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ABSTRACT

Salal (Gaultheria shallon Pursh.) understory in a 800 tree/ha

3l-year—old Douglas—-fir (Pseudotsuga menziesii (Mirb.) Franco) stand was cut

and removed from around one of each of four pairs of adjacent trees, the
root zones of which were isolated using plastic sheeting buried to bedrock.
The differences in the courses of the average root zone soil water content
(68) during the growing season were small (maximum difference = 0.03 nd m”3)
because total evapotranspiration was only slightly higher where salal was
present than where it had been removed. Porometer and lysimeter
measurements on selected days indicated that salal transpiration was 0.5-1
om d™? greater than forest floor evaporation in cut sdbplots and that
Douglas-fir transpiration was 0.2-0.5 mm a-1 higher where salal had been
removed. The slight increase in 6 where salal had been removed corresponded
to significantly higher soil water potential and Douglas-fir pre—-dawn twig
xylem water potential at low values of 6, owing to the steepness of the
water retention curve for the gravelly sandy loam soil. This resulted in
significantly greater tree diameter growth where salal had been removed than
where it remained.

Shuttleworth's development of the Penman-Monteith equation for
multilayer, partially wet forest canopies was modified for use in the
hypostomatous canopies of Douglas—fir and salal. This evapotranspiration
theory was combined with standard hourly micrometeorological measurements,
transfer resistance functions and canopy and root zone water balance

equations to provide calculations of forest evapotranspiration (E) over
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extended growing season periods. There was generally good agreement between
calculated values of E and values determined using Bowen ratio/energy
balance, water balance and porometer measurements. The slightly higher
values of 0 resulting from understory removal corresponded to significantly
higher tree transpiration rates calculated over early (June) and late
(August) growing season periods. Most of the difference in calculated tree
t;anspiration occurred during the final one-half of these periods when

at low values of 6 slightly lower 6 corresponded to significantly lower Vg
where salal remained, leading to a reduction in Douglas-fir transpiration
due to stomatal closure. The increase in calculated tree transpiration as a
result of understory removal was greatest where understory leaf area index

was highest and trees were largest.
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NOTATION

tree leaf area on a one-sided basis (m2 tree‘l)

area on the forest floor (mz)

area on a hemisphere constructed over a small area on the forest
2
floor (dA;) (m")

2 tree-! period‘l)

basal area increment (mm
canopy water storage (mm)

vapour pressure deficit (kPa)

vapour pressure deficit just above layer 1 (kPa)

vapour pressure deficit just above layer i-1 (and within layer
i) (kPa)

vapour pressure deficit within the canopy (i.e. at the effective
source height) (kPa)

evapotranspiration rate above a forest consisting of a number of
layers (eg. trees, understory and soil) (mm period'l)

evapotranspiration rate above layer i (mm period'l)
evapotranspiration rate from layer 1 ({.e. Ey - E{.1) where
i 1s 2 for trees, 1 for understory and O for forest floor (mm

period'l)

rate of evaporation of intercepted water from tree or understory
subcanopy (mm period'l)

rate of evaporation of intercepted water from layer i (mm
period'l)

transpiration rate'(mm period"l)

transpiration rate from tree or understory subcanopy (mm

" period™)

root zone drainage rate (mm period'l)
soil heat flux density (W ufz)
sensible heat flux density (W nrz)

sensible heat flux density above layer 1 (W o?)

radiance (W m-2)



K+,
K+

Kty

LE

LE4

oF.|

solar irradiance above the forest (W m‘z)
solar irradiance below the tree canopy (W m’z)

solar irradiance below the tree subcanopy which 1{s reflected
from the understory subcanopy or forest floor surface (W m'2)

latent heat of vaporization of water (J kg'l)
latent heat flux density (W m‘z)
latent heat flux density above layer 1 (W m'z)

forest canopy heat storage rate (W nrz)

porosity of the dry forest floor (and soil) surface layer
(dimensionless)

rainfall rate (mm period'l)
subcanopy drainage rate (mm (15 min.)'l)

coefficlent of determination in a linear regression analysis
(dimensionless)

net radiation flux density (W m‘z)

net radiation flux density above the forest (W m'z)

net radiation flux density below the tree canopy (W o)
net radiation flux density above layer 1 (W nrz)

maximum water storage of a subcanopy (mm)

air temperature (°C)

air temperature just above layer i (°C)

surface temperature of layer 1 (°C)
surface temperature of the dry portion of layer 1 (°C)

"effective" surface temperature of layer i including wet and dry
portions (°C)

surface temperature of the wet portion of layer 1 (°C)

fraction of view by area 1 that is occupied by area 2
(dimensionless)



V§e forest floor-canopy view factor (dimensionless)

V§sg forest floor-sky view factor (dimensionless)

Wy fraction of leaf area in layer 1 that is completely wet
(dimensionless)

a leaf area index on a one-sided basis (m2 m’z)

aq leaf area index on a one-sided basis for layer { (m2 nrz)

ag salal leaf area index on a one-sided basis (m2 m‘z)

c 30 second count when neutron probe is in soil (s)

cp specific heat of moist air (J kg"1 °c-l)

Cg 30 second count when neutron probe is withdrawn into the shield
(i.e. standard count) (s)

d day

dg leaf diameter (mm)

es vapour pressure of the air (kPa)

eq vapour pressure of the air above layer 1 (kPa)

ez saturated vapour pressure of the stomatal cavities (kPa)

e*(Tgq) saturated vapour pressure of the air just above layer 1 at the

surface temperature of layer i (kPa)

f(¢,a) fraction of a small area on a hemisphere constructed over a
small area of forest floor which 1s not obscured by the forest
canopy (dimensionless)

?(¢) average non-obscuration fraction for a small annulus on a
hemisphere constructed over a small area of forest floor
(dimensionless)

?“(ri) average non-obscuration fraction for the annulus ry, of width

Ary, on the projection of a hemisphere constructed over a
small area of forest floor (eg. fish eye photograph)
(dimensionless)

24 thickness of the dry forest floor (and soil) surface layer (m)



ry{

Taj

raHi

avVi

Thi

Tei
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free throughfall coefficient (dimensionless)
flux emitted by area 1 toward area 2 (W)

distance from the center of a projection of a hemisphere
constructed over a small area of forest floor to the pro jection
of an object on the hemisphere (m)

annulus on a projection of a hemisphere constructed over a small
area of forest floor (dimensionless)

radius of a hemisphere constructed over a small area of forest
floor (m)

eddy diffusive resistance above layer i assuming the similarity
of eddy diffus}ge resistances to sensible heat and water vapour

transfer (s m

eddy diffusive resistance to sensible heat transfer above layer
i (s w’)

eddy diffusive resistance to water vapour transfer above layer
i (s m*)

total aerodynamic resistance for layer i assuming the
similarity of total aerodynamic resistances to sensible heat and
water vapour transfer (s m‘l)

total afrodynamic resistance to sensible heat transfer for layer
1 (s m )

total afrodynamic resistance to water vapour transfer for layer
1 (s o)

boundary-layer resistance assuming the similarity of boundary-
layerlresistances to sensible heat and water vapour transfer
(s o)

boundary-layer resistance for layer 1 assuming the similarity of
boundary-layer resistances to sensible heat and water vapour
transfer (s m’l)

canopy resistance for layer i (s m'l)

boundary-layer resistance to sensible heat transfer (s o)
total boundary-layer resistance of a leaf to sensible heat

transfer on a one-sided leaf area basis divided by the leaf area
index on a one-sided basis (s m’l)
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boundary-layer resistance to sensible heat transfer on the
bottom side of a leaf (s m'l)

boundary-layer resistance to sensible heat transfer on a
one-sided leaf area basis for layer i (s m'l)

boundary-~layer resistance tb sensible heat transfer of a leaf on
the top side (s m )

total boundary-layer resistance of a leaf to sensible heat
transfer on a one-sided leaf area basis (s m'l)

stomatal resistance on a one-sided leaf area basis (s m'l)

stomatal resistance on a one-sided leaf area basis for an
amphistomatous leaf (s m’l)

stomatal resistance on the bottom side of a leaf (s m‘l)

stomatal resistance on a one-sided leaf area basis for a
hypostomatous leaf (s m'l)

stomatal resistance on a one-sided leaf area basis for layer 1

(s wh)
stomatal resistance on the top of a leaf (s m'l)

boundary-layer resistance to water vapour transfer on one side
of a leaf assuming the boundary~layer resistance to water vapour
transfer is identical on the top and bottom sides of the leaf

(s m )

total boundary-layer resistance of a leaf to water vapour
transfer on a one-~sided leaf area basis divided by the leaf area
index on a one-sided basis (s m‘l)

boundary-layer resistance to water vapour transfer on a bottom
side of a leaf (s m~ )

boundary-layer resistance to water vapour transfer on a
one~sided leaf area basis for layer 1 (s m™ )

total resistance to water vapour transfer of a leaf on a
one-sided leaf area basis divided by the leaf area index on a
one-sided basis (s m‘l)

boundary-layer resistance to water vapour transfer on the top
gside of a leaf (s m )

total resistance of a leaf to water vapour transfer on a
one-sided leaf area basis (s m~ )
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total boundary-layer resistance of a leaf to water vapour
transfer on a one-sided leaf area basis (s m'l)

slope of the saturated vapour pressure curve (kPa °C'1)
time period (15 min., 1 hour or 1 day)
wind speed (m s'l)

wi?d speed at the 15 m height (i.e. 1 m above the forest) (m
s7°)

"tortuosity” factor for the dry forest floor (and soil) surface
layer (dimensionless)

azimuthal angle (fadians)

quen ratio (dimensionless)

psychrometric constant (kPa °c—ly

term in (1) of chapter 2 to account for the net radiation and

latent heat flux densities below layer i in determining the
evapotranspiration rate from layer i1 (kPa)

term in (Al.6) to account for the net radiation and latent heat
flux densities below layer i in determining the
evapotranspiration rate above layer 1 (kPa)

emittance of area 1 (W m'z)

root zone depth (mm)

ratio of the radius of a hemisphere constructed over a small
area of forest floor to the constant width of an annuli on a
projection of the hemisphere (dimensionless)

volumetric soil water content (m3 m‘3)

average volumetric root zone water content (m3 o)

volumetric water content of the dry forest floor (and soil)
surface layer (m3 m'3)

diffusivity for water vapour of the dry forest floor (and soil)
surface layer (m s’l)

constants for the emperical stomatal resistance characteristics
functions (dimensionless)

density of moist air (kg m’3)



angle between the normal to a small area on the forest floor
(dA;) and the straight line connecting dA; and a small area
(dA; ) on a hemisphere constructed over dA; (radians)

soil water potential (MPa)

total twig xylem water potential (MPa)

solid angle (steradians)
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INTRODUCTION

Where forest soils have low water storage capacity and rainfall rates
during the growing season are low, it 1is common silvicultural practice to
reduce or eliminate competing vegetation when planting valuable conifer
seedlings. In pine stands of the southern United States, this practice is
often extended until tree canopy closure by controlled burning of the
forests. However, relatively few studies have dealt with the effects of
understory vegetation on tree water use and growth. Competition for soil
water by salal understory in young Douglas-fir stands on dry sites on the
eastern coast of Vancouver Island is considered to be a major reason for the
often observed poor tree growth response to thinning.

This problem led to the conductipn of a two year salal understory
removal experiment in a 3l-year-old, thinned Douglas-fir stand near
Courtenay, British Columbia. To minimize the effects of soil and tree
variability in the stand, four plots 7 m in diameter were selected so that
each contained two very similar trees not more than four metres apart. Each
plot was divided into two semicircular subplots, each containing one of the
two similar trees. All understory was cut close to the ground and removed
from one subplot of each plot at the start of the experiment. The root zone
of each of the eight trees was isolated using plasfic sheeting buried to
bedrock. The results of this study form the basis of the two chapters

comprising this thesis, which has been written in paper format.



In Chapter 1, the effects of understory removal on root zone water
content, soil water potential, pre-dawn twig xylem water potential and tree
diameter growth are reported. A simple root zone water balance analysis is
used to compare the evapotranspiration rates of adjacent subplots with and
without understory present. Measurements of forest floor evaporation and
stomatal resistance of understory and trees on selected days are used to
estimate the amount of additional water which understory removal provided to
the trees during summer drying periodsi

In Chapter 2, Shuttleworth's development of the Penman-Monteith
evapotranspiration equation for multilayer, partially wef forests is
modified for use in hypostomatous canopies. This evapotranspiration theory
is combined with standard hourly micrometeorological measurements, transfer
resistance functions and canopy and root zone water balance equations to
give calculations of forest evapotranspiration over extended periods during
the growing season. Calculations are\tested using Bowen ratio/energy
balance, water balance, porometer and lysimeter measurements. The
calculations are then applied to explain the effects of salal understory
removal on Douglas-fir transpiration rates during the growing season.

