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Dynamics and morphology of giant circular
patterns of low tree density in black spruce
stands in northern Quebec
Jean-François Giroux, Yves Bergeron, and Jean J. Veillette

Abstract: Giant circular patterns of low tree density in black spruce (Picea mariana) stands were investigated in the
Abitibi region of Quebec. We used dendrochronological techniques to test the hypotheses that ring patterns of low tree
density are caused either by radial changes in spruce mortality or productivity. Seven circles were sampled. We found
no gradient in the age of spruce along circle radii suggesting that rings of low tree density do not expand radially, that
is, they are not spatially dynamic entities. The results indicate, however, that spruce trees were less dense and productive within the rings due to excessive moisture in the soil. Measurements of surface elevation, thickness of the organic
layer and elevation of the mineral substrate across the circles revealed that a depression in the mineral soil beneath the
rings traps the surface water and this area of poor drainage seems to prevent the establishment of black spruce within
the rings. The origin of the ring-shaped depressions was attributed to geological or geomorphological causes.
Key words: black spruce, Picea mariana, mortality, productivity, rings, geomorphology.
Résumé : Des formations circulaires géantes caractérisées par une densité arborescente faible ont été étudiées dans des
peuplements d’épinettes noires (Picea mariana) de l’Abitibi au Québec. Les hypothèses liées à un processus de mortalité
radiale ou à une baisse de productivité dans l’anneau ont été documentées dans sept cercles à l’aide de techniques dendrochronologiques. L’absence d’un gradient d’âge des épinettes ne supporte pas une expansion radiale des anneaux. Par
contre, les résultats indiquent que la productivité et la densité des épinettes sont plus faibles dans l’anneau à cause de
l’humidité excessive du sol à cet endroit. Des relevés topographiques de la surface du sol, de l’épaisseur de la couche organique et de l’altitude du substrat minéral ont démontré l’existence d’une dépression dans le sol minéral sous l’anneau.
Cette dépression, dans un environnement comme celui-ci où la nappe phréatique est près de la surface, piège les eaux de
surface et maintient l’humidité excessive du sol prévenant ainsi l’établissement de l’épinette noire. Les anneaux sont donc
statiques et l’origine de la dépression annulaire relève de causes géologiques ou géomorphologiques.
Mots clés : épinette noire, Picea mariana, mortalité, productivité, anneau, géomorphologie.
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Introduction
While mapping surficial geology in the Abitibi region of
Quebec, the Geological Survey of Canada discovered more
than 800 whitish rings, on aerial photographs, in black spruce
forests (Veillette and Giroux 1999). While most of these rings
are located between 49°N and 50°N, a few have been observed
south of 48°N and some others around 51°N. For example,
similar rings have been observed in the interior of the Gaspé
Peninsula by one of us (J.J.V.), near Gaspé, Quebec (S. Fortin,
personal communication, 1998), and on Anticosti Island
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(Dubois 1993). More than 2000 rings have been mapped in the
boreal forests of northern Ontario by Veillette and Giroux
(1999). While the rings are found almost exclusively in stands
of black spruce (Picea mariana), they may also occur in balsam fir (Abies balsamea) and tamarack (Larix laricina) stands.
The rings are generally almost perfectly circular (in this paper,
the term “circle” designates the combination of the rings themselves and the area inside them, while “ring” designates the
whitish, ring-shaped bands alone). The average diameter of circles in the Abitibi region is 310 m (n = 641) but the width of
the ring rarely exceeds 30 m (Veillette and Smith 1992). The
circles may occur isolated or in clusters, with 2 or more in contact. Their whitish tone on black and white aerial photographs
is due to the opening in the forest cover (Fig. 1), which allows
the ground vegetation to be seen from the air, and thus produces a higher albedo within the ring than in the surrounding
forest cover.
Several mechanisms have been proposed to explain the
origin of these rings. Some suggest the rings are caused by
the contours of nearly circular thermokarst lakes, man-made
shapes, the outline of buried kimberlite pipes, periglacial
landforms, circular features caused by gas pockets trapped in
the soil, clusters of craters from showers of meteorites, and
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Fig. 1. Aerial photograph showing several whitish rings in northwestern Abitibi, Quebec.

