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Landscapes of Fear (LOF), the spatially explicit distribution of perceived predation risk as
seen by a population, is increasingly cited in ecological literature and has become a
frequently used “buzz-word”. With the increase in popularity, it became necessary to
clarify the definition for the term, suggest boundaries and propose a common framework
for its use. The LOF, as a progeny of the “ecology of fear” conceptual framework, defines
fear as the strategic manifest of the cost-benefit analysis of food and safety tradeoffs. In
addition to direct predation risk, the LOF is affected by individuals’ energetic-state, inter-
and intra-specific competition and is constrained by the evolutionary history of each
species. Herein, based on current applications of the LOF conceptual framework, | suggest
the future research in this framework will be directed towards: (1) finding applied
management uses as a trait defining a population’s habitat-use and habitat-suitability; (2)
studying multi-dimensional distribution of risk-assessment through time and space; (3)
studying variability between individuals within a population; and (4) measuring eco-
neurological implications of risk as a feature of environmental heterogeneity.
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7  Abstract
8 Landscapes of Fear (LOF), the spatially explicit distribution of perceived predation risk

9 asseen by a population, is increasingly cited in ecological literature and has become a frequently
10 used “buzz-word”. With the increase in popularity, it became necessary to clarify the definition
11  for the term, suggest boundaries and propose a common framework for its use. The LOF, as a
12 progeny of the “ecology of fear” conceptual framework, defines fear as the strategic manifest of
13 the cost-benefit analysis of food and safety tradeoffs. In addition to direct predation risk, the
14 LOF is affected by individuals’ energetic-state, inter- and intra-specific competition and is
15 constrained by the evolutionary history of each species. Herein, based on current applications of
16 the LOF conceptual framework, I suggest the future research in this framework will be directed
17 towards: (1) finding applied management uses as a trait defining a population’s habitat-use and
18 habitat-suitability; (2) studying multi-dimensional distribution of risk-assessment through time
19 and space; (3) studying variability between individuals within a population; and (4) measuring

20 eco-neurological implications of risk as a feature of environmental heterogeneity.

21
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22 Introduction

23 The study of community ecology has developed from a study of how species affect each
24 other in terms of resource competition to the study of how that competition affected community
25  structure over evolutionary time (Morris & Lundberg, 2011). In other words, how species’

26 resource-use efficiency impacts inter-species interactions on an evolutionary scale— resulting

27 with present day community structures shaped by extinction and speciation events (Vincent &

28 Brown, 2005). This historical shift can be traced back to the model that first tested top-down

29 trophic cascades (e.g. Paine, 1963), and the birth of the predator-prey dynamics research group.
30 The work of this group continues to narrow leading to the majority of efforts being invested in
31 the study of non-consumptive effects of predators on entire communities (Appendix I). Joel

32 Brown colloquially referred to these dynamics the “ecology of fear” (Brown, Laundré & Gurung,

33 1999).

34 While the ecology of fear continued to focus on the means by which community structure
35 impacts specific behaviors, some choose to broaden the study onto an ecosystem level (e.g.

36 Madin, Madin & Booth, 2011). Such theses assess ecosystem health using the trophic cascades
37 as the basis for a new theory of behavioral cascades reverberating down the food chain and

38 affecting habitat selection of species along the chain.

39 John Laundré (2001) called this effect the “Landscape of Fear” (LOF). The use of the

40 LOF, as a concept, is gaining favor as more studies investigate spatial dynamics in distribution of
41  populations using a community centric lens. This review has two main objectives: (1) clearly

42  define the LOF, while dispelling common misuses of the term. And (2) discuss how the current

43 literature uses LOFs, suggesting future trajectories possible for this growing research program.

Peer] reviewing PDF | (2017:02:16359:1:1:NEW 27 May 2017)

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2840v2 | CC BY 4.0 Open Access | rec: 27 May 2017, publ: 27 May 2017




Peer)

44  Review Method

45 For the purpose of this review, I conducted a literature search for manuscripts that use the
46 term “landscape(s) of fear” as part of their title, or within their key-words and abstracts. The

47  search was conducted on Google Scholar©, Wiley Interscience Online Library©, JSTORO and
48 Thompson Reuters” Web of Science©. Every manuscript found in the search was examined and
49 if it studied spatial distribution of predation risk it was included in the database. Every

50 manuscript was mined for the following information: definition of the LOF(s), article type

51 (review, opinion, or empirical), publication aim (based on journal guidelines), method used and
52 study system (in studies providing data), and the theoretical contributions each brings to the field
53 (if any). Three manuscripts were added to the database (despite not mentioning LOF per-se in
54  their abstracts, or being peer reviewed): my own Ph.D. thesis (Bleicher 2014) and two

55 manuscripts that were cited regularly in other manuscripts (Zanette & Jenkins, 2000; Ripple &

56 Beschta, 2003).

57 Defining the LOF

58 Among growing interpretation of the LOF concept it is critically important to provide a

59 concise and clear definition. The LOF is a behavioral trait of a population of animals. The LOF
60 provides a spatially dependent, yet geographically independent, measure of the way an animal
61 “sees” it’s world— it’s umwelt (cf. Uexkiill, 1909). In other words, it is a measure of the way
62 the animal perceives its environment based on the cost-benefit analysis of the tradeoff of food an
63 safety associated with foraging in specific areas of the habitat available to it (¢f. Brown, Laundré
64 & Gurung, 1999). As such, LOFs are affected by a large variety of biological, evolutionary and

65 yes— sometimes geographic variables.
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66 (1) Predation risk.
67

68 The most studied factor impacting an animal’s LOF is direct and perceived predation risk
69 (cf- Laundré, Hernandez & Altendorf, 2001; Laundré, Hernandez & Ripple, 2010). Within

70 predation risk, three major factors impact the LOF: (1) diversity of the predator community, (2)
71 predation intensity [activity of predators] and (3) information [how well can the animal predict

72 the likelihood of being attacked] (Brown, 1999).

