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Abstract

The decomposition of animal biomass (carrion) contributes to the recycling of energy and
nutrients through ecosystems. Whereas the role of plant decomposition in ecosystems is
broadly recognised, the significance of carrion to ecosystem functioning remains poorly
understood. Quantitative data on carrion biomass is severely lacking and there is no clear
pathway towards improved knowledge in this area. Here we present a framework to show
how quantities derived from individual carcasses can be scaled up using population metrics,
allowing for comparisons among ecosystems and other forms of biomass. Our framework
facilitates the generation of new data that is critical to building a quantitative understanding of

carrion’s contribution to trophic processes and ecosystem stocks and flows.

Keywords: animal, biogeochemical cycling, carcass, decomposer, decomposition, detritus,

necrobiome, necromass, scavenger
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GLOSSARY

Autotrophic biomass - Organic matter derived from primary producers via photosynthesis.
Carcass — Intact or partially consumed body of a dead animal, including invertebrates and
vertebrates.

Carrion — The dead tissues from whole or part of an animal.

Decomposition — Process of decay and breakdown of organic matter.

Heterotrophic biomass — Organic matter derived from animals or other consumers.
Necrobiome - The community of decomposers and their interactions associated with

decomposing organic matter.
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The overlooked role of carrion in ecosystems

The decomposition of organic matter disperses energy and nutrients concentrated by living
organisms back into the biosphere [1, 2]. The critical importance of decomposition for
ecosystems is made conspicuous by the absence of substantial accumulated dead biomass in
most ecosystems [3, but cf. peatlands 4]. Yet there is a significant lack of data on ecosystem
inputs from dead animal biomass (carrion, see Glossary) — a distinct form of heterotrophic
biomass. This means we are unable to answer the question of whether carrion contributes
fundamentally to ecosystem nutrient budgets and functioning. Currently we know that animal
carcasses (including collective invertebrate carrion) enhance ecosystem heterogeneity by
adding unusually concentrated resource hotspots [5-7], and support a suite of highly
dependent species that provide valuable ecosystem services by consuming and recycling
carrion [5, 8-10]. These contributions of carrion to biodiversity and ecosystem processes are
distinct in key ways from plants, e.g. the timescale of biomass turnover [5, 6], suggesting a
need to quantify carrion biomass and its role in ecosystem function. The data to answer this
question are scarce, however, and there exists no framework to guide research in this area. For
this reason, carrion remains a ‘hidden’ resource that has not been adequately incorporated into
ecosystem models of resource stocks and flows [1, 11], and its importance is largely
overlooked except following unusual or notable cases of mass mortality [12-14]. A critical
first step to bridging this gap is to develop approaches to derive quantitative estimates of
carrion inputs to ecosystems, and thus generate the data necessary to include heterotrophic
biomass beside autotrophic biomass in ecosystem models.

We describe a framework that links knowledge gained from studies of individual
carcasses to population-, community-, and ecosystem-level processes, enabling new estimates
of carrion biomass at different ecological scales. We think that such estimates will be critical
to emerging research on: how carrion enters an ecosystem detritus pool [14, 15]; the speed

and mechanisms by which carrion nutrients are released [13, 15, 16]; the transfer of resources
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among ecosystems [ 17-19]; and the contribution of carrion to ecosystem services [8, 20] and

global biodiversity [6, 7, 12, 21-23].

What do we know about carrion biomass in ecosystems?

Theoretical models of ecosystem energetics and trophic structure that incorporate dead
biomass have historically focused on the contribution of plant-derived biomass and
downplayed (or ignored) the contribution of animal-derived biomass [e.g. 1, 3, 24], [but see
11]). Yet, application of these resource models still requires quantitative estimates of biomass,
and such estimates are broadly lacking for carrion.

