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Abstract
The mere threat of predation may incite behavioral changes in prey that lead to community-wide impacts on productivity,
biodiversity, and nutrient cycling. The paucity of experimental manipulations, however, has contributed to controversy
over the strength of this pathway in wide-ranging vertebrate systems. We investigated whether simulated gray wolf (Canis
lupus) presence can induce behaviorally-mediated trophic cascades, specifically, whether the ‘fear’ of wolf olfactory cues
alone can change deer foraging behavior in ways that affect plants and soils. Wolves were recently removed from the Cedar
Creek Ecosystem Science Reserve (Minnesota, USA), such that consumptively mediated predator effects were negligible.
At 32 experimental plots, we crossed two nested treatments: wolf urine application and herbivore exclosures. We deployed
camera traps to quantify how white-tailed deer (Odocoileus virginianus) adjusted their spatiotemporal habitat use, foraging,
and vigilance in response to wolf cues and how these behavioral changes affected plant productivity, plant communities,
and soil nutrients. Weekly applications of wolf urine significantly altered deer behavior, but deer responses did not cascade
to affect plant or soil properties. Deer substantially reduced crepuscular activity at wolf-simulated sites compared to control
locations. As wolves in this area predominantly hunted during mornings and evenings, this response potentially allows deer
to maximize landscape use by accessing dangerous areas when temporal threat is low. Our experiment suggests that prey
may be sensitive to ‘dynamic’ predation risk that is structured across both space and time and, consequentially, prey use of
risky areas during safe times may attenuate behaviorally-mediated trophic cascades at the predator–prey interface.
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Trophic cascades occur when impacts of higher trophic levels are transmitted through a community to indirectly affect
lower levels (Hairston et al. 1960; Paine 1980; Carpenter
et al. 1985). The classic cascade of carnivores affecting
plants by altering herbivore dynamics has been detected in a
variety of systems, although the strength of these effects can
vary substantially within and across communities (Shurin
et al. 2002; Borer et al. 2005; Estes et al. 2011). Ecologists
still struggle to predict the conditions under which trophic
cascades may occur, due in large part to our current lack of
understanding regarding the mechanisms by which predator
effects propagate (Schmitz et al. 2004).
Predators can modify their ecological communities by
consuming prey (‘consumptive predator effects’), and by
inciting behavioral changes in prey (‘non-consumptive
predator effects’) (Lima and Dill 1990; Werner and Peacor
2003; Preisser et al. 2005). The first pathway can generate
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density-mediated trophic cascades (Paine 1966, 1980; Polis
and Strong 1996), which have been the historical focus of
much predator–prey ecology (e.g., Estes and Palmisano
1974; Carpenter and Kitchell 1996; Pace et al. 1999). The
second pathway can lead to behaviorally-mediated trophic
cascades (Abrams 1984; Beckerman et al. 1997; Schmitz
et al. 2004), which develop when prey attempt to manage
predation risk by engaging in anti-predator behaviors (Lima
and Dill 1990; Werner and Peacor 2003). These behaviors,
such as spatial or temporal avoidance or increased vigilance,
often come at the cost of foraging opportunities and consequentially positively impact certain lower trophic levels
(Schmitz et al. 1997, 2004). The degree to which natural
communities are shaped by either pathway and the relative
strengths of each mechanism are topics of great interest and
debate (Werner and Peacor 2003; Preisser et al. 2005).
Behaviorally-mediated effects can hypothetically produce
stronger trophic cascades than density-mediated effects, as
the ‘fear’ of predation may alter behavior of an entire prey
population, whereas direct predation only affects individuals
that are killed (Schmitz et al. 2004; Schmitz 2005; Preisser
et al. 2005). This notion is supported in small-scale experimental manipulations of invertebrates, amphibians, fish, and
birds (Schmitz 1998; Peacor and Werner 2001; Preisser et al.
2005; Cresswell 2008; and references therein). Evidence for
either of these effects in natural ecosystems, particularly terrestrial mammal communities, is more ambiguous. In situations where cascades purportedly occur, the driver was primarily identified as prey density-mediation, with changes
in prey movement and foraging behaviors deemed too weak
to alter plant biomass or community composition (McLaren
and Peterson 1994; Hebblewhite and Smith 2010; Kauffman
et al. 2010; Painter et al. 2015). Contention has arisen, however, around the findings of many of these studies and new
research highlighting the strength of behaviorally-mediated
trophic cascades is now gaining traction (Fortin et al. 2005;
Peckarsky et al. 2008; Ripple and Beschta 2012; Cherry
et al. 2016; Flagel et al. 2016; Suraci et al. 2016; Donadio
and Buskirk 2016). It remains difficult to disentangle the
relative importance of the two pathways and the systemwide consequences of non-consumptive predator effects in
particular are habitually understudied.
One reason for continued ambiguity regarding the
importance of behaviorally-mediated pathways in trophic
cascades is that predator effect studies in large, free-roaming animals tend to be observational rather than experimental. Due to the challenges of working with large vertebrates in natural systems, the majority of research has
either examined a single site following predator (re)establishment or decline (Ripple and Beschta 2007, 2012; Frank
2008, 2013; Kimble et al. 2011) or compared locations
where predators exist at different densities (McLaren and
Peterson 1994; Berger et al. 2001; Terborgh et al. 2006).
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These studies meticulously investigated correlations but
struggled to establish causation because of their inability
to isolate and manipulate trophic levels of interest. They
often lacked replication, randomization, and controls
(Eberhardt 1997; Schmitz et al. 2000; but see Donadio
and Buskirk 2016; Atkins et al. 2019). While the ideal
experiment would be to scale up the small-scale invertebrate studies (sensu Schmitz et al. 1997, Schmitz 1998),
rendering free-ranging vertebrate predators non-lethal
is logistically unfeasible. The scarcity of manipulative
experiments involving large mammals has impeded our
ability to predict the conditions under which behaviorallymediated trophic cascades will occur (Schmitz et al. 2000;
Shurin et al. 2002; Borer et al. 2005; Peers et al. 2018; but
see Suraci et al. 2019).
Here, we report results from an experiment to rigorously test whether predators alter plant communities and
ecosystem functioning by inciting behaviorally-mediated
trophic cascades. By simulating gray wolf (Canis lupus)
presence through repeated wolf urine applications across a
replicated series of plots in currently wolf-free grasslands,
we isolated the behaviorally-mediated (non-consumptive)
pathway through which wolves might affect plants by altering the behavior of white-tailed deer (Odocoileus virginianus). The resident wolf population at our site was removed
in 2016–2017 (Mech et al. 2019), eliminating consumptive
effects in an area where prey retain ecological experience
with these predators. Deer form a significant portion of the
gray wolf diet (Mech et al. 2015) and shape grassland plant
diversity, richness, and succession in our study system (Bakker et al. 2006; Olff and Ritchie 1998; Ritchie et al. 1998;
Knapp et al. 1999). We focused on herbaceous grassland
plant species that, due to annual winter die-off, exhibit
detectable shifts in relative abundance and aboveground
biomass production over a single growing season (Tilman
1987) and in response to fencing treatments that exclude
ungulates (Isbell and Wilsey 2011) in our system. We used
a paired plot design in which sites, randomly assigned to
a wolf urine or water control treatment, contained both
fenced and unfenced plots. Predator detection is a multimodal process and our experiment examines prey responses
to predator odor. Repeated application of odor was chosen to
mimic chronic wolf use areas (i.e., create the perception of
an underlying spatial landscape of long-term risk). Sustained
anti-predator behaviors in deer in response to experimental
application of wolf odor has been demonstrated in numerous wolf-deer systems (e.g., Chamaillé-Jammes et al. 2014;
Kuijper et al. 2014; Osada et al. 2014; see Parsons et al.
2018 for overarching review of prey responses to predator
odor cues). The paired plot approach allowed us to compare
community-level responses to deer herbivory to ungrazed
exclosures (Ford and Goheen 2015). Sites were continuously
monitored using camera traps and soil nutrients and plant

Oecologia

communities were sampled during and after the growing
season, respectively.
If threat from simulated chronic wolf presence alone
could incite a trophic cascade, we anticipated that deer
avoidance (fewer or shorter visits) of urine-treated sites
would release plants from grazing pressure, increasing herbaceous biomass and decreasing soil nutrient availability relative to control sites (i.e., plant and soil communities would
closely resemble the ungrazed communities inside exclosure
plots; Loreau 2010; Thebault and Loreau 2003). As deer
preferentially consume forbs and generally avoid grasses
and sedges (Kohn and Mooty 1971; Russell et al. 2001),
we predicted that plant community composition at predatorcue and control sites would differ at the end of the growing
season, with the proportion of forbs being lower at ‘safe’
control sites and higher in the predator-simulated locations
and herbivore-exclosure plots. Alternatively, behaviorallymediated trophic cascades may be generated by increased
vigilance at the expense of foraging behavior, reducing deer
impacts on plants and soils as described above even if deer
continued to visit ‘risky’ sites. However, we predicted that
a trophic cascade would not materialize if deer responded to
perceived predation risk by altering spatiotemporal patterns
of habitat use, visiting risky sites at a rate comparable to safe
locations but only during times of day perceived less dangerous based on experience with resident wolves (see Palmer
et al. 2017; Kohl et al. 2018; Smith et al. 2019).