In Appendices I~IV, derivations of the equations from Shuttleworth's
evapotranspiration theory as modified for use in hypostomatous canopies afe
given. Appendix V shows electrical analogs of the latent and sensible heat
fluxes in subplots with and without understory present. Appendix VI reports
the measurements of the below tree canopy radiation regime and sky view
factors are derived from fish-eye lens photographs. Appendix VII reports
stomatal resistance measurements made in 1980 and 1981 adjacent to the four

plots at the experimental site. Appendix VIII reports the soil water

retention curve measurements.
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CHAPTER 1

EFFECTS OF SALAL UNDERSTORY REMOVAL ON THE SOIL WATER REGIME

AND GROWTH OF DOUGLAS-FIR TREES

1. INTRODUCTION

Competition for soil water by salal (Gaultheria shallon Pursh.)

understory 1n young Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)

stands on dry sites on the eastern coast of Vancouver Island is considered
to be a major reason for the observed poor tree growth response to thinning
(Black et al. 1980). Following thinning, salal understory in a Douglas-fir
stand near Courtenay, British Columbia used up to 50% of the total soil
water over a 30-day summer drying period (Black et al. 1980). 1In the U.K.,
Roberts et al. (1980) found that, during warm dry periods, bracken

(Pteridium aquilimum L.) understory accounted for more than 507 of the

evapotranspiration in a 50-year-old Scots pine (Pinus sylvestris L.) stand.

In the U.S., workers have found significant increases in tree growth of

loblolly (Pinus taeda L.) and shortleaf (Pinus echinata Mill.) pine (Grano

1970; Balmer et al. 1978) and ponderosa pine (Pinus ponderosa Laws.) (Oliver

1979) resulting from understory removal. Zahner (1958), also working in the
U.S., found summertime root zone water storage was up to 50 mm greater (0.04
nd o3 greater) in upland loblolly and shortleaf pine stands with understory
removed than with it present. He concluded that the understory competed

significantly for soil water. Where forest soils have low water storage

capacity and rainfall rates during the growing season are low, silvicultural



practices that reduce or eliminate understory vegetation can result in more
efficient tree water use and growth (Barrett and Youngberg 1965; Black and
Spittlehouse 1981).

The objective of this chapter is to report the effects of salal
understory removal in a Douglas-fir stand on (i) root zone water content,
(i1) soil water ﬁotential and pre-dawn twig xylem water potential, and (iii)
tree diameter growth over two successive growing seasons. A root zone water
balance analysis will be used to compare the evapotranspiration rates of
plots with and without understory present. Measurements of forest floor
evaporation and stomatal resistance of understory and trees on selected days
will be used to determine how much additional water salal understory removal

provides to the trees during summer drying periods.

2. METHODS

1. Site Description

The field experiment was conducted in a thinned Douglas—-fir stand
approximately 27 km northwest of Courtenay on the eastern coast of Vancouver
Island (49° 50'N, 125° 14'W, 150 m above sea level). The trees were planted
as 2-0 stock of unknown provenance in 1952 (J. Harwi jne, Crown Forest
Industries Ltd., personal communication) and thinned from about 1500 to
about 800 trees ha=! in 1974. The stand was fertilized once (February 28,
1981), with urea applied aerially at a rate of 200 kg (nitrogen) ha~!. At
the end of the 1982 growing season, stand (excluding understory) basal area
was 16 m? ha~! and average tree height was 14 m. Average tree leaf area

index on a one-sided leaf area basis, was about 6 in 1982 as calculated from

dbh (diameter, including bark, at the 1.37 m height (breast height))

measurements and a relationship between dbh and tree leaf area index for



this site (Spittlehouse 1981). Salal leaf area index on a one-~sided leaf
area basis, obtained from measurements made on eight 1 m? plots, was about 3
in 1982. The soil, an Orthic Humo Ferric Podzol (Anonymous 1978), is a
gravelly sandy loam of variable depth (0.3 - 1.0 m) and volumetric coarse
fragment (>2 mm diameter) content (0.10 - 0.45) over sandstone bedrock. The
site i1s on a slight slope of less than 10%, with a northeast aspect.
Further description of the site can be found in Nnyamah and Black (1977) and
Spittlehouse and Black (1981).
2. Experimental Deéign

Four plots, each consisting of two subplots (one with understory to be
removed and the other with it to be left in place), were selected in May
1981. To minimize the effects of soil and tree variability in the stand,
plots 7 m in diameter were selected so that each one contained two very
similar trees not more than four metres apart. Each plot was divided into
semicircular subplots, each containing one of the two similar trees, by
drawing a line bisecting at right angles the line joining the pair of
trees. Each subplot contained two or three other trees. All understory was
cut close to the soil surface using a gas—powe;ed, rotary brush saw and
removed from one subplot of each plot on May 21, 1981. 1In order to prevent
" possible lateral flow of water from a cut to an uncut subplot and water
extraction from a cut subplot by the trees and salal in an uncut subplot, a
300 mm wide trench was excavated to bedrock between each pair of trees along
the 7 m bisect line. A sheet of 0.15 mm thick polyethylene plastic was

placed on both sides of the trench and the trench refilled with soil. A



layer of plastic was placed on the top of the trench to prevent rain from
entering the soil between the sheets of plastic. The root zones of all
eight experimental trees were isolated during the first two weeks of May
1982 by completing the trench (and plastic barrier) around each tree.

3. Measurewents

1. Growing Season Weather Observations

In 1981 and 1982, standard forest micrometeorological measurements were
made from May 15 until October 14, and May 20 until September 14,
respectively. Solar irradiance was measured with a pyranometer (Kipp and
Zonen, Delft, Holland) located on the top of a 15 m tall open lattice
triangular tower adjacent to the four plots. A tipping bucket rain gauge
(Sierra Misco, Inc., Berkeley, California, U.S5.A.), with a 200 mm diameter
orifice, was located on a horizontal bar extending 3 m from the tower at the
11 m height. A relative humidity sensor (Phys-Chemical Research
Corporation, New York, NY, U.S.A.) coupled with a thermistor (Fenwal
Electronics Corporation, Framingham, Massachusetts, U.S.A.) for measurement
of air temperature was located at the 6 m height in a small Stevenson screen'
(450 om by 300 mm by 300 mm) attached to the tower. The relative humidity
sensor and thermistor were frequently checked in the field using an Assmann
psychrometer. Windspeed was measured at the 15 m height using a sensitive
Casella (C.F. Casella and Company, Ltd., London, England) cup anemometer.
Based on 38 days of windspeed measurements (one hour averages) at the 1 m
height in July and August 1980, the windspeed at ;his height was 137% of that

at the 15 m height. Data were electronically logged as one hour averages or



totals using a Campbell Scientific model CR-21 data logger, stored on audio
cassette tape and latter transferred to a microcomputer for processing.

2. Root Zone Soil Water Content and Evapotranspiration Rate

The average root zone depth of each subplot was determined by driving a
12 mm diameter steel rod vertically into the soil until it struck sandstone
bedrock. There were about 20 samples per subplot (i.e. within the area
enclosed by the plastic barrier) taken in a grid pattern. Roots were
observed at all depths in the soil on faces of the trenches excavated around
each of the eight subplots.

During the third week of May 1981, thin wall aluminum neutron moisture
probe access tubes (48 mm inside diameter) were installed in the soil in all
of the subplots. An access hole was obtained by driving a steel pipe (38 mm
inside diameter, 51 mm outside diameter) vertically into the soil with a
sledge hammer. The pipe was carefully withdrawn from the hole, at about 100
mm intervals, and the soil was removed from inside the pipe. This procedure
continued until bedrock was reached. Three aluminum tubes were placed in
each subplot of plots 1, 2 and 4, while four aluminum tubes were placed in
each subplot of plot 3, for a total of 26 tubes.

A Campbell Pacific Nuclear hydroprobe (model CPN 503, Sacker Scientific
Company, Edmonton, Alberta) was used to measure changes in soil water
content (0) using the neutron moderation technique. The neutron probe was
lowered into each aluminum tube at 150 mm intervals beginning at a depth of
150 mm and continuing to bedrock. One 30 second reading was taken at each

depth. In 1981 and 1982, measurements of 6 were made from May 27 until



October 22, and April 29 until October 6 respectively, in one to two (and
sometimes three week) intervals. During 1981 and 1982, the neutron probe
was calibrated in the field using soil samples obtained with a heavy gauge
open bucket-type auger (60 mm inside diameter) within 1.5 m of an aluminum
tube, used for calibration, near the four plots. Soil samples were obtained
at 100 mm intervals from the soil surface down to bedrock and placed in
aluminum soil moisture sampling cans. The cans were later weighed, dried at
105°C for 48 hours, reweighed and 6 was calculated using a bulk density and
coarse fragment content obtained from an adjacent soil pit.

Calibration of the neutron probe was conducted in 1981 for values of 6

3 3

ranging from 0.10 to 0.51 m® m™°. A linear equation, 6 = 0.224 (c/cg) -
0.009 (sample size = 44, R? = 0.85) where ¢ is the neutron count per 30
seconds when the probe is in the soil and cg is the neutron count per 30
seconds when the probe is withdraQn into the shield (i.e. the standard
count), was found to describe the calibration data for all depths quite
well. An independent calibration of the same neutron probe using the same
procedure during the same measurment period and for similar soils at
Mesachie Lake, B.C., by Giles (1983) resulted in a very similar equation (8
= 0.23 (c/cg) - 0.021). The same neutron probe was used in 1982 and
calibration was then conducted for values of 6 ranging from 0.09 to 0.46 m3
-3

m™°. Since the 1982 calibration data lay along the 1981 calibration line,

the 1981 calibration line was used for both 1981 and 1982.
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Root zone water content and rainfall data were used to calculate
average evapotranspiration rates (E) (mm d‘l) in cut and uncut subplots

using the water balance equation written as

E = -(A8/At)C + P (1)

where Aé/At is the average rate of change in the average root zone water

content (5) over a 1-2 week period, z is the root zone depth and P is thé

average rainfall rate over the same period. Calculations were done for
periods 2 or more days after rainfall and since the soil was a sandy loam,
small decreases in © corresponded to large decreases in unsaturated
hydraulic conductivity so that root zone drainage could be neglected (Black
and Spittlehouse, 1981).

3. Soil Water Potential and Tree Pre-dawn Twig Xylem Water Potential

On June 18, 1981 and June 8, 1982, thermocouple psychrometers (model
PCT-55 measured using a model HR-33T dew-point microvoltimeter, Wescor Inc.,
Logan, Utah, U.S5.A.) were installed in each subplot of plot 2. The
thermocouple psychrometers were calibrated in the laboratory just prior to
installation, using salt solutions of known osmotic potential (Nnyamah and
Black 1977). A 150 mm by 300 mm hole was excavated to bedrock about 1 m
from each of the two experimental trees in plot 2. Access holes were made
by driving a 9 mm diameter steel rod about 150 mm horizontally into the soil
on opposite sides of the large hole. Careful insertion of the thermocouple
psychrometer to the end of the access hole assured that the porous ceramic

cup was completely embedded in soil. The remainder of the access hole was
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then refilled with stone-free soil which was lightly compacted. Most of the
wire from the thermocouple psychrometer was wound about the perimeter of the
large hole at the depth of installation. Only a length of the wire about
300 mm greater than the depth of installatlon remained to be led to the soil
surface. This was done to minimize heat conduction down the wire to the
thermocouple junction. Pairs of psychrometers were installed at about 150
mm depth intervals beginning at a depth of 150 mm and continuing to

bedrock. Following installation, the large hole was refilled with the same
s0il (including stones) removed during excavation. The psychrometers were
read in dew-point and psychrometer mode after being Peltier cooled for 5
seconds.

On June 18, 1981, tensiometers fabricated following van Bavel et al.
(1968) were also installed in each subplot of Plot 2. The porous ceramic
cups (Soil Moisture Equipment Corp., Santa Barbara, California, U.S5.A.) had
an air-entry value of 0.1 MPa, were 10 mm outside diameter and 25 mm long
with 5 mm sealed in a length of 13 mm outside diameter clear acrylic tube.
An access hole was obtained by driving a 12 mm diameter steel rod vertically
into the soil to the desired depth. The tensiometer was inserted into the
hole until the porous ceramic cup was completely embedded in the soil at the
bottom of the hole. Tensiometers were installed at about 150 mm intervals
beginning at a depth of 150 mm and continulng to bedrock. Tensiometers were
not installed in 1982. 1In 1981 and 1982, measurements of soil water
potential (¥g) were made every two to seven days from July 4 until

September 3, and June 9-25, respectively.
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The pre-dawn total twig xylem water potential (¥piy) of the eight
measurement trees was measured using a pressure chamber, using the procedure
described by Kelliher et al. (1984). In 1981, measurements were made on

August 12 and 20 and October 23. 1In 1982, measurements were made on June 9,

17, 23 and 30.

4. Forest Floor Evaporation Rate

Forest floor evaporation rate was determined in 1981 using small
weighing lysimeters. The lysimeters, 150 mm in diameter and 120 mm deep,
were made by removing the top and bottom portions of a plastic jar (0.5 mm
thick). Soil for the lysimeter was excavated from the cut subplot and
trimmed so that the plastic tube could be snugly fitted over the undisturbed
s0il core. The top of the cylinder was témporarily covered and the core was
placed on its side so that a plastic bottom could be taped in place. The
lysimeter was then placed in the plastic sleeve of a hole excavated on the
cut subplot, with the top flush with the soil surface. The sleeve prevented
soil from adhering to the outside of the lysimeter which would have caused
an increase in weight. Every one to two hours the lysimeter was carefully
lifted out and carried to a nearby electric balance to determine weight
loss. The resolution of the balance was equivalent to 0.001 mm depth of
water. Four lysimeters were located in the cut subplot of plot 2, and one
was situated beneath the salal in the uncut subplot of plot 2. Lysimeter
soll cores were replaced every 1 to 2 days (Boast and Robertson 1982). Soil
—cores were generally obtained near the plastic sleeves, but on August 11 and
.18, soil for the cut subpiot lysimeters was obtained from cut subplots of

plot 1 and 4 as well as plot 2.
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5. Transpiration of Understory and Trees

1

The transpiration rate (Ep) of the understory (kg n=2 d-! or mm d'l)

was estimated using

ET = ag (pcp/Ly)(ef - ea)/(rg + ry) (2)

where ag is the salal leaf area index, p is the density of moist air, Cp is
the specific heat of moist air, L is the latent heat of vaporization of

water, Y 1s the psychrometric constant, ez is the saturated vapour pressure

of the stomatal cavities, e, is the vapour pressure of the alr, rg is

the average stomatal resistance and ry is the average boundary layer
resistance of the leaves. The value of r} was determined using the
relationship between ry and windspeed found for artificial salal leaves by

Spittlehouse and Black (1982) and an estimated shelter factor of 2 (Thom
1971). This resulted in values of ry of about 250 s m~!. The vapour
pressure was measured hourly using an Assmann psychrometer immediately above
the salal canopy.

