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ABSTRACT 

Author: Bampoh, Daniel, K. PhD 

Institution: Purdue University 

Degree Received: August 2019 

Title: The Influence of Behavior on Active Subsidy Distribution  

Committee Chair: Patrick Zollner 

 

This dissertation investigates the influence of spatially explicit animal behavior active subsidy 

distribution patterns. Active subsidies are animal-transported consumption and resources transfers 

from donor to recipient ecosystems. Active subsidies influence ecosystem structure, function and 

services in recipient ecosystems. Even though active subsidies affect ecosystem dynamics, most 

ecosystem models consider the influence of spatially-explicit animal behavior on active subsidy 

distributions, limiting the ability to predict corresponding spatial impacts across ecosystems. 

Spatial subsidy research documents the need for systematic models and analyses frameworks to 

provide generally insights into the relationship between animal space use behavior and active 

subsidy patterns, and advance knowledge of corresponding ecosystem impacts for a variety of taxa 

and ecological scenarios. 

 

To advance spatial subsidy research, this dissertation employs a combined individual-based and 

movement ecology approach in abstract modeling frameworks to systematically investigate the 

influence of 1) animal movement behavior given mortality (chapter 2), 2) animal sociality (chapter 

3) and 3) landscape heterogeneity (chapter 4) on active subsidy distribution. This dissertation 

shows that animal movement behavior, sociality and landscape heterogeneity influence the extent 

and intensity of active distribution and impacts in recipient ecosystems. Insights from this 

dissertation demonstrate that accounting for these factors in the development of ecosystem models 

will consequentially enhance their utility for predicting active subsidy spatial patterns and impacts. 

This dissertation advances spatial subsidy research by providing a road map for developing a 

comprehensive, unifying framework of the relationship between animal behavior and active 

subsidy distributions. 
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 THE STATE OF RESEARCH ON ECOLOGICAL 

SUBSIDIES 

1.1 Inception, current ideas and knowledge gaps on ecological subsidies 

Ecological subsidies are resource (e.g., producers, prey, nutrients) and consumption (e.g., 

predators, pathogens, and parasites) transfers between ecosystems (Polis et al., 1996). Ecological 

subsidies can alter material and energetic balances between ecosystems and across landscapes with 

consequences for recipient ecosystem structure, function and services (Nakano and Murakami, 

2001). For example, subsidies can influence spatiotemporal patterns of ecological processes such 

as seed dispersal, contaminant transport and disease transfer (McInturf et al., 2019). Developing 

adequate tools to model and predict spatial subsidy patterns will therefore enhance our ability to 

better understand and manage these and many more ecosystem phenomena across landscapes (Earl 

and Zollner, 2017). Two main categories of ecological subsidies are passive and active subsidies. 

Passive subsidies are displaced between ecosystems by environmental structure like slope-induced 

gravity and fluid fluxes like wind currents and runoff (Polis et al., 1996). Active subsidies are 

animal-transported resources (e.g., prey, and nutrients from dead animals and feces) and 

consumers (i.e., predators, herbivores and frugivores) from donor to recipient ecosystems (Earl 

and Zollner, 2017, 2014). 

Passive subsidy systems correspond to well understood spatiotemporal patterns in the 

movement of abiotic transport media (e.g., runoff induced by seasonal precipitation patterns). The 

hydrologic cycle connects aquatic and terrestrial food webs as environmental fluid systems 

transport passive subsidies like leaf litter and detritus between surface waters and riparian lands. 

Organic matter and nutrients from terrestrial ecosystems can be more important for primary and 

secondary production (e.g., aquatic plants and invertebrates) in surface waters than in situ material 
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and energy sources (Kraus et al., 2011). Similarly, water movements such as flooding events 

deposit aquatic resources across terrestrial ecosystems (Brehme et al., 2009; Schindler and Smits, 

2017). Corresponding aquatic resource depositions subsidize terrestrial food webs and can drive 

riparian productivity more than terrestrial nutrient and energy sources (Marczak and Richardson, 

2007). Montane, dessert and polar ecosystems can be dependent on windborne resource subsidies 

from distant forest and aquatic ecosystems (Polis et al., 1997). Winds transport pollen, 

invertebrates, nutrients and detritus hundreds of miles from boreal forests to arctic tundra where 

they subsidize primary productivity and sustain invertebrate communities (von Stedingk et al., 

2008). Passive subsidies generate ecologically important press and pulse disturbances (e.g., 

eutrophication in lentic systems from terrestrial nutrient transport) that have been thoroughly 

studied because of well understood transport processes in the environment (McInturf et al., 2019; 

Polis et al., 1996). 

In contrast to passive subsidies, the spatial impacts of active subsidy systems are less 

understood. Predicting spatiotemporal patterns and corresponding impacts of active subsidies is 

complicated because it requires knowledge of animal behavior (Earl and Zollner, 2017). Unlike 

passive subsidies, autonomous animal agents interact with each other and the environment, 

influencing spatial dynamics and impacts of active subsidy systems (McInturf et al., 2019). Animal 

space-use can result in nutrient and consumer displacement (Pereira et al., 2014) and affect 

ecosystem structures like trophic interactions, functions like nutrient cycling and services like 

pollination (Bartels et al., 2012; Palumbi, 2003). For example, beavers construct dams in ponds, 

streams, lakes, marshes using woody debris and logs from riparian trees, and beaver dams are 

significant sources of nutrients and detritus that subsidize aquatic plant and invertebrate 

communities and stimulate in situ productivity (Malison et al., 2014; McCaffery and Eby, 2016). 
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The nutrient contribution of beaver dams to aquatic ecosystems can in turn stimulate the 

emergence of aquatic insects (e.g., dragonflies) and amphibians (e.g., frogs), which are substantial 

predators on terrestrial invertebrate communities. These consumption subsidies can regulate and 

suppress provisioning ecosystem services like honey production by bees (Greig et al., 2012; 

Wesner, 2010). Similarly, bears forage on anadromous salmon in stream ecosystems and transport 

marine nutrients in carcasses and feces into riparian forests, enhancing primary productivity 

supporting forest growth that sustains herbivore communities (Quinn et al., 2009). Even though 

these and many other active subsidy systems are prevalent and important drivers of ecosystem 

dynamics across landscapes, ecological research on the spatial impacts of active subsidies in 

recipient ecosystems is limited. Active subsidy research needs to move beyond collections of 

anecdotes to codify models of general principles and interaction that can be used to forecast 

corresponding spatial subsidy impacts. 

Animals are autonomous agents that can transport subsidies against abiotic flux gradients, 

engage in conspecific and interspecific interactions, and respond to spatiotemporal variations in 

resources and risks, influencing the corresponding spatial subsidy distributions and impacts (Earl 

and Zollner, 2017). Even through the relationship between animal movements, interactions and 

population distributions are better understood, the influence animal movement on active subsidy 

patterns in heterogenous landscapes remain underexplored. Predictive insight into the spatial 

effects of active subsidies on ecosystems is lacking partly because existing ecosystem models treat 

space and animal movement implicitly, ignoring important animal behaviors like social 

interactions (Earl and Zollner, 2017).  

Spatial subsidy research relies on ecosystem models with static animal population 

distributions in binary systems (Guisan and Thuiller, 2005; Hanks et al., 2012; King and With, 
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2002). Existing ecosystem models treat space explicitly using probability distributions to describe 

spatial ecosystem patterns resulting from animal space-use (Lele et al., 2013; Marcarelli et al., 

2011; Muñoz et al., 2016). Presence-absence, habitat suitability and utilitarian distribution models 

for instance (Hooten et al., 2016; Scharf et al., 2018) have been used to link animal behavior to 

population distributions. However, these models ignore the relationship between spatially explicit 

animal movement and interactions on emerging spatial subsidy impacts (but see (Holdo et al., 2009, 

2007)). In contrast, continuous-time, diffusion-based ecological models of animal movements and 

population distributions (Wolf et al., 2013) ignore the influence of spatial variation in resource and 

risk distributions on animal movement across landscapes (but see (Moorcroft et al., 2006)). 

However, these approaches have not been used to study active subsidy systems. The current state 

of spatial subsidy research does not address if and how active subsidy patterns respond to animal 

movements, interactions and landscape heterogeneity (Earl and Zollner, 2017). Developing 

ecosystem models that incorporate spatially explicit animal behavior and landscape heterogeneity 

can help predict active subsidy distribution and impacts for improved, synergistic wildlife and 

ecosystem management.  

Individual-based modeling (IBM) frameworks are powerful tools (Grimm and Railsback, 

2004; Piou et al., 2009) that can be used to examine the relationship between spatially explicit 

animal movement behavior and active subsidy distributions (Earl and Zollner, 2014). While 

classical ecosystem models rely on mathematical tractability (e.g., steady-state solutions) and 

behavioral homogeneity, IBMs accommodate spatiotemporal complexity and behavioral realism 

(Bauduin et al., 2016; DeAngelis and Mooij, 2005). IBMs provide virtual simulation laboratories 

for multiple, interactive hypothesis testing suitable for studying complex systems using 

combinations of sub-models to describe different environments and animal behaviors. IBMs allow 
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for dynamic sensing and interaction among behaviorally heterogeneous animals and between 

animals and heterogenous environments (Tisue and Wilensky, 2004). While classical models 

control for stochasticity, random effects typically observed in natural systems can be incorporated 

in IBMs. Incorporating such feature into IBMs, results in observable, measurable spatiotemporal 

patterns at higher levels of biological and spatial organization emerging from individual animal 

behaviors and interactions. IBMs have been used to model emergent group level patterns from 

individual behavior for many taxa including birds, mammals, insects, herptiles and fish (Aben et 

al., 2014; Bauduin et al., 2016; Dumont et al., 2007; Wallentin, 2017). Stochastic models (Smouse 

et al., 2010) used in movement ecology can be incorporated in IBMs to simulate the effect of 

spatially explicit variation animal movement behaviors on active subsidy distribution (Earl and 

Zollner, 2014).  

Animal movement, sociality and landscape heterogeneity have been shown to influence 

animal movements and the distribution of animal populations (Giuggioli et al., 2013; Morales et 

al., 2010; Morales and Ellner, 2002), but have not been integrated into a comprehensive framework 

to assess corresponding ecosystem impacts. The spatial impacts of animal-transported subsidy 

systems on ecosystem processes, structure, function and services can be better understood when 

models consider the influence of these factors on active subsidy distributions (Earl and Zollner, 

2017; McInturf et al., 2019). In my dissertation, I combine individual-based and movement 

ecology frameworks to examine if and how active subsidy distributions change with variation in 

animal movement, sociality and landscape heterogeneity.  

Spatial subsidy models that account for the influence of characteristic animal movements 

in different ecological scenarios could improve our understanding of corresponding ecosystem 

impacts. Research on how spatial subsidies respond to spatially explicit variation in animal 
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movement behavior and mortality risk in different ecological contexts (e.g., foraging versus 

dispersal) is limited (Earl and Zollner, 2017; McInturf et al., 2019). Animal movement behavior 

and mortality risk can affect animal distributions in landscapes spatial subsidy patterns and impacts 

across landscapes (Earl and Zollner, 2014). Even though differences in animal movements in 

different ecological contexts have been shown to affect animal distributions (Jonsen et al., 2005; 

Lima and Zollner, 1996; Zollner and Lima, 1999), corresponding spatial subsidy distributions and 

ecosystem impacts from characteristic animal movements and spatiotemporal patterns in mortality 

risk between foraging and dispersal processes remains under-researched. Animals can also 

experience variation in mortality risk depending on activity levels and distance travelled (Herbst 

et al., 2016; Menden-Deuer, 2010; Nielsen et al., 2004). Modeling how active subsidy distributions 

respond to spatially explicit animal foraging and dispersal movements given spatiotemporal 

variation in mortality risk can highlight differences between nutrient and consumer subsidy 

patterns. Models incorporating these considerations will enable the development of predictive 

tools for differentiating between ecosystem impacts of living and dead organisms in variety of 

ecological scenarios, including foraging and dispersal.  

Ecosystem models that address animal sociality can enhance insights into the relationship 

between animal movement and spatial subsidies. Even though animal sociality influences animal 

movements and could affect spatial subsidy patterns and impacts, the relationship between 

conspecific interactions and spatial subsidies is unknown. Conspecific interactions describe how 

sociality influences animal behavior (Stamps, 1988; Turchin, 1989). Many species rely on 

conspecific cues for important ecological processes like determining habitat quality during 

foraging and dispersal movement with proximal and ultimate consequences for survival (Giuggioli 

et al., 2013; Holyoak et al., 2008; Stamps, 2001). Animal territoriality or sociality can influence 
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animal movement behavior as animals avoid or attract conspecifics (Stamps, 1988; Turchin, 1989). 

This affects animal space-use decisions and fitness during habitat selection, settlement and home 

range establishment (Giuggioli et al., 2013; Muller et al., 1997). Many taxa exhibit social behavior, 

including birds, mammals, reptiles, amphibians and insects (Ben-David et al., 1998; Cote and 

Clobert, 2007; Farrell et al., 2012). Sociality is therefore important for predicting the impact of 

many active subsidy systems. 

Ecosystem models can enrich our understanding about spatial ecosystem effects of spatial 

subsidy systems by accounting for the influence of landscape heterogeneity. However, connections 

between landscape heterogeneity and active subsidy distributions have not been explored in spatial 

subsidy research and corresponding ecosystem models. Landscape heterogeneity influences 

animal space-use behavior with consequences for individual and population level fitness and 

survival (Joly, 2019; Patrick et al., 2008). Spatial heterogeneity in the distribution of resources 

across landscapes can affect animal movement behavior in a variety of ecological processes 

including foraging and dispersal (Frair et al., 2005; Miramontes et al., 2012). As animals disperse 

and forage across landscapes, the quality, availability and configuration of habitat affect habitat 

selection, settlement, home range establishment and mortality (Morales and Ellner, 2002; 

Rittenhouse and Semlitsch, 2009; Shepard et al., 2013). The proportional composition, quality and 

structural configuration of a landscape and constituent land cover types affects spatiotemporal 

patterns in animal behavior and risk (Fahrig, 2007; Morales et al., 2010; Pérez-Barbería et al., 

2015; Rodil et al., 2017), potentially resulting in corresponding variations active subsidy 

distribution and impacts across landscapes. Incorporating animal behavioral and space use 

responses (e.g., movement, settlement, mortality risk) to habitat and landscape attributes like 
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proportion and physical connectedness (e.g., cohesion, contagion) in heterogeneous landscapes 

can increase the value of ecosystem models for spatial subsidy research. 

In this dissertation, I develop and use IBMs to examine the influence of animal movement 

behavior on active subsidy distributions. Chapters 2-4 address how animal movement behavior 

alters active subsidy distributions in three important ecological contexts with corresponding spatial 

subsidy scenarios: 

Chapter 2: Movement given mortality risk  

Chapter 3: Conspecific interactions  

Chapter 4: Landscape heterogeneity  

The IBMs in my dissertation chapters are generally based on spatial subsidy systems emerging 

from animal dispersal from a donor to a recipient ecosystem where animals can eat or die, 

subsidizing recipient ecosystem resources and consumption (Earl, 2012; Earl et al., 2014). In my 

models, I assume that dispersers cannot return to the donor ecosystem once they enter the recipient 

ecosystem. This concept applies to many ecological systems including neonate amphibian 

emergence and breeding dispersal in marine avian systems where dispersers develop traits 

conducive for fitness and survival in the recipient ecosystem (Blais et al., 2005; Capps et al., 2015; 

Hocking et al., 2014; Muriel et al., 2016). I develop IBMs and conduct simulations in NetLogo. 

Depending on the specific ecological question I address in each my three chapters, I adapt the 

general structure of my IBMs. I assess emergent spatial patterns for consumer (i.e., living) and 

nutrient (i.e., dead) subsidy displacement and density patterns separately using machine learning 

methods suited for large simulation data. Displacement and density metrics indicate the respective 

extents and intensities of emergent nutrient and consumer subsidy distributions. Nutrient subsidy 

patterns have different consequences than consumer subsidy patterns in recipient ecosystems (Earl 
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and Zollner, 2017). Nutrient subsidies result in bottom-up trophic impacts while consumer 

subsidies tend to cause bottom-down effects in recipient ecosystem food webs (Polis et al., 1997, 

1996). This will provide greater information on active subsidy distributions to enhance insights 

into the impacts in important ecological processes and services (e.g., contaminant transport, 

disease transfer, seed dispersal, nutrient cycling, pollination) for improved wildlife and natural 

resources management.  
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 THE INFLUENCE OF ANIMAL  MOVEMENT PATTERN 

AND MORTALITY MODELS  ON THE DISTRIBUTION  OF ANIMAL -

TRANSPORTED SUBSIDIES 

2.1 Abstract 

Active subsidies are resource transfers between ecosystems by animals navigating 

landscapes. Subsidies may originate from consumer nutrient deposition or animal carcasses that 

are deposited in new ecosystems. Animal movement behavior has the potential to significantly 

mediate the extent and intensity of active subsidies and corresponding ecosystem responses. 

Animal movement behaviors and mortality can affect active subsidy distributions but have rarely 

been examined in spatial subsidy models. Movement ecologists typically simulate animal dispersal 

and foraging movements using variations on random-walk patterns as correlated random walk 

(CRW) and Lévy walk (LW) respectively. Movement models typically implement mortality as an 

instantaneous mortality rate (i.e., animalôs step-level probability of death). Variation in CRW and 

LW movement patterns, in combination with mortality probability can change emergent subsidy 

distributions depending on the mortality probability level. Using a spatially explicit individual-

based model (IBM), we quantify how variation in the straightness (i.e. CRW) and step length (i.e. 

