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ABSTRACT

Global environmental change has redistributed

earth’s biomass and the inputs and dynamics of

basal detrital resources in ecosystems, contributing

to the decline of biodiversity. Yet efforts to manage

detrital necromass for biodiversity conservation are

often overlooked or consider only singular resource

types for focal species groups. We argue there is a

significant opportunity to broaden our perspective

of the spatiotemporal complexity among multiple

necromass types for innovative biodiversity con-

servation. Here, we introduce an ecosystem-scale

perspective to disentangling the spatial and tem-

poral characteristics of multiple and distinct forms

of necromass and their associated biota. We show

that terrestrial and aquatic ecosystems contain a

diversity of necromass types, each with contrasting

temporal frequencies and magnitudes, and spatial

density and configurations. By conceptualising an

ecosystem in this way, we demonstrate that specific

necromass dynamics can be identified and targeted

for management that benefits the unique spa-

tiotemporal requirements of dependent decom-

poser organisms and their critical role in ecosystem

biomass conversion and nutrient recycling. We

encourage conservation practitioners to think

about necromass quantity, timing of inputs, spatial

dynamics, and to engage with researchers to dee-

pen our knowledge of how necromass might be

manipulated to exploit the distinct attributes of

different necromass types to help meet biodiversity

conservation goals.
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HIGHLIGHTS

� Necromass is a diverse resource in terrestrial and

aquatic ecosystems.

� Necromass dynamics can be differentiated by fre-

quency, magnitude, density, and configuration.
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� Necromass quantity, timing, and spatial dynam-

ics should be considered for biodiversity conser-

vation.

NECROMASS AND GLOBAL CHANGE

Ecosystem structure and function is shaped by

energy and nutrient flow exchanged between both

living and dead organic matter (Odum 1962; Moore

and others 2004). This dead matter, or ‘necromass’,

provides basal resources to detrital food webs and a

diversity of specialised biota and drives nutrient

recycling processes essential to ecosystems (Swift

and others 1979; Benbow and others 2019). Ter-

restrial resource pools have now moved signifi-

cantly towards crops, livestock, and humans, and

away from forests and wildlife populations (Bar-On

and others 2018; Greenspoon and others 2023;

Rosenberg and others 2023), therefore redistribut-

ing earth’s living biomass and resulting necromass.

For example, changes to earth’s forest cover have

been significant (Haddad and others 2015), and

therefore, inputs of woody debris and leaf litter are

similarly impacted. Populations of wild animals,

fish, and livestock have been altered (Bar-On and

others 2018; Greenspoon and others 2023), and the

enormous change to landscapes under cultivation

also has altered soil fauna biomass (Rosenberg and

others 2023). We suggest that recognising the

changes to necromass in ecosystems is the first step

towards using these resources as a conservation

tool and exploiting their distinct spatial and tem-

poral features to benefit biodiversity.

A WIDE DIVERSITY OF NECROMASS

UNDERPINS ECOSYSTEMS AND SUPPORTS

BIODIVERSITY

The diversity of necromass spans the full spectrum

of life on earth—prokaryotic and eukaryotic,

aquatic and terrestrial, autotrophic and hetero-

trophic (Figure 1) (Benbow and others 2019). This

includes plant necromass like standing or fallen

dead trees, coarse woody debris and leaf litter in

terrestrial and aquatic systems (Maas and others

2021; Neumann and others 2021), bacterial and

fungal necromass in soil and streams (Benbow and

others 2017; Gulis and Bärlocher 2017; Wang and

others 2021a), animal dung (Englmeier and others

2023), and animal carcasses in aquatic (Benbow

and others 2020) and terrestrial (Barton and others

2019) ecosystems. In combination, necromass

forms a significant resource pool that mirrors living

biomass in its diversity, moves above and below

ground and across ecosystem boundaries, and

contributes significantly to total carbon and nutri-

ent pools and turnover (Schmitz and others 2014;

Benbow and others 2019; Neumann and others

2021).

There are numerous types of necromass (see

Figure 1) that each support a diversity of biotic

communities that have evolved to specialise on

their distinct nutrient content and digestibility, or

various abiotic (for example, pH) and biotic (for

example, inter-specific competition) attributes

(Ulyshen 2016; Charabidze and others 2021; But-

terworth and others 2023a). The range of nutri-

tional profiles of the various forms of plant and

animal necromass vary widely along key axes of

moisture, nitrogen, and digestibility (Carter and

others 2007; Ulyshen 2016; Benbow and others

2019; Charabidze and others 2021) and in combi-

nation contribute to the evolution of distinct biota.

