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Abstract

Climate-induced fire regimes may change species abundance and species composi-

tion in affected forest types, potentially altering pyro-eco-hydrologic feedbacks. In

some fire-prone forests across the globe, eco-hydrologic thresholds (changing points,

or tipping points, in ecohydrology when vegetation shifts from one steady vegetation

to another) are being exceeded due to changes in relationships between climate, fire

and vegetation. Following compound disturbances, forests may fail to maintain eco-

logical resilience. Under multiple burn conditions, Eucalyptus regnans F. Muell. forests

in south east Australia are highly vulnerable to ecological tipping points. In Victoria,

over 189 000 ha of obligate seeder forests have been burned two or more times

within 18 years. These short return-interval fires allow Acacia dealbata to become

the dominant overstorey species. Such a dramatic species replacement may result in

a new evapotranspiration (ET) regime, leading to a new hydrologic state. Stand scale

dynamic models were combined with field estimated ET in E. regnans and A. dealbata

forests aged 10, 35 and 75/80 years. We found that long-term forest structure, ET

and water yield significantly diverge between E. regnans and A. dealbata forests with

increasing age. These divergences imply a non-equilibrium state after A. dealbata

replaces E. regnans under high-frequency fire conditions. In senescing A. dealbata,

understorey transpiration contribution of 29.8% to system ET was similar to that of

overstorey transpiration (31.2%), indicating the understorey and overstorey contrib-

ute equally to total ET at the final stage of Acacia forests. In contrast, in 75-year-old

E. regnans forests, understorey contribution to the total system evapotranspiration is

about 16%. This suggests that, after the Acacia life cycle finishes, the ET regime will

transit into a new state that will be dominated by shrubby understorey species. Our

findings suggest that this climate-induced species replacement would decrease long-

term ET, inferring an increase in streamflow.
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1 | INTRODUCTION

In many vegetation types, disturbance history can be used as an indi-

cator of long-term average fire return intervals, which are often

more than 100 years (Murphy et al., 2013). Rapid climate change is

altering these previously known disturbance regimes, which may, in

turn, be altering mean evapotranspiration (ET) in some forest sys-

tems (Mirus et al., 2017; White & Jentsch, 2001). Usually, after a

major disturbance, ecosystems recover to pre-disturbance status or

begin a successional path that is reasonably well known or predict-

able. However, a sudden increase in disturbance frequency may trig-

ger previously unseen, long-term changes to forest systems by

causing loss of one or more key structural and functional attributes

of the previous ecosystem (Buma et al., 2013). Such repeated distur-

bances may drive ecosystems towards a non-equilibrium state

(Buma et al., 2013; Mori, 2011). Where a new forest type replaces

the previously dominant forest, evapotranspiration (Et) may not

equate to that of the pre-disturbance level if forest species mix and

structure are significantly altered. Hydrologic responses to increased

fire frequency may be complex or unexpected, and the longevity of

those effects may be uncertain. For example, Niemeyer et al. (2020)

found that annual stream flow increased after fire in all their study

sites for a short term, as might be expected. However, in the one

catchment that had not undergone any post-fire land management,

recovery was unexpectedly slow, with streamflow remaining ele-

vated for 35–41 years.

Climate-induced changes to fire regimes have been reported from

many regions globally. For example, in the recorded US wildfire his-

tory, between 2014 and 2015, over 3.5 million hectares were burned

by wildfires across Oregon, Washington, the western United States,

conifer forests of the west side of the Cascade Range, and coastal

temperate forests of the Olympic Peninsula (Halofsky et al., 2020).

Over 10 million hectares burned during the summer of 2019/20,

which was eastern Australia's worst fire season on record (Huf &

Mclean, 2020). Further, short-interval fires also repeatedly burned for-

ests in Mount Adams in southwestern Washington three times from

2008 to 2015 (Halofsky et al., 2020). The effect of this apparent

increase in frequency and in intensity of wildfires on vegetation states

and eco-hydrologic function is not well understood.

Australian native eucalypt forests are highly adapted to fire, and

the vast majority of eucalypt species are fire-tolerant. Historic fire

intervals range from a few years in dry foothill forests or savannah to

around 100 years for the wet montane forests (Murphy et al., 2013).

However, these forests have been subjected to the compound effects

of climate change and fire regime shifts as the climate in Australia has

become hotter and drier. These changes are triggering short-return-

interval, high-intensity, mega-fire events. In south east Australia, �2.6

million ha of forest was burned by three mega-fire events during the

period of 2002–2009 (Fagg et al., 2013). In addition to these three

mega-fire events (Figure 1a), medium and large-scale fires since 2003

have burned a considerable cumulative area of forest in Victoria

(Fairman et al., 2016). Such climate-induced wildfires are

F IGURE 1 (a) Major fires in Victoria since 2003 (extent of burned area in Victoria during major wildfires in 2003, 2006/07, 2009, 2013 and
2019/20). (b) Extent of single burn and double burn area in Victoria during the last two decades (2003, 2006/07, 2009, 2013 and 2019/20 fires).
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unprecedented, unpredictable and are occurring at shorter time inter-

vals, with modelling suggesting this trend will intensify (McColl-

Gausden et al., 2022). As a result of this increased fire frequency, sub-

stantial areas of forest have been burned more than once since 2003

(Figure 1b), including some areas burned three times (Fairman

et al., 2016). Despite their fire-adaptive traits, the more extreme,

mainly climate-change-induced fire regimes experienced over the past

two decades are a threat to eucalypt ecosystem stability (Bowman

et al., 2014; Fairman et al., 2016). These climate-driven multiple fires

in forests are resulting in significant changes to species abundance

and species composition in many ecosystems (Buma et al., 2013).

Such changes suggest that even fire-adapted ecosystems have resil-

ience thresholds that define the system's capability to tolerate multiple

disturbance effects without switching into a structurally and functionally

different state (Buma et al., 2013). Under multiple burns (within 15–

20 years), ecosystems with historic fire return intervals of >100 years

tend to exceed these ecological thresholds and shift to a qualitatively dif-

ferent state, indicating ecological tipping points have been reached

(Bowman et al., 2014; Fletcher et al., 2013; Lindenmayer et al., 2011).

Under multiple burns, the persistence of keystone species in southeast

Australian forests are highly vulnerable. Eucalyptus regnans F. Muell. for-

ests have keystone structural features (Lindenmayer, 2016). High-

frequency fires may be creating a ‘landscape trap’ in E. regnans forests

(Burns et al., 2015), which occurs when an entire forest is shifted into a

new state and is then maintained as a structurally and functionally differ-

ent state. Continuous changes to disturbance regimes can further shift

ecological regimes, which may result in complete conversion from one

species to another (Bowman et al., 2014, 2016). Past studies show that

if multiple fires overlap in E. regnans forests in less than 20 years, regen-

eration may fail after the second fire due to less availability of seeds.

Under such circumstances, understorey species such as Acacia dealbata

Link can become the dominant overstorey species, leading to a broad-

scale transition from E. regnans to A. dealbata or similar species. Long-

lived (≈400 years) E. regnans is replaced with shorter-lived (80–90 years)

A. dealbata (Bowman et al., 2014).

Such a broad-scale climate-induced species replacement clearly

has significant ecological, and probably hydrological implications. Lak-

mali et al. (2022) found overstorey transpiration changed markedly

over a chronosequence for these two species: as the stands aged,

A. dealbata transpiration declined relative to that of E. regnans. While

this demonstrates a fundamental eco-hydrologic change, it also has

ramifications for streamflow dynamics. In this case, the potential

impacts extend beyond the fundamentals of eco-hydrologic function.

E. regnans (and another ‘ash’ species, Eucalyptus delegatensis

R.T. Baker) are wet forests found mainly where mean annual precipi-

tation is greater than 1200 mm in the headwaters of important stream

systems. These ‘ash’ forests are the principal water source for Mel-

bourne (population >4 million) and other towns. Previous studies have

demonstrated a strong, and relatively unique, age-streamflow relation-

ship in the ash forests (Kuczera, 1987; Vertessy et al., 2001), driven

by their eco-hydrologic response to disturbance. Moderate or hotter

fire results in high rates of mortality and single age regeneration, with

younger forests exhibiting far higher water use than older stands. For

example, annual ET of 1371 mm (76% of annual P) estimated at

15 years but only 911 mm (51% of annual P) at 240 years (Vertessy

et al., 2001). This difference results in higher streamflow from older

stands.

