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The impact of wind on trees in Australian tropical
savannas: lessons from Cyclone Monica
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Abstract The role of tropical cyclones in structuring tropical rainforests has long been recognized in the
Americas and northern Australia. However, their role in the dynamics of Australian savannas has received little
attention compared with the effects of fire and drought. In April 2006, Tropical Cyclone Monica caused trees
to be snapped or uprooted across a swath about 50 km wide and 130 km inland in northern Australia. The
proportion of trees damaged was assessed using on-ground surveys and interpretation of aerial photographs
along the cyclone path and along several perpendicular transects. From these data, a relationship between the
damage to trees and estimated maximum gust speed was developed. From knowledge of gust recurrence, curves
were then derived describing the changes with distance inland in the average recurrence interval for tree
windthrow events. These relationships were consistent with the historical record of tree damage in the northwest
of the Northern Territory. It was concluded that windthrow has profound, but hitherto unrecognized implica-
tions for ecological processes such as tree dynamics and fluxes of carbon and water in Australian tropical

savannas.
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INTRODUCTION

Large infrequent disturbances can have a substantial
role in structuring plant communities (Gillson 2006),
and research on the impacts of extreme events is an
expanding area of ecological research (Jentsch ez al.
2007). In the lands adjoining the seven basins in
which tropical cyclones form globally, extreme winds
are a major agent of disturbance, capable of destroy-
ing entire forests in a day. While there is an extensive
literature on their role in structuring tropical rainfor-
ests and temperate North American forests (Webb
1958; Boose et al. 1994; Bowman & Panton 1994;
Myers & van Lear 1998; Grove er al. 2000; Uriate
et al. 2004; Ostertag er al. 2005; Franklin 2007), the
effects on tropical savannas have been little consid-
ered. This is partly because tropical cyclones do not
affect most of the world’s terrestrial wet/dry tropics,
which is the climatic belt most favourable to savanna
ecosystems. However, most of northern Australia is
dominated by savanna vegetation but is also subject
to frequent tropical cyclones in coastal and sub-
coastal regions and by cyclonic influences further
inland.

The effects of tropical cyclones on savanna vegeta-
tion will differ markedly from those on tropical
forests, because, unlike tropical forests, savannas are
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characterized by frequent disturbances from fire as
well as the stress of seasonal drought. Whereas
savanna fires affect mainly smaller trees and typically
have little impact on total basal area (Bowman &
Panton 1994; Cook et al. 2005b), tropical cyclones
affect mainly the medium and larger trees and can
substantially reduce the live basal area. Further, there
can be strong interactions between fires and tropical
cyclone damage (Wilson & Bowman 1987b; Bowman
& Panton 1994). In a savanna dominated by Prnus
elliotrii (Englem var. densa Little & Dor.) in Florida,
USA, dry season fires before Hurricane Andrew in
1992 markedly increased mortality of trees during
and after the hurricane (Platt er al. 2002).
Understanding the impact of infrequent distur-
bances such as tropical cyclones on ecosystems is
essential for valid estimates of Net Ecosystem Pro-
ductivity and Net Biome Productivity (Randerson
et al. 2002). In the USA, a single hurricane can
convert 10% of that country’s total annual carbon
storage into dead and downed forest biomass
(McNulty 2002). However, the infrequent nature of
such events and their disproportionate impact com-
pared with their short duration makes their signifi-
cance difficult to estimate and appreciate (Jentsch
et al. 2007). For example, recent estimates of carbon
sequestration rates for savannas in the Top End of the
Northern Territory do not consider the possibility
that study sites could be recovering from historic
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tropical cyclone damage (Williams er al. 2004; Cook
et al. 2005b; Beringer er al. 2007), despite the record
of frequent tropical cyclone damage to trees in the
region (Bureau of Meteorology 1977; Murphy 1984;
Wilson & Bowman 1987b). The conclusion of the
authors that the region is a net sink for carbon may
therefore represent a decadal-scale response to the
effects of cyclonic disturbance, and not be due to
woody thickening in response to management
changes or increasing atmospheric CO,. It is likely
that for sub-coastal Australian savannas, tropical
cyclones as well as fires are major contributors to
carbon fluxes at decadal and centennial time scales,
just as for much of Queensland and East Africa,
drought is a major contributor to vegetation and
carbon dynamics (Fensham & Holman 1999;
Fensham ez al. 2005; Gillson 2006).

