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Abstract

Trees belong to humanity’s heritage, but they are more than that. Their loss, through catastrophic fires or under
business-as-usual, is devastating to many forms of life. Moved by this fact, we begin with an assertion that heritage
can have an active role in the design of future places. Written from within the field of architecture, this article
focuses on structures that house life. Habitat features of trees and artificial replacement habitats for arboreal wildlife
serve as concrete examples. Designs of such habitats need to reflect behaviours, traditions and cultures of birds,
bats, and other animals. Our narrative highlights the nonhuman aspect of heritage, seeking to understand how
nonhuman stakeholders can act as users and consumers of heritage and not only as its constituents. Our working
definition states that more-than-human heritage encompasses tangible and intangible outcomes of historical
processes that are of value to human as well as nonhuman stakeholders. From this basis, the article asks how the
established notions of heritage can extend to include nonhuman concerns, artefacts, behaviours and cultures. As a
possible answer to this question, the hypothesis tested here is that digital information can (1) contribute to the
preservation of more-than-human heritage; and (2) illuminate its characteristics for future study and use. This article
assesses the potential of three imaging technologies and considers the resulting data within the conceptual
framework of more-than-human heritage, illuminating some of its concrete aspects and challenges.

Keywords: Digital heritage, Cultural heritage, Natural heritage, Biological conservation, More-than-human heritage,
More-than-human design, Large old trees, Arboreal habitat

Introduction: heritage as a source of knowledge
for design
Human impact on the environment is now pervasive and
typically damaging. However, even heavily affected places
continue to support many forms of nonhuman life (Lowry,
Lill, and Wong 2013). In many cases, targeted design can
increase such capabilities. One of the author’s earlier arti-
cles has outlined the notion of more-than-human design
that seeks to consider nonhuman stakeholders as equal
beneficiaries (Roudavski 2018). Interest in more-than-
human design has been growing in parallel with theoret-
ical work that emphasises relational and multi-agential
aspects of the world (e.g. see Kirksey 2014). Examples in-
clude approaches influenced by continental philosophy,

for example, actor-network theory, posthumanism, trans-
humanism, new materialism, object-oriented ontology and
other initiatives (e.g. see Forlano 2016 for an overview;
Franklin 2017; Maller 2018). In parallel, fields like conser-
vation, restoration and reconciliation ecology (Rosenzweig
2003), including urban ecologies (Douglas and Goode
2011) and ecological engineering (Kangas 2004; Matlock
and Morgan 2011) produce evidence-driven work that
highlights more-than-human challenges of environmental
management and proposes initiatives including rewilding
(Owens and Wolch 2019) and cohabitation (Boonman-
Berson 2018). Environmental history, biogeography and
critical animal geography (Gillespie and Collard 2015),
multi-species ethnography (Hamilton and Taylor 2017)
and animal studies (Kalof 2017) provide further theoretical
background.
Unfortunately, in many cases, the available knowledge

on interspecies cohabitation is insufficient. Without such
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knowledge, it is hard to know how to direct design ef-
forts. Natural and cultural heritage protection laws, for
example, those defined by the World Heritage Conven-
tion, identify places of outstanding value, including old-
growth forests, and impose obligations to conserve such
places for future generations. Despite these efforts, the
degradation continues at an increasing pace. Historical
ecosystems and social structures that can serve as useful
templates for future places are disappearing. Efforts to
safeguard information contained in such systems take
many forms. For example, national parks seek to pre-
serve examples of biodiversity in situ. In parallel, ex situ
conservation (Pritchard et al. 2012) includes retention of
species in botanical gardens (Krishnan 2016) or genetic
information in seed banks (Guerrant, Havens, and
Maunder 2004).
Written from within the field of architectural design, this

article focuses on the roles of structures that house life.
Ecologists call such arrangements habitat structures. A
habitat structure is the amount, composition, and three-
dimensional distribution of physical matter (both abiotic
and biotic) at a specific location (Bell, McCoy, and Mush-
insky 1991). Such structures are crucial for the survival of
many organisms. Scientists call particularly important ar-
rangements ‘keystone structures’ (Tews et al. 2004). Large
old trees and their habitat features are a characteristic ex-
ample (Bütler, Rita et al. 2013; Le Roux et al. 2014).
Such trees are rapidly disappearing everywhere (Lin-

denmayer, Laurance, and Franklin 2012). This article
focuses on an Australian case study, but its argument is
applicable in many other environments. The global
number of trees has fallen by some 46% since the “on-
set of human civilisation” in the post-Pleistocene period
(Crowther et al. 2015, 204). Within Australia, the last
two centuries have seen 40% of forests lost to agricul-
ture, logging, urban growth and other human activities
(Bradshaw 2012). Within this loss is the global dis-
appearance of large old trees that serve as essential hab-
itats for many species, including birds, bats and insects
(Goldingay 2009). It can take hundreds of years before
trees form useful habitat features (Lindenmayer et al.
2012). Despite their importance, humans routinely re-
move large old trees for economic, aesthetic and safety
reasons (Le Roux et al. 2014; Conway 2016). Even when
humans retain such trees, typical management ap-
proaches prescribe elimination of decay, removal of
dead or broken branches and filling of hollows, mini-
mising habitat opportunities. Further, typical practices
remove dead trees (Carpaneto et al. 2010) even though
they can be more valuable as habitats than their living
counterparts (Radu 2006). Up to 40% of organisms in
forests depend on wounded or decaying material from
living, weakened, or dead trees (Bauhus, Baber, and
Müller 2018).

