Oecologia (Berlin) (1987) 73:566-572

Oecologia

© Springer-Verlag 1987

Altitudinal changes in the incidence of crassulacean acid metabolism
in vascular epiphytes and related life forms in Papua New Guinea

M.J. Earnshaw ', K. Winter 2, H. Ziegler >, W. Stichler®, N.E.G. Cruttwell*, K. Kerenga >, P.J. Cribb¢,

J. Wood?, J.R. Croft®, K.A. Carver', and T.C. Gunn”’

! Department of Cell and Structural Biology, Williamson Building, University of Manchester, Manchester M13 9PL, UK
% Lehrstuhl fir Botanik T, Universitit Wiirzburg, Mittlerer Dallenbergweg 64, D-8700 Wiirzburg, Federal Republic of Germany
3 Lehrstuhl fiir Botanik, Institut fiir Botanik und Mikrobiologie, Technische Universitit Miinchen, Arcisstrasse 21, D-8000 Miinchen 2,

Federal Republic of Germany

4 Eastern Highlands Provincial Government, P.O. Box 348, Goroka, Papua New Guinea
% Office of Forests, Division of Botany, Department of Primary Industry, P.O. Box 314, Lae, Papua New Guinea

¢ Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3AB, UK

7 Biology Department, Oakham School, Oakham, Rutland, Leicestershire LE15 6DT, UK

Summary. The occurrence of Crassulacean acid metabolism
(CAM), as judged from 6*3C values, was investigated in
epiphytes and some related plant species at a series of sites
covering the approximate altitudinal range of epiphytes in
Papua New Guinea. Comprehensive collections were made
at each site and the occurrence of water storage tissue and
blade thickness was also determined. Some 26% of epi-
phytic orchids from a lowland rainforest (2-300 m.a.s.l)
showed 61*C values typical of obligate CAM and possessed
leaves thicker than 1 mm. A second group of orchids,
mostly with succulent leaves, possessed intermediate §'3C
values between —23 and —26%, and accounted for 25%
of the total species number. Some species of this group
may exhibit weak CAM or be facultative CAM plants. The
remainder of the lowland rainforest species appeared to
be C, plants with 5*3C values between —28 and —35%,
and generally possessed thin leaves. Obligate CAM species
of orchids from a lower montane rainforest (1175 m.a.s.l)
comprised 26% of the species total and mostly possessed
thick leaves. The remainder of the species were generally
thin-leaved with §'3C values between —26 and —35%,
largely indicative of C; photosynthesis. Orchids with inter-
mediate 51*C values were not found in the lower montane
rainforest. Obligate CAM appeared to be lacking in high-
land epiphytes from an upper montane rainforest and sub-
alpine rainforest (2600-3600 m.a.s.]). However the fern, Mi-
crosorium cromwellii had a 6*3C value of —21.28%, suggest-
ing some measure of CAM activity. Other highland ferns
and orchids showed more negative §'3*C values, up to
—33%,, typical of C; photosynthesis. The highland epi-
phytic orchids possessed a greater mean leaf thickness than
their lowland C; counterparts due to the frequent occur-
rence of water storage tissue located on the adaxial side
of the leaf. It is suggested that low daytime temperatures
in the highland microhabitats is a major factor in explaining
the absence of CAM. The increased frequency of water
storage tissue in highland epiphytes may be an adaptation
to periodic water stress events in the dry season and/or
an adaptation to increased levels of UV light in the tropical-
pine environment.
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Crassulacean acid metabolism (CAM) appears to be an ef-
fective way of acquiring carbon whilst limiting water loss
by the plant and has been frequently studied in terrestrial
succulents growing in arid zones (Kluge and Ting 1978;
Osmond 1978 ; Winter 1985). However, the epiphyte habitat
in the humid tropics can also be arid microclimatically and
the importance of CAM in this habitat has only recently
been appreciated. Tree bark possesses a relatively low ca-
pacity to retain water and, in general, epiphytes in the forest
canopy are subjected to more marked day-night tempera-
ture differences, higher irradiance and stronger winds than
their counterparts in the forest understorey (Richards 1952;
Smith et al. 1985; Winter 1985).

