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Abstract. Tropical montane cloud forests (TMCF) differ from lowland moist forests 
in structure (low stature, small and tough leaves, low diversity) and functioning (low 
productivity, low nutrient-cycling rates). To explain these differences, a variety of hypoth- 
eses have been proposed, most of which are related directly or indirectly to climate, but 
none of these provides a satisfactory explanation for all typical TMCF traits. The single 
climatic factor shared by all TMCF, the frequent occurrence of low cloud, has multiple 
effects, but not all are well understood. In this paper we describe and analyze the climatic 
and soil-moisture conditions prevailing in TMCF as reported in the literature. TMCF evapo- 
transpiration is limited by both climatic conditions and canopy conductance. TMCF pro- 
ductivity is low, but our understanding of these forest's carbon balance is incomplete. Leaf 
photosynthetic capacity is not particularly low, but canopy photosynthesis probably is, due 
to persistent cloudiness (low radiation) and a low leaf-area index (LAI). We suggest that 
the low LAI of TMCF is controlled by light climate and by leaf structure and longevity. 
TMCF productivity is probably further limited by a substantial investment of carbon in the 
growth and functioning of a relatively large root system, which is itself a consequence of 
unfavorable soil conditions. 

Key words: carbon balance; cloud forest; evapotranspiration; leaf-area index; leaf chemistry; 
leaf structure; montane rain forest, lower cf. upper; soil moisture; tropical montane cloud forest. 

INTRODUCTION 

With increasing altitude on wet tropical mountains, 
changes in forest structure occur (Whitmore 1989). The 
principal changes are a decrease in forest stature, and 
a tendency for the leaves to become smaller, thicker, 
and harder ("xeromorphic"). The altitudinal zonation 
is compressed on small outlying mountains compared 
with large mountains (Richards 1952). Although the 
stunting of tropical montane forests has been studied 
for >80 yr (cf. Grubb 1977), it has remained poorly 
explained. However, the original contention of Brown 
(1919) that the frequency of fog is the most important 
factor determining the stature of montane forest, is sup- 
ported by numerous descriptive studies (reviewed by 
Richards [1952], Van Steenis [1972], and Stadtmuller 
[1987]). Subdivisions of montane forest types based on 
physiognomy have also been related to the presence of 
fog: Grubb and Whitmore (1966) suggested that taller- 
statured lower montane rain forest had "frequent," and 
shorter-statured upper montane rain forest "long per- 
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sistent" cloud cover close to the ground. Both forest 
types are often also referred to as (tropical montane) 
"cloud forests" (TMCF), which are usually defined as 
forests that are "frequently covered in clouds or mist" 
(Stadtmuller 1987:19). Quantitative criteria on what 
constitutes "frequent" or "long persistent" cloud are 
lacking, but implicit in the term "TMCF" is a rec- 
ognition of the important influence of cloud on forest 
structure and functioning. 

TMCF have been found to have lower productivity 
(estimated as litterfall or diameter increment), lower 
concentrations of nitrogen and/or phosphorus in leaves, 
and lower nutrient-cycling rates in comparison to low- 
land tropical rain forest. A variety of hypotheses have 
been proposed to explain the structural and functional 
characteristics of TMCF These include: (1) periodic 
water shortage (in spite of the frequent cloud cover), 
especially in the case of shallow and stony soils; (2) 
saturated soils and impeded root respiration; (3) re- 
duced leaf temperatures and photosynthesis associated 
with low radiation inputs and low air temperatures; (4) 
limited nutrient uptake due to (a) climatically con- 
trolled reduction in transpiration rates, (b) extreme soil 
acidity or low fertility or both, often coupled with (c) 
reduced decomposition and mineralization rates; (5) 
exposure to strong winds; and (6) presence of high 
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concentrations of phenolic compounds in soil moisture 
interfering with metabolic processes. 

Nutrient aspects of TMCF will be discussed in the 
companion paper by Tanner et al. (1998). The present 
paper (1) summarizes and evaluates data on tropical 
montane environmental conditions and their effect on 
TMCF structure and function, and (2) offers some sug- 
gestions for further research. 

GENERAL HYDRO-METEOROLOGICAL 

CONSIDERATIONS 

Depending on latitude, the lower limit of tropical 
montane cloud forests (TMCF) on large mountains is 
generally between 1500 and 2500 m while the upper 
limit is usually from 2400 to 3300 m. Local factors 
may cause cloud formation at much lower altitude 
(down to 400 m on small coastal or island mountains), 
while upper montane rain forest (UMRF) may occur 
up to 3900 m under favorable conditions (Stadtmuller 
1987). Given the wide altitudinal range in which TMCF 
occur, mean temperature and annual rainfall vary con- 
siderably among locations. However, all TMCF expe- 
rience sustained high atmospheric-humidity levels. 

