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Abstract

Human development strongly influences large carnivore survival and persistence globally.

Behavior changes are often the first measureable responses to human disturbances, and

can have ramifications on animal populations and ecological communities. We investigated

how a large carnivore responds to anthropogenic disturbances by measuring activity, move-

ment behavior, and energetics in pumas along a housing density gradient. We used log-lin-

ear analyses to examine how habitat, time of day, and proximity to housing influenced the

activity patterns of both male and female pumas in the Santa Cruz Mountains. We used spa-

tial GPS location data in combination with Overall Dynamic Body Acceleration measure-

ments recorded by onboard accelerometers to quantify how development density affected

the average distances traveled and energy expended by pumas. Pumas responded to

development differently depending on the time of day; at night, they were generally more

active and moved further when they were in developed areas, but these relationships were

not consistent during the day. Higher nighttime activity in developed areas increased daily

caloric expenditure by 10.1% for females and 11.6% for males, resulting in increases of 3.4

and 4.0 deer prey required annually by females and males respectively. Our results support

that pumas have higher energetic costs and resource requirements in human-dominated

habitats due to human-induced behavioral change. Increased energetic costs for pumas are

likely to have ramifications on prey species and exacerbate human-wildlife conflict, espe-

cially as exurban growth continues. Future conservation work should consider the conse-

quences of behavioral shifts on animal energetics, individual fitness, and population

viability.

Introduction

Habitat conversion is a primary driver of species extinctions and increases exposure of wildlife

to anthropogenic disturbances [1]. These disturbances influence many integral animal behav-

iors (e.g., foraging, mating, and movement) [2] and transform species interactions [3–4].
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Conversion to low-density development at the wildland-urban interface is the fastest growing

type of land use change in the continental United States [5] and is expected to continue

expanding in the coming decades [6]. Although many species, including mammalian apex

predators, continue to live at the wildland-urban interface [7], these regions may prove to be

population sinks due to the increased risk of human-caused mortality or from the costs of

adopting behavioral adaptations in response to human disturbances [8].

Behavioral changes by animals often provide the first measurable indication that individu-

als are responding to anthropogenic disturbance [9–11]. These behavioral responses can alter

energetic budgets with important effects on individual fitness that may lead to population and

community level changes. Movement behavior in particular carries rich information about

where, when, and how an animal interacts with its surroundings, providing insight into the

relationship between internal state and environmental factors [12]. Technological advances

with GPS and accelerometer tracking devices now allow scientists to link animal movement

behavior to caloric expenditure, which greatly increases our understanding of how animal

energetics are impacted by human development at the landscape level. With the integration of

accelerometers and traditional biologgers, we can monitor how natural and anthropogenic

landscape structures change behavioral patterns and energy allocation in wild animals [13],

with far ranging conservation implications for species living at the wildland-urban interface.

Large carnivores are frequently the first species to be lost from ecosystems as humans trans-

form and develop landscapes [14]. Despite this, comparatively little is known about the behav-

ioral and energetic responses of predators to development that could eventually lead to their

local extirpation [15]. Large carnivores often respond to human disturbance and persecution

through behavioral modifications much like prey species respond to predators [10]. Pumas

(Puma concolor) have demonstrated behavioral responses to human developments by avoiding

roads, moving quickly through developed areas, and changing temporal feeding patterns

[8,16]. As human development continues to fragment previously intact landscapes, it becomes

increasingly vital to understand how large carnivores adjust their behavior and energetic

responses to anthropogenic perturbations. Only by better understanding these relationships

can we implement protective policies that reduce human-wildlife conflict and promote their

continued co-existence with humans [17].

Here we examined how human development alters daily behavior and energetics of pumas

in the Santa Cruz Mountains of central California. We investigated the extent to which prox-

imity to houses affected puma movements and daily activity budgets. These behavioral differ-

ences translate into differential energetic costs that progressively accumulate over time, which

may have lasting repercussions on individual fitness[18]. We also investigated whether habitat

type and time of day influenced how pumas responded to human development. In order to

link behavior change to energetic impacts, we evaluated how human development affected the

daily movement patterns and caloric expenditures of pumas using GPS tracks, which we cali-

brated using accelerometer data from a much finer temporal scale. Lastly, we explored the

extent to which puma prey demands are altered in human-modified habitats and discuss

potential consequences for recruitment of future generations.

Methods

Study species and area

Pumas are territorial, apex predators which live throughout diverse habitats in the Americas

[19]. Individuals are primarily nocturnal and solitary, although females will typically raise and

accompany cubs for up to 15–21 months after birth. In our study area in the Santa Cruz

Mountains of California, pumas predominantly feed on black-tailed deer (Odocoileus
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hemionus columbianus, 90% by biomass), but occasionally on other species, including wild

boars (Sus scrofa), raccoons (Procyon lotor) and house cats (Felis catus) [20].

Our 1,700 km2 study area encompasses a diverse landscape ranging from dense, urban

development to large tracts of intact and relatively undisturbed native vegetation. Puma home

ranges contain both protected and developed lands, with an average home range housing den-

sity of 21.7 ± 3.0 SE houses/km2 (range 4.6–51.5) [8]. Even pumas that regularly move through

or near residential areas also use nearby protected areas, allowing for comparison of move-

ment behavior across a disturbance gradient within individual pumas. The vegetation is pri-

marily forested (e.g., woodlands, hardwood and conifer forests) and shrubland (e.g., scrub and

chaparral) habitats. It is bisected by a large freeway and further crisscrossed by numerous

other smaller roads providing access to rural houses and developments. The climate is Medi-

terranean, with precipitation concentrated between November and April, and elevation ranges

from sea level to 1155m.

Data collection

We captured 22 wild pumas (11 males, 11 females) from June 2010—March 2013 using trailing

hounds, cage traps, or leg hold snares. Each animal was tranquilized using Telazol at a concen-

tration of 100mg/mL (3.3–6.0 mg/kg estimated body weight) and outfitted with a GPS/VHF

collar (3.7 kg; Model GPS Plus 1D, Vectronics Aerospace, Berlin, Germany). Six of the 22 ani-

mals were also equipped with a custom-built archival 3-axis accelerometer sampling continu-

ously at 64Hz when activated [21]. The tri-axial accelerometer was mounted such that the x-

axis was parallel to the anterior-posterior plane of the animal, the y-axis to the transverse

plane, and the z-axis to the dorsal-ventral plane.

