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Abstract1

Scavenging can have important consequences for food web dynamics, for example, it may support addi-2

tional consumer species and affect predation on live prey. Still, few food web models include scavenging.3

We develop a dynamic model that includes predators, scavengers, live prey, and a carrion pool to show4

ramifications of scavenging for predation in simple food webs. We explicitly model carrion biomass and5

scavenging behavior and investigate the effect of scavenging for predation under different assumptions. Our6

modeling suggests that the presence of scavengers can both increase and decrease predator kill rates and7

overall predation in model food webs and the impact varies (in magnitude and direction) with context. In8

particular, we explore the impact of the amount of dynamics allowed in the predator, scavenger, and prey9

populations as well as the direction and magnitude of interference competition between predators and scav-10

engers. We provide a road map to the different outcomes and link these theoretical outcomes to evidence11

from different empirical studies.12
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Introduction13

Scavenging, or the use of carrion for energy gain, is an important energetic pathway in food webs. Some14

species are specialized scavengers, but most predators also operate as facultative scavengers by returning15

to scavenge their own kills or kills of others (Moleón et al., 2014). Predator-killed prey can be the most16

significant source of biomass for scavengers in some ecosystems (Elbroch and Wittmer, 2012; Wikenros17

et al., 2013). This, along with other recent evidence (Andrén et al., 2011; Krofel et al., 2012; Tallian et al.,18

2017), suggests a strong interaction between scavenging and predation. However, while predation has been19

a core subject in ecological research for decades, scavenging in a food web context has not received the20

theoretical or empirical attention it deserves (Moleón and Sánchez-Zapata 2015). This has led to recent calls21

for more focus on the link between predation and scavenging (Moleón et al., 2014; Wilson and Wolkovich,22

2011).23

Scavenging can impact predation in multiple ways. High availability of carcasses is likely to decrease24

kill rates by predators that are facultative scavengers. However, the presence of other scavenger species may25

increase predation rates as kills of predators get consumed by others (Andrén et al., 2011). Currently, there26

are conflicting ideas and varying reports on how scavenging affects predation in different vertebrate predator27

guilds (Allen et al., 2015; Krofel et al., 2012). In systems with wolves and bears, in both Yellowstone28

National Park and Scandinavia, the focal predator, the wolf, seems to kill less when scavenging brown29

bears are present (Tallian et al., 2017). In contrast, in the mountains of Slovenia and Croatia, lynx increase30

predation rates in the presence of brown bears (Krofel et al., 2012). Thus, the species of predator and31

scavenger seems to matter. Moreover, scavenging the kills of other species is mostly asymmetrical in food32

webs, with one species more likely to scavenge another species kills than vice versa (Allen et al., 2015;33

Krofel et al., 2012).34

In a model of lynx and wolverines, Andrén et al. (2011) found that for a given abundance of lynx and35

wolverines, scavenging by wolverines reduced total predation. However, predation strategies and densities36

of both the predators and scavengers were kept constant, without the dynamical feedbacks in strategies37

or densities expected in natural systems. Whether total predation and other predation metrics increase or38
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decrease is often an important issue in wildlife management. Consequently, we build on previous work39

examining the interaction of predators and scavengers by creating dynamic models to address how predation40

rates change with respect to densities of prey and carrion and how changes in predator/scavenger population41

densities affect these measures. Specifically, we are interested in predation by the main predator, if their kill42

rates increase or decrease when a scavenger is added to the food web.43

We build a generalized model that can be applied to different case studies, focusing on different com-44

binations of two interacting species of predators/scavengers from different habitats around the world. We45

want to understand how the addition and increasing abundance of a scavenger to a food web affects carrion46

dynamics, kill rates of the primary predator, and concomitant losses of the prey species. We consider a food47

web with a focal predator species, and add another species that is also a predator and scavenger, since most48

scavengers are facultative (Moleón et al., 2014).49

Many predator/scavenger populations are controlled by management to low numbers, which, may pre-50

vent many of the natural feedbacks in population growth from occurring. Even when predator and scavenger51

populations are controlled, prey and carrion are likely to have coupled dynamics as they are consumed. We52

use different constrained versions of the model to understand how variation in dynamic feedbacks affects53

scavenging and predation patterns and to better represent real world management scenarios. In addition, we54

investigate how the direction and magnitude of interference competition between the predator and scavenger55

affects predation rates. Thus, our models not only cover the different assumptions of feedbacks and popula-56

tion regulation, but also include species interactions of both exploitative competition and direct interference57

competition suspected to occur in real systems.58
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Building a model of scavenging59

We develop a general model based on optimal foraging theory that allows changes in the strategies and60

densities of predators in response to population changes in prey and carcass availability.61

Adaptive behavior of predator62

According to Fryxell and Lundberg (1994), predator diet should be a sigmoid function of the density of the

most profitable prey, where profitability is defined as

Profitability =
energy content
handling time

=
e
h

following Charnov (1976); MacArthur and Pianka (1966).63

We assume carrion to be more profitable than live prey (Moleón et al., 2015) because handling time h is

less and energy content e can be roughly equal to live prey. Formalizing this, e/h for carrion > e/h for live

prey. Therefore, we make the scavenging propensity s depend on carrion density C,

s(C) =
zCb

1+ zhCb (1)

where z and b are scaling coefficients that change the magnitude and shape of the scavenging response to64

carrion density, effectively controlling the switching response. Note that s is a rate, a scavenging response65

per time based on carrion availability that reflects the natural propensity to scavenge for a species. Many66

theoretical studies of adaptive foraging include a similar formulation (Abrams and Matsuda, 2004; Charnov,67