Materials and methods
Study site
We conducted this experiment at the Cedar Creek Ecosystem Science Reserve (CCESR; lat. 45°25′N, long. 93°10′W;
21 km2), a long-term ecological research station situated in
a transitional vegetation zone encompassing prairies, evergreen forests, and leafy woodlands (Pierce 1954). Soils at
CCESR originate from a 12,000–13,000-year-old glacial
outwash deposit and are sandy and low in nitrogen and
organic matter (Grigal et al. 1974; Inouye et al. 1994). Our
experiment was conducted within herbaceous grassland
patches, either old fields (abandoned from agriculture in
the 1900s) or dry oak savannas. These plant communities
contained a variety of grasses (e.g., Andropogon gerardi,
Poa pratensis, Sorghastrum nutans, Schizachyrium scoparium, Stipa spartea, Panicum praecocius), non-leguminous
forbs (e.g., Asclepias tuberosa, Asclepias syriaca, Ambrosia coronopifolia, Lithospermum carolinense, Comandra
richardsoniana, Artemisia ludoviciana), and nitrogen-fixing legumes (e.g., Lathyrus venosus, Amorpha canescens,
Lespedeza capitata). See Tilman (1987) and Inouye et al.

(1994) for a complete description of the history, biology,
and geology of CCESR.
Deer occur in the area at estimated densities of 8.5 deer/
km2 (D’Angelo et al. 2016). Their foraging activity has
demonstrable effects on the woody plant, legume, and nonleguminous forb communities and nitrogen cycling at our
site (Inouye et al. 1994; Ritchie and Tilman 1995; Ritchie
et al. 1998; Lawson et al. 1999). Other herbivores (e.g.,
plains pocket gopher Geomys bursarius, eastern cottontail rabbit Sylvilagus floridanus) were not captured in our
experimental site camera traps and therefore not considered
further.
Gray wolves are the natural top predator of white-tailed
deer in Minnesota (Mech and Karns 1977; Mech and Peterson 2003), and while extensive extirpation efforts in the
early 1900s eliminated gray wolves from many parts of the
continental United States, residual populations persisted in
northern Minnesota. A breeding pair naturally recolonized
CCESR in 2015, establishing a den, and the pack increased
to 19 wolves (estimated eight adults/yearlings and 11 juveniles) by 2016 (Mech et al. 2019). Wolf predation on domestic animals led to authorities removing all adult members by
2017. Scat, tracks, and data from an extensive monitoring
project (continuously deployed camera trap grid covering
CCESR at density of 4.76 cameras/km2) suggested that no
wolves were resident at CCESR during this study. Many of
the adult deer at CCESR would have been present during
the wolves’ recent tenure (Mech et al. 2019). While coyotes
(Canis latrans) and foxes (Vulpes vulpes, Urocyon cinereoargenteus) have been detected in this system, only one coyote sighting was captured on camera traps at our experimental sites during the course of the experiment and, as such,
we considered risk from other predators negligible. Human
activity at CCESR is low, primarily restricted to researchers,
staff, and students. Apart from vehicles on distant roads, no
humans other than the project researchers were detected via
camera traps at our experimental sites.

Field experiment
Sixteen grassland locations (mean ± SD distance
apart = 0.712 ± 0.259 km) were randomly assigned as urinetreatment applications or control sites (“sites”; Appendix 1:
Fig. S1). Half the sites were subjected to weekly applications
of wolf urine to simulate marks left by wolves advertising
their territory (Peters and Mech 1975), while the remaining
sites received a water control treatment. From 05-Jun-2018
to 11-Aug-2018, the treatment or control fluid was sprayed
on the ground or vegetation at eight points in a 20-m-radius
circle (9 mL × 8 points for a total of 72 mL per week; Appendix 1: Fig. S1). Wolf urine was obtained from captive wolves
(Murray’s Lure [www.murrayslure.com]) twice during the
study and refrigerated between applications. Urine from this
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purveyor has evoked strong anti-predator responses in deer
in other behavioral experiments (e.g., Chamaillé-Jammes
et al. 2014).
Deer visitation rates and behavior at each site were monitored using camera traps (Reconyx HyperFire™ PC900 with
IR flash) attached at a height of 1.00 m on wooden poles at
the center of the treatment circle facing the experimental
plots (Appendix 1: Fig. S1). The camera traps employ passive infrared sensors with a 30.5-m trigger distance, capturing three timestamped images (1-s delay) per trigger event.
From the images, we counted adult male, adult female, and
juvenile deer and quantified the presence of foraging and
vigilance during each visitation bout (as per Lashley et al.
2014; Cherry et al. 2015). We distinguished age–sex class as
foraging requirements and vulnerability to predation differ
by life stage and sex, potentially resulting in differential evaluation of and response to risk–resource trade-offs (Cherry
et al. 2015). Deer were considered foraging when their heads
were down and/or vegetation was visible in their mouths and
vigilant when their heads were up scanning the surrounding
environment. We defined visitation bouts as lasting from the
first time a deer was photographed until the last picture after
which deer were not resighted for > 30 min.
To experimentally test top-down effects on plants and
soils, we created paired 4 × 4-m plots at each site, one fenced
against mammalian herbivores and the other open to grazing (“plots”; Ford and Goheen 2015). Fenced and unfenced
exclosure treatments were randomly assigned to the two
plots within each of the 16 sites (32 plots total; Appendix 1:
Fig. S1). These plots were 2 m apart within the camera’s
field of view (2 m from camera), such that habitat was consistent between plots and all herbivore activity could be
monitored. Fences were 2-m high, constructed of 14-gauge
galvanized wire and skirted with chicken wire. Plots were
established immediately prior to the first treatment application (16–20–May-2018). At the end of the growing season (11-Aug-2018), we collected the aboveground live
plant biomass, as well as woody debris and litter, within a
10 cm × 2-m area of each plot. In these temperate grasslands,
all aboveground plant biomass dies every winter, essentially
all ramets come from vegetative growth (Benson and Hartnett 2006), and plants exhibit phenological niche partitioning (i.e., take turns growing at different times of the year;
Fargione and Tilman 2005). Thus, shifts in top-down or
bottom-up processes can and do rapidly shift relative abundances and aboveground biomass production of herbaceous
plants in these grasslands within a single growing season,
and any cascading effects would have manifested within
the timeframe of the study (Tilman 1987; Isbell and Wilsey
2011). Vegetation was clipped to ground level for all plants
rooted inside the sampling strip and sorted into graminoids,
legumes, non-leguminous forbs, pterophytes, bryophytes,
herbaceous litter, woody litter, current year’s woody growth,
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and previous year’s woody growth. All biomass was dried
at 60 °C for 2 weeks prior to weighing to the nearest 0.1 g.
We measured in situ availability of soil cations ( NH4+,
+
K , C a2+, M g2+) and anions (NO3−, H2PO4−, H PO42−,
SO42−) using Plant Root Simulator probes (PRM™; Wester
Ag Innovations Inc., Saskatoon, Canada). The probes were
composed of an ion-exchange resin membrane within a plastic support and provided a measure of ion flux, capturing the
nutrient supply available to plants during deployment. We
inserted the probes vertically into the top soil layer, sampling
6–12 cm below the surface (absorbing surface area = 17.5
cm2). Probes were left from 05-Jun-2018 to 09-Jul-2018 to
avoid saturating the probes and to capture the early season
nutrient release as the soils warmed and prior-year plant
litter mineralized. A pair of cation and anion probes was
placed in each corner of every fenced or unfenced plot. All
cation or anion probes from each plot were analyzed as a
single sample, as per Western Ag (2010).

