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EXECUTIVE SUMMARY

The aim of this research was to compare the water use related characteristics of forest
structure and water balance in regrowth and old-growth forest in the high (1200 mm year™)
rainfall zone of the northern jarrah forest, which is located in the Mediterranean climate
region of south-western Australia. We measured key hydraulic characteristics of the stands
and trees, i.e. leaf area, canopy cover, sapwood area and sapwood density, at three old-
growth and three regrowth stands. Sapwood area index (SAl) and sapwood density
estimates were obtained non-destructively from wood cores taken from 5 or 6 trees of a
range of sizes at each plot. Leaf area index (LAl) was estimated from photography. We also
measured sapflow velocity in tree stems at old-growth and regrowth forest, using the heat
ratio method, at Dwellingup from 5" June 2007 to October 2008.

The old-growth stands had more basal area but less canopy cover, less leaf area and thinner
sapwood. Hence, their ratio of sapwood area to basal area was also smaller. SAl of the
regrowth forest at Dwellingup (7.0 m? ha™') was nearly double that of the old growth (3.7 m?
ha™), while leaf area index of the regrowth (2.45) was only one-third greater than that at the
old-growth site (1.8). The LA/SA ratio was greater in old growth stands than in regrowth
stands: 0.45 versus 0.32. This result is contrary to the popular theory of hydraulic limitations
to tree height growth that tall trees have evolved to maintain a large stomatal conductance,
but is consistent with recent theories that they have evolved to optimize carbon gain.
Sapwood density (540-650 g cm™) did not differ between the two, although further sampling
is needed to properly test this result.

Sap velocities were similar at the two sites throughout the year. Larger trees generally had
faster sap velocities although this was rarely statistically significant and an average of sap
velocity from all probes yielded similar estimates of overstorey transpiration to methods
based on regressions against tree size. At the old-growth site, daily transpiration rose from
0.4 mm day™ in winter to 0.8 mm day™ in spring-summer. In contrast, at the regrowth site
transpiration increased from 0.8 mm day”' in winter to 1.7 mm day” in spring-summer.
Annual water use by the overstorey trees was estimated to be ~200 mm year" for the old-
growth stand and ~420 mm year™ at the regrowth stand, which is 17% and 35% of annual
rainfall, respectively. Overstorey transpiration was better correlated with potential
evaporation calculated using the Penman-Monteith equation than with measured pan
evaporation or radiation.

The apparently overwhelming role of stand sapwood area in determining stand water use,
combined with the marked changes in the ratio of sapwood area to basal area with tree age
and size, raise the possibility that stand overstorey structure can be managed to decrease

vegetation water use and increase catchment yield for human use.

Page vi



1. INTRODUCTION

The climate of the south-west of Western Australia has changed and will continue to change
in response to global warming (IOCI (Indian Ocean Climate Initiative) 2002). Importantly,
there has been a step reduction in rainfall of approximately 15% since 1975. This decrease
in rainfall has produced a much more pronounced drop in streamflows and water yield in
catchments that supply the Perth metropolitan area. However, while Perth’s water supplies
dwindle, demand for water increases as population increases and Perth continues to expand.
In addition to climate, the quality and quantity of water yield in drinking water supply
catchments is impacted by land use practices such as clearing for agricultural development,
forest harvesting and regeneration, forest thinning, bauxite mining and reforestation of
disturbed environments (Water Corporation 2005). Most of the water supply reservoirs for the
city of Perth are located within the jarrah forest of Western Australia, hence, the hydrologic
function of jarrah forest has assumed greater importance in recent years.

The major overstorey species of the jarrah forest, E. marginata, has been reported to
maintain a substantial rate of transpiration throughout the arid summer in spite of
considerable soil water deficit in the upper profile (Colquhoun, Ridge et al. 1984; Doley 1967;
Grieve 1956), however, there are few reliable estimates of transpiration by jarrah forest
overstorey. Overstorey transpiration has been estimated on an annual basis as half of rainfall
(Stoneman 1993) based on the unpublished sapflow measurements of Marshall and Chester
(1992). Silberstein et al. (2001) estimated evapotranspiration of a jarrah stand near
Dwellingup as 78% of equilibrium evaporation. Interception of rainfall is also a significant
component of the hydrologic cycle in the jarrah forest; it has been estimated as 13% of winter
rainfall in a plot with basal area of 29 m? ha™ and 21% of winter rainfall in a 60 year old plot
with basal area of 35 m? ha™ (Schofield, Stoneman et al. 1989). Croton and Norton (2001)
measured interception of 12% for a stand with basal area of 29 m? ha™ and 19% for another
jarrah stand at Dell Park. Stemflow is a small component of the overall hydrologic cycle in the
jarrah forest and has been estimated as 2.5% to 3.0% rainfall during winter (Croton and
Norton 2001; Schofield, Stoneman et al. 1989).

