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Montréal, Québec, Canada H3C 3P8

Abstract. Population dynamics of black ash (Fraxinus nigra) were investigated in five
stands with different exposures to spring flooding at the southwestern limit of Québec’s
boreal forest. Fifty-four 100-m2 plots were sampled along 25 transects laid out perpendicular
to Lake Duparquet. In each plot, all black ash .5 cm in diameter at breast height (dbh)
were aged using dendrochronological methods. An age–height regression was used to cal-
culate the age of those individuals ,5 cm in dbh. Stump sprouts had a significantly faster
height and diameter growth rate than individuals established from sexual origin. Two stands
in this study showed deficits in sexual recruitment. One stand, located on a deep organic
layer, also showed recent colonization by F. nigra that may have started during the 1930s.
This stand had the highest stem density, and sprouting was restricted to the younger age
classes. Ordination analysis of dispersion indices characterizing the age distribution of F.
nigra indicated a definite pattern toward higher sexual recruitment in plots and stands that
were less exposed to flooding. In contrast, poor sexual recruitment was observed on more
exposed sites. However, this situation was compensated for by abundant vegetative re-
cruitment. Analysis of the periods of growth release and suppression of 153 trees revealed
that F. nigra population dynamics are not regulated by major disturbance events. A general
upward trend in radial growth and F. nigra expansion toward higher elevation sites observed
since the end of the 19th century may be due to changes in Lake Duparquet’s hydrological
regime. Increases in the severity of flooding events may result in the decrease in seedling
abundance observed in the more exposed stands. F. nigra populations were found to be
resistant to long-term natural water fluctuations due to their ability to regenerate both by
seeds and by sprouts.

Key words: black ash; boreal forest; dendrochronology; flood exposure, effects on black ash
demography; Fraxinus nigra, Marsh.; Lake Duparquet (Quebec, Canada); population dynamics of
black ash; radial growth, release and suppression; regeneration, sexual vs. vegetative.

INTRODUCTION

In recent years, natural disturbances (fires, insect
outbreaks, windstorms, floods, etc.) have been recog-
nized as a major driving force in forest dynamics (e.g.,
White 1979, Pickett 1980, Pickett and White 1985,
White 1987). It has also been pointed out that following
climatic warming associated with increasing levels of
greenhouse gases one of the changes will be in natural
disturbance regimes and this will in turn affect forest
dynamics (Clark 1988, Overpeck et al. 1990, Zav-
el’skaya et al. 1993, Apps et al. 1995).
In eastern North America, historical climate analyses

have reported an increase in both temperature (Folland
et al. 1990, Jones and Briffa 1992) and precipitation
(Bradley et al. 1987, Karl et al. 1993) since the end of
the Little Ice Age. This period, which is in part char-

Manuscript received 10 December 1996; revised 24 No-
vember 1997; accepted 18 December 1997; final version re-
ceived 6 February 1998.

1 Present address: University of Winnipeg, Department of
Biology, 515 Portage Avenue, Winnipeg, Manitoba, Canada
R3B 2E9.

acterized by colder-than-average temperatures, lasted
from about 1450 to 1850 (Lamb 1982). At the south-
western limit of Quebec’s boreal forest, proxy records
have also provided evidence of climatic changes in the
last century. A dendrochronological reconstruction of
fire history showed a natural decrease in forest fire fre-
quency since the end of the Little Ice Age (Bergeron
1991, Bergeron and Archambault 1993, Bergeron and
Flannigan 1995). Furthermore, Tardif and Bergeron
(1997b) presented dendrochronological evidence show-
ing that both water levels at spring breakup and ice
damage have increased in the past 150 yr on lake Du-
parquet (Quebec, Canada). Ice scars collected from ma-
ture Thuja occidentalis L. trees growing at the lake’s
edge were more frequent and reached higher levels in
this century than in the late part of the Little Ice Age.
From this study, it was inferred that water levels during
major ice-breakup floodsmay be ;100 cm higher in this
century compared to the late part of the Little Ice Age
(Tardif and Bergeron 1997b).
This change in Lake Duparquet’s flooding regime has

important ecological implications for floodplain tree
population dynamics. It also allows us to study the
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FIG. 1. Map of Lake Duparquet showing the
distribution of Fraxinus nigra stands on the
shore (solid circles) and locations of the five
sampled stands: (1) on a sand bar, (2) beside a
river, (3) in a bay with a bog, (4) far from any
bog or river, and (5) on a river delta.

response of vegetation to both short- and long-term
fluctuations in flooding. On floodplains, forest dynam-
ics are mainly affected by flood frequency and mag-
nitude (e.g., White 1979). Physical damage caused by
floating ice and debris, as well as by erosion and de-
position processes, is a major cause of tree mortality
(Lindsey et al. 1961, Sigafoos 1964, Yanosky 1982,
Barnes 1985). Flooding, however, also has beneficial
effects and, in many tree species, germination is fa-
cilitated by seed immersion (Hosner 1957, DuBarry Jr.
1963). Seedling establishment may also benefit from
better soil moisture conditions associated with floods
of short duration (Hosner and Boyce 1962, McBride
and Strahan 1984, Streng et al. 1989, Stromberg and
Patten 1990, Johnson 1994).
In this study we examined the dynamics of black ash

(Fraxinus nigra Marsh.) populations growing on Lake
Duparquet’s floodplains in relation to the effect of in-
creasing flood levels. In eastern North America, black
ash is a tree species typical of bogs and the edges of
streams or poorly drained sites where there is a high
water table and infrequent standing water (Sims et al.
1990, Wright and Rauscher 1990). In the Lake Dupar-
quet area, F. nigra usually develops in pure stands
along the shores of lakes and rivers (Tardif and Ber-
geron 1992). In our area, recent studies have indicated
that flood duration was an important factor influencing
stand dynamics. Understory vegetation distribution and
F. nigra regeneration and radial growth responded to
fluctuations in either flood timing, flood duration, or
groundwater supply during the growing season (Tardif
and Bergeron 1992, 1993, 1997a, Tardif et al. 1994,
Tardif 1996). However, the demography of F. nigra

(Wright and Rauscher 1990, Tardif et al. 1994) and, in
general, changes in the age-distribution patterns of
long-lived plants, remains poorly understood (Harper
1977).
We hypothesized that, at the lake scale, populations

of F. nigra are in dynamic equilibrium, whereas at a
smaller scale the demographic characteristics of each
subpopulation will not necessarily be in an equilibrium
state but will instead reflect flood exposure and dis-
turbances associated with the higher water levels of
this century. The objective was, therefore, to document
the spatial and temporal dynamics of F. nigra popu-
lations and to assess their resistance to increasing flood
levels. Specifically, we (1) investigated how flooding
interferes with F. nigra sexual and vegetative regen-
eration success in sites that are exposed to different
degrees of flooding and (2) documented long-term
growth trends and past disturbance events through an
analysis of age distributions and radial growth patterns.

METHODS

Study area

Lake Duparquet is a large, unregulated body of water
located in the Abitibi region (488289 N, 798179 W) of
northwestern Quebec (Fig. 1). This region is part of
the Northern Clay Belt of Quebec and Ontario that
resulted from the maximum extension of proglacial
Lakes Barlow and Ojibway (Veillette 1994). Lake Du-
parquet, with an area of 50 km2, is part of a vast wa-
tershed that drains northward from the Duparquet River
to James Bay. The closest meteorological station is at
La Sarre, ; 42 km to the north. The 1961–1990 mean
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TABLE 1. Descriptive sampling and ecological parameters for each of the five Fraxinus nigra
study stands on Lake Duparquet (Quebec, Canada). Data for the ecological factors are means
and 1 SD.

