Taiwan J For Sci 30(4): 229-43, 2015 229

Research paper

Photosynthetic Capacity and Shade Tolerance of

180 Native Broadleaf Tree Species in Taiwan

Yau-Lun Kuo,"”  Ching-Long Yeh"
[ Summary ]

Understanding the shade-tolerance ability of a species is crucial for the successful tending of
young seedlings and selecting forestation species. Yet, no systematic investigations about the shade
tolerance of native tree species have been carried out so far by foresters in Taiwan. In this study,
we cultivated numerous seedlings of native broadleaf tree species in a nursery at National Pingtung
University of Science and Technology. We measured the photosynthetic capacity (A,,,,) of 180 spe-
cies during the rainy seasons of 2009~2014. The quantified data were applied as a physiological
index for determining the shade-tolerance ability of a species and thereby classifying the species
into 5 different shade-tolerance levels. To validate the suitability of this application, 6 experts of
dendrology with years of field experience were asked to fill out a questionnaire for the tested spe-
cies. The questionnaire inquired about the most likely light environment for natural recruits of each
species. Then we compared the A, results with the experts’ opinions. Results showed that A,
of the 180 species ranged 35.8~9.1 umol CO, m™ s™; the first 5 species with the highest A
ues included Hibiscus taiwanensis, Melia azedarach, Mallotus japonicus, Hibiscus tiliaceus, and

max Val-
Broussonetia papyrifera, while Garcinia subelliptica showed the lowest. With reference to the ex-
into 5 levels: = 26.0, 25.9~21.0, 20.9~15.0, 14.9~12.5, and < 12.5
pumol CO, m™ s, corresponding to shade-tolerance levels 1, 2, 3, 4, and 5 (namely very intolerant,
intolerant, moderately tolerant, tolerant, and very tolerant). By the A,,,, classification, numbers of
species belonging to levels 1 to 5 were 18, 37, 70, 33, and 22; while according to the experts’ opin-

perts’ opinions, we divided A,

max

ions, respective numbers were 21, 52, 63, 40, and 4. Few species were considered to be very toler-
ant by the experts. The 2 sets of results showed a significant positive relationship with a Pearson’s
correlation coefficient of 0.92. Out of the 180 species, 131 (73%) species were classified into the
same level by the 2 methods, and 49 species showed only 1 rank difference. Thus, employing A,,,,
to classify the shade tolerance of subtropical broadleaf tree species is objective and practical. With
these physiological data, we have established a database of shade-tolerance levels of subtropical
broadleaf tree species of Taiwan. It provides references for forestation, ecological restoration, and
ornamental applications.
Key words: expert opinion, light environment, photosynthetic capacity, shade-tolerance level, sub-
tropical broadleaf tree.
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INTRODUCTION

Shade tolerance, an ecological concept,
indicates the ability by which a plant can
survive in the deep shade (Walters and Reich
1999). Tree species were classified into 2
functional groups, namely pioneer and non-
pioneer, by Swaine and Whitmore (1989).
Seeds of non-pioneer species can germinate
and their seedlings can thrive under a closed
canopy, thereby forming a seedling bank and
can survive for years in low-light environ-
ments. Conversely, seeds of pioneer species
can only germinate in open fields or if several
hours of direct sunlight through forest gaps
are available. Thus, seedlings of pioneer spe-

cies cannot grow under a closed canopy. In
recent years, researchers have redefined shade
tolerance as a capacity for growth in the
shade (Niinemets and Valladares 2006), em-
phasizing not only seedlings survival but also
their capability for sustainable growth in low-
light environments. For forest management,
shade tolerance is also viewed as an impor-
tant issue. Different levels of shading, either
full sunlight or partial shading, are provided
to seedlings in nurseries according to their
shade-tolerance ability to achieve healthy
growth. Forest operations such as establish-
ing coastal stands, rehabilitation of degraded
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sites, ecological planting in industrial zones,
creating multi-story stands, understory plant-
ing, and planting after thinning practices, all
need to consider the light requirements of
planted species. Matching the shade-tolerance
ability of each chosen species to light condi-
tions at planting sites will greatly improve the
success of forestation.

The shade tolerance of plants was clas-
sified into 3 levels as intolerant, intermediate,
and tolerant (Walters and Reich 1999, Ellis et
al. 2000, Lusk 2004, Craine and Reich 2005),
while others classified it into 5 levels as very
intolerant, intolerant, moderately tolerant,
tolerant, and very tolerant (Baker 1949, Ni-
inemets and Valladares 2006), or even into 9
levels (Humbert et al. 2007). The shade-tol-
erance ability is usually assessed by the mini-
mum light availability at a site where natural
recruits of a species appear in the field (Baker
1949). With reference to experts’ experiences
or opinions in this aspect, researchers have
characterized the shade tolerance of species
into different rankings or levels. For example,
a study of shrubs and trees in temperate for-
ests of the northern hemisphere (Niinemets
and Valladares 2006) and one of understory
species of northeastern North America (Hum-
bert et al. 2007) were all based on field experi-
ences of experts. However, this kind of judg-
ment on classifying shade-tolerance levels of
a species depends on experts’ opinions, which
may or may not be accurate, and is relatively
subjective. Ellis et al. (2000), by observing
population dynamics over decades, classi-
fied tree species of a tropical moist forest in
Panama into functional types of pioneer, mod-
erate shade tolerance, and shade tolerance,
and found that the photosynthetic capacities
of the 3 functional types significantly dif-
fered. They suggested that physiological traits
could be employed as indices for distinguish-
ing tree species of different functional types.
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The photosynthetic capacity represents
the maximum net photosynthetic rate which a
plant can reach when exerting its genetic po-
tential under suitable conditions. It is one of
the important functional traits of plants. The
photosynthetic capacity positively correlates
with some other plant functional traits includ-
ing the growth rate (Ellis et al. 2000, Poorter
and Bongers 2006, Janse-Ten Klooster et
al. 2007), specific leaf weight (Reich et al.
2003), and drought tolerance (Lusk 2004,
Niinemets and Valladares 2006), while it
negatively correlates with the leaf lifespan
(Givnish 2002, Reich et al. 1999) and succes-
sional status (Koike 1988) of a species. Un-
der either high- or low-light conditions, the
photosynthetic capacity of shade-intolerant
species is always higher than that of shade-
tolerant species (Kitajima 1994, Koike 1988,
Walters and Reich 1999, Reich et al. 2003,
Valladares and Niinemets 2008). Thus, it
is plausible to compare the shade-tolerance
abilities of species by assessing the photo-
synthetic capacity of each species. However,
no such reports evaluating shade tolerance by
the photosynthetic capacity of woody species
have been published. The reason is probably
not because photosynthetic capacity is not
suitable for evaluation, but rather because it
is one of the “hard traits” (Cornelissen et al.
2003) not easy to be measured as compared
to other functional traits of leaves. If the pho-
tosynthetic capacities of many species were
measured in a common garden with consistent
environmental conditions, this physiological
trait should be able to serve as an objective
index for classifying tree species into various
shade-tolerance levels.

