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Abstract

Context Disturbances create spatial variation in

environments that may influence animal foraging.

Granivory by rodents can influence seed supply and

thus plant establishment. However, effects of distur-

bance patterns on rodent seed removal in western

North American conifer forests are generally

unknown.

Objectives We conducted a study in lodgepole pine

(Pinus contorta var. latifolia) forests of Greater

Yellowstone (Wyoming, USA) to answer: (1) How

do seed removal and rodent activity vary between

recently burned and adjacent unburned forests and

with distance from fire perimeter? (2) Which micro-

habitat conditions explain variability in seed removal

and rodent activity?

Methods One or two years after wildfires, we

established transects (n = 23) with four stations each:

at 10 and 40 m from the fire perimeter in both burned

and unburned forest. At stations, we deployed trays

with lodgepole pine seeds and cameras pointed at trays

for 28 days and quantified habitat structure and seed

abundance.

Results Seed removal, which averaged 85%, and

diurnal rodent activity did not differ between burned

and unburned forests or with distance from the fire

perimeter; however, nocturnal rodent activity was

lower in burned forests. Seed removal and diurnal

rodent activity were not associated with any micro-

habitat conditions we measured. However, nocturnal

rodent activity was associated with microhabitat in

both burned and unburned forests.

Conclusions High seed removal rates suggested that

rodent foraging was not reduced by high-severity

wildfire. If observed seed removal represents natural

conditions, post-dispersal seed predation could influ-

ence post-fire recruitment of a widespread foundation

tree species.

Keywords Pinus contorta � Granivory � Seed
predators � Small mammals � Fire ecology � Subalpine
forest � Wildlife habitat
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Introduction

Disturbances create spatial patterns that can affect

landscape structure for years to centuries, leading to

important biological consequences for ecosystems and

the organisms living within them (Turner 2010). At

multiple scales, disturbances can affect vegetation

succession (e.g., Turner et al. 1997; Johnstone et al.

2011) and habitat use of wildlife species (e.g., Boyce

et al. 2003). Animals such as herbivores and grani-

vores (i.e., seed predators) may also influence post-

disturbance succession by affecting plants or seed

supplies. While herbivore responses to changing

patterns of habitat structure are well-studied (e.g.,

Forester et al. 2007), granivore responses remain less

understood (but see Tallmon et al. 2003; Zwolak et al.

2010). Thus, understanding how granivores respond to

disturbances could help elucidate potential effects of

granivores on succession and how animal communi-

ties change in disturbance-prone landscapes.

Seed-eating animals, which are predominately

rodents in many temperate ecosystems, can have

important effects on plants (Hulme 1998; Hulme and

Kollmann 2005; Crawley 2014). Granivory (i.e., seed

predation) by rodents can limit plant abundance in

early successional systems (Orrock et al. 2006) and

affect vegetation patterns (e.g., Brown and Heske

1990; Ostfeld et al. 1997). Landscape heterogeneity at

multiple scales may influence rodent granivory (Or-

rock and Damschen 2005; Orrock and Danielson

2005; Craig et al. 2011); however, responses of rodent

granivores to disturbance-modified landscape patterns

and microhabitat conditions are not often considered

in the same study.

Wildfires create landscape patterns and modify

microhabitat conditions, generating an ideal post-

disturbance landscape within which to examine

granivore behavioral responses at multiple scales.

Fires affect habitat characteristics important to

rodents, including food resources, canopy cover, and

ground cover (Brown 1988; Manson and Stiles 1998;

Orrock et al. 2004). Although rodents’ demographic

responses to fires have been extensively studied (e.g.,

Fisher and Wilkinson 2005; Fontaine and Kennedy

2012; Griffiths and Brook 2014), behavioral responses

such as foraging are less understood. The effect of

granivory on post-fire plant regeneration can be

substantial (e.g., Denham 2008) and even stronger

than that of fire in some ecosystems (Zwolak et al.

2010). However, post-fire granivory by rodents has not

been studied in lodgepole pine (Pinus con-

torta var. latifolia) forests, which cover millions of

hectares of western North America.

Lodgepole pine, a fire-dependent foundational

species (Critchfield 1980), produces serotinous cones

that open and release their seeds when heated, assuring

post-fire tree regeneration. Lodgepole pine often

dominates subalpine conifer forests in the northern

Rocky Mountains including the Greater Yellowstone

Ecosystem (GYE; Wyoming, USA). The 80,000 km2

GYE, one of the world’s last and largest near-intact

north-temperate ecosystems, experiences a stand-

replacing fire regime that drives vegetation patterns.

Broad-scale variation in post-fire lodgepole pine

regeneration across the GYE depends largely on pre-

fire serotiny levels and burn severity (Anderson and

Romme 1991; Turner et al. 1997, 1999, 2003). Levels

of serotiny vary with fire-return interval, stand age

(Schoennagel et al. 2003), and the selective pressure of

American red squirrels (Tamiasciurus hudsonicus)

(Talluto and Benkman 2014), the dominant pre-

dispersal seed predators of lodgepole pine (Smith

1970). However, the role of post-dispersal seed

predation in lodgepole pine forests has not previously

been studied, although researchers have suggested it

could limit lodgepole pine recruitment (e.g., Lobo

2014).