Accelerometers on pumas were programmed to record at a duty-cycle of 2 days on and five

days off to maximize battery life. The GPS was programmed to acquire locations every 15 min-

utes during a 24-hour intense sampling period starting from noon one day each week. The

Animal Care and Use Committee at UC Santa Cruz approved all animal-handling procedures

(Protocols Wilmc0709 and Wilmc1101).

Data processing

During each 15-minute GPS sampling interval, we assigned one behavioral state (active or

inactive) to each collared individual and considered these states to be mutually exclusive. We

considered any distance greater than 70m between successive 15 minute GPS fixes to be an

active period, and a distance smaller than 70m to be an inactive period. We used accelerometer

measurements to determine the distance cutoff between activity states as follows. We used a

random forest algorithm described in Wang et al. [22] to categorize 2-second increments of

accelerometer measurements into mobile or non-mobile behaviors. These were then aggre-

gated into 15-minute observation periods to match the GPS sampling periods. After inspecting

the data visually, we identified 10% activity (i.e., 10% of accelerometer measurements catego-

rized as mobile out of 15 minutes) as the cutoff between active and inactive periods. Because of

the strong linear relationship (r = 0.89) between accelerometer defined activity and the dis-

tance traveled between GPS fixes, 10% activity recorded by accelerometers corresponded to 70

meters between GPS fixes.

Environmental and anthropogenic measurements

Our study animals inhabit a landscape primarily comprised of forested or shrubland habitats

interspersed with developed areas. To examine how human development and habitat type

affected puma behavior, we collected spatial information on buildings and habitat types
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surrounding each puma GPS location. Using the Geographic Information Systems program

ArcGIS (v.10, ESRI, 2010), we digitized house and building locations manually from high-reso-

lution ESRI World Imagery basemaps for rural areas and with a street address layer provided by

the local counties for urban areas. For each puma GPS position recorded, we calculated the dis-

tance in meters to the nearest house. We placed circular buffers with 150m radii around each

GPS location and used the California GAP analysis data [23] to categorize the local habitat as

either predominantly forested or shrubland. We chose a buffer size of 150m based on a previous

analysis of puma movement responses to development [24].We also classified the time each

GPS location was recorded as diurnal or nocturnal based on sunset and sunrise times.

Markov chains

We modeled puma behavior sequences as discrete-time Markov chains, which are used to

describe activity states that depend on previous ones [25]. Here, we used first-order Markov

chains to model a dependent relationship between the succeeding behavior and the preceding

behavior. First-order Markov chains have been successfully used to describe animal behavioral

states in a variety of systems, including sex differences in beaver behavior [26], behavioral

responses to predators by dugongs [27], and impacts of tourism on cetacean behavior [28–29].

Because we were modeling behavior transitions with respect to spatial characteristics, we

recorded the states of the puma (active or inactive) in the 15 minutes prior to and succeeding

each GPS acquisition. We populated a transition matrix using these preceding and succeeding

behaviors and examined whether proximity to houses influenced the transition frequencies

between preceding and succeeding behavior states. Transition matrices are the probabilities

that pumas remain in a behavioral state (active or inactive) or transition from one behavior

state to another.

We built multi-way contingency tables to evaluate how sex (S), time of day (T), proximity

to house (H), and habitat type (L) affected the transition frequency between preceding (B) and

succeeding behaviors (A). Because high-dimensional contingency tables become increasingly

difficult to interpret, we first used log linear analyses to evaluate whether sex and habitat type

influenced puma behavior patterns using two three-way contingency tables (Before × After ×
Sex, abbreviated as BAS). Log linear analyses specifically test how the response variable is influ-

enced by independent variables (e.g., sex and habitat) by using Likelihood Ratio Tests to com-

pare hierarchical models with and without the independent variable [25]. We found that there

were strong sex differences in activity patterns because adding S to the model greatly increased

the goodness-of-fit (G2) compared to the null model (ΔG2 = 159.8, d.f. = 1, P<0.0001), which

assumed that succeeding behaviors only depend on preceding ones. Therefore, we evaluated

data from male pumas separately from those of female pumas.

We then used another three-way contingency table for each sex to evaluate whether behav-

ior patterns differed between habitats (L). We found that including habitat type significantly

improved model fit for male (ΔG2 = 7.9, df = 1, P<0.005) but not female pumas (ΔG2 = 3.18,

df = 1, P = 0.0744). Thus we evaluated three sets of data: all females, males in forests, and males

in shrublands. For each dataset, we created four-way contingency tables (Before × After ×
House × Time) to evaluate how development and time of day affected behavioral transitions

using the likelihood ratio methods described above.

Our null model (BA, BHT) is built such that succeeding behaviors (A) are only affected by

behaviors in the previous time steps (B) and independent of proximity to houses and time of

day. We tested whether including additional factors (proximity to house and time of day)

improved model fit by comparing the null model with hierarchically more complex models.

For example, the effects of proximity to housing on succeeding behaviors are evaluated by
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comparing the goodness-of-fit (G2) values for the null model and the model containing an

interaction between succeeding behaviors and houses (BAH, BHL). We also tested the interac-

tion between proximity to houses and time of day by comparing the saturated model (BAHT),

which fits the data fully, to a less complex model without the interaction term (BAH, BAT,

BHT). Finally, we selected the best fitting model by minimizing the Akaike Information Crtier-

ion (AIC) estimate.

Behavioral budgets

We tested whether transition matrices differed when pumas were close to houses or roads

using the Z test for proportions [30]. We also estimated the amount of time pumas spent in

each behavioral state by conducting an eigenanalysis on the transition matrix. Because Markov

chains are ergodic matrices, we used the left eigenvector of the transition matrix to estimate

the proportion of time pumas spent in each state [25]. We compared these values using a Z test

of proportions and calculated 95% confidence intervals using the Wilson’s score test [31].