Tropical Cyclones and other extreme wind events
are known to have substantial impact on Australian
savanna trees (Cameron eral. 1983; Wilson &
Bowman 1987a; Williams & Douglas 1995). Given
that large savanna trees in northern Australia could
be 200-300 years old (Cook et al. 2005a,b), there is
a high likelihood that cyclonic winds could affect
trees stands within 100 km or more of the coast
several times within the lifespan of individual trees. It
has been hypothesized that any substantial changes
from prevailing disturbance regimes will result in
marked changes in savanna structure and production
(Walker & Mentis 1988; Canadell eral. 2007).
However, the long-term effects of tropical cyclones
on savannas can be difficult to interpret (Wilson &
Bowman 1987b; Bowman & Panton 1994), and no
framework for interpreting cyclonic disturbance has
been developed for Australian savannas. Given that
tropical cyclone frequency in north-eastern Australia
appears to have been much greater between 1600
and 1800 than over the past two centuries (Nott &
Hayne 2001; Nott 2004; Nott et al. 2007), and the
frequency of destructive tropical cyclones may be
rising in north-western Australia (Kossin ez al. 2007)
a better understanding of their effects on savannas is
required.

In 2006, Cyclone Monica, which was one of the
most intense tropical cyclone recorded to make land-
fall in the southern hemisphere, provided an opportu-
nity to examine the impact of cyclonic winds on tree
dynamics in Australian savannas. In this paper, we
present data on the immediate impact of the tropical
cyclone on savanna trees and put this in the context
of tropical cyclones as recurrent disturbances. We
develop a relationship to describe the probability
of windthrow events and compare this with the evi-
dence of historic impacts of tropical cyclones on
vegetation. We discuss the incorporation of these find-
ings into models of ecosystem function and tree
dynamics in Australian tropical savannas.
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MATERIALS AND METHODS

Meteorology of Cyclone Monica

Cyclone Monica developed in the Coral Sea on 17
April 2006. After crossing Cape York Peninsula in
Queensland, it tracked along the north coast of the
Northern Territory, crossing land at Junction Bay,
about 35 km west of Maningrida on 24 April 2006 at
about 20:00 h local time (Fig. 1). Before it crossed
land, it had developed into an extremely intense tropi-
cal cyclone with an estimated central pressure of
917 hPa. It weakened rapidly as it travelled inland
towards Jabiru (Table 1).

We fitted a logistic decay curve to describe the
decline in maximum gust speeds along the cyclone
track through points B and C (Table 1) by assuming
that the gusts declined from 100 m s™ at the coast
(17.6 km southwest of Point A) (Fig. 2). The relation-
ship of gust speed (Vu.: ms™) to linear distance (d:
km) inland was:

Vguxz:100/(1+(d/53'541)0.6909) W

Records of wind and gust speed and wind directions
were provided by the Bureau of Meteorology for
Manigrida (12.05°S, 134.23°E) for the passage of
Cyclone Monica. At Maningrida, gusts peaked at
41 m s at 19:00 h, with wind direction changing
from southerly to northerly as the cyclone passed
(Fig. 3). At Jabiru (12.66°S, 132.89°E), the peak gust
was 35 m s,
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Fig. 1. The approximate path of Cyclone Monica in
northwestern Northern Territory, showing the location of
flown transects (thin lines), sites with intensity data
(Table 1) and other sites with historic records of tree
damage (Table 2).
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Table 1. The properties of Cyclone Monica just prior to and after landfall as determined from interpretation of satellite

imagery (source: Australian Bureau of Meteorology)