The impacts on eucalypt forest ecology and hydrology of a single

wildfire in both ash (Brookhouse et al., 2013; Feikema et al., 2013;

Haydon et al., 1996; Kuczera, 1987; Langford, 1976; Vertessy

et al., 2001) and mixed species eucalypts (Gharun et al., 2013; Nolan

et al., 2014, 2015); of logging (Bren et al., 2010; Hawthorne

et al., 2013; Lane & Mackay, 2001; Watson et al., 2001; Webb

et al., 2012); and of conversion to pasture or pine plantation (Bren &

Hopmans, 2007; Ruprecht & Schofield, 1991) are well studied, with

recovery trajectories reasonably well known. It should be noted that

eucalypt recovery from fire is rapid compared with many other sys-

tems (see Niemeyer et al., 2020), with non-ash forests likely to

recover biomass and hydrology within 5–10 years or even sooner

(Gou et al., 2021; Khaledi et al., 2022; Nolan et al., 2015). However,

hydrological responses to vegetation shift after multiple fires are

largely unknown in the hydrological literature. Therefore, the primary

intention of this study was to investigate the hydrological response of

Melbourne's water supply catchments to multiple fires and vegetation

shift. In this study, it was hypothesised that the replacement of

E. regnans forests with A. dealbata forests would result in a significant

decrease in annual and decadal ET, inferring an increase in catchment

water yield. The main objectives of this study were, therefore to

(i) quantifying the shift in ET regime in response to vegetation change

that would result from multiple burns in native E. regnans forests;

(ii) extrapolate from plot scale ET estimations to catchment scale for

predicting the future streamflow trajectory if A. dealbata replaces

E. regnans forest after multiple burns.

Intended outcomes of this study were achieved by examining the

divergence in total ET between E. regnans and A. dealbata forests

across an 80-year age sequence. Initially, key hydrological processes

(annual ET components) were quantified (numerical quantity and par-

titioning between various processes differ from one species to

another) and compared between these two forest types. Then, eco-

hydrologic functions (functions representing ecological and hydrologi-

cal conditions of the ecosystems) that explained differences in ET

components between species were modelled, using measurable vari-

ables such as climate and forest structure, for predicting long-term ET

trajectories in the two forest types. The aim was to provide compre-

hensive knowledge on how forest ET differs between E. regnans and

A. dealbata forests over an entire life cycle, expanding our under-

standing of how streamflow will respond to climate-induced species

replacement in future.

2 | MATERIALS AND METHODS

2.1 | Experimental design

A bottom-up, plot-based approach was used to estimate seasonal and

annual ET and then these ET estimates were used to develop
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empirical models of the long-term hydrological response of forested

water catchments to vegetation change. The conceptual model that

was adopted during the present study is illustrated in Figure 2. ET

components were compared between E. regnans and A. dealbata at

various stages in the life cycles of these two forest types in represen-

tative plots at the locations shown in Figure 3. Each location included

paired plots of both species except for the 80-year-old where the two

plots were both A. dealbata. Field-based, half-hourly to monthly mea-

surements of the various components of ET were taken from these

plots and supplemented with additional data from similar plot-scale

measurements by Benyon et al. (2017), who measured all components

of ET in E. regnans aged 75 years and by Hawthorne et al. (2018), who

measured overstorey transpiration in both species in a mixed stand

aged 20 years. Some additional data on understorey transpiration

rates per unit of leaf area and on ET from older E. regnans from Ver-

tessy et al. (1998) were used for estimating long-term ET trajectories

(see Section 2.8.3).

Remoteness of the field sites and limitations on time and

resources meant that not all components of ET could be measured

accurately at all sites. Further, theft of equipment meant that mea-

surements ended prematurely at the wetter 10-year-old site (south-

ern-most in Figure 3, referred to here as ‘Bunyip Road’) after only

5 months. The most comprehensive measurements were collected

from mid-spring to late summer (October to February), but at some

sites measurements of overstorey transpiration and interception were

collected for a year or more (the 10-year-old, northern plots at ‘Wal-

laby Creek’, 80-year-old A. dealbata at ‘Toorongo Road’ and 75-year-

old E. regnans by Benyon et al. (2017)).

Measurements and comparisons of overstorey sap velocities and

transpiration of the two species over the age sequence have been

reported in detail in Lakmali et al. (2022). This paper focuses on mea-

surements of the other components of ET (interception and ET from

forest floor) and on the derivation of long-term ET and streamflow

trajectories for the two species.

As detailed in Lakmali et al. (2022), the sites shown in Figure 3

were selected from pure stands of E. regnans and A. dealbata, regener-

ated after high severity fires. Pure 80-year-old A. dealbata stands on

the Toorongo Plateau replaced E. regnans forest following successive

fires in 1926 and 1939. All of the other A. dealbata forests were

regenerated as pure patches of Acacia after single high-intensity fires

in 1983 (‘Britannia Creek’ plots, aged 35) or 2009 (‘Wallaby Creek’
and ‘Bunyip Road’ plots, aged 10). It is not clear why these stands

exist in a pure form, but they mimic the ‘double burn’ response.
Field observations indicated A. dealbata forests can live for little

more than 80 years. During site selection, in �70% of the 80-year-old

A. dealbata stands visited, most or all of the Acacia overstorey trees

were already dead. However, in some Acacia stands, the Acacia

F IGURE 2 Schematic diagram for a
conceptual model for experimentation.

F IGURE 3 Selected study locations. In each age group, adjacent
Eucalyptus regnans and Acacia dealbata forests were selected for
measuring eco-hydrologic parameters, except in the 80-year-old
where only A. dealbata was present.
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overstorey was still alive. To enable confirmation of the differences in

ET between the two species at age 75/80, only A. dealbata stands

with live overstorey were selected for measuring eco-hydrologic

parameters. However, these live stands were not representative of

the majority of stands with close to 100% mortality at age 80. Apart

from the above stands, �75-year-old E. regnans forests (1939

regrowth) studied by Benyon et al. (2017, Plots 2 and 3) were used to

complete the comparison in ET between the two species within the

�80-year life cycle of A. dealbata forests.

2.2 | Plot-scale ET estimation in the two forest
types across the chronosequence

Transpiration, interception and evaporation from the forest floor were

measured where practical in the understorey vegetation to complete

total ET estimations in the water use plots. Total ET was calculated, as

shown in Equation (1). The data were collected in most of the plots

covering nearly a year, but data were selected from October to

February (the common data collection period to all stands) to enable

direct comparison between the two forest types (Table S1).

ET¼ Tþ I½ �OSþ Tþ IþEVP½ �US, ð1Þ

where, T is transpiration, I is interception, EVP is forest floor evapora-

tion, OS denotes overstorey and US denotes understorey.

2.3 | Overstorey transpiration

Overstorey sap velocity and transpiration measurements used in the

present study have recently been reported in Lakmali et al. (2022).

Readers are referred to that publication for details of the methods

used and results. Here we present a summary and explain how these

measurements were combined with observations from earlier studies

(Benyon et al., 2017; Hawthorne et al., 2018; Vertessy et al., 1998) to

derive long-term overstorey transpiration trajectories for both

species.

2.3.1 | Overstorey mean sap velocity

Before Hawthorne et al. (2018) and Lakmali et al. (2022), sap veloc-

ity and transpiration were measured in E. regnans overstorey in var-

ious studies (Benyon et al., 2017; Dunn & Connor, 1993; Vertessy

et al., 2001) but almost exclusively only in the mature to senescing

growth stages (overstorey aged �50, �75, �90, �150 and

�230-years-old). Hawthorne et al. (2018) measured sap velocities

and transpiration for almost 6 months (October to March) in a

mixed stand of 20-year-old E. regnans and A. dealbata. To enable

comparison of mean sap velocity and overstorey transpiration

between the two species across the �80-year life cycle of

A. dealbata, Lakmali et al. (2022) collected sap velocity

measurements from the eight paired water use plots at the loca-

tions shown in Figure 3.

The Lakmali et al. (2022) sap velocity measurements were made

in 5–8 trees per plot using the heat ratio method. Sap velocity of each

sample tree was corrected for thermal diffusivity (Marshall, 1958),

wounding (Burgess et al., 2001), and for zero baseline offset. Tree

level sap flux density (sap flow volume per unit of sapwood area per

unit of time) was up-scaled to stand transpiration by multiplying stand

mean sap flux density by overstorey mean sapwood area of each spe-

cies/age class measured in the 35 inventory plots (see Lakmali

et al., 2022, supplementary material). As detailed in Lakmali et al.