Stomatal resistance measurements of salal in the uncut subplot of piot
2 were made each hour from early morning until late afternoon on five days
in 1981 from July 24 until Aug. 20, as well as Oct. 23. Measurements of

abaxial rg were made on at least ten leaves. A representative sample of

leaves in both sun and shade was obtained each hour. A ventilated diffusion
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porometer described by Turner et al. (1969) and modified by Tan and Black
(1978) was used. Salal leaf temperature was measured in the shade and sun
using a Barnes PRT-10 infrared thermometer (Barnes Engineering Company,
Stamford, Connecticut, U.S.A.). Hourly estimates of the fraction of the
subplot that was sunlit were used with the above measurements to calculate
salal Er.

1 s‘l) was

The transpiration rate of the experimental trees (kg tree™
estimated using a simplified version of (2) in which ry =~ 0 so that ez - e,

= D, the vapour pressure deficit of the Douglas—-fir canopy (Tan EE.EL'
1978). This can be written as

Eq = Atg(pcp/LY) D/I'S (3)

where Agy is the projected leaf area of the tree and rg is the average
stomatal resistance of the tree. Conversion of Er from a tree to a stand
(mm d‘l) basis used a stocking density of 800 trees ha~l.

Stomatal resistance measurements were made on the experimental trees of
the cut and uncut subplots of plot 2 each hour from dawn until late
afternoon on Aug. 12, Aug. 20, and Oct. 23, 1981 and June 9, 17, 23
and 30, 1982. Measurements were made using the ventilated porometer on at
least two samples of four needles taken at the mid-crown level
(approximately 7 m height) of each tree.

6. Tree Diameter Growth

The dbh of the eight experimental trees was measured using a diameter
tape (with a resolution of 1 mm change in diameter) on June 4 and December

10, 1981, October 6, 1982 and November 28, 1983. Dendrometer bands,
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fabricated following Liming (1957), were installed at the 1.37 m height on
the experimental trees of plot 2 on July 3, 1981 and April 30, 1982
(additional dendrometer bands). Ihe bands were made of 25 mm wide by 0.125
me thick stainless steel with extension springs made of 0.625 mm diameter
stainless steel wire into a 9 mm outside diameter by 63 mm long coil. Our
verniers provided by Dr. H. Brix of the Canadian Forestry Service were
pressure sensitive, silk screened aluminum labels with a resolution of 0.1
mm (change in diameter). 1In 1981 and 1982, measurements of dbh using
dendrometer bands were made from July 3 until December 10, and April 30
until October 6 respectively, in one to two (and sometimes three to four)

week intervals.

3. RESULTS AND DISCUSSION

1. Growing Season Weather Observations

The 1981 growing season was characterized by exceptionally high
rainfall (total rainfall from April through October was 760 mm (Fig. 1.1)).
The only extended dry period in 1981 occurred between July 30 and August 24
when daily maximum air temperature exceeded 25°C for fifteen consecutive
days (August 5-19) and only two cloudy days (daily total solar irradiance
< 12 MJ m~2 day'l) occurred (July 30 and August 3).

By contrast, total rainfall for the 1982 growing season was 540 mm, of
which one-half fell during October (Fig. 1.2). An extended dry period
occurred in 1982 between May 19 and June 26 when only 3 mm of rain fell, on
June 2 (the only cloudy day during this period), and daily maximum air

temperature exceeded 25°C for ten consecutive days (June 15-24).



Figure 1,1
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Courses of five day average dally values of rainfall rate
(P), maximum and minimum forest canopy air temperature
(Taiy) and solar irradiance above the forest (Ki,) for

the experimental site from April 1 - October 31, 1981.
Measurements of P and T4y are from the Campbell River
airport (13 km north of the site) from April 1 - May 14 and
October 15-31. For the same periods, K¢, measurements are
from Nanaimo Departure Bay (130 km south of the site).
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2. Root Zone Soil Water Content

Average depth to bedrock for adjacent subplots was not significantly
different (Table 1.1). However, it was found that coarse fragments impeded
penetration of the steel rod to bedrock in a 1 m? soil plt excavated to
bedrock. Based on the relationship between soil depths obtained by the rod
penetration and excavation methods, root zone depth for each plot was taken
as the average of the adjacent subplot values plus one standard deviation
based on all samples taken in the plot (Table 1.1). The neutron probe
measurement made when the probe was at the bottom of the access tube (Tablé
1.2) was applied to the soil layer between the bottom of the access tube and
the plot root zone depth..

There was little difference in the course of 6 in adjacent subplots in
the 1981 and 1982 growing seasons (Figs. 1.3-1.6). Except for plot 1 in
1981, minimum values of 6 were slightly higher in the cut (0.15) than in the
uncut (0.14) subplots (Figs. 1.3-1.6 and Table 1.3). Zahner (1958) and
Barrett and Youngberg (1965) observed much higher minimum values of 6
following understory removal from pine stands on silt loam, and pumice
soils, respectively. For a sandy soil, Roberts et al. (1982) found that
minimum values of 6 were slightly higher in a pine stand without understory
than in an adjacent pine stand with bracken understory.

Following considerable winter rainfall, which resulted in a uniformly
wetted root zone, soil water content profiles during the 1982 springtime
drying period were used to examine the effect of salal removal on water
depletion patgerns. As the drying period progressed, the soil profile dried

uniformly with depth in adjacent subplots indicating equal depletion from
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Table 1.1 Measured average depth (mm) to bedrock (+ one standard deviatidn)
in the eight subplots. Also shown are the four plot average
values (¥ one standard deviation).

Subplot Uncut Cut Plot
1 538£127 608+181 573158
2 512123 530£169 521146
3 443£109 524147 484+134

4 515%136 434+121 474+139
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Table 1.2 Depth (mm) to base of the neutron probe access tubes placed in
the eight subplots.

Plot Uncut Cut

1 650 650 650 --- 400 480 500 @ ~—-

2 450 480 490 —- 500 350 350 @ ——- .
3 560 640 650 620 650 500 500 650

4 350 350 350 @ ~—- 350 400 430 —-
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Table 1.3 Minimum measured values of average root zone water content (m3
m'3) in the eight subplots.

Aug. 27, 1981 Jun. 25, 1982
Plot Uncut Cut Uncut Cut
1 0.14 0.13 0.14 0.15
2 0.13 0.15 0.12 0.14
3 0.14 0.17 0.14 0.17
4 0.16 0.17 0.16 0.16

Ave. 0.14 0.16 0.14 0.16
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the entire root zone (Fig. 1.7). Over the entire drying period similar
quantities of water were lost from the top portion of the root zone (0.08
and 0.10 m® m~3 for the cut and uncut subplot, respectively) as from the
bottom portion (corresponding values were 0.09 and 0.08 m3 m‘3).
3. Soil Water Potential and Tree Pre-Dawn Twig Xylem Water Potential
During drying periods in 1981 and 1982, ¥g was significantly higher
as a result of salal removal in plot 2 (Figs. 1.8 and 1.9). 1In 1981,
minimum values of Y5 were -0.9 and -1.2 MPa in the cut and uncut subplots,
respectively, while in the 1982 the corresponding values were -1.0 and -1.5
MPa. As this gravelly sandy loam soil dried, small differences in 6
corresponded to large difference in ¥g owing to the steepness of the
(field determined) water retention curve described using an equation of the
form proposed by Campbell (1974) (¥g (MPa) = -0.005 (6/0.3)%-3).
Douglas-fir pre~dawn ¥7yx was 0.1-0.2 MPa higher, during drying
periods, as a result of salal removal (Table 1l.4) except for plot 4 in
1982. Kelliher et al. (1984) showed that Douglas-fir pre-dawn Y¥rrx was
generally similar to Yg for ¥g < -0.4 MPa. For Yg >-0.4 MPa,
Douglas-fir pre-dawn Yryx was about 0.4-0.5 MPa less than ¥g (eg. August
12 and October 23, 1981 and June 30, 1982).
4. Evapotranspiration Rates Calculated from the Soil Water Balance
When solil moisture was adequate (July 30 - August 13, 1981 and April 29
- May 27, 1982), E (Tables 1.5 and 1.6) was similar to those values
determined by water balance analysis (Black et al. 1980) and weighing
lysimeter (Fritschen Ei al. 1977) in similar well-watered Douglas-fir
forests. For most of the 1981 and 1982 drying periods, E was generally

slightly higher in the uncut subplots (Tables 1.5 and 1.6). This result and
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Table 1.4 Douglas—fir pre-dawn total twig xylem water potential (MPa) in
the eight subplots.

1981 August 12 August 20 October 23
Plot Uncut  Cut Uncut  Cut Uncut  Cut
1 - - -1.3 -1.1 -0.6 -0.6
2 -0.5 -0.4 -0.9 -0.8 -0.6 -0.6
3 -— - -1.1 -0.6 -0.7 -0.6
4 - -~ -0.9 -0.7 -0.6 -0.6
Ave. -0.5 -0.4 -1.0 -0.8 -0.6 -0.6
1982 June 9 June 17 June 23
Plot Uncut Cut Uncut Cut Uncut Cut
1 -0.8 -0.7 -1.0 -0.7 -1.3 -0.9
2 -1.0 -0.7 -1.3 -0.8 -1.6 -1.1
3 -0.8 -0.7 -1.0 -0.8 -1.3 -1.0
4 -0.8 -0.9 -1.2 -1.4 -1.2 ~1.6
Ave. -0.8 -0.8 -1.1 -0.9 -1.4 -1.2

June 30
Uncut Cut
-0.4 -0.6
-0.8 -0.6
-0.4 -0.5
-0.5 -0.8
-0.5 -0.6
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Table 1.5 Average evapotranspiration rates (mm gfl) in the eight subplots
in August 1981 as calculated from -(A6/At)z + P assuming drainage
was negligible. On August 24, 9 mm of rain fell while during the
other three periods there was no rain. For July 30-August 19 and
Au%ust 19-27, standard deviations were typically 0.5 and 0.3 mm
d™" respectively.

July 30-Aug. 6 Aug. 6-13
Plot Uncut  Cut Uncut  Cut
1 2.7 3.3 2.6 2.1
2 1.9 1.6 2.8 1.3
3 1.8 1.6 1.9 2.1
4 2.2 1.3 1.2 2.0
Ave. 2.2 2.0 2.1 1.9

Aug. 13-19 Aug. 19-27
Plot Uncut  Cut Uncut Cut
1 1.1 0.9 1.2 1.6
2 1.9 0.8 1.7 1.7
3 0.9 1.3 1.3 1.8
4 0.7 1.5 1.1 1.6

Ave. 1.2 1.1 1.3 1.7
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Table 1.6 Average evapotranspiration rates (mm d=1ly in the eight subplots
in May and June 1982 as calculated from -(ABYAt); + P assuming
drainage was negligible. During the period April 19-May 27, 12
mm of rain fell while during the other three periods there was no
rain. Standard deviations were typically 0.3 mm a-1.

Apr. 29-May 27 May 27-June 11
Plot Uncut  Cut Uncut  Cut
1 1.8 2.1 1.0 0.9
2 1.5 1.5 1.6 1.0
3 1.4 1.4 0.8 0.9
4 1.5 1.3 0.7 0.8%
Ave. 1.6 1.6 1.0 0.9

June 11-18 June 18-25

Plot Uncut Cut Uncut  Cut
1 0.8 0.7 0.9 1.1
2 0.7 0.9 1.1 0.9
3 0.4 0.5 0.7 0.6
4 0.5 0.8* 0.7 0.9
Ave. 0.6 0.7 0.8 0.9

*period was May 27 - June 18
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the higher values of Y5 and tree pre-dawn Yr¢yx on cut subplots during
these periods suggest that much of the soil water which would have been used
by salal was immediately taken up by the tree in the cut subplot. This
would not explain why E in the cut subplot of plots 3 and 4 during August
6-27, 1981 exceeded that in the adjacent uncut subplot. A possible
explanation is as follows. Tree transpiration rate is equal to the tree
rooting area (i.e. the e€ffective ground area occupied by the tree's roots)
multiplied by the rate of change in root zone water storage in this area due
to water extraction by the tree ((AB/At)rz). Now if one of two trees with
the same transpiration rate has a 10% smaller rooting area than the other,
then the former will have 10% larger values of (A8/At)r than the latter.
This suggests that in 1981 the tree in the cut subplot of plots 3 and 4 had
a smaller rooting area than the tree in the adjacent uncut subplot. The
fact that this was not the case in 1982 suggests that the completion of the
isolation trench confined adjacent trees to an equal rooting area. For the
period August 6-19, 1981, E in the uncut subplot of plot 2 was almost twice
that in the cut subplot.’ This suggests an initial saving of soil water 1in
the cut subplot for use later in the drying period.

