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Abstract
The current unprecedented outbreak of mountain pine beetle (Dendroctonus ponderosae)
in lodgepole pine (Pinus contorta) forests of western Canada has resulted in a landscape

consisting of a mosaic of forest stands at different stages of mortality. Within forest stands,

understory communities are the reservoir of the majority of plant species diversity and influ-

ence the composition of future forests in response to disturbance. Although changes to

stand composition following beetle outbreaks are well documented, information on immedi-

ate responses of forest understory plant communities is limited. The objective of this study

was to examine the effects of D. ponderosae-induced tree mortality on initial changes in di-

versity and productivity of understory plant communities. We established a total of 110 1-m2

plots across eleven mature lodgepole pine forests to measure changes in understory diver-

sity and productivity as a function of tree mortality and below ground resource availability

across multiple years. Overall, understory community diversity and productivity increased

across the gradient of increased tree mortality. Richness of herbaceous perennials in-

creased with tree mortality as well as soil moisture and nutrient levels. In contrast, the diver-

sity of woody perennials did not change across the gradient of tree mortality. Understory

vegetation, namely herbaceous perennials, showed an immediate response to improved

growing conditions caused by increases in tree mortality. How this increased pulse in

understory richness and productivity affects future forest trajectories in a novel system

is unknown.

Introduction
Over the past century, forests in North America have experienced increased disturbances from
insect outbreaks, wildfire, and harvesting [1]. Disturbances, such as wildfire and harvesting,
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affect resource availability, remove dominant tree species from the landscape and can increase
vegetative heterogeneity in the forest system [2,3]. Though wildfire has historically been the
primary agent of sudden tree mortality in western boreal forests [2,4] insect outbreaks have in-
creased both in frequency and spatial scale [5–7]. Of the current outbreaks, that resulting from
the mountain pine beetle (Dendroctonus ponderosaeHopkins) has emerged as the largest re-
corded in western Canada [8,9]. Dendroctonus ponderosae plays an important role in maintain-
ing structural diversity in forest ecosystems [10,11]. It typically attacks stressed trees [9,12]
when beetle populations are low; however, under epidemic conditions mass mortality of
healthy overstory trees frequently occurs [6]. Unlike wildfire and harvesting, D. ponderosae
leaves the dead overstory and residual understory vegetation intact [13,14].

Though there exists information on changes to overstory structure following infestation by
D. ponderosae [10,15,16], response of understory plant species has received less attention. In
particular we lack information on immediate responses of understories to D. ponderosae-in-
duced tree mortality (but see [17,18]). This information is important for two reasons. First, un-
derstory plant communities can act as a strong filter on tree seedling regeneration and future
forest trajectories by modifying microclimatic conditions such as light availability and soil
moisture status [1,19,20]. Understory plant species may also compete with tree seedlings for re-
sources [21,22]. Second, compensatory responses by residual understory vegetation are likely
to be an important component for predicting resources available following D. ponderosae-in-
duced tree mortality [23]. For example, compensatory responses accounted for about half of
the nitrate retained in forests by surviving residual vegetation following D. ponderosae outbreak
in lodgepole pine forests in Colorado [23]. Quantification of productivity in residual vegetation
will be important to mitigate changes in soil nutrients resulting from post-mountain pine bee-
tle harvest practices [23] aimed at stimulating tree seedling regeneration [24] and decreasing
nitrate release from watersheds [23].

The objective of this study was to investigate the immediate effects of tree mortality caused
by D. ponderosae on: (a) the overall understory plant community and (b) herbaceous and
woody perennials individually. Specifically, the following three questions were addressed: (1) Is
there a relationship between aboveground understory biomass and tree mortality? (2) Can in-
creases in tree mortality explain changes in species richness and evenness? (3) Do changes in
resource availability result in increased productivity and diversity?

Materials and Methods

Study Area
The study area is approximately 70 km south of Grande Prairie within the Lower Foothills nat-
ural subregion of west central Alberta (54°39'N, 118°59’W; 950–1150 m) [25]. Soils are classi-
fied as Orthic Gray Luvisols that are moderately well drained over glacial till. Forests are
dominated by mature, even-aged Pinus contorta Douglas ex Loudon interspersed with Picea
glauca (Moench) Voss, Abies balsamea (L.) Mill., Picea marianaMill. Britton, Sterns, & Pog-
genb., Betula papyriferaMarshall and Populus tremuloidesMichx. in the subcanopy. We locat-
ed eleven sites within a 625-km2 region of recent D. ponderosae activity (since 2009) that
bordered provincial permanent sampling plots (see [26] for details on site selection and stand
composition and [27] for details on site locations). Permits and approval for conducting the
study on protected land were obtained from Alberta Environment and Sustainable Resource
Development, Anina Hundsdoerfer, Forest Health Specialist. Permanent sampling plots did
not involve endangered or protected species.
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Plant Survey
In May 2012, we used a 1600-m2 (40 m x 40 m) area at each of the eleven sites to establish ten
evenly distributed 9 m x 9 m plots for a total of 110 plots (S1 Fig). In June 2012, we recorded
species identity, diameter at breast height (� 1.37 m), and health status of all mature trees and
saplings within each plot. Attack by D. ponderosae on mature trees was confirmed by the pres-
ence of pitch tubes, boring dust, exit holes, and subcortical galleries [28]. We revisited these
trees in June 2013 to document current beetle-induced tree mortality. Basal area by species was
calculated for each plot and tree mortality was calculated as beetle-killed P. contorta basal area
over total basal area expressed as a percentage. We established a 1 m x 1 m subplot in a random
cardinal direction next to the center of each 9 m x 9 m plot across all 110 plots in May 2012 (S1
Fig). During three sampling periods (June, July, August) in 2012 and 2013, we identified indi-
vidual herbaceous and woody perennials by species within all subplots (see S1 Table for de-
tailed list). To determine biomass, we harvested all aboveground parts of the understory
vegetation by species from each subplot in August 2012 and 2013. Harvested plants were dried
at 70°C for 48 hours, weighed, and pooled per individual subplot. To account for any direct ef-
fects of the 2012 harvest on understory productivity and sampling in 2013, a 1 m x 1 m subplot
was established and sampled adjacent to the original subplot in May 2013.