(2022), measurements were made for different periods (5–15 months)

and in different years between February 2017 and January 2019.

Their analysis comparing mean sap velocities between age classes and

species included correction for differences in climatic conditions

between sites and years (see figs. 3 and 4 and tab. 3 in Lakmali

et al., 2022). Their conclusions, in agreement with earlier studies in

E. regnans, was that when averaged over periods of months to a year,

mean sap velocity in both species is largely independent of age. This

enables overstorey annual transpiration in both species to be pre-

dicted as a function of sapwood area.

2.3.2 | Overstorey sapwood areas

Overstorey sapwood area has been shown to be the most important

determinant of long-term transpiration trends in these two forest

types. Dunn and Connor (1993) and Vertessy et al. (2001) showed

that mean sap velocity in E. regnans overstorey was independent of

age, while Benyon et al. (2017) observed that mean sap velocity did

not vary significantly spatially within the 75-year-old E. regnans age

class and concluded that the main determinant of both temporal and

spatial variation in stand annual transpiration in E. regnans is sapwood

area. Lakmali et al. (2022) extended this analysis to include A. dealbata

and showed that in this species, stand sapwood area is also the main

determinant of variation in annual transpiration both in space

and time.

A forest inventory survey was conducted to quantify structural

trajectories, including stand mean dbh, stand basal area and stand sap-

wood area in the two forest types (Lakmali et al., 2022). This included

the 11 forest patches used for water use measurements (Benyon

et al., 2017; Hawthorne et al., 2018; Lakmali et al., 2022) and another

35 inventory plots (Lakmali et al., 2022) used for stand basal area and

stand sapwood area estimations in eight species/age class combina-

tions (Table S2). In all water use and inventory plots, bark thickness

and sapwood thickness were measured in two to six cores per tree. In

E. regnans, heartwood was detected by staining with 1% Methyl-

Orange solution, while in A. dealbata the heartwood is distinctly dar-

ker than the sapwood. Tree sapwood area at breast height was esti-

mated using the mean sapwood thickness and under-bark stem

diameter measurements. A linear regression relationship between tree

basal area and tree sapwood area was used to predict sapwood area

for �20% of smaller trees in which sapwood thickness was not
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measured (Lakmali et al., 2022). Stand sapwood area for each inven-

tory plot in each species/age class was estimated as the sum of the

sapwood areas of the individual trees, expressed in m2 ha�1. The

stand basal area of each plot was estimated as the sum of the individ-

ual tree basal areas, expressed in m2 ha�1.

2.4 | Throughfall, stem flow and canopy
interception

Previously, Haydon et al. (1996) reported that mean interception per-

centage varies with overstorey age in E. regnans. For the present

study, variation in mean interception percentage between E. regnans

and A. dealbata forests with age was estimated using both throughfall

and stem flow measurements in each species/age class (the same

plots used for the sap velocity measurements reported in Lakmali

et al., 2022), except for the Hawthorne et al. (2018) 20-year-old plots.

Interception (I) in each plot was estimated using Equation (2).

I¼P�TF�S, ð2Þ

where, TF is throughfall, P is incident precipitation, S is stem flow.

Throughfall in each plot was measured monthly using six to eight

V-shaped 1.2 m � 0.14 m steel gutters per plot, as described in Ben-

yon et al. (2017). When understorey was present (both species aged

35 and 75/80 years), understorey interception was estimated by plac-

ing four throughfall collectors beneath the understorey and four

beneath overstorey only.

Monthly stem flow was also measured in four overstorey trees

per plot in each of the Lakmali et al. (2022) water use plots, using stem

flow collars draining into collectors. Stem flow on an area basis in mm,

was estimated as the product of stem flow collected per tree and tree

density. Monthly interception was estimated as the sum of monthly

stem flow and throughfall subtracted from monthly precipitation mea-

sured in clearings near each site (see Lakmali et al., 2022 for weather

station locations).

2.5 | Transpiration and leaf area index in woody
understorey

2.5.1 | Understorey transpiration

Most of the water use plots had either no understorey (all of the

10-year-old plots) or an understorey composed of ferns, other non-

woody vegetation and small shrubs. Only in one 80-year-old

A. dealbata plot (TR4) was there woody understorey with stems large

enough (up to 10 cm DBH) to permit sap flow measurement. In this

plot, sap velocities were measured in a sample of six stems between

25 October 2018 and 14 January 2019 using the same method as for

the overstorey. As there was no identifiable heartwood in these

shrubs, understorey daily transpiration was estimated as the product

of daily mean sap velocity and woody understorey total basal area

under bark measured in eight 3 m diameter sub-plots. In the other

water use plots with small ferns and shrubs, transpiration of some

small understorey plants was measured as part of forest floor evapo-

ration as described in Section 2.6, but this did not include transpira-

tion from larger understorey ferns and shrubs. Understorey ET

components measured by Benyon et al. (2017) were used to complete

total ET estimates in 75-year-old E. regnans.

2.5.2 | Understorey leaf area index

Our measurements of understorey transpiration were limited and con-

fined to only a short period of the year. In the one plot where we

were able to use sap flow sensors in the understorey, our inability to

identify heartwood may have resulted in over-estimation of under-

storey transpiration. As an alternative, we used a combination of

understorey transpiration rates per unit of leaf area measured by Ver-

tessy et al. (1998) with our own measurements of understorey leaf

area index (LAI) in our water use plots (Lakmali, unpublished PhD the-

sis), to derive estimates of annual understorey transpiration for vari-

ous ages (see Section 2.8.3).

As detailed in Lakmali et al. (2022), hemispherical images were

used to estimate LAI in each of the water use plots. Understorey LAI

was estimated by calculating the difference between measured total

LAI and overstory LAI in the plot. From each plot, 20–25 images were

collected during different seasons to calculate average LAI for each

species age class. Hemispherical canopy photo images were taken

with a Nikon Coolpix 8400 digital camera, equipped with an FC 8 mm

fisheye lens. Image acquisition was made before sunrise or under

overcast conditions to avoid direct sunlight, which may cause errors in

LAI estimation (Welles & Norman, 1991). The camera was mounted

facing upwards on a self-levelling tripod and aligned to magnetic north

at the time of image acquisition. The exposure of the camera was cali-

brated at each LAI measurement plot as described by Macfarlane

et al. (2007). All hemispherical images were analysed using the Hemi

view 2.1 (Delta-T devices, Ltd., Cambridge, UK) image processing soft-

ware package.

2.6 | ET from the forest floor and non-woody
understorey

ET from the forest floor, including transpiration from small, non-

woody understorey plants (<0.7 m tall) was measured in each species/

age class using an evaporation chamber method described in detail by

Mitchell et al. (2012). Over 3–6 days in each of the 10-year-old and

35-year-old plots, between September 2018 and February 2019

(spring and summer), instantaneous soil evaporation was measured in

three to five consecutive runs. Each run consisted of six random sam-

pling points inside the plot for which the evaporation rate was mea-

sured for a period of 1 min. Measurement dates and number of runs

on each day in each plot are listed in Table S3. The 1 m high � 0.7 m

diameter chamber was placed on the forest floor and the fan was
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started at low speed to ensure air in the chamber was mixed well

while collecting measurements. Variations in temperature and humid-

ity inside the chamber were recorded by sensors every second for

1 min. Data were saved in a small tablet connected to the sensors.

The recorded changes in moisture content of the air inside the cham-

ber during the 1-min sampling period were used to calculate the evap-

oration rate during that period in mm s�1 as described by Ward and

Micin (2006). These point data were then averaged across all points,

runs and days for each plot to derive estimates of plot mean evapora-

tion rates.

2.7 | Species and age effect on total ET and ET
components

Monthly ET for each plot for the October to February period was calcu-

lated using Equation (1) and differences in monthly ET between the two

forest types across the age classes were tested with a two-factor

repeated measure analysis of variance (ANOVA). Multiple comparisons

across species and age were undertaken with Tukey's HSD post hoc test.

2.8 | Determining long-term ET trajectories for the
two forest types

This section describes how long-term ET trajectories were developed

for each species using a combination of ET data collected for this

study and previously published estimates of various ET components

for E. regnans.

