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Abstract A dye injection method was used to elucidate
the xylem water-conducting pathways of 34 broadleaved
evergreen trees growing in southern Japan: two semi-ring-
porous, 26 diffuse-porous, five radial-porous and one
non-vessel species. The large earlywood vessels in semi-
ring-porous species have a water transport function in only
the outermost annual ring, as in deciduous ring-porous spe-
cies. On the other hand, the small vessels in semi-ring-porous
species maintain the water transport function in many outer
annual rings. For the other xylem-type species, the many
vessels in many outer annual rings have a water transport
function. In diffuse-porous species, we categorized the
water-conducting pattern within the annual rings into two
types: d1 type, where water travels through vessels in the
whole region; and d2 type, where water travels mainly
through the earlywood vessels. The pattern in radial-porous
species is similar to that in the dl type; the pattern in
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non-vessels species is similar to that in the d2 type. The
vessel diameter in radial-porous species is similar to that of
the earlywood vessels of semi-ring-porous species. These
results suggest that the conduit diameter size is only one of
many factors determining the water-conducting pathways
of broadleaved evergreen species.

Keywords Broadleaved evergreen tree - Diffuse-porous -
Non-vessel - Radial-porous - Semi-ring-porous

Introduction

The conduits (vessels and tracheids) in woody plants’
stems have evolved for long-distance water transport
(Tyree and Zimmermann 2002). However, some conduits
in the stem lose their function because of cavitation in their
lumina, arising from water or freezing stress (Sperry et al.
1988; Tyree and Sperry 1989; Sperry 1993). Cavitated
conduits cannot resume their water-conducting function
unless refilling with sap by positive pressure, like root
pressure, occurs (Scholander et al. 1955; Sperry et al. 1987,
1988; Ewers et al. 1997). Some reports suggest that ten-
sion-induced cavitation is a direct function not of the size
of xylem conduits, but of the maximum pore size in their
pit membranes (Sperry and Tyree 1988; Jarbeau et al.
1995; Christman et al. 2009). On the other hand, freezing-
induced cavitation is strongly correlated to the diameter or
volume of xylem conduits (Cochard and Tyree 1990;
Sperry and Sullivan 1992; Taneda and Tateno 2005). The
anatomical characteristics of the conduits can have a pro-
found impact on the occurrence of cavitation induced by
seasonal water and freezing stress.

In general, the more efficient conduits are more vul-
nerable to cavitation (Tyree et al. 1994; Hacke et al. 2006),
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and trade-offs between safety and efficiency decide the
interspecific differences in water-conducting systems
(Maherali et al. 2004). In the deciduous ring-porous species
that have large efficient earlywood vessels, the outermost
annual ring has a major role in water transport (Chaney and
Kozlowski 1977; Ellmore and Ewers 1986) but the vessels
in the inner annual rings do not (Utsumi et al. 1996;
Umebayashi et al. 2008). On the other hand, the diffuse-
porous species that have many small vessels of about the
same sizes maintain their water transport function for many
years (Baker and James 1933; Greenidge 1958; Chaney and
Kozlowski 1977; Anfodillo et al. 1993). These structural
differences in xylem correspond to the species’ distribu-
tions. The ring-porous species are distributed mainly in the
northern temperate zone, while diffuse-porous species
grow worldwide (Wheeler et al. 2007). Among diffuse-
porous trees, the species growing in cold or dry environ-
ments tend to have narrower vessels than those growing in
wet-warm environments (Tyree et al. 1994).

Leaf habit is also recognized as one of the main char-
acteristics to explain the growth environments of trees
(e.g., DeFries et al. 2000; Givnish 2002). Broadleaved
evergreen species can conduct photosynthesis throughout a
year (e.g., Miyazawa and Kikuzawa 2005), and dominate
in regions where environmental conditions are stable
(Chabot and Hicks 1982), whereas deciduous species have
achieved high photosynthetic capacities through the evo-
lution to compensate for shorter leaf life span (Chabot and
Hicks 1982), and can avoid seasonal stresses (Axelrod
1966; Thomas and Sadras 2001). Seasonal changes in
xylem hydraulic conductivity also differ between ever-
green and deciduous species. Even in species growing
sympatrically in northern temperate zones, the percentage
loss of hydraulic conductivity (PLC) of broadleaved ever-
green species tends to be lower than that of broadleaved
deciduous species (Cavender-Bares and Holbrook 2001;
Cavender-Bares et al. 2005).

The leaf habits correspond to vessel arrangement in the
xylem in some cases. Most of the ring-porous woods are
found in the deciduous species (Gilbert 1940; Hallé et al.
1978; Wheeler and Baas 1991). In this case, the strategy of
dropping leaves and losing water transport function during
the dormant season and recovering by forming new leaves
and large vessels in spring is reasonable to avoid climate
stress (Lechowicz 1984). However, diffuse-porous woods
are present in both evergreen and deciduous species, and
broadleaved evergreen trees have not only diffuse-porous
wood, but also semi-ring-porous (e.g., Yamauchi 1976),
radial-porous wood, where vessels are arranged radially
along rays (e.g., Hirose et al. 2005; Tateishi et al. 2008),
and non-vessel wood, where only tracheary elements and
parenchyma are present (e.g., Wheeler et al. 1989; Feild
et al. 2002). This structural variety in the xylem of
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evergreen species has been paid little attention from the
view of water conduction.