Puma travel and energetic costs

For each puma, we identified all 24-hour intensive sampling periods during which GPS points

were recorded every 15 minutes. At a fix rate of 4 times an hour, up to 96 GPS points are

recorded throughout the day, equating to a total of 95 travel segments (straight lines between

consecutive points). We removed any days from analyses that were missing more than 10%

(i.e., 9 points) of potential GPS fixes. We determined the linear length of all travel segments

and calculated the total daily distance (D) in km traveled by pumas by summing all travel seg-

ments and correcting for any missing GPS fixes using the formula:

Dtotal ¼ Dsummed � 95=n ð1Þ

in which n represents number of actual recorded segments. Next, we calculated the minimum

cost of transport (COT, W/kg) expended daily for each puma by adapting the equation devel-

oped by Taylor et al. [32]:

COT ¼
Xn

i
10:7ðwtÞ� 0:316

� vi þ 6:03ðwtÞ� 0:303
ð2Þ

in which wt is the weight (kg) of the animal when captured and vi is the velocity of travel (m/s)

between consecutive GPS points. COT has the units Watts/kg, which we converted to kcal/kg

by applying the conversion factor 4.1868 Watt = 1 cal/s.

Lastly, we estimated the minimum number of black-tailed deer, the primary prey of pumas

in our area, needed to sustain each puma given their daily minimum COT. We calculated the

daily deer biomass (DB) needed to fulfill each puma’s prey requirements using Eq 3 [33]:

DB
kg
day

� �

¼
COT ðkcalÞ

1890 kcal
kg

� �
� 0:86� 0:88

ð3Þ

in which 1890 kcal represents the caloric content in each kg of wet deer tissue [34], and this

value is then modified by multiplying it by the conversion efficiency (0.86) and the proportion

of deer in a puma’s diet—here estimated as 88% [20]. Finally, we used Eq 4 to convert the daily

deer biomass into an estimate of the yearly deer requirements [33]:

Deer
year

¼
DB kg

day

� �
� 365 days

36:5 kg � 0:79
ð4Þ
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in which 36.5 kg is the average weight of a black-tailed deer doe [35] and 0.79 is the edible pro-

portion of the deer [34].

It is broadly understood that the energetic estimates generated using the equation devel-

oped by Taylor et al. [32] are the minimum estimates for COT. Even at 15-minute GPS sam-

pling intervals, animals can deviate greatly from straight-line travel paths, thus expending

many more kcals than estimated. In contrast, Overall Dynamic Body Acceleration (ODBA)

measurements recorded by accelerometer collars, which sums the dynamic acceleration of the

subject across three dimensions, provide a more precise measurement of energetic expenditure

because it takes measurements at a rate of 64Hz [36]. Not all pumas were outfitted with accel-

erometer collars and we were unable to use ODBA alone to estimate energetic budgets. Instead

we recorded ODBA values from two wild pumas whose accelerometers were active concurrent

to the GPS intensive sampling periods. Using those values, we calculated the correlation

between COT estimates from ODBA measurements and those estimated using velocities gen-

erated from intensive GPS sampling by Eq 2. This resulted in a correction factor that we

applied to the energetic estimates of each puma in the study.

Development influences on puma movement

To quantify puma exposure to human development, we used ArcGIS (v. 10.1, ESRI, 2012) to

create buffers of 150m around all GPS points within each 24-hour intensive GPS sampling

period. We then calculated the number of houses encompassed within each buffer polygon

and also recorded the time of day. For each day, we recorded the average housing density indi-

vidual pumas were exposed to and the average distance pumas traveled between successive

GPS locations during both nocturnal and diel periods. We hypothesized that pumas would use

more calories by moving faster and further through areas with more houses in order to mini-

mize their exposure to development [24,37]. However we also predicted that this relationship

might be affected by time of day because pumas may prefer to stay hidden if they are in more

developed areas during the day.

We used linear mixed effects models using restricted maximum likelihood estimation with

the average diurnal and nocturnal calories burned between successive GPS points as the

dependent variable. To select the best model, we used a top-down model selection approach to

compare models with no random terms, with random intercepts, and with both random inter-

cepts and slopes [38]. We started by fitting a linear model that included the full complement of

fixed effects terms: sex of the puma (male coded as 1 and female as 0), time of day (day coded

as 1 and night as 0), the average number of houses (log-transformed to account for all distribu-

tions being bound at zero), the interactions between sex and time of day, and the interaction

between time of day and housing. In a second model, puma identity was included as a factor in

the model to allow for random intercepts. For the third model, we also tested whether individ-

ual pumas responded to time of day, the log average number of houses, and their interaction

differently by including random slopes for those terms. We used AIC to compare the three

models to determine the optimal model structure. We examined the residuals for our final

model visually to identify any obvious deviations from normality.

To quantify the difference in puma energetic expenditure between areas with low and high

housing density, we calculated the average caloric expenditure by individual pumas in the top

and bottom housing density quartiles of their home range for both days and nights. To maxi-

mize statistical power, only pumas with a minimum of 20 day and 20 night measurements

were included in this analysis. We added day and night averages to get total daily difference in

caloric expenditure. We calculated the percentage increase in calories used as the total daily

difference between caloric expenditure for high and low housing density divided by the
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average daily caloric expenditure for the individual puma. In order to conceptualize variation

of human disturbances for individual pumas, we classified average housing density in the top

and bottom quartiles into the following categories described by Theobald [5]: rural (greater

than 0.0 and up to 0.062 houses per hectare), exurban (greater than 0.062 and up to1.236

houses per hectare), suburban (greater than 1.236 and up to 9.884 houses/hectare), or no hous-

ing. We used the package nlme [39] in R (v. 3.0.2, R Core Team, 2013) for all analyses.

Results

Log linear analyses

We recorded 78,242 GPS locations for 22 pumas, comprised of 6,967 behavioral transitions

(e.g. active to inactive) for males in shrubland habitats, 11,379 transitions for males in forested

habitats, and 21,977 transitions for females in all habitats. Log linear analyses revealed that

both proximity to houses and time of day influenced puma activity levels, but this effect dif-

fered by sex, and by habitat type for males. Proximity to houses and time of day had a signifi-

cant positive effect on the number of behavior transitions of male pumas in forests (Table 1).

However, for males in forests, support for the interaction term (proximity to houses × time of

day) was ambiguous because the two models had a ΔAIC of less than 0.2, indicating that they

were statistically indistinguishable [40]. AIC comparison revealed that the best models for all

female pumas and males in shrublands included the proximity to houses, time of day, and an

interaction between the two (Table 1). This indicates that the time of day determined how

pumas altered their movement patterns near development, which we discuss next.

Table 1. Results of log-linear analysis for all puma behavioral transition models.