Evapotranspiration often changes as forests age and replacement of old-growth forest with
regrowth forest can increase catchment water yield (Bosch and Hewlett 1982; Hornbeck,
Adams et al. 1993; Langford 1976). However, in forests of Eucalyptus seiberi, E. saligna, E.
laevopinea and E. regnans, old-growth forest was found to transpire less than regrowth
forest (Cornish 1993; Cornish and Vertessy 2001; Roberts, Vertessy et al. 2001; Vertessy,
Watson et al. 2001). Past timber harvesting practices in the south-west of WA have
converted much of the jarrah forest from old-growth to regrowth forest, which is often quite
dense. Forest thinning can accelerate the progression of forest structure from that of a

regrowth to a old-growth forest structure (Terry, Batini et al. 2004) and increase streamflow
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and enhance water yield from these forests (Water Corporation 2005). Selective forest
thinning within the water supply catchments of the northern jarrah forest could increase
inflow to reservoirs by as much as 50% (Stoneman and Schofield 1989).

The hydraulic limitation hypothesis (HLH, Ryan, Phillips et al. 2006) proposes that age-
related declines in tree growth, and universal patterns in tree height, result from increased
resistance to water movement from the soil to the canopy in taller trees. Maximum height is
lower for trees of the same species on resource-poor sites and annual wood production
declines after canopy closure for even-aged forests. A gradient in water potential of 0.01
MPa m™" due to gravity is expected over the distance between the soil and the leaves in the
canopy of a tree (Scholander, Hammel et al. 1965). Resistance to water flow also increases
with increasing path length and the number of branch junctions in the pathway (Tyree and
Ewers 1991). These factors lead to higher hydraulic resistance in larger trees than in small
trees, and hence to lower leaf water potentials in larger trees. This in turn is hypothesized to
result in reduced stomatal conductances and reduced gross and net productivity.

Leaf area (LA) and sapwood area are key determinants of stand transpiration. Leaf area
index (LAI) determines the interception of radiation that largely drives the canopy energy
balance, and more leaf area means more evaporating surface area. Sapwood area (SA) is
the cross-sectional area of sap transporting xylem through which water must pass to the
canopy; together with the permeability of sapwood it determines the rate at which water can
move from soil to the atmosphere. Leaf area and sapwood area change with tree age in
stands of E. regnans (Vertessy, Watson et al. 2001). It is generally expected that the ratio of
leaf area to sapwood area (LA/SA) will decrease as tree height increases, although there are
exceptions (see Buckley and Roberts 2005; Ryan, Phillips et al. 2006 for reviews). In
eucalpyts, LA/SA increased as E. sieberi forest aged.

Variations in LA/SA may be compensated by variations in stem hydraulic conductance
(sapwood permeability) or in rates of tree water use (Buckley and Roberts 2005; Whitehead,
Edwards et al. 1984). Sapwood density has been used as a proxy for hydraulic conductance
(Barbour and Whitehead 2003); less permeable sapwood is generally denser and Roderick
and Berry (2001) proposed that variation in sap velocity is attributable to differences in wood
density in conifer species. If hydraulic homeostasis is to be maintained then LA/SA should be
positively correlated with sapwood hydraulic conductivity and negatively correlated with
sapwood density (Buckley and Roberts 2005; Medhurst and Beadle 2002; Whitehead,
Edwards et al. 1984). Hence, quantifying changes in tree water use and hydraulic
conductance are also central to understanding the hydrological impact of changes in stand
age.

A study of transpiration from E. sieberi forests of different age (14, 45 and 160 years)
demonstrated that in a stand, sapwood area declined with age but sap velocity was similar in

the plots of different age (Roberts, Vertessy et al. 2001). This implies that sapwood area was
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a more important determinant of transpiration than LAl in stands of different age. In E.
regnans sapwood permeability increased with age, but the relative increase in permeability
was less than the relative decrease in sapwood area of the forest, such that there was an
overall decrease in hydraulic conductivity of sapwood at the stand scale (England and Attiwill
2007).

The aim of this project was to compare the water use related aspects of forest structure, and
components of the water balance, in regrowth and old-growth forest stands in the high
rainfall zone of the northern jarrah forest. We sought to answer the question “Do stands of
larger, older jarrah trees use less water than stands of smaller, younger jarrah trees?” We
measured a key component of the stand water balance, overstorey transpiration, at one old-
growth and one regrowth stand of jarrah, and we measured key hydraulic characteristics of
the stands and trees, i.e. leaf area, overstorey cover, sapwood area, and sapwood density at
three old-growth and three regrowth stands. Measurements of sapflow velocity and sapwood
area were used to calculate overstorey transpiration of the stands at Dwellingup. We tested

the following hypotheses:

1. Leaf area index, sapwood area index and leaf area to sapwood area ratios will be smaller
in the old-growth stand of jarrah than in the regrowth stand.