Statistical analyses
Analyses were conducted in R (v.3.5.0; R Core Team 2018)
and results considered significant at α = 0.05. We used a
combination of linear mixed models (LMMs) and generalized linear mixed models (GLMMs) to quantify simulated
wolf effects on deer, plants, and soil responses. For the
LMMs, each response was log-transformed (+ 0.01 added
to 0 responses) to normalize variance based on residual
spread. We first derived the optimal error and random effect
structures (Appendix 1: Table S1) for the full model that
included fixed effects for both main effects (urine and fence
treatments) and their two-way interaction using REML
estimation and ΔAICc (LMM: function lme, package nlme,
Pinheiro et al. 2018; GLMM: function glmmTMB, package
glmmTMB, Brooks et al. 2017). Best-fit models included
site as a random intercept but did not contain auto-correlation structures (Appendix 1: Table S1). We then performed
model selection and multimodel inference (function dredge,
package MuMIn; Barton and Barton 2018) tp identify the
most parsimonious fixed-effects structure using ML estimation (LMM: function lme, package nlme, Pinheiro et al.
2018; GLMM: function glmer, package lme4, Bates et al.
2015). We applied conditional model averaging of the top
subset of models with ΔAICc < 2 (function model.avg, package MuMIn; Barton and Barton 2018) to derive our final
parameter estimates (Table 1).
Deer behavior
We quantified four aspects of deer behavior: number of
deer visiting each site (visitation rates), presence of foraging and vigilance during a visitation bout, and duration of
each visitation bout. Visitation, foraging, and duration were
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model estimate covariates. Each coefficient included in the top models is indicated with an asterix

Table 1  Block diagram representing the top models (ΔAICc < 2) for
(A) deer behavioral response, (B) plant community composition, and
(C) soil ion concentrations that were averaged to produce conditional
(A) Deer response
Visitation rate
Visitation rate
Feeding behavior
Feeding behavior
Feeding behavior
Feeding behavior
Feeding behavior
Feeding behavior
Feeding behavior
Vigilance behavior
Vigilance behavior
Vigilance behavior
Vigilance behavior
Vigilance behavior
Vigilance behavior
Vigilance behavior
Vigilance behavior
Vigilance behavior
Vigilance behavior
Vigilance behavior
Vigilance behavior
Vigilance duration
Vigilance duration
Vigilance duration

UT
*

*
*
*
*
*
*
*
*
*
*
*
*
*

*

DM

DF

DJ

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*
*

*
*

*
*
*
*
*
*

*
*

*
*
*

*
*

DM:UT

*

DF:UT

DJ:UT

*

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*
*
*
*

*
*

*
*

*
*

*

*

ΔAICc
0.000
1.905
0.000
0.036
0.758
1.412
1.471
1.489
1.680
0.000
0.215
0.222
0.320
0.434
0.445
0.523
0.654
1.039
1.400
1.582
1.702
0.000
0.924
1.477

(B) Biomass response

UT

UT

UT:FT

ΔAICc

Total Biomass
Total Biomass
Graminoids
Graminoids
Legumes
Legumes
Non-leguminous forbs

*
–

–

–

–
*

–

–
*

–
*

0.000
0.643
0.000
0.430
0.000
1.856
0.000

*
–
*

(C) Soil response

UT

FT

UT:FT

ΔAIC

[Ca2+]
[Mg2+]
[K+]
[P]

–
–
*
*

–
–
*

–
–
*

0.000
0.000
0.000
0.000

Coefficients include urine treatment (UT), fencing treatment (FT), deer age–sex class (DM adult male, DF adult female, DJ juvenile) and interactions between these variables

anticipated to decrease in the presence of wolf urine, while
vigilance was expected to increase. For each response, we
ran models which included main effects of and the two-way
interaction between urine treatment and age–sex class. We
ran a GLMM with a Poisson error distribution and a log-link
function to analyze deer counts, GLMMs with a binomial

error distribution and a logit-link function to analyze the
presence of foraging or vigilance, and an LMM to analyze
visit duration.
We further examined whether the temporal pattern of deer
activity at urine-treated sites differed from that at control
sites by fitting kernel-density functions to the distribution
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of independent deer sightings across the 24-h day and calculating overlap between the two densities (function overlapEst, package overlap; Meredith and Ridout 2014). We
used the general nonparametric estimator Δ̂4 for sample
sizes > 75 (Ridout and Linkie 2009) and bootstrapped the
data 1000 × to generate mean and 95% confidence intervals
for the amount of temporal overlap (function bootEst, package overlap; Meredith and Ridout 2014). Additionally, we
evaluated how the duration of visits and proportion visits in
which vigilance and foraging were detected changed across
the diel cycle. We divided the day into four periods: dawn
(1 h before and after sunrise), day (1 h after sunrise to 1 h
before sunset), dusk (1 h before and after sunset), and night
(1 h after sunset to 1 h before sunrise). For each camera, we
calculated the relative visit duration and relative vigilance
or foraging activity by dividing the total duration of visits
or total number of observations in behaviors were detected
by the number of camera trap-hours in each period (dawn
and dusk: 2 h, day: 13.5 h, night: 6.5 h) (sensu "Relative
Activity Index"; Carbone et al. 2001). We used LMMs to
analyze how these values were affected by the interaction
between treatment and period, with camera trap site included
as a random intercept. We performed post hoc comparisons
on interacting factors using the function ‘lsmeans’ (package
‘lsmeans’, Lenth 2016).
Plant biomass production
We tested whether deer responses to wolf urine decreased
the difference in peak aboveground biomass of herbaceous
plants observed in the unfenced and fenced exclosure plots.
We expected less plant biomass in the unfenced plots than
inside the fenced exclosures, due to plant consumption by
deer; however, if wolf cues reduced local deer abundance,
frequency or duration of their visits, or time spent grazing,
then the effects of exclosures on plant biomass would be
reduced. Peak aboveground plant biomass inside exclosures
provides a reasonable approximation of annual aboveground
net primary productivity in grasslands at our site, where all
aboveground herbaceous plant tissues die each winter. We
tested the effects of interaction between the urine and plot
(fenced/unfenced) treatments on biomass (g/m2) using an
LMM that accounted for the split-plot treatment design,
where urine treatments were randomly assigned to sites and
fencing treatments randomized to plots. The model included
main effects of, and the two-way interaction between the
urine (site) and fencing (plot) treatment.
Plant community composition
To examine if deer preference for legumes and other forbs
over graminoids was reduced in urine-treatment sites, we
tested whether graminoid, legume, and non-leguminous forb
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biomass differed by treatment. We constructed LMMs for
each plant functional group, with plant biomass (g/m2) as the
response. Main effects included urine and fencing treatments
and their interactions.
Soil responses
If deer avoid or forage less in the presence of wolf urine, we
anticipated that increased plant growth in these sites would
deplete the soils of nutrients. C
 a2+, Mg2+, K+, and phosphate
−
2−
(H2PO4 , HPO4 ) were present in high enough concentrations (mg/10 c m2/burial length) to be detected by the probes.
We ran LMMs to examine the main and interacted effects
of urine and fencing treatments on each ion concentration.