Study Group Modelab ΔAICc Components addeda ΔG2, df, P-value

Males, Forests Null (BA, BHT) 72.0 84, 6, —

Previous Location × House (BAH, BHT) 63.8 BAH 71.8, 4, 0.002

Previous location × Time (BAT, BHT) 2.2 BAT 10.2, 4, <0.001

Previous location × Time + Previous location × House (BAT, BAH, BHT) 0.01 BAT 4.01, 2, 0.001

BAH 4.01, 2, 0.045

Time × House (BAHT) 0.00 TH 0, 0, 0.135

Males, Shrubland Null (BA, BHT) 53.4 65.4, 6, —

Previous Location × House (BAH, BHT) 54.0 BAH 62, 4, 0.002

Previous location × Time (BAT, BHT) 8.4 BAT 16.4, 4, <0.001

Previous location × Time + Previous location × House (BAT, BAH, BHT) 11.5 BAT 15.5, 2, <0.001

BAH 15.5, 2, 0.64

Time × House (BAHT) 0.00 TH 0, 0, < 0.001

Females, All habitat Null (BA, BHT) 90.8 102.8, 6, —

Previous Location × House (BAH, BHT) 66.6 BAH 76.4, 4, <0.001

Previous Location × Time (BAT, BHT) 41.3 BAT 49.3, 4, <0.001

Previous Location × Time + Previous location × House (BAT, BAH, BHT) 24.5 BAT 28.5, 2, <0.001

BAH 28.5, 2, <0.001

Time × House (BAHT) 0.00 TH 0, 0, < 0.001

a A: Succeeding behavior; B: Previous behavior; T: Time; and H: Number of Houses.
b In null models, effects of time and number of houses were assumed to be independent of behavioral transitions. Succeeding behaviors (A) are only

dependent upon preceding behaviors (B), and not on time of day (T) or proximity to housing (H). Subsequent models which incorporate the housing and

time covariates and their interactions are listed below the null.
c ΔAIC values are in comparison to the top model for each study group.

https://doi.org/10.1371/journal.pone.0184687.t001
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Behavioral budgets

All puma behavioral transitions showed contrasting responses to housing depending on the

time of day (Fig 1). At night, all pumas regardless of sex or habitat were less likely to remain

inactive, more likely to remain active, and more likely to transition between behavioral states

near houses. In contrast, male and female pumas were more likely to stay inactive near houses

during the daytime. However, male pumas in forests were also less likely to remain active near

houses in the forest during the day whereas male pumas in shrublands were unaffected.

Both male and female pumas were generally more active at night than during the day. Male

pumas near houses at night were active 26.9% and 21.1% of the time in forested and shrubland

habitats, respectively, compared with 17.2% and 13.2% when they weren’t close to human

structures (Fig 2). Females were active 13.3% of the time when near houses at night, compared

with only 7.5% when further away (Fig 2). In the daytime, puma activity was generally low,

with females and males in forests exhibiting no difference in activity level in relation to prox-

imity to houses (Fig 2). However, males in shrubland habitats were less likely to be active near

houses (2.8%) than when far from houses (8%) during the day.

Energetic costs

Our COT estimates based on ODBA measurements from accelerometers for pumas 16M and

28F showed that our energetic expenditure estimates from GPS movement data greatly under-

estimated caloric intake. Applying the COT formula from Taylor et al. [32] to the intensive

GPS sampling period, we estimated that 16M expended 2,492 and 2,296 kcals over two days

and that 28F expended 1,793 kcals. In contrast, our COT estimates from ODBA for the same

three days were about 2–2.5 times higher at 6,079 and 5,492 kcals, and 3,608 kcal, respectively.

We used the results from a linear regression between the COT values calculated using 15 min

GPS and ODBA measurements (intercept = 8.21, slope = 1.88; r = 0.75) to apply corrections

factor to all puma energetic calculations.

We used 19 pumas (10 males and 9 females) to evaluate movement activities and energetics

over 369 24-hour intense sampling periods (216 for females and 153 for males) (Table 2).

Male pumas, averaging 53.3 kg ± 7.82kg (SD), traveled a mean of 7.43 km ± 2.2 km daily and

expended 5,145 kcal ± 542 kcal (after factoring the correction factor). Females, averaging

39.8 kg ± 2.73 kg, were more sedentary and traveled a mean of 4.12 km ± 0.5 km daily and

expended 4,760 kcal ± 555 kcal. If a puma only subsisted on a diet of black-tailed deer, we cal-

culated that a male puma would need to kill a minimum average of 45.5 doe equivalents/year

and that a female puma would need to kill 42 doe equivalents/year.

Development influences on puma energetics

We found that the model structure that included random intercepts and slopes for Puma ID

minimized AIC values and fit the data better compared to a fixed-effects model (ΔAIC = 632)

and the model with random intercepts only (ΔAIC = 23.4). The final model included all origi-

nal fixed effects terms for sex, time, the log-transformed number of houses, the interaction

between sex and time, and the interaction between time and number of houses (Table 3). As

expected, males burned more calories than females during both nocturnal and diurnal hours

(Fig 3). However, the influence of increased housing density on puma energetic expenditures

differed depending on time of day, with pumas burning more calories between GPS points in

more developed areas during nocturnal hours but not during diurnal hours.

Average daily caloric expenditure for individual pumas was consistently higher on days

when pumas were in high housing density areas than in low housing density areas, constitut-

ing a 434.3 ± 130.3 SE kcal increase for females and a 513.3 ± 83.1 SE kcal increase for males

Development alters apex predator behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0184687 October 11, 2017 8 / 17

https://doi.org/10.1371/journal.pone.0184687


Fig 1. The effect of proximity to houses on the daytime (gray) and nighttime (black) transition probabilities between

activity states for female pumas, male pumas in forested areas, and male pumas in shrubland habitats. Difference in

transition probabilities is calculated as probability of transitioning between states when pumas are�150m from buildings

subtracted by the probabillity of transitioning between states when pumas are >150m from buildings. A positive value means

pumas are more likely to engage in those transitions when close to buildings than when further away. Asterisks above columns

represent significant differences between transition probabilities close and far from houses (P < 0.05).

https://doi.org/10.1371/journal.pone.0184687.g001

Development alters apex predator behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0184687 October 11, 2017 9 / 17

https://doi.org/10.1371/journal.pone.0184687.g001
https://doi.org/10.1371/journal.pone.0184687


(Table 4). These differences in average daily caloric expenditure were equivalent to a mean

total percentage increase of 10.1 ± 3.1 SE% of daily kcals used by individual females and

11.6 ± 1.8 SE% of daily kcals used by males. When the increase in daily calories is converted to

the extra number of deer required annually by each puma, females would need to kill an addi-

tional 3.4 deer annually to meet higher energetic requirements, and males would need to kill

4.0 more deer.

