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ABSTRACT

  This study was carried out to offer basic information on the wood anatomy of domestic yellow-poplar 

(Liriodendron tulipifera L.), a new plantation species selected by Korea Forest Service as one of the prom-

ising hardwood and bioenergy sources of the future, through comparison of stem wood with root wood 

in the qualitative and quantitative features. In the qualitative anatomical features, growth rings were distinct 

in stem wood but relatively less distinct in root wood. And stem wood appeared to have pores in radial 

multiples of 2 to 5, sometimes clusters but root wood to have pores in radial multiples of 2 to 3, rarely 

clusters. And numbers of bars in scalariform perforation plates were somewhat numerous in vessel ele-

ments of root wood than in those of stem wood. Interestingly, on the other hand, more extraneous materi-

als in the wood rays of tap root than in those of lateral root and stem were confirmed in the chemical 

composition analyses. In the quantitative anatomical features, pore densities were significantly greater but 

vessel elements were considerably narrower in stem wood than in root wood. Vessel elements and wood 

fibers of root wood were considerably longer than those of stem wood. Rays were somewhat more numer-

ous in stem wood than in root wood, and only ray heights of stem wood were more or less greater in 

cell numbers but both ray heights and widths of stem wood were lower in dimension than those of root 

wood. The anatomical differences between stem wood and root wood were thought to be associated with 

different growth environments between the stem above ground and the root below ground.

  Keywords : Liriodendron tulipifera L. yellow-poplar, root wood, stem wood, qualitative and quantitative 

anatomical features

1. INTRODUCTION

The process of primary tissue development 

before the formation of cambium is different 

between stem and root but that of secondary tis-

sue development after the formation of cambi-

um is identical to each other (Lee, 1985; Fahn, 

1990). But root adopts the stem structure when 

exposed out of ground due to the reaction to 

light and stem takes on root structure when bur-

ied in the ground due to the lack of the same 

photomorhpogenetic stimulus. Thus, anatomical 

differences between them are recognizable with-

in a tree because the growth environment is dif-
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ferent between root below ground and stem 

above ground (Timell 1986; Schweingruber et 

al. 2006; Bowyer et al. 2007). Despite coex-

istence of root with stem within a tree, how-

ever, extensive studies have not been con-

centrated on the root wood or comparison of 

this root wood with stem wood.

In earlier studies, some anatomical differ-

ences were found between stem wood and root 

wood. Rao et al. (1989) found in the anatomical 

comparison of aerial root wood and stem wood 

of Sonneratia caseolaris that pore densities, i.e. 