During the three sampling periods, in 2012 and 2013, all subplots were assessed for re-
sources likely limiting plant growth in these forests, i.e., light, water and nutrients [29,30].
Light transmission readings were taken within two hours of solar noon on overcast days using
a linear photosynthetic active radiation (PAR) sensor (Decagon Devices Inc., Pullman, WA,
USA) above the shrub layer (~1 m). Light transmission was recorded as the ratio of PAR above
the shrub layer (L1) compared with PAR above the forest canopy (L2) transformed into % PAR
by the following equation: % PAR = (L1/ L2) x 100. Using a Theta Probe soil moisture sensor
(Delta-T Devices, Cambridge, UK), volumetric soil moisture content was measured at the four
cardinal directions in each subplot from the upper 10 cm of the soil column and pooled. Soils
were sampled for macronutrients using Plant Root Simulator (PRS) probes (Western Ag Inno-
vations, Inc., SK, Canada). In June 2012 and 2013, PRS probes were inserted 10 cm into miner-
al soils of the A-horizon at a sampling intensity of four cation and anion probe pairs per
subplot. PRS probes were removed from the soil in August 2012 and 2013, cleaned, and
shipped to Western Ag Laboratories for macronutrient analysis. Soil nitrogen concentrations
were determined using an autoanalyzer, while potassium, calcium, magnesium, phosphorus,
and sulfur concentrations of soils were measured by inductive-coupled plasma spectrometry.

Air temperature and relative humidity at the forest floor were measured across all sites and
precipitation across the study area was taken during the three sampling periods in 2012 and
2013. In May 2012, air temperature and relative humidity sensors (HOBO U23 Pro V2 Tem-
perature/Relative, Onset Computer Corp., Bourne, MA, USA) were housed in PVC pipe and
mounted to the forest floor across seven random locations at a minimum distance of 7 m apart
within each of our eleven sites. Readings were taken at thirty minute intervals from June
through August 2012 and 2013. Precipitation data was taken at daily intervals for June through
August 2012 and 2013; data was obtained from the Pinto Lookout meteorological station (54°
78'N, 119°39’W) located within ~30 km of field sites in west central Alberta. Data was provided
by the Alberta Agriculture and Rural Development, AgroClimatic Information Service (ACIS)
http://agriculture.alberta.ca/acis/ (data retrieved, May 2014). Data from this study are made
available at Dryad (doi: 10.5061/dryad.g23f6).
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Data Analysis
Understory species richness was calculated at the community and functional group level for
each subplot. At the functional group level, we categorized species according to growth form
(herbaceous and woody perennials) and calculated species richness as the number of species in
a functional group. Evenness was also calculated at both the community and functional group
level as: J = H’/log(S), whereH’ is the Shannon diversity index and S is the total number of spe-
cies. Individual species biomass was used to determine the Shannon diversity index.

We used linear mixed effects models to test for variation in productivity, species richness,
and evenness across the gradient of D. ponderosae-induced tree mortality at both the commu-
nity and functional group level for each year separately. Linear mixed effects models were also
used to determine if variation in resource availability were associated with increased productiv-
ity and diversity of understory vegetation at both the community and functional group level
for each year separately. Tree mortality, light, soil moisture and nutrients were included as
fixed factors. Site was used as a random factor to account for potential spatial autocorrelation
due to the clustering of subplots into sites. Since macronutrients were highly correlated to one
another (r = 0.92), a principal components analysis (PCA) using a variance-covariance matrix
[31] was conducted on the following macronutrients: nitrogen, potassium, calcium, magne-
sium, phosphorus, and sulfur. PCA axis 1 scores were used for nutrients on all subsequent anal-
yses. All variables included had low levels of colinearity (i.e. r< 0.50). All models were
analyzed using the R-package nlme [32]. All model assumptions were checked by visual inspec-
tion of residual patterns [33].

Using these linear mixed effects models, we developed candidate models that included all
combinations of the explanatory variables and their interactions (i.e., D. ponderosae-induced
tree mortality, soil moisture, light, and nutrients) and used information-criteria to rank the rel-
ative importance of those variables in the models. We used the dredge function in the R-pack-
ageMuMln [34] for model selection, recording and ranking all statistical models using
Akaike’s Information Criterion corrected for small sample sizes (AICC). We also calculated an
Akaike weight (wi) for each model [35]. We then defined a 95% confidence set of models for in-
ference, summing wi from best to worst model until the sum of wi exceeded 95%. Models not
meeting a 95% confidence set were excluded. When there was no clear parsimonious model
(wi<0.90), we used the model.avg function in the R-packageMuMln [34] for model averaging
to determine the direction and magnitude of the effect of each explanatory variable (i.e., D.
ponderosae-induced tree mortality, soil moisture, light, and nutrients) [35]. Instead of relying
on the estimates of the best candidate model, we computed a weighted average of the estimate
for a given parameter based on the Akaike weights. We further calculated the unconditional
standard error (or precision; SE not restricted to the single “best”model) of the model-aver-
aged estimate. We also computed the relative importance of the fixed factors by summing the
wi of the models that contained each factor. When an explanatory variable was not strongly
ranked (Swi<0.50), we considered it important when the associated 95% confidence interval
of the model-average estimate did not overlap with zero (i.e., there was an effect). All data anal-
yses were run using R 3.0.1 [36].

Results
All environmental conditions varied between years. Air temperature at the forest floor in 2012
(mean = 14.07 ± 0.009°C (SE)) was higher than in 2013 (12.99 ± 0.009°C) (t = 83.64,
P<0.0001). Relative humidity measured at the forest floor was lower in 2012 (84.6 ± 0.03%)
than in 2013 (90.92 ± 0.02%) (t = 159.3, P<0.0001). Precipitation across the study area was
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greater in 2013 (2.64 ± 0.32 mm) than in 2012 (1.84 ± 0.44 mm) (GLM; z = 3.01, P = 0.003).
These results show that 2012 was a warmer and drier year than 2013.