For example, the insects found at woody debris

(Ulyshen 2016) or at animal carcasses (Barton and

others 2013b) display little overlap in community

composition, even when focusing on a single clade

(Coleoptera) within the same ecosystem (Box 1).

Necromass resources therefore feed a wealth of

biodiversity directly by forming the diet of necro-

phagous species (for example, detritivores, sapro-

phages, scavengers), and indirectly through food

webs and trophic movement of energy to higher

consumers (Swift and others 1979; Moore and

others 2004; Gessner and others 2010). Necromass

also has further physical and structural roles in

terrestrial ecosystems, such as mediating soil

moisture and microclimates for plant establishment

(Donath and Eckstein 2010). Yet it is the spatial

and temporal attributes of necromass that is one of

its most striking features, as it contributes to bio-

diversity through local patch dynamics, succession,

and landscape heterogeneity (Benbow and others

2019; Butterworth and others 2023a). It is through

these direct and indirect mechanisms and higher-

order spatial and temporal processes that necro-

mass supports individual species and drives broader

community structure and heterogeneity.

Despite knowledge of the importance of spa-

tiotemporal attributes of key necromass types for

specific fauna, such as carrion and vultures (Moleon

bFigure 1. Common necromass types, their generalised

temporal and spatial attributes, and drivers of variability.

These attributes of necromass are linked closely to the

ecology of dependent species and also combine to

support broader ecosystem structure and biotic

heterogeneity.
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Box 1. Beetles at contrasting necromass types within the same ecosystem

Research on biodiversity occurring across multiple forms of necromass within the same ecosystem is rare and highlights

their role in driving biotic heterogeneity. Two examples involve a study on beetle communities from woody debris

and leaf litter in the USA (Ferro and others 2012), and beetles found at woody debris (Barton and others 2009) and

vertebrate carcasses in Australia (Barton and others 2013b). Example 1: Collections of beetles were taken from leaf

litter and coarse woody debris (CWD) (Figure 2A) at six locations in the Great Smoky Mountains National Park, USA,

during October 2006 and April 2007 (n = 72). Beetles were extracted from litter and CWD samples using a Berlese

funnel technique and identified to the finest resolution possible (Ferro and others 2012). We constructed a Venn

diagram showing the number of species found in litter only, CWD only, or both (Figure 2B), and found 70% of the

216 species of beetle collected were found in either CWD or litter only, indicating a limited overlap in the beetle

community. Example 2: Collections of beetles were taken from coarse woody debris and vertebrate carcasses (Fig-

ure 2C) as part of the Mulligans Flat Woodland Restoration Experiment (Manning and others 2011; Shorthouse and

others 2012). Both studies used pitfall traps to collect ground-active beetles from 84 logs and 18 carcasses. We

extracted the data from each study to create a site (n = 102) x species (n = 214) matrix and performed a principal

coordinates analysis on Bray–Curtis sample dissimilarities. The resulting ordination plot showed remarkably distinct

communities at each resource type (Figure 2D), again indicating a limited overlap in the beetle community. Both

examples illustrate how multiple necromass types combine to support distinct communities and enhance overall

biodiversity.

Figure 2. The complementary role of different necromass types in supporting whole-of-ecosystem biodiversity. Beetle

collections from CWD and leaf litter from forest in the Great Smoky Mountains, USA (A) found only 30% of the 216

species of beetle were shared across resources and 70% were unique to a resource (B). Collections from CWD and

vertebrate carcasses in grassy eucalypt woodland near Canberra, Australia (C) found remarkably distinct beetle

communities occurring at these resources (D).
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and others 2020) or coarse woody debris and

saproxylic beetles (Grove and Forster 2011a, b)),

frameworks that incorporate the complementary

attributes of multiple necromass types on biotic

communities are poorly defined. There is a signifi-

cant opportunity, therefore, to build on current

knowledge of the diversity among necromass types,

their wide-ranging spatiotemporal attributes, and

the drivers of variation in these attributes to identify

research opportunities and assist decision making for

conservation managers (see Table 1). Here, we

synthesise concepts developed for different necro-

mass types (for example, Kominoski and Rosemond

2012; Benbow and others 2015; Benbow and others

2019; Moleón and others 2019; Butterworth and

others 2023a) to show that further insights into

biodiversity dynamics are possible when thinking

about multiple, distinct forms of necromass and their

complementary spatiotemporal properties when

scaled up across whole ecosystems.

