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a b s t r a c t

Maintaining understory plant species diversity is an important management goal as forest restoration
and fuel reduction treatments are applied extensively to dry coniferous forests of western North America.
However, understory diversity is a function of both local species richness (number of species in a sample
unit) and community heterogeneity (beta diversity) at multiple spatial scales, while studies of restoration
treatment effects often only examine local species richness at one or two spatial scales. We studied
experimental thinning and prescribed fire treatment effects on understory plant species richness and
community heterogeneity at three spatial scales using additive diversity partitioning. We also evaluated
treatment effects on understory plant species colonization and extirpation at two spatial scales. There
was no evidence that active restoration treatments reduced species richness or increased local extirpation
patial scale
hinning

of species. Restoration treatments significantly increased herbaceous species richness at the treatment-
unit level primarily by increasing community heterogeneity among sampling points within the units. The
combination of thinning and burning produced the greatest increase in community heterogeneity, and
increased colonization by species that were not sampled prior to treatment. These results suggest that
restoration treatments designed primarily to reduce fire hazard and promote sustainable conditions in
these fire-adapted ecosystems can also increase community heterogeneity and facilitate colonization by

itho
new understory species w

. Introduction

Increasing native understory species abundance and diversity is
n important objective in dry forest restoration, with implications
or watershed functioning, fire behavior, wildlife habitat and over-
ll ecosystem biodiversity (Covington et al., 1997; Allen et al., 2002).
n western North America, dry coniferous forest ecosystems with a
ubstantial component of ponderosa pine have been degraded by
he combined effects of human activities such as livestock grazing,
ogging, and fire exclusion (Covington and Moore, 1994; Hessburg
nd Agee, 2003). Restoration treatments utilizing thinning and/or
rescribed burning have been widely advocated to reverse these

mpacts and increase the resiliency of these forests to natural dis-
urbances, including wildfire and insect outbreaks (Brown et al.,

004; Agee and Skinner, 2005). However, restoration treatment
rescriptions often focus on modifying fuels and stand structure
ith less regard to other ecological impacts (Lehmkuhl et al., 2007).
better understanding of how plant communities and individual

pecies respond to management treatments at multiple scales is

∗ Corresponding author. Tel.: +1 509 664 1731; fax: +1 509 665 8362.
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ut significant local extirpation of extant species.
Published by Elsevier B.V.

needed to help land managers understand the diversity conserva-
tion implications of various management strategies.

Implicit within the concept of restoration is that native species
will benefit from re-establishment of conditions under which they
evolved (Fiedler et al., 1992; Kerns et al., 2006). However, restor-
ing dry coniferous forest diversity has proven more difficult than
restoring forest structure (Laughlin et al., 2008), with a recent meta-
analysis finding no consistent pattern of understory responses to
restoration treatments (Schwilk et al., 2009). Differences in the
spatial scale at which the understory vegetation is sampled may
contribute to this lack of a consistent response (Dodson and Fiedler,
2006; Metlen and Fiedler, 2006).

Restoration treatments are typically applied at scales of tens of
hectares, while treatment effects are monitored at much smaller
scales (e.g., 1–1000 m2). Such fine-scale diversity is but one com-
ponent of total landscape diversity (Whittaker, 1972; Veech et al.,
2002). Conditions or management actions that promote diversity
at one spatial scale may be neutral or even negative at other scales
(Crawley and Harral, 2001; Clough et al., 2007). Recent studies in

other ecosystems that have partitioned diversity into additive hier-
archical components have revealed that much of the floral or faunal
diversity is due to differentiation in species composition among
plots or sites (beta diversity; Chandy et al., 2006; Clough et al.,
2007). With the widespread application of dry forest restoration

dx.doi.org/10.1016/j.foreco.2010.08.012
http://www.sciencedirect.com/science/journal/03781127
http://www.elsevier.com/locate/foreco
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nd fuel reduction treatments and their potential implications for
iversity conservation, we need to understand the scales at which
reatments influence diversity so that biodiversity effects can be

onitored at appropriate levels.
Species respond to land management activities individually