Parameters

Stand number†

1 5 2 3a 4 3b
Entire
lake‡

Number of transects 3 5 6 3 5 3 25
Number of 100-m2 plots 6 10 12 8 9 9 54
Ecological factors
Average distance to the lake (m) 28.6 71.8 62.5 55.6 33.5 63.3 54.8
1 SD 14.7 8.1 24.6 31.0 11.1 28.9 25.8

Average elevation above the lake (m) 1.4 0.3 1.5 1.9 1.2 1.5 1.3
1 SD 0.2 0.2 0.4 0.7 0.3 0.3 0.6

Average slope (%) 2.1 0.6 2.0 1.6 4.0 1.2 1.9
1 SD 2.2 0.4 1.2 0.9 2.6 0.5 1.8

Average depth of organic matter (cm) 21.7 8.3 12.6 16.3 24.8 70.4 25.0
1 SD 26.3 2.6 12.4 14.2 23.8 17.6 26.6

Average percentage clay 23.8 43.6 30.0 29.4 21.6 6.5 26.4
1 SD 7.6 2.9 13.2 13.2 13.9 8.2 15.4

† Stands are presented, left to right, in order of expected decreasing exposure to flooding.
‡Composite information from the five stands around Lake Duparquet that were studied (i.e.,

Fig. 1: numbered squares).

annual temperature and total precipitation were, re-
spectively, 0.88C and 856.8 mm (Environment Canada
1993). Most of the precipitation falls during the grow-
ing season and snow represents 25% of the yearly pre-
cipitation. The mean frost-free period is 64 d but freez-
ing temperatures can occur at any time of the year
(Environment Canada 1993).
Lake Duparquet is at the southwestern limit of Que-

bec’s boreal forest (Rowe 1972) where late succes-
sional stands are dominated by balsam fir (Abies bal-
samea L. Mill.) and white birch (Betula papyrifera
Marsh.) (Bergeron and Bouchard 1984). In this area,
Fraxinus nigra dominates on hydric sites with high
water fluctuation (alluvial levees and floodplains). On
better drained sites it is mixed with balsam fir and white
birch (Bergeron et al. 1983). Around Lake Duparquet,
most F. nigra stands are found on floodplains located
at the mouths of rivers and streams (Fig. 1). In the
spring, generally between early May and early June,
these stands are flooded, due in part to snow melt and
spring precipitation. Based on work by Tardif and Ber-
geron (1997b), it was calculated that flooding of the
most exposed black ash stands, for the period from
1915 to 1991, may be observed anytime between 7
April and 13 July. Flooding lasted on average 24 6 17
d, with a range from 0 to 65 d. In this area, lakes usually
freeze around mid-November and become free of ice,
on average, between 20 April and 10 May (Allen 1964).
Limited cutting has occurred in the area since the early
20th century, and fires also occur on a cycle of ;100
yr, but neither disturbance has much affected the F.
nigra stands around the lake (Bergeron 1991). The lake
watershed was also protected from intensive forestry
activities until the late 1970s (Harvey and Bergeron
1989).

Stand selection

A preliminary sampling of the F. nigra stands along
the shore of Lake Duparquet allowed us to locate 20
stands (Fig. 1). Each stand was characterized by dis-
tinct geomorphological landforms: (1) on a sand bar,
(2) beside a river, (3) in a bay with a bog, (4) far from
any bog or river and (5) on a river delta. For each type,
the largest stand showing the least amount of human
disturbance was chosen to test our hypotheses (Fig. 1).
In two situations (1 and 5), a few large-diameter trees
were harvested for fuel wood in the late 1970s–early
1980s. In each selected stand, sampling was done using
10 3 10 m2 plots distributed along transects perpen-
dicular to the lake. In most cases, two to three 100-m2

plots were sampled along each transect, for a total of
54 plots distributed along 25 transects (Table 1).
By their different geomorphical landform, each of

the five selected stands reflects a different exposure to
flooding and/or to disturbance associated with higher
flood-water levels. Both stands 1 and 5 are expected
to be the most prone to flood impacts. The plots in
stand 5 are found at lower elevations than other plots
(Table 1); however, their great distance to the lake may
constitute a protection from direct physical damage.
The plots from stand 1 are found at higher elevations
but are closer to the lake. Located on a sand bar, stand
1 is exposed to dominant westerly winds and is believed
to be more prone to wave and ice damage. Both stands
1 and 5 are also isolated, with few possibilities for trees
to migrate in higher elevation sites.
In comparison, plots in stands 2 and 3a occur along

a definite gradient of exposure to floodingwith distance
(elevation) from the lake. This is illustrated by both
their higher mean elevation and greater mean distance
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(and standard deviations) from the lake (Table 1). Stand
3 was subdivided into two parts (3a and 3b) because
of the different species composition and dynamics as-
sociated with the 100-m2 plots (3b) located on the deep
organic soils of this part of the stand (Tardif and Ber-
geron 1992). Plots in stand 4, located in a small pro-
tected bay, also occur along a gradient of exposure to
flooding. In this stand the most distant plots are found
on the steepest part of the slope (Table 1). Furthermore,
since sampling was done using transects perpendicular
to the lake, it is expected that the plots on each transect,
irrespective of their geomorphological landform, will
represent a gradient in flood magnitude and frequency.
This design permits us to better understand the im-
portance of environmental gradients in modifying F.
nigra’s dynamics, i.e., from disturbance-prone sites to
particularly protected ones (White 1979).

Data collection
In each of the 100-m2 plots, diameter at breast height

(dbh) was measured for all F. nigra trees .5 cm dbh.
Saplings ,5 cm dbh were counted in 1-cm dbh classes.
The abundance of seedlings ,10 cm tall and of 1st-yr
seedlings, easily identifiable by their aboveground cot-
yledons (Erdmann et al. 1987), was assessed in three
1-m2 quadrats distributed along a transect centered in
each of the 100-m2 plots. When seedlings were not
found in the 1-m2 quadrats, the 100-m2 plot was surveyed
and if present they were attributed a density of 1.
The origin (sexual or vegetative) and the physiolog-

ical state (live or dead) of all standing F. nigra were
noted. In this study, stems originating from the base or
at the root collar of each individual (live or dead) were
recorded as sprouts. For clumped or isolated stems,
evidence of the mother tree (rotten stumps, circular
arrangement, crescent-shaped stem bases) was also
used as a criterion for vegetative origin (e.g., Sigafoos
1964, Phipps 1970, Barnes 1985, Palik and Pregitzer
1992). Sprout abundance will, however, be underesti-
mated by this method because those that originated
from small stems no longer bear traces of the mother
tree. Because of frequent heart rot, juvenile radial
growth typical of sprouts could also not be used as a
practical technique to further distinguish stem origin.
In each 100-m2 plot, all live F. nigra trees (.5 cm

dbh) were aged by taking increment cores as close as
possible to ground level with a Swedish (HAGLOF,
Landsale, Sweden) increment borer. When decayed ar-
eas or hollow centers were encountered, a core was
taken higher on the trunk, and its height was recorded
to permit later adjustments using an age-correction fac-
tor. The height of all individuals ,5 cm dbh was also
measured to estimate their age from an age–height re-
gression analysis. Accordingly, in each 100-m2 plot, a
cross section was taken as close as possible to the root
collar (base of the tree) from a sub sample of specimens
in each of the diameter classes for age determination.
In each 100-m2 plot or in its immediate periphery

(,5 m), the three largest F. nigra trees were also cored
for radial-growth measurements. Two cores were taken
from each of these trees ;1.5 m above the ground
(Tardif and Bergeron 1993). The height of these trees
was also measured with a clinometer. Topographic po-
sition, edaphic characteristics, and composition of the
vegetation were also measured in each 100-m2 plot
(Tardif and Bergeron 1992).

Age determination
All cores and cross sections were prepared following

standard dendrochronological methods (Stokes and
Smiley 1968). Ages were determined by tree-ring
counts and crossdating under a binocular microscope.
Crossdating was facilitated by the presence of numer-
ous marker years (Tardif and Bergeron 1993). After
crossdating, the growth increments of the three largest
F. nigra trees sampled for ring-width analysis were also
measured to 0.01 mm with a Henson micrometer. For
seedlings and saplings crossdating was often difficult
because of the suppressed ring widths and low numbers
of rings, and age was determined by ring counts. These
were counted 2–3 times by separate observers to reduce
the risk of errors in ring counts.
The age of specimens ,5 cm dbh was estimated

using separate height–age regression equations for both
sprouts and stems from sexual origin (henceforth the
latter, unless otherwise indicated, will be referred to as
‘‘seedlings’’). For this regression analysis, data from
an earlier study were also used (Tardif et al. 1994), but
only individuals ,5 cm dbh were included in this anal-
ysis. The large proportion of the variance explained by
these regressions [sprouts: R2 5 0.61, P , 0.0001, n
5 493 sprouts, log10(y) 5 0.8 3 log10(x) 2 0.68, and
seedlings: R2 5 0.87, P , 0.0001, n 5 678 seedlings,
log10(y) 5 20.38 3 log10(x2) 1 2.24 3 log10(x) 2 1.56]
justified their use in age determination. These regres-
sion equations were also used as a correction factor to
adjust for the height of the core taken on trees from
sexual origin (Hett and Loucks 1976, Bergeron and
Gagnon 1987). The age of sprouts was, however, not
corrected for core height because of their vigorous ju-
venile height growth (Erdmann et al. 1987). To further
minimize the error resulting from age estimations, all
age distributions were filtered using a 5-yr unweighted
running average and are presented in 10-yr classes.
Data were also transformed to the hectare to allow for
comparisons between stands.

