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Abstract: The authors have developed a scaling approach to aggregate tree sap flux with reduced
error propagation in modeled estimates of actual transpiration (T,;,;) of three boreal species. The
approach covers three scales: tree point, single tree trunk, and plot scale. Throughout the
development of this approach the error propagated from one scale to the next was reduced by
analyzing the main sources of error and exploring how some field and lab techniques, and
mathematical modeling can potentially reduce the error on measured or estimated parameters. Field
measurements of tree sap flux at the tree point scale are used to obtain canopy transpiration
estimates at the plot scale in combination with allometric correlations of sapwood depth (measured
microscopically and scaled to plots), sapwood area, and leaf area index. We compared the final
estimates to actual evapotranspiration and actual transpiration calculated with the Penman-
Monteith equation, and the modified Penman—-Monteith equation, respectively, at the plot scale. The
scaled canopy transpiration represented a significant fraction of the forest evapotranspiration,
which was always greater than 70%. To understand climate change impacts in forested areas, more
accurate actual transpiration estimates are necessary. We suggest our model as a suitable approach
to obtain reliable Tplot estimates in forested areas with low tree diversity.

Keywords: climate change; actual evapotranspiration; modified Penman-Monteith; sap flow;
scaling methods; allometric correlations; sapwood depth; sapwood area; leaf area index

1. Introduction

Climate change is reflected in almost every ecosystem by rising temperatures and changing
precipitation patterns [1]. Higher seasonal temperatures in the boreal forest will increase
evapotranspiration rates, decrease groundwater recharge, and affect water runoff levels [2-4]. Recent
findings project a decrease in boreal forest biomass due to climate change, especially in the dominant
conifer species [5], and these factors will likely change the boreal forest composition [6] and therefore
change overall forest evapotranspiration. In vegetated areas, reliable water balance component
estimates are of great importance for water management, sustainability, wildlife conservation, and
nowadays, to understand and define plant species’ challenges to climate adaptation [7]. Evaporation
and transpiration are two water balance components whose estimates are well known to carry
uncertainty due to the use of equations and models that (1) lump the components into a single
estimate of evapotranspiration (ET), and (2) focus on estimating ET under ideal atmospheric
conditions and with an unlimited source of water (i.e., potential ET) [8,9]. This paper focuses on
estimating actual transpiration (Tplot) and actual ET (E,) as a first step to reduce the uncertainty
introduced by assumptions of ideal conditions. Recent studies have proven that modeling actual
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evapotranspiration and using site-specific calibrated variables greatly reduces the error and
improves estimates of actual evapotranspiration [10,11].

Scaling a single tree’s point sap flow measurements to the watershed level is a complex and
challenging task, not to mention the error propagated during the scaling process. Thus, most studies
tend to focus on refining single components of the scaling process. For instance, direct ways to
estimate actual transpiration of a single tree include the heat thermal dissipation method developed
by Granier [12]. Still, sap flow radial variability should be accounted for and several researchers focus
their effort on modelling and reducing the error associated with tree sap flow fluctuations [13-16].

Initial efforts to account for radial variation was to measure sap flow at different depths [17-20]
of the tree trunk. The problem with measuring sap flow at different depths is that none of the thermal
techniques are sensitive enough to determine the boundary between the sapwood and heartwood
(i.e., sapwood depth) of a tree, and some radial flow and moisture transfer between sapwood and
heartwood can be confounded with transversal sap flow. These radial variations in sap flow are also
related to the species vascular structure, specifically the radial distribution and length of sapwood
depth around the tree circumference [21-24]. Thus, the influence of a single tree’s sapwood depth
variability on estimating sap flow velocity should be acknowledged. The key point for most of the
thermal techniques is that accurate measures of sapwood depth or sapwood area are required to take
into account the sap flow radial pattern. Most studies measure sapwood depth using visual methods,
which carry uncertainty [25], and studies suggest that more accurate methods to measure sapwood
depth and sapwood area should be included in the scaling process in order to reduce error
propagation at the tree scale [25-27]. The use of more accurate sapwood depth values to estimate
sapwood area and tree sap mass flux should be a first step towards reduction of error propagation to
larger scales (i.e., canopy).

Based on our previous work [25,26], the importance of accurate estimates of sapwood area and
sapwood depth to model robust allometric correlations [28] cannot be underestimated. Allometric
correlations to scale up sap flow to sap flux and to canopy transpiration normally require estimates
or measurements of the structural characteristics of trees, such as diameter at the breast height, leaf
area, and leaf area index. These findings indicate that there is not always a positive, direct correlation
between the structural characteristics [29-38], and it is necessary to create species specific allometric
correlations in the area of study.

Canopy heterogeneity is another source of uncertainty when estimating canopy and basin
transpiration estimates [20,37,38-44]. Due to the differences in vegetation structure, each type of plant
differs in its physiological process and therefore, in the amount of water required for transpiration
[45]. For instance, coniferous trees require less water than deciduous trees because of their more
conservative vascular structure and their tolerance to growing in xeric-mesic environments [46]. At
the same time, trees’ transpiration rates change according to micrometeorological conditions, solar
energy, and water availability [47]. This combination of physiological, micrometeorological and
energy factors generate spatial and temporal heterogeneity. Indeed, it is expected that the total
transpiration of a forested area with mixed vegetation will be the aggregation of each tree’s
transpiration at a given time and under specific conditions.

In this work, we hypothesize that an accurate scaling approach can be reached by using the
current, and most robust techniques to measure the necessary scaling parameters and in situ sap flow.
We also consider that the main sources of error while scaling transpiration are (1) leaf area and
sapwood area estimates, (2) sap flow radial variability, (3) canopy heterogeneity and density
(interspecific and intraspecific variability), and (4) forest fragmentation. In addition to these, it is
necessary to validate the final estimates, and also to estimate the propagated error.

Our previous work demonstrates that accurate estimates of canopy sapwood area [25,26,28] are
predicated on obtaining sapwood depth values with a negligible error. Hence, sapwood areas of
single trees can produce accurate regression models for estimating canopy sapwood area while
considering the canopy’s heterogeneity. This paper presents the computation of sap flow radial
variations for each tree species included into the scaling approach. We use the allometric models—
sapwood area and leaf area—reported in [28] to scale tree sap flow to canopy actual transpiration in
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a five-day period. These canopy actual transpiration estimates are compared to actual
evapotranspiration (E,) and actual transpiration values calculated with the Penman-Monteith
equation, and the modified Penman-Monteith equation, respectively.

2. Methodology

2.1. Scaling Approach Concept

Our scaling approach is based on the concept that calibrated values of tree sap flow that are
aggregated to the tree scale by using allometric correlations with low uncertainty, will provide
estimates of tree sap flux that can be used to compute low error estimates of canopy transpiration
when plot’s vegetation heterogeneity is integrated into the mathematical model. For a more accurate
estimate of canopy transpiration, we included canopy heterogeneity into our model by counting the
total number of individuals of each species within our 60 x 60 m? delimited plots, and we measured
each tree’s circumference and estimated outer bark diameter, Dos. Based on allometric correlations
between Dos and sapwood depth, we computed each plot’s total sapwood area. These allometric
correlations are reported in [26,28]. Figures 1 and 2 explain graphically the scaling approach to
estimate canopy actual transpiration.

In summary, the expected outcomes are:

1. To aggregate mass sap flow from single trees to the plot scale;
To estimate the transpiration rates of a single plot (i.e., canopy transpiration);

3. To obtain estimates of canopy transpiration and validate these results through their comparison
with other well-known and reliable methods (i.e., Penman—-Monteith).

Scale to a plot: Determine sap flux density based on allometric
Sapflux of Single Tree: Thermal dissipation method. equations Flux
Changes of temperature of transported sap in the sapwood

density
Phloem i A
Bark 4 Cambium _
> - ’W«ﬂ“" F:s“p e ]Sp SAsp
WHeartwood }
Sap flow Sapwood

Heated probe

/,%0:33\‘

Conmections to regulated
heat and logger

X/

Non-heated
probe

o Pith area

Flux density per plot is converted into actual canopy transpiration
by dividing per unit area

n
Thermal Probes ‘\ \ Bsign= Z ) 2
i=1

Modified from T. Mutzer, 2000. Totor= Fylor /unit area

Three different area factors were used: unit of surface ground area
(i.e. Tha), the Leaf Area (LA) and the Effective Leaf Area (LAfy)

Meteorological Data

and
Tree morphological Validation
parameters
Actual Canopy Transpiration agreement with:

‘ *  Penman-Monteith (Actual Evapotranspiration)
*  Modified Penman-Monteith (Canopy Transpiration)

Figure 1. Sap flow measured at a single tree point, can provide actual tree sap flux estimates when
the tree’s sapwood area is known or accurately estimated. Each tree species sap flux can provide
accurate estimates of a plot’s actual transpiration by using reduced error allometric correlations of
canopy structure parameters such as Leaf Area or Sapwood Area. The plot scale can provide estimates
of ET and T comparable to estimates from Penman-Monteith (P-M) and Modified P-M method,
respectively. Appendix A .4 details the calibration of tree sap flow measurements.
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Figure 2. Thermal Dissipation Probes (TDPs) installed in a boreal, coniferous tree with the isolation
material (upper part of the picture) ready to cover the sensors and protect them from direct exposure
to solar radiation that could affect the sensors’ temperature.

