
 

 

MURDOCH RESEARCH REPOSI TORY 
 

 

 

 
This is the author ’s final version of the work, as accepted for publicat ion  

following peer review but  without  the publisher’s layout  or paginat ion.  

The definit ive version is available at  

ht tp: / / dx.doi.org/ 10.1007/ s10342-013-0690-5      
 

 

Matusick, G., Ruthrof, K.X., Brouw ers, N .C., Dell, B. and Hardy, 

G.E.St .J. ( 2 0 1 3 )  Sudden forest  canopy collapse corresponding 

w ith extrem e drought  and heat  in a m editerranean- type 

eucalypt  forest  in southw estern Australia . European Journal of 

Forest  Research, 1 3 2  ( 3 ) . pp. 4 9 7 - 5 1 0 . 

 

 

 

ht tp: / / researchrepository.m urdoch.edu.au/ 13473/  

 

 

 

 

 

 

 
 

Copyright :  ©  Springer-Verlag Berlin Heidelberg 2013 

 

I t  is posted here for your personal use. No further dist r ibut ion is perm it ted. 

 

 

 

http://dx.doi.org/10.1007/s10342-013-0690-5
http://researchrepository.murdoch.edu.au/13473/


1 

 

Sudden forest canopy collapse corresponding with extreme drought and heat in a 

mediterranean-type eucalypt forest in southwestern Australia 

 

George Matusick, Katinka X. Ruthrof, Niels C. Brouwers, Bernard Dell, Giles St. J. Hardy 

 

a
 State Centre of Excellence for Climate Change Woodland and Forest Health, School of Biological Sciences 

and Biotechnology, Murdoch University, Murdoch, Western Australia 6150.  Australia. 

 

b
 State Centre of Excellence for Climate Change Woodland and Forest Health, School of Environmental 

Science, Murdoch University, Murdoch, Western Australia 6150.  Australia. 

 

Abstract 

Drought and heat-induced forest dieback and mortality are emerging global concerns.  

Although Mediterranean-type forest (MTF) ecosystems are considered to be resilient to 

drought and other disturbances, we observed  a sudden and unprecedented forest collapse in a 

MTF in Western Australia corresponding with record dry and heat conditions in 2010/2011.  

An aerial survey and subsequent field investigation were undertaken to examine: the 

incidence and severity of canopy dieback and stem mortality, associations between canopy 

health and stand-related factors as well as tree species response.  Canopy mortality was found 

to be concentrated in distinct patches, representing 1.5% of the aerial sample (1,350 ha).  

Within these patches, 74% of all measured stems (> 1cm DBHOB) had dying or recently 

killed crowns, leading to 26% stem mortality six months following the collapse.  Patches of 

canopy collapse were more densely stocked with the dominant species, Eucalyptus 

marginata, and lacked the prominent midstorey species Banksia grandis, compared to the 

surrounding forest.  A differential response to the disturbance was observed among co-

occurring tree species, which suggests contrasting strategies for coping with extreme water 

stress.  These results suggest that MTFs, once thought to be resilient to climate change, are 

susceptible to sudden and severe forest collapse when key thresholds have been reached.    
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Catastrophic forest damage resulting from extreme drought and heat is increasingly 

being reported from around the world (Ganey and Vojta 2011; Granzow-de la Cerda et al. 

2012).  A recent review by Allen et al. (2010) outlined 88 documented episodes of forest 

damage resulting from drought and/or heat events since the early 1970’s, illustrating the 

vulnerability of forests to extreme climate conditions worldwide.  Long periods of drought 

result in chronic stress, causing growth reductions (Barber et al. 2000), crown dieback 

(Fensham and Holman 1999), and tree decline (Starkey et al. 2004). For example, during five 

years of experimental drought conditions, the diameter increment of Quercus ilex L. was 

reduced by 41% (Ogaya and Peñuelas 2007).  In contrast episodes of extreme drought, 

leading to severe stress, can result in sudden large-scale forest canopy collapse (dieback and 

die-off).  Over 12,000 km
2
 of temperate pine forests died in the southwestern U.S. following 

severe droughts in 1996 and 2002 (Breshears et al. 2005).  Such a rapid and mass collapse of 

forests have the potential to alter the composition (Mueller et al. 2005), structure, and 

functioning of forests, causing the loss of ecosystem services (Guardiola-Claramonte et al. 

2011) including sequestered carbon (Huang et al. 2010). 

A variety of site and stand factors may interact with sudden and extreme drought 

conditions to result in forest tree losses (Bowker et al. 2012; Breshears et al. 2005; Worrall et 

al. 2008).    Recently, edaphic factors were found to be the primary driver of juniper 

(Juniperus monosperma [Engelm] Sarq.) mortality during forest collapse in the southwestern 

U.S. (Bowker et al. 2012), while stand density may have influenced mortality of the dominant 

species Pinus edulis Engelmann (Greenwood and Weisberg 2008).  Massive mortality of 

trembling aspen (Populus tremuloides Michx.) occurred following acute drought stress in 

boreal forests in Western Canada (Hogg et al. 2002) and montane forests of Colorado, USA 

(Worrall et al. 2008).  In the latter, an array of site and stand factors, including low elevation, 

southern aspects, and stand maturation were found to predispose forest areas to drought, 

while biotic pests contributed in killing weakened trees (Worrall et al. 2008).  Finally, a 

sudden and severe drought in the western Mediterranean (NE Spain) in 1994 caused complete 

canopy dieback in up to 76% of the dominant tree species, Q. ilex L. (Lloret et al. 2004).  The 

incidence of the canopy dieback was strongly associated with edaphic factors, including soil 

compaction and the ability for roots to penetrate soil substrates.  These examples illustrate 

how site and stand factors can interact with sudden and severe drought to affect canopy 

dieback and tree mortality patterns. 
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Mediterranean-type forests (MTFs) experience a mediterranean-type climate 

characterized by cool, wet winters followed by a distinct hot and dry summer period during 

which they may be exposed to seasonal drought conditions (Gentilli 1989).  Additionally, 

MTFs have historically experienced dramatic interannual fluctuations in precipitation and 

temperature (Nicault et al. 2008), which has, in part, selected for highly resilient species (Dell 

et al. 1986) with a unique range of adaptations to disturbance (Zavala et al. 2000).  Despite 

these adaptations, MTFs have been plagued by chronic stress during recent periods of 

protracted drought conditions (Carnicer et al. 2011).  This has translated to extensive crown 

dieback (Lloret et al. 2004) and declines in both growth (Jump et al. 2006; Sarris et al. 2007) 

and tree health (Raftoyannis et al. 2008) in the Mediterranean basin.  Many dominant tree 

species within MTFs in the South-West of Western Australia (SWWA) have shown similar 

symptoms in recent decades (Archibald et al. 2005; Auclair 1992; Hooper 2009), 

corresponding with a long-term decline in rainfall (Fig. 1a)(Bates et al. 2008).  Despite this, 

large-scale tree mortality resulting from sudden and severe drought has largely not been 

observed until this point. 

The SWWA experiences a typical mediterranean-type climate that has been rapidly 

changing since the 1970’s (Suppiah et al. 2007).  More specifically, the region has 

experienced a pronounced shift in rainfall since the 1970’s (Fig. 1b).  Meanwhile average 

temperatures have risen at a rate of 0.15°C per decade over the same time period (Bates et al. 

