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Range of variability in boreal aspen plant
communities after wildfire and clear-cutting’

Sybille Haeussler and Yves Bergeron

Abstract: Composition, structure, and diversity of vascular and nonvascular plant communities was compared 3 years
after wildfire and clear-cutting in mesic trembling aspen (Populus tremuloides Michx.) forests of the southern Canadian
boreal forest. We examined mean response to disturbance and variability around the mean across four to five spatial
scales. Four 1997 wildfires were located near Timmins, Ontario, and ten 1996-1997 clearcuts were located adjacent to
the wildfires. We randomly located plots within mesic, aspen-dominated stands selected to minimize predisturbance
environmental differences. Correspondence analysis separated wildfire and clearcut samples based on community com-
position: wildfires had more aspen suckers, Diervilla lonicera Mill., and pioneering mosses; clearcuts had more under-
story tall shrubs, forbs, bryophytes, and lichens. Live tree basal area averaged 1.7 m%*ha in wildfires and 1.8 m%ha in
clearcuts (p = 0.59), and understory community structure (the horizontal and vertical distribution of live and dead plant
biomass) was not markedly different. Clearcuts had higher species richness with greater variance than wildfires across
all spatial scales tested, but differences in beta and structural diversity varied with spatial scale. Generally, clearcut—
wildfire differences were more evident and wildfire variability greater at larger analytical scales, suggesting that plant
biodiversity monitoring should emphasize cumulative effects across landscapes and regions.

Résumé : La composition, la structure et la diversité des communautés végétales, incluant les plantes vasculaires et
non vasculaires, ont été comparées 3 ans apres un feu ou une coupe totale dans des peuplements mésiques de peuplier
faux-tremble (Populus tremuloides Michx.) situés dans la zone méridionale de la forét boréale canadienne. Nous avons
examiné les effets moyens, et la variation de la moyenne, des perturbations a quatre a cinq échelles spatiales différen-
tes. Quatre feux survenus en 1997 étaient situés pres de Timmins en Ontario et 10 coupes a blanc datant de 1996-1997
étaient adjacentes aux sites brlllés. Les différences environnementales entre les places-échantillons présentes avant que
surviennent les perturbations ont été minimisées par une sélection aléatoire stratifiée des peuplements. L’analyse des
correspondances a permis de distinguer les stations brlilées des stations coupées sur la base de la composition végétale.
Les stations briilées sont caractérisées par un plus grande abondance de drageons de tremble, de Diervilla lonicera
Mill. et de mousses pionnidres. A I’opposé, davantage d’arbustes hauts, de plantes herbacées, de bryophytes et de li-
chens résiduels sont présents dans les sites coupés. La surface terriere des arbres vivants atteint en moyenne 1,7 m?/ha
aprés un feu et 1,8 m%ha aprés une coupe a blanc (p = 0,59) et la structure des communautés végétales du sous-bois
(distribution horizontale et verticale de la biomasse végétale morte et vivante) est semblable peu importe le type de
perturbation. La richesse en espece et sa variation sont plus élevées apres une coupe qu’apres un feu a toutes les échel-
les spatiales testées tandis que la diversité structurale et la diversité béta varient selon 1’échelle spatiale retenue. Géné-
ralement, les différences entre la coupe et le feu ainsi que la variabilité aprés un feu sont plus prononcées aux échelles
du paysage et de la région, indiquant que le suivi de la biodiversité végétale a ces échelles devrait mettre 1’emphase
sur les effets cumulatifs.

Introduction found in unmanaged or natural ecosystems (Holling and
Meffe 1996; Aber et al. 2000). In response, progressive for-

A consensus is emerging among scientists and resource est managers around the world have begun to incorporate a
managers that to maintain ecological integrity, forest man- natural-disturbance-based approach to landscape planning
agement must retain critical types and ranges of variability and silvicultural management (Bergeron and Harvey 1997,
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Swanson et al. 1997; Kuuluvainen 2002; Lindenmayer and
McCarthy 2002). This approach involves studying distur-
bance regimes and their effects on ecosystem patterns and
processes and adopting management practises that reduce
discrepancies between natural and anthropogenic distur-
bances (e.g., Bergeron et al. 2002).

Most approaches for quantifying natural variability focus
on historical variation in a particular ecosystem trait or pro-
cess over time (Morgan et al. 1994; Chapin et al. 1996;
Landres et al. 1999). The concept applies equally well to
spatial variability in ecosystem conditions at a single point
in time, provided that unmanaged benchmark systems sub-
ject to minimal human impact are available. In North Ameri-
can boreal forests, human impacts are dispersed and large,
sparsely settled tracts remain in which natural disturbance
processes such as wildfires continue to dominate (Sanderson
et al. 2002). Here a natural range of variability approach,
which uses minimally impacted forest landscapes as bench-
mark systems for study, can be adopted.

A range of variability approach to the comparison of
unmanaged and managed forest ecosystems considers not
only the mean response of the system to the silvicultural
treatment or natural disturbance event, but also explicitly ex-
amines the dispersion or variability of the response around
the mean (Gould 1991; Morgan et al. 1994). It also simulta-
neously considers how the response of the system varies
with spatial or temporal scale (Peterson and Parker 1998).

Our research program in southern boreal forests of west-
ern Quebec and eastern Ontario seeks to identify critical
threats to the biodiversity and ecological integrity of plant
communities on typical, upland forest ecosystems and to re-
fine coarse-filter management strategies to reduce those
threats. In this study, our objective was to identify differ-
ences in the composition, structure, and diversity of trem-
bling aspen (Populus tremuloides Michx.) plant communities
regenerating after wildfire and those that regenerate follow-
ing conventional clear-cutting practices across a range of
spatial scales. Observed differences will be used to identify
bioindicators for monitoring the effectiveness of new
natural-dynamics-based silvicultural approaches being tested
in aspen-dominated forests at the Lac Duparquet Research
and Teaching Forest, Quebec (Bergeron and Harvey 1997,
Brais et al. 2004) and to develop future recommendations for
changes to forest practices.