1976; Fryxell and Lundberg, 1994; MacArthur and Pianka, 1966).68

We consider two facultative scavenging species which we refer to as the focal predator and scavenger69

because we assume they have different scavenging propensities (Figure 1). If the attack propensity on70

live prey f is negatively related to scavenging propensity s, then the predator, with a lower scavenging71

propensity, will be more specialized on the live prey over most carrion densities, while the scavenger, with72
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a higher scavenging propensity, will be more specialized on the carrion over most carrion densities. This73

is a realistic tradeoff for many predator and scavenger pairs (Krofel et al., 2012) and can also be related to74

the handling time of carrion - e.g. a scavenger such as the wolverine can have a lower handling time than a75

predator such as the lynx because the lynx opens the carcass, a kind of facilitation (Kane et al., 2017).76
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Figure 1: Scavenging propensity with carrion density for the predator (solid line) and scavenger (dashed
line). Parameters for the predator P and scavenger S with corresponding subscripts are: hRP = 4;hRS =
4;hCP = 1.5;hCS = 1;bP = 0.1;bS = 1;zP = 0.1;zS = 0.7.
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Full food web model77

Calculation of predation78

The equations for kill rates and scavenging rates are a form of the multispecies disc equation (Charnov,79

1976; Fryxell and Lundberg, 1994). Kill rates kP and kS for the predator P and scavenger S respectively are80

kP =
fPR

1+ fPRhRP + sPChCP
, (2)

kS =
fSR

1+ fSRhRS + sSChCS
, (3)

where R and C are the abundances of prey and carrion respectively, fP and fS are the predation propensities81

of the predator and scavenger respectively on the prey, sP and sS are the scavenging propensities of the82

predator and scavenger respectively on the carrion, hRP and hRS are the handling times of the predator and83

scavenger respectively on the prey, hCP and hCS are the handling times of the predator P and scavenger S84

respectively on the carrion. We impose the constraint that the attack propensity on live prey fi depends on85

scavenging propensity si, so that fi + si = 1 for i = P or S. This allows us to define a tradeoff since fi and86

si should be flexible strategies but one likely impacts the other, as is observed in wolverines for example87

(Mattisson et al., 2016). However, we can relax this assumption by setting fi to a constant value and have88

the same qualitative results.89

The total number of prey killed by the predator and scavenger per time unit as defined by Equations 290

and 3 is91

KillsTotal = kPP+ kSS (4)

where P and S are the abundances of the predator and scavenger respectively. Results with respect to other92

metrics of predation are presented in Appendix A.93
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Full dynamical model equations94

The general model topology is depicted in Figure 2.95
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Figure 2: Full model with state variables for prey resource R, primary predator P, carrion killed by predator
and scavenger C, and scavengers S. Lines connecting state variable boxes represent potential energetic
(biomass) pathways.
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The full model for the prey R, carrion C, primary predator P, and scavenger S is given by104

dR
dt

= g(R)− kPP− kSS, (5)

dC
dt

= (1−φP)kPP+(1−φS)kSS−qPP−qSS, (6)

dP
dt

= P(−mP +φPkPaP + qPaP), (7)

dS
dt

= S(−mS +φSkSaS + qsaS), (8)

where φP and φS are the proportions of a killed prey immediately consumed by the predator P and scavenger105

S respectively (Appendix Table A1), mP and mS are the mortality rates of the predator P and scavenger S106

respectively, and aP and as are conversion factors of prey or carrion to predator P and scavenger S densities107

respectively and are assumed to be constant, and g(R) is the input of the prey to the system defined as108

g(R) = Rµ(1−R/K) where µ is the maximum population growth rate of the prey and K represents prey109

carrying capacity or set to constant input g(R) = I − vR, where I is the influx and v is the efflux rate.110

Scavenging rates are defined for the predator and scavenger to be111

qp =
sPC

1+ fPRhRP + sPChCP
, (9)

qs =
ssC

1+ fsRhRS + ssChCS
. (10)

Interference competition112

We add interference competition in the model so that presence and density of the scavenger affects the

handling time of carrion by the predator (Allen et al., 2014; Elbroch and Wittmer, 2013; Kane et al., 2017;

Tallian et al., 2017). We use the parameter nP to determine the direction and magnitude of the effect of the

scavenger on predator handling time. Handling time of the predator on the carrion takes the form

hCP(S) = hCP0 +
nPyPS

1+ yPS
(11)
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where hCP0 is the handling time for the predator in isolation, S is density of the scavenger and yP is a scaling

parameter for how much the density of the scavenger affects handling time of the predator. Handling time of

the predator can be positively (nP > 0) associated with scavenger density, as has been observed for example

in brown bears scavenging wolf kills (Tallian et al., 2017), or negatively (nP < 0) associated with scavenger

density, as has been observed for example in bears (Krofel et al., 2012) or wolverines scavenging lynx kills