In this study, we anatomically evaluated interspecific
differences in the water-conduction pathways of 34 ever-
green broadleaved trees grown in Japan. These species
have been categorized into four groups based on their
xylem conduit arrangement: semi-ring-porous, diffuse-
porous, radial-porous, and non-vessel species (Itoh 1995,
1996, 1997, 1998, 1999). We obtained an ascending dye
pattern using a dye injection method that can show the
pathway of dye uptake in xylem at the tissue level (Sano
et al. 2005; Umebayashi et al. 2007, 2008). We compared
the functional vessel area with the water distribution pat-
tern in each conduit-arrangement category using cryo-
scanning electron microscopy (cryo-SEM, Utsumi and
Sano 2007). We evaluated whether the hydraulic diameter
of conduits could explain the interspecific variation in the
water-conducting patterns of xylem.

Materials and methods
Plant material and growth conditions

The study was carried out from 2005 to 2006 in the Kasuya
Research Forest of Kyushu University (KRF; 33°38'N,
130°31'E; elevation 50-100 m; Kasuya, Fukuoka, Japan)
and from 2003 to 2006 in the Shiiba Research Forest of
Kyushu University (SRF; 32°22’'N, 131°09'E; elevation
660-1,000 m; Shiiba, Miyazaki, Japan).

The KRF site is a warm temperate evergreen forest
located in the north Kyushu mountain range. The dominant
species are evergreen Fagaceae and Lauraceae species. The
flora comprised on 135 deciduous and 91 evergreen
broadleaved trees (Inoue et al. 2002). According to the
temperature and precipitation data for 2005 and 2006
obtained from an experimental watershed (elevation
250 m; cf., Ide et al. 2007) in the KRF, the yearly mean air
temperature was 16.0°C. The daily maximum temperatures
for 2005 and 2006 were 37.9 and 39.5°C, respectively, and
the minimum temperatures for the 2 years were —5.2 and
—3.1°C, respectively. The average yearly mean precipita-
tion for the 2 years was 1,880 mm. Mean temperature and
humidity during experiment were 29.4 + 3.1°C and
72.6 = 12.3%, respectively. Average, maximum and
minimum rainfall days per a month were 12.0 & 1.8 mm,
with 13 days in July 2005 and 9 days in August 2006,
respectively.

The SRF site is cold temperate deciduous forest located
in the central Kyushu mountain range. The dominant spe-
cies are deciduous Fagaceae, Aceraceae and Betulaceae.
The flora comprised on 188 deciduous and 30 evergreen
broadleaved trees (Inoue et al. 2002). According to the



Trees (2010) 24:571-583

573

temperature and precipitation data for 2003-2006 in the
SRF, the yearly mean air temperature was 12.7°C. The
maximum temperature reached in 2003, 2004, 2005, and
2006 was 33.0, 32.5, 33.4, and 33.5°C, respectively;
the minimum temperature was —9.1, —8.5, —8.3, and
—10.7°C, respectively. The average annual precipitation
over the 4 years was 2,770 mm. Mean temperature and
humidity during the experiment were 24.8 £ 2.3°C and
77.1 £ 9.5%, respectively. Average, maximum and mini-
mum rainfall days per month were 18.0 £ 4.2 mm, with
24 days in July 2003 and 13 days in July 2004 and 2005,
respectively.

In the 2 forests a total of 34 broadleaved evergreen
species (2 semi-ring-porous species, 26 diffuse-porous
species, 5 radial-porous species, and 1 non-vessel species)
were used for our study. We selected 2 trees with 1-10 cm
diameter at breast height for each species (Table 1).

Dye injection and collection of samples

Dye injection experiments were performed from 11:00 to
14:00 on sunny days from mid-July to August in 2003,
2004, 2005, and 2006. A watertight collar was set at
height of 1 m and filled with water. The south-facing
half of the stem was cut under water and the water was
replaced with a 0.2% acid fuchsin aqueous solution that
had been filtered through a 0.22-um filter (GV, Milli-
pore, Billerica, Massachusetts, USA) before the experi-
ment. To keep water on the cut surface and avoid the
adhesion of debris, the stem was wrapped with a fine
cotton fabric during the replacement. After perfusion for
30 min, sample discs of thickness 2 cm were taken at O,
10, 30, and 50 cm above the dye injection height and at
50-cm intervals from 100 cm to the maximum height of
the stained xylem. Finally, a disc was taken at 10 cm
below the maximum height reached by the dye solution.
All discs were frozen immediately in liquid N,. The
discs stored in liquid N, were transferred to a laboratory
and freeze-dried at —50°C (FZ-1, Labconco, Kansas,
USA; Umebayashi et al. 2007, 2008). This process was
conducted for two trees of each species.