even landing sites of extraterrestrial spacecraft (Mollard
1980; Veillette and Giroux 1999). The hypothesis that has
received the most attention to date rests on the assumption
that the rings result from mortality caused by a fungus with
a radial growth pattern (Mollard 1980; Veillette and Smith
1992; Dubois 1993), but no studies have produced supporting evidence.
If the low density of trees inside the rings is caused by
significant spruce mortality resulting from fungal infection
at these locations, mortality should start at a central point
and radiate outward forming the small whitish circles that
are visible on aerial photographs. As mortality progresses
outward, trees should start to regenerate from the center of
the circle and also progress outward (Mollard 1980). Trees
should, therefore, be older at the center of the circle and progressively younger as one approaches the ring. Because segments of rings occur along streams, which suggest that the
growth of the rings is arrested by water bodies, Veillette and
Smith (1992) favored a biological origin of the rings but
they could find no supporting evidence other than the rings/

streams relationship. Based on the work of Veillette and
Smith (1992), Dubois (1994), proposed a mycological origin
for the rings.
Several
organisms
including
spruce
budworm
(Choristoneura fumiferana) (MacLean 1980), pinewood
nematode (Bursaphelenchus xylophilus) (Futai and Sutherland 1989), dwarf mistletoe (Arceuthobium pusillum) (Baker
and French 1991), and several species of fungus (Whitney
1995), can cause significant mortality of black spruce. Of
these organisms, only dwarf mistletoe and fungi propagate
radially (Baker and French 1991; Wargo and Shaw 1985).
However, if dwarf mistletoe was present in the rings, it
would have been easily observed since it grows on tree
branches and can be seen with the naked eye. Moreover,
dwarf mistletoe is rarely observed in the Abitibi region
(Marie-Victorin 1964). This explains why Mollard (1980)
proposed that fungi are the most likely organisms to cause
the formation of the rings.
If the rings result from non-biological processes, the ringshaped bands may represent areas where spruce had experi© 2001 NRC Canada

J:\cjb\cjb79\cjb-04\B01-022.vp
Wednesday, March 28, 2001 3:53:27 PM

Color profile: Generic - CMYK US Negative Proofing
Composite Default screen

422

Can. J. Bot. Vol. 79, 2001

Fig. 2. Location of the seven rings (numbered 1 to 7) sampled during this study.

enced great difficulty in growing due to some underlying,
circular geological formations or geochemical processes affecting soil characteristics and tree growth (Veillette and
Giroux 1999). Contrary to the biological scenario, however,
rings formed in association with geological or geomorphological processes would be static.
One objective of this study was to examine vegetation
within, and in the vicinity of, seven selected circles using
dendrochronological and other techniques to determine
whether structure and composition of the vegetation were
static or changing radially. A lack of evidence for radial
changes in vegetation led to further investigations into
abiotic causes of ring formation. Consequently, we tested the
hypothesis that differences in surficial deposits or drainage
conditions were responsible for the lower productivity and
the lower density of black spruce within the rings.

Methods
Study area
Figure 2 shows the location of the seven rings studied. Black
spruce stands in these areas are relatively unproductive and have
little commercial value. The mineral substrate underlying the circles consists of pebbly clay resulting from the reworking of glacial
Lake Ojibway clays by late glacial surges (Veillette 1989). The
mineral substrate is generally covered with a layer of welldecomposed organic matter (10–30 cm thick) that is topped by
mosses and peat accumulated to depths exceeding 30 cm in many
places.

Rings selected for detailed analysis
Seven rings were sampled over the summers of 1996 and 1997.
Rings were selected close to roads to facilitate access. Two different areas were chosen to provide a representative sample of the region. Five rings were sampled east of the Turgeon River, close to
the Casa Bérardi mine, and two others west of the Harricana River,
near the Selbaie mine road (Fig. 2). Ring diameter ranged from
125 to 200 m.

Sampling procedure
Starting from the center of each circle, four radii were laid out,
at the ground surface, in the direction of the four cardinal points
and extended 50 m beyond the outside edge of the ring. Five 10 ×
10 m quadrats were established along each radius: one at the center
of the circle (common to all four radii), one halfway between the
center of the circle and the center of the ring, one inside the circle
at 10 m from the inside edge of the ring, one at the center of the
ring, and one 20 m outside the ring. A total of 17 quadrats were
thus defined for each circle. To obtain data on the mineral substrate
and ground cover (plants under 1 m high), sampling points were
spaced at 10-m intervals along each of the four radius. For determination of water and carbonate content and grain-size only one radius per ring was sampled.