(Mattisson et al., 2011a). It has been proposed that this has to do with the direct antagonistic interactions

between predator species that take place near a carcass. The predator may also affect the scavenger through

the parameter nS so the handling time of the scavenger on the carrion takes the form

hCS(P) = hCS0 +
nSySP

1+ ySP
(12)

where hCS0 is the handling time for the scavenger in isolation, P is density of the predator and yS is a scaling113

parameter for how much the density of the predator affects handling time of the scavenger. However, we114

usually neglect interference by the predator on the scavenger by setting nS = 0. This is for simplicity and to115

focus on the primary predator. See Appendix Section 1.4 for when nS 6= 0.116

Simplified models and further assumptions117

We reduce the full model into two simplified models (Appendix Section 1.3.2 and 1.3.3) representing lim-118

iting cases that allow for some analytical methods and perhaps more important, to better approximate real119

systems, giving three models in total:120

• Full dynamics model using equations 5-8,121

• R and C dynamics model allows only resource R and carrion C dynamics using equations 5 and 6 and122

setting the predator and scavenger populations to constant values, and123

• No dynamics model similar to Andrén et al. (2011) where R, C, S, and P, are set to constant values124

and kill rates and total kills are calculated using equations 2, 3, and 4.125

We make further simplifying assumptions to focus on the impact of the scavenger on the predator. We126
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assume the carrion pool, C, is generated by the predator with the proportion of prey biomass left as carrion127

given by 1− φP. We assume the scavenger leaves no carrion, φS = 1, assuming this to be inaccessible128

to the main predator, for example due to caching behavior (Mattisson et al., 2016). This generates some129

asymmetry between the predator and scavenger, as both the predator and scavenger can feed from the carrion130

pool generated by the predator. See Appendix Section 1.4 where we consider the carrion pool generated also131

by the scavenger killing prey, with φS < 1. We consider the carrion pool to be available until it is completely132

scavenged, that is there is no loss or decay due to other scavengers, decomposition, or the environment. We133

assume processes to operate in continuous time (Focardi et al., 2017; O’Bryan et al., 2019).134

We ran numerical simulations of each model using NDSolve in Mathematica v11 (Wolfram Research,135

Inc.). Simulations are arrayed along a gradient of scavenger mortality for the Full model, allowing us to136

determine the role of scavenger density on predation. For the two simpler models without dynamics of137

predators and scavengers, scavenger density was manipulated manually. Initial conditions for each state138

variable were set to small values and simulations were allowed to run until no further change was observed139

in the state variables. We then assessed the resulting predation rates and pool sizes from these equilibrium140

conditions. We conducted a local stability analysis to show that this equilibrium is stable by looking at the141

sign (all negative) of the eigenvalues of the Jacobian matrix evaluated at the equilibrium (Appendix section142

1.1). For the Full model and two simpler models, we focused on parameter values that lead to positive values143

for densities of both the scavenger and predator in order to compare across models (see Appendix Table A1).144
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Results145

In the Full dynamics model, an increase in the scavenger population density has relatively little effect on146

total predation (Figure 3a). However, in the models with reduced dynamic feedbacks, i.e. the model with147

R and C dynamics only (Figure 3b) or No dynamics model (Figure 3c, Appendix Table A2), total predation148

increases with an increase in scavenger density. The effect of interference competition by the scavenger on149

the predator, nP, has a small effect on total predation for the Full dynamics model, R and C dynamics model150

(Figure 3b), and No dynamics model (Figure 3c). Relative to nP = 0, we see a decrease in total predation151

for nP > 0 (i.e. positive relation between handling time and scavenger density), and an increase in total152

predation for nP < 0 (i.e. negative relation between handling time and scavenger density).153

Predator kill rate, kP increases with increasing scavenger density S for the Full dynamics model (Figure154

3d), whereas it increases and then decreases with S for the R and C dynamics model (Figure 3e), and155

is relatively constant with S for no dynamics the model (Figure 3f). Relative to nP = 0, we see a small156

increase in predator kill rate for nP > 0 and a decrease in predator kill rate for nP < 0 in the Full dynamics157

model. This contrasts with a decrease in predator kill rate for nP > 0 and an increase in predator kill rate for158

nP < 0 in the models with reduced dynamics. The combined effects of the amount of dynamics and species159

interactions on predator kill rate can be seen in Appendix Table A2 and Figure 4. We see that how predator160

kill rate changes with scavenger density is strongly determined by the amount of dynamics allowed in the161

model. However, the effects of interference competition by the scavenger on the predator determines the162

sign of the effect in the No dynamics model. Some of the relationships of predator kill rates to scavenger163

density reflect the nonlinear changes in pool sizes of resources. In the Full dynamics model, pool sizes are164

changing with scavenger density but to different degrees (Appendix Figure A2). Predator kill rate increases165

in the Full model as both carrion declines and prey increases as predators are competitively replaced by166

scavengers (Appendix Figure A2). In the R and C dynamics model, as scavenger density increases, both R167

and C decline while P is constant (Appendix Figure A5). Total predation increases with scavenger density168

(Figure 3b). Predator kill rate goes up sharply initially because C declines sharply as scavenger density169

increases in the system. Since scavenging strategy follows changes in carrion density closely, the predator170
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must kill more because there is less C. As S further increases, R decreases too and kill rate decreases. Thus171

the predation pattern is driven by depletion of C and depletion of overall resources by S.172