Model selection resulted in two models for 2012 and four models for 2013 used for inference
on the factors underlying variation in total aboveground biomass (Table 1). Soil moisture and
tree mortality were found to be the most important in explaining total aboveground biomass of
the understory plants in 2012 (Tables 1 and 2; Fig 1). Total aboveground biomass increased
with D. ponderosae-induced tree mortality and greater soil moisture levels in 2012, but not in
2013 (S2 Fig). The ranked relative importance was low for tree mortality (Swi = 0.07) and soil
moisture (Swi = 0.17) with model-averaged coefficients for tree mortality and soil moisture
also being small and uncertain in explaining total aboveground biomass in 2013 (Table 2; Fig
1). The effects of soil nutrients were found to be a strong predictor of total aboveground

Table 1. Candidate models used for inference on the productivity, richness and evenness of understory plant community responses to Dendroc-
tonus ponderosae-induced tree mortality, light, soil moisture, and nutrients.

Productivity in 2012

Candidate models AICC ΔAICC wi Evidence ratio

1 Soil moisture 478.2 0.00 0.56 1.00

2 Tree mortality, soil moisture 478.6 0.48 0.44 1.27

Productivity in 2013

Candidate models AICC ΔAICC wi Evidence ratio

1 Nutrients 546.3 0.00 0.40 1.00

2 Light 546.9 0.62 0.29 1.37

3 Null model (intercept only) 547.8 1.57 0.18 2.22

4 Soil moisture, nutrients, light 549.7 3.43 0.07 5.71

Richness in 2012

Candidate models AICC ΔAICC wi Evidence ratio

1 Soil moisture, nutrients 443.7 0.00 0.35 1.00

2 Nutrients 444.4 0.66 0.25 1.40

3 Soil moisture 445.5 1.79 0.14 2.50

4 Light 445.6 1.87 0.14 2.50

5 Tree mortality, soil moisture, nutrients 446.8 3.01 0.08 4.37

6 Null model (intercept only) 447.6 3.85 0.05 7.00

Richness in 2013

Candidate models AICC ΔAICC wi Evidence ratio

1 Tree mortality, soil moisture, nutrients 514.6 0.00 0.94 1.00

2 Soil moisture, nutrients 520.3 5.66 0.06 15.6

Evenness in 2012

Candidate models AICC ΔAICC wi Evidence ratio

1 Null model (intercept only) -122.1 0.00 0.95 1.00

2 Tree mortality -116.1 6.03 0.05 19.0

Evenness in 2013

Candidate models AICC ΔAICC wi Evidence ratio

1 Null model (intercept only) -166.2 0.00 0.95 1.00

2 Tree mortality -159.6 6.61 0.03 31.6

3 Nutrients -157.0 9.13 0.01 95.0

4 Soil moisture -156.7 9.44 0.01 95.0

Notes: The most likely models (wi>0.90; difference in evidence ratio>2.7) are shown in bold. AICC = Akaike’s Information Criterion corrected, ΔAICC =

difference between AICCi and AICC best model, wi = Akaike weight, and evidence ratio = wj best model / wi.

doi:10.1371/journal.pone.0124691.t001
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biomass only in 2013 (Table 2; Fig 1; S2 Fig). Ranked relative importance for light levels above
the understory (but below the canopy) in explaining understory productivity along the D. pon-
derosae-induced tree mortality gradient were low in 2012 (Swi = 0.08) and 2013 (Swi = 0.26)
with the model-averaged coefficient being small and showing no effect on understory produc-
tivity (Tables 1 and 2; Fig 1).

Model selection resulted in six models for 2012 and two models for 2013 used for inference
on the factors underlying richness of the understory community. Tree mortality (Swi = 0.94)
was found to be an important predictor of understory community richness only in 2013 (Ta-
bles 1 and 2; Fig 2; S3 Fig). Soil moisture (2012; Swi = 0.56, 2013; Swi = 1.00) and soil nutrients
(2012; Swi = 0.67, 2013; Swi = 1.00) were most important in both years (Tables 1 and 2, Fig 2).
Understory community richness increased with soil moisture and soil nutrients in both years,
and with tree mortality only in 2013 (S3 Fig). Light availability was relatively unimportant to
either understory community richness or evenness (Tables 1 and 2; Fig 2). In addition, tree
mortality (2012; Swi = 0.05, 2013; Swi = 0.04), soil moisture (2012; Swi = 0.03, 2013; Swi =
0.01), and nutrient levels (2012; Swi = 0.01, 2013; Swi = 0.01) were not related to understory
community evenness (Tables 1 and 2).

Underlying the effects of D. ponderosae-induced tree mortality on the understory communi-
ty as a whole, were pronounced differences in responses among herbaceous and woody peren-
nials. Model selection resulted in five models for 2012 and one model for 2013 for inference on
the factors underlying richness of herbaceous perennials. Four models for both 2012 and 2013
resulted for model selection on the factors underlying richness of woody perennials. Richness
of herbaceous perennials was best explained by soil nutrients in 2012 (evidence ratio = 1.00;

Table 2. Ranked relative importance of variables associated with the productivity, richness, and evenness of the understory plant community
showingmodel estimates of slope and variance.

Productivity

2012 2013

Explanatory variable Σwi Model-average estimate Unconditional SE Explanatory variable Σwi Model-average estimate Unconditional SE

Soil moisture 0.99 1.146 0.326 Nutrients 0.47 0.565 0.274

Tree mortality 0.44 1.131 0.325 Light 0.26 0.140 0.273

Nutrients 0.08 0.020 0.111 Soil moisture 0.17 0.021 0.128

Light 0.08 0.007 0.088 Tree mortality 0.07 0.001 0.077

Richness

2012 2013

Explanatory variable Σwi Model-average estimate Unconditional SE Explanatory variable Σwi Model-average estimate Unconditional SE

Nutrients 0.67 0.580 0.252 Soil Moisture 1.00 0.567 0.247

Soil moisture 0.56 0.498 0.254 Nutrients 1.00 0.937 0.234

Light 0.14 0.077 0.216 Tree mortality 0.94 0.716 0.237

Tree mortality 0.08 0.004 0.077 Light 0.01 0.000 0.009

Evenness

2012 2013

Explanatory variable Σwi Model-average estimate Unconditional SE Explanatory variable Σwi Model-average estimate Unconditional SE