Besides precipitation, the rate of open-water evap- 
oration E0 (Penman 1956) is a convenient measure to 
characterize overall climate conditions at a location. 
Evaporation generally decreases with elevation as ra- 
diation, temperatures, and vapor-pressure deficits are 
all reduced (Brown 1919 and many others). However, 
in subtropical trade-wind regions evaporation increases 
again when mountains reach up into the dry air above 
the trade-wind inversion (Juvik and Nullet 1994). There 
have been suggestions that the most stunted types of 
TMCF are found in areas with very low atmospheric 
evaporative demand, even to the extent that rates of 
water (and nutrient) uptake are claimed to become sup- 
pressed (Weaver et al. 1973, Ash 1987). However, av- 
erage values of E0 at sites carrying stunted TMCF at 
low to intermediate (<1000 m) elevations (e.g., Ser- 
rania de Macuira, Venezuela; El Yunque and Pico del 
Oeste, Puerto Rico; Gunung Silam, Malaysia; Rakata 
Island, Indonesia) ranged between 2 and 4 mm/d (Wa- 
terloo 1989, Hafkenscheid 1994), values that are high 
enough to enable the uptake of nutrients (cf. Grubb 
1977). 

The actual presence of fog, the only meteorological 
factor that distinguishes TMCF locations from other 
montane rain-forest locations, has various effects on 
ecosystems. Fog constitutes an extra hydrological input 
("horizontal" or "occult" precipitation) which may 
amount to several hundred millimeters of water per 
year, depending on cloud characteristics, wind speed, 
and vegetation structure (Bruijnzeel and Proctor 1995). 
Fog also represents a distinct chemical input, even if 
it does not lead to a measurable increase in net pre- 
cipitation (Unsworth and Crossley 1987). Cloud drop- 
lets generally have higher acidity and nutrient concen- 

trations than rain (Asbury et al. 1994) and this may 
affect leaf physiology and nutrient relations (Schier and 
Jensen 1992). Persistent leaf wetness itself has been 
shown to induce chronic reduction of photosynthesis 
in some plants (Ishibashi and Terashima 1995). Finally, 
the presence of fog may reduce irradiance to 10-50% 
of that under sunny conditions (Monteith and Unsworth 
1990). While persistently strong winds do influence 
forest stature in some locations (notably in the trade- 
wind belt; Sugden 1986), wind rarely plays a significant 
role at equatorial latitudes (Proctor et al. 1988, Haf- 
kenscheid 1994) and is not considered further. 

PERIODIC WATER DEFICIENCY VS. WATERLOGGING 

Although trees in upper montane rain forests grow- 
ing on very shallow soils have been reported to die 
following severe droughts (Lowry et al. 1973, Werner 
1988), all observations of soil water dynamics and leaf 
water potentials in tropical montane cloud forests 
(TCMF) suggest that the trees rarely, if at all, expe- 
rience sever soil water deficits (Lyford 1969, Herrmann 
1971, Hetsch and Hoheisel 1976, Dohrenwend 1979, 
Kapos and Tanner 1985, Bruijnzeel et al. 1993). Bruijn- 
zeel et al. (1993) demonstrated that one of the worst 
droughts in the area's history caused significant extra 
shedding of leaves below but not within the cloud belt 
at Gunung Silam, Malaysia. Similarly, soil moisture 
levels in ridge-top TMCF in Puerto Rico remained un- 
affected by the severe drought that hit the island in 
1993-1994 (E N. Scatena, personal communication). 

Many studies of soils in TMCF have reported per- 
sistently (near-)saturated conditions, which stand in 
sharp contrast to the more variable moisture regimes 
of the lower montane rain forests found below the av- 
erage base of the cloud cap. This is confirmed by mor- 
phological differences between soils; transect studies 
generally note major changes when passing into the 
zone of frequent low cloud, the most striking of these 
being increased organic matter content, darker colors, 
and increased abundance of hydromorphic character- 
istics (Hetsch and Hoheisel 1976, Van Reuler 1987). 
Other indications of such conditions include a high 
frequency of aerial roots (Brown 1919, Gill 1969). On 
the other hand, gleying or waterlogging has not been 
observed consistently in TMCF (Kapos and Tanner 
1985, Hafkenscheid 1994). 