2.2. Study Site

A forest region located in the Sibbald Areas of Kananaskis Valley in Alberta, Canada, was the
study site for field measurements to support this work. The Kananaskis Valley is a Montane closed
forest formation [48] within the Rocky Mountains [49,50]. This type of forest has ridged foothills and
a marked rolling topography. The Montane forest is classified as an ecoregion within the Cordilleran
eco-province and experiences unique climatic conditions arising from the combination of
physiography and air masses [48]. Within the province of Alberta, the Montane forest maintains the
warmest temperatures during the winter than any other forested ecosystem.

Two plots of 60 x 60 m were delimited and used to scale up sap mass flow and to calculate the
total rate of transpiration per plot. One plot was a pure coniferous site of Pinus contorta (Lodgpole
pine) mixed with Picea glauca (White spruce), while the other was a pure deciduous site composed of
Populus tremuloides (Trembling aspen). They are henceforth to be referred to as Coniferous site and
Deciduous site, respectively. These two plots were part of the plot samples used to create allometric
regression models to scale up five boreal species sapwood area to the plot level (SA,;,.) [28].

Field campaigns conducted in 2004 and 2005 were used to collect all the material and biometrics
required for the entire scaling process. Field data collected at each plot included: each plot’s number
of trees per species, each tree’s outside bark diameter at breast height (Dos), leaf area index (LAlLy,:),
soil moisture, and sap flow velocity (J;). We measured LAl within the 60 x 60 m plots using the
Tracing Radiation and Architecture Canopies device (TRAC, 3rd Wave Engineering Co., Nepean,
ON, Canada).

2.3. Measuring Single Trees” Sap Flow

Sap flow in a single tree was measured using the heat dissipation technique [51]. At each plot, a
group of four trees (for each species inside the plot) were set up with thermal dissipation probes
(TDP-30, Dinamax, Inc., Houston, TX, USA) for periods of 48 h. The thermal dissipation probes
(TDP’s) were installed in the North side of the trees and covered with a special insulating material
(Figure 2) to avoid direct solar incidence and overheating of the sensors that might alter the logger
readings. At the same time, a set of soil moisture sensors (six sensors) was placed in the soil (below
the litter) to observe the changes in soil moisture content and to later compare with the trees” water
uptake. The soil moisture values are also used in the empirical calculation of E,. After 48 h, another
group of four trees was set up with the TDP’s and soil moisture sensors. This task was performed at
least four times within each plot. We were interested in capturing the sap flow patterns of trees with
different diameters (i.e., interspecific heterogeneity); therefore, the trees selected for measuring daily
sap mass flow were chosen in order to cover the range of trees’ outside bark diameter at breast height
(Dop) in each plot (i.e., the largest, the smallest, the mean, and other intermediate Dyp values of each
species found inside the plot).

Sap mass flow measurements were corrected by applying the original calibration presented by
Granier [52], and presented here in Appendix A. The canopy transpiration estimates were computed
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after sap mass flow data were corrected for radial patterns of sap flow. Trembling aspen individuals
were excluded from the radial correction, since it had been proven that diffuse-porous tree radial sap
flow does not vary significantly [18,53,54]. The method to compute canopy transpiration from sap
mass flow data is detailed in Section 2.2.

In order to validate the scaled transpiration values, the actual forest evapotranspiration (E,) and
plant actual transpiration (Ty4,¢) Were estimated for both sites. The former estimate was computed
using the Penman—Monteith equation, while the latter was computed using a modified version of the
Penman—Monteith equation [47]. The mathematical theory behind the three models’ computations is
detailed in Sections 2.3 and 2.4.

The meteorological data required to compute E, and Ty, were collected using a HOBO
meteorological station (Onset Computer Corporation, Bourne, MA, USA), which was set up in a 25
m radius clearing located inside the Barrier Lake forestry trails nearby. The installed sensors
measured temperature, relative humidity, dew point, rainfall, atmospheric pressure, wind speed,
gust speed, wind direction, solar radiation, and photosynthetically active radiation. The sensors were
placed at height of about 3 metres above the ground level. All the variable data were collected every
minute.

The sap flow values were assessed by observing the order of magnitude and their agreement
between some meteorological variables and the sap flow trends. It was expected that sap flow rates
would be greater in sunny, calm days than in rainy, cold, cloudy days, with a plateau at night. There
are periods of the day when sap flow decreases to avoid desiccation, and some other periods in which
it is known that all trees reach their maximum sap flow rates.

2.4. Scaling Actual Canopy Transpiration

2.4.1. Radial Patterns of Sap Flow

The acropetal sap transport rate has a radial gradient that decreases from the outermost part of
the sapwood towards the pith. Since there is enough evidence of the significance of the sap flow
radial gradient while scaling up sap flux density from a single point to the entire tree [17,18,24,55,56]
a sap flow radial profile function developed by [57] was used to calculate the sap flow velocity along
the entire sapwood depth of each tree. The radial profile function accounts for the fractional changes
in sap flow as a function of the maximum sap flow rate, the sapwood depth at which this rate occurs,
the total sapwood depth and the rate at which the sap flow velocity decreases from the outer to the
inner sapwood:

X = X

B

where f(x) is the sap flow rate index (expressed as a fraction), @ is the maximum sap flow rate

f(x) =wexp(—0.5]

1%) 1)

(equal to 1.0) occurring at the x, sapwood depth, and 1/f is the rate at which the sap flow radially
decreases towards the pith’s trunk. In order to calculate sap flow velocity changes instead of
fractional changes, Equation (1) was modified to the following form:

Vo—3/Vimax = ﬁ%f; exp(—0.5 [

where V,_; is the sap flow velocity in the first three centimeters of sapwood, and the maximum sap
flow velocity is Vpa,. Studies in variations of radial sap flow have found that in conifers, the
maximum velocity or the largest portion of sap flow occurs in the first centimetre [17], the first 2 cm

X — Xg

]2) dx (2)

and 3 cm [58] of sapwood depth (from cambium to pith). Research outcomes [56] reported graphs
showing that maximum sap flow occurs at 20% of the depth (from cambium to pith as well). It seems
that the depth at which the maximum sap flow occurs is a standard pattern independent of the tree
size. Based on these previous results, here it is assumed that V... occurs somewhere between the first
two centimeters; thus, xo = 2 cm. Other studies have reported that the rate of decrement in radial sap
flow is about 20-24% in conifers; thus, f has been assumed to equal 4 (i.e., a 25% of decrement). As
Vo3 is known; that is, it is calculated from the field measurements, V,.. can be estimated from
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Equation (2). Finally, V.. is used to estimate the sap flow velocity along the entire sapwood depth
(sd) at a specific time:

1 [ x — 2712
_ = - —05 |[—= 3
VO—sd Vmax4\/2—nj;) exp( 0.5 [ 4 ] )dx ( )

Note that V,_¢; is J;, the original symbol used by [53] to define sap flow velocity; thus,
k=S4 = SAtreeVO—ﬁi 4)

where the sap flow velocity, V,_z5. (cm s7), is converted into the total trunk’s mass flow, F, (cm?
s1), by scaling from the point of measurement, to the total sapwood cross-sectional area, SA;yqe
(cm?). Values of Vo_sa; were computed with Equation (3) at each time step (5 min) and then used to
estimate each tree’s daily F;.

To estimate an average canopy transpiration rate, Ty, single tree transpiration values where
scaled up to the whole plot. First, a diurnal average sap flow per species was estimated, and
multiplied by the total sapwood area of that species inside the plot, obtaining the total average
canopy water mass flow:

1 m
Jo== Vo ©)
=1
and
Fp =Jsp SAsp (6)

where J;, is the average sap flow velocity of the species sp obtained by the summation of the
diurnal average sap flow velocity of each ith individual and divided by the total m individuals of
the same species whose sap flow was measured. Fsp is the average of the species sp total mass flow,
and SAg, is the total sapwood area of the species sp.present in a specific plot The calculation of the
average canopy water mass flow (F,,¢) is through the summation of each plot’s species total water

mass flow:
n
Fplot = Z F_;*pi )
i=1
The average sap flow within the plot is:
n
]_plot = Z]_spi (8)
i=1

To estimate Tpjor, the Fppe is normally divided by a unit area of ground (i.e. 1ha). This division
allows one to observe the agreement between canopy transpiration and actual forest
evapotranspiration (E,), or actual forest transpiration (T4, ). Here, we assessed three different units
of surface ground area: Plot sapwood area (SA4,,,.), the actual leaf area (LA), and the effective leaf area
(LAgss). Finally, Tplot values were compared with an average of E, and Tpqn:.