Fig 2. Proportion of time spent active for female pumas,male pumas in forests, and male pumas in shrublands�150m from buildings during

the day (light gray) or night (black bars) and >150m from buildings during the day (white) or night (dark grey bars). Asterisks between paired

columns represent significant differences between activity levels near houses and far from houses (P < 0.05). Error bars represent 95% confidence

intervals.

https://doi.org/10.1371/journal.pone.0184687.g002

Table 2. Mean (± standard error) of daily distanced traveled, daily caloric expenditure, and projected annual deer requirements of 9 female (F) and

10 male (M) pumas.

Puma ID Days monitored Daily distance (m) Daily kcal/kg Deer/year

7F 42 3236 ± 378 97.8 ± 0.6 36.3 ± 0.2

11F 22 3935 ± 489 104.5 ± 0.8 35.2 ± 0.3

18F 8 4001 ± 939 119.3 ± 1.7 40.0 ± 0.6

19F 35 3927 ± 495 107.9 ± 0.8 39.9 ± 0.3

23F 38 4389 ± 373 133.3 ± 0.8 48.0 ± 0.3

24F 15 3966 ± 462 145.0 ± 1.0 47.7 ± 0.3

25F 14 4493 ± 941 138.2 ± 2.0 48.1 ± 0.7

28F 24 4111 ± 606 129.9 ± 1.2 41.6 ± 0.4

29F 18 5060 ± 511 124.8 ± 1.0 42.2 ± 0.3

Female total 216 4132 ± 176 118.9 ± 1.1 41.6 ± 0.3

16M 12 10760 ± 1140 96.2 ± 1.5 50.4 ± 0.8

17M 8 4297 ± 706 95.0 ± 1.0 40.2 ± 0.4

22M 29 9830 ± 1091 91.2 ± 1.4 52.0 ± 0.8

26M 28 6743 ± 810 103.0 ±1.2 39.6 ± 0.5

27M 22 6853 ± 1000 99.5 ± 1.4 43.4 ± 0.6

31M 10 7047 ± 1298 94.8 ±1.8 46.1 ± 0.9

34M 17 6504 ± 727 90.1 ± 1.0 47.1 ±0.5

35M 19 4215 ± 484 97.3 ±0.7 38.8 ±0.3

36M 6 9192 ± 1874 96.4 ± 2.6 49.4 ± 1.3

37M 2 8877 ± 3 98.23 ± 0.1 48.4 ± 0.0

Male total 153 7334 ± 373 96.3 ± 0.6 45.0 ± 0.5

https://doi.org/10.1371/journal.pone.0184687.t002
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Discussion

This study explores how housing development influences puma behavior and energetics in a

fragmented landscape. Our results suggest a clear relationship between proximity to houses

and puma movement activity. This effect was modulated by the time of day, whereby pumas

were more likely to be active and remain active when within 150m of development at night.

We also found that pumas were more likely to transition between behavioral states when close

to houses. These activity shifts may reflect discomfort with being in close proximity to humans

and domestic animals or reaction to other abiotic disturbances from these sources, such as

light pollution or human-associated sounds [41].

As we predicted, there was a significant positive relationship between distance traveled and

the number of houses surrounding each puma’s travel path. This pattern resulted in greater

metabolic demand associated with higher densities of residential development. Both male and

female pumas moved further and expended more calories in developed areas at night but not

during the day, providing evidence that puma response to development was strongly influ-

enced by the time of day. Although pumas only increased their movement activity near houses

at night, we found that this still resulted in increased net energetic expenditure. Increases in

distance traveled are unlikely to be influenced by deer availability, as occupancy of deer is

ubiquitous across our study site in both developed and protected areas [20].

The increases in caloric expenditure we observed could in part explain observed increases

in puma kill rate in developed areas [8]. To compensate for the higher energetic costs of living

in developed areas alone, we found that pumas would need to kill on average a minimum of

3.4 and 4.0 more deer annually for female and male pumas, respectively. This estimated

increase is likely conservative, as we have previously found that pumas in the most developed

parts of our study area kill over 20 more deer per year than pumas in less disturbed areas [8].

Higher kill requirements based on increased movement may exacerbate other behavioral influ-

ences on energetics, including changes in feeding rates and handling time of prey [8] and

altered diet composition [20].

Although pumas in our study area are not legally harvested, human-caused mortality is the

leading cause of death for collared pumas. Hence, even in the absence of puma hunting, which

is illegal in California, high human-induced mortality rates due to depredations give pumas

strong incentive to alter their behaviors to minimize contact with people. Pumas fear humans

in this human-dominated ecosystem, demonstrated by immediate responses to human stimuli

[41], altered feeding behavior [8,24,41], reduced occupancy of developed areas [7], and strong

avoidance of development when engaged in reproductive behaviors [24]. As large tracts of

land increasingly transition from undeveloped to exurban development, non-lethal human

disturbances will likely continue to alter puma behavior. As demonstrated here, changes in

puma movement behavior has energetic consequences. The cumulative energetic cost of all

behavior change in human-dominated systems is likely to exceed even the substantial esti-

mated energetic requirements reported here.

Table 3. Results of final mixed effects model to predict puma activity.

Model Parameter β SE t P

Sex 5.50 2.84 1.94 0.069

Time - 0.66 0.78 -0.85 0.395

Number of Houses (log-transformed) 1.21 0.28 4.26 < 0.001

Sex X Time -3.10 0.97 -3.21 0.001

Time X Number of Houses - 1.45 0.49 -2.95 0.003

https://doi.org/10.1371/journal.pone.0184687.t003
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Increased energetic requirements are likely to disproportionalty impact females with kit-

tens, given their higher energetic demands [34]. Kittens older than 6 months follow their

mothers to kill sites to feed [42]; if these locations are close to development, their feeding times

Fig 3. Predicted curves bounded by 95% confidence intervals relating the average calories expended between 15-minute GPS points and the

average number of houses in a 150m radius around locations in nighttime and daytime. Predictions for males are indicated by the solid line and

females are indicated by the dashed line.

https://doi.org/10.1371/journal.pone.0184687.g003
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may decline in response to disturbances [8]. Additionally, females may choose daytime resting

locations further away from kill sites in developed areas, thus reducing the energetic gains kit-

tens receive from carcasses. Although we could not track kitten survival during our study,

most female pumas we tracked had kittens and lived in home ranges that encompassed devel-

oped areas. Future studies that measure kitten recruitment will shed light on the added ener-

getic and survival costs of raising kittens in human-modified landscapes.