numbers of pores or vessels per square milli-

meter, and maximum sizes of intervascular pits 

were significantly larger but average tangential 

diameters and lengths of vessel elements were 

considerably smaller in root wood. Druses and 

stellate crystals in vessel elements were reported 

to be frequent in root wood but absent in stem 

wood, whereas tyloses and gummy deposits in 

vessel elements to be frequent in stem wood but 

absent in root wood. Also, intercellular spaces 

between fibers were identified only in root 

wood. Stokke and Manwiller (1994) in Quercus 

velutina found the highest proportions of vessel 

elements, rays, axial parenchyma cells plus va-

sicentric tracheids, and fibers in the wood of 

branch, root, stem, and stem and branch, 

respectively. Ewers et al. (1997) in comparing 

vessel element diameters of root wood and stem 

wood noted significantly wider vessel elements 

in root wood than in stem wood for Fabaceae 

trees and shrubs and vice versa for Fabaceae 

lianas. Also, they found vessel elements of stem 

wood to be significantly wider in climbing spe-

cies than in non-climbing species but those of 

root wood not to be significantly different be-

tween growth forms. Machado et al. (1997) ob-

served the quantitative and qualitative differ-

ences between root wood and stem wood in 

Styrax camporum. Quantitatively, root wood 

was disclosed to have wider and shorter vessel 

elements, lower vessel frequencies, and wider 

rays than stem wood. Qualitatively, vessel ele-

ments with simple perforation plates and ves-

tured pits, and septate libriform fibers were 

found in root wood but vessel elements with 

multiple perforation plates and non-vestured 

pits, and non-septate fiber tracheids in stem 

wood. In the comparison of stem and root anat-

omy of the shrub Phlomis fruticosa, Psaras and 

Sofroniou (2004) indicated that tangential diam-

eters of vessel elements in root wood were ap-

proximately twice those in stem wood, and 

pores were usually arranged in tangential bands 

in stem wood but were usually solitary, partly 

radial multiples of 2 in root wood. Palhares et 

al. (2007) identified more parenchyma cells and 

thin-walled fibers in root wood than in stem 

wood as well as starch grains in root wood but 

not in stem wood in Brosimum gaudichaudii. 

They also found rays of root wood to be 1- to 

5-seriate but those of root wood to be mostly 1- 

to 2-seriate and rarely 3-seriate. In the study on 

structural variations in root and stem wood of 

Styrax from Atlantic forest and Cerrado, 

Machado et al. (2007) observed the anatomical 

differences between habitat and species as well 

as between root wood and stem wood within a 

single species. Vessel elements were found to 

be wider in tangential diameter in stem wood 

than in root wood for Atlantic forest species 

and vice versa for Cerrado species.

This paper offers an anatomical comparison 

between stem wood and root wood in Korean- 

grown yellow-poplar (Liriodendron tulipifera 

L.), a species hitherto not studied in this 

respect.

2. MATERIALS and METHODS

2.1. Materials

In present study, two 5-year old yellow-pop-
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Fig. 1. Photographs showing root samples used in present study. A & C: before excavation. B & D: after 

excavation. TW: tap root wood. LW: lateral root wood. Scale bars = 15 cm in A & B; 13 cm in C 

& D.

lar trees (Fig. 1) were obtained from the Korea 

Forest Research Institute Experimental Forest 

located near Eocheon Reservoir, Eocheon-ri, 

Maesong-myeon, Hwaseong-si, Gyeonggi-do, Korea. 

Discs of about 2 cm thick were taken from 

stems at 20 cm above the soil surface, tap roots 

at 26 and 36 cm below the soil surface, and lat-

eral roots at 7 and 10 cm below the soil sur-

face, respectively.

2.2. Methods

Small wood blocks of about 1 to 2 cm per 

side cut from the prepared discs were softened 

in water in an autoclave for 1 to 2 hours and 

kept in a mixture of water, 99% ethanol, and 

glycerine (1 : 1 : 1, v/v/v) for a week or longer.

To investigate qualitative and quantitative 

wood anatomy, permanent slides and macer-

ations were prepared following general labo-

ratory techniques. For permanent slides, sections 

of 20 to 45 µm thick were sliced from trans-

verse, radial, and tangential surface with a slid-

ing microtome and stained with 1% solution of 

safranin dissolved in 50% ethanol for 30 

minutes. Then, they were immediately dehy-

drated in a series of 50, 70, 90, 95, 100% etha-

nol, a mixture of ethanol and xylene (1 : 1, 

v/v), and pure xylene for 20 minutes each, fol-

lowed by mounting with Canada balsam (Kim, 

2004; Eom et al., 2008). And macerations were 

obtained with Schultze’s solution consisting of a 

saturated aqueous solution of potassium chlorate 

and varying amounts of concentrated nitric acid 

(Berlyn and Miksche, 1976). Observation, pho-

tomicrography, and measurement were made us-

ing an Axioskop routine microscope with at-

tachment camera, Carl Zeiss, Germany, a PJ 

300 profile projector, Mitutoyo, Japan, and a 

Camscope video microscope system, Sometech, 
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Figs. 2∼4. Transverse surfaces showing growth rings distinct (2) to relatively less distinct (3 & 4), axial paren-

chymas in marginal or seemingly marginal bands at boundaries, and pores solitary, in radial multi-

ples, and clustered (2∼4). 2: stem wood. 3: tap root wood. 4: lateral root wood. Scale bars = 200

µm.

