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Abstract

Effective ecosystem conservation for biodiversity and human well-being relies on
accurate information. Consistent approaches to classifying, describing, and assessing
ecosystems can improve understanding of ecological processes, threats, and manage-
ment. We explored how the International Union for Conservation of Nature (IUCN)
Global Ecosystem Typology—a global classification framework based on ecosystem
function—could support the development of a classification of ecosystems for the Tiwi
Islands, Australia, by incorporating scientific information and Indigenous Tiwi knowledge
to facilitate environmental management and conservation. We synthesized ecosystem
information from previous research, field data, reports, and Tiwi knowledge authorities
to develop a classification, descriptions, and a map of 14 terrestrial ecosystem types.
These ecosystem types were defined and described based on ecological processes and
were broader yet largely congruent with existing vegetation classifications. Including
functional properties accounted for variation in the vegetation physiognomy exhibited
by dynamic and disturbance-prone ecosystems, such as savannas. Because we considered
Tiwi knowledge authorities and the IUCN Global Ecosystem Typology, our inventory
included ecosystem types that were typically omitted from previous classifications, which
should allow for more comprehensive assessments and management. Relating the new
ecosystem typology to the IUCN Global Ecosystem Typology will facilitate comparisons
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among similar ecosystems, regarding, for example, effective threat abatement options.
Describing the biota and processes opens new avenues for monitoring. More collaborative
work is needed to explore how Western scientific ecosystem inventories operate alongside
and in connection with management of Tiwi murrakupuni enacted by Tiwi people. Given
the ongoing loss of biodiversity, ecosystem management must draw on information across
domains, scales, and knowledge systems. We demonstrated an approach to this task and
provided socioecologically relevant ecosystem information.

KEYWORDS

ecological community, Indigenous ecological knowledge, Landsat-9, landscape ecology, random forest, remote
sensing

INTRODUCTION

Maintaining ecosystem integrity is a proactive and cost-effective
approach to conservation that sustains biodiversity and peo-
ple (Díaz et al., 2018; Nicholson et al., 2021; Noss, 1996). The
management and conservation of ecosystems are predicated on
comprehensive and accurate information that describes their
characteristics, the processes that shape these characteristics
(called drivers), and their distributions (Wurtzebach & Schultz,
2016). Local knowledge and data often underpin such ecosys-
tem information. However, ecosystems share traits globally,
allowing information to be inferred from similar ecosystems
worldwide (Keith et al., 2020). Many fields contribute to ecosys-
tem information, including research domains and institutions,
government databases, and Indigenous or traditional knowl-
edges. In general, ecosystem information must be fit for local
goals, represent the unique assemblages of biodiversity, and be
generalizable to and consistent with national and international
scales for monitoring and reporting (Convention on Biologi-
cal Diversity, 2022; Nicholson et al., 2024). The challenge in
developing ecosystem knowledge lies in integrating information
across such vastly different scales and domains effectively and
with consistency (Chaplin-Kramer et al., 2022).

Recent advances in ecosystem science support linking
information across scales and domains through consistent
approaches to classify, describe, and assess ecosystems. Here,
ecosystem refers to a dynamic complex of biotic communities
with the abiotic environment interacting as a functional unit,
as per the United Nations Convention on Biological Diver-
sity (1992). Ecosystem types are differentiated by uniqueness in
composition, structure, processes, and functions (Keith et al.,
2020). The International Union for Conservation of Nature
(IUCN) Global Ecosystem Typology (GET), an internation-
ally accepted standard for classifying ecosystems (Keith et al.,
2022; UNSD, 2021), provides a globally comprehensive typol-
ogy of ecosystem types within a hierarchical structure of 6
levels. The higher levels (1–3) are defined and described with
global relevance (Keith et al., 2020). The lower levels (5 – 6)
emerge from local information, such as on-ground observa-
tions and plot-based data. Level 4, like the higher levels, is a
top-down approach in which the level 3 class is divided by bio-
geographic boundaries to capture ecoregional expressions with
distinct species compositions. The GET defines consistent and

ecologically relevant units instrumental for conservation, such
as risk assessments, monitoring, planning, and valuation (Keith,
Ghoraba et al., 2024; Nicholson et al., 2024; Xiao et al., 2024).

Although global consistency in ecosystem information has
benefits, ecosystem types must still be relevant to the local scale
(Cumming et al., 2006; Schultz et al., 2019). Global summaries
and broad information can obscure the local context and val-
ues, such as threatened and culturally important elements of
biodiversity (Goolmeer et al., 2022; Turnhout & Boonman-
Berson, 2011; Wyborn & Evans, 2021). These limitations can
be addressed by describing ecosystems at the lower levels of
classification schemes (Hunter & Addicott, 2021; Keith et al.,
2022) and harmonizing across the available regional and local
classification schemes (Muldavin et al., 2021). The GET has
been used to develop new ecosystem classifications (e.g., Mur-
ray et al., 2020; Toor et al., 2022; Tóth et al., 2025). However,
contextualizing globally consistent ecosystem information with
Indigenous local knowledge is yet to be demonstrated.