2008). The long-term drying and warming trends culminated in a record dry (40-50% below 

average rainfall) and hot year in 2010, made possible by a record dry summer (December-

February), winter (June-August), and below average spring (September-November) rainfall 

(BOM 2011a).  It was also the hottest year on record for most of the Perth Metropolitan area, 

with annual mean maximum temperatures of 1 to 1.5°C above average (BOM 2011a).  This 

trend continued into 2011, with the Perth Metropolitan area experiencing the third hottest 

February on record (BOM 2011b).  Decreases in precipitation have corresponded with 

significant decreases in streamflow and groundwater levels in forested catchments (Croton 

and Reed 2007; Kinal and Stoneman 2011).  Formerly perennial streams are now ceasing to 

flow for considerable periods each year (Petrone et al. 2010), while groundwater levels have 

fallen up to eleven meters in some regions since 1975 (Croton and Reed 2007).   
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Fig 1  Precipitation trend since 1877 for Pinjarra, 

Western Australia (see Fig. 3 for location), station 

number 9596.   Total annual precipitation (a) and 

annual values smoothed with five-year running 

mean (b) and fitted with means from 1877-1969 

and 1970-2011 illustrating a climate shift 

described in Bates et al. 2008 

 

 

 

 

 

 

Corresponding with a prolonged heatwave (nine days greater than 35°C) in late 

February 2011(BOM 2011b) midstorey and overstorey tree crowns suddenly began dying 

(collapsing) in several ecosystems in  SWWA (Matusick et al. 2012).  This paper addresses 

the recent canopy collapse in the Northern Jarrah Forest (NJF) and aims to: 1) estimate the 

incidence (spatial scale) and severity of canopy collapse across the NJF; 2) define 

associations between canopy collapse and forest stand variables; and, 3) investigate the 

variation in crown collapse and regrowth in relation to tree species and size. 

 

Methods 

Study area 

The NJF is located in the Southwest Botanical Province of Western Australia and 

covers an area of 1,127,600 ha (Havel 1975), representing the northern section of the E. 

marginata-dominated forest-type (Fig 2).  It ranges from a tall, open, and dry sclerophyll 

forest in the north to a tall closed forest in the south (Dell and Havel 1989).  The NJF 

harbours over 850 known vascular plant species (in addition to many unnamed) contributing 

to SWWA being one of the 35 global biodiversity hotspots (Mittermeier et al. 2011).  This 

study is focused on upland sites, which are dominated by E. marginata, with Corymbia 

calophylla (R. Br.) K.D. Hill & L.A.S. Johnson (marri) as the primary co-dominant.  
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Allocasuarina fraseriana (Miq.) L.A.S. Johnson (sheoak), Banksia grandis Willd. (bull 

banksia), and Persoonia spp. are also commonly found throughout the midstorey.  The NJF 

overlies Archaean granite and metamorphic rocks capped by an extensive lateritic duricrust, 

which is interrupted by occasional granite outcrops in the form of isolated hills (Churchward 

and Dimmock 1989). The soils are some of the oldest on the planet.  They are characterized 

by extremely low fertility and are highly leached (Mulcahy 1960).  The lateritic plateau has 

an average elevation of 300 meters.  The climate of the NJF is a Mediterranean-type, with 

most (~80%) rainfall falling between April and October (Bates et al. 2008), and a seasonal 

drought that may last from 4 to 7 months (Gentilli 1989).  There is a strong west-east rainfall 

gradient across the forest, ranging from >1100 mm/yr on its western edge (Darling Scarp) to 

~700 mm/yr in the east and north (Gentilli 1989).  Historically, the NJF has played a 

significant role in timber production (Havel 1989) and continues to provide high-value timber 

for a range of uses, including flooring and furniture.  Other dominant land uses include water 

production, mining, plantation forestry, and recreation (Abbott and Loneragan 1986).   

 

Fig 2 Aerial flight path (black line) traversing the 

vegetation of the Northern Jarrah Forest (dark 

grey) and locations of the 20 field sites 

(white/black dots), each containing three sets of 

paired affected and control plots (map detail) 

 

 

 

 

 

 

Site selection 

The earliest observations of significant crown collapse in overstorey trees (E. 

marginata and C. calophylla) were made the week of 28 February 2011, coinciding with a 

prolonged heatwave (nine days greater than 35°C).  Two sites experiencing crown collapse 

were visited approximately bi-weekly between late February and early May 2011.  

Observations of tree crown dieback were noted during visits. 

In response to the early field observations of canopy damage, an aerial survey of the 

NJF was conducted in late May 2011 using a Cessna 172 fixed-wing aircraft.  The flight path 

roughly traversed two transects, spanning the north to south distribution of the NJF (Fig. 2).  
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Since collapsed forest canopy was found to be concentrated in distinct patches, two DSLR 

digital cameras (Nikon D90, Nikon Corporation, Tokyo, Japan and Sony A55, Sony 

Corporation, Tokyo, Japan) were used to capture approximately 2500 oblique, georeferenced, 

aerial photos, including all damaged patches greater than 0.3 ha along the flight path.  

Identifiers, including landform, roads, cleared land, granite outcrops, and other landmarks, 

were used to link oblique photos with vertical orthorectified images to enable delineation and 

digitization of areas representing collapsed forest canopy using OziExplorer GIS mapping 

software (version 3.95.5, Brisbane, Australia).  Midstorey canopy collapse, where present, 

extended well beyond overstorey canopy collapse.  However due to inherent difficulties with 

accurately detecting midstorey collapse confined beneath a green and healthy overstorey 

canopy, the survey was limited to areas experiencing overstorey canopy collapse only.  A 

total of 236 independent forest patches experiencing canopy collapse were delineated from 

the survey.   In order to estimate the area of the NJF that was sampled, the distance between 

the edges of each polygon and the actual flight path was determined.  The ten greatest and 

shortest distances were averaged separately to provide an estimate of the greatest and shortest 

distance from the flight path, resulting in a “strip” of sampled forest parallel to the flight path.  

The estimated sampled area and area of collapsed forest canopy were determined using 

ArcGis 10 software (ESRI, Redlands, CA). 

Affected sites that were deemed inaccessible were discounted for future field 

investigations, including those restricted to private property and those more than 3 km from 

roads.  From the remaining population of affected sites, 28 were randomly chosen for ground 

delineation.  Each of the sites was visited and delineated using a differential GPS (Pathfinder 

Pro XRS receiver, Trimble Navigation Ltd., Sunnyvale, CA).  The size of aerially-and 

ground-derived delineations were compared in ArcGIS10 to determine the error associated 

with the aerial survey technique.  Finally, from the 28 sites that were accurately delineated, a 

random sub-sample of 20 sites was chosen for further field investigations using a paired-plot 

design (Fig.2).   

 

Plot establishment 

Plots were established between 21 June and 12 July 2011.  Within each affected site 

three six metre radius plots (0.011 ha each) were randomly selected on a 20m x 20m grid 

using fGIS forestry cruise software (Wisconsin DNR-Division of Forestry).  Paired control 

plots, representing areas which did not experience canopy collapse, were located 

approximately 20 m outside the affected site boundary at the shortest straight-line distance 
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from each affected plot.  A total of 20 affected sites were sampled with six plots at each site 

(three affected/three control see Fig. 2), totalling 120 plots.    

Since many eucalypts, including E. marginata and C. calophylla, have the propensity 

to produce multiple stems per individual, measurements were made on all stems greater than 

1cm diameter at breast height over bark (DBHOB) within each plot.  The species were 

recorded and total stem heights were measured using a digital clinometer (Haglof HEC, 

Langsele, Sweden).  Stem crown conditions fell into the four crown health classes described 

by Worrall et al. (2008), including “healthy”, characterised by predominately green turgid 

foliage, “dying”, characterised by predominately dry and discoloured foliage, “recently 

killed”, characterised by predominately red and dead foliage, and “long dead” characterised 

by a lack of leaves, fine twigs, and the presence of slipping bark.  An estimate of previous 

crown dieback (%) was made based on the amount of previous crown retraction, which was 

estimated from the abundance and size of long dead branches.  For all tree species, 

regeneration was assessed by counting the number of stems on the plot (stem ≤ 1 cm 

DBHOB), the average height, and the predominant crown health class (as above).  Density 

measures, including trees/ha (individuals/ha), stems/ha, and basal area/ha were derived from 

the plot data. 