Figs. 5∼8. Transverse surfaces showing vessel elements with tyloses (5) and thin-walled fibers (6∼8). 5: lateral

root wood. 6: stem wood. 7: tap root wood. 8: lateral root wood. Scale bars = 100 µm in 5; 25 

µm in 6∼8.

Korea. And all the quantitative measurements 

followed the recommendations of Wheeler (1986) 

and IAWA Committee (1989). 

In the quantitative analysis, lengths of 50 and 

diameters of 25 randomly selected wood fibers 

were measured from macerations. Tangential di-

ameters of vessel lumina were measured from 

25 randomly selected solitary pores and pore 

densities, i.e. numbers of pores or vessels per 

square millimeter, were counted from pores 

solitary and in radial multiples on 25 randomly 

selected fields in transverse surfaces of perma-

nent slides. In case of pores in radial multiples, 

all pores or vessels counted as individuals, e.g. 

a radial multiple of four as four pores, were 

used in the determination of pore density. 

Lengths of 50 randomly selected vessel ele-

ments and numbers of bars in scalariform perfo-

ration plates of 25 randomly selected vessel ele-

ments were measured from macerations. From 

permanent slides, ray spacings, i.e. numbers of 

rays per millimeter along a line perpendicular to 
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Figs. 9∼12. Radial surfaces showing rays homocellular (11) and heterocellular (9 & 10), and vessel elements

with scalariform perforation plates (9 & 10) and tyloses (12). 9: stem wood. 10∼12: lateral root

wood. Scale bars = 100 µm in 9, 11 & 12; 50 µm in 10.

the ray's axis, were counted on 25 randomly se-

lected fields in transverse surfaces, and ray 

heights and widths both in dimension and cell 

numbers were measured from 25 randomly se-

lected rays in tangential surfaces. Differences 

between averages of root wood and stem wood 

in quantitative features were statistically ana-

lysed using Duncan’s multiple range test in 

Statistical Analysis System (SAS).

On the other hand, the contents of hol-

ocellulose, lignin, and extractives were de-

termined for comparison of chemical composi-

tion between stem wood and root wood. 

Extractives content was measured using wood 

powders of 40 mesh size and a mixture of etha-

nol and benzene (1 : 2, v/v). The extractives- 

free wood powders were used for measuring 

holocellulose content by the use of a mixture of 

distilled water, acetic acid, and sodium chlorite 

(75 : 0.1 : 0.5, v/v/w) and klason lignin content 

by the use of 72% sulfuric acid and a 1601-PC 

UV spectrophotometer, Shimadzu, Japan (Browning, 

1967; Japan Wood Research Society, 1985; 

TAPPI, T222 om-88, 1988; TAPPI T264 om-88, 

1988; Joaquim et al., 2009).

3. RESULTS and DISCUSSION

3.1. Qualitative Anatomical Features

For stem of yellow-poplar, wood is dif-

fuse-porous with distinct growth rings. Pores 

are mostly solitary and in radial multiples of 2 

to 5 but sometimes clustered (Fig. 2). Perforation 

plates of vessel elements are mostly scalariform 

but occasionally simple, and intervessel pits are 

opposite to scalariform (Figs. 9 & 16). Vessel-ray 

pits are apparently simple to slightly bordered, 

rounded to horizontal, and unilaterally com-

pound (Fig. 21). Wood fibers are very thin-wal-

led (Fig. 6) and axial parenchymas are marginal 

or seemingly marginal at the growth ring boun-

daries (Fig. 2). Homocellular rays consist of 

procumbent cells, and heterocellular rays are 
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Figs. 13∼15. Tangential surfaces showing vessel elements with tyloses (15) and rays mostly multiseriate but

occasionally uniseriate or biseriate (13∼15). 13: stem wood. 14: tap root wood. 15: lateral root

wood. Scale bars = 100 µm.

Figs. 16∼19. Tangential surfaces showing vessel elements with scalariform perforation plates (16) and intervessel

pits opposite to scalariform (16∼19). 16: stem wood. 17∼19: tap root wood. Scale bars = 25

µm in 16 & 18; 50 µm in 19 & 20.

composed of procumbent body cells and gen-

erally 1 to 2 rows of square and/or upright mar-

ginal cells (Fig. 9). Rays are mostly multi-

seriate, occasionally uniseriate or biseriate (Fig. 