LW) of animal movement patterns, in combination with variation in mortality probability and type, 

alter the intensity and extent of consumer and nutrient subsidy distributions. Movement pattern 

and LW scale were dominant determinants of subsidy displacement with more pronounced effects 

on living (consumer) subsidies. Mortality probability and LW mortality model (i.e., space versus 

time) strongly predicted subsidy density with stronger effects on dead (nutrient) subsidy deposition 

patterns. Consumer subsidies were deposited farther and at lower densities than nutrient subsidies. 

Given lower mortality probability, movements with more variable step lengths displaced both 
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nutrient and consumer subsidies farther and at lower densities than straighter movements. 

Movements with more variable step lengths also resulted in greater nutrient subsidy numbers at 

lower densities with higher mortality probability in spaced-based compared to time-based 

mortality models. Spatial subsidy models that incorporate interaction between animal movement 

behavior and mortality conditions enhance insights into animal-transported subsidy distributions. 

2.2 Introduction 

Animal movement across landscapes can have significant effects on processes and patterns 

at the ecosystem scale (Doughty et al., 2016). Animal movement can displace resources (e.g., prey, 

producers, minerals, and nutrients in feces and detritus) and consumers (e.g., predators, pathogens, 

and parasites) between ecosystems as ecological subsidies (Polis et al., 1997; Quinn et al., 2009). 

Active subsidies are resources or consumers displaced by animal movement between a donor and 

a recipient ecosystem and are different from passive subsidies, which are moved by wind and water 

(Knight et al., 2005; Leroux and Loreau, 2008). Active subsidies can change trophic relationships, 

alter ecosystem structure and function, and modify material and energetic balances in recipient 

ecosystems with consequences for ecosystem function and services, including biodiversity 

maintenance, nutrient cycling and regulation (Ben-David et al., 1998; Farina et al., 2003). Cross-

ecosystem subsidies also have implications for the transport of pollutants and pathogens across 

ecosystem boundaries (Walters et al., 2008).  

Despite the significance of active subsidies for ecosystem processes, function and services, 

there is limited ecological research examining how animal movement behavior and mortality 

levels influence active subsidy distribution. Even though animal movements have been connected 

to emergent population patterns, animal movements have not been linked to spatial subsidies and 

impacts in different ecological scenarios because existing ecosystem models treat movement and 
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space implicitly (Earl and Zollner 2017, McInturf et al., 2019). For instance, animal foraging 

movements can result in different subsidy distributions than dispersal search or migratory 

movements with corresponding variations in ecosystem impact. Most active subsidy research 

considers space implicitly (Jonsen et al., 2005, 2003; Patterson et al., 2008). Modeling frameworks 

that do not address the link between mechanistic movement processes and animal distribution 

patterns can ignore important connections between spatially explicit animal movement and 

ecosystem-level impacts. Enhancing our understanding of spatially explicit animal movement in 

the context of active subsidies in ecological landscapes can be critical for species and biodiversity 

conservation, as well as ecosystem management given global environmental change.  

The movement ecology paradigm provides tools to examine how animal movement 

dynamics in foraging, dispersal and other ecological processes influence emergent scales of active 

subsidy distributions. Movement ecology frameworks can be used to develop spatially explicit 

models to predict active subsidy distributions (Earl and Zollner, 2017, 2014) and connect animal 

movement behavior and space-use processes to spatial subsidy distributions. Movement ecology 

provides a methodological basis for modeling animal movement as a function of changes in 

landscape and body morphology, internal state (e.g., hunger, fear, thirst, memory) and external 

factors (Nathan et al., 2008). Movement models typically do not emphasize ecosystem processes, 

and thus have not been used to understand the spatiotemporal dynamics of active subsidies in 

response to animal foraging and dispersal movements. A combination of individual-based and 

stochastic animal movement and space-use models can yield valuable insights on how movement 

behavior dynamics influence animal-transported subsidy distributions across landscapes and 

simplify analyses of complex ecosystem-scale effects (Smouse et al., 2010). Stochastic movement 

models divide animal trajectories into discrete paths with statistical distributions of step lengths 
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and turning angles (Codling et al., 2008; Moorcroft, 2012). We can therefore use behaviorally 

minimalist individual-based modeling (IBM) frameworks with stochastic methods to model 

complex interactions between dispersal and foraging movement processes and emergent subsidy 

patterns across scales of biological and ecological organization (Grimm and Railsback, 2012). 

Dispersal search patterns and foraging movements are often modeled using correlated 

random walks (CRW) and Lévy walks (LW), respectively, two dominant stochastic animal 

movement models (Kareiva and Shigesada, 1983; Viswanathan et al., 1996). However, spatial 

subsidy researchers have not examined how active subsidy distributions and corresponding 

ecosystem effects respond to variation in CRW and LW as germane representations of random 

dynamics in dispersal and foraging movements. CRW is used to model dispersal search movement 

as uniform distributions of successive, discrete movements sequentially scaled by correlated 

turning angles (Bergman et al., 2000), and LW is used to model foraging movement with random 

turning angles scaled by variable step lengths from a heavy-tailed power law distribution (Zhao et 

al., 2015). The movement ecology literature is replete with contention about the relative efficacy 

of CRW and LW models as representations of multiscale animal dispersal and foraging movement 

patterns respectively, in interaction with landscapes and as evolutionarily successful strategies 

(Benhamou, 2007; Reynolds, 2015, 2008), but the two movement types appear to be consistent 

with a variety of empirical examples (Codling et al., 2008). Using IBMs with broad parameter 

spaces to quantify the effects of variation in CRW and LW scaling on active subsidy distributions 

can highlight their relative and collective relevance for modeling spatially explicit animal 

movement behavior in a wide array of multispecies foraging and dispersal movement scenarios. 

Animal movement behavior can play a critical role in the distribution of foraging and 

dispersal mortality events in space and related ecological subsidies with ecosystem-scale 
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consequences (Earl and Zollner, 2014). Models that address how active subsidy distributions 

respond to different scenarios of spatially explicit stochasticity in movement and mortality 

dynamics can highlight differences in the scales of dead and living subsidy distributions. Mortality 

risks in ecological landscapes could impose corresponding consequences for species survival that 

impact animal movement behavior. Mortality risk is essential for understanding how animals move 

in different environments (i.e., climate and geomorphology) and communities (i.e., interspecific 

and intraspecific interactions) (Fahrig, 2007; Schtickzelle et al., 2006). Predators and prey can alter 

the amount and spatial distribution of consumer (i.e., living) and nutrient (i.e., dead) subsidies in 

recipient ecosystems when foraging or avoiding predation respectively (Miller et al., 2014; 

Schmitz, 2008). Predators and scavengers can transport carcasses over varying distances and 

deposit carrion and feces beyond kill sites (Vizzini et al., 2016). Developing models to study the 

relative significance and interactive influence of movement behavior dynamics with different 

mortality conditions on consumer versus nutrient subsidy distributions across a range of 

ecologically plausible dispersal and foraging scenarios can improve our understanding of the scale 

and dynamics of corresponding ecosystem effects. 

Mortality costs during animal dispersal or foraging movements can change with 

spatiotemporal variation in the distribution of predation risk and hazardous climatic and 

environmental conditions (Bastille-Rousseau et al., 2017). Prey can experience spatial variations 

in predation risk as a function of the distance between refuges in inhospitable landscape matrices 

or the degree of antipredator vigilance during foraging versus dispersal movements (Kristan and 

Boarman, 2003; Yoder et al., 2004). Tradeoffs between spatial and temporal mortality costs can 

influence animal foraging and dispersal movements differently (Zollner and Lima, 2005), which 

would subsequently affect active subsidy distribution patterns across landscapes. Animals that 
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cover larger areas foraging or dispersing can encounter more predators and inhospitable habitat 

conditions (DeCesare, 2012). Similarly, high activity levels can increase the risk of detection by 

predators and energy expenditure in unfavorable habitat conditions (Martin et al., 2015). Animals 

that disperse faster through inhospitable areas can therefore reduce temporal predation mortality 

risk with extended activity times but increase spatial predation mortality risk by covering more 

ground in less time (Yoder et al., 2004). Depending on the degree of step length variability, 

foraging animals that move using LW can therefore be more or less susceptible to spatial than 

temporal mortality risks compared to animals with CRW dispersal search behavior. Considering 

the relative effects of time-based and space-based scenarios of variation in mortality risk with 

different degrees of step length variability in model constructions can therefore generate valuable 

insights into connections between animal movement behavior dynamics and active subsidy 

distribution.  

Our main goal is to quantify the relative importance and interaction between variation in 

movement pattern scaling and mortality risk for active subsidy distributions. We construct a 

theoretical IBM with stochastic movement models to investigate how active living and dead 

subsidy distributions respond to different animal movement dynamics and mortality scenarios. Our 

model simulates and quantifies emergent spatial extents and intensities of active subsidy 

distributions from a broad parameter space of CRW and LW scaling for animal dispersal and 

foraging movement behaviors with changes in mortality probability. We examine the interactive 

effects between movements with different degrees of LW step length variability and mortality 

assessed as a function of space versus time. The overarching hypothesis is that the range and spread 

of active consumer and nutrient subsidy distributions respond notably to spatially explicit 

variations in animal movement patterns with mortality risk level and function. We expect more 
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sinuous movements (CRW) to deposit subsidies at higher densities closer to the ecosystem 

boundary than movements with less variable step lengths (LW), with more pronounced effects on 

dead than living subsidies at higher mortality probabilities. Given the scale-invariance of LW 

patterns, movements with more variable step lengths (LW) will likely deposit subsidies farther and 

at lower densities than straighter movements (CRW) with stronger effects on living than dead 

subsidies at higher mortalities. We expect higher mortality probabilities to limit subsidy 

displacement and concentrate living and dead subsidies at higher densities closer to the ecosystem 

boundary, with greater impact for dead and CRW subsidies compared to living and LW subsidies 

respectively.  

2.3 Methods 

2.3.1 Background 

We built a simulation model to investigate how variations in animal movement patterns 

and mortality costs impact the distribution of active living and dead subsidies. We constructed a 

simple binary world, in which animals initiate movement from a donor ecosystem (natal habitat) 

and disperse into a recipient ecosystem (adult habitat) with a stochastic chance of death during 

movement (Earl and Zollner, 2014). This theoretical model applies to many ecological systems 

including spatial subsidies from amphibian and aquatic insect dispersal and foraging movements 

in terrestrial landscapes adjacent to source ponds and streams (Capps et al., 2015). Dead 

individuals provide nutrients, energy, and/or prey to the recipient ecosystems possibly causing 

bottom-up effects, while living individuals provide a consumer subsidy with potential top-down 

effects. In our model, individuals could not return to the donor ecosystem after moving into the 

recipient ecosystem as they undergo ontogenetic or behavioral shifts that are only compatible with 

the latter habitat. This applies for many species that undergo cross ecosystem natal and breeding 
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dispersal (e.g., aquatic insects and amphibians) and develop morphological attributes that constrain 

survival or breeding success in the donor ecosystem (Bishir et al., 2018; Blais et al., 2005). 

We made some simplifying assumptions to constrain the modeling process to suit available 

computer processing speed and storage, as well as for conceptual clarity. We considered only the 

movement and mortality dynamics of animal-transported subsidies in our model. We assumed that 

the movement and mortality occur at a small enough time scale that we did not have to consider 

other demographic processes. We did not account for direct interaction effects between movement 

behavior and landscape heterogeneity by assuming that animals move and die in a binary world, 

from a donor to a recipient ecosystem. We also assumed that dead individuals represent nutrient, 

energy, or contaminant subsidies confined to the location of deposition within the recipient 

ecosystem to allow us to perform and compare separate analyses of dead and living subsidy 

distributions. Another assumption we made is that animals have a constant chance of randomly 

occurring death with each move, and that discrete time is denoted by a single step navigated in the 

landscape regardless of the rate of movement or distance moved. For movement with variable step 

lengths (LW) in space-based mortality scenarios, we assumed that mortality can interact with space 

as a function of the distance covered per step.  

Our spatially explicit individual-based model simulation was designed in NetLogo (version 

6.0.4) software (Tisue and Wilensky, 2004; Wilensky, 1999), and we analyzed data in program R 

(version 3.3). Code is available in the supplementary material (Appendix A). 

2.3.2 Design 

We simulated a binary universe (donor-recipient ecosystem) with 1000 individuals moving 

outward from the donor ecosystem into an adjacent recipient ecosystem. The simulation 

environment consists of a vertically wrapped, two-dimensional 1000 (vertical) by 2000 (horizontal) 
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patch world with the donor ecosystem (1 by 1 patch) centered at the left vertical boundary of the 

world. A patch is the default unit of square space in in NetLogo. Simulation runs were initialized 

with all individuals randomly distributed in the donor ecosystem. Individuals moved in the 

recipient ecosystem over 1000 timesteps and were deflected back into the world upon encountering 

a vertical boundary (Figure 1).  

We conducted fully factorial simulations of movement and mortality variable parameter 

combinations (Table 1) with ten replicate runs per parameter set. Mortality can occur for any 

individual moving in the recipient ecosystem at any timestep. We quantified and collected 

population distribution metrics of living and dead individuals on a per-timestep basis but used data 

values at the 1000th timestep to assess spatial subsidy patterns. 

 We modeled animal movement behavior as CRW and LW using representative statistical 

distributions of step lengths and turning angle orientations. At each timestep, individuals select a 

random step length and turning angle from respective characteristic distributions to navigate from 

the donor ecosystem start-patch outward and rightward through the adjacent recipient ecosystem. 

We implemented CRW using a constant one-unit step length and a wrapped Cauchy distribution 

of degree turning angles —ὸ for any given timestep ὸ as: 

—ὸ —ὸ ρ ςÔÁÎ
ρ ‌

ρ ‌
ÔÁÎ“•ȟ  

ύὬὩὶὩ π ‌ ρȟὥὲὨ  

πȢυ • πȢυ  

for a previous turning angle of —ὸ ρ with • drawn from a uniform distribution in πȢυȟπȢυ 

to curb orientational bias by normalizing net displacement to a mean turning angle of π. We 

simulated a comprehensive range of CRW patterns from sinuous to straight movement by varying 

the correlation coefficient ‌ (Table 1). CRW movement is straighter as ‌ᴼρ and more sinuous 
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as ‌ᴼπ. We implemented LW using a circular normal turning angle distribution over a range of 

“ȟ“, and a truncated inverse-power law distribution for the relationship between randomly 

drawn step lengths ὖί and the minimum step length (ί) as:  

ὖί ‍ί   

ύὬὩὶὩ ρ ‘ σȟὥὲὨ 

π ‍ ρ  

Using a minimum step length of 1, we modeled an inclusive range of LW patterns from high to 

low step length variability by changing the scaling exponent ‘ (Table 1). LW resembles random 

walk with near-uniform step lengths as ‘ᴼσ, and simulates scale-invariant movement as ‘ᴼρ 

with more variable step lengths. We varied the frequency of occurrence of longer step lengths for 

LW using a normalization constant ‍ where ‍ ‭ πȢςυȟπȢυȟρ.  

We varied the per-timestep likelihood of death using three levels of mortality probability 

ά  from low to high (Table 1). Individuals draw a random number from a uniform distribution 

(in πȟρ) at each timestep and die and stop moving if the number drawn is lower than the assigned 

simulation mortality level for the simulation run. We implemented time-based mortality for CRW 

and LW as death regardless of step length. We modeled space-based mortality for LW as death as 

function of step length, per unit of space travelled with each step.  

2.3.3 Analysis 

We collected displacement and density metrics of living and dead subsidy distribution 

patterns for each simulation run to assess the effect of variation in movement behavior and 

mortality (Table 1). These response variables include the number of dead subsidies, the maximum 

subsidy deposition distance and range, as well as the peak subsidy deposition density and the 

distance to peak deposition density. The maximum deposition distance is the distance to the 
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furthest displaced subsidy from the donor-recipient ecosystem boundary. The maximum 

deposition range is the distance between the furthest and least displaced subsidies from the donor-

ecosystem boundary. The peak deposition density is the maximum number of subsidies per 

density-area demarcated by a radius ὥ  around each subsidy, where ὥ ‭ ςυȟυπȟρππ. The 

distance to peak density is the distance between the focal subsidy at the location of peak deposition 

density and the donor-recipient ecosystem boundary. The density area did not affect the outcomes 

for subsidy distribution metrics.  

We used classification and regression trees (CARTs) (Breiman et al., 2017; Therneau et 

al., 2018) and random forest (Breiman et al., 2011) analyses to compare the effect of variation in 

movement patterns and mortality types on spatial subsidy distribution metrics. General linear 

models and other frequentist statistical approaches that require significance testing do not perform 

well for datasets from individual-based model simulation datasets with large sample sizes (White 

et al., 2014). High power invariably results in high significance in IBM post hoc analyses. Machine 

learning-based neural network algorithms like CARTs and random forests are therefore more 

useful for examining predictor importance and interaction effects in multivariate datasets from 

IBM simulations. We used random forest analyses to determine the relative importance of 

predictors for response variables based on the increase in mean square error and split purity 

(Residual Sum of Squares) from a sample of 2000 random forest fits. We developed random forest 

models with random sampling and permutation with bootstrapping and bagging on predictor levels 

fit to response observations. We supported random forest analyses with CARTs to determine 

natural breaks (splits) and likely outcomes in dependent variable observations in response to 

interactions in movement and mortality predictor level combinations. The minimum number of 

dependent variable observations required for a conditional CART split in response to predictor 
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level combinations was 600 (greater than 10% of the total number of observations). The minimum 

number of dependent variable observations required for a conditional CART outcome in response 

to predictor level combinations was 200. We assigned a complexity parameter (Cp) value of 0.001 

to select and retain CART fits with response variable splits on predictor combinations that improve 

the coefficients of determination for CART models by more than 0.1%. We conducted separate 

analyses on emergent subsidy distributions from variation in CRW and LW movement patterns 

with mortality probability, and space-based versus time-based mortality with LW step length 

variability.  