 

Plot re-assessment 

In October and November 2011, following the wet winter season, all plots were 

revisited in order to assess stem response to the collapse.  Each stem was inspected for crown 

health changes and evidence of re-sprouting.  Stem mortality was estimated at this time 

including only those stems with recently killed crowns that lacked evidence of re-sprouting.  

The percentage of stems re-sprouting per plot, number of sprouts per re-sprouting stem, and 

the percentage of each stem that remained living (i.e. maximum height of sprouts/total height 

of original tree) were recorded.  Additionally, canopy cover was assessed at the centre of 

each plot by taking the average of four measurements (facing aspects north, east, south, 

west), using a spherical densiometer (Lemmon 1956).   

 

     Statistical analyses 

All variables were assessed for normality using Q-Q plots and Anderson-Darling 

tests.  For variables found to be non-normally distributed following transformation, 

nonparametric methods (Mann-Whitney U-test/Kruskal-Wallis tests) were used to determine 

differences between groups.  For all other quantitative variables, mixed effects models, using 
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site as a random factor, were used.  The Chi-square goodness-of-fit tests were used to assess 

categorical variables.  All analyses were performed using SAS statistical software (SAS 

Institute, 9
th

 ed., Cary, NC). 

Differences in crown health between control and affected plots were investigated.  

Tree crowns falling within dying and recently killed crown health classes were combined to 

specifically examine the percentage of stems affected by the disturbance in 2011.  The mean 

percentage of stems within each crown health class, affected stems, stem mortality, canopy 

cover, and previous crown dieback were assessed between control and affected plots using 

Mann-Whitney U-tests in the npar1way procedure in SAS. 

Subsequently, the percentage of affected stems and stem resilience patterns were 

investigated between diameter classes and tree species, using only data from affected plots. 

Stem diameters were divided into 10 cm size classes and those stems greater than 60 cm 

DBHOB were pooled due to low numbers in these larger diameter classes.  With the 

exception of previous crown dieback, nonparametric statistics (Mann-Whitney U-tests 

/Kruskal Wallis) were used for testing hypotheses, since percentage data were not normally 

distributed despite arcsin-square-root transformations.  Previous crown dieback was analysed 

using ANOVA (GLM procedure in SAS), including site and either stem diameter class or tree 

species in models, followed by Tukey’s multiple comparison test to differentiate groups.  To 

determine the relative rates of affected stems and stem mortality between stem diameter 

classes, only those plots represented by a given diameter class were used for analyses.  

Similarly, for re-sprout rates among diameter classes, only those diameter classes/plots with 

dying or recently killed crowns were used.  For tree species comparisons, E. marginata, 

present on all plots, was compared with co-dominants C. calophylla and A. fraseriana 

separately, using only those plots in which three or more co-dominant stems were measured.  

Comparisons of the mean number of re-sprouts per re-sprouting stem and percentage of re-

sprouting stems remaining alive were made between E. marginata and C. calophylla only, 

given that a limited number of A. fraseriana stems were found re-sprouting during the re-

assessment. 

 

Stem diameter distributions were produced for control and affected plots, and 

differences within each class were examined using Mann-Whitney U-tests.  Stem density 

(stems/ha) and basal area (m
2
) per plot were derived for all measured E. marginata and C. 

calophylla stems.  Additionally, the density of multi-stemmed trees and stem regeneration 

was computed.  Comparisons for these variables were made between control and affected 
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plots using mixed effects models (MIXED procedure in SAS), including site as a random 

factor following either square-root or log transformations to improve normality.    

 

Results 

Early field observations 

Crown changes were first observed during January 2011 in B. grandis, the primary 

midstorey tree species on upland NJF sites in the western forest.  Large patches of B. grandis 

crowns rapidly discoloured and died over periods as short as five days.  Shortly following in 

February 2011, many overstorey and understorey E. marginata and C. calophylla crowns also 

discoloured and died within two weeks.  Canopy discoloration generally began within one 

branch, and then appeared to spread rapidly throughout the crown (Fig. 3a).  Discoloured 

foliage was notably dry and was associated with drying of conductive tissues, determined 

from limited destructive sampling.  By the middle of June many branches up to 1 cm had 

abscised from affected canopies (Fig. 3b).  Stems with incomplete crown discolouration 

present along the periphery of each affected site in late June, maintained their condition 

throughout the winter (June-August) period before losing affected foliage in the spring 

(September-November). 
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Fig 3 (a) Discoloured and dying E. marginata crown (5 March 2011).  (b) Trees abscising small 

branches and foliage (23 June 2011).  (c) Forest damage was concentrated in patches scattered across 

the landscape (25 May 2011).  (d) Strongly chlorotic forest canopy radiating from severely affected 

forest patches (25 May 2011).   

 

 

Damage incidence and severity 

An estimated 92,181 ha of native forest was sampled during the aerial survey, 

representing 8.2% of the NJF.  Observations confirmed canopy collapse occurred in clearly-

a b 

c d 
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defined patches (Fig. 3c) scattered across a wide geographical area.  A total of 236 affected 

patches, ranging from 0.3 ha to 85.7 ha, were delineated.  The aerially-derived delineations 

were found to be, on average, 14.4% larger than the field delineations, indicating an 

overestimation of the area exhibiting canopy collapse using the aerial delineation technique 

as described.  This percentage overestimation was used to correct the estimate of area 

exhibiting canopy collapse.  The collapsed forest patches totalled 1,350 ha and 1.5% of the 

sample area.  Although the sample was weighted toward the central and western NJF, a 

projection across the NJF suggests that 16,515 ha of native forest experienced canopy 

collapse.  Large areas of strongly chlorotic forest canopy radiated from many collapsed forest 

patches (Fig. 3d); however this was not quantified.   

The majority of tree crowns on affected plots were dying or recently killed (Fig. 4), 

including 74% (±3%) (mean [±SE]) of all stems that were living prior to the collapse (>1cm 

DBHOB), as opposed to only 11% (±2%) in paired control plots (Mann Whitney Z=8.88, 

P<0.0001).  Following re-assessment in late spring (October/November) 2011, stem mortality 

resulting from the disturbance was found to be 26% (±3%) (mean [±SE]) on affected plots 

compared to 5% (±1%) on controls (Mann Whitney Z=5.77, P<0.0001).  Forest canopy cover 

was found to be 20% (±2%) (mean[±SE]) on affected plots compared to 57% (±2%) on 

controls (Mann Whitney Z=-8.52, P<0.0001).  When considering overstorey eucalypts (E. 

marginata and C. calophylla) only, the percentage of long dead stems (Mann Whitney 

Z=3.36, P=0.0004) and previous crown dieback (Mann Whitney Z=2.86, P=0.0021) were 

greater on affected plots compared to control plots (Fig. 5), suggesting that affected plots had 

experienced substantial crown dieback and stem mortality prior to 2011.  

 

Fig 4 The mean percentage of all stems 

falling within all four crown health classes 

on control and affected plots (n=120).  

Columns within each crown health class 

with asterisks are significantly different at 

alpha=0.05 from Mann Whitney U-tests.  

Error bars represent the standard error of 

the mean 
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Fig 5 The mean percentage of long dead 

stems and previous crown dieback using 

only E. marginata and C. calophylla stems 

in control and affected plots (n=120).  