The effect of increasing scavenger density on the kill rate of the predator in the No dynamics model173

depends on nP, the interference competition as manifested by the scavenger affecting the carrion handling174

time of the predator. Scavenger density S affects predator carrion handling time hPC and scavenging strategy175

s in opposite ways, which makes it difficult to predict how kill rates are affected. However, we are able176

to show analytically that under certain assumptions, S decreases predator kill rate if it increases predator177

handling time (Appendix Section 1.3.3). Analytical techniques are especially useful if hPC is not in the178

scavenging strategy equation, s, that is for a predator behaving non-adaptively. This may be the case for179

wolves and bears, but is unlikely to be true for lynx, wolverines, or cheetahs (Hilborn et al., 2018). If hPC180

is not in the scavenging strategy equation, s, increasing hPC always decreases predator kill rate, so if nP > 0181

and scavenger density S increases, predator kill rate will always decrease (Appendix Section 1.3.3).182

The food-web topology in our model resembles real systems, thus we are able to match our assumptions183

and predictions with many empirical examples (Figure 4). Most interspecific interactions are asymmetric,184

with one species more likely to gain access to and stay at a carcass, e.g. lynx and wolverines (Mattisson et al.,185

2011a) and in wolves (Tallian et al., 2017) or solitary cats (Hilborn et al., 2018) and ursids (Krofel et al.,186

2012), The interaction between lions and hyenas is perhaps the only approximately symmetrical interaction.187

In this case, the scavengers contribute significantly to the carrion pool and the predators affect scavenger188

handling times (see Appendix Section 1.4).189

The real-world examples of Predator-Scavenger pairs (Krofel et al., 2012) appear to be spread throughout190

the model parameter space when we overlay the empirical examples on to the phase plot of how predator191

kill rate is affected by scavenger density (Figure 4). For example, in the lynx and wolverine interaction, lynx192

appear to quickly abandon a carcass when a wolverine is present, thus a negative nP effect on handling time.193

This can decrease the time until their next kill, thus there can be an increase in kill rate (colored region) and194

exploitative competition can be high (López-Bao et al., 2016). In a lynx and bear system, bears found 32%195

of lynx-killed prey and lynx lost 15% of their prey biomass to bears, which resulted in a 23% increased lynx196

kill rate (colored region). The increased kill rate, however, did not fully compensate for their losses to bears197
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(Krofel et al., 2012). In the wolf and bear interaction, the direct interference competition can be high, which198

may affect kill rates (colored region) (Tallian et al., 2017). Bears appear to be dominant and able to displace199

wolves from a carcass, however wolves may linger and increase time until their next kill, thus a positive nP200

effect on handling time. The interaction between wolves and brown bears in Yellowstone is likely important201

in understanding the whole ecosystem effects of the return of wolves there (Massey et al., 2013). Species202

identity is important when considering these interactions (Allen et al., 2015), for example, unlike brown203

(grizzly) bears, black bears often lose prey to wolves.204
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Figure 3: Change in total predation with increase in scavenger density when there is a) Full dynamics, b)
only R and C dynamics, and c) No dynamics. Change in predator kill rate with increase in scavenger density
when there is d) Full dynamics, e) only R and C dynamics, and f) No dynamics. Solid line: nP = 0, +:
nP = 1, and −: nP = −1, where nP is the effect of scavenger on predator handling time. Parameter values
are with accompanying figures for each model in Appendix Sections 1.3.1, 1.3.2, 1.3.3.
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Discussion205

We built a dynamical model of scavenging based on foraging theory. Building on previous work, we provide206

new insights showing that the effect of the interaction between predators and scavengers on equilibrium207

population sizes can vary depending on the context (Abrams, 1987). Generally, the addition of a scavenger208

to a food web has effects on the kill rate of the predator. The magnitude and sign of those effects depend on209

the architecture of the system, primarily determined by the management regime that affects the population210

dynamics of the predators and scavengers (Figure 4). Only under some circumstances should the abundance211

of scavengers have absolutely no effect on kill rates: when they result in both no changes in the predation212

strategy of the main predator and no changes in predator and prey densities, perhaps a highly unlikely213

scenario. Scavengers still increase total losses in this case (Figure 3c).214

When predator, scavenger, and prey abundances are kept constant by management (No dynamics model),215

scavengers have minimal effects on predator kill rate. With the inclusion of dynamics in predators, scav-216

engers and/or prey, this changes. For example, the addition of scavengers forces the predators to kill more217

over the entire abundance range of scavengers in the Full dynamics model and over some abundance range218

of scavengers in the R and C dynamics model (Figures 3, 4). This should be a fundamental prediction -219

scavengers most likely increase predator kill rates, especially if there are feedback effects on the prey or220

carrion resources.221

For the No dynamics model, the relationship of predator kill rate with scavenger density is flat if the222

effect of scavengers on predator handling time is negligible (nP = 0), with some small effect for nP > 0 or223

nP < 0 (Figure 3f). This means that most effects from the addition of scavengers on predator kill rates are224

through dynamical feedbacks. It is noteworthy that interference competition (nP) has relatively more of an225

effect in the simple model with no dynamics than in the other models.226

Andrén et al. (2011) defined kill rate as the number of reindeer killed per predator per time unit, but227

they kept total number of predators (lynx) and scavengers (wolverines) constant and just changed the ratio228

of predators to scavengers. They found that the expected number of reindeer killed per predator increases229

as there are more lynx (less wolverines) in the system. Our No dynamics model is somewhat comparable230
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because it lacks population feedbacks, while behavioral strategy feedbacks always exist in our models.231