Statistical analysis
In this study, population dynamics were investigated

by using both age and size frequency distributions and
tree-ring width analyses. Three scales of analyses (lake,
stand, and 100-m2) were conducted using the age and
size frequency distributions from the 54 100-m2 plots.
At the lake and stand level, both age and size frequency
distributions were calculated. In long-lived tree spe-
cies, both static and cumulative age and size distri-
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butions have been used to infer populations dynamics
(Henry and Swan 1974, Lorimer 1980, Ross et al. 1982,
Knowles and Grant 1983, Parker and Peet 1984, Glitz-
enstein et al. 1986, Butson et al. 1987, Platt et al. 1988,
Payette et al. 1990, Palik and Pregitzer 1992, Tyrell
and Crow 1994). It is broadly accepted that stable pop-
ulations present an inverted-‘‘J’’-shaped distribution
characterized by a declining density with increasing
age or size. Under the assumption of constant recruit-
ment and mortality through time, both static and cu-
mulative age distributions also approximate survivor-
ship curves (coinciding slopes; Leak 1975), which in-
dicate survival probability with time.
Both the negative exponential function (constant re-

cruitment and constant mortality with age) and the
power function (constant recruitment and decreasing
mortality with age) models have been applied to de-
scribe tree populations, and departure from these mod-
els has often been used to infer past recruitment and/
or mortality events (Hett 1971, Leak 1975, Hett and
Loucks 1976, Cawker 1980, A° gren and Zackrisson
1990, Baker 1990, Tardif et al. 1994). In this study,
both static and cumulative age distributions were used
to compare F. nigra (seedlings, sprouts, and pooled)
population dynamics assuming a constant recruitment
and mortality model. The pooled (sprouts and seed-
lings) cumulative distribution was used as a compari-
son because of potential problems with sprout identi-
fication. For each stand, a significant deviation between
the slope of the static and the cumulative age distri-
butions as indicated by a covariance analysis was used
as an indicator of nonequilibrium conditions. To in-
vestigate between-stand differences, all cumulative age
distributions were also submitted to a pairwise analysis
of covariance. In each stand, the age-specific slope of
the cumulative age curve is a measure of the age-spe-
cific probability of survival and indicates a loss from
one age class to the other, whereas, the intercept in-
dicates the initial recruitment. Departure from the mod-
el is also related to different mortality rates during the
time span of the observation, assuming constant re-
generation.
In this study, multivariate analyses were used to as-

sess disparity between age frequency distributions at
the lake, stand, and 100-m2 plot scales. For each level
of analysis, standard descriptive measures (total abun-
dance, n; arithmetic mean, ‘‘me’’; maximum age class,
‘‘mx’’; medium age class, ‘‘md’’; skewness, ‘‘sk’’; and
number of age classes present, ‘‘ri’’) were calculated
to characterize the sprout (‘‘r’’) and seedling (‘‘s’’) age
distributions. To explore the relationships between
these descriptors at the lake and stand level, we used
a principal-component analysis (PCA). To better un-
derstand the importance of environmental gradients in
modulating F. nigra’s dynamics at the 100-m2 level,
both PCA and redundancy analysis (RDA) were used.
The latter has the advantage of emphasizing the rela-
tionship between descriptor and external factors (ter

Braak 1988). A forward selection of environmental fac-
tors was used and each variable was tested using 200
random Monte Carlo permutations. Elevation and dis-
tance to the lake, percentage slope, depth of organic
matter, percentage clay, and stand geomorphological
situation (dummy variables) were used as environmen-
tal factors. Because of the different units in which our
descriptive measures are expressed, PCA and RDA
were favored over correspondence analysis (Legendre
and Legendre 1984). The PCA and RDA were con-
ducted on a correlation matrix, and scaling of ordi-
nation scores was done using a correlation bi-plot. The
CANOCO program (Version 3.1) was used (ter Braak
1988).
Both 1st-yr and ,10-cm height seedlings were not

included in these analyses because of the small number
of 1-m2 plots in which they were counted. Their con-
version to the hectare without an assessment of their
spatial distribution within the 100-m2 plots may be fal-
lacious, and these classes have thus been eliminated.
Two plots from stand 3b were also not included because
of the near absence of F. nigra stems. SAS release 6.03
was used for these statistical analyses (SAS Institute
1988).
Finally, to highlight disturbance events that could

have affected F. nigra stand dynamics, establishment
years at the stand level were compared to radial growth
patterns. This helps to assess whether initial stem re-
cruitment was related to past disturbance events (Orwig
and Abrams 1994). In this analysis, the recruitment
dates of all trees (.5 cm dbh) were included whereas
for saplings (,5 cm dbh), only those that were not age-
estimated were used (see Figs. 8A–13A). To highlight
both disturbance events and low-frequency trends in
radial growth, the ring-width series (two cores) from
the three largest F. nigra sampled in each of the 100-
m2 plots were analyzed.
Sustained radial growth release and suppression were

identified in accordance with criteria developed by
Glitzenstein et al. (1986). A significant growth release
was recorded when ring width in suppressed trees
(,0.50 mm/yr) at least doubled over a 3-yr period and
this increase was maintained for 10 yr or more when
compared with the 10 preceding years. In non-sup-
pressed trees (.0.50 mm/yr), ring width had to increase
by more than 50% over a 3-yr period, and this increase,
as for suppressed trees, had to be maintained for the
next 10 yr. Suppression periods were identified using
the same criteria except that a sharp decrease in growth
was defined as a 50% growth reduction for non-sup-
pressed trees and as a 25% reduction for suppressed
trees. In addition, we calculated the frequency of cores
showing at least a 75% release or suppression in growth
using a less conservative approach. A period of sup-
pression started when radial growth showed a 75% re-
duction for at least 10 consecutive years when com-
pared to the 10 preceding years (ratio , 0.75) and
release from suppression was defined as a 75% or more
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FIG. 2. Age–height (a, b), age–diameter (c, d), and
height–diameter (e, f) regressions for Fraxinus nigra stems
,5 cm and .5 cm in diameter at breast height (dbh). All
data were converted using a log10 transformation. Sprouts (A,
C, and E) and seedlings (B, D, and F) were analyzed sepa-
rately. For all stems ,5 cm dbh, a cross-section diameter was
used instead of 1-cm dbh classes.

gain in growth for 10 consecutive years when compared
to the 10 preceding years (ratio . 1.75).
To highlight low-frequency trends, an index chro-

nology was computed for each stand following stan-
dardization of the ring-width series using the program
CRONOL from the Dendrochronology Program Li-
brary (Holmes 1992). All stand chronologies were
computed using a biweight robust mean to enhance the
common signal contained in the data and to diminish
the effect of possible outliers. Standardization of each
series was done using an iterative approach (option 2
in program CRONOL). First a negative exponential
curve was fitted to the data, and if it failed a linear
regression of negative slope or a straight line through
the mean was fitted. This method of detrending was
favored over the use of more flexible cubic splines,
which are believed to remove long-term upward growth
trends not related to tree aging. Before standardization
and to further ensure that our chronologies were not
biased, all series were examined visually and the first
years of growth were deleted if they showed a period
of either abnormally strong or low growth in those
years. This situation was, however, rarely observed. In
addition, F. nigra seldom approached an age-related
growth curve of the negative exponential type usually
typical of shade-intolerant species. The straight-line
detrending was thus selected for 64% of the cores by
CRONOL. Straight-line standardization gives an equal
weight to slow- and fast-growing trees without altering
each series’ low-frequency trends (Fritts 1976).