The pervasive shortage of large old trees and their on-
going loss necessitate the introduction of artificial alter-
natives that can include artificial hollows, replacement
bark and synthetic trees. Several of our current projects
seek to design and test such replacements (Roudavski
and Parker 2020). These projects highlight the need for
information about successful historical habitat struc-
tures. This information is essential not only for the im-
portant efforts to conserve the remnant old-growth
forests but also for the development of effective artificial
replacements of key habitat features in degraded or
destroyed ecosystems.
Useful data should describe good homes that have

successfully hosted complex lives of many organisms.
However, with the disappearance of large old trees, such
examples are increasingly hard to find. Predictions sug-
gest that under business-as-usual most Australian large
old trees will die within several decades. Extensive areas
affected by former or current agricultural activities will
experience a total loss (Gibbons et al. 2008) because very
few trees started growing and reached maturity since
colonisation some 230 years ago. Trees planted now will
not naturally form useful cavities for hundreds of years.
Even if management practices will adapt to allow trees
to mature, age and die in place, researchers and the pub-
lic will lack useful data on crucially important habitats
for many human generations. During this gap, many
nonhuman dwellers will perish and others will lose their
valuable traditions.
The devastating bushfires of 2019–2020 in Victoria

and New South Wales exemplify another form of threat.
Early and deliberately conservative estimates by Chris
Dickman at the University of Sydney cover the period
from September to January. They suggest that in this
period the fires have killed over 1 billion mammals,
birds, and reptiles in an area exceeding 10 million hect-
ares (Dickman 2020). Unfortunately, the fires are still
burning, and the toll will rise. Large old trees, insects,
and bacteria will die too. Hundreds of species will go ex-
tinct. Countless individuals will become refugees.
In response, this article proposes to extend the con-

cept of heritage to include large old trees, their habitat
features and the patterns of life they support. Although
existing heritage protections recognise some forests for
their outstanding universal value, they do this by asses-
sing their value for humans. We emphasise that large
old trees are important to other lifeforms and suggest
that practitioners in a range of disciplines should recon-
sider heritage in more-than-human terms.
Developing this argument, the next section outlines a

conceptual framework that builds on the existing work
in critical heritage studies and seeks to move beyond
natural and cultural distinctions towards more-than-
human heritage. After this conceptual sketch, we test
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this framework in application to a concrete case-study
that considers trees as heritage. The article then reviews
the abilities of existing imaging techniques to describe
tree habitats and their heritage value. It concludes with
an assessment of these techniques and an invitation to
share in future work.

Conceptual framework: nonhuman aspects of
heritage
Up to this point, the article has discussed trees and their
features in terms of data and information, only mention-
ing heritage as a possible conceptualisation. However,
trees are living beings. They exist in complex communi-
ties where all stakeholders, living and abiotic, depend on
each other. These stakeholders have complex and
unique histories that are specific to the circumstances
and places within which they have emerged. Data and
information are insufficient as tools for capturing such
histories. The concept of heritage is more inclusive.
Academic work in heritage studies offers an existing

foundation for a more-than-human understanding of
heritage. For example, this is one of the key themes in
critical heritage studies (Harrison 2013b; Winter 2013).
These approaches propose that heritage emerges from
relationships between human and non-human actors.
This interpretation follows the ideas of the actor-
network theory and via this route arrives at the
anthropological studies of indigenous worldviews, for ex-
ample through the work of Deborah Bird Rose and
Eduardo Viveiros de Castro.
This basis leads to the interest in non-modern world-

views and ontologies, including, for example, animism
and totemism (Byrne and Ween 2015; Harrison 2015).
Engagement with these worldviews and the resulting
practices can expand the set of imaginable futures and
the possible relationships between humans and the rest
of the world. Such ‘indigenous’ or ‘traditional’ world-
views provide insights and principles that extend beyond
universalist, colonising and technocratic approaches. In
many cases, they reflect more balanced and sustainable
relationships with places than those that are possible
through extraction- and growth-driven societies.
Despite their in-depth knowledge of places and their

strongly felt kinship with the nonhuman world, indigen-
ous societies’ ecological knowledge (Inglis 1993; O’Bryan
2004; Ellen, Parkes, and Bicker 2006; Pierotti 2011;
Edington 2017) and the ensuing ‘biocultural’ approaches
to management (Menzies 2006; Sterling et al. 2017; Nel-
son and Shilling 2018) remain limited by their inescap-
able human origins. Not all indigenous practices have
been sustainable or are scalable. Uncritical privileging of
long-lasting human cultures can lead to the valorisation
of stable but impoverished places where losses of com-
plexity have likely occurred earlier, during the first wave

of human colonisation (commonly debated examples in-
clude the loss of flightless birds in New Zealand or
megafauna in Australia). Indigenous knowledge systems
also have a limited understanding of many parts of the
world that are not accessible via direct experience. For
example, the appreciation of the influence of bacteria or
solar flares on patterns of life requires technical instru-
mentation and scientific theories. It might also be diffi-
cult to benefit from indigenous ecological knowledge in
the existing and emerging conditions where the degrad-
ation is severe, as in highly urbanised environments, or
where further substantial change is unavoidable, as in
places that will be affected by climate change.
An in-depth discussion of these issues is beyond the

scope of this article. Instead, our intention is to use the
existing discussion on the more-than-human worlds as a
basis for future action. One way to proceed is by combin-
ing indigenous knowledge (see Latulippe 2015 for an over-
view) with the latest scientific advances and management
practices (e.g. see Kimmerer 2013; Nelson and Shilling
2018; Anderson et al. 2011). The other is by engaging with
the notion of indigeneity and constructing procedures that
might transition most humans into indigenous relation-
ships with places. Such approaches can be problematic in
their underlying drive to instrumentalise and adopt indi-
genous knowledge into the dominant capitalist and ex-
ploitative order (Chandler and Reid 2019).
Moving beyond these approaches, we want to take

nonhumans seriously and benefit from the latest know-
ledge on their capabilities, evolutionary histories, per-
sonal biographies and complex needs in the
consideration of future planning. Here, the discourse of
heritage fuses with the research in cognition, ethology,
social behaviour, theoretical biology as well as various
forms of ethics, especially those that emphasise ecocen-
tric morals, for example ecocentric ethics (Rolston
2012), geocentric ethics (Lambert 2012) and land ehics
(Callicott 2014), astroethics (Impey, Spitz, and Stoeger
2013) animal rights (Donaldson and Kymlicka 2011) and
the ethics of care (Puig de la Bellacasa 2017).
The only way to reduce the paternalistic and an-