13). These features of stem wood are generally 

identical to the descriptions of Panshin and de 

Zeeuw (1980), IAWA Committee (1989), 

Hoadley (1990), Itoh (1996), Lee (1997), and 

Chong and Park (2008).  

For root of yellow-poplar, wood is dif-

fuse-porous consisting of solitary and multiple 

pores as in stem wood. When compared with 

stem wood, however, root wood shows rela-

tively less distinct growth rings because of 

smaller differences in pore diameter and less ra-

dially flattened or narrower zone of flattened 

axial parenchyma cells between earlywood and 

latewood at the boundaries (Figs. 3 & 4). 

Unlike stem wood, also, pores in radial multi-

ples of 2 to 3 are common and pore clusters are 

rarely observed (Figs. 3 & 4), and thin-walled 

tyloses are sometimes present in vessel elements 

of root wood (Figs. 5, 12 & 15). Perforation 

plates of vessel elements are mostly scalariform 

but occasionally simple and intervessel pits are 

opposite to scalariform (Figs. 10, 12 & 17∼

19), thus identical to those in stem wood. But 

reticulate perforation plates are occasionally ob-

served only in vessel elements of root wood 

(Fig. 20). Root wood and stem wood also share 

common features in vessel-ray pits apparently 

simple to slightly bordered, rounded to horizon-

tal, and unilaterally compound (Figs. 20, 22 & 

23), wood fibers very thin-walled (Figs. 7 & 8), 

axial parenchymas marginal or seemingly mar-

ginal at the growth ring boundaries, homo-



Mi Rim Lee and Young Geun Eom

－ 412 －

Figs. 20∼23. Radial surfaces showing vessel element with reticulate perforation plate (20) and vessel-ray pits

apparently simple to slightly bordered, rounded to horizontal, and unilaterally compound (20∼23).

20 & 23: lateral root wood. 21: stem wood. 22: tap root wood. Scale bars = 50 µm in 20; 25 

µm in 21∼23.

cellular rays consisting of procumbent cells, het-

erocellular rays composed of procumbent body 

cells and generally 1 to 2 rows of square and/or 

upright marginal cells, and rays mostly multi-

seriate, occasionally uniseriate or biseriate (Figs. 

10, 11, 14 & 15). Ray parenchyma cells in root 

wood, however, are generally larger than those 

in stem wood, thus resulting in considerably 

higher and wider root wood rays in dimension, 

rather than in cell numbers (Figs. 14, 15, 31 & 

32, Table 2). Interestingly, extraneous materials 

are more abundant in wood rays of tap root 

than in those of stem and lateral root (Figs. 24 

& 25, Table 2). The features of root wood are 

generally identical to the description of Cutler 

et al. (1987).

Occurrence of relatively less distinct growth 

rings in root wood than in stem wood in present 

study is thought be related to the seasonal soil 

water availability as an important factor affect-

ing the growth ring formation as well as the 

less probability of growth ring formation due to 

the uniformity of environmental conditions of 

the soil (Lebedenko, 1962; Machado et al., 

2007). Similarly to the result in present study, 

Hitz et al. (2008) identified in Fraxinus ex-

celsior that growth rings were usually distinct in 

stem wood but sometimes hard to distinguish in 

root wood. And growth rings of Quercus pet-

raea were reported to be distinct in stem wood 

but indistinct in root wood by Schweingruber et 

al. (2006). In contrast to the result in present 

study, however, growth rings were found to be 

distinct by radially flattened fibers in aerial root 

wood of Sonneratia caseolaris by Rao et al. 

(1989).

In stem wood of yellow-poplar, vessel ele-

ments were known to have thin-walled tyloses 

by Heiss (2000), Richter and Dallwitz (2000), 

and Chong and Park (2008). But no tyloses are 

identified in vessel elements of stem wood in 

present study, which is thought to be attributed 

to the young stem wood consisting exclusively 

of sapwood because tyloses are found most 

commonly in heartwood vessel elements as de-

scribed by Panshin and de Zeeuw (1980), 

IAWA Committee (1989), and Butterfield et al. 