During most of the 1982 drying period, E was much lower than during the
1981 drying period when similar values of 0 existed. The 1982 drying period
occurred during the emergence of new leaves for both Douglas—fir and salal
so that ErT was estimated to be about 20% less than later in the growing
season (eg. August) for the same soil moisture and meteorological
conditions. For most of the 1982 drying period, vapour pressure deficits
were higher than during the 1981 drying period. This suggests that rg of

.

both Douglas-fir and salal were higher in 1982 than in 198l1. It would
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appear that the increase in rg was great enough that 1t offset the
increase in e;"-—ea in (2) and D in (3) so that Etr in 1982 was less than in
1981.
5. Partitioning Evapotramnspiration Between Douglas-fir and Salal

Transpiration and Forest Floor Evaporation

Comparison of daily total.values of forest floor evaporation and salal
transpiration for 5 days in the 1981 drying period in plot 2 indicated that
the former was about 0.5-1 mm d~! less than the latter (Table 1.7). On
August 12 and 20, 1981, Douglas-fir Ep was about 0.2 m d-} higher in the
cut than the uncut subplot of 2. Similar results were obtained using the
heat pulse technique described by Cohen et al. (1985) in the same plot on
August 3 and 4, 1981 suggesting that these differences in Douglas-fir Ep
were not a result of error in rg measurements (Leverenz et al. 1982). On
October 23, 1981, when the root zone was recharged with water, Douglas—fir
. Er7 was very similar in the adjacent subplots indicating that earlier
differences were due to differences 1in soll water stress between the two
subplots. Daily totél values of E on August 12 and 20, 1981, in Table 1.7
are similar to values for plot 2 in Table 1.5 in the corresponding periods.
This suggests that the marked difference in water balance estimates of E
between adjacent subplots in plot 2 (Table 1.5) was not a result of error in
8 measurements and that, for some trees (eg. plot 2 and, to a lesser extent,
plot 1), salal removal led to a reduction in E during part of the 1981
drying period.

In 1982, Douglas—-fir Er was lower than in 1981 since tree leaf area
was lower as 1indlcated earlier, early in the springtime of 1982 and vapour

pressure deficits were much higher in 1982 (particularly on June 17, 1982).
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Measured rates (mm d'l) of Douglas-fir and salal transpiration
(ET), forest floor evaporation (E,) and total

evapotranspiration (E) in plot 2 using porometry and equations
(2) and (3) and small weighing lysimeters. The root mean square
errors for Douglas-fir and salal E7 were typically 0.1-0.2 mm
da~!. These errors were determined by differentiation of (2) and
(3). For (2), a 30% error was assumed for ag and rp and a

20% error for e* - e while the standard deviation of the rg
measurements waS used as the error in rg. For (3), a 30% error
was assumed for Ary and a 107 error in D while the standard
deviation of the ry measurements was used as the error in

. rg. For E,, standard deviations were typically 0.1 mm a-1i.

Subplot Uncut Cut

Er Eo E Ep Eq E

Fir Salal Fir

1981
July 24 - 1.5 -— -— -— 0.6 -_—
July 31 - 1.5 —— - - 0.5 S
Aug. 4 — 0.7 -— —_— _— 0.2 _—
Aug. 12 1.1 1.6 0.1 2.8 1.4 0.3 1.7
Aug. 20 0.6 0.8 0.1 1.5 0.8 0.1 0.9
Oct. 23 1.7 0.9 e - 1.8 — —_—
1982
June 9 0.3 -—- —-— —_— 0.8 —— _—
June 17 0.4  ——- —_— - 0.4  ~—m e
June 23 0.5 -— — - 0.7 —— —_—
June 30 0.4 —_— — - 0.5 _ —_—
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Douglas—fir Ep was 0.2-0.5 mm a-! higher as a result of salal removal in
plot 2 during the 1982 drying period (except for June 17). Following 26 mm
of rain from June 26-28, 1982, Douglas-fir ET was similar in the adjacent
subplots of plot 2 on June 30.
6. Tree Diameter Growth

There was close agreement between basal area increments (BAI) (mm2

tree"1

year‘l) calculated from dendrometer band (Fig. 1.10) and diameter
tape measurements (Tables 1.8 and 1.9). For three years following salal
removal, BAI was higher in cut subplots except for plot 4. Increase in BAIL
as a result of salal removal was greatest in 1982 when the spring drying
period limited tree growth where salal was present (Fig. 1.10). This shows
the important effect of the higher values of ¥y on tree growth in the cut
subplots during May and June 1982 when most of the BAI occurred. During the
1982 drying period, tree pre-dawn Y7, was about 0.2-0.4 MPa higher in the
uncut than the cut subplot of plot 4 (Table 1l.4). Brix (l972)vand Lassoie
(1979) found that bole expansion of field-grown Douglas-fir trees ceased
when ¥g was about -0.5 MPa. Values of Y; were less than -0.5 MPa in

plot 2 during the third week of August 1981 when BAI ceased. 1In 1982, BAI
in plot 2 ceased (temporarily) during June when ¥y was again less than

-0.5 MPa. However, during this period, BAI continued for an additional week

in the cut subplot of plot 2.

4. CONCLUSIONS

Salal understory removal resulted in a slight increase in 8 during
growing season drying periods. This was a result of E being only slightly

higher where salal was present than where it had been removed. Because
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Table 1.8 Diameter (including bark), at the 1.37 m height, of the four
pairs of adjacent trees using a tape with a 1 mm (in diameter)
resolution.

Subplot June 4, 1981 Dec. 10, 1981 Oct. 6, 1982 Nov. 28, 1983

1 Uncut 161 166 172 -——=
1 Cut 183 187 198 -—=
2 Uncut 179 182 185 188
2 Cut 180 185 192 198
3 Uncut 120 122 127 132
3 Cut 123 128 132 137
4 Uncut 112 117 123 130
4 Cut 102 105 109 116
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1

Table 1.9 Basal area increment (mm2 tree” year'l) for the four pairs of

ad jacent trees calculated using Table 1.8.

Plot 1981 1982 1983

Uncut  Cut Uncut Cut Uncut  Cut
1 1280 1160 1590 3330 - -—
2 850 1430 860 2070 880 1840
3 380 990 980 820 1020 1060
4 900 490 1130 670 1390 1240

Ave. 850 1020 1140 1720 1100 1380
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salal transpiration was 0.5-1 mm a-! greater than forest floor evaporation
in cut subplots, Douglas-fir trénspiration was higher by 30 and 58%Z, on
average, in 1981 and 1982 as a result of salal removal. The slight increase
in 8 corresponded to significantly higher values of ¥g5 and Douglas-fir
pre-dawn Y.y owing to the steepness of the soil water retention curve for
this gravelly sandy loam soll at low values of 6. Douglas—-fir BAI was
increased significantly following salal removal as a result of increased

Y5 in cut subplots during growing season drying periods. The results of
this study suggest that in stands where consumptioh of water by understory
is a growth limiéing factor, understory control will result in more tree

water use and growth.
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CHAPTER 2

APPLICATION OF AN EVAPOTRANSPIRATION MODEL TO

ESTIMATING SALAL UNDERSTORY REMOVAL EFFECTS IN A DOUGLAS-FIR FOREST

1. TINTRODUCTION

The Penman-Monteith equation (Monteith 1965) has provided useful
insight into the physical and physiological factors affecting forest
evapotranspiration (Stewart and Thom 1973; Tan and Black 1976). A further
development of the equation for multilayer, partially wet forest canopies
has provided a practical one-dimensional model (Shuttleworth 1978 and 1979)
despite the simplifying assumptions regarding within canopy turbulent
transfer (Jarvis et al. 1976; Raupach and Thom 1981; Finnegan 1985). With
standard hourly micrometeorological measurements and stomatal resistance
characteristics, the model can be combined with a root zone water balance
model (e.g. Spittlehouse and Black 1982) to provide estimates of forest
evapotranspiration over extended periods. This chapter (1) describes the
evapotranspiration model as modified for use in hypostomatous canoples, (ii)
tests the model using energy and water balance measurements and (iii) ﬁses

the model to explain the effects of salal (Gaultheria shallon Pursh.)

understory removal on tree transpiration rates in a Douglas-fir (Pseudotsuga

menziesii (Mirb.) Franco) forest.
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2. THEORY
Using Shuttleworth's (1979) evapotranépiration theory and assuming the
similarity of sensible heat and water vapour aerodynamic transfer
resistances, 1t can be shown that the water vapour flux density from layer {
(E'y) with leaf area (one side) index (ay) within a multilayer forest

canopy of hypostomatous leaves can be expressed as (see Appendix I)

_ 8(Rpg = G) + pcp(Dy = §3)/rp4

1 (1)
L{s + vy(1 + roi/raq)]
where E'y is the difference between the water vapour flux density above
and below the layer (i.e. Ey = Ej_1), Ryy and Dj are the net
radiation flux density and vapour pressure deficit above layer i
respectively, G is the soil heat flux density,
81 = [s(Rpy~1 - G)(rpi/(2a1)) + (58 + Y)LEg-1Tail/(pcp), (2)
rpy is the total aerodynamic resistance (Thom 1972) given by
Ta1 = Tag + Tp1/(231) (3

and r.qy is the canopy resistance of layer i expressed as (see Appendix II)

Wy 1 - Wy ‘]—1
Ty = +
(1 + s/y)rpy/(2ay) rgil/ag + (2 + s/y)rpy/(2ay4)

- (1 + s8/y)rpi/(2a4) (4)
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where rgq is the eddy diffusive resistance above layer 1, rpi and rgy

are the boundary-layer and stomatal resistances of one side of the leaves in
layer i respectively and Wy is the fraction of leaf area in layer i that

1s completely wet. The remaining symbols are as conventionally defined (see
Notation). Stoﬁatal resistances of hypostomatous leaves of Douglas-fir and
salal on a one-sided basis have been related to light, leaf and soill water
potential and D (Tan et al. 1977 and 1978).

Equation (1) is recognized as the Penman-Monteith equation with an
additional term which accounts for the net radiation, latent and sensible
heat flux densities below layer i. Black et al. (1970) used (1).as an
evapotranspiration model for a dry snap bean canopy where rpi<<rgi was
assumed so that §4 was equal to the soll evaporation rate multiplied by
rai(s + Y)/(pcp). If rgay is assumed to be zero, then (1) reduces to
the Penman-Monteith equation applied to the layer (i.e. using the vapour
pressure deficit and the available energy flux density (Rpy - Rpi-1)
within the layer). Equation (4) gives the canopy resistance of a partially
wet layer assuming that the individual leaves are either completely wet or
completely dry so that the wet and dry leaves have different temperatures.
Equation (4) differs slightly from Shuttleworth's (1978) equation (32)

because his derivation was for amphistomatous leaves. When Wy = 0, r.y =
rgi/agy + rpi/(2ay) compared to roy = rgi/(2ajy) for an amphistomatous
leaf canopy as in (24) of Shuttleworth (1978) (see Appendix ITII). As

expected when Wy = 1, roy = 0 in both hypostomatous and amphistomatous

cases. Making use of Shuttleworth's (1978) theory, it can be shown that the



- 47 -

rate of evaporation of intercepted water from layer‘i (E'11) is given by
(see Appendix IV)
E"4W4[(2 + 8/Y)rpy + 2rgy])

E'11 = (5)
(1 + s/y)rpg + Wi(rpy + 2rgq)

The vapour flux density above layer 1 (Ey) is given by summing (1)

from O to 1, so that for a canopy of n layers the evapotranspiration rate is

E= )] E'y (6)

where E; = E'y 1s the evaporation rate from the forest floor with 6§, =

0 and r., being the forest floor diffusive resistance. 1In this study, the
forest canopy was divided into two layers (n = 2), where the Douglas-fir
subcanopy was designated as layer 2 and the salal subcanopy as layer 1 (see

Appendix V).

3. METHODS
1. Site and Experimental Design
The site and experimental design are described in detail in Chapter 1.
Briefly, the site was a thinned 31—year—oid Douglas—-fir stand with salal
understory over about 700 mm of gravelly sandy loam soil. The experiﬁental
design consisted of four circular plots about 7 m in diameter, each
containing two subplots, one with salal understory present and the other

with it cut and removed. Each subplot contained one tree about 14 m tall
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and 160 mm in diameter (at the 1.37 m height) which was similar in size to
the one in the adjacent subplot. The root zones of all eight trees were
isolated by a trench and plastic barrier.
2. Micrometeorological Measurements

Standard hourly micrometeorological measurements of solar irradiance,
air temperature (Tyi,), vapour pressure deficit, wind speed (u) and
precipitation (P) above the forest are described in Chapter 1. In 1981,
Ry above the forest (Rp,) was measured using a Swissteco S-1 net
radiometer. 1In 1981, R, below the tree canopy (R,p) was measured in one
plot using one net radiometer above the salal canopy and another above the
forest floor surface, where salal had been removed. In 1982? Rpa was
estimated, prior to August, from the solar irradiance measurements following
Gates (1980) and Spittlehouse and Black (1981). During August 1982, R;,
was measured using an S-1 net radiometer. In the same month, R, was
measured using an S-1 net radiometer mounted on a tram travelling at the 1 m
height along a 10 m path where salal along one half of the path had been
removed. The tram travelled at 0.5 m min~! and automatically reversed when
it reached each end. The net radiometer output voltage was measured every
10 seconds (see Appendix VI). Prior to August 1982, R,y was‘estimated to
be approximately 0.16 R,; and 0.14 R, for uncut and cut subplots,
respectively (see Appendix VI). 1In 1981 and 1982, R,, below the salal
canopy was estimated using Ry, = ((s + Y)/s)LEo + G where LE; was 2 W m‘2
(measured using small weighing lysimeters (150 mm diameter by 120 mm deep)
(see Chapter 1)). The soil heat flux density in each subplot of one plot at

the 50 mm depth was measured using three soil heat flux plates (100 mm long
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x 25 mm wide x 3 mm thick), similar to those described by Fuchs and Tanner
(1968), connected in series and corrected for the rate of change of heat
storage in the upper 50 mm of soil. In 1982 (prior to August), G was
estimated to be 0.02 R, and 0.03 R,,; for uncut and cut subplots,
respectively.