2. Sapwood density and sapflow velocity will be smaller in the old-growth stand of jarrah,
than in the regrowth stand.

3. Overstorey transpiration will be less in the old-growth than in the regrowth jarrah stand.
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2. MATERIALS AND METHODS

2.1. Description of experimental sites

We selected three sites in the 1100 mm rainfall zone of the northern jarrah forest south east
of Perth for this study: Jarrahdale, Serpentine and Dwellingup. At each site, we established
two plots: one of old-growth trees and one of younger regrowth trees. Each plot was 40 x 40
m (0.16 ha), except for the stand of regrowth at Dwellingup (30 x 30 m, 0.09 ha). Recent
activity near the plot created numerous access tracks and some recently felled trees. We
established a smaller stand at this site to avoid this disturbance. At each plot we measured
stand structural characteristics including sapwood depth and density, basal area, bark
thickness, tree height, leaf area index and overstorey cover. At Dwellingup overstorey
transpiration was estimated from sapflow measurements for three months beginning the 1st
June 2007.

2.2. Measurement of forest structure, and sapwood area, density
and water content

Estimates of sapwood area index (SAl, m? of sapwood per m? ground) were obtained non-
destructively by collecting wood cores to determine sapwood depth and developing
regressions of sapwood area versus basal area for the individual trees. Firstly, the diameter
at breast height over bark (DBHOB) of all trees in each plot was measured. Cores were then
collected at breast height (1.3 m) from 5 or 6 trees of a range of sizes at each plot using a
motorized tree corer. Cores were at least 40 mm long to ensure that they contain the
sapwood-heartwood boundary. Four cores were taken from trees with a diameter greater
than 300 mm and two cores from smaller trees. The bark thickness was also recorded on
these sample trees and tree height was measured using either a TruPulse 200B laser
hypsometer or Vertex Il ultrasound hypsometer.

The sapwood-heartwood boundary was identified after fine sanding by the natural colour
difference, which is further enhanced by staining with 1% methyl orange (Figure 1). The
sapwood depth was measured with an electronic calliper, the sapwood removed from the
rest of the core, and the fresh weight (FW) of the sapwood sample recorded. The volume (V)
of the samples was estimated by measuring the mass of water displaced when they were
fully immersed in a beaker of water on a tared balance (Chave, Andalo et al. 2005). The
sapwood was then oven dried and its dry weight (DW) recorded. The water content of the

wood was calculated as

Water content = (FW-DW) / DW
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and the basic density of the wood was calculated as:
Basic density = DW / V.

% sapwood

heartwood

Figure 1. Example of a wood disc that has been stained with 1% methyl orange to highlight the
heartwood (red-pink) so as to distinguish it from the cream-coloured sapwood. Most trees were
sampled using a motorised corer. Only some very small trees were felled to obtain discs.

For each tree, sapwood area was calculated from the basal area, bark thickness and
sapwood depth. Sapwood area was regressed against DBHOB, yielding regression
equations which were used to estimate sapwood area of the whole plot from DBHOB
measurements for all the trees in each plot. The total sapwood area of each stand was

divided by the plot area to obtain SAI.

2.3. Cover and leaf area index

Leaf area index (LAl) is defined as the one-sided area of leaves over a unit of land (m? m?).
LAl was estimated at each plot using cover photography assuming a light extinction
coefficient of 0.47 (Macfarlane, Grigg et al. 2007). All digital cover photographs were
collected as Fine JPEG images with maximum resolution (10 megapixels) using a Nikon D80
SLR camera and 50 mm lens. The camera was set to aperture-priority mode (f8), auto-focus
and automatic exposure. The lens was pointed directly upwards and the camera lens was
levelled using a bubble level on the lens cap. Cover images were collected during the day
either when the sky was free of clouds or there was uniform cloud cover. At Dwellingup 36
images were collected on a 6 x 6 m grid; at the other plots, 25 cover photographs were

collected on a 10 x 10 m grid.
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Cover images were analysed using WinSCANOPY Pro 2006a (Regent instrument, Ste Foy,
Quebec). The blue channel of the sharpened (medium) RGB images was analysed. The sky
pixels were separated from canopy pixels using a threshold brightness value that was
automatically determined by algorithms within the software. WinSCANOPY separated large
gaps from small gaps based on their area; gaps larger than 1.3% of the total image area
were classified as large gaps after Macfarlane et al. (2007; 2007). The data calculated from
WinSCANOPY were foliage cover, crown cover, crown porosity and leaf area index (Figure
2).