Observation of dye distribution in xylem

The top surface of the sample discs was trimmed with a
razor blade, and we observed macroscopically the xylem
dye distribution in the cross-section of the stem. Subse-
quently, the stained portion of the disc was split into small
blocks. These surfaces were planed using a sliding micro-
tome, and we observed the dye distribution at tissue level
using a stereomicroscope (SMZ800, Nikon, Tokyo, Japan).
The small blocks containing at least one annual ring were
trimmed and embedded in an epoxy resin (Sano et al.

2005). Finally, thin sections of thickness 4-7 pm were cut
from the blocks with a semi-ultramicrotome (RM2045,
Leica, Wetzlar, Germany) and the dye distribution in each
xylem cell was observed using a light microscope (Opti-
photo-2, Nikon, Tokyo, Japan). Images were obtained from
a microscope digital camera system (DP70, Olympus,
Tokyo, Japan) attached to the stereomicroscope or light
microscope. Dye ascending heights of each annual ring in
all species studied were measured, and the rate of decrease
from the maximum height was calculated in each annual
ring.

Cryo-SEM observation

In August 2006, two sample trees were selected for cryo-
SEM observation from one semi-ring-porous species
[Dendropanax trifidus (Thunb.) Makino], two diffuse-por-
ous species [Camellia sinensis (L.) O. Kuntze and Ilex
pedunculosa Miq.], two radial-porous species (Quercus
glauca Thunb. ex Murray and Quercus salicina Blume)
and one non-vessel species (Trochodendron aralioides
Sieb. et Zucc.). A watertight collar with a plastic funnel
was fitted to the stem at a height of 100 cm and filled with
liquid N, to freeze the stem before sunrise (Utsumi et al.
2003). Frozen stem blocks (5 cm long) were removed and
placed in liquid N,. The top surfaces of the blocks were
trimmed and planed on a sliding microtome in a cold room
at —23°C. They were then lightly etched, coated with
platinum and carbon in the cryo-SEM system (JSM840-a
equipped with CRU-7000, JEOL, Tokyo, Japan; Fujikawa
et al. 1988), and observed at 5 kV to assess the xylem
water distribution in the outer three, or more, annual rings
(Utsumi et al. 1996, Utsumi and Sano 2007).

Definition of vessel arrangement in an annual ring

In semi-ring-porous species, we described the earlywood as
the region having one row of large-diameter vessels in an
annual ring (Fig. 1a, E), and latewood as the other region
(Fig. 1a, L). D. trifidus had some clusters of small vessels
in the earlywood. In this case, we differentiated the small-
vessel earlywood region (Fig. 1b, arrows) from the large-
vessel earlywood region (Fig. 1b, V). In diffuse-porous
species, we described earlywood as the older half-region of
annual rings (Fig. Ic, E) and latewood as the newer half-
region (Fig. 1c, L; Umebayashi et al. 2008). In non-vessel
species, we defined the latewood region according to
Mork’s definition, that is, the region where the twofold
radial thickness of the common double wall adjacent to the
tracheid is larger than the radial diameter of the tracheid
lumen (Fig. 1d, L; Denne 1988); earlywood is the other
part (Fig. 1d, E).
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Table 1 Tree height, diameter at breast height (DBH), maximum dye height, number of stained annual rings, and total number of annual rings of
sapwood in the 34 species studied

Species Tree height DBH Maximum dye Stained annual rings® (total rings in sapwood)
(m) (cm) ascent height® (m) -
10 cm above Maximum
dye injection height® dye height®

Semi-ring-porous species

Dendropanax trifidus 5.1 3.5 1.6 1-36 (36) 1-2 (34)
6.8 5.5 3.6 1-21 (23) 1-2 (12)
Elaeagnus pungens 5.9 2.1 3.6 1-8 (13) 1-2 (4)
5.0 24 3.1 1-10 (11) 1-2 (3)
Diffuse-porous species
Aucuba japonica 4.1 3.1 0.6 1-21 (21) 2-3 (18)
3.7 2.5 1.1 1-11 (11) 1-8 (9)
Camellia japonica 3.4 2.6 0.6 1-14 (15) 1-12 (12)
33 2.3 14 1-18 (18) 2-3, 6-8 (10)
Camellia sinensis 33 1.4 2.1 1-6 (6) 1-2 (2)
3.1 14 1.8 1-7 (7) 1-2 (2)
Daphniphyllum teijsmannii 3.9 3.7 1.1 1-9 9) 1-3 (6)
4.9 5.2 1.1 1-7 (8) 1-3 (8)
Distylium racemosum 6.2 3.9 1.9 1-10 (14) 14, 6-7 (11)
55 33 1.8 1-12 (14) 1, 3-7 (7)
Eurya japonica 33 39 1.5 1-28 (28) 1-2, 5-7 (16)
3.6 2.2 1.3 1-19 (25) 1-5, 7 (10)
llex chinensis 6.0 32 1.1 1-15 (15) 34 (10)
4.9 34 1.1 1-15 (15) 1-6 (12)
llex crenata 2.2 1.5 0.6 1-10 (10) 1-2 (8)
2.7 2.0 0.9 1-12 (12) 1-2 (4)
Ilex crenata var. fukasawana® 6.2 6.6 0.9 1-42 (43) 1-17 (37)
6.8 9.9 0.9 1-46 (51) 1-17 (41)
Ilex pedunculosa® 5.0 5.1 0.8 1-38 (38) 1-2 (32)
7.0 5.0 0.6 1-30 (38) 1-27 (36)
Hllicium anisatum® 3.7 3.6 0.6 1-17 (18) 1-3 (15)
35 4.6 0.9 1-44 (45) 1-3, 6 (43)
Ligustrum japonicum 33 3.0 1.4 1-24 (26) 1-2 (15)
32 2.5 1.5 1-25 (29) 14 (24)
Litsea acuminata 4.9 3.8 0.9 1-15 (15) 1-2 (12)
4.8 3.8 1.2 1-15 (15) 1-3 (12)
Litsea coreana 3.2 2.8 0.3 1-9 (9) 1-9 (9)
4.1 3.1 0.8 1-9 (9) 1-6 (6)
Machilus japonica 3.7 4.2 0.6 1-16 (16) 1-8 (13)
32 3.1 1.3 1-14 (14) 1-7 (11)
Machilus thunbergii 4.7 4.1 0.6 1-13 (13) 2-3 (13)
35 3.6 0.5 1-12 (12) 2-4,6 (11)
Mpyrica rubra 4.6 5.0 1.3 1-23 (24) 1-3 (16)
44 6.8 1.3 1-38 (38) 1-3, 7-8 (22)
Mpyrsine seguinii 2.8 1.7 1.6 1-13 (13) 1(1)
2.3 1.0 1.2 1-6 (6) 1(1)
Neolitsea sericea 3.2 2.6 0.8 1-8 (8) 1-2 (6)
33 3.9 0.8 1-7 (7) 1, 4-6 (6)
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Table 1 continued