thropocentric treatment of nonhumans is by supporting
their own voices, rights and freedoms. Among others,
this approach has precedents in the efforts to produce
history (Gustafsson, Laura and Haapoja, Terike 2015),
literature (Brooks 2019), science (Waal 2017) or politics
(Wissenburg and Schlosberg 2014) from animals’ point
of view. However, this important context is beyond the
scope here. Nor does this article attempt to develop an
exhaustive theoretical treatment of nonhumans within
the more-than-human heritage. Instead, our present ef-
fort aims to offer a practical and technical example as a
provocation for further thinking. However, it is useful to
differentiate the proposed approach from many allied
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and overlapping efforts to theorise the entangled and
heterogenous worlds.
Waterton and Watson (2013) group heritage theories

into theories ‘in’, ‘of’ and ‘for’ heritage. The last category
of theory ‘for’ heritage is the closest to our discussion be-
cause of its emphasis on distributed agency, non-
representation and affect. However, this category still
emphasises the impact of the multi-agent worlds on
humans. The bias towards humans in human discourse is
perhaps unavoidable. However, this article seeks to resist
it. Here, we propose to focus on the uses or ‘consumption’
of heritage. Existing work on more-than-human aspects of
heritage engages with heritage co-constructed with non-
humans, living forms of heritage that include active non-
humans and forms of heritage that seek to describe or
represent nonhumans. In addition, this article proposes
that any conception of more-than-human heritage ought
to consider ways in which nonhumans can use or con-
sume heritage. This is a difficult challenge, and it is likely
that forms of heritage that are meaningful and beneficial
for nonhumans can most readily result from human rep-
resentation. Systems for human representation for legal
persons such as rivers provide some workable examples
(Youatt 2017). Direct use of heritage by nonhumans might
also be possible and requires further consideration.
According to the World Heritage Convention, heritage

has both natural and cultural dimensions and consists of
natural features, geological and physiographical forma-
tions, buildings, monuments and other sites of outstand-
ing universal value. Harrison (2013b, 14) shows that this
and other legal instruments separate objects, buildings
and landscapes from the ‘everyday’ for the purpose of
preserving their aesthetic, historical, scientific, social or
recreational values. These elements can retain their
meaning with the inclusion of nonhuman concerns.

Nonhuman cultures and cultured nature
The idea of cultural heritage is intrinsically inclusive.
Graham, Ashworth, and Turnbridge (2000, 1) suggest
that the notion of heritage includes ‘almost any sort of
intergenerational exchange or relationship, welcome or
not, between societies as well as individuals’. Further,
the notion of cultural heritage includes conceptions of
and subjective relationships to ‘nature’: nonhuman life
and abiotic environments. This is particularly evident in
the case of many indigenous cultures.
Current scholarship accepts that heritage does not object-

ively preserve the past. Instead, the present needs motivate
humans who actively create heritage (e.g. see Kirshenblatt-
Gimblett 1995; Kuutma 2009). Thus, all forms of heritage
are cultural. Contemporary understandings of culture
already expand to include nonhuman life and dissociate the
notion of culture from the confines of any one species or a
set of cognitive abilities (e.g. see Ramsey 2013 for

definitions; Mesoudi 2016 for an overview). Often, cultures
of nonhuman species are in a greater need for protection
than the organismic carriers of these cultures (Laiolo and
Jovani 2007; Brakes et al. 2019; Cordero-Rivera 2017; Caro
and Sherman 2012; Whitehead 2010). Furthermore, the
present and future needs of humans expressly include
beneficial cohabitation with other lifeforms. Consequently,
the forms of heritage defined and constructed today should
expand to include more-than-human cultures.
Let us now turn to natural heritage. The World Heri-

tage Convention protects natural heritage that comprises
natural features such as biological formations. It expects
such features to occur within delineated habitats of
threatened species. Such understandings characterise
heritage as ‘a means by which the quality of life for citi-
zens is enhanced and preserved for future generations.’
This discourse focuses on human interests and is insuffi-
cient considering recent work on alternative models of
governance that seek to include nonhuman lifeforms as
persons (Berg 2007; Shelton 2015) or citizens (Donald-
son and Kymlicka 2011). Another limitation is the focus
on continuing historical ecosystems rather than on the
increasingly common degraded and novel environments.
We acknowledge that humans should manage the nat-
ural heritage in awareness of impending changes that in-
clude large-scale extinctions, continuing urbanisation,
climate change and sea-level rises. These conditions in-
vite human and nonhuman cultural considerations into
the management of natural heritage and highlight the
need to preserve a broad range of traces and expressions,
especially where losses have already occurred or are
inevitable.

Towards more-than-human heritage
The previous section presented aspects of the
expanding notion of heritage in relation to its nonhu-
man stakeholders. This section builds on these com-
ponents to propose a working definition of heritage
that can encompass human and nonhuman concerns.
Precedents to more-than-human heritage include the
notion of relational archaeology (Watts 2013), the
archaeology of animals (Hill 2013; Mitchell 2018;
Boyd 2017) and the proposal to preserve nonhuman
tangible heritage (Spennemann 2007). As discussed
above, the proposed definition builds on the existing
conceptualisations that emphasise more-than-human
worlds and their relevance for heritage in the future
(DeSilvey and Harrison 2019). A complete definition
of more-than-human heritage will be premature with-
out further theoretical development, but our working
definition is as follows: more-than-human heritage
encompasses tangible and intangible outcomes of his-
torical processes that are of value to human as well
as nonhuman stakeholders.
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From this basis, this article asks how the established
notions of heritage can encompass nonhuman concerns,
artefacts, behaviours and cultures? We hypothesise that
digital information can (1) contribute to preservation of
more-than-human heritage and (2) illuminate its charac-
teristics for future study and use.
The next section tests the proposed framework of

more-than-human heritage by applying it to a concrete
example.