The ubiquity of fire and concerns about the effects of log-
ging on ecosystem sustainability have sparked many fire—
logging comparisons in boreal forests of North America,
especially in recent years (Noble et al. 1977; Abrams and
Dickman 1982; Carleton and MacLellan 1994; Johnston and
Elliot 1996; Lee and Crites 1999; Nguyen-Xuan et al. 2000;
McRae et al. 2001; Reich et al. 2001; Rees and Juday 2002).
Research has mainly been in conifers, but recent studies in
Minnesota (Reich et al. 2001), Alberta (Crites 1999) and
northern Quebec (Purdon et al. In press) included trembling
aspen forests. Our study complements existing research by
providing a detailed, replicated comparison of the structure,
composition, and diversity of one well-defined community
type at a single (3-year postdisturbance) successional stage.

From these earlier comparisons and our own work
(Haeussler et al. 2002; Haeussler and Kneeshaw 2003), our
expectations were that (i) the structure and composition of
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aspen plant communities after clear-cut logging would be
outside the limits of variability observed after wildfire;
(ii) differences in community structure (i.e., the horizontal
and vertical distribution of live and dead plant material) be-
tween clearcuts and wildfires would be more evident and
more statistically significant than differences in species
composition because understory plants of aspen-dominated
forests are highly resilient to a variety of disturbances;
(iii) clear-cutting would reduce the abundance of indigenous,
pyrophilous seed- and spore-banking species and increase
the abundance of invasive, non-native species because of
machine disturbance of soils during logging and site prepa-
ration; (iv) within-community (alpha) species diversity after
clear-cutting would be equal to or higher than that after
wildfire, but heterogeneity among communities (beta diver-
sity) would be reduced by clear-cutting, particularly at larger
spatial scales; and (v) structural diversity would be lower af-
ter clear-cutting than after wildfire as a result of lower den-
sities of standing live trees, snags, and downed woody
debris, as well as the spatially patchy nature of wildfire dis-
turbance.

Materials and methods

Study region

The study was centred at Timmins, Ontario (48°28'N,
81°20’W) in Canada’s southern boreal mixedwood forest,
extending from Foleyet (48°15'N, 82°24’W) to Iroquois
Falls (48°48N, 80°42’'W). In this region, mature forests are
mostly of wildfire origin and composed of white spruce
(Picea glauca (Moench) Voss), black spruce (Picea mariana
(Mill.) BSP), balsam fir (Abies balsamea L.), jack pine
(Pinus banksiana Lamb.), trembling aspen (Populus tremu-
loides Michx.), paper birch (Betula papyrifera Marsh.), and
balsam poplar (Populus balsamifera L.). Eastern white-cedar
(Thuja occidentalis L.), red pine (Pinus resinosa Ait.), east-
ern white pine (Pinus strobus L.), and red maple (Acer rub-
rum L.) are occasionally present. The northeast portion of
the region is a lacustrine plain derived from proglacial Lakes
Ojibway and Barlow (Vincent and Hardy 1977). Elsewhere,
the region has shallow glacial till over bedrock and extensive
areas of sandy outwash or beach deposits with silty depres-
sions. Ecologically, the region is classified within the
Cochrane, Foleyet, and Kirkland Lake ecodistricts of Hill’s
Ecoregion 3E (Taylor et al. 2000).

The period of 20 May — 12 June 1997 had unusually dry,
warm weather during which several thunderstorms swept
through the study region, igniting at least 16 fires (Canadian
Geographic 1997). Four fires exceeded 100 ha and were se-
lected for study (Table 1). These crown wildfires burned
mainly through jack pine and black spruce, but extended into
adjacent, partially leafed-out aspen stands.

Sampling methods

We used a stratified random approach to sample mesic,
aspen-dominated plant communities that spanned the range
of fire or logging disturbance severity while minimizing eco-
logical differences prior to disturbance. On wildfires, we de-
lineated accessible, unsalvaged, burned polygons in three
categories: (i) dominated by mature (60—110 years) trem-
bling aspen, (i) containing a mature aspen component
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greater than 20%, (iii) dominated by near-mature trembling
aspen (30-60 years). All polygons in category i were se-
lected, and a random selection of category ii and iii poly-
gons was made. In the area surrounding each wildfire, we
identified clear-cut polygons logged between fall-winter
1996-1997 and fall-winter 1997-1998 containing a mer-
chantable trembling aspen component. All clearcuts located
within 10 km of a wildfire were selected, and clearcuts 10—
35 km from a fire were randomly selected as needed (Ta-
ble 1).

From the preselected polygons, we field-identified stands
with a mostly mesic soil moisture regime (classes 3—4 in
Taylor et al. 2000) dominated by mature or near-mature
even-aged aspen prior to disturbance and conforming to the
descriptions for ecosites ES7f, 7m, and moister 7c (ES 7f to
drier ES10 in the Mistango — Abitibi River area) (Taylor et
al. 2000). Sample plots (one to four per stand) were located
50 m apart on linear transects oriented to bisect the full
range of live tree retention and soil disturbance visible on
aerial photos or in the field. In wildfire plots, no evidence of
anthropogenic disturbance was permitted. In clearcut plots,
no evidence of prelogging human impact was permitted.
Moisture regime classes <3 or =5 (Taylor et al. 2000),
conifer-dominated patches, permanent roads, and gravel pits
were also omitted. One to five trees per stand were aged to
verify ages on forest cover maps. A running tally of environ-
mental and predisturbance forest characteristics was main-
tained, and in the final days of sampling, we selectively
chose stands to reduce any evident bias (i.e., because un-
salvaged burned aspen tended to occur in hilly areas with
sandy soils, we sought out hilly clear-cut stands with sandy
soils and wildfire stands with clay soils). In total, 22 plots in
four wildfires and 22 plots in 10 clear-cut blocks were sam-
pled in July—August 2000.

Data collection

Data on environmental characteristics, pre- and post-
disturbance forest composition, and postdisturbance plant
species composition and vegetation structure were collected
in 0.01-ha circular sample plots. Live and dead standing
trees >1.3 m tall and stumps and fallen trees >5 cm diameter
at breast height (DBH) were tallied. Basal areas measured at
stump height were later adjusted to breast height using
allometric equations of Alemdag and Horner (1977). A nine-
point modified Domin abundance scale (<0.1% to >75%;
Kershaw 1973) was used for ocular estimates of substrate,
vegetation structure, and plant species composition. All
abundance estimates were made by the same person.