A FRAMEWORK TO DISENTANGLE

SPATIOTEMPORAL DYNAMICS WITHIN

THE NECROMASS RESOURCE POOL

The intrinsic properties of different types of

necromass give rise to a spectrum of patchy or

continuous distributions (for example, dung vs. soil

bacteria), and fast and slow decay dynamics (for

example, small carcass vs. large woody debris).

These properties have shaped the evolution and

ecology of a range of consumers that form con-

trasting and complementary necrobiomes within

terrestrial and aquatic ecosystems (Swift and others

1979; Benbow and others 2019; Butterworth and

others 2023a) (Box 1). A key gap in necromass

ecology, however, is a conceptual framework that

effectively disentangles these spatial and temporal

attributes of different forms of necromass. Such a

framework is needed to allow for comparisons

among necromass types, and to provide a practical

way to identify features of necromass that can be

manipulated to help meet conservation goals. For

example, conservation managers can influence the

overall quantity of necromass (for example, Man-

ning and others 2013; Seibold and others 2016), or

focus on the timing of inputs or particular spatial

configurations (for example, Barton and others

2011; Moleon and others 2020). These key

dimensions of necromass (quantity, timing, spatial)

can affect biodiversity in ways that provide a clear

and practical framework to conceptualising the

dynamics of necromass in ecosystems (Figure 2).

The diverse spatiotemporal attributes of necro-

mass resources form a spatial mosaic when viewed

from a whole-of-ecosystem perspective (Fig-

Table 1. Summary of Key Conservation Considerations Linked to Necromass Biota, Quantity, Timing,
Location, and Method of Management

Dimension of necromass

management

Conservation insights and recommendations Supporting references and

further reading

1. Which biota are associated

with necromass?

Identify taxa dependent on different necromass re-

sources

Sandstrom and others (2019),

Abrego (2022)

2. What is the appropriate

quantity and profile of

necromass?

Map live biomass to establish dynamics of necromass

inputs. Steady-state models can derive turnover rates

Consider a diversity of particle sizes when managing

necromass quantity

Gora and others (2019), Neu-

mann and others (2021)

Brin and others (2011),

Moleón and others (2015)

3. When is the appropriate

timing of necromass in-

puts?

The ‘shifting mosaic’ in an ecosystem requires inputs of

multiple resource types at multiple decay stages

Climate extremes such as drought or wildfire will

increasingly influence inputs of necromass

Manning and others (2009),

Barton and others (2013a)

Pendergrass and others

(2017), Newsome and

Spencer (2021)

4. Where is the appropriate

location of necromass?

Complexity in the spatial attributes of necromass re-

sources will enhance biotic heterogeneity

Patchiness and distance between resources is a critical

consideration to ensure resource availability

Loke and Chisholm (2022),

Butterworth and others

(2023a)

Barton and others (2009),

Müller and others (2020)

5. How can necromass man-

agement can be imple-

mented?

The dynamics of necromass will be most advantageous to

biodiversity when it mimics natural processes

Experimental approaches are needed to establish

cause-and-effect relationships between necromass and

biodiversity

Manning and others (2013),

Mateo-Tomás and others

(2019)

Sandstrom and others

(2019)
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ure 3A). Multiple diverse necromass resources are

spread across landscapes in various spatial config-

urations and stages of decay, which reveals a

complex array of inputs and turnover rates of

necromass. It is this mosaic and its underlying

temporal dynamics that we aim to disentangle,

beginning with a single necromass particle, then

moving to multiple particles and ultimately the

whole ecosystem. The key attributes of a single

necromass particle include its position in geo-

graphic space and its decay time (Figure 3A, B).

Spatially, a single necromass particle will be of a

particular size (for example, a small or large log)

and proximity to other resources that can deter-

mine its associated biota (Harmon and others 1986;

Brunet and Isacsson 2009; Moleón and others

2015). Temporally, a necromass particle decom-

poses over time in a predictable sequence of decay

that is accompanied by the gradual release of en-

ergy into the surrounding soil and atmosphere, and

via trophic pathways to decomposer organisms.

The magnitude of energy release and longevity of

decay is determined by the mass and nutrient

content of the particle in combination with the

complex external abiotic and biotic factors con-

trolling decomposition rate (Swift and others 1979;

Dawson and others 2023). Notably, larger necro-

mass particles, like fallen timber or animal car-

casses, host biotic communities that also undergo

successional change through the decomposition

process (Grove and Forster 2011b; Dawson and

others 2022). A distinguishing feature of multiple

necromass types is their contrasting set of spatial

configurations and decay rates (Figure 3A, C).