Case study: trees as an example of heritage
This example, borrowed from our existing projects that
focus on the provision of artificially constructed habitats
(Roudavski and Parker 2020), is a tree. Plants have many as-
pects that can be relevant as heritage, which can be evident
from examples of human approaches to knowing trees.
(Thomas [2000] 2014, 1) observes that for biologists a

tree is any plant with a self-supporting perennial woody
stem while for horticulturalists, a tree is a plant with a sin-
gle stem of more than 6m in length, which branches at
some distance above ground. Within ecology, a tree is a
competitor whose canopy shadows other plants (Begon,
Townsend, and Harper [1986] 2006, 129). Agroforestry
sees trees as ‘forest products’ which humans can convert
into ‘industrial raw materials’ (Shmulsky and Jones [1982]
2011).
Attempts at formal descriptions or measurement also di-

verge (Morris 2018). For example, L-systems represent trees
in terms of length and angles of branches in recursive pat-
terns (Prusinkiewicz et al. 2018). Alternatively, laws of phys-
ics can predict plant stress, strain, wind drag and
photosynthesis in approaches similar to engineering (Niklas
and Spatz 2012). However, the parallel to engineering can
be misleading. For example, the conventional distinction
between structure and materials that applies to buildings or
furniture breaks down with living plants. Further, relation-
ships between form and function in organisms cannot be
known a priori and always remain speculative (Bock and
von Wahlert 1965; Gould and Vrba 1982; Amundson and
Lauder 1994). At the scale of forests, trees become dissipa-
tive systems that gather, store and apply solar energy
(Maser, Claridge, and Trappe 2008, 111).
This partial list of different understandings and repre-

sentations of trees illustrates the difficulty of conceptua-
lising them as objects of preservation and heritage. To
approach this task, the next section gathers valuable fea-
tures of trees as lists, focusing on their characteristics as
habitats for other lifeforms. Harrison (2013a) points out
that the compilation of lists is one of the primary prac-
tices within professional heritage institutions. These lists
authorise some entities as heritage in preference to
others but cannot capture the complex uses and mean-
ings of heritage for its consumers. They also tend to re-
tain all listed objects irrespective of their usefulness to

heritage stakeholders and lack the tools for forgetting
entities that lost their value (Harrison 2013a). These
problems will only increase if the range of heritage
stakeholders (users and consumers) expands to include
nonhumans. The issues of managing more-than-human
heritage in reference to more-than-human cultures will
require further research. The discussion below takes the
first steps in that direction by discussing trees from the
viewpoints of arboreal wildlife. For birds, bats and in-
sects, trees can function as equivalents of cultural land-
scapes, with all the ensuing complexities of communal
dwelling, interpretation and memory.

Trees as habitats
Large old trees play many roles within their ecosystems
(Lindenmayer and Laurance 2016). This article focuses on
one of these roles and considers trees as homes to other
lifeforms. For convenience, this section groups habitat fea-
tures into landscape, structure and food. These lists bor-
row from a variety of sources on ecology, conservation
and natural heritage (Bütler, Rita et al. 2013; Lindenmayer
and Laurance 2016; Colloff 2014). All these characteristics
require further ecological research, are important for
many lifeforms, and are under various degrees of threat
(Fig. 1).

Landscape
Each tree exists in an extended environment, and its
analysis as a habitat or potential heritage can begin at
the landscape or even biome scales. Local bush and for-
est communities are also important. However, for brev-
ity, this article focuses on the examples from the narrow
range as discussed below:

(a) Under the ground. Roots of trees regulate the habitat
below the ground. For example, deep taproots of
large trees draw up nutrients and water. This action
contributes to the beneficial habitat characteristics
for smaller trees, shrubs and herbs. Many human
activities undermine such habitats. Examples include
altered water regimes, over-fertilisation and grounds
covered with mono-crops (Fig. 2: left and middle) or
artificial sealants (Fig. 2: right). These complex inter-
actions between biotic and abiotic elements reflect
the subjective capabilities of living stakeholders and
are unique to places and cultures. Technical ap-
proaches of agriculture cannot reproduce them on
demand. Human cultures have registered the value of
such phenomena as terroir (Trubek 2008) and petri-
chor (Wright 2017, 147), most frequently with eco-
nomic profit in mind.

(b) On the ground. Surrounding the tree on the ground
is coarse woody debris and leaf litter. These objects
(Fig. 1 and Fig. 3: bottom left) provide shelter and
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food sources for small animals including
invertebrates, mammals, marsupials and birds as
well as for plants, fungi and lichens. These lifeforms
aggregate into complex ecosystems that can take
hundreds or even millions (Mitton and Grant 1996)
of years to form. Old habitats of this type are rare
because humans routinely remove debris for access
or to comply with perceived safety, hygiene or
aesthetics. These aggregations enable and express
local knowledge and traditions of practical use as
well as aesthetic preferences of many lifeforms.
They can serve as rich examples of possible places.

(c) Above the ground. Canopies provide shading and
act as windbreaks, sheltering aerial habitats from
harsh environmental conditions. Neighbouring trees
create habitats for each other. For example, trees
can resist wind or insect attacks better when
growing in a group. Plant communication (fungal
hyphae), pollination (insects) and seed dispersal
(birds and others) often depend on mutualistic
relationships with other lifeforms. Coevolution of
organisms, subjectivities and behaviours is the
context that frames the communities and cultures
within old-growth forests. Without this interspecies
cultural history, many features and capabilities of

individual organisms lose their meaning, leading to
impoverishment and possible suffering. When
humans remove trees and tree limbs within urban
environments, they create sparser environments
(Fig. 2 and Fig. 4) where trees cannot form commu-
nities and lack many useful habitat features. Rich in-
teractions in tree communities deserve attention
and preservation as a form of heritage (Fig. 2).