EVAPOTRANSPIRATION 

Total evapotranspiration (ET) consists of evapora- 
tion of intercepted precipitation (Ei) and transpiration 
(Et). Rainfall interception, Ei in TMCF (tropical mon- 
tane cloud forest) is roughly 200-400 mm/yr, whereas 
Et has been estimated at 250-300 mm/yr, well below 
values found in lowland forest (Bruijnzeel 1990, 
Bruijnzeel and Proctor 1995). The processes of tran- 
spiration and photosynthesis are strongly coupled- 
both depend on diffusion through stomates-so it is of 
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interest to examine why rates of Et are low in TMCE 
As described above, TMCF sites have somewhat lower 
values for open-pan evaporation (Eo) than forests not 
affected by low cloud, but there is evidence that tran- 
spiration (Et) is even more reduced. Bruijnzeel et al. 
(1993) expressed average values of daily Et (deter- 
mined by the site water-balance method) as a ratio to 
corresponding values of E0 for two lower montane rain 
forests (LMRF) of contrasting stature in East Malaysia; 
they observed a much lower value (0.24) for the more 
stunted forest (subjected to frequent low cloud) than 
for tall forest situated just below the cloud cap (0.51). 
Additional evidence of low Et rates in TMCF was found 
by Hafkenscheid (1994) on the island of Rakata (Krak- 
atau), Indonesia, where heat-pulse equipment was used 
to monitor sapflow in Neonauclea calycina trees of 
similar diameter at breast height at 110 m (in 30-35 
m tall lowland forest) and at 710 m (in 7-15 m tall 
"mossy forest"). Half-hourly observations of sap flow 
rates were made over a period of 3 wk during the dry 
season of 1992 in conjunction with measurements of 
soil water tension and the climate above the canopy. 
On sunny days sap flow rates in the TMCF were re- 
duced by -70% (on average) compared to values ob- 
served at 110 m, despite very similar totals of incoming 
radiation and only modest reductions in E0 at 710 m 
(<15% on average). There was no soil water stress or 
excess at either location, and soil nutrient concentra- 
tions were comparable. 

The evidence presented above suggests that canopy 
conductances of TMCF are lower than in lowland for- 
ests or LMRF without frequent low cloud, even during 
sunny weather. Canopy conductance is mainly a func- 
tion of leaf-area index (LAI) and leaf diffusive con- 
ductance for water vapor (in turn largely determined 
by stomatal conductance, gs). LAIs of TMCF are clearly 
lower than those of lowland forests, ranging from -6 
in LMRF with little low cloud (Grubb 1977) down to 
-2 in dwarf cloud forests (Weaver et al. 1986). Mea- 
sured data for g, cover a wide range. Maximum values 
may be as high as 0.2-0.3 molm-2-s-1 (Aylett 1985, 
Jane and Green 1985, Vitousek et al. 1990, Meinzer et 
al. 1992), but much lower values have been found as 
well (Medina et al. 1981, Kapos and Tanner 1985). 
Stomatal densities and sizes (Cintron 1970, Grubb 
1977) are not lower in TMCF compared to lowland 
forests. It seems therefore that gs in TMCF is not in- 
herently low but stomatal behavior is such that con- 
ductance is often reduced. 

CARBON BALANCE 

Tropical montane cloud forest (TMCF) is generally 
believed to be less productive than lowland rain forests, 
an assertion that is mainly based on the occurrence of 
smaller amounts of litterfall (recently summarized in 
Bruijnzeel and Proctor [1995]) and smaller rates of 
trunk diameter increment (Brown 1919, Weaver et al. 

1986, Tanner et al. 1990). However, in the absence of 
reports on belowground productivity in TMCF, it is 
perhaps more correct to state that these forests exhibit 
a low aboveground net primary productivity. There 
have been no studies aimed at quantifying the overall 
carbon balance of TMCE However, such studies are 
essential if further insight is to be obtained into the 
interrelationships of forest structure and productivity. 
Carbon fixed by photosynthesis is not only used for 
growth but also for maintenance and ion uptake (Lam- 
bers et al. 1983). At present, very limited data are avail- 
able on the magnitude of any of these processes at the 
ecosystem level in TMCE 

The limited evidence on photosynthetic rates in 
TMCF suggests that the capacity of the photosynthetic 
apparatus of leaves in TMCFs is not systematically 
lower than that in lowland forests. As indicated earlier, 
reported values for (gs) in stomatal conductance TMCF 
are variable, but maximum values are not particularly 
low and the latter are known to correlate with maximum 
photosynthetic rates (KOrner et al. 1979). Maximum 
rates of net photosynthesis of about 7-11 pLmol 
C02M-2-ms-I have been reported for Metrosideros poly- 
morpha in Hawai'i (Vitousek et al. 1990, Meinzer et 
al. 1992), and rates of 5-7 Amol C02 m-2-s-' have been 
reported for three Jamaican upper montane rain-forest 
species (Aylett 1985). Both are within the range for 
non-pioneer lowland species. 