There is growing recognition of Indigenous peoples and
traditional local communities (IPLCs) and their diverse knowl-
edges in global frameworks and multilateral agreements (Tengö
et al., 2017). At the local scale, IPLC knowledges and prac-
tices contribute to many conservation-related topics, including
ecosystem dynamics, assessments, restoration, and manage-
ment (Brondízio et al., 2021; Ens et al., 2015; Gadgil et al.,
1993) and ethnoecological research on landscape classification
(Johnson & Hunn, 2010). Detailed classifications have been
described by IPLCs globally (Babai & Molnár, 2013; Gan-
tuya et al., 2019; Mark & Turk, 2003; Wartmann & Purves,
2018). Numerous collaborative partnerships involving IPLCs
and ecologists showcase these efforts (Molnár et al., 2024;
White et al., 2023), which can achieve outcomes better suited
to particular socioecological contexts (Bach et al., 2019; McEl-
wee et al., 2020; Moorcroft et al., 2012), improve scientific
knowledge (Berkes et al., 2000; Gadgil et al., 1993), and result
in conservation success (White et al., 2023). At the global
scale, the Intergovernmental Platform on Biodiversity and
Ecosystem Services (IPBES) has adopted a landmark change
in environmental governance by recognizing IPLCs as key
stakeholders and supporting a diverse evidence base from mul-
tiple knowledge systems to inform assessments (Díaz et al.,
2018; Hill et al., 2021). This change has influenced multilateral
agreements.
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We conducted the first application of the GET to develop-
ing a globally consistent yet locally relevant ecosystem typology
from existing but disparate scientific information and Indige-
nous knowledges through a case study of the Tiwi Islands in
northern Australia. This new typology for Tiwi ecosystems was
designed to support contemporary management in a respectful
manner with Tiwi peoples, rather than landscape classification
by Tiwi people. The islands hold national and international con-
servation significance in that they support endemic, migratory,
and threatened species and have relatively intact ecosystems
(EcoSure, 2009; NRETAS, 2008; Woinarski & Baker, 2002;
Woinarski et al., 2000). In accordance with ancestral governance
practices, Tiwi people undertake strong and active ways of man-
aging Tiwi people-places (murrakupuni in Tiwi language). Within
and alongside these practices, biodiversity is managed with con-
temporary methods, including prescribed fire, marine debris
collection, and invasive species management, and balanced with
localized economic development predominantly through a large
forestry operation (TLC, 2024a, 2024b; Woinarski & Baker,
2002).

We aimed first to apply the GET framework to develop a
new ecosystem typology for the Tiwi Islands by synthesizing
national, regional, and local information into ecosystem descrip-
tions and conceptual models. Second, we sought to map the
distribution of the ecosystem types to support spatial planning.

METHODS

Overview and positionality

Many of the steps in our approach interacted with each other
(Figure 1). First, we identified and described the ecosystem types
of the Tiwi Islands through an iterative process of reviewing
the existing vegetation classifications and through consultation
with Tiwi people with knowledge of the environment and the
authority to share that knowledge (henceforth Tiwi knowledge
authorities). We compiled written descriptions, photographs,
and conceptual models for each ecosystem. Second, we com-
piled existing spatially explicit data and undertook fieldwork
to identify example locations of each ecosystem type. We then
used the example locations to train a random forest model with
Landsat-9 satellite imagery and environmental variables to map
the distribution of ecosystems.

We are an interdisciplinary research team of non-Indigenous
Australian and Tiwi ecologists, land managers, social scientists,
anthropologists, and knowledge experts. Among us, we have
worked on the Tiwi Islands and with Tiwi people for many years
through multiple past and current projects in research and man-
agement. All authors worked as a collaborative group to ensure
the research was guided by our collective expertise.

Study area

The Tiwi Islands comprise Melville Island (5788 km2) and
Bathurst Island (1693 km2), as well as smaller surrounding

islands (Figure 2). The islands are in one Australian bioregion,
Tiwi-Cobourg (DCCEEW, 2021), and one global ecoregion,
Arnhem Land tropical savanna (Olson et al., 2001), and have
a tropical monsoonal climate (Bureau of Meteorology, 2024).

Tiwi people own the Tiwi Islands under the Northern Territory

Land Rights Act 1976, which is administered by the Tiwi Land
Council. The 8 land-owning clans represented in the Tiwi Land
Council are Jikilaruwu, Malawu, Mantiyupwi, Marrikawuyanga,
Munupi, Wulirankuwu, Wurankuwu, and Yimpinari. The clans
share one common language, Tiwi, and a rich cultural history
(Kerinaiua & Rademaker, 2023). Approximately 2348 people
reside on the Tiwi Islands, of which 85.1% self-identify as
Indigenous (ABS, 2021). The population is largely congregated
in 3 towns: Wurrumiyanga (1421 people), Pirlangimpi (315), and
Milikapiti (414) (ABS, 2021). The Tiwi Land Council granted
permission to undertake this research, access the data, and do
fieldwork.

The Tiwi Land Council aims to use and develop plan-
ning tools to balance biodiversity conservation and economic
development (TLC, 2022). This requires up-to-date, locally rel-
evant, and spatially explicit information. The need for improved
ecosystem information was identified, and the project was
established through the Ngawurra Luwajirri Ngirramini Scientific
Reference Committee, a long-running partnership between the
Tiwi Land Council and The University of Melbourne that sup-
ports research partnerships related to the environment. Since
2022, research progress has been reported biannually to the
committee.