RESULTS

Sprout and seedling age–size relationships

Height–growth regressions using stems both .5 cm
and ,5 cm dbh were found to differ significantly ac-
cording to stem origin. For sprouts, the age–height re-
lationship was best fitted by a first-order regression,
whereas seedlings were best fitted by a second-order
polynomial regression (Fig. 2A, B). Similar results
were also obtained using only specimens ,5 cm dbh
(seeMethods: Age determination). In both cases, height
was a better predictor of seedling age than of sprout
age as indicated by the higher R2 (0.88 and 0.67, re-
spectively). Stem diameter was also a good predictor
of sprout and seedling age (Fig. 2C, D). Sprout di-
ameter was a better predictor of age than was stem
height. For both origins, diameter was significantly cor-
related to stem height (Fig. 2E, F).
For these analyses, regression coefficientswere high-

ly significant and both seedling and sprout regressions
had significantly different intercepts and slopes (AN-
COVA, P , 0.0001; Fig. 2A–D). At any given height
or diameter, sprouts were statistically younger than
seedlings. At any given diameter, sprouts were also
significantly taller than seedlings (ANCOVA, P ,
0.0001; Fig. 2E, F).

Lake composite static and cumulative age
distributions

The lake (or composite) F. nigra age and diameter
distributions approach states of equilibrium as shown
by the repartition of individuals in all age classes (Fig.
3). A continuous recruitment of individuals was ob-
served since 1710. Cumulative age distributions (seed-
lings, sprouts, and pooled) also approximate a constant
mortality model as shown by an R2 close to 0.98 (Table
2). A break in the distribution was, however, observed
in ;1930s–1940s. Seedling mortality as indicated by
the cumulative distribution seemed to be highest in the
very first age classes, levelled off in the middle age
classes and rose again as trees approach 200 yr of age
(Fig. 3A). In contrast, F. nigra sprouts have higher
mortality rates than seedlings. Both the seedlings and
the pooled cumulative age distributions were also not
found to be statistically different, indicating the limited
importance of sprouts in the lake age distribution (Table
2). Sprouts were, however, more abundant than seed-
lings in the youngest age classes (Fig. 3). A continuous
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FIG. 3. Lake Duparquet log10-transformed composite (a)
age and (b) diameter distributions for Fraxinus nigra stems
from sexual and vegetative origins. Solid bars 5 sprouts;
empty bars 5 seedlings. The lines represent the corresponding
cumulative distributions, and the pooled seedling–sprout cu-
mulative age distribution is also indicated. Post-break data
in each plot include, respectively, ,10-cm height and first-
year seedlings.

recruitment from sprouts was observed starting in
about 1850.

Stand age and diameter distributions

Figs. 4 and 5, respectively, illustrate the F. nigra age
and diameter distributions for each of the five sampled
stands. Unless otherwise mentioned, only results from
the age distributions are presented because of the sim-
ilarity between the age and size distributions. The pre-
sentation of the stands follows (top to bottom of the
page) an expected gradient of exposure, that is from
stands more exposed to less exposed to flooding. As a
general result, it can be observed in all stands that stems
from sexual origin reach an older age and a larger di-
ameter than do those from sprouts (Figs. 4, 5).
In stands more exposed to flooding (1 and 5), sprouts

were distributed in a greater number of age classes and
attain some of the oldest ages found (Fig. 4A, B). In
these stands, sprouts were dominant in the younger age
classes, and dominance compared to seedlings was em-
phasized by the departure of the pooled cumulative age
curve from the seedling curve at the turn of the century.
This is further emphasized in stand 1 by the statistically
different intercept and slope of the seedlings and
pooled cumulative distributions, whereas only the in-

tercept approached a statistical difference in stand 5
(Table 2). Despite the low abundance of seedlings in
these stands, trees from sexual origin are, however,
observed in continuous age classes (Fig. 4A, B). The
lowest abundance of first-year and ,10 cm tall seed-
lings was recorded in stand 1 (Fig. 4A). In contrast,
the largest abundance of first-year seedlings was reg-
istered in stand 5 (Fig. 4B). In both stands, survival
after germination is, however, extremely low as sug-
gested by the low densities of ,10 cm tall and older
(up to ;70 yrs of age) seedlings (Figs. 4 and 5A, B).
In contrast, age distributions in stands less exposed

to flooding (3b and 4) were characterized by abundant
seedlings in the younger age classes (Fig. 4E, F). In
both of these stands, stems from sexual origin up to
10-cm dbh were the most abundant (Fig. 5E, F). Sprouts
also have a small effect on the overall age distribution
(Table 2, Fig. 4E, F). However, it should be noted that
the age distribution in both stands differs. In stand 4,
older trees were observed in continuous age classes
(Fig. 4E). Of all the stands, stand 3b was the furthest
from being well balanced, with a sharp rise in seedling
density occurring in the 1930s (Fig. 4F). This stand
had the greatest recorded density of seedlings, up to
the 10-cm dbh class, when compared to the other stands
(Fig. 5). Recruitment from seedlings also occurred in
three distinct periods (approximately 1800–1860,
1860–1930, and 1930–1989) as indicated by changes
in the slope of the cumulative age distribution (Fig.
4F). Two sprout cohorts were found in the age distri-
bution and no sprouts were observed from about 1900
to 1940 (Fig. 4F).
Between these extremes, stands 2 and 3a occupy an

intermediate position and include the oldest F. nigra
in the study (Fig. 4C, D). In these stands, first-year and
,10-cm-tall seedlings attain their greatest numbers,
with stand 3a having the highest recorded density. The
contribution of sprouts to the overall age distribution
was lower than in stands 1 and 5 and was mainly ob-
served after the 1960s. Sprouts were also mainly re-
stricted to the 0–5 cm dbh class (Fig. 5C, D).

Cumulative stand-age distributions
The cumulative age distributions for F. nigra (seed-

lings, sprouts, and pooled) showed that most stands
approximate a negative exponential distribution with a
near constant mortality through time (Fig. 4, Table 2).
Stand comparisons show that in stand 3b seedlings have
a significantly higher initial recruitment and mortality
rate than in the other stands (Table 2). In stand 4, both
were also significantly higher than in stands 1, 2, and
3a, whereas only mortality was significantly higher
than in stand 5. Seedling mortality and initial recruit-
ment were also similar in stands 1, 2, 3a, and 5. For
stands 1 and 5, however, the regressions had lower R2.
For these stands, both the static and the cumulative age
distributions of seedlings also had significantly differ-
ent slopes (Table 2). Furthermore, the cumulative age
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TABLE 2. Results of ANCOVA for each of the seedling, sprout, and pooled cumulative age
distributions of Fraxinus nigra presented in Fig. 5.

Statistic

Stand number

1 5 2 3a 4 3b
Entire
lake

Seedlings
n 20 25 33 27 20 19 33
R2 0.872† 0.825‡ 0.956 0.967 0.941 0.927 0.982
Intercept 3.449a 3.608ab 3.604a 3.614a 3.903bc 4.521d 3.978
Slope 20.009a 20.008a 20.008a 20.008a 20.011b 20.018c 20.011

Sprouts
n 14 19 10 12 17 12 19
R2 0.987 0.968 0.950 0.924 0.916 0.793 0.978
Intercept 3.861d 3.563cd 3.862d 3.225a 3.279ab 3.479abcd 3.519
Slope 20.019c 20.014a 20.033e 20.020cd 20.015ab 20.019bc 20.017

Pooled
n 20 25 33 27 20 19 33
R2 0.956 0.893 0.962 0.969 0.939 0.936 0.984
Intercept 3.888bc 3.901abcd 3.730ab 3.690a 4.010cd 4.586e 4.074
Slope 20.012bc 20.010ab 20.009a 20.009a 20.012bc 20.018d 20.012