Because the first few years following fire represent

a critical window for lodgepole tree regeneration

(Turner et al. 1997), we evaluated effects of recent

stand-replacing wildfire on animal foraging on lodge-

pole pine seeds to determine whether granivores could

drive local variation in post-fire lodgepole pine

regeneration. We asked two questions: (1) How do

seed removal and rodent activity vary between

recently burned and adjacent unburned forests and

with distance from fire perimeter? and (2) Which

microhabitat conditions explain variability in seed

removal and rodent activity? Because rodent activity

often is equal or lower in forests after fire (Bendell

1974; Borchert et al. 2014), we hypothesized that

rodent activity and seed removal would be lower in

burned compared to unburned forests. We further

hypothesized that, in burned forests, rodent activity

and seed removal would decrease with distance from

the fire perimeter and with less food resources

and habitat structure, which may provide refuge from
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predators and/or affect rodents’ behavioral response to

risk-reward tradeoffs (Holbrook and Schmitt 1988).

Methods

Study area and design

We conducted our study in lodgepole pine-mixed

conifer forests in Yellowstone National Park (YNP)

and Bridger-Teton National Forest (BTNF), located in

the northwest corner of Wyoming (USA) within the

GYE. The GYE’s climate is characterized by cold,

snowy winters and cool, dry summers. Lodgepole pine

dominates the subalpine forests of YNP, although

subalpine fir (Abies lasiocarpa), Engelmann spruce

(Picea engelmannii), and whitebark pine (Pinus

albicaulis) may be locally abundant at higher eleva-

tions. Douglas-fir (Pseudotsuga menziesii) and aspen

(Populus tremuloides) are more abundant in low- to

mid-elevation forests, which also include limber pine

(Pinus flexilis) and Rocky Mountain juniper (Junipe-

rus scopulorum). Fire has long been a part of

Yellowstone’s forested landscape, with stand-replac-

ing fires occurring at 100–300 year intervals through-

out the Holocene (e.g., Whitlock et al. 2008). A variety

of granivorous rodents occur within GYE forests,

including American red squirrels, northern flying

squirrels (Glaucomys sabrinus), least chipmunks

(Tamius minimus), yellow pine chipmunks (Tamias

amoenus), deer mice (Peromyscus maniculatus), and

southern red-backed voles (Myodes gapperi).

Field sampling occurred during summer 2014 in

and adjacent to wildfires within the GYE that occurred

in June 2012 (Fontenelle Fire), August 2012 (Cygnet

Fire), and August 2013 (Alum Fire) (USDA Forest

Service 2015) and burned 23,523, 1290, and 2867

hectares, respectively (USDA Forest Service/U.S.

Geological Survey 2015) (Fig. 1). At each fire, we

established 80-m transects (n = 23; 9 at Fontenelle, 10

at Cygnet, 4 at Alum) separated by at least 90 m to

minimize the likelihood of sampling on multiple

transects the same American red squirrels, as their

territories average less than 1 hectare (Gurnell 1984).

Transects were perpendicular to boundaries between

forests affected by stand-replacing (hereafter,

‘‘burned’’) and non-stand-replacing fire (hereafter,

‘‘unburned’’; defined as the end of live green trees),

centered on the fire’s edge, and extended 40 m into

burned and unburned forest. Each transect traversed

forests of the same pre-fire successional stage class

and was buffered in all directions by at least 40 m of

similar forest; this was the average maximum distance

at which we could buffer transects due to the tortuosity

of fire perimeters and variation in burn severity. The

number of transects per fire and their location was

largely determined by fire size and shape, burn

severity pattern, and site access. We established four

stations along each transect: one at 10 m and one at

40 m from the fire’s edge in both burned and unburned

forests (n = 92 stations).

Seed removal experiment with cameras

To quantify seed removal, we positioned seed removal

trays at each station within 3 m of the transect in areas

with clear sight lines for the subset of stations with

cameras (see below). To install trays, we excavated

and placed soil into a plastic container (12.5 by

18.5 cm wide and 3.5 cm deep) with a mesh win-

dowscreen base to allow water drainage and supplied

1.0 g (equal to 259± 2.34 SE seeds, n = 5, i.e., a mean

of 3.86 mg per seed) of lodgepole pine seeds (Sh-

effield’s Seed Co, Inc., collected in Wyoming). Seed

removal trays were deployed for exactly 28 days

(starting between July 11 and 22 and ending between

August 8 and 19; Online Appendix 1) to control for

variation in rodent activity during the lunar cycle (e.g.,

Orrock and Danielson 2004). After retrieving trays, we

dried soils to prevent fungal decomposition of seeds.