In 1981 and 1982, T, 4, énd D were estimated below the tree canopy
using hourly average values at the 6 m height with the relationships Ty,
(°C) (0.5 m height) = 0.93T54,r (°C)(6 m height) + 1.2 and D (kPa) (0.5 m
height) = 0.89 D(kPa) (6 m height) - 0.03 (based on 33 hourly average
measurements of Ty, and D at both heights on July 24 and 25, 1981).
Hourly Assmann psychrometer measurements confirmed the validity of these
relationships on several days in August 1981 and June 1982.

3. Canoﬁy Resistance Functions

Stomatal resistances of Douglas—fir and salal were estimated using
average root zone soil water potential (¥g) and D for the layer following
interpolation of the rg characteristic functions in Tan et al. (1978)
(Table 2.1)( see Appendix VII). When R,, was negative (i.e. 1900-0700
hours PST), rg of both species was set to 10S s m !,

Boundary-layer resistances were estimated using a function for
artificial leaves in Spittlehouse and Black (1982) and a shelter factor of
two (Landsberg and Powell 1973; Jarvis 35:213 1976) (ry (s m’l) = 2 x 184
(dl/u)o's) where dg is leaf diameter (1 mm for Douglas-fir and 60 mm for

salal) and u 1s the windspeed near the leaf (0.5 u;gy for Douglas-fir and

0.1 ujsy for salal where ulS5y is the windspeed at the 15 m height (i.e.

1 m above the forest)). In 1982 (prior to August), u,gy was estimated to
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Table 2.1 Values of the empirical constants A, u, v, £ and o in the
stomatal resistance (rg) characteristics function rg (8 m!)
= exp{A - u(¥g +v) + (£ + o(¥g + v))D ] where ¥4 is
average root zone soll water potential (MPa) and D is vapour
pressure deficit (kPa).

Species Yg A i v E o
Salal >-0.10 0.40 7.0 0.0l 0.19  0.10
Salal >-0.35 to <-0.10 1.05 1.5 0.10  0.20  0.10
Salal >-0.95 to <-0.35 1.40 1.0 0.35 0.24 0,02
Salal >1.10 to <-0.95 1.95 1.8 0.95 0.27  0.02
Salal <-1.10 2.20 0.5 1.10  0.27 0.02

Douglas-fir >-0.10 1.10 5.0  0.01  0.37  0.20
Douglas-fir  >=0.35 to <-0.10 1.60 0.6 0.10 0.38 0.10
Douglas~fir  >-0.95 to <-0.35 1.80 1.4 0.35 0.40 0.20
Douglas=fir  >1.10 to <-0.95 2.60 1.5  0.95 0.54 0.10

Douglas-fir <-1.10 2.85 0.5 1.10 0.56 0.10
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be 3 m s~' for 1100-2000 h PST and 1.5 m s~ ! for the rest of the day.
Dividing these values by 2a; gave mean boundary-layer resistances similar

to those estimated following the relationships given by Garratt and Hicks
(1973). The eddy diffusive resistance above the Douglas-fir subcanopy was
estimated assuming a logarithmic wind profile (Jarvis et al. 1976) with a
zero plane displacement height of 8.5 m (Szeicz et al. 1969) and a roughness
length of 1.5 m (Stanhill 1969), while that above the salal subcanopy was
estimated assuming an exponential eddy diffusivity profile from the top of
the trees to the salal subcanopy (Thom 1975) with an attenuation coefficient
of 2. This value was based on the ratio of the above to below tree canopy

windspeeds being about 0.13. Daytime eddy diffusive resistances above the

1 1

salal subcanopy were calculated to be about 40 s m™* compared to 20 s m™
for the 600 trees ha~! Thetford (Shuttleworth 1979; Roberts et al. 1980) and
the 400 trees ha~! Jadraas (Lindrotﬁ 1984) forests. For the forest floor,
values of ry; estimated for the salal subcanopy were used. Forest floor
diffusive resistances for ten days in July and August 1981 were determined
by choosing a value which resulted in agreement between daily total values
of measured and calculated E, on each day. These values were linearly
related to average root zone water content for calculations of forest floor
diffusive resistances on other days.

For each Douglas—-fir tree, leaf area was estimated from the diameter at
the 1.37 m height using a function in Spittlehouse (1981). Ground area
occupied by the tree was estimated using a tree location map and the
"polygon of occupancy” (Santantonio et al. 1977). Tree leaf area divided by
the polygon of occupancy was taken as thé value of a for Douglas-fir in each
subplot. For salal, a was estimated from 1 m? sample measurements made in

each of the cut subplots on May 21, 1981.
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The leaf wetness variable for each subcanopy was estimated using the
ratio of the subcanopy water storage (C) to the maximum water storage of the
subcanopy (S). The value of S for the Douglas~fir subcanopy was determined
by plotting 24 hour throughfall (above the salal) against the corresponding
rainfall using data of Spittlehouse (1981) for 1978 (Fig. 2.1). Rutter et
al. (1971) showed that the negative intercept of the line of unit slope
along the upper limit of the throughfall data gives the value of S. This
was found to be 0.6 mm d~!. Since a of the Douglas—fir in 1978 was 5, the
average depth of water on the leaves was 0.12 mm. This was very close to
the depth of water after drainagé on a foliated Douglas-fir branch sprayed
in the laboratory (Spittlehouse and Black 1982). The value of S for the
salal subcanopy was approximated by multiplying salal a by 0.12.

The value of C was calculated for each time j using the following water

balance equation for each subcanopy

C,=C.,+ [(I-p)P

37 % TPyt 4yl ae 7

3
whe:e At is 15 minutes and Qj is the drainage of Intercepted water for the
interval between j-1 and j. The free throughfall coefficient p was
calculated by taking the average of the ratio of 24 hour throughfall (above
salal) to rainfall for 5 days from Spittlehouse (1981) where P < S (Rutter
et al. 1971). It was found to be 0.6. Dralnage was assumed to be zero
until Cj exceeded S. At this point drainage was calculated as the amount
by which (1-p) Pj - E'Ij exceeded the remalning water storage capacity

of the leaves (S - Cj).
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4. Root Zone Water Balance Equation
The course of average root zone volumetric water content (8) during two
summer periods was calculated using the following water balance equation

applied to the stand and its single—layervroot zone
O = B~1 + (P - Ex - Fr)at/g (8)

where Py, Ey and Fy are the rates of rainfall, evapotranspiration and
root zone drainage respectively, at time k, At is the time interval between
k and k-1 (one hour except for when Wi'> 0 and then At is 15 minutes) and
gz is root zone depth. Evapotranspiration rates were calculated using (1)
through (7) with the canopy divided into two layers (tree and understory
subcanopies) and soil. Drainage from the root zone was calculated as a
function of 6 (F (mm d~!) = 100 (8/0.3)17) (Spittlehouse and Black 1981).
During most of the summer, drainage was a small term in the root zone water
balance equation so that 6 was largely determined by rainfall and
evapotranspiration.
5. Testing the Evapotranspiraton and Root Zome Water Balance Equations
During August 1981 and June 1982, 6 was measured in one to two week
intervals using the neutron moderation technique with a probe being lerred
into access tubes placed in each subplot. Therm;couple psychrometers and

tensiometers were used to measure Yg every two to seven days in one of the

plots. Measured values of 8 and Y5 were compared during the two summer
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periods with calculated values obtained using (8) and a field determined
soll water retention characteristic (¥g (MPa) = -0.005 (6/0.3)‘6‘5) (see
Appendix VIII).

Forest evapotranspiration was measured on four days in August 1982
using the Bowen ratib/energy balance technique. Half-hourly measurements of
the Bowen ratio (B) were made using a D.C. powered rotating psychrometric
apparatus described by Spittlehouse and Black (1980). The apparatus was
located at the top of a 15 m tall tower adjacent to the four plots, with the
vertical separation between the two psychrometers being 3 m. The lower
psychrometer was about 1 m above the tops of the trees. Forest

evapotranspiration was calculated using
E = (Rpa - G - M/(LQ + B)) (9

where M is the rate of canopy heat storage estimated following Stewart and
Thom (1973). This measurement of E was considered to include tree and
understory transpiration and soil evaporation since the area where
understory had been removed was small and 20 m from the tower in a direction
at right angles to the prevailing wind direction. These measurements of E
were compared to calculated values obtained using (1)-(6) (W3 = O) applied
to a two layer canopy (trees and understory) plus soil evaporation.

Stomatal resistance measurements were made on the two trees and salal
understory in one plot using a ventilated diffusion porometer described by
Tan et al. (1978). Hourly measurements were made from sunrise until late

afternoon on August 12 and 20, 1981 and June 9, 17, 23 and 30, 1982 (trees
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only). These measurements were used to test the rg characteristic
functions (Table 2.1) and the rates of tree and understory transpiration

calculated using (1).

4. RESULTS AND DISCUSSION

1. Measured and Calculated Daytime Courses of E

There was generally good agreement between daily values of E measured
during the 4-day test period using the energy balance/Bowen ratio and values
calculated for the stand with understory present using (1) to (8) (Table
2.2) Agreement was not as good when comparing the daytime courses of
measured and calculated E (Fig. 2.2). However, both measured and calculated
E was highest for the period prior to noon on August 25, 1982. Cglculated
Douglas—fir rg increased markedly after 1400 h (> 6000 s mfl) owing to the
high values of D and salal E was highest for the period 1100-1400 h (= 0.1
mm h'l). Measurement error accounts for some of the disagreement since
Bowen ratios were high (> 2) on August 24-26 and wet and dry bulb gradients
small on August 27 (Spittlehouse and Black 1980).
2. Forest Floor Evaporation After Salal Removal

For 8 less than 0.185, forest floor diffusive resistance was linearly
related to 8 (re, (s m~!) = -83000 6 + 16100, R? = 0.96) (Fig. 2.3). On
three days when 8 > 0.185, r., was 700 s m~! (6 = 0.189) and 900 s m~! (e
= 0.200 and 0.203). This meant that Ey was limited by a dry surface layer
whose thickness (24) can be related to r., using (Denmead 1984; Novak

and Black 1985)
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Table 2.2 Daily total net radiation flux density above the forest (Rpy)
MJ m‘2 d'l) and daily measured and calculated values of
evapotranspiration rate (E) (mm d'l) following initialization of

calculations on August 20, 1982 when measured & was 0.16 o’ o3
(‘ys = =0.3 MPa)o

Date (August, 1982) 24 25 26 27
Rna 11.5 11.6 12.6 1.4
Measured E 1.8 2.2 1.8 0.2

Modelled E 1.9 2.0 2.0 0.3
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Figure 2.2 Courses of net radiation flux density and vapour
pressure deficit above the forest (Rp, (—-) and D
(= - = )) and measured (—-) and calculated (- - =) forest

evapotranspiration rate (E) (with understory) on August 25,
1982, a clear day when average root zone soil water potential
(¥g) was about -0.7 MPa. Errors in measured E were
approximately 0.02-0.04 mm h-! (Spittlehouse and Black

1980). Root mean square errors in calculated E were
0.04-0.06 mm h~! as determined by differentiation of (1)
applied to two layers and soil. A 10% error was assumed for
Di, a 20% error for (Rpiy — G) and a 30% error for the
transfer resistances (rgj, rpi and ray) , LE, and
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24 = Teo Rt (0g - 849) kg (11)

where Q¢ is a "tortuosity” factor (0.66), O4 and 64 are the porosity

and volumetric water content of the dry layer and x4q is the diffusivity
for water vapour (25.7 X 10-% w? &~ at 20°C). For the forest floor, O4
and 64 were taken from Plamondon (1972) as 0.88 (i.e. bulk density = 150
kg m‘3, organic matter density = 1300 kg o3 (Van Wijk and De Vries 1963))
and 0.20 (i.e. matric potential = -1.5 MPa). Using these values and r., =
700 s w! in (11) results in 24 = 8 mm. Fileld observations support this
calculation. At about midday on the day following an evening irrigation
equivalent to 100 mm of rain, the forest floor surface of a cut area (i.e.
salal cut and removed) adjacent to the four plots was observed to be dry.

1 suggests that the top 8 mm of

The 8 mm value of £4 for roo, = 700 s m™
forest floor consisted of rapidly draining litter (i.e. undecomposed leaves
and twigs) while the bottom 2-12 mm was humified with some water storage
capacity. The soill surface was dry until r., was 850 to 1500 s ot (6 =
0.184 to 0.176). For 6 = 0.125 (¥g = -1.5 MPa), %4 was 68 mm so that
the top 48-58 mm of solil was dry.