ased on adaptations to disturbance and tolerances for altered
nvironmental conditions (Halpern and Spies, 1995; Riegel et al.,
995). If constitutive species exhibit trade-offs between traits such
s colonization ability and competitive ability (e.g., Kneitel and
hase, 2004; Cadotte, 2007), then active management may increase
he frequency and abundance of some species while reducing the
requency and abundance of others. For example, management
ractices may increase the frequency of seral species with good
ispersal and establishment traits while reducing the frequency
f species well adapted to undisturbed forest conditions (e.g.,
alpern and Spies, 1995; Battles et al., 2001). Alternatively, land
anagement can also promote species co-existence by increasing

nvironmental heterogeneity (Gundale et al., 2006; Wayman and
orth, 2007). Clumpy tree distributions created by thinning and
ariable burn severities may create patches with different environ-
ental conditions, each of which favors a group of species, with

ariability among patches allowing co-existence of many species
t broader spatial scales.

In this study, we examined restoration treatment effects on
nderstory richness at multiple scales using an additive par-
itioning approach (Lande, 1996; Veech et al., 2002) and on
ocal understory plant species colonization and extirpation. We
ddressed the following research questions: (1) what are the
elative contributions of sample richness (alpha diversity) and com-
ositional heterogeneity among samples (beta diversity) to total
retreatment richness? (2) do restoration treatments (thinning and
rescribed burning) alter richness or community heterogeneity at
ny spatial scale? (3) do restoration treatments favor disturbance-
dapted species over extant forest species? We hypothesized that
he primary effect of prescribed fire would be to increase turnover
f understory plant species (local extirpation and colonization).
hinning was designed to leave a clumpy distribution of overstory
rees; therefore, we hypothesized that thinning would increase
nvironmental heterogeneity leading to increased understory com-
ositional heterogeneity (beta diversity).

. Methods

.1. Study site

The Mission Creek study site is located on the
kanogan–Wenatchee National Forest of Washington State in

he eastern Cascade Mountains at approximately 47◦25′N lat-
tude and 120◦32′W longitude. Forests within the study area
re dominated by ponderosa pine (Pinus ponderosa C. Lawson)
nd Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco). Climate is
ypical of the Eastern Cascades, with warm dry summers and cool
et winters (Dodson et al., 2008). Like many dry forest sites in the

egion, the area was heavily grazed and logged in the late 1800s
o early 1900s. Similar forests within the Okanogan–Wenatchee
ational Forest burned frequently prior to Euro-American set-

lement, but the fire-free interval has greatly increased during
he past century (Wright and Agee, 2004). More detailed site
nformation is provided by Dodson et al. (2008) and Harrod et al.
2009).
.1.1. Treatments
Four thinning and burning treatments were replicated among

welve 10-ha treatment units using a completely randomized
esign. The original study plan called for three replicates of each
d Management 260 (2010) 1702–1707 1703

treatment: (1) mechanical thinning (thin-only), (2) prescribed fire
(burn-only), (3) thinning followed by prescribed fire (thin/burn)
and (4) no treatment (control). However, two prescribed fires were
not completed due to weather and personnel constraints, so the
result was an unbalanced design of four thin-only, four control,
two burn-only, and two thin/burn stands.

The mechanical cutting treatment (thinning hereafter) was
designed to reduce residual basal area of the stands to 10–14 m2/ha.
The thinning prescription called for retaining large, vigorous trees
free of disease or insect infestations and for increasing spatial
aggregation of residual trees, consistent with historical reconstruc-
tions of presettlement stand structure in the area (Harrod et al.,
1999). Logging slash was lopped and scattered. Thinning treat-
ments were completed in the spring of 2003.

Prescribed fire treatments were applied in the spring of 2004
(late April to early May). Each of the four burned units (two burn-
only and two thin/burn) was treated separately. Prescribed fires
were ignited by hand or helicopter, and flame lengths ranged from
0.2 to 1 m. Some understory species were actively growing when
prescribed fire treatments were applied, resulting in patchy burn
coverage (Agee and Lolley, 2006).