We synthesized CART trends into charts. To do this, we grouped CARTs related to subsidy 

deposition distance and density metrics into respective displacement and density categories. We 

extracted elements of CARTs that differentiated between outcomes by a minimum of 10% (n = 

2700) of the total number of observations (n = 27,000) based on comparable predictor 

combinations across subsidy distribution metrics. In the resulting charts, bold lines indicate trends 

observed in all representative CART figures for each subsidy distribution metric category. Thin 

lines indicate trends featured in more than one but not all representative CART figures for each 

subsidy distribution metric category. See supplementary materials (Appendix A) for more detailed 

CART figures (Figures 21, 23, 25 and 27). 

2.4 Results 

Scale coefficient and mortality were more important determinants of subsidy displacement 

and density respectively (Figure 2). Scale coefficient and overall movement pattern (CRW versus 

LW) strongly predicted maximum subsidy deposition distance, range and peak density distances 

for living and dead subsidies, but the relative effects on subsidy displacement varied with mortality 

rate and type. Mortality rate and type strongly predicted the peak deposition densities for both 
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living and dead subsidies but the effect of mortality on subsidy densities varied with scale 

coefficient, resulting in different outcomes between living and dead subsidies. Scale coefficient 

was more important than mortality for predicting the peak deposition densities and distances to 

peak deposition density locations for living subsidies. Mortality was more significant than scale 

coefficient for determining the peak deposition densities, but scale coefficient was more important 

for predicting corresponding distances to peak deposition density locations for dead subsidies. LW 

scale coefficient strongly predicted the subsidy displacement in both space-based and time-based 

mortality scenarios, but mortality type (space-based versus time-based) was as important as scale 

coefficient for predicting the peak deposition density for both living and dead subsidies (Figure 3). 

Dead subsidies were generally deposited closer to the shared ecosystem boundary than 

living subsidies with stronger effects for LW than CRW (Figure 20). LW step length variability 

had a greater effect on the extent of subsidy displacement than the straightness of CRW (Figure 

4). Movements with more variable step lengths ‘ ‭ ρȢπȟρȢυȟ  displaced living and dead 

subsidies farther from the donor-recipient ecosystem boundary resulting in greater maximum 

subsidy deposition distances and ranges than straighter movements ‌ ‭ πȢωυȟπȢωω (Figure 21). 

Straighter movements deposited subsidies at greater maximum deposition distances and ranges, 

marginally outperforming intermediate step length variability ‘  ςȢπ in low and intermediate 

mortality scenarios. High mortality limited strong displacement effects of movements with more 

variable step lengths on living subsidies but enhanced the displacement of dead subsidies. 

Movements with less variable step lengths ‘ ‭ ςȢυȟσȢπ  generally displaced subsidies closer to 

the shared ecosystem boundary generating lower maximum subsidy deposition distances and 

ranges than more sinuous movements ‌ ‭ πȢυȟπȢψ . The locations at which peak density 

occurred were closer to the shared ecosystem boundary for dead subsidies than living subsidies. 
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Movements with more variable step lengths generated greater distances to peak deposition density 

than straighter movements for living subsidies. Movements with less variable step lengths resulted 

in lower distances to peak density for living subsidies than more sinuous movements. For dead 

subsidies, straighter movements resulted in greater distances to peak deposition density than 

movements with more variable step lengths. Movements with less variable step lengths generated 

lower overall distances to peak deposition density for dead subsidies. Dead subsidies were 

generally deposited at lower densities closer to the shared ecosystem boundary than living 

subsidies with stronger effects for LW than CRW (Figure 22). Compared to more sinuous 

movements, movements with less variable step lengths resulted in higher subsidy densities that 

increased with mortality (Figure 5). Movements with less variable step lengths also deposited 

living subsidies at higher peak densities than more sinuous movements (Figure 23). Given high 

mortality, movements with more variable step lengths deposited living subsidies at lower peak 

densities than straighter movements. In high mortality scenarios, more sinuous movements 

deposited dead subsidies at greater peak deposition densities than movements with less variable 

step lengths. For both living and dead subsidies, movements with more variable step lengths and 

straighter movements generated lower peak deposition densities that further attenuated in low 

mortality scenarios. For living subsidies, moderate peak deposition densities resulted from 

straighter movements compared to intermediate step length variability.  

Space-based mortality interacted with movements with more variable step lengths to 

displace subsidies closer to the shared ecosystem boundary than time-based mortality (Figure 6). 

Increasing space-based mortality however enhanced dead subsidy displacement and attenuated 

living subsidy displacement (Figure 24). Compared to time-based mortality, space-based mortality 

interacted with movements with more variable step lengths to deposit subsidies at higher densities 
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farther from the ecosystem boundary (Figure 7). Movements with less variable step lengths 

resulted in lower maximum subsidy deposition distances for both living and dead subsidies (Figure 

25). High mortality in space-based scenarios generated lower maximum deposition distances and 

ranges for living subsidies than time-based mortality scenarios. For movements with more variable 

step lengths, spaced-based mortality resulted in greater maximum subsidy deposition distances 

and ranges for dead subsidies than time-based mortality. Movements with more variable step 

lengths also deposited living subsidies at greater distances to peak density in space-based than 

time-based mortality scenarios. Movements with less variable step lengths generated lower 

distances to peak deposition density for living subsidies regardless of mortality type. Dead 

subsidies were deposited at greater distances to peak density in time-based compared to space-

based mortality. Compared to time-based mortality, space-based mortality generally resulted in 

greater peak subsidy deposition densities (Figure 26). Increasing space-based mortality enhanced 

peak deposition densities for dead subsidies but attenuated peak deposition densities for living 

subsidies. For living subsidies from movements with less variable step lengths, space-based 

mortality generated higher peak deposition densities than time-based mortality (Figure 27). 

Movements with more variable step lengths resulted in lower peak deposition densities for dead 

subsidies given high mortality in space-based compared to time-based scenarios. Movements with 

more variable step lengths generally resulted in more dead subsidies in space-based than time-

based mortality scenarios (Figure 28). 

In summary, living subsidies were generally deposited farther in more spread-out 

distributions than dead subsidies across scenarios of movement pattern and scaling as well as 

mortality level and type. Movements with more variable step lengths therefore displaced subsidies 

farther from the shared ecosystem boundary at lower densities than straighter movements and high 
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mortality attenuated displacement effects, with more obvious outcomes for dead than living 

subsidies. Movements with less variable step lengths also displaced living subsidies closer to the 

shared ecosystem boundary at lower densities than more sinuous movements and high mortality 

enhanced concentration effects with more pronounced outcomes for dead than living subsidies. 

Moderately straight CRW resulted in moderate displacement and densities for both living and dead 

subsidies, outperforming LW with intermediate step length variability. Compared to time-based 

mortality, high space-based mortality interacted with movements with more variable step lengths 

to enhance dead subsidy displacement and density but limit the displacement and density of living 

subsidies. 

2.5 Discussion 

We observed differences in the role of movement pattern and mortality on displacement 

and density of consumer and nutrient subsidies. Subsidy displacement was most strongly 

influenced by movement behavior, while subsidy concentration was most strongly impacted by 

mortality. This underscores the importance of addressing animal dispersal and foraging movement 

behavior relative to variation in mortality risk in developing tools to predict animal-transported 

subsidy distributions and corresponding ecosystem impacts (Earl and Zollner, 2017; Nathan et al., 

2008). Our work models how spatial subsidies might respond to a broad parameter space of 

ecologically plausible movement and mortality scenarios, serving as a reference for hypothesis 

testing in empirical studies. Future research examining animal-transported subsidy deposition 

extents and ranges can use results from our model to anticipate the relative importance of 

movement behavior and the nature of mortality risk for a wide variety of case studies (Callaway 

and Hastings, 2002). Mortality may be more important than movement for modeling nutrient 

subsidy patterns of relatively small-bodied, r-selected species with high mortality rates and low 
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movement capacities. However, movement may take precedence over mortality for modeling 

spatial subsidy patterns of larger-bodied k-selected species with relatively low mortality rates and 

long-range movements. More specifically, our work also provides important insights into the 

distribution of dead subsidies. It may be intuitive that straighter movements and movements with 

more variable step lengths displace and spread consumer subsidies more than sinuous movements 

and movements in recipient ecosystems. However, the effect of mortality risk level and type on 

corresponding nutrient subsidy displacement and density patterns are less obvious. Our findings 

demonstrate the importance of understanding how active subsidy distribution patterns and 

ecosystem impacts can respond to interactions between movement behavior dynamics and 

variation in the type and level of mortality risk animals experience in a landscape. 

Our work underscores potential opportunities for using both LW and CRW appropriately 

within a common simulation framework to model and predict emergent animal-transported subsidy 

distribution patterns. The established debate regarding the use of LW and CRW models for 

simulating different animal movement strategies like foraging and dispersal reinforces the 

importance of examining how the underlying mechanisms (Benhamou, 2007; Reynolds, 2008) 

might influence spatial subsidy distribution. We show that relative value of simulating animal 

movement using patterns driven by step length variability or the degree of sinuosity (CRW) in 

spatial subsidy modeling applications can vary between and during animal activities like foraging 

and dispersal. Movement patterns with variable step lengths can be used to model animal subsidy 

distributions from behavioral intermittence (Bartumeus 2009; Humphries et al., 2016) between or 

during foraging and dispersal given informational uncertainty about habitat quality and resource 

distributions in a landscape. We can modulate the degree of step length variability to model 

different scales of active subsidy distributions emerging from long-range dispersal search 
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(movements with more variable step lengths) with intermittent foraging and habitat selection 

(movements with less variable step lengths) given animal uncertainty about resources distributions 

and patchy habitat quality (Kölzsch et al., 2015; de Jager et al., 2011). Using movement patterns 

with correlation between step angles to model directional search given animal cognition of the 

distribution of resources and habitat quality in landscapes could be advantageous. We can vary the 

degree of correlation between steps to simulate variations in the scale of active subsidy 

distributions emanating from migration to known refugia (straighter paths) and eventual home 

range establishment or expansion after habitat prospecting and selection (more sinuous paths) 

(Fagan and Calabrese, 2014; Roshier et al., 2008). CRW has been used to approximate animal 

space use and dispersal movement for a variety of species (Smouse et al., 2010; Atwood et al., 

2016). LW has also been used to describe variations in animal movement behavior in various 

species-specific case studies in movement ecology research (Auger-Méthé et al., 2015; Avgar et 

al., 2013). Implementing CRW and LW in a shared modeling framework to explicitly compare 

and contrast them can identify the most appropriate tools for describing different animal movement 

behaviors in empirical and theoretical studies of active subsidy distribution.  

We found that step length variability displaced and spread consumer subsidies more than 

straighter movements and interacted with increasing mortality to enhance corresponding nutrient 

subsidy densities over smaller areas closer to the ecosystem boundary. Our results also show that 

increased mortality risk can constrain the displacement and spread of corresponding nutrient 

subsidies with more pronounced effects on straighter dispersal movements than foraging 

movement patterns with highly variable step lengths. Our results also provide a starting point for 

the simulation of animal movement effects on subsidy distribution across the range of parameter 

space we investigated. For example, seabird and sea turtle prospecting movements in terrestrial 
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breeding habitats for suitable nesting sites have been simulated using CRW (Hart et al., 2013; 

Garthe et al., 2016). Seabird and sea turtle nesting colonies deposit considerable numbers of eggs 

that can be significant nutrient subsidies for plants and animals in terrestrial breeding habitats 

(Vander Zanden et al., 2012). It might therefore be useful to conceptualize spatial egg deposition 

patterns at terrestrial breeding sites as outcomes of more sinuous seabird and sea turtle prospecting 

movement patterns. Similarly, seabird and sea turtle hatchlings disperse from terrestrial breeding 

and nesting sites across the ocean. Foraging at variable distances over vast ranges, seabirds act as 

significant consumer subsidies for krill and sea turtles for seaweed. These movements have been 

approximated with power law distributions (Sims et al., 2008). Spatial subsidy researchers could 

therefore investigate spatial distributions of emergent seabird and sea turtle neonate distributions 

as consumer subsidies from terrestrial nesting sites to adjacent oceans based on movement patterns 

with more variable step lengths.  

Animals that move with more variable step lengths displace and spread consumer subsidies 

over greater areas with reduced local impacts on recipient ecosystems compared to straighter 

movements. Telemetry-derived bear home range, prospecting and foraging movement data has 

been approximated with Lévy-like patterns and modeled as a mixed random walk (Gautestad et 

al., 1995). Salmon-derived nutrient subsidies to forest ecosystems in bear feces and salmon 

carcasses supplement scavenger and detritivore consumption with considerable consequences for 

plant nitrogen uptake at widespread deposition locations (Helfield and Naiman, 2006). Bears 

deposit salmon carcasses as nutrient subsidies at higher concentrations in riparian forest zones with 

enhanced local impacts, including supplanting scavenger and detritivore communities (Quinn et 

al., 2009). Bears also track spatial variation in salmon phenology at variable distances at the 

watershed scale (Deacy et al., 2016). It would be appropriate to contextualize corresponding 
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dynamic nutrient subsidy distributions of bear-transported salmon carcasses in riparian forests 

based on sinuous bear movement patterns with less variable step lengths. Empirical isotope 

analysis data indicates that bears also deposit feces rich in salmon nutrients at differential distances, 

augmenting plant nitrogen uptake deep into forests (Swain and Reynolds, 2015). Predicting 

corresponding nutrient subsidy distributions and scales of ecosystem impact may require using 

movement patterns with more variable step lengths to simulate bear foraging movements in case 

studies on the spatial scale and impact of bear-derived salmon nutrient subsidies. 

Our results also showed that movements with more variable step lengths deposited more 

nutrient subsidies at lower densities in space-based compared to time-based mortality scenarios. 

Given high mortality in space-based instead of time-based mortality scenarios, we observed that 

consumer subsidy impact increased with step length variability. Increasing step length variability 

however enhanced the number of nutrient subsidies while attenuating corresponding impact. 

Compared to time-based mortality, space-based mortality enhanced the displacement extents of 

nutrient subsidies while constraining the displacement of consumer subsidies with higher step 

length variability. In space-based but not time-based mortality scenarios, movement patterns with 

more variable step lengths displaced the location of greatest impact farther from the ecosystem 

boundary for consumer than for nutrient subsidies. These results are consistent with other 

observations of sporadic high intensity mortality events occurring at exposed locations of high 

predation risks across landscapes (Kittle et al., 2015; Rees et al., 2015). It is important to 

distinguish between space-based and time-based mortality in spatially explicit active subsidy 

distribution models to improve the prediction accuracy of resulting spatial subsidy impact patterns 

in response to mortality events and corresponding ecosystem effects in landscape management 

settings. Variations in the impact of nutrient resources between spatial distributions of space-based 
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and time-based mortality events can provide ecological cues that affect the distribution of predators 

and prey resources. 

Space-based mortality can occur when animals move through landscapes with limited 

information or high uncertainty about predation risk or inhospitable habitat conditions. Wildebeest 

and other ungulate herbivores are substantial and expansive consumer subsidies across Serengeti 

ecosystems but also contribute significant nutrient subsidies for apex predators with significant 

top-down trophic benefits for mesopredators and scavengers. Wildebeest collectively migrate and 

forage along variable spatiotemporal precipitation regimes and patchy grass and forbs resource 

gradients in the Serengeti (Holdo et al., 2009). This results in movements of high step length 

variability and corresponding sporadic spatial mortality risks from starvation or predation by apex 

predators like lions and crocodiles over vast distances along migration routes and around pond 

refugia in the Serengeti landscape (Palmer et al., 2017). It would be appropriate for subsidy 

researchers to think of spatial variation in grass cover depressions as outcomes of consumer 

subsidies and carrion from mortality events as nutrient subsidies for scavengers and plants as 

wildebeest forage during migration along variable precipitation and grass cover regimes in the 

Serengeti.  

We developed a minimalist theoretical model (IBM) to quantify active subsidy distribution 

dynamics in response to variation in movement and mortality but future work could increase 

realism with features like landscape heterogeneity and variation in environmental factors 

(Wallentin, 2017). Species-specific attributes that can be added to active subsidy distribution 

models to enhance realism include alternative search strategies (e.g., Foray loops, Archimedean 

spirals) (Zollner and Lima, 1999) and other factors that influence animal movement like perceptual 

range (Grant et al., 2018), antipredator vigilance, as well as conspecific and interspecific 
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interactions (Fletcher, 2006). Another advancement could be to model the role of movement 

modality (e.g., flying, slithering) and the quality of subsidy deposition as function of animal body 

size. The distribution of consumer and nutrient subsidies can differ greatly for the same species 

with consequences for top-down versus bottom-up effects relative to the body-size and navigation 

mode. Some big animals with large movement can deposit larger amounts of both consumer and 

nutrient subsidies and over more expansive ranges than smaller animals (Doughty et al., 2016). 

Future spatial subsidy models could directly account for nutrient subsidy distribution dynamics 

resulting from the spatial transience of mortality events like the secondary movement and 

relocation of dead prey by predators or scavengers. Feces and secondary displacements could 

occur more frequently than direct mortality events, potentially resulting in different spatiotemporal 

scales of corresponding nutrient subsidy distributions. It would be interesting to examine the 

differences between space-based and time-based mortality effects on active subsidy distributions 

by comparing nutrient subsidy deposition patterns from direct mortality to those from fecal matter 

or carcasses dragged and relocated by scavenger movements. It would also be interesting to test 

the utility of our theoretical model by parameterizing and pattern-matching (Grimm et al., 2012) 

with empirical active subsidy distribution, movement and mortality data. 

