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Dynamics and morphology of giant circular
patterns of low tree density in black spruce
stands in northern Quebec

Jean-Francois Giroux, Yves Bergeron, and Jean J. Veillette

Abstract: Giant circular patterns of low tree density in black spruB&céa 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 produc
tive 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 sprucePicea mariana mortality, productivity, rings, geomorphology

Résumé: Des formations circulaires géantes caractérisées par une densité arborescente faible ont été étudiées dans des
peuplements d'épinettes noireBigea mariana de I'Abitibi au Québec. Les hypothéses liées a un processus de mortalité
radiale ou a une baisse de productivité dans I'anneau ont été documentées dans sept cercles a l'aide de techniques den-
drochronologiques. L'absence d'un gradient d’age 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 I'anneau a cause de
I'humidité excessive du sol a cet endroit. Des relevés topographiques de la surface du sol, de I'épaisseur de la couche or-
ganique et de l'altitude du substrat minéral ont démontré I'existence d’'une dépression dans le sol minéral sous I'anneau.
Cette dépression, dans un environnement comme celui-ci ou la nappe phréatique est prés de la surface, piege les eaux de
surface et maintient I'hnumidité excessive du sol prévenant ainsi I'établissement de I'épinette noire. Les anneaux sont donc
statiques et l'origine de la dépression annulaire reléeve de causes géologiques ou géomorphologiques.

Mots clés: épinette noirePicea mariana mortalité, productivité, anneau, géomorphologie.

Introduction (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
Quebec, the Geological Survey of Canada discovered mo black spruce Ricea marian3, they may also occur in bal

than 800 whitish rings, on aerial photographs, in black sprucg,, fir bies balsamaaand tamarackLarix laricina) stands.
forests (Veillette and GIEOUX 19992. While most of these rngstpe rings are generally almost perfectly circular (in this paper,
are located between 49°N and 50°N, a few have been obsenveg yom «circle” designates the combination of the rings them
south of 48°N and some others around S1°N. For exampleo|es and the area inside them, while “ring” designates the
S|m|!ar rings have been observed in the Interior of the GaSpﬁ/hitish, ring-shaped bands alone). The average diameter-of cir
Peninsula by one of us (J.J.V.), near Gaspé, Quebec (S. Fortifjag iy ‘the Abitibi region is 310 mn(= 641) but the width of
personal communication, 1998), and on Anticosti Islandy,q ing rarely exceeds 30 m (Veillette and Smith 1992). The
circles may occur isolated or in clusters, with 2 or more in-con

While mapping surficial geology in the Abitibi region of

Received December 11, 2000. Published on the NRC tact. Their whitish tone on black and white aerial photographs
Research Press Web site on April 3, 2001. is due to the opening in the forest cover (Fig. 1), which allows
J. Giroux and Y. Bergeron! Groupe de recherche en the ground vegetation to be seen from the air, and thus pro
écologie forestiére interuniversitaire, Département des duces a higher albedo within the ring than in the surrounding
Sciences biologiques, Université du Québec a Montréal, P.O.forest cover.

Box 8888, Centre-Ville Station, Montréal, QC H3C 3P8, Several mechanisms have been proposed to explain the
Canada. origin of these rings. Some suggest the rings are caused by

J.J. Veillette. Natural Resources Canada, Earth Sciences  ng contours of nearly circular thermokarst lakes, man-made

gfgv?l; Goe'\clalﬁ%uga(leSgr\é:e;/n:fd;:anada, 601 Booth Street, shapes, the outline of buried kimberlite pipes, periglacial
' ’ ' landforms, circular features caused by gas pockets trapped in

ICorresponding author (e-mail: bergeron.yves@ugam.ca). the sail, clusters of craters from showers of meteorites, and
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Fig. 1. Aerial photograph showing several whitish rings in northwestern Abitibi, Quebec.
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even landing sites of extraterrestrial spacecraft (Mollardstreams relationship. Based on the work of Veillette and
1980; Veillette and Giroux 1999). The hypothesis that hasSmith (1992), Dubois (1994), proposed a mycological origin
received the most attention to date rests on the assumptidaor the rings.
that the rings result from mortality caused by a fungus with Several  organisms including spruce  budworm
a radial growth pattern (Mollard 1980; Veillette and Smith (Choristoneura fumiferana (MacLean 1980), pinewood
1992; Dubois 1993), but no studies have produced supporhematode Bursaphelenchus xylophilugFutai and Suther
ing evidence. land 1989), dwarf mistletoeAfceuthobium pusillun(Baker