In the New World, both CAM and C; photosynthesis
are found in the Bromeliaceae, many of which are epiphytic
(Coutinho 1969; McWilliams 1970; Medina 1974; Medina
and Troughton 1974; Medina et al. 1977). Recent extensive
ecophysiological investigations of the family in Trinidad
have shown that the CAM species are characteristic of the
drier sites with the C, species occupying the wetter areas,
although substantial overlap does occur (Griffiths and
Smith 1983; Smith et al. 1985, 1986). Less detailed informa-
tion is available concerning the ecophysiology of CAM in
Old World epiphytes although the pathway is known to
occur in some genera of the Polypodiaceae (Wong and Hew
1976; Hew 1984; Winter et al. 1983; Sinclair 1984 ; Winter
et al. 1986), Asclepiadaceae (Winter et al. 1983) and Rubia-
ceae (Winter et al. 1983). However, the Orchidaceae has
been the most extensively studied old world family with
numerous CAM species and varieties recorded (Milburn
et al. 1968; Coutinho 1969; McWilliams 1970; Neales and
Hew 1975; Goh et al. 1977; Avadhani et al. 1982; Sinclair
1984; Winter et al. 1986). Indeed, a survey of epiphytic
Australian orchids growing at altitudes <1200 m.a.s.L
showed that two thirds of the species examined utilised
CAM (Winter et al. 1983). The CAM species generally pos-
sessed leaves thicker than about 1 mm and tended to occupy
the more exposed sites.

For reasons of accessibility, the above published work
on CAM in tropical epiphytes has been largely confined
to lowland arcas. However, mountains exceeding 3000
m.a.s.l. and lying within 10 degrees latitude of the equator
occur in Africa, South America and Malesia (Hnatiuk et al.
1976). A survey of grass species along an altitudinal transect
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Table 1. Climatic conditions and habitat descriptions of the study sites. Temperature records represent the mean monthly minima
and maxima screen temperatures at each altitude and the habitat descriptions are based on Hope (1980). Data are presented for the
upper and lower altitudes of sites D and E. NA represents not available

Site Lat. Long. Altitude 7° C, min 7° C, max  Precipitation Habitat
S E m.a.s.l. mm year ™!

A) Lae 6° 44 146° 59’ 30 221 29.6 4419 Botanical Garden

B) Gabensis 6° 407 146° 48’ 2-300 NA NA NA Lowland rainforest

C Baiyer River 5° 32 144° 09’ 1175¢% 15.6 28.3 2614 Lower montane rainforest

D) Keglsugl 5° 50 145° 06" 2600* 94 18.9 2283 Upper montane rainforest
5° 48’ 145° 04’ 3150° 6.3 14.9 NA

E) Mt. Wilhelm 5° 48 145° 04 3400° 4.9 13.0 NA Sub-alpine rainforest and
5° 47 145° 03’ 3580°¢ 4.0 11.6 ca. 3450 tropicalpine grassland

® McAlpine et al. 1975
* Temperature lapse rates from Humphreys 1984
¢ Pindaunde Research Station records, Hnatiuk et al. 1976

in Kenya revealed that C, species were not found where
the mean annual minimum temperature was below 8° C
(Tieszen et al. 1979) but a comparable study does not exist
for CAM plants. This paper, accordingly, examines the oc-
currence of CAM in epiphytes at several sites in Papua
New Guinea which cover the approximate altitudinal range
over which epiphytes occur. As orchids do not appear to
possess C, photosynthesis and associated Kranz anatomy
(Winter et al. 1983), the carbon isotope ratio has been solely
used to discriminate between CAM and C; species as suc-
cessfully used in previous ecophysiological studies (Medina
and Troughton 1974; Medina etal. 1977; Griffiths and
Smith 1983; Winter ct al. 1983). In addition, data are pre-
sented for blade thickness (Winter et al. 1983) and the oc-
currence of water storage tissue which lacks or contains
few chloroplasts and which does not carry out appreciable
CAM (Kluge and Ting 1978).

Materials and methods

The plant collections in this study were made in Papua
New Guinea during July-August 1984. Details of the collec-
tion sites and the best available climatic records are shown
in Table 1. Collections were made from natural habitats
with the exception of lowland orchids from the Lae Botanic
Garden and locally-collected species in the orchid display
area at the Baiyer River Sanctuary. Thorough vegetation
descriptions for Gabensis and Baiyer River do not appear
to exist but the highland collections (2600-3600 m.a.s.l)
were made from Mt. Wilhelm for which both soil descrip-
tions (Humphreys 1984) and vegetation records (Wade and
McVean 1969 ; Johns and Stevens 1971) are available. Kegl-
sugl (2600 m.a.s.l) lies at the base of Mt. Wilhelm and
marks the start of the largely undisturbed upper montane
rainforest which terminates at ca. 3350 m.a.s.l. The Mt.
Wilhelm site (3400-3600 m.a.s.]) was located in the Pin-
daunde Valley where the abundance of succulent epiphytes
and lithophytes markedly declines at altitudes > 3600
m.a.s.]. Vegetation communities between this altitude and
the Mt. Wilhelm summit (4509 m.a.s.l) largely consist of
(sub-) alpine grassland culminating in alpine heath and tun-
dra (Wade and McVean 1969).