Developing the ecosystem inventory

We reviewed 7 classification schemes that cover the Tiwi Islands
(Appendix S1). We used classification scheme to refer to both hier-
archical systems designed to classify the landscape and mapping
datasets compiled based on a classification system. The regional
schemes were the previous primary sources of information used
for environmental management and planning. Parts of the Tiwi
Islands have been subjected to land unit mapping for forestry
and agriculture (Woinarski & Baker, 2002). These were not
included because of their restricted spatial scope. We compared
the ecological processes, vegetation structural formations (i.e.,
strata, physiognomy, cover, and height), and dominant species
or genera documented in the descriptions and the mapped dis-
tribution, where available. The comparison involved an iterative
process of conversations with managers and botanists and a
literature review of the Tiwi-specific information and nearby
areas. We assigned membership of each class per classification
scheme to the GET ecosystem function groups (EFGs) (level
3) by assessing the similarities of the ecological processes and
the properties resulting from common processes, such as veg-
etation structure and traits. For example, the C4 photosynthetic
pathway appears in grasses that experience regular fire. We
also checked the applicability of all other classes listed in the
classification schemes to ensure the ecosystem inventory was
comprehensive.
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FIGURE 1 Overview of the methods to classify, describe, and map ecosystems based on the International Union for Conservation of Nature Global
Ecosystem Typology for the Tiwi Islands, Australia.

We built the ecosystem inventory by comparing the classifi-
cation schemes and the GET to identify all possible ecosystem
types occurring on the Tiwi Islands. The resulting ecosystem
types corresponded to the GET level 6 “subglobal ecosystem
types” (hereafter Tiwi Island ecosystem types). In the classifica-
tion schemes and ecosystem-specific information we reviewed,
there was little information on entirely aquatic systems on the
Tiwi Islands (e.g., streams). Therefore, we did not classify the
aquatic ecosystems.

Discussions with Tiwi knowledge authorities

To ensure the ecosystem inventory supported the needs and
aspirations of the Tiwi Land Council and Tiwi people for man-
aging Tiwi Country (murrakupuni), we evaluated the information
gathered through discussions with Tiwi knowledge authori-
ties and the Tiwi rangers, who carry out management tasks.
Country is an English language approximation that refer to
“the traditional land and sea territories of Australia’s Aborigi-
nal and Torres Strait Islander Peoples” (Woodward et al., 2020)

and acknowledges the multidimensional relationships between
Indigenous peoples and landscapes (Rose, 1996). These dis-
cussions were undertaken with research ethics approval by
The University of Melbourne (1955248 and amendment 2021-
13231-22694-3) and Deakin University (2022-097).

A variety of methods are applied in ethnoecology to engage
with IPLCs (Newing et al., 2024). Methods demonstrated in
the context of landscape classification, descriptions, and envi-
ronmental planning include interviews (Babai & Molnár, 2013;
Gantuya et al., 2019; Mark & Turk, 2003; Wartmann & Purves,
2018), workshops (Barnett et al., 2023; Hoverman & Ayre,
2012), site visits (Gantuya et al., 2019; Hoverman & Ayre, 2012;
Thompson et al., 2019; Wartmann & Purves, 2018), participa-
tory mapping (Hoverman & Ayre, 2012), and combinations of
these methods. Prompts, such as photographs, words from dic-
tionaries, maps, and models are also common (Barnett et al.,
2023; Gantuya et al., 2019; Hoverman & Ayre, 2012; Mark &
Turk, 2003). We used semistructured and unstructured methods
to encourage greater active participation by Tiwi people in the
research (Newing et al., 2024), including semistructured inter-
views and site visits (i.e., field walks or visits to Country), which
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CONSERVATION BIOLOGY 5 of 16

FIGURE 2 Locations (map) and photographs (a–i) of discussions with the Tiwi knowledge authorities regarding types, names, and characteristics of
ecosystems and location of study area in Australia. Letters associated with the maps correspond to the picture letters.

are methods that have been used on the Tiwi Islands (Barnett
et al., 2023; Hoverman & Ayre, 2012; Thompson et al., 2019).

All Tiwi knowledge authorities were bilingual, and conversa-
tions with the non-Tiwi speaking researchers were in English.
Conservations between Tiwi knowledge authorities were often
undertaken in Tiwi and translated to English when a con-
sensus on terminology or meaning was met. The discussions
were undertaken in conjunction with the development of an
engagement protocol, the Turtuni Framework (M.K., personal
observation). The framework was at times used to guide the
activities reported on here.

From 2021 to 2023, we made 6 visits to study sites with 8
Tiwi knowledge authorities, had 2 conversations with 3 Tiwi
knowledge authorities in Wurrumiyanga, had numerous ad hoc
conversations with Tiwi Rangers (Figure 2a–i), and had one
workshop with 11 attendees in Wurrumiyanga (Figure 2j). Lists

of the Tiwi knowledge authorities’ names and the conversation
dates are in Appendix S1. This information is provided with oral
consent from the individuals and at the request of the Tiwi Land
Council. Different authors were involved in different activi-
ties based on their availability and interstate travel restrictions
resulting from COVID-19. This process was enabled through
key Tiwi institutions to respect Tiwi governance processes,
including the Tiwi Land Council, Tiwi Resources, and Tiwi clan
groups.