Globally, animal biomass is estimated to be 2 Gt, which is a fraction of global biomass
of plants (450 Gt), bacteria (70 Gt), or fungi (12 Gt) [25]. Within terrestrial ecosystems,
estimates of 30,400 kg/km? of animal biomass (0.03 % of total biomass) have been given for
an east African savanna [26], 20,000 kg/km? of animal biomass (0.02 % of total biomass) in a
central Amazonian rainforest [27], and 434 kg/km? of vertebrate biomass (0.06 % of
aboveground biomass) in a shrub—steppe ecosystem of the USA [28]. While animals clearly
constitute a small relative percentage of total biomass, their effect on ecosystems via the
production of carrion is likely to be disproportionate relative to equivalent amounts of plant
biomass. This is because quantity alone does not predict impact, with biomass quality,
quantity, and rate of turnover also affecting ecosystem structure and function [29]. The
nutrient-rich and dynamic properties of carrion, and the numerous specialist species that it
supports [5], mean that for a full understanding of ecosystem function it is critical to treat this
heterotrophically-derived resource separately from plant biomass. But how much carrion
biomass is there, and how might we find out?

We examined the literature for reports of carrion biomass in ecosystems (see
Appendix 1). We found 26 studies that presented information about the number, density, or

biomass of animal carcasses, with biases towards fish in freshwater systems, ungulates in
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terrestrial systems, and episodic, mass die-offs (e.g. following salmon spawning or insect
emergence events) (Appendix 2 and Appendix 3). Estimates that included spatial information
(n = 19) showed there is little knowledge of the carrion biomass of most taxa from the
majority of biomes (see Figure 1, Appendix 2).

Carcass size ranged over 10 orders of magnitude, from marine copepods (0.00003 g)
up to moose (400,000 g) (Figure 1a). We found that carcass densities were highest for very
small animals (e.g. 10 billion copepods/km?) and lowest for larger animals (e.g. 1 moose or
impala/km?). Notable densities relative to body size included salmon (1 million
carcasses/km?) and bivalves (1 billion carcasses/km?). Such densities were often localized to
particular hotspots, such as specific reaches of streams and rivers, and represent an
extraordinary concentration and release of nutrients.

When expressed as biomass density (kg/km?), bivalves, salmon, and midges
represented the upper end of the range of 100,000 to 10,000,000 kg of carrion/km? (Figure 1b,
n = 17). By contrast, copepods and ungulates were at the lower end of the range (between 10
and 1000 kg/km?), despite being vastly different in body size. Studies of invertebrate
carcasses were rare, but included measurement of midge density emerging from lakes, with
estimates of up to 150,000 kg/km? [30]; scirtid beetle carcasses weighing 0.0004 g
supplemented leaf litter as food for mosquito larvae [31]; and mass emergence and die-off of
cicadas, each weighing 0.73 g, and their effect on arthropod scavenger communities [32] and
forest soils [12]. Studies of vertebrate carrion gave estimates of moose carcasses resulting
from human hunting contributing carrion at densities of up to 857 kg/km? [33]. There were
several studies of migratory salmon biomass input to North American streams (Appendix 2).

Several studies reported large episodic inputs of carrion or mass mortality events [e.g.
13, 14, 34] demonstrating how large, concentrated inputs of carrion can have important and
long-term impacts on ecosystems, including via spatial resource subsidies [13, 35]. Yet these

examples are in many ways the exception, and provide little insight into the significance of



122 the more widespread, constant, and hidden inputs of carrion biomass occurring within

123 ecosystems.

124

125  Carrion is hidden because scavenging and decomposition is fast and efficient

126 The unique contribution of carrion biomass to ecosystem energetics, structure, and function is,
127  in part, a result of its high concentration of nutrients, and the speed at which these nutrients
128  are returned to the ecosystem. The carbon:nitrogen ratio is typically much lower for carrion
129  than plant material [36], and carrion tissues are more metabolically rewarding than the

130  majority of plant tissues. This makes carrion highly sought after by a diversity of efficient
131  decomposer and scavenger organisms that comprise the necrobiome. These organisms are
132 responsible for consuming, metabolizing, assimilating, excreting, and dispersing carrion

133 tissues. Rapid turnover is also a key reason why carrion is typically not around long enough to
134  be noticed or measured, and why it should not be grouped with plant detritus resource pools.
135 Mass loss of organic matter is typically quantified using a negative exponential

136  equation: y = e, where y is the mass, and & is the rate of decay per unit time (¢) [16, 24].