The orchid species in the Lae Botanic Garden were
growing in the open on non-living tree fern trunks. Collec-
tions made in the orchid display area at the Baiyer River

Sanctuary were from solitary individuals growing on ex-
posed tree trunks and remain unidentified. Collections of
the naturally-occurring orchids at Baiyer River and those
at the other sites were made as comprehensively as possible
within the time available. Epiphytes were collected at Ga-
bensis from an area of recent logging activity and at other
sites by means of a combination of tree climbing and felling.
The majority of orchids were sterile which often precluded
identification to the species level. An additional problem
is that much work remains to be carried out on the taxono-
my of the New Guinea highland orchids. The collection
numbers in this study, with the exception of those from
Lae Botanic Garden and the Baiyer River orchid display,
have been deposited in the Herbarium, Royal Botanic Gar-
dens, Kew, England.

Leaf or frond thickness was determined using a micro-
meter positioned mid-way along the blade and between the
midrib and edge. Reference is made in the text to thick-
leaved species where leaf thickness is > approx. 1 mm with
thin-leaved species being <approx. 1 mm (see Winter et al.
1983). Blade sections were cut with a razor blade and used
to determine the presence or absence of water storage tissue
in the early part of the work. Later determinations involved
an approximate assessment of the percentage of blade vol-
ume occupied by the water storage tissue. Samples for car-
bon-isotope analysis were air-dried following collection and
analysed in Munich. The samples were then dried at 100° C,
combusted under oxygen, and §'*C values of CO, deter-
mined by ratio mass spectrometry as described previously
(Osmond et al. 1975). The carbon-isotope ratio (6'3C) is

defined as:

13c/12csample
BC %)=l s —
0 7C (%) |:13c/12Cstandard

Differences in the §*3C value arise to a great extent from
the larger isotope discrimination shown by ribulose bis-
phosphate carboxylase in C; plants as opposed to PEP car-
boxylase in C, and CAM plants. Plants which possess C;
photosynthesis exhibit a mean §*3C value of about —28%,
in comparison to atmospheric CO, which has a §*3C value
of about —8%,. On the other hand, C, and obligate CAM
plants possess a mean §'*C ratio of about — 14%, generally
covering the range of —9 to —19%, (Lerman 1975,
Troughton 1979). Problems do, however, arise in the case
of intermediate §'3C values which may indicate facultative

1:| x 1000.
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CAM. For example, epiphyte species of bromeliads and
ferns with 6'3C values in the range —21 to —27%, have

Table 2 (continued)

