evolution-
varied

—7.85x10°°
0.346 x 107°
1.04 x 1073
—5.58 x 1072
0.822 x 1072
-0.106 x 1072

Pre-infestation-
fixed

12.8 x 1073
333 x10°°
577 x 107>
—6.89 x 1072
3.48 x 1072
522 x 1073

Evolution-
varied

12.8 x 1072
-283x10°°
-1.96 x 107>
—7.03 x 1072
—1.96 x 1072
—1.44 x 1073

Pre-infestation-

fixed

0.460 x 107>
12.2 x 107°
11.7 x 107>
219 x 10°°
9.45 x 1072
349 x 1072

Evolution-
varied

0.674 x 107>
6.25 x 107°
5.62 x 107>
1.83 x 102
4.68 x 102
8.54 x 1073
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FIGURE 8 Box plots of bias of simulated G. and T in comparison with pre-infestation-fixed parametrization and annual evolution-varied

parametrization based on the Ball-Berry, Leuning, and Medlyn models.

during the infestation period and by 66.7 x 10~* mm h~! (13.6% of
the daily mean T) during the post-infestation period.

3.7 | Bias of simulated G. and T using pre-
infestation-fixed parameterization and evolution-
varied parameterization

Box plots illustrating the biases, defined as the difference between
simulation and observation, of G. and T based on the pre-
infestation-fixed parameterization and the evolution-varied parame-
terization of the Ball-Berry, Leuning, and Medlyn models are pre-

sented in Figure 8. Overall, performance utilizing the evolution-varied

parameterization was notably superior to those employing the pre-
infestation-fixed parameterization. Across the entire study period
(2005 ~ 2014), the average biases of G. and T using the pre-

1 and

infestation-fixed parameterization were — 17.5 x 10> m s~
—16.8 x 10 mm h™%, whereas evolution-varied parameterization
led to much smaller biases of —535x10°ms ! and
—869 x 10 mmh~2.

The average biases of G, and T using the evolution-varied
parameterization were 2.79 x 10 > ms *and 4.26 x 10 3 mmh~?
in the Medlyn model, which were the smallest among the three sto-
matal conductance models. For the Ball-Berry model, the average
biases of G. and T were—296x10°ms* and

11.1 x 1073 mm h™ 2, respectively, while for the Leuning model,
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they were — 15.9 x 10> m s~ ! and — 19.2 x 10> mm h™%. Dur-
ing the post-infestation period from 2011 to 2014, the average
biases of G, and T shifted from negative to positive when using the
pre-infestation-fixed parameterization, indicating a significant
overestimation of G. and T values by the pre-infestation-fixed

parameterization.

4 | DISCUSSION

4.1 | Dominant factors of water flux in the bark
beetle infestation region

Evapotranspiration (ET) plays a pivotal role in regulating both surface
water and groundwater recharge, holding critical significance for
water resources (Ren et al., 2021; Yang et al., 2020). Ecological distur-
bances, such as those induced by bark beetle activity, can change the
hydrological partitioning between evaporation (E) and transpiration (T)
(Schreiner-McGraw et al., 2022). Previous analysis of hydrological
impacts related to bark beetle-induced forest mortality have sug-
gested that bark beetle infestation can reduce ET and lead to an
increase in streamflow (Frank et al, 2014; Vystavna et al., 2018;
Wehner & Stednick, 2017). In this study, the bark beetle has been
observed causing a substantial decrease in ET and T, as illustrated in
Figures 2 and 3.

As expressed by the Penman-Monteith equation, T is known
to be sensitive to meteorological variables, particularly R,, T,, €.,
and U, as well as soil water content (SWC) and vegetation char-
acteristics (e.g. G.). The ranges of SWC during the three infesta-
tion periods are shown in Figure 9. SWC increased throughout
the infestation period, suggesting that the decreases in T were

not limited by water stress and related SWC deficiency.

The maximum/ minimum SWC

26 Maximum (Pre) == == == Minimum (Pre) b
Maximum (Infestation) Minimum (Infestation)
Maximum (Post) Minimum (Post)
24 _
X 22
=
»n 20
18
L
\n.o.' b 1)
16 [ M\\.'
July 1 July 15 Aug. 01 Aug. 15 Aug. 31

FIGURE 9 Range of soil water content (SWC) throughout July
and August across three distinct periods: pre-infestation, infestation,
and post-infestation. The blue, brown, and green lines represent the
SWC observed in pre-infestation, infestation, and post-infestation,
respectively. The solid line was the maximum SWC, while the dotted
line was the minimum SWC.

Additionally, a previous study indicated that the study area was
not strongly water-limited, resulting in minimal impacts on tran-
spiration and stomatal conductance (Frank et al., 2014). There-
fore, this study focuses on meteorological factors and canopy-
scale  stomatal conductance to identify the key
factors influencing the decrease in T.

