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DISTRIBUTION AND ANATOMICAL CHARACTERISTICS OF
WHITE RINGS IN POPULUS TREMULOIDES
Alanna Sutton1,2,* & Jacques Tardif 1
SUMMARY

ʻWhite ringsʼ have been reported to occur within trembling aspen (Populus tremuloides Michx.) during years of intense early defoliation by the
forest tent caterpillar (Malacosoma disstria Hbn.). This study was undertaken to 1) assess the distribution of white rings within trembling aspen
stems and 2) to quantify the anatomical differences between white rings
and the ʻnormalʼ rings formed in the previous year. Both stem analysis
and image analysis were used. Several cross sections from six trees were
dated and the presence of white rings on each disc was recorded. The
development of white rings from the base up to about 70% of stem height
was found to be uniform. Results from the comparison of eleven white
and normal rings indicated that white rings were narrower and less dense
than normal rings. The anatomical variable with the most discriminating
power was average fiber wall thickness. White rings have smaller fiber
diameter with little secondary cell wall thickening resulting in a higher
proportion of fiber lumen. Possible mechanisms involved in the formation
of white rings are discussed. It is speculated that defoliation affects the
growth hormone complex inducing earlier cessation of xylem growth and
reallocation of reserves to the production of new foliage. The occurrence
of white rings in many diffuse-porous species stresses the potential for
identification of periods of intense defoliation episodes. Increased interest
in the dendroecology of diffuse-porous species may confirm their widespread occurrence.
Key words: Trembling aspen, forest tent caterpillar, defoliation, white
rings, fiber wall, diffuse-porous, hardwood anatomy.
INTRODUCTION

Forest pests are able to interfere with physiological processes involved in tree growth
(Kozlowski 1969). They can alter cell development by regulating hormone activity,
resource availability, water relations or by modifying a metabolic pathway (Roberts
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d) White ring formed
in a paper birch sample
at ×40 magnification.
Scale = 0.5 mm.

c) White ring formed in
a balsam poplar sample
at ×40 magnification.
Scale = 0.5 mm.

b) Entire trembling
aspen white (left) and
normal ring (right) at
×100 magnification.
Scale = 0.1 mm.

a) Trembling aspen
white ring earlywood
(left)/normal ring latewood (right) boundary
at ×400 magnification.
Scale = 0.05 mm.

Fig. 1. White rings in
three tree species from
the Duck Mountain provincial forest, Manitoba.
Growth is towards the
left side of each image.
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1983). Physiological interruptions caused by severe defoliation have been known to
cause reduction in radial growth (e.g.; Rose 1958; Leininger & Solomon 1994; Naidoo
& Lechowicz 2001), height growth (Hainze & Benjamin 1984), volume growth (e.g.;
Piene et al. 2001) and aerial tree biomass growth (e.g.; Tailleux & Cloutier 1993).
Although defoliating pests feed on the crown, effects of such an attack can be felt
in other parts of the tree (Kozlowski 1969). Defoliation can cause a reduction in the
quality and quantity of food constituents of the tree (Parker & Houston 1971). Reduced
availability of carbohydrates and decreasing light intensity has been shown to affect
stem xylem density (cell wall thickness) (Richardson & Dinwoodie 1960; Dinwoodie &
Richardson 1961; Richardson 1964). Richardson (1964) also found that defoliation in
the apical zone of sitka spruce (Picea sitchensis (Bong.) Carr.) seedlings almost entirely
interrupted xylem formation. Increased defoliation intensity in the lower part of the
crown reduced tracheid cell wall thickness and lumen diameter over the whole length
of the seedling stem (Richardson 1964). Harper (1913) found that defoliation by the
larch sawfly (Pristiphora erichsonii (Htg.)) affected latewood formation in European
larch (Larix decidua Mill.) and in some cases caused xylem growth to cease especially
at the base of the stem. Pale coloured light rings with poorly developed latewood and
reduced cell wall thickening were also reported in tamarack (Larix laricina (DuRoi)
K. Koch) following defoliation (Liang et al. 1997). Hildahl and Reeks (1960) and
Churchill et al. (1964) found that one year of severe defoliation of trembling aspen by
the forest tent caterpillar depressed radial growth only in the year of defoliation. Jones
et al. (2004) found that trembling aspen that were artificially defoliated ceased radial
growth earlier than non-defoliated trees.
The forest tent caterpillar is an important forest pest in the Canadian boreal forest and
its host, trembling aspen, is the most abundant and widely distributed deciduous species
in Canada (Peterson & Peterson 1992). Recently, white (light coloured) rings have been
observed in trembling aspen (Fig. 1a, b) from Saskatchewan (Hogg & Schwarz 1999)
and Alberta (Cooke 2001; Hogg et al. 2002a). They have also been noted in balsam
poplar (Populus balsamifera L.) (Fig. 1c) (Hogg & Schwarz 1999; Hogg et al. 2002b).
They have been observed in Manitoba and northwestern Quebec in trembling aspen and
in paper birch (Betula papyrifera Marsh.) (Fig. 1d) (F. Conciatori, pers. comm., 2003).
In trembling aspen, the occurrence of white rings has been associated with local written
forest tent caterpillar defoliation records (Hogg & Schwarz 1999). White rings have
also been experimentally induced in trembling aspen by artificial defoliation early in
the growing season (Hogg et al. 2002b). X-ray densitometry results presented by Hogg
et al. (2002b) indicated a lower density in white rings as compared to normal growth
rings and a reduction in ring width to 20% of the previous yearʼs growth. It should be
noted that the term ʻwhite ringʼ was also used by Ritter et al. (1993) when describing
the appearance of gelatinous fibers in the tension wood of balsam poplar; this should,
however, be regarded as a distinct phenomenon.
Although much is known about the physiological impact of defoliation on wood formation in conifer species, relatively little is known about the effects of defoliation on
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wood formation in hardwood species and especially in trembling aspen. The objectives
of this study were 1) to determine the distribution of white rings within the stem of
trembling aspen and 2) to quantify the anatomical differences between the wood formed during normal growth years and during white ring years. Possible physiological
processes related to white ring formation will be reviewed. We hypothesized that along
with ring width, cell wall thickness of fibers in the white rings will be reduced and
that vessel characteristics will remain constant. We also hypothesized that white rings
would appear consistently throughout the tree stem.
MATERIALS AND METHODS