2.6 Conclusion 

Predicting the location and impact of active subsidies is useful for making critical decisions 

to preserve ecosystem integrity, enhancing species and biodiversity conservation efforts, and 

implementing effective landscape management practices across spatiotemporal scales (Raikow et 

al., 2011). Subsidies have significant implications for determining the structure and function of 

ecological communities and thus ecosystem services, including nutrient cycling, metapopulation 

persistence and connectivity as factors in species conservation, as well as biodiversity maintenance 
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(Allen et al., 2012). Our model results underscore the importance of movement ecology for 

predicting the spatial distribution and impact of active subsidies. We show that changing animal 

movement behavior and scaling patterns, as well as the type and level of mortality risk can lead to 

variations in active subsidy distribution and impact. Our work advances previous work (Earl and 

Zollner, 2014) by simulating and quantifying spatial subsidies from two animal movement 

modeling frameworks instead of one and examining the effect of two types of mortality risk. 
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2.8 Tables and Figures 

 

 

 

 

Table 1 State variables with parameter levels for varying movement behavior and mortality. 

Each simulation run includes a movement pattern (CRW or LW), a corresponding scale 

coefficient level (correlation coefficient (Ŭ) for CRW and scaling exponent (ɛ) for LW), a space-

death setting (true or false indicating space-based versus time-based mortality respectively) and 

mortality level (i.e., instantaneous rate or probability of death per timestep). 

State Variable Parameter Levels 

Movement Pattern  CRW (Ŭ) LW (ɛ) 

Scale Coefficient  0.5 0.8 0.9 0.95 0.99 1 1.5 2 2.5 3 

Mortality  0.00025 0.0005 0.001 

Space-Death TRUE (ON) FALSE (OFF ~ Time-death) 
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Figure 1 Design concept. The conceptual chart of modeling process and procedures. 1000 

individuals disperse from donor ecosystem through recipient ecosystem by CRW or LW (as a 

function of space or time) for a 1000 timestep period as live subsidies, except when they 

succumb to mortality and become dead subsidies. Individuals move through the recipient 

ecosystem experiencing space-based or time-based mortality and subsequently depositing living 

and dead subsidies.  



62 

Figure 2 Random forest model results for impact of movement pattern variation and mortality as 

a function of time on subsidy distribution. Percent increase in ANOVA mean square error 

(%IncMSE) and residual sum of squares (IncNodePurity (RSS)) from randomization 

permutations on predictor values as a measure of prediction and node split accuracy of random 

forest model fits. Solid bars represent results for living subsidies and patterned bars represent 

results for dead subsidies. Taller bars indicate greater predictor importance (See section T in 

supplementary information for detailed tables with values for variable (%IncMSE) and precision 

(IncNodePurity (RSS)) (Table 4)). 
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Figure 3 Random forest model results for impact of LW pattern variation and mortality as a 

function of space and time on subsidy distribution. Percent increase in ANOVA mean square 

error (%IncMSE) and the change in residual sum of squares before and after a split on a 

predictor at a node (IncNodePurity (RSS)) from randomization permutations on predictor values 

as a measure of prediction and node split accuracy of random forest model fits. Solid bars 

represent results for living subsidies and patterned bars represent results for dead subsidies. 

Taller bars indicate greater predictor importance (See section T in supplementary information for 

detailed tables with values for variable (%IncMSE) and precision (IncNodePurity (RSS)) (Table 

5)).  
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Figure 4 Synthesis of displacement metrics of subsidy distribution trends (CRW vs LW). This 

chart compares CRW and LW on general CART trends for displacement metrics of active 

subsidy distribution (maximum subsidy deposition distance, range and distance to peak subsidy 

deposition density) for living and dead subsidies. Living subsidies were generally displaced 

farther than dead subsidies. Movements with more variable step lengths resulted in high 

displacement at low mortality and moderately high displacement at high and intermediate 

mortalities. Straighter movements and movements with intermediate step length variability 

resulted in moderate displacement at low and intermediate mortalities, and moderately low 

displacement at high mortality. More sinuous movements and movements with low step length 

variability resulted in low displacement limited subsidy displacement the most. Chart 

relationships delineated with heavy lines represent instances where 6 constituent CARTs agreed 

while relationships delineated with lighter lines represent instances where at least half but not all 

constituent CARTs agreed. See figure 21 in supplementary materials (Appendix A) for detailed 

CARTs synthesized here.  
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Figure 5 Synthesis of peak subsidy deposition density trends (CRW vs LW). This chart compares 

CRW and LW on general CART trends for density metric of active subsidy distribution (peak 

subsidy deposition density) for living and dead subsidies. Dead subsidies were generally 

deposited at higher densities than living subsidies. High mortality resulted in high subsidy 

density for more sinuous movements and movements with less variable step lengths. 

Intermediate mortality generally resulted in moderate subsidy densities. Low mortality resulted 

in low densities for straighter movements and movements with more variable step lengths. Chart 

relationships delineated with heavy lines represent instances where 4 constituent CARTs agreed 

while relationships delineated with lighter lines represent instances where at least half but not all 

constituent CARTs agreed. See figure 23 in supplementary materials (Appendix A) for detailed 

CARTs synthesized here. 
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Figure 6 Synthesis of displacement metrics of subsidy distribution trends (spatial vs temporal 

mortality on LW). This chart compares general CART trends for space-based and time-based 

mortality on LW step length variability in terms of displacement metrics of subsidy distribution 

(maximum subsidy deposition distance, range and distance to peak subsidy deposition density) 

for living and dead subsidies. There were more pronounced effects on dead subsidies than living 

subsidies. High space-based mortality resulted in intermediate and moderately high displacement 

for movements with more variable step lengths. Low or intermediate time-based mortality 

resulted in intermediate and high displacement for movements with more variable step lengths. 

Movements with less variable step lengths generated low displacement. Chart relationships 

delineated with heavy lines represent instances where 6 constituent CARTs agreed while 

relationships delineated with lighter lines represent instances where at least half but not all 

constituent CARTs agreed. See figure 25 in supplementary materials (Appendix A) for detailed 

CARTs synthesized here. 

  



67 

 

Figure 7 Synthesis of peak subsidy deposition density trends (spatial vs temporal mortality on 

LW). This chart compares general CART trends for LW space-based and time-based mortality on 

density metric of subsidy distribution (peak subsidy deposition density) for living and dead 

subsidies. Living subsidies were generally deposited at lower densities than dead subsidies. High 

space-based mortality resulted in high density for movement with less variable step lengths 

compared to moderately high density for movements with more variable step lengths. High and 

intermediate time-based mortality generally resulted in intermediate densities. More variable step 

lengths generated low densities in low space-based and time-based mortality scenarios. Chart 

relationships delineated with heavy lines represent instances where 4 constituent CARTs agreed 

while relationships delineated with lighter lines represent instances where at least half but not all 

constituent CARTs agreed. See figure 27 in supplementary materials (Appendix A) for detailed 

CARTs synthesized here. 
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 THE INFLUENCE OF SOCIAL BEHAVIOR ON T HE 

DISTRIBUTION OF ANIM AL -TRANSPORTED SUBSIDIES 

3.1 Abstract 

Animal sociality (i.e., conspecific attraction or avoidance) can influence how animals move 

(i.e., sinuous to straight) across landscapes. Animal movement has been shown to affect active 

subsidy distributions. Active subsidies are animal-transported resources or consumers across 

ecosystems that can alter ecosystem structure, function and services including biodiversity and 

nutrient cycling. However, there is limited research on how animal sociality affects active subsidy 

distributions through animal movement. We constructed a spatially explicit IBM to quantify the 

relative influence of variation in animal social and movement behaviors on the extent and intensity 

of living and dead subsidy distribution. We examined the relative importance of these variables 

and found that conspecific interaction was important for subsidy density and clustering. Movement 

was more important for subsidy displacement. Perceptual range and settlement probability had 

secondary effects on all subsidy distribution metrics. We found that conspecific avoidance spread 

subsidies further into the recipient ecosystem at lower densities than conspecific attraction. 

Avoidance scenarios also resulted in greater numbers more, less dense clusters compared to 

attraction scenarios. Increasing perceptual range and the straightness of movement patterns further 

enhanced subsidy displacement and spreading in avoidance scenarios but increasing settlement 

probability attenuated these effects. In attraction scenarios, increasing perceptual range, settlement 

probability and sinuosity of movement patterns enhanced subsidy density and clustering but 

limited subsidy displacement. Attraction scenarios generated the most living subsidies in fewer, 

smaller and denser clusters. Scenarios with no interaction generally resulted in intermediate 

subsidy deposition patterns compared to attraction and avoidance scenarios. These results confirm 
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animal sociality influences active subsidy distributions. Incorporating animal sociality and 

movement behavior in spatial subsidy models can therefore enhance our understanding of active 

subsidy distributions and corresponding spatiotemporal patterns in ecosystem impacts. 

3.2 Introduction 

Animal sociality can affect how animals move across landscapes (Stamps et al., 2005; van 

Gils et al., 2015). Animal movement behavior can alter active subsidy distributions (Earl and 

Zollner, 2014), but there is limited research on how conspecific interaction affects corresponding 

active subsidy distributions. Active subsidies are animal consumers and resources transported 

between ecosystems and can alter landscape level material and energetic balances across 

landscapes (Polis et al., 1996). Ecological subsidies regulate and support important ecosystem 

functions and services like nutrient cycling, contaminant transfer, disease spread, and biodiversity 

maintenance (Polis, 1997). Modeling how sociality influences animal-transported subsidy 

distributions through animal movement behavior could generate valuable insights on the 

spatiotemporal dynamics of ecosystem responses to animal movement (Turchin, 1989). Modeling 

frameworks that consider animal sociality with movement behavior could further enhance 

planning and decision-making in landscape level wildlife and ecosystem management 

(Campomizzi et al., 2008; Giuggioli et al., 2013).  

Animal sociality is a proximal mechanism for many ecological processes in animal 

populations (Stamps, 1988). Many species rely on conspecific cues during dispersal to forage, 

breed, avoid predators, and determine habitat quality and suitability (Stamps, 2001). Conspecific 

interaction (i.e., attraction or avoidance) describes the effect of animal sociality on space use 

behaviors like habitat selection and home range establishment (Stamps, 1988). Conspecific 

interaction influences animal movements and distributions as territorial species avoid conspecifics 
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while colonial species attract conspecifics with consequences for ecological processes like 

foraging and dispersal (Giuggioli et al., 2013; Raitanen et al., 2014). Given increased mortality 

risks and environmental uncertainty associated with dispersal, dispersers benefit from social cues 

during habitat selection (i.e., settlement and residency) (Pärt et al., 2011; Stamps et al., 2005). The 

degree of conspecific attraction or avoidance can vary by species with fitness and survival 

consequences among individuals and populations (Muller et al., 1997; Muriel et al., 2016). For 

instance, species perceptual ranges can alter space use (Grant et al., 2018; Kittle et al., 2015) and 

movement behavior (Mueller and Fagan, 2008; Zollner and Lima, 1999), influencing animal 

responses to conspecific cues of resources and risks in landscapes (Raitanen et al., 2014; 

Szymkowiak and KuczyŒski, 2015). Considering the influence of conspecific interaction as a 

function of perceptual range on animal movement (Lima and Zollner, 1996; Muriel et al., 2016), 

habitat selection and settlement (Muriel et al., 2016; Pizzatto et al., 2016) can elucidate 

connections between animal distributions (Gil et al., 2018) and corresponding spatial subsidies.  

Even though reviews in spatial subsidy research document the need to address the impact 

of animal sociality and movement on ecosystems (Earl and Zollner, 2017), many ecosystem 

models do not consider the influence of animal interactions on active subsides. Animal habitat and 

space use models that consider the sociality focus on one taxon (Guy et al., 2008; Raitanen et al., 

2014) and ignore spatially explicit animal movement. In contrast, ecosystem models that 

incorporate animal movements either ignore animal interactions (Bauduin et al., 2016) or consider 

sociality in context of a single conspecific interaction scenario (i.e., attraction or avoidance) 

(Moorcroft and Barnett, 2008). Moreover, research on the ecosystem impacts of species 

distributions emerging from socially influenced animal behavior is limited (McInturf et al., 2019) 

because there are no models that consider the interaction between spatially explicit animal sociality 
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and movement on active subsidy distributions. Ecosystem models that examine variation in animal 

movements with sociality across in a wide range of interaction scenarios can provide general 

insights into spatial subsidy impacts of animal territoriality and coloniality in a variety of 

ecological contexts (e.g., habitat prospecting, selection, settlement). Further, spatial subsidy 

models that examine for the influence of differences in species perpetual ranges on conspecific 

interactions can be useful for studying spatial subsidy systems across a variety of taxa and 

ecological communities in real world systems. Models that also account for benefits of conspecific 

interactions like mitigation of dispersal search mortality risks from socially influenced habitat 

selection and settlement (Fletcher, 2006) can elucidate differences between nutrient and consumer 

subsidy patterns. 

Movement ecology and Individual-Based Modeling (IBM) approaches (Nathan et al., 2008; 

Potts et al., 2014; Turchin, 1989; Wallentin, 2017) provide spatially-explicit frameworks to model 

the influence of animal sociality, perceptual range and movement on active subsidy distribution. 

Spatially explicit IBMs that incorporate stochastic animal movement, mortality and settlement 

likelihood as a function of perceptual range and the number of already settled conspecifics provide 

a novel framework to quantify spatiotemporal dynamics of animal-transported subsidies. In this 

paper, we construct a spatially explicit IBM to investigate the relative influence of variation in 

animal social and movement behaviors on active subsidy distribution. Our objective is to quantify 

the extent and intensity of living and dead subsidy distribution emerging from variation in animal 

movement patterns and conspecific interaction by settlement as a function of the number of settled 

conspecifics within perceptual range. We analyze the relative significance of three animal 

interaction categories (i.e., conspecific attraction, avoidance and no interaction) and settled 

conspecifics experience reduced mortality risks. We quantify distance, density, and clustering 
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metrics of subsidy distribution including the maximum deposition distance and range, peak density 

and distance to peak density, maximum cluster deposition distance, density, radial size, and inter-

cluster range. Our overarching hypothesis is that active subsidy distribution patterns likely vary 

with the type of subsidy (i.e., living, dead), and category of conspecific interaction (i.e., attraction, 

avoidance, no interaction). Specifically, we predict that depending on perceptual range, 

conspecific avoidance could spread living subsidies out more than attraction. Settlement and 

mortality probability could moderate dead subsidy deposition distance, density and clustering 

effects more than how straight animals move.  

3.3 Methods 

3.3.1 Background 

Our simulation environment consists of a binary world in which animals disperse from a 

donor ecosystem (natal habitat) to a recipient ecosystem (adult habitat) where settlement or death 

can occur. Similar ecological system dynamics include amphibians, insect emergence and seabird 

breeding dispersal between aquatic and proximal terrestrial landscapes (Pittman et al., 2014; Yoder 

et al., 2004). To simulate ontogenetic shifts from natal to adult habitat in our model, dispersers that 

enter the recipient ecosystem cannot return to the donor ecosystem as in ecological systems where 

dispersers develop traits incompatible with donor habitat and adapted to recipient habitat 

(DeAngelis and Mooij, 2005). We design animal movement as a correlated random walk (CRW). 

Settlement is a stochastic process where dispersers have a random chance of settling as a function 

of the number of already settled conspecifics within their perceptual range. We vary the type of 

conspecific interaction, settlement probability, perceptual range and sinuosity of CRW across 

corresponding parameter ranges to examine differences in resulting subsidy patterns (Table 2). 

Living individuals are consumer subsidies to recipient ecosystems that have potential top-down 
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effects for ecosystem dynamics, whereas dead individuals provide nutrient subsidies with possible 

bottom-up effects (Andrews and Harvey, 2013).  

We assume a highly simplified world of a donor and recipient ecosystem with no spatial 

heterogeneity to eliminate confounding effects from landscape heterogeneity interacting with 

movement and conspecific interaction with perceptual range. We do not consider demographic 

processes in our model because conspecific interactions, movement, and mortality and subsidy 

distribution dynamics occur at smaller spatiotemporal scales (i.e., natal dispersal event) (Earl and 

Zollner, 2014). We also assume mortality is lower after settlement due to advantages like lower 

detection by predators (Szymkowiak and KuczyŒski, 2015; van Gils et al., 2015). Dispersers 

cannot return to the natal zone after entering the recipient ecosystem. In our model, dead 

individuals become nutrients, energy or contaminant subsidies and remain at the location of death. 

Settled dispersers remain at the location of settlement in the recipient ecosystem in the model to 

allow comparison between living and dead subsidies. 

We designed our model in the NetLogo software (version 6.0.4) (Tisue and Wilensky, 2004; 

Wilensky, 1999) simulation environment and used program R (version 3.3) for data analysis. 

3.3.2 Design 

We implement a vertically wrapped 1000 by 2000 patch (square unit of space in NetLogo) 

binary landscape in which 1000 individuals disperse from an adjacent donor ecosystem (i.e., 1 

patch) centered at the left vertical boundary into the recipient ecosystem during 1000 timesteps. 

Dispersers move outward through the adult zone (i.e., recipient ecosystem). At each timestep, 

dispersers orient at random angles drawn from a wrapped Cauchy distribution and move by 1-unit 

step-lengths for up to 1000 timesteps if an individual does not settle (Figure 8). We vary the degree 

of sinuosity in disperser movement trajectories by adjusting the correlation between subsequent 
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turning angles. During movement, individuals have a stochastic chance of settlement and death at 

each timestep. Individuals cannot move after death but can die after settlement at half the mortality 

rate prior to settlement in accordance with the assumption that settlement reduces mortality risk.  

We implement five levels of baseline settlement probability •  as the random chance that 

any individual settles (Table 2). We model settlement behavior across three levels capturing 

conspecific interaction (attraction and avoidance) and non-conspecific (null) behavior. We 

implemented settlement by adjusting the settlement probability across interaction scenarios: 

•

•ὲ ρȟ ὥὸὸὶὥὧὸὭέὲ
•ȟ ὲόὰὰ

•

ὲ ρ
ȟ ὥὺέὭὨὥὲὧὩ

  

ύὬὩὶὩ ὲ ὲόάὦὩὶ έὪ ίὩὸὸὰὩὨ ὧέὲίὴὩὧὭὪὭὧί ύὭὸὬὭὲ ὸὬὩ ὴὩὶὧὩὴὸόὥὰ ὶὥὲὫὩ έὪ ὨὭίὴὩὶίὩὶί 

At each timestep, an unsettled individual draws a random number from a uniform distribution over 

πȟρ and settles if the number drawn is less than the settlement probability (•). We implemented 

five levels of perceptual range ὴ as the radial distance (i.e., number of patches) surrounding the 

area within which unsettled individuals could sense settled conspecifics (Table 2). 