The contribution of meteorological factors and stomatal conduc-
tance to the decrease in T during the bark beetle infestation is evalu-
ated, considering the method proposed by Zheng et al. (2009), by
estimating the sensitivity of T to the other variables (R, T,, e, U, and
G.) multiplied by the average annual-variation rate of each variable
(d/dt). All the variables were normalized. The sensitivities of T to the
other variables are estimated through multilinear regression, expres-
sing the partial derivative of T with respect to each variable (9T/0) dur-
ing the study period (2005 ~ 2014) (Zheng et al., 2009), as shown in
Table 3.

The analysis shows that G. predominantly contributes to the
reduction of T, whereas the impact of meteorological factors (U, R,,
T., e,) on T is relatively minor. The contribution of U to the decrease
in T was the smallest. Although T, and e, among the meteorological
factors were sensitive to T, their influences remained significantly
less pronounced compared to G.. Consequently, climate variability
can be dismissed as the primary underlying mechanism for the
reduction in T over the outbreak. The primary cause for the decline
in T is attributed to factors related to vegetation characteristics, with
G, identified as the key contributor. Thus, accurate parameterization
of G, is crucial for precise transpiration estimates and simulation of
ecosystem hydrological processes, particularly during infestation
periods.

The value of G, depends on both the vegetation coverage and
the vegetation physiology. The vegetation coverage can be repre-
sented by LAI, while the vegetation physiology is reflected by the
PDF of the parameter g, (see Section 3.4), which in turn is related to
WUE. The method proposed by Zheng et al. (2009) was used to deter-
mine the contributions of LAl and vegetation physiology (g1) to G,
under bark beetle infestation. Parameters g1, 91,, and g1m from
three stomatal conductance models were analysed. The results are
presented in Table 4. Throughout the infestation period, the reduc-
tions in G. were predominantly attributed to a decrease in LAI, with g4
also exerting a significant impact. An increase in the g, parameter dur-
ing the infestation period can mitigate 16.7% to 57.1% of the
decrease in G, caused by the decline in LAI. However, during both the
pre-infestation and post-infestation periods, g1 was the primary

influencing factor on G.

4.2 | Correlation of LAl and canopy-scale stomatal
conductance in bark beetle infestation

Generally, G is expected to be positively correlated with LAI (e.g., in
the Jarvis model, the G, is equal to the multiplication of LAl and stress
functions (Jarvis et al., 1976)). However, bark beetle infestation may

alter the relationship between LAl and G.. To delve deeper into this
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TABLE 3 The annual gradient of net radiation (R,,), air temperature (T,), vapour pressure (e,), wind speed (U), and canopy-scale stomatal
conductance (G,), and the contribution of these environmental factors on transpiration (T) from 2005 to 2014.

Variable (x) R, Ta e, U G,

T contribution -0.0271 —-0.0324 -0.0797 0.0071 1.1320
aT/ox —0.0792 0.1455 0.0972 —0.03%90 1.1054
dx/dt —0.0319 0.0207 0.0765 0.0171 —0.0955

Note: x represents a variable of influencing factor (e.g., R, Ta, €4, U, and G.); T/dx is the correlation coefficient between T influencing factor x; dx/dt is the
temporal trend of influencing factor x.

TABLE 4 The annual gradient of LAI, and g4, and the contribution of these environmental factors on canopy-scale stomatal conductance (G.)
during pre-infestation, infestation, and post-infestation period.

Ball-Berry Leuning Medlyn
Variable (x) LAI 318 LAI 1L LAI g1m
Pre-infestation G, contribution —0.0153 1.0153 —0.0494 1.0494 —0.0313 1.0313
9G./ox 0.0402 1.0153 —0.0494 1.0494 —0.0313 1.0313
dx/dt 0.1902 —0.5000 0.1902 —0.5000 0.1902 —0.5000
Infestation G, contribution 1.2012 —0.2012 1.5685 —0.5685 2.3289 —1.3289
9G./dx 0.9797 —0.2012 1.5685 —0.5685 2.3289 —1.3289
dx/dt —0.3415 0.3154 —0.3415 0.2377 —0.3415 0.3016
Post-infestation G, contribution —-0.3379 1.3379 —0.7246 1.7246 —0.1033 1.1033
9G./ox —0.3376 1.3379 —0.7246 1.7246 —0.1033 1.1033
dx/dt -0.1871 -0.2734 -0.1871 —0.2402 -0.1871 —0.1540

Note: x represents a variable of influencing factor (e.g. LAl and g1); dG./0x is the correlation coefficient between G, and influencing factor x; dx/dt is the

long-term trend of influencing factor x.

phenomenon, departing from the current dataset characterized by rel-
atively high R, and SWC, we performed a linear regression analysis
between LAl and G.. This involves sorting the data from each infesta-
tion period in descending order and selecting the largest 30% of R,
and SWC. The probability distributions of G. and LAl is approximated
to Gaussian distributions to elucidate their variations across different
infestation periods.