Study area
Study samples were taken from the Porcupine Hills and the Duck Mountain Provincial Forest, which form part of the mountain park system in west-central Manitoba,
Canada (Corkery 1996). The study area is located in the subhumid mid-boreal ecoregion
(Zoladeski et al. 1998) and provides a transition zone between the boreal forest to the
north and the aspen parkland and prairie to the south. Eight tree species dominate the
landscape; trembling aspen, white spruce (Picea glauca (Moench) Voss), balsam poplar,
black spruce (Picea mariana (Mill.) BSP), paper birch, jack pine (Pinus banksiana
Lamb.), balsam fir (Abies balsamea (L.) Mill.) and tamarack (Rowe 1956). The landscape includes many small lakes and streams as well as black spruce and tamarack dominated wetlands.
Sample collection and preparation
Dominant and co-dominant aspen trees were felled by Louisiana Pacific Inc. during
the winter of 2001-2002. After a preliminary sanding, six trees containing white rings
were chosen for stem analysis. White rings were identified as rings with an obvious
lighter xylem colouring than the surrounding rings. This whitish color may be magnified
by accumulation of wood dust in the pores during sanding because white rings were
difficult, if not impossible, to see in unprocessed samples.
Cross-sectional discs were cut at the base, 0.33 m, 0.67 m, 1.0 m, 1.3 m, 2.6 m and
every 1.3 m, generally to a height of 18.2 or 20.8 m. After drying, the discs were carefully sanded at the 80, 180, 220, 320, 400 and 600 sandpaper grit levels. The age of
each disc was determined along four radii (north, east, south, west) using a binocular
microscope. A modified version of the skeleton plot described in Yamaguchi (1991)
was used to identify pointer years and to reduce potential dating errors. The presence
of white rings on each of the discs and in each of the 4 radii was recorded. In addition,
the height of the stem at the time of white ring formation was estimated by interpolating
between the known disc heights and ages.
From the 19 white ring years identified among the six trees, eleven were chosen for
anatomical analysis. The growth rings formed in the year previous to each white ring
were also selected for analysis. These rings served as controls and were assumed to be
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unaffected by the factors responsible for white ring formation, although total lack of
defoliation effects during formation of these normal rings cannot be guaranteed. Each
white ring was thus paired with the previous year ring for comparison purposes and
each of the eleven ring pairs were analyzed at both breast height (1.3 m) and at 3.9 m
or 11.7 m depending on the height of the tree at the time of white ring formation.
Samples taken at 1.3 m were labelled as low and samples taken higher along the
stem were labelled as high. Both heights were studied to evaluate differences in white
ring anatomy that could be related to an aging cambium or the proximity to the stem
apex. In total, 44 rings (11 ring years from 2 ring types at 2 heights) were selected for
anatomical analysis.
Microtome sectioning
Sectioning and staining were done using techniques modified from Ruzin (1999)
and Chaffey (2002). Small wood blocks, approximately 0.5 cm3 in size, were cut from
the west radius of each disc using a saw and chisel. Each block contained a ring pair
and several surrounding rings. Thin cross sections (15–17 μm) were cut using a rotary
microtome with disposable blades adjusted to an angle of approximately 15 degrees.
An 0.05% astrablue stain was applied to each sample for 1 minute as a cellulose and
hemicellulose stain and counterstain to the 1% safranin stain (Chaffey 2002), which was
applied for 15 minutes. All thin sections were then washed in successive ethanol baths
(50, 95 and 100%) until all trace of excess stain (and water) was gone. Thin sections
were further dehydrated using clearing solvent (Limonene), before being permanently
mounted on microscope slides with cover slips using permount®. The finished slides
were placed on an electric warming plate at approximately 50 °C and were firmly
secured using a small magnet to prevent bubble formation under the cover slip. The
samples were left for several weeks to ensure proper drying of the permount®.
Image analysis
Each sample ring image was captured separately using a Nikon compound microscope equipped with a Polaroid digital camera linked to a computer. Images were captured (.tiff format) in black and white at a 1200 × 1500 resolution, using a green filter for
maximum contrast. The photographic area was maximized by capturing an image area
between two parallel rays located as close as possible to the upper and lower boundary
of the photographic field of the camera (maximum 297 μm height). Photographs were
taken at ×400 magnification and care was taken to avoid capturing areas with broken
or largely distorted cells. A total of 44 captured ring images were analyzed.
The WinCELL Pro 2001a program (Régents instruments Inc., 2001) was used to
measure total fiber lumen area (TFLA), total vessel lumen area (TVLA), average fiber
lumen area (AFLA), average vessel lumen area (AVLA), the number of fibers (NF) and
vessel elements (NV). Vessels in multiples, instead of being considered as one ʻpore
multipleʼ (Panshin & De Zeeuw 1970), were counted individually as separate vessels.
In addition, average fiber wall thickness (AFWT) and average fiber diameter (AFD)
were determined along two radial files. One radial file was randomly selected in both
the upper and lower portion of the image area. When the radial file was not continu-
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ously composed of fibers, due to the presence of numerous vessels or distorted cells,
the next radial file was chosen using a predetermined pattern. Average fiber diameter
(AFD) was determined as the average diameter of the fiberʼs lumen plus the respective
two-sided cell wall. On each image, ten vessels were randomly chosen without replacement for measurement. Average vessel wall thickness (AVWT) and average vessel
diameter (AVD) were calculated similarly to AFWT and AFD. Total ray area (TRA)
was also calculated by summing the area of each ray, determined by multiplying the
length of each ray by the average of three ray-width measurements. Ring width (RW)
was calculated using the average of three ring-width measurements. Image area (IA)
was then calculated by multiplying ring width and the average of three image heights
measured between the upper and lower ray boundaries. This calculation yielded a
rectangular approximation of the image area.
Cell wall area percentage (CW%) was estimated using a formula modified from Park
et al. (1992) as follows:
CW% = [1 - (TFLA + TVLA) / (IA - TRA)] * 100,