Data from 16 stations were excluded because trays

were disturbed while deployed or soils were lost in a

drying oven malfunction, leaving 76 trays for analy-

ses. We searched material[0.7 mm from these trays

for remaining intact seeds and seed hulls (i.e., in situ

seed consumption). We categorized intact seeds as

those that had no visible part of the seed missing or

damaged and were not empty, as determined by the

apparent viability method (Ball and Miller 1990). All

other seeds were assumed to have been removed and

consumed.

To record activity by potential granivores at 33

stations, we secured motion-triggered cameras (22

Bushnell Trophy Cam Trophy XLTs, seven Reconyx

Silent Image RM30s, three Reconyx HyperFire

PC900s, and one Reconyx HyperFire PC900 Profes-

sional Covert IR) to trees\2 m away from and aimed

at trays. At each fire, cameras were deployed at
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stations 10 and 40 m from the fire’s edge with equal

coverage in burned and unburned forests for the same

28-day period as trays. Data from two cameras were

excluded due to setup errors; the remaining 31

cameras captured photos for a mean of 23.2 days per

camera (23.9 in burned forests vs. 22.5 in unburned

forests) because five cameras malfunctioned within

the first week of deployment. After camera retrieval,

we counted and identified animals (as rodents or non-

rodents) in each photograph for each camera. Rodent

detections were aggregated into one of the following

species groups: chipmunks, mice or voles, squirrels,

porcupines, and unknown rodents. Because different

rodent species may be active at day and/or night, we

also categorized rodent detection events as diurnal or

nocturnal based on the average sunrise/sunset time for

our study region during the field sampling period (6:00

am/9:00 pmMDT). As an index of rodent activity, we

Fig. 1 A map of wildfire study sites within the Greater

Yellowstone Ecosystem (GYE) and wildfire perimeters (inset

maps).Within each fire’s inset map, locations of transects (black

lines) are overlaid on burn severity maps (USDA Forest Service/

U.S. Geological Survey 2015)
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calculated the total number of diurnal and nocturnal

detections of a taxon per total survey effort time for

each camera (Kays et al. 2011), reported as detections

per day (hereafter, ‘‘detection rate’’).

Microhabitat conditions

At each station, we categorized burn severity class as

unburned green forest (1), light-surface fire (2), severe-

surface fire (3), or crown fire (4) (Turner et al.

1997, 1999), and obtained elevation with a handheld

global positioning system (Garmin GPSmap 60CSx).

To quantify microhabitat conditions surrounding sta-

tions, we also measured multiple habitat structure

variables and estimated lodgepole pine seed abundance.

Habitat structure

We calculated total, live, and dead tree basal areas

within a 3-m radius of each station from measured

diameters at breast height of canopy trees. In each

direction parallel and perpendicular to the transect (four

records per station), we measured canopy cover at each

station using a spherical densiometer and visually

estimated percent ground cover within four 1-m 9

1-m quadrats positioned 3 m from each station. Ground

cover categories included: standing trees (not analyzed),

coarse wood ([ 8 cm in diameter), litter and downed

wood\ 8 cm in diameter, shrubs and tree seedlings,

herbaceous plants, and bare soil or moss. Along four

3-m transects in each direction parallel and perpendic-

ular to the transect, wemeasured coarsewood diameters

(Brown 1974) at each station. At the 1-, 2-, and 3-m

marks along these 3-m transects, we recorded the height

of coarse wood (if present) within a 10-cm radius.

Lodgepole seed abundance

To estimate seeds available to granivores before and

after fire, we calculated lodgepole pine seed abundance

indices (hereafter, pre-fire SAI and post-fire SAI) from

cone abundance counts at each station. In each quadrant

of a 9-m radius plot centered on each station, we tallied

cone abundance for the three nearest live or dead

canopy trees deemed alive before the fire for a total of

up to 12 trees per station. We noted whether lodgepole

pines bore serotinous or non-serotinous cones (as in

Tinker et al. 1994; Turner et al. 1997, 1999) and scored

cone abundance in one of five categories: no cones, 1–

10 cones, 11–100 cones, 101–1000 cones, or[ 1000

cones. We used each category’s midpoint cone abun-

dance (e.g., 5, 50, or 500 cones) or 1000 cones (for the

‘‘[1000 cones’’ category) as the tree’s cone abundance.

To represent the annual mean post-dispersal lodgepole

pine seed supply (i.e., seeds released from cones,

available to any granivores), we calculated SAIs for

each station as:

Pre - fire SAI ¼ S
X

i

0:25ðNLi þ NDiÞ

þ 0:0144ðNLi þ NDi þ SLi þ SDiÞ

Post - fire SAI ¼ S
X

i

0:25ðNLiÞ

þ 0:0144 NLi þ SLið Þ þ 1:0ðSDiÞ

in which S is the average number of seeds per cone that

we assume to be 10 for serotinous and non-serotinous

lodgepole pines (Koch 1996), i is an integer from 0 to

12 representing up to 12 sampled trees per station, and

each term with the subscript i represents the per-tree

cone abundance of each: non-serotinous tree alive

after fire (NLi), non-serotinous tree dead after fire

(NDi), serotinous tree alive after fire (SLi), and

serotinous tree dead after fire (SDi). In both equations,

the first term after the summation represents the total

number of cones per station estimated to open in the

canopy in the absence of fire, calculated as 25% of

cones per tree (Mason 1915). The second term after

the summation represents the total number of cones

per station estimated to open on the ground, calculated

as 1.44% of cones per tree under the assumptions that

3% of cones per tree are dropped (Hellum 1983), 48%

of which open due to soil-surface heating (Teste et al.