73 A forager has to strategically decide where to forage based on the type of risk presented
74 by the predators it is likely to face. For example, the decisions a forager must take to manage risk
75 from ambush predators will differ greatly from those it will take to manage risk from a flying

76 predator. In a case of Negev Desert gerbils facing barn owls and vipers, gerbils showed an ability
77  to alter their LOF to adjust to the owl, a larger perceived threat than vipers, during the nights an
78 owl is present in the experimental vivarium (Bleicher, 2014). Similarly, the features of the LOF
79  will change based on the predator activity levels. A number of studies use landscape rugosity,

80 how “wrinkled” the landscape appears, as a means to express heterogeneity in patterns of

81 perceived-risk distribution (Laundré et al., 2010, Bleicher, 2014). The best variable proposed to
82 measure this feature of the LOF is the mean rate of change in foraging tenacity over space (mean
83 harvested resources/meter). The greater the risk, the steeper the difference between safe and

84 risky zones in the LOF. Thus, mean rugosity should increase as predator activity levels increase

85 (Brown & Kotler, 2004).

86 (2) Energetic-state
87 Gallagher et al. (2017) offer the opinion that the field of LOFs and the field of energy

88 landscapes (using energetic-expenditure to explain movement through space) should be

Peer] reviewing PDF | (2017:02:16359:1:1:NEW 27 May 2017)

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2840v2 | CC BY 4.0 Open Access | rec: 27 May 2017, publ: 27 May 2017



Peer)

89 combined as they are two facets of the same coin. In many ways, they are correct, however the
90 field of LOF has already focused a large portion of its scientific effort to quantifying the LOF

91 using energetic tradeoffs, and foraging in particular.

92 This was first justified using an example with cape ground squirrels (Xerus inauris) where
93 the costs associated with the distance they must venture from shelter altered their perception of
94 risk (Van Der Merwe & Brown, 2008). Distance from refuge was an exercise in adding non-

95 direct predation costs into the calculation of the LOF.

96 The possible variables that could alter an animal’s LOF include both physiological and
97 external variables. Individuals (and populations) should take greater risk based on the increase
98 in stress imposed by drought, blight, disease and parasites. Assuming optimal foraging,

99 perceived resource availability should affect forager decisions. Stressed foragers will likely visit
100 patches of greater risk-variability (high likelihood of a patch not yielding resources) (Real &
101  Caraco, 1986). Alternately, resource shortage, will drive the stressed foragers to take risks by
102 moving greater distances in search of isolated high quality patches, as in the case of Simpson
103  Desert dunnarts (Haythornthwaite & Dickman, 2006; Bleicher & Dickman, 2016). Another
104 factor impacting the energetic balance of the LOF is parasite load, both physiologically and

105 Dbehaviorally (Raveh et al., 2011).

106 Seasonal variability brings with it resource shortages that can shift the risk-taking

107 behavior, namely water shortage (e.g. Shrader et al., 2008; Tadesse & Kotler, 2011; Arias-Del
108 Razo et al., 2012). In times of drought, thirsty herds of African savannah ungulates are known to
109 descend to water holes teeming with crocodiles and other predators. In this case the probability
110 of escaping the predators, though meager, is still lower than the probability of dying from

111 dehydration. It is the balance of risk and energetics that governs the LOF choices in the majority
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112 of cases.

113 (3) Demographics

114 The success of an individual, its fitness, is measured not by the amount of energy (food)
115 it successfully harvests from the environment, but in the successful conversion of that energy
116  into viable offspring. Thus, competition for mates and care for offspring have an important role
117  in determining both resource needs and risk-taking probability in opposite direction. Because of
118 the time sensitivity of both offspring care and mating seasons, these shifts in behaviors will

119 temporarily change the LOF for each individual, and collectively for the population.

120 In a study of collared peccaries, mothers protecting offspring remained in the safety of a
121 wadi while males, not concerned with offspring safety, were observed foraging on resources near
122 ahiking trail frequented by 1500 visitors daily (Bleicher & Rosenzweig, in preparation). This
123 phenomenon, of parental intimidation, and it’s deleterious reproductive consequence were

124  observed in a study on song sparrows (Zanette et al., 2011). On the flip side, during courtship,
125 risk-taking in males, as in examples of lek behaviors, can lead to increased reproductive success

126  (Boyko et al., 2004).

127  (4) Density Dependence- Intraspecific Competition

128 Living in a group provides safety in numbers (Rosenzweig, Abramsky & Subach, 1997),
129 however the intraspecific competition can result in deleterious impacts on the foraging efficiency
130 of individuals affecting the entire population’s fitness (Berger-Tal et al., 2015). Spatially,

131 ecologists assume ideal free distribution, suggesting that the populations will disperse when the
132 environmental conditions do not meet ideal fitness returns for individuals (Morris, 2003). By

133 changing the scale on which we make our observations, we undoubtedly will be exposed to

134  different stories. On small scales we can observe the decision-making process impacting
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135 individual, however on larger scales we are privy to the dynamics of the entire population (Druce

136 et al., 2009).

137  (5) Community structure — Interspecific Competition
138

139 The study of habitat selection has been largely dominated by community studies testing

140 strong-weak competitor pairs of species (e.g. Rosenzweig, 1973; Dickman, 1986; Abramsky,
141 Rosenzweig & Subach, 2001; McGill et al., 2006). Most of these studies suggest that a strong,
142  more aggressive competitors, forces the weak to forage in less profitable habitat (greater risk/
143  lower resources). This can also manifest itself in temporal partitioning (Kotler et al., 2002). This
144 evidence strongly suggests that the LOF of a population in isolation will not compare with the

145  same population’s LOF when competing for resources.