Figure 2. Example of a single canopy cover-image that has been converted to black-and-white
and then classified into plant (black), small gaps (yellow) and large gaps (blue).

2.4. Measurement of transpiration

Over the period June 2007 to October 2008, six trees were sampled at the regrowth stand
and seven at the old-growth stand; all trees were jarrah except for one marri tree at the old-
growth stand, because jarrah comprised the overwhelming maijority of the basal area at both
sites. Trees were selected to represent the range of tree sizes in each plot. Four probes
were installed at 1.3m height around the circumference of four very large (>500 mm
diameter) jarrah trees at the old-growth stand and two probes were installed on opposite
sides of the stems of all the other trees at both stands. Owing to technical difficulties, data
was eventually used from 20 probes at the old-growth stand and 12 probes at the regrowth
stand.

We used Heat Ratio Method (Burgess, Adams et al. 2001) probes (HRM30) produced by ICT
International to measure the sapflow of four jarrah trees at the old-growth plot and six trees
at the regrowth plot. The HRM30 measures heat pulse velocity (Vy) in xylem tissue using a

short pulse of heat as a tracer. By measuring the ratio of heat transported to two
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symmetrically placed temperature sensors, the magnitude and direction of water flux can be
calculated. A single HRM30 sensor consists of an upstream and downstream needle fitted
with thermocouples for the determination of heat pulse velocity at two depths within the
sapwood and a central heater needle that supplies the heat pulse. The HRM30 sensors were
connected to a Smart Logger housed in a weather proof enclosure. Power was supplied by
several 12 V DC, deep cycle, lead-acid batteries, which were charged by solar panels.

The sensors were carefully installed at a spacing of 5 mm, with the outer thermocouple at a
depth of 5 mm in from the bark-wood interface (cambium, see Figure 3). The inner
thermocouple was switched off because the sapwood was only 10-15 mm deep, such that
the inner thermocouple lay in, or very near, the heartwood. We determined from initial tests
that the inner thermocouples were recording zero or near zero flow. The raw output from the
HRM30 sensor was heat pulse velocity (cm hr'). A base line correction for probe asymmetry
was applied to the raw data, so that each sensor had a minimum heat pulse velocity of zero
at predawn during the winter when the assumption of zero sapflow at predawn would be
satisfied. Implanting the needles causes mechanical damage and interrupts flow by occlusion
or blocking of the xylem conduits. This results in an area of non-conducting tissue directly
surrounding the probe. Correction for this response is important to achieve accurate results.
A linear correction for wounding was applied (Burgess, Adams et al. 2001). Based on
previous experience with jarrah, we assumed a wound size of 0.26 mm. The density and
water content of the sapwood were used together with the specific heat capacity of wood and
water to convert the corrected heat pulse velocities to sap velocities after Burgess et al.
(2001).

Thermocouple
Heater

Downstream
sensor

Sap

Flow

Upstream
sensor

tlt : g

o
Bark
Sapwood

Heartwood

Figure 3. Diagram of the installation the thermocouple needles and the heater needle in a tree
stem to measure sap velocity using the heat-ratio method.
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The mean sap velocity of each tree was calculated from the sap velocity at 5 mm depth by
assuming that sap velocity increased linearly from zero at the sapwood-heartwood boundary
towards the cambium. Note that for trees with a sapwood depth of close to 10 mm this is
equivalent to assuming that the raw reading is an average over the whole depth of sapwood,
whereas for trees with deeper sapwood the mean sap velocity is reduced to account for
presumed slower rates of sapflow near the heartwood. Where technical problems resulted in
periods of data loss from some HRM30 probes we used regression equations between those
probes and other probes at the same stand that did not malfunction to calculate the missing
data. These equations almost invariable had correlation coefficients greater than 0.85.
Regression equations of mean daily sap velocity versus DBHOB were calculated for each
site for each day of the year and used to calculate the mean daily sap velocity for every tree
in each plot. The mean sap velocity of each tree was multiplied by its sapwood area to
calculate total volumetric sap flow of the tree (L day™). These were summed, and the total
dived by the plot area, to calculate stand overstorey transpiration (mm day™) for each day.
Regression equations of stand daily transpiration versus climatic variables were used to

extrapolate stand transpiration over the two year period January 2007 to December 2008.