Tree mortality 0.05 0.021 0.012 Tree mortality 0.04 0.017 0.010

Soil moisture 0.03 0.019 0.012 Nutrients 0.01 -0.005 0.010

Nutrients 0.01 -0.004 0.012 Soil moisture 0.01 -0.001 0.010

Light 0.01 0.002 0.012 Light 0.01 -0.000 0.002

The most likely explanatory variables are shown in bold (based on model-average estimate being different from zero when the confidence interval

excludes zero).

doi:10.1371/journal.pone.0124691.t002
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Swi = 0.71) and 2013 (evidence ratio = 1.00; Swi = 1.00) (Tables 3 and 4), while tree mortality
and soil moisture were found to be predictors of richness of herbaceous species in 2013, but
not in 2012 (Tables 3 and 4). Richness of herbaceous perennials increased with soil nutrients in
both years and with increased D. ponderosae-induced tree mortality and soil moisture levels in
2013 (S4 Fig). In contrast, richness of woody species was not strongly linked to increased tree
mortality in both years (2012; Swi = 0.25, 2013; Swi = 0.43) (Tables 3 and 4; S4 Fig). Soil mois-
ture, soil nutrients and light were also relatively unimportant (Swi < 0.50) as predictors of the
richness of woody species in either year (Tables 3 and 4) with model-average coefficients being
small and showing no effect on the richness of woody species (Fig 3).

Model selection resulted in five models for 2012 and two models for 2013 for inference on
the factors underlying evenness of herbaceous species, while model selection resulted in two
models for both years on the factors underlying evenness of woody species. Tree mortality was
the most important predictor of evenness in herbaceous perennials in 2013 (evidence
ratio = 1.00; Swi = 0.99), but not 2012 (evidence ratio = 89.0; Swi = 0.01) (Tables 5 and 6). In
contrast, evenness of woody perennials was not strongly linked to tree mortality across years
(2012; Swi = 0.02, 2013; Swi = 0.21) (Tables 5 and 6), while both the evenness of herbaceous
and woody perennials were unresponsive to levels of light (Swi <0.10) and soil resource avail-
ability (Swi <0.05) (Tables 5 and 6).

Fig 1. Model-averaged coefficients and 95% confidence intervals of Dendroctonus ponderosae-induced tree mortality, percent soil moisture, soil
nutrients and light predicting understory plant community biomass in 2012 and 2013.

doi:10.1371/journal.pone.0124691.g001
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Discussion
Within four years following beetle outbreak, productivity of understory plant communities in-
creased along a gradient of beetle-induced tree mortality. Richness and evenness of herbaceous
species also increased along the gradient of tree mortality while woody species richness and
evenness did not. Our results reveal the complex drivers of understory diversity and productiv-
ity in which the magnitude of these shifts depended on the severity of beetle attack. Insect in-
duced tree mortality is a dynamic process in which site conditions change as a function of tree
death and time since infestation. The response of soils, for example, is not static with soil mois-
ture and nutrient concentrations shifting over time [37]. Further, inter-annual changes in pre-
cipitation and temperature will have an effect on understory plants. In our study, understory
diversity and productivity were also contingent upon current year microclimatic conditions.
Below we discuss the relative importance of these findings.

Effects of Tree Mortality and Resource Availability on Understory Plant
Communities
In our study, understory species responded to immediate changes in increased soil moisture
and soil nutrients with D. ponderosae-induced tree mortality; aboveground biomass nearly
doubled across the attack gradient, while the diversity of herbaceous species increased with the
rapid availability of soil nutrients and nearly doubled in the following year as soil moisture lev-
els rose. Previous studies testing the effects of D. ponderosae-induced tree mortality on

Fig 2. Model-averaged coefficients and 95% confidence intervals of Dendroctonus ponderosae-induced tree mortality, percent soil moisture, soil
nutrients and light predicting understory plant community richness in 2012 and 2013.

doi:10.1371/journal.pone.0124691.g002
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Table 3. Candidate models used for inference on the richness of herbaceous and woody understory response toDendroctonus ponderosae-in-
duced tree mortality, light, soil moisture, and nutrients.

Richness of herbaceous perennials in 2012

Candidate models AICC ΔAICC wi Evidence ratio

1 Nutrients 352.3 0.00 0.68 1.00

2 Soil moisture 355.9 3.63 0.11 6.18

3 Tree mortality 356.1 3.82 0.10 6.80

4 Light 356.6 4.29 0.08 8.50

5 Soil moisture, nutrients, light 358.3 5.99 0.03 22.6

Richness of herbaceous perennials in 2013

Candidate models AICC ΔAICC wi Evidence ratio

1 Tree mortality, soil moisture, nutrients 424.7 0.00 1.00 1.00

Richness of woody perennials in 2012

Candidate models AICC ΔAICC wi Evidence ratio

1 Null model (intercept only) 230.2 0.00 0.59 1.00

2 Tree mortality, soil moisture 232.0 1.71 0.25 2.36

3 Light 234.0 3.74 0.09 6.55

4 Nutrients 234.5 4.27 0.07 8.42

Richness of woody perennials in 2013

Candidate models AICC ΔAICC wi Evidence ratio

1 Tree mortality, soil moisture 356.9 0.00 0.45 1.00

2 Null model (intercept only) 357.0 0.10 0.43 1.04

3 Light 360.7 3.85 0.07 6.42

4 Soil moisture 361.0 4.08 0.06 7.50

Notes: The most likely models (wi>0.90; difference in evidence ratio>2.7) are shown in bold. AICC = Akaike’s Information Criterion corrected, ΔAICC =

difference between AICCi and AICC best model, wi = Akaike weight, and evidence ratio = wj best model / wi.

doi:10.1371/journal.pone.0124691.t003

Table 4. Ranked relative importance of variables associated with richness of herbaceous and woody understory showingmodel estimates of
slope and variance.