137  Rates of decay of plant leaf litter usually range between k= 0.1 and 4 [37], whereas carrion-
138  derived nutrients are typically released back into the biosphere at rates 10-100 times faster.
139  For example, decay rates of £ = 0.008 to 0.014 have been reported for rats (Rattus rattus)

140  [16], k= 0.046 for cicadas (Magicicada sp.) [32], k = 0.088 for salmon (Oncorhynchus sp.)
141 [38], and k= 0.058 for ducks (Anas acutas) or k= 0.061 for trout (Oncorhynchus mykiss)
142 [39]. A large body of literature also exists in the forensic sciences, where decay rates are

143 reported for different mammal species under different environmental conditions [e.g. 40, 41],
144  but often these studies include vertebrate scavenger exclusion, a potential confounding

145  variable in extrapolating decay rates to more natural conditions. The above examples

146  highlight that nutrient recycling and trophic processes occur on much faster timescales for

147  carrion than most plant tissues.
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A new framework to guide estimation of carrion in ecosystems

We present a framework that links knowledge derived from individual carcasses to
populations, communities, and ecosystems (Figure 2). Our broad goal is to show how carrion
biomass can be estimated at a range of ecological scales within ecosystems. This can help
researchers to answer fundamental questions about quantities of carrion, how carrion is
distributed spatially and temporally, how it is partitioned among consumers and the
environment, or how much is available at any particular point in time or space (Outstanding
Questions). This can give critical perspective to local-scale studies of carrion decomposition
or scavenging by placing them into a broader ecosystem context. Our framework also
reinforces the need to measure carrion biomass in a consistent way, within defined spatial and

temporal boundaries, to generate data useful for models of ecosystem energetics and function.

a) Individual carcasses
The foundation to understanding resource effects on ecosystem structure and function is
knowledge of both biomass and its turnover [29]. For carrion, it must necessarily begin at the
scale of individual carcasses, with data on body mass, its consumers, and decay rate essential
to estimating carrion quantity, how it is partitioned through consumers and the environment,
and its turnover (Figure 2a, 2d). Body mass of individual carcasses provides the basic unit for
multiplication to larger scales. The pathways by which carcass nutrients re-enter the
environment include: consumption by vertebrates [42, 43] or invertebrates [ 10, 44, 45];
assimilation by microbes present on the carrion or nearby substrates [46-48]; entering the soil
[7, 16, 49, 50]; entering the water column [15, 39]; or entering the atmosphere [51]. This
information is valuable because it allows for extrapolation from the individual carcasses to

estimates of population-level inputs for a defined area (Box 1).
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The paucity of studies that have examined the multiple pathways of carrion nutrient
flow into different consumer groups or the environment is a major hurdle to the development
of empirical and conceptual models of carcass effects on ecosystems. A broader knowledge
base is needed to understand how the importance of each pathway changes in different
ecosystem or scavenger community contexts. For example, some carcasses of animals might
be entirely consumed by scavengers, whereas others may only be partly consumed [52, 53],
take much longer to be consumed [42] or have more recalcitrant parts of the body (e.g., bones
or shells). Simple models can be helpful to partition a carcass into its different environmental
sinks and consumers pathways [e.g. carcass = soil + insects + vertebrates + atmosphere].
This formula is deliberately general, and can easily be applied to total mass (including
moisture) or to single components of interest such as carbon, nitrogen, phosphorus, or other
nutrients [16, 54]. The equation can also incorporate time (e.g. a differential balance approach
to quantify rates of loss and gain) to understand how carcass components are differentially
recycled back into the environment. For example, a long-term study of nutrient cycling from
drowned wildebeest revealed that soft tissues decomposed in 2-10 weeks, whereas bones took
seven years [13]. Tough tissues such as bones and hair may comprise up to 50% of the dry
mass of vertebrate carcasses, and soft tissues the other 50%, representing slow and fast
nutrient inputs from animal decomposition, respectively [13, 55]. More accurate accounting
of the carrion biomass and its rate of nutrient flow through different consumers or

environmental pathways is necessary to understand its landscape-scale effects (Box 1).

b) Populations
Demographic information allows for multiplication of individual carcass-level data by
population size or annual turnover to estimate population-level carrion biomass quantities and
turnover rates [e.g. 56, 57]. The spatial distributions of populations can give information

about the geographic boundaries of the carrion resource pool, and identifies areas of
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concentrated inputs [49]. To derive population-level estimates of carrion biomass, the average
mass of a carcass of a species (or mass of a particular nutrient within the carcass) can be
multiplied by the number of carcasses entering the carrion pool per unit area and time (e.g.
kg/km?*/yr) (Figure 2b). This approach has been used effectively in a study of nutrient flow
from wildebeest carcasses in the Mara River, Kenya [13]; measurements of nutrients in
individual carcasses were combined with the estimates of numbers of carcasses produced
from annual mass drownings. Per year, approximately 50% of carrion-derived carbon from
drowned wildebeest flowed into watershed foodwebs or was released into the atmosphere,
whereas 95% of carrion phosphorus remained in bones [13]. This study made explicit the
contribution of dead animals to ecosystem function and the subsequent maintenance of
downstream fish communities.