We planted 180 native broadleaf tree
species in a common garden at National Ping-
tung University of Science and Technology
(NPUST). The light-saturated photosynthetic
rates of all species under similar micro-
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environmental conditions were measured
to represent the photosynthetic capacity of
each species. We now faced a problem: how
to decide the threshold values of the photo-
synthetic capacity for each shade-tolerance
level? No such reference values are avail-
able for subtropical broadleaf tree species.
To resolve this problem, a questionnaire was
designed and filled out by 6 experts of den-
drology who have years of field experience
in Taiwan. The questionnaire inquired about
the most likely light environment in the field
for natural recruits of each tested species. We
then determined suitable threshold values
for each shade-tolerance level by compiling
these experts’ opinions. This could ensure
that the shade-tolerance level of a species
classified by its photosynthetic capacity was
more consistent with experts’ classification.
This research attempted to establish objective
criteria for using the photosynthetic capacity
to categorize the shade tolerance of broadleaf
tree species in Taiwan.

MATERIALS AND METHODS

Species and tested leaves

The 180 tested species are all native
species, with 41 of them endemic species,
of Taiwan (as noted in Table 1). These trees
were 1~5 yr old with 50~300 cm in height,
and were planted in a nursery of the Depart-
ment of Forestry, NPUST. Chosen leaves for
measuring the net photosynthetic rates of a
species were mostly located at 50~150 cm in
height. The tree crown received several hours
of direct sunlight, and the outermost newly
matured sun-leaves at the leaf positions of 3~5
were chosen for taking measurements.

Measuring the photosynthetic capacity
Our previous study showed that net pho-
tosynthetic rates of trees were significantly

lower in dry seasons than in rainy seasons
(Kuo et al. 2004). Therefore, measurements of
the photosynthetic rate were taken during the
rainy season (June to October) of 2009~2014.
In order to ensure that each species exerted
its full photosynthetic potential, measure-
ments were conducted under optimum envi-
ronmental conditions (including temperature,
humidity, soil water, and light intensity)
suitable for the physiological activities of
each species. The optimum conditions gener-
ally occurred in the early morning before the
temperature became too high and the relative
humidity became too low (Kuo et al. 2004).
Therefore, most measurements were taken at
06:30~10:00. A portable photosynthesis sys-
tem (LI-6400, LI-COR, Lincoln, NE, USA)
was employed. When taking measurements,
the concentration of CO, was set to 400 ul
L', the relative humidity to 70~80%, and the
block temperature to 28°C. Four individuals
of each species were chosen, and the light re-
sponse of photosynthesis of at least 12 leaves
was measured. If the tested species was em-
pirically determined to be a shade-intolerant
species, then 1200 wmol photon m™ s™ of light
intensity was provided for some time before
taking any measurements. Once stabilized,
the net photosynthetic rate was recorded for
every 200-pmol photon m™ s increment
in light intensity. If the net photosynthesis
measured at a certain light intensity did not
increase or even decreased compared to that
measured at a previous level of light intensity,
the measuring procedure for this particular
leaf was considered done. If the tested species
was empirically determined to be a shade-tol-
erant species, then 600 wmol photon m™s™ of
light intensity was the starting point. We then
multiplied the highest value of net photosyn-
thetic rate by 0.95 (Man and Lieffers 1997),
and treated this value as the light-saturated
photosynthetic rate of that particular leaf.
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Among the acquired values from 12 tested
leaves, we chose the 4 highest measurements
that had a coefficient of variation (CV) of <
5% and used the mean to represent the photo-
synthetic capacity of that species.

Questionnaires of experts

Besides one of the authors, we invited
another 5 experts who have years of field ex-
perience in dendrology to fill out a question-
naire. This questionnaire asked the experts to
choose from the following list of light envi-
ronments where natural recruits or saplings
of each species were most likely to appear.
Choices (and hence grading) of light environ-
ments included (1) open field; (2) partly shad-
ed open field, forest edge, or large forest gap;
(3) slightly shaded and forest edge; (4) mildly
shaded understory; and (5) closed canopy.
The experts could have multiple answers for
each species. If multiple answers were select-
ed by an expert, the grading for that particular
species was an average value of the answers.
For each species, we then averaged all the ex-
perts’ grading as its mean score. Some species
were graded by only 4 or 5 experts, so not all
species had 6 grading samples. Furthermore,
an expert’s grading of a species was treated
as an outlier and not adopted in the mean cal-
culation if the grading was at least 2 rankings
away from the meanscore of all other experts’
grading.