146 A couple of studies thus far have identified (or referred to) the impacts of competition on the
147  LOF of competing species. (1) Competition for resources had greater impact on habitat selection
148  in lemmings. This was attributed to the fact that the foraging season is very short and risk

149 aversion may lead to starvation over the arctic winter (Dupuch, Morris & Halliday, 2013). In
150 another example, the competition for resources can manipulate the distribution of predators. (2)
151 In studies at various sites in Australia, dingo presence suppressed mesopredator populations

152 (Ritchie & Johnson, 2009). Similarly, the competition between the invasive mesopredators

153 suppresses the population of the competitor. When foxes are hunted the feral cat populations

154  explodes and vice versa (Glen & Dickman, 2005; Allen, Allen & Leung, 2015), this in turn has a

155 trickle-down effect on prey LOFs.

156  (6) Evolutionary History — Ghosts of Predator and Competitor Past.

157 Behavioral and applied ecologists rarely study the evolutionary history of their species. The
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158 conditions (environment, community structure, resources) in which the species evolved will
159 determine the tools which the species has to assess risk and make the strategic decisions it needs

160 to draw its LOFs.

161 In a macroevolutionary study, populations of convergent desert rodents were brought to a
162 common arena and exposed to predator present in both systems, vipers and barn owls (Bleicher,
163  2014). The rodents of the Mojave Desert, that evolved with vipers that have heat sensing

164  capabilities focused on the snakes as the focal driver of their LOF. The owl presence only

165 elevated the risk in the entire landscape.

166 Rodents of the Negev Desert, who evolved with snakes blind in the dark, fear owls above
167 snakes (Kotler et al., 2016). As a result, they redraw their LOF based on the greatest risk in the
168 environment. On nights with vipers alone, they identify the ambush sites of snakes and avoid
169 those. On nights with both vipers and owls they avoid the flight paths of the owls in the arena

170  (vivarium).

171 Misinterpretation — avoiding misuse

172 There are three major misuses commonly published in the LOF literature. It is important to
173  state them and discuss how these could be easily avoided for the benefit of this research

174  program.

175 (1) Using the LOF concept interchangeably with habitat use. Animals will avoid habitat they
176  perceive as risky, thus the LOF can be used to measure a population’s habitat selection.

177 However, it is important to re-emphasize that it is not the habitat alone that is responsible in

178 shaping the LOF. This confusion is perpetuated by the fact the 81% (63) of manuscripts apply

179 the LOF as a descriptor for habitat-selection. This problem is exacerbated by the fact the majority
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180 of manuscripts that misinterpret the term are able to draw sound conclusions about habitat

181 selection.

182 (2) Suggesting predators impose a LOF. It is very metaphorically colorful to suggest that the
183 presence of a predator imposes a LOF, however, every population interprets risk cues even in the
184  absence of predators. This misinterpretation is most commonly published in applied journals,
185  with 47% (9) of the applied-ecology manuscripts making this type of statement. The appropriate
186 expression of these ideas, must refer to changes in the perceived risk associated with features in
187 the landscape. This distinction was best shown in a study of vervet monkeys responding to

188 playback of alarm calls corresponding to different predator types. This experiment generated

189 three dimensional LOFs based on elevation in trees and spatial-distribution of safe zones within
190 the troop’s home-range (Willems and Hill, 2009). Each call-type changed the monkeys’

191 preferred habitat.

192 (3) Using the LOF as jargon without defining the term. Though not common, 4% (3) of the

193 manuscripts used the term, LOF, without defining it.

194 General Review Results

195 Since the year 2000, 77 manuscripts (Appendix II) were published either using the term LOF
196  (in title, key-words or abstract). The publication rate has been increasing steadily since 2001,

197 with a mean of 5.1£0.7 SE manuscripts per year (Figure 1).

198 Of these 77 manuscripts 75% are empirical tests that employ the concept, while the rest of
199 the manuscripts discuss implications in form of review and opinion papers. The majority of
200 papers (76%) were published in journals dedicated to general ecology and zoology (e.g. Ecology

201  ©, Oikos© and the Canadian Journal of Zoology ©) (Table 1).
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202 With the rise in popularity of the term, the rate of misuse has also increased significantly.

203 Between 2001-2009 a mean of 11% of the publications (per annum) used a definition different
204 than the one intended by Laundré and Brown based in the “ecology of fear” (Brown, Laundré &
205 Gurung, 1999). Between 2009-2016 the rate of misuse of the term increased to a mean of 35%.
206 (Figure 1). For the purpose of the discussion ensuing, I categorized manuscripts that use a

207  definition other than “a variation on a behavioral descriptor of the perception of risk a population
208 sense in the environment” as “buzzword” papers. A number of manuscripts used the LOF to

209 describe features of the environment as belonging to an animal’s LOF or define LOFs as traits of
210 an individual (Table 1). If the manuscripts referred to the LOF as an intrinsic perception of the

211  way an organism balances risk and energetic gains they were classified as relevant (Table 1).

212 38% (31) of the manuscripts discuss theoretical implications of LOFs. Of these, about half
213 make suggestions that are of particular mention (Table 2). These contributions included ways to
214 describe LOFs’ features, novel applications for which the LOF framework, novel methods to
215 measure the LOF, or discussions on the merit of LOF as a research group (see applications

216 section).

217 Measuring the LOF.

218 From this point in the manuscript I will only refer to a subset of the manuscripts that used my

219  definition of a LOF (57 in total). The majority of these manuscripts focused on ungulates in North

220 American alpine scrubland systems (Table 3A,B). It was the wolf-elk-willow system that brought the
221 LOF into common ecological jargon through the study of the successful reintroduction of wolves to

222 Yellowstone National Park. Despite the base of the LOF in ungulate research, many studies preferred the
223 variability provided by small-mammal model species (gerbils, heteromyids, lemmings and voles).