Multiplicative approaches to scaling from local to landscape scales are frequently used in
soil ecology literature [e.g. 58] and studies of ecosystem energetics [27, 29]. It is common
practice to convert nutrient or biomass data into standardized units of mass per unit area and
time (e.g. kg/km?/yr or kg/ha/yr), thus allowing for comparisons across contrasting systems
(Box 2). A similar approach has long been used in studies of animal biomass and secondary
production in aquatic ecosystems [59, 60]. A mass-per-unit-area approach should be applied
to studies of carrion biomass in terrestrial systems so that data are presented consistently, the
contribution of carrion to ecosystems is easily comparable across disparate taxa, and the
importance of carrion is able to be accurately estimated relative to other resource pools [18,
61].

Estimating the spatial and temporal patterns of mortality for animal populations can be
particularly challenging due to the combination of demographic processes, predator-prey
dynamics, and landscape factors [49, 56, 62]. There are ways to integrate prey behaviour and
predation risk information into carrion biomass estimates [49, 63], and this can generate

knowledge of the spatial distribution of carcass nutrient inputs across landscapes (Box 3).
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Such studies demonstrate the role of behaviour and trophic linkages in determining carrion
effects on ecosystems [64, 65]. Concepts such as the ‘landscape of fear’ [sensu 66] or
‘landscape of disgust’ [sensu 67] are therefore relevant to estimating population-level factors
influencing carrion quality and quantity (Figure 2b), and could be incorporated into species-
specific models of carcass inputs where predation risk is known to affect the spatial

distribution of populations and animal deaths.

c¢) Communities
Animal communities consist of species spanning a wide spectrum of sizes, abundances, life
history traits, and population dynamics. The general body size-abundance relationship
illustrates that most animal species are small and only a few are large [68]. This relationship is
a useful way to conceptualise the distribution and inputs of carrion in ecosystems (Figure 2c).
Yet what is needed are generalisable body size — decay rate or time-to-consumption
relationships (standardised by temperature and humidity). Such models do not yet exist,
however, and would greatly benefit the scaling of carcass-level data to community levels. For
example, approximate abundance and density profiles with decay rates could be assigned to
different sized carcasses (e.g., size spectra), and scaling factors applied to move between
carcass size classes. For example, a ‘small’ size class might be considered 100 times more
abundant and decay at twice the rate as a ‘large’ carcass, which is 10 times the size. Similarly,
smaller vertebrate carcasses are more likely to be consumed in their entirety in a short time
frame (when scavengers are not satiated). Large vertebrate carcasses (e.g., ungulates,
elephants, whales), on the other hand, are more likely to be only partially consumed by
scavengers [42], with remains entering the ecosystem through distinct invertebrate and
vertebrate consumers. Actual values of size-dependent effects still require empirical
measurement for a range of species, but this principle would allow for coarse and rapid

scaling of carrion inputs generated by whole animal communities across body size classes.
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d) Ecosystems
Knowledge of carrion at ecosystem scales can be developed from scaling-up population- or
community-level estimates directly or via models. This might be achieved by multiplying
community or population data by the geographic area of the ecosystem of interest, while
acknowledging the spatio-temporal variation in carrion inputs. This idea is complicated,
however, by seasonality in animal populations, and the difficulty in surveying carrion biomass
at any moment in time due to variable inputs and its rapid turnover rates. Plant litter surveys,
by contrast, can be conducted using routine measures of litter depth, volumes, or density
along transects because of relatively even spatial distribution and with long turnover rates.
Analogous surveys of animal carcasses are not so straight forward, but might, for example, be
achieved using bone surveys of larger vertebrates [69, 70]. One approach to scaling-up
biomass production in ecosystems is the calculation of secondary production via the
instantaneous growth rate method, whereby the mean growth rate of a population is multiplied
by its collective living biomass [71]. This information can be used to estimate the energy
channeled through populations into biomass production [72], and is used, for example, to
quantify secondary production in aquatic systems and fisheries management [72, 73].
Variation from steady state conditions can provide information about mortality rates and
carrion production. Another option is to take a top-down approach. Ecosystem-scale studies
of plant litter decomposition and carbon budgets have employed total and differential mass
balance approaches [24, 74]. The mass balance equation [/nput = Output + Accumulation] is
a simple mathematical expression of the principle of conservation of mass [74, 75]. When
applied to carrion, this equation reveals that the quantity of carrion cycled through
decomposition pathways should equal the annual production of carrion only if the mass of
carrion present in the ecosystem remains constant. Both instantaneous growth rate and mass