RESULTS

Experts’ opinions

After calculation, the minimum mean
score of experts’ opinions was 1.1 and the
maximum was 4.5 (Table 1). We needed to
redistribute the calculated mean score into 5
discrete shade-tolerance levels. Taking into
consideration the ecological characteristics
of these species, we subjectively set the
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threshold mean scores at 1.5, 2.4, 3.3, and
4.1 in this study. In other words, species with
mean scores in the range of 1.0~1.5, 1.6~2.4,
2.5~3.3, 3.4~4.1, and 4.2~5.0, were redis-
tributed as shade-tolerance levels of 1, 2, 3,
4, and 5, respectively. Thus, according to the
6 experts’ opinions, numbers of species in
each shade tolerance level were 21, 52, 63,
40, and 4, respectively (Fig. 1). The level of
differences of the light environment of the
same species among the 6 experts could be
reflected by the CV of the grading. Only 48
of the 180 species showed a CV of = 20%;
some species even showed a CV of > 45%,
including Melanolepis multiglandulosa,
Alnus formosana, Deutzia pulchra, Quercus
variabilis, Gordonia axillaris, and Gelonium
aequoreum (Table 1). The high CV values in-
dicated a great variation among experts’ opin-
ions, which implied that judging the shade-
tolerance ability of a species with one’s own
experience could be very subjective.

Photosynthetic capacity

The photosynthetic capacities (A,,,,) of
the 180 species ranged 9.1~35.8 umol CO,
m” s (Table 1). Eight species, including Hi-
biscus taiwanensis, Melia azedarach, Mallo-
tus japonicus, Hibiscus tiliaceus, Broussonetia
papyrifera, Macaranga tanarius, Melanolepis
multiglandulosa and Acacia confusa, had an
A,... of > 30 pmol CO, m™s”, and 6 species
had an A,,, of < 10 pmol CO, m™ s"'. How
did we determine the threshold values of A,
for each of the 5 shade-tolerance levels? First,
all species were sorted by their A, in de-
scending order. Then, we juxtaposed experts’
opinions with the A,,, list of the 180 spe-
cies. As shown in Table 1, the top 18 species
were classified as level 1 by the experts, and
then the following 3 species were classified
as level 2. Therefore, we set 26.0 umol CO,
m” s of A, as a threshold value. Species
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Table 1. Shade-tolerance level of 180 subtropical broadleaf tree species in Taiwan

) . Experts” ST level” Leaf?
Species A
n Mean CV% Exp. A, Lt
1. Hibiscus taiwanensis (LLIZEZE) (" 358 6 1.1 19 1 1 SD
2. Melia azedarach (:E ) 346 6 1.1 19 1 1 D
3. Mallotus japonicus (FFH) 344 6 13 22 1 1 E
4. Hibiscus tiliaceus (5FE) 342 6 1.1 19 1 1 E
5. Broussonetia papyrifera (Fifg) 341 6 13 33 1 1 SD
6. Macaranga tanarius (IfLA) 319 6 12 22 1 1 E
7. Melanolepis multiglandulosa (5PR) 310 6 1.5 52 1 1 D
8. Acacia confusa (FHEHE) 309 6 1.3 22 1 1 E
9. Mallotus paniculatus (F15E-F) 294 6 1.3 22 1 1 E
10. Tournefortia argentea (FH7KAR) 287 5 14 30 1 1 E
11. Pistacia chinensis (53HA) 281 6 1.5 30 1 1 SD
12. Trema orientalis (|11E5)) 277 6 13 39 1 1 D
13. Premna serratifolia (FA5T-) 277 5 1.4 31 1 1 E
14. Firmiana simplex (F5f) 274 6 13 31 1 1 D
15. Salix warburgii(ZXA)( 267 6 13 31 1 1 D
16. Vitex negundo (E571) 263 6 1.3 31 1 1 E
17. Rhus javanica var. roxburghiana (|115575) 260 6 13 33 1 1 D
18. Sapium discolor (F11) 260 6 1.4 27 1 1 D
19. Lagerstroemia subcostata (J1.725) 257 6 1.8 28 2 2 D
20. Zelkova serrata (FEK) 254 6 1.6 31 2 2 D
21. Gleditsia rolfei (1 23%)( 251 6 1.8 37 2 2 D
22. Alnus formosana (51 77+45) 246 6 14 57 1 2 D
23. Thespesia populnea (f§i15) 246 6 1.6 31 2 2 E
24. Tetradium glabrifolium (558 245 5 20 31 2 2 D
25. Juglans cathayensis (EF%Hk) 240 6 1.8 33 2 2 D
26. Ficus microcarpa (F5£&) 239 5 1.6 26 2 2 E
27. Terminalia catappa (F&{~) 238 5 1.7 39 2 2 D
28. Ficus septica (TERHE) 234 6 19 34 2 2 E
29. Ehretia resinosa (1548538 233 6 2.1 35 2 2 D
30. Styrax formosana (.55 233 6 2.1 28 2 2 D
31. Chionanthus retusus (Jriff) 232 5 21 26 2 2 D
32. Diospyros japonica (L) 232 6 21 28 2 2 D
33. Albizia procera (& 518}) 230 6 1.8 28 2 2 D
34. Fraxinus griffithii (FZEIH) 230 6 1.6 24 2 2 D
35. Dendrocnide meyeniana (B A\ J]) 23.0 4 1.9 34 2 2 E
36. Bischofia javanica (%) 27 6 22 40 2 2 SD
37. Kleinhovia hospita (51 26 6 16 37 2 2 D
38. Excoecaria agallocha (+317) 26 5 18 32 2 2 E
39. Bridelia tomentosa (1) 23 5 1.7 26 2 2 D
40. Glochidion zeylanicum var. lanceolatum (BEEFIEEEUER) 223 6 2.0 42 2 2 E
41. Ficus superba var. japonica (Fe¥5) 222 5 1.5 24 1 2 D
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42. Dodonaea viscose (BLZ& 1)