Species Tree height DBH Maximum dye Stained annual ringsh (total rings in sapwood)
(m) (cm) ascent height® (m) -
10 cm above Maximum
dye injection height® dye height®
Pieris japonica® 34 3.2 1.3 1-9 (9) 1-2 (6)
35 3.3 14 1-10 (10) 1-4 (6)
Pittosporum tobira 4.2 3.2 24 1-7 (8) 1-2 (3)
6.0 5.6 1.6 1-15 (15) 1-2 (9)
Rhaphiolepis indica var. umbellata 4.9 3.1 0.9 1-22 (22) 1-6 (18)
6.3 5.2 0.9 1-29 (30) 1-3, 18-15 (25)
Symplocos lucida 2.9 2.4 1.3 1-6 (6) 1-3 (3)
2.8 2.7 1.6 1-7 (7) 1-2 (3)
Symplocos myrtacea® 5.5 4.7 1.1 1-45 (49) 1-15 (43)
3.7 3.6 0.7 1-43 (49) 1-13 (40)
Ternstroemia gymnanthera 2.9 1.3 1.1 1-9 (9) 2 (5)
2.9 1.7 1.4 1-12 (12) 1-3 (5)
Vaccinium bracteatum 4.1 3.2 1.8 1-14 (18) 1-4 (9)
33 4.1 1.5 1-22 (22) 1-3 (8)
Radial-porous species
Castanopsis sieboldii 6.1 4.2 4.1 1-24 (24) 1-3 (5)
55 4.5 3.7 1-26 (26) 14 (5)
Lithocarpus edulis 5.5 4.0 3.2 1-16 (16) 1-2 (6)
5.0 33 1.8 1-16 (16) 1-3 (8)
Quercus glauca 7.6 6.2 5.6 1-13 (13) 1-2 (2)
6.3 5.0 5.1 1-6 (8) 1)
Quercus myrsinaefolia 5.5 2.9 3.3 1-15 (16) 1-2 4)
6.7 5.9 3.6 1-23 (23) 1-5 (8)
Quercus salicina® 7.0 7.4 2.9 1-22 (24) 1-3 (14)
44 3.5 2.6 1-6 (8) 1(1)
Non-vessel species
Trochodendron aralioides® 5.8 6.8 0.6 1-41 (81) 1-5 (80)
4.8 7.0 0.4 1-39 (118) 1-5 (110)

¢ Analyzed in the disc taken at 10 cm above the dye injection height

e

Species from SRF

Xylem conduit measurements

In eight species (Table 3), the diameters of vessels and
tracheids were measured on the transverse section (10 or
20 pm thickness) of the outer second annual ring at 10 cm
above the dye injection height. We obtained images of
transverse sections using a digital camera attached to a
light microscope, and the images were imported into the
Winroof software, version 5.0 (Mitani Corporation, Fukui,
Japan), for analysis. We set an oblong grid to locate four
vertices on the initial and terminal borders of the annual

Analyzed in the disc taken at 10 cm below the maximum dye height

Showed ascension of dye after 30 min from the injection of dye solution
The number of stained annual rings was counted from the outermost annual ring to the pith

ring, enclosing 100 or more conduits. All conduits of three
grids, that is, 300 or more numbers, were measured for
each sample tree. The hydraulic diameter (D) of the lumen
was calculated as D = \/ (xy), where x and y were the
major and minor axis diameter of the conduit, respectively.
We measured the mean hydraulic diameter, which was
defined as [(ZD"/N]"*, where N was the number of con-
duits (Tyree and Zimmermann 2002). Finally, we calcu-
lated the mean hydraulic diameter of conduits and the
mean hydraulic diameter of conduits for each region in an
annual ring, as defined above.
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Fig. 1 Definition of earlywood
and latewood in semi-ring-
porous, diffuse-porous, and non-
vessel species in this study.
a Cross-section of Dendropanax

trifidus. b Earlywood of D. : { R
: Y

trifidus. V Large earlywood i
vessel, arrows small earlywood I BH :i:'
vessel. ¢ Cross-section of 3
Mpyrica rubra. d Cross-section
of Trochodendron aralioides.