2011). In the calculation of post-fire SAI, the third

term after the summation represents the total number

of cones per station estimated to open in and survive

the presence of fire (i.e., from serotinous trees only),

calculated as 100% of cones per tree.

Statistical analyses

How do seed removal and rodent activity vary

between recently burned and adjacent unburned

forests and with distance from fire perimeter?

To test for differences in the proportion of intact seeds

remaining in trays (effectively, differences in seed
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removal), we used a generalized linear mixed model

(GLMM) with a binomial response distribution. Our

model included three fixed effects (Burned: burned or

unburned forest; Distance: 10 or 40 m; and a

Burned*Distance interaction term) and one random

effect (Burned|Transect) to account for variation

among transects within our split-plot study design of

each transect. To test for differences in diurnal and

nocturnal rodent detection rates among cameras at

stations, we used two linear mixed models (LMMs)

(one for diurnal and one for nocturnal rodent activity)

with logistic transformations to improve data normal-

ity and the model structure described above, with one

additional random effect to account for differences in

camera models.

Prior to model fitting, we used Levene’s test to

confirm equal variance among all levels of fixed

effects. After fitting the GLMM using the glmer

function in the lme4 package of R (R version 3.4.0, R

Core Team, Vienna, Austria, 2017), we used a

likelihood-ratio test of type 3 for hypotheses testing.

After fitting the LMMs with maximum likelihood

using the lmer function, we used the Kenward-Rogers

approximation for degrees of freedom in analyses of

variance (ANOVAs) of type 3 for hypotheses testing

of our split-plot design (Littell et al. 2006). For all

models, we performed diagnostics to check residuals

for normality, linearity, and constant variance.

Which microhabitat conditions explain variability

in seed removal and rodent activity?

To test for variation in seed removal and rodent

activity with microhabitat conditions, we used

GLMMs and LMMs. First, to scale and improve

normality of our 15 microhabitat variables, we

performed logit and square root transformations and

a z-standardization. Because some microhabitat vari-

ables were highly correlated, we then used principal

component analysis (PCA) using the princomp func-

tion in the stats package to reduce data dimensionality.

We examined the scree plot to determine the number

of principal component (PC) axes to use as fixed

effects in models.

We constructed separate models for burned and

unburned forests because some of their microhabitat

conditions differed. GLMMs for seed removal

included the first three principal components and all

interactions as fixed effects and a random effect for

Transect. LMMs for diurnal and nocturnal rodent

activity included the additional random effect for

camera model. We constructed candidate models

containing all possible combinations of fixed effects.

After fitting the models, we used Akaike’s information

criterion corrected for small sample size (AICc) using

the AICc function in the MuMIn package for model

selection and used the hypotheses testing approaches

described above. For the top models (D AICc\2), we

performed model diagnostics to check residuals for

normality, linearity, and constant variance.

To assess whether seed removal and overall,

diurnal, or nocturnal rodent activity were correlated,

we used Kendall rank correlation tests. Data from an

additional three cameras were excluded due to loss of

the soil samples from the camera’s tray, resulting in 28

stations for these analyses. All analyses were per-

formed in R. Because our sample size was small and

we did not want to miss biologically meaningful

relationships, we used a = 0.10 for hypothesis testing.

When reporting variation around a mean, we report

one standard error.

Results

Lodgepole pine was the dominant tree species on

transects, but its relative abundance differed among

fires. The Alum and Cygnet Fires were [ 99%

lodgepole pine, whereas the Fontenelle Fire burned a

mixed conifer forest with 36% lodgepole pine. Burn

severity was higher in burned than in unburned forests

(mean = 3.5 ± 0.1 vs. 1.2 ± 0.1, respectively.

Elevation did not differ between unburned and burned

forests (mean = 2539± 9 vs. 2530± 7 m). Total (live

? dead) basal area did not differ between burned and

unburned forests (mean = 4.4 ± 0.8 vs. 3.4 ± 0.4 m2

ha-1). Burned forests, compared to unburned forests,

had substantially more dead basal area (mean = 3.3 ±

0.6 vs. 0.8± 0.3 m2 ha-1), less live basal area (mean =

1.1 ± 0.7 vs. 2.6 ± 0.4 m2 ha-1), and lower canopy

cover (mean = 45.3 ± 3.7 vs. 69.5 ± 2.6%), although

canopy cover in burned forests was still considerable.