Horizontal structure was measured along three 5-m
transects oriented 120° apart from plot centre. Each transect
was subjectively subdivided into homogeneous sectors
>50 cm in length. Sector length was recorded and abundance
(% cover class) of 16 structural classes (live herbaceous,
dead herbaceous, live tall shrub, dead tall shrub, live conifer,
dead conifer, recent woody debris >25 cm, old woody debris
>25 cm, etc.) within each sector was estimated on a verti-
cally oriented plane to a maximum height of 1.3 m.

Vertical structure was recorded at 2.5 and 5 m on each
horizontal transect. A telescopic height pole and clinometer
were used to delineate 11 vertical strata (<2 cm to >20 m)
and the abundance (% volume) of seven structural classes
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Fig. 1. Principal component analysis (PCA) of environmental and
forest characteristics (a) before and (b) after wildfire and clear-
cutting at the site scale. Vectors indicate descriptors with strong
correlations to axes 1 and 2. The larger sample ellipses enclose
68% of the range of variability on the first two ordination axes.
Axes are scaled in proportion to the percentage of variance ex-
tracted by each axis so that the clearcut:wildfire ellipse ratio
(C/W) can be determined directly from the size of the two sam-
ple ellipses. The smaller centroid ellipses enclose a 95% confi-
dence interval estimate of the mean. p values are for differences
in mean pre- and post-disturbance conditions.

a) Predisturbance

Slewidire> | | .

w

PCA Axis 2 (17 % of variance)

PCAAXxis 1 (26 % of variance)

b) Postdisturbance

il T Tom:

c |

S 5-xpn = CW=14_

= A P |

S 2Clearcut > p =017

5 3f :

X

& 1 | distance to live tred B
_1 [~ vegetation severity index —

AN

o 3k -

<L '5— A orgénic matter depth 7]

8 -7 | \ I B \ |

7 -5 -3 A1 1 3 5 7
PCAAXxis 1 (34 % of variance)

(dead conifer, live conifer, dead deciduous, live deciduous,
dead herbaceous, live herbaceous, moss—lichen) in each stra-
tum was estimated within a 50 cm radius cylinder.

Species composition and forest floor substrates were tal-
lied in three quadrats per plot (4 m? for vascular plants and
substrates, 1 m? for nonvascular plants, including epiphytes
up to 1.3 m). We collected voucher specimens of all un-
known species visible to the naked eye or handlens, but
Brachythecium Schimp. species were not differentiated, and
Ceratodon purpureus (Hedw.) Brid. and Leptobryum pyri-
forme (Hedw.) Wils. were mostly not differentiated. Depth
of accumulated organic matter and slash, vegetation and soil
severity indices (0 = undisturbed; 1 = lightly disturbed; 2 =
moderately disturbed; 3 = highly disturbed), and the type of
soil disturbance were recorded for each 4-m” quadrat.
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Fig. 2. Site-scale variability in the basal area of live and dead trees 3 years after wildfire and clear-cutting. The x axis indicates the
basal area per plot (m?/ha); the y axis indicates the percentage of sample plots within each basal area class. Cut trees on wildfires in

(d) are beaver trees. p values are for log-transformed data.
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Data analysis

Data matrices were constructed for pre- and post-
disturbance environmental and forest characteristics and
postdisturbance species composition, horizontal, and vertical
structure. For horizontal structure matrices, sectors within
each transect were first sorted by sector length. Each struc-
tural class within a sorted transect sector was treated as a
unique structural element (Class A in the longest sector be-
came Element Al; Class A in the 2nd longest sector became
A2, etc.). The abundance of each element was weighted by
its sector length. The vertical structure matrix was created
by crossing the seven structural classes with the 11 vertical
strata and eliminating nonexistent combinations (e.g., live
herbaceous >2 m) for a total of 60 possible vertical ele-
ments. Abundance values of vertical elements were relativ-
ized by the maximum value of each element.

The matrices were regrouped at up to five spatial scales
prior to analysis: (i) the microsite scale used data from indi-
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vidual quadrats (n = 66), horizontal transects (n = 66), or
vertical cylinders (n = 132); (ii) the site scale pooled data
from a single plot (n = 22); (iii) the stand scale pooled data
from all plots within a stand or polygon (n = 14 for
wildfires; n = 10 for clearcuts); (iv) the landscape scale
pooled data from each wildfire or cluster of clearcuts sur-
rounding a wildfire (n = 4); and (v) the regional scale pooled
all wildfire data and all clearcut data (n = 1). Environmental
matrices were centred and standardized at scales ii to iv,
then ordinated using principal component analysis (PCA)
(Legendre and Legendre 1998). Correspondence analysis
with downweighting of rare species was used to ordinate the
vegetation matrices at scales i to iv.

Classical experimentation in forest science has focussed
on Type I statistical errors. Forest practices were adopted if
they could be shown to significantly improve the variable of
interest at oo = 0.05 or 0.01. However, contemporary ecosys-
tem management is guided by the precautionary principle,
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Fig. 3. Range of variability in plant species composition 3 years after wildfire and clear-cutting at four spatial scales, as indicated by

correspondence analysis (CA) ordination. The larger sample ellipses enclose 68% of the range of variability in species composition on
the first two ordination axes. The clearcut:wildfire ellipse ratio (C/W) indicates the relative size of the two sample ellipses (an asterisk
(*) indicates adjustment for unequal sample size). The smaller centroid ellipses indicate 95% (microsite to stand scale) or 80% (land-

scape scale) confidence interval estimates of the mean. p values are for differences in mean species composition.
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which in statistical terms seeks to avoid Type II errors. For-
est practices should not be implemented unless it is shown
that they do not negatively impact the variable of interest. In
this study, because of our small sample size, we used the
range between oo = 0.05 and o = 0.20 as a zone of uncer-
tainty to reduce the likelihood of Type II errors. Ideally,
sample size is increased until the test has sufficient power to
detect ecologically important differences.