224  Researchers have manipulation capabilities in small mammals resulting in 40% (6) of these studies being
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225 performed in controlled captive environments (vivaria). These vivaria allow for the manipulation of
226 predation risk and environmental conditions: e.g. homogenous landscapes, illumination, resource
227  availability, energetic state of the population etc. The rise in small-mammal experiments also secured the

228  giving-up density (GUD; ¢f- Brown, 1988) as the preferred measure of LOFs (Table 3B).

229 Given species-specific constraints, each class of organisms has a specialized-tool kit used to

230 measure its LOF (Table 3B). GUDs remain the most versatile measure for the studies using habitat

231  assessment (59% of the manuscripts) and historically were successfully used to measure environmental
232 stress in birds, ungulates, small mammals and experimentally—fish (Bedoya-Perez et al., 2013). Larger
233  mammals and finicky foragers pose challenge to the GUD method. As a result the LOFs for larger species
234  were commonly measured applying occupancy models using variables such as scat abundance, hoof mark
235  density and trail camera arrays (19% of manuscripts). Measuring predator (and marine) LOF provides
236 even further challenge due to low density of populations. Thus, the major tool used was radio and GPS
237 tracking. Despite being a very small proportion of the current literature base, some efforts have been

238 made to quantify environmental risk using stress hormones. So far, this method has been limited to birds

239 (Chalfoun & Martin, 2009; Roper, Sullivan & Ricklefs, 2010; Clinchy et al., 2011).

240 Thus far, 38% (17) manuscripts provided a maps of the study organism’s LOF. These maps help
241  readers relate with associated distribution of risk the studied population experiences. The majority of
242  these have used the GUD as the measure of risk and graphed the LOF map as a three dimensional scatter
243 plot, using a distance-weighted-least-squares (DWLS) smoothing function to generate the contour lines

244  (or raster) for the maps (Figure 2).

245 The current literature linguistically borrows attributes from other ecological, evolutionary and
246  geographic theories to describe the zones of different risk characteristics. For example, in a study
247  of striped mice, the features of risky habitat was described as “islands” of fear, a reference to the

248  island-biogeography theory and the SLOSS debate (cf. Diamond, 1975), emphasizing the
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249 impacts of both borders and edges and the distribution of safety zones in the environment (Abu

250 Baker & Brown, 2010).

251 In a previous review, Laundré et al. (2010) prefer to describe the landscape features as
252 valleys and peaks (re: safe to risky) in an aim to show that risk assessment is a quantitative
253  attribute and not a binomial characteristic (two distinct outcomes risk or safety). Lastly in an aim
254  to quantify this rate of change, my own work has developed an approach to measuring the rate of

255  change of perceived risk in the LOF.

256 This measure can be described as the rugosity of the landscape (Bleicher, Kotler & Brown,
257  2012; Bleicher, 2014). A highly rugose landscape (highly variable with steep changes between
258 points) implies that the population perceives the risk as localized. In comparison, flat landscapes
259 can be interpreted as the result of one of two distinct behavioral strategies. (1) A flat LOF may
260 be the result of a very “fearful” population whereas the majority of the environment “plateaus”
261 on a high risk contour. In such a LOF, the major focus of the behavior remains in contact with
262 the locations of refuge in the landscape and the risk lessens gradually as one moves near the

263 refuge. Alternately, (2) a population that is “secure” in its management ability of predation risk
264  from the predators in the environment will have a very flat (low) landscape. In this scenario, the
265 zones of risk are less focused and tangible and thus the change between “riskier” and “safer”

266  zones is gradual and not very distinct.

267 Current Applications

268 Of the manuscripts defining a LOF as a trait of population behavior, 42 were empirical.
269  Within those it is possible to divide the aims of the manuscripts into four focal aims: (1) to

270 characterize the role of perceived predation risk on habitat use by wild and captive populations,
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271 (2) to project top-down trophic effects, (3) to understand how habitat complexity affects
272 demographic and behavioral dynamics within populations and (4) deconstruct community

273  interactions within an evolutionary framework.

274 (1) Population level

275 The majority, 76% (33), of empirical manuscripts using the LOF, and almost all, 92%, of the
276  manuscripts that provided visual charts of the LOF, aimed to study how populations perceive

277  their environment. Thus, the majority of publications apply the LOF as an equivalent to habitat
278 selection. As mentioned above, this has given rise to a large misinterpretation of the LOF. The
279 large number of publications here makes the review of these largely unnecessary. However, there

280 are a couple of noteworthy examples that did impact the understanding of the LOF.

281 Druce et al. (2009) showed in his study of klipspringers that the study-scale can reveal

282  different patterns of elements impacting a LOF. In this study, the small scale (grids of stations 3-
283 4 meters apart) showed that microhabitat (cover, distance from rocky outcrops) impacted

284  forgiving decisions specifically on a temporal scale. But on larger scales (grids of 6-24 stations
285 30 meters apart), the major geographic features of the landscape (substrate, drainage lines)

286 explained the majority of variation in foraging decisions. This study drew the attention to the
287 importance of natural history to calibrate experiments to study the focal population on terms

288 relevant to their specific ecology.

289 Kauffman et al. (2007) showed that the conspecific competition had a stronger impact on the
290 distribution of wolf kill-sites than habitat suitability for hunting. This study made two

291 noteworthy contributions to the understanding of fear-based habitat use. (1) Predators are

292  constrained in their activity by elements beyond prey availability and ease of hunting. (2)

293 Information about predator limiting factors, gained through experience cohabitating with the
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294 predators, will alter prey decision-making. In this case, given enough information, prey will

295 likely prefer habitat of territorial dispute between wolf-packs.

296 (2) Trophic dynamics
297 Despite the fact that the origin of the LOF framework is in trophic cascades, only half (22

298 total and 13 empirical) of the manuscripts actually include multi-trophic studies (Table 4).