We engaged with Tiwi knowledge authorities in semistruc-
tured conversations regarding the ecosystem names, adjectives,
and processes. During the site visits, the location visited often
led to conversation. For the conversations in Wurrumiyanga,
we used large, printed satellite maps. Interview questions are
in Appendix S1. We discussed words in Tiwi language to name
and describe the ecosystems. When a prompt was needed, we
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used words from the Tiwi Plants and Animals list of ecosys-
tem names (TLC et al., 2001). We discussed the ecosystem
processes, for example, fire (yikwani in Tiwi), and species that
occur at the location and in the ecosystem in general. This led
to topics of the meaning and significance of the location for
the Tiwi knowledge authorities. Finally, we discussed impacts
that were damaging either the location or the general ecosystem.
This series of questions and topics was discussed in a flexible
order and style to focus time on topics that the Tiwi knowledge
authorities wished to discuss.

A workshop was held with Tiwi knowledge authorities in
Wurrumiyanga, at which we discussed topics similar to those
covered during the site visits. We used a visual presentation and
printed document presentation format (photographs, descrip-
tions, and maps) (Figure 2). The workshop was part of the Tiwi
Resources’ Knowledge Database project.

Developing ecosystem descriptions

Once the final set of ecosystem types was settled, we used
information in the literature relative to each ecosystem, follow-
ing guidelines for the IUCN Red List of Ecosystems (Keith,
Ferrer-Paris, et al., 2024), to write descriptions, build cause-and-
effect conceptual models, determine relationships with other
classifications (described above), map distribution (described
below), and compile photographs (Figure 3). For each ecosys-
tem, we identified the characteristic and diagnostic native biota,
the abiotic features, key ecological processes that influence
ecosystem distribution or function, and the natural variation
in these properties. To maintain local relevancy and represent
Tiwi values, we included threatened species, culturally signifi-
cant species, words in Tiwi language, and ecosystem services
that arose in our discussions and in the literature (primarily, TLC
et al. [2001]). The cause-and-effect conceptual models provided
a visualization of the interactions between major ecosystem
components. We systematically compiled information from the
literature and field observations related to the 5 categories of
ecosystem components specified by the GET: resource drivers,
ambient environment, disturbance regimes, biotic interactions,
and human activities (Keith et al., 2022).

Training points for mapping

We developed a training dataset of known occurrence points
primarily from existing spatial data. Full details on the datasets
are in Appendix S2. We collated all datasets held by the
Tiwi Land Council and aligned the classes with the pro-
posed Tiwi Island ecosystem types via the same methods as
the cross-reference detailed in the “Developing the ecosys-
tem inventory” section. These datasets were from a diverse
range of data providers, including development proposals, aerial
photographs, and academic and government research. Most
resources related directly to one ecosystem, such as threatened
flora surveys in wet rainforests (Liddle et al., 2008). Exceptions
to this were aerial photographs that showed multiple ecosys-

FIGURE 3 Contribution of knowledge sources at 4 scales (global,
national, regional, and local) to the development of classification, description,
and mapping of ecosystems.

tems and site visits with the Tiwi knowledge authorities, who
provided locations for Melaleuca swamps, grasslands, salt marsh,
mangrove, sand dunes, sandy coastlines, rocky coastlines, tree-
less plains, Eucalypt open forest savanna, wet rainforests, and
dry rainforests (Figure 3).

Some ecosystem types were identified and described in
the inventory but could not be mapped. It was not possi-
ble to distinguish between the eucalypt open forest savanna
and the more variable eucalypt and mixed-species savanna
in the existing datasets because of the high intraclass vari-
ability in canopy cover visible in the aerial photos and the
variable definition used to define the mixed-species savanna.
Therefore, eucalypt savanna was mapped as one class that
represented a mosaic of the 2 ecosystems. The only data on
rocky shorelines were from our site visits with Tiwi knowl-
edge authorities—these provided too few training points for
modeling.

We placed training points on a 30-m grid through visual
interpretation in QGIS 3.22.12 by overlaying the datasets onto
recent Sentinel-2 and Landsat-9 images. We thinned the points
to a minimum of 100 m apart to minimize spatial autocorrela-
tion (Congalton & Green, 1993). This resulted in 5298 training
points for 11 ecosystem types (locations in Appendix S2).
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Model variables

To map the ecosystem types, we needed ecologically relevant
covariates (i.e., model variables). For the satellite imagery, we
created a cloud-free Landsat-9 composite by using the median
of images from January to May 2023 with <30% cloud cover
and removing the remaining clouds with a QA-pixel mask in
Google Earth Engine (Gorelick et al., 2017) (Appendix S3).
We used the red and near-infrared bands to calculate the nor-
malized difference vegetation index (NDVI), which represents
vegetation primary productivity.

We compiled additional environmental variables to represent
vegetation and landscape topography. To estimate groundwa-
ter availability, we used elevation data from the Shuttle Radar
Topography Mission 5 m Smoothed Digital Elevation Model
(Gallant et al., 2009) and created measures of slope and the
topographic position index. We used 3 variables relating to
vegetation height and structure that were the height at which
50%, 75%, and 95% of the vegetation biomass has been inter-
cepted (Scarth et al., 2023). We also tested the inclusion of the
long-term mean monthly rainfall (2005–2023) from the Aus-
tralian SILO database (Jeffrey et al., 2001). However, the rainfall
showed limited spatial variation for the islands and was omitted
(details in Appendix S3).