been observed to carry out either nocturnal CO, uptake  Site taxon Thick-  Water  0'°C
or a diurnal rthythm in titratable acidity (Griffiths and ness storage (%)
Smith 1983; Winter et al. 1983; Smith et al. 1985). (mm)  tissue
(£ or %)
Results Epicranthes 0.60 - —25.20
Table 2 provides lists of the species examined in altitudinal g;:’;?fgrlgﬁilon (Schltr.)
groups with details of life form, blade thickness, incidence Bulbophylium 1.38 _ —12.25
of water storage tissue and the §'*C value. The majority cf. sessile J.J. Smith
of the lowland orchids collected at the Lae Botanic Garden Bulbophyllum sp. 1 2.18 - —13.90
possessed thick leaves and had 6'3C values indicative of  Bulbophyllum sp. 2 1.32 - —13.05
pronounced CAM. The two thin-leaved species, Dendro- ~ Bulbophyllum sp. 3 1.28 - —12.21
bium bracteosum and D. smillige, appeared to possess Cj ger atostylis sp. ; 2.75 - —24.45
photosynthesis. C;e’mtt(:)fviy?ii fz};;zchnites (BL) gif _ _ gi?é
The collection from the lowland rainforest at Gabensis Haj;gk %e ' ' ’
(Site B, 2-300 m.a.s.I) resulted in a 8*3C value for Dischidia  Dendrobium johnsoniae F. Muell.  1.43 _ —30.25
imbricata suggesting considerable nocturnal CQO, fixation Dendrobium pseudocalceolum 1.65 _ —12.49
as found previously for other members of this genus in J.J. Smith
Australia (Winter et al. 1983). The remainder of the species  Dendrobium pseudocalceolum 1.06 —13.00
collected were orchids and their characteristics are summar- J.J. Smith
ised in a frequency diagram (Fig. 1). Bulbophyllum cf. ses- Dendrobium smilliae F. Muell. 0.27 - —32.03
sile, Bulbophyllum sp. 1, sp. 2 and sp. 3, Dendrobium pseudo- ~ Dendrobium smilliae E. Muell. ~ 0.34 i —28.60
. . s e Dendrobium tumoriferum J.J. Smith 1.04 80 —24.44
calceolum and Robiquetia gracilistipes formed a group of D )
. . . T3 P . endrobium 0.23 — —30.49
thick-leaved species with ¢ °C values indicative of obhge_ue sect. Conostalix Kraenzl.
CAM and accounted for 26% of the total number of species  pendrobium sp. 1 0.23 _ —28.08
examined at Gabensis. Figure 1 also reveals the existence  Dendrobium sp. 2 0.74 20 —29.36
of another group of orchids with somewhat intermediate  Dipodium pandanum F.M. Bail. 0.27 - —29.97
613C values between —23 and —26%, accounting for 25%  Eria eriaeoides 0.48 - —31.17
of the total species number. The group consisted of Bulbo- (F.M. Bail.) Rolfe
phyllum cf. macregorii, Ceratostylis sp. 1 and sp. 2 and Den- ~ Fria eriaeoides 0.45 - —31.09
(F.M. Bail.) Rolfe
Eria truncicola Schltr. 0.27 — —30.22
Table 2. 6*3C values and some characteristics of the plants sur-  Grammatophyllum papuanum 0.33 - —28.00
veyed at each site. Species occurring at more than one site are J.J. Smith
denoted using superscripts. Plants were epiphytes unless the life Robiquetia gracilistipes 1.68 - —11.65
form is given after the taxon: Li Lithophyte, Te Terrestrial. Collec- (Schltr.) I.J. Smith
tion numbers can be obtained from the first author (M.J.E.) Trichotosia cf. ferox Bl. 0.98 — —28.42
Site taxon Thick- Water  §13C
ness storage (%) C BAIYER RIVER (1175 m.a.s.l)
(mm) tissue
(4 or %) Orchidaceae
Agrostophyllum sp. 1 0.25 - —31.76
A LAE (30 m.as.l) Bulbophyllum sp. 4 0.45 - —34.01
. Bulbophyllum sp. 5 0.35 - —31.20
Orchidaceae Bulbophyllum sp. 6 0.57 - ~32.60
Dendrobium bracteosum Rchb f. 0.54 - —27.29 Coelogyne cf. asperata Lindl. 0.39 - —33.11