balance approaches are well-understood and robust starting points for conceptualizing the flux
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of nutrients among resource pools of animal populations or communities in ecosystems [74,
75]. Furthermore, these approaches are amenable to scaling with ecosystem net primary
productivity (NPP) and total biomass (and thus ratios of animal/plant or dead/live, Figure 2).
This means that a generalised carrion budget established for one ecosystem [e.g. 57, 65] could

be compared to other ecosystems, if differences in NPP are known.

Implications and concluding remarks

Our framework allows for new questions to be asked about how carrion decomposition
processes occurring at one scale have implications at other scales (see Outstanding
Questions). For example, knowledge of the quantity of nitrogen flowing from a carcass into
nearby plants [e.g. 7, 76], flies [e.g. 53, 77] or vertebrate scavengers [e.g. 43] can now be
placed within a multiplicative framework to predict quantities and their short- and long-term
consequences at larger scales. Further, our framework links a key set of ecological concepts
that can be used to estimate the contribution of carrion biomass to ecosystems in terms of the
quantity and quality of nutrients, the spatial density of carcasses, the timeframes of nutrient
release, and the trophic pathways of nutrient transfer. This framework is essential for placing
carrion on the same conceptual footing as plant-derived biomass, and the future development
of more complete ecosystem models of resource stocks and flow.

Knowledge of ecosystem structure and function will benefit from a clearer
understanding of resource biomass and turnover [29]. It is critical to expand our knowledge of
carrion inputs to ecosystems, because inputs in some cases are changing drastically. For
example, new estimates of the global distribution of animal biomass indicate a six-fold
decrease in the mass of wildlife and a four-fold increase in humans and livestock over the last
few hundred years [25]. This substantial redistribution of animal biomass has produced a
massive but unquantified change in the contribution of carrion decomposition to nutrient

cycling in the terrestrial biosphere. The same is true for marine systems, where commercial
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whaling practices have led to one of the largest examples of wildlife exploitation by humans,
resulting in a massive loss of animal biomass [78]. There are also other, more localised
changes to carrion inputs in some ecosystems. For example, in Europe, carcasses of large
vertebrate species and livestock are removed from grazing landscapes to meet veterinary or
health regulatory requirements [79-81], thus leaving landscapes devoid of large carrion.
Additionally, there has been an increase in frequency of wildlife mass mortality events due to
disease outbreaks or starvation [14], extreme shifts in abiotic conditions [82], as well as
greater attention to annual migrations and mass drownings [13]. Declines in apex predator
populations around the world [83] also means that carrion inputs are changing, and in some
cases contributing to an overabundance of large herbivores [56, 84, 85]. In all these cases,
changes to the quantity, quality, location, or timing of inputs of carrion biomass to ecosystems
have occurred. The consequences of available carrion due to these perturbations include shifts
in nutrient pools, or changed pathways of nutrient flow through biotic communities, with
further unknown ramifications for ecosystems (Outstanding Questions). Our conceptual
framework, coupled with improved and standardized empirical methodology [13, 52, 57],
provides a way to generate the data and calculations necessary to understand the implications
of these changed carrion inputs for biogeochemical cycling and resource flow, and therefore
ecosystem health and function [17, 86].