which is the inverse of the area of the image through which light may pass. Total ray
area (TRA) was subtracted from the image area because each image did not necessarily have the same number of rays. Cell wall area percentage has been shown to have a
high correlation with wood density (Park et al. 1992). In addition, five variables were
standardized by dividing their values by IA to account for the significant difference in
ring width between the normal and white rings. The following variables were standardized: TFLA*, TVLA*, NF*, NV* and TRA*. It should be noted that these standardized
values were not calculated per square mm of wood tissue but per unit surface area
(mm2) minimizing the importance of the ray tissue (see above). In total, 12 anatomical variables were kept for analysis (AFWT, AFD, TFLA*, AFLA, NF*, AVWT, AVD,
TVLA*, AVLA, NV*, TRA*, CW%) along with 2 ʻringʼ variables (RW, IA).
Statistical analysis
Principal component analysis (PCA) was conducted using CANOCO 4.02 for Windows (Ter Braak & Smilauer 1997). The input matrix included 14 descriptors and 44
objects. PCA was calculated using a correlation matrix so that all descriptors contributed
equally to the separation of the objects in the PCA space, regardless of scale (Legendre
& Legendre 1998). Discriminant analysis, which is a method of linear modeling (Legendre & Legendre 1998), was used to determine the subset of anatomical descriptors
that best discriminate among the four ring type-height combinations. The four groups
were defined as low white ring (LW), high white ring (HW), low normal ring (LN)
and high normal ring (HN). An interactive backward stepwise procedure was used to
eliminate discriminators under an f-to-remove and an f-to-enter value of 4.00. Twoway analysis of variance (ANOVA) was also performed for each of the 14 variables
to determine the effects of ring type (white or normal), height (low or high) and the
interaction term (ring type versus height). Both discriminant analysis and ANOVA were
performed using SYSTAT 9.01 for Windows (SPSS 1998).
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Fig. 2. Mean annual radial increment measured at the base of the six sample trees. Circles represent white ring years, with empty circles indicating the white rings chosen for anatomical analysis.
Note: tree 6 had a rotten center at the base and only the sound portion of the cross section was
measured.