Spatially, distinct necromass resources vary in

their particle size and configurations, ranging from

small but widespread leaf litter to large but rare

vertebrate carcasses that each vary in density and

Figure 3. Conceptual framework to disentangle whole-of-ecosystem necromass dynamics. A A whole ecosystem contains

a mosaic of necromass resources in various spatial configurations and states of decay. B Each necromass particle

decomposes over time in a predictable sequence of early, mid and late decay stages accompanied by the release of energy

into the surrounding ecosystem (soil, atmosphere, organisms). C Different necromass resources like fallen trees, carcasses

and plant litter display highly contrasting decay dynamics in terms of their magnitude and longevity of decay. D A whole-

of-ecosystem spatial mosaic includes multiple necromass types with contrasting magnitudes, decay times and frequencies

of input.
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distribution (Figure 3A). Temporally, different

necromass types will exhibit highly contrasting

decay profiles characterised by a different magni-

tude and longevity due to their different sizes and

unique composition (for example, autotroph vs.

heterotroph necromass) (Benbow and others 2019)

(Figure 3C). A broader view of multiple necromass

types and their underlying spatial and temporal

attributes reveals a mosaic of resources across a

landscape (Figure 3A). It is at this scale where the

full complexity of necromass dynamics has a clear

role in driving species and community dynamics.

Key features at this scale are the constantly shifting

distribution of decomposition hotspots that each

vary in magnitude and longevity, and different

necromass types that enter ecosystems at a variety

of frequencies (Figure 3D). This means, for exam-

ple, that multiple animal carcasses will enter and

cycle through an ecosystem during the more pro-

longed decay of a single fallen tree, thus generating

multiple hotspots and hosting distinct communities

corresponding to different stages of decay. Tempo-

rally, different types of necromass turnover within

ecosystems at varying frequencies, and continuity

in resources for dependent species therefore occurs

over different timeframes when comparing across

resource types.

LINKING NECROMASS DYNAMICS

TO CONSERVATION

Our framework highlights the diversity of dynam-

ics among different necromass types at the whole-

of-ecosystem scale, and we suggest this can guide

conservation management. Particular necromass

types, such as dead wood or animal carcasses, are

commonly considered for conservation manage-

ment due to specialised species associated with

them (Sandstrom and others 2019). Yet the

necromass resource pool also generates broader

heterogeneity within an ecosystem through its di-

verse suite of contrasting magnitudes, turnover

rates, densities, and distributions (Figure 2), which,

in turn, supports contrasting biotic communities

that have evolved to exploit the various spa-

tiotemporal characteristics of necromass. Landscape

homogenisation processes can therefore reduce

necromass diversity and its ability to support di-

verse biota. To link this complexity to potential

conservation actions, we outline five broad ques-

tions that emerge from our conceptual framework.

These questions are linked to the biota, quantity,

temporal attributes, spatial attributes, and

methodology and are intended to guide researchers

in how to make their research and findings appli-

cable to conservation practitioners.

Which Biota are Associated
with Necromass?

A primary question for conservation practitioners

and researchers is ‘which biota are dependent on

necromass?’. Knowledge of the biodiversity of

decomposer taxa is an important first step to

identify vulnerable taxa. Differences in the mag-

nitude and frequencies by which necromass cate-

gories are inputted to ecosystems may have some

utility in predicting the vulnerability of associated

decomposer taxa. For example, high-amplitude and

low-frequency inputs, such as large vertebrate

carcasses or dead trees, can support highly spe-

cialised taxa (Bourguignon and others 2011; Zou

and others 2021). It might be predicted that taxa

specialised on such large and infrequent necromass

may become more vulnerable as anthropogenic

landscapes continue to lose large mammals (Dirzo

and others 2014), large fish (Audzijonyte and

others 2013), and large trees (Gilhen-Baker and

others 2022), especially at large scales where dis-

persal ability of specialists may become constrained

(Gossner and Muller 2011). Some of the most

imperilled decomposers depend on larger re-

sources. For example, the loss of adequately large

carrion (for example, from extinct passenger pi-

geons and threatened prairie dogs) is one of the

leading hypotheses about why the American

burying beetle Nicrophorus americanus disappeared

across most of its range in the twentieth century

(Sikes and Raithel 2002). It has similarly been

proposed that the loss of megaherbivores in Aus-

tralia resulted in the decline of an obligate scav-

enger (Cryptogyps lacertosus), subsequently giving

rise to raptors who scavenge facultatively (Mather

and others 2022). Other examples include condors,

which must fly long distances to locate suitably

large carcasses (Speziale and others 2008), and a

large number of insects dependent on coarse

woody debris (Ulyshen and Šobotnı́k 2018). How-

ever, it is also possible that larger organisms that

depend on larger substrates have simply received

more research attention than smaller organisms.