For July 24-25, 1981, two consecutive clear days when ¥ was about

1

-0.05 MPa, r.o, = 900 s m~ provided agreement between calculated and

measured daily values of E, (0.6 mm d'l). Hourly values of calculated
E, generally agreed with lysimeter measurements in the cut subplot of plot

1

2 (Fig. 2.4). Aerodynamic resistances varied from 10-50 s m™ and were

highest for the period 0200-0600 on July 25. The high variability in the
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forest floor evaporation rate (E,) in the cut subplot of
plot 2 on July 24-25, 1981, two clear days when average root
zone soll water potential (¥g) was about -0.05 MPa.

Standard deviations for measured E, values were typically
0.004 mm h~! at night and 0.015 mm h-! during the daytime.
Root mean square errors for calculated E, values were
similar. These errors were determined by differentiation of
(1) with 65 = 0. A 20% error was assumed for (Rp, - G)

and r.,, a 10% error for Dy and a 30% error for rpq,.
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measured values of R,, and E, was due to sun flecks which were generally
common to the net radiometer and lysimeters. About 167 of the daily
measured E, occurred at night (220050600 h, Fig. 2.4) while for the
calculations the value was 107%.

3. Measured and Calculated Courses of ©

1. Using Equations (1) to (4)

Calculations of courses of 6 using the complete évapotranspiration
theory and water balance equations were made for the eight subplots for the
periods July 24-September 3, 1981 and May 27-July 1, 1982. There was good
agreement between measured and calculated courses of 6 1in cut and uncut
subplots (Figs. 2.5 and 2.6 and Table 2.3). In particular, there was
excellent agreement in the measured and calculated differences between 6 in
paired subplots. Salal understory removal resulted in slightly higher
values of 8 and significantly higher values of ¥4 (see Chapter 1). Owing
to the steepness of the retention curve for this gravelly sandy loam soil at
low values of 6, a small decrease in 0 corresponded to a significant |
decrease in ¥Yg (Figs. 2.5 and 2.6). |

2. Effect of Assuming rpy = 0 in Equations (1) to (4)

Considerable simplification of the evapotranspiration theory is
achieved when Wy = 0 by using the limit rpy + O in (1) - (4) so that
Ej = pcpDy/rcq where rey = rgif/aq. Working‘in the same stand as in this
study, Tan et al. (1978) obtained good agreement between energy
balance/Bowen ratio evapotranspiration measurements and values calculated

using the above procedure in 1975 following heavy thinning of the stand.
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root zone soil water content (6) and soil water potential
(Yg) in the cut (A and - - =) and uncut (A and —.)
subplots of plot 2 for the period July 24 - September 3,
1981. Also shown is the daily rainfall rate (P).
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Table 2.3 Average values of the minimum measured and calculated average
root zone water content (m3 m‘3) on the same day in the cut (C)
and uncut (U) subplots.

August 27, 1981 - June 25, 1982
Measured Calculated Measured Calculated
1U 0.14 0.14 0.14 0.12
1C 0.13 0.14 0.15 0.14
2U 0.13 0.13 0.12 0.12
2C 0.15 0.14 0.14 0.14
3u 0.14 0.13 0.14 0.12
3C 0.17 0.15 0.17 0.14
40U 0.16 0.14 0.16 0.13
4C 0.17 0.16 0.16 0.15
U 0.14 0.13 0.14 0.12
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Use of this procedure in the cut subplot of plot 2 (salal understory cut and
removed) for the rainless period July 30-August 18, 1981 resulted in only
slightly higher calculated & values than those obtained when rp4y was not
assumed to be negligible (Fig. 2.7). This is to be expected since rpj is
much smaller than rgy for Douglas-fir so that rgy/ay 1s a good
approximation of the Douglas-fir canopy resistance (Tan EE.E&‘ 1978). The
reason for the small difference between calculated & values (with rpj
included) in Fig. 2.7 and those in Fig. 2.5 is due to the difference in the
starting dates for calculations in the two figures.

For salal, rjq{ = rgiy so that neglecting ryy for salal and
Douglas-fir subcanopies in (1) - (4) resulted in lower calculated 8 values
in the uncut subplot of plot 2 for the same rainless period (Fig. 2.7).
When rpgy for both subcanopies were included, calculated tree transpiration
in the uncut subplot for this 20 day period was 29 mm. The corresponding
value was 24 mm when rpj for both subcanopies were neglected. The
difference hetween these two values resulted from more salal understory
transpiration being calculated using the latter procedure. Since salal
stomatal resistance characteristics and leaf area index remained relatively
constant from 1975-1981, it appears that the reduction in salal
transpiration from 1975-1981 resulted from forest canopy closure leading to
a reduction in the ratio of below to above tree canopy wind speed and an

increase in raqy for the salal subcanopy.
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Courses of measured (symbols) and calculated (lines) average
root zone soil water content (8) in the cut (0) and uncut (@)
subplots of plot 2 for the period July 30 - August 18, 1981.
Calculated values with and without the aerodynamic and
boundary-layer transfer resistances for the Douglas-fir and
salal subcanopies are shown by the solid and dashed lines,
respectively. Error bars are one standard deviation.
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4. Partitioning of Evapotranspiration in Cut and Uncut Subplots

Table 2.4 gives the total calculated values of evépotranspiration,
transpiration and interception of Douglas-fir and salal and forest floor
evaporation fof cut and uncut subplots for the 1981 and 1982 periods
discussed in Section 3.1. Calculated total values of E for the uncug
subplots were slightly larger than those for the cut subplots in both
years. Throughout these periods, calculated values of E of the uncut
subplots were also slightly higher than in the cut subplots. This was also
found using water balance measurements in Chapter 1 except for plot 2 for
August 6-19, 1981 when the measured average values of E were 2.4 and 1.1 mm
d-! for the uncut and cut subplots respectively compared to calculated
average values of 1.7 and 1.5 mm a-! respectively.,

Calculated tree transpiration rates for the first 19 days of the 1981
period and 11 days of the 1982 period were slightly higher where salal had
been removed but were considerab}y higher during the rest of the respective
periods (Figs. 2.8 and 2.9). On August 12, 1981, calculated tree
transpiration rates were 1.5 and 1.1 mm d-! 1n the cut and uncut subplots of
plot 2 (leaf area index was 5 for both trees) respectively. The
corresponding values on August 20 were 1.1 and 0.5 mm al. Using (1) and
rg measurements made at about the midcrown heigﬁt of the trees in plot 2,
tree transpiration rates were estimated to be 1.4 and 1.1 mm a! on August
12 and 0.8 and 0.6 on August 20, 1981. There was not as good agreement
begween calculated and estimated tree transpiration rates in plot 2 for June
9, 17 and 23, 1982; however the differences between the cut and uncut

subplots were in good agreement (see Table 1.7 in Chapter 1).
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Table 2.4 Average calculated values (mm) of total evapotranspiration (E),
transpiration (E)), evaporation of intercepted water (E!) and
forest floor evaporation (E,) in the cut (C) and uncut {U)
subplots for the periods July 24-September 3, 1981 and May
27-July 1, 1982.

E E1 Ey EO
1981 Fir Salal Fir Salal
1U 92 47 25 15 2 3
1C 84 57 - 15 - 12
2U 88 39 28 15 3 3
2C 79 51 - 15 - 13
3u 83 32 31 14 3 3
3C 84 53 - 14 - 17
4U 84 38 27 14 2 3
4C 75 43 - 14 - 18
U 88 39 28 15 3 3
C 81 51 - 15 - 15
1982
1U 61 23 17 17 1 3
1¢ 64 39 - 17 - 8
2U 66 23 21 17 T2 3
2C 58 33 - 17 - 8
3u 60 17 21 17 2 3
3C 60 32 - 17 - 11
40U 64 22 21 17 1 3
4C 55 26 - 17 - 12
U 63 21 20 17 2 3
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Figure 2.8 Courses of calculated tree transpiration rates in the cut
(- - =) and uncut (——) subplots of plot 2 for the period

July 24 - September 3, 1981. Also shown is the daily
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During the 1981 and 1982 periods, salal removal resulted in an average
increase in tree transpiration rate of 31 and 527 respectively in the four
plots. These results agree with the conclusion in Chapter 1 that salal
_removal resulted in an average increase in tree transpiration rate of 30 and
587 in 1981 and 1982 based on rg measurements. Calculations indicate that
the increase in tree transpiration rate was greatest in plot 3 where salai
leaf area index (3 and 2.4 in 1981 and 1982 respectively ) was highest and
was least in plot 4 where salal leaf area index was lowest (2.1 and 1.7 in
1981 and 1982). Al;hough salal leaf area index values in plot 1 were
similar to those in plot 4, the larger tree in plot 1 (Douglas—-fir leaf area
index was 6 and 3.1 in plots 1 and 4 in 1981 (less by 10% in 1982))
responded more to salal removal than the small tree in plot 4.

Total calculated values of salal transpiration (plus forest floor
evaporation below the salal) were about twice those of forest floor
evaporation after salal removal in the 1981 and 1982 periods. The above
difference largely accounts for the increased tree transpiration following
salal removal since Douglas-fir interception in adjacent subplots was

identical and salal interception was a small term in the water balance.

5. CONCLUSIONS

Shuttleworth's evapotranspiration theory with canopy and root zone
water balance models proved to be practical in calculating the courses of 8,
¥g and tree transpiration during extended periods in the growing season.

The difficulty in using the theory 1is in estimating the transfer resistances
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(rgi, rpi,» ray and forest floor diffusive resistance) although rgy

is often available from physiological studies. Simplifying the
evapofranSpiration theory when Wi = 0 by using the limit rpj + 0 in (1)

- (6) resulted in more understory transpiration being calculated because of
the relatively closed forest canopy and an underestimation of the courses of
8, ¥g and tree transpiration in uncut subplots. This simplification
resulted in little change in cut subplots since rpj; is much shaller than

rgi for Douglas-fir.

Calculations showed that the slightly higher values of 8 as a result of
understory removal corresponded to significantly higher tree transpiration
rates. During early (June 1982) and late (August 1981) growing season
drying periods, most of difference in tree transpiration occurred during the
latter one-half of the period owing té the steepness of the soil water
retention curve for low values of 6 and stomatal closure by Douglas-fir
where salal remained. 1Increase in tree transpiration as a result of
understory removal was greatest where understory leaf area index was highest

and trees were largest.
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CONCLUSIONS

Salal understory removal resulted in little change in the growing
season course of O because E was only slightly higher where salal was
present than where it had been removed. The slight increase in 6 where
salal had been removed corresponded to significantly higher ¥g at low
values of 8 owing to the steepness of the soil water retention curve. This
resulted in significantly greater tree water use and diameter growth where
salal had been removed than where it remained.

Shuttleworth's evapotranspiration theory when modified for use in
hypostomatous canopies and combined with canopy and root zone water balance
equations proved to be practical in calculating the courses of 6, ¥g and
tree transpiration over extended growing season periods. The difficulty in
using the theory 1s in estimating the transfer resistances (rgy, Tpi, Tzi»
and forest floor diffusive resistance). Simplifying the theory when Wy =
0 by using the 1limit rpy + O resulted in an overestimate of understory
transpiration and an underestimate of 6, Y5 and tree transpiration in
uncut subplots. This simplification resulted in little change in the
calculations for cut subplots. Calculations showed that most of the salal
removal effect to increase tree transpiration occurred during the final
one~half of drying periods owing to the steepness of the retention curve at
low values of 8 leading to stomatal closure and a reduction in tree
transpiration where salal remained. Increases in tree transpiration rates
as a result of salal removal were calculated to be g?eatest where salal leaf

area index was highest and trees were largest.
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The evapotranspiration theory was developed for extensive homogeneous
surfaces so that its use in the cut subplots included employment of
below-tree—~canopy values of D and Tg4, largely determined by the presence
of salal in the surrounding forest. Values of below-tree-canopy D and
Taiy would be expected to be higher following extensive salal removal;
however, it is difficult to estimate the magnitude of the increase.
McNaughton and Jarvis (1983) show that the D above a conifer forest canopy
is likely to be well coupled to the outer mixed portion of the planetary
boundary layer. Consequently, they argue that a 50% reduction in forest
leaf area index would not result in an increase in above-forest D and
therefore would result in a significant reduction in forest E. Since D
below the tree canopy in this study was well correlated to that above (in
agreement with the results reported by Stewart (1984) for Thetford forest),
it is probable that only a slight increase in below-tree-canopy D would
result from extensive salal removal. The mechanism for this below to
above-tree—canopy D coupling may be attributed to the gust penetration
phenomenon observed in the Uriarra forest by Bradley et al. (1985). Recent
experimental evidence from 30 m by 40 m plots in a similar Douglas-fir
forest about 130 km south of the experimental site also showed little
change in the growing season course of 8 and that E was only slightly higher
where salal was present than where it had been rempved (Black et al. 1985).