2.2. Understory vegetation sampling

Six 1000-m2 (20-m × 50-m) modified Whittaker plots were ran-
domly established in each 10-ha treatment unit. Twenty 1-m2

sampling quadrats were dispersed randomly throughout each plot
to sample herbaceous vegetation. Ten 50-m2 quadrats were sys-
tematically placed within each plot to sample shrubs. Species lists
were produced for each quadrat by identifying and recording all
herbaceous (1-m2 quadrats) or shrub (50-m2 quadrats) species.
Difficulties in identification led to some species being grouped at
the genera level. Species that could not be identified to genus (a
total of eight) were assigned a unique identifier. Pretreatment data
were collected in 2000 and 2001. Post-treatment data were col-
lected for all sites in 2005, the second growing season after burning
and third growing season after thinning. All of the unique species
sampled within quadrats on a plot were used to derive plot-level
richness. Similarly, unit-level richness was derived from all the
unique species present from sub-samples within the unit.

2.3. Statistical analyses

Additive partitioning of diversity methods (Lande, 1996; Veech
et al., 2002) were used to quantify variability in plant species rich-
ness across a hierarchical gradient of spatial scales (quadrat, plot,
and unit) within the study site and to evaluate treatment effects on
plant species richness across spatial scales. Additive partitioning
separates total diversity at one level into alpha diversity (the mean
number of species that occur within a sampling unit at the next
lower level) and beta diversity (compositional differences among
sampling units at the lower level). For example, the total species
sampled on a plot is equal to the average number of species in a
quadrat (alpha diversity) plus the compositional differences (beta
diversity) among quadrats within a plot. These partitions can be
repeated for multiple hierarchical spatial scales (Veech et al., 2002).

Changes in species richness were calculated at the quadrat, plot,
and unit levels, while changes in community heterogeneity were
assessed among quadrats and plots only. Change was used to focus
the analyses on treatment effects without the potential influence
of pre-existing differences.
For each diversity response variable, we evaluated the effects
of thinning, burning and their interaction with analysis of vari-
ance (ANOVA). We used a 2 × 2 factorial design with thinning and
burning treated as fixed effects with two levels (yes or no) in a
generalized linear model (PROC GLM, SAS Institute, 2008, version
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Fig. 1. Hierarchical additive partitioning of pretreatment species richness at Mission
704 E.K. Dodson, D.W. Peterson / Forest Ecol

.2). All statistical tests of treatment effects were performed at the
reatment-unit level (n = 12 units). Prior to analyses a Type I error
ate of 5% (P < 0.05) was chosen as the significance threshold for
valuating treatment effects.

Separate ANOVA models were developed for each combination
f species group (herbaceous or shrub) and for species richness and
ommunity heterogeneity at each level. Where significant effects
ere found, post hoc tests were performed to compare effects

mong individual treatments. Due to the low degree of replication
n this management study (two to four replicates of each treat-

ent) we did not adjust post hoc tests for multiple comparisons.
ll ANOVA models were evaluated for adherence to assumptions
f independence, normality and equal variance.

Treatment effects on species dynamics were examined at the
lot and unit levels by categorizing species into three groups (Reilly
t al., 2006): survivors (found before and after treatment), coloniz-
rs (found only after treatment) and evaders (found only before
reatment). Data from shrub and herbaceous quadrats were com-
ined to produce species lists for each of the 72 plots before and
fter treatment. Plot lists were then combined to create species lists
or each of the 12 units. The total number of survivor, colonizer, and
vader species was then calculated at each scale for each of the 12
reatment units. Plot-level data were averaged to the treatment-
nit level prior to statistical analyses. Unknown species and tree
eedlings were excluded from these analyses. Where significant
ffects were found, post hoc tests were performed to compare indi-
idual treatments.

. Results

Species richness increased across all treatments over the course
f this study. We sampled a total of 123 understory plant species
rior to treatment and 176 species after treatment. Species rich-
ess on control units (herbaceous species and shrubs) averaged
1 species before treatment but increased to 59 species follow-

ng treatment. To account for these background changes, we first
escribe the pretreatment contribution of various scales (including
eterogeneity among samples) to total species richness and then
ssess treatment effects on changes in species richness at multiple
cales compared to background changes in the control.