We modeled animal movement using a correlated random walk (CRW). At each timestep, 

individuals select a turning angle to navigate from the donor ecosystem start-patch outward and 

through the adjacent recipient ecosystem. We implemented CRW using a constant one-unit step-

length and a wrapped Cauchy distribution of turning angles —ὸ: 

—ὸ —ὸ ρ ςÔÁÎ
ρ ‌

ρ ‌
ÔÁÎ“‎ȟ  

ύὬὩὶὩ π ‌ ρȟὥὲὨ  

πȢυ ‎ πȢυ  

where —ὸ ρ is a previous turning angle and ‎ is randomly drawn from a uniform distribution 

over a range of πȢυȟπȢυ to normalize the direction of movement trajectories with the correlation 
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between successive steps. We simulated a representative range of CRW patterns by varying the 

scaling coefficient ‌ (Table 2). CRW movement is straighter as ‌ᴼρ and more sinuous as ‌ᴼ

π. Dispersers stop moving after settlement and do not move again for the remainder of the 1000 

timestep simulation run.  

At each timestep, unsettled dispersers die if the random number drawn is less than the 

mortality probability ά  where ά  πȢππρ, and settled dispersers die if the random number 

drawn is less than ά  πȢπππυ. We conducted simulations using a fully factorial combination 

among all levels of the state variables and extracted spatial metrics of collective living (i.e., settled 

and alive) and dead subsidy distribution at the end of each 1000 timestep run. We assessed spatial 

distribution metrics of both living and dead individuals at the 1000th timestep when all individuals 

either settled or died to quantify emergent subsidy distribution patterns in the recipient ecosystem. 

3.3.3 Analysis 

We estimated metrics of emergent subsidy distribution patterns for each run and analyzed 

living (i.e., settled) and dead subsidy deposition patterns separately. We examined displacement 

(i.e., maximum subsidy deposition distance, range and distance to peak deposition density), density 

(i.e., peak deposition density and number of subsidies) and clustering metrics (i.e., maximum 

cluster size, density and inter-cluster distance. The maximum subsidy deposition distance is the 

distance from the donor-recipient ecosystem boundary to the furthest displaced subsidy. The 

maximum subsidy deposition range is the distance between the furthest and least displaced 

subsidies. The peak subsidy deposition density is the greatest number of subsidies within the area 

defined by a 100-patch radius (i.e., 10% of the simulation landscape) of each subsidy. The distance 

to peak density is the distance between the shared ecosystem boundary and the focal subsidy where 

peak density occurs. We also analyzed clustering patterns in living and dead subsidy deposition 
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including the number of clusters, the maximum cluster size, cluster displacement and cluster 

density. We identified members of clusters using a recursive density-based clustering approach 

where a focal subsidy and the three nearest subsidies within the perceptual range of a subsidy form 

and grow a cluster. We estimated maximum cluster size as the radial extent of the most spread-out 

cluster and determined the maximum cluster density as the number of subsidies in the cluster with 

the greatest number of subsidies. We measured the maximum inter-cluster range as the distance 

between the furthest and least displaced clusters.  

We conducted random forest analyses (Archer and Kimes, 2008; Breiman, 2001) to 

quantify the relative importance of predictors (i.e., conspecific settlement interaction (i.e., 

attraction, avoidance, no interaction), perceptual range and movement) to variation in response 

variables (i.e., subsidy distribution metrics; displacement, density and clustering). To do this, we 

used bootstrap sampling-with-replacement to perform 2000 iterations of random permutations on 

predictor observations to develop random forest model fits for response variables. We evaluated 

the prediction accuracy of resulting random forest models based on the percentage increase in 

mean square error from resampling predictor data and the corresponding increase in the residual 

sum of squares as a measure of node purity in random forest trees. We also used classification and 

regression trees (CARTs) (Breiman, 2017; Therneau and Atkinson, 2015) to analyze relationships 

between response variables and predictor interactions. We required a minimum of 2000 dependent 

variable observations (i.e., greater than 5% of the total number of total data observations (i.e., n = 

38,000) for a node-split or tree outcome in response to predictor level conditions. We applied a 

complexity parameter (Cp) value of 0.001 to limit overfitting by retaining CARTs that exclude 

predictor node-splits or outcomes that did not increase the coefficient of determination of CART 

model fit by more than 0.1%.  
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We synthesized CART trends into charts. We grouped CARTs related to overall subsidy 

deposition distance (6 CARTs) and density (4 CARTs), cluster displacement (2 CARTs), cluster 

size (2 CARTs) and cluster density (4 CARTs) metrics into respective categories. We selected 

CART elements that differentiated between outcomes by a minimum of 12.5% (n = 4750) of the 

total number of observations (n = 38,000) for comparable predictor combinations across groups of 

subsidy distribution metric. Bold chart lines indicate trends observed in all representative CARTs 

in each category. Thin lines indicate trends featured in more than one but not all representative 

CARTs for each category. See supplementary materials for detailed CARTs (Appendix B). 

3.4 Results 

For both living and dead subsidies, the type of conspecific interaction was generally the 

most important predictor of deposition quantity, peak density and distance to peak density (Figure 

9). Compared to settlement probability, scaling coefficient (i.e., movement behavior) was a better 

predictor of the peak density and distance to peak density for dead subsidies. However, for living 

subsidies, settlement probability predicted the peak density and distance to peak density better than 

scaling coefficient. Conspecific interaction was the most important predictor of the maximum 

inter-cluster range, cluster density and cluster size for both living and dead subsidies (Figure 10). 

In order of decreasing predictor importance, perceptual range, scaling coefficient and settlement 

probability were secondary influences on the maximum inter-cluster range, cluster density cluster 

size for both living and dead subsidy deposition. Scaling coefficient was the most dominant 

predictor of subsidy displacement. For both living and dead subsidies, scaling coefficient was a 

more influential determinant of the maximum subsidy deposition distance and range than 

conspecific interaction.  
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The number of living subsidies generally increased with settlement probability due to the 

decreased probability of mortality with settlement. Conspecific avoidance however generated 

more dead subsidies than conspecific attraction, particularly for more sinuous movement ‌

πȢω at higher perceptual range  ὴ υ. Scenarios without conspecific interaction resulted in 

intermediate numbers of living and dead subsidies. Given lower settlement probability and higher 

perceptual range, straighter movements ‌ πȢω displaced both living and dead subsidies further 

from the ecosystem boundary in avoidance than attraction scenarios (Figure 11). Compared to 

avoidance scenarios, attraction resulted in lower maximum subsidy deposition distance, range and 

distance to peak density given lower settlement probability and perceptual range. Scenarios 

without conspecific interaction resulted in intermediate subsidy displacement. Attraction scenarios 

generally resulted in less dense subsidy distributions than avoidance scenarios (Figure 12). Higher 

settlement probability • πȢππυ generally resulted in greater peak subsidy deposition density 

for living subsidies and straighter movement generally resulted in lower peak subsidy deposition 

density for dead subsidies. Given more sinuous movements at higher settlement probability and 

perceptual range, attraction scenarios resulted in greater peak subsidy deposition density than 

avoidance scenarios, particularly for living subsidies. Conspecific avoidance resulted in greater 

peak deposition density for dead subsidies given more sinuous movement at lower settlement 

probability • πȢππυ and perceptual range. Given straighter movement at higher settlement 

probability and lower perceptual range ὴ υ , avoidance scenarios and scenarios without 

conspecific interaction generated intermediate peak subsidy densities.  

Given higher perceptual range and settlement probability, scenarios with attraction and 

without conspecific interaction resulted in the greatest number of living subsidy clusters. Lower 

settlement probability however reduced the number of living subsidy clusters, resulting in greater 
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numbers of dead subsidy clusters. In conspecific attraction scenarios, higher settlement probability 

and perceptual range generally resulted in the lowest number of living subsidy clusters, forming 

fewer, smaller and denser clusters than avoidance scenarios. Given higher perceptual range, 

straighter movements generally increased the number of living subsidies in avoidance scenarios 

with higher settlement probability and increased the number of dead subsidies in attraction 

scenarios with lower settlement probability. Given higher perceptual range in avoidance scenarios, 

straighter movement with lower settlement probability resulted in greater inter-cluster 

displacement for both living and dead subsidies (Figure 13). Sinuous movement in attraction 

scenarios generally constrained inter-cluster displacement but lower perceptual range and 

settlement probability reduced this effect. Higher perceptual range in avoidance scenarios 

generated the largest clusters (Figure 14). Compared to avoidance scenarios and scenarios with no 

interaction, attraction generated the smallest clusters for both living and dead subsidies. Lower 

settlement probability however increased cluster sizes for dead subsidies. Given higher perceptual 

range in attraction scenarios, more sinuous movement with higher settlement probability generated 

clusters with the greatest living subsidy density (Figure 15). Lower settlement probability and 

perceptual range however generated clusters with the greatest dead subsidy density. Given higher 

perceptual range and settlement probability in avoidance scenarios, straighter movements 

generated clusters with the lowest living subsidy density. Lower settlement probability however 

resulted in clusters with the lowest dead subsidy density.  

In summary, avoidance scenarios spread subsidies further into the recipient ecosystem at 

lower densities than attraction scenarios. Avoidance scenarios also resulted in more, spread-out, 

smaller and less dense clusters compared to attraction scenarios. Increasing perceptual range and 

the straightness of movement patterns further enhanced subsidy displacement and spreading in 
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avoidance scenarios but increasing settlement probability attenuated these effects. Increasing 

perceptual range, settlement probability and sinuosity of movement patterns further limited 

subsidy displacement but enhanced subsidy density and clustering in attraction scenarios. 

Scenarios with no interaction generally resulted in intermediate subsidy deposition patterns 

compared to attraction and avoidance scenarios. Living subsidies were generally deposited further 

and in more spread-out patterns than dead subsidies. Increasing settlement probability, perceptual 

range and the sinuosity of movement patterns resulted in more living subsidies but attenuated 

corresponding subsidy displacement with enhanced subsidy densities and increased clustering.  

3.5 Discussion 

We demonstrate that the relationship of animal sociality and movement behavior to spatial 

subsidies and associated ecosystem responses depends on the type (e.g., consumer (living), 

nutrient (dead)) and aspect (e.g., extent, intensity, grouping) of subsidy distribution under 

consideration. It can be critical to know which type and aspect of subsidy distribution responds 

more to sociality versus movement given resource and time constraints in researching the 

ecosystem responses of animal-transported subsidies. We showed that conspecific interactions are 

more important for assessing the density of consumer subsidies and clustering patterns for both 

consumer and nutrient subsidies than movement behavior. This is consistent with observations of 

juvenile ravens in the western Mojave desert where sociality mediates foraging behavior during 

dispersal search close to natal habitats, resulting in dense consumer subsidy clusters on desert 

tortoise populations (Kristan and Boarman, 2003; Webb et al., 2009). Similarly, colonial seabirds 

and sea turtles rely on conspecific cues to locate foraging resources and determine nesting habitat 

quality with more sinuous movements at terrestrial breeding sites (Garthe et al., 2016; Hart et al., 

2013). They deposit large amounts of scat and eggs rich in ocean nutrient subsidies at terrestrial 
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nesting sites with significant local top-down and bottom-up impacts that enhance coastal 

vegetation growth and subsidize terrestrial predator diets (Vander Zanden et al., 2012; Wing et al., 

2014). Models that account for social interactions can provide more informative predictions of 

corresponding spatial subsidy impacts for a variety of taxa and ecosystems. Our results also show 

that movement behavior is more important for the intensity of nutrient subsidy deposition and the 

extent of consumer and nutrient subsidy deposition in a landscape. This aligns with research 

showing that territorial bears avoid competing conspecifics by undertaking long range foraging 

and homing movements to and from streams where they consume anadromous salmon, spreading 

carcasses in riparian areas and transporting feces rich in ocean nutrients that stimulate vegetation 

regeneration deep in riparian forests (Quinn et al., 2009). In this active subsidy system, accounting 

for social influence upon bear movement behavior in ecosystem models can provide adequate 

predictions of spatial distributions of bear-transported salmon nutrient subsidies to riparian forests 

ecosystems. Given high data collection costs, spatial subsidy research will benefit from 

considering the relative importance of animal sociality and movement in different ecological 

scenarios and prioritizing accordingly. 

Spatial subsidy research can improve by considering synergistic interactions between 

animal sociality and movement on the distribution and impact of animal-transported subsidies 

across ecosystems. Our results show that spatially explicit interactions between animal sociality 

and movement influence spatial subsidy patterns. For instance, we found that straighter 

movements in attraction interactions displaced more consumer subsidies further into the recipient 

ecosystem, increasing the number, size, density and spread of corresponding nutrient subsidy 

clusters. This observation is consistent with studies that show that for large herbivore populations 

(e.g., elephants, zebras, wildebeests) in the Serengeti-Maga grassland ecosystem, socially cued 
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migrations influence spatial patterns in vegetation turnover (Holdo et al., 2009). For instance, 

wildebeest migrations along seasonally mediated spatial variations in rainfall and vegetation 

patterns can result in expansive consumption patterns on grasslands (Musiega and Kazadi, 2004). 

Migrating wildebeest redistribute nutrients when they deposit dense clusters of feces that stimulate 

local primary productivity (Holdo et al., 2007), or become prey for apex predators along migration 

routes (e.g., lions, crocodiles) (Palmer et al., 2017; Subalusky et al., 2017). Ecosystem models that 

incorporate interactive effects between large herbivore sociality and movement behavior will 

enable the development of tools to predict spatial impacts of corresponding consumer and nutrient 

subsidies for improved wildlife and ecosystem management. We also found that straighter 

movements in avoidance scenarios increased consumer subsidy displacement in large, scattered 

clusters. This result is consistent with the distribution of kill sites emerging from the foraging 

movements of territorial lions in the Ngorongoro conservation area (Elliott and Cowan, 1978). 

Prides in the Ngorongoro crater forage over large territories, resulting in large, sparse kill-site 

clusters with top-down ecosystem impacts confined to deposition locations (Kissui and Packer, 

2004). Developing models to predict consumer subsidy distributions and impacts of territorial apex 

predators like lions in wildlife and ecosystem management scenarios will require understanding 

how avoidance interactions influence their foraging movements. 

Our model quantified how, animal perceptual range and settlement probability in response 

to habitat preferences and quality mediates the influence of animal sociality and movement on the 

distribution of animal-transported subsidies. These results are consistent with other studies that 

show that variation in animal perceptual range (Zollner and Lima, 1999, 1997) and settlement 

probability (Stamps et al., 2005) have important secondary influences on movement and sociality 

that can affect subsidy clustering patterns. Territorial Yellowstone coyotes avoid conspecifics 
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when foraging over long distances and defending large home ranges (da Luz et al., 2015; 

Middleton et al., 2013; Pyare and Berger, 2003), which likely results in expansive consumer and 

nutrient subsidy clusters. Juvenile amphibians and aquatics insects rely on olfactory and visual 

cues effective over short distances for kin recognition, resulting in straighter dispersal search and 

sinuous foraging movements (Despland, 2001; Pittman et al., 2014; Sinsch, 2014; Wells, 1977). 

This low range perceptual range and more sinuous movements informed by dispersal search for 

refugia generates small but dense amphibian consumer and nutrient subsidy clusters around natal 

ponds, resulting in strong predator shadows and trophic cascades in local insect communities 

(Hocking and Babbitt, 2014; McCoy et al., 2009). These examples substantiate the need to account 

for individual and species variation in perceptual range with animal sociality and movement 

behavior in models of active subsidy systems. This will improve the utility of such models for 

predicting spatial patterns and ecosystem impacts in important ecological processes like biological 

contaminant transport and disease transfer. Aquatic insect and amphibians can transport 

contaminants and transfer diseases between aquatic and terrestrial ecosystems that destabilize food 

webs (Kraus et al., 2014), degrade recipient ecosystems (Walters et al., 2008), and affect ecosystem 

services like nutrient cycling, pollination and pest regulation (Schindler and Smits, 2017). 

Developing models to predict spatial patterns and impacts of animal-transported contaminants and 

diseases across ecosystems will require insights on how species perceptual range, movement 

behavior and sociality influence habitat selection, settlement and contact.  

Even though there are some studies that have examined the influence of animal sociality 

on spacing in animal population distributions (Giuggioli et al., 2013), our work is the first to 

simulate the influence of animal sociality and movements on active subsidy distributions and 

impacts. The influence of interaction between animal sociality and movement on spatial subsidies 
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has important implications for nutrient export and hotspots as well as contaminant impacts in 

recipient ecosystems. For example, North Atlantic Auk breeding colonies shape spatial patterns in 

primary productivity in Northwest Greenland, transporting marine nutrients in krill and fish 

consumption to terrestrial ecosystems as fecal deposition (González-Bergonzoni et al., 2017). 

Auks rely on conspecific cues to select breeding habitat and nesting sites. Corresponding feces 

deposition sites show significantly higher primary productivity than surrounding areas, providing 

vegetation rich in ocean nutrients that musk ox and other large herbivores in the region consume. 

Auk breeding colonies also deposit significant amounts of nutrients in feces in coastal freshwaters 

that acidify and degrade coastal freshwater ecosystems. Understanding how sociality in breeding 

colonies influences seabird movements will enable the development of predictive models to help 

manage positive and negative impacts of marine nutrient subsidies to terrestrial and freshwater 

ecosystems.  