RESULTS

White ring distribution
White rings occurred mainly in single years, with a few instances of multiple white
rings appearing in 2 or 3 successive years (Fig. 2). Tree 3 had successive white ring
formation in 1957 and 1958, while tree number 6 had successive years of white ring
formation from 1938 to 1940. Two or more white rings were found in most sample
trees, with the exception of tree 1 and 2. White ring formation is present both in the
oldest part of the tree (near the pith) and in the youngest portion of the tree (near the
cambium). All trees recorded white ring formation in either 1962, 1963 or 1965. On
average, white ring width reached 30% of the width of the previous yearʼs growth. A
recovery within one or two years was noticeable in most cases. White ring development
varied with stem height in the 6 trees (Fig. 3). White ring development near the base
of the tree was more uniform than near the apex of the tree. The occurrence of white
rings around the circumference became more variable after reaching 70% of total tree
height at the date of individual white ring formation.
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Fig. 3. White ring stem uniformity for the 6 sample trees along four radii, represented as the percentage of total height growth at the time of white ring formation. The number of radii indicates
the number of radii where white rings have developed. The year of white ring formation is also
indicated. Tree height for each of the white rings was individually approximated by interpolating
the value using the known heights of the cross-sectional discs. The tree heights for each ring
are as follows: tree 1: 9.75 m (1963) – tree 2: 11.2 m (1963) – tree 3: 14.37 m (1941), 17.06 m
(1957), 17.25 m (1958) – tree 4: 7.99 m (1941), 11.5 m (1952), 14.69 m (1963), 16.03 m
(1972) – tree 5: 4.88 m (1938), 18.44 m (1962) – tree 6; 6.89 m (1938), 7.02 m (1939), 7.15 m
(1940), 17.06 m (1962). Note: only 15 of the 19 white rings occurring in the sample trees are represented. Sample discs were not high enough in the stem to determine approximate height during
the year of white ring formation for some tree 3 white rings.

PCA
The result from the PCA indicated that the first four principal components represented
respectively 33.8%, 29.6%, 10.1% and 8.5% of the total variance for a cumulative total
of 82.0% (Fig. 4). Only the first two principal components are presented. The PCA
correlation biplot showed that the 22 white rings and the 22 normal rings were clearly
separated, with the former occupying primarily the positive portion of PC-2 (Fig. 4).
Ring width (RW), image area (IA), cell wall percentage (CW%), average fiber wall
thickness (AFWT) and, to some extent, average vessel wall thickness (AVWT) were
positively inter-correlated as indicated by the narrow angle among their vectors. The
projection of the 44 objects along the axis created by these vectors indicates that white
rings have lower values than normal rings for these variables. Although no clear distinction was observed between low and high rings within either ring-type (Fig. 4), a slight
separation is visible with the high samples occupying primarily the positive portion of
the axis created by the total vessel lumen area (TVLA*) and number of vessels (NV*)
vectors. This indicates that ring and anatomical characteristics were similar within each
ring-type regardless of height, with the exception of the tendency for a higher number
of vessels and a larger proportion of vessel lumen area in high samples.
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Fig. 4. Principal component correlation biplot of the 14 descriptors axes, represented by arrows,
along with the 44 rings, represented by symbols. Descriptor variables included are: average fiber
wall thickness (AFWT), average fiber diameter (AFD), total fiber lumen area (TFLA*), average
fiber lumen area (AFLA), number of fibers (NF*), average vessel wall thickness (AVWT), average
vessel diameter (AVD), total vessel lumen area (TVLA*), average vessel lumen area (AVLA),
number of vessels (NV*), total ray area (TRA*), cell wall percentage (CW%), ring width (RW),
sample area (IA). The 44 rings are divided into their 4 groups: high white rings, low white rings,
high normal rings, low normal rings. Equilibrium circle after Legendre & Legendre (1998) shows
that all variables, with the exception of TRA* strongly contributed to the formation of both axes.
The angle between the vector arrows approximates the correlation between them, with an angle
of 0° and 180° representing high positive and negative correlation, respectively, and an angle of
90° representing no correlation (Jongman et al. 1995). In addition, the fitted abundance of each
descriptor can be observed by projecting the 44 objects onto the descriptor axis at a perpendicular angle.