Richness of herbaceous perennials

2012 2013

Explanatory
variable

Σwi Model-average
estimate

Unconditional
SE

Explanatory
variable

Σwi Model-average
estimate

Unconditional
SE

Nutrients 0.71 0.416 0.183 Tree mortality 1.00 0.745 0.184

Soil moisture 0.14 0.202 0.189 Soil moisture 1.00 0.348 0.187

Light 0.11 0.162 0.188 Nutrients 1.00 0.714 0.183

Tree mortality 0.10 0.201 0.188 Light 0.01 0.175 0.201

Richness of woody perennials

2012 2013

Explanatory
variable

Σwi Model-average
estimate

Unconditional
SE

Explanatory
variable

Σwi Model-average
estimate

Unconditional
SE

Tree mortality 0.25 -0.082 0.154 Soil moisture 0.49 0.090 0.131

Soil moisture 0.25 0.030 0.078 Tree mortality 0.43 -0.162 0.204

Light 0.09 0.010 0.046 Light 0.07 0.007 0.043

Nutrients 0.07 -0.005 0.036 Nutrients 0.06 0.001 0.031

The most likely explanatory variables are shown in bold (based on model-average estimate being different from zero when the confidence interval

excludes zero).

doi:10.1371/journal.pone.0124691.t004
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understory diversity and productivity have shown similar results. For instance, Kovacic et al.
(1985) reported that understory biomass increased by 50% five years following attack by D.
ponderosae in ponderosa pine (Pinus ponderosa) stands in eastern Colorado. Herbaceous spe-
cies richness increased in attacked stands while increases in soil moisture increased plant bio-
mass production. Likewise, Stone andWolfe (1996) examined the response of understory
vegetation to increased D. ponderosae-induced tree mortality in lodgepole pine stands of north-
ern Utah. They found that understory diversity peaked at the highest levels of tree mortality,
while understory biomass increased (>100 g m-2) exponentially in stands ranging from 14 to
95% tree mortality. However, another study of D. ponderosae-induced tree mortality in Colo-
rado found no difference in understory vegetative cover during the first three years of post out-
break [38].

In addition to soil moisture and nutrients, light is also considered another major limiting
factor in understory plant communities [29,30]. Most foliage, twigs and branches fall from at-
tacked trees within the first eight to ten years of beetle attacks [39,40], with associated increases
in light availability to the forest floor [8]. In our study, light levels were similar across the D.
ponderosae-induced tree mortality gradient (Linear Mixed Model; t = 0.688, P = 0.492) and
subsequently did not explain changes in understory diversity or productivity along this gradi-
ent. Across our sites, dead lodgepole pine trees remain in the overstory, many with needles,
twigs and branches intact even in the most heavily attacked stands. In addition, advanced re-
generation of shade-intolerant woody tree species (A. balsamea, P. glauca, and P.mariana) in
the subcanopy established prior to the beetle outbreak provides shade that is partially

Fig 3. Model-averaged coefficients and 95% confidence intervals of Dendroctonus ponderosae-induced tree mortality, percent soil moisture, soil
nutrients and light predicting evenness of understory woody perennial species in 2012 and 2013.

doi:10.1371/journal.pone.0124691.g003
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characteristic of an intact overstory. For example, Ehrenfeld (1980) investigated understory
species composition seven years after gypsy moth (Lymantria dispar (L.)) infestation in a

Table 5. Candidate models used for inference on the evenness of herbaceous and woody understory response toDendroctonus ponderosae-in-
duced tree mortality, light, soil moisture, and nutrients.

Evenness of herbaceous perennials in 2012

Candidate models AICC ΔAICC wi Evidence ratio

1 Null model (intercept only) -96.1 0.00 0.89 1.00

2 Light -91.0 5.02 0.07 12.7

3 Nutrients -87.7 8.40 0.01 89.0

4 Tree mortality -87.3 8.81 0.01 89.0

5 Soil moisture -87.3 8.82 0.01 89.0

Evenness of herbaceous perennials in 2013

Candidate models AICC ΔAICC wi Evidence ratio

1 Tree mortality -71.8 0.00 0.99 1.00

2 Null model (intercept only) -61.3 10.55 0.01 99.0

Evenness of woody perennials in 2012

Candidate models AICC ΔAICC wi Evidence ratio

1 Null model (intercept only) -31.0 0.00 0.98 1.00

2 Tree mortality -23.4 7.64 0.02 49.0

Evenness of woody perennials in 2013

Candidate models AICC ΔAICC wi Evidence ratio

1 Null model (intercept only) -89.2 0.00 0.78 1.00

2 Tree mortality -86.6 2.55 0.22 3.54

Notes: The most likely models (wi>0.90; difference in evidence ratio>2.7) are shown in bold. AICC = Akaike’s Information Criterion corrected, ΔAICC =

difference between AICCi and AICC best model, wi = Akaike weight, and evidence ratio = wj best model / wi.

doi:10.1371/journal.pone.0124691.t005

Table 6. Ranked relative importance of variables associated with evenness of herbaceous and woody understory showingmodel estimates of
slope and variance.

Evenness of herbaceous perennials

2012 2013

Explanatory
variable

Σwi Model-average
estimate

Unconditional
SE

Explanatory
variable

Σwi Model-average
estimate

Unconditional
SE

Light 0.07 -0.027 0.014 Tree mortality 0.99 0.070 0.015

Nutrients 0.01 0.009 0.014 Soil moisture 0.01 -0.003 0.016

Tree mortality 0.01 0.003 0.014 Nutrients 0.01 0.009 0.016

Soil moisture 0.01 0.003 0.014 Light 0.01 -0.041 0.016

Evenness of woody perennials

2012 2013

Explanatory
variable

Σwi Model-average
estimate

Unconditional
SE

Explanatory
variable

Σwi Model-average
estimate

Unconditional
SE

Tree mortality 0.02 -0.014 0.021 Tree mortality 0.21 0.007 0.014

Soil moisture 0.02 -0.012 0.021 Soil moisture 0.03 0.021 0.015

Nutrients 0.02 0.002 0.021 Nutrients 0.01 0.004 0.014

Light 0.02 -0.005 0.021 Light 0.01 -0.013 0.014

The most likely explanatory variables are shown in bold (based on model-average estimate being different from zero when the confidence interval

excludes zero).

doi:10.1371/journal.pone.0124691.t006
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mature oak forest in eastern North America and found no differences between understory spe-
cies in open gap and closed gap sites following disturbance. The study further suggested that
the response of understory species to insect outbreak was dependent on the relative densities of
the subcanopy [41].