Dendrobium capituliflorum Rolfe 2.20 — —20.67 Coelogyne ?fragrans Schltr. 0.50 - —29.31
Dendrobium gouldii Rchb.f. 2.33 - —14.37 Dendrobium sp. 3 0.17 - —31.49
Dendrobium helix Cribb 2.03 - —14.88 Dendrobium sp. 4 0.40 - —28.06
Dendrobium insigne Lindl. 1.88 — —15.28 Dendrochilum 0.39 — —28.05
Dendrobium lineale Rolfe 1.41 - —13.73 cf. longifolium Rchb f.
Dendrobium mirbelianum Gaud. 1.84 — —15.10 Diplocaulobium sp. 1 0.33 — —28.05
L Dendrobium smilliae F. Muell. 0.51 - —25.66 Flickingeria sp. 1 1.00 + —28.97
Vanda hindsii Lindl. 1.53 - —14.65 Glomera sp. 1 0.50 - —26.60
Glossorhyncha sp. 1 1.55 + —27.61
B GABENSIS (2-300 m.a.s.l.) Liparis condylobulbon Rchb f. 0.50 — —30.30
. Liparis condylobulbon Rchb.f. 0.65 — a)—35.84
Asclepiadaceae b)—34.55
Dischidia imbricata Steud. 1.80 — —15.59 Luisia teretifolia Gaud. 2.90 - a)—15.20
. b)—15.21
Orchidaceae Pedilochilus sp. 1 0.90 + —29.48
Agrostophylium majus Hook f. 0.28 — —31.11 Phreatia sp. 1 0.36 — —28.31
Bulbophyllum 0.70 — —24.30 Phreatia sp. 2 0.90 + —32.11
cf. blumei (Lindl.) J.J. Smith Saccolabium sp. 1 0.33 — —15.24
Bulbophyllum 1.12 - —23.26 Unidentified sp. 1 1.75 — —14.59
cf. macgregorii Schitr. Unidentified sp. 2 0.60 —29.95
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Site taxon Thick- Water  §13C Site taxon Thick- Water  §'*C
ness storage (%) ness storage o)
(mm) tissue (mm) tissue
(£ or %) (£ or %)
Unidentified sp. 2 0.58 — —29.90 Epiblastus sp. 2 0.71 30 —31.02
Unidentified sp. 3 1.02 — —15.27 Glomera cf. aurea Schltr. 1.05 60 —24.20
Unidentified sp. 4 2.55 — —16.75 Glossorhyncha sp. 2 1.20 + —27.80
Unidentified sp. 5 2.40 - —26.07 Glossorhyncha sp. 3 1.35 60 —26.47
Unidentified sp. 6 0.55 — —29.78 Glossorhyncha sp. 4 0.95 70 —26.90
Unidentified sp. 7 0.90 — —14.70 Glossorhyncha sp. 5 1.30 60 —28.55
Unidentified sp. 8 1.25 - —16.33 Glossorhyncha sp. 6 1.10 50 —28.95
Unidentified sp. 9 0.39 — —31.61 Liparis sect. Distichon Schltr. 0.60 - —25.48
Unidentified sp. 10 0.39 — —29.69 Mediocalcar sp. 1 0.62 25 -32.37
Unidentified sp. 11 1.10 - —14.07 Mediocalcar sp. 2 1.85 60 —26.49
Unidentified sp. 12 0.25 - —29.33 Oberonia sp. 1 0.80 70 —31.18
Unidentified sp. 13 1.50 - —12.70 Oberonia sp. 2 0.85 60 —28.62
Unidentified sp. 14 0.85 — —28.43 " Octarrhena filiformis 0.45 - —26.70
Unidentified sp. 15 0.90 - —27.96 (L.O. Williams) P. Royen
Octarrhena filiformis 0.50 - -27.59
(L.O. Williams) P. Royen
D KEGLSUGL (2600-3150 m.a.s.1.) Phreatia elongata Schltr. 1.36 80 —30.79
Phreatia sp. 3 1.60 + -26.11
Grammitidaceae Phreatia sp. 3 1.60 20 —~26.46
2 Loxogramme subselliguea (Bak.)  0.47 — —29.55 Phreatia sp. 4 0.55 50 —32.96
Alston : Phreatia sp. 5 1.50 70 —30.78
Phreatia sp. 6 0.75 60 —31.33
Polypodiaceae Phreatia sp. 1 1.64 40 —26.71
Belvisia longissima Holtt. 0.35 - —28.90
3 Belvisia revoluta (Bl.) Copel. 1.60 - —26.90
Belvisia revoluta (Bl.) Copel., Te 1.25 - —27.45 .
Belvisia revoluta (Bl.) Copel. 1.55 - —28.02 EMT. WILHELM (3400-3600 m.a.s.L.)
Microsorium cromwellii (Ros.) 0.60 - —21.28 Grammitidaceae
Copel. 2 .
"'S;{liggea werneri (Rosenst.) 0.72 - —28.017 Lzﬁoti;amme subselliguea (Bak.)O.zs _ —29.37
1. wer. Prosaptia davalliacea (Muel. & Bak.)
Orchidaceae Copel. 0.30 - —33.19
Bulbophyllum sp. 7 1.18 — —28.01 Polypodiaceae
Bulbophyllum sp. 8 0.35 - —31.82 3 Bevisia revoluta (Bl.) Copel 1.10 — —27.67
Bulbophyllum sp. 9 0.35 - —31.50 4 . . -
Selliguea werneri (Rosenst.) Pic.