Our work contributes to spatial subsidy research by being the first IBM to simulate and 

quantify how spatial subsidies respond to animal movement given sociality and perceptual range 

across broad range of parameter space, elucidating phenomenological insights into active subsidy 

systems. Until our research, most spatial subsidy research consisted of collections of empirical 

anecdotes with single taxon and context (i.e., attraction or avoidance) emphases. We focused on 

determining the effect of animal sociality and perceptual range with movement and mortality on 

active subsidy distribution. We made simplifying assumptions to optimize model functionality 

with computing power and speed (Chapter 2). Model realism can improve by accounting for 

additional factors like variation in animal body and step size. Move length can be a function of 

animal body size (e.g., larger animals take bigger steps) or mode of navigation (e.g., flying animals 

move longer distances) and could affect the extent and impact of active subsidy deposition in 
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recipient ecosystems or habitats (Earl and Zollner, 2014). To simplify our ability to distinguish 

between living and dead subsidies, we did not examine secondary movement or relocation of 

nutrient dead subsidies by agents like scavengers and weather patterns. These variables and 

concepts were beyond the scope of this work but would provide further insight into how animal 

sociality and movement behavior influence the distribution of animal-transported subsidies and 

corresponding ecosystem effects. 

3.6 Conclusion 

We modeled and showed how spatially-explicit animal sociality can interact with 

movement behavior and affect emergent spatial consumer and nutrient subsidy distribution 

patterns. We provided a systematic framework with a comprehensive scenario modeling approach 

to highlight general principles about how active subsidy distribution and corresponding spatial 

impacts respond to animal sociality and movement behavior in a variety of abstract but 

ecologically plausible contexts. Active subsidies can alter ecosystem structure, function and 

services across landscapes (Earl and Zollner, 2017; Ewers and Didham, 2006). Accounting for 

animal behavior when examining animal-transported subsidy distributions provides relevant and 

useful insight into spatiotemporal dynamics of ecosystem impacts. Spatial subsidy models can 

improve and be more beneficial to spatial subsidy research by accounting for the relative and 

synergistic influences of animal sociality and movement on active subsidy distributions. 
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3.8 Tables and Figures 

 

 

 

 

 

 

Table 2 State variables with parameter levels incorporated in the individual-based model design. Type of conspecific interaction, 

settlement probability, perceptual range and movement (scaling coefficient). 

State Variable Parameters 

Conspecific interaction Attraction, Avoidance, None (Null) 

Settlement probability 0.001, 0.0025, 0.005, 0.0075, 0.01 

Perceptual Range 1, 3, 5, 7, 10 

Movement (CRW scaling coefficient) 0.5, 0.8, 0.9, 0.95, 0.99 
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Figure 8 Design concept. Simulation design, procedure and process flow for IBM sub-models 

(i.e., movement, conspecific interaction (perceptual range, settlement) and mortality) and 

outcomes (living and dead subsidies). Dispersers leave the donor ecosystem and enter the 

recipient ecosystem, moving with a correlated random walk pattern over 1000 timesteps. 

Dispersers die or settle at each time step based on respective mortality or settlement 

probabilities. Dispersers settlement probability increases as a function of the number of already 

settled conspecifics within their perceptual range in attraction scenarios. Dispersers settlement 

probability decreases as a function of the number of already settled conspecifics within their 

perceptual range in avoidance scenarios. Mortality reduces for settled conspecifics. Settled 

conspecifics become living subsidies and dead dispersers or conspecifics become dead subsidies 

in the recipient ecosystem.  
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Figure 9 Increase in percentage means square prediction error for metrics of living (consumer) and dead (nutrient) subsidy 

distribution. Values indicate the relative importance as prediction strength of each state variable (conspecific interaction, settlement 

probability, scaling coefficient and perceptual range) to subsidy distribution; amount (number of living subsidies and number of dead 

subsidies), displacement (maximum deposition distance, range and distance to peak density), density (peak deposition density). Solid 

bars represent results for living subsidies and patterned bars represent results for dead subsidies. Taller bars indicate greater predictor 

importance (See section T in supplementary information (Appendix B) for detailed tables with values for variable (%IncMSE) and 

precision (IncNodePurity) (Table 7)). 
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Figure 10 Increase in percentage means square prediction error for metrics of living (consumer) and dead (nutrient) subsidy 

distribution. Values indicate the relative importance as prediction strength of each state variable (conspecific interaction, settlement 

probability, scaling coefficient and perceptual range) to subsidy distribution; clustering (number of clusters, maximum inter-cluster 

range, density and size). Solid bars represent results for living subsidies and patterned bars represent results for dead subsidies. Taller 

bars indicate greater predictor importance. (See section T in supplementary information (Appendix B) for detailed tables with values 

for variable importance (%IncMSE) and precision (IncNodePurity) (Table 7)) 
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Figure 11 Synthesis of subsidy displacement trends. Living subsidies were deposited further than 

dead subsidies. Given conspecific attraction, more sinuous movements at higher settlement 

probability and perceptual range generated the least displaced living subsidies with the lowest 

maximum deposition distance and range from the shared ecosystem boundary. At higher 

perceptual range and lower settlement probabilities, avoidance scenarios resulted in the greatest 

distance to peak density for dead subsidies. Scenarios with no interaction resulted in intermediate 

subsidy displacement. Chart relationships delineated with heavy lines represent instances where 

6 representative CARTs agreed while relationships delineated with lighter lines represent 

instances where at least half but not all constituent CARTs agreed. See figure 29 in 

supplementary materials (Appendix B) for detailed CARTs synthesized here. 
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Figure 12 Synthesis of peak subsidy deposition density trends. Given straighter movements and 

lower settlement probabilities, conspecific avoidance and scenarios without conspecific 

interaction depress the peak deposition density of living subsidies. Conspecific attraction with 

higher settlement probability and perceptual range resulted in greatest peak deposition density 

for living subsidies. Given conspecific avoidance and scenarios without conspecific interaction, 

more sinuous movement and higher settlement probability increases peak deposition for dead 

subsidies. Chart relationships delineated with heavy lines represent instances where 4 

representative CARTs agreed while relationships delineated with lighter lines represent instances 

where at least half but not all constituent CARTs agreed. See figure 30 in supplementary 

materials (Appendix B) for detailed CARTs synthesized here. 
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Figure 13 Synthesis of inter-cluster displacement trends. Given higher perceptual ranges, 

straighter movements in conspecific avoidance scenarios resulted in the greatest inter-cluster 

displacement. Conspecific attraction with higher settlement probabilities resulted in the lowest 

inter-cluster displacement. Scenarios with no interaction resulted in intermediate inter-cluster 

displacement. Chart relationships delineated with heavy lines represent instances where 2 

representative CARTs agreed while relationships delineated with lighter lines represent instances 

where at least half but not all constituent CARTs agreed. See figure 31 in supplementary 

materials (Appendix B) for detailed CARTs synthesized here. 
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Figure 14 Synthesis of cluster size trends. Given lower settlement probability, conspecific 

attraction resulted in intermediate values for maximum cluster size. Higher settlement probability 

in scenarios conspecific interaction scenarios and scenarios without interaction constrained 

maximum cluster size to with smaller clusters for living subsidies than to dead subsidies. 

Conspecific avoidance with higher perceptual range resulted in the largest clusters. Chart 

relationships delineated with heavy lines represent instances where 2 representative CARTs 

agreed while relationships delineated with lighter lines represent instances where at least half but 

not all constituent CARTs agreed. See figure 31 in supplementary materials (Appendix B) for 

detailed CARTs synthesized here. 
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Figure 15 Synthesis of cluster density trends. In conspecific attraction scenarios, more sinuous 

movements and higher settlement probability generated the densest living subsidy clusters. 

Reducing settlement probability resulted in the greater cluster density for dead subsidies. In 

avoidance scenarios, cluster density decreased with perceptual range but increased with more 

sinuous movement. Scenarios with no interaction resulted in intermediate cluster density. Chart 

relationships delineated with heavy lines represent instances where 4 representative CARTs 

agreed while relationships delineated with lighter lines represent instances where at least half but 

not all constituent CARTs agreed. See figure 32 in supplementary materials (Appendix B) for 

detailed CARTs synthesized here. 
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 THE INFLUENCE OF LAN DSCAPE HETEROGENEITY  

ON THE DISTRIBUTION OF ANIMAL -TRANSPORTED SUBSIDIES: 

A CASE STUDY ON WOOD FROGS IN HARDWOOD FORESTS 

4.1 Abstract 

Landscape heterogeneity has been shown to affect animal behavior and space use. The 

spatial extent and distribution of habitat patches in a landscape can affect animal movement, 

settlement and mortality, and therefore impact active subsidy distribution. Active subsidies are 

animal-transported resources and consumers across landscapes. Despite the importance of 

ecological subsidies for ecosystem structure and services, there is limited research on the influence 

of landscape heterogeneity on active subsidy distribution. We built an individual-based model 

(IBM) based on emerging juvenile wood frog movement, settlement and mortality from ponds into 

surrounding hardwood forests in southern Indiana to examine the effect of landscape heterogeneity 

on active subsidy distribution. We simulated the effect of variation in virtual animal movement, 

settlement and mortality on spatial subsidies in homogeneous and heterogeneous recipient 

ecosystems of open, partial and (or) closed canopy forest habitats. We found that juvenile wood 

frog movements and subsidy distribution patterns varied significantly with canopy closure. For 

heterogeneous landscapes, we varied proportional compositions and configurations across canopy 

closure types. Animal movement behavior was more important than canopy closure for subsidy 

displacement, and canopy closure was more important than movement for subsidy density. Longer, 

straighter movement and lower mortality in landscapes with greater proportion and cohesion of 

closed canopy forest deposited more living juvenile wood frog subsidies at higher density further 

from source ponds. Given high mortality in landscapes with greater proportion and cohesion of 

open canopy forest, sinuous movements deposited more dead subsides at higher densities closer 
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to the source ponds, but lowering mortality increased dead subsidy displacement and decreased 

corresponding dead subsidy density. Ecosystem models that incorporate the influence of landscape 

heterogeneity on animal behavior and space use will generate better predictive insights into 

corresponding spatial subsidy impacts. 

4.2 Introduction 

Spatiotemporal variation in the availability and distribution of resources can affect how 

animals use heterogenous landscapes (Bleicher, 2017; Morales and Ellner, 2002). Many studies 

have shown that the proportion and spatial aggregation (e.g., contagion, contiguity, cohesion, 

clumpiness and interspersion) of quality habitat influences animal movement and distributions in 

heterogeneous landscapes (King and With, 2002; Shepard et al., 2013). Animals transport 

ecological subsidies (Polis et al., 1997) between ecosystems as they move across landscapes. 

Active subsidies are animal-transported resources (e.g., prey, nutrients) and consumers from donor 

to recipient ecosystems and can change ecosystem structure and function by altering trophic 

interactions and redistributing materials and energy across landscapes (Earl and Zollner, 2017, 

2014). Active subsidies affect important ecosystem services (e.g., nutrient cycling, biodiversity 

maintenance) that support and regulate ecological communities and processes across ecosystems 

(Allen et al., 2012; Bagstad et al., 2019). The influence of landscape heterogeneity on animal 

movement behavior could affect the displacement and density of active subsidies (Ewers and 

Didham, 2006; Reyna-Hurtado et al., 2012). Understanding how landscape heterogeneity 

influences active subsidy distributions as a function of animal movement behavior can provide 

valuable insight on the scale, intensity and extent of corresponding ecosystem impacts (Earl and 

Zollner, 2017). 



106 

Changes in the distribution of resources and risks across landscapes influence animal space 

use behavior (Bleicher, 2017; Miramontes et al., 2012; Shepard et al., 2013) and likely affect 

corresponding active subsidy distributions. Recent reviews on the state of spatial subsidy research 

document the need for systematic studies to develop general insights into the influence of 

landscape heterogeneity for active subsidy patterns (Earl and Zollner, 2017; McInturf et al., 2019). 

However, system-level impacts of landscape heterogeneity on spatially-explicit animal behavior 

and corresponding active subsidy distributions have not been comprehensively addressed in spatial 

subsidy models. Empirical studies that consider this phenomenon focus on single taxa in specific 

ecosystems, limiting the development of improved ecosystem models that can be effective for 

predicting spatial subsidy patterns for a variety of taxa and ecosystems (Moon and Silva, 2013; 

Schindler and Smits, 2017). Systematic analyses of this phenomenon with abstract case study 

modeling approaches can help establish more general frameworks and principles of active subsidy 

systems and corresponding ecosystem impacts. Further, developing systematic models that 

elucidate how active subsidy distributions change with animal movement behavior in human-

altered landscapes can enhance decision-making for land-use planning and wildlife management 

for multiple species and ecosystems. Most of our understanding of spatial subsidies is based on 

behaviorally and spatially simplified systems, as existing models assume homogeneous landscapes 

(Rees et al., 2015; Schreiber and Rudolf, 2008). Such models do not capture important spatial 

patterns in ecosystem responses to variation in animal movement behavior (Morales and Ellner, 

2002; Smouse et al., 2010). Spatially-explicit Individual-Based Models (IBMs) that incorporate 

random walk concepts can be useful tools for modeling animal movement in response to landscape 

heterogeneity (Garibaldi et al., 2011; Uno and Power, 2015). IBMs can therefore help to elucidate 



107 

corresponding consequences of animal movement on the distribution and impact of animal-

transported subsidies (Earl and Zollner, 2014; Chapter 2, 3). 

Pond-breeding amphibians provide a useful case study for understanding the influence of 

movement on the active subsidy distributions in response to landscape heterogeneity. Timber 

harvest results in spatial heterogeneity in forest canopy density that can alter resident amphibian 

habitat structure (e.g., refugia locations), movement behavior and related ecological processes 

(Graeter et al., 2008; Patrick et al., 2006). Timber harvest has been shown to impede dispersal in 

forest-dwelling amphibians (Popescu et al., 2012; Semlitsch et al., 2009), and landscape 

heterogeneity in timber harvest around ponds could affect corresponding spatial patterns in 

amphibian populations. Amphibians consume significant amounts of insects and serve as prey for 

many terrestrial birds and mammals, transporting substantial nutrient and consumer subsidies 

during dispersal from aquatic to terrestrial ecosystems (Capps et al., 2015; McCoy et al., 2009). 

Case studies on how amphibian subsidy distributions respond to forest harvest can inform forest 

harvest practices that can be applied in other land and species management scenarios (Pittman et 

al., 2014). 

We developed a model of juvenile amphibian movement that changes in response to 

canopy closure to understand how landscape heterogeneity influences the distribution of dead 

(nutrient subsidies) and living amphibians (consumer subsidies) in the terrestrial ecosystem 

surrounding the breeding pond. Our objective was to estimate the effect of landscape heterogeneity 

on the spatial extent and intensity of active subsidy distributions from juvenile wood frogs 

(Lithobates sylvaticus). We constructed a spatially-explicit IBM to determine how spatial variation 

in canopy closure as a function of forest harvest intensity in a central U.S. hardwood forest affects 

emerging juvenile wood frog dispersal parameterized with data we collected on 30 juvenile wood 
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frogs in southern Indiana. Using the model, we examined how active subsidy distribution patterns 

vary across canopy closures in homogeneous landscapes and with different proportions and spatial 

patterns in forest canopy closure in heterogeneous landscapes. We hypothesized that shade from 

desiccation and cover from predators in large, spatially aggregated, closed canopy forest habitat 

favors consumer (i.e., living) over nutrient (i.e., dead) subsidy displacement at greater densities 

further from the donor-recipient ecosystem boundary. We predicted that wood frogs will disperse 

straighter and faster through patchier, open canopy forests for cover in denser, more continuous 

canopy forests. As the proportion and continuity of habitat with no canopy cover increases, 

dispersing juvenile wood frogs should therefore spread dead subsidies further. 

4.3 Methods 

4.3.1 Study Site 

The Hardwood Ecosystem Experiment (HEE) (Figure 16) is designed as a long-term, 

landscape-level field experiment initiated in 2006 by the Indiana Department of Natural 

Resources-Division of Forestry for research on Oak-Hickory forest management and regeneration 

(Swihart et al., 2013). The HEE is in the Brown County Section (BCS) of the Highland Rim 

Natural Region of south-central Indiana, encompassing Morgan-Monroe and Yellowwood State 

Forests. The HEE consists of a replicated series of study areas with nine 80 ha management units 

or areas. The HEE includes three units of control forests with no active management, two even-

aged management units (i.e., 10-acre clear-cuts and 3-acre patch-cuts or smaller clear-cuts) and 

two uneven-aged units (i.e., single tree selection and 10-acre shelterwood).  

The wood frog (Lithobates sylvaticus) is a common forest-dwelling amphibian species with 

an expansive geographic range from southern Appalachian mesic forests to the Arctic Circle tundra. 

The wood frog life cycle includes an aquatic larval stage and ontogenetic shifts to terrestrial 
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juvenile and adult stages. Wood frogs breed in fish-free vernal pools in late winter in February to 

March (Berven, 1988; Crouch and Paton, 2000). Adult wood frogs disperse from uplands to breed 

in low lying ponds and deposit 1000 to 3000 eggs per female (Berven, 1981). Metamorphs emerge 

from forest ponds in early June into terrestrial juvenile or adult habitat where juveniles disperse 

into surrounding uplands and mature sexually within 2-3 years of metamorphosis (Berven and 

Grudzien, 1990; Cornell et al., 1989).  

4.3.2 Empirical data for IBM calibration 

To parameterize our model, we analyzed landscapes around HEE ponds. We selected 30 

ponds with surrounding landscapes that were representative of variation in canopy closure 

categories [i.e., no canopy (clear-cuts, patch-cuts), partial canopy (shelterwood, single-tree 

selection) and dense canopy closure (unharvested for 60 years)]. We measured the width and 

length of the 30 HEE ponds using a range finder to determine the size of virtual ponds in our model. 