2.4.2. Azimuthal Sap Flow Variation

Previous work [27] where we reported that we measured sapwood depth in four different sides
of the tree to account for the sapwood depth variation around the tree trunk, and therefore the
azimuthal variation in sap flow. The sapwood depth was measured under the microscope, and for
each tree, an average sapwood depth was computed. We consider that this is sufficient to account for
azimuthal sap flow variation.

2.4.3. Water Storage Capacity Estimates

It is assumed that the water stored in the tree trunk equals the amount of water replenished at
night. The assumption is based on previous research focused on the contribution of a tree trunk’s
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stored water to transpiration, under dry and wet conditions. Reported results show that on average,
of the daily amount of water transpired by a tree, 14.8-20.0% corresponds to the trunk’s stored water
[59-62]. In Trembling aspen, the water trunk provided 11.6% of the mean daily transpiration [61] and
most of the time, full replenishment for the tree trunk occurs at night [60], which creates a water
balance between the tree water lost during the day and the water recharged at night. In addition, it
has been determined that for scaling purposes, the error associated with water storage capacity is
practically null if between individuals, the sap flux variability is low [60].

2.5. Estimating Actual Forest Evapotranspiration

The Penman-Monteith equation estimates the actual evapotranspiration of vegetated surfaces
by accounting for all the micrometeorological factors that influence evapotranspiration as well as the
influence of the canopy conductance and aerodynamic resistance in the rates of vegetation
transpiration:

_ A(Rn - G) + pacp(e" - ea)/ra

AE, =
“ sy I+ E ©)
a

where AE, is the latent heat of actual evapotranspiration, A is the slope of the saturation vapor

pressure curve (kPaonl), R, is the net solar radiation, and G is the soil heat flux (all these terms in
units of (] m2 s™)). The air density is denoted by p, (kg m?) and c, is the specific heat of air at
constant pressure (i.e., 1010 Jkg1°C™"). The term (e° —e,) is the vapor pressure deficit (VPD)
calculated by the difference between the saturation vapor pressure (e, (kPa)) and the actual vapor
pressure (e,, (kPa)). The psychrometric constant y is in units of (kPa°C). The aerodynamic terms,
1, and 7, are the aerodynamic resistance to vapor and heat transfer, and the bulk canopy resistance
(both expressed in sm™). To convert the latent heat of evapotranspiration to actual evapotranspiration

(Ep), Eq = AE“/ , in units of mms™ was employed. The equations used to solve the aerodynamic and
energy parameters of the Penman-Monteith equation are detailed in Appendix A.

2.6. Estimating Actual Canopy Transpiration

Liu et al. [47] presented a modified version of the Penman—Monteith equation in order to
estimate actual canopy transpiration at large scales. According to Liu et al. [47], a model such as
Penman-Monteith should be adjusted by separately estimating the transpiration of shaded and sunlit
leaves as follows (stratified model):

Tplant = TsunLAlsun + TshadeLAlshade (10)

where Ty, and Tpqqe are the actual transpiration of sunlit and shaded leaves, respectively; LA,
and LAlg,,q4. are the leaf area indices for sunlit and shaded leaves as well. The Penman—Monteith
equation is then used by Liu et al. [47] to estimate Ty, and Tgpqqe:

A(Rn,sun) + PaCyp (eo - ea)/ra
A+y[1+1r/7,]

PV —— (11)

and

AT — A(Rn,shade) + pacp(e" - ea)/ra
shade A+y[1+7/m]

(12)

where R, sy and Ry spaqe are the net solar radiation available for sunlit and shaded leaves (Jm2s7),
respectively, and 7; is the stomatal resistance (sm™). The rest of the parameters and units remain the
same as in Equation (9).

The boreal ecosystem productivity simulator (BEPS) provides a set of equations to calculate
Ry sun and Ry spaqe (Liu et al., [47,63]). The equations compute the shortwave solar radiation for
sunlit and shaded leaves as well. The net longwave solar radiation is assumed to behave equally for
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sunlit and shaded leaves; therefore, a single equation is used to calculate net longwave solar
radiation. Thus, R, ¢, and R, spqqe are respectively given by:

Ry sun = Rssun + Rupsun (13)

and

Rn,shade = Rs,shade + Rnl,shade (14)

where Rq;nm and Rggpgqe are the shortwave solar radiation for sunlit and shaded leaves,
respectively, and Ry g,n and Ry spaqe are the net longwave solar radiation for sunlit and shaded
leaves, respectively. The solution to these equations is formulated in Appendix A, and also provided
by Liu et al. [47].

3. Results

Not all of the instrumented trees provided credible data and after all the sap flow data collection
were checked for quality, only four Trembling aspen, five Lodgepole pine, and four White spruce
trees provided credible sap flow measurements adequate for scaling up to the plot scale. In the case
of the Coniferous site, eight days of sap flow measurements were used to calculate Fyj,; and T
The Deciduous site provided four days of sap flow measurements and meteorological data. For the
same dates, E, and T,,; were computed. Each site’s daily values were averaged and compared
with the average T, obtained for their respective time periods.

3.1. Scaling Canopy Transpiration

The Deciduous plot’s ratio of SAy;,; to the plot’s basal area was 0.57, while in the Conifer site,
the ratio was 0.54 for the Lodgepole pine trees and 0.38 for the White spruce trees. Thus, the
Trembling aspen showed a larger sapwood area per unit basal area at the plot scale than the conifer
species. That was expected since diffuse-porous trees have larger sapwood areas in order to meet
their water demand (i.e., they are less efficient at transporting water). As it is shown in the following
sections, the Deciduous site drew larger mass flow per plot than the Coniferous site.

Figures 3-5 exemplify the diurnal sap flow patterns in Lodgepole pine, White spruce, and
Trembling aspen. In each plot, the dashed line is Ry and the solid line is J;. Two individuals of
different Dos are presented in order to exemplify the differences in Ji due to the tree size. Notice that
the Lodgepole pine Ji is somewhat tempered in comparison to Rj.
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Figure 3. An example of a Lodgepole pine tree diurnal sap flow. Tree’s diameter at breast height was
17 cm. Day of the year: 216, in 2004. Dashed line is Rs and the solid line is J;.
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Figure 4. An example of a White spruce tree diurnal sap flow. Tree’s diameter at breast height was 18
cm. Day of the year: 232, in 2004. Dashed line is Ry and the solid line is J;.

900

r 800

r 700

r 600

r 500

r 400

r 300

Sap velodity (ad ari” k)
(1N uoyRIPEY TRjO0S

r 200

8:35 11:35 14:35 17:35 20:35

Time

Figure 5. An example of a Trembling aspen tree diurnal sap flow. Tree’s diameter at breast height was
31 cm. Day of the year: 228, in 2004. Dashed line is R; and the solid line is J;.

Each tree’s sap flow pattern was analyzed in order to determine the times of initial and final
daily transpiration activity. The transpiration patterns of the sampled trees showed activity starting
early in the morning (around 500 and 545 h) and finishing between 1700 and 1900 h. Variations in the
time at which the tree stopped transpiring and starting transpiring again were related to the
meteorological changes.

The radial profile function to correct the sap flow velocity showed that the sap flow velocity
values could have an underestimation of 12.5% in trees with a relatively small sapwood depth (3.5 +
1.5 cm). The average sd in conifers ranged between 3.10 cm and 3.50 cm. In this particular case, if
the radial profile correction could not be applied, the sap velocity will be underestimated when scaled
to the entire tree. Each species, F, and F,;,, are reported in Table 1. The Coniferous site total mass
flow is the summation of the two species populating the site.
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Table 1. £, and Fy,, (mPday™') at each site (1 is the number of individuals used per plot).

Site Tree Type n Fsg  Fpee Days Averaged
. Lodgepole pine 5 12.64 8
Conifer-4
oner White spruce 4 257 15211 8
Deciduous-6 Trembling aspen 4 3244 32.44 4

! Conifer-4 F,, is the sum of F;, of both species within the plot.