Structure
Beyond contextual features, important elements of pres-
ervation, especially in the context of this article’s focus
on habitat, are characteristics of tree geometry.
A tree’s architecture is an arrangement of its parts at a

given time. This arrangement expresses the state of inter-
actions between plant growth and environmental condi-
tions (Barthélémy and Caraglio 2007). All ecosystems
transition through semi-stable states (Maser, Claridge, and
Trappe 2008), mostly gradually but sometimes abruptly.
Consequently, tree architecture reflects intrinsic patterns
of growth combined with external impacts such as fires,
insect outbreaks, fungal attacks and weather events. Such
impacts lead to injuries, for example, broken branches or
damaged bark. Injuries start processes of decay that result
in habitable hollows (Lindenmayer 2009). Trees interact

Fig. 1 A large old tree (river red gum, Eucalyptus camaldulensis) and its habitat features. Top: canopy branches, deadwood, leaves, seeds and
flowers. Middle: broken branches, hollows, rough bark and trunk fissures. Bottom: fallen leaves, bark, and branches (Source: Chris Tangey)
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with the surrounding lifeforms such as birds and bats that
nest within cavities or insects that eat the foliage and bur-
row into the bark. Animals select hollows based on char-
acteristics such as shape, orientation, entrance size and
height from the ground (Le Roux et al. 2016). The result-
ing tree’s geometry is a product of coevolution and com-
plex historical relationships. It is distinctive in multiple
ways, for example at genotype (or species) and phenotype
(or individual) levels. Individual trees have unique life
histories that are specific to the places they inhabit. Multi-
species communities and individuals living in such places
impact on tree biographies. In turn, trees affect all local
life and abiotic conditions. Metabolic as well as cultural
interactions of local lifeforms aggregate into distinct pat-
terns that can be many thousands of years old, complex,
rich, large or rare.
Here, we list some key features of a tree’s geometry in

relationship to characteristic behaviours of other
lifeforms:

(a) The bark, hanging, loose, and with deep fissures,
creates a variety of microhabitats for invertebrates
(Fig. 1 and Fig. 3: top right).

(b) The branches provide perching sites for nesting
birds and substrates for lichens, mosses and other
bryophytes.

(c) Deadwood in the canopy offers roosting sites that
are important for hunting and social activities
(Fig. 1 and Fig. 3: top left).

(d) Buttresses at the base of trees are another site for
bryophytes, (Fig. 3: bottom right).

(e) Exposed roots attract and protect fish when
submerged and allow nesting opportunities for
birds when exposed (Fig. 3: bottom middle).

(f) Hollows are a crucial habitat feature of large old trees
(Fig. 1, Fig. 4, Fig. 5, and Fig. 8). A wide variety of

vertebrate and invertebrate species depend on
hollows for their survival (Fig. 3 and Fig. 4).

Human dwellers can love their homes, defend them
against intruders and feel lost and nostalgic when away.
Animal dwellers possess parallel capabilities. They can
know their home environments in detail, exhibit power-
ful site attachment, can defend their territory and teach
their young about the place features and traditions.
When humans forcibly relocate animals to make room
for infrastructure projects, they become refugees in their
new places, not welcomed by the local populations, de-
prived of their place-specific traditions and depressed.
Their places (Hadley 2017), objects and expressions are
plausible items of protection and heritage.

Food
The concept of heritage readily includes human food
traditions (Timothy 2016; Brulotte and Di Giovine
2014). Animals and other organisms also enjoy food.
Nonhuman diets can change under pressure, for ex-
ample, in proximity to cities or in adverse climatic con-
ditions. Sometimes, these beneficial dietary traditions
disappear and new habits can be detrimental to health
and wellbeing. Thus, nonhuman food and the associated
phenomena can also fit into the notion of more-than-
human heritage.
Trees provide a variety of nutrients. Plants’ ability to

convert solar energy into nourishment for other organ-
isms is fundamental to a vast majority of ecosystems
(Ripple et al. 2016). However, human modifications of
landscapes (Fig. 2) disrupt such flows of energy. Trees’
contributions to nourishment change through their life
histories, becoming more diverse with age and continuing
after their deaths (Stokland, Siitonen, and Jonsson 2012).
Records of the spatial and temporal distribution of

Fig. 2 Tree context. Left: a river red gum (Eucalyptus camaldulensis) within managed agricultural land. Middle: a river red gum in an urban park.
Right: a river red gum among paved surfaces (Source: the authors)
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nutrients can further the understanding of ecological
functions of tress, support their long-term management
and inform designs of artificial replacements, where neces-
sary. A selection of relevant tree features includes:

(a) Flowers, seeds and fruits are food resources for
animals, fungi, and invertebrates. When trees bloom,
they attract a wide variety of pollinating animals,
including bees and bats. These seasonal feeding
activities are vital indicators of ecosystem health, and
we interpret them as a form of intangible heritage.

(b) The sapwood within the bark is a nutrient for
wood-boring invertebrates (Fig. 3: top middle). In
turn, invertebrates are a valuable food source for
predatory species. Human management of trees un-
dermines such long-lasting relationships. Recording
of these complex habitats as heritage can leave a
record of their structure and functionality.

(c) The roots of trees form symbiotic relationships with
mycelium and neighbouring plants. Such networks
transfer nutrients and water that are vital to many
tree communities. Human modification of such
ecosystems and global transportation of soil destroy
these subterranean communications. Old examples

of underground nutrient systems might be another
target for heritage preservation.

Trees and heritage preservation
This section gives brief examples of trees as tangible and
intangible heritage. It points out some existing tech-
niques for the preservation of these types of heritage and
highlights how nonhumans can use heritage indirectly
via design. The challenges outlined in this section pro-
vide targets for the imaging techniques discussed below.

Trees as tangible heritage
We use hollows as a concrete example to zoom into tan-
gible aspects of trees as heritage. Hollows provide a con-
crete, practical challenge for heritage preservation. Their
geometric features reflect complex life histories. Animal,
wind, and lightning-strikes damage stems and branches
that then become hosts to many interacting organisms
including insects, fungi and bacteria. As a result, woody
organs hollow out (Fig. 4 left and middle) (Wilkes 1982;
Gibbons and Lindenmayer 2002; Wormington et al.
2003). Human modification of broken limbs aims to pro-
tect trees from further damage, with clean cuts and pro-
tective treatment of the damaged sites (Fig. 4: right).

