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Abstract
Fire exclusion and high-grade logging have altered the structure and function of ponderosa pine (Pinus ponderosa) forests across the American

West. Restoration treatments are increasingly being used in these forests to move stand density, structure, and species composition toward more

historically sustainable conditions. Yet little research has focused on how restoration treatments influence the associated understory plant

communities, particularly in the northern Rocky Mountains of the USA. To this end, we implemented a replicated (N = 3), randomized block

experiment in a second-growth western Montana ponderosa pine/Douglas-fir (Pseudotsuga menziesii) forest that initiated after harvest in the early

1900s and has not burned since. We evaluated the effects of no action (control), silvicultural cutting (thin-only), spring burning (burn-only), and

silvicultural cutting followed by spring burning (thin-burn) on the understory community. Treatments were implemented at an operational scale

(9 ha). Data were collected before treatment and in three subsequent years, at two spatial scales: plot (1000 m2) and quadrat (1 m2). Richness,

Simpson’s evenness index, and cover were calculated for the total vascular plant community. Species origin and lifeform were used to further

investigate richness and cover responses to treatment. Treatments differentially impacted the understory community, with the most dramatic

changes in the thin-burn. The burn-only treatment initially reduced richness and cover of the understory, but by year three all active treatments

increased plot-scale understory richness relative to pre-treatment and the control. Simpson’s evenness increased the first growing season after

burning, but was not influenced by treatment in subsequent years. Forbs, both native and exotic, were the most responsive lifeform and increased in

richness and cover after thinning, with the greatest response in the thin-burn. Increased native richness was not detected at the quadrat-scale in any

treatment, but was significant at the plot-scale in numerous combinations of treatments and years. A short-term reduction in shrub richness and

abundance after burning was detected at the quadrat-scale. Sapling density was reduced in all active treatments. Although active treatments create

more open overstories and increase understory diversity at the stand level, a mix of treated and untreated areas will likely maximize heterogeneity

and diversity at the landscape scale.
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1. Introduction

Structure and function of millions of hectares of ponderosa

pine (Pinus ponderosa Dougl. ex Laws.)/Douglas-fir (Pseu-

dotsuga menziesii (Mirbel) Franco var. glauca (Beissn.)

Franco) forests have been altered over the last century. A

number of factors, including effective fire suppression, live-

stock grazing, and high-grade logging, have encouraged stand

densification, development of ladder fuels, and increased

composition of shade-tolerant species—all stand structural

changes that favor intense crown fires and alter ecosystem
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function (Gruell et al., 1982; Arno and Brown, 1989; Mutch

et al., 1993; Brown et al., 1994; Covington and Moore, 1994;

Stephens, 1998; Hessburg and Agee, 2003; Wienk et al., 2004).

Stand replacement fires are a natural and healthy part of some

forest ecosystems, but they can have debilitating impacts in

drier ponderosa pine and pine/fir forests adapted to low- and

mixed-intensity fire regimes (Mutch et al., 1993; Brown et al.,

1994; Arno et al., 1995a; Friederici, 2003). These blazes can

decimate native understory species not adapted to intense fire

while facilitating the invasion of exotic forbs (Crawford et al.,

2001; Griffis et al., 2001). Proximate ponderosa pine seed

sources can also be killed, leading to localized deforestation of

this dispersal limited species (Fiedler et al., 2001). Densifica-

tion of coniferous regeneration through encroachment into

open areas and a species shift toward more shade-tolerant
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species have also resulted in less diverse and vigorous

understory communities (Hall, 1977; Gruell et al., 1982;

Gruell, 1983; Arno and Gruell, 1986; Mutch et al., 1993;

Covington and Moore, 1994; Hessburg and Agee, 2003).

Reference conditions representing the range of natural or

historical variability of ecosystem structures and processes

have been proposed as a reasonable restoration goal (Arno

et al., 1995a; Fulé et al., 1997; Moore et al., 1999; Fiedler et al.,

2001; Friederici, 2003; Hessburg and Agee, 2003). Regionally,

ponderosa pine/Douglas-fir forests were historically shaped by

frequent, low-intensity fire—a disturbance regime that sus-

tained open, large-tree dominated structures with vigorous

understory communities (Hall, 1977; Arno, 1980; Everett et al.,

2000; Hessburg and Agee, 2003). Restoration treatments that

approximate these structures and increase understory richness

and abundance also increase understory resilience to fire and

exotic invasion (Covington et al., 1997; Swetnam et al., 1999;

Harrod, 2001). Techniques to restore forest structure and

function include manipulation of the overstory component with

silvicultural cutting, prescribed burning, or both (Arno et al.,

1995a; Moore et al., 1999; Fiedler et al., 2001; Friederici, 2003;

Hessburg and Agee, 2003).

The efficacy of treatments aimed at developing a more fire-

resistant forest structure has been both modeled and observed

(Wagle and Eakle, 1979; Stephens, 1998; Pollet and Omi, 2002;

Fulé et al., 2001; Fiedler et al., 2003; Agee and Skinner, 2005);

however, effects on the understory can be highly variable. In the

Blue Mountains of eastern Oregon, thinning and burning

treatments had relatively little short-term impact on the

understory, reflecting adaptation of this system to low intensity

disturbance (Metlen et al., 2004). Silvicultural cutting to reduce

overstory density has repeatedly been shown to increase

understory productivity, particularly when pre-treatment stands

are dense (McConnell and Smith, 1970; Bedunah et al., 1988;

Moore and Deiter, 1992; Thysell and Carey, 2001). Similarly,

burning alone can result in increased forb abundance (Wienk

et al., 2004), graminoid abundance, and understory species

richness (Busse et al., 2000; Laughlin et al., 2004). Cutting and

burning treatments applied individually to ponderosa pine

stands in South Dakota had similar understory effects (Wienk

et al., 2004).

Understory response is driven by changes in the availability

of limiting resources—primarily nitrogen and water—in dry,

relatively infertile pine forests (Riegel et al., 1992, 1995; Kolb

and Robberecht, 1996; Coomes and Grubb, 2000). For

example, both silvicultural cutting and cutting plus burning

increased N availability in forests of northern Arizona (Kaye

and Hart, 1998). Regionally, however, prescribed burning

following silvicultural cutting has been shown to stimulate

nutrient cycling and provide resources not available after

cutting alone (DeLuca and Zouhar, 2000; Wienk et al., 2004;

Gundale et al., 2005). When compared to thin-only or burn-

only treatments, combined thin-burn treatments typically result

in greater understory richness and abundance, particularly of

forbs (Wienk et al., 2004) and graminoids (Griffis et al., 2001),

although these more intense treatments may reduce the

abundance of shrubs important for browse (Ayers et al.,
1999). Regionally replicated experiments involving opera-

tional-scale treatments are necessary to better understand the

implications of treatment and improve management decisions

that will set forests on a more healthy and sustainable trajectory

(Michener, 1997; Friederici, 2003; Hessburg and Agee, 2003).

The Fire/Fire Surrogates (FFS) Project (Weatherspoon,

2000) is a national network of 13 sites designed to evaluate the

effects of thinning and burning treatments on vegetation, fuels,

wildfire hazard, and ecosystem structure and process in short-

interval fire adapted forests. To allow comparisons among and

between sites, the FFS sites were implemented with a

randomized and replicated study design and a common set

of response variables. Primary treatment objectives include

altering potential wildfire behavior (Arno and Brown, 1989;

Stephens, 1998; Fulé et al., 2001; Fiedler et al., 2003) and

returning historical forest structure and function (Covington

et al., 1997; Arno et al., 1995a; Weatherspoon, 2000; Hessburg

and Agee, 2003). Increasing overstory vigor (Biondi, 1996,

Kolb et al., 1998), returning a more historical understory

community (Covington et al., 1997; Arno et al., 1995a),

inducing regeneration of ponderosa pine (Fiedler et al., 2001),

and increasing understory diversity (Wienk et al., 2004) and

resistance to exotic invasion (Busse et al., 2000; Harrod, 2001)

are additional hypothesized treatment benefits. This paper

analyzes results from the FFS study site in ponderosa pine/

Douglas-fir forests at the University of Montana’s Lubrecht

Experimental Forest.