Once quantitative data from a range of biomes and animal taxa are derived, a new
perspective becomes possible that allows heterotrophic biomass to be conceptualised in a
similar way to autotrophic biomass. Future efforts to discover the contribution of carrion
biomass to ecosystems is fundamental to a comprehensive, mechanistic, and predictive
understanding of ecosystem functioning - one that allows the unique temporal and spatial

properties of carrion to be incorporated into models of ecosystem resource stocks and flow.
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FIGURE TITLES

Figure 1. Summary of some quantitative estimates of carrion from the empirical literature,
showing (a) the negative log-log relationship between published carcass size and density, and
(b) estimates of carrion biomass for a range of different taxa. Different colours represent

different taxa. Raw data is given in Appendix 3.

Figure 2. Linkages between individual carcasses, populations, communities, and ecosystems
can facilitate the estimation of carrion biomass at each scale. (a) Individual carcasses provide
the base unit for scaling up carrion biomass in ecosystems. Key metrics: Carcass mass, decay
rate, and composition all provide information that might be of interest at larger scales. Carcass
nutrients can be routed through different consumers or ecosystem compartments (e.g. insect
vs. vertebrate scavengers, microbes, or liquids or gases into the soil or atmosphere). (b)
Populations provide information about numbers of carcasses entering an ecosystem from
different species of animals, as well as their distribution and temporal inputs. Key metrics:
multiplication of carcass-level data by population-level data is the first step to scaling up
carcass biomass that can be expressed as input rates. (c) Communities provide information
about relative abundances and body sizes among species. Key metrics: multiplication of
population-level inputs by community-level body size and decay rate factors can generate
data about relative contributions by multiple species. (d) Ecosystem-scale estimates of carrion
biomass can be developed from scaling up population- and community-level quantities via
secondary production methods. Mass-balance approaches provide a top-down approach to
estimate carrion biomass as a function of changes to steady-state conditions. Key metrics:
ecosystem carrion estimates provide data about total quantities and turnover, and is critical for

broader context when partitioning total biomass into live vs. dead or plant vs. animal.
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Box 1. Partitioning carcasses into resource pools - Rabbit carcasses and fly production.
Rabbit (Oryctolagus cuniculus) populations have established in much of southern Australia,
and now contribute to local ecosystem dynamics, including the production of carrion and
resources for blow fly larvae (Calliphoridae). It is possible to estimate such ecosystem
contributions by scaling up carcass-level biomass data. A hypothetical population of 100
rabbits/km?, with a turnover of 50/yr, each with a mass of 1.5 kg, and assuming no direct
predation, gives a total potential carrion input of 75 kg/km?/yr. It is possible to partition this
resource pool into different nutrient components and recycling pathways [54, 77]. For
example, one study showed 22% of the mass of a rabbit carcass was converted to fly larvae
biomass, and 13.6% entered the soil as either moisture or nutrients [54]. From an input of 75
kg/km?/yr, this represents 16.5 kg into fly larvae and 10.2 kg into soil. Further, the 16.5 kg of
fly larvae biomass represents approximately 180,000 potential adult flies [54]. Partial
consumption of carcasses by vertebrates could be estimated, and incorporated as a simple
factor that modulates or down-scales these estimates.

We can extrapolate from the above case study to estimate: What is the contribution of
carrion biomass to invertebrate populations? For example, kangaroo (Macropus giganteus)
populations can reach densities of up to two kangaroos/ha in the same study area as the above
rabbit example [87]. At 30 kg per animal, this equates to 6000 kg/km?*/yr of live biomass. If
10% of the kangaroo population turned over each year, the input of carrion would be 600
kg/km?/yr eight times that of rabbits, equating to 132 kg of potential fly larvae biomass
(assuming a similar conversion rate). This study begins to build a community-level profile of
carrion inputs (Figure 2¢). Scaling carrion to a standardized unit allows for comparisons with
other forms of biomass (Figure 2d). In the same study system, for example, a dominant
perennial grass is Themeda australis, with a mean biomass of 50.6 kg/ha [88], or 5,060
kg/km?. In relative terms, therefore, rabbit and kangaroo carrion annual inputs of 675 kg/km?

is approximately 1/8" that of a dominant grassland plant species. The general insight from our
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framework is that multiplication of per-carcass data (Figure 2a) by population attributes
(Figure 2b) within a spatial and temporal window allows for estimates of key resource stocks

and flows, and can facilitate the comparison of resource types within an ecosystem.
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Box 2. Carrion and population demographics - Seal carrion on the Isle of May.