If the low density of trees inside the rings is caused byand French 1991), and several species of fungus (Whitney
significant spruce mortality resulting from fungal infection 1995), can cause significant mortality of black spruce. Of
at these locations, mortality should start at a central pointhese organisms, only dwarf mistletoe and fungi propagate
and radiate outward forming the small whitish circles thatradially (Baker and French 1991; Wargo and Shaw 1985).
are visible on aerial photographs. As mortality progressesiowever, if dwarf mistletoe was present in the rings, it
outward, trees should start to regenerate from the center a¥ould have been easily observed since it grows on tree
the circle and also progress outward (Mollard 1980). Treedranches and can be seen with the naked eye. Moreover,
should, therefore, be older at the center of the circle and pradwarf mistletoe is rarely observed in the Abitibi region
gressively younger as one approaches the ring. Because sdlylarie-Victorin 1964). This explains why Mollard (1980)
ments of rings occur along streams, which suggest that thproposed that fungi are the most likely organisms to cause
growth of the rings is arrested by water bodies, Veillette andhe formation of the rings.
Smith (1992) favored a biological origin of the rings but If the rings result from non-biological processes, the ring-
they could find no supporting evidence other than the ringsthaped bands may represent areas where spruce had-experi
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Fig. 2. Location of the seven rings (numbered 1 to 7) sampled during this study.
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enced great difficulty in growing due to some underlying, Sampling procedure

circular geological formations or geochemical processes af Starting from the center of each circle, four radii were laid out,
fecting soil characteristics and tree growth (Veillette andat the ground surface, in the direction of the four cardinal points
Giroux 1999). Contrary to the biological scenario, however,and extended 50 m beyond the outside edge of the ring. Five 10 x
rings formed in association with geological or geo- 10m qu_adrats were established along each radius: one at the center
morphological processes would be static. of the circle (common to all four radii), one halfway between the

biecti f thi d . .__center of the circle and the center of the ring, one inside the circle
One objective of this study was to examine vegetationy 19 m from the inside edge of the ring, one at the center of the

within, and in the vicinity of, seven selected circles usingying, and one 20 m outside the ring. A total of 17 quadrats were

dendrochronological and other techniques to determingnus defined for each circle. To obtain data on the mineral substrate

whether structure and composition of the vegetation wereand ground cover (plants undé m high), sampling points were

static or changing radially. A lack of evidence for radial spaced at 10-m intervals along each of the four radius. For determi-

changes in vegetation led to further investigations intonation of water and carbonate content and grain-size only one ra-

abiotic causes of ring formation. Consequently, we tested théius per ring was sampled.

hypothesis that differences in surficial deposits or drainage

conditions were responsible for the lower productivity andVegetation

the lower density of black spruce within the rings. In each 10 x 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

Methods from the ground) of the three living trees with aldb 5 cmthat

were located closest to the center of each quadrat. From these data,

tree basal area was calculated for each species in each quadrat, for

Study area . . ) both living and dead trees. Relative mortality was calculated by

Figure 2 shows the location of the seven rings studied. Blackyiyiding the basal area of dead trees by the total basal area (basal

spruce stands in these areas are relatively unproductive and haygea of living trees + basal area of dead trees). Percent cover of each

little commercial value. The mineral substrate underlying the cir ya5cular and non-vascular understory plant species, with a maximum

cles consists of pebbly clay resulting from the reworking of glacialpejght of less than 1 meter, was estimatadai 1 x 1 mquadrat

La}ke Ojibway clays by late glacial surges (Veillette 1989). The|gcated at 10-m intervals along each of the four radii.
mineral substrate is generally covered with a layer of well-

decomposed organic matter (10-30 cm thick) that is topped b

mosses and peat accumulated to depths exceeding 30 cm in mahyoductivity o
places. The number of years taken to reach a certain height and the total

basal area in the 10 x 10 m quadrats were used as indicators of

productivity. The two largest living spruce trees in each 10 x 10 m
Rings selected for detailed analysis quadrat were cut down. After the height of each tree was-mea

Seven rings were sampled over the summers of 1996 and 1998ured, three cross-sections were taken: at the base, at a height of

Rings were selected close to roads to facilitate access. Two-differl.3 m, and at a height of 2.3 m. The basal section was used-to de
ent areas were chosen to provide a representative sample of the termine the tree’s final age, and the two other sections were used to
gion. Five rings were sampled east of the Turgeon River, close taetermine how many years the tree continued to grow after it
the Casa Bérardi mine, and two others west of the Harricana Rivereached these heights. By subtraction, we calculated the number of
near the Selbaie mine road (Fig. 2). Ring diameter ranged fronyears the tree took to reach a height of 1.3 m, and the number of
125 to 200 m. years to grow from this height to 2.3 m.