Bulbophyllum sp. 10 0.70 - —31.02 Ser 0.75 _ —30.05
Bulbophyllum sp. 11 1.15 - —28.84 ’ ) )
Bulbophyllum sp. 12 0.50 <10 -32.26 Iridaceae
Calanthe cf. flava Hassk. 0.35 - —26.38 . . _ _
Calanthe sp. 1, Te 0.35 B 3260 Libbertia pulchella R Br. Sprengel. 0.20 30.32
Ceratostylis sp. 3 1.75 + —26.27 Orchidaceae
Ceratosty h.s sp. 4 1.45 + —26.06 Bulbophyllum barbatum P. Royen  1.15 - —26.18
Ceratostylis sp. 5 1.65 + —29.24
: Bulbophyllum cf. barbatum P. Royen1.15 - —29.72
Ceratostylis sp. 6 1.85 30 —31.13 .
; Bulbophyllum sp. 15, Li 0.60 - —28.23
Ceratostylis sp. 7 1.85 30 —24.78 . .
. Ceratostylis sp. 12, Li 2.10 + —24.25
Ceratostylis sp. 8 1.35 20 —32.32 C ; .
; eratostylis sp. 13, Li 1.20 + —27.07
Ceratostylis sp. 9 2.25 40 —27.05 5 . .
; Dendrobium aurantiroseum 0.55 — —26.80
Ceratostylis sp. 10 1.10 — —29.21
; P. Royen ex T.M. Reeve
Ceratostylis sp. 11 2.09 60 —31.08 . .
5 . . Dendrobium brevicaule Rolfe 0.75 — —31.86
Dendrobium aurantiroseum 0.3 - —34.66 . .
P R TM. R Dendrobium brevicaule Rolfe 0.70 — —30.52
- hoyen ex 1.V Reeve Dendrobium dekockii 1.J. Smith ~ 0.55 —~ —28.98
Dendrobium aurantiroseum 0.44 — —30.61 6 1o :
Epiblastus sp. 1 0.65 + —26.04
P. Royen ex T.M. Reeve . .
' Epiblastus sp. 3, Li 1.00 + —26.58
Dendrobium habbemense P. Royen 0.32 — —30.58
. e Glossorhyncha sp. 7, Te 0.45 - —30.44
Dendrobium rigidifolium Rolfe 0.83 - —28.93 A . .
. o . Liparis alpina P. Royen, Li 0.70 — —30.09
Dendrobium vexillarius J.J. Smith ~ 0.55 - —25.52 Medi .
. g ediocalcar sp. 3, Li 1.45 + —27.92
Dendrobium sect. Grastidium 1.17 80 —28.47 7 - .
) Octarrhena filiformis 0.65 — —27.76
(BL) J.J. Smith e
; (L.O. Williams) P. Royen
Dendrobium sp. 5 0.76 — —29.85 Pedi . .
; . . edilochilus sp. 2, Li 0.60 — —30.04
Diplocaulobium aff. iboense 0.63 — —26.31 . . .
Pedilochilus sp. 3, Li 0.45 — —32.20
(Schltr.) A.D. Hawkes . . .
6 Pedilochilus sp. 4, Li 0.60 — —32.50
Epiblastus sp. 1 0.75 50 —28.40 P . .
A terostylis acuminata R Br., Te 0.35 — —31.52
Epiblastus sp. 2 0.71 60 —27.57 Thelymitra papuana J.J. Smith, Te 1.10 — —26.35
Epiblastus sp. 2 0.89 60 —24.49 - ’ . ’
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Fig. 1. Frequency diagram of §'3C values in epiphytic and litho-
phytic orchids with respect to altitude (data taken from Table 2).
The distribution is based on 23 spp. at 2-300 m.a.s.l. (Site B)
and 34 spp. at 1175 m.a.s.l. (Site C). Data for the highland orchids
at 2600-3600 m.a.s.l. (Sites D, E) have been combined and con-
sisted of a total of 56 spp. Mean values were obtained in cases
of more than one determination for a single species within an
altitudinal group. Numerical values within a histogram refer to
mean leaf thickness and values above a histogram indicate the
percentage of the species recorded for the site
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drobium tumoriferum all with thick leaves together with Bul-
bophyllum cf. blumei and Epicranthes macrorhopalon with
somewhat thinner leaves. The mean leaf thickness of this
group is little different to the obligate CAM species (Fig. 1)
and some species of this group with intermediate 6'*C
values may well possess weak CAM or be facultative CAM
plants. The rest of the species collected from Gabensis with
0*3C values between —28 and — 359, are presumably Cj
plants. They all possessed thin leaves with the exception
of Dendrobium johnsoniae.