To understand the relation between photosynthesis 
and forest productivity, gas-exchange data must be re- 
lated to the distribution of leaf area and to light climate. 
Cloudiness and fog may significantly reduce the 
amounts of solar radiation reaching TMCF during a 
considerable part of the day. Long-term records of ir- 
radiation in TMCF are scarce, but the few studies that 
are available all point to reductions of 15-50% com- 
pared to lowland sites (Baynton 1969, Muller 1982, 
Aylett 1985, Cavelier and Mejia 1990, Turton 1990, 
Bruijnzeel et al. 1993). This contrast in radiation load 
will be smaller when the comparison is made against 
elevations carrying tall forest just below the base of 
the cloud cap (Cavelier and Mejia 1990, Bruijnzeel et 
al. 1993). Nevertheless, the observation that LAIs 
(leaf-area indexes) of TMCFs are low (Grubb 1977, 
Weaver et al. 1986) may indicate that further expansion 
of leaf area would only lead to leaves that function 
below their light-compensation point. The interaction 
between solar radiation, LAI, and photo-canopies is 
illustrated in Fig. 1, which shows the simulated carbon 
gains of a forest canopy with specified photosynthetic 
characteristics for the two hypothetical extreme cases 
of permanently sunny or overcast conditions. During 
cloudy conditions, carbon gain at the top of the canopy 
is lower and the rate of decrease with depth in the 
canopy (cumulative LAI) is faster (Fig. la). The in- 
tegrated carbon gain of the total canopy increases with 
canopy LAI up to the point where additional leaves 



6 SPECIAL FEATURE Vol. 7E, No. I 

100 >> a 

E 50 

0 

0) 

ai) 
-J -50 

0 1 2 3 4 5 6 

LAI above leaf (M2/m2) 

250b 

c~ 200- 

o 1 50- 
E 
0 1 - 

0) 50- 

0 
0 

(~-50- 

0 1 2 3 4 5 6 

Total LAI (m2/m2) 

FIG. 1. Simulated carbon gain of a tropical montane forest 
canopy in permanently sunny ( ~) and permanently over- 
cast --- -) weather. (a) Annual carbon gain as a function of 
cumulative leaf-area index from the top of the canopy, cal- 
culated as the annual sum of net photosynthesis minus night- 
time respiration. Assumptions: (1) day length 12 h, daily 
course of photosynthetic photon flux density (PPFD) given 
by a squared sine curve (cf. Hirose and Werger 1987) with 
midday PPFD of 2000 (sunny) or 400 ~Lmol.M-2.S' (over- 
cast); (2) spherical leaf-angle distribution, exponential de- 
crease of PPFD with cumulative leaf-area index (LAI), with 
extinction coefficients of 0.55 (sunny) or 0.72 (overcast) (cf. 
Goudriaan 1977); (3) relationship between gross leaf pho- 
tosynthesis and PPFD of all leaves given by a non-rectangular 
hyperbolic function (Johnson and Thornley 1984) with max- 
imum photosynthetic rate of 10 VLMOI-M-2.S-', quantum yield 
of 0.05 mol/mol, and convexity parameter of 0.75; (4) con- 
stant day and night leaf respiration rate of 1 Vwmol-m-'s1. 
(b) Total canopy carbon gain as a function of leaf-area index. 
Assumptions as in (a). 

respire more than they assimilate (Fig. ib). Although 
the model is simple and the estimates of parameter 
values are based on limited information, there are a 
number of structural features of TMCF that seem to 
support the idea that low irradiance is a key controlling 

factor. The general absence of an understory of woody 
plants in TMCF suggests that only some specialized 
shade-adapted life-forms (often ferns and bryophytes) 
tolerate this light climate (Van Steenis 1972). Clearly, 
the relationships between (macro-) light climate, LAI 
and canopy photosynthesis in TMCF require further 
study. 

Photosynthetic products are used for the formation 
and maintenance of leaves, stems (trunk, branches, 
twigs), reproductive parts, and roots plus symbionts. 
Compared to lowland rain forests, TMCF exhibit sim- 
ilar leaf biomass (LAI is lower because leaf mass per 
area is higher), smaller biomass of trunks and branches, 
but similar or higher root biomass (Grubb 1977, Me- 
dina and Klinge 1983, Cavelier 1989). Although the 
actual costs for the growth and maintenance of the 
different plant parts in TMCF are difficult to estimate, 
it seems likely that the costs for roots are relatively 
high. Presumed low availability of nutrients or the pres- 
ence of toxic substances associated with waterlogged 
soils (Crawford 1971) could cause enhanced costs for 
root production and functioning (Van der Werf et al. 
1992). Specific construction costs of biomass of plants 
at high altitudes could possibly be higher than those at 
low altitudes due to higher lipid and lignin contents 
(Larcher 1983, Poorter 1994; cf. the next section). In 
conclusion, it seems likely that the low aboveground 
biomass production in TMCF is related both to low 
photosynthetic carbon gain and to high maintenance 
and construction costs. 