In burned compared to unburned forests, we found no

difference in coarse wood diameter (mean = 9.8 ± 1.0

vs. 8.1 ± 0.9 cm), height (mean = 3.5 ± 0.6 vs. 4.5 ±

1.0 cm) or cover (mean = 7.7 ± 0.9 vs. 9.5 ± 1.4%).

Herb cover also did not differ between burned and

unburned forest (mean = 11.3 ± 1.1 vs. 11.7 ± 1.1%).
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In burned forests compared to unburned forests, shrub

cover was nearly 10x less (mean = 1.3± 0.2 vs. 9.4±

1.3%) and bare ground was nearly 3x greater (mean =

34.3 ± 3.5 vs. 12.2 ± 1.6%). Percent cover by litter

was lower in burned forests than in unburned forests

(mean = 44.4± 3.7 vs. 56.5± 2.5%), but still present.

Pre-fire SAI did not differ between unburned and

burned forests (mean = 243 ± 32 vs. 215 ± 34 seeds

per 9-m radius plot), but post-fire SAI was higher in

unburned than in burned forests (mean = 190 ± 29 vs.

7 ± 4 SE seeds per 9-m radius plot).

Seed removal and rodent activity between burned

and unburned forests and with distance from fire

perimeter

Seed removal

A total of 3016 out of approximately 19,684 supplied

seeds remained in 76 trays as intact seeds (i.e., overall

85% seed removal, which includes in situ granivory of

2407 seeds remaining as hulls (12% of supplied

seeds)). Among the 76 stations, seed removal ranged

from 11 to 100% (mean = 85%± 2.7% SE; Table 1a).

The percentage of intact seeds remaining in trays did

not differ between burned and unburned forests (86%

vs. 83% seed removal, respectively; v27 = 0.76, p =

0.38) or between 40 and 10 m from the fire’s edge

(83% vs. 86% seed removal, respectively; v27 = 0.12, p

= 0.73), and there was no interaction between burn

status and distance (v27 = 0.07, p = 0.79; Table 2a,

Fig. 2a).

Rodent activity

During the total 719.8 days of survey time, the 31

cameras recorded a total of 2201 animal detection

events. Rodents were detected on 90% of cameras

(i.e., on 28 of 31 cameras), with an overall mean

detection rate of 3.6 ± 1.9 SE detections per day.

Nocturnal rodent activity was approximately twice

that of diurnal rodents (mean = 2.4 ± 1.8 SE vs. mean

= 1.2 ± 0.7 SE detections per day, respectively;

Table 1b) and was lower in burned forests than in

unburned forests (0.2 vs. 4.8 detections per day,

respectively; F1,7 = 9.807, p = 0.02), but there was no

difference in activity between stations at 40 and 10 m

from the fire’s edge (0.7 vs. 4.5 detections per day,

respectively; F1,13= 0.419, p = 0.53) and no significant

Table 1 Descriptive statistics of response variables in burned and unburned forests

Response variable Unburned forests Burned forests

(a) Seeds n = 39 trays (19 at 40 m, 20 at 10 m) n = 37 trays (18 at 40 m, 19 at 10 m)

Intact seeds remaining in trays (%)a 17 (4) [0–78] 14 (4) [0–89]

Seed removal (%) 83 (4) [22–100] 86 (4) [11–100]

(b) Rodent activity (detections per day) n = 15 cameras (7 at 10 m, 8 at 40 m) n = 16 cameras (7 at 10 m, 9 at 40 m)

Diurnala 0.35 (0.14) [0–1.79] 2.07 (1.34) [0–19.42]

Mice/voles 0.01 (0.01) [0–0.22] 0.68 (0.67) [0–10.75]

Squirrels 0.18 (0.10) [0–1.36] 0.14 (0.13) [0–2.09]

Chipmunks 0.08 (0.06) [0–0.97] 1.23 (1.21) [0–19.42]

Porcupine – 0.01 (0.01) [0–0.11]

Unknown rodents 0.08 (0.03) [0–0.32] 0.02 (0.01) [0–0.18]

Nocturnala 4.76 (3.80) [0–57.67] 0.17 (0.08) [0–1.29]

Mice/voles 3.00 (2.66) [0-40.19] 0.14 (0.08) [0–1.29]

Squirrels 0.06 (0.04) [0–0.43] –

Chipmunks 0.002 (0.002) [0–04] –

Porcupine – –

Unknown rodents 1.69 (1.18) [0–17.48] 0.03 (0.02) [0–0.21]

Values presented as Means (SE) [Min–Max]
aResponse variables used in analyses: (a) intact seeds remaining per tray and (b) nocturnal and diurnal rodent detections per day per

camera
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interaction between burn status and distance (F1,13 =

0.032, p = 0.86; Table 2b, Fig. 2b). Diurnal rodent

activity did not differ between burned and unburned

forests (2.1 vs. 0.4 detections per day, respec-

tively; F1,7 = 0.079, p = 0.79) or between 40 and

10 m from the fire’s edge (0.9 vs. 1.6 detections per

day, respectively; F1,14= 0.001, p = 0.97), and there

was no significant interaction between burn status and

distance (F1,14 = 0.022, p = 0.89; Table 2b, Fig. 2c).