The epiphytes collected from the lower montane rain-
forest at Baiyer River (Site C, 1175 m.a.s.1) were all orchids.
The obligate CAM species accounted for 26% of the total
species number (Fig. 1) and consisted of Luisia teretifolia,
Saccolabium sp. 1 and seven unidentified species (sp. 1, 3,
4, 7, 8, 11, 13). All the obligate CAM orchids at Baiyer
River possessed thick leaves with the exception of Saccola-
bium sp. 1. The remainder of the orchid species at Baiyer
River showed 6'3C values between —26 and —35%, indica-

tive of largely C; photosynthesis. The group consists mostly
of thin-leaved species with a mean leaf thickness similar
to the C,-type orchids at Gabensis (Site B, 2-300 m.a.s.1).

The collections for the highland species from upper
montane rainforest at Keglsugl (Site D, 26003150 m.a.s.1)
and from sub-alpine rainforest and tropicalpine grassland
on Mt. Wilhelm (Site E, 3400-3600 m.a.s.l) are described
separately in Table 2 but the data for the epiphytic and
lithophytic orchids have been combined in Fig. 1. The high-
land ferns possessed 6*>C values typical of C; photosynthe-
sis except for Microsorium cromwellii with a J*3C value
of —21.28%, (Table 2). In fact, this 6'*C determination was
the least negative found for all vascular plants examined
from altitudes > 2600 m.a.s.l. Libbertia pulchella (Iridaceae)
and all the orchids possessed 6'3C values within the range
—24 to —33%, indicative of largely C; photosynthesis (Ta-
ble 2). The mean leaf thickness in the highland epiphytic
and lithophytic orchids of 1.03 mm is substantially greater
than their counterparts at lower altitudes (Fig. 1). This can
largely be accounted for by the more frequent occurrence
of water storage tissue which was present in 59% of the
highland species compared to 12% at Baiyer River (Site
C, 1175 m.a.s.l) and 9% at Gabensis (Site B, 2-300 m.a.s.1}.
The water storage tissue in the highland orchids was invari-
ably located underneath the dorsal epidermis. The fre-
quency distribution of 6'3C values of the highland orchids
(Fig. 1) shows that a small number of species possessed
613C values of —24 to —26%,. However, both Dendrobium
vexillarius and Liparis sect. Distichon are thin-leaved and
the thick-leaved species, Ceratostylis sp. 7 and sp. 12 and
Glomera cf. aurea, all possessed water storage tissue (Ta-
ble 2). It is, therefore, unlikely that any of these species
are facultative CAM plants.

The data for the highland orchids demonstrate that
CAM is little utilised as an ecological adaptation at alti-
tudes >2600 m.a.s.l. in Papua New Guinea but mean leaf
thickness is substantially increased compared with popula-
tions from lower altitudes due to the greater incidence of
leaf water storage tissue.

Discussion

Obligate CAM species of epiphytic orchids accounted for
26% of the total at both Gabensis (Site B, 2-300 m.a.s.1)
and Baiyer River (Site C, 1175 m.a.s.]) which compares
closely with a value of 24% for an Australian lowland rain-
forest. By contrast, 62% of orchids from relatively dry,
open Australian forests were found to be CAM species
(Winter et al. 1983). The obligate CAM orchids at both
Gabensis and Baiyer River, as well as the Lae Botanic Gar-
den, possessed thick leaves with the exception of Saccola-
bium sp. 1 at Baiyer River. A similar correlation between
obligate CAM and leaf succulence has been noted pre-
viously for members of the Bromeliaceae and Euphorbia-
ceac (McWilliams 1970), Crassulaceae (Teeri et al. 1981)
as well as the Orchidaceae (Neales and Hew 1975; Winter
et al. 1983).

At Gabensis, in addition to the obligate CAM orchids,
there was an intermediate group comprising 25% of the
species examined which possessed 6*3*C values of between
—23 and —26%, (Fig. 1). As noted previously, it is not
possible to identify facultative CAM species using 6'3C
values and particular difficulties also occur in the case of
epiphytes. The 6'*C values of C; plants occurring in the
lower levels of a rainforest have been found to be 5%, more



negative than the leaves collected from the forest canopy
(Medina and Minchin 1980). This is attributed to CO, near
the floor of rainforests being depleted in **C due to both
root respiration and the respiratory decomposition of plant
materials. It also appears that conditions of high humidity
and low irradiance produce more negative 6*>C values in
C; species due to a reduction in the propostion by which
uptake of CO, is limited by diffusion (Farquhar et al.
1982a, b). The above factors may be responsible for the
high incidence in the present study of epiphytic and litho-
phytic orchids with §'3C values more negative than —31%,
(24% of the species total in Table 2) compared with most
C; plants (Lerman 1975, Troughton 1979). A relatively
large number of the C; species of bromeliads in Trinidad
also possessed 6'2C values more negative than —31%,
(Griffiths and Smith 1983). It appears then that epiphytes
in the humid tropics possess relatively low 6'3C values
which strengthens the likelihood of some of the intermedi-
ate group of orchids at Gabensis exhibiting weak CAM
or being facultative CAM plants.