Our approach of using GPS and accelerometer data allowed us to obtain more accurate

estamates of energetic use and requirements, which were likely underestimated in previous

studies using GPS or telemetry data alone. The average activity levels of our study animals

(20.8%) was relatively low compared to Beier et al.’s [37] estimates of 25% diel activity for

pumas in southern California. This discrepancy may be due to methodological differences;

Beier et al. [37] used the radio-telemetry to estimate the locations of animals, which is charac-

terized by lower precision and sampling in comparison to GPS data. Pumas tracked in our

study have some of the lowest travel distances (4–7 km/day) of any pumas studied, traveling

less than half as far as those monitored by other studies [34,43]. However, despite their rela-

tively short travel distances, our corrected estimates of puma energetic expenditures (average

of 4,760 kcal for females and 5,145 kcal for males) was nearly twice as high as those of Laundré

[34] (average of 2,420 kcal for females and 3,144 kcal for males), which suggests that previous

estimates of puma energetics from GPS or radio-tracked animals have considerably underesti-

mated true field energetics. Metabolic costs derived soley from mimimum COT equations or

telemetry-only tracking studies may woefully underestimate true large predator hunting costs

due to their inability to account for additional energy demand associated with topographic

complexity, substrate type, intermittent locomotion, maneuvering, feeding and weather

[13,44,45].

Incorporating calibrated accelerometer datasets alongside GPS locations, as demonstrated

here for pumas, allows for significantly finer-scale reconstruction of behavioral and energy

budgets. Our accelerometer-corrected estimates for minimum annual deer consumption (42

Table 4. Caloric difference between time spent in high and low housing density areas relative to each puma.

Puma

Sex

Puma

ID

Difference in

kcals (day)a
Difference in

kcals (night)a
Total

Difference

(kcal)

Increase in Daily

Calories (%)b
Change in annual

deer consumption

Bottom 25%

Housing

Densityc

Top 25%

Housing

Densityc

Female 23F -754.5 809.5 55.1 1.1 0.4 Rural Suburban

11F 94.1 19.8 113.9 2.9 0.9 No Housing Exurban

28F 128.7 128.3 256.9 5.7 2.0 No Housing Exurban

7F 124.9 206.3 331.2 8.3 2.6 No Housing Exurban

19F 509.1 10.5 519.6 12.3 4.0 No Housing Rural

25F 54.7 736.1 790.9 16.2 6.2 No Housing Exurban

29F 21.2 951.3 972.6 24.4 7.6 No Housing Exurban

Male 26M -23.5 328.6 305.1 7.2 2.4 No Housing Exurban

22M 114.9 288.1 403.0 7.5 3.1 No Housing Rural

17M 418.8 40.2 459.0 11.8 3.6 No Housing Exurban

27M 63.0 408.4 471.4 10.9 3.7 No Housing Rural

35M 2.8 543.6 546.3 12.9 4.3 No Housing Exurban

16M 343.1 551.9 895.0 19.3 7.0 Rural Exurban

a Differences are calculated from average caloric expendature during days and nights spent in the top and bottom quartiles of housing density per puma.
b Increase in daily calories are measured as the total increase in caloric expendature divided by individual average daily caloric expendature.
c Housing density classifications are derived using categories described in Theobald (2005).

https://doi.org/10.1371/journal.pone.0184687.t004
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deer/yr for females without kittens and 45.5 deer/yr for males) are likewise much higher than

those predicted by Laundré [34] (14.9 deer/yr for females and 19.4 deer/yr for males). Instead,

our estimates are similar to the field-estimated kill rates of 25–84 deer/yr for pumas in our

population [8].

Our study provides evidence that behavioral responses to human disturbance have ener-

getic consequences to individuals. While previous research had focused primarily on how

urbanization and development affect the persistence or declines in wildlife populations, more

studies now examine the behavioral responses of these species as they adapt to increased

human presence [8,46]. Understanding how animal motivations and behaviors are altered by

human influences can shed light on why some species can continue to persist in human domi-

nated landscapes while others become extirpated [47,48]. New technologies such as accelerom-

eters can reveal much more than whether or not an animal is in an area, but elucidate how

successfully the individual is able to move, feed, and reproduce [49]. Increasing awareness of

the consequences of human-induced behavioral change in wildlife can contribute to more

robust wildland-urban interface planning and reductions in human-wildlife conflict.

Currently, exurban or low density development is the fastest growing type of land-use

change in the United States [50]. As low density development fragments previously intact

landscapes, it could pose significant challenges to survival for wildlife due to cummulative

effects of increased non-lethal human disturbance. By incorporating energetic measurements

from accelerometers, we showed the substantial consequences of these changes in behavior on

energetic costs and requirements. Changes in movement activity and behavior can provide the

first indications of predator energetic responses to development. Large carnivores such as

pumas occupy pivotal roles in ecosystems, and changes to their behaviors can lead to demo-

graphic effects that reverberate throughout the ecological community. In addition, as energetic

needs increase with development, large carnivores may switch to domestic or synanthropic

prey sources, exacerbating conflict with humans and threatening carnivore survival and popu-

lation persistence. For all large carnivores, accounting for human-induced behavioral change

should play a larger role in any conservation management strategy.

Acknowledgments

We thank P. Houghtaling, Y. Shakeri, C. Fust, S. McCain and dozens of undergraduate volun-

teers for collecting field data, as well as the California Department of Fish and Wildlife, C.

Wylie and D. Tichenor for their significant support in helping to capture pumas with hounds.

We thank T. Williams and C. Bryce with help on calculating puma energetics and B. Nickel

and A. Cole for spatial analysis assistance. C. Bryce also helped edit and improve the

manuscript.

Author Contributions

Conceptualization: Yiwei Wang, Christopher C. Wilmers.

Data curation: Yiwei Wang.

Formal analysis: Yiwei Wang, Justine A. Smith.