As noted in Section 2.1, at age 80 in some acacia stands, the aca-

cia overstorey was still alive, but in other stands, most or all of the

acacias were dead. Due to the fact that we selected live stands, the

plot-scale measurements gave a biased estimate of overstorey ET for

80-year-old A. dealbata stands as they did not account for likely much

lower overstorey ET of 80-year-old stands in which the acacia over-

storey had recently died. To account for this, two total ET trajectories

were developed for the acacias: one for stands in which the acacia

overstorey is still alive at age 80 and another assuming a gradual

decline in sapwood area after age 35 to near zero at age 80 in accor-

dance with the measured data for age classes in the field survey.

Long-term overstorey ET versus age relationships for the two for-

est types were developed using a method similar to that of Haydon

et al. (1996). Long-term annual trajectories of overstorey transpiration

(Section 2.8.1), interception (Section 2.8.2) and understorey ET

(Section 2.8.3) were combined to estimate long-term total ET for the

two forest types. For E. regnans, a generalized ET trajectory was

developed up to age 240 years to illustrate what happens in this spe-

cies beyond the age of 80 years. For A. dealbata, two total ET trajecto-

ries were derived based on the status of the overstorey contribution

to system ET as discussed above: one for stands in which the acacia

overstorey was still alive at age 80 and another assuming a gradual

decline in sapwood area to near zero at age 80.

2.8.1 | Determining long-term overstorey
transpiration trajectories of the two forest types

Benyon et al. (2017) confirmed earlier findings that in E. regnans, mean

annual sap velocity is not significantly influenced by stand age

(Dunn & Connor, 1993; Vertessy et al., 2001) and does not vary

between sites when there is no water limitation on sap velocity. Simi-

larly, Lakmali et al. (2022) found no difference among mean sap veloc-

ities in A. dealbata at ages 10, 35 and 80 (was lower in Acacia at age

20) using non-water limited sap flow measurements from different

sites and age classes in A. dealbata. Therefore, a single annual sap flux

density can be used to calculate overstorey annual transpiration in

each forest type across all age classes. Similar to Haydon et al. (1996),

species-specific annual overstorey transpiration trajectories for the

two forest types were developed, using a sapwood area versus age

model in Equation (3).

Tos ¼K�SAj, ð3Þ

where, for each species, Tos is annual transpiration of the overstorey

at age j; K is the species-specific value for annual sap flux (transpira-

tion) per m2 of sapwood area used for all ages. In this study K for

E. regnans and A. dealbata forests are 788.4 and 693.8 m3 m�2 yr�1,

respectively, derived from full-year measurements in the 10-year-old

stands at Wallaby Creek, the 80 year old A. dealbata stands at Toor-

ongo Road (Lakmali et al., 2022) and the 75-year-old E. regnans

stands reported by Benyon et al. (2017); SAj is sapwood area at age

j, estimated using an age-driven sapwood area model for each

species.

Age-driven, empirical sapwood area models were developed for

both species by combining plot-based measurements of stand sap-

wood area collected for this study (Lakmali et al., 2022) with addi-

tional data from the literature (Benyon et al., 2015, 2017; Hawthorne

et al., 2018). Curve fitting and parameter estimation were done using

‘MATLAB®’ mathematical software. Models were separately fitted to

the measured sapwood areas in the two forest types across different

ages. The best two models were selected for sapwood area estimation

in the two forest types based on the goodness of fit criteria (Table 1).

To account for the two alternative acacia stand types (overstorey

alive and overstorey dead at age 80), the overstorey transpiration tra-

jectory for A. dealbata forests was established with upper and lower

boundaries in-between age 35 and 80. A lower overstorey transpira-

tion trajectory was developed by assuming a gradual decline in the

sapwood area of Acacia overstorey to near zero at age 80. An upper

trajectory was determined by considering only A. dealbata forests in

which the overstorey was still alive. For E. regnans forests, the most

generalized overstorey transpiration trajectory was developed by con-

sidering the most representative sapwood area versus age curve for

the entire life span, derived from measurements of stand sapwood

area collected in the present study and by Benyon et al. (2017) for

stands aged up to 75 years and from Vertessy et al. (1998) for stands

aged 120 and 240 years.
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2.8.2 | Determining long-term variation in canopy
interception with forest age

Previous studies have derived LAI versus age trajectories using

mathematical functions for the different forest types (Nolan

et al., 2015; Watson, 1998). Statistically significant relationships

between LAI and canopy storage capacity have been reported in

De Jong and Jetten (2007) and Van Dijk and Bruijnzeel (2001),

implying the interception rate is controlled by LAI. Ghimire et al.

(2017) stated that interception losses are shown to be related to

forest age, which implies age-related changes in LAI control inter-

ception loss in forests over their lifetime. Given that interception is

determined by LAI, in forests where LAI varies with age, intercep-

tion should also be a function of age. Therefore, the curve shape

for canopy interception variation over time was determined using

the basic model structure developed by Watson (1998). Total inter-

ception versus age curve was fitted for each species based on mea-

sured data for the two forest types as described by Watson (1998)

and Nolan et al. (2015). Long-term interception rates for E. regnans

forests published in the literature (Haydon et al., 1996) were

compared with the interception trajectory of E. regnans forest

derived in the present study.

2.8.3 | Annual estimations of understorey ET

For each forest type and age class, annual total understorey ET was

calculated by summing various estimates of understorey transpiration,

interception and forest floor evaporation collected as part of this

study or derived from the literature (Table 2). As noted previously, in

the 10-year-old stands, there was no understorey and therefore no

understorey transpiration or interception. In the 35-year-old forests,

understorey transpiration was not measured due to resource and time

limitations. The limited measurements of understorey transpiration in

the 75/80-year old-stands had a high degree of uncertainty associ-

ated with them. For the 75-year-old stand in which understorey tran-

spiration was measured by Benyon et al. (2017) the understorey was

only 4 years old at the time of measurements, having regenerated fol-

lowing low-intensity fire 4 years earlier, and so was not representative

of 75-year-old understorey. The most consistent and reliable

TABLE 1 Estimated parameters for
stand sapwood area (SA) models for
Acacia dealbata and Eucalyptus regnans
forests.

Species SA model structure Parameters Goodness of fit

A. dealbata β0 � exp (�0.5 (ln (Age/β1)/β2)
2) β0 = 15.34 SSE: 417.3

β1 = 9 R2: 0.61

β2 = 0.979 R2-adj: 0.58

RMSE: 3.669

E. regnans β0 � exp (�0.5 (ln (Age/β1)/β2)
2) β0 = 13.49 SSE: 182.1

β1 = 9 R2: 0.68

β2 = 1.857 R2-adj: 0.66

RMSE: 2.423

TABLE 2 Understorey ET components and sources used for estimating the annual understorey ET trend of the two forest types, assuming
annual rainfall of 1800 mm.

Species/age class LAI (m2 m�1) Transpiration (mm year�1) Interception (mm year�1) Evaporation (mm year�1) Total ET (mm)

A. dealbata

10 0 0 0 95a 95

35 0.20 25b 57.6a 94.5a 177.1

80 1.15 145b 252a 100.7a 497.7

E. regnans

10 0 0 0 91a 91

35 0.40 50.4b 90a 94.9a 235.3

75 n.m. 232.8c 126a 117a 475.8

120 n.m. 290c 139.7d 110c 539.7

240 n.m. 300c 145.46d 100c 545.5

Abbreviation: n.m., not measured.
aInterception measured in our plots (Section 2.4) and soil evaporation (Section 2.6).
bLAI from the present study (Lakmali et al., 2022) multiplied by T/LAI from Vertessy et al. (1998), tab. 6 notes.
cDirectly from Vertessy et al. (1998), tab. 6.
dUsing sapwood area from Vertessy et al. (1998) tab. 6 in the relationships between sapwood area and total and overstorey interception from fig. 6 in

Benyon et al. (2017).
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approach to estimating understorey transpiration in 35 and 75-year-

old E. regnans was to multiply an understorey transpiration rate per

unit of leaf area published in the notes to table 6 of Vertessy et al.