E earlywood, L latewood. Scale | :
bars a, ¢, d 100 um; b 50 pm Qo)
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Results

In all of the species studied, the number of annual rings
stained by dye decreased with increasing stem height
(Table 1). Most semi-ring-porous and radial-porous species
showed the higher maximum dye injection height than
diffuse-porous species. Q. glauca transported the dye
solution for the longest distance over all species studied.
Figure 2 shows the dye ascending pattern within outer ten
annual rings. The dye ascent observed in semi-ring-porous
species occurred mainly in the two outermost annual rings
and had rapid decrease of ascending height on inner annual
rings whereas radial-porous species decreased the ascend-
ing height gradually according to the annual ring number
(Fig. 2a). Dye ascending pattern in diffuse-porous species
varied among species and had no obvious trend. In some
species the height of the dye was stable in ten annual rings
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while in other species the height decreased gradually in
inner annual rings (Fig. 2b).

In two semi-ring-porous species, only the outer two
annual rings were stained at the maximum dye height
(Fig. 3a, b). The earlywood vessels and the adjacent late-
wood vessels were stained in the outermost annual ring
(Fig. 3b), and only the terminal latewood vessels were
stained in the second annual ring (Fig. 3b, arrow). At
10 cm above the dye injection point, the dye distribution
patterns in the latewood of all stained annual rings were
similar across all annual rings (Fig. 3¢c), and many vessels
in the whole region of latewood were stained in both of the
species (Fig. 3d, arrows). On the other hand, the dye dis-
tribution patterns in the earlywood differed between rings:
many large earlywood vessels in the outermost annual ring
were stained, but none of them in the inner annual rings
were stained, in both species (Fig. 3d, e). In D. trifudus,
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Fig. 2 Dye ascending height of outer ten annual rings in two semi-
ring-porous and five radial-porous species (a), 26 diffuse-porous and a
non-vessel species (b). Narrow lines 20 d1 type species, heavy lines 6
d2 type species, dashed line a non-vessel species. Cs Castanopsis
sieboldii, Dt Dendropanax trifidus, Ep Elaeagnus pungens, Le
Lithocarpus edulis, Qg Quercus glauca, Om Quercus myrsinaefolia,
Qs Quercus salicina, Ta Trochodendron aralioides. Plots of each
species were derived from the average of two samples

most large earlywood vessels of the outermost annual ring
maintained water (Fig. 4a, large allow); many large ear-
lywood vessels of the inner annual rings had no water
(Fig. 4a, small arrows). D. trifidus had many small early-
wood vessels, and many of these vessels had dye in their
lumina in all stained annual rings (Fig. 3e, arrow). Most of
the small vessels and fibers had water in the outer three
annual rings (Fig. 4a). In Elaeagnus pungens Thunb., at all
heights, most wood fibers within the stained annual rings
contained dye in their lumina (Fig. 3d; Table 2).

In diffuse-porous species, the number of stained rings
varied between and within species at the maximum dye
height (Table 1), and eight diffuse-porous species such as
Distylium racemosum Sieb. et Zucc. had discontinuous
stained annual rings (Fig. 3f). The dye distribution patterns
for the inner annual rings were similar at any given height
for most species (Fig. 3g, h). In the outermost annual ring,
whole region was stained in 15 species (Fig. 3i, j), and
terminal region was not stained in 11 species (Fig. 3h). In
the inner annual rings, the dye pattern was classified into
two types (Table 2): d1, where most or some vessels in the
whole region were stained (Fig. 3h, i), and d2, where
mainly only earlywood vessels were stained (Fig. 3j). The

vessels of the two diffuse-porous species (I. pedunculosa
and C. sinensis) showed similar patterns of water distri-
bution among the outer three annual rings. Most vessels of
1. pedunculosa had water in both earlywood and latewood
(Fig. 4b). Most earlywood vessels in C. sinensis had water
(Fig. 4c) and many latewood vessels had no water
(Fig. 4c). In 17 species, the wood fibers adjacent to the
stained vessels had dye in their lumina (Fig. 3k, arrow;
Table 2).

In all of the radial-porous species, the outermost annual
ring or several outer annual rings were stained at the
maximum dye height (Fig. 31; Table 1). The percentage of
stained vessels gradually decreased in the inner annual
rings (Fig. 3m). At 10 cm above the dye injection point,
many vessels in the outermost annual ring were stained in
all of the species (Fig. 3n, 0). In the inner annual rings,
some vessels were not stained (Fig. 3p), but others were
stained (Fig. 3q, arrow). In Q. glauca and Q. salicina, the
patterns of water distribution were similar among the outer
three annual rings. Many vessels had water, and some
vessels lost water regardless of their diameter (Fig. 4d, e;
arrows). At any height in all species, the whole region of
vessels within an annual ring was stained, and the dead
xylem cells adjacent to stained and non-stained vessels
contained dye in their lumina (Fig. 3p, arrows; Table 2).