Using ESRI ArcGIS Pro 2.3, we analyzed rasters of land cover within 300 m of each pond (the 

estimated dispersal range of emerging juvenile wood frogs (Homan et al., 2004)). We calculated 

descriptive spatial statistics, including overall landscape contagion, contiguity and interspersion 

with proportional composition, cohesion and clumpiness for each canopy closure category using 

Fragstats version 4.5 (Mcgarigal et al., 2002). We used resulting estimates of proportional 

composition and cohesion for the three canopy closure categories to calibrate virtual landscape 

generation.  

We estimated the number of dispersing metamorphs for virtual ponds based on egg mass 

surveys (counts and estimated clutch size) that we conducted across all 30 HEE ponds in March 

2018. At each pond, we randomly sampled 10 egg masses, measuring egg mass volume with a 

graduated 1000 ml beaker and egg volume with a 10 ml graduated cylinder. We estimated clutch 
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size as the quotient of the egg mass volume and average egg volume. We generated an estimate of 

mean juvenile emergence counts for virtual ponds based on premetamorphic survivorship of 0.04 

(Berven, 1990). 

We parameterized virtual wood frog movement behavior using mean step-lengths and 

turning angles calculated from the mean vector lengths (i.e., correlation coefficient between 

turning angles) of 30 juvenile wood frogs we marked and tracked at the HEE in May and June 

2018. We captured and marked wood frogs with fluorescent powder. We then released them within 

10 m of 9 representative ponds across all three levels of canopy closure with 10 wood frogs 

released per type of canopy closure. After dusk (~ 2100 hours), we tracked their movements using 

ultraviolet flashlights (Zollner and Lima, 1997) and marked tracks by placing flags at all turns with 

angles greater than 5 degrees and used 50 m field tape and lensatic sighting compass to measure 

net-displacement and bearings from release points. Based on these measurements, we estimated 

corresponding step lengths and mean vector lengths (i.e., correlation coefficients) for each canopy 

closure category. Estimations were made using code developed in Python 3.7 (Unpublished, 

Benjamin Pauli). 

4.3.3 Individual Based Model 

4.3.3.1 Background 

We built an IBM to quantify the effect of landscape heterogeneity on the distribution of 

living and dead subsidies given variation in movement, settlement and mortality probability. The 

simulation environment consists of a central pond (natal habitat) surrounded by terrestrial 

ecosystems with different canopy closure categories (juvenile/adult habitat). Virtual landscapes 

consist of 15 m by 15 m central ponds based on the estimated mean pond area of 236 m2 for the 

30 HEE ponds surveyed. Based on habitat types around ponds in the HEE landscape, the canopy 
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closure categories we considered in our IBM include open canopy (i.e., clear-cuts, patch-cuts), 

partial canopy (i.e., shelterwood, single-tree) and dense canopy (i.e., forest unharvested for 60 

years). The spatial extent of the virtual landscapes was 600 m by 600 m at 1 m2 resolution, 

capturing estimated dispersal and step ranges for emerging juvenile wood frogs from central ponds 

(Bellis, 1965).  

We conducted two sets of simulation experiments in NetLogo (version 6.0.4) software for 

spatially-explicit agent-based modeling (Tisue and Wilensky, 2004; Wilensky, 1999). In the first 

experiment, we implemented landscapes with homogeneous landscapes to examine differences in 

active subsidy distribution across canopy closure categories. We conducted the second set of 

experiments on heterogeneous landscapes varying the relative proportion and spatial distribution 

of each canopy closure category. In experiment 1ee focused on quantifying the effect of canopy 

closure, while in experiment 2, we focused on the effects of the relative proportion and spatial 

aggregation (i.e., cohesion and clumpiness) of each canopy closure category, and the effects of the 

overall landscape structure (i.e., contagion, contiguity and interspersion) on active subsidy 

distribution. These canopy closure metrics describe the tendency of each type of canopy closure 

to be spatially aggregated across a landscape and overall landscape metrics describe landscape-

scale spatial aggregation (McGarigal and Marks, 1995). All of these canopy closure and landscape 

structure metrics represent spatial habitat and landscape structure attributes that have been shown 

to affect animal dispersal success (King and With, 2002).  

We designed virtual wood frog movement in our model based on the movement behavior 

of juvenile wood frogs in the three canopy closure categories at the HEE and derived 

corresponding estimates of settlement and mortality from published work (Cline and Hunter, 2016; 

Funk et al., 2005; Harper et al., 2015; Patrick et al., 2008; Popescu et al., 2012; Popescu and Hunter, 
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2011; Rittenhouse et al., 2009; Semlitsch et al., 2009, 2008; Todd et al., 2014). To examine if and 

how spatial subsidy patterns respond to animal behavior as a function of landscape heterogeneity. 

Our goal was only to parameterize the model, not to test model output, as such data is very difficult 

to collect, and no such data sets currently exist. In our model, virtual wood frogs initiate movement 

from pond edges and disperse into the terrestrial ecosystem (juvenile/adult habitat) where they can 

move, settle and die during each time step.  

We assumed wood frogs behave (i.e., move and settle) and experience mortality differently 

in each type of canopy closure (Todd et al., 2014), so we implemented different wood frog 

movement, settlement and mortality probabilities for each canopy closure category. We did not 

consider demographic processes in our IBM, because we wanted to focus on the scale of post-

emergence juvenile dispersal. We assumed that dead subsidies remain at mortality sites as local 

nutrients or energy and cannot be moved once deposited. We also assumed that settled juvenile 

wood frogs experience lower movement probability and mortality risk as an advantage of habitat 

selection and familiarity (Muriel et al., 2016). Another assumption we made is that virtual wood 

frogs that enter the recipient ecosystem could not return to the donor (i.e., aquatic) ecosystem, 

consistent with wood frog inability to survive in water after metamorphosis. Dispersing wood frogs 

become local nutrient subsidies when they die (i.e., dead individuals) and consumer subsidies 

when they settle and forage (i.e., living individuals), causing potential bottom-up and top-down 

effects, respectively.  

4.3.3.2 Design 

Simulations consisted of 2000 virtual juvenile wood frogs dispersing from central virtual 

ponds into surrounding virtual landscapes. The virtual landscapes included torus boundaries so 

virtual wood frogs that reach an edge reenter the landscape at the opposite edge to maintain a stable 
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population of virtual wood frogs within the dispersal range for our model (Campbell Grant et al., 

2010). We initialized simulations with virtual wood frogs randomly distributed around the edges 

of virtual ponds at the origin of the world. We assumed virtual wood frogs moved into and through 

the recipient ecosystem over approximately 2000 timesteps at 15 minutes per timestep, active for 

12 hours per day over a 6-week emigration period (Homan et al., 2004). Virtual wood frogs also 

have a fixed probability of settlement (i.e., analogous to habitat selection and home rang 

establishment) and death (i.e., analogous to predation mortality) during each 15-minute timestep.  

We modeled virtual wood frog movement as a Correlated Random Walk (CRW). We 

parameterized virtual animal movement in our model within confidence intervals of mean step and 

vector lengths we calculated from juvenile wood frog movement tracks at the HEE. We varied 

virtual wood frog turning angles using a wrapped Cauchy distribution of turning angles —ὸ as: 

—ὸ —ὸ ρ ςÔÁÎ
ρ ‌

ρ ‌
ÔÁÎ“•ȟ 

ύὬὩὶὩ π ‌ ρȟὥὲὨ  

πȢυ • πȢυ 
t is a timestep and —ὸ ρ is the turning angle from a previous timestep. • is drawn from a 

uniform distribution over a delta distribution range of πȢυȟπȢυ to normalize the direction of 

movement trajectories to a null orientation angle. CRW movement is straighter as ‌ᴼρ and more 

sinuous as ‌ᴼπȢ  

We varied for each type of canopy closure based on corresponding estimates of annual 

survivorship, settlement and movement probabilities from previous studies (Cline and Hunter, 

2016; Funk et al., 2005; Harper et al., 2015; Patrick et al., 2008; Popescu et al., 2012; Popescu and 

Hunter, 2011; Rittenhouse et al., 2009; Semlitsch et al., 2009, 2008; Todd et al., 2014). We 
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determined baseline mortality, settlement and movement probabilities ‏ for 15-minute timesteps 

from annual estimates as: 

‏ ρ ρ ‍ Ⱦ 

ύὬὩὶὩ ‍ ὥὲὲόὥὰ ὴὶέὦὥὦὭὰὭὸώ ὩίὸὭάὥὸὩ 

ᾀ συπτπ ὭȢὩȢὲόάὦὩὶ έὪ ρυ άὭὲόὸὩ ὸὭάὩίὸὩὴί Ὥὲ ὥ ώὩὥὶ 

We determined final mortality and settlement probabilities for simulations and iteratively 

incremented baseline rates by 10% until all dispersers died or settled during the 2000 timestep 

duration. Each disperser draws a random number from corresponding uniform distributions (in 

[0,1]) at each timestep and moves, dies or settles if the number drawn is lower than the movement, 

mortality or settlement probability level for the simulation run. In our model, settled individuals 

die at fixed decremented rates corresponding to each canopy closure category to account the 

advantage of habitat selection and familiarity. 

4.3.3.3 Simulations  

In our experiments, we simulated and quantified spatial subsidy patterns emerging from 

virtual wood frog movement, settlement and mortality in experiment 1: forests with homogeneous 

canopy closure (i.e., open canopy, partial canopy or closed canopy) and experiment 2: 

heterogeneous forests of mixed canopy closure categories with different proportional compositions 

and spatial aggregation characteristics. We compared effects of overall landscape attributes 

including proportion and aggregation characteristics by type of canopy closure, to the influence of 

animal movement, settlement and mortality on resulting active subsidy distribution patterns.  

In experiment 1, we simulated wood frog movement, settlement and mortality on 

homogeneous virtual landscapes of with single canopy closure categories and compared resulting 

subsidy distribution patterns. We varied movement, settlement and mortality probabilities across 
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three levels (i.e., high, medium and low) in each canopy closure category (Table 1). We generated 

7,290 homogeneous landscapes assuming a fully factorial design of canopy closure, virtual 

juvenile wood frog movement, settlement and mortality probabilities with reduced rates form 

settlement (i.e., 3 levels each) at 10 replicates per parameter combination. We used predictor 

importance analysis (see Analysis section) results from experiment 1 to determine and select 

parameters that were most important for subsidy distribution. We varied selected parameters in 

experiment 2 and kept remaining parameters (i.e., settlement, movement probability) fixed within 

by type of canopy closure. 

In experiment 2, we simulated wood frog movement, settlement and mortality in 

heterogeneous landscapes with mixed canopy closure categories and examined resulting subsidy 

distribution patterns. We generated heterogeneous virtual landscapes using forest proportions 

drawn from random uniform distributions with up to 50% partial canopy forest and 50% no canopy 

forest with remaining proportions as dense canopy forest. To do this, we used package NLMR in 

program R version 3.5.3 to generate heterogeneous virtual landscapes based on a modified random 

clusters approach (Saura and Martínez-Millán, 2000). We created virtual landscapes at a 15 m2 

resolution (i.e., 40 by 40 grid) based on the mean aerial extent of a mature oak tree canopy (Muth 

and Bazzaz, 2003). We analyzed resulting virtual landscapes using package Landscapemetrics in 

program R version 3.5.3 to extract Fragstats-based descriptive spatial statistics (i.e., including 

overall landscape contagion, contiguity and interspersion with proportional composition, 

clumpiness and cohesion of canopy closure categories). Prior to simulating movement, we re-grid 

resulting rasters to 1 m2 resolution (600 by 600 grid) using package Raster in program R version 

3.5.3 to capture the limited spatial scale at which wood frogs interact with forest landscapes 
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(Sinsch, 2014). Based on the average area of the 30 HEE ponds we surveyed (236 m2), we included 

a 15 m by 15 m virtual pond at the center of each virtual heterogeneous landscape.  

Based on variable importance (see Analysis) results of experiment 1, we implemented fixed 

settlement and movement probabilities at intermediate levels, and varied mean step lengths, mean 

vector lengths and mortality probability for each canopy closure category in experiment 2. We. To 

vary settlement and movement probabilities, we randomly drew parameters from uniform 

distributions within 95% confidence intervals of (Table 3). Each replicate simulation run was a 

unique heterogeneous virtual landscape with a unique draw of mean step lengths, mean vector 

lengths and mortality probabilities drawn from corresponding confidence intervals. We generated 

200,000 virtual heterogeneous landscapes assuming a fully factorial experimental design with five 

levels of mean step and vector lengths, and mortality for each canopy closure category at one 

replicate per parameter combination. 

4.3.3.4 Analysis 

After each simulation run, we collected displacement and density metrics of living and 

dead subsidy distribution patterns. The response variables included the number of dead subsidies 

and the maximum subsidy deposition distance and range, the peak subsidy deposition density and 

the distance to peak deposition density for both living and dead subsidies. The maximum 

deposition distance is the distance to the most displaced subsidy from the donor-recipient (i.e., 

pond-terrestrial) ecosystem boundary. The maximum deposition range is the distance between the 

furthest and least displaced subsidies from the donor-recipient ecosystem boundary. The distance 

to peak density is the distance to the focal subsidy at the location of peak deposition density from 

the donor-recipient ecosystem boundary, and the peak deposition density is the maximum number 
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of subsidies per area demarcated by a radius (a) of 60 m (i.e., 10% of total landscape area) around 

each subsidy. 

In experiment 1, we used MANOVA to analyze all subsidy distribution metrics for 

significant differences between canopy closure categories. We used ANOVA coefficients to 

determine the significance of movement, settlement and mortality variables on each subsidy 

distribution metric. For each response variable, we conducted Tukey multiple comparison tests to 

determine significant pairwise differences between canopy closure categories. In experiment 2, we 

used classification and regression trees (CARTs) (Therneau and Atkinson, 2015) and random 

forest (Breiman et al., 2017) analyses to compare the effect of variation in overall forest contagion, 

contiguity and interspersion, and the relative proportions, cohesion and clumpiness across canopy 

closure categories with movement, mortality and settlement on subsidy distribution metrics. We 

used random forest analyses to determine the relative importance of predictors for response 

variables based on the increase in percentage mean square error and split purity (residual sum of 

squares) from 2000 random forest model fits. We developed random forest models with random 

sampling and permutation with bootstrapping and bagging on predictor levels fit to response 

observations. We supported random forest analyses with CARTs to determine natural breaks 

(splits) and likely outcomes in dependent variable observations in response to interactions in 

movement and mortality predictor level combinations. The minimum number of dependent 

variable observations required for a conditional CART split in response to predictor level 

combinations was 600 (greater than 10% of the total number of observations). The minimum 

number of dependent variable observations required for a conditional CART outcome in response 

to predictor level combinations was 200. We assigned a complexity parameter (Cp) value of 0.001 

to select and retain CART fits with response variable splits on predictor combinations that improve 
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the coefficients of determination for CART models by more than 0.1%. We extracted elements of 

CARTs that differentiated between outcomes by a minimum of 10% of the total number of 

observations based on comparable predictor combinations across subsidy distribution metrics. We 

conducted separate analyses on emergent subsidy distributions from variation in CRW and LW 

movement patterns with mortality probability, and space-based versus time-based mortality with 

LW step length variability.  

We synthesized CART trends into charts. To do this, we grouped CARTs related to subsidy 

deposition distance and density metrics into respective displacement (i.e., 6 CARTs) and density 

(i.e., 4 CARTs) categories. In the resulting charts, bold lines indicate trends observed in all 

representative CART figures for each subsidy distribution metric category. Thin lines indicate 

trends featured in more than one but not all representative CART figures for each subsidy 

distribution metric category. See supplementary materials for all the component carts that were 

synthesized in our results. 

4.4 Results 

Comparing subsidy distribution metrics across homogenous landscapes from experiment 

1, all displacement and density metrics of subsidy distribution were significantly different across 

canopy closure categories ὓὃὔὕὠὃȠ Ὂ  σπȢυφȟὴ  πȢππρ. Both displacement and density 

metrics were also significantly different across canopy closure categories ὃὔὕὠὃȠ Ὂȟ

 σπȢυυȟὴ  πȢππρȢ All response variables were significantly different for pairwise comparisons 

among forest treatments ὝόὯὩώὌὛὈȠ ὴ  πȢππρ except for the distance to peak density for 

both living and dead subsidies. Canopy closure was the most dominant predictor of density-based 

metrics (i.e., number and peak deposition density) of living and dead subsidy distribution (Figure 
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17; Appendix C Tables 12 and 13). Canopy closure was also the most influential predictor of 

displacement-based metrics (i.e., maximum deposition distance, range and distance to peak density) 

of dead subsidy distribution. Mean step and vector lengths strongly predicted the extent of living 

subsidy displacement. Mortality probability was an important secondary predictor and settlement 

probability was generally the least important variable for both displacement and density metrics 

of living and dead subsidy distribution. 

In experiment 1, low mortality scenarios in closed canopy forests resulted in the greatest 

living subsidy displacement (Figure 16). Given higher and intermediate mortality, smaller steps 

resulted in the lowest living subsidy displacement. However, straighter movements attenuated this 

effect and resulted in intermediate living subsidy displacement. Denser canopy closure generally 

reduced living and dead subsidy displacement from the shared ecosystem boundary but lower 

mortality enhanced dead subsidy displacement. Living subsidy density increased with canopy 

closure (Supplementary information, Appendix C). Density-based metrics for dead subsidies were 

highest in open canopy forest, lowest in closed canopy forest and intermediate for partial canopy 

forest. 

In heterogenous habitats from experiment 2, the proportion and cohesion of open canopy 

forest was the most influential predictor of density-based metrics of living and dead subsidy 

distribution (Figure 17). The proportion and cohesion of closed canopy forest were important 

secondary predictors of density-based metrics of living and dead subsidies. Overall landscape 

contagion and interspersion also strongly predicted density-based metrics of living and dead 

subsidy distribution. Mean step and vector lengths in closed canopy forest were generally the most 

important predictors for displacement-based metrics of living and dead subsidy distribution. 