Seed removal and rodent activity with

microhabitat conditions

We retained the first three PC axes, which cumula-

tively explained 59% of the variation in the micro-

habitat conditions at stations (PC1: 30%, PC2: 17%,

and PC3: 12%; Table 3). The first PC axis largely

separated stations in burned versus unburned forest

through measurements of bare ground, canopy cover,

and litter; hereafter, ‘‘burned axis’’. The second PC

axis was positively associated with coarse wood size

and cover; hereafter, ‘‘coarse wood axis’’. The third

PC axis contrasted herbs and pre-fire SAI; hereafter,

‘‘pre-fire seed abundance axis’’. All three PC axes

contained variables with loadings whose absolute

values were [ 0.3 (Table 3), which is commonly

interpreted to indicate significance.

Seed removal

In both burned and unburned forests, the intercept-

only model was the only top model (Table 4a).

Rodent activity

In burned forests, for diurnal and nocturnal rodent

activity, the intercept-only model was the best fit

(Table 4b). However, for nocturnal rodents, one other

supported model suggested activity in burned forests

decreased with the burned axis (F1,9 = 3.52, p = 0.09,

pseudo-r2 = 0.73; Table 4b). In unburned forests, for

diurnal rodent activity, the intercept-only model was

the best fit (Table 4b). However, the top model for

nocturnal rodents suggested activity in unburned

forests decreased with the coarse wood axis (F1,13 =

4.55, p = 0.05, pseudo-r2 = 0.25; Table 4b). Three

other supported models included the intercept-only

model and another model that suggested nocturnal
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rodent activity decreased with the coarse wood axis

(F1,12 = 6.42, p = 0.03).

We found no significant correlations between seed

removal and overall, diurnal, or nocturnal rodent

activity. However, we recorded evidence of probable

in situ seed consumption by rodents from the camera

detections: animals eating and located on the seed

removal trays of a few stations, including American

red squirrels at a 40-m station in burned forest,

chipmunks at 10-m station in burned forest, and mice

or voles at a 10-m station in unburned forest.

Discussion

Seed removal was high, and, counter to our expecta-

tions, did not differ between recently burned and

adjacent unburned subalpine forests of the GYE or

vary with distance from fire perimeter. Nocturnal

rodent activity was lower in burned compared to

unburned forests; however, our results suggest diurnal

rodents did not avoid lodgepole pine forests that

burned at high severity. Although rodent activity was

associated with microhabitat conditions in burned and

unburned forests, seed removal was not related to any

measured microhabitat conditions, and we found no

direct correlations between seed removal and rodent

activity. Nevertheless, high rates of seed removal

suggest animal foraging could affect lodgepole pine

recruitment.

Similar levels of seed removal and diurnal rodent

activity between burned and unburned forests suggest

some rodents exhibit behavioral resilience to stand-

replacing fires as quickly as 1–2 years after fire.

Rodent populations that initially decrease after North

American conifer forest fires can return to pre-fire

levels in as little as a year (Bond 2015). Because

vegetation in the GYE is highly resilient to stand-

replacing fire (e.g., Turner et al. 2007; Romme et al.

2011), diurnal rodents may perceive the disturbance-

generated edge contrast between burned and unburned

forests as inconsequential. For example, even in high-

severity fires, little coarse wood (16%) is lost (Tinker

bFig. 2 Response variables in unburned (white) and burned

(dark shading) forests presented as Means (SE): a proportion of

intact seeds remaining in trays, b diurnal rodent activity, and

c nocturnal rodent activity
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and Knight 2000), and this likely provides cover for

diurnal rodents in burned forests. While abundances of

many rodent taxa are often equal in burned and

unburned forests (Griffiths and Brook 2014); other

diurnal species are often less abundant in burned

forests (e.g., American red squirrels, Podruzny et al.

1999). Nevertheless, our results provide support for

the ecological importance of post-disturbance biotic

legacies in forest landscapes (Swanson et al. 2011) for

diurnal rodents.

Reduced activity of nocturnal rodents in recently

burned forests likely reflects differences in habitat, as

stand-replacing fires in Greater Yellowstone subalpine

forests kill the trees, consume fine canopy fuels and

litter, and expose mineral soil. Although lower abun-

dances of rodents in burned forests primarily have

been attributed to changes in coarse wood, herb, and

shrub cover that affect moisture and thermal cover

(Fisher andWilkinson 2005), our results only partially

support this explanation because only shrub cover (but

not coarse wood and herbs) was lower in burned

forests. However, reduced canopy cover may play a

role, as it likely elevates perceived predation risk for

nocturnal rodents due to increased light penetration

(e.g., Orrock and Danielson 2004). As habitat use of

burned areas is species-specific (Zwolak and Fores-

man 2007; Zwolak 2009; Bond 2015), past studies

have shown supporting and contrary evidence for

nocturnal rodents in similar ecosystems. For example,

deer mice are often found in elevated abundances in

burned forests (Zwolak and Foresman 2008), likely

due to increased foraging efficiency (Zwolak et al.