(1998) by understorey LAI measured in the present study. To use the

same method for our 35 and 80-year-old A. dealbata it was necessary

to assume that the understorey transpiration rate per unit of leaf area

from Vertessy et al. (1998) does not change between overstorey spe-

cies. Vertessy et al. (1998) used measurements of understorey tran-

spiration and LAI in Pomaderis aspera and A. dealbata and their 55-

and 15-year-old E. regnans overstoreys to derive understorey transpi-

ration estimates of 126 mm year�1 per unit of understorey LAI. As

the understorey transpiration rates are likely to be determined by

shading from overstorey LAI irrespective of overstorey species, we

hypothesise that this rate will be independent of overstorey species.

Our objective was to compare ET trajectories between

A. dealbata and E. regnans forests during their full life spans, or as

close as possible. The life cycle length in E. regnans can be up to

400 years (Ashton, 1981), but at the present time there are no stands

in Victoria that exceed 250 years, whereas A. dealbata forests life

cycle limit at 80 years. Table 2 includes two extra age classes of

E. regnans, representing ET of E. regnans forests in the oldest age clas-

ses in which it has been measured and is representative of this species

in the later stages of its life cycle. ET components of old-growth

E. regnans forests are well studied and published in the literature.

Therefore, ET estimation of this study was extended for E. regnans to

develop ET and streamflow trajectories that represent the later part

of its lifecycle. As with interception, understorey annual ET versus age

curves were fitted for each species using the estimates for the various

ages from Table 2.

2.9 | Catchment-scale approximation and long-
term water yield prediction

As mentioned in Section 2.8.1, the measured sapwood areas were

used to estimate long-term trends of forest sapwood area in the two

forest types over their life cycles. These two models were approxi-

mated to the catchment scale, to give SAj in Equation (3), as follows.

A sapwood area/age model developed by Haydon et al. (1996) was

used to estimate a catchment-scale sapwood area versus age rela-

tionship for E. regnans forests. The Haydon et al. (1996) model was

preferred for this because our measurements were confined to fully

stocked pure stands whereas the Haydon et al. model was based on

randomly selected plots that included poorly stocked parts of their

study catchments that occurs due to variable (patchy) regeneration

density, so is probably more representative of whole catchments. A

catchment-scale adjustment for the A. dealbata forests was made by

assuming that at the catchment scale A. dealbata regeneration would

be similarly patchy and proportionately adjusting the Acacia sap-

wood area curve using the ratio between the sapwood area of Hay-

don et al. (1996) and sapwood area estimated for E. regnans forests

during the present study throughout the chronosequence

(Equation 4).

adjusted sapwood area A:dealbatað Þ¼ SAER1

SAER2
�SAAD2, ð4Þ

where, adjusted sapwood area (A. dealbata) = sapwood area of

A. dealbata adjusted to catchment scale, SA ER1 = sapwood area pre-

dicted by Haydon et al. (1996) for E. regnans, SA ER2 = sapwood area

predicted in the present study for E. regnans, SA AD2 = sapwood area

predicted in the present study for A. dealbata.

The adjusted sapwood area versus age relationships (Haydon

et al. relationship for E. regnans and adjusted A. dealbata relationship

for A. dealbata) were applied in Equation (3) for ages 1–80 years for

A. dealbata and ages 1–240 years for E. regnans to develop

catchment-scale transpiration versus age relationship for each

species.

Annual overstorey interception across these age ranges, calcu-

lated using a mean annual precipitation of 1800 mm (the same as

Vertessy et al., 1998, 2001) and the percentage interception versus

age relationships developed in Section 2.8.2 was added to overstorey

transpiration. Finally, understorey ET versus age, as described in

Section 2.8.3 was added to overstorey transpiration and total inter-

ception estimated for each age to give total ET versus age relation-

ships for each species up to age 80 for A. dealbata and to age 240 for

E. regnans.

Streamflow trajectories throughout their lifetime in E. regnans and

A. dealbata forests were determined by subtracting the catchment-

scale annual ET versus age estimates as described above from the

mean annual precipitation of 1800 mm.

3 | RESULTS

3.1 | Comparison of ET between Eucalyptus
regnans and Acacia dealbata forests

Species and age had a significant effect on overstorey ET (the sum of

overstorey interception and transpiration) and total ET (the sum of

overstorey and understorey ET). The field measured overstorey ET,

from October to February, showed that, at age 10, over storey ET

was 8% higher in A. dealbata (p < 0.05, Table 3). However, from age

35 onwards, overstorey ET rates were significantly higher in

E. regnans (p < 0.001, Table 3) compared to A. dealbata. Total ET did

not reduce systematically with forest age (Figure 4b) because the

understorey contribution to total ET increased between ages 35 and

80, especially in A. dealbata.

In A. dealbata, total ET was higher in the 80-year-old forest than

in 35-year-old forest (Figure 4b) because of a higher contribution of

both understorey transpiration (Figure 5) and understorey intercep-

tion to total ET.

However, the total ET in 80-year-old A. dealbata forests was still

lower than that of similar-aged E. regnans forest (Figure 4b). Accord-

ingly, in A. dealbata forests, daily total ET over late spring and sum-

mer (October–February) was 3.3 mm day�1 compared to

3.7 mm day�1 for the same period of the year in similar-aged
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E. regnans. Further, results suggest that by age 80, understorey con-

tribution to total ET was about 40% in A. dealbata but only about

30% in E. regnans, indicating that the understorey contribution to

the system water balance was significantly higher in A. dealbata for-

ests in their senescing stage.

3.2 | ET partitioning between Eucalyptus regnans
and Acacia dealbata forests

In both forest types, overstorey transpiration was the largest compo-

nent of total ET, but its proportional contribution reduced with forest

age (Figure 5). In A. dealbata forests, the contribution of overstorey

transpiration reduced rapidly from 76% at age 10 to 31% at age

80 whereas, in E. regnans forests, it declined from 77% to 59%. Inter-

ception was the second largest component flux of total ET. At ages

10 and 35, the contribution of total interception to total ET was only

slightly higher in A. dealbata than in E. regnans, but at age 80 it was

substantially higher (Figure 5). Total interception accounted for 28%

of ET in 80-year-old A. dealbata forests but only 16% of ET in similar-

aged E. regnans forests.

3.3 | Long-term divergence in forest structure
between the two forest types

Structural differences between E. regnans and A. dealbata forests

become apparent with stand age as shown in Figure 6. Variation of

stand mean dbh and stand basal area along the chronosequence

between the two forest types reflects the dramatic divergence in for-

est structure between E. regnans and A. dealbata forests that has

begun by age 20 years (Figure 6). This divergence continues until the

end of the life cycle of the shorter-lived Acacia.

In A. dealbata forests, sapwood area declines rapidly after age

20 throughout the rest of their life. In contrast, forest sapwood area

in E. regnans reduces slowly over their (much longer) lifetime.

3.4 | Long-term overstorey transpiration
trajectories of the two forest types

Long-term overstorey annual transpiration trajectories for the two

forest types are presented in Figure 7. The upper line for A. dealbata

in Figure 7 indicates the trajectory when the A. dealbata overstorey is

TABLE 3 Summary of two-factor
repeated measures of ANOVA for mean
monthly overstorey ET for Eucalyptus
regnans and Acacia dealbata forests
across the age sequence that was
measured over the October to February
period.

Two-factor repeated measures of ANOVA Multiple comparison (p-value)

Component Effect p-value E. regnans versus A. dealbata

Overstorey evapotranspiration Species 0.015*

Age 9.06e�10***

Age 10 0.0345*

Age 35 4.49e�06***

Age 80 1.25e�06***

Note: p values for post hoc tests are reported for multiple comparisons. Significant levels: 0.05*,

0.01**, 0.001***.

F IGURE 4 Overstorey ET (overstorey transpiration + overstorey
interception) and total ET in the two forest systems at ages
10, 35 and 75/80 years for the October to February period
(a) overstorey only and (b) both overstorey and understorey.

F IGURE 5 ET partitioning in Eucalyptus regnans and Acacia
dealbata forests with age (Inter: – overstorey and understorey
interception, S. Evp – forest floor evaporation, T(OS) – overstorey
transpiration, T(US) – understorey transpiration).
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still alive at age 80, while the lower curve is the trajectory assumed to

occur if sapwood area declines gradually to near-zero at age 80 due

to death of the A. dealbata overstorey. Across all A. dealbata stands,

the mean trajectory is likely to be somewhere in the shaded area

between the two lines.

