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Abstract

Aims: To develop an interim classification of the vegetation of the Northern Territory at the International Vegetation
Classification (IVC) division (level 4) and macrogroup (level 5) levels. These types are produced to assist in the
development of an integrated nationwide plot and floristically based classification of Australia allowing integration
within a global perspective. Study Area: The Northern Territory of Australia covers an area of 1.42 million square
kilometres, almost 20% of Australia’s land mass. It comprises three distinct climatic zones including tropical, subtropical
and arid vegetation types. Methods: We used collated vegetation data held by two organisations: the Northern Territory
Government, Department of Environment, Parks and Water Security and the Terrestrial Ecosystem Research Network
(a total of 45,710 plots used). We applied semi-supervised quantitative classification methods to define vegetation
types at the IVC division and macrogroup levels. Analyses used kR-CLUSTER methods on presence/absence data.
Macrogroups were characterised by taxa with the highest frequency of occurrence across plots. Additional analyses were
conducted (cluster) to elucidate interrelationships between macrogroups and to assist in the assessment of division level
typology. Results: We propose 21 macrogroups and place these within higher thematic levels of the IVC. Conclusions:
We found that the IVC hierarchy and associated standard procedures and protocols provide a useful classification
tool for Australian ecosystems. The divisions and macrogroups provide a valid framework for subsequent analysis of
Northern Territory vegetation types at the detailed levels of the IVC. A consistent typology for the Northern Territory
(and hopefully in future, for all of Australia) has numerous benefits, in that they can be used for various applications
using a well-structured, systematic and authoritative description and classification that is placed in a continental and
global context, readily enabling the one system to be used in studies from the local to global level.

Taxonomic reference: Northern Territory Herbarium (2022).

Abbreviations: DVT = Definitive Vegetation Type; IVC = International Vegetation Classification; nMDS = non-
metric multidimensional scaling; NT = Northern Territory; NTVSD = Northern Territory Vegetation Site Database;
NVIS = National Vegetation Information System; WA = Western Australia.
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Introduction

A unified terminology and procedure for classifying vege-
tation types across jurisdictions and continents is required
for clear understandings of their distribution, evolution-
ary biology, and threats, along with guiding their resto-
ration and rehabilitation (De Céceres et al. 2015; Gellie
et al. 2018; Luxton et al. 2021). The lack of conformity in
vegetation survey, classification and description severely
limits local, regional, continental, and global understand-
ings. This is a common problem worldwide but has been
particularly identified as problematic within Australia
(Faber-Langendoen et al. 2014; De Caceres et al. 2018;
Luxton et al. 2021; Muldavin et al. 2021). Many early at-
tempts of vegetation classification within Australia were
continental in focus but not plot based (e.g., Beadle 1981;
Carnahan 1986; Walker and Hopkins 1990; Specht et al.
1995; Sun et al. 1997). In recent decades Australian veg-
etation classification has become strongly jurisdictional,
with typologies often derived from plotless qualitative
methods with no or very limited hierarchical structure
(Gellie et al. 2018; Luxton et al. 2021). However, this frag-
mentation into classifications that are highly dissimilar is
an impediment to co-operation at a time when climate
change, habitat loss and extinctions are increasing, and
cross jurisdictional (national and international) collabo-
ration is a fundamental need (De Caceres et al. 2018). The
single example of a continental floristic based classifica-
tion of Australia is that of Specht et al. (1995) who used
plotless plant species lists in place of plot data, which were
then subjectively combined into broad structural types
and analysed through TWINSPAN (Hill 1973, 1979).
Although plot-based data is still lacking within certain re-
gions of Australia (Gellie et al. 2018), the amount of plot
data available is sufficient to allow major vegetation types
to be derived at a continental scale using plot-based anal-
ysis techniques (e.g., Muldavin et al. 2021).

Australia’s vegetation is unique with more than 80% of
the vascular flora endemic to the continent (Taxonomy
Decadal Plan Working Group 2018), producing at times,
distinctive physiognomic vegetation types dissimilar to
those of corresponding latitudes elsewhere (Crisp et al.
2009; Hunter et al. 2021), yet botanical species discovery
is ongoing (Keith and Tozer 2017; Gellie et al. 2018). The
floristic composition is like nowhere else on the planet
where vast, relatively intact landscapes (particularly in
northern and arid Australia) are dominated by the genera
Eucalyptus, Corymbia and Acacia. Over 890 species and
subspecies of Eucalyptus are currently recognised with
the majority endemic to Australia (Chippendale 2020).
Acacia is the largest genus of vascular plants in Australia

with over 1,000 species currently recognised (Maslin
2001). Acacia is an ecologically and economically impor-
tant group prominent in the Australian environment and
psyche and is also Australia’s floral emblem (Maslin 2001).