Fig. 3 Tree habitats. Examples of a range of supported by within river red gums. Top left: deadwood in the canopy. Top middle: damaged
sapwood. Top right: rough bark. Bottom left: fallen limbs, bark and leaves in the understory (image by Kate Bennetts) Bottom middle: exposed
roots. (image by Michelle Ridgeway) Bottom right: root buttresses (Source of all inattributed images: the authors)
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Such operations stop the formation of hollows, reducing
their ecological benefits. Large old trees that have devel-
oped such cavities are crucially important because they
provide valuable habitat features (Manning et al. 2012).
Goldingay (2009) estimates that globally some 500 spe-
cies of bats and 260 species of birds rely on tree cavities.
Size and geometry of hollows (Fig. 5) determine who
and how can occupy them, as listed below:

(a) Small cavities appear when animals excavate
hollows (Fig. 5: top left). On the top sides of
branches they fill with water and provide breeding
sites for invertebrates and frogs.

(b) Broken branches hollow with fungal and animal
modification and offer sites for nesting, roosting and
denning (Fig. 5: top middle, top right, bottom left).

(c) Dead trees hollow out with large cavities and
multiple entrances offering habitats for many
animals (Fig. 5: bottom right).

(d) Cracks and fissures develop into larger cavities that
support invertebrates (Fig. 5: bottom left). Fire can
enlarge an ageing tree’s cavities and create roosting
sites for bats, (Fig. 5: bottom middle).

Current silviculture and heritage practices do value
and preserve trees. A common approach is first to
increase the longevity of a tree and then, at the end
of its life, to replace it with a genetically or function-
ally similar specimen. In Australia, many municipal
or corporate ‘tree management plans’ specify such
tree retention and replacement strategy (e.g. see
Chen 2005, 161). Despite such regulatory constraints,
economic and safety priorities often lead to the re-
moval of significant trees. When this occurs, current
preservation approaches might arrange to capture
tangible aspects of trees in the form of images (e.g.
see State of Victoria 2019, 48). However, such re-
cords are not adequate for the preservation of more-

than-human heritage features. A loss of a large old
tree is likely to kill or disadvantage many organisms.
Images and oral records cannot capture the complex-
ity of tree geometries or surrounding life patterns.
Nor can a new and young tree provide an adequate
replacement (Fig. 5).

Trees as intangible heritage
Trees already play a part in intangible heritage. For ex-
ample, humans value archetypal trees as gifts from God,
emblems of the righteous (Musselman 2003; Norkunas
2017) or symbols of ancestral lands (Keller 2008). Living
trees also can have symbolic value as witnesses of cul-
tural practices (Farmer 2019; Porter 2006). Digital im-
aging techniques can be useful in these cases because
trees die, decay and disappear. When they perish, mem-
ories of their importance fade, too (Cloke and Pawson
2008; Farmer 2019).
The high-fidelity imaging of trees becomes even

more important in application to more-than-human
heritage. The discussion above indicated that trees
serve as sites for complex behaviours, traditions and
cultures that involve human and nonhuman stake-
holders. Trees and other organisms can form a range
of relationships from tightly symbiotic to culturally op-
portunistic. Preservation of such arrangements as me-
morials or as templates for future study and action is
important for a variety of reasons. However, narrative
and metaphoric forms of preservation that might work
for the intangible heritage of humans are insufficient
in this case. For example, current practices might sug-
gest capturing cultural aspects of trees as oral stories
(e.g. see State of Victoria 2019, 48, as above). However,
oral records cannot account for the complexity or
dynamism of more-than-human interactions, particu-
larly because such interactions are often hidden and
incompletely understood.

Fig. 4 A tree hollow’s life history. Alternative histories of broken branches of river red gums. Left: initial state, a decaying branch. Middle: outcome
one, after fungal and animal modification. Right: outcome two, with human modification (Source: the authors)
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Trees as heritage in design
The disappearance of large old trees motivates the efforts
to replace hollows, bark, and whole trees with artificial
structures (Hannan et al. 2019). An illustrative example of
this approach is the design of prosthetic hollows for a
powerful owl, Ninox strenua (Roudavski and Parker 2020).
Nesting owls use large hollows, high off the ground, and
in proximity to food and flowing water (McNabb 1996).
The supply of natural hollows is diminishing, and almost
none exist in inner cities (Isaac et al. 2014). Information
documenting successful hollows and their surrounds
could significantly aid the design of replacements. Our ap-
proach to the design of artificial habitats uses automated
digital-design techniques to generate form. The use of
such techniques allows the resultant structures to match
the geometries of host trees and replicate key characteris-
tics of precedent hollows (Fig. 6: right). Our current work
uses three-dimensional imaging, specifically light detec-
tion and ranging to capture the data describing such
precedents (Fig. 6: left and middle).
This example highlights several valuable uses of digital

imaging data within future-oriented, more-than-human
heritage: (1) for the preservation of valuable features that
are likely to disappear, such as large old trees; (2) for col-
lection of comprehensive datasets that might preserve

valuable entities for the use by future generations that
might ask questions and deploy the techniques that are
not currently available; (3) for documentation of change in
the environment that is otherwise imperceptible or not
measurable; and (4) for computational simulations that
can explore ecosystem interaction in changing conditions
(Fig. 6).
A broad range of other design and management-

related uses for more-than-human heritage can prove
useful in the future but this discussion is outside of the
scope of this article. Most commonly, nonhumans will
encounter heritage in the field, through their living bod-
ies. They can visit heritage items (such as preserved or
artificial nests), contribute to the understanding of heri-
tage (by using it in the presence of others) and engage in
conversations about heritage (by modifying their behav-
iour in response to heritage interpretations). Perhaps in
the future, with support and under case-specific limita-
tions, nonhuman lifeforms can also assume roles of
‘heritage citizens’ (Lewi et al. 2016).

Technique assessment: capturing and preserving trees as
heritage
Three-dimensional imaging techniques are now common
in artefact description, analysis and heritage preservation.

Fig. 5 Hollows in large old river red gums. Top left: a small cavity. Top middle: hollow from a lightning strike. Top right: a large hollow from
fallen branches (image by Colin Judkins). Bottom left: a large fissure and a protruding hollow. Bottom middle: a root cavity enlarged by fire
(image by Friends of the Albury Botanic Gardens). Bottom right: a snag with a large hollow and numerous entrances (image by Colin
Judkins) (Source of all inattributed images: the authors)
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This article focuses on three techniques: photogrammetry
(passive), laser scanning (active) and computed tomography
(active). Comparisons of such techniques already exist
(Remondino 2011) and multiple techniques in combination
often produce better outcomes (Ramos and Remondino
2015). This article follows this comparative work and aims
to sample common and relatively accessible techniques in
application to some characteristic challenges of more-than-
human heritage as described above.