Mountain Pine Beetle Outbreaks versus Fire and Harvesting
In our study, herbaceous richness increased one-fold while herbaceous perennials became
more evenly distributed across the gradient of tree mortality, but only after soil moisture and
nutrients increased across years. Increases in understory species richness and productivity seen
here are similar to observations during the first three years post-fire of forest understory vege-
tation in mixed conifer forests of northwestern Arizona [42] and in P. ponderosa-Pseudotsuga
menziesii forests of central Colorado [43]. However, the possible mechanisms underlying each
disturbance agent are quite different. Changes in resource availability and growing conditions
for residual vegetation shortly after D. ponderosae-induced tree mortality is not as severe as
those observed after stand-replacing fires which often eliminate most of the existing understory
vegetation [29,44] allowing for increases in light availability, soil moisture, soil nutrients and
favorable seedbed conditions for regenerating shade-intolerant tree species such as lodgepole
pine [8,45]. In contrast, relatively slow changes in beetle-killed stands may prevent colonization
by early-successional species and reduce tree seedling recruitment [8,46].

Similarly, studies on forest harvesting also find support for increases in understory richness
and productivity following removal of overstory [29,47]. Increases in understory diversity in
many sites are driven by increases in herbaceous species due to reduced disturbance to the or-
ganic layer and greater light availability reaching the forest floor [29,48]. Understory produc-
tivity can remain high following logging due to the presence of many residual late-successional
herbaceous and woody species [49]. In our study, we found that understory diversity of herba-
ceous perennials increased and understory biomass nearly doubled across the gradient of D.
ponderosae-induced tree mortality driven by initial increases in soil nutrients followed by in-
creased soil moisture in the following year. Not surprisingly, richness and evenness of woody
perennials did not change across the tree mortality gradient. Across our sites, many well estab-
lished residual species (e.g. Linnaea borealis, Vaccinium sp.) are shade-tolerant, late-succes-
sional, and may be physiologically limited to rapidly increase growth rates rapidly in response
to increased resource availability [3].

Griffin et al. (2013) reported a decrease in residual herbaceous cover and advanced regener-
ation following post-D. ponderosae salvage harvest in lodgepole pine forests of northeastern
Wyoming. In addition, soil nitrogen availability increased following harvest. This increase in
nutrients may have been due to a decrease in herbaceous cover from these older harvested
stands [24]. This is contrary to our study in which understory productivity, particularly of her-
baceous perennials, increased due to an increase in soil nutrients following D. ponderosae-in-
duced tree mortality. In general, immediately following disturbance, there is potential for rapid
loss of nutrients stored in soils due to decreased rates of biomass uptake [50]. However, the
continued gain in understory productivity might allow the forest system to retain rather than
lose nutrients following D. ponderosae-induced tree mortality.

Conclusion
Understory vegetation showed an immediate response to D. ponderosae-induced tree mortali-
ty. The increase in abundance of herbaceous perennials may be attributed to a potential release
from belowground competition of beetle-killed trees, similar to stand-replacing fires and har-
vesting. The decrease in belowground competition from the surrounding neighborhood could
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have allowed for rapid growth and a strong pulse of recruitment for some herbaceous species
following disturbance. Similar observations of an increased response in advanced tree regener-
ation following D. ponderosae-induced tree mortality have been reported [7,51] and are worth
further investigation for understory vegetative establishment and dispersal strategies. Under-
story diversity and productivity also increased as a result of increased soil moisture and nutri-
ents, which were contingent upon current year growing conditions. Between years there was a
lack of effect from light although there was a constant effect of soil moisture on forest understo-
ry vegetation. When soil nutrients became more abundant, soil moisture became increasingly
important for continued and rapid increase in understory diversity. Further, our findings sug-
gest that in sites with increased vegetation following D. ponderosae-induced tree mortality, tree
seedling recruitment and forest recovery may be delayed. Measuring the pulse of tree seedling
recruitment and possible continued increase and nutrient retention in residual understory veg-
etation will be important next steps toward assessing future trajectories of forest structure
and composition.

Supporting Information
S1 Fig. Representative site design for sampling understory diversity and productivity fol-
lowing recent mountain pine beetle activity (since 2009) across eleven sites located within
the Lower Foothills natural subregion of west central Alberta.
(TIF)

S2 Fig. Understory plant community biomass (g m-2) in 2012 and 2013 as a function of (A)
Dendroctonus ponderosae-induced tree mortality in Pinus contorta forests, (B) percent soil
moisture, and (C) soil nutrients.
(PDF)

S3 Fig. Understory plant community richness in 2012 and 2013 as a function of (A) Den-
droctonus ponderosae-induced tree mortality in Pinus contorta forests, (B) percent soil
moisture, and (C) soil nutrients.
(PDF)

S4 Fig. Richness of herbaceous and woody perennials as a function of Dendroctonus pon-
derosae-induced tree mortality in (A) 2012 and (B) 2013, (B) percent soil moisture in (C)
2012 and (D) 2013 and soil nutrients in (E) 2012 and (F) 2013.
(PDF)

S1 Table. A table of vascular plants present in sample plots along a gradient of lodgepole
pine killed by mountain pine beetle.
(DOCX)

Acknowledgments
We thank members of the Cahill Lab for providing helpful comments during the development
of this manuscript. We also thank M. Devine, F. Najari, M. Randall, and B. Wingert with field
assistance and laboratory processing. Precipitation data was provided by the AgroClimatic In-
formation Service, found at http://agriculture.alberta.ca/acis/.