Although no continental plot-based vegetation classi-
fication currently exists for classifying community types,
the Australian National Vegetation Information System
(NVIS) is an existing national classification. It is a su-
pervised, largely structural, mapping-based classification
with limited floristic data. NVIS was established by the
Executive Steering Committee for Australian Vegetation
Information (Executive Steering Committee for Australia
2003) to underpin the National Land and Water Resourc-
es Audit (NLWRA) assessment of vegetation in Australia
(National Land and Water Resources Audit 2001). NVIS is
a hierarchical classification scheme that is not floristically
derived, but based on dominant growth form, height and
cover with limited characteristic flora species (3-5 taxa in
each structural layer) (Thackway et al. 2008; NVIS Tech-
nical Working Group 2017; Gellie et al. 2018; Lewis et al.
2021a). The NVIS hierarchy recognises six levels ranging
from dominant growth form for the dominant stratum at
the first level, to detailed descriptions of each substratum
and dominant species at the sixth level (NVIS Technical
Working Group 2017). NVIS was instrumental in assist-
ing in the compilation of disparate vegetation maps and
enabled the first complete vegetation map of the continent
(Gellie et al. 2018; Lewis et al. 2021a). However, differenc-
es in the spatial and classification resolution of data be-
tween jurisdictions transferred into scale issues that are
especially evident at state and territory boundaries. For
example, where hummock grasslands abruptly turn into
mallee woodlands and shrublands at the Western Austral-
ia (WA)/South Australia (SA) border, and tussock grass-
lands turn into eucalypt woodlands at the WA/Northern
Territory (NT) border. Although NVIS was developed
primarily as a classification scheme for mapping prod-
ucts, it was co-opted as a vegetation classification scheme
within the NT (Brocklehurst et al. 2007; Lewis et al. 2008;
Lewis et al. 2021a).

The NT is a semi-independent jurisdiction covering
20% of the Australian continent. The mid-1980s saw the
introduction of vegetation mapping reliant on plot data to
classify vegetation types into mappable units. Ad hoc veg-
etation mapping continues in the NT at varying degrees of
attribute detail and spatial scale. No strategic vegetation
mapping program for the whole of the NT has been imple-
mented, although scoping documents have been devised
to map the NT at 1:100,000 on several occasions (Brockle-
hurst et al. 2008; Jan and Brocklehurst 2009). During the
1990s two examples of floristic numerical classification
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were conducted. Russell-Smith (1991) classified the
monsoon closed forests in northern Australia, based on
a TWINSPAN classification using 1,219 plots with 559
closed forest taxa represented and 16 floristic assemblages
described. On an NT-wide scale, Wilson et al. (1990) de-
rived a plot-based vegetation classification for the NT veg-
etation map at 1:1,000,000 scale based on 2,245 plots using
an intuitive appraisal of numerical analytical techniques
(TWINSPAN). A total of 112 broad vegetation types were
described and delineated based on the dominant woody
species, with tussock and hummock grasslands being the
only exceptions. The vegetation types were heavily defined
by the structural characteristics of the vegetation.

A more recent attempt to classify the vegetation com-
munities of the NT was conducted in 2007 (Brockle-
hurst and Gibbons 2007). The Definitive Vegetation Type
(DVT) concept was developed to provide both a local and
nationally recognised systematic taxonomy of vegetation
types in the NT. A DVT can be described as a represent-
ative or typical example of a vegetation community at the
association level (NVIS Level 5) compiled from existing
vegetation mapping data. A preliminary list of 367 DVTs
was generated from published and unpublished vegeta-
tion survey reports (Brocklehurst and Gibbons 2003).
Only 285 have been completely built based on NVIS and
are aligned with the NVIS Major Vegetation Groups and
Sub-groups. This system is not a scientifically robust clas-
sification and it can be described as a conglomerate of ex-
isting descriptions derived using various numerical, but
more often, intuitive analytical techniques.

Although initial plot-based data collection within the
NT began in the 1950s, the greatest efforts were placed
during the early 2000s; however, no centralised database
was available for the collation of early data (Lewis et al.
2021a). Since 2007, the NT government has consistently
used plot-based methods to collect vegetation data, in-
cluding full floristic and structural attributes (Brockle-
hurst et al. 2007; Lewis et al. 2008; Lewis et al. 2021a).
In 2012, the NT Vegetation Site Database (NTVSD) was
established and became the centralised repository for all
vegetation plot data (Gellie et al. 2018; Lewis et al. 2021a).
Thus, there has been a significant increase in available
and reasonably well curated plot data in the NT over the
last 25 years (Lewis et al. 2021a). With this, the ability
to undertake comprehensive floristic ecological analyses
based on a hierarchical schema has become feasible. The
International Vegetation Classification (IVC) is one such
system, and it has already been employed in several pub-
lished Australian case-studies (Hunter and Addicott 2021;
Muldavin et al. 2021).

The IVC is based on the EcoVeg approach (Faber-Lan-
gendoen et al. 2014), which preferentially uses floristic
plot-based data for primarily analyses and local subre-
gional ecological factors to define lower-levels of the clas-
sification hierarchy, floristics, physiognomy, and regional
to continental scale ecological factors at mid-levels, and
at the highest levels, physiognomy and global ecological
drivers are incorporated. This scaling of vegetation and

climatic drivers helps guide the data required, with full
floristic composition and local site factors required to help
drive the classification at the lower levels, which is impor-
tant for floristic modelling and understanding of rarity of
types, whereas physiognomy and regional landscape fac-
tors help derive the mid to higher levels, which are appli-
cable to landscape and continental scale mapping.

The IVC has been developed with a rigorous set of
standards and principles that seek to characterise the
world’s vegetation. To date, the IVC has been built to its
greatest depth in North America, including national veg-
etation classifications (NVCs) in both the United States
(USNVC) and Canada (Jennings et al. 2009; Faber-Lan-
gendoen et al. 2018; Baldwin et al. 2019). The mid and
lower levels have been used widely by various classifica-
tion systems worldwide (Faber-Langendoen et al. 2014)
for multiple uses, including vegetation mapping (Franklin
etal. 2016; Muldavin et al. 2021). Both approaches shine a
light on ways forward for Australian vegetation classifica-
tion (Luxton etal. 2021). For example, recently, a continen-
tal floristic plot-based analysis using IVC protocols was
performed within two major vegetation types, Eucalyptus
tetrodonta Woodland and Triodia Hummock Grasslands,
both of which have extensive distributions within the NT
and across Australian jurisdictions (Muldavin et al. 2021).
The use of the IVC structure and methodology has been
shown to be useful across a wide range of vegetation types
within Australia in recent years and its use promoted as a
way forward in cross jurisdictional understanding of vege-
tation (Hunter and Lechner 2017; Gellie et al. 2018; Hunt-
er 2020; Hunter and Addicott 2021; Hunter and Hunter
2021; Lewis et al. 2021a; Muldavin et al. 2021).