2012), and can contribute to high seed removal in

burned forests (Zwolak et al. 2010). As deer mice

consume lodgepole pine seeds (Lobo et al. 2009), they

are likely also an important post-dispersal seed

predator in our system. Further studies quantifying

species-specific activity and granivory in lodgepole

pine forests (e.g., rodent exclusion and seed addition

experiments) are needed to clarify our findings.

Our results suggesting seed removal and rodent

activity were not influenced by distance to fire’s edge

was unexpected because, in many systems, rodent

granivory varies with comparable distances from

Table 3 Eigenvalues and loadings for the first three principal components of PCA of 15 microhabitat variables

PC1 PC2 PC3

Eigenvalue 4.48 2.62 1.77

Variance explained (%) 30 17 12

Variable

Elevation - 0.26 0.46

Burn severity 0.40 - 0.15 - 0.17

Habitat structure variables

Canopy cover - 0.39 - 0.14

Basal area—all trees

Basal area—live trees - 0.32 0.18 0.21

Basal area—dead trees 0.24 - 0.25 - 0.23

Ground cover—herbs 0.43

Ground cover—bare 0.41

Ground cover—litter - 0.34 - 0.16 - 0.26

Ground cover—shrubs - 0.29

Ground cover—coarse wood 0.46

Coarse wood diameter 0.10 0.50

Coarse wood height 0.10 0.49 0.13

Seed abundance

Pre-fire SAI - 0.13 - 0.61

Post-fire SAI - 0.33 0.25

Bolded values have an absolute value[ 0.30
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habitat edges (Bowers and Dooley 1993; Ostfeld et al.

1997). However, edge effects would likely be less

apparent when considering the broad taxonomic

groups we analyzed than in analyses of individual

species (e.g., red squirrels; Roppe and Hein 1978), as

rodent responses to habitat edges often vary among

species. Nevertheless, this lack of an edge effect may

reflect the substantial spatial heterogeneity present in

natural disturbances (Foster et al. 1998). Shapes of

burned patches were complex, and 40 m was the

maximum distance from a green edge we could

consistently achieve when running transects into

burned areas. Even in the very large and severe 1988

wildfires in YNP, more than 75% of the severe-surface

burn area was within * 40 m of a green forest edge

(Turner et al. 1994). Complex spatial patterns of burn

severity have been quantified for many large fires

throughout the intermountain west (e.g., Collins et al.

2007). This spatial heterogeneity may allow for forest

resilience to fire and provide adequate opportunities

for some rodents to maintain their activity at various

distances from habitat edges.

Multiple microhabitat conditions in burned and

unburned forests were important in explaining rodent

activity, but not seed removal. Interestingly, this result

suggests that, although rodent activity in general was

influenced by microhabitat conditions, foraging activ-

ity (i.e., resulting in seed removal) may have been

unaffected by microhabitat conditions. This discon-

nect could stem from behavioral differences between

individuals and/or species, i.e., the amount of time an

animal spends in the view of a camera likely is not

perfectly correlated with the amount of seeds

removed. For example, we could observe the same

rate of seed removal as a result of (i) one rodent

quickly removing 85% of seeds to be eaten out of view

Table 4 Top models (D AICc \ 2) in (a) burned and

(b) unburned forests of first three principal components of

microhabitat conditions as predictors of (i) proportion of intact

seeds remaining in trays using generalized linear mixed models

or (ii) diurnal or nocturnal rodent detection rate using linear

mixed models

Model Intercept PC1 PC2 PC3 AICc Pseudo-r2

(a) Burned forests

(i) Seed removal

Seeds = 1 ? 1|T - 2.11 (0.53) – – – 4.35 0.38

(ii) Rodent activity

Diurnal = 1 ? 1|T ? 1|C - 8.03 (0.95) – – – 91.6 0.14

Diurnal = PC3 ? 1|T ? 1|C - 8.06 (0.96) – – - 0.56 (0.91) 93.2 0.16

Nocturnal = 1 ? 1|T ? 1|C - 8.744 (0.80) – – – 81.5 0.52

Nocturnal = PC1 ? 1|T ? 1|C - 7.60 (0.98) - 0.75 (0.36) – – 81.8 0.73

(b) Unburned forests

(i) Seed removal

Seeds = 1 ? 1|T - 1.52 (0.42) – – – 41.04 \ 0.01

(ii) Rodent activity

Diurnal = 1 ? 1|T ? 1|C - 7.75 (0.76) – – – 80.8 \ 0.01

Diurnal = PC2 ? 1|T ? 1|C - 7.77 (0.72) – - 0.59 (0.39) – 82.3 0.14

Nocturnal = PC2 ? 1|T ? 1|C - 5.90 (0.72) – - 0.82 (0.38) – 82.1 0.25

Nocturnal = 1 ? 1|T ? 1|C - 5.92 (0.85) – – – 82.2 0.16

Nocturnal = PC2 ? PC3 ? 1|T ? 1|C - 6.27 (0.72) – - 0.94 (0.37) 1.18 (0.75) 83.1 0.35