Vegetation
In each 10 × 10 m quadrat, the breast height diameter (dbh) of all
living and dead trees over one meter in height was measured and the
trees were assigned to diameter classes (<1 cm, 1–5 cm, 5–10 cm,
10–15 cm, and so on). Core samples were taken at the base (15 cm
from the ground) of the three living trees with a dbh > 5 cm that
were located closest to the center of each quadrat. From these data,
tree basal area was calculated for each species in each quadrat, for
both living and dead trees. Relative mortality was calculated by
dividing the basal area of dead trees by the total basal area (basal
area of living trees + basal area of dead trees). Percent cover of each
vascular and non-vascular understory plant species, with a maximum
height of less than 1 meter, was estimated in a 1 × 1 m quadrat
located at 10-m intervals along each of the four radii.

Productivity
The number of years taken to reach a certain height and the total
basal area in the 10 × 10 m quadrats were used as indicators of
productivity. The two largest living spruce trees in each 10 × 10 m
quadrat were cut down. After the height of each tree was measured, three cross-sections were taken: at the base, at a height of
1.3 m, and at a height of 2.3 m. The basal section was used to determine the tree’s final age, and the two other sections were used to
determine how many years the tree continued to grow after it
reached these heights. By subtraction, we calculated the number of
years the tree took to reach a height of 1.3 m, and the number of
years to grow from this height to 2.3 m.
© 2001 NRC Canada
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Silt (%)
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Carbonate (%)
ln [basal area of living trees (cm2)]
(circles 4, 5, 6, and 7)
ln [basal area of living trees (cm2)]
(circles 1, 2, and 3)
ln [time needed to grow from the
base to a height of 1.3 m (years)]
(circles 1, 2, 3, 4, and 5)
ln [time needed to grow from the
base to a height of 1.3 m (years)]
(circle 6)
ln [time needed to grow from the
base to a height of 1.3 m (years)]
(circle 7)
ln [spruce height (m)] (circles 1, 3,
and 6)
ln [spruce height (m)] (circles 2, 4,
and 5)
ln [spruce height(m)] (circle 7)

Distance from ring (m)

—

—

y = 0.0386 x1 + 40.8110
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0.4311
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mineral substrate (m)
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—
—
—
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—
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—
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0.0198
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—

—
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0.0135

—
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0.0025
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—
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y = –0.1224 x1 + 4.1661
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Relative elevation of
mineral substrate (m)

—
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y = 0.0252 x1 +3.2143

0.0077
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ln [ relative elevation of mineral
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ln [ relative elevation of mineral
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—
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—
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<0.0001
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=
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Fig. 3. Age variation of black spruce expressed as a function of
the distance from the ring.

Topography within the circles and analysis of mineral
substrate
At 10-m intervals along each circle radius, the elevation of the
mineral substrate, relative to the center of the circle, was determined using a theodolite. An elevation of 0 m was assigned to the
lowest point in each circle. At each 10-m interval, we also recorded the thickness of the organic layer overlying the mineral
substrate, which was measured from samples taken with a soil auger. The relative elevation of the mineral substrate was then determined by subtracting the thickness of the organic layer from the
elevation of the soil surface. A sample of approximately 250 mL
was taken from the surface of the mineral substrate to determine
grain-size and water and carbonate contents. In the laboratory,
carbonate content was measured using the Chittik apparatus
(Dreimanis 1962) and grain-size was determined with a Galai 2010
densimetric apparatus.

Can. J. Bot. Vol. 79, 2001
Fig. 4. Relative mortality of black spruce expressed as a function
of the distance from the ring.

Various data transformations (shown in Table 1 and in the formulas for the regression curves) were performed before applying
the regression analyses. For the regression between elevation of the
mineral substrate and the distance from the ring, elevation data
were ranked because the residuals were not normally distributed.
However, to provide a clearer picture of the relationships, raw data
were plotted on our graphs. All of the statistical analyses were performed using SAS 6.12 software (SAS Institute Inc. 1992).