Here we use semi-supervised analyses incorporating
plot data from across the NT in order to circumscribe a
preliminary series of mid-level (L4 division and L5 mac-
rogroup) IVC natural vegetation types. These types are
placed where possible within existing and proposed IVC
types, such as those published in Muldavin et al. (2021).
This IVC-based classification is not intended to replace
existing state and territory-based classification systems,
such as the mapping based NVIS, but to compliment,
strengthen and expand upon pre-existing systems that
are of relevance at a continental and global scale. Aligning
structural and floristic types across Australia makes data-
sets more flexible, and they can be used for an increased
number of applications that promote cross continental
and global understandings.

Study area

The NT of Australia comprises an area of 1.42 million
square kilometres, one-sixth of the total land area of Aus-
tralia and is sparsely populated (244,800 people; 60% living
within the 3,164 square kilometres of the Greater Darwin
region (the capital); Australian Bureau of Statistics 2020). It
spans a broad climatic and latitudinal gradient, from tem-
perate dry arid deserts in the south (-26 degrees south) to
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monsoonal tropics in the north -11 degrees north; Fig. 1).
The climate range covered is commensurate with a high
diversity of native vascular flora (> 4,500 species; Cowie et
al. 2017) and endemicity (Crisp et al. 2002; Hunter 2004;
Woinarski et al. 2006). Almost 20% of the N'Ts vascular
flora is endemic with regions of high endemism including
the Western Arnhem Land Plateau in the Top End, and the
West Macdonnell Ranges in Central Australia.

The Interim Biogeographic Regionalisation for Aus-
tralia (IBRA) provides a division of Australia into units of
broadly similar landform, geology and biodiversity akin
to ecoregions. These ‘bioregions’ provide a useful unit for
natural resource management and planning (Thackway
and Cresswell 1995). There are 12 bioregions wholly with-
in the NT, and another 13 shared with the neighbouring
states (Thackway and Cresswell 1995).
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Figure 1. Locality map of Australia’s Northern Territory, illustrating the distribution of 2,245 vegetation plots to in-
form the 1990 1:1 million vegetation map and the additional 45,710 plots sampled in this analysis. Bioregions from
interim Biogeographic Regionalisation for Australia (IBRA) version 7 (2012). NTVSD - Northern Territory Vegetation
Site Database; TERN - Australian Terrestrial Ecosystem Research Network.
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The NT is characterised by tropical and arid zone veg-
etation types. Tropical savannas are the dominant vege-
tation type of northern Australia covering about 25% of
the continent (Williams et al. 2017) and are comparatively
intact ecologically. They consist of a matrix of grasslands
and sclerophyllous woodlands dominated by Eucalyptus
and Corymbia species, interspersed with patchy occur-
rences of monsoon closed forest, sandstone woodland,
shrubland, and floodplains (Patykowski et al. 2021). The
arid zone is dominated by Acacia shrublands and wood-
lands (Nano et al. 2017), along with Triodia hummock
grasslands (Wardle and Nano 2017), and like tropical sa-
vannas, are also relatively intact.

Methods
Field data

The data extracted from the NTVSD used a common
survey protocol. The standard method for vegetation
sampling in the NT has been consistently used by gov-
ernment botanists and scientists since the 1970s (Wilson
et al. 1990; Brocklehurst et al. 2007; Lewis et al. 2021b).
At a minimum, a vegetation sampling plot consists of a
20 m x 20 m quadrat, and larger quadrat sizes in the arid
zone (up to 50 m x 50 m) as a result of sparsely vegetated
landscapes. In the NT, up to three strata (sensu Hnatiuk
et al. 2009), including upper strata (tree layer), mid-strata
(shrub layer), and ground strata (incorporating tussock
grasses, hummock grasses, sedges, forbs, and low shrubs)
are recognised. Within the strata, all (or dominant) vas-
cular plant species and cover or abundance are recorded.
Cover is generally estimated as canopy cover (crowns
treated as opaque) for the upper strata, as projective fo-
liage cover (PFC; vertical projection of foliage only) for
the mid-strata, and percentage cover for the ground strata.
Mean height (in metres) and range are generally measured
for species greater than 2 m tall, and visually estimated for
those less than 2 m (for species greater than 1% cover).

The Terrestrial Ecosystem Research Network (TERN)
Ecosystem Surveillance monitoring plots of 100 m x 100
m were also used in the analyses. A sampling plot in-
cludes the same floristic, structural and environmental
attributes as that collected on the NTVSD, however the
methods differ and are more rigorous for monitoring pur-
poses as outlined in Sparrow et al. (2020) and White et al.
(2012). Samples of vegetation (voucher and genetic) and
soils (physical, chemical and biological) are collected and
stored for identification and subsequent re-use.