43. Guettarda speciosa (FIETEAR)

44. Ficus benjamina (FAFS)

45. Ficus virgata (FIAKE)

46. Deutzia pulchra (KIEIEET)

47. Cyclobalanopsis glauca (5 IHE)
48. Idesia polycarpa (ILIfET)

49. Cinnamomum camphora (Ffgf)

50. Diospyros oldhamii ({§ )

51. Quercus variabilis (& 57 1E)

52. Quercus aliena (Ifi{1)

53. Quercus dentata (1fi1g})

54. Glochidion rubrum (fIZEASUEEE)
55. Morinda citrifolia (B55)

56. Calophyllum inophyllum (38 EEVEHE)
57. Euscaphis japonica (BFHEHE)

58. Acer buergerianum var. formosanum (518 = faHR)
59. Cerbera manghas (IEHE5)

60. Pittosporum pentandrum (5 1EVEHR)
61. Elaeagnus oldhamii (FiFE)

62. Leea guineensis (‘K [&i1g})

63. Ehretia dicksonii (BAT5S)

64. Wendlandia uvariifolia (7K$7kE)

65. Rhaphiolepis indica var. umbellate (JEXEAPEAR)
66. Machilus zuihoensis (58)(

67. Margaritaria indica (58%%)

68. Celtis formosana (13K

69. Allophylus timorensis (1= 18f)

70. Gordonia axillaris (KEEAY)

71. Sapindus mukorossi (FEHET-)

72. Bretschneidera sinensis ($E55)

74. Ficus fistulosa (7K[EA)

75. Pyrus taiwanensis (518 3754)

76. Rhamnus nakaharae (WP KEZS)

717. Liquidambar formosana (FE)

78. Decaspermum gracilentum (1K)

79. Eriobotrya deflexa (THF L IHEAL)

80. Rhaphiolepis indica var. shilanensis ([E%EBE*)O
81. Neonauclea reticulata (F&{~58)

82. Schima superba var. kankaoensis (#[IART)
83. Millettia pinnata (7K %)

84. Viburnum taitoense (B25HK)

85. Quercus glandulifera (FE3FEEE)

222
22.1
22.0
22.0
21.8
21.7
21.5
214
21.4
214
214
21.0
21.0
21.0
204
20.4
20.4
20.3
20.2
20.2
20.1
20.0
19.8
19.7
19.7
19.6
19.6
19.5
19.4
19.4
19.2
19.1
18.9
18.8
18.7
18.6
18.5
18.4
18.1
18.1
18.0
18.0
17.9
17.8
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24
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2.5
2.3
3.0
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32
39
58
45
32
28
17
47
32
31
24
35
28
15
34
23
28
35
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28
31
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19
17
25
35
48
30
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38
17
34
34
27
18
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40
32
24
23
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86. Heritiera littoralis (SREER) 177 6 25 30 3 3 E
87. Lindera akoensis (N2T)( 176 6 24 16 2 3 E
88. Maesa perlaria var. formosana ({538 LHEAE) 176 5 33 30 3 3 E
89. Palaquium formosanum (KEE|LIFE) 176 6 28 34 3 3 E
90. Prunus campanulata (| LIFE(E) 176 6 25 22 3 3 D
91. Michelia compressa (F51247) 175 6 3.1 24 3 3 E
92. Beilschmiedia tsangii (55 5B 175 6 3.1 19 3 3 E
93. Cyclobalanopsis pachyloma (¥ 3]-1) 174 6 29 24 3 3 E
94. Planchonella obovata (B85 174 6 2.7 39 3 3 E
95. llex rotunda (3821 174 6 29 13 3 3 E
96. Schefflera octophylla (JT.55) 174 6 3.1 26 3 3 E
97. Murraya paniculata (%) 173 6 27 19 3 3 E
98. Cyclobalanopsis gilva (FREZ) 173 6 28 41 3 3 E
99. Prunus phaeosticta (S=251EHk) 172 6 28 25 3 3 E
100. Hernandia nymphiifolia (SEZER) 169 6 25 36 3 3 E
101. Viburnum odoratissimum (Hi54IEf) 168 6 28 29 3 3 E
102. Michelia compressa var. lanyuensis (RBLE5.Co47) 168 6 26 26 3 3 E
103. Myrica adenophora (F151E) 167 6 24 36 2 3 E
104. Litsea hypophaea (/IMERET)( 167 5 33 17 3 3 E
105. Gardenia jasminoides (|11Z5Hg&) 16.5 5 2.9 31 3 3 E
106. Acer serrulatum (SHR) 165 6 27 23 3 3 D
107. Melicope triphylla (1 =JI%E) 164 5 29 19 3 3 D
108. Melicope semecarpifolia (ILIXI[ZE) 163 5 29 26 3 3 D
109. Phoebe formosana (515 HEA) 163 6 3.1 19 3 3 E
110. Cinnamomum kanehirae (2F-F%) (] 162 6 28 33 3 3 E
111. Cinnamomum insulari-montanum (=15 EE) 162 6 29 33 3 3 E
112. Archidendron lucidum (FETE) 161 6 2.8 27 3 3 E
113. Tabernaemontana subglobosa (BB LIFEAY) 161 5 28 20 3 3 E
114. Barringtonia asiatica (R 161 5 25 35 3 3 E
115. Pourthiaea lucida (515 11%) (] 160 6 27 15 3 3 D
116. Machilus obovatifolia ([RERE#E) 159 6 33 21 3003 E
117. Barringtonia racemosa (R4 R 158 6 25 38 3 3 E
118. Aglaia formosana (f48) 157 6 2.5 38 3 3 E
119. Elaeocarpus sylvestris (F1:5%) 156 6 3.0 24 3 3 E
120. Fagraea ceilanica (JKFi]) 155 5 3.1 29 3 3 E
121. Crateva adansonii ssp. formosensis (Fa/K) 155 6 27 33 3 3 D
122. Neolitsea buisanensis f. sutsuoensis (FAfEHFARET) (] 154 5 33 25 3 3 E
123. Machilus zuihoensis var. mushaensis (F&iit fE17) 15.1 6 3.1 24 3 3 E
124. Pasania hancei var. ternaticupula (=418 ( 151 6 29 33 3 3 E
125. Ardisia sieboldii (f811T) 150 6 33 26 3 3 E
126. Machilus japonica var. kusanoi (KEZERE) 149 6 35 18 4 4 E
127. Pisonia umbellifera (JZFAA) 147 5 35 29 4 4 E
128. Ardisia elliptica (FEIREIAT) 147 5 35 14 4 4 E
129. Syzygium paucivenium (FiJk77HE) 147 4 41 15 4 4 E
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130. Engelhardia roxburghiana (:512)