In the non-vessel T. aralioides, several outer annual
rings were stained discontinuously at all heights in all
sample trees (Fig. 3r, s, t), and most tracheids in the ear-
lywood region were stained (Fig. 3u, arrows).

The most earlywood tracheids had water and most
latewood tracheids had no water in the outer three annual
rings (Fig. 4f).

In all of sample trees studied, colored heartwood was
not found and no ray parenchyma cells were stained (e.g.,
Fig. 3¢, 0). One non-vessel species had 47% conducting
sapwood area per total sapwood area, and the value of
other species was more than 80%. Only five radial-porous
species exhibited tyloses in some non-stained vessels.

Discussion

We investigated the water-conducting pathways in 34
broadleaved evergreen species from two different temperate
forests in Japan. Semi-ring-porous species had a different
water transport system from species with other vessel
arrangements. In semi-ring-porous species, the outermost
annual ring was major water transport region (Figs. 2a, 3a,
b), and most of the large earlywood vessels carried dye
solution and held water in the outermost annual ring,
whereas most large earlywood vessels in the inner annual
rings did not take up dye solution (Fig. 3d, e) and had no
water in their lumina (Fig. 4a, small arrows). These results
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Fig. 3 Cross-sectional micrographs of the stained xylem. a Discs at
0.1, 0.5, and 1.0 m from the dye injection site in Dendropanax
trifidus. b Outer two annual rings at 150 cm height in Elaeagnus
pungens. Arrow stained latewood. ¢ Outer two annual rings at 10 cm
height in E. pungens. d Annual ring border area of the second and
third annual rings at 10 cm height in E. pungens. Arrows dye in the
latewood vessel lumen in both the second and third annual rings.
e Earlywood of the second annual ring at 10 cm height in D. trifidus.
Arrow dye in the small earlywood vessel lumen. f Discs at 0.1, 0.5,
and 1.5 m from the dye injection site in Distylium racemosum. g
Outer three annual rings at 150 cm height in D. racemosum. h—j Outer
three or four annual rings at 10 cm height in D. racemosum (h), Litsea
acuminata (i), and Camellia sinensis (j). k Earlywood of the second
annual ring at 10 cm height in Myrica rubra. Arrow dye in the cell

indicate that the water transport function of large earlywood
vessels in semi-ring-porous species is confined to the first
growth season. This limited, 1-year water-conducting
function of earlywood is the same as for large earlywood
vessels of deciduous ring-porous species (Utsumi et al.
1996; Umebayashi et al. 2008). One definition of semi-

@ Springer

lumen adjacent to the vessels. 1 Discs of 0.1, 1.5, and 2.5 m from the
dye injection site in Castanopsis sieboldii. m Outer three annual rings
at 2.0 m height in C. sieboldii. n, o Outer three annual rings at 10 cm
height in C. sieboldii (n) and Quercus salicina (o). p A vessel in the
second annual ring at 10 cm height in Quercus glauca. Arrows dye in
the cell lumen adjacent to vessel. q A vessel in the third annual ring at
10 cm height in C. sieboldii. Arrow dye in the vessel lumen. r Discs
at 0.1 and 0.3 m from the dye injection site in Trochodendron
aralioides. s Outer four annual rings at 0.3 m height in 7. aralioides.
t Outer three annual rings at 0.1 m height in 7. aralioides. u The
fourth annual ring at 10 cm height in T. aralioides. Arrows the dye in
the earlywood tracheid lumina. g—j, m—o, s, t Arrowheads annual ring
boundary. Scale bars a, f,1, r 1 cm; b, ¢, g, i, j, m—o, s, t 500 pm;
d, e, k, p—q 20 pm; h | mm; u 25 um

ring-porous wood is the transitional structure between ring-
porous and diffuse-porous wood (Wheeler et al. 1989). This
study is the first report to show that semi-ring-porous
evergreen species are not aberrant diffuse-porous species
with larger vessels, but are very similar to ring-porous
species from the standpoint of water conduction.
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Fig. 4 Cryo-scanning electron
micrographs of xylem cross-
sections. a The outer three
annual rings of Dendropanax
trifidus. Large arrow large
earlywood vessel having water
in the lumina. Small arrows
embolic large earlywood vessel.
b The second and third annual
rings of Ilex pedunculosa. ¢ The
second annual ring of Camellia
sinensis. d, e The second annual
ring of Quercus glauca, Q.
salicina, respectively. Arrows
embolic vessel. f The second
annual ring of Trochodendron
aralioides. a—c, f Arrowheads
annual ring boundary. Scale
bars a 50 um; b 200 pm;