3.2. Actual Evapotranspiration Results

All the mathematical models to calculate E, are detailed in Appendix A. The most complex
parameter to obtain is 7,. A series of reduction functions were used, and the assumptions made
provided half-hourly 7, values that are in reasonable agreement with the values listed by [64-66].
The other parameter that was estimated in an uncommon way was R,,. This was done by integrating
parameters that take into account the influence of LAI, gap fraction and emmisivity of understory
and overstory. Since the determination of LAl, and Q, was essentially based on previous reports,
which at the same time are based on a few assumptions, it was necessary to observe the influence of
LAI, and Q, values on the calculation of E,. Thus, a sensitivity analysis of E, was performed by
using different LAI, and Q, values. The range of values to test LAl, and Q, were 0.6-1.5 and 0.5
0.9, respectively. The obtained estimates of E, with respect to the initial E, differ in the range of
2.0 x 10* to 9.0 x 10* mmd'. When LAI, and (, are set up as 0.6 and 0.9, respectively, E,
estimates are practically the same as when LAIL, and , are set up as 1.0 and 0.5 (the values used
here), respectively. The sensitivity analysis was also performed to see the impact on the average of
E, (i.e., E,) per day. The analysis showed differences among values in the range of 2.0 x 104 to 6.0 x
10 In conclusion, the assumed LAI, and (), values were considered adequate. Final estimates of
E, arelisted in Table 2. The E, values are shown per date and sorted by the type of site that was set
up for sap flow measurements in the same dates.

Table 2. Penman-Monteith E, and E, estimates during the same days that sap flow was measured
at each site (in 2004). E, is the daily E, average.

Conifer-4 Deciduous-6
Day of the Year m Day of the Year m
212 1.50 225 4.79
213 0.78 226 5.82
215 3.01 227 3.29
216 1.68 228 3.27
231 0.90
232 0.87
234 3.63
235 0.07
E, 1.56 4.29

Liu et al. [47] reported that Canadian boreal forest evapotranspiration values range between 100
and 300 mm year-'. Additionally, Liu et al. [47] estimated that a coniferous land cover could have a
yearly transpiration of 123 mm with an s = 55 mm; and deciduous and mixed forests land covers were
reported with yearly transpiration values of 327 mm and 244 mm, respectively. On examination of
the previous results, it would seem that there is an overestimation of E,; however, 2004 had a
particularly wet and hot summer, that exceeded reported rainfall normals [67] by a factor of 0.75 in
July and 2.27 in August. Moreover, daily maximum temperatures during the months of July and
August were greater than the daily maximum values reported in Environment Canada’s Climatic
Normals [68]. That is, July and August maximum temperatures varied between 24 and 29 °C,
respectively, while the Climatic Normals reported maximum temperatures of 21.5 and 21.1 °C,
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respectively. Thus, the conditions for large evapotranspiration amounts that are greater than normal
maximums could be considered reasonable for this wet and hot summer.

Variation in the Soil Field Capacity

The soils in the field plots were comprised of a sandy loam. The field capacity of a sandy loam
soil varies between 0.16 and 0.22, and its wilting point is 0.073 [68]. The reported E, was calculated
using an average value of the soil field capacity. Calculations of 6,, gs, and E, were made using the
lower and upper bounds of the soil’s 6.

Results showed that in days when 8, < 0.00, the function limiting E, was g(s,,), causing g;
to become practically null, and making 7, reach its maximum value. In these days, there was no
difference in the final E, since the computation of 8, will always be zero or negative, no matter the
6¢. value. Of course, in those days the factor limiting E, was soil moisture to the point that observed
E, values were lower than 1 mmd-! (e.g., days 213 and 235, Coniferous site).

When 0.16 = 6, = 0.22, soil moisture is not limiting at all, and other environmental factors
drive E,. In these cases, there was no variation in the final E, estimate. It was noticed as well that
the immediate limiting factor was VPD, and then R; (e.g., days 231, Coniferous site).

Finally, if 6, ~ 0, there is variation in the estimates of Ej. This was noticeable for just two
days in the whole data set used here (days 215 and 216, set up in the Conifer site). When 6, varied
from 0.0750 to 0.0795, the changes in 6 generated E, to vary between 2.54 mmd~! and
3.73 mmd™?, when 6. was set up as 0.22 and 0.16 respectively (day 215). When g, varied from
0.0735 to 0.0743, the changes in 6 caused E, of 0.90 mmd™!, either 6, was 0.22 or 0.16,
respectively (day 216). The reported E, values for these two days are 3.01 mmd™* and 1.68 mmd~".
In those two days, it could be said that there is a variation in the E, estimates between 0.47 mmd~?!
and 0.78 mmd .

3.3. Actual Canopy Transpiration Results

Appendix A details the mathematical models, and the computation of Ty, and Tspqq, is very
similar to the one applied for computing E,. The main changes rely on substituting R, by either
Rgyn O Rgpgqe and the use of r; instead of 7. Tables 3 and 4 show the obtained transpiration
estimates for shaded, sunlit leaves, and the total canopy transpiration in the Conifer and Deciduous
sites, respectively. It is worth mentioning that for the Deciduous site, the Ty, estimates were based
on the estimation of g(VPD) computed with Kypp = 0.84 kPa.

Table 3. Modified Penman-Monteith Tj;qn, estimates during the same days that sap flow was

measured at the Coniferous site. Tyqp; is the summation of Tgpgqe and Toypn- Tpiane is the average
of the daily Tpjqn- All estimates are in mm/d.

Day of the Year Tspage Tsun  Tplant

212 038 1.08 1.46
213 019 056 0.75
215 1.80 073 253
216 126 041 1.67
231 056 066 122
232 052 064 116
234 259 095 354
235 011 0.04

Tplant 1.56
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Table 4. Modified Penman-Monteith T4, estimates during the same days that sap flow was
measured at the Deciduous site (measured in 2004). T,iqn, is the summation of Tgpgqe and Teyy.

Tpiane is the average of the daily Tjqn.. All estimates are in mm/d.

Day of the Year Tgpage Tsun  Tplant

225 300 175 475
226 367 213 580
227 244 142 386
228 205 120 325

T ptant 442

Variation of the Soil Field Capacity

As in the E, estimates, there is variation in the estimates of Tpjane if Ospn = O4p. At the
Coniferous site, days 215 and 216 showed the variations at the Coniferous site. When 6, varied
from 0.0750 to 0.0795, the changes in 6; generated T, to vary between 2.10 mmd~' and
3.22 mmd™?, (keeping 6, equal to 0.22 and 0.16 respectively; day 215). When 6, varied from 0.0735
to 0.0743, the changes in 6, caused Tpqne Of 0.87 mmd~!, either 6 was 0.22 or 0.16, respectively
(day 216). The reported T,iane values for these two days are 2.53 mmd™! and 1.67 mmd ™. In those
two days, it could be said that there is a variation in the T}, estimates between 0.43 mmd~' and
0.80 mmd™1.

3.4. Agreement between Methods

The Coniferous site’s daily average estimates of E; and Ty, (Tables 2 and 3) are practically
the same (1.56 mm/d). For the Deciduous site Tplant > E, by 0.13 mm/d. Hence, both Equations (9)
and (10) draw very similar estimates. Such close similarity could mean that the wet, hot summer
conditions of the studied area made the evaporation component negligible. Nevertheless, this should
be part of future studies that could observe the agreement between the original Penman-Monteith
equation and the stratified model developed by Liu et al. [47].

The comparison between E, and Tp 1ot is shown in Table 5, while Table 6 shows the comparison
between Tplant and Tplot. For these comparisons, the transpiration values are expressed as the
average of the J, [mm,,
This unit ground area was estimated as the ratio of SA,,,; per 1ha (from now on referred to as
“SApior as unit ground area”). Additionally, E, and Ty, were averaged (i.e., E, and Tplant) on

mmg;d~!] measured in the trees inside of each plot per unit ground area.

the same days for which Fplot was computed.

Table 5. E, and Tplot at the Coniferous (8 days average) and Deciduous (4 days average) sites.
SAy, ¢ was used as the unit ground area to estimate Tplot~ All estimates in mm/d.

Site E, Tpioe Scale Agreement
Conifer-4 156 152 canopy Ty = 0.97(E,)
Deciduous-6  4.29 3.14 canopy Tpie = 0.73(E,)
Deciduous-6! 531 3.14 canopy Tpior = 0.59(E,)
1 When Kypp = 0.79 kPA.

Table 6. Tpiqye and Ty at the Coniferous (8 days average) and Deciduous (4 days average) sites.
SApor Was used as the unit ground area to estimate Ty;0;. All estimates in mm/d.