For example, some taxa associated with abundant

resources (that is, high frequency, low magnitude)

such as plant litter or mushrooms, can also display

high degrees of specialisation, such as found among

mycetophagous drosophilids (Lacy 1984). Predic-

tions about vulnerability stemming from resource

dynamics could arguably go in both directions.

Knowledge of the fauna associated with different
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necromass resources is therefore a prerequisite to

identifying vulnerable taxa.

The availability and continuity of necromass re-

sources also play a role in supporting biodiversity in

ways additional to trophic provisioning (Gibb and

others 2006a; Barton and others 2013a; Moleón

and others 2019). For example, necromass patchi-

ness and ephemerality have been noted for con-

tributing to biotic heterogeneity and community

dynamics within landscapes (Barton and others

2013a; Benbow and others 2019), although land-

scape-scale empirical studies of this phenomenon

are rare (Gossner and Muller 2011; Barton and

others 2016; Mateo-Tomas and others 2019; Mo-

leon and others 2020). Species dependent on

highly ephemeral necromass that is also high

amplitude and low frequency could be expected to

be more vulnerable than those dependent on

longer-lasting resources capable of supporting

multiple generations. But this may not be the case

if ephemerality selects for strong dispersal abilities.

Among saproxylic insects, for example, taxa asso-

ciated with the highly ephemeral phloem layer of

dead trees are thought to be better dispersers and

therefore less sensitive to the amount and conti-

nuity of coarse woody debris than those that utilise

rotting wood (Ulyshen and Šobotnı́k 2018). Blow-

flies, too, are excellent flyers and appear capable of

colonising ephemeral carrion across contrasting

habitat types (Barton and Evans 2017; Butterworth

and others 2023b), highlighting the importance of

spatial configuration of necromass resources.

Patchiness or distance between resources is there-

fore also a critical consideration for conservation,

particularly in the context of the dispersal capaci-

ties of different species (Table 1).

Distinct sets of species are found on different

necromass types, as is clear in Box 1, and this

means diverse necromass resources will support

diverse and complementary communities. Multiple

necromass types can therefore have further positive

effects on biodiversity by increasing beta diversity

and driving biotic heterogeneity. Many studies

have demonstrated the utility of a single necromass

type for studies of metacommunity theory (for

example, Finn 2001; Benbow and others 2015;

Abrego 2022), but we take this further by showing

how we can disentangle multiple necromass

dynamics and start measuring critical aspects that

contribute to biotic heterogeneity at ecosystem

scales. Knowing which taxa are associated with a

necromass resource and how changing that re-

source alters those specific consumer communities

is one critical step (Sandstrom and others 2019;

Abrego 2022). There is also the potential of

manipulating biotic complementarity among mul-

tiple resource types that is completely unexplored

as a conservation tool (Box 1).

What is the Appropriate Quantity
and Profile of Necromass?

Management of the overall amount of necromass

resources is an important consideration in ecosys-

tems that have experienced major disruptions to

supply via extractive processes, excessive inputs, or

changes to disturbance regimes. Such changes in

amount are often also focused on particular particle

sizes of necromass, which alters the profile or size

spectrum of the necromass resource pool. Such

disruptions might include firewood collection from

downed trees (Manning and others 2020) or sal-

vage logging (Thorn and others 2018), hunting or

culling of large animals (Mateo-Tomás and others

2015), mass mortality events (Fey and others

2015), weed invasion (Lindsay and French, 2005),

wildfire (Newsome and Spencer 2021), or livestock

enterprises (Piñeiro and others 2006). This can be

critical for ecosystem function if nutrient pools are

significantly shifted (Subalusky and others 2017),

resources for specialist decomposers are absent

(Hjalten and others 2012), or the influx of re-

sources promotes invasive pests (Spencer and oth-

ers 2020). Knowledge of the magnitude of such

changes is an important first step to identifying

management requirements. Tools available to

quantify coarse woody debris include the calcula-

tion of physical dimensions to generate volumes

(Schiegg 2000b; Threlfall and others 2019; Man-

ning and others 2020), and carrion biomass can be

derived from population abundance and species

body size data (Subalusky and others 2017; Barton

and others 2019; Mateo-Tomás and others 2019).