Data access and curation

The full set of more than 77,000 plots were accessed from
the NTVSD 2021. The plot data is of varied quality and
detail with information including full floristic or domi-
nant species only and data scored on presence/absence or
percent cover (Gellie et al. 2018; Lewis et al. 2021a). The

plot data were collected for numerous purposes, broadly
including land resource and vegetation community map-
ping, flora surveys, habitat assessment for fauna surveys,
rare and threatened species surveys, development assess-
ment and monitoring. Vegetation plot data collected for
the TERN Ecosystem Surveillance program were accessed
from TERNs Advanced Ecological Knowledge and Obser-
vation System (AEKOS; Tokmakoff et al. 2016; Sparrow et
al. 2020) which is to be superseded by TERN EcoPlots. In
total, 155 NT plots were used in the analyses. TERN em-
ploys a suite of standard methods with the aim of stand-
ardising data collection in Australian ecological monitor-
ing programs, however this data is also fit for purpose for
many other applications such as vegetation classification
and mapping (TERN 2021).

Datasets without full floristic information or of plot
sizes less than 100 square metres or greater than 25,000
square metres were removed from the NTVSD dataset.
Plots where species richness was less than 10 taxa were
also removed. It is acknowledged that the removal of plots
with less than 10 taxa is likely to remove from the analy-
sis some distinct, but low diversity communities such as
coastal samphire, mangrove and some freshwater flood-
plain vegetation. However, our analysis is not designed to
develop a definitive set of all possible types through anal-
ysis, but to provide an initial set of types which will be
expanded with further analysis both within the NT and
across jurisdictional boundaries.

Records that were not identified to species level or bet-
ter were excluded as they can artificially inflate species
richness, as can plots with low frequency taxa. As the re-
maining dataset was a mixture of plots where taxa were
recorded by percentage cover or presence/absence, all
scores were reduced to presence/absence only. A total of
45,710 plots were used in subsequent analyses represent-
ing 4,566 taxa and 831,149 records. Taxonomic curation
was applied to the vascular plants presence data to ensure
names to the species-rank were current and in accord-
ance with the Australian Plant Census (APC: Council of
Heads of Australasian Herbaria (CHAH)), various dates)
and the HOLTZE taxon table, the authoritative vascular
plant checklist for the NT as available through Flora NT
(Northern Territory Herbarium 2022). Either of these
sources may be consulted for the authors of plant names.
We did not differentiate taxa to subspecific ranks, apart
from those that are distinct in terms of being widely rec-
ognised and of use for community recognition. Unde-
scribed species are included in the dataset using informal
‘phrase names’ (CHAH 2020).

Our analysis utilises a broad concept of Coolabah -
Eucalyptus microtheca, which here includes a number of
segregate taxa recognised by Hill and Johnson (1994),
i.e., E. barklyensis, E. cyanoclada and E. helenae. These
taxa have been amalgamated into E. microtheca by some
authorities (Slee et al. 2015) but are currently accepted in
the NT (Cowie et al. 2017; Northern Territory Herbarium
2022). However, the site data frequently do not distinguish
the segregate taxa for historical and other reasons.
Similarly, the broad concept of Acacia aneura F.Muell. ex
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Benth. used here includes A. aptaneura, A. incurvaneura,
A. mulganeura and A. pteraneura, as survey data is
generally unvouchered and records predating Maslin and
Reid’s (2012) revision cannot be accurately attributed
amongst the segregate taxa now recognised in the NT and
WA (Cowie et al. 2017; Council Heads of the Australian
Herbaria 2002-2022; Northern Territory Herbarium
2022). Corymbia opaca is here treated as distinct from
C. terminalis sensu stricto following Hill and Johnson
(1995) and the APC (CHAH 2002-2022), but this is
in contrast to the broad concept of C. terminalis (as
E. terminalis) used by Wilson et al. (1990) in mapping the
NT’s vegetation.

Growth form data, in accordance with the NVIS growth
form definitions and controlled vocabulary, were updated
and extracted from HOLTZE for each species (Thackway
et al. 2008; NVIS Technical Working Group 2017). This
dataset was joined to the final species lists for initially de-
fined types for subsequent analysis of growth form and
functional groups. Growth form data was used to assist in
vegetation type delineation and circumscription after the
floristic classifications were complete, as this information
is required to properly place types within the IVC hierar-
chy at the Macrogroup level. The final delineation of pro-
posed types, while guided initially by the floristic analysis,
was informed by expert opinion.

Statistical analysis

Due to size of the final dataset and the computation power
required, a limited set of options were available to the
authors for initial analyses. Data were transformed into
a species by site matrix via the r-package ‘tidyr’ (v 1.1.3;
Wickham 2021). A series of kR-CLUSTER clustering
analyses were performed using options from 4 to 20 groups
within PAST (ver. 4.06b; Hammer et al. 2001). Expert
knowledge of the authors and other relevant experts was
used to assess both the validity of circumscribed types, and
which types may have warranted further specialist advice
or analysis and placement within the IVC hierarchy.

A combination of statistical and intuitive approaches
can often produce accurate and stable outcomes
particularly at the mid to higher hierarchical levels
of a classification (Mucina 1997). Top-down and
bottom-up approaches are suggested when allocating
vegetation types with expert knowledge and qualitative
application of the criteria is often used at upper levels,
whereas quantitative analysis of plot-based data is used
to distinguish vegetation types at the mid to lower levels
(Faber-Langendoen et al. 2014). In order to assist in
the placement of types at level 4 (division) within the
IVC and to understand the floristic relationships and
physiognomic differences between macrogroups, a new
dataset was created that contained the most frequent taxa
(150) and their frequency within the macrogroup based
on the number of plots in which they were found. A cross
table of type, species and their frequency score were

created. This dataset was analysed using agglomerative
hierarchical clustering within Primer-E (ver. 7; Clarke and
Gorley 2015) using Bray-Curtis coefficient on square root
transformed data. We used agglomerative hierarchical
clustering (Flexible Beta), within the CLUSTER routine.
This was used as an aid to assess floristic relatedness
between types which, along with growth form data,
was used to assist in the placement of types within the
IVC hierarchy.