.1. Pretreatment diversity partitioning

Very few of the total number of species sampled prior to treat-
ent were sampled on the average quadrat (Fig. 1). The average

uadrat sampled 4.2 herbaceous species and 3.4 shrub species,
hich was less than 12% of the total number of pretreatment

pecies sampled for each group (Fig. 1). Similarly, less than 30%
f total pretreatment species richness was captured on the 20
erbaceous quadrats and 10 shrub quadrats on the average mod-

fied Whittaker plot. Shrub plot-level richness was about equally
plit between quadrat richness and heterogeneity among quadrats
hile herbaceous species plot-level richness was largely due to het-

rogeneity in species composition among quadrats (beta diversity;
ig. 1). The total number of species on a treatment unit was about
qually split between the average plot-level richness and plot-level
ompositional heterogeneity. More than 50% of the total pretreat-
ent species richness for both herbaceous species and shrubs was

rom compositional differences among the 12 treatment units.

.2. Treatment effects
Treatment effects on herbaceous species richness varied by level
f observation. Treatments did not significantly affect herbaceous
pecies richness at the quadrat level (Table 1). However, thinning
ncreased compositional differences among quadrats within a plot,
Creek for (a) herbaceous species and (b) shrub species at three levels of organization.
The richness at a given level is equal to the richness of the average sample unit at
the next lower level plus the compositional differences among sample units at the
lower level (heterogeneity).

plot-level species richness, compositional differences among plots
within a unit, and total unit-level species richness (Table 1; Fig. 2a).
Burning (thin/burn and burn-only) also significantly increased
unit-level species richness (Table 1), adding about 6 species
compared to unburned units (control and thin-only treatments).
Thinning and burning effects on species richness were additive at
all levels, with no significant interactive effects (Table 1).

The combined thin/burn treatment had the greatest effect on
herbaceous species, significantly increasing both species richness
and community heterogeneity at the plot and treatment-unit levels
relative to the burn-only and control treatments (Fig. 2a). The thin-
only treatment significantly increased community heterogeneity
among plots within units and unit-level species richness compared
to the control treatment, while the burn-only treatment had no
significant effect (Fig. 2a).

Thinning modified the effects of prescribed fire on shrub species
richness at the quadrat, plot, and treatment-unit levels (Table 1).
At the quadrat and plot levels, the thin/burn treatment increased
species richness significantly more than any other treatment
(Fig. 2b). At the unit level, the thin/burn treatment increased
species richness significantly more than the burn-only and control
treatments, but was not significantly different from the thin-
only treatment. At each level, the slight increase in shrub species
richness produced by the thin-only treatment was significantly
different than the decline in species richness produced by the burn-
only treatment (Fig. 2b), though neither effect was significantly
different than that observed for the control treatment.

3.3. Species dynamics
Restoration treatments did not significantly alter rates of species
persistence or local extirpation at either the plot or unit levels
(Table 2). However, the thin/burn treatment increased coloniza-
tion significantly more than all the other treatments (Fig. 3). The
control, burn-only and thin-only treatments each gained an aver-
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Table 1
Type III tests of treatment effects on species richness at multiple scales. Significant effects are bolded. Heterogeneity refers to compositional differences among sample units
(beta diversity).

Model r2 Thin Burn Thin × burn

F P F P F P

Herbaceous species
Quadrat richness 0.43 3.4 0.102 2.6 0.148 0.1 0.748
Quadrat heterogeneity 0.67 15.6 0.004 0.7 0.440 2.7 0.142
Plot richness 0.66 11.8 0.009 1.5 0.261 1.9 0.209
Plot heterogeneity 0.70 13.6 0.006 5.2 0.052 0.8 0.399
Unit richness 0.80 25.4 0.001 6.6 0.033 2.1 0.184

Shrub species
Quadrat richness 0.69 12.2 0.008 0.0 0.843 11.2 0.010
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Quadrat heterogeneity 0.42 5.5
Plot richness 0.79 27.4
Plot heterogeneity 0.16 1.2
Unit richness 0.65 13.4

ge of 19–23 species per unit during the study period, while the
hin/burn treatment gained 38 new species per unit (Fig. 3a). Simi-
arly the thin/burn treatment added about 14 new species per plot,
n average, while the other treatments averaged about nine new
pecies per plot (Fig. 3b).