Understory Diversity and Productivity following a Beetle Outbreak

PLOS ONE | DOI:10.1371/journal.pone.0124691 April 10, 2015 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124691.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124691.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124691.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124691.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124691.s005
http://agriculture.alberta.ca/acis/


Author Contributions
Conceived and designed the experiments: GJP JK NE SWS JFC. Performed the experiments:
GJP AS PWC. Analyzed the data: GJP. Contributed reagents/materials/analysis tools: JFC.
Wrote the paper: GJP JK NE SWS JFC.

References
1. Royo AA, CarsonWP (2006) On the formation of dense understory layers in forests worldwide: conse-

quences and implications for forest dynamics, biodiversity, and succession. Canadian Journal of Forest
Research 36: 1345–1362.

2. Chipman SJ, Johnson EA (2002) Understory vascular plant species diversity in the mixedwood boreal
forest of western Canada. Ecological Applications 12: 588–601.

3. Hart SA, Chen HYH (2006) Understory vegetation dynamics of North American boreal forests. Critical
Reviews in Plant Sciences 25: 381–397.

4. Greene DF, Zasada JC, Sirois L, Kneeshaw D, Morin H, Charron I, et al. (1999) A review of the regener-
ation dynamics of North American boreal forest tree species. Canadian Journal of Forest Research 29:
824–839.

5. Collins BJ, Rhoades CC, Hubbard RM, Battaglia MA (2011) Tree regeneration and future stand devel-
opment after bark beetle infestation and harvesting in Colorado lodgepole pine stands. Forest Ecology
and Management 261: 2168–2175.

6. Kayes LJ, Tinker DB (2012) Forest structure and regeneration following a mountain pine beetle epidem-
ic in southeastern Wyoming. Forest Ecology and Management 263: 57–66.

7. Amoroso MM, David Coates K, Astrup R (2013) Stand recovery and self-organization following large-
scale mountain pine beetle induced canopy mortality in northern forests. Forest Ecology and Manage-
ment 310: 300–311.

8. Axelson JN, Alfaro RI, Hawkes BC (2009) Influence of fire and mountain pine beetle on the dynamics of
lodgepole pine stands in British Columbia, Canada. Forest Ecology and Management 257: 1874–
1882.

9. Safranyik L, Carroll AL, Régnière J, Langor DW, Riel WG, Shore TL, et al. (2010) Potential for range ex-
pansion of mountain pine beetle into the boreal forest of North America. Canadian Entomologist 142:
415–442.

10. Dordel J, Feller MC, Simard SW (2008) Effects of mountain pine beetle (Dendroctonus ponderosae
Hopkins) infestations on forest stand structure in the southern Canadian Rocky Mountains. Forest Ecol-
ogy and Management 255: 3563–3570.

11. Diskin M, Rocca ME, Nelson KN, Aoki CF, RommeWH (2011) Forest developmental trajectories in
mountain pine beetle disturbed forests of Rocky Mountain National Park, Colorado. Canadian Journal
of Forest Research 41: 782–792.

12. Amman GD (1977) The role of mountain pine beetle in lodgepole pine ecosystems: impact on succes-
sion. New York, MattsonW.J. (Ed.): Springer-Verlag.

13. Burton PJ (2008) The mountain pine beetle as an agent of forest disturbance. BC Journal of Ecosys-
tems and Management 9: 9–13.

14. Edburg SL, Hicke JA, Brooks PD, Pendall EG, Ewers BE, Norton D, et al. (2012) Cascading impacts of
bark beetle-caused tree mortality on coupled biogeophysical and biogeochemical processes. Frontiers
in Ecology and the Environment 10: 416–424.

15. Astrup R, Coates KD, Hall E (2008) Recruitment limitation in forests: Lessons from an unprecedented
mountain pine beetle epidemic. Forest Ecology and Management 256: 1743–1750.

16. Coates KD, Glover T, Henderson B. (2009) Abundance of secondary structure in lodgepole pine stands
affected by mountain pine beetle in the Cariboo-Chilcotin. In: Natural Resources Canada CFS, Pacific
Forestry Centre, editor. Victoria, BC.

17. Kovacic DA, Dyer MI, Cringan AT (1985) Understory biomass in ponderosa pine following mountain
pine beetle infestation. Forest Ecology and Management 13: 53–67.

18. StoneWE, Wolfe ML (1996) Response of understorey vegetation to variable tree mortality following a
mountain pine beetle epidemic in lodgepole pine stands in northern Utah. Vegetatio 122: 1–12.

19. Stuart JD, Agee JK, Gara RI (1989) Lodgepole pine regeneration in an old, self-perpetuating forest in
south central Oregon. Canadian Journal of Forest Research 19: 1096–1104.

20. Cater TC, Chapin FS (2000) Differential effects of competition or microenvironment on boreal tree
seedling establishment after fire. Ecology 81: 1086–1099.

Understory Diversity and Productivity following a Beetle Outbreak

PLOS ONE | DOI:10.1371/journal.pone.0124691 April 10, 2015 14 / 16



21. Putz FE, Canham CD (1992) Mechanisms of arrested succession in shrublands: root and shoot compe-
tition between shrubs and tree seedlings. Forest Ecology and Management 49: 267–275.

22. Messier C (1993) Factors limiting early growth of western redcedar, western hemlock and Sitka spruce
seedlings on ericaceous-dominated clearcut sites in coastal British Columbia. Forest Ecology and Man-
agement 60: 181–206.

23. Rhoades CC, McCutchan JH Jr, Cooper LA, Clow D, Detmer TM, Briggs JD, et al. (2013) Biogeochem-
istry of beetle-killed forests: explaining a weak nitrate response. Proceedings of the National Academy
of Sciences USA 110: 1756–1760. doi: 10.1073/pnas.1221029110 PMID: 23319612

24. Griffin JM, Simard M, Turner MG (2013) Salvage harvest effects on advance tree regeneration, soil ni-
trogen, and fuels following mountain pine beetle outbreak in lodgepole pine. Forest Ecology and Man-
agement 291: 228–239.

25. Beckingham JD, Corns IGW, Archibald JH (1996) Field guide to ecosites of west-central Alberta. Natu-
ral Resources Canada, Canadian Forest Service, Northwest Region, Northern Forestry Centre, Ed-
monton, Alberta Special Report 9.