Alignment within the IVC hierarchy

An important component of this work was to align our
results with the IVC hierarchy. To do this we used the
key to IVC formation classes and brief definitions pro-
vided by Faber-Langendoen et al. (2016), the criteria of
the IVC (Jennings et al. 2009; Faber-Langendoen et al.
2014), environmental data, previous work done by other
authors in the Australian context (e.g., Muldavin et al.
2020), and expert knowledge from recognised special-
ists in the NT flora and the IVC hierarchy (see acknowl-
edgements). We included experts both government and
private and with extensive field experience. The exper-
tise called upon including a combined 70 years of field
experience for the tropical and semi-arid regions in-
cluding taxonomy, botanical, ecological, and integrated
surveys from monitoring, mapping and modelling. The
expertise for the arid zone included experience span-
ning more than 50 years of field experience. Although
explicit environmental analyses were not undertaken
within our classification process the intuitive phase of
expert opinion took into consideration the combined
field knowledge mentioned above of environmental gra-
dients, underlying geology, geomorphology and land-
scape dynamics.

Results

Four broad types were recognised from initial analy-
sis and can be compartmentalised into the NTs climatic
zones (based on Koppen-Geiger: Beck et al. 2018), broad-
ly including tropical (divided into savanna and closed
forest), sub-tropical (included as warm temperate in the
IVC), and arid. The geographic split of the four types,
illustrated in Fig. 2, indicates a strong relationship with
bioclimate and geography. This includes a distinct north-
south rainfall gradient in the NT that strongly influenc-
es species and structural composition. The tropical to
semi-arid region extends from -17 degrees latitude, with
a 1,000 mm mean annual rainfall isohyet to -20 degrees,
with the semi-arid to the arid zone occurring further
south (500 mm mean annual rainfall isohyet) (Wilson et
al. 1990; Fig. 2). The floristic relationship (Fig. 3) high-
lights the distinctiveness of the Australian and East Male-
sian Dry Forests (MG1) and the Northern Australian
Tropical Swamp Grass (MG14).
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tation types recognised in the initial analysis: a) savanna (tropical), b) rainforest (tropical closed forest), ¢c) warm
temperate (subtropical), d) desert / semi-desert (arid).

Alignment with the IVC hierarchy

in Fig. 3. An interim set of eight divisions and 21 mac-
rogroups were considered robust enough to warrant pre-

Due to the necessary inclusion of growth form and cli- liminary definition based on numerical analysis and ex-
mate the final alignment with the IVC hierarchy does not  pert knowledge. Five divisions and 16 macrogroups are
follow the results of the floristic relatedness as indicated considered new for the NT (Table 1). The macrogroups
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data at the macrogroup and higher levels, these results do not directly relate to the final placement. See Table 1 for

full names of macrogroups.

identified are all subcontinental, with regional / meso- cli-
matic differences or geologies, and thus are appropriately
categorised at the macrogroup level of the IVC hierarchy.
We refrain from adding formal names within the IVC to
the new macrogroups and divisions, as we would prefer
standardised naming to be provided based on a wider de-
cision-making and peer-review process involving a wider
expert panel than the authors alone.

The NT vegetation types were aligned within the three
highest levels of the IVC hierarchy, which are global in
scope (formation class, formation subclass and forma-
tion). At the highest level, the NT vegetation types could
be placed into the Formation Classes 1. Forest and Wood-
land, 2. Shrub & Herb Vegetation, 3. Desert & Semi-Desert
and 5. Aquatic Vegetation. The majority of the types (14 of
21) occur in the tropical and subtropical climatic zones,
which cover approximately half of the NT. Within these
zones, 11 of the 14 types were placed as macrogroups into:
formation class 2. Shrub and Herb Vegetation, formation
subclass 2.A. Tropical Grassland, Savanna and Shrubland,
formation 2.A.1 Tropical Lowland Grassland, Savanna &
Shrubland, and into a specific division for Australian trop-
ical savannas: L.4 Australian Tropical Savanna and Scler-
omorphic Woodland, as defined by Muldavin et al. (2021;
Table 1). Although Scleromorphic Woodland may appear
to be an initially incongruent placement within the Shrub
and Herb Vegetation formation subclass, these woodlands
are included as part of the savanna biome under the IVC
framework (Faber-Langendoen et al. 2016), the Global

Ecosystem Typology (Keith and Williams 2020; Lehmann
et al. 2020) and within the Australian context (Williams
et al. 2017). These macrogroups span the Top End of the
NT, west to the coast of the Kimberley region of WA, and
east to east coast of Cape York Peninsula in Queensland
(Qld; Suppl. material 1). One type was placed in forma-
tion 2.C.3 Tropical Freshwater Marsh, Wet Meadow &
Shrubland. It is dominated by tropical grasses and sedges,
and consequently a new division in the IVC is proposed
for this type: L.4 Australian Tropical Wet Grassland and
Sedgeland. This type can also be seasonally inundated
with 1-2 m or more of water. Nomenclature for this mac-
rogroup [MG14] could include ‘wetland’ as it clearly fits
Australian definitions.