We find relatively constant predator kill rates with increases in scavenger numbers, but we do not hold232

total number of predators and scavengers constant. Our Full dynamics model is also similar to the model233

of Andrén et al. (2011) - the total number of predators and scavengers combined is constrained by the234

total energy in the ecosystem. However, we find relatively constant total predation as we shift the ratio of235

predators (lynx) to scavengers (wolverines). Our models contribute to a more full understanding of predation236

on reindeer by building on Andrén et al. (2011) to predict which factors are important and what the overall237

outcome is when multiple predator species live in proximity to one another and prey on this ecologically238

and economically important species (Mattisson et al., 2011b; Pedersen et al., 1999; Tablado et al., 2014).239

Large carnivores acting as predators have major impacts on ecosystems (Ripple et al., 2014) but scav-240

engers, represented by many of the same and different species spread across all biomes (Moleón and241

Sánchez-Zapata, 2015), may have similar impacts. Other types of scavengers should be examined as well242

since they can have an even bigger role than carnivorous mammals in some systems (Henden et al., 2014).243

An ecosystem may be able to support more obligate-type scavengers if the primary predator/scavenger does244

not use all the carrion. If these additional scavengers remove carrion that the primary predator/scavenger245

would intend to use, then we predict that this can also increase kill rates of the predator (Appendix Table246

A2). Vultures may be one of only a few obligate scavengers in terrestrial systems, but they consume a247

small or negligible portion of biomass compared to lions and hyenas, and large carnivores in general are248

able to defend their kills from vultures (Moleón et al., 2014). The savannah system has a number of exem-249

plary predator/scavenger species including vultures, hyenas, lions, jackals and many herbivores like zebra,250

springbok, wildebeest, oryx, elephants (Getz, 2011). Vultures, lions, and hyenas generally consume 100%251

of medium and large carcasses in this system (Moleón and Sánchez-Zapata, 2015). Thus, scavenging and252

the interactions between predator species play a large role in biomass transformation rates in many different253

ecosystems.254

For wildlife management purposes, we would reiterate that the importance of the predator/scavenger255

interaction depends on the goal of the management. Pool sizes of predators, scavengers, or prey may all be256

the target of management. In addition, the ratio of predators to scavengers has been suggested as a potential257
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management target (Andrén et al., 2011; Mattisson et al., 2011a). Management may also be targeted towards258

ecosystem processes or rates, such as kill rates. Here, we show that while often discussed and measured,259

these rates are complex aggregate measures of many interacting underlying ecological processes that vary260

with context. This may make it difficult to understand changes in ecosystem structure based strictly on these261

rates.262

Management that controls predator and scavenger populations to keep them at low numbers as well263

as regulates prey and carrion abundance prevents many natural ecosystem feedbacks. Such actions reduce264

the probability that predators increase their kill rate when their prey carrion is eaten by scavengers. This265

is also where human harvesting of the same prey population can have some influence on the dynamics.266

However, for more natural systems or in situations where management is not controlling predator and prey267

numbers, feedbacks make it likely that predators may increase kill rates when their prey carrion is eaten by268

scavengers. This can occur even if only prey and carrion abundance is allowed to respond dynamically due269

to consumption, as seen in the R and C dynamics model (Figure 3e).270

Managers of prey populations likely care most about total losses and need to know if expected kill271

rates from predators/scavengers should be tallied independently of one another to get the total losses in272

the prey population in an area. We show that in many cases, losses from predator/scavengers are additive,273

for example lynx and wolverines together are likely additive. However, in other cases or where feedbacks274

occur, total losses are relatively constant (Figure 3a), so the predators compensate for one another. In275

some cases, for example wolves and bears together, although wolf (predator) kill rates may go down, total276

losses may still increase (Appendix Table A2), a previously unknown insight (Tallian et al., 2017). The277

question that follows is whether managers should try to manage the predators/scavengers in a way that278

keeps them spatially separated. We suggest that it depends on the predators and if management will allow279

the populations to grow to their full potential. The general result is, however, given by the total energy280

constraint on the ecosystem, more predators/scavengers are not supported by keeping them together (Figure281

A2).282

We provide a roadmap to outcomes (Figure 4). Our models are able to reproduce the different patterns283

observed in predator/scavenger pairs in nature. This ability provides some support to our model, meaning284
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we may use it to explain the cases and differences between the predator-scavenger pairs. Future empirical285

studies could be designed to evaluate these predictions. Based on our analysis, data collection efforts should286

be focused on quantifying the scavenger effect on handling time of the predator, and the amount of pop-287

ulation feedbacks in the systems, which perhaps can be extracted from the numerical response. These are288

the key variables that distinguish the systems and allow us to predict if scavenging will increase or decrease289

kill rates. One of the fundamental differences we use to distinguish the systems is how the species interac-290

tion affects handling times. However, we note that interference competition may interact with exploitative291

competition through the carrion pool size. This suggests that exploitative competition needs to be evaluated,292

thus carcass density is important and should be measured. Furthermore, if the z and b parameters related to293

scavenging rate could be measured in real systems, they would provide key information.294

Conclusion295

Scavenging can impact predation through multiple direct and indirect pathways: by changing the kill rates296

of predators, by decreasing available carrion, by bringing predators/scavengers into more direct contact and297

causing interference, and by changing growth rates of predator/scavenger populations. The importance of298

these pathways will vary between food webs depending on the identity of the predator/scavenger pairs,299

which determines their interactions, and how the populations of predators/scavengers are controlled. We300

suggest this is the reason for the different, and sometimes opposite effects seen, of the presence of scav-301

engers on predator kill rates. Our hope is that this modeling provides a useful framework for predicting and302

understanding the effect of scavenging on predation across food webs in different types of ecosystems.303
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1.1 Equilibrium analysis390