We used Gaussian bivariate confidence ellipses to com-
pare wildfire and clearcutting ordinations. Centroid ellipses
(2-dimensional analogues of a confidence interval estimate
of the mean) were used to compare mean conditions at ot =
0.20 and o = 0.05 and to determine p values. Like standard
errors, centroid ellipses are highly sensitive to sample size.
Sample ellipses (2-dimensional analogues of +1 standard de-
viation of the mean) encompassed 68% of the range of vari-
ability around each centroid. With the ordination axes scaled
in proportion to the percentage of variance (inertia) extracted
by each axis, the ratio of clearcut sample ellipse area to
wildfire sample ellipse area (C/W) was used as an index to

T T
. ° o g
&
@
> ]
©
R
L
AN
2 septa 2 i
2 5, a
A

< A
(@]

2

b) site scale

=1

e Wildfire
| & Clearcut

CA Axis 2 (9% of variance)

C/W=1.0

-2 -1 0
CA Axis 1

1 2 3

(11% of variance)

d) landscape scale
® Wildfire
| & Clearcut -

CA Axis 2 (19% of variance)
o
I

-2 -1 0 1 2
CA Axis 1 (32% of variance)

compare the range of variability in community characteris-
tics after the two disturbances.

Alpha or within-sample diversity was calculated at spatial
scales i through v for the vegetation data matrices using a
spectrum of four diversity measures that assign increasing
importance to the evenness of species abundances: rich-
ness = number of species or elements; Shannon’s index;
Simpson’s index; evenness = Shannon’s diversity index/
In (richness) (Pielou 1969; Magurran 1988). Beta (among-
sample) diversity was calculated at four spatial scales
(microsites within sites; sites within stands; stands within
landscapes; landscapes within the region) as the mean Bray—
Curtis distance (Legendre and Legendre 1998) between two
samples.

Highly left-skewed distributions were normalized with
logarithmic transformations. For univariate descriptors, ?
tests with unequal variances compared wildfire and clearcut
means, and variability around the mean was evaluated by
means of standard deviations and frequency distributions.
PC-ORD version 4 (McCune and Mefford 1999) and
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Table 2. Alpha (within-community) diversity of (i) vascular + nonvascular species, (ii) vertical structure, and (iii) horizontal structure

Scale

Microsite (n = 66 or 132) Site (n = 22)
Diversity index Wildfire Clearcut p value Wildfire Clearcut p value
Vascular + nonvascular species
Species richness 18 (4) 22 (6) <0.0001 29 (6) 38 (9) 0.0005
Shannon’s diversity index 2.65 (0.20) 2.80 (0.46) 0.015 1.84 (0.27) 2.01 (0.43) 0.12
Simpson’s diversity index 0.91 (0.02) 0.91 (0.12) 0.91 0.76 (0.07) 0.77 (0.13) 0.86
Evenness 0.92 (0.02) 0.91 (0.12) 0.64 0.55 (0.08) 0.56 (0.10) 0.87
Vertical vegetation structure
Structural richness 23 (4) 21 (5) 0.003 35 (3) 33 (6) 0.14
Shannon’s diversity index 2.94 (0.17) 2.84 (0.25) 0.0001 3.22 (0.07) 3.12 (0.16) 0.015
Simpson’s diversity index 0.938 (0.013) 0.929 (0.022) <0.0001 0.951 (0.004) 0.945 (0.009) 0.007
Evenness 0.943 (0.017) 0.935 (0.022) 0.002 0.908 (0.015) 0.900 (0.026) 0.18
Horizontal vegetation structure
Structural richness 14 (5) 15 (5) 0.10 22 (4) 24 (5) 0.17
Shannon’s diversity index 1.76 (0.39) 1.72 (0.37) 0.49 2.10 (0.24) 2.10 (0.33) 0.99
Simpson’s diversity index 0.75 (0.11) 0.74 (0.11) 0.73 0.81 (0.05) 0.81 (0.07) 0.83
Evenness 0.68 (0.10) 0.64 (0.10) 0.03 0.68 (0.06) 0.66 (0.08) 0.41

Note: p values are from ¢ tests with separate variances. Values in parentheses are standard deviations.

CANOCO 4 (ter Braak and Smilauer 1998) were used for
ordinations. SYSTAT 10 (SPSS Inc. 2000) was used for
Gaussian ellipses and univariate statistics.

Results

Pre- and post-disturbance environmental and forest
characteristics

Clearcuts and wildfires did not differ significantly in
predisturbance physiographic, soil, and forest characteristics
at site, stand, or landscape scales (0.58 < p < 0.62); thus, dif-
ferences observed postdisturbance should result primarily
from the disturbance itself. The range of variability in
predisturbance characteristics (mainly slope, soil texture,
and deciduous basal area) was more than twice as great
among wildfire plots as among clearcut plots (Fig. la,
C/W = 04). At stand and landscape scales, however,
clearcuts were more variable than wildfires (C/W = 2.8 and
1.5, respectively). This predisturbance variability was fac-
tored in when interpreting variability in postdisturbance
plant community attributes.

After disturbance, differences in environmental character-
istics of clearcuts and wildfires were evident (Fig. 1b; 0.05 <
p < 0.20). Clearcuts had somewhat greater postdisturbance
variability than wildfires (C/W = 1.4), particularly with re-
spect to the depth of organic matter accumulations and the
amount of woody debris (strongly correlated with PCA Axis
2), while wildfire plots had more variability in vegetation
and soil disturbance severity and the distance to live trees
(strongly correlated with PCA Axis 1).

The depth of organic matter accumulations at the micro-
site scale ranged from 0.3 to 16 cm in wildfires and from O
to 150 cm in clearcuts. Both the mean (4 cm for wildfires,
10 cm for clearcuts, p = 0.04) and median (4 cm for wild-
fires, 6 cm for clearcuts) depth were greater after clear-
cutting. Wildfires had a left-skewed distribution, with the
majority of microsites having 1-7 cm of partially burned

forest floor. Clearcuts had a bimodal distribution, with the
main peak between 5 and 9 cm (undisturbed forest floor), a
secondary peak at 0 cm (forest floor completely scalped),
and a long right tail (humus and slash deposited in piles).