Analysis group MG, broadly categorised as ‘closed
forest, was the only vegetation type placed into the IVC
formation class 1. Forest & Woodland, formation subclass
1.A. Tropical Forest & Woodland, and formation 1.A.1.
Tropical Dry Forest & Woodland (Table 1). Within this,
the macrogroup L.5 (MG1) Australasian & South East
Asia Dry Forest is available for placement of the closed
forest results. Due to this and Australian closed forests
being identified as potentially occurring across Austral-
asia and South East Asia, we propose a new division L.4.
Australasian Dry Forest & Woodland and restrict the
‘closed forests’ macrogroup to L.5 (MG1) Australasian &
East Malesian Dry Forest as the application to South East
Asia more generally is less certain. Miles et al. (2006) and
our results (including expert opinion) would suggest that



:}: Vegetation Classification and Survey 169

Table 1. Alignment of the Northern Territory vegetation types with the International Vegetation Classification hierarchy
existing Class, Subclass, Formation, and proposed preliminary Divisions and Macrogroups.

Class Subclass Formation Division Macrogroup Analysis Group
1. Forest & Woodland
1.A. Tropical Forest & Woodland
1.A.1. Tropical Dry Forest & Woodland
L.4. Australasian Dry Forest & Woodland NEW
L.5 (MG1) Australasian & East Malesian Dry Forest NEW [20-18]

1.A.5 Mangrove
1.A.5Wb Indo-West Pacific Mangrove
L.5 (MG2) West Pacific (East Melanesia, Micronesia, Polynesia) Mangrove (M208)
2. Shrub & Herb Vegetation
2.A. Tropical Grassland, Savanna & Shrubland
2.A1. Tropical Lowland Grassland, Savanna & Shrubland
L.4 Australian Tropical Savanna and Scleromorphic Woodland (D133; Muldavin et al. 2021)

L.5 (MG3) Australian Paperbark Melaleuca viridiflora-Long-fruited Bloodwood Corym- [20-2]
bia polycarpa Forest and Woodland NEW

L.5 (MG4) Australian Darwin Stringybark Eucalyptus tetrodonta Scleromorphic Wood-  [20-6,14,15,19]
land (M530; Muldavin et al. 2021)

L.5 (MG5) Australian Darwin Box Eucalyptus tectifica Scleromorphic Woodland NEW [20-4]
L.5 (MG6) Australian Broad-leaved Bloodwood Corymbia foelscheana Scleromorphic [20-3]
Woodland NEW

L.5 (MG7) Australian Lancewood Acacia shirleyi Forest, Woodland and Shrubland NEW [20-5]
L.5 (MG8) Australian Coolabah Eucalyptus microtheca Tropical Savanna Grassy Wood- [20-7]

land and Tussock Grassland NEW

L.5 (MG9) Australian Tropical Triodia bitextura-Triodia microstachya-Triodia bynoei
Hummock Grassland and Open Woodland (M531; Muldavin et al. 2021)

L.5 (MG10) Australian Small-fruited Bloodwood Corymbia dichromophloia-Curley [20-13]
Spinifex Triodia bitextura Scleromorphic Woodland NEW
L.5 (MG11) Australian Tropical Billy Goat Plum Terminalia carpentariae-Northern [20-20]

Spinifex Triodia microstachya Scleromorphic Woodland and Shrubland complex NEW
L.5 (MG12) Australian Bean Tree Bauhinia cunninghamii Tropical Savanna Tussock [20-1,8,16]
Grassy Woodland and Tussock Grassland NEW

L.5 (MG13) Eremaean Semi-arid Hummock Grassland and Low Open Woodland (M532;
Muldavin et al. 2021)

2.C.3 Tropical Freshwater Marsh, Wet Meadow & Shrubland
L.4 Australian Tropical Grassland and Sedgeland NEW

L.5 (MG14) Northern Australia Tropical Swamp Grass Pseudoraphis spinescens—\Water [20-9]
Chestnut Eleocharis dulcis-Water Lily Nymphaea violacea Grassland and Sedgeland NEW

2.C.4 Temperate to Polar Freshwater Marsh, Wet Meadow & Shrubland
L.4 Australian Arid and Semi-arid Grasslands and Sedgelands NEW
L.5 (MG15) Australian Ephemeral Arid and Semi-arid wetlands NEW Arid Wetlands
3. Desert & Semi-Desert
3.A. Warm Desert & Semi-Desert, Scrub & Grassland
3.A.2. Warm Desert & Semi-Desert, Scrub & Grassland
L.4 Australian semi-desert scrub and grassland (D330; Muldavin et al. 2021)
L.5 (MG16) Australian Desert Hummock Grassland (M535; Muldavin et al. 2021)

L.5 (MG17) Australian Desert and Semi-arid Mulga Acacia aneura Woodland & [10-10]
Shrubland NEW

L.5 (MG18) Australian Desert and Semi-arid Victoria Wattle Acacia victoriae—Emu Bush [10-1]
Eremophila longifolia-Ironwood Acacia estrophiolata Shrubland NEW

L.5 (MG19) Australian Desert and Semi-arid Witchetty Bush Acacia kempeana [10-5]
Shrubland NEW

L.5 (MG20) Australian Desert and Semi-arid Bloodwood Corymbia opaca Woodland NEW [10-8]
L.5 (MG21) Australian Desert and Semi-arid Rock Fuchsia Bush Eremophila freelingii- [10-7]