The correlations between G, and LAl showed notable variability
after the bark beetle infestation occurred (Figure 10). The positive
slope in G, and LAl during the pre-infestation period changed to a
negative correlation during the infestation period. Subsequently, it
rebounded to a positive correlation in the post-infestation period,
providing clear evidence of discernible changes in the physiological
behaviour of the vegetation as bark beetles impacted the trees in
the region.

Studies indicated that a large number of needle leaves dropped
1 to 2 year after the trees had been infested (Frank et al., 2014;
Hubbard et al., 2001; Reed et al., 2018). Frank et al. (2014) suggested
that bark beetles reduce the water flow from the root and canopy by
supporting the development of blue-stain fungi during and after infes-
tation, potentially explaining alterations the in LAl and G.. Hydraulic
failure in trees shortly after infestation with blue fungi results in a
rapid decrease in G., while the mortality of impacted trees are
delayed, leading to a gradual decline in LAI. Consequently, an accurate

guantification of G, necessitates consideration of physiological

changes within a disturbed ecosystem, rather than relying solely on

correlation with mortality.

4.3 | The necessity of adopting an evolution-varied
parameter g4

The parameter g, controls the stomatal behaviour (Lin et al., 2015;
Medlyn et al., 2011), which is one of the key factors constraining
transpiration and carbon fluxes (Bauerle et al., 2014; Tarin
et al., 2019). The values of the parameter g, differ across plant spe-
cies due to drastically varied physiological behaviour. The present
results further illustrate considerable differences in g; depending
on regional environmental conditions. In particular, the recom-
mended standard parameterization of the Medlyn model proposed
by Medlyn et al. (2011) and De Kauwe et al. (2015), considering
global and typical regional scales, and using it for this high-
elevation subalpine forest led to a significant overestimation of G,
and T (Figure 5).

Moreover, the values of the parameter g; may even temporally
change in response to environmental changes (Bauerle et al., 2014) or
environmental stress (Section 4.4). The use of evolution-varied param-
eterization can significantly improve the accuracy in simulations of G,
and T (Figure 6-8). However, current earth system models commonly

exclude the possible changes of g; under ecosystem disturbance
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(e.g., bark beetle infestation, drought, and fire) (Franks et al., 2018;
Wolz et al., 2017).

44 | WUE trends and correlations with g4
Many studies suggest that the parameter g, is a critical parameter related
to the physiology of vegetation, reflecting the carbon cost of water use
for vegetation (De Kauwe et al., 2015). For the Ball-Berry model and the
Leuning model, the slope parameter g, represents a balanced strategy
between the water costs and carbon benefits of G, relative to the photo-
synthetic activity of leaf (Ball et al., 1987). The Medlyn model is derived
closely analogous to the Ball-Berry model based on the theory of optimal
stomatal behaviour. This theory postulates that stomata should behave
such that the carbon gained through photosynthesis is maximized for a
given amount of water transpired (Cowan & Farquhar, 1977), which
means the parameter g1n is negatively correlated with WUE (Medlyn
et al,, 2011). Therefore, the changes in g4 identified here during a bark
beetle infestation may reveal variations in WUE during different periods.
The calculated WUE, based on measured water and carbon fluxes
in each year, is shown as a box plot in Figure 11. The results indicated
that the WUE in 2008 had similar values as in the pre-infestation
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FIGURE 11
to 2014.

Box plots of water use efficiency (WUE) from 2005

period. A decrease in WUE occurred from 2009 to 2011, with a signif-
icantly lower minimum value occurring in 2010, after which the WUE
increased again during the recovery process of the vegetation in the
post-infestation period.
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During the pre-infestation period (2005 ~ 2007) and post-
infestation period (2010 ~ 2014), the decrease of inversely-estimated
g1,m Was accompanied by an increase in WUE, expressing a negative
correlation consistent with the physiology of undamaged and new
trees, respectively. In contrast, during the transition between pre-
infestation and infestation (2007 ~ 2008), both g;m and WUE
showed increasing trends, indicating a positive correlation between
g1.m and WUE.