(2000). Also, vessel elements with tyloses in 

root wood in present study are in disagreement 

with Rao et al. (1989) who reported tyloses to 

be frequent in stem wood but absent in root 

wood for Sonneratia caseolaris.

Machado et al. (1997) in the comparative 

wood anatomy of root and stem in Styrax cam-

porum reported that solitary pores were more 

abundant in root wood than in stem wood, and 

vessel elements with simple perforation plates 

and vestured pits, and septate libriform fibers 
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Figs. 24 & 25. Radial surfaces showing extraneous materials in ray parenchyma cells in tap root wood. Scale

bars = 50 µm.

were present in root wood but vessel elements 

with multiple perforation plates and non-ves-

tured pits, and non-septate fiber tracheids in 

stem wood. Also, they found solitary prismatic 

crystals to be predominantly present in the ray 

parenchyma cells in root wood but in the axial 

parenchyma cells in stem wood.

In the shrub Phlomis fruticosa, Psaras and 

Sofroniou (2004) found pores to be usually ar-

ranged in tangential bands in stem wood but 

mostly solitary with some radial multiples of 2 

in root wood. And Palhares et al. (2007) re-

corded that maximum diameters of wood fibers 

were greater in root wood but wall thicknesses 

of wood fibers were greater in stem wood in 

Brosimum gaudichaudii. 

Goulart and Marcati (2008) noted in vessel 

elements of Lippia salviifolia that simple and 

scalariform to reticulate perforation plates were 

observed in root and stem wood but radiate per-

foration plates were identified only in root 

wood, like the presence of simple and scalari-

form perforation plates in stem and root wood 

but reticulate perforation plates only in root 

wood in present study.

As extraneous materials are abundantly ob-

served in wood rays of tap root in present study 

(Figs. 24 & 25), reddish brown phenolic com-

pounds were reported to be usually present in 

rays of root wood for Styrax camporum by 

Machado et al. (1997) and phenolic compounds 

to be evident in root wood for Brosimum gau-

dichaudii by Palhares et al. (2007).

3.2. Quantitative Anatomical Features

Quantitative features of stem and root wood 

are shown in Table 1. Pore densities, i.e. num-

bers of pores or vessels per square millimeter, 

average about 76.0 in stem wood, thus broadly 

agreeing with the result of 72 to 140 in yel-

low-poplar by Lee (1997). For root wood, aver-

age pore densities are 37.4 in tap root and 30.3 

in lateral root. Therefore, pore densities appear 

not to be different between root forms but sig-

nificantly greater in stem wood than in root 

wood. This is in agreement with Psaras and 

Sofroniou (1999) who reported in Capparis spi-

nosa that pore densities were considerably 

greater in stem wood than in root wood. In con-

trast to the result in present study, however, 

Rao et al. (1989) found in Sonneratia case-

olaris pore densities to be significantly fewer in 

stem wood than in root wood. Machado et al. 

(2007) in Styrax indicated that pore densities in 

stem wood were generally greater than in root 

wood in S. camporum and S. ferrugineus but 

were not different between root wood and stem 

wood in S. latifolium and S. martii. No sig-

nificant differences in pore densities, on the 

other hand, were identified between root wood 

and stem wood in Phlomis fruticosa and Brosi- 
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Table 1. Quantitative anatomical features of stem and root wood

Anatomical features Stem wood Tap root wood Lateral root wood

Vessel elements

  Pore density (no./mm
2
) 76.0 (9.54)A 37.4 (8.10)B 30.3 (6.82)C

  Tangential diameter (µm) 64.0 (7.19)A 89.0 (13.83)B 99.1 (11.95)C

  Length (µm) 513.8 (109.07)A 741.9 (132.94)B 715.8 (155.55)B

  Bar (no. per scalariform perforation plate) 5.50 (1.82)A 7.36 (2.10)B 6.38 (1.94)C