Results
Deer behavior
From 05-June-2018 to 12-Aug-2018, the cameras captured 14,516 deer pictures, representing 756 unique
visitation bouts. Urine treatment had no effect on deer
visitation (purine = 0.727, z-value = 0.349; Fig. 1a), feeding activity (purine = 0.358, z-value = 0.920; Fig. 1b), or
vigilance (purine = 0.346, z-value = 0.943; Fig. 1c) at each
site (Table 1a). Independent of urine treatment, males
fed during a higher percentage of visits than females or
juveniles (β male = 0.659, S E male = 0.293, p male = 0.025,
z-value = 2.247), and males and juveniles were more
often vigilant than females (βmale = 0.916, SEmale = 0.368,
pmale = 0.013, z-value = 2.488; βjuvenile = 1.201, SEjuvenile
= 0.559, pjuvenile = 0.032, z-value = 2.147). Wolf cues did
not affect visit duration (purine = 0.228, z-value = 1.207;
Fig. 1d), and while visits were longer when juveniles were
present (βjuvenile = 0.401, SEjuvenile = 0.172, pjuvenile = 0.020,
z-value = 2.330), no other variables influenced visitation
length. Supplemental analyses suggest that there is no interaction between how females with and without juveniles present respond to the predator treatments (all p > 0.05; Appendix 1: Analysis S1), although females with juveniles present
were vigilant in a greater proportion of visits than females
without juveniles (β = 1.580, SE = 0.669, z value = 2.362,
p = 0.018).
Temporal patterns of deer activity at urine sites differed significantly from those at control sites. Deer at control sites were primarily active at dawn and dusk whereas
those at urine sites were increasingly active during daylight
(Fig. 2a). Activity patterns between treatments differed
by over 20%: the bootstrapped mean overlap between the
temporal activity patterns of deer in each treatment was
0.799 (95% CI 0.744–0.843). When diel activity patterns
were disaggregated by treatment site (restricting analyses
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Fig. 1  Urine treatment had no significant effect on the average number of deer visits to each site per day (a), the proportion of visits in
which foraging behavior occurred (b), the proportion of visits in
which vigilance behavior occurred (c), nor the duration of these vis-

its (d). The black bars indicate the median, with the upper and lower
ends of the boxes representing the upper and lower quartiles, respectively. Whiskers extend to the minima and maxima (excluding outliers, which are depicted as points)

Fig. 2  a Deer were more diurnal and less crepuscular at wolf urinetreated relative to control sites. 24-h activity patterns of deer are
shown at urine-treated sites (solid line) and control sites (dashed
line). The degree to which these diel patterns overlap (80%) is rep-

resented by the shaded area. b Relative engagement in vigilance
also changed across the diel cycle, with a greater proportion of visits
containing vigilant deer during dawn at urine-treated sites relative to
dawn at control sites or urine-treated sites during other diel periods

to the four urine-treatment and four control sites with ≥ 50
deer sightings to minimize bias), we found increasing use
of urine-treated sites during the day with concomitant
decrease in activity during crepuscular periods for three

of the four locations (range individual bootstrapped mean
overlap: 0.595–0.812; Appendix 1: Fig. S2). We further
detected shifting periods of peak activity towards the middle of the day for two locations and earlier in the mornings
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and evenings for two locations relative to activity patterns
at the control sites (Appendix 1: Fig. S2). The magnitude
of response remained consistent throughout the study, suggesting lack of habituation to the urine cue through time
(Appendix 1: Analysis S2). The duration of deer visits and
relative feeding activity did not vary across the four diel
time periods nor differed between treatment or control sites
(duration: p = 0.160; f-value = 1.865; feeding: p = 0.241;
f-value = 1.488). Relative vigilance, however, was elevated
at urine-treatment sites relative to control sites at dawn (contrast = 3.198, SE = 1.074, df = 10, t ratio = 2.977, p = 0.014)
and higher than vigilance levels at urine sites during
other diel periods (dawn–day contrast = 2.46, SE = 0.912,
df = 26, t ratio = 2.702, p = 0.012; dawn–dusk contrast = 2.764, SE = 0.963, df = 26, t ratio = 2.872, p = 0.008;
dawn–night contrast = 2.493, SE = 0.912, df = 26, t
ratio = 2.734, p = 0.011) (Fig. 2b).

z-value = 0.656), although the non-significant differences
were in the expected directions.

Plant biomass

We detected no effect of urine or fencing treatment on
soil ion concentration (Table 1c; K + : p urine = 0.360,
z-value = 0.947 [fencing treatment not included in top
models]; P: poutside = 0.781, z-value = 0.284; purine = 0.220,
z-value = − 1.284; null models ranked highest for C
 a2+ and
2+
Mg ; Fig. 3c).

Urine treatment did not significantly affect peak above
ground biomass across sites (p = 0.416; z-value = 0.813)
and did not interact with fencing treatment within plots in
the conditional averaged top model (Table 1b). Fencing
treatment did not affect primary productivity (p = 0.512,

Plant community composition
We found no effects of urine or fencing treatments on the
biomass of any plant functional group (Table 1b; graminoids: pexclosure = 0.479, z-value = 0.707 [urine treatment
not included in top models]; legumes: p urine = 0.164,
z-value = 1.392 [fencing treatment not included in
top models]; non-leguminous forbs: p urine = 0.1574,
z-value = − 1.494; p outside = 0.420, z-value = − 0.831;
Fig. 3b).

Soil nutrients

Fig. 3  Urine treatment had no significant cascading effect on the amount of herbaceous biomass produced (a), plant community composition (b),
or soil ion concentrations in the fenced relative to the unfenced plots. “P” refers to phosphate (H2PO4−, HPO42−) anions. Error bars depict ± 1 SE
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Discussion
This work contributes to the small but critical body of literature experimentally examining large predator-generated
trophic cascades and provides a valuable contribution to
our knowledge of the strength of behaviorally-mediated
top-down pathways (‘non-consumptive’ or ‘fear’ effects)
in natural systems (Callan et al. 2013; Flagel et al. 2016;
Suraci et al. 2016). We did not find evidence for behaviorally-mediated simulated wolf effects on plants or soil
nutrients in this temperate grassland ecosystem. Overall
deer visitation rates and foraging activity remained the
same in wolf urine treatment and control sites, and neither
the biomass nor species compositions of plant communities nor soil nutrients differed at urine vs. control sites or
between areas exposed to deer grazing and areas protected
from herbivory (fenced vs. unfenced plots). However, wolf
urine treatment did cause deer to change the timing of
their visitation at ‘risky’ urine-treated sites from primarily
crepuscular to increasingly diurnal, shifting activity away
from what would have been wolf hunting periods to safer
times of day. Such a response allows the deer to access
resources across the entire spatial landscape via sensitivity
to temporal fluctuations in predation risk. This alteration
in spatiotemporal utilization of habitat patches may be the
mechanism attenuating any top-down predator effects that
might have otherwise occurred.
For predators to incite behaviorally-mediated trophic
cascades, predators must change prey behavior such that
prey consistently avoid ‘risky’ portions of the landscape
and concentrate their activity in ‘safe’ locations (Schmitz
et al. 2004; Gude et al. 2006; Cherry et al. 2016). Areas
where predators occur in low densities or have poor hunting
success should, therefore, experience relatively more browsing, grazing, and trampling, resulting in differing community
dynamics (Schmitz et al. 2004). This heterogeneous spatial
distribution of perceived predation risk is often referred to
as a ‘landscape of fear’ (Brown et al. 1999; Laundré et al.
2001), and there exist numerous examples of prey from fish
to ungulates responding to spatially structured perceived risk
in an adaptive manner (Kotler et al. 1991; Makin et al. 2012;
Hintz and Relyea 2017; Atkins et al. 2019). We, however,
did not detect consistent avoidance of predator-cue areas,
despite evidence from other systems that wolf-generated
landscapes of fear produce strong avoidance responses in
other large ungulate prey (Laundré et al. 2001; Fortin et al.
2005; Creel and Winnie 2005; Lashley et al. 2014). Overall deer utilization of ‘safe’ and ‘risky’ areas remained the
same, and consequentially, we observed no trickle-down
impact on plant or soil dynamics.
This spatial focus, however, ignores a key behavioral
modification that deer made to minimize risk of predation.