Mapping of live and dead biomass and use of

steady-state models to derive turnover rates can be

applied to either terrestrial plant litter (Gora and

others 2019; Neumann and others 2021), and

heterotrophic biomass in streams (Waters 1977;

Benbow and others 2017; Benke and Huryn 2017;

Gulis and Bärlocher 2017) (Table 1). Using these

tools, researchers and managers can identify

changes in quantity and develop practical actions

that can address gaps in quantities or volumes to

benefit biodiversity. For example, addition of

coarse woody debris has been shown to benefit

saproxylic insects and fungi (Ulyshen and Šobotnı́k

2018; Sandstrom and others 2019) but observed

effects appear to be stronger in temperate zones

than in the subtropics (Ulyshen and Hanula 2009)

and, as discussed in the next section, the amount of
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coarse woody debris may be less important than its

temporal continuity.

Provisioning of animal carcasses can support a

range of scavenger species (Moreno-Opo and oth-

ers 2015; Stiegler and others 2020), and in some

ecosystems with a necromass shortfall, deliberate

additions can bring forward the benefits for biodi-

versity to bridge any production gap that might

otherwise take many years (Manning and others

2013). In grasslands, the amount of grass litter

influences community composition by mediating

the space available for germination of forbs and

grasses, and this in turn relates to management

decisions about appropriate management

regimes—particularly where the dynamics of

necromass have been influenced by fire suppres-

sion or livestock enterprises (Piñeiro and others

2006). Beyond the effects of total necromass

quantity in an ecosystem, decisions about the size

profile of individual necromass particles can also

have important implications for biodiversity. For

instance, more species of saproxylic beetles benefit

from inputs of large than small logs (Grove and

Forster 2011a, b). However, many species are also

specific to small-diameter wood (Jonsell and others

2007), much like various carcass sizes support dif-

ferent subsets of scavengers (Moleón and others

2015). Even among necromass derived from the

same species, differences in size can strongly

influence the composition of species associated

with it (Brin and others 2011). When managing

necromass quantity, therefore, a spectrum or

diversity of particles should be considered.

When is the Appropriate Timing
of Necromass Inputs?