FOLIAR STRUCTURE AND PHENOLIC 
CONCENTRATIONS 

The small, thick, and hard leaves of tropical montane 
cloud forests (TMCFs) are often classified as "xero- 
morphic," although they are not particularly well-suit- 
ed to tolerate water stress (Buckley et al. 1980, Kapos 
and Tanner 1985). Alternatively, leaf xeromorphy has 
been interpreted as a response to limited availability 
of nutrients (Loveless 1961, 1962, Medina et al. 1990). 
Plants that produce such "pachyphylls" (Grubb 1977) 
invest more carbon per unit leaf area. As discussed 
above, carbon gain per unit leaf area of these "expen- 
sive" leaves is no higher than that for "normal" leaves 
Why don't trees in TMCF invest C in greater leaf area, 
or allocate it to other organs? The radiation environ- 
ment could select for low LAI (Fig. 1), while the pres- 
ence of thick, strong leaves could point to selection for 
leaf longevity, in order to compensate for the generally 
low carbon gains per unit time (Williams et al. 1989, 
Poorter 1994). Average leaf life-span has been esti- 
mated at 14-18 mo for montane forest trees and at 12- 
14 mo for lowland forest trees (Grubb 1977); additional 
direct information would be most useful. The construc- 
tion of one square meter of leaf area with a leaf mass 
per area of 0.15 kg/M2 and a specific construction cost 
of 1.6 g glucose/g dry matter requires 8 mol of carbon, 
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a considerable investment under unfavorable photo- 
synthetic conditions (cf. Fig. lb). The costs may be 
reduced on an annual basis if leaf life-span is extended; 
longer life-spans may also serve to make more efficient 
use of already invested nutrients by increasing the mean 
residence time of a nutrient in the plant (Aerts and Van 
der Peijl 1993; cf. the relatively high proportions of 
nitrogen and phosphorus retranslocated from the leaves 
in TMCF before abscission; Veneklaas 1991, Bruijn- 
zeel and Proctor 1995). 

The toughness and chemistry of TMCF leaves may 
also protect them against such hazards as mechanical 
damage (wind, hail), herbivory, pests and diseases, epi- 
phylls, acid mist or high radiation loads (Levitt 1980). 
Clearly, great toughness and thick cell walls are of 
rather general value, especially to exposed, long-lived 
leaves. Additionally, high concentrations of flavonoids 
(a phenolic compound) have been reported in TMCF 
leaves. Bruijnzeel et al. (1993) reported concentrations 
of polyphenols in fresh leaf litter in stunted TMCF in 
Malaysia (and elsewhere) to be much higher than in 
tall-statured forests below the cloud cap. This contrast 
in concentrations was not observed for older litter, and 
thus the polyphenols can be expected to enter the soil 
during rain. Here they may have a toxic effect on roots 
and interfere with metabolic processes such as pho- 
tosynthesis rates, cell division in fine roots, stomatal 
aperture and ion uptake (Kuiters 1990, Kuiters and 
Mulder 1993). Some or all of these interferences may 
be at work in stunted TCME Further work is needed 
to test the validity of this "toxin-resistance" hypothesis 
as well as to evaluate the cause of enhanced phenolic 
concentrations. Generally speaking, nitrogen stress and 
water deficit are among the most important factors af- 
fecting the concentration of phenolic metabolites in 
plant tissue (Horner et al. 1988). However, neither of 
these were decisive in the case described by Bruijnzeel 
et al. (1993), although there was a weak inverse rela- 
tionship with total nitrogen concentration. Recently, 
Northup et al. (1995) presented evidence of an inverse 
relationship between foliar concentrations of phenols 
(particularly condensed tannins) and soil pH. They ad- 
vanced various mechanisms through which enhanced 
concentrations of phenols could be helpful in mini- 
mizing losses of nitrogen and mitigating the adverse 
effects of soil infertility in general, and of aluminum 
toxicity in particular. In a more general model on the 
role of secondary metabolites in ecosystems, Baas 
(1989) assumed a role for these substances in regulating 
both detrimental and beneficial relationships between 
plants and their abiotic (climate, soil) and biotic (het- 
erotrophic organisms, herbivores, competitors) envi- 
ronment, thus influencing the carbon and nutrient econ- 
omy of the ecosystem. 

RESEARCH PERSPECTIVES 

Although the structure of TMCF (tropical montane 
cloud forest)is characteristic, there is no single envi- 

ronmental factor (except for the frequency of low 
cloud, which has multiple effects) shared by all 
TMCFs. Therefore, research focusing on a single factor 
is unlikely to provide generally valid answers. Atten- 
tion to TMCF ecology has greatly increased in the last 
two decades, but surprisingly little information is avail- 
able on the key processes determining productivity, 
particularly overall carbon economy and the influence 
of climate and soil conditions thereupon. Also, while 
forest structure and productivity are functionally re- 
lated, different factors may underlie low stature and 
low productivity. An approach that explicitly separates 
effects on forest structure and functioning may be re- 
quired if causal relationships are to be identified. The 
study of the forest carbon balance offers a convenient 
framework to assess effects of specific abiotic and bi- 
otic factors on productivity, and for reinterpreting re- 
sults of research undertaken in the past. High priority 
should be given to the estimation of canopy photosyn- 
thesis and the way it is influenced by radiation climate, 
and to the quantification of respiratory losses, es- 
pecially those associated with nutrient uptake. 