Position Date & local Current Maximum 3 s gust Ryt Forward speed
Site (°S, °E) time (h) Intensity® (ms™) (km) (ms™)
A 11.8, 134.0 24 April 18:30 7.5 100 22 4.2
B 12.0, 133.7 24 April 21:30 5.5 64 22 3.6
C 12.6, 132.9 25 April 03:30 3.5 36 28 5.1
D 12.5, 131.4 25 April 09:30 1.5 18 - 7.5

Dvorak estimate see Velden ez al. (2006). *Radius of maximum winds.
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Fig. 2. The relationship between maximum gust speed of
Cyclone Monica and distance inland along the cyclone path.
Dots represent estimates of gust speed derived from Dvorak
values of current intensity.
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Fig. 3. Recorded changes in 3 min mean wind speed (solid
line), 3 s gust speed (dotted line), and wind direction (dashed
line) at Maningrida during the passage of Cyclone Monica.

Study site

In common with much of the Top End of the Northern
Territory, the landscape traversed by Cyclone Monica
comprised mainly savanna open woodlands domi-
nated by Eucalyptus spp. and Corymbia spp. trees on
gently undulating plains, interspersed with dissected

doi:10.1111/j.1442-9993.2008.01901.x

sandstone plateaux (Wilson ez al. 1990; Lynch &
Wilson 1998). Melaleuca spp. trees dominated coastal
and riparian wetlands, while extensive mangrove com-
munities occurred in estuaries. For most of Cyclone
Monica’s swath, the altitude was less than 50 m above
sea level, with the dissected sandstone plateaux reach-
ing about 270 m.

Measurements of tree damage

We surveyed tree damage at several locations along the
Maningrida Road and along the coast between Man-
ingrida and Junction Bay. At each site, we assessed
every tree along several 50 m X 10 m belt transects.
Here we report data on the proportion of trees
uprooted or snapped. For each fallen tree, we also
recorded the direction of its fall.

On 12 and 13 February 2007, we flew at an altitude
of approximately 150-200 m above-ground along five
transects to assess the damage to trees along the
cyclone swath (Fig. 1). One transect was along the
central path of the eye of the cyclone, and another
parallel and 20 km to the east. Three transects were
approximately perpendicular to the cyclone path. We
took vertical to slightly oblique digital photographs,
approximately every 2 km along each transect. Within
a photograph, we selected an area in which tree
damage could be reliably assessed and counted every
tree. Each tree was classified into one of four classes
(i) standing: with leaves and third order branches; (ii)
damaged: defoliated with loss of minor branches; (ii)
uprooted; and (iv) snapped trunk.

Determining the relationship between gust
speed and tree damage

The area surrounding Maningrida was the first main-
land part of the Northern Territory to have tree
damage owing to Cyclone Monica. At Maningrida, we
used the anemometer records together with the tree
fall angles to examine the progressive damage to trees
as the cyclone approached and receded. We first fitted
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linear equations to the change in wind direction
(Fig. 3) over time from 13:00 h 24 April to 05:50 h 25
April. From this relationship and the direction of fall
of each surveyed tree, we calculated the time at which
each tree could be assumed to have fallen. We then
fitted an equation to describe the changes in gust
speed with time separately for the approach and retreat
of the cyclone. As we knew the time at which each tree
fell, this equation allowed us to calculate the gust
speed responsible for the fall of each tree.

A relationship describing the annual probability of
tree damage owing to cyclonic gusts in subcoastal
areas of northwestern Northern Territory was devel-
oped by combining the relationship of gust speed and
tree damage with a new recurrence interval relation-
ship for cyclonic gusts developed by G. D. Cook
(unpub.) based on the modelling approach of
Emanuel and colleagues (Emanuel eral. 2004;
Emanuel er al. 2006a,b).

This relationship was compared with historic
records of tree damage owing to tropical cyclones in
the north-west of the Northern Territory. These
records were extracted from the compilation by
Murphy (1984) and supplemented from various
sources for more recent tropical cyclones.