Results
Age and mortality
Neither the age nor basal area of dead black spruce varied
significantly with distance from the ring (Fig. 3; Table 1).
However, relative mortality of black spruce increased significantly with decreasing distance from the ring (Fig. 4). This
indicates that a higher proportion of the total basal area of
spruce is comprised of dead trees in the ring.

Statistical analyses
For each studied variable, we first used a covariance analysis to
test if there were relationships between the variables and distance
from the rings or relative elevation of the mineral substrate among
the seven circles. Circles with similar relationships were grouped
together for the rest of the analyses.
Simple regression analyses were performed to determine
whether tree age or mortality varied as a function of distance from
the ring. Because productivity may be related to distance from the
ring, or to the relative elevation of the mineral substrate, multiple
regressions including these two variables were also performed for
the basal area of the living trees, time needed to grow from one
point to another, tree height, and the percent cover of the most
abundant species. Since the height and age of spruce are closely related, age was used as a covariable in the analysis of height. Where
a multiple regression showed that only one variable had a significant influence, or when it showed significant multi-collinearity
among independent variables, the non-significant variables were
removed from the model and a simple regression was performed.
A simple regression was performed for each variable associated
with the substrate as a function of distance from the ring to determine if these variables showed any patterns in the ring.

Productivity
Variation in the substrate characteristics associated with
the rings may affect productivity. Elevation of the mineral
substrate rose significantly with distance outward and inward from the ring (Fig. 5a), that is, it is lower in the ring.
Thickness of the organic layer and the water content of the
mineral layer increased towards the ring (Figs. 5b and 5c).
Grain-size and carbonate content analyses, however, did not
reveal any significant variation with distance from the ring
(Table 1). As distance to the rings and mineral substrate elevation may have independent effects on productivity, both
were incorporated into the regression model for the analysis
of productivity-related variables, thus giving rise to multiple
regressions.
Distance from the ring was the only significant variable
included in the regression model explaining variation in the
basal area of living trees (Table 1). The increase in basal
area with distance from the ring confirms what can be seen
in the aerial photographs, that is, the tree cover is more open
© 2001 NRC Canada
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Fig. 5. Variation of three substrate-related variables. (a) Relative
elevation of mineral substrate, (b) thickness of organic layer, and
(c) water content of mineral substrate, expressed as a function of
the distance from the ring.
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over a horizontal distance of approximately 40 m, from
inside the circle toward the ring (slope = 7.5%), and by over
4 m from outside the circle toward the ring (slope = 8%)
over a distance of 50 m. Along the west radius of circle
seven (Fig. 7b), the depression in the mineral substrate was
less pronounced but still apparent; as one approaches the
ring from either inside or outside the circle, elevation of the
mineral substrate decreased by more than 1 m over a horizontal distance of approximately 20 m (slope = 5%). However, when a radius cuts across the ring in an area where tree
density was high (more specifically, where the basal area of
live black spruce in the quadrat located within the ring was
greater than the average basal area for all of the quadrats in
the circle), the surface of the mineral substrate did not rise
away from the ring; on the contrary, it is higher within the
ring than at the center of the circle. The absence of a depression beneath some segments of rings (what has been previously explained as gaps in ring development) explains why
elevation rather than distance from the rings is closely related to productivity variables.

Discussion

within and in the immediate vicinity of the ring compared
with beyond the ring or at the center of the circle.
Tree height growth to 1.3 m did not show significant relationships with distance or elevation (Table 1). However, the
time needed to grow from 1.3 m to 2.3 m was significantly
shorter as we move from lower to higher elevation for four
of the seven circles (Fig. 6).
Because total tree height is a function of age, this variable
was included a priori into the multiple regression models
(Table 1). In all circles but one, elevation was the main explanatory factor of total tree height. Distance from the rings
was only included in the regression models for one group of
circles (Table 1). This suggests that trees of equivalent age
will be shorter when the elevation of the mineral substrate is
low and when they are close to the ring.
Topography of the circles
To clearly depict the topography of the circles and relate it
to the basal area of the spruce within the ring, profiles of the
mineral substrate were produced for selected contrasted
circles and radii. For radii where the basal area of live black
spruce in a quadrat was less than 25% of the average basal
area for all of the quadrats in the circle, the elevation of the
mineral substrate was higher on either side of the ring.
Along the south radius of circle five (Fig. 7a) for example,
the surface of the mineral substrate dropped by about 3 m