The linkages among soil water regime, soil acidity 
and aluminum toxicity, root development and mor- 
phology, and (rapid) fluctuations in radiation and fog 
incidence, all merit further attention in relation to water 
and nutrient uptake in TMCE The postulated connec- 
tion between foliar concentrations of phenols and pH 
(Northup et al. 1995) and possibly toxic levels of alu- 
minum in the soil requires field observations and ex- 
perimentation. The role of cloud water chemistry (no- 
tably its acidity and sulfate concentrations) needs fur- 
ther study, particularly in view of the importance at- 
tached to the role played by acidic cloud water (in 
combination with various photochemical oxidants) in 
the widespread decline in forest productivity in the 
temperate zone (Schier and Jensen 1992). Information 
on cloud water chemistry in TMCF is now beginning 
to be collected (Bruijnzeel et al. 1993, Asbury et al. 
1994) but its impact on tree physiology has remained 
unstudied so far. Finally, the striking structural and 
ecological similarities between upper montane rain for- 
ests (UMRF) and heath forests (Richards 1952, Whit- 
more 1989) could provide a useful starting point for 
comparative studies. Heath forests usually occur on 
exceedingly acid soils and their leaves are known to 
be rich in polyphenols and low in nitrogen (Proctor et 
al. 1983a,b, Medina et al. 1990). 

ACKNOWLEDGMENTS 

Professors Randy Dahlgren, W. H. 0. Ernst, John Flenley, 
David Fowler, Nils Nykvist, Peter Vitousek, and Tim Whit- 
more as well as Drs. Peter Grubb, John Proctor, and Edmund 
Tanner are thanked for helpful discussions. Hans Lambers 
and Peter Vitousek made constructive comments on the manu- 
script. 

LITERATURE CITED 

Aerts, R., and M. J. Van der Peijl. 1993. A simple model to 
explain the dominance of low-productive perennials in nu- 
trient-poor habitats. Oikos 66:144-147. 



8 SPECIAL FEATURE Vol g 79, No I 

Asbury, C. E., W. H. McDowell, R. Trinidad-Pizarro, and S. 
Berrios. 1994. Solute deposition from cloud water to the 
canopy of a Puerto Rican montane forest. Atmospheric En- 
vironment 28:1773-1780. 

Ash, J. 1987. Stunted cloud forest in Taveuni, Fiji. Pacific 
Science 41:191-199. 

Aylett, G. P. 1985. Irradiance interception, leaf conductance 
and photosynthesis in Jamaican upper montane rain forest 
trees. Photosynthetica 19:323-337. 

Baas, W. J. 1989. Secondary plant compounds, their eco- 
logical significance and consequences for the carbon bud- 
get. Pages 313-340 in H. Lambers, M. L. Cambridge, H. 
Konings, and T. L. Pons, editors. Causes and consequences 
of variation in growth rate and productivity of higher plants. 
SPB3 Academic Publishing, The Hague, The Netherlands. 

B3aynton, H. W. 1969. The ecology of an elfin forest in Puerto 
Rico. 3. Hilltop and forest influences on the microclimate 
of Pico del Oeste. Journal of the Arnold Arboretum 50:80- 
92. 

Brown, W. 1919. Vegetation of Philippine mountains. De- 
partment of Agriculture and Natural Resources, Bureau of 
Science, Manila, The Philippines. 

Bruijnzeel, L. A. 1990. Hydrology of moist tropical forests 
and effects of conversion: a state of knowledge review. 
IHP-UNESCO Humid Tropical Programme, Paris, France. 

Bruijnzeel, L. A., and J. Proctor. 1995. Hydrology and bio- 
geochemistry of tropical montane cloud forests: what do 
we really know? Pages 25-46 in L. S. Hamilton, J. 0. Juvik, 
and F N. Scatena, editors. Tropical montane cloud forests. 
Proceedings of an international symposium. East-West 
Center, Honolulu, Hawaii, USA. 

Bruijnzeel, L. A., M. J. Waterloo, J. Proctor, A. T. Kuiters, 
and B. Kotterink. 1993. Hydrological observations in 
montane rain forests on Gunung Silam, Sabah, Malyasia, 
with special reference to the "Massenerhebung" effect. 
Journal of Ecology 81:145-167. 

Buckley, R. C., R. T. Corlett, and P. J. Grubb. 1980. Are the 
xeromorphic trees of tropical montane rain forests drought- 
resistant? Biotropica 12:124-36. 

Cavelier, J. 1989. Root biomass, production and the effect 
of fertilization in two tropical rain forests. Dissertation. 
University of Cambridge, Cambridge, UK. 

Cavelier, J. and C. A. Mejia. 1990. Climatic factors and tree 
stature in the elfin cloud forest of Serrania de Macuira, 
Colombia. Agricultural and Forest Meteorology 53:105- 
123. 