The 6*3C values of the highland epiphyte species (Sites
D, E; 2600-3600 m.a.s.l) provided no evidence for the oc-
currence of CAM with the exception of the fern Microsor-
ium cromwellii which, with a §'*C value of —21.28%,, may
well be a CAM species (Table 2). Previous studies on ferns
have produced evidence for CAM in the genera Drymoglos-
sum and Pyrrosia, also in the family Polypodiaceae (Wong
and Hew 1976, Hew 1984 ; Winter et al. 1983; Sinclair 1984;
Winter et al. 1986). The majority of Microsorium spp. pos-
sess thin fronds (Holttum 1968) and this report appears
to be the first suggestion of CAM within the genus. The
absence of obligate CAM in the highland orchids is some-
what surprising, particularly in the lower altitudes of the
upper montane rainforest. Keglsugl (2600 m.a.s.l), for ex-
ample, with mean monthly minimum and maximum screen
temperatures of 9.4 and 18.9° C (McAlpine et al. 1975) rep-
resents the approximate altitudinal limit in the area for
the cultivation of maize, Zea mays and sweet potato, Ipo-
moea batatas which are both chilling sensitive species. Pre-
cipitation at Keglsugl, located in a basin centre, is slightly
lower than at Baiyer River (Site C, 1175 m.a.s.l) where
obligate CAM orchids occur (Table 2, Fig. 1). Mean annual
evaporation estimates for highland New Guinea suggest
values between 1600 and 1800 mm over the altitudinal
range 1200-2000 m.a.s.l. and, thereafter, a decline with in-
creasing elevation to give a value of approx. 500 mm at
Pindaunde Research Station, 3580 m.a.s.l. (Humphreys
1984). It is, therefore, reasonable to suppose that epiphytes
at Keglsugl and Baiyer River are subjected to approximate-
ly the same degree of annual water stress compared with
the Mt. Wilhelm epiphytes (Site E, 3400-3600 m.a.s.]) where
water stress is much reduced.

It appears then that the lack of obligate CAM species
in the highland epiphytic and lithophytic orchids (Fig. 1)
must be due to reduced temperature (Table 1). Temperature
optima for nocturnal CO, uptake and synthesis of malic
acid in CAM plants generally occur within the range 10
to 24° C, often with appreciable activity still present at 0
to 5° C (Medina and Delgado 1976; Gerwick and Williams
1978; Medina and Osmond 1981; Wagner and Larcher
1981; Winter 1985). By contrast, the rate of daytime degra-
dation of malic acid is considerably reduced at low tempera-
tures and, for example, in Sempervivum montanum shows
an approximately linear decrease from 40° C to a low value
at 15° C (Wagner and Larcher 1981). It also appears that

571

low temperatures delay the initiation of malic acid decar-
boxylation following nocturnal acidification (Winter and
Tenhunen 1982). Indeed, low daytime temperatures tend
to result in the promotion of net CO, fixation during the
daytime in a range of CAM species (Kluge and Ting 1978;
Winter 1985). It is conceivable that the lack of obligate
CAM in the highland orchids reported in the present paper
(Table 2, Fig. 1) is due to low daytime leaf temperatures,
a feature which will be exacerbated by the partially shaded
epiphytic microhabitats.

The highland orchids, whilst lacking obligate CAM, are
however distinguished by a high degree of leaf succulence
due to the frequent occurrence of water storage tissue,
mostly located on the dorsal part of the leaf. Xeromorphic
adaptation is commonly found in epiphytes ranging from
leaf epidermal trichomes and water storing *“ tanks” in some
of the Bromeliaceae to the pseudobulbs found in many of
the Orchidaceae. Aerial roots and either internal or external
water storage tissue are also commonly found in members
of both families (Medina 1974; Fu and Hew 1982 ; Griffiths
and Smith 1983; Winter et al. 1983; Smith et al. 1986). The
role of water storage tissue in succulents in general appears
to be to buffer the chlorenchyma during periods of water
stress (Barcikowski and Nobel 1984; Schmidt and Kaiser
1987). Whilst the New Guinea highland orchids are not
subjected to greater annual water stress compared to those
in the lower montane rainforest (Table 1), they are sub-
jected to an appreciable seasonality in precipitation. There
is a pronounced wet season at Keglsugl and on Mt. Wilhelm
from December to April, with May—July representing a rel-
atively sudden dry season, and the succeeding months
marking a gradual return to wetter weather (Hnatiuk et al.
1976; Humphreys 1984). As many as 22 consecutive dry
days have been recorded at Pindaunde Research Station
although somewhat less than half this number would nor-
mally be characteristic of a dry spell. Indeed, there are re-
ports of epiphytic ferns and bryophytes in the subalpine
rainforest becoming dry and shrivelled on occasion during
the dry season (Hnatiuk et al. 1976). The frequent presence
of water storage tissue in the highland orchids (Table 2)
could, therefore, be regarded as an adaptation to prolonged
periods of water stress within an environment where day-
time temperatures are insufficiently high to promote CAM.
It is also possible that the dorsal location of the water stor-
age tissue, if containing phenols and flavonoids, represents
an adaptation to the high level of UV light in the tropical-
pine environment. As UV damage to the photosynthetic
machinery of an individual leaf appears to be cumulative
with time (Caldwell 1981), the presence of water storage
tissue in long-lived leaves of orchids occupying the highland
epiphytic microhabit may confer selective advantage.
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