c—f 100 pm

It is well known that the water-conducting system of
ring-porous species is more vulnerable to freezing stress
(Sperry and Sullivan 1992; Sperry et al. 1994) than that of
diffuse-porous species. The large earlywood vessels of
ring-porous species lose their water-conducting function at
the first freeze—thaw cycle (Utsumi et al. 1999), and the
xylem conductivity decreases (Sperry et al. 1994). Larger
conduits are more vulnerable than smaller conduits to
freeze—thaw cycle induced cavitation (Ewers 1985; Sperry
and Sullivan 1992; Tyree et al. 1994; Tyree and Cochard
1996). In this study, the hydraulic diameter of large ear-
lywood vessels in semi-ring-porous species was consider-
ably larger than that of small earlywood vessels and
latewood vessels (Table 3), and larger than the diameter to
be vulnerable to cavitation by the freeze—thaw cycle (Davis

et al. 1999; Pittermann and Sperry 2003; Taneda and
Tateno 2005). Therefore, these large earlywood vessels
would lose their function because of freezing stress like
those of ring-porous species.

On the other hand, many small earlywood and latewood
vessels in semi-ring-porous species had a water-conducting
function lasting several years (Figs. 3d, e, 4a). In general,
small conduits have a higher resistance to freezing stress
(Sperry and Sullivan 1992; Sperry et al. 1994) and water
stress (Hacke et al. 2006) than larger ones. Utsumi et al.
(1996) reported on a ring-porous deciduous species where
small vessels maintained water in their lumina, while large
earlywood vessels in the outermost annual ring cavitated
during winter. The small earlywood and latewood vessels
of semi-ring-porous species would be less vulnerable to
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Table 2 Staining pattern within diffuse-porous species, and the type
of stained tissue adjacent to the vessels in semi-ring-porous, diffuse-
porous, and radial-porous species

Species Stained tissue adjacent
to vessels
Semi-ring-porous species
Dendropanax trifidus None
Elaeaguns pungens Whole
Diffuse-porous species
d1
Aucuba japonica Portion
Distylium racemosum Whole
llex chinensis Portion
Ilex crenata Portion
Ilex crenata var. fukasawana® Portion
Ilex pedunculosa® Portion
Hlicium anisatum® Whole
Ligustrum japonicum Portion
Litsea acuminata None
Litsea coreana None
Machilus japonica None
Machilus thunbergii None
Myrica rubra Whole
Myrsine seguinii None
Neolitsea sericea None
Pittosporum tobira None
Rhaphiolepis indica var. umbellata None
Symplocos lucida Whole
Symplocos myrtacea® Whole
Ternstroemia gymnanthera None
d2
Camellia japonica Whole
Camellia sinensis Whole
Daphniphyllum teijsmannii Portion
Eurya japonica Whole
Pieris japonica® Whole
Vaccinium bracteatum Whole
Radial-porous species
Castanopsis sieboldii Whole
Lithocarpus edulis Whole
Quercus glauca Whole
Quercus myrsinaefolia Whole
Quercus salicina® Whole

For dl species, vessels of the whole region were stained; for d2
species, mainly earlywood vessels were stained

Whole most tissues adjacent to the vessels were stained, portion
several tissues adjacent to the vessels were stained, none the tissues
adjacent to the vessels were not stained

? Species from SRF

@ Springer

cavitation. The small vessels would have a role as the main
alternative pathway when the water-conduction function of
the large earlywood vessels was lost.

What causes the difference between the deciduous ring-
porous and evergreen semi-ring-porous species in the
vessel arrangement? Many ring-porous and semi-ring-
porous species generally do not grow in tropical rainforests
that have a great deal of precipitation through the year, but
are more common in the northern temperate zones where
environmental seasonal stress occurs (Wheeler and Baas
1993). In regions where climate conditions cause freezing
or water stress, both ring-porous species and semi-ring-
porous species would have evolved to transport water
efficiently using large earlywood vessels from the begin-
ning of the short growing season. In deciduous ring-porous
species, the cambial activity precedes leaf emergence
(Lechowicz 1984), and old latewood does not need to play
major role of water transport except for the short period of
the leaf out before the large earlywood vessels mature
(Suzuki et al. 1996). However, evergreen semi-ring-porous
species transpirate throughout the year and may have a
weaker relationship between cambial activity and leaf
emergence than ring-porous species. The latewood vessels
of semi-ring-porous species have to be active longer than
for deciduous ring-porous species after the large earlywood
vessels are cavitated. Evergreen semi-ring-porous species
only distribute in the Kasuya Research Forest but not in the
Shiiba Research Forest (Inoue et al. 2002; Itoh 1995, 1996,
1997, 1998, 1999). Kasuya Research Forest is a warm
tempered evergreen broadleaved forest and has less freeze
stress during winter. As a result, evergreen semi-ring-por-
ous species may have a greater vulnerability to cavitation
but may also have more efficient latewood vessel near the
earlywood vessel and more ambiguous porosity than ring-
porous species.