Deer demonstrated fine-scale sensitivity to how predation
threat would have varied across time as well as space by
changing their diel activity patterns where wolf presence
was simulated. Wolves are generally most active during
dusk, night, and dawn (Packard 2003), and one of the best
documented investigations of wolf hunting activity found
that wolves primarily hunted in the mornings and evenings
(Kohl et al. 2018). Assuming the wolves previously present in our area were similarly crepuscular, the deer behavior shift we observed would have allowed those potential
prey to maximize their landscape use by avoiding risky
areas during the dangerous times and utilizing them when
temporal risk was low.
We additionally detected that deer using urine-treated
areas were more vigilant during the ‘risky’ dawn hours than
they were at control sites or at urine-treatment sites during the rest of the day. Increasing vigilance levels is a welldocumented response of ungulates to mitigate heightened
levels of perceived predation risk (reviewed in Quenette
1990), supporting our conclusion that deer perceived the
wolf-simulated locations during wolf activity times to be
particularly dangerous.
Behavioral responses to temporal fluctuations in predation
risk have been studied for decades (reviewed in KronfeldShor and Dayan 2003), but only recently have we begun
examining prey temporal risk-sensitivity within a spatially
structured risk framework (i.e., exploring the idea that spatially structured predation risk that is perceived as more or
less threatening depending on temporal fluctuations in risk
from the same predator; Palmer et al. 2017; Kohl et al. 2018;
Smith et al. 2019). Adaptive allocation of foraging across the
landscape during periods of high and low predator activity is
proposed to be a mechanism by which prey mitigate fitness
trade-offs, reducing the ecological impact of the landscape
of fear (Kohl et al. 2018). Kohl et al. (2018) examined elk
responses to ‘dynamic’ or temporally changing fear landscapes generated by wolves, concluding that spatiotemporal
sensitivity to predation risk “may help explain evidence that
wolf predation risk has no effect on elk stress levels, body
condition, pregnancy, or herbivory”. Our work provides the
first demonstration of spatiotemporal sensitivity to wolf predation risk in white-tailed deer and is one of the first studies
to examine how this spatiotemporal sensitivity may impact
community dynamics in a trophic cascade context. Work
in other carnivore-ungulate systems suggests these types of
prey may be sensitive to risk structured across both time
and space (Palmer et al. 2017; Kohl et al. 2018; Smith et al.
2019). In our system, deer navigation of this dynamic landscape of fear appears to have reduced the cascading impact
of non-consumptive predator effects; the weakness of this
pathway may provide a potential explanation for why trophic
cascades often fail to materialize in terrestrial mammalian
systems (Borer et al. 2005).
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This mechanism may not be universal: a few studies
which have been able to tease apart the consumptive vs.
non-consumptive pathways have suggested that wolves can
generate behaviorally-mediated cascades in other systems
(Flagel et al. 2016). Variability in the relative strengths of
consumptive vs. non-consumptive predator effects in different contexts suggests that biotic and abiotic differences
between sites are important for determining the cascading
consequences of predator–prey interactions (reviewed in
Flagel et al. 2016). Factors such as habitat complexity (e.g.,
visibility, impediments, slope), prey size, and prey social
structure can influence wolf hunting strategy (Kunkel and
Pletscher 2001; Peterson and Cucci 2003), which may shift
relative magnitude of consumptive vs. non-consumptive
effect strength (Preisser et al. 2007). Overall resource availability, inter- and intra-specific resource competition, presence of additional prey or predators, habitat type, and individual state can alter strength and type of prey reactions to
predation risk with consequences for cascading communitylevel impacts (Trussell et al. 2006; Schmitz 2005; Preisser
et al. 2007). For example, we detected a signal that deer
age–sex class altered their consideration of risk–resource
trade-offs. Females with juveniles, which are vulnerable
to additional predators such as coyote (Grovenburg et al.
2011), were more vigilant than those without. Juveniles and
males also displayed heightened vigilance, possibly social
vigilance directed at their mothers (Lashley et al. 2014; Percorella et al. 2018) or increased wariness from being alone
(90.16% male detections of single individual), respectively
(Quenette 1990; Lashley et al. 2014). Although we could
not measure duration of vigilance or how this detracted
from duration of foraging, heightened vigilance is well
documented to have consequences for resource acquisition
(Brown 1999).
It is also important to be conscientious of the trophic
response variables under consideration. Studies of cascading
wolf effects primarily focus on ungulate impacts on forest
plants (saplings, forbs; e.g., McLaren and Peterson 1994;
Ripple et al. 2001; Hebblewhite et al. 2005; Callan et al.
2013), and while deer are known to be key determinants of
grassland plant diversity (Bakker et al. 2006), species richness (McNaughton et al. 1989; Collins et al. 1998; Olff &
Ritchie 1998; Knapp et al. 1999), and succession (Ritchie
et al. 1998), neither patterns of herbaceous biomass nor
community composition were impacted by wolf cue-induced
changes in deer behavior in our system. Even if this pathway
is weak in temperate grasslands, wolf predation may still
play a key role in structuring these types of ecological communities through density-mediated impacts on deer populations (McLaren and Peterson 1994; Callan et al. 2013).
We note, however, that our effect sizes, while non-significant, were large. While the duration and timing of our experiment were appropriate for detecting community changes in
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herbaceous plant species (Tilman 1987; Isbell and Wilsey
2011), strength of the proposed mechanism for attenuating
predator effects should be interpreted with these results in
mind. We found substantially, but not statistically significantly, less plant biomass outside fences. Previous results
from our study location (Ritchie et al. 1998; Tilman et al.
2012) suggest that had there been more observations, less
observation error, or more years of data, these effects would
have likely been statistically significant. Thus, our results do
not suggest that there were no effects of herbivores on plants,
but rather that greater statistical power would be needed to
detect these effects. Similarly, we found substantially, though
not statistically significantly, more plant biomass at sites
where wolf urine was applied. Thus, it is also possible that
with additional data, we would have found that wolf urine
treatment could increase plant biomass. Note, however, that
our camera-trap data do not support the hypothesis that this
would be due to reduced herbivory by deer at sites where
wolf urine was applied.
A key assumption of our approach was that the choice,
strength, and application frequency of wolf urine effectively
simulated consistent wolf activity (Peers et al. 2018). As
our goal was to create areas suggestive of long-term predator occupancy rather than immediate predator presence, we
chose the regular application of wolf urine in the amount and
on the timescale deposited by a pack patrolling its territory
(Peters and Mech 1975). The type and amount of cue was
chosen based both on the extensive experience of author
LDM (60 + years studying wolves and their prey) and the
large body of literature demonstrating that ungulates significantly change their anti-predator behavior in response
to the scent of wolf urine (e.g., Berger et al. 2001; Chamaillé-Jammes et al. 2014; Osada et al. 2014; and references
therein). Lacking predators to reinforce the consumptive
consequences of the cue, fear effects may have been less than
those expressed in the presence of actual wolves (Parsons
et al. 2018; Peers et al. 2018); however, our supplemental
analyses demonstrate that deer’s magnitude of response to
urine did not attenuate over time. We additionally acknowledge that risk assessment can be a multi-modal process.
Nevertheless, we find it compelling that wolf urine, without
scats, howls, tracks, or actual wolves, affected deer temporal
anti-predator behavior in a seemingly risk-sensitive manner.
We further note that the use of a single predator cue alone
has been demonstrated sufficient to generate behaviorallymediated trophic cascades (Suraci et al. 2019) and multigenerational fitness effects (reviewed in Zanette et al. 2020)
in other vertebrate systems. While our findings indicate that
deer did recognize this cue as indicative of predation threat,
we do encourage future studies to consider other application
regimes.
In summary, our results suggest that in this community,
the non-consumptive predator effect we found attenuates at
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the predator–prey interface and does not cascade down to
affect lower trophic levels. While simulated wolf presence
did alter deer behavior, deer mitigated this ‘threat’ by altering their temporal use of spatial locations treated with wolf
urine. The loss of top predators from ecosystems worldwide
is one of the most pervasive impacts of humans on nature,
but it remains unclear whether recovery of predator populations would reverse these impacts or not (Schmitz 2004;
Estes et al. 2011; Berger et al. 2001; Atkins et al. 2019).
This unique experimental design, including all combinations
of simulated predator (urine) and herbivore (fencing) treatments, while measuring herbivore behavior, plant productivity, and soil nutrients, enables us to begin understanding the
mechanisms that underpin how and how strongly predators
may impact ecosystem dynamics.
Acknowledgements We would like to thank T. Mielke, K. Worm, J.
Miller, and the summer interns at CCESR who assisted with experiment deployment and data collection. Funding was provided by the
Minnesota Environment and Natural Resources Trust Fund as recommended by the Legislative‐Citizen Commission on Minnesota
Resources (LCCMR) and by the U. S. Geological Survey. Any use of
trade, firm or product names is for descriptive purposes only and does
not imply endorsement by the U.S. Government.
Author contribution statement MSP conceived of the ideas; MSP, FI,
and LDM designed the methodology. MSP, CP, and CP collected the
data. MSP analyzed the data and led the writing of the manuscript.
All authors contributed critically to the drafts and gave final approval.