2.5. Statistical Analyses

All linear and polynomial regressions were calculated using routines in Microsoft Excel 2003.
Regressions were compared for the two forest types by Analysis of Covariance, performed
using Minitab Version 13. Other attributes of the two forest types were compared by t-tests,

performed using Minitab Version 13.
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3. RESULTS

3.1. Basal area, sapwood area and leaf area index

The regrowth stands were composed mainly of small trees; more than 87% of the stems had
a DBHOB range of 100-300 mm (Figure 4). The old-growth stands had trees with a greater
range of DBHOB, with many large trees with DBHOB more than 600 mm. In Jarrahdale,
Dwellingup and Serpentine, 58%, 27% and 8% of trees, respectively, had DBHOB more than
600 mm. The basal area of old-growth stands was larger than that of regrowth stands despite
fewer trees in the old-growth stands. An average total basal area of 56.8 m? ha™ and 42.4 m?
ha™ was found in these forest types for an average of 53 stems and 151 stems respectively.
Basal area was dominated by jarrah trees except at the Serpentine regrowth plot where a
closely related species, blackbutt (E. patens), was also prevalent (Table 1). The old-growth
stands had taller trees than regrowth stands, with average heights of 28 m and 15 m in each
forest type, respectively (Table 1).

Bark thickness and sapwood thickness were both correlated with the diameter of the trees
(Error! Reference source not found.). Bark thickness increased as the DBHOB increased
while sapwood thickness decreased slightly. Hence, old-growth trees had thicker bark than
regrowth trees but thinner sapwood (Figure 5), although the difference in sapwood thickness
between large and small trees was not great and sapwood thickness was generally between
10 and 20 mm (Figure 5).

Sapwood area was positively, linearly correlated with DBHOB (Error! Reference source not
found., Figure 6) and nonlinearly correlated with tree basal area (Figure 7). The slopes of
sapwood area versus DBHOB (Figure 6) differed significantly for the old-growth and regrowth
trees (P<0.001, Analysis of covariance, n = 34), therefore, we calculated separate
regressions of SA versus DBOHB (Table 2). Sapwood area increased more rapidly with
DBHOB in regrowth than in old-growth trees with a slope of 0.28 and 0.58 for old-growth
trees and regrowth trees respectively. Trees with the same DBHOB had more sapwood area

in regrowth stands than similar sized trees in old-growth stands (Figure 6 and Figure 7).
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Table 1. Total basal area (m2 ha'1), basal area by species and mean height of co-dominant
jarrah trees (m) of the six study plots, and the mean and its standard error for old-growth and
regrowth forest. Species were Eucalyptus marginata (jarrah), Corymbia calophylla (marri) and

E. patens (blackbutt).

total  jarrah marri blackbutt  height
basal basal basal basal of
Foresttype Site area area area area jarrah
Old-growth  Dwellingup 70.6 65.5 5.1 0 27
Serpentine  40.3 34.5 5.5 0.3 24
Jarrahdale  59.4 49.2 10.2 0 32
mean 56.8 49.7 6.9 0.1
sem 8.8 9.0 1.6 0.1
regrowth Dwellingup 36.9 31.7 5.2 0 15
Serpentine 47.0 19.9 9.9 17.2 17
Jarrahdale 432 24.0 14.4 4.9 13
mean 424 252 9.8 7.4
sem 2.9 3.5 2.7 5.1

Table 2. Relationships between tree bark thickness (mm), sapwood thickness (mm), sapwood
area of old-growth trees (SAqg, cmz), sapwood area of regrowth trees (SAgg, cmz), and basal
area under bark. All measurements were made at breast height (1.3 m). Asterisks indicate
intercepts that were different from zero (P<0.05).

Y variable X variable Slope Intercept n R? P
Bark thickness In DBHOB 8.85 -24.5* 49 0.65 <0.001
Sapwood thickness DBHOB -0.0051 14.4* 41 0.13 0.02
SAoc DBHOB 0.282 -4.02 17 0.83 <0.001
SArc DBHOB 0.575 -45.9* 17 0.96 <0.001
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Figure 7. Sapwood area versus tree basal area (measured at breast height) at the old-growth
(closed symbols) and regrowth (open symbols) study sites. Symbols are Dwellingup (circles),
Serpentine (squares) and Jarrahdale (triangles).

Foliage cover, leaf area index (LAI) and sapwood area of the old-growth stands were smaller
than those of the regrowth stands (Tables 3 and 4); crown cover did not differ between the
two forest types (P=0.06). In regrowth, LAl was 30% larger and sapwood area was nearly

double that in old-growth stands. Sapwood density was similar at old-growth and regrowth
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stands although at Dwellingup sapwood appeared denser at the regrowth stand. Mean
LA/SA was 0.45 m? cm? in the regrowth plots and 0.32 m? cm™ for the old-growth plot.
Banksia grandis was common in the mid-storey of the regrowth stand at Dwellingup;
however, removing the ten photos (from 36) that had noticeable banksia foliage in them from

the analysis only reduced the LAI of that stand from 2.45 to 2.2.