Live tree basal area was very similar on clearcuts and
wildfires (Fig. 2a, p = 0.59), but dead tree size distributions
were very different (Figs. 2b-2d, all p < 0.001). The un-
merchantable birch and conifers left in scattered patches on
clearcuts were slightly more frequent and smaller in diame-
ter than live trees on wildfires, which were typically large
aspen or conifers situated at the fire margin. Interiors of
burned aspen stands contained almost no live trees. Wildfires
had 32 times more snag basal area and 18 times more
windfallen tree basal area than clearcuts.

Community composition and species diversity

Because of careful site selection to limit the range of
ecosystem conditions sampled, the total range of variability
in species composition in this study was small (Fig. 3,
SD £ 0.6 for sample scores on correspondence analysis
Axis 1). Wildfire and clearcut disturbances were thus the
major sources of variation in plant community composition
and separated out cleanly on the first ordination axis (Fig. 3;
compare centroid ellipses in Fig. 3b to Fig. 1a). Mean com-
munity composition was significantly different on wildfires
and clearcuts (p < 0.05) except at the landscape scale, where
p = 0.21, likely because of the small sample size. At the
three smaller spatial scales, 70%—82% of 3-year-old clearcut
plant communities lay outside of the 68% range of variabil-
ity in species composition observed after wildfire. Wildfires
were associated with higher densities of aspen suckers, seed-
lings of paper birch and pin cherry (Prunus pensyl-
vanica L.f.), bush honeysuckle (Diervilla lonicera Mill., a
strongly rhizomatous low shrub), Houghton’s sedge (Carex
houghtonii Torr., a strongly rhizomatous seedbanker), and a
carpet of pioneering fire mosses dominated by Ceratodon
purpureus. Clearcuts had significantly more residual and re-
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of aspen plant communities after wildfire and clear-cutting assessed at five spatial scales.
Stand (n = 14 or 10) Landscape (n = 4) Regional (n = 1)
Wildfire Clearcut p value Wildfire Clearcut p value Wildfire Clearcut
37 (11) 57 (17) 0.005 65 (11) 94 (17) 0.03 123 169
3.09 (0.19) 3.49 (0.32) 0.004 3.39 (0.04) 3.85 (0.21) 0.02 2.66 2.97
0.94 (0.01) 0.95 (0.01) 0.002 0.95 (0.01) 0.97 (0.01) 0.02 0.88 0.88
0.87 (0.03) 0.87 (0.02) 0.55 0.82 (0.03) 0.85 (0.02) 0.16 0.55 0.58
38 (7) 38 (8) 0.97 47 (8) 45 (5) 0.73 3.41 3.33
3.25 (0.10) 3.19 (0.18) 0.35 3.33 (0.10) 3.28 (0.08) 0.51 3.41 3.33
0.952 (0.005) 0.949 (0.008) 0.25 0.955 (0.005) 0.953 (0.004) 0.52 0.959 0.955
0.898 (0.022) 0.883 (0.023) 0.12 0.869 (0.22) 0.863 (0.003) 0.63 0.832 0.844
25 (7) 30 (8) 0.08 39 4) 42 (7) 0.53 55 57
2.17 (0.30) 2.29 (0.39) 0.43 2.44 (0.13) 2.45 (0.22) 0.65 2.64 2.63
0.82 (0.06) 0.84 (0.07) 0.60 0.86 (0.02) 0.87 (0.03) 0.77 0.88 0.88
0.68 (0.06) 0.67 (0.07) 0.72 0.66 (0.03) 0.67 (0.03) 0.81 0.66 0.65

sprouting tall shrubs (mainly mountain maple (Acer spica-
tum Lamb.) and beaked hazel (Corylus cornuta Marsh.)),
more residual conifers (Abies balsamea, Picea spp.), well-
developed forb layers dominated by large-leaved aster (Aster
macrophyllus L.), and a variety of forest-dwelling bryo-
phytes and lichens (principally Brachythecium spp. and
Cladonia Hill ex P. Browne spp.).

The following common species were significantly (p <
0.05) more abundant after fire than after clear-cutting at the
site scale: Populus tremuloides, Prunus pensylvanica, wild
sarsaparilla (Aralia nudicaulis L.), bunchberry (Cornus can-
adensis L.), and Ceratodon purpureus. Aster macrophyllus,
Abies balsamea, and Brachythecium spp. were significantly
(» £0.01) more abundant after clear-cutting than after wild-
fire. Bracken (Pteridium aquilinum (L.) Kuhn), red raspberry
(Rubus idaeus L.), and bluebead lily (Clintonia borealis
(Ait.) Raf.) are three common species that were equally
abundant after wildfires and clear-cutting (p > 0.60).

Known seed- or spore-banking, pyrophilous species (Rowe
1983; Haeussler and Kneeshaw 2003), such as Ceratodon
purpureus, Prunus pensylvanica, Bicknell’s geranium (Gera-
nium bicknellii Britt.), fringed bindweed (Polygonum cilinode
Michx.), bristly sarsaparilla (Aralia hispida Vent.), and Carex
houghtonii, were present on clearcuts, but as a group were sig-
nificantly more abundant on wildfires (p < 0.05).

Seven non-native species were encountered on study
plots; three in wildfires and five in clearcuts. There was no
compelling evidence that clear-cutting increased the abun-
dance of non-native species, as there were too few after ei-
ther type of disturbance for reliable statistical analysis at our
low sampling intensity (0.1 + 0.3% cover on wildfires, 0.6 +
2.5% cover on clearcuts; p = 0.38). The frequency of non-
native species was higher in wildfires (16% of quadrats;
32% of plots) than in clearcuts (9% of quadrats, 23% of
plots), but the only plot with >1% non-native cover was a
clearcut plot located on a compacted (not artificially seeded)

skid trail dominated by alsike clover (Trifolium hy-
bridum L.) and alfalfa (Medicago sativa L.).