Notes: Intercept and slope entries sharing the same lowercase superscript letter are not sig-
nificantly different at P , 0.05; n 5 number of age classes in the cumulative distribution. The
slopes between the static and cumulative sprout-age frequency distributions did not differ
significantly assuming a constant mortality model. The same was observed for the pooled age
distributions. Significant differences were, however, observed between the slopes of the seedling
distributions for stands 1, 5, and the lake composite age structure. Within each stand, the
regression equations for the sprouts and the seedlings cumulative age distributions differed
significantly (P , 0.05) except for stand 2 (intercept: P 5 0.0814, n 5 43), stand 3b (slope:
P 5 0.7614, n 5 31) and stand 5 (intercept: P 5 0.7630, n 5 44). Within each stand, the
regression equations for the seedlings and the pooled cumulative age distributions did not differ
significantly (P . 0.1) except for stand 1 (intercept: P 5 0.006; slope: P 5 0.0071, n 5 40)
and stand 5 (intercept: P 5 0.0710, n 5 50).
† No logarithmic transformation: R2 5 0.958, Intercept 5 1564.180, Slope 5 27.008.
‡No logarithmic transformation: R2 5 0.972, Intercept 5 1332.726, Slope 5 27.310.

distribution of seedlings was also best fit by a linear
model with no logarithmic transformation of the data,
indicating a constant number of individuals from seed
origin in each age class (Table 2).
Compared to seedlings, no clear pattern was ob-

served in the cumulative age distributions of the
sprouts due to greater variability among stands. The
initial recruitment of sprouts in stand 3b was not found
to be significantly different from that of the other
stands. For this stand, however, the age distribution of
the sprouts departed more from linearity, as shown by
the lower R2 (Fig. 4F, Table 2). Stand 2 also exhibits
the greatest sprout mortality rate, as indicated by its
steep slope (Fig. 4C, Table 2). When both seedlings
and sprouts were pooled the cumulative age distribu-
tion shows that both the initial recruitment and mor-
tality rates in stand 3b were significantly higher than
in the other stands. In stand 4, both were also signif-
icantly higher than in stands 2 and 3a. In stand 1, F.
nigra had also a higher mortality rate than in stands 2
and 3a and a higher initial recruitment than in stand
3a.
In stands 2, 3a, and 4, changes in the slope of the

cumulative age distribution over time indicate that F.
nigra seedlings undergo three phases of mortality (Fig.
4). They show a high mortality rate when young, fol-
lowed by a period of lower and near constant mortality,

after which mortality again increases as the trees get
older. The same pattern was observed when both
sprouts and seedlings were pooled and this was even
more apparent when first-year and ,10-cm-tall seed-
lings were considered (Fig. 4). In contrast to seedlings,
F. nigra sprouts have a higher but almost constant mor-
tality rate (Fig. 4).

Ordination analysis at the 100-m2 plot level
Loadings on the first two axes for both unconstrained

PCA (principal-component analysis) and constrained
RDA (redundancy analysis) ordinations of the 52 100-
m2 plots (two were taken out of stand 3b) were sig-
nificantly cross-correlated (Pearson correlation: r 5
0.99 and 20.99, P , 0.0001, n 5 52 plots). RDA
loadings showed that most of the 100-m2 plots were
strongly clustered according to geomorphological land-
form (Fig. 6A, B). The first axis primarily separates
plots from stands 1 and 5 from those of stand 3b, where-
as the second axis mainly discriminates between plots
of stands 2 and 3a. A number of plots from stands 2,
3a, and 4 also share a position close to those from
stands 1 and 5, which are alike (Fig. 6B). This close
relationship with landform was further indicated by the
environmental-factor scores. Significant factors re-
tained after a forward selection were stand landform
(1, 2, 3a, and 3b), elevation, and slope (Fig. 6A).
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FIG. 4. Fraxinus nigra log10-transformed static and cu-
mulative age distributions for stems from sexual and vege-
tative origins. The pooled seedling–sprout cumulative age
distribution (empty triangles) is also indicated. Filled bars or
filled circles 5 sprouts; empty bars or empty circles 5 seed-
lings. Post-break data in each plot include ,10-cm height
and first-year seedlings, respectively. Stands are presented in
order, top to bottom, of decreasing exposure to flooding.

FIG. 5. Fraxinus nigra log10-transformed static and cu-
mulative diameter distributions for stems from sexual and
vegetative origins. Format and key are as in Fig. 4.

Loadings of the descriptive measures indicate that,
in low-elevation plots from around the lake (primarily
stands 1 and 5), both sprout and seedling age distri-
butions were characterized by an older mean age and
an older medium age class (Fig. 6A). In these plots,
sprouts were also observed in older and distributed
among a greater number of age classes. They also pres-
ent the highest ratio of sprouts over seedlings. In con-
trast, plots located on a deep organic layer (stand 3b)
and to a lesser extent those of stand 4, were charac-
terized by strong regeneration in their younger age
classes (Fig. 6A, B). In these plots, the high density of
young stems from both origins makes their age distri-
butions highly skewed (Fig. 6A). The second ordina-
tion axis further divides the 100-m2 plots according to
elevation and this effect was most noticeable in sep-
arating plots from stands 2 and 3a from the others (Fig.
6A, B). These two stands showed an intermediate po-
sition on axis 1 and were characterized by seedlings
reaching an older age and being distributed in a greater

number of classes. They were also related to the abun-
dance of seedlings ,10 cm tall (Fig. 6A).

Ordination analysis at the stand and lake level

The PCA computed for each of the stands and the
lake composite age distribution closely matched the
pattern of stand division suggested in the RDA. As in
the RDA, a recruitment gradient was observed from
stand 1 toward stands 2 and 3b (Fig. 7). Stands 1 and
5 were characterized by both sprout and seedling age
distributions having an older mean age and median age
class than the other stands (Fig. 7, Table 3). The ratio
of sprouts to seedlings was also highest in these stands.
Seedlings ,10 cm tall were also less abundant than
first-year seedlings in stands 1 and 5 (Fig. 7). The seed-
ling distributions in both stands 1 and 5 were also neg-
atively skewed (20.81 and 20.33, respectively) re-
vealing a deficiency in stems from sexual origin in the
younger age classes (Table 3). In contrast, stand 3b and
to a lesser extent stand 4 were characterized in their
younger age classes by a strong input from both sprouts
and seedlings, which results in their age distributions
being positively skewed (Fig. 7, Table 3). Compared
to these extremes, stands 2, 3a, and the lake composite
age distributions were in greater equilibrium. Stems



116 JACQUES TARDIF AND YVES BERGERON Ecological Monographs
Vol. 69, No. 1

FIG. 6. Redundancy analysis (RDA) using the descriptive
measures calculated from each of the 52 100-m2 plots. (A)
The bi-plot yield approximates the correlation coefficient be-
tween descriptors and environmental factors and also among
descriptors and environmental factors themselves. Variables
with arrows at sharp angles are positively correlated, and the
length of an arrow represents the size of the coefficient. By
contrast, obtuse angles between variables indicate negative
correlations. Significant environmental factors retained after
a forward selection were stand landform (1, 2, 3a, and 3b),
elevation (ELEV), and slope (SLOP); others factors were
made passive in the analysis (DIST 5 distance, DOM 5 depth
of organic matter, 4 5 stand 4, and 5 5 stand 5). Dotted lines
connect to descriptive age frequency measures whereas
dashed lines connect to environmental factors (nr 5 abun-
dance of sprouts, mer 5 mean sprout age, mdr 5 median
sprout age class, mxr 5 maximum sprout age class, skr 5
sprout skewness index, rir 5 number of classes in which
sprouts are present, r/s 5 sprout/seedling abundance ratio).
First-year seedlings (nls) and those ,10-cm tall (ls) were
made passive. (B) The positions along the first two axes of
the RDA of all 52 plots from the five stands are shown.

FIG. 7. Principal-component analysis using
each of the five stands and the composite lake
descriptive measures describing both the static
sprout and seedling age distributions. Format
and definitions are as in Fig. 6.

from sexual origin were also older and found in a great-
er number of age classes (Fig. 7, Table 3).