Rays

  Spacing (no./mm) 7.7 (1.17)A 5.0 (1.00)B 5.0 (1.03)B

  Width (no. of cells) 3.6 (0.61)A 3.7 (0.62)A 4.1 (1.07)B

  Width (µm) 43.4 (8.23)A 75.6 (17.93)B 70.3 (17.76)B

  Height (no. of cells) 27.6 (11.00)A 20.3 (6.81)B 23.9 (9.32)B

  Height (µm) 440.9 (170.08)A 584.1 (210.35)B 634.1 (280.88)B

Wood fibers

  Length (µm) 1212.9 (208.64)A 1480.8 (266.89)B 1535.5 (217.17)B

  Diameter (µm) 27.8 (4.52)A 37.0 (5.89)B 38.6 (6.75)B

Averages (± standard deviation) followed by the same letter in each feature are not significantly different at 

a confidence level of 99%.

mum gaudichaudii by Psaras and Sofroniou 

(2004) and Palhares et al. (2007), respectively.

Average tangential diameters of vessel ele-

ments in stem wood are 64.0 µm, thus generally 

agreeing with the results of 30 to 70 µm in yel-

low-poplar by Lee (1997) and 67 µm by Ryu 

et al. (2008). For root wood, tangential diame-

ters of vessel elements are 89.0 µm in tap root 

and 99.1 µm in lateral root. Contrary to the re-

sult of pore densities, in present study, vessel 

elements appear to be significantly wider in root 

wood than in stem wood. This is in agreement 

with Psaras and Sofroniou (1999, 2004) and 

Schwe- ingruber et al. (2006) who descried that 

big vessels were characteristic of root wood but 

small vessels were typical of stem wood in 

Capparis spinosa, Fagus sylvatica, Phlomis fru-

ticosa, Ziziphus lotus. Rao et al. (1989), how-

ever, indicated that vessel elements of stem 

wood were greater in tangential diameters than 

those of root wood in Sonneratia caseolaris. On 

the other hand, Machado et al. (1997, 2007) 

noted in Styrax that tangential diameters of ves-

sel elements in root wood were generally great-

er than those in stem wood in S. camporum and 

S. ferrugineus and vice versa in S. latifolium 

and S. martii. By Palhares et al. (2007), no sig-

nificant differences in tangential diameters of 

vessel elements between stem and root wood 

were reported in Brosimum gaudichaudii. Ewers 

et al. (1997) noted significantly wider vessel el-

ements in root wood than in stem wood for 

Fabaceae trees and shrubs and vice versa for 

Fabaceae lianas. In present study, greater pore 

densities in stem wood than in root wood were 

thought to be able to partially compensate for 

their narrower tangential diameters.

Lengths of vessel elements, on the average, 

are 513.8 µm in stem wood, 741.9 µm in tap 

root wood, and 715.8 µm in lateral root wood, 

which means that they are not different between 

root forms but are significantly greater in root 
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wood than in stem wood. This agrees with 

Psaras and Sofroniou (1999, 2004) who re-

ported that vessel elements were longer in root 

wood than in stem wood for Capparis spinosa 

and Phlomis fruticosa. Contrary to the result in 

present study, however, Rao et al. (1989) found 

the vessel elements of stem wood to be longer 

than those of root wood in Sonneratia 

caseolaris. On the other hand, Machado et al. 

(2007) reported in Styrax that vessel elements 

of root wood were generally longer than those 

of stem wood in S. martii and S. ferrugineus 

and vice versa in S. latifolium, S. leprosus, and 

S. camporum.

For scalariform perforation plates of vessel 

elements, average bar numbers are 7.36 in tap 

root wood, 6.38 in lateral root wood, and 5.50 

in stem wood, and thus the bar numbers appear 

to be greater in root wood than in stem wood. 

In Styrax camporum, Machado et al. (1997) 

found vessel elements with simple perforation 

plates to be predominant in root wood but those 

with scalariform perforation plates to be pre-

dominant in stem wood.