References
Abrams PA (1984) Foraging time optimization and interactions in food
webs. Am Nat 124(1):80–96
Atkins JL, Long RY, Pansu J, Daskin JH, Potter AB, Stalmans ME, Tarnita CE, Pringle RM (2019) Cascading impacts of large-carnivore
extirpation in an African ecosystem. Science 364(6436):173–177
Bakker ES, Ritchie ME, Olff H, Milchunas DG, Knops JM (2006)
Herbivore impact on grassland plant diversity depends on habitat
productivity and herbivore size. Ecol Lett 9(7):780–788
Barton K, Barton MK (2018) Package ‘MuMIn’.
Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixedeffects models using lme4. J Stat Softw 67:1–48
Beckerman AP, Uriarte M, Schmitz OJ (1997) Experimental evidence
for a behavior-mediated trophic cascade in a terrestrial food
chain. Proc Natl Acad Sci 94(20):10735–10738
Benson EJ, Hartnett DC (2006) The role of seed and vegetative
reproduction in plant recruitment and demography in tallgrass
prairie. Plant Ecol 187:163–177. https://doi.org/10.1007/s1125
8-005-0975-y
Berger J, Swenson JE, Persson IL (2001) Recolonizing carnivores and
naive prey: conservation lessons from Pleistocene extinctions.
Science 291(5506):1036–1039. https://doi.org/10.1126/scien
ce.1056466
Borer ET, Seabloom EW, Shurin JB, Anderson KE, Blanchette CA,
Broitman B, Cooper SD, Halpern BS (2005) What determines

the strength of a trophic cascade? Ecology 86(2):528–537.
https://doi.org/10.1890/03-0816
Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg
CW, Nielsen A, Bolker BM (2017) glmmTMB balances speed
and flexibility among packages for zero-inflated generalized linear mixed modeling. R J 9(2):378–400. https: //doi.
org/10.3929/ethz-b-000240890
Brown JS (1999) Vigilance, patch use and habitat selection: foraging
under predation risk. Evol Ecol Res 1(1):49–71
Brown JS, Laundré JW, Gurung M (1999) The ecology of fear: optimal foraging, game theory, and trophic interactions. J Mammal
80(2):385–399. https://doi.org/10.2307/1383287
Callan R, Nibbelink NP, Rooney TP, Wiedenhoeft JE, Wydeven
AP (2013) Recolonizing wolves trigger a trophic cascade
in Wisconsin (USA). J Ecol 101(4):837–845. https: //doi.
org/10.1111/1365-2745.12095
Carbone C, Christie S, Conforti K, Coulson T, Franklin N, Shahruddin WN (2001) The use of photographic rates to estimate
densities of tigers and other cryptic mammals. Anim Conserv
4(1):75–79
Carpenter SR, Kitchell JF (eds) (1996) The trophic cascade in lakes.
Cambridge University Press
Carpenter SR, Kitchell JF, Hodgson JR (1985) Cascading trophic
interactions and lake productivity. Bioscience 35(10):634–639.
https://doi.org/10.2307/1309989
Chamaillé-Jammes S, Malcuit H, Le Saout S, Martin JL (2014)
Innate threat-sensitive foraging: black-tailed deer remain more
fearful of wolf than of the less dangerous black bear even after
100 years of wolf absence. Oecologia 174(4):1151–1158. https
://doi.org/10.1007/s00442-013-2843-0
Cherry MJ, Conner LM, Warren RJ (2015) Effects of predation risk
and group dynamics on white-tailed deer foraging behavior in
a longleaf pine savanna. Behav Ecol 26:1091–1099
Cherry MJ, Warren RJ, Conner LM (2016) Fear, fire, and behaviorally mediated trophic cascades in a frequently burned savanna.
For Ecol Manag 368:133–139. https://doi.org/10.1016/j.forec
o.2016.03.011
Collins SL, Knapp AK, Briggs JM, Blair JM, Steinauer EM (1998)
Modulation of diversity by grazing and mowing in native tallgrass prairie. Science 280:745–747. https://doi.org/10.1126/
science.280.5364.745
Creel S, Winnie JA Jr (2005) Responses of elk herd size to finescale spatial and temporal variation in the risk of predation by wolves. Anim Behav 69(5):1181–1189. https: //doi.
org/10.1016/j.anbehav.2004.07.022
Cresswell W (2008) Non-lethal effects of predation in birds. Ibis
150(1):3–17. https://doi.org/10.1111/j.1474-919X.2007.00793
.x
D’Angelo GJ, Giudice JH (2016) Monitoring population trends of
White-tailed Deer in Minnesota. Minnesota Department of
Natural Resources, St. Paul, Minnesota, USA. https://files.dnr.
state.mn.us/wildlife/deer/reports/harvest/deerharvest_2016.pdf.
Accessed 24 May 2019
Donadio E, Buskirk SW (2016) Linking predation risk, ungulate antipredator responses, and patterns of vegetation in the high Andes.
J Mammal 97:966–977. https: //doi.org/10.1093/jmamma l/gyw02
0
Eberhardt LL (1997) Is wolf predation ratio-dependent? Can J Zool
75(11):1940–1944. https://doi.org/10.1139/z97-824
Estes JA, Palmisano JF (1974) Sea otters: their role in structuring
nearshore communities. Science 185(4156):1058–1060. https://
doi.org/10.1126/science.185.4156.1058
Estes JA, Terborgh J, Brashares JS, Power ME, Berger J, Bond WJ,
Marquis RJ (2011) Trophic downgrading of planet Earth. Science
333(6040):301–306. https://doi.org/10.1126/science.1205106