Cintron, G. 1970. Variation in size and frequency of stomata 
with altitude in the Luquillo Mountains. Pages H 133-H 135 
in H. T. Odum and R. F Piegeon, editors. A tropical rain 
forest. United States Atomic Energy Commission, Wash- 
ington D.C., USA. 

Crawford, R. M. M. 1971. Physiologische Oekologie: ein 
Vergleich der Anpassung von Pflanzen und Tieren an sauer- 
stoffarme Umgebung. Flora 161:209-223. 

Dohrenwend, R. E. 1979. Hydrologic behavior at the top of 
a tropical mountain. Research Note number 29. Michigan 
Technological University, l'Anse, Michigan, USA. 

Gill, A. M. 1969. The ecology of an elfin forest in Puero 
Rico. 5. Aerial roots. Journal of the Arnold Arboretum 50: 
197-209. 

Goudriaan, J. 1977. Crop micrometerology: a simulation 
study. Simulation Monograph. Centre for Agriculture Pub- 
lishing and Documentation, Wageningen, The Netherlands. 

Grubb, P. J. 1977. Control of forest growth and distribution 
on wet tropical mountains: with special reference to mineral 
nutrition. Annual Review of Ecology and Systematics 8: 
83-107. 

Grubb, P. J., and T. C. Whitmore. 1966. A comparison of 
montane and lowland rain forest in Ecuador. II. The climate 

and its effects on the distribution and physiognomy of the 
forests. Journal of Ecology 54:303-333. 

Hafenscheid, R. L. 1994. Hydrological observations in rain 
forests of contrasting stature on Rakata Island, Indonesia. 
Thesis. Free University, Amsterdam, The Netherlands. 

Herrmann, R. 1971. Die zeitliche Anderung der Wasserbin- 
dung im Boden unter verschiedenen Vegetationsformati- 
onen der Hohenstufen eines tropischen Hochgebirges (Si- 
erra Nevada de Sta. Marta, Kolumbien). Erdkunde 25:90- 
102. 

Hetsch, W., and H. Hoheisel. 1976. Standorts- und Vegeta- 
tionsgliederung in einem Tropischen Nebelwald. Allge- 
meine Forst- und Jagd Zeitung 147:200-209. 

Hirose, T., and M. J. A. Werger. 1987. Maximizing daily 
canopy photosynthesis with respect to the leaf nitrogen 
allocation pattern in the canopy. Oecologia 72:520-526. 

Horner, J. D., J. R. Gosz, and R. G. Cates. 1988. The role 
of carbon-based plant secondary metabolites in decom- 
position in terrestrial ecosystems. American Naturalist 132: 
869-883. 

Ishibashi, M., and 1. Terashima. 1995. Effects of continuous 
leaf wetness on photosynthesis: adverse aspects of rainfall. 
Plant Cell and Environment 18:431-438. 

Jane, G. T., and T. G. A. Green. 1985. Patterns of stomatal 
conductance in six evergreen tree species from a New Zea- 
land cloud forest. Botanical Gazette 146:413-420. 

Johnson, I. R., and J. H. M. Thornley. 1984. A model of 
instantaneous and daily canopy photosynthesis. Journal of 
Theoretical Biology 107:531-545. 

Juvik, J. O., and D. Nullet. 1994. A climate transect through 
tropical montane forest in Hawaii. Journal of Applied Me- 
teorology 33:1304-1312. 

Kapos, V., and E. V. J. Tanner. 198$. Water relations of 
Jamaican upper montane rain forest trees. Ecology 66:241- 
250. 

Kdrner, C., J. A. Scheel, and H. Bauer. 1979. Maximum leaf 
diffusive conductance in vascular plants. Photosynthetica 
13:45-82. 

Kuiters, A. T. 1990. Role of phenolic substances from de- 
composing forest litter in plant-soil interactions. Acta Bo- 
tanica Neerlandica 39:329-348. 

Kuiters, A. T., and W. Mulder. 1993. Water-soluble organic 
matter in forest soils: II. Interference with plant cation up- 
take. Plant and Soil 152:225-236. 

Lambers, H., R. K. Szaniawski, and R. De Visser. 1983. 
Respiration for growth, maintenance and ion uptake. An 
evaluation of methods, concepts, values and their signifi- 
cance. Physiologia Plantarum 58:556-563. 

Larcher, W. 1983. Okophysiologische Konstitutionseigen- 
schaften von Gebirgspflanzen. Berichte der Deutsche Bo- 
tanische Gesellschaft 96:73-85. 

Levitt, J. 1980. Responses of plants to environmental stress- 
es. Volume 2. Water, radiation, salt and other stresses. Ac- 
ademic Press, New York, New York, USA. 

Loveless, A. R. 1961. A nutritional interpretation of scle- 
rophyllous and mesophytic leaves. Annals of Botany 25: 
169-184. 