Average lengths and widths of wood fibers 

are 1212.9 and 27.8 µm in stem, 1480.8 and 

37.0 µm in tap root, and 1535.5 and 38.6 µm 

in lateral root. Like vessel element dimensions 

in present study, wood fiber lengths and widths 

are not different between root forms but greater 

in root wood than in stem wood. This in agree-

ment with the results of Psaras and Sofroniou 

(1999, 2004) who reported that wood fibers of 

root wood were longer than those of stem wood 

in Capparis spinosa and Phlomis fruticosa and 

Palhares et al. (2007) who recorded that wood 

fibers of root wood were wider than those of 

stem wood in Brosimum gaudichaudii. On the 

other hand, Machado et al. (1997, 2007) noted 

in Styrax that wood fibers of stem wood were 

slightly narrower than those of root wood in all 

the species examined, but more or less longer 

than those of root wood in S. latifolium, S. mar-

tii, and S. leprosus and vice versa in S. campo-

rum and S. ferrugineus. In yellow-poplar, wood 

fiber lengths of stem wood were recorded as 

860 to 1,490 µm by Lee (1997) and 870 to 

1,540 µm by Ryu et al. (2008).

Ray spacings, i.e. numbers of rays per milli-

meter along a line perpendicular to the ray’s ax-

is, average 7.7 in stem wood, 5.0 both in the 

tap root wood and lateral root wood, which 

means that rays are somewhat numerous in stem 

wood than in root wood. In stem wood of yel-

low-poplar, ray spacing was reported as 5.0 by 

Ryu et al. (2008). In contrast to the result in 

present study, Psaras and Sofroniou (1999, 

2004) reported that ray spacings were identical 

between root wood and stem wood in Capparis 

spinosa but somewhat greater in root wood than 

in stem wood for Phlomis fruticosa. On the oth-

er hand, Machado et al. (1997, 2007) recorded 

in Styrax that ray spacings were lower in root 

wood than in stem wood for S. leprosus, S. 

camporum, and S. ferrugineus but were not dif-

ferent between them for S. latifolium and S. 

martii.

Ray sizes average 3.6 cells wide and 27.6 

cells high in stem wood, 3.7 cells wide and 

20.3 cells high in tap root wood, and 4.1 cells 

wide and 23.9 cells high in lateral root wood, 

respectively. This indicates that ray heights in 

cell numbers are greater in stem wood than in 

root wood but ray widths in cell numbers are 

not significantly different from each other. 

Contrary to the result in present study, Rao et 

al. (1989) found the ray heights in cell numbers 

to be somewhat greater in root wood than in 

stem wood in Sonneratia caseolaris. Ray 

heights and widths in dimension, however, aver-

age 440.9 and 43.4 µm in stem wood, 584.1 

and 75.6 µm in tap root wood, and 634.1 and 

70.3 µm in lateral root wood, respectively. 

Therefore, rays of root wood appear to be di-
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Table 2. Chemical constituents in stem and root wood

Part Holocellulose Klason lignin Extractives Total

Stem wood 78.8% (76.2%) 22.8% (22.0%) 1.9% (1.8%) 103.5% (100.0%)

Tap root wood 72.4% (74.6%) 20.9% (21.5%) 3.8% (3.9%) 97.1% (100.0%)

Lateral root wood 78.6% (75.7%) 23.4% (22.6%) 1.8% (1.7%) 103.8% (100.0%)

Values in parentheses are based on adjusting the sum of percentages to 100%.

mensionally greater in height and width than 

those of stem wood (Figs. 13∼15). This is in 

agreement with Psaras and Sofroniou (2004) 

and Palhares et al. (2007) who recorded in 

Phlomis fruticosa and Brosimum gaudichaudii 

that ray heights in dimension were somewhat 

greater in root wood than in stem wood. In 

Capparis spinosa, however, rays in dimension 

were known to be very significantly greater in 

stem wood than in root wood by Psaras and 

Sofroniou (1999). On the other hand, multi-

seriate ray widths in dimension were found to 

be identical between root wood and stem wood 

for Phlomis fruticosa by Psaras and Sofroniou 

(2004) but to be greater in root wood than in 

stem wood for Capparis spinosa and Brosimum 

gaudichaudii by Psaras and Sofroniou (1999) 

and Palhares et al. (2007). In contrast to the re-

sult in present study, Palhares et al. (2007) not-

ed that ray heights and widths in cell numbers 

were not different between stem wood and root 

wood for Brosimum gaudichaudii. On the other 

hand, Machado et al. (2007) found ray heights 

to be dimensionally greater in root wood than 

in stem wood for S. camporum and S. ferrugi-

neus but ray widths to be dimensionally greater 

in root wood than in stem wood for S. lat-

ifolium, S. martii, S. leprosus, and S. camporum.