Columns within each health variable with 

asterisks are statistically different at 

alpha=0.05 and determined from Mann-

Whitney U-tests.  Error bars represent the 

standard error of the mean   

 

 

 

Crown mortality and stem mortality were observed during the first and second survey, 

respectively. Crown mortality was defined as 100% foliage death during the initial survey, 

whereas stem mortality was determined based on the lack of re-sprouting in stems with 

recently killed crowns during the second survey in spring 2011(October and November).  The 

relative percentage of dying or recently killed crowns observed in the first survey varied 

between stem diameter classes (Kruskal-Wallis χ2
 =19.56, P=0.0033) on affected plots, 

though high crown mortality (>60 %) was observed in all classes (Fig. 6).  This trend 

suggests that crowns within the middle stem diameter classes (20-60 cm) were more 

impacted than smaller stems, with variable results for the few trees in the largest diameter 

class.  Stem mortality did not differ among stem diameter classes (Kruskal-Wallis χ2
 =4.00, 

P=0.6763) (Fig. 6).  Despite wide variation in re-sprouting between size classes (affected 

plots only)(i.e. from 33% in the >60cm class to 61% in the 40-50cm class),the relative 

percentage of stems which re-sprouted was not significantly associated with stem diameter 

size class (Kruskal-Wallis χ2
 = 12.00, P=0.0620)(Fig. 7).  On average across all affected 

plots, 52% (±3.6%) (mean[±SE]) of stems that were initially judged to have dying or recently 

killed crowns were found to be re-sprouting during the second assessment in November 2011.  

Mean previous crown dieback on affected plots varied by stem diameter class (ANOVA 

F=2.79, P=0.0125) with stems in the largest diameter class having more previous dieback 

than stems in smaller classes (Fig. 8).   
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Fig 6 Relative percentage of stems observed within each diameter class with dying and dead stems following 

disturbance in June/July 2011 was found to be different between classes (Kruskal-Wallis χ2
 = 19.5607, P= 

0.0033).  The relative percentage of stem mortality determined following the second survey was not statistically 

significant between classes.  Error bars represent the standard error of the mean. 

 

Fig 7  The percentage of dying or recently killed stems 

found to be re-sprouting within each diameter class 

following the second survey in November 2011.  The 

relative percentage of stems which re-sprouted is not 

significantly different among stem diameter class at 

alpha=0.05 from Kruskel-Wallis test.  Error bars 

represent standard error of the mean. 

 

 

Fig 8  Previous crown dieback (occurring prior to 2011) 

in all stems within seven diameter classes on affected 

plots only (n=60).  Columns with the same letter are 

not statistically different at alpha=0.05 and represent 

the results of Tukey’s multiple comparison tests.  Error 

bars represent the standard error of the mean. 

 

 

 

A greater percentage of E. marginata crowns were found to be dying or recently 

killed compared with C. calophylla within affected plots (Mann Whitney Z =-2.75, 

P=0.0030)(Fig. 9).  Although crowns of E. marginata were highly affected, a higher 

proportion of stems re-sprouted in this species when compared to C. calophylla (Mann 
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Whitney Z=-2.87, P=0.0021).  There were no differences between the species in the number 

of re-sprouts per stem (i.e. an average of 10 for both species), or the percentage of stem that 

remained alive (E. marginata 67% ± 3.8% (mean[±SE]), C. calophylla 56% ± 7.0%) (Mann 

Whitney Z=-0.88, P=0.1882).  The percentage of stems with affected crowns was similar for 

plots where E. marginata and A. fraseriana co-occurred (Mann Whitney Z=1.38, P=0.0840), 

though only 11 plots could be used for this comparison since A. fraseriana was infrequently 

measured.    

Fig 9  The mean percentage of E. marginata and C. 

calophylla stems per plot with dying and recently 

dead crowns, and percentage of stems per plot 

found re-sprouting for those plots in which both 

species co-occurred (n=29).  Columns within each 

category with asterisks are different at alpha=0.05, 

resulting from Mann Whitney U-tests.  Error bars 

represent the standard error of the mean. 

 

 

Forest structure and damage 

Eucalyptus marginata dominated the overstorey of both control and affected plots, 

while C.calophylla was the most common co-dominant (Table 1).  The largest difference in 

forest composition between control and affected plots was the presence of B. grandis and 

Persoonia longifolia R.Br. in the midstorey, despite paired plots generally being in the same 

vegetation-type.  Banksia grandis was found on 25% of control plots with an average stem 

density of 122 stems ha
-1

, while it was found on only one affected plot.  For those stands 

where B. grandis was present, control plots roughly fell within the dying front, where 64% of 

crowns were either dying or recently killed, and 32% of crowns were long dead.  These 

results confirm field observations that the dying front for B. grandis precedes the dying front 

for overstorey eucalypts (E. marginata and C. calophylla). 
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Table 1 Tree composition and relative composition of tree species on control and affected plots 

(n=120).  Relative values represent the percent of each species present within each treatment group 

(control and affected) 

Species 

Plot 

presence 

(%) 

Stem 

Density 

(no. ha
-1

) 

Relative 

Density 

(%) 

Basal Area 

(m
2 
ha

-1
) 

Relative 

Basal Area 

(%) 

Control plots 

     Eucalyptus marginata 100 719 (63) 66.8 (3.5) 37.3 (3.8) 85.9 (11.9) 

Corymbia calophylla 68 189 (28) 20.4 (2.8 8.9 (2.1) 21.6 (3.5) 

Allocasuarina fraseriana 13 43 (19) 2.9 (1.5) 2.9 (1.5) 3.9 (1.9) 

Banksia grandis 25 122 (41) 7.0 (2.1) 0.4 (0.1) 1.4 (0.7) 

Banksia sessillis 2 68 (68) 1.4 (1.4) 0.1 (0.1) < 0.1 

Persoonia longifolia 13 22 (9) 1.6 (0.6) 0.2 (0.1) 0.7 (0.5) 

      Affected plots 

     Eucalyptus marginata 100 1021 (89) 74.2 (3.2) 31.6 (3.5) 83.1 (3.3) 

Corymbia calophylla 62 220 (33) 18.4 (2.8) 6.8 (1.9) 19.7 (5.2) 

Allocasuarina fraseriana 18 85 (33) 5.4 (1.8) 2.7 (1.6) 4.0 (1.9) 

Banksia grandis 2 3 (3) 0.2 (0.2) < 0.1  < 0.1  

Banksia sessillis 2 15 (15) 0.5 (0.5) < 0.1 < 0.1 

Persoonia longifolia 2 1 (1) 0.1 (0.1) < 0.1 < 0.1 

- Means and percentages are followed by the standard error of the mean 

 

Pooled stem diameter distributions for both control and affected plots show a reverse 

J-shaped stem distribution (Fig. 10) which is characteristic of the NJF population structure 

(Abbott and Loneragan 1986).  Affected plots had greater numbers of stems in the smallest 

diameter classes and were lacking stems in the largest diameter class, compared with 

controls.  Affected plots were found to have higher stem densities overall than controls which 

were mainly due to E. marginata densities (Table 2).  Tree densities on both control and 

affected plots were similar when considering all species, but were greater on affected plots 

when considering E. marginata alone.  Additionally, greater numbers of multiple-stemmed 

trees were present in affected plots.  Multiple-stem coppice regrowth commonly occurs in E. 

marginata following mortality of the main stem, which can result from timber harvest or 

severe disturbance (Abbott and Loneragan 1986; Peet and McCormick 1971).  Most multiple-

stemmed trees measured were E. marginata (78%) and were not the result of timber harvest, 

based on the presence of standing dead stags.  This suggests that affected areas have 

experienced significant stem mortality in the past, followed by a period of regrowth.  The 

four tallest trees on each plot were considered dominant overstorey trees, since a subset of 

measurements recorded an average of four overstorey dominants on each plot.  Dominant 

trees were found to be shorter on affected versus control plots (mixed model F=6.56, 

P=0.0120), despite having similar mean diameters (mixed model F=1.18, P=0.2804). 
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Fig 10  Pooled stem density by diameter class on control and affected plots (n=120).  Columns within each 

diameter class with asterisks within each diameter class are statistically different at alpha=0.05 from Mann 