Witchetty Bush Acacia kempeana Shrubland NEW
5. Aquatic Vegetation
5.B Freshwater Aquatic Vegetation
5.B.1 Tropical Freshwater Aquatic Vegetation
L.4 Australian Tropical Aquatic Vegetation NEW
L.4 Australian Desert and Semi-arid Aquatic Vegetation NEW

the Australian and South East Asian dry closed forests are  formation subclass 3.A. Warm Desert & Semi-Desert,
likely to be floristically distinct and that the Australiandry =~ Scrub & Grassland and formation 3.A.2. Warm Desert
forests have greater affinity with Malesian dry forests. & Semi-Desert, Scrub & Grassland. A recent study by

Further south in the arid zone, six vegetation types Muldavin et al. (2021) identified a new division for Aus-
were placed into formation class 3. Desert & Semi-Desert, tralian arid vegetation and thus proposed L.4 Australian
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semi-desert scrub and grassland (D330). Arid types, in-
cluding woodlands, shrublands and grasslands align well
with this division. Similar to the tropical and subtropical
types, the six arid types identified in this analysis are cross
jurisdictional, with all of them crossing the WA, Qld, SA,
and New South Wales (NSW) borders. The only Austral-
ian jurisdictions that NT types are not represented are in
Victoria, Tasmania and the Australian Capital Territory.

Suppl. material 1 provides an interim description of
eight divisions and 21 macrogroups within the NT of Aus-
tralia. Descriptions of the 21 macrogroups include posi-
tive diagnostic (based on frequency) categorised by NVIS
growth forms and sorted by high frequency taxa, rather
than alphabetically. Also included are notes on composi-
tion (floristics and structure) and landscape position, and
NT and global distribution for each macrogroup. Non-na-
tive taxa are indicated by *. Suppl. material 2 provides im-
ages of a selected number of macrogroups.

Discussion

Here we present the classification of a large vegetation plot
dataset (45,710 plots) from the N'T, Australia, and align re-
sults with the upper levels of the IVC (macrogroup to for-
mation class). Half of the vegetation types (11 of 21 mac-
rogourps) fall into the formation 2.A.1 Tropical Lowland
Grassland, Savanna & Shrubland and an Australian spe-
cific division — L.4 Australian Tropical Savanna and Scl-
eromorphic Woodland. Closed Forest sites were the only
type to align with formation class 1. Forest & Woodland,
formation subclass 1.A. Tropical Forest & Woodland, with
the potential for a new division L.4. Australasian Dry For-
est & Woodland and macrogroup L.5 (MG1) Australasian
& East Malesian Dry Forest; that reflects the areas affilia-
tion with the South East Asian flora. Various types cov-
ering smaller areas were identified, including one type in
formation 2.C.3 Tropical Freshwater Marsh, Wet Meadow
& Shrubland, which is dominated by tropical grasses and
sedges. Further south, arid types, including woodlands,
shrublands and grasslands aligned well with the proposed
division L.4 Australian semi-desert scrub and grassland
(D330). While NT-derived data underpins this study types
within the tropical, subtropical and arid regions cross into
WA, Qld, SA, and NSW, highlighting the potential of the
IVC as a cross-jurisdictional framework for a nationally
consistent vegetation classification in Australia.

One of the strengths of the IVC is that it provides a
framework for both existing types and ‘place holders’
to enable debate on the appropriateness of a type in the
hierarchy. For example, the distinctive mangrove vege-
tation can be aligned with 1. A.5.Wb Indo-West Pacific
Mangrove division and the L.5 (MG2) West Pacific (East
Melanesia, Micronesia, Polynesia) Mangrove (M208)
macrogroup, based on Duke (1992). However, NT botan-
ical experts suggest the terminology ‘East Malesia’ rather
than ‘East Melanesia, as most mangrove species in Timor
also occur in Australia. This is a very different concept,

but without the framework of the IVC, this debate would
not be possible. Melanesia is a subregion of Oceania in
the southwestern Pacific Ocean. It is a distinct region that
designates the three main ethnic and geographical regions
forming the Pacific (Melanesia, Micronesia and Polyne-
sia). The term Malesia in comparison, is a biogeographical
and floristic region based on a shared tropical flora derived
mostly from Asia, but also with numerous elements of the
Antarctic flora. Thus, in this context, the term Malesia
is more appropriate. Aquatic vegetation types in the NT
(both tropical and arid types) provide a similar challenge.
While they align with IVC formation class - 5. Aquatic
Vegetation, formation subclass — 5.B Freshwater Aquatic
Vegetation, 5.B.1 Tropical Freshwater Aquatic Vegetation
at the highest levels. However, the NT and much of arid
and semi-arid Australia contain wetland types (e.g., Du-
guid et al. 2005; Hunter and Lechner 2017). Further anal-
yses using plot data for these specialised vegetation types
will assist in testing the hypotheses suggested here to cre-
ate new divisions and macrogroups for wetlands.

The assignment of new types to the IVC was recently
demonstrated by Muldavin et al. (2021). They coded the
Australian Tropical Savanna and Scleromorphic Wood-
land (D133) division into the IVC based on numerical
analysis of sites from the NT and QId Tropical savan-
nas. Within an Australian context, these could have been
placed in either the Tropical Lowland Grassland, Savanna
& Shrubland Formation (TLGSS) or the Tropical Dry For-
est and Woodlands Formation (TDFW), as suggested by
Keith and Tozer (2017). However, for reasons outlined in
Muldavin et al. (2021), Australian tropical savannas are
quite unique and structural attributes (such as cover and
height) related to these IVC descriptions did not accom-
modate for them accurately (Hunter et al. 2021). Thus,
this study aligned 11 macrogroups into a new Australian
tropical savanna division in the IVC, which was straight-
forward and transparent, despite the unique elements of
the Australian flora. This example highlights the inclusive-
ness and flexibility of the IVC to incorporate the divergent
evolutionary history of the Australian flora.