Clearcuts had significantly higher vascular and non-
vascular richness than wildfires at all spatial scales (p <
0.03), and all other species diversity indices were either
equal or higher after clear-cutting than after a wildfire (Ta-
ble 2). At lower spatial scales, clearcuts also displayed con-
sistently greater variability in species diversity (compare SD
in Table 2). Slash piles and some patches of compacted min-
eral soil on clearcuts had very few plant species, while under
live birch trees, there was a profusion of pioneering and later
successional species, particularly forest-dwelling mosses and
lichens. On wildfires, no microsites failed to regenerate well,
but neither did any have exceptional richness.

In total, 123 plant species (89 vascular and 34 non-
vascular) were recorded on wildfires compared with 169
species (106 vascular and 63 nonvascular) on clearcuts. The
25 species found only on wildfires included representatives
of a wide variety of plant functional types, ranging from pio-
neering and introduced species to peripheral temperate forest
shrubs. All have been observed on unburned habitats else-
where in the region (unpublished data). Seventy-one plant
species were exclusively found on clearcuts. Again, a wide
variety of functional types were represented, but forest-
dwelling lichens (approx. 15 species), mosses (approx. 11
species), and liverworts (approx. 9 species) were especially
prominent.

Nonvascular richness on clearcuts was strongly associated
with the presence of residual live trees. On plots without live
trees, wildfires had a mean of 7 + 3 nonvascular species
while clearcuts had 9 + 4 species (p = 0.22). On plots with
live trees, wildfires averaged 8 + 4 nonvascular species while
clearcuts had 19 + 6 species (p = 0.001). High bryophyte
and lichen richness in clearcuts was due not only to epi-
phytes, but also to forest floor and decaying wood species
surviving beneath the shade of live trees.
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Table 3. Beta (between-community) diversity of vascular + nonvascular species, vertical structure, and horizontal structure of aspen plant communities after wildfire and clear-

cutting, assessed at four spatial scales.

Stands within landscapes Landscapes within the region

Sites within stands

Microsites within sites

Beta (between-community)

diversity

p value Wildfire Clearcut p value Wildfire Clearcut p value Wildfire Clearcut p value
0.001 0.28 0.26 0.11

Clearcut

Wildfire

0.45 (0.10)

0.55 (0.11)

0.64 (0.14)

0.50 (0.17)

0.61 (0.10)

0.53 (0.14)

0.49 (0.13)

0.38 (0.08)

Vascular + nonvascular

species
Vertical vegetation

0.07

0.21 (0.06) 0.15 (0.02)

0.05

0.21 (0.04) 0.30 (0.06)

0.12

0.22 (0.06) 0.28 (0.06)

0.38

0.36 (0.09)

0.34 (0.05)

structure
Horizontal vegetation

0.48

0.34 (0.07)

0.37 (0.07)

0.1

0.43 (0.05) 0.50 (0.05)

0.69

0.54 (0.12) 0.56 (0.11)

0.45

0.60 (0.13)

0.57 (0.12)

structure

Note: The mean Bray—Curtis distance between two samples was used as the diversity index. p values are from ¢ tests with separate variances. Values in parentheses are standard deviations.
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Clearcuts had significantly higher species turnover (beta
diversity) among microsites within sites than wildfires (p =
0.001) and not significantly different turnover among sites
within stands and stands within landscapes (p = 0.28) (Ta-
ble 3). The range of variability in species composition was
also greater among all clearcut microsites than among all
wildfire microsites (sample ellipses in Fig. 3a; C/W = 1.7)
and no different among sites (Fig. 3b; C/W 1.0). However,
beta diversity results for stands within landscapes (C = 0.64,
W = 0.50; p = 0.28) and landscapes within the study region
(C =045 W=20.55;p =0.11) (Table 3) conflicted some-
what with the range of variability in species composition
among all stands (Fig. 3c; C/W = 0.6) and among all land-
scapes (Fig. 3d; C/W = 1.2).

Community structure and structural diversity

Vertical structure (Fig. 4) was remarkably similar between
clearcuts and wildfires at the microsite scale (p > 0.50,
C/W = 1.0), because most sample cylinders did not intersect
snags. When the data were pooled at larger spatial scales,
differences became very evident (p < 0.06) and clearcut vari-
ability declined relative to wildfire variability (0.8 = C/W >
0.6). All wildfires had well-spaced large aspen snags and in-
termittent patches of dead conifers, while clearcuts typically
had dispersed patches of live conifer saplings and seedlings
and scattered live or dying unmerchantable birch. The verti-
cal distribution of moss—lichen layers also differed. In wild-
fires, live mosses and lichens were concentrated in dense
patches on the forest floor, whereas in clearcuts they tended
to grow above the forest floor on decaying wood and resid-
ual trees.

Clearcut—wildfire differences in the horizontal structure of
understory layers <2 m tall were less evident than differ-
ences in species composition or vertical structure (Fig. 5).
Mean horizontal structure was significantly different at the
microsite scale (p < 0.05), but compared with vertical struc-
ture, there was little divergence as the analytical scale in-
creased (0.06 < p < 0.32). Across all four scales, 59%—-90%
of clearcut samples lay inside the 68% wildfire sample el-
lipse, and clearcut variability was smaller (0.07 < C/W <
0.7). Clearcuts had more fine slash (p = 0.04) and herba-
ceous vegetation, while wildfires had more moss patches and
dead conifers. Abundance of deciduous vegetation <2 m tall
was very similar because high densities of aspen suckers on
wildfires offset higher densities of tall shrubs on clearcuts.
Old and recent coarse woody debris abundances were also
not significantly different at this early seral stage (p > 0.28).

Wildfires were more diverse vertically than clearcuts at
microsite and site scales (Table 2; p values mostly < 0.01),
but the differences largely disappeared at stand and land-
scape scales (p values mostly > 0.35). For example, wildfires
had a mean of 23 + 4 vertical elements at the microsite scale
compared with 21 + 5 elements on clearcuts, a difference of
8% (p = 0.003). At the stand scale, the number of vertical el-
ements differed by only 0.3% (p = 0.97). Beta diversity was
highly sensitive to spatial scale (Table 3): clearcuts appeared
to have greater variation in vertical structure among sites and
among stands, but less diversity among landscapes.