The positive correlation between g; and WUE may be related to
the hydraulic failure of infested trees, eventually leading to the death
of most of them in 2010 (Frank et al., 2014). Such physiological
changes in the infested tree are likely caused by the bark beetle infes-
tation, which hampers the water transport in the xylem, while the
photosynthesis may continue (Frank et al., 2014). For infested trees,
the transpiration may be smaller than for undamaged trees due to
insufficient water transport to opening stomata. But the reduction of
stomatal conductance may be smaller than the reduction in transpira-
tion, in order to support sufficient rates of photosynthesis. The reduc-
tion of transpiration may be more severe than the reduction in
photosynthesis rate, which then causes larger WUE and g,. When the
infested trees die and completely stop extracting water from soil
moisture (Frank et al., 2014), the relationship between WUE (calcu-
lated by Equation 6) and g1 m can then revert to a negative correlation
due to the regrowth of healthy trees in the post infestation period.

5 | CONCLUSIONS

Considering a bark beetle-affected mature spruce forest of the GLEES
in Wyoming, USA, we combined flux tower data interpretation using
the inverted Penman-Monteith equation with multi-model (the Ball-
Berry, Leuning, and Medlyn models) interpretation of canopy-scale

stomatal conductance (G,), showing that:

e The median value of daily T decreased considerably due to the

Lin the pre-infestation period to

infestation, from 1.14 mm day~
less than 0.94 mm day~? during infestation.

o LAl decreased by almost half due to the infestation, from
455m?m~2 in 2007 (pre-infestation) to 2.92 m?> m~2 in 2011
(post-infestation). The G, and T decreased significantly, mainly at
the start of infestation (in 2008). However, the decrease of G, and
T was not as significant as the LAl decrease. This provided evi-
dence of considerable changes in the stomatal behaviour due to
the bark beetle infestation.

e In the 5-year post-infection period, T increased again, although did
not reach its pre-infestation levels. The LAl recovered only slightly,
reaching levels of 3.06 m?> m~2, and G, continued to be low, fluctu-
ating between 9.7 x 107 ms 1t01.2 x 10 3 ms~ L.

Taken together, the quantified changes hence provide conclu-
sive results showing that the overall reduction of transpiration was
caused not only by the reduced LAI but also by the physiological
behaviour of stomatal response. In particular, the positive correlation

between g; and WUE that was found in response to the onset of
infestation, which is likely caused by the bark beetle infestation ham-
pering the water transport in the xylem, while the photosynthesis
may continue. This was shown to have important implications for
the WUE, which dipped significantly during infestation, after which
it recovered as due to regrowth of vegetation in the post-infestation
period.

In terms of the capability of the considered state-of-the-art sto-
matal conductance models to capture and predict the observed eco-
system change dynamics of the GLEES area, we conclude, based on

an evaluation of three alternative parametrizations, that:

e The standard parameterization of the stomatal conductance model
significantly overestimated G, and T, showing that it did not reflect
the particular environmental conditions in high-elevation subalpine
forests.

e Due to the shifting physiological behaviour of stomatal response
over time, the model parametrizations that were calibrated and
fixed to pre-infestation conditions could not reproduce the actual
T dynamics of GLEES area (obtained independently from inverse
modelling of flux tower data) equally well as the time variable
parametrizations that were re-calibrated to fit the stomatal dynam-

ics in different infestation stages.

More generally, these results imply that the current neglect of the
temporal variability of stomatal conductance in ecosystems under
stress (including bark beetle infestations) in earth system models may
need specific attention to improve the model performance in large-

scale water and carbon balances.
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APPENDIX A

A1 | CONTRIBUTION ASSESSMENT
Mathematically, for the function y = f (x4, X2,..., X,), the variation of
the dependent variable y can be expressed by a differential equa-

tion as

of ,
dy= a—xidx,- = Zfidx,- (A1)
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where x; is the i independent variable and fi = df / Ix. Moreover, as y

varies with time t, we can rewrite Equation (1) as
dy If dx; s dx;
&t~ 2o dt ~ 2d (A2)

If we let TR, =dx;/dt, be the long-term trend in y and x; then

equation (A2) can be rewritten as

TR,y=> fiTRi=> C(x) (A3)

If TR, and TR; are estimated as the slope of the linear regres-
sion for y and x; against time t given in, C (x;) can then be estimated

as the contribution of x; to the long-term trend in y, which is exactly

the product of the partial derivative and long-term trend in
xi, Therefore, following the equation for reference transpiration

estimation.

dT_ T dRy 9T dTy T dU oT dey T ds,
dt  JR, dt IT, dt ' JU dt ' Jde, dt ' Jg, dt

+dJ (A4)

While 6 representing the systemic error in the estimation of the
contributions using equation (A4).
Similarly, the variation on canopy conductance G. can be esti-

mated as:

dGe_ 9Ge dLAI  9G. dg,
dt ~ OLAI dt ' Jg, dt

+6, (A5)
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