Here, we assess the understory vegetation community before

treatment, and one (2002), two (2003), and three (2004) seasons

after treatment. This fully replicated experiment was designed

to test the effects of four operational restoration treatments: no

action (control), silvicultural cutting (thin-only), spring burning

(burn-only), and silvicultural cutting followed by spring

burning (thin-burn). Changes in the overall understory

community were described in an ordination context. Richness,

Simpson’s evenness, and cover of all species together were used

to describe broad patterns of change in the understory

community following treatment. Richness and cover of widely

accepted functional groups (exotics, natives, graminoids, forbs,

and shrubs) were used to identify those that might be harmed or

benefited by treatments. Two scales (1000 m2 (plot) and 1 m2

(quadrat)) were used to detect richness patterns that vary

spatially and may not be accurately described using only one

scale (Schwilk et al., 1997; Stohlgren et al., 1998; Keeley et al.,

2003).

The primary objective of this study was to experimentally

evaluate the extent to which restoration treatments designed to

restore an approximation of historical structure and function in

ponderosa pine/Douglas-fir forests differentially impact

understory richness and abundance. An untreated control

was used for comparison with active (thinning and burning)

treatments. We hypothesized that active (non-control) treat-

ments would reduce excessive sapling density and increase

richness and abundance of understory vegetation. A funda-

mental difference was expected between treatments that

included burning (burn-only and thin-burn) and those that

did not (thin-only and control). Burning was expected to more
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effectively eliminate conifer saplings and stimulate nutrient

cycling, while treatments that included thinning were expected

to better reduce competition from the overstory. Consequently,

we hypothesized that the thin-burn treatment would elicit the

greatest increases in native understory richness and cover

compared to pre-treatment conditions and the control, with

intermediate levels of response in the thin-only and burn-only

treatments. Exotic species were also expected to increase

following treatment-related disturbance. Richness and cover of

graminoids and forbs were expected to increase with active

treatments, while burning was anticipated to reduce shrub

cover. Treatments were intended to move the understory

community toward conditions within the natural range of

variability and were therefore interpreted in a historical context.

2. Methods

2.1. Study site

The study site is located at the University of Montana’s

Lubrecht Experimental Forest in the Blackfoot Valley of

western Montana, at 478 north latitude and 1138 west longitude
(Fig. 1). Mean yearly temperature is 7 8C, and mean annual

precipitation is 55 cm—nearly half falling as snow (Nimlos,

1986).

The research stands are primarily ponderosa pine and

Douglas-fir in composition, with scattered western larch (Larix

occidentalis Nutt.) and lodgepole pine (Pinus contorta Dougl.

ex Loud.). These second-growth stands regenerated following

heavy harvesting in the early 1900s, in which nearly all well-

formed trees larger than 30 cm in diameter were removed

(Goetz, personal communication, 2005). Most trees are 80–90

years old, with scattered clumps of regeneration and occasional

trees up to 200 years old. Typical of ponderosa forests in the

region, the study area has been subject to moderate grazing over

the last 100 years. To better isolate response of the understory

community to overstory manipulations and burning, the

research blocks were fenced to exclude livestock. Frequent,

low-intensity fire characterized the historical fire regime (Arno,

1980; Brown et al., 1994). However, no burning has occurred in

the study area since the late 1800s.
Fig. 1. The Lubrecht Experimental Forest Fire/Fire Surrogate study site is

located 55 km east of Missoula, Montana.
Over the 5-year span of the study, 219 species of vascular

plants were identified: 38 graminoids, 153 forbs, 23 shrubs, and

5 trees. The five most frequently occurring graminoids were:

Calamagrostis rubescens Buckl., Carex geyeri Boott, Carex

concinnoides Mackenzie, Carex rossii Boott, and Festuca

idahoensis Elmer. The five most frequently occurring forbs

were: Achillea millefolium L., Antennaria spp. (An. micro-

phylla Rydb., An. umbrinella Rybd, An. parviflolia Nutt., and

An. rosea Greene), Arnica spp. (Ar. cordifolia Hook. and Ar.

latifolia Bong.), Collinsia parviflora Lindl., and Fragaria

virginiana Duchesne. The five most frequently occurring

shrubs were: Symphoricarpos albus (L.) Blake, Arctostaphylos

uva-ursi (L.) Spreng., Mahonia repens (Lindl.) G. Don, Spiraea

betulifolia Pallas, and Amelanchier alnifolia (Nutt.) Nutt. In the

final sampling year, 25 exotic species were identified. The five

most frequently occurring species were: Taraxacum officinale

G.H. Weber ex Wiggers, Poa pratensis L., Potentilla recta L.,

Cirsium vulgare (Savi) Ten., and Trifolium spp. (T. repens L., T.

pratense L., and T. hybridum L.).

2.2. Restoration treatments

Treatments were designed to move treated stands toward a

desired range of conditions. At Lubrecht Forest, this target was

defined as uneven-aged stands comprised of �90% seral

species (ponderosa pine, western larch, lodgepole pine), with

�10% of the relatively shade-tolerant Douglas-fir. Desired

stand conditions would be relatively open (basal area 10–

18 m2/ha), and dominated by larger trees with random to

clumpy spatial distribution. In accordance with the national

FFS network, an additional requirement was that ‘‘. . . each non-
control treatment shall be designed to achieve stand and fuel

conditions such that, if impacted by a head fire under 80th

percentile weather conditions, at least 80% of the basal area of

overstory (dominant and codominant) trees will survive’’

(Weatherspoon, 2000). Thirty-six years (1966–2002) of

weather data (July 15 to September 15) from the Missoula

Mountain Remote Access Weather Station (RAWS) were

analyzed with Fire Family Plus (Main et al., 1990) to determine

80th percentile weather conditions of 30 8C and 26% relative

humidity.

Cutting treatments were designed to reestablish ponderosa

pine as the dominant component of existing stands, and to

create conditions suitable for regeneration of shade-intolerant

seral species, especially ponderosa pine. Leave tree marking

reserved a target basal area of 11 m2/ha (Fig. 2). Marking

favored larger diameter trees of seral species, but healthy

medium-sized and smaller trees of seral species were also

retained, if available. Low thinning and improvement/selection

cutting were completed January through March of 2001 on

snow-covered soil. A single-grip harvester was used to cut,

limb, and buck timber into logs. Non-merchantable material

was left in place and trampled by the harvest machinery. Logs

were decked by product in the woods, and then moved to the

landing area by a self-loading forwarder.

Prescribed burning was conducted in May and June of 2002

using a strip headfire technique. Relative humidity ranged from
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Fig. 2. Douglas-fir and seral (ponderosa pine, western larch, lodgepole pine) trees per ha by 10 cm diameter classes (pre- and post-treatment), for four restoration

treatments: (A) control, (B) thin-only, (C) burn-only, and (D) thin-burn.
20–48%, and averaged around 34%. Ambient temperature

ranged from 9–29 8C, and averaged around 18 8C. Winds

during burn operations were fairly calm, ranging from 2–

13 km/h, with gusts during one burn up to 21 km/h. Flame

lengths varied from 0.2 to 1.2 m in the burn-only treatment, and

from 0.2 to 2.7 m in the thin-burn. Prescribed burning reduced

mean pre-burn duff depths of 2.0 cm in the burn-only and

2.3 cm in the thin-burn by 0.6 and 0.5 cm, respectively.

2.3. Field methods

This experiment employed a randomized block design with

nested sampling, a design shown to maximize statistical rigor
Table 1

Physical characteristics of the Lubrecht FFS study by block and treatment

Treatment Block Mean elevation

(m)

Mean aspec

(8)

Control 1 1319 125

Control 2 1265 75

Control 3 1253 59

Thin-only 1 1306 138

Thin-only 2 1271 3

Thin-only 3 1262 98

Burn-only 1 1350 127

Burn-only 2 1289 336

Burn-only 3 1268 303

Thin-burn 1 1363 123

Thin-burn 2 1307 11

Thin-burn 3 1249 263

PSME = Pseudotsuga menziesii, SPBE = Spiraea betulifolia, VACA = Vaccinium

features and habitat types. All data were taken from 10 sample plots in each treat
(Legendre et al., 2004). As recommended by Wienk et al.