Operational removal of salal understory would likely require the use of
herbicides as regrowth could be considerable. At the end of the first and
second year following salal understory removal in a 50 o’ area ad jacent to
the four plots, salal leaf area index was 1.0 and 1.6 (originally, it was
3.7). Alternatively, Black and Spittlehouse (1981) suggested that, for dry

sites with salal understory, the ratio of Douglas-fir to stand transpiration
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(including salal understory) may be increased by increasing stocking
density. 1In young Douglas-fir stands close to and'including the one used in
this study, increased stand basal area corresponded to decreased salal
understory leaf area index (Fig. C.l) and increased salal leaf size (Fig.
C.2). The former result would directly decrease the amount of salal
transpiration while the latter, when combined with the likely decreased
below~tree-canopy wind speeds in the denser tree stands, would tend to
increase salal rp{ and thus decrease salal transpiration. The results of
this study indicate that on dry, salal-dominated sites where salal control
is not feasible, tree water use and wood produciton may be jeopardized in

low density stands.
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APPENDIX I

DERIVATION OF EQUATION (1) IN CHAPTER 2
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Appendix I

DERIVATION OF EQUATION (1) IN CHAPTER 2

The derivation is essentially the same as that given in Shuttleworth
(1979) (p. 321). Applying Ohm's Law to the electrical analog of the model
for canopy layer i shown in Fig. AI.1, the relationships between fluxes and
resistances can be written as

T, - T 1 = -HraHi/pc (AL.1)

i i- P

Tij-1 = T§1 = —(Hy - Hy_1)(ru1/2a1)/pcp (AL.2)

e, - e*(T§y) = _(LEiraViY/pcp) —(LEi—LEi_l) (rci + (rVi/Zai))Y/pcp (AI.3)

where T§; , the effective temperature of the leaves in layer i, can be

calculated by substituting (AIT.1), (AII.20) (see Appendix II) and the
sensible heat transfer equation into the energy balance equation for the
layer.

Using the Penman transformation, we have

ey~ e*(Tgi) =Dy + S(Ti - Ti-l) + S(Ti—l - Tgi) (AL.4)
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LE.

Figure AI.1l

A AN — e*(T:}) T®

Sl

Electrical analog depicting the transfer of latent and
sensible heat fluxes for a single canopy layer i (LE{ and

Hi) where T§y is the "effective"” surface temperature of the
layer (i.e. wet and dry portions) and other symbols have been
previously defined. The depiction shows the identical leaf,
single source limit of the Penman-Monteith equation described
by Shuttleworth (1979).
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where, since T§y - Ty is not large, the same value of s 1s used for both

temperature differences. The energy balance equation for all layers 1 to i

(neglecting energy storage) is
Rpy - G = Hy + LEg (AI.5)

Substituting (AI.1l), (AI.2) and (AI.3) into (AI.4), using (AI.5) and
dividing by L, we have

S(Rni - G) + pcp(Di + Si)/tAﬂi

Eq = (AI.6)
L(s + Y(rygy /Ty YA+ (7 g /700D

where
| =
61 [LEi—l[(rci+ (rv1/2a1))Y + (rHiIZai)s]
- S(Rni—l - G)(rﬂi/zai)]/pcp’ (AI.7)
Tait = Tri/%85 * Tamy
and

Tavi = Typ/283 ¥ Tayge

Equation (AI.6) is the same as (9) in Shuttleworth (1979) . Subtracting

E{-; from (AI.6) and assuming similarity (i.e. ryj = ryjy and rggy = ravi)

gives (1).
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APPENDIX II

DERIVATION OF THE EQUATION FOR r,. SHOWING DEPENDENCE

ON THE FRACTION OF WET LEAF AREA



- 86 -

APPENDIX II1

DERIVATION OF THE EQUATION FOR r. SHOWING DEPENDENCE

ON THE FRACTION OF WET LEAF ARFA

The Penman-Monteith equation for a canopy is

s(Rp, = G) + pcyDa/r
IE = n p_ o/ "Ha © (AIL.1)

s + YrVa/rHa(} + (rc/rVa))

This is the combination equation for the latent heat flux from an extended
isothermal flat leaf with one side having boundary layer resistances ryg4
and ryy to sensible heat and vapour transfer respectively and a canopy or

surface resistance r, to vapour transfer. 1If ryg, = ry,

g =SB0 * e pPo/THa (AII.2)

s + y(1 + (ro/rya))

The latent heat flux on a ground area basis from a canopy with a projected
leaf area index (a) and a fraction of the leaf area wet (W) can be written

as

s(Ry - G)/a + pcpDo/TyTOT

LE = Wa
s + YryToT/THTOT

s(Ry, = G)/a + pecpDy/T
+ (1-W) a n p o "HTOT (AII.3)

s + Yrypor/Tyror
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The first bracketted term of (AII.3) is the evaporation rate from the
average wet leaf on a projected leaf area basis, the second bracketted term
is the transpiration rate from the average dry leaf on a projected leaf area

basis. The resistances are defined as

-1

= ~1 -1 ™
TaroT Taror. Y TmBOT 2/rH, (AIl.4)

' -l - -1 -1 .
TYTOT Tyrop T Tysor = .2 Ty (AIL.5)

-1

. -1
VTOT (typop + Tgrop) * (T

-]
veor * Tsmor) ° (AIL.6)

where TOP, BOT and TOT refer to top, bottom and total respectively.

Equation (AII.3) can be rewritten as

W s(Rp, = G) + Dcho/(rﬂ'ro'r/a;T
s + yr! /t

vrot’ THTOT B
s(R_ - G) + pc D /(r /a)
+ (1-W) n p o ' HTOT (AII.7)
& + YTyror/TaroT

In order that (AI1.3) can be rewritten in the form of (AII.l) by making r.

a function of W, we require

r Ja = rﬂl(Za) (AII.8)

Ha ~ THTOT
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and

1 W

+ 1w (AII.9)

1t
8+ Y g /oy, (U F (r /ey ) s 4 ¥riege/ Turor

Solving for r. we have

where

Iyga = IyToT/a
In order that r, = 0, when W = 1, ry; must be

= p!
Tva = TvroT

/Ja = rV/(Za)

Substituting (AIL.12) into (AIX1.10) we have

W 1-W
r +
c (s/Y)r +r (s/Y)r +r
H Va Ha

a Vsa

with the resistances given by (AIIL.8), (AII.1ll

+
S + YCyror/THrot

-1
- (s/Y)rga - rya (AI1.10)

(AII.11)

(AII.12)

1

a

) and (AIIL.12).

For amphistomatous leaves, ryrgor 1is given by (AIIL.6), but If rgrop =

IgBOT = ¥g and ryrop = ryBoT = ry, so that
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ryror = (Ty + 15)/2

(AI1.14)
then
Tysa = (Ty * 1)/ (2a) (AIL.15)
For hypostomatous leaves with, say, rgrop = * and rgpor = rg, then
from (AII.6)
Tyror = Tv + L (AIT.16)
so that
Tea = (rv + rs)/a (AI1.17)
When W = 1, r, = 0 for both leaf types. When W = 0, r, for the
amphistomatous leaf is
re = rg/2a (AI1.18)
while for the hypostomatous leaf it is
. = rg/a + ry/2a (AIT.19)

which is the sum of the average stomatal resistance and average boundary

layer resistance of the canopy. Equation (AIL.19) 1is correct since without

the boundary layer resistance term, halving rg of the hypostomatous leaf

would result in the same transpiration as that of an amphistomatous leaf
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with the same 1nitial rg (see Appendix III). In the hypostomatous leaf
all vapour has to go through a single ry (one side) rather than two rv's
in parallel as in the amphistomatous case. In summary, r., as defined by
(Al11.1), for the hypostomatous Douglas-fir canopy of this study can be

written as follows (after substituting (AII.8), (AII.12) and (AII.17) into

(AI1.10))

. - W . 1-W -1

(sly)rH/(Za) + rV/(Za) (s/Y)rH/(Za) + (rv + rs)/a

- (S/Y)rH/(Za) - rv/(Za) (AII.20)

where rg, ry and rg are the one-sided resistances of the leaf. Note
we have made the reasonable assumption that the bottom and top boundary

layer resistances are equal in (AII.4) and (AIIL.5).
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APPENDIX III

RELATIONSHIP BETWEEN STOMATAL RESISTANCES OF
AMPHISTOMATOUS AND HYPOSTOMATOUS LEAVES THAT

RESULTS IN EQUAL TRANSPIRATION RATES



-92 -

APPENDIX III

RELATIONSHIP BETWEER STOMATAL RESISTANCES OF AMPHISTOMATOUS AND

HYPOSTOMATOUS LEAVES THAT RESULTS IN EQUAL TRANSPIRATIOR RATES

This appendix derives the expression for the stomatal resistance of an
amphistomatous leaf in terms of that of a hypostomatous leaf which would
result in equal transpiration rates for the two leaves. Following Monteith
(1973), LE from an isothermal leaf can be estimated from the Penman-Monteith

equation written as

s(Rn -G) + pch/(rH/Z)

s + nyrv/rH(l + rs/rv)

LE = (AII1.1)

where n = 1 or 2 for amphistomatous (rgTop = rgBQT = rs) OF
hypostomatous leaves, respectively. Assuming ry = rg, (AIII.1) can be

written for amphistomatous leaves as

s(Rn - G) + pch/(rH/Z)

LE = (AIII.2)
s+ v(1+ (r /2)/(x,/2))
and for hypostomatous leaves as
s(R_ - G) + pc_D/(r /2)
LE = n _p H (ATII.3)

s +y(l + (rsh + rH/Z))(rH/Z)
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where rg, and rgh are the stomatal resistances of amphistomatous and
hypostomatous leaves respectively. Comparing (AIII.2) and (AIII.3), we see

that for transpiration rates for the two leaves to be equal

r /2= T,

ca + ry/2 (AIII.4)

h

or

(AIII.5)

If the apmhistomatous leaf equation is used to calculate LE from a
hypostomatous leaf, the stomatal resistance of this "equivalent”

amphistomatous leaf must be calculated using (AIII.5).
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APPENDIX IV

DERIVATION OF EQUATION (5) IN CHAPTER 2
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APPENDIX IV

DERIVATION OF EQUATION (5) IN CHAPTER 2

The water vapour flux density from layer i (Ei) with leaf area (one
side) index (aj) within a multilayer forest canopy of hypostomatous leaves

is given by

s(Rpi = Rpi-1) + pep Dy-1/(ryi/2ay)
E/ = (AIV.1)

L(s + Y(rVi/rHi)(l +vrci/(rVilzai))

where Dj.1 is the vapour pressure deficit Qithin the layer (i.e. at the
effective "source” height). This can be obtained by setting ryy =0
(e.g. Tagi = rayi = 0) in (1), (2) and (3) of Chapter 2. The rate of
evaporation of intercepted water from layer i (Eii) is obtained by

multiplying the fraction of leaf area (one side) that is completely wet

(W1) by (AIV.1) with r.y = O which gives

Wi[s(Rpi = Rpi-1) + pep Di-1/(ryi/2a1)]
E}, = (AIV.2)

L(s + Y(rVi/rHi))

Dividing (AIV.2) by (AIV.1l), assuming similarity (i.e. rygy = rvi

;bi)s making use of (4) and rearranging gives (5).
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APPENDIX V

ELECTRICAL ANALOGS OF THE LATENT AND SENSIBLE HEAT FLUXES

IN UNCUT AND CUT SUBPLOTS
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APPENDIX V

ELECTRICAL ANALOGS OF THE LATENT AND SENSIBLE HEAT FLUXES

- IN URCUT AND CUT SUBPLOTS

The purpose of this appendix is to present electrical analogs depicting
the transfer of latent and sensible heat fluxes for uncut and cut subplots
(Figs. AV.l and AV.2). ‘The forest canopy was divided into two layers (n =
2) where the Douglas-fir subcanopy was designated as layer 2 and the salal
subcanopy as layer 1 (the forest floor was layer 0). Individual leaves were

considered either completely wet or completely dry so that wet and dry

leaves had different surface temperatures (T¥; and Tgi). For cut subplots,

forest floor aerodynamic resistances were estimated by ryy; and rayp.
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APPENDIX VI

UNDERSTORY REMOVAL EFFECTS ON THE BELOW-TREE~CANOPY RADIATION REGIME
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APPENDIX VI

UNDERSTORY REMOVAL EFFECTS ON THE

BELOW-TREE~-CAROPY RADIATION REGIME

1. TINTRODUCTION

The radiation balance below the tree canopy 1is important in determining
the rate of soil evaporation and the transpiration rate of understory
_vegetation. 1In this appendix, below-tree-canopy radiation data collected as
part of the salal understory removal experiment from July 24-September 1,
1981 and July 30-September 1, 1982 are presented. Sky view factors

determined from photographs taken with a fish eye lens are also presented.

2. METHODS

1. Radiation Measurements

Net radiation and solar irradiance above the forest (Rpg and Kiy)
were measured using a Swissteco S-1 net radiometer and Kipp and Zonen
pyranometer located on top of a<15 m tall tower. In 1981, hourly average
values of net radiation below the tree canopy (Rpp) were measured in one
of the four plots (plot 2) using one net radiometer above the salal canopy
and another above the forest floor surface, where salal had been removed.
Measurements of solar irradiance below the tree canopy (K+y) were also
made in 1981 with a pyranometer located mext to the net radiometer over the

forest floor surface.
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In 1982, R,y and Kéy, were measured using a net radiometer and
pyranometer mounted on a tram travelling at a rate of about 0.5 m mn~! at
the 1 m height along a 10 m path where salal along a portion of the path had
been removed. Measurements of R;,, Rpp, Kty and Kiy were made every
2 seconds and 10 second average values were recorded using a Campbell
Scientific CR-21 data logger.