In all transpiration trajectories, the peak Tos of the two forest

types occurs around age 10. The models predict a sharp decline of Tos

in A. dealbata forests from about 2.8 mm day�1 at age 10 to

0.2 mm day�1 by age 80 if most of the overstorey trees are dead or

to 0.7 mm day�1 for stands where the overstorey is still alive. For

both trajectories, the overstorey contribution of A. dealbata forests to

the total system ET declines sharply with forest age. Overstorey tran-

spiration in E. regnans forests declines more gradually from

2.8 mm day�1 at age 10 to 1.5 mm day�1 at age 75. From 10 years of

F IGURE 6 Divergence in stand mean
dbh (a), stand basal area (b) and
overstorey stand sapwood area
(c) between Eucalyptus regnans and Acacia
dealbata over the age sequence.

F IGURE 7 The hypothesised
overstorey transpiration (Tos) trajectories
for Acacia dealbata and Eucalyptus
regnans forests. For A. dealbata, the upper
line indicates the trajectory for stands in
which the A. dealbata overstorey is still
alive at age 80. The lower line assumes a
gradual decline in overstorey sapwood
area to near zero at age 80.
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age, the differences in overstorey transpiration between the two for-

ests gradually increase, so that by age 35, overstorey transpiration

varies widely between E. regnans and A. dealbata forests. This differ-

ence continues at least up until age 80.

3.5 | Long-term interception trajectories

The possible trends in long-term interception for the two forest types

are shown in Figure 8. Dot points represent average interception rate

of each age class for the two forests, estimated using throughfall and

stem flow measurements in the water use plots.

3.6 | Long-term total ET trajectories of the two
forest types

Two hypothetical trajectories were derived for total ET in A. dealbata

forests (Figure 9). Given that at age 80 some A. dealbata stands were

all dead, while others were still alive, it seems more likely that there is

a sudden die-off of the overstorey at around age 80, which would

result in a rapid reduction in overstorey interception and transpiration,

in which case the shape of the ET trajectory in the late senescing

stage may be more as depicted by the three vertical black lines in

Figure 9: as soon as the overstorey dies, overstorey ET drops sud-

denly to near zero over a very short period of time. For example, dur-

ing the monitoring of sap velocities in 80-year-old acacia Plot TR3,

one of the dominant overstorey A. dealbata trees died suddenly. Sap

velocities in this tree began to decline about 3 weeks before visible

crown death and were zero once the crown was completely dead.

The expected ET trajectories of A. dealbata forests confirm that

the annual total ET of A. dealbata forests is less than that of E. regnans

forests after age 10. Even the higher expected ET trajectory for

A. dealbata in Figure 9 lies below the average ET line of E. regnans for-

ests after age 10. This indicates that if A. dealbata forests replace

E. regnans forests, long-term mean forest ET will be reduced. Overall,

the results suggest that replacement of E. regnans forests with

A. dealbata forests would result in a significant decrease in annual and

decadal ET after about 20 years. Hence, the future direction of total

ET in A. dealbata forests supports the acceptance of a hypothesis that

F IGURE 8 Relationships between
mean interception percentage and forest
age showing plot-based estimates and
fitted curves. Blue solid line is for Acacia
dealbata forests. Solid red line and red
dashed line represent canopy
interception versus age fitted during the
present study for Eucalyptus regnans
forests and a study be Haydon et al.

(1996) for E. regnans forests.

F IGURE 9 The hypothesised total ET trajectories for Acacia dealbata and Eucalyptus regnans forests. The red solid line shows the average ET
trajectory for E. regnans forests, blue solid line represents total annual ET with age if Acacia sapwood area declines gradually to near-zero at age
80, blue dashed line assumes no increase in annual ET after the death of Acacia overstorey. It is assumed that following the death of overstorey
A. dealbata at age 80, the overstorey ET declines almost immediately to near-zero, while understorey ET is initially maintained at the same rate as
just prior to overstorey death. The black dashed line and black vertical lines show annual total ET trajectories of A. dealbata forests if Acacia
overstorey dies suddenly either at age 75, 80 or 85 years instead of a gradual decline in sapwood area.
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the replacement of E. regnans forests with A. dealbata forests would

result in a significant decrease in annual and decadal ET, inferring an

increase in catchment water yield (Figure 10).

Table 4 shows the detailed estimation of annual water balance

components of E. regnans and A. dealbata 10, 35 and 80-year-old

stands. This field measured total ET (black circles in Figure 9) in

A. dealbata forests closely matched with modelled total ET.

3.7 | Divergence in water yield between the two
forest types

The catchment-scale approximation suggests that the maximum reduc-

tion of water yield in A. dealbata forests occurs at age 10 (Figure 10)

compared to age 15–25 in E. regnans forests. The blue solid line depicts

the water yield if the sapwood area of A. dealbata stands will gradually

decline to zero by age 80. The black dashed line represents if A. dealbata

overstorey is still alive at age 80. Either case suggests that water yield

recovery in A. dealbata forests is faster than in E. regnans forests.

In contrast, the water yield increase in E. regnans forests after its

hydrologically critical age (15–25 years) is more gradual and streamflow is

expected to recover back to pre-fire levels much more slowly. Therefore,

if A. dealbata replaces E. regnans forests, water yield in A. dealbata forests

is expected to increase much more rapidly than in E. regnans forests.

4 | DISCUSSION

The present study provides a clear picture of divergence in ET and

streamflow trajectories between E. regnans and A. dealbata forests

F IGURE 10 Streamflow trajectories throughout their lifetime in Eucalyptus regnans and Acacia dealbata forests based on catchment-scale
approximation of total ET curves for the two forest types, assuming mean annual rainfall is 1800 mm. Blue solid line represents water yield with
age if Acacia sapwood area declines gradually to near-zero at age 80, the black dashed line shows water yield trajectory of A. dealbata forests if
Acacia overstorey dies suddenly either at age 75, 80 or 85 years instead of a gradual decline in sapwood area, red solid line represents an
approximation of catchment-scale water yield curve for E. regnans forests.

TABLE 4 Plot-based estimates of annual water balance for Acacia dealbata and Eucalyptus regnans forests across the age sequence, assuming
mean annual rainfall is 1800 mm.

Component

10 35 75/80

A. dealbata E. regnans A. dealbata E. regnans A. dealbata E. regnans

Transpiration (TOS) mm 1030 1029 320 617 264 664

Transpiration (TUS) mm No understorey No understorey 25a 50a 145a 233a

I_(OS) mm 612 504 542 612 414 306

I_(US) mm No understorey No understorey 57 90 252 126

Evp mm 95 91 95 95 101 117

ET (OS) mm 1642 1533 862 1229 678 970

ET (US) mm 95 91 177 235 498 476

ET (OS + US) mm 1737 1624 1039 1464 1176 1446

Note: Overstorey transpiration (TOS), understorey transpiration (TUS), intercepted rainfall in mm by overstorey (I_OS), intercepted rainfall in mm by

understorey (I_US), forest floor evaporation (Evp) and total ET in the two forests. ET of 75-year old E. regnans forests was estimated using data from

Benyon et al. (2017).
aEstimated using data from Vertessy et al. (1998) and the present study (Table 2 and Sections 2.4 and 2.6).
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after climate/fire-driven species replacement in water supply catch-

ments. These results are based on field measured observations over a

considerable period. The measured forest hydrological parameters

were combined using a stand scale dynamic modelling approach for

understanding long-term implications for forest ET and water yield

after this species replacement. ET dynamics related to the life cycle of

E. regnans were in line with previous Australian studies (Benyon

et al., 2015; Dunn & Connor, 1993; Vertessy et al., 1995, 2001). To

our knowledge, this is the first study to measure ET dynamics in pure

overstorey A. dealbata over a chronosequence and is the first to com-

pare eco-hydrological functions between pure E. regnans and

A. dealbata forests along an age sequence when both species occupy

the same ecological niches. The outcome of this study provides

insights on eco-hydrological implications of high-frequency fires for

future water availability.

Our results indicate that the hydrological effects of multiple fires

compared to single fires are different. Previous studies suggested that

after a single disturbance, followed by recovery of the same vegeta-

tion type, hydrological equilibrium will eventually be restored,

although this can take years to decades (Brookhouse et al., 2013;

Feikema et al., 2013; Gharun et al., 2013; Lane et al., 2010; Nolan

et al., 2014, 2015). However, the present study suggests that multiple

disturbances, resulting in a change in the dominant vegetation, may

cause a permanent change in ET and streamflow, with no return to

pre-disturbance hydrological equilibrium. In this study, divergence in

forest structure between E. regnans and A. dealbata forests was the

primary driver of divergence in overstorey ET between the two forest

types. No previous studies have investigated the effect of multiple

burning and vegetation change on catchment water yield in south east

Australia.