131. Machilus thunbergii (F117)

132. Daphniphyllum glaucescens ssp. oldhamii (WL ECHE F7 i)
133. Camellia brevistyla (FGAFILIZE)

134. Diospyros morrisiana ([LIKLFT)

135. Cinnamomum subavenium (FFFE)

136. Tricalysia dubia (S5 1T)

137. Castanopsis cuspidata var. carlesii (FeEEIEERE)
138. Neolitsea parvigemma (/N ARET)(
139. Elaeocarpus japonicus (5.

140. Cyclobalanopsis longinux (SR

141. Cinnamomum brevipedunculatum (/J\ﬁfﬁ) 0
142. Gelonium aequoreum (FARHT)(

143. Beilschmiedia erythrophloia (Y1)

144. Castanopsis kawakamii (KEEFRE)

145. Castanopsis formosana (515 E)

146. Syzygium kusukusense (517748

147. Sloanea formosana (JEEE) (]

148. Reevesia formosana (f:‘?(%ﬁ%*ﬁﬁ)a

149. Ternstroemia gymnanthera (JEJX75)

150. Aglaia elliptifolia (KIZERITR)

151. Cyclobalanopsis stenophylloides (JEEERE) (]
152. Myrsine seguinii (KHAE)

153. Cinnamomum osmophloeum (il’ﬁ’[‘i)a
154. Diospyros eriantha ($RTEHT)

155. Goniothalamus amuyon (RSN

156. Osmanthus marginatus (/NEEAREE)

157. Distylium gracile (M2 BHEH ¢

158. Cryptocarya concinna (1)

159. Turpinia ternate (=ZE[ LI FFIE])

160. Diospyros philippensis (FEFii)

161. Diospyros maritima (E/.07)

162. Diospyros kotoensis (%ﬂﬁifﬁi)@

163. Turpinia formosana (LLIZFIE])

164. Distylium racemosum (IEFE)

165. Diospyros ferrea (5 5-fh)

166. Gonocaryum calleryanum (FiZEZS55E0)
167. Liodendron formosanum (518K 5545)
168. Myristica ceylanica var. cagayanensis (BRI 5%)
169. Calophyllum blancoi (REIELIHR)

170. Euonymus pallidifolia GRHEEERTF)(

171. Camellia hengchunensis (TR O

172. Illlicium arborescens (ﬁ‘?@/\ﬁ%)@

173. Syzygium formosanum (518 7748)
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14.0
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con’t
174. Syzygium euphlebium (HINKHE) 100 5 40 15 4 5 E
175. Drypetes littoralis (850) 95 5 37 23 4 5 E
176. Ormosia hengchuniana (TR S48 ( 95 6 35 39 4 5 E
177. Ormosia formosana (1K S8 94 6 35 33 4 5 E
178. Garcinia multiflora (TEA) 93 5 39 28 4 5 E
179. Cryptocarya chinensis (JE3%¢4E) 91 6 4.1 18 4 5 E
180. Garcinia subelliptica (FEESTRA) 9.1 5 3.5 25 4 5 E
D (), endemic species of Taiwan.
? A, the photosynthetic capacity (umol CO, m™s™) of a species.
¥ 5, the number of grading received; CV, coefficient of variation.
9 ST level, shade-tolerance levels; Exp., experts; A,,,., photosynthetic capacity.
% Leaf 1.f,, leaf life-form: D, deciduous; SD, semi-deciduous; E, evergreen.
80 WA
[ experts

5 60F

B

&

T 40t

2

g

Z 20

0
1 2 3 4 5

Shade-tolerance level

Fig. 1. Numbers of species classified into various shade-tolerance levels according to either
the photosynthetic capacity (A,,,,) or experts’ opinions for 180 native broadleaf tree species

in Taiwan.