Recruitment, disturbance, and trends in radial
growth

No evidence of large-scale disturbance events related
to massive F. nigra recruitment was observed in Lake
Duparquet stands (Figs. 8–13). In most stands constant
recruitment can be observed, whereas in stands 1, 3a,
and 3b it occurred on a more irregular basis (Figs. 8A,
11A, 13A). Comparing data from all stands, using ei-
ther the conservative or less conservative method (see
Methods, Statistical analysis), few trees have synchro-
nous periods of sharp growth release or suppression
(Figs. 8B–13B). More numerous fluctuations in growth
were, however, registered in stands 1 and 4. Following
the first recording of a sharp growth fluctuation, each
of these stands recorded additional ones, respectively,
16% and 17% of the time (Fig. 8B, 12B).
Although there were variations in amplitude, results

differ little in terms of the dates when comparing the
conservative and less conservative growth release and
suppression indices (Figs. 8B–13B). Again, it can be
observed that each stand had its own specific pattern
of growth release and suppression. Stand 5, for ex-
ample, had very few fluctuations in growth compared
to the other stands (Fig. 9B). Common growth varia-
tions between stands were, however, more obvious. A
sustained growth release was observed at the beginning
of this century in most stands for the 10-yr period
following the ;1896 peak (Figs. 8B–13B). This growth
release was particularly noticeable in stand 3b and con-
tinued until the early 1930s for many trees. Only in
stand 2 was this episode not strongly registered (Fig.
10B). Other growth-release periods can be also ob-
served around the 1825s, 1850s, and 1930s. Combining
data from all stands, a large number of F. nigra cores
(126/334) also registered a 75% or more growth sup-
pression in the 10 yr following the 1967 peak (Figs.
8B–13B). This growth suppression period was also less
pronounced in stand 1 than in the other stands. These
common patterns of growth release and suppression
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TABLE 3. Descriptive parameters included in the principal-component analysis for each Fraxinus nigra stand. All numbers
are for a 100-m2 plot.

Characteristic

Stand number

1 5 2 3a 4 3b
Entire
lake

Seedlings
Abundance 13.00 17.60 30.87 33.50 106.89 250.68 75.42
Mean age 86.95 92.77 54.90 56.37 30.04 38.66 42.54
Median age class 80 80 30 40 20 40 30
Maximum age class 200 250 320 270 200 190 320
Richness 20 24 28 24 20 15 29
Skewness 20.81 20.33 0.74 1.68 6.13 8.84 4.16

Sprouts
Abundance 37.61 44.37 53.20 20.38 50.20 88.70 49.07
Mean age 32.49 25.21 17.27 19.39 17.49 14.61 19.79
Median age class 30 20 10 10 10 10 10
Maximum age class 140 190 100 120 170 120 190
Richness 12 16 8 9 14 10 17
Skewness 3.48 3.53 4.44 2.51 4.70 6.83 4.15

Pooled
Abundance 50.61 61.97 84.06 53.88 157.09 339.38 124.50
Mean age 46.48 44.40 31.09 42.38 26.03 32.38 33.57
Median age class 30 20 20 30 20 30 20
Maximum age class 200 250 320 270 200 190 320
Richness 20 24 28 24 20 15 29
Skewness 3.53 2.73 4.60 2.63 7.28 9.51 4.72
Sprout/seedling abundance ratio 2.89 2.52 1.72 0.61 0.47 0.35 0.65

Note: Richness 5 the number of age classes with observations.

further emphasize the long-term growth trends (Figs.
8C–13C). The growth index curves provide more de-
tails about the growth trend in each stand and most of
them did register, between the end of the 19th century
and the beginning of the 20th century, an upward trend
in radial growth that continued to the early 1970s. A
pronounced decrease in growth can also be observed
in all stands starting in the mid-1960s, with the ex-
ception of stand 1, which was located on a sand bar
(Fig. 8C).
Only in a few cases can these fluctuations in growth

be associated with clear changes in F. nigra recruit-
ment. Of the stands most exposed to flooding, only
stand 1 had strong recruitment due to sprouts in 1948
(Fig. 8). This event also coincided with a sharp growth
release in 1948, in 10% of the cores, with an even
greater number showing a sustained growth release in
the 10 following years (Fig. 8B). This event also co-
incided with new recruits having better diameter
growth (Fig. 8A). In stands 2, 3a, and 4, none of the
recruitment episodes corresponded with any of the
growth patterns (Figs. 10–12). The massive recruitment
that started in the 1930s in stand 3b followed a strong
growth release that began in the 1900s, culminated in
the 1920s, and lasted to the 1960s (Fig. 13A, B, C).

DISCUSSION

Stand stability
On Lake Duparquet floodplains Fraxinus nigra

forms pure stands (Tardif and Bergeron 1992) and com-
poses the ‘‘climax’’ species of this boreal habitat (Sims
et al. 1990). Kurmis et al. (1986) also recognized the

occurrence of pure uneven-aged stands growing on wet,
nutrient-rich sites as a trait of future black ash domi-
nance. Age and size distributions of F. nigra from the
shore of Lake Duparquet were similar and could typ-
ically be described by a skewed distribution with a
predominance of small-young stems and progressively
fewer large-old trees. This inverted-‘‘J’’-shaped distri-
bution was characteristic of old-growth forests at equi-
librium or of self-maintaining ‘‘climax’’ populations
(e.g., Oliver and Larson 1990, Hayward 1991). Both
even and uneven-aged F. nigra populations were also
described by Erdmann et al. (1987). In our study, the
only even-aged cohort of trees clearly observed was
found in stand 3b (see Stand dynamics and flood-level
fluctuations, below).
In our study, the negative exponential model, as in

Tardif et al. (1994), underestimated the number of
stems in the younger age classes, whereas the power
function (not presented) overestimated their abundance
in the older age classes. A study of the seedling (and
pooled) cumulative age distributions also showed that
F. nigra survivorship changes through time and that
during the early phase of establishment stems undergo
high levels of mortality. The first 10–50 yr may be
crucial, since afterwards the mortality rate decreases
and becomes nearly constant from one age class to
another. In most stands, a second synchronous period
of high mortality was observed when trees become
overmature after ;190 yr.
The value of static age distributions in studying pop-

ulation dynamics was, however, recently questioned by
Johnson et al. (1994) when applied to species known
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FIG. 8. Relationships between recruitment and radial
growth in stand 1. (A) Dates of Fraxinus nigra stem estab-
lishment. (B) Relative frequency of cores showing a period
of growth release (positive value) or suppression (negative
value). Filled bars 5 sharp growth suppression or release;
solid line 5 same but using the less conservative criteria. (C)
Radial growth index: solid line 5 growth index, and bold
line 5 5-yr running average. (D) Number of cores.

FIG. 9. Relationships between recruitment and radial
growth in stand 5. Format is as in Fig. 8.

to regenerate after major disturbances (e.g., fire cohorts
vs. non-fire cohorts). It has also been proposed that
sigmoidal age and size distributions may reflect a past
disturbance followed by a massive wave of recruitment
at one point in time (Schmelz and Lindsey 1965, Parker
and Peet 1984). This may again be true for species
known to regenerate after major disturbances. In such
populations, the assumption of stability is not met and
this thus precludes the use of the slope of the cumu-
lative age curve as a measure of the probability of
survival (Parker and Peet 1984). In our study, however,
the uneven-aged nature of the F. nigra populations was
not an artifact caused by the presence of an even-aged
canopy with a developing uneven-aged understory nor
by the grouping of many even-aged stands. Our data
were also not contaminated by the presence of relic
pre-disturbance trees (see Parker and Peet [1984] for
discussion).
Inclusion of both younger and smaller stems did not

affect the form of the distributions, and we found that
the ‘‘rotated sigmoid’’ curve best described F. nigra

survival in our closed-canopy forests. These results
support those of Goff and West (1975) who observed
that size distributions in stable, undisturbed forest pop-
ulations were better fit by a rotated sigmoid rather than
by a negative exponential curve. Stem density in small,
equilibrium and structurally uniform old-growth stands
decreases abruptly at first, then enters a plateau period
of low mortality followed by a final steep decline. Both
growth and survivorship are postulated to increase dra-
matically as trees enter the main canopy (Goff and West
1975). This may also be observed in other ‘‘climax’’
deciduous species. A rotated sigmoid diameter curve
was reported by Lorimer and Frelich (1984) for old-
growth Acer saccharum stands at equilibrium. It was
hypothesized that the rotated sigmoid survivorship
curve resulted from mortality associated with gap-
phase regeneration of shade-tolerant tree species (e.g.,
Harcombe and Marks 1978, West et al. 1981, Platt et
al. 1988). Caution must therefore be exercised when
assuming that a systematic departure from an expo-
nential distribution reflects non-equilibrium conditions
and evidence of past disturbances (Goff and West 1975,
Lorimer and Frelich 1984). The theoretical age distri-
bution of a forest at equilibrium—asidefrom forming
a steep descending curve—isstill debated, as are the
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FIG. 10. Relationships between recruitment and radial
growth in stand 2. Format is as in Fig. 8.