299 Noteworthy examples of multi-level studies include the trickle down of shark predators on algal
300 Dblooms in tropical reefs (Madin, Madin & Booth, 2011). Additionally, Manning, Gordon &

301 Ripple (2009) offer a predictive study of the impact reintroducing wolves to Scotland would
302 have on vegetation patterns. This study drew direct parallels to vegetation regeneration post the
303 reintroduction of wolves into Yellowstone National Park (Beschta & Ripple, 2009; Ripple &

304 Beschta, 2012).

305 The majority of the studies that did use a trophic framework, only looked at a pair of species
306 (predator-prey) (Table 4). Interesting examples of these include the study of predator facilitation
307 and interference (e.g. Ritchie & Johnson, 2009; Embar et al., 2014). Similarly, there is a fair

308 number of studies that question the role of predation risk in the distribution of the prey

309 populations. Two good studies can be shown for this category. (1) Coyote distribution (scat) does
310 not correlate with the distribution of jackrabbits and other desert rodents in Chihuahuan high

311 desert (Laundré, Calderas & Hernandez, 2009). And (2) sharks and sea turtles do not show the

312 same pattern of spatial and temporal rates of surfacing behavior (Hammerschlag et al., 2015).

313  (3) Individual-based LOFs.

314 This category of applications represents a very small proportion (5%) of the manuscripts,

315 however that subset is of utmost importance in developing the study of LOFs. Those manuscripts

316 define the LOF as a population trait, however they acknowledge individual variation within the
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317 population. Each of the three studies took a very different approach.

318 Zanette and Jenkins (2000) measured fledging success and correlated it with predator activity
319 within fragmented forest segments. They suggest that the more fragmented the habitat, the more
320 stressed the parenting birds are, and thus the offspring are less likely to fledge. On the flipside,

321 this suggests that parental stress becomes a predictor of predation risk, or predator distribution.

322 Rypstra et al. (2007) found that wolf-spiders exposed to a larger predatory spider were driven
323 into a mixed habitat where their prey capture rate was significantly diminished. Individuals who
324 were not exposed to the larger spiders were found in exposed habitat and were found to have a
325 greater hunting success. This study suggests that gaining information about predator preferences
326 (through cues) causes a shift in an individual’s LOF. This approach provides insight into the

327 learning process, or loss of naiveté, that is hard to observe in natural settings.

328 The third study was performed on state-dependent risk taking in green sea-turtles (Heithaus
329 etal, 2007). This study found that turtles with low fat reserves were likely to forage in shark

330 infested waters, while healthier individuals remained in shallow waters and low shark habitat.
331 This study shows that individual well-being affects the way that individual perceives the tradeoff
332 of food and safety. As a result if the LOF was measured for groups of turtles based on their

333 energetic state, a different shape would be revealed.

334 (4) Evolutionary mechanisms of coexistence.
335 The LOF, as a derivative of the ecology of fear (Appendix I), relies on Darwinisitic

336 evolutionary forces to explain the ecological dynamics associated with communities, populations
337 and individuals. This suggests that the forces historically influencing the study populations’

338 ancestors, ghosts of predator and competitor past, would mold the way they present day
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339 descendants respond to the tradeoffs of food and safety.

340 Only two empirical studies applied an evolutionary lens to their discussion. The first, found
341 that lemmings that evolved in arctic conditions, with limited time to store resources for the long
342  winters, give precedence to competition over the risk of predation (Dupuch, Morris & Halliday,
343  2013). This study, provided the incentive to use the LOF to ask questions comparing species

344  within the same trophic level. It provided the framework to measure competitor strategies using
345  spatial distribution of risk perception. This study inspired the four way comparison (captive

346 study) of convergent rodents from two continents under the predation risk of predators shared by

347 both systems (Bleicher, 2014).

348 In this study, two heteromyid rodents, from the Mojave Desert, and two gerbil species, from
349 the Negev Desert, were exposed to treatments of vipers and owls in a homogeneous semi-natural
350 arena. The heteromyids that evolved alongside vipers that use heat-sensing pits to “see” in the
351 dark, exhibited fixed LOFs that did not change their shape when owls were added to the vipers
352 constantly present in the environment. Meanwhile the middle-eastern gerbils, who evolved with
353 snakes “blind” in the dark, exhibited plastic LOFs. They altered their LOF in predator-specific
354 ways responded in predator-specific, focusing the peaks and valleys based on the activity pattern
355 of predator they perceived as the greatest risk. For these gerbils, this meant the owl (Kotler et al.,

356 2016). In its absence the LOF peaks were centered around viper ambush sites.

357 Prospectus — Developing the LOF for future applications.

358 I would like to “throw the gauntlet” to my colleagues and offer the following four

359 directions in which the LOF concept can be applied.

Peer] reviewing PDF | (2017:02:16359:1:1:NEW 27 May 2017)

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2840v2 | CC BY 4.0 Open Access | rec: 27 May 2017, publ: 27 May 2017



Peer)

360 (1) Conservation and applied management

361 Despite the theoretical background of the LOF in conservation efforts and the reintroduction
362 of wolves to Yellowstone National Park, the active management of populations has not measured
363 LOFs as a monitoring tool. Charting the LOF can provide a temporal snapshot of the way

364 populations see their environment. With relatively low effort (installing a food patch matrix), and
365 in a short time-frame (4-15 repetitions), one can, for example, ascertain the efficiency of a

366 habitat augmentation program (c¢f- Bleicher & Dickman, in preparation). Similarly, the LOF can
367 provide an accurate measure of the impact of human activity has on species of conservation

368 concern without waiting for demographic changes in the population. Additionally, one could use
369 the LOF to physically study how we can increase the perception of risk a pest population senses
370 in an area (¢f- Bleicher and Rosenzweig, in preparation). By cues of predation risk (sound, odor)
371 as management treatments (e.g. Suraci et al., 2016), one could follow the changes in spatial

372  distribution of the pests. Such methods could be applied, for example, in air-fields to lower

373  wildlife-impacts and control agricultural pests.