Site E; Ty Scale Agreement
Conifer-4 156 152 canopy Tpior = 0.97(Tpiant)

Deciduous-6! 4.42 3.14 canopy Tpior = 0.71(Tpiane)
| When Kypp = 0.84 kPA.
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The agreement between the Coniferous E, and Ty, is acceptable and showed that Ty is
about 97% of the total forest evapotranspiration. The remaining 3% of E, may be attributed to the
other sources of forest evapotranspiration such as surface evaporation and understory transpiration.
The contribution of understory evapotranspiration varies and it could be fairly large during the
growing season; however, [69] listed different sources that measured understory ET in stands of
different pinaceas, and percentages range from 6% to 60% as understory contribution to forest ET.
Thus, it is reasonable to attribute the difference between both methods to understory ET. Very similar
results were seen in the comparison between Tygn: and Ty Where Tpyop is 97% of the Tpigne
estimates. Although both values are quite similar, the T4, is greater than Ty, by 0.04 mm/d. The
agreement is acceptable as well; however, it was expected that both values would be equal (i.e.,
Tplant = Tplot)- )

The Deciduous plot results showed a better agreement with E, when Kyp, was setas 0.84 kPa
and VPD, = 1.0 kPa. In this case, Tpjo; is about 73% of E,, and about 71% of Tpjane. This value can
also be considered acceptable as well, since the days when the /5, was measured, the soil moisture
was not limiting, and VPD was the driving factor. As it has been shown in other works [52], when
this situation happens, the sap flow reaches a plateau and becomes quasi constant along the day. Just
as when water is limiting, ]_Sp decreases. Thus, the remnant 28% of the E, may be attributed to the
understory transpiration and other surfaces of evaporating water.

3.5. Leaf Area Indices as Scaling Factors

Assessing other unit areas that could be helpful in transforming sap flux density values into a
canopy transpiration rate, effective leaf area (LA, ;) and actual leaf area (LA) were used as unit areas

as well:
Tplot = jplot X SAIeff (15)
where
SAsp SASp
SAl, ;¢ = =
I LAlLysr X Apior - LAosr (16)
or
Tplot = ]-plot X SAlyctual (17)
where
SA SA
SAlgetuar = = 2P (18)

LAI X Ay LA

Leaf area values are the same values as those used to create the regression model with SA4,;,; in
[25]. Results are shown in Tables 7 and 8. As it is appreciated, LAy, and LA.ff asunit ground areas
describe the canopy transpiration of the Coniferous site as 48% and 67% of E,, respectively; and the
same agreements are shown with T_'plant. In the case of the Deciduous site, Tplot is described as 64%
and 83% of E,. On the other hand, T, is 62% and 80% of Tpigne. The LA.rs as a unit area describes
the Deciduous Ty, as a larger proportion of E, than the unit ground area when these values are
based on Kypp = 0.84 kPa).

Table 7. LAy, LAcfsr, and site average canopy transpiration over eight days at the Coniferous site.

Unit Area Lodgepole Pine White Spruce Tplot Agreement
LAy j0¢ 1.56 1.52 0.74 T'plot = 0.48(E))
Tp_lot = 0-48(Tp£ant)
LAyss 0.86 0.18 1.04 Tpiot = 0.67(E,)

Tplot = 0-67(Tplant)
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Table 8. LAy;,¢, LA.rr, and site average canopy transpiration over four days at the Deciduous site.

Unit Area T,,,,,t Agreement
Toior = 0.64(E,)
LA 2.75 _ plot \Fa
plot Tp_lot = 0-62(Tp£ant)
LAy, 355 o vt 083

Tplot = 0'80(Tplant)

4. Discussion

The main objectives of this study involve scaling issues in transpiration: firstly, to identify those
parameters influencing transpiration at different scales in order to use them as scaling parameters if
adequate models can be developed [25,26,28]; and secondly (but no less important), the improvement
of the final transpiration estimates at larger scales. This is a complex task since there often exists large
intra- and interspecific variability that, at the same time, is controlled by biophysical characteristics.
In this study, these problems were faced and addressed by using more accurate methods to estimate
the scaling factors in order to avoid large uncertainty in the final estimates. The effectiveness of using
more accurate methods is proven through the validation of Ty, estimates. That is, T, will be
reasonable result if first, Tpior = Tpigne, Or at least Tpor = Tpiane; and second, Tpoe will be a
significant proportion of E,.

Each site’s Tp, shows an acceptable agreement with the computed actual forest
evapotranspiration and the actual canopy transpiration—Equations (9) and (10). In the Deciduous
site case, the obtained T, motivates one to speculate if the agreement is good enough. In this
particular case there is an issue worth mentioning here (in case the reader considers the T, fraction
to be small). The days in which the Tplot was calculated, showed large E, and T4, valuesbecause
8sm was not limiting, and VPD was driving E, and Ty transpiration as well. In this case, the
empirical factor Kypp, was adjusted as much as possible by respecting previous reports on the
influence of VPD on g;. The actual 7, of the Trembling aspen individuals could go beyond the
empirical estimates, but there is no field data that could evince this and allow modification to Ky pp.
Moreover, BEPS results suggest that at larger scales, a deciduous forest’s transpiration is about 67%
of the annual actual forest evapotranspiration [47]. Therefore, the Deciduous Tplot are considered
reasonable estimates

The three different area factors that were used to calculate actual canopy transpiration drew
dissimilar results. Still, the three estimated T, values always met the expected agreements with
E, and Tygne. The Coniferous site Ty, estimated by means of SAp,: as a unit ground area (i.e.,
using SAp;,:10 X 10° m?) implies that there is a significant contribution of canopy transpiration to
the total ET of the studied sites. Moreover, the estimated T_'plot ~ -plant . Thus, the canopy
transpiration rates are in good agreement with previous works when using SA;,; as the unit ground
area.

However, using any leaf area as a unit area factor, it seems that canopy transpiration is
underestimated (in the Coniferous site), and overestimated (in the Deciduous site) in comparison
with the obtained Tpjo; using SA,: as unit area. The LA,s; as a unit ground area that defines the
Deciduous site’s Tplot as a larger fraction of E, (than that estimated with SApioe as unit ground
area). Thus, T, becomes a larger proportion of Tpjap than using SA,,, as a unit ground area.
Conversely, LA.¢; as a unit ground area defines the Coniferous site’s Ty, as a smaller fraction.
Results suggest that SA,;,, as unit ground area gives adequate Tplot estimates for the Coniferous
site and the SAl,¢; gives adequate Ty, estimates for the Deciduous site. Hence, the chosen unit
ground area considerably influences the Tplot estimates.

With respect to the results from Equations (9) and (10), it was expected that T4, will be a
significant proportion of E, (i.e., between70% and 90%). However, the daily values of E, and Tyine
slightly differ; and most days showed that indeed E, > Tpy;qn, (i-e., Days 212, 215, 216, 234, 225, 226,
and 228). As it was expected, Tpjqn; is always a significant proportion of E, for most days (i.e.,
Tpiant > 90% of the E,. There were also days when Ty4n > E, (Days 231, 232, 235, and 227). These
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results suggest that there were humid days causing some water condensation. Indeed, in those days,
the E, morning estimates (i.e.,, E, hourly values) are negative. Moreover, approximately half of
each day drew VPD < 0.5 kPa.

If the volumetric soil moisture approximates its wilting point, there could be significant
variations in E, (as well as Ty4y,:). Therefore, the influence of 6, variations on E, was studied.
During the days that this research was conducted, the soil was either extremely dry (below its 6,,)
or very wet (0.16 = 0, = 0.22), causing just two days of transition between dryness and wetness to
affect E, values.

Even though the authors’ methods help reduce the error carried out by scaling parameters, there
is certainly opportunity to improve sap flow measurements. The choice to capture inter-specific
variability, that is, changing the thermal probes after 48 h to individuals of different diameters, may
have introduced uncertainty into the final data due to the short sampling time. The two summers in
which sap flow data were collected were not the most favorable in terms of capturing sap flow
patterns (such as those shown in Figures 4 and 5). Overcast days were constantly present, and we
were not able to observe expected diurnal sap flow patterns (e.g., Figure 3). Another challenge was
that on several occasions, the probes had to be moved to different trees because the probes were not
capturing sap flow activity, which was attributed to tree infestation that was not initially visible or
obvious. Thus, the sample size and temporal replication of sap flow were reduced to only a few trees
and only up to four and eight days of sap flow data for the Coniferous and Deciduous site,
respectively. In addition, the calibration method used to account for radial variation was estimated,
and many other authors could argue that in situ calibration methods are the most effective methods,
but they also indicate that this is a rare practice [15]. The available calibration methods—using
potometers —are invasive, and there are concerning factors with these calibration techniques. Among
those concerns is the fact that the base of the tree is damaged by the removal of its outermost bark,
which means that most likely the tree will suffer from embolism and most likely will die. Injecting
pressurized water into a tree could also cause severe damage to the secondary xylem tissue, which is
known to be extremely delicate and easily broken by slight changes in pressure. Amid climate change
and the global biodiversity crisis, the intention with this research was to propose a scaling approach
that will conserve and protect the forest trees and their environment; thus, the authors used those
techniques that were the least invasive and did not require sacrifice or damage to the integrity of the
trees.