The grey seal (Halichoerus grypus) colony on the Isle of May (45 hectares, Scotland, UK)
generates substantial quantities of carrion in the form of placentae and dead seals. In late
October, approximately 2000 pups are born, of which 13.3% die from natural causes [57].
Aerial and ground surveys have been used to estimate the mean annual number of placentae
and seal carcasses (both pups and adults) deposited into the island and littoral ecosystem
during each pupping season [57]. A total of 6,893 kg of carrion was found to be generated
every year [3,124.3 kg (74.9 SE) of placentae, 3,768.2 kg (713.7 SE) of carcasses]. This
quantitative knowledge of carrion biomass is rare, and allows for additional calculations to
determine the contribution of carrion to ecosystem processes. For example, the total carrion
biomass corresponded to 110.5x10> MJ/yr of energy, with 68.1x10°> MJ/yr (SE=1.64)
delivered as placentae and 42.4x10° MJ/yr (SE=10.42) as carcasses [57]. Further, they
established that the total biomass scavenged by vertebrates (mostly gulls) was 1,032 kg, and
this represented 12.8x10° MJ of energy cycled through vertebrate consumers. Placed into our
framework, a key insight is that multiplication of per-carcass data (and routed via vertebrate
consumer pathways) (Figure 2a) by population attributes (Figure 2b), can yield new insights
into carrion biomass acting as a resource for scavengers, and broader island food web
dynamics.

The role of carrion biomass in the energetics and function of island ecosystems can
often be disproportionate relative to other forms of biomass, and when compared to mainland
ecosystems [ 18, 35]. This disparity is highlighted, for example, by the 22 times greater
production of seal carrion (equivalent to 15,317 kg/km?) than the combined production of
rabbit and kangaroo carrion described in the previous case study (i.e., 675 kg/km?). This
simple extrapolation of data, and comparison across environments, quickly highlights the

relative importance of carrion in contrasting ecosystems.
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Box 3. Carrion and landscape heterogeneity - Wolf predation & moose carrion on Isle
Royale, USA.

On Isle Royale, USA, the moose (A/ces alces) population has varied between approximately
500 and 2,000 animals over the last 60 years (1958 to 2018), and the predation rate
[proportion of moose killed annually by wolves (Canis lupus)] has been greater than 20% in
some years. Studies of the localized effects of carcasses on soil and plants have shown that
wolf kill sites exhibit elevated soil nutrients, microbial biomass, and leaf nitrogen at levels
~40-300% greater than reference sites (Figure 1) [49]. Combining these localized ‘per-
carcass’ data with information about carrion distribution and wolf killing success can generate
landscape-level knowledge of carrion effects on ecosystems [49]. This example of local to
landscape carrion scaling is embedded within our framework (linkages between panels Figure
2a>2b > 2¢ > 2d), and shows how principles from population biology can be linked with
data of localized nutrient inputs to reveal novel interpretation and estimates of carrion
biomass.

Additional insight can be gained when scaling via our framework is combined with
behavioral concepts. Studies have shown that the ‘fear’ of predation can in some contexts
exceed the effects of local resource availability on prey, and lead to changes in the way they
use a landscape [e.g. 89, 90]. This means that apex predators not only shape carrion effects on
ecosystems via kill sites directly, but predation risk can decouple carcass locations from prey
distribution patterns and create hotspots of carrion occurrence over time [91]. This has
important consequences for maintaining ecological processes, such as the generation of

mosaics of resource heterogeneity that help maintain microbial and plant diversity [49, 92].

Figure I. Scaling of local to landscape carrion effects was undertaken at Isle Royale National
Park, USA, by quantifying the long-term (~1958-2016) influence of wolves on carrion

resource heterogeneity via moose carcass distribution. Localized carcass effects (upper left)
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included elevated soil nutrients (N, P, & K), microbial biomass (bacterial and fungal
phospholipids fatty acids, PLFAs) and plant foliar nitrogen [49]. Understanding how wolves
contributed to carcass effects across the island landscape (lower and upper right) was
achieved by relating carcasses from wolf kills versus natural starvation. Values >1 indicate
areas where carcass distribution is more influenced by wolves and values <1 indicate where
carcass distribution is more influenced by moose starvation (values of 1 indicate equal
influence). Wolves travel along shorelines which results in higher predation close to the

water, such as (A) a river drainage, (B) an isthmus, (C) a harbour, and (D) a peninsula.
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