In the diffuse-porous species studied, both water-con-
ducting pathway between annual rings and within annual
rings were found to vary between species. The water-
conducting patterns within annual rings were categorized
into two types: d1, conducting water through vessels in the
whole region, and d2, conducting water mainly in early-
wood vessels. The water-conducting pathway of non-vessel
species was similar to that of the d2 type (Figs. 3t, 4f).
Umebayashi et al. (2008) reported that deciduous diffuse-
porous species had three water-conducting types, which
were dl, d2 and the species conducting water mainly in
latewood. However, no evergreen diffuse-porous species in
this study transported water mainly in latewood. In the d2
type and non-vessel species, the conduit diameter in
earlywood and latewood was almost the same or less than



Trees (2010) 24:571-583 581
Table 3 Mean hydraulic conduit diameter for eight evergreen broadleaved species (£SD)
Species Conduit Large earlywood  Small earlywood  Earlywood Latewood Total vessel
arrangement  vessel vessel vessel vessel
Dendropanax trifidus SR 98.17 £+ 21.28 33.11 £ 12.59 - 8.45 £ 9.23 47.31 £ 17.80
Quercus glauca RA - - - - 109.61 £ 28.20
Quercus salicina® RA - - - - 83.31 £+ 18.24
Machilus thunbergii D1 - - 55.89 £ 17.32 5137 £17.34 53.75 £ 17.54
Ilex pedunculosa® D1 - - 26.19 £ 7.13 23.34 + 6.49 24.93 £+ 6.96
Camellia sinensis D2 - - 27.10 £+ 7.87 22.26 + 7.78 24.15 £+ 8.29
Pieris japonica® D2 - - 24.35 + 6.22 20.23 £+ 6.26 22.71 £+ 6.69
Trochodendron aralioides® NV - - 20.86 £ 3.51 13.45 £ 4.00 17.70 £ 5.60

SR semi-ring-porous, RA radial-porous, D/ diffuse-porous d1 type, D2 diffuse-porous d2 type, NV non-vessels

# Species from SRF

that of the dl type (Table 3). As shown in Table 3, for
example, the latewood vessel diameter of Pieris japonica
(Thunb.) D. Don (d2 type) was smaller than that of
1. pedunculosa (d1 type), which had the smallest vessel
diameter among the d1 type species. In addition, the late-
wood vessel diameter of the d2 type and non-vessel species
was smaller than the earlywood vessel diameter (Table 3).
In this case the conduit diameter cannot regulate the con-
ducting pattern. Utsumi et al. (2003) indicated that in
coniferous species most tracheids in the transition zone
from earlywood to latewood lost water and that structural
changes in the pit membranes within one annual ring may
cause this difference in vulnerability to cavitation. If the pit
membranes of latewood conduits in d2 type and non-vessel
species have a larger pore size than earlywood conduits,
the membranes would have higher vulnerability to tension-
induced cavitation. To explain why the latewood vessels
are more vulnerable than earlywood vessel, further micro-
structural analysis of the pit membranes within the annual
rings is needed.

The water-conducting pattern in all of the radial-por-
ous species was similar to that of the d1 type of diffuse-
porous species (Fig. 3n, o). However, the vessel diameter
of the radial-porous species was considerably larger than
that of diffuse-porous and non-vessel trees, and slightly
larger or smaller than that of earlywood in semi-ring-
porous trees (Table 3). Even in Q. salicina, which grows
in the Shiiba Research Forest where several freeze—thaw
events occur during winter, the vessel diameter was
larger than the earlywood of semi-ring-porous species
and showed the same water-conducting pattern as other
radial-porous species. This result appears to be in con-
flict with previous reports that species with larger vessel
diameters tend to be more vulnerable to freezing stress
(Cavender-Bares et al. 2005). It is known that some
evergreen Quercus spp. grow at about 3,000 m above sea

level in the Himalayan Mountains (Sakai 1980). The
majority of vessels in Quercus spp. might be refilled in
every spring by root pressure after the vessels had been
embolized by freeze stress during winter. However, some
researchers indicated the negative data on positive pres-
sure after freezing in some Quercus spp. (Cavender-
Bares and Holbrook 2001; Taneda and Tateno 2005). An
alternative explanation, the large ray tissue that is com-
mon in Quercus spp. (Fig. 30) may secrete sugars to the
vessel lumina and achieve supercooling of the sap which
may avoid freezing. Some Quercus spp. increase the
soluble sugars in the stem during winter (Cavender-Bares
et al. 2005). Radial-porous species might have low sto-
matal conductance and consequently high water potential
during winter and avoid the embolism by freezing stress.
Pratt et al. (2005) showed a high freeze-tolerant evergreen
species had low stomatal conductance in the leaves.
Further studies are needed to understand the water-
conducting mechanism of radial-porous species.

In this study we showed that water-conducting pattern in
the stem of evergreen broadleaved species was associated
with the structural variety of xylem. Water conduction of
evergreen semi-ring-porous species had similar water-
conducting system as deciduous ring-porous species. The
diffuse-porous species, radial-porous species and non-ves-
sel species had different water-conducting patterns within
annual rings. The vessel diameter could not explain the
water-conducting pattern within annual rings of diffuse-
porous species and radial-porous species, although the
diameter is an important parameter to quantify the water
conduction. Lechowicz (1984) reported the early leaf
emerging type of deciduous diffuse-porous species tends to
have narrow-diameter vessels. Ecological and physiologi-
cal studies should be linked to understand the water-con-
ducting mechanisms in evergreen species in conjunction
with precise anatomical study of xylem.
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