13

Oecologia
Fargione J, Tilman D (2005) Niche differences in phenology and
rooting depth promote coexistence with a dominant C4 bunchgrass. Oecologia 143:598–606. https://doi.org/10.1007/s0044
2-005-0010-y
Flagel DG, Belovsky GE, Beyer DE (2016) Natural and experimental
tests of trophic cascades: gray wolves and white-tailed deer in
a Great Lakes forest. Oecologia 180(4):1183–1194. https://doi.
org/10.1007/s00442-015-3515-z
Ford AT, Goheen JR (2015) Trophic cascades by large carnivores:
a case for strong inference and mechanism. Trends Ecol Evol
30(12):725–735. https://doi.org/10.1016/j.tree.2015.09.012
Fortin D, Beyer HL, Boyce MS, Smith DW, Duchesne T, Mao JS (2005)
Wolves influence elk movements: behavior shapes a trophic cascade in Yellowstone National Park. Ecology 86(5):1320–1330.
https://doi.org/10.1890/04-0953
Frank DA (2013) Assessing the effects of climate change and wolf
restoration on grassland processes. In: White PJ, Garrott RA,
Plumb GE (eds) Yellowstone’s Wildlife in Transition. Harvard
University Press, Cambridge, MA, pp 195–208
Frank DA (2008) Evidence for top predator control of a grazing
ecosystem. Oikos 117(11):1718–1724. https://doi.org/10.111
1/j.1600-0706.2008.16846.x
Grigal DF, Chamberlain LM, Finney HR, Wroblewski DW, Gross ER
(1974) Soils of the Cedar Creek Natural History Area. UMN
Agriculture Experiment Station, St Paul, MN.
Grovenburg TW, Swanson CC, Jacques CN, Klaver RW, Brinkman TJ, Burris BM, Jenks JA (2011) Survival of white-tailed
deer neonates in Minnesota and South Dakota. J Wildl Manag
75(1):213–220
Gude JA, Garrott RA, Borkowski JJ, King F (2006) Prey risk allocation
in a grazing ecosystem. Ecol Appl 16(1):285–298. https://doi.
org/10.1890/04-0623
Hairston NG, Smith FE, Slobodkin LB (1960) Community structure,
population control, and competition. Am Nat 94(879):421–425
Hebblewhite M, Smith DW (2010) Wolf community ecology: ecosystem effects of recovering wolves in Banff and Yellowstone
National Parks. In: Musiani M, Boitani L, Paquet PC (eds) The
wolves of the world: new perspectives on ecology, behavior, and
policy. University of Calgary Press, Calgary, Alberta, pp 69–120
Hebblewhite M, White CA, Nietvelt CG, McKenzie JA, Hurd TE,
Fryxell JM, Paquet PC (2005) Human activity mediates a trophic
cascade caused by wolves. Ecology 86(8):2135–2144. https: //doi.
org/10.1890/04-1269
Hintz WD, Relyea RA (2017) A salty landscape of fear: responses of
fish and zooplankton to freshwater salinization and predatory
stress. Oecologia 185(1):147–156. https: //doi.org/10.1007/s0044
2-017-3925-1
Inouye RS, Allison TD, Johnson NC (1994) Old field succession on a
Minnesota sand plain: effects of deer and other factors on invasion by trees. Bulletin of the Torrey Botanical Club, pp 266–276
Isbell FI, Wilsey BJ (2011) Rapid biodiversity declines in both
ungrazed and intensely grazed exotic grasslands. Plant Ecol
212:1663–1674. https://doi.org/10.1007/s11258-011-9939-6
Kauffman MJ, Brodie JF, Jules ES (2010) Are wolves saving Yellowstone’s aspen? A landscape-level test of a behaviorally mediated trophic cascade. Ecology 91(9):2742–2755. https://doi.
org/10.1890/09-1949.1
Kimble DS, Tyers DB, Robison-Cox J, Sowell BF (2011) Aspen recovery since wolf reintroduction on the northern Yellowstone winter
range. Rangeland Ecol Manag 64(2):119–130
Knapp AK, Blair JM, Briggs JM, Collins SL, Hartnett DC, Johnson
LC, Towne EG (1999) The keystone role of bison in North
American tallgrass prairie: bison increase habitat heterogeneity and alter a broad array of plant, community, and ecosystem
processes. Bioscience 49(1):39–50. https://doi.org/10.1525/
bisi.1999.49.1.39

13

Kohl MT, Stahler DR, Metz MC, Forester JD, Kauffman MJ, Varley N, MacNulty DR (2018) Diel predator activity drives a
dynamic landscape of fear. Ecol Monogr 88(4):638–652. https
://doi.org/10.1002/ecm.1313
Kohn BE, Mooty JJ (1971) Summer habitat of white-tailed deer in
north-central Minnesota. J Wildl Manag 35:476–487. https://
doi.org/10.2307/3799701
Kotler BP, Brown JS, Hasson O (1991) Factors affecting gerbil foraging behavior and rates of owl predation. Ecology 72(6):2249–
2260. https://doi.org/10.2307/1941575
Kronfeld-Schor N, Dayan T (2003) Partitioning of time as an ecological resource. Ann Rev Ecol Evol Syst 34(1):153–181. https
://doi.org/10.1146/annurev.ecolsys.34.011802.132435
Kuijper DP, Verwijmeren M, Churski M, Zbyryt A, Schmidt K,
Jędrzejewska B, Smit C (2014) What cues do ungulates use
to assess predation risk in dense temperate forests? PLoS One
9(1):e84607
Kunkel KE, Pletscher DH (2001) Winter hunting patterns of wolves
in and near Glacier National Park. Montana J Wildl Manag
65:520–530. https://doi.org/10.2307/3803105
Lashley MA, Chitwood MC, Biggerstaff MT, Morina DL, Moorman
CE, DePerno CS (2014) White-tailed deer vigilance: the influence of social and environmental factors. PLoS ONE 9:e90652
Laundré JW, Hernández L, Altendorf KB (2001) Wolves, elk, and
bison: reestablishing the “landscape of fear” in Yellowstone
National Park, USA. Can J Zool 79(8):1401–1409. https://doi.
org/10.1139/z01-094
Lawson D, Inouye R, Huntly N, Carson W (1999) Patterns of woody
plant abundance, recruitment, mortality, and growth in a 65
year chronosequence of old-fields. Plant Ecol 145(2):267–279.
https://doi.org/10.1023/A:1009873127360
Lenth RV (2016) Least-squares means: the R package lsmeans. J
Stat Softw 69(1):1–33
Lima SL, Dill LM (1990) Behavioral decisions made under the risk
of predation: a review and prospectus. Can J Zool 68(4):619–
640. https://doi.org/10.1139/z90-092
Loreau M (2010) From populations to ecosystems: theoretical foundations for a new ecological synthesis. Princeton University
Press, Princeton, NJ
Makin DF, Payne HF, Kerley GI, Shrader AM (2012) Foraging
in a 3-D world: how does predation risk affect space use
of vervet monkeys? J Mammal 93(2):422–428. https: //doi.
org/10.1644/11-MAMM-A-115.1
McLaren BE, Peterson RO (1994) Wolves, moose, and tree rings
on Isle Royale. Science 266(5190):1555–1558. https: //doi.
org/10.1126/science.266.5190.1555
McNaughton SJ, Oesterheld M, Frank DA, Williams KJ (1989)
Ecosystem-level patterns of primary productivity and herbivory in terrestrial habitats. Nature 341(6238):142. https://
doi.org/10.1038/341142a0
Mech LD, Karns PD (1977) Role of the wolf in a deer decline in the
Superior National Forest. Research Paper NC-148. St. Paul,
MN: US Dept. of Agriculture, Forest Service, North Central
Forest Experiment Station, 148
Mech LD, Peterson RO (2003) Wolf-prey relations. In: Mech LD,
Boitani L (eds) Wolves: Behavior, Ecology, and Conservation.
University of Chicago Press, pp 131–160
Mech LD, Smith DW, MacNulty DR (2015) Wolves on the hunt: the
behavior of wolves hunting wild prey. University of Chicago
Press
Mech LD, Isbell F, Krueger J, Hart J (2019) Wolf recolonization failure: a Minnesota case study. Can Field Nat 133(1):60–65. https
://doi.org/10.22621/cfn.v133i1.2078
Meredith M, Ridout M (2014) Overlap: Estimates of coefficient of
overlapping for animal activity patterns. R Package Version 0.2,
4.