RESULTS

The ground-based assessments of immediate tree
damage caused by cyclonic winds shows a steady
increase in the proportion of trees uprooted or
snapped, top killed and defoliated with increasing
maximum gust speed (Table 2). At Maningrida and
Jabiru, few trees were completely defoliated and the
proportion of trees snapped and uprooted was less
than half that from Cyclone Tracy in Darwin in 1974.
Tree damage increased rapidly westwards from Man-
ingrida towards Junction Bay with the proportions of
windthrown, killed and completely defoliated trees
exceeding that from Cyclone Tracy (Table 2).

Data from each of the three aerial survey transects
perpendicular to the cyclone path showed that the
proportion of uprooted and snapped trees was greatest
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to the east of the cyclone path. The relationship
between the proportion of trees uprooted or snapped
(v: %) to perpendicular distance (r: km) from the
cyclone path was adequately described by peaked log-
normal equations:

¥ =83.79 x exp(~0.5x (In ((100 - r)/88.2)/0.19)*) 2
adjr*=0.71

»="70.86x exp(—0.5x (In((100 - )/91.9)/0.13)*) -
adjr*=0.58

¥ =36.7x exp(-0.5x (In((100 - )/92.7)/0.07)°)

. 4)
adjr*=0.92

The eye was overhead the central point of these
transects at about the following local times: Equation
1: 22:00 h 24 April; Equation 2: 23:00 h 24 April; and
Equation 3: 03:00 h 25 April. The fitted curves indi-
cate that peak damage was about 12 km east of the
cyclone path just after landfall, and about 7-8 km east
of the path about 4-7 h after landfall. The maximum
damage declined as the cyclone weakened overland
(Fig. 4).

Synthesis of the data on tree fall direction at Man-
ingrida with the anemometer records indicated that a
steadily increasing proportion of trees were uprooted
or snapped as gust speed increased with Cyclone
Monica approaching until about 18:40 h local time
(Fig. 6). A much smaller proportion of trees fell during
the period of declining peak gust speeds as the cyclone
retreated.

We extended the relationship between peak gust
speed and the proportion of uprooted and snapped
trees at Maningrida (Fig. 5), by including data from
the perpendicular transects. We calculated the
maximum gust speed for the transects at 21:00 h and
23:00 h on 24 April by adding the forward motion
(Table 1) to the peak gust speed estimated from Equa-
tion 1. We then fitted a 4-parameter Weibull equation
to these data:

¥ =82.1x(1-exp(~((abs (Vyu, — 35.1+25.4 X
(In(2)"7")/25.4%7)) ®)

Table 2. The effect of maximum gust speed on the damage to trees by Cyclones Monica and Tracy

Vinax Uprooted or snapped Top killed Completely defoliated
Site (ms™) trunk (%) (%) (%)
Jabiru® 35 - -
Maningrida 41 17.5 15 20
Darwin* 60-75 42.5 - 40
¢. 30 km east of Junction Bay c. 80 42 70
Within 22 km of Junction Bay 100 60 84

tData courtesy of G. Staben, June 2007. *Data for Cyclone Tracy from Cameron ez al. (1983) and Emanuel (2005).
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Fig. 4. Variation in the cumulative proportion of trees
uprooted or snapped along three transects approximately
perpendicular to the path of Cyclone Monica. The solid lines
represent fitted log-normal curves at the labelled times, while
the dot-dashed, dashed and dotted lines represent calibrated
raw data for 20:00 h, 24 April 2007; 23:00 h, 24 April 2007
and 03:00 h, 25 April 2007, respectively.
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Fig. 5. The effect of gust speed on the proportion of trees
uprooted or snapped at Maningrida. The dashed line repre-
sents the impact of increasing gust speeds during the advance
of the cyclone, while the dotted line represents the impact
during the retreat. The solid line represents the cumulative
impact of increasing peak gust speeds.