Whitney U-tests comparing control and affected plots. 
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Table 2  Stem and tree density measures for all E. marginata, and C. calophylla stems on control and affected plots (n=120).   F and P-values represent the results of mixed 

effects models using site as a random factor (MIXED procedure in SAS) 

    Control   Affected     

  Transformation Mean  S.E. Min Max   Mean  S.E. Min Max F-value P-value 

Stem density (stems ha
-1

) square-root 1163 97 265 5040 

 

1369 91 265 3537 3.47 0.0656 

E. marginata (stems ha
-1

) square-root 719 63 88 2122 

 

1021 89 177 3537 9.71 0.0024 

C. calophylla (stems ha
-1

) square-root 189 28 0 973 

 

220 33 0 884 0.08 0.7802 

             Tree density (trees ha
-1

) square-root 881 84 265 4509 

 

971 59 265 2653 2.00 0.1602 

E. marginata (stems ha
-1

) square-root 492 39 88 1238 

 

713 61 88 2653 12.32 0.0007 

C. calophylla (stems ha
-1

) square-root 169 27 0 973 

 

202 31 0 796 0.11 0.7461 

             Multiple-stemmed trees 

(trees ha
-1

) square-root 172 19 0 619 

 

258 29 0 1149 5.42 0.0219 

             Basal area (m
2
 ha

-1
) log 47.5 4.3 6.4 164 

 

38.1 3.7 5.9 164.8 2.28 0.1340 

E. marginata (m
2
 ha

-1
) log 37.3 3.8 0.4 152 

 

31.6 3.5 1.4 149.2 0.04 0.8371 

C. calophylla (m
2
 ha-

1
) log 8.9 2.1 0 82.6 

 

6.8 1.9 0 85.8 2.00 0.1608 

             Regeneration (stems ha
-1

) square-root 1443 159 0 5659 

 

1086 136 0 5128 2.91 0.0914 

E. marginata (stems ha
-1

) square-root 706 114 0 5570 

 

685 118 0 5128 0.04 0.8490 

C. calophylla (stems ha
-1

) square-root 445 74 0 2918   296 64 0 2476 5.14 0.0255 

- Bold values indicate significant relationships 
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Discussion 

The canopy collapse reported here strongly contrasts with forest symptoms associated 

with extended drought conditions in MTFs around the world (Auclair 1992; Carnicer et al. 

2011).  Partial crown dieback, as well as declines in tree growth and health (Lloret et al. 

2004; Ogaya et al. 2003) is commonly reported from MTFs during long-term periods of 

drought, including the recent period in SWWA (Archibald et al. 2005; Auclair 1992; Hooper 

2009).  However, evidence of large-scale complete crown dieback and stem mortality from 

sudden and severe drought conditions have been rare in MTFs (Allen et al. 2010).  Trees in 

MTFs have evolved with frequent and extreme disturbance, including dramatic fluctuations 

in precipitation and temperature (Roberts et al. 2001), which has resulted in unique 

adaptations and survival abilities (James 1984).  For example, background annual mortality 

rates in E. marginata are low, ranging from 0.02% per year in the humid zone to 2.42% per 

year in the subhumid (Abbott and Loneragan, 1983).  Despite these adaptations, results 

presented here illustrate how unprecedented climate conditions can translate to sudden and 

dramatic changes in an MTF, including large-scale stem mortality. 

Intraspecific competition is an important regulating mechanism in moisture limited 

forests, including MTFs (van Noort 1960; Vayreda et al. 2012).  The majority of E. 

marginata mortality takes place shortly after seedling establishment (Stoneman et al. 1995).  

Groups of larger E. marginata trees are not known to self-thin. Instead, in the absence of 

severe disturbance, trees slow their growth and stagnate (Abbott and Loneragan 1986).  It is 

hypothesized that stands can remain in this stagnant condition for centuries before any 

significant density-dependent mortality occurs (Abbott and Loneragan 1986).  The current 

study shows affected plots were more densely stocked, with higher stem densities in the 

smallest diameter classes (1-10 cm and 10-20 cm).  Recent research has indicated that forest 

structure can significantly affect forest transpiration rates in the NJF, such that forest areas 

with higher densities of small stems transpire larger volumes of water than stands of similar 

basal area comprising older trees (Macfarlane et al. 2010).  Therefore, affected plots could 

have been using more water (through increased transpiration rates) than control plots prior to 

collapse.  Alternatively, the epicormic response observed by many severely impacted trees 

coupled with higher densities of multi-stemmed trees in affected sites, may suggest higher 

stem densities are the product of canopy collapse rather than a contributing factor.  The 

discrepancy in forest structure between affected and control plots may be the result of past 

canopy collapse (Batini 2007).  Additional research is required to definitively explain the 

higher stocking levels on affected sites.   
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Site-related variables have been shown to act individually or in conjunction with 

density-dependent competition to influence drought-triggered tree mortality patterns (Guarín 

and Taylor 2005; Greenwood and Weisberg 2008).  This is especially evident in MTFs 

(Lloret et al. 2004; Peñuelas et al. 2000).  Recent evidence suggests site factors influenced the 

occurrence of canopy collapse in the NJF (Brouwers et al. 2013).  Sites at elevated landscape 

positions, close to rock outcrops, low water-holding capacity soils were more likely to be 

affected (Brouwers et al. 2013).  Factors related to variability in soil moisture, including soil 

depth and soil water storage capacity are known to predispose areas of forest to collapse in 

Mediterranean regions (Caspersen and Kobe 2011; Lloret et al. 2004; Peñuelas et al. 2000).  

In SWWA plantations of Pinus pinaster Aiton (McGrath et al. 1991) and Eucalyptus globulus 

Labill. (Harper et al. 2009) are predisposed to crown dieback and stem mortality by shallow 

soil depths during periods of extreme drought.    Eucalyptus marginata is known to maintain 

relatively high transpiration rates during summer (December-February) (Colquhoun et al. 

1984), which has been attributed to its deep root system and access to stored groundwater 

(Dell et al. 1983; Farrington et al. 1995).  Trees on shallow soils however, have limited 

connection to groundwater during extended periods of drought (Dimmock et al. 1974; 

Reprecht and Schofield 1990).  At a regional scale, the interaction between drought, soil 

water deficits, and shallow soils are thought to limit the distribution of E. marginata (Abbott 

and Loneragan 1986).  The recent findings suggest that site and stand factors contribute 

independently and/or interact in predisposing drought and heat triggered canopy collapse in 

the NJF.  A clearer understanding of these factors is required to better predict where future 

collapse events may occur. 

  Co-occurring tree species can respond differently to sudden and severe drought-

triggered disturbances (Batista and Platt 2003).  Peñuelas et al. (2001) found significant 

differential responses among co-occurring species following severe drought conditions in a 

MTF in Spain.  Damage and recovery varied among functional types and genera with 

differing evolutionary histories, suggesting a strong genetic component (Peñuelas et al. 

2001).  Similarly, different degrees of damage and recovery were observed among tree 

species following the extreme conditions reported in this study.  Eucalyptus marginata and 

the co-dominant C. calophylla appear to use different strategies for coping with extreme 

drought conditions.  A higher percentage of E. marginata crowns experienced complete 

dieback, while retaining a relatively high capacity to re-sprout following the disturbance.  In 

contrast, C. calophylla was more likely to maintain its crown, collapsing on only the most 

severely affected sites.  However, affected C. calophylla were much less likely to re-sprout 
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compared to E. marginata.  These observations support recent experimental findings which 

illustrate contrasting physiological strategies during drought conditions, particularly on sites 

with low water holding capacity (Szota et al. 2011).  Corymbia calophylla can likely tolerate 

drought conditions for longer periods, partially due to greater osmotic adjustment and to 

earlier stomatal closure (Szota et al. 2011).  Despite this, physiological limitations of both E. 

marginata and C. calophylla make them highly vulnerable to drought-induced cavitation 

compared to other Mediterranean woody species in SWWA (Poot and Veneklaas 2012).  The 

midstorey species B. grandis was likely the most susceptible tree to this drought-induced 

collapse event, based on our observations that its mortality precedes overstorey tree deaths.  