having an A, above this value (= 26.0
pumol CO, m™ s') were classified as shade-
tolerance level 1. In total, 18 species fit this
level. Similarly, we found that after ranking
no. 55 of the A, list, experts’ opinions began
to have species belonging to level 3 (Table
1). Thus, we set this point of A,,, (21.0 pmol
CO, m” s™') as the second threshold value.
Above it, species belonged to level 2. Ac-
cordingly, species with an A, in the range
of 25.9~21.0 umol CO, m™ s were classified
as shade-tolerance level 2. In total, 37 spe-
cies (ranking nos. 19~55) belonged to this
level. As classified by the experts, species of

shade-tolerance level 3 began from Calophyl-
lum inophyllum (ranking no. 56), and level 4
began from Machilus japonica var. kusanoi
(ranking no. 126) (Table 1). Therefore, a
corresponding range for level 3 was set at
20.9~15.0 pmol CO, m™ s™. In total, 70 spe-
cies (ranking nos. 56~125) belonged to this
level. However, this range also included 18
species which were classified as level 2 by the
experts. Species classified as level 4 by the
experts were scattered over ranking nos. 126
to 180. We decided to set the threshold of A,
for level 5 at the point where species of level
5 began to appear in the experts’ list, which
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was Turpinia ternate (ranking no. 159) (Table
1). Thus, species with an A, in the range of
14.9~12.5 pmol CO, m™ s were classified
as level 4. In total, 33 species (ranking nos.
126~158) belonged to this level. Species with
an A, of < 12.5 pmol CO, m™ s™ were clas-
sified as level 5. In total, 22 species (ranking
nos. 159~180) belonged to this level. Con-
clusively, species with an A, in the ranges
of = 26.0, 25.9~21.0, 20.9~15.0, 14.9~12.5,
and < 12.5 umol CO, m”s™ were classified as
shade-tolerance levels 1, 2, 3, 4, and 5, which
were named very intolerant, intolerant, mod-
erately tolerant, tolerant, and very tolerant,
respectively. In this study, there were 18, 37,
70, 33, and 22 species respectively for each
shade-tolerance level according to the A,
classifications (Fig. 1).

We measured the A,,, of 180 native
broadleaf tree species with same methods un-
der the same environmental conditions in this
study. Comparing the results of the A, and

max

mean scores of experts’ grading, a significant
negative relationship was found (Fig. 2). In
addition, there was a positive relationship be-
tween shade-tolerance levels classified by the

239

A.,... and by the experts, with a Pearson cor-
relation coefficient of 0.92. Among the 180
tested species, 131 species (73%) were clas-
sified into the same level by the 2 methods
while the other 49 species had only a 1-rank
difference. Thus, it is reasonable and practi-
cal to evaluate the shade-tolerance ability of a
species through its A,,,,, a quantified value of
important functional traits of plants.

Leaf life-form

The 180 tested species consisted of 124
evergreen, 4 semi-deciduous, and 52 decidu-
ous species. The deciduous species showed
an uneven distribution over the 5 shade-
tolerance levels. Numbers of deciduous spe-
cies were 7, 22, and 18 for levels 1, 2, and 3,
respectively (Table 1), accounting for 39%,
59%, and 26% of each level. Only 4 decidu-
ous species, Engelhardia roxburghiana, Dio-
spyros morrisiana, Sloanea formosana, and
Reevesia formosana, were classified as shade-
tolerant species (level 4), and none as very
tolerant (level 5). This result indicates that
shade-tolerant subtropical broadleaf tree spe-
cies in Taiwan are rarely deciduous.

40 y = 1.63x - 14.69x + 44.746
HER = 0.8664
» 300N
g
ON
© 20
o
£
2
£ 10
<
0 Il Il Il |
1 2 3 4 5

Mean score of experts’ grading

Fig. 2. Relationship between the photosynthetic capacity (A,,,,) of 180 native broadleaf tree
species in Taiwan and mean scores of experts’ grading for the most likely light environment

where natural recruits of a species might appear.
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DISCUSSION

The photosynthetic capacity of trees
showed a significantly negative relationship
with the successional status of the species
(Koike 1988, Ellis et al. 2000). A species of
an early successional stage had a significantly
higher A, than that of the mid or late stages.
Shade tolerance of trees also showed a signif-
icant relationship with the successional status
of the species (Swaine and Whitmore 1989).
A species of the late successional stage exhib-
ited higher tolerance to shade, while that of an
early stage was shade intolerant. Thus, we can
infer from the above relationships that A,
is negatively related to the shade tolerance
of a species. As confirmed by many studies,
shade-intolerant species have higher A,
values than shade-tolerant species (Kitajima
1994, Walters and Reich 1999, Valladares and
Niinemets 2008). Other studies further indi-
cated that light-saturated photosynthetic rates
(or A,,,,) are applicable to determine trees as
shade-tolerant or -intolerant species (Ellis et
al. 2000, Hallik et al. 2009). These previous
studies provided theoretical foundations for
employing a quantified physiological trait

such as A, to assess the shade tolerance of a

species.
However, other literature pointed out that
no consistent relationship was found between
the A,,., and shade tolerance of trees (Bassow
and Bazzaz 1997, Hallik et al. 2009). Val-
ladares and Niinemets (2008) in their review
about shade tolerance stated that the argu-
ment of “shade-tolerant species having lower
photosynthetic capacity” was challenged. In
our opinion, doubts about the relationship
between the A
mainly from studies of temperate broadleaf

max and shade tolerance came
species. These species shed their leaves dur-
ing the winter regardless of whether they
are shade-intolerant or -tolerant species. The

lifespan of leaves is about 4~6 mo and showed
no significant differences among leaves of
shade-intolerant, moderately tolerant, and
tolerant species (Walters and Reich 1999).
Leaves with various shade-tolerant abilities
yet with short and similar lifespans, as in the
case of temperate broadleaf species, conse-
quently exhibited no significant difference in
A,..« (Walters and Reich 1999, Lusk 2004).