Technique descriptions
Surface imaging
Photogrammetry is a technique that infers three-
dimensional qualities from two-dimensional images
(Wolf, Dewitt, and Wilkinson [2000] 2014). This article
evaluates two such techniques, stereophotogrammetry
and structured light photogrammetry.
Stereophotogrammetry is a technique that uses a cam-

era to generate two-dimensional images of the scanned
object. An algorithm uses relative displacements of simi-
lar features within two or more images to generate a
three-dimensional surface (Fig. 7: middle). The use of
images allows the resultant model to have a photorealis-
tic surface (Fig. 7: left bottom).
Structured light photogrammetry is a method that

projects a calibrated pattern of light onto an object
(Luhmann et al. 2011). The software uses the distortion
of this pattern to construct a three-dimensional surface
(Fig. 8: right and left bottom).
Devices that use photogrammetry method range from

personal cameras to specialised equipment. Such equip-
ment is typically small and portable. The fidelity of the
outcome relies on image resolution. In general, photo-
grammetry techniques are easy to use. The well-
automated software produces a completed model in less
than a day.

Light detection and ranging techniques (Luhmann
et al. 2011) emit a single pulse of light and capture the
time and intensity of the returned light. The scanner
scatters this light in a spherical pattern and measures
angles and distances from the projected points to the
emission origin. Post-processing software combines in-
formation from a 360-degree image and the points from
the laser scan to assign each point a colour value (Fig. 6:
left and middle and Fig. 7: right).
Light detection and ranging techniques require devices

that range from stationary to mobile and terrestrial to
aerial. Large areas and complex objects require multiple
scans increasing the number of points and the size of
the resultant data. The user usually needs to use specia-
lised software to align and merge multiple scans. This
reduces reliability, increases processing time and pro-
duces large files.

Volume imaging
Computed tomography transmits X-rays through an ob-
ject and captures the variation in radiation (Hsieh [2003]
2009). The apparatus records the radiation at a variety
of angles, calculates a 3D grid of intensities and saves
them as a stack of images that slice the target object
(Fig. 8: middle). Within computed tomography is micro-
scopic computed tomography. This technology produces
finer sub-millimetre resolutions. This, however, limits
the maximum scannable dimensions (Holdsworth and
Thornton 2002).
Computed tomography devices work in laboratories,

with rare exceptions. Typical maximum scannable vol-
umes exceed the dimensions of a human body. They
require a technician to operate and process the raw
data. The ensuing volumes of data are significantly
larger than those produced by surface scanning tech-
niques resulting in greater scanning and processing
times (Fig. 7 and Fig. 8).

Fig. 6 Representations of hollows. Left: light detection and ranging scan of a large tree and its context. Middle: light detection and ranging scan
of a hollow. Right: physical prototype of a prosthetic hollow by Dan Parker (Source: Roudavski and Parker 2020)
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Technique analysis
This section consists of two parts. First, it briefly out-
lines the interaction between target entities and the im-
aging equipment, highlighting characteristic challenges
that emerged during testing. Second, it illustrates the
application of imaging to one type of entity—tree hol-
lows—in more detail.

Outline: targets, equipment and issues
The following is a list of typical issues that result from
imaging trees:

Visibility. Issues of visibility include occlusion of target
objects by other entities as well as self-occlusion of
overlapping branches or peeling bark. Another type of
visibility constraints pertains to the size of the target
objects. Imaging devices can operate within set ranges
that might not fit tight spaces or reach far enough to
capture the whole entity. Surface imaging from multiple
angles can overcome occlusion but only partially. Vol-
ume imaging techniques do not suffer from occlusion
but might not register all materials within an entity.
Positioning. Issues of accessibility constrain the
placement of equipment in relation to target entities.
For example, tree cavities can be too small, root

systems can be invisible under the ground and sapwood
covered by tree bark.
Resolution. All techniques output data at limited
resolutions. A compromise that balances the size of an
entity, the number of captures, the processing time and
the data density is typically necessary. The scale of
tree-habitat features can vary widely, from bark crevices
to groups of trees.
Repeatability. Trees have unique life histories. They
grow and suffer environmental impacts. These multi-
speed dynamics are important characteristics of their
habitat features. Repeated and comparable imagining is
necessary to record such events, resulting in difficult
tasks of calibration and data comparison, among others.
Interpretation. All imaging techniques require further
processing to isolate or distinguish relevant features
such as trunks, leaves, dead or living branches, hollows,
etc. Some of these features, such as flowers, can vary
greatly in size and abundance, between species of trees,
their sexes and over time. Manual interpretation is very
slow and subjective. Automated techniques, including
those of artificial intelligence will be necessary to
process realistic volumes of data.
Accessibility. Accessibility refers to the ease with which
an operator can deploy a technique in the field. Aspects

Fig. 7 A remnant river red gum captured by photography, photogrammetry and LiDAR. Top left: photograph. Top middle: photogrammetry. Top
right: LiDAR. Bottom left: detail of the photogrammetry texture. Bottom middle: detail of the photogrammetry mesh. Bottom right: detail of the
lidar points (Source: the authors)
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of this category include costs, the need for expert
knowledge and experience, time to set up, the need for
specialist transport or auxiliary equipment, tolerance of
equipment to field conditions, etc.

Example: imaging tree hollows
Hollows are a characteristically difficult challenge for
imaging.
Habitat hollows are meaningful within their contexts.