Horizontal structure of clearcut understories was no less
diverse than that of wildfire understories, except for slightly
lower evenness at the microsite scale (Table 2; p = 0.03).
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Fig. 4. Range of variability in vertical vegetation structure 3 years after wildfire and clear-cutting at four spatial scales, as indicated by
correspondence analysis (CA) ordination. The larger sample ellipses enclose 68% of the range of variability in vertical structure on the
first two ordination axes. The clearcut:wildfire ellipse ratio (C/W) indicates the relative size of the two sample ellipses (an asterisk (*)
indicates adjustment for unequal sample size). The smaller centroid ellipses indicate 95% (microsite to stand scale) or 80% (landscape
scale) confidence interval estimates of the mean. p values are for differences in mean vertical structure.
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Standard deviations were consistently higher on clearcuts than previous retrospective studies (e.g., Crites 1999;

than on wildfires at site to landscape scales, but equal or
lower on clearcuts at the microsite scale. Unlike sample el-
lipses (Fig. 5), which indicated less variability on clearcuts
at all scales (0.7 < C/W < 0.07), the beta diversity index (Ta-
ble 3) provided no indication that clearcuts were less spa-
tially heterogeneous than wildfires.

Discussion

Clearcut-wildfire differences

In a retrospective study of this kind, with no pre-
disturbance sampling and no experimental control over dis-
turbances, there is always a risk that observed differences
are due not to the disturbance but to pre-existing differences
in plant communities. We are confident that our sampling
and analytical approach successfully addressed this risk.
Moreover, by targetting a narrower age and species range

Nguyen-Xuan et al. 2000; Reich et al. 2001; Rees and Juday
2002; Purdon et al. In press), and by using ecosystem classi-
fication to limit site variability, we were able to detect rela-
tively subtle differences in plant communities despite our
small sample size.

As hypothesized, clear-cutting caused substantial differ-
ences in the structure and composition of 3-year-old boreal
aspen plant communities compared with wildfire, with many
clearcut plant communities lying outside the limits of vari-
ability observed after wildfire, particularly when results
were analysed at larger spatial scales. Contrary to our expec-
tations, clearcut—wildfire differences in species composition
were just as evident and equally or more statistically signifi-
cant than differences in vegetation structure.

We thought both disturbances would leave patches of in-
tact understory and that anthropogenic shifts in species com-
position would exist mainly where the mineral soil was
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Fig. 5. Range of variability in horizontal vegetation structure 3 years after wildfire and clear-cutting at four spatial scales, as indicated
by correspondence analysis (CA) ordination. The larger sample ellipses enclose 68% of the range of variability in horizontal structure
on the first two ordination axes. The clearcut:wildfire ellipse ratio (C/W) indicates the relative size of the two sample ellipses (an aster-
isk (*) indicates adjustment for unequal sample size). The smaller centroid ellipses indicate 95% (microsite to stand scale) or 80%
(landscape scale) confidence interval estimates of the mean. p values are for differences in mean horizontal structure.
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exposed and compacted by logging machinery. Instead, the
1997 wildfires burned almost uniformly through the aspen,
leaving few unburned patches and killing non-resprouting,
slow-growing plants such as conifers, liverworts, and li-
chens. These fire-intolerant species were largely retained on
clearcuts. Some understory dominants, notably trembling as-
pen and Diervilla lonicera, recovered more vigorously after
wildfire than after logging, presumably because thinner or-
ganic layers, removal of overtopping foliage, and heat and
nutrient pulses associated with fire stimulated sprouting of
dormant, subterranean buds (Flinn and Wein 1977; Rowe
1983). Other dominants like Acer spicatum, Corylus cor-
nuta, and Aster macrophyllus were set back by fire. These
differences in resprouting capacity caused a clear divergence
in burned and unburned plant communities. Moreover, on
wildfires, fire mosses were still very dominant at 3 years.
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Ruderal plants had negligible impact on the composition
of aspen clearcuts. This result contrasts with a survey of co-
nifer clearcuts in the nearby Abitibi region of Quebec
(Harvey et al. 1995). We attribute the difference to three fac-
tors: less agriculture and forest fragmentation in our Ontario
study area (Lefort et al. 2003); less mechanical site prepara-
tion in aspen than in conifer cutblocks; and higher resistance
to invasion in herb-rich aspen understories than in sparser
conifer understories (De Grandpré and Bergeron 1997).

Clearcuts were richer in species than wildfires, regardless
of the scale of analysis, and there was no evidence that
clear-cutting reduced community evenness. These findings
are consistent with a comparison of eighty 25- to 100-year-
old aspen, jack pine, and black spruce stands in northern
Minnesota (Reich et al. 2001) and the aspen chronosequence
comparison in Alberta (Crites 1999). They contradict
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Abrams and Dickmann (1982) in Michigan and Rees and
Juday (2002) in Alaska, who observed substantially higher
richness after fire than after logging in coniferous and
mixedwood stands because of a suite of mainly weedy forb,
grass, and sedge species that occurred exclusively on burned
sites. The disparate results from this group of studies suggest
that species richness depends on ecosystem- and disturbance-
specific circumstances rather than being inherent to wildfire
or clear-cutting. In general, a disturbance that exposes sub-
stantial amounts of mineral soil will produce high vascular
richness, while a disturbance that leaves behind intact or-
ganic matter, residual live trees, and shade will produce high
nonvascular richness (Haeussler et al. 2002). However, if lo-
cal seedbanks and seed rain are species-poor relative to the
forest understory, highest richness will occur after the distur-
bance that leaves more understory intact (cf. Reader et al.
1991). Fires in boreal aspen forest expose little mineral soil
but kill most overstory trees (Johnson 1992; Hély et al.
2003), just as we observed. Aspen stands have robust, spe-
cies-rich understories (De Grandpré and Bergeron 1997,
Reich et al. 2001), and their seedbanks contain few species
not present prior to disturbance (Qi and Scarrat 1998; Ratel
1996). Thus, for this community type, a diverse postfire
flush of short-lived species is unlikely, and there is no rea-
son for wildfires to have more species than clearcuts.