Table 3. Fractional crown cover and foliage cover, and leaf area index of the six study sites,
and the mean and its standard error (sem) for old-growth and regrowth forest.

Crown Foliage LAl

Foresttype  Site Cover Cover Photos

old-growth Dwellingup  0.62 0.45 1.80
Serpentine  0.54 0.39 1.51
Jarrahdale  0.46 0.33 1.27
mean 0.54 0.39 1.53
sem 0.04 0.04 0.15

regrowth Dwellingup  0.65 0.54 2.45
Serpentine  0.73 0.53 214
Jarrahdale  0.58 0.41 1.60
mean 0.65 0.49 2.06
sem 0.04 0.04 0.26

Table 4. Sapwood area index (SAl, m®> m?), leaf area to sapwood area ratio (LA/SA, m? cm?) and
sapwood density (Psw, 9 cm'3) of the six study sites, and the mean and its standard error (seem)
for old-growth and regrowth forest.

Site LAl SAl LA/SA  psw
Oldgrowth Dwellingup 1.80 0.00037 0.49 0.56
Serpentine 1.51 0.00033 0.44 N/A
Jarrahdale 1.27 0.00031 0.42 0.56
mean 1.53 0.00034 0.45 0.56
sem 0.15 0.000017 0.022 0.0014

Regrowth Dwellingup 245 0.00070 0.22 0.65
Serpentine 2.14 0.00069 0.37 0.59
Jarrahdale 1.60 0.00061 0.35 0.54
mean 2.06 0.00066 0.32 0.60
sem 0.26 0.000030 0.045 0.030
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3.2. Overstorey transpiration at Dwellingup

There was a general trend for larger trees to have faster sap velocity than smaller trees;
regression equations of sap velocity versus tree diameter almost invariably had positive
slopes. However, these equations were rarely statistically significant (Figure 8). Regressions
were stronger during winter when transpiration was least (Figure 9) and weakest during
summer when mean sap velocity was fastest. Regressions were particularly weak at the old-
growth site during summer. Such weak regressions of velocity versus tree size suggest that
an average velocity from all probes in a stand could provide almost as good an estimate of
stand transpiration as allometric regressions based on tree size, but with much less
analytical time and effort; in fact, the two methods did provide almost identical estimates of
daily stand transpiration (Figure 10) - the generally stronger regression equations at the

regrowth stand resulted in greater differences between the two methods at that site.
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Figure 8. Correlation coefficients of regression of sap velocny versus tree dlameter at the
Dwellingup old-growth and regrowth stands. Only regression equations with R>>0.65 had
slopes that differed from zero (P<0.05, upper dashed line). Regression equations with R%>0.53
had slopes that differed from zero at P<0.1 (lower dashed line). Missing data indicate periods
of power supply or instrument failures.
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In spring-summer the sap velocity approximately doubled at both the regrowth and old-

growth stands. At the old-growth site, daily transpiration rose from ~0.4 mm day™ in winter to

~0.8 mm day™" in spring-summer (Figure 9) while at the regrowth site, transpiration increased

from ~0.8 mm day ™ in winter to ~1.7 mm day™ in spring-summer. The greater transpiration at

the regrowth stand reflected the greater sapwood area at that stand (approximately double

that of the old-growth stand, Table 4). There was some evidence of a greater increase of sap

velocity in spring-summer at the regrowth than at the old-growth stand but the mean sap

velocity of all probes at each stand was very similar at all times of year (Figure 11) indicating

that the differences in transpiration at the two stands at all times of the year were

overwhelmingly the result of the different sapwood areas of the two stands. The trees

transpired significant amounts of water during the night-time period at both sites. An example

of the diurnal variation in sapflow is given for one sensor from the old-growth to illustrate this

(Figure 12); night-time heat pulse velocity (and sap velocity) was small during winter and

following heavy rainfall events but as large as 5 cm hour™ (minimum) at some times in

summer.
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Figure 11. Mean daily sap velocity of all probes at the Dwellingup old-growth and regrowth
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Figure 12. Daily pattern (recorded every 15 minutes) of heat pulse velocity of one probe
(SIN6B194) at the Dwellingup old-growth stand for the period 5" June 2007 to 26" October
2008. Velocity is greatest during the day and least at night. Note the sudden changes in night-
time transpiration at the transitions from cool, wet winter conditions to warm, dry summer
conditions. The Y axis has been adjusted to represent this probe’s zero offset of 3.6 cm hour™.
This sensor alone collected 32,983 data points during the study.