(2004), the use of a strong experimental design coupled with

pre-treatment data allowed a statistically rigorous evaluation of

the restoration treatments used in this study. Controls allowed

us to account for interannual variability and more clearly isolate

the effects of treatment.

Three 36-ha blocks were delineated in moderately dense

ponderosa pine/Douglas-fir forests on gentle to moderate

slopes. Each block was divided into four square treatment units

of 9 ha each, with one replicate of each treatment in each block.

Treatment units were similar in habitat type (Pfister et al.,

1977), and elevation (Table 1). Existing firebreaks predeter-

mined the assignment of one burn treatment in two blocks; all
t Mean slope

(8)
Habitat type Dominant

soil series

13 PSME/VACA Winkler

5 PSME/VACA Tevis-Mitten

5 PSME/VACA Bignell

9 PSME/VACA Winkler

8 PSME/VACA Tevis-Mitten

8 PSME/VACA Bignell

10 PSME/VACA Winkler

5 PSME/VACA Tevis-Mitten

5 PSME/VACA Bignell

10 PSME/SPBE Winkler

8 PSME/VACA Tevis-Mitten

7 PSME/VACA Bignell

caespitosum; treatment-units are 9 ha and encompass a range of topographic

ment unit. Habitat type from Pfister et al. (1977).
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Fig. 3. Schematic of a modifiedWhittaker plot used to sample vegetation at the

FFS site at Lubrecht Forest. Understory species richness was sampled on the

entire plot. Understory richness and cover were sampled on twelve 1 m � 1 m

quadrats dispersed throughout the plot. Saplings were tallied on five subplots.
other treatments were assigned randomly. A 6 � 6 grid of

reference points (36 total) at 50 m intervals was permanently

established in each treatment unit.

Vegetation was sampled on modified Whittaker plots

(Schwilk et al., 1997) randomly located at 10 of the 36

reference points. Each 20 m � 50 m (1000 m2) Whittaker plot

was subdivided into ten 10 m � 10 m (100 m2) subplots with

two 1 m � 1 m (1 m2) quadrats in opposite corners of each

subplot (Fig. 3). Twelve of the 20 quadrats in each plot were

randomly selected to sample understory vegetation. Species

accumulation curves, generated using PC-ORD 4.28 (McCune

and Mefford, 1999), were constructed for each treatment unit

using plot- and quadrat-level data. Results showed that

understory richness was adequately sampled in all units (data

not shown). We tallied saplings (trees taller than 1.37 m and

smaller than 10 cm DBH) by size class and species in five

randomly selected subplots within each plot. All sampling areas

(plots, subplots, and quadrats) were selected in a stratified

random fashion to ensure dispersion (Hurlbert, 1984).

Distances were slope corrected to ensure the same vertical

projection in every plot. Reference points, Whittaker plots, and

quadrats were permanently marked with metal stakes driven

flush with the litter to ensure exact relocation for sampling in

subsequent years.

Pre-treatment vegetation data were collected during 2000 in

the thin-only and thin-burn treatment units, and 2001 in the

control and burn-only units. Post-treatment data were collected

in 2002, 2003, and 2004 for all treatments. Sampling occurred

at nearly the same period of the growing season every year.

Saplings were counted prior to treatment and in 2003. Vascular

plant species richness was sampled at two scales: 1000 m2

(plot), and 1 m2 (quadrat). Trees <1 m in height were included

as part of the understory vegetation. Plants were identified to

species using the terminology and common names of the

PLANTS database (USDA, 2004). Some species were too

similar to distinguish in the field under all morphological

conditions; therefore, species richness was slightly under-

estimated due to occasional grouping of species by genus.

Abundance (percent cover) of every species in the 1 m2

quadrats was ocularly estimated. Before treatment, cover codes

were used: 0 = 0%, 1 = <1%, 2 = 1–10%, 3 = 11–25%, 4 = 26–

50%, 5 = 51–75%, 6 = 76–100%. These codes were then

converted to estimated actual covers by assigning the mid-point

of the cover class. After treatment, percent cover was estimated

to the nearest 1%.
2.4. Analytical methods

Before analysis, P-values <0.05 were chosen as significant

and P-values <0.1 as marginally significant. These values were

appropriate because the variability inherent in natural systems

can mask otherwise significant relationships. Greater replication

could overcome this variability, but the cost of implementing

treatments at a management scale made this prohibitive (N = 3).

Consequently, all P-values <0.1 were reported to allow the

reader some latitude in interpreting the data.

Multi-response permutation procedures (MRPP; Mielke,

1984; Zimmerman et al., 1985) were used for all tests between

and among treatments. Non-parametric tests were chosen

because many of the understory variables were not normally

distributed and were heteroscadastic, as determined from

scatterplots and Levene’s test for homogeneity of variance.

Because appropriate transformations were not possible for all

variables, non-parametric statistics were used throughout. All

permutation procedures were conducted using PC-ORD 4.28

(McCune and Mefford, 1999). As a non-parametric equivalent

to multivariate ANOVA, MRPP measures whether one or more

response variables are more alike within groups than would be

predicted by chance based on random data reshufflings.

Chance-corrected within group agreement (A) gets closer to 1

as groups becomemore distinct from each other. Conversely, an

A of 0 indicates that results are random and values closer to �1

are indicative of greater similarities among than within groups.

While A gives the practical significance (effect size) of a test,

the associated P-value provides the statistical significance of

that effect, much like the P-value in ANOVA (McCune and

Grace, 2002). In all instances, Euclidean distance was used to

accommodate negative values in some response variables.

Overall community composition and abundance changes

were described using Nonmetric Multidimensional Scaling

(NMS; Mather, 1976; Kruskal, 1964), a non-parametric

ordination technique. The ordination was run with quadrat-

scale (1 m2) species cover data averaged to the plot level

(N = 30) using PC-ORD 4.28 (McCune and Mefford, 1999).

Species cover values were adjusted by subtracting the block

median cover for each species to minimize block effects before

analysis (McCune, personal communication, 2004). Euclidean

distance was used, and a Monte Carlo test with 50 random

iterations was employed to determine the probability of

obtaining an equally good solution by chance. One solution was

derived for the dataset containing pre- and post-treatment data

for all treatments. This provided locations in ordination space

before and after treatment for each plot. Within each year,

differences among treatments in ordination space for all NMS

axes were tested using MRPP. When significant (P < 0.05)

differences were detected among treatments, differences

between treatments were tested using pairwise MRPP.

Richness and cover of understory vegetation were divided

into three classifications: total, natives versus exotics, and

lifeform (graminoids, forbs, or shrubs). Native and exotic

classifications were based on Hitchcock and Cronquist (1973)

and the PLANTS database (USDA, 2004). Exotic species

included all non-native species and were not necessarily
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Fig. 4. NMS ordination of the understory plant community at the Lubrecht

Forest FFS site before treatment and in the three subsequent years. Individual

species covers were aligned to the block median cover (for each species) before

analysis.
invasive. Graminoids were defined as species of the families

Gramineae, Poaceae, Cyperaceae, or Juncaceae. Forbs were

defined as non-woody, broadleaf plants not in the above

families. Woody species <10 m in height at maturity were

defined as shrubs. Trees, defined as woody species >10 m in

height at maturity, were split into three categories: seedlings

(<1.7 m in height), saplings (>1.7 m in height and <10 cm

DBH), and trees (>10 cm DBH).

Quadrat-scale richness, Simpson’s evenness, and percent

cover were calculated at the 1-m2 level and averaged to the plot.

Simpson’s evenness was calculated in accordance with Smith

and Wilson (1996). It was chosen as an additional diversity

measure because it has attributes desirable in a diversity index,

including insensitivity to species richness (Smith and Wilson,

1996). Sapling density (stems/ha) was calculated for every plot.