Funding acquisition: Yiwei Wang, Christopher C. Wilmers.

Investigation: Yiwei Wang.

Methodology: Yiwei Wang, Justine A. Smith, Christopher C. Wilmers.

Project administration: Yiwei Wang, Christopher C. Wilmers.

Development alters apex predator behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0184687 October 11, 2017 14 / 17

https://doi.org/10.1371/journal.pone.0184687


Resources: Yiwei Wang, Christopher C. Wilmers.

Software: Yiwei Wang, Justine A. Smith.

Supervision: Yiwei Wang, Christopher C. Wilmers.

Visualization: Yiwei Wang, Justine A. Smith.

Writing – original draft: Yiwei Wang, Justine A. Smith.

Writing – review & editing: Yiwei Wang, Justine A. Smith, Christopher C. Wilmers.

References
1. Czech B, Krausman PR, Devers PK. Economic associations among causes of species endangerment

in the United States. Bioscience 2000; 50: 593–601.

2. Magle SB, Angeloni LM. Effects of urbanization on the behaviour of a keystone species. Behaviour

2011; 148: 31–54.

3. Batary P, Baldi A. Evidence of an edge effect on avian nest success. Conservation Biology 2004; 18:

389–400.

4. Kuijper DPJ, Sahlen E, Elmhagen B, Chamaille-Jammes S, Sand H, Lone K, et al. Paws without claws?

Ecological effects of large carnivores in anthropogenic landscapes. Proceedings of the Royal Society B:

Biological Sciences 2016; 283: 20161625. https://doi.org/10.1098/rspb.2016.1625 PMID: 27798302

5. Theobald DM. Landscape patterns of exurban growth in the USA from 1980 to 2020. Ecology and Soci-

ety 2005; 10: 34.

6. Theobald DM, Romme WH. Expansion of the US wildland-urban interface. Landscape and Urban Plan-

ning 2007; 83: 340–354.

7. Wang Y, Allen ML, Wilmers CC. Mesopredator spatial and temporal responses to large predators and

human development in the Santa Cruz Mountains of California. Biological Conservation 2015; 190: 23–

33.

8. Smith JA, Wang YW, Wilmers CC. Top carnivores increase their kill rates on prey as a response to

human-induced fear. Proceedings of the Royal Society B: Biological Sciences 2015; 282: 20142711.

https://doi.org/10.1098/rspb.2014.2711 PMID: 25608884

9. Tuomainen U, Candolin U. Behavioural responses to human-induced environmental change. Biological

Reviews 2011; 86: 640–657. https://doi.org/10.1111/j.1469-185X.2010.00164.x PMID: 20977599

10. Ordiz A, Stoen OG, Saebo S, Kindberg J, Delibes M, Swenson JE. Do bears know they are being

hunted? Biological Conservation 2012; 152: 21–28.

11. Tadesse SA, Kotler BP. Impact of tourism on Nubian Ibex (Capra nubiana) revealed through assess-

ment of behavioral indicators. Behavioral Ecology 2012; 23: 1257–1262.

12. Nathan R, Getz WM, Revilla E, Holyoak M, Kadmon R, Saltz D, et al. A movement ecology paradigm

for unifying organismal movement research. Proceedings of the National Academy of Sciences of the

United States of America 2008; 105: 19052–19059. https://doi.org/10.1073/pnas.0800375105 PMID:

19060196

13. Williams TM, Wolfe L, Davis T, Kendall T, Richter B, Wang Y, et al. Instantaneous energetics of puma

kills reveal advantage of felid sneak attacks. Science 2014; 346: 81–85. https://doi.org/10.1126/

science.1254885 PMID: 25278610

14. Woodroffe R. Predators and people: using human densities to interpret declines of large carnivores.

Animal Conservation 2000; 3: 165–173.

15. Crooks KR. Relative sensitivities of mammalian carnivores to habitat fragmentation. Conservation Biol-

ogy 2002; 16: 488–502.

16. Dickson BG, Jenness JS, Beier P. Influence of vegetation, topography, and roads on cougar movement

in southern California. Journal of Wildlife Management 2005; 69: 264–276.

17. Caro T, Sherman PW. Endangered species and a threatened discipline: behavioural ecology. Trends in

Ecology and Evolution 2011; 26: 111–118. https://doi.org/10.1016/j.tree.2010.12.008 PMID: 21257224

18. Parker GA, Stuart RA. Animal behavior as a strategy optimizer—evolution of resource assessment

strategies and optimal emigration thresholds. American Naturalist 1976; 110: 1055–1076.

19. Hornocker M, Negri S. Cougar: Ecology and Conservation. Chicago: University of Chicago Press;

2009.

Development alters apex predator behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0184687 October 11, 2017 15 / 17

https://doi.org/10.1098/rspb.2016.1625
http://www.ncbi.nlm.nih.gov/pubmed/27798302
https://doi.org/10.1098/rspb.2014.2711
http://www.ncbi.nlm.nih.gov/pubmed/25608884
https://doi.org/10.1111/j.1469-185X.2010.00164.x
http://www.ncbi.nlm.nih.gov/pubmed/20977599
https://doi.org/10.1073/pnas.0800375105
http://www.ncbi.nlm.nih.gov/pubmed/19060196
https://doi.org/10.1126/science.1254885
https://doi.org/10.1126/science.1254885
http://www.ncbi.nlm.nih.gov/pubmed/25278610
https://doi.org/10.1016/j.tree.2010.12.008
http://www.ncbi.nlm.nih.gov/pubmed/21257224
https://doi.org/10.1371/journal.pone.0184687


20. Smith JA, Wang YW, Wilmers CC. Spatial characteristics of residential development shift large carni-

vore prey habits. Journal of Wildlife Management 2016; 80: 1040–1048.

21. Rutishauser M, Petkov V, Boice J, Obraczka K, Mantey P, Williams T, et al. CARNIVORE: a disruption-

tolerant system for studying wildlife. Eurasip Journal on Wireless Communications and Networking

2011;968046.