Daily transpiration at the Dwellingup stands was strongly correlated with both pan
evaporation and radiation measured at the Dwellingup climate station (Table 5, Figures 13
and 14) but was best correlated with the reference evapotranspiration (E,) calculated from
the Penman-Monteith equation (Monteith 1965) as per FAO Guidelines (Allen, Pereira et al.
1998). The Penman-Monteith equation incorporates radiation, temperature and humidity, as
well as crop variables in the calculation of evaporation. Including rainfall in the regression
equation only slightly improved the model; hence E, was used to model E; of the Dwellingup
stands for days in 2007-2008 when no sapflow data were available. Modelled overstorey
transpiration was 201 mm in both 2007 and 2008 for the old-growth stand and 419 mm
(2007) and 418 mm (2008) for the regrowth stand (Table 6). Rainfall was 1235 and 1135 mm
in those years (Table 6); hence, E; was ~17% of rainfall at the old-growth site and ~35 % of
rainfall at the regrowth site. Note that these water-use estimates do not include soil and

understorey evaporation or rainfall interception.
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Table 5. Regression equations relating daily stand overstorey transpiration (E;, mm) at the
Dwellingup old-growth and regrowth stands to daily reference evapotranspiration (E,, mm)
calculated after (Allen, Pereira et al. 1998), daily radiation (®, MJ m?), daily pan evaporation
(Epan, mm) and daily rainfall (P, mm). All regression equations were statistically significant
(P<0.05). Climate data were obtained for the Dwellingup climate station operated by the Bureau

of Meteorology from the SILO patched point dataset (Jeffrey, Carter et al. 2001).

Old-growth

E,=-0.00662 E,? + 0.134 E, - 0.00229 P + 0.206
E,=-0.00766 E.> + 0.145 E, + 0.176

E;=0.0215 ® + 0.156

E;=-0.00254 EPAN2 + 0.0886 Epan + 0.286

Regrowth

E,=-0.0230 E,* + 0.372 E, - 0.00660 P + 0.265

E.=-0.0255 E,> + 0.400 E, + 0.185
E,=-0.000826 ®* + 0.0486 @ + 0.316
E =-0.0154 Epan® + 0.291 Epay + 0.413

n =499
n =499
n =499
n =499

n = 341
n = 341
n = 341
n = 341

R?=0.88

R? = 0.87.
R? = 0.73.
R? = 0.609.

R?=0.92

R?=0.91.
R?=0.78.
R? = 0.75.

Table 6. Summary of climate data for Dwellingup climate station operated by the Bureau of
Meteorology from the SILO patched point dataset (Jeffrey, Carter et al. 2001) and overstorey
transpiration estimated from sapflow measurements for the Dwellingup old-growth and

regrowth stands

Radiation
Year MJ m™2
2007 6542
2008 6603

Rainfall
mm
1235
1135

Pan
evaporation
mm

1236

1302

Reference
evaporation
mm

1234

1236

Old-growth
transpiration
mm

201

201

Regrowth
transpiration

mm
419
418
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Figure 13. Daily overstorey transpiration at the Dwellingup old-growth and regrowth stands
versus pan evaporation measured at the Bureau of Meteorology’s Dwellingup climate station.
Regression equations are given in Table 5.
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Figure 14. Daily overstorey transpiration at the Dwellingup old-growth and regrowth stands
versus radiation measured at the Bureau of Meteorology’s Dwellingup climate station.
Regression equations are given in Table 5.
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Figure 15. Daily overstorey transpiration at the Dwellingup old-growth and regrowth stands
versus reference evapotranspiration calculated from the Penman-Monteith equation (Monteith
1965) after (Allen, Pereira et al. 1998) using climate data measured at the Bureau of
Meteorology’s Dwellingup climate station. Regression equations are given in Table 5.
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4. DISCUSSION

The answer to the question posed in the Introduction is that stands of large, old jarrah do
indeed transpire less than regrowth jarrah forest on similar sites. Transpiration by overstorey
jarrah in the regrowth forest at Dwellingup was more than double that of overstorey trees in
old-growth forest, despite the regrowth stand having only 20% greater foliage cover, 40%
greater leaf area index (LAI), and half the basal area. The estimates of LAl obtained in this
study using photography were typical of unmined jarrah forest, which usually has LAl from 1
to 2 (Carbon, Bartle et al. 1979; Carbon, Bartle et al. 1981; Macfarlane, Grigg et al. 2007;
Macfarlane, Hoffman et al. 2007; Silberstein, Held et al. 2001; Whitford, Colquhoun et al.
1995; Whitford 1991). Sapwood area index (SAl) of the regrowth forest was also double that
of the old-growth suggesting that transpiration is more closely related to SAIl than LAI,
although larger sap velocities in spring-summer also contributed to the increased
transpiration by the regrowth stand. A similar conclusion was reached by Roberts et al.
(2001) in their study of transpiration from E. sieberi forests of different age; in that study
sapwood area declined with age but sap velocity was similar in the plots of different age. We
conclude that sapwood area largely determines transpiration of eucalypt stands of different
age.