There are key differences in the drivers of decom-

position and succession of associated biota at con-

trasting necromass types (von Hoermann and

others 2023). This means there is a need to main-

tain the input of multiple resource types at multiple

decay stages (see Figure 2b) to create the ‘shifting

mosaic’ in an ecosystem (Table 1). One of the big-

gest challenges for conservation management,

therefore, is to ensure adequate continuity or

availability of necromass through time. Major dis-

ruptions in continuity can result in considerable

biodiversity losses. For example, differences in

continuity explain why old forests can support a

higher diversity of saproxylic insects than younger

forests despite having no more or even less dead

wood (Brin and others 2016; Traylor and others

2023). While a major pulse of resources can quickly

boost the numbers of associated species (Koenig

and Liebhold 2017), only with repeated inputs can

such benefits be sustained long-term. Substrates

with higher turnover, like carrion or dung, would

need to enter an ecosystem more regularly than

those with comparatively slow decay rates like dead

wood. However, even regular inputs of dead trees

of multiple species are needed given patterns of

host-specificity and successional changes as

decomposition proceeds (Ulyshen and Hanula

2010; Seibold and others 2023). A secondary con-

sideration concerns the appropriate timing of in-

puts to maintain continuity. Consideration of the

phenology or seasonality, frequency, and longevity

of different resources can be relevant. It is variation

among these attributes that generate mosaics and

therefore create colonisation opportunities and

continuity in breeding for dependent species and

communities. Seasonality is particularly important

and includes events such as increased litter fall

(Nebel and others 2001), emergence of aquatic

insects (Pray and others 2009), and breeding or

migration events that lead to inputs of placenta or

young (Quaggiotto and others 2018). In some cases

species are able to track these seasonal movements

in resources, including vultures following livestock

(Olea and Mateo-Tomas 2009) or ravens following

hunters (White 2005). In such examples, it is pre-

dictability rather than continuity that may be

important (Lopez-Lopez and others 2014). In other

situations, completely different sets of species use

necromass resources at different times of year, as

has been found for carrion and scavengers in the

Australian alpine bioregion (Vandersteen and oth-

ers 2023) (Figure 4 and Box 2). Climate change

and shifts in rainfall, temperature, and the onset of

seasons (Wang and others 2021b) will be a key

challenge with the management of necromass re-

sources. Key events linked to climate extremes

such as increased storms or wildfire can result in

significant inputs of necromass via windthrown

trees (Peters and others 2013; Chao and others

2022) or animal mass mortalities (Newsome and

Spencer 2021; Barton and others 2022). Increased

interannual rainfall variability (Pendergrass and

others 2017) can also have substantial impacts on

necromass dynamics in grasslands. Seasons of par-

ticularly high rainfall drive prolific production of

grass litter that have been shown to persist for

several years and modify fauna community com-

position and habitat suitability (Antos and Schultz

2020).
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Where is the Appropriate Location
of Necromass?

Complexity in the spatial attributes of necromass re-

sources will affect biotic heterogeneity within

ecosystems, just as habitat structural complexity

drives animal diversity (Tews and others 2004; Loke

and Chisholm 2022). Approaches to measuring spa-

tial complexity can include the density of necromass

typesand their spatial configuration, but also variation

in their density and configuration (Loke and Chish-

olm 2022; Butterworth and others 2023a). The sim-

plification of ecosystems and landscapes, and

resulting biotic homogenisation, is a global phe-

nomenon, with documented negative outcomes for

biodiversity (Gossner and others 2016; Wang and

others 2021c). Maintaining or increasing spatial

complexity among multiple necromass types is

therefore part of addressing this problem. For exam-

ple, returning coarse woody debris to improve

ground-layer habitat structural complexity in grassy

eucalypt woodlands in south-eastern Australia has

had positive effects on insect and reptile biota (Barton

and others 2011; Manning and others 2013), but the

geographic distance among woody debris also is crit-

ical to compositional turnover (Barton and others

2009) and therefore broader ecosystem heterogene-

ity. The spatial complexity and connectivity of coarse

woody debris is important for the richness of

saproxylic invertebrates (Schiegg 2000a; Gibb and

others 2006b). Because local conditions strongly im-

pact the suitability of dead wood to many saproxylic

taxa, a diversity of inputs that cover a range of con-

ditions will have the greatest benefits to biodiversity

(Table 1). This is because spatial complexity of

necromass can affect organism perception of resource

quality. For example, whether woody debris is sun-

exposed or shaded is known to affect the composition

of saproxylic beetle communities (Vodka and others

2009; Müller and others 2020; Vogel and others

2021). For avian scavengers of carrion, the spatial

predictability of necromass can be important for more

social or dominant species of vulture (Cortés-Avi-

zanda and others 2016) or gulls feeding on coastal

resources (Quaggiotto and others 2018).

What Method of Necromass Management
can be Implemented?

The method by which necromass is added to or

removed from a system can affect the quality or

suitability of the resource for various species.

Regarding inputs of woody necromass, trees killed

through natural processes such as fire or beetle

Box 2. Seasonal timing of carcass inputs can support distinct communities

Variation within necromass types is important for ecosystem managers to recognise, be it temporal or spatial variation.

For example, vertebrate scavenging can be seasonal due to prey shortages or increased energetic requirements Pereira

and others (2014). This has been illustrated in an alpine ecosystem in Australia where vertebrate scavengers doubled

their rates of scavenging in winter and spring, compared to summer and autumn (Figure 4A) Vandersteen and others

(2023). This finding was driven by high use of carrion by ravens (Corvus spp.) (Figure 4B), corresponding to their

breeding season. Ravens were frequently collecting fur from carcasses for nest construction, and increased scavenging

likely reflects greater energetic costs associated with breeding activities Vandersteen and others (2023). Scavenging in

winter was driven by high use of carrion by brushtail possums (Trichosurus vulpecula) (Figure 4C), whose diet usually

consist of leaves, flowers, fruit and insects. These food items are only seasonally available during warmer months,

potentially explaining the use of carrion in winter.

Figure 4. Shifting use of carrion by vertebrate

scavengers across seasons. A Total number of vertebrate

scavenging and investigation, based on replicated

monitoring of 15 carcasses per season in the Australian

Alps. Higher scavenging in spring was linked to ravens

(Corvus sp.) (B), and in winter to brushtail possums

(Trichosurus vulpecula). Modified after (Vandersteen and

others 2023).
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attack support a greater diversity of colonising

species than those killed through artificial means

such as girdling (Shea and others 2002). Moreover,

standing and fallen trees support distinct inverte-

brate communities and exogenous factors such as

fire and sun exposure can further influence which

species colonise woody debris (Vindstad and others

2020). Decisions on how vertebrate necromass is

added can have similarly important implications.