Inherent differences among treatment units were tested using

pre-treatment data (2000 or 2001). In subsequent years (2002,

2003, and 2004), pre-existing differences in richness and cover

were accounted for by subtracting pre-treatment from post-

treatment values and conducting statistical tests on these

change variables.

Differences in understory species richness and cover,

Simpson’s evenness, and sapling density were tested among

treatments with blocked multi-response permutation proce-

dures (BMRPP; Mielke, 1984; Zimmerman et al., 1985), using

median alignment within blocks and unit-level means (N = 3).

Median alignment subtracted the median value for a block

from the original data for that block, focusing the analysis on

the effect of treatment within a block. When significant

(P < 0.05) differences were observed among treatments,

pairwise MRPP’s between treatments were conducted with

data averaged to the plot level (N = 30) within a treatment.

Plot-level replication had to be used for pairwise comparisons

because six observations are not sufficient to conduct

meaningful MRPP (McCune and Grace, 2002). Significance

of these pairwise tests was evaluated with a Bonferroni

adjusted P-value of 0.0083.

3. Results

3.1. Community response

Understory plant communities were sensitive to treatments

and interannual variability (Fig. 4). A final NMS solution with

three axes, a stress of 11.7, a final instability of 0.00045, and a

Monte Carlo P-value of 0.020 accounted for most of the

variability in this community (r2 = 0.93). Before treatment,

there were no significant differences among treatments in

ordination space. In 2002, differences among treatments

became highly significant (P = 0.001); the thin-only and

control treatments were significantly different from the burn-

only and thin-burn treatments (P < 0.003). Treatment differ-

ences were marginally significant in 2003 (P = 0.059), but

became significant again in 2004 (P = 0.048). Pairwise testing

showed no significant differences between active treatments in

2004; however, the thin-only was marginally different from the

control (P = 0.074), and the burn-only and the thin-burn
were significantly different from the control (P = 0.037 and

P = 0.045, respectively).

3.2. Richness (plot-scale)

Species richness at the plot-scale did not differ significantly

between any treatments for any lifeform before treatment

(Table 2). Plot-scale differences among treatments for

graminoid richness were detected with BMRPP, but these

differences were not evident using pairwise comparisons with

MRPP. In post-treatment years, total, native, exotic, and forb

species richness at the plot-scale demonstrated significant

differences among and between treatments (Table 2).

Total richness at the plot-scale was affected by all

treatments, though relative relationships among treatments

changed yearly (Table 2). In 2002 (the season immediately

following burning), total richness at the plot-scale increased

most in the thin-only (P < 0.001) and least in the burn-only

treatment (P < 0.006). By 2003, the thin-only and thin-burn

exhibited greater increases in richness per plot than the burn-

only and control (P < 0.001). In 2004, the thin-only and thin-

burn treatments had increased plot-scale richness compared to

the control (P < 0.001), resulting in the most species in the

thin-burn, followed by the thin-only, burn-only, and control.

Similar differences were observed for native species richness

among treatments, but with the thin-burn and thin-only

exhibiting statistically equivalent increases in richness by

2004. Plot-scale richness of exotics responded to thinning

treatments, with significantly (P < 0.001) greater increases in

exotic richness (three species) in the thin-only and thin-burn

treatments than in the control (one species) in 2002. In 2003 and

2004, increases in the number of exotic species in the thin-burn

treatment significantly exceeded those in the thin-only and

burn-only treatments (P < 0.001), which in turn had increased

plot-scale exotic species richness (P < 0.001) compared to the

control (Table 2).

Graminoid and shrub richness were not responsive to

treatment at the plot-scale, whereas forb richness responded

similarly to total, native, and exotic richness (Table 2). Plot-

scale forb richness increased significantly more in the thin-only
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Table 2

Mean plot-scale richness for all species (total), native species, exotic species, graminoids, forbs, and shrubs by treatment and year, with standard errors in parentheses

Plot-scale richness Year Control Thin-only Burn-only Thin-burn A P

Total Pre 36.3 (1.3) 37.3 (2.3) 34.5 (3.9) 36.1 (3.1) �0.067 0.606

2002 46.8 (1.9) a 52.4 (4.2) b 39.4 (4.0) c 44.9 (2.4) a 0.543 0.005*

2003 53.7 (1.6) a 61.2 (3.9) b 53.8 (5.0) a 63.8 (5.5) b 0.670 0.003*

2004 57.3 (2.7) a 66.2 (4.1) bc 59.7 (7.1) ab 68.6 (7.7) c 0.301 0.024*

Native Pre 34.1 (0.6) 34.8 (1.7) 32.9 (3.2) 33.5 (2.0) �0.078 0.632

2002 43.7 (1.0) a 47.6 (3.1) b 37.0 (3.1) c 39.8 (1.4) c 0.558 0.005*

2003 49.9 (0.7) a 54.8 (2.7) b 48.9 (4.0) a 54.4 (3.6) b 0.599 0.007*

2004 52.8 (1.8) a 59.3 (3.0) b 53.7 (5.2) ab 58.4 (5.1) b 0.328 0.036*

Exotic Pre 2.2 (0.7) 2.3 (0.7) 1.6 (0.8) 2.6 (1.1) 0.007 0.440

2002 3.0 (1.0) a 4.8 (1.1) b 2.4 (0.9) a 5.1 (1.4) b 0.552 0.018*

2003 3.7 (0.8) a 6.2 (1.2) b 4.8 (1.2) b 9.4 (1.9) c 0.704 0.002*

2004 4.4 (0.9) a 6.9 (1.1) b 5.9 (2.0) b 10.2 (2.7) c 0.224 0.040*

Graminoid Pre 6.1 (0.2) 6.8 (0.5) 5.4 (0.4) 6.9 (0.5) 0.449 0.013*

2002 9.5 (1.3) 10.8 (0.9) 7.7 (1.3) 10.1 (1.1) 0.121 0.237

2003 11.5 (1.5) 12.8 (1.0) 9.8 (1.7) 13.9 (1.7) 0.288 0.090

2004 12.5 (1.6) 14.0 (1.1) 11.6 (2.1) 14.1 (2.0) 0.119 0.211

Forb Pre 20.7 (1.2) 19.5 (1.5) 20.2 (2.6) 18.8 (2.3) �0.026 0.510

2002 26.8 (0.8) a 30.1 (2.4) b 23.1 (2.4) c 25.3 (1.7) a 0.461 0.010*

2003 31.3 (0.5) a 36.1 (1.9) b 34.2 (2.9) b 39.3 (4.0) c 0.614 0.002*

2004 33.9 (1.5) a 39.6 (1.9) b 38.1 (4.3) b 43.7 (5.8) c 0.295 0.021*

Shrub Pre 7.5 (0.6) 8.7 (1.1) 6.8 (1.0) 8.1 (1.1) 0.200 0.060

2002 8.4 (0.9) 9.3 (1.0) 6.5 (0.8) 7.7 (1.4) 0.303 0.061

2003 8.7 (1.0) 9.9 (1.2) 7.7 (0.7) 8.4 (1.4) 0.041 0.376

2004 8.8 (0.9) 10.2 (1.3) 7.9 (0.8) 8.5 (1.5) 0.159 0.162

Overall tests are BMRPP on untransformed data. Post-treatment tests are on the difference between pre- and post-treatment unit means (N = 3) among treatments,

within years. Letters represent significant differences between treatments, within years, as tested with pairwiseMRPP tests, using plot-scale means (N = 30). Pairwise

tests were Bonferroni corrected.
* P � 0.05.
in 2002 (11 species) than in any other treatment (P < 0.001).

Conversely, the burn-only gained significantly fewer forb

species (3) than any other treatment (P < 0.002). In 2003 and

2004, the thin-burn gained the most species (21 and 25,

respectively), significantly more than all other treatments

(P < 0.005). Forb richness in this time period increased least in

the control (P < 0.003); in 2004 there were 10 fewer forb

species in the control than the thin-burn, and 6 and 4 fewer

species than in the thin-only and burn-only, respectively

(Table 2).