Where y is the proportion of snapped or uprooted
trees. This relationship is not valid for gust speeds
<20 m s, the speed below which gusts caused negli-
gible windthrow to the savanna trees. The equation
reached an asymptote at 82.1% indicating that even at
the highest gust speed, some trees remained standing.
Tree damage reached about 90% of this asymptote at
gust speeds of about 60 m s,

By calculating gust speed at each sampling point
along the cyclone path, we related the proportion of
uprooted and snapped trees of savanna woodland sites
to gust speed. The data indicated that damage

doi:10.1111/j.1442-9993.2008.01901.x
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Fig. 6. The relationship between gust speed and the pro-
portion of trees uprooted or snapped. @: Measured on
ground at Maningrida (up to 41 ms™") and derived from
Equations 2—4; other points were estimated from aerial pho-
tographs along transect 1 for plains sites [, dissected sand-
stone sites A and wetland sites Y. The solid line represents a
fitted Weibull Equation 5 through the Maningrida data and
that derived from the perpendicular transects.

increased rapidly as gusts increased from about
40-60 m s! thereafter remaining high (Fig. 6). Tree
damage in the plains and dissected sandstone sites
showed a wide scatter about the curve, while for the
wetlands, the proportion thrown was greater than pre-
dicted from Equation 5.

For the coastal and riparian wetlands dominated by
Melaleuca spp. trees, more than 60% of trees were
uprooted or snapped regardless of gust speed above
40 m s™'. For trees among dissected sandstone, the
proportion uprooted or snapped was either similar to,
or less than expected for trees in open areas (Fig. 6).
From visual observations, it was apparent that funnel-
ling of winds through some narrow passes within the
dissected sandstone had substantially greater effects
on trees, but this was not captured photographically.

We fitted a 2-parameter logarithmic equation to the
modelled data on recurrence intervals (7 years) of
tropical cyclone gusts (G. D. Cook unpub.):

Vi = —3.58+15.48 xIn(T) adjr>=0.99 (6)

Taking Equation 1 as a typical description of declin-
ing wind speed with distance inland, we then calcu-
lated annual exceedence probabilities (AEP) for
cyclonic gust speeds with distance inland. We com-
pared these values with estimated maximum thunder-
storm gusts for each AEP (AS/NZS 1170.2: 2002),
and took the highest value. Intersecting these relation-
ships with Equation 5 gave a series of relationships
describing the AEP for windthrow for varying dis-
tances inland (Fig. 7). The results show that about
once every hundred years (AEP = 0.01), about 67% or
more of trees could be expected to be windthrown
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Fig. 7. The average recurrence interval of windthrow
events estimated for savanna trees with varying distances
inland in the Darwin region.

owing to cyclone damage along the coast, and about
42% or more windthrown from thunderstorms or
cyclones 25 km or more inland.

The results shown in Figure 7 are consistent with
historic records from the north-west Northern Terri-
tory (Table 3). These show that tropical cyclones
caused at least 13 significant windthrow events in the
region in the past 170 years, with most locations
recording at least two substantial windthrow events.

DISCUSSION

The development of a framework for understanding
the role of tropical cyclones in savanna dynamics will
require knowledge of (i) their immediate impacts; (ii)
subsequent recovery processes and especially any
interaction with fires; (iii) effects on landscape pro-
cesses; and (iv) the probability of recurrence.

A number of scales to relate the immediate impact of
cyclonic gusts to tree damage have been published
(Guard & Lander 1999; Cullen 2002; McDonald &
Mehta 2006), and theoretical models of windthrow
developed (Baker 1995). The degree of damage caused
by Cyclone Monica to the vegetation at Junction Bay is
consistent with the damage expected in the tropical
Pacific from cyclonic gusts greater than 90 ms™’
(Guard & Lander 1999). However, comparison of the
degree of damage to the eucalypts in this study with
the impact of Hurricane Hugo in Peurto Rico (Francis
& Gillespie 1993) indicates that eucalypts may be
more resistant to wind than Caribbean rainforest trees.
In Puerto Rico, tree damage increased greatly as gust
speeds increased from 17-36 m s, well below the
observed gust speeds which caused rapidly increasing
damage from Cyclone Monica. It is likely that the
sclerophyllous leaves of eucalypts resist defoliation for
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longer than typical leaves of rainforest trees, and the
harder wood resists breakage. Regardless of the wood
strength, retention of leaves is likely to increase the
proportion of trees snapped or uprooted owing to the
greater wind load.