We reprojected the variables to a 30-m resolution and
the GDA2020 MGA52S coordinate reference system (EPSG:
7852). We tested the covariate correlation with Pearson’s cor-
relation coefficient with a 0.70 cutoff and selected among
correlated variables through ecological reasoning or by model-
ing the covariates individually (Appendix S3). The final variables
used in the model were the red and near-infrared bands of
the satellite image, NDVI, height of 95% of the biomass, and
elevation.

Model building, evaluation, and prediction

We developed a supervised random forest model with the
ranger package (Wright & Ziegler, 2017) to classify ecosystems
and predict their distribution in R 4.3.0 (R Core Team, 2018)
with R studio 2023.09.1+949 (RStudio Team, 2020). A list of all
software, packages, and versions used is in Appendix S4.

We randomly allocated the training points into 5 partitions
for cross-validation. Cross-validation involves partitioning the
data such that all but one of the partitions is used to build
a model and predicting the held-out partition. In the k-fold
cross-validation, the partitions are of equal size and the model
building and predicting process is repeated so that each parti-
tion is held out once. We optimized the modeling parameters,
resulting in 60 trees, 2 splitting variables, a depth of 6 nodes, and
samples weighted by sample size (Appendix S4). We used the
cross-validated models to predict the ecosystem type in the
held-out partition and from this calculated the confusion matrix
by assessing true and predicted ecosystem types. We calculated
the overall accuracy and the class-specific accuracy measures
from the cross-validated confusion matrix (Appendix S5),

noting the limitations of accuracy metrics derived from non-
randomly sampled training points (Foody, 2002; Olofsson et al.,
2013). We used the cross-validated models to predict the ecosys-
tem type for the entirety of the islands. The final predicted class
was the class predicted most frequently from the cross-validated
models or with the mean highest probability where multiple
classes were predicted in equal amounts. We overlayed poly-
gons of the urban and forestry areas that had been previously
developed.

RESULTS

Tiwi Islands ecosystems classification

We identified 14 ecosystem types (Table 1): 12 native terres-
trial and terrestrial transitional (types 1–12) and 2 anthropogenic
(types 13–14). We use the term anthropogenic to describe highly
modified systems that no longer function naturally so as to align
with the GET. We recognize that Indigenous peoples, including
Tiwi people, have modified and managed ecosystems in Aus-
tralia sustainably for millennia (Shawn-Fletcher et al., 2021). The
ecosystem types we identified were eucalypt open forest savanna
(warta, type 1), eucalypt and mixed species savanna (warta, type
2), treeless plains (muriyini, type 3), wet rainforest (yawurlama,
type 4), dry rainforest (yawurlama, type 5), Melaleuca savanna
(punkaringa, type 6), grasslands and sedgeland wetland (turringiya,
type 7), mangrove (mirriparinga or pamparinga, type 8), coastal
saltmarsh (yarti, type 9), sand dunes (kurlimipiti or pungamparna,
type 10), sandy shorelines (tingata, type 11), rocky shorelines
(tingata, type 12), urban and modified (type 13), and plantation
(type 14). Of the natural ecosystems (i.e., nonanthropogenic),
half the ecosystem types were fully terrestrial (n = 6, types 1–6)
and half were transitional with either the marine realm (n = 3,
types 10–12), freshwater (n = 1, type 7), or both (n = 2, types 8
and 9). Our application of the GET and discussions with Tiwi
knowledge authorities prompted the inclusion of 3 unvegetated
or sparsely vegetated ecosystem types (Figure 3): sand dunes
(type 10), sandy shorelines (type 11), and rocky shorelines (type
12). These unvegetated ecosystems were either not included in
previous classification schemes or aggregated into a single class
(i.e., class 27 in the Australia National Vegetation Information
System, NVIS).

Comparison with other classification schemes

In terms of the relationships to the GET, the 12 native ecosys-
tem types (GET level 6) belonged to 10 EFGs (GET level 3),
7 functional biomes (level 2), and 4 realms (level 1) (Table 1).
Biome is defined by the GET as the subdivision of realms (e.g.,
marine or terrestrial) by broad features of ecosystem structure
and function, which contrasts with the biogeographic use of
biome, where the term reflects climatic factors (Mucina, 2019).

No other single classification scheme reviewed captured all
the ecosystem types we identified on the Tiwi Islands. The
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FIGURE 4 Exemplar cause-and-effect conceptual model of grassland and sedgeland wetlands (turringiya in Tiwi language) on the Tiwi Islands, northern
Australia, developed following International Union for Conservation of Nature Red List of Ecosystem guidelines (Keith, Ferrer-Paris, et al., 2024), which links
ecosystem processes, attributes, and threats. Similar models for each ecosystem type listed in Table 1 can be found in Appendix S6.

12 native terrestrial and terrestrial–transitional native ecosys-
tem types for the Tiwi Islands based on our research were
equivalent to 10 formations in the International Vegetation
Classification and 14 major vegetation groups from the NVIS
(Table 1; Appendix S8). Despite differences in the classification
criteria and objectives, a one-to-one or one-to-many attribu-
tion between the schemes was possible for most classes. The
ecosystem types corresponded in thematic scale to the general-
ized vegetation types previously described for the Tiwi Islands
(Table 1; Appendix S8). However, a key difference to the gen-
eralized vegetation types was that we delineated 2 eucalypt
savanna ecosystems (type 1 and 2) based on variability in the
species composition and soil moisture and composition instead
of by canopy cover. The treeless plains ecosystem type (type 3)
did not align with a single category in the national and territory
classification schemes, although it was recognized in previous
classifications specific to the Tiwi Islands.