3.3. Richness (quadrat-scale)

Initially, all treatments had statistically equivalent quadrat-

scale species richness, ranging from 7.7 to 8.6 species/m2

(Table 3). Treatments that involved burning reduced quadrat-

scale species richness in 2002. In the burn-only treatment, this

reduction was significant relative to richness changes in all

other treatments (P < 0.001). In 2003, quadrat-scale species

richness increased less in the burn-only, relative to pre-

treatment, than in any other treatment (P < 0.001). In 2004, the

thin-burn had the most species at the quadrat-scale (12.9), a

significantly greater increase than that observed for the burn-

only and control treatments (P < 0.001).

Quadrat-scale native species richness in 2002 was lowest in

the burn-only and thin-burn treatments. Changes from the pre-
treatment condition differed significantly from those observed

in the thin-only and control (P < 0.001). The burn-only

treatment increased native species richness less than all other

treatments in 2003 and 2004 (P < 0.002). In 2002, quadrat-

scale exotic richness increased more in the thin-burn than in any

other treatment (P < 0.001), a relationship that continued in

2003 and 2004 (Table 3).

Quadrat-scale graminoid richness was not significantly

influenced by treatments (Table 3). Forb richness in 2002

increased most in the thin-only and control treatments,

followed by the thin-burn (P < 0.001), but decreased in the

burn-only (P < 0.001). In 2003, forb richness increases were

greatest in the thin-only and thin-burn and least in the control

(P < 0.003) and burn-only (P < 0.001). By 2004, forb richness

was lowest in the control, with significantly greater increases in

the thin-only (P = 0.003) and thin-burn (P < 0.001). Changes

in quadrat-scale shrub richness never differed except for

significant (P < 0.001) reductions in the burn treatments in

2002, the first year of response after spring burning (Table 3).

3.4. Evenness (quadrat-scale)

Simpson’s evenness index for the full understory community

did not differ among treatments prior to treatment (Table 4). A

short-term increase in evenness was observed in 2002, the

growing season after burning (P = 0.009). These changes were
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Table 3

Mean quadrat-scale richness for all species (total), native species, exotic species, graminoids, forbs, and shrubs by treatment and year, with standard errors in

parentheses

Quadrat-scale richness Year Control Thin-only Burn-only Thin-burn A P

Total Pre 7.7 (0.2) 8.6 (0.5) 8.3 (1.4) 8.4 (1.0) �0.139 0.745

2002 9.7 (0.2) a 10.4 (0.6) a 7.4 (1.0) c 8.6 (0.7) b 0.505 0.007*

2003 10.3 (0.2) a 11.4 (0.6) a 9.8 (1.2) b 11.4 (0.8) a 0.313 0.033*

2004 10.8 (0.4) ac 12.2 (0.7) ab 10.5 (1.4) c 12.9 (1.5) b 0.469 0.009*

Native Pre 7.6 (0.2) 8.4 (0.4) 8.1 (1.2) 8.1 (0.9) �0.134 0.748

2002 9.5 (0.2) a 10.2 (0.5) a 7.2 (0.8) b 8.1 (0.6) b 0.520 0.006*

2003 10.1 (0.2) a 11.1 (0.5) a 9.6 (1.0) b 10.7 (0.6) a 0.289 0.037*

2004 10.5 (0.3) a 11.8 (0.5) a 10.1 (1.2) b 11.6 (1.0) a 0.467 0.016*

Exotic Pre 0.2 (0.1) 0.2 (0.1) 0.2 (0.1) 0.3 (0.2) �0.186 0.900

2002 0.2 (0.1) a 0.3 (0.1) a 0.2 (0.1) a 0.4 (0.2) b 0.334 0.023*

2003 0.2 (0.1) a 0.3 (0.1) a 0.3 (0.2) a 0.7 (0.3) b 0.489 0.016*

2004 0.3 (0.1) a 0.4 (0.2) a 0.5 (0.2) a 1.3 (0.6) b 0.340 0.023*

Graminoid Pre 1.5 (0.0) 1.5 (0.1) 1.5 (0.1) 1.5 (0.1) 0.002 0.425

2002 2.0 (0.1) 2.0 (0.1) 1.7 (0.1) 2.0 (0.0) 0.151 0.154

2003 2.3 (0.1) 2.2 (0.1) 2.0 (0.1) 2.6 (0.2) 0.051 0.275

2004 2.4 (0.2) 2.4 (0.1) 2.0 (0.1) 2.8 (0.2) 0.086 0.232

Forb Pre 3.8 (0.1) 4.0 (0.3) 4.3 (1.3) 4.0 (0.7) �0.184 0.939

2002 4.8 (0.2) a 5.2 (0.3) a 3.7 (0.9) c 4.3 (0.3) b 0.451 0.010*

2003 5.2 (0.2) a 5.8 (0.4) b 5.5 (1.1) a 6.1 (0.5) b 0.424 0.027*

2004 5.5 (0.3) a 6.4 (0.4) b 6.2 (1.3) ab 7.4 (1.1) c 0.513 0.008*

Shrub Pre 2.0 (0.1) 2.6 (0.2) 2.0 (0.3) 2.4 (0.5) 0.234 0.089

2002 2.3 (0.1) a 2.8 (0.3) a 1.7 (0.1) b 2.2 (0.5) b 0.313 0.024*

2003 2.4 (0.1) 2.9 (0.3) 2.1 (0.2) 2.6 (0.6) 0.002 0.444

2004 2.4 (0.2) 2.9 (0.3) 2.1 (0.3) 2.5 (0.7) 0.263 0.059

Overall tests are BMRPP on untransformed data. Post-treatment tests are on the difference between pre- and post-treatment unit means (N = 3) among treatments,

within years. Letters represent significant differences between treatments, within years, as tested with pairwise MRPP tests, using plot-level means (N = 30). Pairwise

tests were Bonferroni corrected.
* P � 0.05.
short-lived; in 2003 and 2004 changes from the pre-treatment

condition were equivalent in all treatments (Table 4).

3.5. Cover (quadrat-scale)

Total and native species cover exhibited similar treatment

responses (Table 5). Prior to treatment, there was significantly

greater cover in the thin-only and thin-burn treatments than in

the burn-only (P < 0.001) and control (P < 0.001). In 2002, the

thin-burn treatment lost more total (P < 0.006) and native

(P < 0.004) cover than any other treatment. In subsequent

years, however, this treatment effect disappeared. By 2004, the

only significant treatment response (P < 0.001) was an increase
Table 4

Mean Simpson’s evenness for all species by treatment and year, with standard err

Year Control Thin-only Burn-o

Pre 0.46 (0.01) 0.48 (0.01) 0.48 (0

2002 0.58 (0.04) a 0.58 (0.03) a 0.80 (0

2003 0.53 (0.04) 0.51 (0.01) 0.57 (0

2004 0.51 (0.04) 0.49 (0.01) 0.53 (0

Overall tests are BMRPP on untransformed data. Post-treatment tests are on the dif

within years. Letters represent significant differences between treatments, within yea

tests were Bonferroni corrected.
* P � 0.05.
in exotic cover in the thin-burn compared to the other

treatments, an effect observed in every post-treatment sampling

year (P < 0.001; Table 5).