Locations of hollowed trees within their surroundings, po-
sitioning of hollows in tree organs, entrance geometries
and configurations of neighbouring branches all influence
hollows’ habitat affordances. Given this, size, accessibility,
and visibility emerge as significant constraints on imaging.
Light detection and ranging techniques can capture sur-
rounding branches and entrance geometry (Fig. 7: top
right). During these imaging tasks, occlusion is common.
A combination of aerial and terrestrial imaging can partly
overcome visibility issues (Roşca et al. 2018). However,
photogrammetry from greater distances cannot differenti-
ate geometry sufficiently (Fig. 7: top middle). The utilisa-
tion of drones might provide additional vantage points,
but piloting them through complex tree crowns can be
challenging or impossible. Volume imaging techniques are
not applicable at required scales.

Externally, bark or other similar surfaces cover tree or-
gans that contain hollows. Such surfaces can be highly
detailed or porous. Stereophotogrammetry cannot cap-
ture such complexity but provides high levels of visual
detail in favourable spatial positions (Fig. 7: bottom left
and middle). When imaging close to the object, struc-
tured light photogrammetry (Fig. 8: right) as well as light
detection and ranging (Fig. 6: middle and Fig. 7: right)
capture high levels of detail. However, they have limited
capabilities to overcome frequent self-occlusions. Com-
puted tomography can capture the highest level of volu-
metric detail (Fig. 8: bottom middle). However,
tomography cannot capture colour information and
standard tomographic equipment cannot operate in the
field or capture living trees in toto or in situ.
Internally, hollow shapes, textures, and debris are import-

ant characteristics. Complex detailing poses challenges that
are like those encountered during external imaging. In
addition, spatial confinement of hollows provides a further
constraint to surface imaging techniques because most de-
vices cannot fit into tree hollows or operate at such close
distances (Fig. 8: left). The development of new devices or
redeployment of existing techniques used for bore-hole
scanning or dental imaging might provide additional
possibilities.

Fig. 8 Hollows and bark. Top: samples. Bottom: imaging outputs. Left: yellow box (Eucalyptus melliodora) tree hollow imaged with structured light
photogrammetry. Middle: the internal surface of a hollow imaged with computed tomography. Right: rough bark of a yellow box imaged with
structured light photogrammetry (Source: the authors)
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Structurally, properties of hollows, such as strength or
insulation, depend on wall thicknesses, densities, grains
and other characteristics. Because of the confinement
constraints, only volume imaging techniques can capture
such characteristics. The outcomes of computed tomog-
raphy can distinguish internal cavities and changes in
density (Fig. 8: bottom middle), however, this technique
cannot isolate water content. Other volume imaging
techniques such as magnetic resonance imaging can cap-
ture water. However, such techniques would require liv-
ing or recently removed samples examined in pars and
ex situ, posing further restrictions.
As mentioned above, imaging of hollows can happen

in situ or ex situ and in toto or in pars. There are two
benefits for in situ imaging: (1) prevention of damage to
living trees and their neighbourhood, and (2) ability to
capture contextual information. With the removal of the
hollowed part from the tree, an ex situ approach allows
for more flexible preservation and imaging techniques
including multiple imaging sessions, controlled condi-
tions and an opportunity to complement imaging with
other approaches such as casting. In principle, imaging
in toto provides the most coherent and continuous data.
However, such imaging is rarely possible with available
technologies. Imaging in pars allows the repeated appli-
cation of machines with limited ranges but requires sys-
tematic methodologies and specialist skills. Anatomical
studies of other organisms provide precedents for dissec-
tions varying in relationship to intended uses.
In general, existing and currently imaginable techniques

are insufficient to cope the full complexity of tree habitats.
These limitations emphasise the importance of maintaining
and regenerating living ecosystems and cultural landscapes.
At the same time, our experiments show that digital im-
aging can be useful to preserve some aspects of trees.

Conclusion: more-than-human heritage and
design
This article hypothesised that digital information can (1)
contribute to the preservation of more-than-human heri-
tage and (2) illuminate its characteristics for future study
and use.
To test his hypothesis, this article first emphasised the

nonhuman aspects of the more-than-human heritage,
then considered habitats provided by large old trees as a
concrete test-case for such heritage, and finally assessed
the capabilities of digital-imaging technologies to pre-
serve its sample features.
We began by suggesting that heritage can have an active

and future-oriented role in the growing field of more-
than-human design. Access to documented histories, be-
haviours and artefacts is essential when the clients of
design are nonhuman; that is, when design aims to create
habitats that can support the lives of all organisms.

The next stage of the argument sought to extend the
existing research on more-than-human worlds by
emphasising the roles of nonhuman stakeholders. Fur-
ther theoretical and practical work will be necessary to
advance the resulting understanding of more-than-
human heritage. The examples discussed in this article
illustrate some challenges that will be typical for the
conceptualisation and capture of nonhuman lifeforms,
their behaviours, artefacts, traditions, cultures and habi-
tats. Considering this in application to abiotic nonhu-
mans will be even more difficult but equally important.
The article used large old trees as a test case for more-

than-human heritage. Such trees serve as keystone
structures within many ecosystems. Their rapid dis-
appearance calls for specific preservation measures. The
preservation of living trees and measures that can help
their recruitment and survival are of the utmost import-
ance (Lindenmayer et al. 2013). Where such measures
are impossible or too slow, artificial replacements pro-
vide an alternative. The design and management of such
replacements is a complex challenge that must refer to
historical ecosystems and their organisms, including
trees and arboreal communities.
The article illustrates that capture and preservation of

trees, their ecosystems, and the life histories they sup-
port can productively challenge existing conceptions of
heritage. From this foundation, the article tests common
imaging techniques in application to large old trees. The
preliminary analysis shows that such techniques can pro-
vide useful information. However, complex biological
forms and processes are considerably more challenging
for the existing methods and equipment than many arti-
ficial objects. With trees, a complete continuous capture
is usually impossible. The need to capture temporal
change presents further difficulties. A combination of
techniques will be necessary in most cases. Integration
of complementary data sets and their subsequent inter-
pretation require additional processing and integration.
Future usage will require well-defined theoretical objec-
tives and dedicated methods. The experiments con-
ducted for this article illustrate the need for further
theory construction and technical development. Perhaps
most of all, this article emphasizes the value of the sur-
viving more-than-human worlds and exposes the diffi-
culty of recouping the losses.
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