© 2001 NRC Canada
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Table 1. Variables assessed and results of simple and multiple regression analyses.

y X %o Xg equation R?

{In [basal area of dead spruce Distance from ring (m) — — y = 0.0386x, + 40.8110 0.0056 0.4311
()} ?

Sand (%) Distance from ring (m) — — y = —0.1609x; + 35.3142 0.0543 0.2421

Silt (%) Distance from ring (m) — — y = 0.1431x4 + 60.2071 0.0591 0.2218

Clay (%) Distance from ring (m) — — y = 0.0178x; + 4.4807 0.0198 0.4841

Carbonate (%) Distance from ring (m) — — y = 0.0186x; + 4.3128 0.0052 0.7009

In [basal area of living trees (czr)j In (distance from ring — — y = 0.3127x; + 6.3817 0.2484 <0.0001
(circles 4, 5, 6, and 7) (m))

In [basal area of living trees (c?r)] In (distance from ring — — y = 0.2324x; + 6.1983 0.1182 0.0135
(circles 1, 2, and 3) (m))

In [time needed to grow from the Relative elevation of — — y = 0.0201x; + 3.5829 0.0025 0.5014
base to a height of 1.3 m (years)]  mineral substrate (m)
(circles 1, 2, 3, 4, and 5)

In [time needed to grow from the Relative elevation of — — y = -0.1224x, + 4.1661 0.0799 0.1171
base to a height of 1.3 m (years)]  mineral substrate (m)
(circle 6)

In [time needed to grow from the Relative elevation of — — y = 0.0252x, +3.2143 0.0077 0.6573
base to a height of 1.3 m (years)]  mineral substrate (m)
(circle 7)

In [spruce height (m)] (circles 1, 3, In [age (years)] In [ relative elevation of mineral — y = 0.1907x; + 0.089 % + 1.0616 0.3344 <0.0001
and 6) substrate (m) + 0.1]

In [spruce height (m)] (circles 2, 4, In [age (years)] In [ relative elevation of mineral In [distance from y = 1.1068x; + 4.0368x, + 1.4263 — 3.4648 0.4393 <0.0001
and 5) substrate (m) + 0.1] ring (m)]

In [spruce height(m)] (circle 7) In [age (years)] — — y =7.69%x; —35.81 0.8776 <0.0001

‘|e 18 XnoJiD)
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Fig. 3. Age variation of black spruce expressed as a function of Fig. 4. Relative mortality of black spruce expressed as a function

the distance from the ring. of the distance from the ring.
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Various data transformations (shown in Table 1 and in the for-
mulas 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.
. : A : h "However, to provide a clearer picture of the relationships, raw data
mined using a theodolite. An elevatiofi @ m wasassigned to the \yere piotted on our graphs. All of the statistical analyses were per-

lowest point in each circle. At each 10-m interval, we also e tormed using SAS 6.12 software (SAS Institute Inc. 1992)
corded the thickness of the organic layer overlying the mineral ' ' '

substrate, which was measured from samples taken with a soil au-

ger. The relative elevation of the mineral substrate was then deteResults

mined by subtracting the thickness of the organic layer from the )

elevation of the soil surface. A sample of approximately 250 mLAge and mortality

was taken from the surface of the mineral substrate to determine Neither the age nor basal area of dead black spruce varied

grain-size and water and carbonate contents. In the laboratorgignificantly with distance from the ring (Fig. 3; Table 1).

carbonate content was measured using the Chittik apparatudowever, relative mortality of black spruce increased signifi

(Dreimanis 1962) and grain-size was determined with a Galai 201@antly with decreasing distance from the ring (Fig. 4). This

densimetric apparatus. indicates that a higher proportion of the total basal area of
spruce is comprised of dead trees in 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 dete

Statistical analyses
For each studied variable, we first used a covariance analysis tproductivity

test if there were relationships between the variables and distance \;5riation in the substrate characteristics associated with

from the rings or relative elevation of the mineral substrate alrnonghe rings may affect productivity. Elevation of the mineral

the seven circles. Circles with similar relationships were groupe L . : .
substrate rose significantly with distance outward and in

together for the rest of the analyses. . . Lo . .
Simple regression analyses were performed to determing"ard from the ring (Fig. &), that is, it is lower in the ring.

whether tree age or mortality varied as a function of distance froml hickness of the organic layer and the water content of the
the ring. Because productivity may be related to distance from thénineral layer increased towards the ring (Figb.&nhd ).