4.1 | Structural and functional divergence between
Eucalyptus regnans and Acacia dealbata forests

Lakmali et al. (2022) discussed the structural changes in the over-

storey of E. regnans and A. dealbata forests that resulted in diver-

gence in overstorey transpiration between the two species. The

addition of the other ET components, as presented here, confirms

that divergence in total ET between E. regnans and A. dealbata for-

ests with increasing forest age is also driven by increasing differ-

ences in forest structure between the two forests as they age.

E. regnans and A. dealbata have similar regeneration and fire ecol-

ogy and for at least the first 10 years after disturbance, structure

of the two forest types is similar (Ashton, 1981). May (1999), after

studying regeneration and growth dynamics of E. regnans in the

presence of A. dealbata, suggested that growth of A. dealbata and

E. regnans are similar for the first 30 years in their life cycles.

However, Lakmali et al. (2022) and the present study, provide a

clear indication that divergence in both forest structure and in

eco-hydrologic functions such as overstorey transpiration, inter-

ception, total ET between the two forests is well underway by

age 20.

Age-related structural divergence between E. regnans and

A. dealbata forests may be partly related to differences in net primary

productivity (NPP) between the forest types and how NPP is allo-

cated. NPP is the difference between photosynthetic carbon produc-

tion and autotropic respiration (Binkley et al., 1997). The allocation of

NPP across biomass production and reproduction reveals important

functional priorities of ecosystems (Malhi et al., 2011). Acacia dealbata

forests put more effort into reproduction to ensure persistence over

the long-term than E. regnans. The ecological literature confirms that

regenerative abilities such as seed production in A. dealbata forests

help to expand their occurrence in the landscape (Spalazzi

et al., 2019). Acacia dealbata attains reproductive maturity after 4–

5 years, compared to 15–25 years for E. regnans (Lindenmayer

et al., 2011) and maintains a large seed bank in the soil which is con-

tinuously refilling by the release of a large number of seeds annually.

Acacia seeds are protected by a hard seed coat, maintaining seed via-

bility for a long time, enabling them to persist for a considerable

period in the soil until conditions are favourable for germination, often

just after fire (May, 1999). However, E. regnans seeds do not remain

viable in the soil for long and therefore regeneration of E. regnans for-

est depends on seeds stored in the woody capsules in the crowns

(Ashton, 1976). The regeneration potential of A. dealbata forests is,

therefore, considerably higher than in E. regnans, suggesting that

A. dealbata forests allocate a higher proportion of NPP to reproduc-

tion. These details confirm that the regeneration potential of

A. dealbata forests is considerably superior than in E. regnans and

therefore later A. dealbata forests will become the dominant vegeta-

tion type over the E. regnans forests. Further, in A. dealbata forests,

the declining rate of increase of biomass after age 20 (Figure 6) is per-

haps the result of this regeneration-oriented life cycle. The effect of

regeneration potential may be more pronounced than the effect of

the self-thinning process on forest structure in A. dealbata forests. As

a result, compared to E. regnans, A. dealbata maintained a higher

stocking density, but stem diameter and basal area growth reduced

dramatically after age 20.

In contrast, tree height and diameter continue to increase in

E. regnans well beyond age 80, so that by age 100, living above-

ground biomass can be 350 Mg C ha�1 (Volkova et al., 2018), indicat-

ing that E. regnans forests give functional priority to biomass produc-

tion but at the expense of reproduction potential. The differences in

NPP allocation and changes in reproduction potential together may

explain the divergence in stand structure between E. regnans and

A. dealbata forests.

4.2 | Changes in eco-hydrological functions and
total ET between the two forest types over a
chronosequence

Changes in structural properties and functional processes that occur

through forest development stages in different forest types influence

eco-hydrological processes (Bond et al., 2007; Jones & Post, 2004).

This study shows that differences in eco-hydrologic processes
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between E. regnans and A. dealbata forests were driven by differences

in stand structure that increased with forest age, resulting in diver-

gence in ET between the two forest types across the age sequence.

Annual ET values were higher in A. dealbata during the first 10 years

of their lifetime in comparison to E. regnans, due primarily to higher

initial stocking density in A. dealbata. More rapid reduction in annual

ET in A. dealbata between age 20 and age 80 was due primarily to

more rapid declines in overstorey transpiration and canopy intercep-

tion. These findings are in line with previous studies on ET partitioning

between different forest stands (Ford et al., 2010; Vertessy

et al., 1998). In E. regnans and A. dealbata forests, mean annual tran-

spiration is largely explained by forest sapwood area, which is con-

trolled by stand density and mean proportional sapwood thickness

(Lakmali et al., 2022). Rapid slowing of basal area and dbh increment

in A. dealbata after age 20 results in a rapid reduction in sapwood area

(Figure 6) and therefore in transpiration as stand density reduces

(Lakmali et al., 2022).

That forest structure controls ET in E. regnans is in agreement

with the findings of Haydon et al. (1996) and Vertessy et al. (2001),

but significantly extends our understanding of the age-ET dynamics

since we incorporated understorey ET into the ET trajectories. Thus,

this study has refined our understanding of the E. regnans age-ET

response. In A. dealbata forests, we found strong connections

between age-related changes in forest structure, overstorey transpira-

tion and total ET, which is consistent with E. regnans. Further, the pre-

sent study provides new knowledge on ET in A. dealbata forests

which shows that while the trend in ET with age is broadly similar to

E. regnans, it occurs much more rapidly, with the rate of ET recovery

to pre-disturbance level being much faster in A. dealbata than in

E. regnans.

Increasing understorey density can off-set the reduction in over-

storey transpiration in old-growth forests (Delzon & Loustau, 2005;

Vertessy et al., 2001). In our study, overstorey LAI decreased from 2.7

in 35-year-old Acacia to 2.2 in 80-year-old Acacia, while understorey

LAI increased from 0.2 to 1.15. In senescing A. dealbata forests, the

understorey transpiration contribution (29.8%) to system ET was simi-

lar to that of overstorey transpiration (31.2%), indicating the under-

storey and overstorey contribute equally to total ET at the final stage

of Acacia forests. In E. regnans at age 75, understorey contribution to

total ET (16%) was not as high as in A. dealbata at age 80 because

understorey was not as developed in E. regnans forests as much as in

similar-aged Acacia forests. Based on measurements in the water use

plots, understorey ET was considerably higher in senescing Acacia

stands compared to E. regnans forests of similar age. The development

of denser understorey vegetation in old-growth Acacia forests is due

to canopy openness in the overstorey at the senescing stage, permit-

ting higher solar radiation to the lower strata of the forest. Observa-

tions of large areas of dead A. dealbata overstorey in many other

stands regenerated in 1939 suggests that at around 80 years of age

there is a sudden death of the Acacia overstorey in their late senes-

cing stage. The immediate effect of this would be the loss of all over-

storey transpiration and most of the overstorey interception. The

effect of this on understorey ET is uncertain. Whether ET from

understorey eventually increases to partly or fully off-set the reduc-

tion in overstorey ET, and how long this will take, is unknown. Accord-

ingly, the holistic view of this ET study suggests that if A. dealbata

replaces E. regnans, the ET regime will initially shift to one dominated

by Acacia but by the end of the �80 year Acacia life cycle, the ET

regime is beginning to transition into another new state dominated by

shrubby understorey species. Major sources of uncertainties in the ET

trajectory of Acacia forests are mortality rates in old-growth Acacia

forests and ET dynamics in the post-Acacia phase. In the absence of

further fires, the next ET regime after the A. dealbata phase will be

dominated by forests of shrubby understorey species and ferns. The

magnitude of ET in the post-Acacia phase is uncertain due to uncer-

tainty in the species mix of the understorey. Thus, comprehensive

knowledge of shrubby vegetation (ET rates, composition and struc-

ture) is essential to complete the story of ecological tipping points,

alternative stable states and transition of ET regimes across different

vegetation phases in obligate seeder E. regnans forests.