There were no significant treatment effects on graminoid

cover, but forb cover was significantly reduced (P < 0.006) in

2002 in all three active treatments compared to the control. Forb

cover responses were indistinguishable among treatments in

subsequent years (Table 5). Before treatment, there were no

significant pairwise differences between treatments for shrub

cover. Shrub cover was reduced relative to pre-treatment levels

in all treatments in 2002, with the greatest reductions in the

thin-burn (P < 0.001), and burn-only (P < 0.001) relative to

the control. In 2003, shrub cover in the control increased
ors in parentheses

nly Thin-burn A P

.05) 0.48 (0.02) �0.130 0.770

.05) b 0.75 (0.07) b 0.397 0.009*

.04) 0.52 (0.04) �0.087 0.645

.02) 0.50 (0.02 0.001 0.483

ference between pre- and post-treatment unit means (N = 3) among treatments,

rs, as tested with pairwise MRPP tests, using plot-level means (N = 30). Pairwise



K.L. Metlen, C.E. Fiedler / Forest Ecology and Management 222 (2006) 355–369 363

Table 5

Mean quadrat-scale percent cover for all species (total), native species, exotic species, graminoids, forbs, and shrubs by treatment and year, with standard errors in

parentheses

Quadrat-scale cover Year Control Thin-only Burn-only Thin-burn A P

Total Pre 22.4 (1.4) a 28.9 (3.5) b 20.7 (1.2) a 28.8 (2.9) b 0.301 0.018*

2002 21.1 (2.1) a 22.7 (1.4) ab 11.2 (1.1) b 14.5 (2.0) c 0.580 0.010*

2003 26.4 (2.7) 27.7 (0.7) 22.0 (1.7) 27.5 (2.2) 0.155 0.090

2004 27.9 (2.8) 31.8 (1.3) 25.9 (1.7) 30.8 (3.1) �0.164 0.925

Native Pre 22.3 (1.4) a 28.4 (3.5) b 20.5 (1.1) a 28.6 (3.0) b 0.279 0.025*

2002 20.9 (2.1) a 22.4 (1.5) ab 11.0 (1.1) b 14.0 (2.2) c 0.572 0.011*

2003 26.2 (2.7) 27.3 (0.7) 21.7 (1.5) 25.5 (3.3) 0.130 0.118

2004 27.6 (2.8) 31.2 (1.2) 25.3 (1.5) 28.3 (3.2) �0.164 0.925

Exotic Pre 0.1 (0.1) 0.6 (0.3) 0.1 (0.1) 0.2 (0.2) �0.015 0.485

2002 0.2 (0.1) a 0.4 (0.2) a 0.2 (0.2) a 0.6 (0.3) b 0.214 0.040*

2003 0.2 (0.1) a 0.4 (0.2) a 0.3 (0.2) a 2.0 (1.1) b 0.257 0.016*

2004 0.3 (0.1) a 0.6 (0.3) a 0.6 (0.3) a 2.4 (1.3) b 0.206 0.045*

Graminoid Pre 3.2 (0.8) 3.2 (1.1) 2.2 (0.2) 3.0 (0.6) �0.175 0.802

2002 2.6 (0.3) 2.5 (0.2) 1.8 (0.1) 2.2 (0.1) �0.229 0.898

2003 2.8 (0.3) 2.9 (0.2) 2.2 (0.2) 3.4 (0.1) �0.147 0.782

2004 2.9 (0.3) 3.6 (0.4) 2.4 (0.0) 4.1 (0.4) �0.102 0.730

Forb Pre 7.3 (0.3) 10.3 (1.0) 6.6 (0.8) 9.9 (1.5) 0.224 0.099

2002 8.8 (1.4) a 9.3 (0.1) b 5.0 (1.0) b 7.2 (1.3) b 0.405 0.014*

2003 10.8 (1.8) 11.4 (0.5) 9.4 (1.1) 12.8 (1.0) �0.094 0.696

2004 12.2 (2.4) 13.2 (0.6) 11.4 (1.0) 14.0 (0.6) �0.241 0.944

Shrub Pre 9.9 (0.3) 13.5 (0.9) 9.7 (0.1) 13.8 (1.9) 0.333 0.028*

2002 8.5 (1.1) a 10.0 (1.6) ab 3.9 (0.6) bc 4.9 (1.3) c 0.673 0.005*

2003 11.6 (1.3) a 12.3 (0.6) b 9.8 (0.7) ab 11.0 (2.6) b 0.211 0.032*

2004 11.4 (0.9) 13.8 (0.5) 11.5 (0.6) 12.3 (3.2) 0.081 0.261

Overall tests are BMRPP on untransformed data. Post-treatment tests are on the difference between pre- and post-treatment unit means (N = 3) among treatments,

within years. Letters represent significant differences between treatments, within years, as tested with pairwiseMRPP tests, using plot-level means (N = 30). Pairwise

tests were Bonferroni corrected.
* P � 0.05.
significantly more than in the thin-only and thin-burn

(P < 0.004), which remained reduced relative to pre-treatment.

No differences in shrub cover response were observed in 2004

(Table 5).

3.6. Sapling density

Prior to treatment, there were no differences in sapling

density among the four treatments. All active treatments
Fig. 5. Change in saplings per ha from pre-treatment to 2003 after restoration

treatments (�S.E.). Letters represent significant differences, as tested with

pairwise MRPP tests, using plot-level means (N = 30). Pairwise tests were

Bonferroni corrected.
reduced sapling density significantly compared to the control

(P < 0.000); however, all active treatments were not equal. The

thin-burn treatment reduced sapling density significantly more

than the thin-only (P < 0.000). The number of saplings per ha

actually increased in the control from pre-treatment to 2003

(Fig. 5).

4. Discussion

4.1. Community response

Active treatments resulted in post-treatment understory

communities with significantly increased richness compared to

the untreated control—despite no differences before treatment.

Richness increased annually in nearly all treatment units in

every sampling year, however, our experimental design allowed

detection of significant treatment effects despite high inter-

annual variability. Evenness increased immediately after

burning, but changes were transitory, suggesting that treatments

did not strongly influence this aspect of diversity. Abundance of

understory vegetation (as measured by cover) was little

influenced by our treatments. The thin-burn treatment resulted

in the greatest understory community change from pre-

treatment and control conditions, followed by the thin-only,

with the least change in the burn-only treatment. These

outcomes are consistent with studies contrasting cutting and
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burning treatments in ponderosa pine forests in other regions

(Griffis et al., 2001; Wienk et al., 2004).

In 2002, the thin-only treatment elicited a plot-scale increase

in total, native, exotic, and forb richness, and an increase in total

and forb richness at the quadrat-scale. Similar harvest treatments

have resulted in reduced richness in the first year of response in

eastern Oregon (Metlen et al., 2004) and in pine forests of South

Dakota (Wienk et al., 2004), but Wienk et al. (2004) found an

additional year of response brought about increased richness.

Thysell and Carey (2001) also observed increased total richness

after cutting treatments to increase structural heterogeneity in

Douglas-fir forests of western Washington.

Understory cover initially decreased in the thinning-related

treatments at our site, a response similar to that observed by

Thysell and Carey (2001) and Metlen et al. (2004). This

reduction in cover was likely due to physical obstruction to

growth resulting from the tree tops and limbs generated by the

cut-to-length harvest system used in our study—a system that

leaves slash in the woods where trees are cut, topped, and

limbed. We documented no significant differences in unders-

tory cover in the thin-only treatment in 2004, suggesting that

reduced understory abundance was short-lived. More com-

monly, understory productivity increases after reductions in

overstory density (McConnell and Smith, 1970; Bedunah et al.,

1988; Moore and Deiter, 1992; Wienk et al., 2004).

The strongest understory responses were first year post-burn

reductions in richness and cover of the total understory

community and associated increases in equitability. All species

were reduced to very low cover values in the burned units. Thus,

even though richness and abundance were reduced, no species

accounted for disproportionate areal cover, possibly driving the

trend of increased evenness. At the quadrat-scale, natives,

forbs, and shrubs were significantly reduced in the burn-only

and thin-burn treatments. A similar trend was observed at the

plot-scale, though only reductions in the total community and

natives were significant. The initial reductions in richness and

cover rapidly reversed in subsequent years, especially in the

thin-burn treatment. These changes suggest that reductions in

cover associated with treatment may be short-lived and could

demonstrate the resilience of these forest understory commu-

nities to burning and thinning. Similar patterns of responsewere

reported by Antos et al. (1983) and Metlen et al. (2004).