The species tested in this study were sub-
tropical broadleaf tree species. Overall, the
major difference between our studied species
and the aforementioned temperate broadleaf
species lies in the leaf life-form. Our studied
species were mainly composed of evergreen
species. Among the 180 species, there were
124 (69%) evergreen, 4 semi-deciduous, and
only 52 (29%) deciduous species. These de-
ciduous species mostly tended to be shade
intolerant (shade-tolerance levels 1, 2, and 3),
while shade-tolerant species (shade-tolerance
levels 4 and 5) were mostly evergreen. For
tropical or subtropical broadleaf tree species,
the lifespan of shade-intolerant evergreen
or deciduous species (8 mo on average) was
proven to be significantly shorter than that
of shade-tolerant species (32 mo on average)
(Walters and Reich 1999). Studies on plant
functional traits of woody species confirmed
that leaf lifespan had a significant negative
relationship with the photosynthetic capac-
ity (Reich et al. 1999, 2003, Lusk 2004). In
the case of tropical or subtropical broadleaf
tree species, shade-intolerant species should
have higher A
species, since the former have shorter leaf
lifespans. The results of our study agreed with
this statement. Thus, if temperate deciduous
broadleaf species were excluded, a significant
negative relationship existed between the A,

values than shade-tolerant

max

and shade tolerance of tree species. Using
A, of a species to classify the species into
different shade-tolerance levels is feasible.
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Niinemets and Valladares (2006) as-
signed shade-tolerance scales (STSs) to 211
woody species of East Asia by means of the
reviewing the literature and experts’ opinions.
They assessed a plant’s shade tolerance on
a scale from 1 to 5 with higher values being
more shade tolerant, the same as in our study.
Sixteen species of the 180 tested species in
our study were also evaluated in their review.
STSs of 10 of the 16 species were consis-
tent with the experts’ opinions, as well as
the shade-tolerance levels classified by A,
in this study. The 10 species were Mallotus
Japonicus, Pistacia chinensis, Rhus javanica
var. roxburghiana, Zelkova serrata, Quercus
variabilis, Quercus dentate, Cyclobalanopsis
gilva, Gardenia jasminoides, Ardisia siebol-
dii, and Machilus thunbergii. Two species,
Acer buergerianum var. formosanum and
Distylium racemosum, were evaluated to have
STSs of 3.0 and 4.25, but were only 2.2 and
3.4 by our experts, which were almost 1 rank
difference. However, the shade-tolerance
level classified by the A
species in our study agreed with their assess-
ment. On the other hand, another 4 species,

values of the 2

max

including Alnus formosana, Melia azedarach,
Cyclobalanopsis glauca, and Cinnamomum
camphora, had STSs of 2.5, 3.0, 3.25, and
3.5, respectively, in their assessment. And yet
these 4 species received gradings of 1.4, 1.1,
1.8, and 2.1 by the experts and shade-toler-
ance levels 1 or 2 by the A, classification in
our study. We suspect that the differences in
shade tolerance for these 4 species in the 2 re-
gions may have been a result of different eco-
types, but further investigations are needed.
Few studies have reported tree spe-
cies showing A, values of > 30 pmol CO,

m” s, because determining a high A, value

max
would need frequent measurements, plus the
physiological characteristics of the species.

Ellis et al. (2000) reported 4 pioneer species
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of a tropical moist forest in Panama, includ-
ing Miconia argentea, Ochroma pyramidale,
Cecropia insignis, and Trema micrantha,
with high A, values of > 30 pmol CO, m”
s"'. Another species, Ficus insipida, from the
same area also had an A, value of 33 pmol
CO, m™ s (Zotz et al. 1995). In our study,
the first 8 species in Table 1 had A, values
of > 30 umol CO, m” s™ with Hibiscus tai-
wanensis reaching as high as 35.8 umol CO,
m? s". However, our research was conducted
under 400 pl L' of CO, concentration. A,
of species in the aforementioned studies were
measured under lower concentrations of CO,
(ambient conditions at that time) and might
have higher photosynthetic rates if measured
under higher concentrations of CO,. Our pre-
vious research investigated the A,,,, of 30 tree
species native to Taiwan. In that report, we
classified the 30 species into 3 levels as shade
intolerant, moderately tolerant, and tolerant,
according to A, value of > 18, 18~12, and <
12 pmol CO, m™ s™, respectively (Kuo et al.
2004). Those measurements were taken under
365 ul L' of CO, concentration, hence lower
A, data were acquired and lower threshold
values for the 3 shade-tolerance levels were
set. If we redistributed the shade tolerance of
the 180 species in this study into 3 levels as
above, then threshold values of A,,, could be
set to = 21.0, 20.9~15.0, and < 15.0 pmol
CO, m” s™, and with totals of 55, 70, and 55
species in each level. Wright et al. (2003)
suggested that only very few species were ex-
tremely shade tolerant or extremely light re-
quiring, while most species were moderately
shade tolerant. Our results concurred with
their opinions.

Net photosynthetic rates of plants are
influenced by many environmental factors
such as the light intensity, temperature, soil
moisture, and relative humidity. In addition,
the conductance of stomata affects the supply
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of CO,, which indirectly affects net photosyn-
thetic rates of the plant. After years of experi-
ence in measuring photosynthesis of trees, we
suggest that to acquire higher net photosyn-
thetic rates, measurements should be conduct-
ed under higher relative humidity, and that
proper sunlight be received by leaves before
measuring. After receiving proper sunlight,
stomata of leaves will become fully open and
enzymes of the photosynthetic systems will
be induced. The ideal microclimate condition
is to have a rainy day before the measuring
day, so that the ambient air and soil are moist.
On a sunny measuring day, take the measure-
ment around 06:30~10:00 when the tempera-
ture is not > 31°C and the relative humidity is
not < 60%. This study measured A, values
of 180 species during the rainy season over
6 consecutive years. We established a data-
base of shade-tolerance levels with objective
physiological data for subtropical broadleaf
tree species in Taiwan, providing references
in forestry and horticulture applications.