Ring evolution
Our results confirm that the whitish zones (the ring) observed on black and white aerial photographs are linked to
high relative mortality of spruce and lower total basal area.
Our working hypothesis was that these rings represented
zones of previously normal tree cover that were decimated
by a pathogenic organism causing significant tree mortality.
According to the scenario of radial expansion of mortality,
productivity should be relatively uniform throughout the
circle with massive mortality within the ring. The basal area
of dead spruce should, therefore, be higher within the ring.
However, total mortality is not higher there and thus, the
rings studied show no evidence of massive mortality caused
by a pathogen.
The relatively uniform age of spruce across the diameters
of the rings provides further evidence that radial changes in
vegetation structure or composition have no biological origin. Rings may expand at a slow rate but the chance that this
can be detected by examining tree ages is extremely remote
given the known rates of growth for various fungi that cause
tree mortality. For example, the radial expansion of the species Fomes annosus in pine forests ranges from 0.4 to 1.4 m
per year (Rishbeth 1951; Miller and Kelman 1966; Sinclair
1964 in Slaughter and Parmeter 1995; Hodges 1974 in
Slaughter and Parmeter 1995). Also in pine forests, Heterobasidion annosum has achieved rates of radial expansion in
its distribution from 0.217 to 0.67 m per year (Goheen and
Goheen 1989 in Slaughter and Parmeter 1995; Monroy and
Parmeter 1989 in Slaughter and Parmeter 1995; Slaughter
and Parmeter 1995). Armillaria spp. have exhibited radial
growth of 0.2 to 1.3 m per year in various types of forests
(Rishbeth 1968; Kable 1974; Shaw and Roth 1976; Smith et
al. 1992). A ring expanding at the slowest of these observed
rates (0.2 m per year) would cover a distance of 50 m over
the average lifetime of a spruce (about 250 years according
to the present study). This means that the average age of the
trees would be very low within the ring but increase from
the ring toward the center of the circle for a distance of 50 m
© 2001 NRC Canada
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Fig. 6. Variations of black spruce time needed to grow from 1.3
to 2.3 m in height, expressed as a function of the relative elevation of the mineral substrate.

and then stabilize. Since this distance is much greater than
the distance between the quadrats sampled, an increase in
tree age with distance from the ring would certainly have
been observed if the rings examined had in fact evolved this
way. These results support earlier observations using a series
of aerial photographs taken 26 years apart which failed to
detect any measurable expansion for two rings tangent to a
cut line (Veillette and Smith 1992). Consequently, the hypothesis of ongoing mortality due to fungal attack is unlikely.
Veillette and Smith (1992) have also suggested that the
rings may have grown somewhat in the past but are now
static. Pathogenic fungi are, in fact, known to go through a
growth phase followed by a stabilization phase (Nandris et
al. 1988; Slaughter and Parmeter 1995). However, this latter
phase is caused by reduced activity of the fungus. If the
rings were occupied by a fungus in its stabilization phase,
then a certain rise in productivity should be observed in the
ring because, even if the fungi do not degenerate during this
phase, they lose their capacity to kill trees (Nandris et al.
1988). However, our results indicate no such recovery in
productivity, which should be demonstrated by a substantial
presence of young trees within the ring.
Productivity
An alternate hypothesis explaining the presence of rings is
that low productivity of black spruce in the rings produces
more open stands. Observed decreases in total basal area and
height growth, together with higher relative mortality in the
rings, support this hypothesis. The productivity of black
spruce depends on many environmental factors, including

Can. J. Bot. Vol. 79, 2001
Fig. 7. Elevation profiles along three radii: (a) south radius of
circle No. 5; (b) west radius of circle No. 7; (c) south radius of
circle No. 6.