Although the dynamics of the Eucalyptus miniata
and E. tetrodonta savannas of northern Australia have
been widely researched (Williams ez al. 1999; Russell-
Smith ez al. 2003; Andersen et al. 2005; Brook &
Bowman 2006; Liedloff & Cook 2007), we could find
just three papers which discussed the impact of wind
damage on savanna vegetation in the region (Wilson &
Bowman 1987b; Bowman & Panton 1994; Williams &
Douglas 1995). This lack of consideration given to
recurrent windthrow events in savannas by north Aus-
tralian ecologists may have led to misapprehensions
about the drivers of vegetation dynamics in the region.

Canopy removal is known to increase tree growth
rates in terms of increments in diameter at breast
height from the 2 to 3 mm per year typical of intact
savannas to 10 mm per year where the canopy has
been removed (Cook ez al. 2005b). Thus a rapid
replacement of canopy trees could be possible follow-
ing such disturbances. In the northern eucalyptus
savannas, tree populations often have bimodal size
structures comprising canopy trees and short woody
resprouts. This pattern has been ascribed to lack of
recruitment to the canopy as a result of the impact of
recurrent fires and feral buffalo (Petty er al. 2007).
Under an intact canopy, seedlings and woody
resprouts usually require several years fire free to
escape from defoliation or death (Fordyce et al. 1997).
Occasional rapidly growing woody resprouts may be
able to escape fire traps, but intact tree canopies exert
strong competition restricting recruitment of juveniles
(Fensham & Bowman 1992). With the estimated one
in 100 year event from thunderstorms alone resul-
ting in a 42% decrease in total basal area (Fig. 7), fire
may play a secondary role in structuring savanna
woodlands.

The typical above-ground carbon stock of eucalyp-
tus savannas in the region is about 40 t ha™” (Cook
et al. 2005b). Combustion of all of the above-ground
carbon stock across the area of approximately
4000 km? in which at least 30% of trees were
windthrown and most of the remainder severely
damaged, would release about 60 Mt CO, (Cook er al.
2005b; National Greenhouse Gas Inventory Commit-
tee 2007). This is equivalent to about 10% of Austra-
lia’s total annual anthropogenic greenhouse gas
emissions. The rate of combustion of standing and
lying dead wood is poorly known in these savannas and
the fate of severely damaged, but still standing trees is
as yet unknown, but with a fire frequency of about one
every 2 years (Russell-Smith er al. 1998; Yibarbuk
et al. 2001; Andersen er al. 2005), a substantial pro-
portion of dead wood should burn within a decade.
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Table 3. Historic records of tree damage owing to Tropical Cyclones in northwestern Northern Territory. Data derived from
Murphy (1984) and Bureau of Meteorology records

Date

Description of vegetation damage

April 1827
November 1839

January 1897

December 1915
April 1917

Mar 1919

March 1937
December 1948
December 1974

March 1981
April 1985
December 98
December 2003
March 2005

April 2006

Tiwi Islands (Fort Dundas): . . . broke or rooted up mostly every fruit tree

Coburg Pennisula (Victoria Settlement): Trees were torn up and falling about in every direction; large
branches were carried by the force of the wind some hundred yards

Darwin: The high forest timber in all directions having been uprooted or stripped of branches and
leaves
Cox Peninsula (Charles Point Lighthouse): . . . the whole forest is denuded of leaves, thousands of
trees being torn up or broken off
Regional impact: the timber inland along the railway line has been levelled for a distance of about
50 miles.

Cox Peninsula (Charles Point): . . . the surrounding forest was left almost impassable with fallen
timber and the trees left were bare poles.

Darwin: A large number of trees had been uprooted . . .

Many trees destroyed north of town

Tiwi Islands (Nguiu): towards 10 o’clock, trees began falling . . . a clean sweep

Coburg Pennisula (Cape Don Lighthouse): Thousands of trees were uprooted and the remainder were
denuded of leaves

Darwin: Hundreds of trees uprooted

Cox Peninsula: . . . on west side of harbour the trees had all been stripped of their foliage

Tiwi Islands (Nguiu): Many mango trees blown down.