The formulation for the equilibrium solution for Equations 5-8 is difficult to read, thus we simplify the391

equations in order to show the algebraic formulation here. We assume simpler Type I forms for ki(R) and392

qi(C). Furthermore, we reduce the number of variables by assuming aP = 1 and as = 1. The non-trivial393

equilibrium for all pools of biomass with positive values has the following expressions for R̂, Ĉ, P̂, and Ŝ394

R̂ =
msqP−mPqS

α
, (A1)

Ĉ =
kPmSφP− kSmPφS

−α
, (A2)

P̂ =
γ(−kPmSφPqS + kS(mS(−1+φS)qP +mPqS))

β
, (A3)

Ŝ =
γ(kSmPφSqP− kP(mSqP +mP(−1+φP)qS))

β
, (A4)

where395

α = kSφSqP− kPφPqS, (A5)

β = (kSmS− kPmP)(−mSqP +mPqS)α (A6)

γ = −vmSqP + IkSφSqP + vmPqS− IkPφPqS. (A7)

396

We tested the local stability as determined by the Jacobian matrix evaluated at the equilibrium

Ĵ =



−v− kPP̂− kSŜ 0 −kPR̂ −kSR̂

kP(1−φP)P̂+ kS(1−φS)Ŝ −qPP̂−qSŜ qPĈ+ kP(1−φP)R̂ qSĈ+ kS(1−φS)R̂

kPφPP̂ qPP̂ −mP + qPĈ+ kPφPR̂ 0

kSφSŜ qSŜ 0 −mS + qSĈ+ kSφSR̂


to calculate the eigenvalues, which, we evaluated numerically to check that all eigenvalues are negative,397

indicating a stable equilibrium.398
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1.2 Additional calculations399

1.2.1 Parameter values400

Table A1: Parameter definitions and values used in analyses unless noted otherwise.

Variable or Parameter Definition Value (Range)
R prey resource population state variable
C carrion state variable
P predator population state variable
S scavenger population state variable

hCi [time−1] handling time of carrion by P or S for i = P or S function of S or P
hRi [time−1] handling time of prey by P or S for i = P or S 4 (1:8)
ni [Dimensionless] interference competition coefficient for P or S for i = P or S 0 (-1:1)
yi [Dimensionless] scaling coefficient for interference P or S for i = P or S 1 (0.1:2)

φi [Dimensionless] proportion immediately consumed by P or S for i = P or S 0.465 (0:1)
fi [time−1] predation propensity of P or S for i = P or S function or (0.1:1)
si [time−1] scavenging propensity of P or S for i = P or S function of C
bi [Dimensionless] scaling coefficient for si for i = P or S 1 (0:3)
zi [Dimensionless] scaling coefficient for si for i = P or S 1 (0:1)
mi [time−1] mortality rate of P or S for i = P or S 0.1,0.21 (0.03:0.5)

Calculation of nP,S:401

The interference competition parameter, nP,S, affects handling time and thus kill interval, the sum of handling time402

of current prey and time spent searching and killing next prey (Tallian et al., 2017). The effect of bears on lynx has403

been found to result in 1.5 days shorter feeding (handling) time (Krofel et al., 2012). The effect of bears on wolves404

has been found to result in 7.6 hours longer kill interval (handling) time (Tallian et al., 2017). Assuming a kill interval405

of two to three days (Tallian et al., 2017), the maximum impact on handling time is thus a 75% decrease or increase406

so we present results where we have constrained nP,S to be between -1 and 1.407

Calculation of φP,S:408

The proportion a predator immediately consumes, φP,S, varies with context. It is possible that a predator kills a409

prey and does not consume any of the carcass (φP,S = 0). Typically however, some proportion is consumed and that410

proportion consumed varies between species. For example, a minimum predator consumption based on metabolic411

requirements has been calculated for a lynx to be 1.7 kg (Andrén et al., 2011), for a wolverine to be 1.2 kg (Andrén412

et al., 2011), and for a wolf to be 3.25 kg (Wikenros et al., 2013). If we consider an average reindeer mass to be 32413
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kg, then percent immediately consumed based on metabolic requirements for a wolf is about 10%, lynx is 5% and414

wolverine 4% of the carcass biomass. Lynx-killed reindeer are rarely consumed entirely but up to 20-90% can be415

consumed as lynx use reindeer carcasses for an average of two to three nights and may consume about 2.5 kg per night416

(Pedersen et al., 1999). A wolverine may consume up to 70% of its kill (Andrén et al., 2011). Andrén et al. (2011)417

estimate a value of 41% for lynx consumption of slaughter weight of a reindeer since lynx do not usually consume all418

edible parts. Thus we focus on values between 0.4 and 0.5 but also consider a range of 0 to 1 for φP,S.419

Calculation of zP,S:420

The scaling parameter, zP,S, affects the relatively fixed propensity to scavenge and may vary between species.421

Although we generally assume that zP > zS, we also explore conditions where zP = zS = 1. For the wolverine, the422

majority (61%) of its food can come from scavenging lynx killed reindeer (Mattisson et al., 2011a), while for some423

species we assume this value can be much less so we use the range of 0 to 1 for zP,S.424
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1.2.2 Other metrics of predation425