The PCA biplot also indicated that the average vessel diameter (AVD) and the average
vessel lumen area (AVLA) were positively correlated and were both negatively associated with total vessel lumen area (TVLA*) and number of vessels (NV*) (Fig. 4). Images with a large vessel density and proportion of vessel lumen area had proportionally
lower average values for vessel diameter and vessel lumen area. In addition, total fiber
lumen area (TFLA*), average fiber lumen area (AFLA) and average fiber diameter (AFD)
were also negatively correlated with the number of vessels (NV*) and total vessel lumen
area (TVLA*). A larger number of vessels, with proportionally larger lumen area was
associated with smaller fibers and a lower proportion of fiber lumen area.
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Discriminant analysis
The discriminant analysis of the four predetermined groups (LN, HN, LW, HW)
resulted in a highly significant model (F = 10.567, p < 0.0001). The significant discriminating variables, following backward stepwise analysis were AFWT (F-to-remove =
23.84), AVD (F-to-remove = 7.37), NV* (F-to-remove = 6.15) and AFD (F-to-remove
= 4.30). However, jacknife classification of the 44 rings using all four discriminating
variables only led to the correct classification of 64% of the rings (Table 1a). The anatomical variables measured were not able to discriminate between heights within the two
ring types. From Table 1a it can be observed that correct classification of normal and
white ring-types still occurred in most cases regardless of height. A second discriminant
analysis was thus conducted using only the two ring-types. The new discriminant model
was also highly significant (F = 34.080, p < 0.0001). The significant variables following
backward stepwise analysis were AFWT (F-to-remove = 40.37), AVD (F-to-remove =
11.17), NV* (F-to-remove = 10.45), AFLA (F-to-remove = 9.71), CW% (F-to-remove
= 5.95) and AFD (F-to-remove = 5.01). Jacknife classification of the samples into the
two groups using the discriminating variables led to correct classification 100% of the
time (Table 1b). The anatomical variable found to have the most discriminating power
between ring-types was average fiber wall thickness (AFWT).

Table 1 — Jacknife classification of the 44 rings following a backwards stepwise discriminant
analysis. – a) high normal ring (HN), low normal ring (LN), high white ring (HW) and low
white ring (LW) groups. Classification was done using the discriminating variables: average
fiber wall thickness (AFWT), average vessel diameter (AVD), number of vessels (NV*)
and average fiber diameter (AFD). – b) normal (N) and white (W) groups. Classification
was done using the discriminating variables: average fiber wall thickness (AFWT), average
vessel diameter (AVD), number of vessels per image area (NV*), average fiber lumen area
(AFLA), cell wall percentage (CW%) and average fiber diameter (AFD).
Normal (N)

a)

b)

White (W)

% Correct

High (H)

Low (L)

High

Low

HN

6

0

4

1

55

LN

1

9

0

1

82

HW

6

0

5

0

45

LW

0

3

0

8

73

Total

13

12

9

10

64

N

22

0

100

W

0

22

100

Total

22

22

100

77.0

48.0

31.0

28.0

8.0

8.0

8.0

18.0

5.0

14.0

12.0

40.0

57.0

56.0

AFWT (μm)

AFD (μm)

TFLA* (%)

AFLA (μm2)

NF* (mm- 2)

AVWT (μm)

AVD (μm)

TVLA* (%)

AVLA (μm2)

NV* (mm- 2)

TRA* (%)

CW% (%)

RW (mm)

IA (mm2)

R2
(%)

0.25 ± 0.11

1.06 ± 0.46

44.60 ± 2.88

5.47 ± 2.74

244 ± 75

1465 ± 297

32.42 ± 4.24

48.6 ± 5.1

2.1 ± 0.2

2842 ± 417

71 ± 14

19.95 ± 4.04

17.2 ± 1.6

2.8 ± 0.3

Normal
(mean ± st. dev.)

0.08 ± 0.03

0.31 ± 0.13

39.50 ± 3.50

5.92 ± 2.69

276 ± 111

1426 ± 521

32.91 ± 5.25

45.9 ± 5.4

2.0 ± 0.2

3084 ± 438

79 ± 21

24.01 ± 6.34

14.6 ± 1.8

1.9 ± 0.3

White
(mean ± st. dev.)