FIG. 11. Relationships between recruitment and radial
growth in stand 3a. Format is as in Fig. 8.

criteria for interpreting deviations related to past dis-
turbances (Lorimer and Frelich 1984).
In contrast to seedlings, the age and size distributions

of F. nigra sprouts did not approximate a rotated sig-
moid survivorship curve but more closely tracked a
negative exponential one. Sprouts also have a higher
and more constant mortality rate than seedlings. In our
study, however, a bias may have resulted from our in-
ability to identify those older sprouts that no longer
bare traces of the mother tree. This may at least par-
tially explain the lower maximum age and size of
sprouts when compared to seedlings. The number of
sprouts that originated from younger stems was also
underestimated. These sprouts, however, do not benefit
from a firmly established root system and are expected
to have a low survival rate. It was shown by Streng et
al. (1989) that survival of water oak’s (Quercus nigra)
resprouts from first-year seedlings was not significantly
different than for first-year seedlings.
Barnes (1985) observed that, among others species,

Fraxinus pennsylvanica Marsh. ,10 cm dbh, once
firmly established, has a natural tendency to produce
sprouts. Sprouting may also be stimulated by damage
caused by flooding or by herbivory. The same tenden-
cies were observed for F. nigra, except that browsing
was rarely noted. F. nigra is reported to sprout vig-

orously after being damaged (Sims et al. 1990) and to
produce root suckers following cutting (Erdmann et al.
1987, Sims et al. 1990). To our knowledge, as was also
noted by Fayle (1996) for other tree species, root suck-
ering in F. nigra has never been quantified nor are any
references with empirical data given in the primary
reference. Since F. nigra sprouts are more flood and
drought tolerant than seedlings (Lees and West 1988,
Sims et al. 1990), mortality due to stem competition
within a clump is probably very important and may
extend over many years. Seldom do many sprouts from
the same clump reach the canopy.
We speculate that the great longevity of F. nigra trees

on the shores of Lake Duparquet may contribute to
increased population stability. In the literature, black
ash has been frequently described as a short-lived spe-
cies, with a lifespan of ;75 yr (Lees and West 1988,
Sims et al. 1990). Parker and Schneider (1974) reported
that the oldest black ash, in their study, was 69 yr old.
Our results show, however, that F. nigra is a relatively
long-lived species. In this study, the oldest living tree
established around 1670 (319 yr old) and trees .200
yr old were frequent. In the Great Lake states, Erdmann
et al. (1987) reported trees as old as 241 yr. On Lake
Duparquet floodplains, the old age attained by F. nigra
trees may be explained by the lack of both major an-
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FIG. 12. Relationships between recruitment and radial
growth in stand 4. Format is as in Fig. 8.

FIG. 13. Relationships between recruitment and radial
growth in stand 3b. Format is as in Fig. 8.

thropogenic and natural disturbances other than flood-
ing.

Disturbance dynamics
On Lake Duparquet’s shores F. nigra recruitment

was not associated with large-scale disturbances, as
shown by the absence of such records in radial growth
patterns. In each stand a few trees registered sharp
growth releases but these were rarely synchronized
events. In forest stands that develop following destruc-
tion of many of the canopy trees, synchronous release
from suppression may be expected (Lorimer 1985). In
contrast to other boreal stands subject to major distur-
bances like forest fire, our data support the remark of
Carleton and Maycock (1978) that fire does not play a
major role in structuring F. nigra populations on flood-
plain sites. In the Lake Duparquet region many mesic
sites adjacent to F. nigra stands have originated fol-
lowing forest fires (Bergeron 1991, Dansereau and Ber-
geron 1993). In our study the forest bordering stand 2
developed following a forest fire in 1944 as determi-
nated by dating the largest white birch (n 5 12 birch
trees, minimum establishment date 5 1949 6 5 yr) as
well as by fire scars on F. nigra trees on the outer edge
of the stand. Only one 100-m2 plot recorded a peak in
recruitment in the 1940–1949 age class. Furthermore,

in stand 4 the abundant recruitment that was observed
in the plots that were the most elevated and most distant
from the lake could also not be related to fire, as shown
by the absence of scarred trees and by the old age of
the white birch in the bordering forest (n 5 10 birch
trees, minimum establishment date 5 1857 6 37 yr).
As with northern hardwoods (Payette et al. 1990,

Frelich and Lorimer 1991), evidence of tree falls was
visible in our stands and it is speculated that most F.
nigra enter the canopy as a result of these small dis-
turbances—i.e.,due to tree by tree replacement. Our
data support the rationale that in balanced and uneven-
aged forests only a small proportion of trees show ev-
idence of sudden release from suppression or rapid ini-
tial growth in each decade (Lorimer 1985). Our data
also show that in old-growth F. nigra stands, sexual
or vegetative reproduction is sufficient to result in self-
maintenance of the population following the mortality
of mature trees.
Compared to river ecology, landform disturbances

(sand bar formation, etc.) were not primary processes
influencing F. nigra dynamics. On rivers, the creation
of new substrates and the destruction of older ones by
erosion and deposition processes initiate a particular
response from the vegetation (e.g., White 1979). The
spatial distribution of stand age for bottomland pioneer
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species like cottonwood and willow was associated
with river meandering and formation of new reaches
(Noble 1979, Bradley and Smith 1986, Baker 1990,
Johnson 1994). These authors emphasized the impor-
tance of high-magnitude floods and sediment trans-
portation during the time of seed dispersal on the suc-
cessful establishment of these species.
On Lake Duparquet’s floodplains little clear evidence

of geomorphological processes associated with flood-
ing was apparent in those plots that were located within
10 m of the stand boundaries. Of all the stands only
the one found on the sand bar (stand 1) showed a clear
synchronous establishment of stems and a sharp growth
release in 1948. In this stand, exposed to dominant
westerly winds, the conditions created during the high
water level of the 1947 flood may have caused many
trees to die. Discharge data for the Harricana River
(100 km to the west) indicate that for the period 1915–
1991 the greatest velocity occurred during the 1947
flood (Tardif and Bergeron 1993). The Abitibi journal
La Gazette du Nord also described this flood as being
very devastating (Anonymous 1947). In our study, the
current shoreline vegetation was not studied, but in our
field observations we noted the erosion of the shrub
zone in many areas along the shore. At the lake margin
many F. nigra trees also show direct effects (bark abra-
sion, branch or stem breakage, stem tilting, and up-
rooting) of flowing water and drifting ice.
Despite the absence of major disturbance signals in

F. nigra radial growth, the stand chronologies show a
general period of favorable growth beginning in the
early 1900s and lasting to the mid-1960s. We speculate
that this widespread period of better growth may be
related to improved water relations caused by changes
in the regional climate and the lake hydrological re-
gime. Both earlier spring floods (longer growing sea-
son) and improved climatic conditions during the grow-
ing season may be related to this growth trend (Tardif
and Bergeron 1997a). A recent dendrochronological
reconstruction of the ice breakup history of Lake Du-
parquet based on analyses of ice scars further indicates
that ice floods are more frequent and reach higher levels
in the last ;150 yr than in the preceding period (Tardif
and Bergeron 1997b). We speculate that heavier annual
precipitation and the occurrence of earlier spring break-
ups may result in a hydrological regime more condu-
cive to ice damage. Both short- and long- term climatic
fluctuations, by their effect on the hydrological regime,
may influence F. nigra population dynamics.