Authors working in ecosystems with comparable understory

composition (Schoennagel et al., 2004; MacKenzie et al., 2004)

found that shrub cover gradually increases with time since fire,

but that resprouting shrub species (such as those found at our

site) respond rapidly to burning. The dominant shrub species in

our region (i.e., Scouler’s willow (Salix scouleriana Barratt ex

Hook.), white spirea (Spiraea betulifolia), snowberry (Sym-

phoricarpos albus), and huckleberry (Vaccinium species)),

rapidly respond to burning by regrowth and, in many cases,

rhizomatous colonization (Lyon and Stickney, 1976; Stickney

and Campbell, 2000). This rapid shrub recovery partially

explains why differences in the understory community became

less significant—but more varied—with time since treatment.

Differences observed in 2003 and 2004 were likely due to

colonization by native and exotic forbs.
In contrast to the immediate and short-term negative effects

of burning on shrubs, the forb component in our study

responded most strongly the second and third year after

treatment. Busse et al. (2000) also found increased herbaceous

richness in thinned ponderosa pine forests of central Oregon

two years after spring burning, though changes in abundance

were not detected. Cutting and spring burning also resulted in

increased forb abundance in a ponderosa pine forest in South

Dakota (Wienk et al., 2004). However, the pre-treatment

understory of this Black Hills forest was extremely depauperate

after 125 years of fire exclusion. As with our study, Wienk et al.

(2004) reported similar post-treatment understory communities

following burn-only and thin-only treatments. At the Lubrecht

site, increased native and exotic forb richness and abundance

were observed in both thinning-related treatments, but were

greatest in the thin-burn.

Differential treatment impacts on limiting resources, parti-

cularly underground resources, could explain the variable

understory response to treatment. In a review of the ecological

literature, Coomes and Grubb (2000) found that light was the

primary limiting resource in areas of high moisture and nutrient

availability, while underground resources were more often

limiting in drier forests. Moisture and available N are the

resources typically limiting in these regionally dry, relatively

infertile forest systems (Riegel et al., 1992; Riegel et al., 1995;

Kolb and Robberecht, 1996). For example, Kolb and Robberecht

(1996) found that root exclusion dramatically reduced seedling

mortality in ponderosa pine forests of northern Idaho. Cover of

understory lifeformswas little influenced by canopy reduction in

pine forests of eastern Oregon, while root trenching increased

density and cover of all lifeforms two years after treatment

(Riegel et al., 1995). While some individual species in this

Oregon study responded to a >100% increase in photosynthe-

tically active radiation, the majority of understory species

responded to root trenching. Similarly, trenching to eliminate

underground competition from the overstory also resulted in

greater increases in total understory biomass than overstory

density reduction alone (Riegel et al., 1992).

Overstory removal in our harvested units increased light

availability and reduced underground competition from the

overstory, possible explanations for the strong response

observed in the thin-only treatment. However, as Arno et al.

(1995a) suggest, restoration treatments that do not include

burning are incomplete because thinning alone is not sufficient

to remove small trees and promote nutrient cycling. Thinning to

presettlement forest densities, as well as thinning followed by

prescribed burning, resulted in increased moisture and N

availability in northern Arizona pine forests (Kaye and Hart,

1998). Regionally, burning in conjunction with silvicultural

cutting serves to stimulate nutrient cycling and decomposition

(DeLuca and Zouhar, 2000; Gundale et al., 2005), resulting in

greater resource availability belowground in the thin-burn

treatment than the thin-only. An underlying theme from these

studies is that directly reducing overstory competition (cutting),

in conjunction with returning historical nutrient cycling

mechanisms (burning), should yield the greatest increases in

understory richness and abundance.
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Short interval, fire-adapted ponderosa pine forests are

generally able to capitalize on sudden increases in available

resources. Fire exclusion and subsequent conifer encroachment

can reduce nutrient cycling (MacKenzie et al., 2004; Wienk

et al., 2004), which likely reduces the abundance of shorter-

lived species on the landscape (Hall, 1977; Laughlin et al.,

2004) and leads to decreased understory richness and cover.

Seed banking, seed dispersal over long distances, and rapid

resprouting of native species are mechanisms that allow native

shade-intolerant species to respond to increased resource

availability, reversing this trend (Riegel et al., 1992; Wienk

et al., 2004). Collectively, these factors should translate into

increased richness and abundance of native species; however,

many native species are adapted to low resource levels and

reach peak metabolic rates at lower resource levels than many

exotics (Chapin, 1980). Consequently, not all natives can

compete effectively in higher nutrient environments.

Restoration treatments may increase abundance of exotic

species along with early successional natives. Alternatively,

untreated forest conditions are likely to be susceptible to

intense wildfire and subsequently more aggressive exotic

invasion than that observed after our treatments. In the event

that wildfire should occur, a number of authors have

documented the efficacy of fuel reduction treatments for

reducing wildfire intensity (Wagle and Eakle, 1979; Pollet and

Omi, 2002; Agee and Skinner, 2005). Choromanska and

DeLuca (2001) found that prescribed burning significantly

ameliorated the negative impacts on soil nutrient availability

and microbial biomass that resulted from wildfire subsequently

burning over the same location. Griffis et al. (2001) investigated

the effects of thinning, prescribed burning, and wildfire of

increasing intensity on understory vegetation in northern

Arizona. They found increasing native graminoid abundance,

but little evidence for increasing exotic invasion, with increased

prescribed burning intensity. Conversely, intense wildfire

increased exotic invasion while severely curtailing native

graminoids. Many exotic species are relatively short-lived and

are likely to be out-competed as resources gradually become

more limiting, favoring more resource efficient native species

as in Antos et al. (1983) and Thysell and Carey (2001). An

increase in exotics may be an unavoidable short-term

consequence in the process of reducing hazard and developing

vigorous native plant communities that are more resilient to

exotic invasion should wildfire occur.

Intense burning associated with slash piles led to increased

invasion of exotics in Arizona (Haskins and Gehring, 2004).

Burn-pile sites had lower richness than other areas, exotics were

four times as abundant, and biomass was 19% greater than in

unburned areas. De Deyn et al. (2004) demonstrated that soil

sterilization (a potential effect of intense wildfire) favored

early- and mid-successional species, though this response was

dependent on soil biota present. Seeding with native species

and mycorrhizae could reverse this trend by increasing native

competition with exotic species (Korb et al., 2004). Carefully

designed treatments can help avoid these effects. For example,

we found increased native richness associated with the thin-

burn and thin-only treatments in our study, particularly at the
larger spatial scale. Gundale et al. (2005) investigated pre-

treatment and immediate post-treatment soil nutrient and

microbial responses to the restoration treatments at our site.

They found little treatment effect on the microbial community

(based on phospholipid fatty acid profiles), but significant

among-treatment differences in nitrogen availability (Gundale

et al., 2005). Harvesting over a snowpack, broadcast versus pile

burning, differential propagule pressure, and an existing,

relatively vigorous native plant community are factors that may

explain the significant increase in native richness and cover at

our site with gains in exotics that, in the short-term, are not

overwhelming.

4.2. Scale

Characteristics of understory vegetation vary in the spatial

and temporal scales at which they are detectable. Sampling at

multiple spatial scales is therefore necessary to fully describe

the vegetation of a site (Schwilk et al., 1997; Stohlgren et al.,

1998; Keeley et al., 2003). At the Lubrecht site, sampling at the

quadrat-scale adequately captured differences in abundance of

common species. The quadrat-scale was less sensitive to

changes in rare species, however, as demonstrated by the lag in

detecting increased total richness in the thin-only and increased

exotic richness in the thin-burn compared to the plot-scale. In

the burn-only treatment, total richness decreased at the quadrat-

scale in all years, but only in 2002 at the plot-scale. Increased

native richness was not detected at the quadrat-scale in any

treatment, but was significant at the plot-scale in numerous

combinations of active treatments and years. Alternatively, the

plot-scale did not detect short-term reductions in shrub cover

and richness, suggesting that the quadrat-scale is necessary to

detect decreasing abundance of common species as a result of

treatment.