Tiwi Islands ecosystem descriptions

Two ecological processes that drove ecosystem properties in all
or the majority of the Tiwi Islands ecosystems were moisture
availability and fire (Appendix S6). Moisture availability was a
key driver for all the ecosystem types, with moisture varying
in salinity and availability over time (e.g., with tidal inundation
or seasonal drought) (Figure 4). Stable freshwater availability
was essential for the wet rainforest (kukuni yawurlama, type
4), and a seasonal deficit of freshwater influenced 6 other ter-
restrial ecosystem types (types 1–3 and 5–7) (Appendix S6).
Regular salt and brackish water inundation supported mangrove
ecosystems (type 8). Regular tidal saltwater inundation and reg-
ular disturbance resulted in distinct communities in the sandy
and rocky shorelines (types 11 and 12, respectively), where
salinity was high. Irregular inundation was key to the coastal
saltmarsh (yarti, type 9) and the wetlands (turringiya, type 7)
(Figure 4).

Freshwater availability also interacted with fire to distinguish
ecosystem types. For example, fire mediated the boundaries
between wet rainforests (type 4) and the eucalypt savannas
(types 1 and 2) and was relatively lower in the rainforest due to
the predominantly evergreen vegetation. Fire was also relatively
low in the dry rainforest (type 5), despite the drier vegetation,
which, based on the literature, may be explained by topo-
graphical protection. Although one name in Tiwi language was
suggested for both the wet and dry rainforest, yawurlama, Tiwi
knowledge authorities recognized and described differences
between these ecosystem types based on soil moisture gradi-
ents, species composition, and services provided to Tiwi people
(e.g., collection of yams). Tiwi knowledge authorities suggested
Tiwi adjectives that could be used to distinguish among these
rainforest ecosystem types: Tiwi words for freshwater, kukuni

and kukunila; for freshwater stream, makaringa—to describe the
wet rainforests; and yartupwarri, meaning dry ground for the dry
rainforests (Table 1).

Tiwi knowledge authorities shared extensive information that
contributed to the ecosystem descriptions (Figure 3), including
characteristic species in ecosystems, such as saltwater crocodiles
(Crocodylus porosus, yirrikipayi in Tiwi), magpie geese (Anseranas

semipalmata, multiple names in Tiwi), and barramundi (Lates

calcarifer, arlamini and arlaminga in Tiwi) in the grassland and
sedgeland wetlands (type 7); ecosystem processes, such as inter-
actions between these species (e.g., the predation of barramundi
by crocodiles); and the relationships between Tiwi people and
the ecosystems, for example, agile wallabies (Macropus agilis,
anjorra in Tiwi) seek shade and water in rainforests, meaning
rainforests are places to hunt wallaby. Tiwi knowledge author-
ities discussed their relationships with species, ecosystems, and
important locations. For example, traditional medicinal plants
are collected in the eucalypt open forest savanna (type 1), and
yams (Dioscorea spp.) are collected from the dry rainforests (type
5). Sandy and rocky shorelines (types 11 and 12, respectively) are
used to harvest mussels (Polymesoda erosa, jukwarringa in Tiwi) and
mud crabs (Scylla serrata, kurumpuka and wurlanga in Tiwi), and
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locations where these practices are undertaken were identified
on satellite images.

Threats and management

We identified multiple threats as acting or having the potential
to act on each ecosystem (Figure 4, yellow boxes) from the lit-
erature and as observed by Tiwi people (Figure 3). Recurring
threats across the ecosystems on the Tiwi Island are inappropri-
ate fire regimes, invasive species, and interactions among these
threats.

On the Tiwi Islands and other areas of northern Australia,
fires naturally occur in high frequency at low intensity (Murphy
et al., 2013; Williams et al., 2017); an inappropriate fire regime
is defined as high-severity fires occurring in the late dry sea-
son (i.e., after July) (Fox et al., 2001). Fire was identified as an
important process in the savanna ecosystem types (types 1–3)
and infrequently recorded in rainforest patches (type 5–6) and
grasslands (type 7). Changes in fire frequency, severity, or extent
cause significant impacts on the biotic communities. Fire man-
agement was cited as a crucial tool Tiwi rangers use to manage
multiple ecosystems on behalf of Tiwi landowners and the Tiwi
Land Council (Richards et al., 2012; TLC, 2024a).

In terms of invasive species, feral herbivores, in partic-
ular buffalo (Bubalus bubalis, jarranga in Tiwi) and pig (Sus

scrofa, pikipiki in Tiwi), degrade multiple ecosystems on the
Tiwi Islands by reducing plant regeneration, uprooting plants,
spreading weeds, and reducing water quality (Figure 4). This
damage has been observed by Tiwi knowledge authorities at
multiple locations (Figure 3). Feral cats (Felis catus) are a growing
problem because they kill mammals, birds, and reptiles (Davies
et al., 2017, 2021). They are a current management focus (TLC,
2024a, 2024b) (Figure 4). Exotic weeds degrade multiple ecosys-
tems by altering fire regimes and outcompeting native species
(Woinarski, Hadden, et al., 2003) (Figure 4; Appendix S6) and
hence are also a current management focus (TLC, 2024a).