26. Treu R, Karst J, Randall M, Pec GJ, Cigan PW, Simard SW, et al. (2014) Decline of ectomycorrhizal
fungi following a mountain pine beetle epidemic. Ecology 95: 1096–1103. PMID: 24933827

27. Randall MJ, Karst J, Pec GJ, Davis CS, Hall JC, Cahill JC Jr. (2014) A Molecular Identification Protocol
for Roots of Boreal Forest Tree Species. Applications in Plant Sciences 2: 1400069. doi: 10.3732/
apps.1400069 PMID: 25383267

28. Safranyik L, Carroll AL (2006) The biology and epidemiology of the mountain pine beetle in lodgepole
pine forests. (Chapter 1) in Safranyik L. andWilsonW.R., editors. The mountain pine beetle: a synthe-
sis of biology, management, and impacts on lodgepole pine. Natural Resources Canada, Canadian
Forest Service, Pacific Forestry Centre, Victoria, British Columbia: 304.

29. Hart SA, Chen HYH (2008) Fire, logging, and overstory affect understory abundance, diversity, and
composition in boreal forest. Ecological Monographs 78: 123–140.

30. Barbier S, Gosselin F, Balandier P (2008) Influence of tree species on understory vegetation diversity
and mechanisms involved-A critical review for temperate and boreal forests. Forest Ecology and Man-
agement 254: 1–15.

31. McCune B, Grace J (2002) Analysis of Ecological Communities. Oregon: MjM Software Design.

32. Pinheiro J, Bates D, DebRoy S, Sarkar D (2012) nlme: linear and nonlinear mixed effects models. R
package version 3.1–103. Available at http://cranr-projectorg/package = nlme.

33. Zuur A, Ieno EN, Walker N, Saveliev AA, Smith GM (2009) Mixed effects models and extensions in
ecology with R: Springer.

34. Barton K (2009) MuMIn: multi-model inference. R Package Version 1.10.5. Available at http://cran.r-
project.org/web/packages/MuMIn/MuMIn.pdf.

35. Burnham K, Anderson D (2002) Model selection and multimodel inference. A practical information-the-
oretic approach. 2nd Edition Berlin: Springer Verlag.

36. R Development Core Team (2013) R: A language and environment for statistical computing. Vienna,
Austria.

37. Cigan P, Karst J, Cahill J Jr, Sywenky A, Pec GJ, Erbilgin N (2015) Influence of bark beetle outbreaks
on nutrient cycling in native pine stands in western Canada. Plant and Soil: 1–19.

38. Klutsch JG, Negrón JF, Costello SL, Rhoades CC, West DR, Popp J, et al. (2009) Stand characteristics
and downed woody debris accumulations associated with a mountain pine beetle (Dendroctonus pon-
derosaeHopkins) outbreak in Colorado. Forest Ecology and Management 258: 641–649.

39. Mitchell RG, Preisler HK (1998) Fall rate of lodgepole pine killed by the mountain pine beetle in central
Oregon. Western Journal of Applied Forestry 13: 23–26.

40. Lewis K, Thompson D (2011) Degradation of wood in standing lodgepole pine killed by mountain pine
beetle. Wood and Fiber Science 43: 130–142.

41. Ehrenfeld JG (1980) Understory response to canopy gaps of varying size in a mature oak forest. Bulle-
tin of the Torrey Botanical Club 107: 29–41.

42. Huisinga KD, Laughlin DC, Fulé PZ, Springer JD, McGlone CM (2005) Effects of an intense prescribed
fire on understory vegetation in a mixed conifer forest. The Journal of the Torrey Botanical Society 132:
590–601.

43. Fornwalt PJ, Kaufmann MR, Collins B (2014) Understorey plant community dynamics following a large,
mixed severity wildfire in a Pinus ponderosa-Pseudotsuga menziesii forest, Colorado, USA. Journal of
Vegetation Science 25: 805–818.

44. Wang GG, Kemball KJ (2005) Effects of fire severity on early development of understory vegetation.
Canadian Journal of Forest Research 35: 254–262.

Understory Diversity and Productivity following a Beetle Outbreak

PLOS ONE | DOI:10.1371/journal.pone.0124691 April 10, 2015 15 / 16

http://dx.doi.org/10.1073/pnas.1221029110
http://www.ncbi.nlm.nih.gov/pubmed/23319612
http://www.ncbi.nlm.nih.gov/pubmed/24933827
http://dx.doi.org/10.3732/apps.1400069
http://dx.doi.org/10.3732/apps.1400069
http://www.ncbi.nlm.nih.gov/pubmed/25383267
http://cranr-projectorg/package�=�nlme
http://cran.r-project.org/web/packages/MuMIn/MuMIn.pdf
http://cran.r-project.org/web/packages/MuMIn/MuMIn.pdf


45. Chen HY, Popadiouk RV (2002) Dynamics of North American boreal mixedwoods. Environmental Re-
views 10: 137–166.

46. McIntosh ACS, Macdonald SE (2013) Potential for lodgepole pine regeneration after mountain pine
beetle attack in newly invaded Alberta stands. Forest Ecology and Management 295: 11–19.

47. Haeussler S, Bergeron Y (2004) Range of variability in boreal aspen plant communities after wildfire
and clear-cutting. Canadian Journal of Forest Research 34: 274–288.

48. Bradbury S (2004) Understorey plant communities in boreal cutblocks with different sizes and numbers
of residual tree patches. Canadian Journal of Forest Research 34: 1220–1227.

49. Bock MD, Van Rees KCJ (2002) Forest harvesting impacts on soil properties and vegetation communi-
ties in the Northwest Territories. Canadian Journal of Forest Research 32: 713–724.

50. Vitousek PM, Reiners WA (1975) Ecosystem succession and nutrient retention: a hypothesis. BioSci-
ence 25: 376–381.

51. RommeWH, Knight DH, Yavitt JB (1986) Mountain pine beetle outbreaks in the Rocky Mountains: Reg-
ulators of primary productivity? The American Naturalist 127: 484–494.

Understory Diversity and Productivity following a Beetle Outbreak

PLOS ONE | DOI:10.1371/journal.pone.0124691 April 10, 2015 16 / 16



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