Darwin: Almost totally destroyed vegetation . . . extended inland for about 80 km. In the worst area
near Darwin about half of the trees in the open forest areas were felled, with those remaining
standing solemnly naked, devoid of all foliage and small branches

Darwin: A large number of garden trees were blown down

Darwin: A large number of windthrown trees

Northern Bathurst Island and northwestern Melville Island: 30-60% trees windthrown were felled or
snapped; trees in more exposed coastal areas

30-40% of trees felled at impact area between Goulburn Island and Maningrida, patchy tree damage
(5-40%) on Goulburn Island

Coburg Peninsula and NE Melville Island: many trees windthrown, most defoliated, 30-40 km? of
Acacia plantations destroyed

Junction Bay to Jabiru: trees windthrown up to 130 km inland from Junction Bay, with up to c. 80%

windthrown at landfall.

Thus the evidence from Cyclone Monica is consistent
with McNulty’s (2002) conclusion from the USA that
single hurricanes can substantially impact the national
carbon flux through its immediate impact. The carbon
sequestration capacity of the savanna trees will also
remain low for several years until they recover their leaf
area (McNulty 2002).

In addition to the impact on carbon sequestration,
typical stands of savanna trees in the region use more
than 300 mm of water per year (Hutley ez al. 2000). In
north-western Arnhem Land, this is equivalent to
about 25-33% of the annual rainfall. By denuding
almost the entire catchment of the Goomadeer River,
Cyclone Monica is likely to cause substantial increases
in water flow in the river particularly as a result of
increased groundwater flow during the winter dry
season. The duration and depth of inundation of wet-
lands is also likely to increase with consequent changes
to wetland fauna and flora dynamics. These changes
will be additional to the generally greater impact of the
cyclone on wetland trees owing to the softer soil result-
ing in higher rates of windthrow.

doi:10.1111/j.1442-9993.2008.01901.x

Compared with the Atlantic basin, historic written
records of tropical cyclones and their recurrent
impacts in northern Australia are much sparser and
more recent. While records of severe hurricanes and
their impacts have been compiled back to 1700, 1635
and 1667 for Puerto Rico, the New England district of
northeastern USA, and southern USA, respectively
(Boose er al. 1994; McNulty 2002), the earliest written
record of a tropical cyclone in the Northern Territory
was from 1827 (Murphy 1984). Nevertheless, the
records indicate that frequent disturbance by tropical
cyclones is characteristic of the coastal savannas of the
Northern Territory (Table 3). The Northern Territory
remains very sparsely settled by global standards, and
historic observations of tree damage from tropical
cyclones were usually made in coastal settlements. The
record is likely to be both incomplete and under-
representing the effects inland. A consideration of the
overland decay of tropical cyclones indicates that fast
moving intense tropical cyclones could still cause sub-
stantial tree damage at least 100 km inland (Kaplan &
DeMaria 1995; DeMaria et al. 2006). This is consis-
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tent with the evidence from the effects of Cyclone
Monica and the 1897 cyclone (Table 3). In addition,
across Australia, gusts exceeding 40 ms™' occur on
average every 50 years from thunderstorms and cause
windthrow damage across areas of several hectares
such as reported by (Williams & Douglas 1995). In the
New England district of northeastern USA, six tropi-
cal cyclones have caused significant forest damage over
the past 380 years (Boose ez al. 1994; McNulty 2002).
In that context, wind has a much greater influence as
a disturbance agent in Australian savannas.

The consistency between the historic record of tree
damage in northwestern Northern Territory and the
synthesis of tropical cyclone damage to trees and gust
recurrence presented in Fig. 7, provides support for
the use of this synthesis for modelling of tree dynamics
and carbon budgets in the region. Future develop-
ments of the Flames model of Australian savanna
dynamics (Liedloff & Cook 2007) could provide a tool
to combine windthrow probabilities with fire and
drought in studies of Net Biome Productivity. This
would better understanding of the causes and dynam-
ics of carbon sequestration rates in savanna vegetation
which remains a topic of debate (Burrows ez al. 2002;
Fensham ez al. 2005; Williams ez al. 2005).
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