<0.001

<0.001

<0.001

0.571

0.239

0.756

0.713

0.090

0.068

0.071

0.18 ± 0.14

0.75 ± 0.57

41.88 ± 4.00

6.60 ± 2.95

291 ± 105

1350 ± 387

34.60 ± 4.62

46.6 ± 6.0

2.1 ± 0.2

2983 ± 386

66 ± 16

19.66 ± 5.24

0.008
0.117

15.3 ± 2.2

2.3 ± 0.6

High
(mean ± st. dev.)

<0.001

<0.001

p

0.15 ± 0.10

0.62 ± 0.43

42.22 ± 4.25

4.79 ± 2.11

228 ± 73

1540 ± 439

30.69 ± 4.02

47.9 ± 0.7

2.1 ± 0.2

2944 ± 497

83 ± 17

24.31 ± 5.13

16.5 ± 1.8

2.4 ± 0.6

Low
(mean ± st. dev.)

0.161

0.198

0.733

0.025

0.025

0.140

0.005

0.436

0.725

0.766

0.001

0.003

0.012

0.696

p

Table 2 — Mean, standard deviation (st. dev.), ANOVA r-square (R2) and p-value (p) for each of the 14 variables: average fiber wall thickness
(AFWT), average fiber diameter (AFD), total fiber lumen area (TFLA*), average fiber lumen area (AFLA), number of fibers (NF*), average
vessel wall thickness (AVWT), average vessel diameter (AVD), total vessel lumen area (TVLA*), average vessel lumen area (AVLA), number
of vessels per sq.mm (NV*), total ray area (TRA*), cell wall percentage (CW%), ring width (RW), image area (IA).
Interaction term was removed from the ANOVA because of non-significance for all variables. Values of p < 0.05 appear in bold text.
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Two-way ANOVA
The two-way ANOVA results showed no significant interaction between ring-type
and height for any of the 14 variables and allowed individual testing of our two factors.
The results revealed that white rings had significantly lower average fiber wall thickness
(AFWT) and average fiber diameter (AFD) compared to normal rings (Table 2). White
ring images were also characterized by a higher fiber lumen ratio (TFLA*). The lack
of cell wall thickening in fibers and the higher fiber lumen ratio was further illustrated
by significantly lower cell wall percentage (CW%) (Table 2). In addition, ring width
(RW) and image area (IA) were significantly smaller in white rings. No significant differences at p < 0.05 were observed between the two ring-types when comparing vessel
characteristics.
Fiber characteristics were also shown to significantly differ with respect to height
(Table 2). Rings sampled at 1.3 m had a significantly higher average fiber diameter (AFD)
and average fiber lumen area (AFLA), which resulted in a higher fiber lumen ratio
(TFLA*). This indicates that larger fibers were found at 1.3 m independent of cell wall
thickness or number of fibers. Samples taken at 1.3 m were also found to have a significantly lower vessel density (NV*) vessel lumen ratio (TVLA*) and total ray area (TRA*)
than those taken from higher in the stem. No other significant (p < 0.05) differences were
found between heights for the vessel and ring characteristics.
DISCUSSION