374  (2) The 4D LOF.
375 Mapping the LOF provides a level of intricacy that categorical analysis can fall short of

376 explaining. The growing number of studies offering contour maps (3D scatterplots) of the LOF is
377 asign for the increasing prominence of spatial statistics in current ecology. Studies in primates
378 and brushtailed possums suggest that elevation has as much significance as landscape

379 heterogeneity in the management of risk from a variety of predators (Willems and Hill, 2009;
380 Emerson, Brown & Linden, 2011; Mella, Banks & Mcarthur, 2014). Similar to those mammals,
381 most species do not live on a two dimensional plane. Therefore, one must conclude that the

382 future of the field will aim towards 4D and 5D models that incorporate altitude (aerial, aquatic
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383 or above/ below ground) and time (hourly, seasonal, annual or generational).

384 (3) The personality-based individual LOF

385 Populations are comprised of individuals with differing phenotypic expressions on an axis
386 limited by the niche breadth (range of possible expression forms) of each trait (Vincent &

387 Brown, 2005). When we measure variability on the population level we average out the “noise”
388 produced by the variation in individual response. The focus on the individual is gaining

389 prominence in behavioral ecology. Specifically the study of bold-shy expression and how they
390 affect risk assessment (e.g. Ioannou, Payne & Krause, 2008) and the spread of invasive species

391 (e.g. Fogarty, Cote & Sih, 2011) as a couple of examples.

392 Variability of traits within a population is a pillar of Darwinistic evolution, and I suggest that
393 the LOF may provide a platform to study consequences of changing behavioral traits.

394 Manipulative experiments could subject stressors on a selective group within a population,

395 following how these treatments change the individual’s risk assessment from the overall

396 population. Some of these manipulative studies already exist, however they did not focus on the
397 spatial components of the behavioral response. An example of such a study is the effect of

398 parasites and the distraction they produce on the risk-taking behavior in gerbils (e.g. Raveh et al.,

399 2011).

400 Some manipulative studies of this sort could involve: group size and density dependence
401 (does group size influence the boldness of individuals?); Energetic-state (does the hungry

402 individual take greater risks than satiated individuals in a group?), demographics (does a male
403 take more risk when competing for mates with many other males?, or do females with offspring

404 reduce the risk-taking in comparison with the males in the group?) and more.
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405 (4) The neurology of LOFs.

406 The last frontier to the LOF studies I wish to highlight is the neuro-ecology of fear. I.e.

407 converting environmental risk into a measureable impact on stress syndromes. When an animal
408 is under stress (risk of predation specifically), the neurological registering of the risk cues causes
409 an increase in stress hormones being released in the body of the animal (Gross & Canteras,

410 2012). The physiological responses to these stress hormones are energetically costly (Apfelbach
411 etal., 2005) and result in lowered productivity (e.g. Mukherjee et al. 2014).

412 For example, sparrows are shown to respond with an increase of a variety of stress hormones
413  (plasma total corticosterone, corticosteroid binding globulin (CBG) and free corticosterone) in
414 response to an increase in the risk of predation in the environment (Zanette et al., 2011). Creel et
415 al. (2013) suggest that competition may play a similar role in producing stress hormones, and
416  should result in changes in population dynamics. I agree with Clinchy ez al. (2013) in suggesting
417 that this connection of environmental stress and neurological responses is a fertile ground for
418 research. It is important to move away from the chronic stress studied in laboratory animals into

419 spatially explicit studies within realistic ecological scenarios.
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607

608 Figure Legends

609 Figure 1. Cumulative number of manuscripts using the “landscape of fear” (LOF) as a

610 significant descriptor of the study in the title, abstract or key-words. The Buzz-Word category is
611 a classification of manuscripts that defined the LOF in a way that differed from a spatial

612  distribution of a populations’ behavioral response to the perceived balance of resources and risk

613  of predation.*Only manuscripts published between January-April 2017.

614 Figure 2. Example of Landscape of Fear Map using a dataset adapted from Bleicher et al.

615 (2016). The map shows the distribution of risk using giving up densities (GUDs) for a population
616 of Allenby’s gerbils (G. andersoni allenbyi) in a controlled enclosure in Sde Boker, Israel. The
617 contour lines are derived using the distance weighted least squares (DWLS) smoothing function
618 ata tension of 0.5. GUD values above 2.0g (orange and red) reflect areas that are perceived as
619 dangerous by the gerbils while areas below 1.0g (green and blue) reflect zones of safety. The +
620 signs are the locations in which the data was collected and both x and y-exes are measuring the

621 enclosure in meters.
622

623
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629

630 Table 1. Summary table for all published manuscripts using the term “landscape of fear” (in title, abstract
631 or key words), and distinction of manuscripts misinterpreting the term as “Buzz-Word” manuscripts.

632

Total Manuscripts =~ % Buzz-Word (# of publications)
A. Manuscripts using the LOF concept:

78 26.9% (21)

B. Published in a journal covering:

General Ecology 44* 14% (6)

Zoology 15% 7% (1)

Animal Behavior 9% 22% (2)

Applied Ecology /Wildlife 9 45% (4)

Management

General Biology 8 75% (6)

Evolution 3 67% (2)
C. Manuscript Type :

Opinion 8 25% (2)

Review 12 25% (3)

Empirical 58 28 % (16)
D. Manuscript Defines The LOF as a:

Landscape Trait 23%* 31% (7)

Individuals' trait 15%* 33% (5)

Populations' trait 49%* 12% (6)

* Some manuscripts are counted more than one time if journals cover a variety of fields (e.g. Journal of
Animal Ecology is categorized both as general ecology and zoology). ** Some manuscripts have
conflicting definitions or apply the LOF to describe a characteristic of multiple levels and are thus
counted more than one time.