In total, of the eight divisions and 21 macrogroups de-
scribed across the NT, five new divisions and 16 macro-
groups are proposed. The need for these additional groups
reflects the high endemicity of the Australian flora (80%
of taxa are endemic) and largely northern hemisphere fo-
cus of the IVC to date. Of the proposed macrogroups, NT
botanical experts suggest that East Malesian (and Aus-
tralian) Eucalyptus alba savanna likely fits under one of
the macrogroup L5 categories. However, the ground lay-
er may be too similar to other eucalypt communities for
it to be differentiated and its area of occupancy is small.
Additionally, there is significant overlap in the East Male-
sian — north Australian grasses and more plot data would
be needed to substantiate these inferences. In addition to
the IVC’s flexibility, which enables the incorporation of
both existing and new types, it provides a numerical, plot-
based framework for defining lower-level types in the hi-
erarchy. This is important in the N'T, where much historic
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work has been done, but modern analysis tools have not
been widely implemented.

An additional usage for the IVC in the NT is as a
framework to bridge historic work with modern veg-
etation science. Existing classification systems include
the 1:1,000,000 vegetation map (Wilson et al. 1990) and
community-level DVTs. Both classifications incorporate
some plot-based quantitative work with intuitive, expert
decision-making; however, they are not aligned hierar-
chically and neither system explicitly supports the other.
Results from the current classification generally support
findings from Wilson et al. (1990), including various flo-
ristically similar Eucalyptus tetrodonta woodlands; howev-
er, Wilson et al. (1990) include 11 map units as a result
of structural dissimilarities that could be mapped spatial-
ly from an image base. Similarly, Acacia aneura from the
arid interior was represented in eight map units (Wilson
et al. 1990). The IVC provides a formal framework for us-
ing these results to support lower-level classifications. For
example, association and alliance-level types can be built
using the same dataset, but at finer detail by incorporat-
ing cover percent data, including sites with low species
richness (< 10 species), and new decision rules about type
groupings. Conversely, quantitative divisions and macro-
groups provide placeholders when plot data coverage is in-
sufficient at this scale, and future analysis can more easily
incorporate both existing and new data (Tichy et al. 2014).

The IVC provides a means to undertake cross-jurisdic-
tional vegetation analysis in Australia. The NT occupies
20% of the continent and borders most other major states
including WA, Qld, NSW, and SA. A number of our veg-
etation types span political borders, including the trop-
ical savanna biome (Fox et al. 2001), Acacia shrublands
and woodlands (Nano et al. 2017), and Triodia hummock
grasslands (Muldavin et al. 2021). However, state and ter-
ritory (rather than federal) governments lead local and
regional scale vegetation work. This had led to alignment
issues that spring from different conceptual frameworks
and data collection, analysis and storage systems. NVIS
provides a national-level structural typology with basic
floristic information, but it is ‘bottom-up’ approach based
on mapping products and inherits variation driven by
the same issues. The IVC enables classification that is da-
ta-driven, with implications for key areas of national-level
science and policymaking.

Hunter and Addicott (2021) have highlighted some of
the many current issues around different jurisdictional
methodologies and how this can significantly affect our
understanding of threatened vegetation types. To better
comprehend both the true distribution of mid-scale veg-
etation types and their rarity and threat, we require a uni-
fied approach and, even better, is an approach that allows
direct global comparisons and understandings. Nationally,
a consistent vegetation classification system that includes
strong floristic analyses can assist with federal modelling
initiatives, for example fuel loads (e.g., Gellie and Hunter
2021), carbon accounting, land condition and to prop-
erly underpin national and international accounting. An

ecological vegetation approach that includes a strong flo-
ristic methodology such as the IVC can strengthen exist-
ing systems, such as NVIS, by underpinning it with solid
eco-floristic units based on analytical techniques.

Conclusion and future work

This analysis highlights how a rigorous rule-based hier-
archical classification system, where the lower schematic
levels are based on plot-based vegetation analyses of flo-
ristic and ecological data, is best placed to underpin our
understanding of Australian vegetation. Such processes
allow for a better understanding of distribution, interre-
latedness and rarity. Lack of clear guidelines and dissim-
ilar processes applied across state and territory borders
only adds further confusion leaving practitioners to rely
on intuition and opinion. Using a classification system
such as the IVC provides an understanding of vegetation
types both at local and regional levels and within a con-
tinental and global perspective. Our analysis has shown
clearly that the IVC can be applied to a significant propor-
tion of the Australian continent at the macrogroup level.

Data availability

Northern Territory Vegetation Site Database (NTVSD),
http://www.ntlis.nt.gov.au/vsd/f?p=113

Natural Resource (NR) Maps data visualisation tool >
vegetation > vegetation sites https://nrmaps.nt.gov.au/nr-
maps.html

Bookmark NTVSD https://nrmaps.nt.gov.au/nrmaps.
html#11569ec5-9ed5-46¢ce-a084-59bfd049fadc  (created
December, 2021)

Terrestrial Ecosystem Research Network (TERN) Eco-
Plots https://ecoplots.tern.org.au

Images of Northern Territory macrogroups https://
drive.google.com/drive/folders/1BI97PYS194XwLZ-
T6c9Kcd-a0HrprJNxH?usp=sharing
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