22. Wang Y, Nickel B, Rutishauser M, Bryce CM, Willimas TW, Elkhaim G, et al. Movement, resting, and

attack behaviors of wild pumas are revealed by tri-axial accelerometer measurements. Movement Ecol-

ogy 2015; 3: 2. https://doi.org/10.1186/s40462-015-0030-0 PMID: 25709837

23. US Geological Survey. Gap Analysis Program (GAP). National Land Cover, Version 2; 2011.

24. Wilmers CC, Wang Y, Nickel B, Shakeri Y, Allen ML, Kermish-Wells J, et al. Scale dependent behav-

ioral responses to human development by a large predator, the puma. PLoS ONE 2013; 8: e60590.

https://doi.org/10.1371/journal.pone.0060590 PMID: 23613732

25. Caswell H. Matrix Population Models: Construction, Analysis, and Interpretation. 2nd ed. Sunderland:

Sinauer Associates; 2001.

26. Rugg DJ, Buech RR. Analyzing time budgets with Markov-chains. Biometrics 1990; 46: 1123–1131.

27. Wirsing AJ, Heithaus MR. Behavioural transition probabilities in dugongs change with habitat and pred-

ator presence: implications for sirenian conservation. Marine and Freshwater Research 2012; 63:

1069–1076.

28. Lusseau D. Effects of tour boats on the behavior of bottlenose dolphins: Using Markov chains to model

anthropogenic impacts. Conservation Biology 2003; 17: 1785–1793.

29. Christiansen F, Rasmussen MH, Lusseau D. Inferring activity budgets in wild animals to estimate the

consequences of disturbances. Behavioral Ecology 2013; 24: 1415–1425.

30. Fleiss JL. Inferring activity budgets in wild animals to estimate the consequences of disturbances.

Behavioral Ecology 2013; 24: 1415–1425.

31. Newcombe RG. Two-sided confidence intervals for the single proportion: Comparison of seven meth-

ods. Statistics in Medicine 1998; 17: 857–872. PMID: 9595616

32. Taylor CR, Heglund NC, Maloiy GMO. Energetics and mechanics of terrestrial locomotion. Metabolic

energy-consumption as a function of speed and body size in birds and mammals. Journal of Experimen-

tal Biology 1982; 97: 1–21. PMID: 7086334

33. Ackerman BB, Lindzey FG, Hemke TP. Predictive energetics model for cougars. In: Miller SD, Everett

DD, editors. Cats of the world: biology, conservation, and management. Washington: National Wildlife

Federation; 1986. pp. 333–352.

34. Laundre JW. Puma energetics: a recalculation. Journal of Wildlife Management 2005; 69: 723–732.

35. Dasmann RF, Taber RD. Behavior of columbian black-tailed deer with reference to population ecology.

Journal of Mammalogy 1956; 37: 143–164.

36. Qasem L, Cardew A, Wilson A, Griffiths I, Halsey LG, Shepard ELC, et al. Tri-axial dynamic acceleration

as a proxy for animal energy expenditure; should we be summing values or calculating the vector?

PLoS ONE 2012; 7: e31187. https://doi.org/10.1371/journal.pone.0031187 PMID: 22363576

37. Beier P, Choate D, Barrett RH. Movement patterns of mountain lions during different behaviors. Journal

of Mammalogy 1995; 76: 1056–1070.

38. Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM. Mixed Effects Models and Extensions in Ecology

with R. New York: Springer Science; 2009.

39. Pinheiro J, Bates D, DebRoy S, Sarkar D, Team RC. nlme: Linear and Nonlinear Mixed Effects Models;

2012.

40. Burnham KP, Anderson DR. Model Selection and Multimodal Inference: A Practical Information-Theo-

retic Approach. 2nd ed. New York: Springer-Verlag; 2002.

41. Smith JA, Suraci JP, Clinchy M, Crawford A, Roberts D, Zanette LY, et al. Fear of the human ‘super

predator’ reduces feeding time in large carnivores. Proceedings of the Royal Society B: Biological Sci-

ences 2017; 284: 20170433. https://doi.org/10.1098/rspb.2017.0433 PMID: 28637855

42. Laundre JW, Hernandez L.The amount of time female pumas Puma concolor spend with their kittens.

Wildlife Biology 2008; 14: 221–227.

43. Elbroch LM, Wittmer HU. Puma spatial ecology in open habitats with aggregate prey. Mammalian Biol-

ogy 2012; 77: 377–384.

44. Halsey LG.Terrestrial movement energetics: current knowledge and its application to the optimising ani-

mal. Journal of Experimental Biology 2016; 219: 1424–1431. https://doi.org/10.1242/jeb.133256 PMID:

27207950

Development alters apex predator behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0184687 October 11, 2017 16 / 17

https://doi.org/10.1186/s40462-015-0030-0
http://www.ncbi.nlm.nih.gov/pubmed/25709837
https://doi.org/10.1371/journal.pone.0060590
http://www.ncbi.nlm.nih.gov/pubmed/23613732
http://www.ncbi.nlm.nih.gov/pubmed/9595616
http://www.ncbi.nlm.nih.gov/pubmed/7086334
https://doi.org/10.1371/journal.pone.0031187
http://www.ncbi.nlm.nih.gov/pubmed/22363576
https://doi.org/10.1098/rspb.2017.0433
http://www.ncbi.nlm.nih.gov/pubmed/28637855
https://doi.org/10.1242/jeb.133256
http://www.ncbi.nlm.nih.gov/pubmed/27207950
https://doi.org/10.1371/journal.pone.0184687


45. Wilmers CC, Isbell LA, Suraci JP, Williams TM. Energetics-informed behavioral states reveal the drive

to kill in african leopards. Ecoshpere 2017; 8: 1–12.

46. Ordiz A, Kindberg J, Saebo S, Swenson JE, Stoen OG. Brown bear circadian behavior reveals human

environmental encroachment. Biological Conservation 2014; 173: 1–9.

47. McKinney ML. Urbanization as a major cause of biotic homogenization. Biological Conservation 2006;

127: 247–260.

48. Caro T. Behavior and conservation: a bridge too far? Trends in Ecology & Evolution 2007; 22: 394–400.

49. Wilmers CC, Nickel B, Bryce CM, Smith JA, Wheat RE, Yovovich V. The golden age of bio-logging: how

animal-borne sensors are advancing the frontiers of ecology. Ecology 2015; 96: 1741–1753. PMID:

26378296

50. Radeloff VC, Hammer RB, Stewart SI, Fried JS, Holcomb SS, McKeefry JF. The wildland-urban inter-

face in the United States. Ecological Applications 2005; 15: 799–805.

Development alters apex predator behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0184687 October 11, 2017 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/26378296
https://doi.org/10.1371/journal.pone.0184687