Mapping Tiwi Islands ecosystems

The Tiwi Islands ecosystem distribution model achieved a high
overall accuracy of 83.86% (Appendix S5) and predicted large
expanses of eucalypt savanna (types 1 and 2), patchy areas
of treeless plains (type 3) and Melaleuca savanna (type 6), and
coastlines lined by mangroves (type 8) (Figure 5). Across the
ecosystem classes, ocean (winga) was consistently predicted with
the lowest error (commission error [CE] = 0.00, omission error
[OE] = 0.01). In contrast, Melaleuca savanna was overpredicted
(CE = 0.74). Treeless plains were also often misclassified, albeit
to a lesser extent, both falsely predicting treeless plains when
another ecosystem truly occurred (false positive, CE = 0.34)
and falsely predicting another ecosystem when treeless plains
truly occurred (false negative OE = 0.3). Similarly, wet rain-
forests tended to be overpredicted (CE = 0.36) because of the
misclassification of dry rainforests (OE = 0.20).

DISCUSSION

We developed an ecosystem typology that brought together
local, regional, and national information in a global framework
to classify, describe, and map ecosystems on the Tiwi Islands.
Our new typology captured a greater range of ecosystem types
for the Tiwi Islands terrestrial landscape than any other single
classification reviewed, thereby supporting more comprehen-
sive planning. Our results illustrate that defining ecosystem
types by function effectively captures the high spatiotemporal
variation in dynamic and disturbance-prone ecosystems, which
has implications for management. Tiwi knowledge authori-
ties offered important insights into the ecosystem classes and
descriptions, which provide a valuable basis for future monitor-
ing of ecosystem condition and services. Our results illustrate
the benefits gained by connecting knowledge systems and
scales, including local Indigenous knowledge and scientific
knowledge from local to global scales.

A comprehensive inventory

Drawing on existing classification schemes and Tiwi knowl-
edge enabled the development of an ecosystem inventory for
the Tiwi Islands that was more comprehensive than any earlier
classifications and prompted the inclusion of locally impor-
tant ecosystem types. Together with GET indicative maps, Tiwi
knowledge authorities identified 3 unvegetated and sparsely veg-
etated ecosystems that were not part of previous classifications:
sand dunes, sandy shorelines, and rocky shorelines. Sand dunes,
a prominent landform on Bathurst Island, provide ecosystem
services, such as medicinal plants (Thompson et al., 2019) and
hunting, and have cultural significance. Similarly, the treeless
plains ecosystem (muriyini, type 3) did not easily align with an
existing vegetation class in the national or Northern Territory
classifications. Such gaps in the previous classifications mean
that management decisions may have been misinformed regard-
ing ecosystem location and extent. Sparsely vegetated dunes are
affected by sand mining, for which there is recurring interest
on the Tiwi Islands (EcOz Environmental Services, 2012). By
improving the comprehensiveness of the ecosystem inventory
via Tiwi knowledge authorities and the global framework, we
created a typology and map that support better spatial planning
overall and better planning for ecosystems important to Tiwi
people.

Ecosystems defined by function and processes

Another important characteristic of the Tiwi Islands ecosystem
typology is that it defined ecosystem classes by ecological pro-
cesses and function. In doing so, it represented dynamic savanna
ecosystems, such as those that dominate the Tiwi Islands, by
emphasizing the role of fire as an ecological process and reduc-
ing reliance on vegetation structure. Vegetation structure is a
core property used in vegetation classification, but it is less
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FIGURE 5 Distribution of the ecosystem types on the Tiwi Islands, Australia, and exemplar photos of select ecosystems and their names in Tiwi language
(italics).

usefulness for distinguishing ecosystems with spatiotemporally
variable structural or floristic forms (Fox et al., 2001; Parr
et al., 2014; Williams et al., 2017). Structural classifications for
savannas, as done previously for the Tiwi Islands, can pro-
duce inaccurate extent estimates and contribute to inappropriate
management decisions (Griffith et al., 2017; Phelps et al., 2022;
Ratnam et al., 2011). In contrast, defining savanna ecosystems
based on fire frequency, seasonal drought, biota whose traits
are shaped by those processes (Williams et al., 2017), and the
abundance of seasonally flammable C4 grasses results in a func-
tional classification that accounts for ecosystem dynamics and
variation. Whether defined by vegetation structure or ecosystem
processes, savanna variability is still a challenge to map (Hanan
et al., 2014; Hurskainen et al., 2019), which has implications for
policy and conservation that rely heavily on accurate spatial rep-
resentations for strategic planning and management (Dorrough
et al., 2021). We mapped the 2 eucalypt savanna ecosystems
(type 1 and 2) as a single category because of limitations in the
reference dataset. Given the dominance of fire in both eucalypt
savanna ecosystems and similar threats from invasive species,

management of the 2 ecosystems can still be supported by the
ecosystem map. However, protecting the unique biota requires
these ecosystems to be mapped separately.