4.3 | Water yield implications

Water yield predicted for E. regnans forests during the present study

(Figure 10), which was based on functional relationships of long-term

forest eco-hydrological processes (using plot-scale data), is qualita-

tively consistent with the water yield and forest age relationship of

Kuczera (1987). Long-term ET trajectories derived in the present

study showed maximum water use at �10 years of age in A. dealbata

forests while for E. regnans forests, it was at around age 20–25. The

Kuczera curve similarly indicates that water yield is significantly lower

in regrowth E. regnans forests than in old-growth forests. This indica-

tion of water yield difference between old-growth and regrowth

E. regnans is due to differences in ET between old-growth and

regrowth (Haydon et al., 1996; Vertessy et al., 2001). High post-fire

seedling densities in the two forests types drive the initial peak in

ET. Subsequent age-related ET reductions are attributable to age-

related reductions in stand density, sapwood area, and LAI. The pre-

dicted streamflow trend with age in E. regnans in this study is qualita-

tively comparable with Haydon et al. (1996). Although understorey ET

was not considered by Haydon et al. (1996) when determining water

yield from E. regnans, the present study accounts for both overstorey

and understorey ET in E. regnans forests.

The trends in ET dynamics highlight that changing the catchment

vegetation from E. regnans to A. dealbata forests would alter stream-

flow in the long-term. Precise prediction of water yield amounts is

beyond the scope of this research, but based on likely long-term ET

trajectories (Figure 9), replacement of E. regnans forests with

A. dealbata would decrease annual and decadal ET after about

10 years, inferring an increase in catchment water yield (Figure 10).

There is a significant possibly that further fire events would occur in

the acacia stands, thereby ‘resetting the clock’ and resulting in higher

ET for the first 10–15 years. How repeated short-interval fires may

effect acacia regeneration is not known, but there are examples of

acacia stands transitioning into what is describes as ‘scrub’—a mix of
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understorey species with no clear dominant species. It is likely scrub

would have similar water use to the acacias, but there are no observa-

tions to confirm this.

4.4 | Multiple burns, tipping points, eco-hydrologic
thresholds, ET regimes shift and non-equilibrium
concept

The significant divergences in forest structure, ET and water yield

between E. regnans and A. dealbata forests after age 20 imply that

resultant eco-hydrological changes fit more with the ideas of non-

equilibrium. Here, we found that if A. dealbata replaces E. regnans for-

ests, ET rates will be significantly decreased, so that the alternative

vegetation phase will not move closer to the previous dominant state

(will not maintain similar rates of ET) which is a contrast to the equilib-

rium concept. The equilibrium concept and equilibrium theories are

useful for explaining temporal dynamics of stable ecological systems.

Classical equilibrium concepts (balance of nature) are inadequate to

explain the temporal dynamics of unstable communities (Mori, 2011).

This is leading to paradigm shifts in ecological concepts from equilib-

rium to non-equilibrium theories for understanding instability and

abrupt changes in ecosystems occurring beyond the natural balance.

The non-equilibrium theory is based on unstable conditions and can

address changes in vegetation that are linked to climate change

(Sprugel, 1991). A shift in vegetation and related changes in ET

observed in the present study does not comply with Eagleson's opti-

mality theory (Eagleson & Tellers, 1982), as the observed changes are

more in line with non-equilibrium theories.

In many fire-prone forests across the globe, fire return intervals

are reducing from a century or more to decades or less (Turner

et al., 2019). As a result, climate-fire-vegetation links are changing

(Johnstone et al., 2016). Following frequent disturbances, some eco-

systems can recover to their original state, but other ecosystems shift

towards a new state (Fletcher et al., 2013). Under such climate-

induced fire regime changes, obligate seeder forests around the world

are becoming highly vulnerable to alterations in their successional tra-

jectories (Brown & Johnstone, 2012; Enright et al., 2015; Johnstone

et al., 2010; Keeley et al., 1999; Savage & Mast, 2005). Our results

imply that after high-frequency fires, once A. dealbata replaces

E. regnans, pyro-eco-hydrologic thresholds are altered, leading to a

new hydrologic state. When forests experience such compound dis-

turbances, they fail to achieve ecological resilience (Kleinman

et al., 2019). With increased occurrence of high-frequency wildfires,

A. dealbata also may not reach its 80 years of life span. The existence

of mature stands of both species considered in this study is largely a

function of the historical climate (i.e., cool and wet). The majority of

A. dealbata stands in the central highlands of Victoria have recently

completed the full life cycle and are now close to 100% mortality at

age 80. Their origin was the 1926 and 1939 fires. The next succes-

sional phase is ‘scrub’—a mix of understorey shrubs and small trees.

This also occurs where increasing fire frequency has led to create

patches with multiple burning.

However, there are also areas where both E. regnans and their

replacement species, A. dealbata, have both been early extirpation of

both E. regnans and A. dealbata (and other acacia species) from their

native habitats. Brown et al. (2021) investigated how forest structure

influences fuel moisture in alternative forest states in southeast

Australia. They suggested that Acacia forests would transition into the

non-eucalyptus forest over time. However, this alternative forest type

is likely unstable, depicting a negative fire-vegetation-climate feed-

back loop. Under these circumstances, forests cannot attain an equi-

librium state (Holling, 1973) and therefore, pass an ecological tipping

point. This study suggests that the E. regnans forests of southeast

Australia is one such ecosystem.

4.5 | Uncertainties associated with the present
study

This study provides insights for understanding catchment-scale diver-

gence in ET and streamflow between the two forest types. However,

there are several sources of uncertainty in the study that must be

noted.

The first is regarding the sap flow and microclimate data. Difficul-

ties encountered with the experimental set up, relevant data proces-

sing and cross validations were explained in the Lakmali et al. (2022).

Second, this study used the measured data during the study

period plus previously measured data and published data in the litera-

ture. Integrating data from different sources may create some uncer-

tainty. All data sets were checked for compatibility in terms of

climate, locality and the same measurement period of the year before

using them in the ET analysis. However, there are bound to be noise

in these data, but we are confident that we have not used these data

out of context and acknowledge the issue.

Third, root zone soil moisture was estimated using the AWRA-

Lv6 model (The Australian Landscape Water Balance Model [Frost

et al., 2018]) and used to identify water-limited sap velocity responses

in this study to compensate for the lack of direct measurements on

root zone soil moisture. We acknowledge this is a modelled product,

but it is well tested and widely used in Australia. We contend that

errors in these data would not have a significant impact on our overall

results.

Fourthly, modelling ET and streamflow through time assumes

trajectories of vegetation dynamics are spatially homogenous. The

dynamic ET models could be upgraded to catchment-scale for

improved quantitative assessments of future water availability by

accounting for catchment-scale spatial heterogeneity in the sap-

wood area modelling, since forest ET is strongly controlled by this

stand structural variable. The present study was constrained by

time and resources, preventing the extension of the results up to

that level. Future research will need to account for the spatial het-

erogeneity in large catchments. A Lidar-based technique is consid-

ered the best option for quantifying spatial heterogeneity in stand

structure and linking this to streamflow (Jaskierniak

et al., 2016, 2019).
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Finally, in the absence of further fires, the next ET regime after the

A. dealbata phase will be dominated by forests of shrubby understorey

species and ferns. The magnitude of ET in the post-Acacia phase is

uncertain due to uncertainty in the species mix of the understorey.

Thus, evapotranspiration dynamics in the post-Acacia phase is another

dimension of future research, although it seems unlikely that water use

of this vegetation would exceed that of the A. dealbata stands.

5 | CONCLUSION

The findings of this study support a hypothesis that replacement of

E. regnans with A. dealbata forests would result in a significant decrease

in annual and decadal ET, inferring an increase in catchment water

yield. The data suggest that significant divergence in forest structure,

ET and water yield between E. regnans and A. dealbata forests has

started by age 20 years, implying that replacement of E. regnans with

A. dealbata under high-frequency fire conditions results in a non-

equilibrium state. Understorey contribution to the system water bal-

ance was significantly higher in A. dealbata forests in their senescing

stage. This suggests that, after the Acacia life cycle finishes, the ET

regime will transit into a new state that will be dominated by shrubby

understorey species. Accordingly, if A. dealbata replaces E. regnans, the

ET regime will initially shift to one dominated by Acacia but by the end

of the �80 year Acacia life cycle, the ET regime is beginning to transi-

tion into another new hydrologic state dominated by shrubby under-

storey species. Overall, this study shows that fire frequency thresholds

can trigger eco-hydrologic divergence in fire-prone forest systems.
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