ring, or to the relative elevation of the mineral substrate, multipleGrain-size and carbonate content analyses, however, did not
regressions including these two variables were also performed fareveal any significant variation with distance from the ring
the basal area of the living trees, time needed to grow from on¢Table 1). As distance to the rings and mineral substrate ele
point to another, tree height, and the percent cover of the mosjation may have independent effects on productivity, both
abundant species. Since the height and age of spruce are closely {gere incorporated into the regression model for the analysis
lated, age was used as a covariable in the analysis of height. Whegg o qyctivity-related variables, thus giving rise to multiple

a multiple regression showed that only one variable had a signifi regressions.

cant influence, or when it showed significant multi-collinearity Di f he Ti h v sianifi iabl
among independent variables, the non-significant variables were Istance from the ring was the only significant variable

removed from the model and a simple regression was performedincluded in the regression model explaining variation in the
A simple regression was performed for each variable associateBasal area of living trees (Table 1). The increase in basal

with the substrate as a function of distance from the ring to deterarea with distance from the ring confirms what can be seen

mine if these variables showed any patterns in the ring. 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). Relative over a horizontal distance of approximately 40 m, from
elevation of mineral substrateh)(thickness of organic layer, and inside the circle toward the ring (slope = 7.5%), and by over
(c) water content of mineral substrate, expressed as a function ofi m from outside the circle toward the ring (slope = 8%)

the distance from the ring. over a distance of 50 m. Along the west radius of circle

- seven (Fig. B), the depression in the mineral substrate was

a) y=1.1742x + R*=0.0328 I d b ” . h h
1796011 p = 0.0002 ess pronounced but still apparent; as one approaches the

500 ring from either inside or outside the circle, elevation of the
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R ST PRL 2 0{ R '§ . mineral substrate decreased by morentlam over a hori

. zontal distance of approximately 20 m (slope = 5%). How
ever, when a radius cuts across the ring in an area where tree
density was high (more specifically, where the basal area of

100 ,;.g.;. 3 o880t .‘;‘.‘ $ e, 0, " live black spruce in the quadrat located within the ring was
I ST 20X i, SIS IR I greater than the average basal area for all of the quadrats in
0 10 20 30 40 50 60 70 80 the circle), the surface of the mineral substrate did not rise
. away from the ring; on the contrary, it is higher within the
E B circles3,4and 6 R'=0.0187; p=0.1046 ring than at the center of the circle. The absence of a depres
5 ;2 " circles 1,2and 5 R=0.1356: p < 0.0001 sion beneath some segments of rings (what has been- previ
P 21;)1 " g L@ circles? R=0.142%;p = 0.0162 ously explained as gaps in ring development) explains why
55T B _L i T -” - ) = "  elevation rather than distance from the rings is closely re
s (1)2:‘-!*-,:"-&4-'7:!— At "rb" .,ﬂ_.p_.,,_ lated to productivity variables.
;‘f 0.0 =0 ‘BIOD 3. .8 8 °o " -y ? '
= 0 10 20 30 40 50 60 70 80 Discussion
D) Ring evolution
70 JGaometsenl 1z, 1 K = 0.1670 Our results confirm th{:\t the yvhitish zones (the ring) ob-
p<0.0001 served 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
. 3 s s zones of previously normal tree cover that were decimated
: y by a pathogenic organism causing significant tree mortality.
‘ ' ' ' ' ' ' ' According to the scenario of radial expansion of mortality,
0 10 0 0 4 50 © I~ productivity should be relatively uniform throughout the
Distance from ring (m) 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
within and in the immediate vicinity of the ring compared rings studied show no evidence of massive mortality caused
with beyond the ring or at the center of the circle. by a pathogen.

Tree height growth to 1.3 m did not show significant rela  The relatively uniform age of spruce across the diameters
tionships with distance or elevation (Table 1). However, theof the rings provides further evidence that radial changes in
time needed to grow from 1.3 m to 2.3 m was significantly vegetation structure or composition have no biologica} ori
shorter as we move from lower to higher elevation for fourgin. Rings may expand at a slow rate but the chance that this
of the seven circles (Fig. 6). can be detected by examining tree ages is extremely remote

Because total tree height is a function of age, this variablgiven the known rates of growth for various fungi that cause
was included a priori into the multiple regression modelstree mortality. For example, the radial expansion of the spe
(Table 1). In all circles but one, elevation was the main ex ciesFomes annosum pine forests ranges from 0.4 to 1.4 m
planatory factor of total tree height. Distance from the ringsper year (Rishbeth 1951; Miller and Kelman 1966; Sinclair
was only included in the regression models for one group ofl964 in Slaughter and Parmeter 1995; Hodges 1974 in
circles (Table 1). This suggests that trees of equivalent ag8laughter and Parmeter 1995). Also in pine foresistero
will be shorter when the elevation of the mineral substrate i$asidion annosunimas achieved rates of radial expansion in