CONCLUSIONS

We measured the photosynthetic capacity
(A, of 180 tree species, and set up objec-

tive criteria with A, to classify species into

various shade-tolerance levels. Species with
an A,,, in the ranges of = 26.0, 25.9~21.0,
20.9~15.0, 14.9~12.5, and < 12.5 umol CO,
m” s were classified as shade-tolerance lev-
els 1, 2, 3, 4, and 5, which were named very
intolerant, intolerant, moderately tolerant, tol-
erant, and very tolerant, respectively. Shade-

tolerance classifications by means of A, and

experts’ opinions showed a significantly posi-
tive relationship with a Pearson correlation
coefficient of 0.92. With these physiological
data, we established a database of shade-
tolerance levels for 180 native subtropical

broadleaf tree species in Taiwan.

ACKNOWLEDGEMENTS

We sincerely express our gratitude to
the 5 experts in dendrology, Drs. Sheng-You
Lu, Tze-Ying Chen, Chih-Chiang Wang, Yen-
Hsueh Tseng, and Hsy-Yu Tzeng, for their
valuable opinions and assistance in this study.
We also thank Hai-Lin Chen, Ya-Ping Yang,
Ya-Hui Chiang, Fang-Hsuan Tseng, and Shih-
Hsien Peng for their efforts in measuring the
photosynthetic capacity. Appreciation also
goes to the Forestry Bureau, Council of Agri-
culture, Taiwan, for the 3-yr financial support
for this research.

LITERATURE CITED

Baker FS. 1949. A revised tolerance table. J
For 47:178-81.

Bassow SL, Bazzaz FA. 1997. Intra- and inter-
specific variation in canopy photosynthesis in
a mixed deciduous forest. Oecologia 109:507-
15.

Cornelissen JHC, Lavorel S, Garnier E,
Diaz S, Buchmann N, Gurvich DE, et al.
2003. A handbook of protocols for standard-
ized and easy measurement of plant functional
traits worldwide. Aust J Bot 51:335-80.
Craine JM, Reich PB. 2005. Leaf-level light
compensation point in shade-tolerant woody
seedlings. New Phytol 166:710-3.

Ellis AR, Hubbell SP, Potrin C. 2000. In situ
field measurements of photosynthetic rates of
tropical tree species: a test of the functional
group hypothesis. Can J Bot 78:1336-47.
Givnish TJ. 2002. Adaptive significance of
evergreen vs. deciduous leaves: solving the
triple paradox. Silva Fennica 36:703-43.
Hallik L, Niinemets U, Wright 1J. 2009. Are
species shade and drought tolerance reflected
in leaf-level structural and functional differ-
entiation in Northern Hemisphere temperate
woody flora? New Phytol 184:257-74.



Taiwan J For Sci 30(4): 229-43, 2015

Humbert L, Gagnon D, Kneeshaw D, Messier
C. 2007. A shade tolerance index for common
understory species for northeastern America.
Ecol Indicator 7:195-207.

Janse-Ten Klooster SH, Thomas EJP, Sterck
FJ. 2007. Explaining interspecific differences
in sapling growth and shade tolerance in tem-
perate forests. J Ecol 95:1250-60.

Kitajima K. 1994. Relative importance of
photosynthetic traits and allocation patterns
as correlates of seedling shade tolerance of 13
tropical trees. Oecologia 98:419-28.

Koike T. 1988. Leaf structure and photosyn-
thetic performance as related to the forest suc-
cession of deciduous broad-leaved trees. Plant
Species Biol 3:77-87.

Kuo YL, Fan KS, Hwang CW, Lee YP, Wu
HL, Tsay RF. 2004. Gas exchange potential in
sun-exposed leaves of 30 broadleaf tree spe-
cies in Taiwan. Taiwan J For Sci 19(4):375-86.
[in Chinese with English summary].

Lusk CK. 2004. Leaf area and growth of juve-
nile temperate evergreen in low light: species
of contrasting shade tolerance change rank
during ontogeny. Funct Ecol 18:820-8.

Man R, Lieffers VJ. 1997. Seasonal photo-
synthetic responses to light and temperature in
white spruce (Picea glauca) seedlings planted
under an aspen (Populus tremuloides) canopy
and in the open. Tree Physiol 17:437-44.
Niinemets U, Valladares F. 2006. Tolerance
to shade, drought, and waterlogging of temper-
ate northern hemisphere trees and shrubs. Ecol

243

Monogr 76:521-47.

Poorter L, Bonger F. 2006. Leaf traits are
good predictors of plant performance across 53
rain forest species. Ecology 87:1733-43.

Reich PB, Ellsworth DS, Walter MB, Gresh-
am C, Volin JC, Bowman WD. 1999. Gener-
ality of leaf trait relationships: a test across six
biomes. Ecology 80:1955-69.

Reich PB, Wright 1J, Cavender-Bares J,
Craine JM, Oleksyn J, Westoby M, Walters
MB. 2003. The evolution of plant functional
variation: traits, spectra, and strategies. Int J
Plant Sci 164:S143-64.

Swaine MD, Whitmore TC. 1989. On the
definition of ecological species groups in tropi-
cal rain forests. Vegetatio 75:81-6.

Valladares F, U Niinemets. 2008. Shade tol-
erance, a key plant feature of complex nature
and consequences. Ann Rev Ecol Syst 39:237-
57.

Walters MB, Reich PB. 1999. Low-light
carbon balance and shade tolerance in the
seedlings of woody plants: do winter decidu-
ous and broad-leaved evergreen species differ?
New Phytol 143:143-54.

Wright SJ, Muller-Landau HC, Condit R,
Hubbell SP. 2003. Gap-dependent recruit-
ment, realized vital rates and size distributions
of tropical trees. Ecology 84:3174-85.

Zotz G, Harris G, Koniger M, Winter K.
1995. High rates of photosynthesis in the tropi-
cal pioneer tree, Ficus insipida Willd. Flora
190:265-72.



244