Banksia grandis and both co-occurring overstorey eucalypts exhibit dimorphic root 

morphologies (Abbott et al. 1989; Dawson and Pate 1996), extending sinker and tap roots 

through channels in the lateritic mantle deep into the soil profile (Dell et al. 1983), which is 

thought to sustain them over summer (December-February) drought periods (Crombie 1992).  

More research on the physiological, anatomical, and behavioural characteristics of B. grandis 

is needed to explain its relatively poor competitive ability on these upland NJF sites.  

Collectively, these results illustrate a differential response of co-occurring tree species to this 

disturbance with C. calophylla being the most resistant to complete crown dieback, E. 

marginata being less resistant, and B. grandis being the least resistant species. 

The role of contributing stress agents in drought and heat-induced forest canopy 

collapses is poorly understood.  In many forest ecosystems insect and disease pests are 

commonly associated with forest collapse events (Shaw et al. 2005; Worrall et al. 2008).  

These pests may either interact closely with climate to tip trees and forests past their 

thresholds (Negrón et al. 2009), or purely function as secondary factors (Worrall et al. 2008).  

Although the extreme climate conditions experienced in 2010-2011 are likely the driver of 

many of the observations made in the NJF, other biotic factors may be acting as predisposing, 

inciting, or contributing agents.  For instance, the role of woodboring Coleoptera ( family 

Cerambycidae), which have been observed in high numbers on some affected plots 

(Matusick, pers. observations), are poorly understood.  Although Phytophthora dieback 

disease (caused by P. cinnamomi Rands) is associated with warm wet conditions in the NJF 

(Dell and Malajczuk 1989), its role in the observed disturbance is not completely understood.  

Preliminary sampling data suggests Phytophthora species are present and active on a small 

percentage of affected sites (Matusick et al. unpublished data).  Future research should 

explore the potential role of root infection by Phytophthora species in predisposing or 

inciting drought and heat-triggered canopy collapse.  Understanding the biology and ecology 
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of these pests along with other potential contributing factors, will assist in determining their 

ultimate impact on the NJF, and other MTFs with continued climate change. 

The long-term consequences of large-scale drought-induced mortality events are 

poorly understood in the NJF and other MTFs.  Widespread crown mortality on affected sites 

has resulted in dramatic changes to site-level microhabitat characteristics including increased 

solar radiation, ground level temperatures and wind speed (Breshears et al. unpublished data).  

These changes are likely to have an impact on the remaining live trees, regeneration rates, 

understorey plant species, and fauna communities.  Fire is an important disturbance agent in 

the NJF and other MTFs around the world (Burrows et al. 1995; Turner et al. 2008).  The 

impact of this collapse on the quantity and distribution of fuels was considerable, with higher 

volumes of dead wood and debris on affected sites compared to the surrounding forest.  The 

implications for how this higher fuel loading will influence fire frequency and intensity are 

likely to be significant.  These effects should be explored further.  

The forest damage reported here, resulting from an unprecedented disturbance event, 

could prove to represent a pivotal point in time for the Northern Jarrah Forest ecosystem.  

Many large trees that have survived on these sites for centuries were killed in 2011.  Like 

other Mediterranean-type forests, the Northern Jarrah Forest is experiencing a long-term 

drying trend with pronounced extreme climate conditions (Bates et al. 2008).  These trends 

are expected to continue and intensify in the coming decades (Suppiah et al. 2007).  These 

forest ecosystems, once thought to be resilient to extreme fluctuations, may be reaching 

critical tipping points (Laurence et al. 2011).  The recent disturbance impacts on Northern 

Jarrah Forest reported here exemplify how  Mediterranean-type forests may transform 

through drought-driven processes in the coming decades with anticipated climate change.   

 

Acknowledgements  

The research was conducted within the Western Australian State Centre of Excellence 

for Climate Change Woodland and Forest Health, which is a partnership between private 

industry, community groups, Universities, and the Government of Western Australia.  We 

thank Michael Pez and Geoffrey Banks, Western Australian Department of Environment and 

Conservation for their assistance in collecting spatial datasets.  Thanks also to David 

Breshears, University of Arizona and Craig Allen, United States Geological Survey for 

visiting research sites and for their discussions regarding the disturbance.  We sincerely thank 

Pieter Poot, University of Western Australia and Frank Batini, Natural Resource 

Management Consultant, Western Australia for their comments and discussion on earlier 



22 

 

drafts.  Finally, we thank two anonymous reviewers for their comments and contribution to 

the final manuscript. 

 

References  

Abbott I, Loneragan O (1983) Growth rate of jarrah (Eucalyptus marginata) in relation to site 

quality in cut-over forest, Western Australia.  Aust. For. Res. 46:91-102 

 

Abbott I, Loneragan O (1986) Ecology of jarrah (Eucalyptus marginata) in the northern 

jarrah forest of Western Australia.  Dept. of Conservation and Land Management, Perth, 

Western Australia. 137 p 

 

Abbott I, Dell B, Loneragan O (1989) The jarrah plant. In: Dell B, Havel JJ, Malajczuk N 

(eds.) The jarrah forest, a complex Mediterranean ecosystem.  Kluwer Academic Publ., 

Dordrecht, pp. 41-51 

 

Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N, Vennetier M, Kitzberger 

T, Rigling A, Breshears DD, Hogg EH, Gonzalez P, Fensham R, Zhang Z, Castro J, 

Demidova N, Lim J-H, Allard G, Running SW, Semerci A, Cobb N (2010) A global 

overview of drought and heat-induced tree mortality reveals emerging climate change risks 

for forests.  For. Ecol. Manag. 259:660-684 

 

Archibald RD, Bowen BJ, Hardy GEStJ, Fox JED, Ward DJ (2005) Changes to tuart 

woodland in Yalgorup National Park over four decades.  In: Calver M, Bigler-Cole H, Bolton 

G, Dargavel J, Gaynot A, Horwitz P, Mills J, Wardell-Johnson J (eds.) Proceedings 6
th

 

National Conference of the Australian Forest History Society Inc., September 2004, Augusta, 

Western Australia.  Millpress, Rotterdam 

 

Auclair, AND (1992) Extreme climatic fluctuations as a cause of forest dieback in the pacific 

rim.  Water Air Soil Pollut. 66:207-229 

 

Barber, V.A., Juday, G.P., Finney, B.P.  2000.  Reduced growth of Alaskan white spruce in 

the twentieth century from temperature-induced drought stress.  Nature 405: 668-672 

 

Bates BC, Hope P, Ryan B, Smith I, Charles S (2008) Key findings from the Indian Ocean 

Climate Initiative and their impact on policy development in Australia.  Climate Change 

89:339-354 

 

Batista WB, Platt WJ (2003) Tree population responses to hurricane disturbance: syndromes 

in a south-eastern USA old-growth forest.  J. Ecol. 91:197-212 

 

Batini FE (2007) The response of Australian forests to a drying climate: a case study of the 

jarrah forest.  Aust. For. 70:213-214 

 

BOM (2011a). Perth in 2010: One of the hottest and driest years on record. Commonwealth 

of Australia 2011, Bureau of Meteorology. 

http://www.bom.gov.au/climate/current/annual/wa/archive/2010.perth.shtml. (accessed 17 

September) 



23 

 

 

BOM (2011b).  Perth in summer 2010/2011: Very hot summer in Perth.  Commonwealth of 

Australia 2011, Bureau of 

Meteorology. http://www.bom.gov.au/climate/current/season/wa/archive/201102.perth.shtml.  