5. Conclusions

The scaling approach proposed here was shown to be an appropriate way to quantify the
variation of scaling factors [25,26,28] and to prove their correlation at large scales. The use of these
scaling factors and the careful formulation of the scaling approach were fundamental in obtaining
canopy transpiration estimates that closely agreed with the estimated actual evapotranspiration
using the Penman-Monteith and the modified Penman-Monteith equations.

The canopy transpiration values calculated using the LA.f; as a unit ground area factor are
meaningful due to the close relationship between the total amount of leaves that fully operate during
transpiration. Thus, we suggest that a deeper understanding and testing of this canopy transpiration
number would be a significant contribution to the study of the efficiency of trees in water use. It is
also recommended that prior characterization of the intraspecific biometrics” variations be made in
order to further develop the scaling approach. In addition, future work should focus on observing
the behavior of this scaling approach at larger scales.

Many canopy transpiration studies disregard the impact that regression models have in the final
estimates of transpiration. Previous research has demonstrated the constant over and
underestimations of sapwood depth, sapwood area, leaf area, and leaf area index by using general
assumptions, and the concerning level of error that these values carry to larger scales. However, the
authors acknowledge that the sap flow data collected for this work would be further improved by
increasing the temporal scale and sample size per species. Our suggested approach for capturing sap
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flow interspecific variability requires further study and thus, for future work, it is advised to measure
sap flow simultaneously on a series of trees with different diameters.
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Appendix A. Computing Actual Evapotranspiration and Canopy Transpiration

Appendix A.1. Actual Evapotranspiration

Since the direct estimation of transpiration is complex, it is more common to estimate
evapotranspiration (ET) of forested areas as a close estimate of transpiration. For dense, homogenous
vegetated areas, transpiration is usually considered the largest portion of total evapotranspiration in
forested areas. In Canada, it is estimated that forest transpiration has a large proportion of the total
ET varying between 45% and 67% of total ET), while the rest of the water lost is through soil
evaporation or evaporation of water on surfaces (e.g., leaves and trunks) and sublimation [47]. These
statements are reinforced with detailed studies of ET in the boreal forest that demonstrate the large
activity and amounts of energy and mass fluxes [70].

In this study, the Penman-Monteith equation [71] is used to estimate the actual
evapotranspiration of the vegetated areas under study. These evapotranspiration estimates will be
used to validate the daily transpiration rate estimates at the plot scale. The Penman-Monteith
equation estimates the actual evapotranspiration of vegetated surfaces by accounting for all the
micrometeorological factors that influence evapotranspiration as well as the influence of the canopy
conductance and aerodynamic resistance in the rates of vegetation transpiration:

A(Rn - G) + pacp(e" - ea)/ra
AE, = =
Aty [1 + T

(A1)

where A E, is the latent heat of evapotranspiration A is the slope of the saturation vapor pressure
curve (kPa°C 71, 1E, is the latent heat of actual evapotranspiration (Jkg™'), R, is the net solar
radiation, and G is the soil heat flux (all these terms in units of Jm~2s™*). The air density, p, is in
(kgm™3); c, is the specific heat of air at constant pressure (i.e., 1010 Jkg™* °C ~1). The term (e° — e,)
is the vapor pressure deficit (VPD) calculated by the difference between the saturation vapor pressure
(e° (kPa)) and the actual vapor pressure (e,, (kPa)). The psychrometric constant, y, is in units of
(kPa °C 7). The aerodynamic terms, 7, and 7, are the aerodynamic resistance to vapor and heat
transfer, and the bulk canopy resistance (both expressed in sm™1). The following paragraphs explain
in detail the calculation of each Penman-Monteith equation’s parameter. To convert the latent heat

of evapotranspiration to actual evapotranspiration (E, ), use E, = A E,/ A in units of mms™?.

Appendix A.1.1. Aerodynamic Parameters

To calculate the VPD term in the Penman-Monteith equation, the saturation vapor pressure was
initially calculated using two different equations:

e® =a, +a; Ty + ayT2 + azT3 + a, T + asTS + agT? (A2)

and
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16.78 T, — 116.9)

T, + 237.3 (A3)

el = exp(
In both equations, T, is the air temperature (°C, field weather station measurements). The first
equation is the resultant of a Chebyshev fitting procedure used by [72]. The polynomial coefficients
(i.e., a, to ag) are reported in Lowe’s paper [72] and e° is calculated in mbar units. The latter
equation calculates e in kPa was derived by [73] and its estimates are considered of high reliability
[64]. The average difference between e° values calculated with both equations was of 0.00017 kPa.
Thus, for further estimations, Equation (A3) is applied. The actual vapor pressure is calculated using
the estimated e® and the relative humidity (RH, (%)) that was measured in the field [74]:

RH e°
a =100 (Ad)
The air density, p,, can be derived from [64]:
1000 P
pa=—7 g (A5)

where P is the daily mean atmospheric pressure calculated with the field measurements (barometer,
units of kPa), R is the specific gas constant (287 Jkg™*K™?). T,, is the virtual temperature in degrees
Kelvin, calculated as [64]:

Ta

T, =
T 1-(0378¢, P1)

(A6)

where €, and T, are taken as the daily average of e, and T, respectively. A sensitivity analysis
was performed to observe how T, values affect p, or the evapotranspiration estimates. There were
no significant changes in the values. Thus, T, was used in the equation. This analysis was performed
since [64] did not specify if an average temperature or temperature at each hourly time-step value
should be used.

The psychrometric constant can be expressed as [75]:

EA ( )

where y is given in units of kPa°C -1 ¢, is entered as 1.010 kJ kg1 °C™%, P is in kPa. The water
vapor ratio molecular weight () is a constant value equal to 0.622, and A is calculated using the
following equation [64]:

1=2501-2361% 10737, (A8)
where 1 is given in units of MJ kg™ (i.e., multiply by 1000 to match units of c,).
The slope of the saturation vapor pressure curve (A) is derived from the following equation:

4098 e°

= (T, + 237.3)2 (A9)

The aerodynamic resistance to vapor and heat flux, 7, is estimated with the following equation
[64,76]:

7, = ([ln T d] [ln T d]) + k?u, (A10)

Zom Zon
where k is von Karman’s constant (0.40), z, is the height (m) at which the wind speed u, (ms™)
has been recorded (12.19 m in this particular case), d is the zero-plane displacement (m) that is
assumed as 67% of the canopy height (i.e., d = 0.67 h;) for vegetation with LAl > 2.0. Here, the
average canopy height is 15 m, which is the same height used in previous estimations. The
parameters z,, and z,, are the roughness lengths for the momentum and heat transfer,
respectively. Allen et al. [64] suggested applying z,; = 0.1 z,,. In this study, the fact that z,,, varies
with cover has been taken into account; thus, z,,, is calculated differently for the Deciduous and the
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Coniferous sites. For the Deciduous sites, whose vegetation is considered dense and homogeneous,
the equation suggested by [76] is applied:

1
Zom = ;(hc —d) =0.37(h,—d) (A11)
For the Coniferous sites, the equation suggested by [64] is applied:

Zom = §(he — d) (A12)

where ¢ is an empirical factor that is independent of vegetation height [77]. Based on their calculated
values of z,,, and d for conifers, [77] determined ¢ = 0.22. Table 1 lists the constant terms of the
aerodynamic resistance equation. The ratio z,,/h; = 0.7 calculated for Coniferous sites concurs
with the mean value reported by [64] for this ratio. The Deciduous’ sites z,,, value is between the
range of values listed for deciduous trees by [64].

Table Al. Steady parameters in the calculation of the aerodynamic resistance to heat and vapor
transfer, 7. All parameters are reported in meters, with exception of ¢, which is unitless.