These qualitative and quantitative differences 

in wood anatomy between stem and root are 

thought to be associated with the opinions of 

Timell (1986), Schweingruber et al. (2006) and 

Bowyer et al. (2007) who described that wood 

anatomical differences between stem above 

ground and root below ground were recogniz-

able within a tree because of their different 

growth environments like photomorphogenetic 

stimulus.

3.3. Chemical Characteristics

Wood chemical constituents of stem and root 

in yellow-poplar are shown in Table 2. Holoce- 

llulose and klason lignin contents, on the aver-

age, are approximately 78.8 and 22.8% in stem 

wood, 72.4 and 20.9% in tap root wood, and 

78.6 and 23.4% in lateral root wood, res- 

pectively. Thus, their contents appear to be low-

er in tap root wood than in stem wood and lat-

eral root wood. In stem wood of yellow-poplar, 

the respective contents of holocellulose and kla-

son lignin were previously recorded as 72.7 and 

23.44% by Han (1982).

Extractives contents average 1.9% in stem 

wood, 3.8% in tap root wood, and 1.8% in lat-

eral root wood, thus identical to the anatomical 

observation of more extraneous materials in 

wood rays of tap root than in those of stem and 

lateral root (Figs. 24 & 25). When considering 

the opinions of Magel et al. (1994) and Burtin 

et al. (1998) that extractives were synthesized 

from the breakdown of starch or from soluble 

sugars, occurrence of more extraneous materials 

in wood rays of tap root in present study is 

thought to be somewhat related to the ob-

servations that reddish brown phenolic com-

pounds usually present in rays of root wood for 

Styrax camporum by Machado et al. (1997) and 

starch grains commonly found in root wood but 

not in stem wood as well as phenolic com-
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pounds evident in root wood for Brosimum gau-

dichaudii by Palhares et al. (2007), respectively. 

Like the earlier reports of Braun (1984), 

Carlquist (1985), and Lindorf (1997), on the 

other hand, abundant starch grains in ray paren-

chyma cells of Capparis spinosa were consid-

ered as deposits of temporary osmotically in-

active surplus carbohydrates by Psaras and 

Sofroniou (1999). And Howard (1973) and 

Bowyer et al. (2007) stated in Pinus elliottii 

that cellulose content was lower with lignin and 

extractives contents correspondingly higher in 

root than in stem.

4. CONCLUSIONS

Stem wood and root wood in yellow-poplar 

(Liriodendron tulipifera L.) were described and 

compared in the qualitative and quantitative 

anatomical aspects. In the qualitative features, 

growth rings were distinct in stem wood but 

relatively less distinct in root wood. And stem 

wood appeared to have pores in radial multiples 

of 2 to 5, sometimes in clusters but root wood 

to have pores in radial multiples of 2 to 3, rare-

ly in clusters. And numbers of bars in scalari-

form perforation plates were somewhat numer-

ous in vessel elements of root wood than in 

those of stem wood. Interestingly, on the other 

hand, more extraneous materials in the wood 

rays of tap root than in those of lateral root and 

stem were confirmed in the chemical composi-

tion analyses. In the quantitative features, pore 

densities were significantly greater but vessel 

elements were considerably narrower in stem 

wood than in root wood. Vessel elements and 

wood fibers of root wood were considerably 

longer than those of stem wood. Rays were 

somewhat more numerous in stem wood than in 

root wood, and only ray heights of stem wood 

were more or less greater in cell numbers but 

both ray heights and widths of stem wood were 

lower in dimension than those of root wood.
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