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Abstract : Coring has been widely used to measure annual increment in temperate forest ecosystems. This

method is attractive because cores can be taken in just one visit. However, the accuracy of this method has

not been tested. We expected coring to be less accurate than band dendrometers because of the eccentricity

of tree growth. We studied 41 trees at the Long Term Experimental Forest in Mt. Gyebang, which has been

monitored with band dendrometers since 1996. We collected two tree cores from the south and north face

of each tree, 10 cm below the growth band. Increment cores were measured to 0.01 mm under stereomicroscopy.

Annual growth from 1997 to 2006 was 3.2 mm yr−1 for Quercus mongolica, 3.5 mm yr−1 for Kalopanax

septemlobus, and 5.7 mm yr−1 for Pinus densiflora. The difference between the two methods was 10% for

Q. mongolica, 14% for K. septemlobus, and 4% for P. densiflora. Compaction in the corer and shrinkage

during drying decreased diameter increment by 5.6% and 1.0% on P. densiflora, respectively. This study

suggests that the two methods for annual increment measurement are very similar, but species specificity

should be concerned for direct comparison.
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Introduction

Forest ecosystems become a more important sector to

sequester atmospheric CO
2
 as concentration of CO

2 
in

the atmosphere rapidly increased due to combustion of

fossil fuel and deforestation (Nadelhoffer et al., 1999;

Fahey et al., 2005). Forest ecologists, foresters, and policy

makers have frequently required accurate data of sequestered

carbon by forest ecosystems.

In growth and production studies, increment borers

and band dendrometers have been widely used in tem-

perate forest ecosystems (Maeglin, 1979; Forster et al.,

2000). The use of increment corers is attractive to mea-

sure annual increment and tree ages because cores can

be taken in just one visit. However, it may lower timber

value, alters growth rates of cambium, and might increase

tree mortality (Forster et al., 2000; Fritts 2001; Van Mantgem

and Stephenson, 2004). As an alternative method, band

dendrometers are installed on trunks and are read to

obtain annual growth. The disadvantage of band dendrom-

eters is the annual growth was determined by hydration

of the xylem and phloem rather than annual growth

increments (Kozlowski and Winget, 1964; Herzog et al.,

1995).

Tree growth of both the canopy and stem is commonly

asymmetric, owing to wind, competition with neighboring

trees, or topography of the site (Behre, 1925; Robards, 1965;

Stokes and Berthier, 2000; Getzin and Wiegand, 2007).

Reaction wood is formed on the side of a displaced stem

or branch that will help restore it to its original position

(Sjostrom, 1993). In conifers, compression wood is formed

on the lower side of inclined stem; in hardwoods, tension

wood is developed on the upper side of inclined stem.

Because coring methods sample the stem at only one

radius, they don't capture the variation in ring-width

around the stem.

To our knowledge, coring methods have never been com-

pared to measurements of diameter increment in spite of

the importance of accurate increment measurements to

global carbon budgets. The objective of this study was

to compare coring method with band dendrometer for

measuring annual ring increments in two broad-leaved

and one conifer species. We expected coring to be less

accurate than band dendrometers because of the eccen-

tricity of tree growth. We also compared tree cores to
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disks to estimate the compaction caused by coring and

shrinkage caused by drying.

Materials and Methods

1. Site description

This study was conducted in a mixed deciduous forest

in Mt. Gyebang (37o44'N, 128o29'N), South Korea. The

altitude of the study sites is 900-960 m asl. The mean

temperature is 3oC in January and 25oC in July. The

mean annual precipitation is 1,402 mm. The soil is a

sandy loam formed in granitic parent material with an

organic matter content of 5.2%. The study site has not

been disturbed by wild fire or human disturbance for

more than 100 years.

Mt. Gyebang is a montane forest dominated by Quercus

mongolica and Kalopanax septemlobus. The mean density

of trees (> 5 cm at DBH) is 2,950 ha−1 and basal area is

36.3 m2 ha−1 (Lee et al. 2006).

We studied 41 trees of Q. mongolica, K. septemlobus,

and Pinus densiflora, which have been monitored with

band dendrometers since 1996 (Figure 1). The band den-

drometers were installed at breast height (1.2 m) around

the trunk of dominant trees. The selected trees had no

signs of wounding or visible stem irregularity. The average

diameter and height of studied Q. mongolica, K. septemlobus,

and P. densiflora are 28.1 cm and 15.2 m, 26.3 cm and

15.0 m, and 38.2 cm and 16.0 m, respectively. Most of

studied trees were located in the north and south slopes.

Annual increments were measured in spring every year

from 1997 to 2007.