Parameter Coniferous Sites Deciduous Sites

he 15 15

¢ 0.22 0.37

d 10.05 10.05
Zom 1.089 1.82
Zon 0.1089 0.1821

The canopy resistance is more complicated to estimate since it varies along the day and it is a
function of several atmospheric parameters [78]:

gc = Bepa minimum(g(LAI), g(R;), g(VPD), g(Ty), g(Osm))] (A13)

This equation implies that the canopy conductance (g.) is a function of the environmental
parameters: LAI, R; (Wm™2), VPD (kPa), T, (°C), and volumetric soil moisture (fs,,, in m*m™3).
The parameter that reaches its minimum at a specific time (g¢,y), drives the canopy conductance. The
lower the value of the environmental parameter reduction function, the lower the value of g,
therefore the higher the 7. Each parameter is represented by a reduction function that computes the
value of the function between zero and one (i.e., 0 < g. < 1). Different authors have developed and
calibrated reduction functions for calculating each one of the parameters in Equation (A13). Allen et
al. [64] suggested that these equations can be replaced in the function above. Here, a set of equations
was chosen and presented below. Most of the equations and empirical factors are taken from [79];
otherwise, the author is cited. Stewart [79] developed and calibrated these functions for Scots pine.
This is the closest species to the species studied in this work with reported functions. In the case of
the Deciduous site, the empirical factors were adjusted according to the response of 7, or g. to the
environmental parameters. This task was performed based on previous results and results that were
obtained in this study.

The g,... is the reciprocal of the minimum canopy or surface resistance (r;, . ). Typical values

reported for coniferous forests 7, .~ range from 30 sm™! to 60 sm™! [64]. Here, an average value of

the reported ranges was taken for the Coniferous site (i.e., 51 sm™*). [80] reported maximum values
of canopy conductance for Trembling aspen (31 ms™*) and it is the one applied here for the Deciduous

site. To compute g(LAI):

LAI

g(LAI) = LAL

(Al4)

where LAl is the maximum LAI Along the year. Since data collection occurred during the peak
of the summer (July and August), it is assumed that g(LAI) = 1.0 for both the Coniferous and the
Deciduous sites. The g(R;) is calculated with
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R4(1000 + Kp)

8(Rs) = T000(R, + Kp) (A15)
where R; isin Wm™2 and Kj is an empirical factor that was set up as 104.4 Wm™2.
The VPD function is established based on the two following equations:
g(VPD) = 1 — KyppVPD for 0 < VPD < VPD, (A16)
and
g(VPD) = 1 — Kypp,VPD for VPD > VPD, (A17)

with Kypp = 0.5 kPa. The VPD, is called the “threshold vapor pressure deficit” and is set up as
1.5kPa for the Coniferous site. For the Deciduous site, [52] reported the sap flow trend of four
hardwood species in relation to VPD. One of the species studied is from the genus Populus. For that
result, it was reported that the Populus sap flow did not significantly vary when VPD was greater
than 1kPa, unless the soil moisture content was limiting. The results presented by [52] perfectly
concur with our study results. Thus, the threshold for the Deciduous site was assumed as 1 kPa. Since
a Kypp factor was not found in the literature, its value was determined by using previously reported
trends of g. versus VPD. Thus, the value was assumed as Kypp = 0.79 kPa initially. This decision
was somehow conservative and based on the fact that deciduous 7, reported values have reached
160 sm™! [64]. Therefore, Ky, pp was set up to make the reciprocal of gmay8eny to quasi match 7, to
160 sm™' when VPD, is greater than 1kPa and becomes the driving environmental parameter of
1.. Using graphs by [80] of half-hourly changes in g. and VPD, it was observed that 7, can change
from 81sm™! to 200 sm™! as VPD reaches values greater than 1 kPa. In this case, a second run for
E, was performed assuming Kypp = 0.84 kPa, to make 7, ~ 200 sm™* when VPD > 1 kPa. Values of
E, obtained with both parameters are presented here.

For calculating g(T,), a maximum and a minimum temperature (T, and Ty, in °C) is required
that constrain the stomas process, plus another empirical factor, K (called the “optimum
conductance temperature”):

(T = Ty)(Ty —T)°

T = Al8
800 = Gy — Ty (T — Kp)? (A18)
where
Ty —Kr
— (A19)

and Ky is 18.35 °C for the Coniferous site. In the case of the Deciduous site, reported half-hour
Trembling aspen g. and temperature values [80] were used to estimate the optimum conductance
temperature for Trembling aspen g.. An average optimum temperature of 18.29 °C was obtained.

Finally, to estimate the g(0s,,), a function reported by [64], which is a slightly modified version
of the one suggested by [79], was used:

g(Osm) = 1 — e XePe (A20)
where Ky (Kg = 6.7) is the empirical factor used to calculate g(8s,,); and 8, is the fraction available
for transpiration, also called the “effective fraction of available soil moisture” [64]:

Hsm - pr

0, = (A21)

efc - pr
where 6, is the volumetric soil moisture (field measurements, m*m=2), 6,,, is the soil wilting
point and 6 is the soil field capacity. The values of 8¢ and 6., are obtained based on the soil
texture. Direct studies of the soil type and texture in the area of Kananaskis [81-84] were used to
define the soil texture in the Coniferous and Deciduous sites. The soil texture, generally defined as
fine sandy loam (for both areas), drew a soil field capacity ranging between 0.16 and 0.22, while the
soil wilting point was estimated as 0.07 (all values in volumetric fraction).
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Appendix A.1.2. Energy Parameters
The soil heat flux is calculated using a “universal relationship” developed by [85]:
G = 0.4(e”"L4NR, (A22)
G has the units of R,,. The net solar radiation is derived from the following equation [64]:
R,=(1—-a)Rs + Ry (A23)

where R; is the shortwave solar radiation (measured in the field with a pyranometer), R, is the net
outgoing longwave solar radiation, and « is the surface’s albedo value. The term (1 — a) helps to
calculate the fraction of incident net shortwave solar radiation that is absorbed by a specific surface.
For coniferous forests, mean a values are in the range of 0.09-0.15 [66,76], and deciduous forests are
in the range of 0.15-0.25 [76]. Monthly albedo values for mid-latitude forests are of 0.14 during the
months of July and August [86-88]. The net longwave solar radiation is calculated based on the
emissivity values of four different surfaces and the air temperature, T, [47]:

Ry ={s [Ea Osp T; + &, 04 T; 1- e—0-5LAI, Qy/cos Eu) + &, 0 T; (e—o.suuu Qq/cos éu)]

B (A24)
—280 O T; }(1 _ e—O.SLAIoQE/cos 90)

where gy, is the Stefan-Boltzmann constant (5.675 x 1078 Jm™2K~*s™?), T, is the air temperature
(units of K). LAl, and LAI, are the Leaf Area indices of the overstory and understory respectively;
Qp and Q, are the clumping indices of the overstory and understory; cos 8, and cos @, are
estimations of the transmission of diffuse radiant energy through the understory and overstory. The
emissivity of the overstory, the ground, the understory, and the atmosphere are respectively
represented by ¢&,, €, &, and ¢,. Emissivity values for the first three surfaces are assigned from
[47,89] as 0.98, 0.95 and 0.98, respectively. These emissivity values concur with values reported by
[64]. Emissivity from the atmosphere is calculated with the following equation [76]:

e“)m (A25)

g, =124 <T_a
where e, isin[mba] and T, isin degrees Kelvin. The transmission of diffuse radiant energy through
the understory and overstory is given by the following two equations that were derived by [47]:

cos 8, = 0.537 + 0.025LAl, (A26)
cos 6, = 0.537 + 0.025LAI, (A27)

LAI, was measured for every coniferous and deciduous site (i.e., LAlL,;,; = LAl,); LAIL, is more
complex to measure directly and it was derived from previous reports of understory NDVI and LAl
values. Buerman et al. [90] used the reflectance values to estimate the understory NDVI and calculate
LAI indices based on understory NDVI-LAI scatterplots developed by [91]. The LAI, values
reported by [90] range between 0.6 and 1.0 (being the largest values for Black spruce and the smallest
for Jack Pine). Conifers understory NDVI (NDVIL) values reported by [90] were compared with the
studied Coniferous sites NDVIu calculated from the understory spectral reflectance that was recorded
in the 2003 field campaign at two Coniferous and two Deciduous sites [92]. For both Coniferous and
Deciduous sites, the average NDVIu is 0.8, which is 0.3 larger than the values reported by [90] in 2002
(their NDVI range is 0.35-0.50). Using information reported by [91], ref. [90] established that an
NDVTIu of 0.5 corresponded to an LAI, of 1.0. On the other hand, ref. [92] established a standard LAI,
value of 0.5 for broadleaf and needle-leaf forests.

Therefore, based on these previous results, LAI, for the Coniferous sites in Kananaskis is
assumed 1.0, and for Deciduous sites, 0.6. The latter value is also in the LAI, range reported by [69]
for deciduous stands in a boreal forest. Figure Al is the typical understory spectral response at a
Coniferous and a Deciduous site in Kananaskis Field Station. It is convenient to stress the fact that
these LAI, values are approximate; however, the main objective is to acknowledge the importance
of understory in the overall evapotranspiration estimates. Thus, as [47] thought, it is convenient to
somehow include the understory evapotranspiration based on assumptions about its LAI,.
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Figure A1. Typical understory spectral reflectance in Kananaskis Field Station study sites during the
summer of 2003.