Nocturnal = PC3 ? 1|T ? 1|C - 6.14 (0.90) – – 0.78 (0.87) 83.7 0.21

As the proportion of intact seeds remaining in trays decreases, seed removal increases

Coefficients presented as Estimates (SE). Response variables are: Seeds = the proportion of intact seeds remaining in trays, Diurnal/

Nocturnal = logistic transformation of diurnal (6:00 am–9:00 pm MDT) or nocturnal (9:00 pm–6:00 am MDT) rodent detection rate.

Fixed effects: PC1 = burned principal component, PC2 = coarse wood principal component, PC3 = pre-fire seed abundance index

principal component. Random effects: 1|T = blocking term for each transect, 1|C = camera model. Bolded parameters were significant

at a = 0.10 according to an ANOVA of type 3 with the Kenward-Rogers approximation for degrees of freedom
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of the camera (low rodent activity, high seed removal)

or (ii) ten rodents on separate occasions each quickly

removing 8.5% of seeds to be eaten out of view of the

camera (high rodent activity, high seed removal). In

burned forests, microhabitat conditions related to

higher burn severity (e.g., lower canopy cover, higher

bare ground cover) were associated with lower rodent

activity. In unburned forests, higher coarse wood

cover was associated with lower rodent activity.

Although relationships between rodents and coarse

wood can vary within species and across geographic

areas (Bunnell et al. 2002), downed woody material

and standing dead wood in forests is important to a

variety of rodents (Fisher and Wilkinson 2005) for

traveling, resting, nesting, refuge, and/or food

resources (Carey and Johnson 1995; Bull 2002).

Overall, our results support an established body of

literature documenting the importance of various

microhabitat conditions to rodents (e.g., Whelan

et al. 1991; Bowers and Dooley 1993; Manson and

Stiles 1998).

We failed to detect a direct correlation between

rodent activity and seed removal. This result suggests

differences in foraging behavior may be responsible

this lack of a relationship (as described above) and/or

granivores not considered in our analysis (e.g., birds)

could also contribute to seed removal. However,

rodents are considered to be major granivores in

coniferous forests (Lobo 2014), and our in situ seed

consumption counts and camera data (including photo

evidence of probable in situ seed consumption by

rodents) supported this assumption.

Although we did not study the fate of all removed

seeds, we have good reasons to believe that the mean

of 85% seed removal represents granivory or seed

death instead of seed dispersal (Moles et al. 2003),

which could enhance lodgepole pine germination.

First, 99 percent of stations had evidence of in situ

seed consumption in the form of seed hulls equal to

12% of supplied seeds. Second, removed seeds may be

cached by animals instead of immediately eaten, but

since seed-caching of lodgepole pine seems to be rare

(Vander Wall 2003), lodgepole pines are unlikely to

benefit from dispersal by animals (Vander Wall 2003).

Studies specifically addressing the fate of removed

lodgepole pine seeds are needed. However, if we

assume removed seeds are consumed or relocated to

unsuitable germination sites and the seed removal we

observed represents natural conditions, then, at

maximum, an average of 15% of seeds were poten-

tially viable after a 28-day study period. In areas where

lodgepole pine recruitment might be microsite-lim-

ited, this high rate of seed removal could have little to

no impact on tree regeneration. However, where seed

supply is limiting for recruitment, our results suggest

that granivory could depress recruitment of a wide-

spread foundation tree species.

Projections for increased fire activity associated

with climate change in the GYE (Westerling et al.

2011) and other regions of the world suggest that

future landscapes will increasingly be composed of

mosaics of burned and unburned forests. Thus, it is

important to improve understanding of animal com-

munity dynamics and drivers of post-fire succession

within these mosaics. Changing climate conditions in

the future could lead to increased rates of granivory

across broad spatial extents (Orrock et al. 2015),

further exacerbating potential granivore-driven reduc-

tions of lodgepole pine regeneration. The effects of

pre-dispersal seed predators on lodgepole pine already

are considerable (Benkman and Siepielski 2004;

Talluto and Benkman 2014), and our data suggest

post-dispersal seed predators may also affect seed

availability for lodgepole pine recruitment. If lodge-

pole pine regeneration is threatened in the future [e.g.,

due to larger fires with shortened fire return intervals

(Hansen et al. 2018)], granivores may aggravate the

problem. Our research suggests, in the face of climate

change, it is critical that we better understand the

ecological consequences of interactions among grani-

vore behavior, forests, and fire.
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