Oecologia
Olff H, Ritchie ME (1998) Effects of herbivores on grassland
plant diversity. Trends Ecol Evol 13(7):261–265. https://doi.
org/10.1016/S0169-5347(98)01364-0
Osada K, Miyazono S, Kashiwayanagi M (2014) Pyrazine analogs are
active components of wolf urine that induce avoidance and fearrelated behaviors in deer. Front Behav Neurosci 8:276. https://
doi.org/10.3389/fnbeh.2014.00276
Pace ML, Cole JJ, Carpenter SR, Kitchell JF (1999) Trophic cascades
revealed in diverse ecosystems. Trends Ecol Evol 14(12):483–
488. https://doi.org/10.1016/S0169-5347(99)01723-1
Packard JM (2003) Wolf behavior: reproductive, social, and intelligent.
In: Mech LD, Boitani L (eds) Wolves: behavior, ecology and
conservation. University of Chicago Press, Chicago, pp 35–65
Paine RT (1966) Food web complexity and species diversity. Am Nat
100(910):65–75. https://doi.org/10.1086/282400
Paine RT (1980) Food webs: linkage, interaction strength and community infrastructure. J Anim Ecol 49(3):667–685. https://doi.
org/10.2307/4220
Painter LE, Beschta RL, Larsen EJ, Ripple WJ (2015) Recovering
aspen follow changing elk dynamics in Yellowstone: evidence
of a trophic cascade? Ecology 96(1):252–263. https: //doi.
org/10.1890/14-0712.1
Palmer MS, Fieberg J, Swanson A, Kosmala M, Packer C (2017) A
‘dynamic’ landscape of fear: prey responses to spatiotemporal
variations in predation risk across the lunar cycle. Ecol Lett
20(11):1364–1373. https://doi.org/10.1111/ele.12832
Parsons MH, Apfelbach R, Banks PB, Cameron EZ, Dickman CR,
Frank AS, Sparrow EE (2018) Biologically meaningful scents:
a framework for understanding predator–prey research across
disciplines. Biol Rev 93(1):98–114
Peacor SD, Werner EE (2001) The contribution of trait-mediated indirect effects to the net effects of a predator. Proc Natl Acad Sci
98(7):3904–3908. https://doi.org/10.1073/pnas.071061998
Peckarsky BL, Abrams PA, Bolnick DI, Dill LM, Grabowski JH, Trussell GC (2008) Revisiting the classics: considering nonconsumptive effects in textbook examples of predator–prey interactions.
Ecology 89(9):2416–2425. https://doi.org/10.1890/07-1131.1
Peers MJ, Majchrzak YN, Neilson E, Lamb CT, Hämäläinen A, Haines
JA, Boutin S (2018) Quantifying fear effects on prey demography
in nature. Ecology 99(8):1716–1723. https://doi.org/10.1002/
ecy.2381
Percorella I, Fattorini N, Macchi E, Ferretti F (2018) Sex/age differences in foraging, vigilance and alertness in a social herbivore.
Acta Ethologica 22(1):1–8
Peters R, Mech LD (1975) Scent-marking in wolves: a field study. Am
Sci 63(6):628–637
Peterson RO, Cucci P (2003) The wolf as a carnivore. In: Mech LD,
Boitani L (eds) Wolves: behavior, ecology, and conservation.
University of Chicago Press, Chicago, pp 104–130
Pierce RL (1954) Vegetation cover types and land use history of the
cedar creek natural history reservation, anoka and isanti counties.
University of Minnesota, St Paul, MN Minnesota
Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team (2018) nlme:
Linear and Nonlinear Mixed Effects Models. R package version
3.1–137
Polis G, Strong D (1996) Food web complexity and community dynamics. Am Nat 147(5):813–846
Preisser EL, Bolnick DI, Benard MF (2005) Scared to death? The
effects of intimidation and consumption in predator–prey interactions. Ecology 86(2):501–509. https: //doi.org/10.1890/04-0719
Preisser EL, Orrock JL, Schmitz OJ (2007) Predator hunting mode
and habitat domain alter non-consumptive effects in predator–prey interactions. Ecology 88(11):2744–2751. https://doi.
org/10.1890/07-0260.1
Quenette PY (1990) Functions of vigilance behaviour in mammals: a
review. Acta Oecologica 11(6):801–818

R Core Team (2018) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria
Ridout MS, Linkie M (2009) Estimating overlap of daily activity patterns from camera trap data. J Agric Biol Environ Stat
14(3):322–337. https://doi.org/10.1198/jabes.2009.08038
Ripple WJ, Beschta RL (2007) Restoring Yellowstone’s aspen
with wolves. Biol Conserv 138(3–4):514–519. https: //doi.
org/10.1016/j.biocon.2007.05.006
Ripple WJ, Beschta RL (2012) Trophic cascades in Yellowstone: the
first 15 years after wolf reintroduction. Biol Conserv 145(1):205–
213. https://doi.org/10.1016/j.biocon.2011.11.005
Ripple WJ, Larsen EJ, Renkin RA, Smith DW (2001) Trophic cascades among wolves, elk and aspen on Yellowstone National
Park’s northern range. Biol Conserv 102(3):227–234. https: //doi.
org/10.1016/S0006-3207(01)00107-0
Ritchie ME, Tilman D (1995) Responses of legumes to herbivores
and nutrients during succession on a nitrogen-poor soil. Ecology
76(8):2648–2655. https://doi.org/10.2307/2265835
Ritchie ME, Tilman D, Knops JM (1998) Herbivore effects on plant
and nitrogen dynamics in oak savanna. Ecology 79(1):165–177.
https: //doi.org/10.1890/0012-9658(1998)079[0165:HEOPA
N]2.0.CO;2
Russell FL, Zippin DB, Fowler NL (2001) Effects of white-tailed
deer (Odocoileus virginianus) on plants, plant populations and
communities: a review. Am Mid Nat 146(1):1–26. https://doi.
org/10.1674/0003-0031(2001)146[0001:EOWTDO]2.0.CO;2
Schmitz OJ (1998) Direct and indirect effects of predation and predation risk in old-field interaction webs. Am Nat 151(4):327–342.
https://doi.org/10.1086/286122
Schmitz OJ (2005) Scaling from plot experiments to landscapes:
studying grasshoppers to inform forest ecosystem management.
Oecologia 145(2):224–233. https  : //doi.org/10.1007/s0044
2-005-0063-y
Schmitz OJ, Beckerman AP, O’Brien KM (1997) Behaviorally mediated trophic cascades: effects of predation risk on food web interactions. Ecology 78(5):1388–1399
Schmitz OJ, Hambäck PA, Beckerman AP (2000) Trophic cascades in terrestrial systems: a review of the effects of carnivore removals on plants. Am Nat 155(2):141–153. https://doi.
org/10.1086/303311
Schmitz OJ, Krivan V, Ovadia O (2004) Trophic cascades: the primacy
of trait-mediated indirect interactions. Ecol Lett 7(2):153–163.
https://doi.org/10.1111/j.1461-0248.2003.00560.x
Shurin JB, Borer ET, Seabloom EW, Anderson K, Blanchette C, Broitman B, Halpern BS (2002) A cross-ecosystem comparison of the
strength of trophic cascades. Ecol Lett 5(6):785–791. https://doi.
org/10.1046/j.1461-0248.2002.00381.x
Smith JA, Donadio E, Pauli JN, Sheriff MJ, Middleton AD (2019)
Integrating temporal refugia into landscapes of fear: prey
exploit predator downtimes to forage in risky places. Oecologia
189:883–890. https://doi.org/10.1007/s00442-019-04381-5
Suraci JP, Clinchy M, Dill LM, Roberts D, Zanette LY (2016) Fear of
large carnivores causes a trophic cascade. Nat Commun 7:10698.
https://doi.org/10.1038/ncomms10698
Suraci JP, Clinchy M, Zanette LY, Wilmers CC (2019) Fear of humans
as apex predators has landscape-scale impacts from mountain
lions to mice. Ecol Lett 22:1578–1586. https://doi.org/10.1111/
ele.13344
Terborgh J, Feeley K, Silman M, Nuñez P, Balukjian B (2006) Vegetation dynamics of predator-free land-bridge islands. J Ecol
94(2):253–263
Thebault E, Loreau M (2003) Food-web constraints on biodiversity-ecosystem functioning relationships. Proc Natl Acad Sci
100:14949–14954. https://doi.org/10.1073/pnas.2434847100

13

Oecologia
Tilman D (1987) Secondary succession and the pattern of plant dominance along experimental nitrogen gradients. Ecol Monogr
57(3):189–214. https://doi.org/10.2307/2937080
Tilman D, Reich PB, Isbell F (2012) Biodiversity impacts ecosystem
productivity as much as resources, disturbance, or herbivory.
Proc Nat Acad Sci 109(26):10394–10397
Trussell GC, Ewanchuk PJ, Matassa CM (2006) Habitat effects on
the relative importance of trait- and density-mediated indirect

13

interactions. Ecol Lett 9(11):1245–1252. https://doi.org/10.111
1/j.1461-0248.2006.00981.x
Werner EE, Peacor SD (2003) A review of trait-mediated indirect interactions in ecological communities. Ecology 84(5):1083–1100.
https  : //doi.org/10.1890/0012-658(2003)084[1083:AROTI
I]2.0.CO;2
Zanette LY, Clinchy M (2020) Ecology and neurobiology of fear in
free-living wildlife. Annu Rev Ecol Evol Syst 51(1):297–218