The understory clumping index Q,, was derived by modifying the former Chen’s equation:
LAI' = (1 — ay)LAl,fr veQg (A28)

where ygQp = 1Q; in vascular vegetation [93]. Thus, for understory vegetation Qz does not have to
be partitioned into fractions that account for the shoot effect. At the same time, the a; value is zero
since there is no fraction of wood to account for in the understory vegetation present at the study
sites. Thus,

As LAL, isknown, LAl canbe approximated as 50% of LAL, as suggested by [94] for grasses
(the closest that can be found to a forest understory). Hence,

Q, = LAl,z;/LAL, = 0.5LAL,/LAL, = 0.5 (A30)

Appendix A.2. Potential Evapotranspiration

The potential evapotranspiration results are provided in the supplementary material section for
the reader to compare the great disparity between potential evapotranspiration and actual
evapotranspiration estimated with the Penman-Monteith equation. The Penman combination
equation estimates the potential evapotranspiration, or also, the free water evaporation. Potential
rates of evapotranspiration assume that the water is never a limiting factor, the plant completely
shades the ground (thus, there is no soil evaporation) and it has the optimal environmental conditions
to transpire at its maximum rate (there is no canopy resistance). Two versions of the Penman-
Monteith equation are used here to estimate the Potential Evapotranspiration (E},), the combination
equation for free water evaporation [95,96], and the Penman—Monteith equation that includes the
aerodynamic parameter but sets 7, = 0 [97]. The former equation is computed in the following form:

— A(Rn - G) + pan(€° - ea)uz

P A(A + )Py
3

(A31)
where p,, is the water density in units of kgm™, and u, is the wind speed at 2 m height. Wind
speed measured at 3 m height was scaled down to 2 m using the aerodynamic function [98]:

U 2z

" = 7 (A32)

where u, is the wind speed to be estimated at height z, = 2m and u, is the wind speed at the
reference height z, (in this case, 3 m). Wind differences of £6 cm were registered between the two
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heights. The rest of the parameters were already defined. The G parameter is not included in the
original equation; however, it was decided to slightly modify the method and include G. Equation
(A31) gives E, inunits of ms~'. The second one is Equation (A1), making 7, = 0, and E,, is given in

mms~1:

_ ARy — G) + pacy(e® —ey) /1,
P AlA+7v]

(A33)

The obtained E, and E, daily values were averaged along the eight days (for the Coniferous
site) and the four days (for the Deciduous site) and compared with the average Tplot value obtained
for their respective period of time.

Appendix A.3. Canopy Transpiration Using Modified Penman—Monteith Equation

Liu et al. [47] used a slightly modified version of the Penman-Monteith equation in order to
estimate actual canopy transpiration at large scales. According to [47], a model such as Penman-—
Monteith should be adjusted by separately estimating the transpiration of shaded and sunlit leaves
as follows (stratified model):

Tplant = TsunLAlsun + TshadeLAlshade (A34)

where Ty, and Tpqqe are the actual transpiration of sunlit and shaded leaves respectively; LA,
and LAl,q4. are the leaf area indexes for sunlit and shaded leaves as well. The Penman—Monteith
equation is then used by [47] to estimate T, and Tgpqqe:

AT = A(Rpsun) + pacp(eo —e)/T,
sun A+y[l+1/r]

(A35)

and

A(Rn,shade) + PaCp (eo - ea)/ra
A+y[1+75/7]

ATshage = (A36)

where R, s, and R, spaqe are the net solar radiation available for sunlit and shaded leaves in
Jm~2%s71
remain the same as in Equation (A1l). The boreal ecosystem productivity simulator (BEPS) sets up a

, and 7y is the stomatal resistance in units of sm™. The rest of the parameters and units

set of equations to calculate R, s, and Ry spage [47,63]. The equations compute the shortwave solar
radiation for sunlit and shaded leaves as well. The net longwave solar radiation is assumed to behave
equally for sunlit and shaded leaves; therefore, a single equation is used to calculate net longwave
solar radiation. Thus, R, s, and R, naqe are respectively given by

Rysun = Rssun + Rupsun (A37)

and

Rn,shade = Rs,shade + Rnl,shade (A38)

where Rggyn and Rggpgqe are the shortwave solar radiation for sunlit and shaded leaves,
respectively, and Ry ¢,n and Ry spaqe are the net longwave solar radiation for sunlit and shaded
leaves, respectively. The shortwave solar radiation terms are calculated by the following equations:

R sun = a- aL)(Rs,dir Cos agq/cos 0) + R shade (A39)

where a; is the leaf scattering coefficient (constant that equals 0.25); a, is the mean leaf-sun angle,
which is taken as 60° [47]; € is the solar zenith angle; and R, is the direct shortwave solar
radiation. Rggpqqe is calculated with

Rs,shade = (Rs,dif - Rs,dif—under)/LAIo +C (A40)

where R;4;¢ is the diffuse shortwave solar radiation; R gif—ynaer is the diffuse shortwave solar
radiation under the overstory; and C accounts for the multiple scattering of direct radiation, which
is calculated by
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C = a, Qp Ry i (1.1 — 0.1LAIL,) =050 (A41)
Rs qir is a function of Ry and R; gy
Rsair = Rs — Rsaif (A42)

and R, g4;f can be estimated using the following cases:

Rsaif _ {0.13 iff >0.8 (A43)
R, 0.943 + 0.734F — 4.972 + 1.79673 + 2.0587* ifF < 0.8
where 7 is calculated as a function of the solar constant (SC = 1367 Wm™2), R, and 6:
R
;= Ad4
" SC cosb ( )

and finally, R;gir_ynaer Can be calculated as a function of Ry gqf, Qf, LAl,, and the angle for diffuse
radiation (8,):

Rs,dif—under — Rs,dif (e—o.snELAlo/coséo) (A45)

where cosf, is calculated using Equation (A27). The Qg is of course the clumping index of the
overstory, which is taken as 0.83 and 0.64 for the Coniferous and Deciduous site respectively (values
obtained in situ with the TRAC optical device). As mentioned, the net longwave radiation terms are
considered to behave the same for sunlit and shaded leaves. Thus, Ry syn = Rnisnades and their value
is calculated by

R
Ruysun = Ruishade = ﬁ (A46)
o

and Equation (A24) calculates R,,;. As it is noticed, Equations (A35) and (A36) include the term 7;
instead of 7.. The stomatal resistance is calculated based on the 7, values obtained with the set of
reduction functions that resolve g, (Equations (13)—(21)) and with the LAI,:

r, = LAI, T, (A47)

Allen et al. [94] reported the previous equation using a LAl value which is standardized for
crops and relatively tall grasses (i.e., 0.5 LAI). Here, the equation is modified to make it applicable to
overstory. In addition, it is considered that shaded and sunlit leaves have similar stomatal resistances
responses.

Appendix A.4. Calibration of Tree Sap Flow Measurements with TDPs

In theory, when the sap flow is constant, [52] assumed that the sap’s velocity is
1 [ATm - AT]

= (A48)

'

where AT, is the maximum temperature difference given when the sap flow isnull (i.e., J; = 0), AT
is the difference in temperature between the two probes at a specific time. The ratio between the
temperature differences becomes the calibrated constant K (flux index) in Granier’s 1985 technique
[52]. With a sample size of 53 trees of three different species and diameters, [52] determined that the
flux index has an exponential relationship with the velocity of sap flow:

K = 0.0206j; 08124 (A49)

witha R? = 0.96, and units of J; are 107® ms™. J; is expressed in the same way as sap flux density;
that is, flow rate of sap volume per unit of sapwood area (i.e.,, 107°m3;, mé, s™!). Substituting K
into Equation (A48) by Equation (A49), and considering the a term independent of the
experimentation the sap flow velocity is estimated by

_ 1.231
AT, AT] (AS0)

Ji= 0.0119[ v
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where J; is in units of cms™*. Granier [52] validated his results with the Penman equation outcomes,
finding a good agreement between both set of results (of course, Penman potential
evapotranspiration estimates were greater than the ones obtained with the Granier method). The

studied species were Douglas fir (Pseudotsuga menziesii), European black pine (Pinus nigra), and Oak

tree (Quercus pedunculata). In this study, J; radial flow is correct and azimuthal sap flow variation
was corrected by measuring sapwood depth in four sides of the tree to obtain an average sapwood
depth and capture sapwood depth variation around the tree trunk [25,26,28].
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