Numerous unique species colonized the combined thin/burn
reatment. A total of 56 unique species colonized at least one of
he two thin/burn units and 90 unique species colonized at least
ne of the 12 thin/burn plots. Colonizing species were from all
ife-forms (shrubs, graminoids and forbs) and both annual and
erennial species were well represented. The large majority of colo-

izing species were native as there were only five exotic colonizers
t each level. Some of the most frequent colonizers at the plot-level
colonizing at least eight of the 12 thin/burn plots) were native forbs
ften considered to be disturbance-adapted species, such as Chame-
ion angustifolium (L.) Holub and Claytonia perfoliata Donn ex Willd.

ig. 2. Least square means (plus one standard error) for change in a) herbaceous and
) shrub species richness at three hierarchical levels (quadrat, plot and unit) using
n additive partitioning approach. Different letters indicate significant differences
mong treatments in post hoc tests. The richness at a given level is equal to the
ichness of the average sample unit at the next lower level plus the compositional
ifferences among sample units at the lower level (heterogeneity).
47 0.2 0.666 0.6 0.476
01 0.6 0.470 8.1 0.021
09 0.1 0.769 0.8 0.403
06 0.0 1.000 5.4 0.048

4. Discussion

We found that restoration treatment effects on species rich-
ness varied with spatial scale, a result that is consistent with
previous reports (Abella and Covington, 2004; Metlen and Fiedler,
2006). We found no significant treatment effects on herbaceous
understory plant species richness at the quadrat-level and no evi-
dence that treatments affected species that were present prior to
treatment (evaders and survivors). This corresponds with many
previous studies of dry forest restoration where treatments have
not strongly affected understory vegetation (Abella and Covington,
2004; Metlen and Fiedler, 2006; Nelson et al., 2008). However,
we found significant increases in species richness when treat-
ments, especially the thin/burn, were evaluated for their effects
on community heterogeneity and unit-level species richness. This

suggests that evaluating restoration treatments effects on under-
story species can benefit from an approach that looks at multiple
scales, including community heterogeneity. It also suggests that
restoration treatments have “hidden benefits” (Clough et al., 2007)

Fig. 3. Least square means (plus one standard error) for richness by treatment at a)
the treatment-unit level and b) the plot-level for survivors (found before and after
treatment), colonizers (found only after treatment) and evaders (found only before
treatment). Different letters denote significant treatment effects.
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Table 2
Type III tests of treatment effects on species dynamics. Significant effects are bolded.

Model r2 Thin Burn Thin × burn

F P F P F P

Unit
Survivors 0.14 0.9 0.385 0.2 0.713 0.0 0.845
Evaders 0.38 2.0 0.193 0.8 0.393 0.8 0.393
Colonizers 0.77 17.3 0.003 7.7 0.024 7.2 0.028
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Plot
Survivors 0.14 1.2 0.
Evaders 0.40 3.9 0.
Colonizers 0.74 11.9 0.

s treatments increased community heterogeneity and unit-level
pecies richness more than they increased species richness at the
ypically monitored levels or scales (quadrat, plot).

The increase in community heterogeneity found with treat-
ents in this study may be largely due to increased variability

n environmental conditions. The thinning treatment prescribed
ncreasing spatial aggregation of residual trees, and thinning
emoved from 16 to 80% of the basal area on individual Whittaker
lots. This likely increased heterogeneity in understory shading
nd light availability, which can promote a diverse understory as
ndividual species have different optimal light levels (Naumburg
nd DeWald, 1999). Thinning may also have resulted in patchy
oil disturbance that could have further added to environmental
eterogeneity. Similarly, the prescribed fires burned with variable

ntensity across the treatment units, including leaving unburned
reas (Agee and Lolley, 2006). Therefore, treatments likely pro-
uced a mosaic of patches of varying burn severity, each of which
ay have favored different species assemblages. Fuel augmenta-

ion by the thinning treatment (Agee and Lolley, 2006) may have
urther increased intensity and variability in burn intensity on the
hin/burn units, producing a stronger understory response. Thin-
ing followed by prescribed fire likely increased heterogeneity in
oth overstory canopy cover and surface burn severity, thereby
aximizing understory environmental heterogeneity, opportuni-

ies for plant species colonization, and potential plant community
eterogeneity.