Management implications

An ecosystem typology that identifies key ecosystem processes
also has substantial benefits for management. For savannas,
low canopy cover or high fire frequency can be misinterpreted
as degradation, and reforestation programs or fire suppression
may be wrongly implemented as a result (Parr et al., 2014;
Phelps et al., 2022). Instead, maintaining and restoring natu-
ral ecosystem processes are effective options for management
(Griffith et al., 2017; Keith, Ghoraba, et al., 2024; Wurtzebach
& Schultz, 2016). Conceptual models are powerful tools to iden-
tify key processes, potential threats, and hence management
priorities (Keith, Ghoraba, et al., 2024; Wurtzebach & Schultz,
2016). Similarly, ecosystem management is enhanced through
improved knowledge sharing across jurisdictions through cross-
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referencing with the GET. For example, feral buffalo have
damaged floodplains across northern Australia (Bowman et al.,
2010; Bradshaw et al., 2007). Although the extent of such
impacts on the Tiwi Islands is undocumented, potential impacts
(Figure 4) and management actions could be informed by expe-
riences from the ecologically similar Kakadu National Park,
including quantifying impacts and developing controls (Brad-
shaw et al., 2007). Given the substantial damage of buffalo and
pigs on rainforests, for the Tiwi Islands prioritizing invasive
species management at locations where yams are collected or
wallabies hunted would balance both conservation and Tiwi pri-
orities. Recent partnerships in Australia to combine Indigenous
and conservation objectives by targeting actions at significant
sites have proven highly effective at local (Bach et al., 2019) and
national scales (Moorcroft et al., 2012).

Monitoring

Alongside identifying the key ecological processes for Tiwi
Islands ecosystems, we described the biota for each ecosystem,
opening new avenues for monitoring. By monitoring the char-
acteristic biota, it is possible to leverage available datasets to
determine ecosystem condition and trends, including mammals
and birds for the Tiwi Islands (Davies et al., 2018, 2019, 2021).
In other Indigenous and traditional local communities, char-
acteristic plant species are often a salient feature in landscape
descriptions (Babai & Molnár, 2013; Gantuya et al., 2019), which
could be considered as a potential basis for monitoring ecologi-
cal state and changes. Monitoring culturally significant elements
of biodiversity (as well as ecological metrics) can indicate ecosys-
tem condition and the maintenance of cultural values, such as
yam populations in rainforest patches, medicinal plants in the
eucalypt savanna, or whelk abundance in mangroves collected
for food (Thompson et al., 2019; TLC et al., 2001). Biocultural
indicators are an emerging approach to ecosystem assessments
that capture ecological integrity and the services provided to
people by ecosystems. The IPBES compiled hundreds of locally
developed indicators covering aspects of social and cultural
well-being for use in holistic monitoring of nature based on the
relationships between people and ecosystems (Díaz et al., 2018;
McElwee et al., 2020).

Challenges

Although bringing together multiple knowledge systems and
scales can create novel insights, understanding and managing
differences between knowledge systems is not straightforward
(McElwee et al., 2020). Tiwi knowledge authorities expressed
values related to either the ecosystems or locations on Tiwi
Country, such as through the practices of camping, hunting,
and storytelling. This contrasts with the conventional practices
of classifying, describing, and mapping typically used in the
ecological sciences but aligns with descriptions of Indigenous
knowledges as offering place-based understandings that incor-

porate ecological, spiritual, and cultural dimensions (Berkes
et al., 2000). These differences reflect the unique ways the
respective knowledge systems understand, describe, and clas-
sify landscapes (i.e., ontological differences) based on their
foundational beliefs and logics (i.e., epistemological differences)
(Johnson & Hunn, 2010; Mark & Turk, 2003). One option to
work with these differences and to respect and honor important
Tiwi locations is to prioritize management at particular sites,
as suggested earlier. In this research collaboration, we found
that written descriptions and conceptual models proved useful
mechanisms to bring together Tiwi knowledge and ecologi-
cal knowledge and supported qualitative and quantitative data
representations, which often challenge cross-cultural knowl-
edge partnerships (McElwee et al., 2020). Instead of seeking a
comparison between the Tiwi and Western ecological concep-
tualizations of landscapes, we aimed to manage our ontological
and epistemological differences in creative ways (i.e., through
discussion, sharing knowledge on Country together) to create
an ecosystem inventory that is ecologically sound and culturally
relevant for the management of Tiwi murrakupuni.

Spatial planning

A crucial aim of this research was operationalizing the ecosys-
tem inventory into a distribution map for spatial planning. Our
modeling produced high overall accuracy but low accuracy for
specific classes (Appendix S5). The high overall accuracy was
potentially overestimated because of the random allocation of
the training points into the cross-validation folds (Stehman &
Foody, 2019); some validation points were close to training
points and likely had similar characteristics. Low accuracy for
a specific class is typical for structurally heterogeneous classes
(Congalton et al., 2014) and directly opposes the benefit of
ecosystem units in capturing variability. These potential and
actual accuracy issues impede the use of the ecosystem map,
especially for fine-scale planning. More research could improve
the quality and quantity of the training data and covariates and
thus improve the accuracy of this map (Figure 5). Such improve-
ments in mapping could target ecosystems classes with low
accuracy or those that contribute services to Tiwi people.

Future applications

The detailed typology and map of ecosystems will help Tiwi
Island land managers and Tiwi institutions apply globally stan-
dardized assessment tools. Foundational ecosystem information
facilitates ecological assessments (Keith, Ferrer-Paris et al.,
2024) and assessments of the services ecosystems, including
ecosystem contributions to culture and human well-being (Díaz
et al., 2018; Hill et al., 2021). Ecological and ecosystem services
assessments are complementary (Xiao et al., 2024), together
supporting the continued provisioning of services. Given the
headline role of ecological assessments in current multilateral
agreements (Nicholson et al., 2024), the Tiwi ecosystem inven-
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tory supports Tiwi knowledge to inform and influence national
and global conservation strategies.
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