White ring persistence, distribution and ring width
Our results indicated that white ring formation can occur in consecutive years, but
this was less common than single-year occurrences. The two major periods of white ring
formation identified in our sampled trees (1938–1941 and 1962–1963) corresponded
with known records of forest tent caterpillar outbreaks in the region (E.H. Hogg,
pers. comm., 2003). As shown by Hogg et al. (2002b), white ring formation occurs
in trembling aspen trees undergoing severe defoliation early in the growing season.
Forest tent caterpillar defoliation often occurs for 3 to 6 successive years (Hildahl &
Campbell 1975; Ives & Wong 1988) and successive years of severe defoliation could
be at the origin of repeated white ring years. Defoliation severity in successive years
and among trees may also be variable and trees in the same stand may not necessarily
form white rings in the same year. Our results showed that white ring development was
generally uniform around the stem circumference and up to approximately 70% of the
height of the tree at the time of white ring formation. This contrasts with the restricted
development of the “white rings”, described by Ritter et al. (1993), to one side of the
tree and associated with tension wood in balsam poplar. It is not clear if white rings are
formed in branches or twigs (E.H. Hogg, pers. comm., 2002), but the lack of white rings
near the crown apex suggests that they may not occur in branches. During defoliation
events, the portion of the stem within the crown may receive sufficient amounts of
hormones throughout the growing season to ensure proper cell development because
of its proximity to the source of auxin, i.e., the rapidly expanding tissue, such as the
apical meristem and the new leaves (Leopold 1955; Aloni 1991).
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A significant decrease in radial growth was found during the year of white ring formation when compared to the ring formed in the previous year. This was also observed
by Hogg et al. (2002b) in trembling aspen trees submitted to 98% defoliation. Others
have also observed reduced radial growth due to forest tent caterpillar defoliation (e.g.;
Rose 1958; Churchill et al. 1964; Leininger & Solomon 1994). However, growth usually recovered within a few years (e.g.; Churchill et al. 1964), a pattern also visible in
our data.
In our study, the average vessel and fiber diameter values were comparable to those
reported for Populus spp. (Panshin & De Zeeuw 1970; Richter & Dallwitz 2000).
However, we reported average vessel density values (above 200 vessels/mm2) that are
much higher than those reported for Populus spp. (Panshin & DeZeeuw 1970; Richter &
Dallwitz 2000). This overestimation of vessel density is believed to be the result of the
small ring area analyzed, the high magnification used (× 400) and an area selection
method that minimized the importance of rays. Our method was quite different than the
one currently accepted to estimate vessel and fiber density (see IAWA Committee 1989)
and comparison should thus be avoided with literature data on both vessel and fibre
frequency.
Ring type
Normal cell development in the xylem occurs in several ʻphasesʼ (Wardrop 1965).
During white ring development, xylem mother cell division seems to occur normally as
indicated by the absence of a significant difference in the density of vessels and fibers
produced in both ring-types. However, fiber elongation, secondary wall thickening
and lignification, which occur after cell division (Wardrop & Bland 1959; Wardrop
1965), appear to be affected during severe defoliation. Although lignin content was
not directly measured in this study, safranin staining in some white rings was lighter
than in the normal rings. This apparent difference may be due to staining procedures;
however, with its affinity for lignin, the lighter safranin colour in the white ring may
indicate reduced lignification as hypothesized by Hogg et al. (2002b). Fibers in white
rings had a smaller diameter, less cell wall thickening and a higher fiber lumen ratio,
which leads to a decreased cell wall percentage. A decrease of cell wall percentage in
white rings is comparable to the decrease in white ring density observed by Hogg et al.
(2002b). They also found a drop in density of 29% in the white rings when compared
to the rings formed in non-defoliated trees the same year. Two main processes, growth
hormone production and reserve allocation, may be affected by defoliation and may
be conducive to white ring formation.
Growth hormones such as auxin play an important role in cambial activity and cell
maturation (Aloni 1991; Savidge 2000). Differing concentrations of gibberellins and
cytokinins may stimulate cell division (Morey 1973; Little & Savidge 1987; Roberts
et al. 1988), or may negatively affect differentiation of vessels and secondary cell wall
deposition (Einspahr & Van Buijtenen 1961; Little & Savidge 1987). Some concentrations may inhibit lignification and may have a negative effect on secondary cell wall
deposition in developing xylem (Little & Savidge 1987). Forest tent caterpillar defoliation normally occurs at a time when the new foliage is still expanding and growth
hormone production is high (Leopold 1955). Severe defoliation during this time has
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been shown to induce the formation of white rings (Hogg et al. 2002b). This leads us
to speculate that a change in the growth hormone balance following severe defoliation
may prevent normal fiber development.
Timing of the insect attack early in the growing season may also influence the allocation of reserves. Normally, hormone stimulation of the cambial area causes cell elongation and secondary cell wall thickening to occur (Morey 1973; Little & Savidge 1987;
Roberts et al. 1988; Savidge 2000). These processes are, in turn, fueled by the integration of cellulose, hemicellulose and other pectic materials (e.g.; Wardrop & Bland
1959; Esau 1965; Panshin & De Zeeuw 1970). The spring foliage flush of a tree utilizes
large amounts of reserves accumulated during the previous growing season and there
can be a 10-fold drop in the amount of reserves from the fall to the end of the spring
flush (Landhausser & Lieffers 2002). Late season growth depends on reserves accumulated during the current growing season (Morey 1973). Severe defoliation occurring during the initial spring foliage flush may force the tree into making a structural
sacrifice because of the higher demand for reserves and the loss of the source of any
replacement photosynthate. This hypothesis is supported by Jones et al. (2004), who
observed earlier cessation of radial growth in artificially defoliated trembling aspen
trees, when compared to undefoliated controls. An early interruption of cell elongation
and maturation could result in decreased fiber diameter and fiber cell wall thickening.
Leininger and Solomon (1994) hypothesized that defoliated trees needed to concentrate
on refoliation and reaccumulation of reserves.
Although defoliation may trigger a structural sacrifice, such a sacrifice was not observed in the conductance capacity of white rings. No significant differences in vessel characteristics were observed between normal and white rings except that a trend
towards smaller diameter vessels with less developed cell wall was observed. The
absence of a significant difference in vessel wall thickness may relate to their earlier
cell wall lignification compared to the surrounding wood fibers as observed in Japanese
poplar, Populus maximowiczii Henry (Murakami et al. 1999). It may also indicate the
importance of the maintenance of conductance capacity for refoliation, because renewed mobilization of reserves to the crown and refoliation are essential for re-building
starch reserves in the roots (Landhausser & Lieffers 2002). Mobilization of reserves
for refoliation begins in the contact cells of the sapwood rays where phosphatase activity appears to be involved in the metabolic release of sucrose into the vessel sap of
trembling aspen (Sauter 1972) and of sugar maple (Acer saccharum Marsh.) (Gregory
1978). Sauter (1972) reported that high phosphatase activity was observed in Lombardy
poplar (Populus nigra L.) during the spring and in summer when starch mobilization
had been artificially induced by artificial defoliation. Re-mobilization of reserves after
defoliation may be triggered by decreased growth hormone concentrations (Parker
& Houston 1971). Sauter and Neumann (1994) showed that upon demand, renewed
mobilization of protein in the tree stem was possible in hybrid Populus wood. Parker
and Houston (1971) found an increase in the conversion of reserve starches to sugar
immediately following the defoliation of sugar maple. The reaction by the tree to remobilize reserves can result in overcompensatory effects such as a large increase in
leaf size and an increase in CO2 assimilation (Bassman & Dickman 1982; Heichel &
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Turner 1983; Landhausser & Lieffers 2002). This increase in photosynthetic activity
may also come at the expense of root growth thus creating higher susceptibility to
other environmental stresses (Bassman & Dickman 1982; Reichenbacker et al. 1996).
In trembling aspen, trees undergoing stress from forest tent caterpillar defoliation have
been shown to be susceptible to other disease and stress (Duncan & Hodson 1958;
Hildahl & Campbell 1975; Hogg & Schwarz 1999).
Height
Fibers in samples taken at 1.3 m were found to be of larger diameter and have larger
average lumen area than fibers higher in the stem. There was also an increase in the
proportion of fiber lumen when compared to the fibers formed closer to the apex of the
tree. However, no difference in fiber cell wall thickening was observed. The number
of vessels and the vessel lumen area ratio also decrease in lower samples compared
to samples from higher in the stem. Although little information is available on fiber
development, basipetally decreasing amounts of auxin from the crown to the roots
have been associated with larger vessel size, in terms of length and lumen diameter and
decreasing vessel density at the base of the stem (Aloni & Zimmermann 1983; Roberts
et al. 1988; Aloni 1991). Our results showed a decrease in the density of vessels and
a reduction in the proportion of vessel lumen in rings from lower in the stem.
CONCLUSIONS