Carleton and MacLellan (1994) drew attention to the need
for multiscale analysis of diversity effects, showing that
higher species diversity within clearcuts could mask a loss
of beta diversity at the landscape scale. Data from Crites
(1999), Nguyen-Xuan et al. (2000), and Rees and Juday
(2002) also show that clearcut plant communities vary less
with age or location than those of wildfire origin, while
those of Reich et al. (2001) do not. In our study, we tested
for a loss of beta species diversity in a single age and single
community type and found that clearcuts were significantly
more heterogeneous at the smallest, within-site scale and at
least equally heterogeneous within stands and within land-
scapes. At the largest spatial scale, the pattern reversed: the
four wildfires appeared to be more different from one an-
other than the four groups of clearcuts. We do not consider
this last result conclusive, given our very small sample size,
a p value of 0.11, and the fact that another analytical ap-
proach (sample ellipse ratio C/W = 1.2) gave the opposite
result. However, taking into account the findings of the re-
searchers cited above and the fact that our clearcut stands
and landscapes had more predisturbance variability than our
wildfire stands and landscapes, a precautionary approach
should acknowledge the potential for homogenization of as-
pen communities across the larger landscape. Research and
operational monitoring encompassing these large spatial
scales should be given priority over studies and monitoring
approaches that focus exclusively at within-stand response.

It is self-evident that wildfires leave behind dead standing
trees, while conventional clear-cutting does not. Aspen and
conifer snags are the most important structural difference be-
tween wildfire and clear-cut aspen communities, and the
functional importance of dead trees in forest ecosystems has
been amply demonstrated (Harmon et al. 1986; Lauden-
slayer et al. 2002). Beyond the dead standing trees and dense
patches of fire moss, most structural differences between
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wildfire and clearcut communities were matters of absence
rather than of presence. Wildfire communities had less fine
debris, thinner humus layers, fewer live conifers, sparser
herb layers, and less laddering of bryophytes and lichens.
While all of these structural elements provide potentially
valuable short-term habitat for wildlife, their presence in
clearcuts could also alter long-term nutrient cycling and the
direction of forest succession.

A range of variability approach

Our study looked for three types of differences between
aspen plant communities after wildfire and after clear-
cutting: (i) shifts in the central tendency (mean) of the plant
community; (if) novel conditions outside the range of natural
variability after fire; and (iii) a narrowing of the range of
variability that reduced the diversity of ecosystem condi-
tions. We found examples of all three phenomena, for exam-
ple, dominance by mid-successional rather than pioneering
species, large slash piles devoid of vegetation, reduced vari-
ability in numbers of windfallen trees, and showed that fo-
cusing on mean conditions alone can obscure important
differences between clear-cutting and wildfire. Although the
sample size limited our ability to draw conclusions about ef-
fects at large spatial scales, we were able to demonstrate the
degree to which results, especially diversity measures, can
change with the scale of observation.

One approach to a range of variability study is to sample
as widely as possible to capture the broad scope of an eco-
system property or properties under natural and human-
altered conditions. An alternative approach, adopted here, is
to strictly limit the range of conditions and, through unbi-
ased sampling, to show how human intervention has affected
the range of variability within the limits of the sample. Our
study could not and did not attempt to capture the full range
of wildfire conditions or silvicultural practises that might af-
fect the ecological response of an aspen plant community. It
is possible, for example, that a late summer burn or another
fire year might have produced patchier wildfires with higher
aspen survival and greater structural and species diversity
than we observed. Again, we recommend more extensive but
less intensive, large scale studies and longer-term monitoring
to test the generality of our conclusions.

Implications for sustainable forestry

Our finding that aspen suckers were significantly less
abundant and tall shrubs such as Acer spicatum and Corylus
cornuta more abundant on 3-year-old clearcuts than on
equivalent burned areas raises the question of long-term as-
pen productivity in the study region. Retrospective and ex-
perimental studies, coupled with simulation modelling, are
needed to assess whether 3-year differences disappear
through aspen self-thinning by rotation age or whether the
abundance of aspen relative to tall shrubs declines further
over multiple, fire-free rotations.

In terms of plant conservation, our study indicates little
immediate cause for alarm. No threatened or endangered
plants were found on the study sites and no obligate pyro-
philous species were identified. We also recorded relatively
minor non-native species invasion. In the short term and at
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within-stand scales, we found that nonvascular plants were
more likely to survive clear-cutting than wildfire, that few
old aspen survived in burned stands, and that coarse woody
debris levels in clearcuts were broadly similar to levels in 3-
year-old wildfires. However, old aspen stands possess spe-
cialized epiphytic and decaying wood nonvascular floras not
present on smaller trees or in younger stands (Crites and
Dale 1998; Boudreault et al. 2000). Our study did not exam-
ine how unburned aspen tree patches and edges are dis-
persed in the landscape after multiple fires (Eberhart and
Woodward 1987; DeLong and Kessler 2000) nor how
woody debris levels change over time as snags fall down in
wildfires (Lee and Crites 1999).

An important, unanswered question is whether shifts in
community composition and loss of distinctive, postfire
communities threaten long-term ecological integrity, espe-
cially when the species characterizing these communities are
common plants at no risk of local or global extinction. The
precautionary principle advises us to regard all such changes
as potentially significant, and long-term monitoring in
Fennoscandia indicates that seemingly trivial changes in the
variability of plant communities today may have dramatic
implications for forest composition (Reinikainen et al.
2001), biodiversity (Berg et al. 1994), and ecosystem func-
tion (Ponge et al. 1998) in 50-100 years.

We are currently testing whether prescribed burning after
clear-cutting will effectively regenerate aspen and recreate
distinctive postfire aspen communities. Potential treatments
such as mechanical site preparation to reduce humus and
slash accumulation, stimulate aspen suckers, and create arti-
ficial tip-up mounds should also be examined. In the mean-
time, forest managers have ample scientific evidence for
leaving some mature live and dead aspen trees on all aspen
clear-cut blocks.
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