633
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Table 2— Theoretical development of the LOF as a research program. *these references to the
LOF were published prior to the seminal paper Laundré et al 2001, however are regularly cited

as influential papers in the field, or had referenced the seminal paper as unpublished work.
Year | Manuscript Major Theoretical Contribution
2000 | (Jacob & Brown, 2000) o The LOF combines both spatial and temporal
* assessments of risk

(Zanette & Jenkins, 2000) o The LOF is a measure of distribution of stress within
a physical landscape based on habitat quality

2001 | (Laundré, Hernandez & e Defining the LOF framework as the impact of

Altendorf, 2001) relative danger in shaping prey behavior and habitat
selection.

2004 | (Brown & Kotler, 2004) e LOF changed based on levels of risk: predator
community or predator activity levels.

(Ripple & Beschta, 2004) e Linking food webs to the ecology of fear through
examples where fear of wolves trickled down to
increase in vegetation diversity (and where it did not.

2007 | (Kauffman et al., 2007) e Predators tap into prey LOF in hunting site selection.

(Rypstra et al., 2007) e The individual effect: intra-species completion and
cannibalism affect the populations LOF.

(Heithaus et al., 2007) Behavioral state: health of individual affects its LOF.

2008 | (Van Der Merwe & Brown, The LOF as a cost benefit analysis of energy;

2008) measuring a LOF in k.

2009 | (Druce et al., 2009) e Defining spatial and temporal scales as drivers of
change in LOFs

(Ritchie & Johnson, 2009) e Studying inter-guild competition using the LOF
framework (apex-mesopredators)

(Willems & Hill, 2009) e Information based LOF’s- signals for specific
predators.

2011 | (Matassa & Trussell, 2011) e Using survivorship as a measure of non-consumptive
predator effects on both spatial and temporal scales.
2013 | (Dupuch, Morris & Halliday, e Using the LOF as a tools to compare competition

2013) pressures and predation risk.

2014 | (Bleicher, 2014) e Defining LOF shape and plasticity; The LOF as a
tool for macroevolutionary comparison.

2015 | (Hammerschlag et al., 2015) e Linking activity patterns of predators the LOF of
prey on a temporal scale.

2017 | (Laundré et al., 2017) e Comparing bottom-up and top-down models of
population dynamics using the LOF framework.

(Gallagher et al., 2017) o Combining LOF and energy landscapes as one unit.

Table 3: Summary table for landscape of fear studies, empirical and opinion manuscripts, which
defined the LOF as a behavioral trait of the studied population. (A) Classification by system type
and continent. (B) Classification by measurement of fear and study focal organism.
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(A) Continent
S N. Africa/ Australia Europe Asia/Polynesia Total
t (A) America = Sahara
u | Alpine 9 4 13
d  Scrubland
y Arid/ Tundra 4 8 12
Temperate 1 2 3
S Forest
Y | Grassland/ 1 3 1 5
S Savannah
t Marine 2 1 1 4
€ | Anthropocentric 1 1 2
m | Tetal 17 15 3 5 2 42
(B) Focal Organism
M Ungulat ~ Small Predators* Primates Marine Vegetation = Birds = Total
e (B e Mammal Herbivores** Hokk
a  GUD 6 13 1 4 1 1 26
s Occupancy 2 1 2 1 6
u  Scat Density 2 1 3
r | Telemetry 1 1 1 3
€ Vigilance 3 3
m ' Others 1 1 1 3
¢ Total 15 15 4 4 3 2 1 44
n
t
\%
a
r
i
a
b
1
e

643  *both mesopredators and apex predators.**multiple studies used grazing reef fish as a group as
644 opposed with a specific species.***Damage to algae or woody vegetation.

645
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646

647 Table 4. Distribution of manuscripts by trophic levels studied

648
No. of Publications

A. Number of Trophic Levels in Study
1 trophic level 20
2 trophic levels 23
3 trophic levels 6
B. Trophic Level Studied
Humans 1
Apex-predators 2
Carnivore 49
Herbivore (granivore) 31
Vegetation 10
**Non Biotic 1

649

650
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651 Appendix I. The Historical Base Leading to the LOFs

652 A. Trophic cascades

653 The world is green because predators control the populations of grazing species

654 concluded Hairston (Hairston, Smith & Slobodkin, 1960) in what later became known as the

655 “Green World Hypothesis”. Since this ground-breaking paper a large focus in community

656 ecology was directed at the study of trophic cascades, i.e. the idea that through direct predation
657 the size of a population impacts multiple trophic levels below it and the size of the population of

658 prey dictates the availability of resources that sustain the predators above them.

659 The textbook example used to teach these interactions is population fluxes in Lotka-

660 Volterra of lynx-hare (and mastings) predator-prey cycles in Canadian boreal forests (Hewitt,
661 1921; Fox & Bryant, 1984; Krebs et al., 1995; Lima, 1998). This example highlights the trophic
662 cascades from a bottom-up perspective, i.e. how the availability of resources influences the

663 populations of predators. Resource availability dictates the availability of niches for species to
664 occupy in the community (Vincent & Brown, 2005; however, the top-down interactions greatly
665 dictate the traits the species must have to survive within those niches. Robert Paine pioneered the
666 study of the predation implications on prey when he described how a diverse predator

667 community results in diverse prey community (Paine, 1963). In this example, the predation

668 pressure from multiple intertidal zone predators (sea stars) removed the competitive ability of the
669 dominant barnacles and allowed for higher mollusk diversity. More recently, Schmitz and Price
670 (2011) showed a strong positive correlation between the biomass of arachnid predators on the
671 vegetation biomass in an agricultural system. In this system, spiders feed on grasshoppers that
672 damage vegetation. The biomass of spiders thus positively correlates with the health of the