The greatly reduced transpiration of the old-growth stand despite similar LAl confirms the
hydraulic limitation hypothesis (HLH) that growth in tall, old trees is accompanied by a
decline in stomatal conductance and transpiration: greatly reduced transpiration from similar
leaf area implies more closed stomata. We also found an increase in the ratio of leaf area to
sapwood area (LA/SA) in the older, taller trees. The mean LA/SA ratio was larger in the old-
growth stands (0.45) than in the regrowth stands (0.32); at Dwellingup the difference was
even greater: 0.49 versus 0.22. These results contradict the conventional wisdom that LA/SA
should decline with height growth to maintain hydraulic homeostasis and prevent stomatal
conductance from declining (Ryan, Phillips et al. 2006). Two other studies of tall, old
Eucalyptus trees, E. seiberi (Roberts, Vertessy et al. 2001) and E. delagatensis (Mokany,
McMurtrie et al. 2003), and numerous studies of conifer species (see Ryan et al. 2006 for a
review) have also found increasing LA/SA with increasing tree height and age. A recent
study (based on a model that links carbon allocation to tree hydraulics; Buckley and Roberts
2005) predicted that if whole tree carbon allocation is regulated to maximise carbon gain,
then height growth should be accompanied by a decline in stomatal conductance and an
increase in LA/SA. Our results, like other studies cited by Buckley and Roberts (2005), lend
support to their conclusion.

Based on the data analysed to date the transpiration by the overstorey is ~200 mm for the
old-growth stand and ~420 mm for the regrowth stand, approximately 17% and 35% of long-

term average annual rainfall (~1200mm). There are few published data of overstorey
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transpiration in the jarrah forest with which to compare these data. Overstorey transpiration
has been estimated on an annual basis as 50% of rainfall (Stoneman 1993) based on the
unpublished sapflow measurements of Marshall and Chester (1992) at Dell Park. Bleby
(2003) estimated annual water use of 600-700 mm for a very dense stand of ex-mined forest
at Huntly (LAl = 3.1, stem density = 4000 stems ha™), equivalent to 50-60% of annual rainfall.
In contrast, Bleby (2003) measured annual water use of only 100 mm, or 15% of rainfall, in
sparse ex-mined jarrah forest at Worsley (LAl = 0.3, stem density = 300 stems ha™). Based
on these comparisons, the annual water use of the regrowth stand in this study seems
commensurate with moderately stocked, medium aged jarrah forest, while water use by the
old-growth stand is clearly much smaller and comparable with sparse forest.

Sapwood density was not found to be different between the regrowth and old-growth stands.
These results may indicate that sapwood density is less sensitive to water balance in
hardwood species than in conifers owing to their fundamentally different wood anatomy, and
it is possible that the sapwood density of jarrah does not reflect its hydraulic conductivity
(Roderick and Berry 2001). However, there was some evidence at the Dwellingup site that
sapwood of the regrowth trees may have been denser (0.72 g cm™) than that of the old-
growth trees (0.63 g cm™), perhaps supporting the hypothesis that old-growth trees have
more permeable sapwood and greater stem hydraulic conductance than regrowth trees.
Further measurements on trees at a greater range of sites are required to adequately test
this hypothesis. The small difference in sapwood density between two regrowth and old-
growth trees was consistent with the similar range of sap velocities observed in the two forest
types, if variation in sap velocity is attributable to differences in wood density (Roderick and
Berry 2001).

The apparently overwhelming role of stand sapwood area in determining stand water use,
combined with the marked changes in the ratio of sapwood area to basal area with tree age
and size, raise the possibility that stand overstorey structure can be managed to decrease
vegetation water use and increase catchment yield for human use. However, the much
smaller transpiration of the overstorey at the old-growth stand also raises the question of
whether evaporation from the understorey and soil make a greater contribution to the total
water balance of that stand. It was not possible to address this question during this project
but evaporation from soil and understorey is being investigated at 31 Mile Brook as part of
the WA Water Foundation project. That project is also comparing water use by jarrah forest

with and without access to shallow ground water.
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