sunlight, temperature, precipitation, and soil nutrients and
moisture (Lamhamedi and Bernier 1994). However, since
light is not a limiting factor within the ring and climate is
the same over the whole circle, soil-related factors are more
likely to explain the decrease in productivity. Numerous
studies have shown that in poorly drained environments, like
those in our study area, the soil factor having the strongest
influence on black spruce productivity is the quality of
drainage (Lieffers and Rothwell 1987; Dang and Lieffers
1989; Lieffers and Macdonald 1990; Macdonald and
Lieffers 1990; Mugasha et al. 1993; Wang and Macdonald
1993). These studies have shown that poor drainage reduces
nutrient absorption, photosynthesis, and hence productivity
of black spruce. Consequently, the relationship we observed
between tree productivity and the elevation of the mineral
substrate could be explained as follows: where the water
table is very close to or at the surface, which is the case for
most rings we sampled, the elevation of the mineral substrate is low and the soil is saturated (Freeze and Cherry
1979). Thus, excessive soil moisture associated with low elevations of the mineral substrate is the dominant factor that
interferes with the growth of the spruce within the rings.
The distribution of other plant species (Giroux 1999) also
reflects the greater soil moisture within the rings. Larix
laricina, Alnus rugosa, Smilacina trifolia, Chamaedaphne
© 2001 NRC Canada
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calyculata, and Kalmia polifolia are more abundant in the
rings and are characteristic plants of wet and boggy areas
(Montague and Givnish 1996; Conlin and Lieffers 1993;
Nielsen 1999). In contrast, species that grow better on welldrained soils become less abundant closer to the rings and
where the relative elevation of the mineral substrate decreases. This is the case for Pleurozium schreberi and
Dicranum polysetum, which are characteristic of forested areas and dry bogs (Nicholson and Gignac 1995; Gignac 1992).
Topography of the circles
The elevation profiles of the mineral substrate along certain radii clearly show that the presence of a ring (an area
where there are very few trees) corresponds to depressions
in the mineral substrate. In a poorly drained environment,
with an impervious clay substrate, such as is the case in our
study area, this depression traps water that impairs the
growth of black spruce and explains the presence of the
rings. Water content of the mineral substrate in the rings was
clearly higher than inside and outside the rings. The organic
layer was also thicker because decomposition of organic
material is lower under conditions of high soil moisture
(Moorhead and Reynolds 1993). In contrast, when the area
where a radius intersects a ring covered with trees (or more
precisely the logical extension of the ring since a segment of
ring covered with trees is not a ring per se), it coincides with
the absence of a depression in the mineral substrate. In some
cases the area of intersection corresponds with a rise in elevation of the mineral substrate.
The data collected from all radii were used in the regression of relative elevation of the mineral substrate against distance from the ring. The R2 and the slope of the resulting
equation were low, probably because data from some
transects without depression in the ring were included in the
analysis. These results, and close examination of the aerial
photographs, indicate that many rings are discontinuous.
Some rings show gaps where the black spruce is dense (dark
tone on aerial photographs). These coincide with a higher elevation of the mineral substrate such as shown for the south
portion of ring 6, which is higher than the center of the circle
(Fig. 7).
Conclusion
Our data on the mortality and productivity of black spruce
as well as relationships between the topography of the surface
of the rings and circles and that of the mineral substrate, suggest that the location of the rings coincides with areas of excessive soil moisture that severely limit the productivity of
black spruce. We found no evidence to support the hypothesis
that the rings are the result of fungal activity. The excessive
soil moisture was caused by ring-shaped depressions that trap
moisture and favor peat development. The origin of the depressions, however, cannot be explained by any known geomorphological process, and they do not correspond to any
known landforms. New data on the distribution of similar
rings in Eastern Canada revealed a strong correlation between
the distribution of rings and the presence of a calcareous substrate (Veillette and Giroux 1999). These data, along with the
results of the present study, led Veillette and Giroux to conclude that the most likely processes explaining the circular
depressions in the mineral substrate were caused by mecha-
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nisms driven from below the surface rather than geomorphological agents acting at the ground surface. This hypothesis has formed the basis of recent research, undertaken
jointly by the Geological Survey of Canada and the Ontario
Geological Survey, showing that the circular depressions beneath rings are the result of carbonate depletion within the
rings (Hamilton et al. 1999). Electrochemical processes taking
place at depth in the unconsolidated deposits seem to explain
ring formation according to a geophysical/geochemical model
developed by Hamilton (1998). The Ontario Geological Survey, in cooperation with mineral exploration companies, is
continuing research on the formation of the rings and their
potential link with mineralized sources.
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