Research shows that vertebrate carcasses with

traumatic injuries (for example, broken skin) decay

more rapidly and support different scavenger

communities compared with intact carcasses

(Mann and others 1990; Cairncross and others

2022). The seasonality or distribution of hunting

remains has also been shown to affect the diversity

and structure of scavenger communities (Selva and

Fortuna 2007). A guiding principle that emerges

from such examples is that the dynamics of

necromass will be most advantageous to biodiver-

sity when it closely mimics natural processes (Ta-

ble 1). In human-modified landscapes where

‘natural’ processes are altered, management might

be in ways that fit ecological and evolutionary

requirements of species. For instance, scavenger

conservation was incorporated into European san-

itary regulations for managing animal by-products

such as livestock carcasses (Regulation (EC) No

1069/2009) by considering ‘the natural consump-

tion patterns’, that is, the unpredictable way in

which carrion appears in natural ecosystems (Ma-

teo-Tomás and others 2019). An understanding of

the diversity of resources, their dependent taxa,

and naturally occurring quantities, temporalities,

and distributions would be greatly helpful for

managers to deal with necromass for conservation.

IMPLICATIONS AND CONCLUSIONS

Ecosystems globally have experienced changes in

necromass resource dynamics via harvesting and

extractive practices that have reduced inputs, or via

invasive species, unmanaged populations and mass

mortality events that have increased inputs of some

necromass types (for example, Sandstrom and others

2019; Bartel and others 2023). Such disturbances can

affect biodiversity dependent on necromass as well as

broader ecosystem structure and function, but the

complex dynamics of necromass makes it difficult to

disentangle the key spatial and temporal dimensions

of these resources that are able to be managed. To

address this challenge, we have introduced a con-

ceptual framework that unpacks the distinct temporal

and spatial attributes of contrasting necromass types

within ecosystems. Multiple necromass types com-

plement each other to support distinct species and

biotic communities, thus benefitting biodiversity at

thewhole-of-ecosystemscale.Aguidingprinciple that

emerges from our framework is that the dynamics of

necromass will be most advantageous to biodiversity

when it closely mimics natural processes. In modified

ecosystems, knowledge of natural processes and their

variability might be limited, and experimental or

adaptive management interventions could be appro-

priate to build cause-and-effect relationships between

necromass dynamics and biodiversity outcomes (Ta-

ble 1). ‘Backcasting’ could also be necessary to estab-

lish what quantities, for example, were present in an

ecosystem prior to modification (Manning and others

2006). We encourage an experimental approach to

necromass management more broadly as a way to

improve knowledge of necromass-dependent biota,

and to test how the quantity, timing, and spatial

arrangements of multiple necromass types can pro-

duce positive biodiversity change.
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Primary determinants of communities in deadwood vary

among taxa but are regionally consistent. Oikos 129:1579–

1588.

Nebel G, Dragsted J, Vega AS. 2001. Litter fall, biomass and net

primary production in flood plain forests in the Peruvian

Amazon. Forest Ecology and Management 150:93–102.

Neumann M, Turner J, Lewis T, McCaw L, Cook G, Adams MA.

2021. Dynamics of necromass in woody Australian ecosys-

tems. Ecosphere 12:e03693.

Newsome TM, Spencer EE. 2021. Megafires attract avian scav-

enging but carcasses still persist. Diversity and Distributions

28:515–528.

Odum EP. 1962. Relationships between structure and function

in the ecosystem. Japanese Journal of Ecology 12:108–118.

Olea PP, Mateo-Tomas P. 2009. The role of traditional farming

practices in ecosystem conservation: the case of transhumance

and vultures. Biological Conservation 142:1844–1853.

Pendergrass AG, Knutti R, Lehner F, Deser C, Sanderson BM.

2017. Precipitation variability increases in a warmer climate.

Scientific Reports 7:17966.

Pereira LM, Owen-Smith N, Moleón M. 2014. Facultative pre-

dation and scavenging by mammalian carnivores: Seasonal,

regional and intra-guild comparisons. Mammal Review

44:44–55.

Peters EB, Wythers KR, Bradford JB, Reich PB. 2013. Influence

of disturbance on temperate forest productivity. Ecosystems

16:95–110.
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