‘Water content (%)

low and when they are close to the ring. its distribution from 0.217 to 0.67 m per year (Goheen and
Goheen 1989 in Slaughter and Parmeter 1995; Monroy and
Topography of the circles Parmeter 1989 in Slaughter and Parmeter 1995; Slaughter

To clearly depict the topography of the circles and relate itand Parmeter 1995Armillaria spp. have exhibited radial

to the basal area of the spruce within the ring, profiles of thegrowth of 0.2 to 1.3 m per year in various types of forests
mineral substrate were produced for selected contrasteRishbeth 1968; Kable 1974; Shaw and Roth 1976; Smith et
circles and radii. For radii where the basal area of live blackal. 1992). A ring expanding at the slowest of these observed
spruce in a quadrat was less than 25% of the average bagsaltes (0.2 m per year) would cover a distance of 50 m over
area for all of the quadrats in the circle, the elevation of thethe average lifetime of a spruce (about 250 years according
mineral substrate was higher on either side of the ringto the present study). This means that the average age of the
Along the south radius of circle five (Fig.ay for example, trees would be very low within the ring but increase from
the surface of the mineral substrate dropped by about 3 rthe 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 Fig. 7. Elevation profiles along three radiia) south radius of
to 2.3 m in height, expressed as a function of the relative eleva circle No. 5; f) west radius of circle No. 7;cf south radius of
tion of the mineral substrate. circle No. 6.
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and then stabilize. Since this distance is much greater than
the distance between the quadrats sampled, an increase in . B surface of soil
tree age with distance from the ring would certainly have . ring
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 sunlight, temperature, precipitation, and soil nutrients and
cut line (Veillette and Smith 1992). Consequently, the hy moisture (Lamhamedi and Bernier 1994). However, since
pothesis of ongoing mortality due to fungal attack is- un light is not a limiting factor within the ring and climate is
likely. the same over the whole circle, soil-related factors are more
Veillette and Smith (1992) have also suggested that thdéikely to explain the decrease in productivity. Numerous
rings may have grown somewhat in the past but are nowstudies have shown that in poorly drained environments, like
static. Pathogenic fungi are, in fact, known to go through ahose in our study area, the soil factor having the strongest
growth phase followed by a stabilization phase (Nandris etnfluence on black spruce productivity is the quality of
al. 1988; Slaughter and Parmeter 1995). However, this lattedrainage (Lieffers and Rothwell 1987; Dang and Lieffers
phase is caused by reduced activity of the fungus. If thel989; Lieffers and Macdonald 1990; Macdonald and
rings were occupied by a fungus in its stabilization phasel.ieffers 1990; Mugasha et al. 1993; Wang and Macdonald
then a certain rise in productivity should be observed in thel993). These studies have shown that poor drainage reduces
ring because, even if the fungi do not degenerate during thiautrient absorption, photosynthesis, and hence productivity
phase, they lose their capacity to kill trees (Nandris et alof black spruce. Consequently, the relationship we observed
1988). However, our results indicate no such recovery irbetween tree productivity and the elevation of the mineral
productivity, which should be demonstrated by a substantiatubstrate could be explained as follows: where the water

—4@— surface of mineral substrate

presence of young trees within the ring. table is very close to or at the surface, which is the case for
most rings we sampled, the elevation of the mineral-sub
Productivity strate is low and the soil is saturated (Freeze and Cherry

An alternate hypothesis explaining the presence of rings i4979). Thus, excessive soil moisture associated with lew el
that low productivity of black spruce in the rings producesevations of the mineral substrate is the dominant factor that
more open stands. Observed decreases in total basal area amigrferes with the growth of the spruce within the rings.
height growth, together with higher relative mortality in the The distribution of other plant species (Giroux 1999) also
rings, support this hypothesis. The productivity of blackreflects the greater soil moisture within the rindsarix
spruce depends on many environmental factors, includingaricina, Alnus rugosa, Smilacina trifoliaChamaedaphne
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calyculata, and Kalmia polifolia are more abundant in the nisms driven from below the surface rather than -geo
rings and are characteristic plants of wet and boggy areasorphological agents acting at the ground surface. This hy
(Montague and Givnish 1996; Conlin and Lieffers 1993;pothesis has formed the basis of recent research, undertaken
Nielsen 1999). In contrast, species that grow better on welljointly by the Geological Survey of Canada and the Ontario
drained soils become less abundant closer to the rings arf@eological Survey, showing that the circular depressions be
where the relative elevation of the mineral substrate deneath rings are the result of carbonate depletion within the
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