(accessed 25 March 2012) 

Bowker MA, Muñoz A, Martinez T, Lau MK (2012) Rare drought-induced mortality of 

juniper is enhanced by edaphic stressors and influenced by stand density.  J. Arid Environ. 

76:9-16 

 

Breshears DD, Cobb NS, Rich PM, Price KP, Allen CD, Balice RG, Romme WH, Kastens 

JH, Floyd ML, Belnap J, Anderson JJ, Myers OB, Meyer CW (2005) Regional vegetation 

die-off in response to global-change-type drought.  PNAS 102(42):15144-15148 

 

Brouwers NC, Matusick G, Ruthrof K, Lyons T, Hardy G (2013) Landscape-scale assessment 

of tree crown dieback following extreme drought and heat in a Mediterranean eucalypt forest 

ecosystem.  Landscape Ecol. 28:69-80 

 

Burrows ND, Ward B, Robinson AD (1995) Jarrah forest fire history from stem analysis and 

anthropological evidence.  Aust. For. 58:7-16 

 

Carnicer J, Coll M, Ninyerola M, Pons X, Sánchez G, Peñuelas J (2011) Widespread crown 

condition decline, food web disruption, and amplified tree mortality with increased climate 

change-type drought.  PNAS 108(4):1474-1478 

 

Caspersen JP, Kobe RK (2001) Interspecific variation in sapling mortality in relation to 

growth and soil moisture.  OIKOS 92:160-168 

 

Churchward HM, Dimmock GM (1989) The soils and landforms of the northern jarrah forest. 

In: Dell B, Havel JJ, Malajczuk N (eds.) The jarrah forest, a complex Mediterranean 

ecosystem.  Kluwer Academic Publ., Dordrecht, pp. 13-21 

 

Colquhoun IJ, Ridge RW, Bell DT, Loneragan WA, Kuo J (1984) Comparative studies in 

selected species of Eucalyptus used in rehabilitation of the Northern Jarrah Forest, Western 

Australia. I. Patterns of xylem pressure potential and diffusive resistance of leaves.  Aust. J. 

Bot. 32:367-373 

 

Crombie DS (1992) Root depth, leaf area and daytime water relations of jarrah (Eucalyptus 

marginata) forest overstorey and understorey during summer drought.  Aust. J. Bot. 40:113-

122 

 

Croton JT, Reed AJ (2007) Hydrology and bauxite mining on the Darling Plateau.  Restor. 

Ecol. 15(4):S40-S47 

 

Dawson T, Pate JS (1996) Seasonal water uptake and movement in root systems of 

Australian phraeatophytic plants of dimorphic root morphology: a stable isotope 

investigation.  Oecologia 107:13-20 

 

http://www.bom.gov.au/climate/current/season/wa/archive/201102.perth.shtml


24 

 

Dell B, Havel JJ (1989) The jarrah forest, an introduction.  In: Dell B,  Havel JJ, Malajczuk N 

(eds.) The jarrah forest: a complex Mediterranean ecosystem.  Kluwer Academic Publ., 

Dordrecht, pp. 1-10 

 

Dell B, Malajczuk N (1989) Jarrah dieback-a disease caused by Phytophthora cinnamomi.  

In: Dell B, Havel JJ, Malajczuk N (eds.) The jarrah forest: a complex Mediterranean 

ecosystem.  Kluwer Academic Publ., Dordrecht, pp. 67-88 

 

Dell B, Bartle JR, Tacey WH (1983) Root occupation and root channels of jarrah forest 

subsoils.  Aust. J. Bot. 31:615-627 

 

Dell B, Hopkins AJM, Lamont BB (eds.) (1986) Resilience in Mediterranean-type 

ecosystems. Junk Publishers, Dordrecht. 

 

Dimmock GM, Bettenay E, Mulcahy MJ (1974) Salt content of lateritic profiles in the 

Darling Range, Western Australia.  Aust. J. Soil Res. 12:63-69 

 

Farrington O, Rurner JV, Gailitis V (1995) Tracing water uptake by jarrah (Eucalyptus 

marginata) trees using natural abundances of deuterium.  Trees 11:9-15 

 

Fensham RJ, Holman JE (1999) Temporal and spatial patterns in drought-related tree dieback 

in Australian savanna.  J. Appl. Ecol. 36:1035-1050 

 

Ganey JL, Vojta SC (2011) Tree mortality in drought-stressed mixed-conifer and ponderosa 

pine forests, Arizona, USA.  For. Ecol. Manag. 261:162-168 

 

Gentilli J (1989) Climate of the jarrah forest. In: Dell B, Havel JJ, Malajczuk N (eds.) The 

jarrah forest: a complex Mediterranean ecosystem.  Kluwer Academic Publ., Dordrecht, pp. 

23-40 

 

Granzow-de la Cerda I, Lloret F, Ruiz JE, Vandermeer JH (2012) Tree mortality following 

ENSO-associated fires and drought in lowland rain forests of Eastern Nicaragua.  For. Ecol. 

Manag. 265:248-257 

 

Greenwood DL, Weisberg PJ (2008) Density-dependent tree mortality in pinyon-juniper 

woodlands.  For. Ecol. Manag. 255:2129-2137 

 

Guardiola-Claramonte M, Troch PA, Breshears DD, Huxman TE, Switanek MB, Durcik M, 

Cobb NS (2011) Decreased streamflow in semi-arid basins following drought-induced tree 

die-off: a counter-intuitive and indirect climate impact on hydrology.  J. Hydrol. 406:225-233 

 

Guarín A, Taylor AH (2005) Drought triggered tree mortality in mixed conifer forests in 

Yosemite National Park, California, USA.  For. Ecol. Manag. 218:229-244 

 

Harper RJ, Smettem KRJ, Carter JO, McGrath JF (2009) Drought deaths in Eucalyptus 

globulus (Labill.) plantations in relation to soils, geomorphology and climate. Plant Soil 

324:199-207 

 



25 

 

Havel JJ (1989) Land use conflicts and the emergence of multiple land use.  In: Dell B, Havel 

JJ, Malajczuk N (eds.) The jarrah forest: a complex Mediterranean ecosystem.  Kluwer 

Academic Publishers, Dordrecht, pp. 281-314 

 

Havel JJ (1975) Site-vegetation mapping in the northern jarrah forest (Darling Range).  I. 

Definition of site vegetation types.  Bulletin 86, Forests Department Western Australia. 

 

Hogg EH, Brandt JP, Kochtubajda B (2002) Growth and dieback of Aspen forests in 

northwestern Alberta, Canada, in relation to climate and insects.  Can. J. For. Res. 38:1373-

1384 

 

Hooper RJ (2009) The role of stress and factors contributing to the decline of Eucalyptus 

wandoo (Blakely) in southwestern Australia.  Dissertation, University of Western Australia, 

Perth   

 

Huang C-Y Asner GP, Barger NN, Neff JC, Floyd ML (2010) Regional aboveground live 

carbon losses due to drought-induced tree dieback in piñyon-juniper ecosystems.  Remote 

Sens. Environ. 114:1471-1479 

 

James S (1984) Lignotubers and burls-their structure, function and ecological significance in 

Mediterranean ecosystems.  Bot. Rev. 50(2):225-266 

 

Jump A, Hunt JM, Peñuelas J (2006) Rapid climate change-related growth decline at the 

southern range edge of Fagus sylvatica.  Glob. Change Biol. 12:2163-2174 

 

Kinal J, Stoneman GL (2011) Hydrological impact of two intensities of timber harvest and 

associated silviculture in the jarrah forest in south-western Australia. J. Hydrol. 399(1-2):108-

120 

Laurence WF, Dell B, Turton S, Lawes MJ, Hutley LB, McCallum H, Dale P, Bird M, Hardy 

G, Prideaux G, Gawne B, McMahon CR, Yu R, Hero J-M, Schwarzkopf L, Krockenberger A, 

Douglas M, Silvester E, Mahony M, Vella K, Saikia U, Wahren C-H, Xu Z, Smith B, Cocklin 

C (2011) The 10 Australian ecosystems most vulnerable to tipping points.  Biol. Conserv. 