2. Annual increment measurement

We extracted tree cores in spring 2007 from the south

and north face of each tree, 10 cm below the band den-

drometer, using an increment borer (Haglöf, Sweden, Ø

4.3 mm). Tree cores were air-dried and sliced with a

razor blade to expose a clean surface. The most recent

ten rings were measured every year to obtain the recent

annual growth rate. Increment cores were measured to 0.01

mm under stereomicroscopy (Leica MZ16, Switzerland).

The measurements were taken two times per tree core to

reduce measurement error. 

To measure compaction inside the increment borer, we

compared annual growth rates obtained by coring with

those from stem discs. We selected 5 P. densiflora from

each age group: 30, 40, and 70 years at the national

forest plantations close to Mt. Gyebang. We got two tree

cores from the south and north face at breast height and

then felled the trees. Fresh stem discs were cut just 2 cm

above the location of coring. Fresh discs and cores were

transferred to the laboratory. Width of last 10 years was

measured on fresh discs and cores within one day. Cores

were air dried for three days, measured again, and oven

dried at 65oC and measured a third time.

3. Statistical analysis

Correlation analyses were applied to verify the rela-

tionships: 1) increment borers and band dendrometers, 2)

three topographic positions: north-facing, south-facing,

and ridge top, and 3) south and north faces in coring.

Annual growth was compared using paired t-test between

increment borers and band dendrometers. Tree basal area

in 1997 was included as a covariate in all statistical analyses.

Results and Discussion

Diameter increments measured by band dendrometers

showed no similar patterns during 10 years' measurement

in all species (Figure 2), but there was only marginally cor-

related between K. septemlobus and Q. mongolica (P =

0.10). The average diameter increment was 3.2 mm yr−1

for Q. mongolica, 3.4 mm yr−1 for K. septemlobus, and

5.7 mm yr−1 for P. densiflora. The diameter increment of

P. densiflora was almost twice that of Q. mongolica. No

consistence in annual increment pattern among trees are

not surprising because the change of competition with

neighboring trees is the most influential factor. Fritts (2001)

reported that there was no general pattern to describe all

variations in annual increment growth since lots of fac-

tors can contribute to variations in ring growth.

Growth rates differed with topographic position (Figure

3). Diameter increment in two hardwoods is the lowest

at the ridge compared to the north and south aspect (P

= 0.05). Diameter increment in P. densiflora was higher

at the ridge than at the slopes, but not statistically significant

(P = 0.34). The differences in growth among species and

topographic positions can be explained by variations in

limiting factors of the environment as well as biological
Figure 1. A band dendrometer attaching on the studied
tree.



684 Jour. Korean For. Soc. Vol. 99, No. 5 (2010)

and ecological traits (Fritts, 2001). For example, K. sep-

temlobus had higher growth rates on north-facing than

south-facing slopes because soil moisture and nutrient

availability are probably lower in the south-facing slopes

(Bower et al., 2005). P. densiflora is drought tolerant

and has little competition for light on the ridge tops,

which might explain its high rates of growth in this envi-

ronment (Farrar, 1961).

We expected coring to be less accurate than band den-

drometers because of the eccentricity of tree growth.

Surprisingly, we found coring systematically underesti-

mated diameter increment compared to band dendrom-

eters (Figure 4). The error rate was significantly higher

in K. septemlobus than two other species (P = 0.05). The

difference between the two methods was 9.8% for Q.

mongolica, 14.2% for K. septemlobus, and 4.0% for P.

densiflora. We assumed the reasons of the underestima-

tion by coring are core compaction during coring and

core shrinkage during drying. We tested compaction and

shrinkage rate for P. densiflora. Coring underestimated

diameter increment by 5.6% and 1.0% owing to core

compaction and drying in the air, respectively. If we

assumed two other species received the same compac-

tion and shrinkage rate by coring, 3.2% for Q. mongol-

ica and 7.6% for K. septemlobus were underestimated by

coring compared to band dendrometer.

As Kozlowski and Winget (1964) and Herzog et al.

(1995) pointed out, band dendrometer measurement could

be biased owing to seasonal swelling and shrinking of

the cortex, phloem, and xylem. Because we measured

annual increment by band dendrometer around mid April

(dry season in Korea) every year, the changes in dimen-

sions by swelling and shrinking are ignorable. This means

the eccentricity of tree growth was not expected by

topography and coring face.

Figure 2. Annual diameter increment for 10 years from 1997
to 2006 measured by band dendrometers. Bars represent
standard errors.

Figure 3. Mean annual diameter increment for 10 years
by standing position of the trees at three topographies.
Bars represent standard errors.

Figure 4. Comparison of diameter increment (mm yr−1) between increment corer and band dendrometers measurement from
1997 to 2006. Dotted lines represent 1 : 1 of increment corer and band dendrometers.
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Coring method can be conveniently used in production

and yield studies. However, this study suggests methods

and species specificity should be considered in annual

growth rate measurement. More species and multiple

sites should be investigated to generate the conversion

factors between coring and band dendrometer measurement.
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