Previous studies have found mechanical cutting and burning
an increase disturbance-adapted species while simultaneously
educing or locally extirpating late successional species in more
esic forests (Roberts and Gilliam, 1995; Halpern and Spies, 1995;

attles et al., 2001). However, in these frequent-fire adapted forests
Wright and Agee, 2004) we found thinning followed by prescribed
re increased colonization without increased local extirpation. A
imilar pattern was found for dry forest restoration treatments
n Montana (Dodson et al., 2007). In historically open forests
here may be very few species dependent on undisturbed forest
onditions, and species found under a dense canopy may be a
hade tolerant subset of species found in openings (Spyreas and
atthews, 2006). In fact, in ecosystems where disturbances were

istorically frequent, disturbance can be essential for prevent-
ng species losses due to competitive exclusion (Denslow, 1980;
adotte, 2007). Many of the colonizers in this study were likely
isturbance adapted species that declined in the absence of fire
nd increasing canopy closure. The environmental heterogene-
ty created by treatments likely provided favorable microsites for
isturbance-adapted species establishment while also providing
icrosites that are favorable for currently extant species, thereby

ncreasing species co-existence at the treatment-unit level.

The colonizing species in the thin/burn treatment could have

ome from many sources, including the soil seed bank, areas of
ess dense forest, or increased frequency of uncommon species.
lthough we did not survey the soil seed bank, previous studies
ave found it to be of minor importance in dry coniferous forests
0.1 0.751 0.1 0.799
0.9 0.375 0.0 0.937
6.1 0.039 10.4 0.012

(Vose and White, 1987; Wienk et al., 2004). Also, few of the col-
onizing species in the thin/burn treatment were sampled in open
meadow patches within the treatment units (Dodson, unpublished
data). This suggests that much of the colonization may have come
from an increase in the frequency of species that were present on
the treatment units before treatment, but were too infrequent to
be sampled. Dodson et al. (2007), working in dry coniferous forests
in Montana, found that many species with low abundance prior to
treatment tended to increase cover and frequency with treatments,
especially the combination of thinning followed by burning.

5. Conclusions

Reducing fire hazard in dry coniferous forests through fuels
modification may require trade-offs with ecological management
objectives such as protection of biodiversity and species habi-
tats (Lehmkuhl et al., 2007). However, we found no evidence that
any of the active restoration treatments reduced species rich-
ness at any scale, including community heterogeneity. In contrast,
the thin/burn treatment increased community heterogeneity and
colonization by new species without increasing local species extir-
pation. Collectively, these results suggest that few species in these
frequent-fire adapted forests are negatively impacted by restora-
tion treatments. They also suggest that many native species in these
forests can quickly re-establish when thinning and burning treat-
ments re-create historical patterns and processes. The thin/burn
treatment was the most effective for enhancing biodiversity in this
study, and is also the most effective treatment for reducing sur-
face fuels and restoring fire resilient overstory canopy structures in
degraded fire-prone forest ecosystems (Schwilk et al., 2009). There-
fore, reducing fire hazard and restoring diverse understory plant
communities may be complementary management goals, at least
in this forest type.

Recently there has been a movement toward planning and
applying restoration treatments at a landscape scale, creating a
mosaic of patches across the landscape, including untreated areas
(Lehmkuhl et al., 2007). This landscape level planning may allow
the integration of fuel reduction objectives with biological con-
servation objectives (Noss et al., 2006; Lehmkuhl et al., 2007).
Landscape level planning also provides the opportunity to pro-
mote environmental heterogeneity, which is correlated with plant
diversity (Ricklefs, 1977; Gundale et al., 2006). Therefore, many
restoration treatment objectives, including increasing understory
plant diversity, may be maximized by planning for heterogene-
ity within treatment units and a mosaic of treatments across the
landscape, both spatially and temporally.
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