144:1472-1480 

 

Lemmon PE (1956) A spherical densitometer for estimating forest overstorey density.  For. 

Sci. 2:314-320 

 

Lloret F, Siscart D, Dalmases C (2004) Canopy recovery after drought dieback in holm-oak 

Mediterranean forests of Catalonia (NE Spain).  Glob. Change Biol. 10:2092-2099 

 

Macfarlane C, Bond C, White DA, Griss, AH, Ogden GN, Silberstein R (2010) Transpiration 

and hydraulic traits of old and regrowth eucalypt forest in southwestern Australia.  For. Ecol. 

Mang. 260:96-105 

 

Matusick G, Ruthrof KX, Hardy GSt.J  (2012)  Drought and heat triggers sudden and severe 

dieback in a dominant Mediterranean-type woodland species.  Open J. For. 2(4): 183-186 

 

McGrath JF, Ward D, Jenkins PJ, Read B (1991) Influence of site factors on the productivity 

and drought susceptibility of Pinus radiate in the Blackwood Valley Region of Western 



26 

 

Australia.  In: Ryan PJ (Ed.) Productivity in perspective.  Third Australia forest soils and 

nutrition conference.  Forestry Commission of New South Wales, Sydney, Melbourne, pp. 

65-66 

 

 

Mittermeier RA, Turner WR, Larsen FW, Brooks TM, Gascon C (2011) Global Biodiversity 

Conservation: The Critical Role of Hotspots. In: Zachos FE, Habel JC (eds.) Biodiversity 

Hotspots: Distribution and Protection of Conservation Priority Areas. Springer-Verlag Berlin, 

Heidelberg, pp 3-22 

 

Mueller RC, Scudder CM, Porter ME, Trotter RT, Gehring CA, Whitham TG (2005) 

Differential tree mortality in response to severe drought: evidence for long-term vegetation 

shifts.  J. Ecol. 93:1085-1093 

 

Mulcahy MJ (1960) Laterites and lateritic soils in south-western Australia.  J. Soil. Sci. 

11:206-225 

 

Negrón JF, McMillin JD, Anhold JA, Coulson D (2009) Bark beetle-caused mortality in a 

drought-affected ponderosa pine landscape in Arizona, USA.  For. Ecol. Manag. 257:1353-

1362 

 

Nicault A, Alleaume S, Brewer S, Carrer M, Nola P, Guiot J (2008) Mediterranean drought 

fluctuation during the last 500 years based on tree-ring data.  Clim. Dyn. 31:227-245 

 

Ogaya R, Peñuelas J (2007) Tree growth, mortality, and above-ground biomass accumulation 

in a holm oak forest under a five-year experimental field drought.  Plant Ecol. 189:291-299 

 

Ogaya R, Peñuelas J, Martínez-Vilata J, Mangirón M (2003) Effect of drought on diameter 

increment of Quercus ilex, Phillyrea latifolia, and Arbutus unedo in a holm oak forest of NE 

Spain.  For. Ecol. Manag. 180:175-184   

 

 

Peet GB, McCormick H (1971) Short-term responses from controlled burning and intense 

fires in the forests of Western Australia.  Bulletin 79, Forests Department, Perth, Western 

Australia 

 

Peñuelas J, Filella I, Lloret F, Piñol J, Siscart D (2000) Effects of a severe drought on water 

and nitrogen use by Quercus ilex and Phillyrea latifolia.  Biol. Platarum 43(1):47-53 

 

Peñuelas J, Lloret F, Montoya R (2001) Severe drought effects on Mediterranean woody flora 

in Spain. For. Sci. 47:214-219 

 

Petrone K C, Hughes JD, Van Biel TG, Silberstein RP (2010) Streamflow decline in 

southwestern Australia, 1950-2008.  Geophys. Res. Lett. 37:L11401 

 

Poot, P., Veneklaas, E.J.  2012.  Species distribution and crown decline are associated with 

contrasting water relations in four common sympatric eucalypt species in southwestern 

Australia.  Plant Soil  doi: 10.1007/s11104-012-1452-8 

 



27 

 

Raftoyannis TY, Spanos I, Radoglou K (2008) The decline of Greek fir (Abies cephalonica 

Loudon): relationships with root condition.  Plant Biosystems- An International Journal 

Dealing with all Aspects of Plant Biology: Official Journal of the Societa Botanica Italia 

142:386-390 

 

Roberts N, Meadows ME, Dodson JR (2001) The history of mediterranean-type 

environments: climate, culture and landscape.  Holocene 11(6):631-634 

 

Ruprecht JK, Schofield NJ (1990) Seasonal soil water dynamics in the jarrah forest, Western 

Australia. I: Results from a hillslope transect with course-textured soil profiles.  Hydrol. 

Process. 4(3):241-258 

 

Sarris D, Christodoulakis D, Körner C (2007) Recent decline in precipitation and tree growth 

in the eastern Mediterranean.  Glob. Change Biol. 13:1187-1200 

 

Shaw JD, Steed BE, DeBlander LT (2005) Forest inventory and analysis (FIA) annual 

inventory answers the question: what is happening to pinyon-juniper woodlands?  J. Forest. 

103(6):280-285 

 

 

Starkey DA, Oliveria F, Mangini A, Mielke M (2004) Oak decline and red oak borer in the 

interior highlands of Arkansas and Missouri: Natural phenomena, severe occurrences.  In: 

Spetich MA (ed.) Upland oak symposium: history, current conditions, and sustainability.  

U.S. Dep. Agric. For. Serv. Southern Research Station. Gen. Tech. Rep.  SRS-73. Asheville, 

NC., pp. 217-222 

 

Stoneman GL, Dell B, Turner NC (1995) Growth of Eucalyptus marginata (jarrah) seedlings 

in Mediterranean-climate forest in response to overstorey, site, and fertilizer application.  For. 

Ecol. Manag.  79:173-184 

 

Suppiah R, Hennessy KJ, Whetton PH, McInnes K, Macadam I, Bathols J, Rickets J, Page 

CM (2007) Australian climate change projections derived from simulations performed for the 

IPCC 4
th

 assessment report.  Aust. Met. Mag. 56:131-152 

 

Szota C, Farrell C, Koch JM, Lambers H, Veneklaas EJ (2011) Contrasting physiological 

responses of two co-occurring eucalyptus to seasonal drought at restored bauxite mine sites.  

Tree Physiol. 31:1052-1066 

 

Turner R, Roberts N, Jones MD (2008) Climatic pacing of Mediterranean fire histories from 

lake sedimentary microcharcoal.  Global Planet. Change 63: 317-324 

 

van Noor, AC (1960) The development of jarrah regeneration.  Bulletin 65, Forests 

Department, Western Australia 

 

Veyreda J, Martinez-Vilalta J, Gracia M, Retana J (2012) Recent climate changes interact 

with stand structure and management to determine changes in tree carbon stocks in Spanish 

forests.  Glob. Change Biol. 18:1028-1041 

 



28 

 

Worrall JJ, Egeland L, Eager T, Mask RA, Johnson EW, Kemp PA, Shepperd WD (2008) 

Rapid mortality of Populus tremuloides in southwestern Colorado, USA.  For. Ecol. Manag. 

255:686-696 

 

Zavala MA, Espelta JM, Retana J (2000) Constraints and trade-offs in Mediterranean plant 

communities: The case of Holm Oak-Aleppo Pine forests.  Bot. Rev. 66(1):119-149 


	cover page author's version
	sudden forest canopy collapse