A controlicircuit for the tram provided a positive or negative voltage
~ indicating the direction of travel by the tram. This voltage was also
recorded every 10 seconds using the data logger. A negative voltage
indicated that the tram was traversing to the west (i.e. to the cut (salal
cut and removed) portion of the path) while a positive voltage indicated the
reverse (i.ef to the uncut portion of the path). A change in the sign of
the voltage indicated that the tram had just passed one end of the path and
had reversed its direction toward the other end. Using the rate and
direction of travel and the time when the tram passed the end of the path,
periods were designated when the tram passed over the cut and uncut portions
of the path. This was the period when the tram was located between a 1 m
buffer east (uncut) or west (cut) of the cut/uncut border and the end of the
path. The tram travelled over the cut or uncut portion of the path twice
during the period, going to and from the end of the path. The period was
about 13 minutes for the cut portion (distance from west end of path to
cut/uncut border was 4.2 m) and about 19 minutes for the uncut portion

(distance from east end of path to the cut/uncut border was 5.8 m).
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On September 1, 1982, the tram was run in conjunction with a net
radiometer next to the tram path in the cut portion. All radiation
measurements on this day were made every two seconds and recorded by the
data logger as 10 second average values.

2. Determination of Sky View Factors

The view factor V,, is defined as follows:

912 = Vi2A1€) (AVI.1)

where q;, 1is the flux emitted by area A} toward area Ay, and g; 1is the
emittance of A} and V), is the fraction of Aje; that 1s intercepted by A, or
the fraction of the view by A; that is occupied by A;. The general

expression for V), can be obtained as follows:

dq;; = I, dA;} cos ¢ dw (AVI.2)

where ¢ is the angle between the normal to dA; and the straight line
connecting dA; and dA,, dw is the small solid angle given by dA, divided by
the square of the distance between dA) and dA;, and I; is the radiance from

A| which is related to €; by (Reifsnyder 1967):

I, = /7 (AVI.3)
so that

dq;, = (Sllﬂ)dAl cos ¢ dw (AVI.4)
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Integrating over A and A; we have
q12 = (g1/m) fAlfAz dA; cos ¢ dw (AVI.5)
Assuming A; 1s small,
q2 = AlelfAz cos ¢ dw/m (AVI.6)
From (AVI.l) we see that

Vyp = IAZ cos ¢ dw/w (AVI.7)

as given in (6) of Reifsnyder (1967).
A hemisphere of radius r, can be constructed over a small area on the

forest floor (dA;) (Fig. AVI.1l) to give the forest floor-sky view factor

(st)

"/2 fzn cos ¢ f($,a) ry sin ¢ da r°d¢/(nrg) (AVI.8)

<
r
]
|
—

where o 1is the azimuthal angle, f(¢,a) is the fraction of dA; not obscured
by the forest canopy and dw is replaced by dAz/roz. Taking ;.(¢) to be an
average non-obscuration fraction for an entire annulus (0 < a < 27), (AVI.S8)

can be rewritten as:
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Figure AVI.l Construction of a hemisphere of radius r, over a small area
of forest floor (dA;). The angle ¢ between the normal to dA;
and the straight line connecting dA; and a small area on the
hemisphere (dA,) is m/4 radians. Using the azimuthal angle o
and the derived geometric relationships shown in this figure,
dA; = ry sin ¢ da ry d¢. The partial obscuration of dA,
indicates the forest canopy.
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Vg = gLZ/Z'F (¢) cos ¢ sin ¢ dé (AVI.9)

An equiangular fish-eye lens projection results in an image of an object at
an angle ¢ from the normal being located at a distance from the centre of

the projection (r) defined by
r=2¢ ro/m (AVI.10)

which indicates the proportionality between radial distance on the

pro jection (photograph) and ¢. Consequently,
d = [7/(2ry)]dr. (AVI.11)

Expressing (AVI.9) as a sum of n annuli (Steyn 1980) and using (AVI.10) and

the finite difference form of (AVI.1ll) gives

Vig = (“/ro)iri_‘1 £'(ry) cos (n/2(xri/ry)) sin (n/2(ry/ry)) Ary (AVI.12)

where ?u(ri) (= ¥k¢i)) is the average non-obscuration fraction for the
annulus ry, of width Ary, on the pro jection (eg. photograph). Using

constant width annuli Ary = Ar,, (AVI.12) becomes
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Vgg = (u/n)1§1 ?“(ri) cos (n/2(ry/ry)) sin (n/2(ri/14)) (AVI.13)

where n = ro/Aro. The forest floor-canopy view factor (Vg.) 1is equal
to 1 = Vggo

Photographs taken using an equiangular fish—eye lens were divided into
three annuli O-r,/3, ro,/3-2/3r, and 2/3ry-r, which correspond to
the 0-30°, 30-60° and 60-90° zenith angles respectively. The midpoint of
each range was taken as r for the annulus (i.e. r,/6, r,/2 and
5ry/6). The 0—r°/3 annulus was divided into nine equal size sectors
while the r,/3-2/3r, and 2/3r,-r, annuli were each divided into
eighteen equal size sectors. Using a clear plastic sheet with the annuli
and sectors marked on it (Fig. AVI.2) over the photograph (eg. Fig. AVI.3),
the fraction of sky visible in each sector of the photograph was estimated
by eye to 0.05 and the average value of all sectors in each annulus was
taken as ;u(ri). The forest fioor sky view factor was determined using
(AVI.13).

Teﬁ black and white photographs were taken with a fish eye lens (using
Kodak PX-135 panchromatic film, 125 ASA) in the stand on November 23, 1983.
Photographs were taken from about a 300 mm lens helght at the locations of
the 1981 R, measurements in plot 2 (i.e. two photographs), the centres of
the three other plots and from about the 1 m height along the tram path
(five photographs). Prints with a 78 mm diameter circular field were used

in the analysis (Fig. AVI.3).



Figure AVI.2
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Grid used for analyses of fish eye lens photographs of radius
ro. The 0O-r,/3 annulus of the grid was divided into nine
equal size sectors while the ry/3 - 2r,/3 and 2r,/3 -

ro, annuli were each divided into eighteen equal size

sectors.
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Figure AVI.3

Fish eye lens photograph taken at about the 300 mm height
from the 1981 location of the net radiometer (below the tree
canopy) in the cut subplot of plot 2 on November 23, 1983.
The forest floor-sky view factor for this location was 0.28.
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3. RESULTS

In August 1981, daily total Ry in plot 2 was generally similar for
the salal canopy (unéut subplot) and forest floor (cut subplot) except near
the end of the month when it was very cloudy (Fig. AVI.4). The ratio
Rnb/Rpa was fairly constant during this period with the average values
being 0.15 and 0.13 for the salal canopy and forest floor respéctively. The
sky view factor for thevnet radiometer over the salal canopy was slightly
greater than that for the net radiometer over the forest floor (Table
AVi.l). For the forest floor, there was litfle difference between values of
Rnb/Rpa and Kép/Kv, (Fige AVILG).

In 1982, daily total values of Rup for the uncut portion of the tram
path were usually slightly higher than for the cut portion (Table AVI.2).
The sky view factor and values of Kvp/K+, for the uncut portion of the
tram path were also higher than for the cut portion (Tables AVI.l and
AVI.2). On two clear days (August 7 and 18), Rpp/Rpa and Kép/Ké,
were significantly higher in the uncut portion. Average values of the ratio
Ktp/Ktp (L.e. below-tree-canopy albedo) for August 10-19 were 0.28 and
0.19 for the salal canopy and forest floor respectively. There was a
downward trend in the values of Rnp/Rpa and Kéyp /K, from July
30-September 1. The zenith angle of the sun at noon decreased from 31° on
July 30 to 42° on September 1 (List 1971). However, the average values of
Rob/Rpa for the uncut and cut portions of the tram path (0.16 and 0.14,
respectively) were very similar to those values obtained in 1981 using

stationary net radiometers.
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Figure AVI.4 Courses of solar irradiance (top line) and net radiation flux
density above the forest (K¢, and Rp,) for the period
July 31 - September 1, 1981. Also shown are the courses of
the ratio of below to above tree canopy solar irradiance
(K+p/K¥3) for the cut subplot of plot 2 and the ratio of
below to above tree canopy net radiation flux density
(Rpp/Rpa) for the cut (- - -) and uncut (——) subplots of
plot 2 during the same period.
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Table AVI. 1. Sky view factors (S.V.F.) determined from photographs
taken with a fish eye lens in each of the four plots and
along the path traversed by the tram.

LOCATION S.V.F.

Centre of plot 1 0.22
Centre of plot 3 0.24
Centre of plot 4 0.26
Net radiometer in subplot 2 uncut (1981) 0.30
Net radiometer in subplot 2 cut (1981) 0.28
West end of tram path ’ 0.25
1 m west of tram path's cut/uncut border 0.21
1 m east of tram path's cut/uncut border 0.19
East end of tram path 0.25
Net radiometer adjacent to tram path

in the cut portion on September 1, 1982 0.23




Table AVI.2.
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Daily total values of the ratio of below to above tree
canopy net radiation flux density (Rpp/Rpg) and solar
irradiance (K+{/Kvy) for the cut and uncut portions

of the tram's path for seven days in 1982. Also shown is
the solar irradiance and net radiation flux density above
the forest (K¢, and Ry,) for the same days.

1982 Rpb/Rpa Kép/Ké g K¥a Rna
Uncut Cut Uncut Cut MJ w2 d'l)
Jul. -

30 0.21 0.19 0.17 0.16 8.6 5.7
Aug.

4 0.18 0.17 0.14 0.13 15.8 8.9

7 0.18 0.10 0.17 0.11 26.2 15.4

17 0.15 0.15 0.13 0.12 19.5 10.5

18 0.14 0.10 0.12 0.09 24.4 13.5

25 0.14 0.13 0.11 0.11 21.5 11.6
Sept.

1 0.13 0.14 0.09 0.09 17.6 11.4
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During a cloudy day, July 30, 1982, R.p/R,, was generally constant
(Fig. AVI.5) while on a clear day, Augusf 18, 1982, R;p/Rp, was quite
variable (Fig. AVI.6). There was no apparent pattern in the variation of
Rpb/Rpa on this clear day, reflecting the complex canopy geometry of the
forest. On September 1, 1982, values of R,p/Ry, were similar for most
of the day for the tram net radiometer along the cut portion and an adjacent
stationary net radiometer in the cut portion of the tram path (Fig. AVI.7).
The daily total values of R,p/Rpg on this day were 0.14 and 0.12 for the

tram and stationary net radiometers.

4. CONCLUSIONS

Measurements of daily total R,; were similar using tram and adjacent
stationary net radiometers. The sky view factor was similar for all four
plots and the tram path. 1In the absence of Ry} measurements or a major
below-tree-canopy net radiation modelling effort, the best estimates of
knb/Rna for uncut and cut areas in the forest would be 0.16 and 0.14,

respectively.
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Figure AVI.5 Courses of net radiation flux density above the forest
(Rp,) and the ratio of below to above tree canopy net
radiation flux density (Rnp/Rpa) for the cut (- - -) and
uncut () portions of the tram path on July 30, 1982.
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Figure AVI1.6 Same as for AVI.5 except for August 18, 1982.
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Figure AVI.7 Same as for AVI.S except for September 1, 1982 and
Rnb/Rna for the cut portion of the tram path measured
using a single stationary net radiometer (s ¢ *).
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APPENDIX VII

MEASUREMENTS OF rg IN DOUGLAS-FIR AND SALAL
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APPENDIX VII

MEASUREMENTS OF rg IN DOUGLAS-FIR AND SALAL

The purpose of this appendix is to report rg measurements made,
following the procedure of Kelliher et al. (1984), in 1980 and 1981 adjacent
to the four plots at the experimental site. In 1980, measurements were made
on June 18, 19 and 30, July 17, 18 and 22 and August 7, 8 and 20. 1In 1981,
measurements were made on July 3 and August 5. On August 20, 1980, ¥4 was
-0.3 MPa and for other days (1980 and 1981) ¥g > -0.3 MPa.

Salal rg was far less responsive to increasing D than Douglas-fir
rg in agreement with the results of Tan et al. (1978) for rg4
measurements made at the same slte in 1975 (Fig. AVII.1l). However,
Douglas-fir rg in 1980 and 1981 increased somewhat more in response to
increasing D than in 1975 (the value of £ in Table 2.1 was 0.27 in 1975 (Tan
et al. (1978), equation (7a)) and 0.38 in 1980 and 1981). The rg
characteristic functions for ¥g of -0.01 and -0.30 MPa (lower and upper
curves in Fig. AVII.1l) describe the range of the 1980 and 1981 rg
measurements fairly well although there was considerable variation in rg

for Douglas—-fir when D was about 1-1.5 kPa.
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Figure AVII.1 Relationship between stomatal resistance (rg) and vapour
pressure deficit (D) in Douglas-fir and salal adjacent to the
four plots at the experimental site for June-August 1980 (0)
and 1981 (@) when average root zone soil water potential
(Yg) was greater than -0.3 MPa and photon flux density was
greater than 2.5 and 1.0 m mol o? s~} for Douglas-fir and
salal respectively. Curves show characteristic rg values

for ¥g = -0.01 (lower curve) and -0.3 MPa (upper curve)
(see Table 2.1).
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APPENDIX VIII

SOIL WATER RETENTION CURVE
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APPENDIX VIII

SOIL WATER RETENTION CURVE

The purpose of this appendix is to report 8 and Y; measurements used
to determine the soil water retention curve at the experimental site.
Measurements were made in plot 2 as described in Chapter 1. An equation of
the form proposed by Campbell (1974) was fitted to average root zone values

of 6 and ¥ (¥4 (MPa) = -0.005 (8/0.3)~5:5) (Fig. AVIII.1).
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Figure AVIII.1 Relationship between average root zone soil water potential
(¥Yg) and water content (8) in plot 2. The soil water

retention curve shown 1is ¥g (MPa) = -0.005 (6/0.3)’6'5.