We found more statistically significant differences among

treatments at the plot- than the quadrat-scale, and with

increasing time since treatment. Abella and Covington (2004)

observed the opposite phenomenon in ponderosa pine forests of

northern Arizona, where increases in species richness in

restoration treatments of greater intensity were significantly

different at 1 m2, but not at 50 m2. Keeley et al. (2003) and

Schwilk et al. (1997) also found stronger trends at 1 m2 than at

larger spatial scales. The need to sample at multiple spatial

scales, particularly early in a study before treatment responses

and spatial patterns of the local understory community are

understood, is highlighted by these differences.

4.3. Historical context

Many authors have proposed restoration as a process by

which the structure and function of native communities are

returned to a range of conditions compatible with their

historical range of variability (Arno et al., 1995a; Covington

et al., 1997; Fiedler, 2002; Harrod et al., 1999; Moore et al.,

1999; Swetnam et al., 1999; Everett et al., 2000; Friederici,

2003). Restoration, then, is based on the best knowledge of

what conditions were like previous to some degradation process
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or event (such as fire exclusion). This knowledge is used to

direct management actions, which are modified as needed to

accommodate shifting long-term management goals, environ-

mental conditions, exotic species, and economics (Arno et al.,

1995a; Covington et al., 1997; Harrod et al., 1999; Moore et al.,

1999; Swetnam et al., 1999; Everett et al., 2000; Friederici,

2003; Hessburg and Agee, 2003).

Direct comparisons of the current understory with historical

conditions previous to Euro-American settlement are not

possible. Regional anecdotal accounts, historical photographs,

investigations of community change with increasing time since

fire, and study of the response of these systems to contemporary

disturbances, are all contrasting lines of evidence from which

we can infer a probable range of historical conditions (Fiedler

et al., 1996; Moore et al., 1999; Friederici, 2003; Hessburg and

Agee, 2003).

Historically, many ponderosa pine/Douglas-fir forests

experienced low- to mixed-severity wildfires at mean fire

intervals ranging from 7 to 24 years (Hall, 1977; Arno, 1980;

Everett et al., 2000; Hessburg and Agee, 2003). Work

conducted regionally and based on forest habitat types (Pfister

et al., 1977) suggests that our study area would have burned at

approximately 20-year intervals (Arno, 1980). Such a

disturbance regime would create conditions favoring perennial

species capable of resprouting from underground parts, or

short-lived species capable of residing in the seed bank or

dispersing long distances. A frequent fire regime would also

make conifer recruitment into the overstory difficult (Weaver,

1951; White, 1985), resulting in uneven-aged stand structures

such as that observed in old-growth ponderosa pine forests

(White, 1985; Arno et al., 1995b; Kaufmann et al., 2000;

Morgan et al., 2002; Youngblood et al., 2004), and open

understories such as described regionally by Hall (1977), Gruell

et al. (1982), and Gruell (1983). Effective fire suppression,

grazing, landscape fragmentation, and changes in traditional

land use practices (Arno and Brown, 1989; Mutch et al., 1993;

Hessburg and Agee, 2003) have resulted in delaying this fire

return interval for nearly a century. Fire exclusion results in

densification of coniferous regeneration and associated

decreases in understory vigor and richness, a well-documented

trend in ponderosa pine dominated forests in Montana (Gruell

et al., 1982; Gruell, 1983; Arno and Gruell, 1986; MacKenzie

et al., 2004), eastern Oregon (Hall, 1977; Mutch et al., 1993),

northern Arizona (Covington and Moore, 1994), and South

Dakota (Wienk et al., 2004).

Our treatments have initiated the process of restoring

historical overstory structure and ecosystem processes, as

suggested by Arno et al. (1995a), Fiedler et al. (1998), Harrod

et al. (1999), and Moore et al. (1999). Restoration treatments

should facilitate the return of a more historical understory

community as well (Friederici, 2003; Hessburg and Agee,

2003; Arno and Fiedler, 2005). Prior to Euro-American

settlement, stands were reportedly open, with abundant forage.

Gruell et al. (1982) provide more specific understory

descriptions, based on forests habitat types (Pfister et al.,

1977). Our research stands are predominantly classified within

the Douglas-fir/dwarf huckleberry (Vaccinium caespitosum
Michx.) habitat type (Table 1), but with inclusions of drier

(Douglas-fir/pinegrass (Calamagrostis rubescens) and Dou-

glas-fir/snowberry (Symphoricarpos albus) habitat types. The

observations of Gruell et al. (1982) suggest that sod-forming

native graminoids (e.g., pinegrass and elk sedge (Carex geyeri))

and low shrubs (e.g., huckleberry, snowberry, and white spirea)

would have dominated the more mesic sites, while bunch-

grasses and forbs would have historically dominated drier sites.

Hall (1977) indicated that frequent underburning maintained

similar conditions in eastern Oregon pine forests—understories

dominated by pinegrass, elk sedge, and resprouting shrubs. In

both regions, a gradual conversion to understories dominated

by large shrubs and then by coniferous regeneration was

observed with the exclusion of fire.

Results from numerous independent studies and anecdotal

accounts are corroborated by a recent study contrasting old-

growth ponderosa pine stands with and without fire exclusion

(Gildar et al., 2004). Working in northern Arizona, Gildar et al.

(2004) found that decreases in understory richness and cover

were related to significantly greater tree densities and duff

depths at fire-excluded sites. Forest floor depths have been

reported to increase with time since fire in western Montana

pine/fir forests as well (MacKenzie et al. 2004). In a meta-

analysis of 35 independently published studies, Xiong and

Nilsson (1999) found that plant litter significantly reduced

understory richness and aboveground biomass, lending further

credence to litter depth as a possible mechanism in the reduced

diversity associated with fire exclusion.

The return of wildfire to the stands studied by Gildar et al.

(2004), after 76-years of fire exclusion, led to decreased duff

and total forest floor depth and increased understory richness

and cover, and greater similarity to reference conditions

(Laughlin et al., 2004). Comparison (reference) sites were old-

growth ponderosa pine stands that had experienced occasional

large and small fires throughout the 76-year period, the same

period in which the study stands had fire excluded. As with our

study, an increase in mostly native short-lived forbs was a major

component of the change from fire-excluded conditions.

Laughlin et al. (2004) suggest that annual and biennial forbs

may have comprised an important component of historical

ponderosa pine stands in northern Arizona, a component

greatly reduced in fire-excluded forests.

Active restoration treatments in our study made substantial

progress toward a more historical understory community.

General treatment objectives included a reduction in density of

conifer regeneration and larger shrubs, with an increase in

understory diversity—particularly graminoids and forbs.

Increased abundance and vigor of native forbs and graminoids

were also objectives. All active treatments successfully reduced

conifer sapling densities, with the most dramatic changes in the

thin-burn. Significantly increased native richness (particularly

of forbs) in all active treatments indicates some success in

returning understory species to the landscape. Given the

increased richness of native species in all active treatments, a

parallel increase in native abundance might also be expected.

Cover data varied widely, however, so trends of increasing

cover in the treated units were not statistically significant.
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The thin-burn treatment resulted in conditions most similar

to those described historically, with significantly reduced

conifer regeneration, and increased native richness and

abundance. This treatment was also associated with the most

negative aspect of restoration—exotic species invasion. The

thin-only treatment also increased understory diversity, and is a

reasonable tool for restoration when burning is not practical

(Arno et al., 1995a; Arno and Fiedler, 2005). Both the thin-only

and burn-only treatments resulted in similar understory

communities at the plot-scale, but a greater richness response

was observed in the thin-only treatment. Multiple burn entries,

or single entry burns in which more overstory trees are scorched

or killed, may increase the efficacy of the burn-only treatment.

This study provides evidence that alternative restoration

treatments have differential impacts on understory plant

communities. Taken collectively, results from our study suggest

that all active treatments promote a more open overstory and

diverse understory community—characteristics commonly

associated with historically sustainable conditions. However,

a mosaic of treatments (including untreated areas) would likely

be needed to increase landscape-scale heterogeneity and

improve longer-term sustainability of this ponderosa pine

ecosystem.
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