We also calculate several other metrics of predation and report the results in the sections that follow for each model.426

Prey killed per predator is total predation per predator:427

KillsTotal/predators = kP +
kSS
P

. (A8)

Per-capita prey killed per predator is total predation per prey per predator:428

KillsTotal/prey/predators = (kPP+ kSS)/R/P. (A9)

Per-capita prey killed by predators per predator is predator kill rate per prey:429

Kill ratePredator/prey = kP/R (A10)
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1.3 Additional results430

Table A2: Effect of amount of dynamics allowed in the model on total predation and predator kill rate
as scavenger density increases. The interference competition specified by nP, the effect of scavenger on
predator handling time, also affects predation metrics and is why the predator kill rate for the No dynamics
model has increases, 0, decreases for nP = −1, nP = 0, nP = 1 respectively.

Full dynamics R and C dynamics No dynamics
Total predation slight decrease increases increases

Predator kill rate increases increases/decreases increases, 0, decreases
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1.3.1 Model with full dynamics431
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Figure A1: Full model with state variables prey resource R, primary predator P, carrion killed by predator C,
and scavengers S. Lines connecting state variable boxes represent potential energetic (biomass) pathways.

In this model, we generally used a fixed prey resource input (Jansen and Van Gorder, 2018), g(R) = I− vR, to438

simplify the model and speed up simulations.439

For this model with full dynamics:440

Increasing scavenger abundance decreases predator abundance until predators go extinct (Figure A2). This is441

because in the model with full dynamics, there is strong exploitative competition between the predators and scavengers442

for the prey and carcasses.443

Increasing scavenger abundance increases prey abundance until the predators go extinct (Figure A2). Further444

increases in scavengers then decreases prey abundance because then they are the main predator. This is comparable445

to the influence of predator/scavenger mortality m on equilibrium prey density in the simple model with only one446

predator/scavenger. Increasing scavenger abundance decreases carcass abundance until the predators go extinct and447

carcasses abundance reaches zero (Figure A2). Further increases in scavengers has no effect on carcass abundance448

because this carcass pool is generated only from the primary predator of the prey (this assumption is relaxed in449

Appendix Section 1.4).450

We now look at predation metrics within the range of parameters where the predators and scavengers coexist to451

compare to the other models where both guilds are present:452

Total predation is relatively constant with increases in scavengers (Figure 3a). Positive nP (increase in handling453

time with scavenger abundance) can have a small negative effect on total predation and negative nP (decrease in454

handling time with scavenger abundance) can have a small positive effect on total predation. Although total predation455

is relatively constant, there is a very slight decline with increases in scavengers, and this decline depends on v, the456
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prey efflux rate from the system. Larger values of v create larger declines. As v approaches I, the prey influx, total457

predation can become more nonlinear and have a more pronounced decline with increases in scavengers.458

Predator kill rate increases with scavengers (Figure 3d). Positive nP (increase in handling time with scavenger459

abundance) can have a small positive effect on predator kill rate, while negative nP (decrease in handling time with460

scavenger abundance) can have a small negative effect on predator kill rate. What is interesting is that the “+” are461

on the upside part of line, meaning increased handling time actually increases kill rate. However, prey have higher462

abundance and predators have lower abundance with increased handling time so this makes sense.463

Prey killed per predator increases with scavengers (Figure A3). Positive nP (increase in handling time with scav-464

enger abundance) can have a small positive effect on predation per predator, while negative nP (decrease in handling465

time with scavenger abundance) can have a small negative effect on predation per predator. Per capita prey killed466

per predator decreases and then increases with scavengers (Figure A3). Positive nP (increase in handling time with467

scavenger abundance) makes per capita prey killed per predator decrease and then increase even more with scav-468

engers, while negative nP (decrease in handling time with scavenger abundance) makes per capita prey killed per469

predator decrease and then increase less with scavengers. Per capita prey killed by predators per predator decreases470

with scavengers (Figure A3).471
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Figure A3: Parameter values for figures of this model are K = 1,φP = 0.465,φS = 1,mP = 0.1,hRP =
4,hRS = 4,hCP0 = 1,hCS = 1,bP = 0.1,bS = 1,zP = 0.1,zS = 0.7aP = 1,aS = 1, I = 1,v = 0.001.
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1.3.2 Model with only R and C dynamics472

473

474

475

476

477

478

R

C

Figure A4: R and C dynamics model with state variables prey resource R and carrion killed by predator C

In this model, we only use equations 5 and 6, setting predator and scavenger populations to constant values. We479

used a nonlinear growth rate for the prey where the input of the prey to the system is defined as g(R) = Rµ(1−R/K),480

however, we find the same qualitative results when we use a fixed prey resource input, g(R) = I− vR.481

For this model with only R and C dynamics:482

Increasing scavenger abundance decreases prey abundance and carcass abundance (Figure A5). We have not found483

population cycles for this model where, although predators are not growing themselves, they are switching between484

prey types. Total predation increases with scavengers (Figure 3b). Predator kill rate increases and then decreases with485

scavengers (Figure 3e). There is a small effect of nP (change in handling time with scavenger abundance). Prey killed486

per predator increases with scavengers (Figure A6). Remember that the number of predators remains the same in this487

model. Per-capita prey killed per predator increases with scavengers (Figure A6). Per-capita prey killed by predators488

per predator increases with scavengers (Figure A6).489
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Figure A5: R and C. Solid line is nP = 0, + points are for nP = 1 and − are for nP = −1.
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Figure A6: Parameter values for figures of this model are P = 1,K = 2, µ = 2,mP = 0.1,hRP = 4,hRS =
4,hCP0 = 1,hCS = 1,bP = 0.1,bS = 1,zP = 0.1,zS = 0.7.
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1.3.3 Model with no dynamics490