673 vegetation crop. These examples show that the predators negatively affect the prey populations
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674 and thus indirectly have positive effects on the vegetation. However, consumptive-effects did not
675 entirely explain how predators control prey (and vice-versa). Thus a study of non-consumptive
676 predator effects was created, named the “ecology of fear” by Joel Brown (Brown, Laundré &
677  Gurung, 1999), with the aim to answer two major questions: (1) Do predators control the

678 populations of prey solely by consuming them? And (2) would the evolution of prey species to
679 manage the risk of predation not overcome the negative impacts these predators have on their

680 prey populations?
681  B. Non- Consumptive Effects of Predators: an “Ecology of Fear”

682 One does not have to study wildlife behavior to understand the effects predation risk has
683 on animal behavior. All one has to do, is think of our own body’s response to a risky situation.
684  Our bodies instinctively respond to the risk in the environment by producing stress hormones.
685  This production results in increased blood pressure, pulse and sensory sensitivity. In essence, our
686 bodies tell us to get out of harm’s way as fast as we can. In this example of our own day-to-day
687 life we find the evidence for the millions of years evolutionary race between predators and prey
688 to maintain the energetic needs of both groups. Prey evolve mechanisms to avoid the risk, and

689 predators find ways to out-gun these defense mechanisms.

690 In non-human examples we expect that predators would have to find a balance between
691 over-hunting a naive food resource into extinction and starvation from aiming to hunt highly
692 vigilant prey (Brown & Vincent, 1992; Lima, 1998, 2002; Brown, Laundré & Gurung, 1999;
693 Wolf & Mangel, 2007). The evolutionary arms-race between the predators and their prey results
694 in predators managing the fear of the prey into an optimal state of vigilance by limiting their
695 encounter rates (Embar, Mukherjee & Kotler, 2014). Overstimulating the perception of risk in

696 the prey, would lower the hunting success of the predator to unsustainable levels. Meanwhile, the
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697 prey species evolved to counteract the predator management through a variety of behavioural

698 strategies, or choices. I will examine a few case studies of such strategies.

699 Many species choose their habitat based on the risk which this habitat poses to them. For
700 example, heteromyid rodents choose habitat based on the density of vegetation. Species

701  (kangaroo rats) that can hop out of harm’s way prefer the un-encumbered open, and species that
702 are limited in predator evasion strategies (pocket mice) find shelter under thick vegetation

703 (Rosenzweig, 1973). In kangaroo rats specifically the presence of vipers was shown to be a

704  driver of the choice of the open habitat (Bouskila, 1995). In another example, Gerbilline rodents
705 responded to owls with clear preference for sheltered microhabitats (Kotler, Blaustein & Brown,
706  1992; Abramsky et al., 1996; Abramsky, Rosenzweig & Subach, 1997; Kotler et al., 2002; St.
707 Juliana et al., 2011; Embar et al., 2014). Habitat fragmentation, or edge effect, has been shown to
708 affect the habitat use (predominantly in the form of avoidance) by song birds (Storch, Woitke &
709 Krieger, 2005; Fischer & Lindenmayer, 2007). Larger animals (ungulates and primates) have
710 been shown to select habitat where the sightlines allow good visibility of approaching predators
711 (Tadesse, 2012; Abu Baker & Brown, 2013; Coleman & Hill, 2014). Lastly, a number of studies
712 studying wolf-elk interactions show that based on habitat variability the strategies applied by the
713  elk to avoid predation (vigilance, habitat selection) can vary greatly (Hebblewhite, Merrill &

714  McDonald, 2005; Eisenberg et al., 2014)

715 Other strategic choices of prey driven by the predator-prey dynamics can include dietary
716 selection and movement patterns. For example (again in the Heteromyid rodents), foragers better
717  equipped for risk management (kangaroo rats) have a more diverse diet than the foragers less
718 well equipped for predator management (pocket mice) who forage what they can (Davidson,

719 Brown & Inouye, 1980). In another example, in the Simpson Desert, dasyurid marsupials avoid
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720 risk by covering large distances to search for refuge. These small mammals (20 grams on

721 average) inhabit burrows in the swale of sand dunes located away from the resource dense

722  habitats at the dune crests (Haythornthwaite, 2005; Haythornthwaite & Dickman, 2006). All of
723 these adaptations clearly suggest that a trade-off between resources and predation risk occurs
724  within a spatial dynamic, and as such these predator-prey games can and should be studied using

725 aspatial analysis, a “landscape of fear” (LOF).

726 This conceptual framework was expanded to study the effects of landscape heterogeneity
727 (Brown & Kotler, 2004) culminating in measured maps combining vegetation, refuge, resource
728 availability and risk. In an example with cape ground squirrels (Xerus inauris), the LOF was

729 interpreted as a cost benefit analysis of energetic values over change in the landscape (Joules/
730 meter) (Van Der Merwe & Brown, 2008). This conversion allowed researchers to weigh the

731 study of energetic gain from food patches and compare those gains to the cost of risk avoidance

732 (cf. Brown, 1988)

733  Sources Used

734 Abramsky Z., Rosenzweig ML., Subach A. 1997. Gerbils under threat of owl predation :

735 isoclines and isodars. Oikos 78:81-90.

736  Abramsky Z., Strauss E., Subach A., Riechman A., Kotler BP. 1996. The effect of barn owls
737 (Tyto alba) on the activity and microhabitat selection of Gerbillus allenbyi and G.

738 pyramidum. Oecologia 105:313-319. DOI: 10.1007/BF00328733.

739  Abu Baker M., Brown JS. 2013. Foraging and habitat use of common duikers , Sylvicapra
740 grimmia , in a heterogeneous environment within the Soutpansberg, South Africa. African

741 Journal of Ecology 52:1-10.
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