Stand dynamics and flood-level fluctuations
Increasing flood water levels during Lake Dupar-

quet’s spring ice breakup (Tardif and Bergeron 1997b)
may explain the lower establishment of seedlings ob-
served in those stands most exposed to flooding (main-
ly plots from stands 1 and 5). On these sites, first-year
and older seedlings undergo high levels of mortality
due probably to flooding and, in particular, to damage

caused by moving and standing water. Small seedlings
are easily swept away and buried by flood debris (Si-
gafoos 1964, Yanosky 1982). Other factors like drought
conditions, deep shade, proximity to a conspecific
adult, herbivory, and root competition are also related
to first-year and older seedling survival (Lindsey et al.
1961, McBride and Strahan 1984, Streng et al. 1989,
Stromberg and Patten 1990, Jones et al. 1994). On the
sand bar (stand 1), the ecological conditions created
by flooding may also be the most severe, as indicated
by the low density of seedlings ,5 cm dbh. On this
site, flood-water velocity and direction may play an
additional role in structuring stand dynamics.
On sites exposed to flooding, vegetative reproduction

appears to be the primary manner by which new aerial
stems are produced. Identification of stump sprouts up
to 25 cm dbh further demonstrates the importance of
sprouts in structuring these populations. Compared to
F. nigra seedlings, sprouts have faster height growth
and thus more quickly reach a height that allows them
to tolerate the effects of flooding. Their vigorous
growth can be related to a well-established root system
that make them more drought and flood tolerant than
single-stem seedlings (Lees and West 1988, Sims et al.
1990). On highly disturbed floodplains, Barnes (1985)
observed that sprouting and resprouting contributed
more to species propagation than to the number of suc-
cessful instances of seedlings establishment. On flood-
plains, vegetative reproduction is an important mech-
anism by which tree species maintain themselves (Si-
gafoos 1964, Yanosky 1982, Barnes 1985, Gecy and
Wilson 1990, Bégin and Payette 1991, Langlais and
Bégin 1993).
On sites exposed to flooding the presence of trees

from sexual origin indicates that the ecological con-
ditions needed for their successful establishment are
occasionally met. As with Acer saccharinum (Sigafoos
1964), the successful establishment of F. nigra seed-
lings may depend on both favorable weather and edaph-
ic conditions as well as periods without prolonged or
intensive flooding until they are firmly established. Our
data suggest that these favorable conditions may occur
more frequently on sites less exposed to flooding. A
shorter flood duration on these sites may allow for a
greater number of seedlings to establish successfully.
Seedlings of many flood-tolerant floodplain tree species
were shown to have higher establishment and survival
rates on less frequently flooded sites, i.e., near the high-
water mark (Robertson et al. 1978, Barnes 1985, Streng
et al. 1989, Jones et al. 1994).
Increasing Lake Duparquet flood levels may also be

associated with F. nigra establishment and population
expansion towards higher elevation sites as new con-
ditions favorable for seedling establishment and sur-
vival result. As pointed out by Odgen (1985), skewed
size (or age) distributions may arise from stable pop-
ulations but also from ones migrating into new areas.
In both cases, young trees would be numerous and older
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trees scarce. In stand 4, periods with higher flood levels
may permit F. nigra seeds to germinate and establish
only in the higher portion of the stand. Other specific
factors such as the death of balsam poplar (Populus
balsamifera) may also contribute to black ash estab-
lishment. Field observations also suggest that the high-
er Lake Duparquet shoreline may have been ‘‘recently’’
colonized by black ash trees. When not forming dense
stands, F. nigra are found scattered along the shoreline
in small groups or long strips ranging from one to a
few trees. Since F. nigra bear long, viable, wind- or
water-dispersed seeds (USDA 1948) capable of long
periods of dormancy (;8 yr, Wright and Rauscher
1990), the species may potentially be present in a range
of sites waiting for good conditions before breaking
seed dormancy followed by germination in the second
year.
A temporary or permanent change in flood timing or

duration on Lake Duparquet may also be responsible
for the recruitment pattern observed in stand 3b. The
clear recruitment pulse observed in the 1930s occurred
during a period of increased radial growth. This growth
release, clearly observed in older trees and in other
stands, is not solely related to the addition of younger
trees in this stand chronology. The younger cohorts
were mainly observed on plots closest to the shore (data
not presented). Climatic events leading to both lower
flood levels and drier conditions in some years may
have favored F. nigra expansion toward the organic
portion of this stand. In swamps and sloughs created
behind alluvial levees, conditions leading to low flood-
ing and high evaporation may favor species establish-
ment (Hosner and Minckler 1963, Metlzer and Dam-
man 1985). Another hypothesis is that both better
growth conditions and F. nigra establishment may have
resulted from water withdrawal caused by the erosion
of the alluvial levee by ice pushes. Data from Tardif
and Bergeron (1997b) support the idea that major ice
floods on Lake Duparquet were frequent in the 1930s
and 1940s.

Conclusions
This study shows that at the landscape level the Frax-

inus nigra population of Lake Duparquet is well bal-
anced and that mortality appears to be in equilibrium
with recruitment. This result does not imply, however,
that mortality and recruitment are always constant.
Analyses at three scales also show that F. nigra pop-
ulations are in a dynamic equilibrium with the distur-
bance regime. In our study, major disturbance events
did not strongly affect F. nigra populations. However,
we speculate that annual fluctuations in both duration
and timing of flooding were the main factors control-
ling population dynamics. During successive years of
high flood levels seedling establishment may be limited
on exposed sites, whereas during dry years sexual re-
cruitment may be limited on higher elevation sites (Tar-
dif et al. 1994). In this study, elevation from the lake

(flood duration) was the main ecological factor asso-
ciated with F. nigra regeneration at the 100-m2 scale.
On more elevated plots, a higher density of young seed-
lings was observed, whereas on less elevated ones
sprouts dominated the younger age classes. Stand ge-
omorphological landform, although related to eleva-
tion, was also an important factor in population dy-
namics. Some F. nigra stands relied mainly on vege-
tative reproduction for self maintenance whereas in
others sexual regeneration was more abundant.
On the shore of the Saint Lawrence estuary, Langlais

and Bégin (1993) also described similar dynamics for
red ash (F. pennsylvanica Marsh.) populations. These
authors observed that populations were retreating from
the shore tree line in reaction to increasing disturbances
by ice activities. In the flood area, the populations were
experiencing low sexual recruitment and appeared to
maintain themselves by increasing the number of
sprouts produced. Away from the shoreline population
expansion was due to abundant sexual recruitment.
On Lake Duparquet’s floodplains, the persistence of

F. nigra populations on sites exposed to flooding is
believed to be enhanced by the species ability to re-
produce vegetatively. This was also illustrated by the
smaller difference in the pooled age distribution than
in either the individual sprout or seedling age distri-
butions. Both seed dormancy and the ability to sprout
indicate that black ash is well adapted to recovery from
periodic flooding, and its resilience to change is high
in these stands. While sexual reproduction is appro-
priate for increasing population size over a broad geo-
graphical range, vigourous vegetative reproduction
promotes immediate and local colonization once suc-
cessful emergence has occurred (Harper 1977). It also
makes a species more likely to survive disturbances
(Barnes 1985). According to Holling (1973), unstable
communities are often the most resilient because they
are likely to contain species well adapted to instability.
If flooding conditions become more severe on Lake

Duparquet the resilience of the system may be limited
by the availability of new sites for colonization and by
the long-term viability of sprouts. At present, F. nigra
may benefit from the absence (or elimination) of other
shoreline species. In these habitats, however, individ-
uals are scattered and do not create large populations.
They are also more exposed to direct damage from
floods. The almost complete absence of F. nigra stands
and specimens on the shore of Lake Abitibi, a nearby
lake (15 km north), may reflect the elimination of both
the species and its habitat following an approximate
rise of 1 m in the lake’s water level in 1915 and its
regulation for hydropower production (Lee 1974).
Many studies indicate that bottomland tree species in-
cluding F. pennsylvanica do not survive permanent
flooding (Green 1947, Hall and Smith 1955, Broadfoot
and Williston 1973). We speculate that permanent
flooding of the Lake Abitibi floodplain associated with
flood control, i.e., a large decrease in both flood am-
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plitude and seasonality, may have caused a dramatic
decline in F. nigra populations. On Lake Duparquet,
both the natural and gradual rise in spring flood levels
(Tardif and Bergeron 1997b) have enabled black ash
populations to adapt to their changing environment.
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St. Lawrence estuary, Québec. Estuarine, Coastal and Shelf
Science 37:525–538.

Leak, W. B. 1975. Age distribution in virgin red spruce and
northern hardwoods. Ecology 56:1451–1454.

Lee, T. E. 1974. The Fort Abitibi mystery. Collection Paléo-
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