Mortality probability in closed and partial canopy forest was an important secondary predictor 
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living subsidy displacement. Mean step and vector length in open canopy forest were important 

determinants of displacement-based metrics of dead subsidy distribution.  

In experiment 2, living subsidy displacement was highest for longer, straighter movements 

given lower mortality in landscape with a greater proportion of closed canopy forest with higher 

cohesion (Figure 18). Lower mortality in partial canopy forest resulted in intermediate living 

subsidy displacement. Longer, straighter movement in landscapes with a greater proportion of 

open canopy forest with higher cohesion resulted in the furthest displacement dead subsidies. 

Higher mortality and straighter movement in landscapes with greater proportions and cohesion of 

closed canopy forest resulted in greater distances to peak dead subsidy deposition density. 

Straighter movement resulted in greater distances to peak density for living subsidies in landscapes 

with greater proportions of open canopy forest. Given lower mortality in closed canopy forest, the 

highest living subsidy densities occurred in landscapes with lower proportions of open canopy 

forest and higher closed canopy forest cohesion (Figure 19). Higher mortality and straighter 

movement in open canopy forest with higher cohesion resulted in the least dense subsidy 

distributions. More sinuous movement in landscapes with higher proportion and cohesion of open 

canopy forests resulted in the greatest dead subsidy densities. Higher mortality in landscapes with 

higher proportion of partial canopy forest resulted in intermediate dead subsidy density. Given 

lower mortality, the least dense dead subsidy distributions resulted from straighter movement in 

landscapes with greater proportion and cohesion of closed canopy forests.  

In summary, subsidy distribution patterns were significantly different across forest 

treatment. Mean step and vector lengths mattered more for subsidy displacement and mortality 

mattered more for subsidy density. Mortality was generally the second most influential for juvenile 

wood frog subsidy distribution patterns. Overall landscape contagion and interspersion also 
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predicted subsidy distribution patterns but with less influence than proportional composition and 

cohesion of canopy closure categories. Longer, straighter movement and lower mortality in 

landscapes with greater proportion and cohesion of closed canopy forest deposited more living 

juvenile wood frog subsidies at higher density further from source ponds. Higher mortality in 

landscapes with greater proportion and cohesion of open canopy forest, sinuous movements 

deposited more dead subsides at higher densities closer to the source ponds, but lowering mortality 

increased dead subsidy displacement and decreased corresponding dead subsidy density. Partial 

canopy forests generated intermediate living and dead subsidy displacement and density.  

4.5 Discussion 

This research provides a systematic analysis of the influence of landscape heterogeneity on 

active subsidy distributions across a broad parameter space using an ecologically informed abstract 

modeling approach. Our work provides general insights towards a unifying framework for 

improving the utility of ecosystem models in spatial subsidy research. Our models demonstrate 

that spatial subsidy models that account for landscape heterogeneity can improve our 

understanding of corresponding subsidy distributions and impacts in natural ecosystems. 

Landscape heterogeneity affects subsidy deposition patterns, because animal space use depends 

on habitat type (Morales and Ellner, 2002). Despite established evidence of the influence of 

landscape structure on animal space use and movement (Morales and Ellner, 2002), there is limited 

information on the connection between landscape structure and active subsidy distributions. My 

work is the first that links spatial subsidies to the influence of landscape heterogeneity on animal 

movements using a combination of individual-based and movement ecology approaches. Our 

results from simulating the effect of landscape heterogeneity on juvenile wood frog subsidy 

distributions show that the relative proportional compositions, spatial configuration and suitability 
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of multiple habitat types influences emergent spatial subsidy patterns. Consumer and nutrient 

subsidy distributions vary with animal mortality, movement and settlement behavior as a function 

of corresponding spatial heterogeneity in habitat structure (e.g., quality, spatial extent and 

configuration). Animals move further in heterogeneous landscapes with larger proportions and 

greater aggregation (i.e., cohesion, contagion) of favorable habitat, displacing corresponding 

nutrient and consumer subsidies at higher densities further into recipient ecosystems. This is 

consistent with urban wetland research showing that amphibian species abundance, richness and 

regulation of invertebrate pest populations varies with the extent and density of green space foliage, 

and decreases as impervious surface cover and structural complexity increases (Hamer and 

McDonnell, 2008).  

Spatial subsidy models can enrich our understanding of the ecosystem impact of animal 

nutrient and consumer subsidy distribution in processes like animal-mediated seed dispersal by 

accounting for the influence of landscape heterogeneity on animal movement, mortality and habitat 

space use. Our results show that consumer subsidies move further in landscapes with greater 

proportions and cohesion of more favorable habitat, indicating that landscape heterogeneity can 

affect consumer and nutrient subsidy distribution in ecological processes such as animal-mediated 

seed dispersal. Many frugivorous birds and primates consume and disperse significant amounts of 

fruit and seeds deep into large, continuous closed canopy forests compared to smaller dispersal 

kernels in fragmented forest habitats (Da Silveira et al., 2016; Link and Di Fiore, 2006; Saavedra 

et al., 2014). Striped-cheek greenbuls in the Tanzanian Usambara Mountains consume Letonychia 

tree fruits and disperse seeds into large, continuous tropical forests in the Amani Nature Reserve 

over twice as far as they do in adjacent forests interspersed with tea plantations (Cordeiro and 

Howe, 2003). Similarly, spider monkey communities in the Lacadona-Maya rainforest in 
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southeastern Mexico deposit nutrient subsidies at high densities around sleeping trees and sites 

deep into tropical rainforest and away from interspersing rural farmlands and human settlements 

(González-Zamora et al., 2012). Droppings facilitate forest regrowth and plant species diversity 

near abandoned farmland, but forest regeneration declines with spider monkey movement and the 

spatial extent of forested habitat as human settlement and farmland cover increases.  

 Proportional composition and spatial aggregation of land cover types across different 

degrees of favorability in heterogenous landscapes influences the consumer subsidy distribution. 

Maintaining large, continuous forested habitat via silvicultural management can enhance dispersal 

and survival, as well as persistence and genetic diversity for organisms whose movements are 

extremely sensitive to timber harvest (Cobben et al., 2012; Litvaitis and Villafuerte, 1996). Our 

results show that given low mortality, straighter movement in landscapes with greater proportion 

and spatial aggregation of suitable habitat resulted in juvenile wood frog consumer subsidy 

deposition at higher densities further from source ponds. Many amphibian species rely on large 

tracts of closed canopy forests to provide cover from desiccation and predator detection during 

natal dispersal and breeding migrations between ponds and the surrounding terrestrial landscape 

(Chelgren and Adams, 2017). Amphibian consumers disperse and regulate invertebrate 

agricultural pest communities farther from source ponds into rural farmlands with greater 

proportion of connected closed canopy habitat (Khatiwada et al., 2016). Amphibian consumer 

subsidy spread and corresponding impacts on invertebrate herbivore and pollinator communities 

affects plant productivity (McCoy et al., 2009). Heterogeneous forests with greater proportion and 

cohesion of closed canopy forests around ponds can enhance amphibian dispersal and increase 

corresponding spatial extents and impacts of potential trophic cascades. Accounting for variation 
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in animal dispersal in response to variability in the spatial extents and aggregation of quality habitat 

can improve our understanding of corresponding consumer subsidy distributions and impact. 

Landscape heterogeneity as proportional composition and spatial aggregation of 

unfavorable habitat affects nutrient subsidy distribution and related ecosystem impacts like 

nutrient hotspots with corresponding spatial variability in primary production (Polis et al., 1997; 

Polis and Strong, 1996). Incorporating reduced-impact logging approaches in silvicultural and 

general landscape management practices can enhance nutrient subsidy spread by limiting 

attenuating effects of clearcutting on the dispersal success and survival of species that are sensitive 

to timber harvest (Putz et al., 2008). This is consistent with our finding that mortality in landscapes 

with greater proportion and spatial aggregation of unsuitable habitat constrained animal dispersal 

success and resulted in dense nutrient subsidy distributions close to pond-forest ecosystem 

boundaries. Conservation-based timber harvest practices like large, continuous closed canopy 

forest buffers around source ponds or populations, as well as single tree selections and patch-cuts 

to provide transition habitats with partial canopy forests can mitigate impacts upon animal 

dispersal (Freidenfelds et al., 2011; Veysey Powell and Babbitt, 2015). Using a mix of silvicultural 

and landscape management approaches could enhance species diversity as function of habitat 

preference and resource selection by specialist species. For instance, while crown-dwelling 

frugivorous and insectivorous birds respond negatively to dense canopy forest, lower branch 

dwellers like nectarivores and granivores respond positively to selective logging (Burivalova et al., 

2015; Thiollay, 1997). Landscape heterogeneity could therefore affect the spatial extent and 

impact of nutrient subsidy feedback (e.g., vegetation growth at latrine sites) as a function of 

variation in species habitat preferences. Spatial subsidy research can provide insights into 

landscape-scale subsidy impact by considering the influence of heterogeneity in unfavorable 
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habitat matrix composition (Haynes and Cronin, 2004) and configuration on dispersal movements 

(Cline and Hunter, 2016) and spatial subsidy impacts. 

Our research provides a foundation for connecting spatial impacts of aquatic insect and 

amphibian contaminant transport, disease transfer and nutrient export to movement behavior 

influenced by spatial heterogeneity in habitats of different quality across landscapes. While 

variation in microhabitat and microclimate conditions with forestry practices has been shown to 

affect amphibian and aquatic insect movements and habitat selection (French and McCauley, 2019; 

Volpe et al., 2016), no research explored effects on subsidy spatial patterns prior to our work. 

Emerging amphibians have been shown to transport bioaccumulated trace elements (e.g., heavy 

metals) as well as diseases (e.g., chytridiomycosis, ranavirus) from aquatic to terrestrial 

ecosystems (Harper and Petranka, 2006; Kolby et al., 2015; Unrine et al., 2007). Our research 

demonstrates that predicting spatial impacts of amphibian-transported contaminants and disease 

transfer in terrestrial food webs and metapopulations will require knowledge about how amphibian 

behavior changes with habitat and landscape structure. A 21-year study on naturally occurring 

wood frog populations in central hardwood forest revealed a mean net export of 12.8 kg carbon 

(C ), 3.5 kg nitrogen (N) and 1 kg phosphorous (P) in the form of emerging juveniles from a single 

pond (Capps et al., 2015). The study suggests that vernal pools are subsidy hotspots that transform 

low quality nutrients like leaf litter into high quality nutrients like amphibians and 

macroinvertebrates, which move into forest landscapes. However, factors affecting the spatial 

distribution of these nutrients are unclear, impeding our ability to predict and understand the spatial 

impacts of amphibian related ecosystem services. A similar perspective could presented for the 

role of these animals in pest control (Hocking et al., 2014). Our work shows that considering 

emerging aquatic insects and amphibian behavior in response spatial variation in microhabitat and 
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overall landscape structure will improve estimates of the spatial distribution and impact of nutrient 

export in wildlife and ecosystem management scenarios.  

 To improve model realism in future work, active subsidy models should account for spatial 

subsidy responses to the influence of habitat edges on animal movement behavior and mortality. 

Animals move differently and experience different mortality conditions at habitat edges compared 

to interior habitat, resulting in corresponding variability in active subsidy distributions (Frair et al., 

2005; Heim et al., 2015; Pittman et al., 2013; Popescu and Hunter, 2011; Walston and Mullin, 

2008). Therefore, different movement behavior or mortality conditions at habitat edges could 

affect active subsidy distributions if animals avoid unfavorable habitat by either moving along or 

away from habitat edges. Demographic processes and animal body size could also affect the animal 

movement behavior and the amount of nutrient deposition from mortality events (Briggs et al., 

2012; Demi et al., 2012; Peterman et al., 2013). Accounting for body size from variation in 

resource distributions as a function of landscape heterogeneity in our model could affect resulting 

nutrient and consumer subsidy deposition patterns differently. Considering secondary and tertiary 

movement of carcasses by scavengers could also influence nutrient subsidy deposition patterns in 

response to habitat heterogeneity (Earl and Zollner, 2017). In future work, pattern-matching 

model-based subsidy distributions to field observations of spatial subsidy patterns will help test 

model improvements in real-world applications. Spatial subsidy models that consider edge effects, 

animal body size, demographic processes and potential spatial transience of nutrient subsidies as 

a function of scavenger or other secondary movements can be more useful for estimating the 

location and impact of nutrient subsidies in landscape and wildlife management scenarios. 
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4.6 Conclusion 

We used an individual-based model of juvenile dispersal from forest ponds into 

surrounding landscapes in central hardwood forests to show that landscape heterogeneity is an 

important factor for active subsidy distribution. We demonstrated that the relative proportion and 

spatial aggregation of favorable to unfavorable habitat can affect the extent and intensity of living 

and dead subsidy distributions via animal movement, settlement and mortality. Greater 

proportional composition and spatial aggregation of higher quality habitat in heterogenous 

landscapes displaces consumer subsidies further and at higher densities in recipient ecosystems. 

Nutrient subsidy displacement and deposition densities decrease in heterogeneous landscapes with 

higher proportional compositions and spatial aggregation of lower quality habitat types. Spatial 

subsidy research can improve our understanding of how animal movements impact ecosystems by 

accounting for the influence on landscape heterogeneity. 
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4.8 Tables and Figures 

Table 3 State variables with parameter values used in individual-based model simulations. In experiment 1, state variable parameters 

varied across Low, Medium (Mid) and High levels corresponding to homogeneous virtual landscapes with a single canopy closure 

category. Except for movement settlement probability in experiment two, state variable parameters were randomly selected from a 

random uniform distribution between Low and High values corresponding to each canopy closure category in heterogeneous 

landscapes. We fixed movement and settlement probabilities at Mid-level for all experiment 2 runs because experiment 1 showed that 

they their influence on subsidy distribution metrics was generally limited compared to the other state variables. 

 

State Variables 

Canopy Closure Category 

Open Canopy Partial Canopy Closed Canopy 

Low Mid High Low Mid High Low Mid High 

Mean Vector Length (MVL)  0.52 0.67 0.82 0.41 0.52 0.63 0.14 0.3 0.46 

Mean Step Length (MSL) (m) 0.26 0.39 0.52 0.23 0.27 0.31 0.18 0.28 0.38 

Mortality Probability  0.005 0.0075 0.01 0.001 0.0025 0.005 0.00075 0.001 0.0025 

Settlement Probability 0.0005 0.00075 0.001 0.001 0.0025 0.005 0.0025 0.005 0.0075 

Movement Probability 0.5 0.55 0.6 0.7 0.75 0.8 0.9 0.95 0.99 
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Figure 16 Design concept: Simulation design, procedure and process flow for IBM sub-models 

(i.e., movement, settlement and mortality) and outcomes (i.e., living and dead subsidies). 

Recipient ecosystem consists of homogeneous or heterogeneous forest canopy closure 

categories: open, partial and closed canopy. Movement was implemented in simulations using 

per-step movement probability and correlated random walk (CRW) based on per-step mean step 

and vector lengths derived from HEE juvenile wood frog track surveys by canopy density. We 

implemented per-step probabilities of mortality and settlement that varied with canopy closure 

category and occurred stochastically as dispersers travelled through recipient ecosystem. Living 

subsidies settle and mortality results in dead subsidies. 
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Figure 17 Predictor importance measured as increase in percentage mean square prediction error for most influential metrics of living 

(consumer) and dead (nutrient) juvenile wood frog subsidy distribution in heterogeneous landscapes (i.e., experiment 2). Larger values 

indicate greater importance. Animal movement behavior is more important for subsidy displacement than landscape heterogeneity and 

landscape heterogeneity is more important for subsidy density than animal movement behavior. Solid bars represent results for living 

subsidies and patterned bars represent results for dead subsidies. Taller bars indicate greater predictor importance (See section T in 

supplementary information (Appendix C) for detailed tables with values for variable (%IncMSE) and precision (IncNodePurity) (Table 

12)). 

 

0

2

4

6

8

MAXIMUM DISTANCEMAXIMUM RANGE DISTANCE TO PEAK 
DENSITY

PEAK DENSITY NUMBER OF 
SUBSIDIES

%
 I

N
C

R
E

A
S

E
 I
N

 M
E

A
N

 S
Q

U
A

R
E

 E
R

R
O

R

MSL in Closed Canopy (Living Subsidies) MSL in Closed Canopy (Dead Subsidies)
MSL in Open Canopy (Living Subsidies) MSL in Open Canopy (Dead Subsidies)
MVL in Closed Canopy (Living Subsidies) MVL in Closed Canopy (Dead Subsidies)
Mortality in Closed Canopy (Living Subsidies) Mortality in Partial Canopy (Living Subsidies)
Open Canopy Cohesion (Living Subsidies) Open Canopy Cohesion (Dead Subsidies)
Open Canopy Proportion (Living Subsidies) Open Canopy Proportion (Dead Subsidies)
Closed Canopy Cohesion (Living Subsidies) Closed Canopy Cohesion (Dead Subsidies)
Closed Canopy Proportion (Living Subsidies) Closed Canopy Proportion (Dead Subsidies)
Landscape Contagion (Living Subsidies) Landscape Contagion (Dead Subsidies)

 1
4

4 



142 

 

Figure 18 Synthesis of subsidy displacement trends in heterogeneous landscapes. Given lower 

mortality and straighter movements with greater step lengths in heterogeneous forests, greater 

cohesion of closed canopy habitat resulted in greater subsidy displacement. Lower mortality in 

partial canopy habitat generated intermediate subsidy displacement. Straighter movement in 

open canopy displaced subsidies farther into recipient ecosystems, particularly for dead 

subsidies. Chart relationships delineated with heavy lines represent instances where 6 

representative CARTs agreed while relationships delineated with lighter lines represent instances 

where at least half but not all constituent CARTs agreed. See figure 35 in supplementary 

materials (Appendix C) for detailed CARTs synthesized here. 

 


























































































































































































































