White rings were found to be narrower than the rings produced in the year prior to
their formation. Their development has been shown to be uniform near the base of the
stem and up to approximately 70% of the height of the tree at the date of white ring
formation. The lack of white ring development along the entire circumference in the
upper portions of the stem may be due to proximity to the source of growth hormones.
White rings were also shown to differ anatomically from ʻnormalʼ rings in trembling
aspen. These narrower rings are composed of smaller diameter fibers, with reduced
cell wall thickening and a higher proportion of lumen area. They have a lower density
than normal rings. A hormonal trigger caused by defoliation of the rapidly expanding
leaves and the consequent re-allocation of reserves to the production of new foliage
was hypothesized to be at the origin of this structural deficit. Our results showed that
elongation, cell wall thickening and probably lignification in fibers may be affected by
the lack of sufficient reserves. No sacrifice in the conductance capacity of white rings
was observed. Additional investigations into the chemical properties of white rings,
as well as the precise physiological processes affecting their formation are needed.
Growth hormone processes in trees are not completely understood and interactions
between growth hormones and other factors, such as nutrients and other compounds,
are complex (Morey 1973; Roberts et al. 1988; Aloni 1991; Savidge 2000). With the
renewed interest in the dendroecology of diffuse porous species, white rings may prove
to be useful in the reconstruction of severe defoliation events. The presence of white
rings in balsam poplar and in paper birch indicates that white ring occurrence may be
more widespread among diffuse porous tree species than originally imagined.
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