For this model with no dynamics:491

Total predation increases with scavengers (Figure 3c). Predator kill rate is relatively constant with scavengers492

(Figure 3f). However, positive nP (increase in handling time with scavenger abundance) can have a small negative493

effect on predator kill rate, while negative nP (decrease in handling time with scavenger abundance) can have a small494

positive effect on predator kill rate. Prey killed per predator increases with scavengers (Figure A7). This is because495

number of predators remains the same in this model. Per-capita prey killed per predator increases with scavengers496

(Figure A7). Per-capita prey killed by predators per predator is constant with scavengers (Figure A7) with a similar497

small effect of nP on predator kill rate.498

In this simple model, R and C are constant, as is hRP. Recall that f = 1−s, thus predator kill rate is proportional to499

1−sP
2+sP(hCP−1) . Therefore kill rate is a function of sP and hCP. If hCP is not in the equation for sP (see Appendix Section500

1.5 for more discussion of this), increasing handling time hCP always decreases kill rate. With this assumption, if501

nP = 0, S has no effect on predator kill rate. However, a positive value for nP increases handling time, and thus502

increases in S decreases predator kill rate. A negative value for nP decreases handling time, and thus increases in S503

increases predator kill rate.504

We include hCP in the equation for sP though because we expect predators to generally behave adaptively (Hilborn505

et al., 2018). Recall the equation for sP(C) = zPCbP

1+zPhCPCbP
, thus handling time of the predator affects the scavenging506

rate, which, also affects kill rate. For the moment let us assume that zP = 1 and bP = 0. Then a positive value for507

nP means that S increases predator handling time, and thus predator scavenging rate decreases. A negative value508

for nP decreases handling time, and thus scavenging rate increases. It can be easily shown that predator kill rate is509

proportional to 1
1+sPhCP

. Therefore, because S affects both sP and hCP, it is not immediately obvious if increasing S will510

increase or decrease kill rate. However, it can be shown that under these assumptions, hCP is more strongly affected511

than sP by S so increases in S decreases predator kill rate for nP > 0 if the predator strategy in scavenging behavior512

is adaptive to S density. Note this is the same result as above when the predator strategy in scavenging behavior is513

non-adaptive (does not affect decision) in response to S density so we can conclude that, under these assumptions, S514

decreases predator kill rate if it increases predator handling time.515

For other assumptions on z, b, and C, there are certain combinations of values that preserve this relationship of S516

always decreases predator kill rate for nP > 0 and increases predator kill rate for nP < 0 (see Appendix section 1.4).517

This is the result of handling time being in both the equation for s and in the denominator in the functional response.518
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Figure A7: Parameter values for figures of this model are P = 1,CP = 12,R = 9.8,hRP = 4,hRS = 4,hCP0 =
1,hCS = 1,bP = 0.1,bS = 1,zP = 0.1,zS = 0.7.
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1.4 Parameters that model more symmetry in the interactions between predator519

and scavenger520

Here we allow the scavenger to contribute to the carrion pool by setting φS > 0. This is likely important in the521

interaction between some species such as the lion and hyena. We also consider nS 6= 0 for added realism of the522

interaction between species such as the lion and hyena.523

These assumptions do make small quantitative differences in the predation patterns we observe, but we do not find524

any qualitative differences, for example, in comparing the following figures (Figure A8) with the figures in the main525

text for the full model (Figure 3). For the R and C dynamics model, we also found no qualitative differences with these526

assumptions.527
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Figure A8: Solid line is nP = nS = 0, + points are for nP = nS = 1 and − are for nP = nS =−1. Parameter
values for figures of this model are K = 1,φP = φS = 0.465,mP =mS = 0.1,hRP = 4,hRS = 4,hCP0 = 1,hCS =
1,bP = 0.1,bS = 1,zP = 0.1,zS = 0.7,aP = 1,aS = 1, I = 1,v = 0.01.
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1.5 Form of scavenging s equation528

Here, we investigate the impact of the form of the scavenging s equation if we consider other values of z, b, and C.529

We know that if we remove handling time h from the scavenging s equation so we only have h in the denominator of530

kill rate, then kill rate is negatively related to handling time. However, there is a parameter range that allows us to531

change the handling time and keep the relationship intact of kill rate negatively related to handling time as can be seen532

in the following figures in the blue regions. Fryxell and Lundberg (1994) have handling time in the preference and the533

functional response and the step function that resembles ours. They also have a z parameter that dictates the closeness534

of diet choice to optimal step function, which is what our b exponent does.535
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Figure A9: Predator kill rate decreases with handling time (blue region), specifically the derivative of the
predator kill rate < 0. Parameter values for these figures are a) h = 1,CP = 12, b) h = 1,b = 0.1, and c)
h = 1,z = 0.1, with other parameters P = 1,R = 9.8,hRP = 4,hRS = 4,hCP0 = 1,hCS = 1,bP = 0.1,bS =
1,zP = 0.1,zS = 0.7.
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