. 1962. Further evidence to support a nutritional in- 
terpretation of sclerophylly. Annals of Botany 26:551-561. 

Lowry, J. B., D. W. Lee, and B. C. Stone. 1973. Effects of 
drought on Mount Kinabalu. Malayan Nature Journal 26: 
178-179. 

Lyford, W. H. 1969. The ecology of an elfin forest in Puerto 
Rico. 7. Soil, root, and earthworm relationships. Journal of 
the Arnold Arboretum 50:210-224. 

Medina, E., E. Cuevas, and P. L. Weaver. 1981. Composici6n 
foliar y transpiraci6n de especies lefnosas de Pico del Este, 
Sierra de Luquillo, Puerto Rico. Acta Cientifica Venezolana 
32:159-165. 

Medina, E., V. Garcia, and E. Cuevas. 1990. Sclerophylly 



.lJanuary 1998 TROPICAL MONTANE FORESTS 9 

and oligotrophic environments: relationships between leaf 
structure, mineral nutrient content, and drought resistance 
in tropical rain forests of the upper Rio Negro region. Bio- 
tropica 22:51-64. 

Medina, E., and H. Klinge. 1983. Productivity of tropical 
forests and tropical woodlands. Pages 281-303 in 0. L. 
Lange, P. S. Nobel, C. B. Osmond, and H. Ziegler, editors. 
Encyclopedia of plant physiology (new series) Volume 
12D. Physiological plant ecology IV. Springer-Verlag, Ber- 
lin, Germany. 

Meinzer, F C., P. W. Rundel, G. Goldstein, and M. R. Sharifi. 
1992. Carbon isotope composition in relation to leaf gas 
exchange and environmental conditions in Hawaiian Me- 
trosideros polymorpha populations. Oecologia 91:305- 
311. 

Monteith, J. L., and M. H. Unsworth. 1990. Principles of 
environmental physics. Second edition. Edward Arnold, 
London, UK. 

MUller, M. J. 1982. Selected climate data for a global set of 
standard stations for vegetation science. Dr. W. Junk, The 
Hague, The Netherlands. 

Northup, R. R., R. A. Dahlgren, and Z. Yu. 1995. Intraspe- 
cific variation of conifer phenolic concentration on a marine 
terrace soil acidity gradient: a new interpretation. Plant and 
Soil 171:255-262. 

Penman, H. L. 1956. Evaporation: an introductory survey. 
Netherlands Journal of Agriculture Science 4:9-29. 

Poorter, H. 1994. Construction costs and payback time of 
biomass: a whole plant perspective. Pages 111-127 in J. 
Roy and E. Garnier, editors. A whole plant perspective on 
carbon-nitrogen interactions. SPB Academic Publishing, 
The Hague, The Netherlands. 

Proctor, J., J. M. Anderson, P. Chai, and H. W. Vallack. 1983a. 
Ecological studies in four contrasting lowland rain forests 
in Gunung Mulu National Park, Sarawak. I. Forest envi- 
ronment, structure and floristics. Journal of Ecology 71: 
237-260. 

Proctor, J., J. M. Anderson, S. C. L. Fogden, and H. W. 
Vallack. 1983b. Ecologicalstudiesinfourcontrastinglow- 
land rain forests in Gunung Mulu National Park, Sarawak. 
II. Litterfall, litter standing crop and preliminary obser- 
vations on herbivory. Journal of Ecology 71:261-283. 

Proctor, J., Y. F Lee, M. A. Langley, W. R. C. Munro, and 
T. Nelson. 1988. Ecological studies on Gunung Silam, a 
small ultrabasic mountain in Sabah, Malaysia. I. Environ- 
ment, forest structure and floristics. Journal of Ecology 76: 
320-340. 

Richards, P. W. 1952. The tropical rain forest. Cambridge 
University Press, Cambridge, UK. 

Schier, G. A., and K. F Jensen. 1992. Atmospheric depo- 
sition effects on foliar injury and foliar leaching in red 
spruce. Pages 271-294 in C. Eagar and M. B. Adams, ed- 
itors. Ecology and decline of red spruce in the eastern Unit- 
ed States. Ecological Studies number 96. Springer-Verlag, 
Berlin, Germany. 

Stadtmtiller, T. 1987. Cloud forests in the humid tropics. A 

bibliographic review. The United Nations University, To- 
kyo, Japan. 

Sugden, A. M. 1986. The montane vegetation and flora of 
Margarita Island, Venezuela. Journal of the Arnold Arbo- 
retum 67:187-232. 

Tanner, E. V. J., V. Kapos, S. Freskos, J. R. Healey, and A. 
M. Theobald. 1990. Nitrogen and phosphorus fertilization 
of Jamaican montane forest trees. Journal of Tropical Ecol- 
ogy 6:231-238. 

Tanner, E. V. J., P. M. Vitousek, and E. Cuevas. 1998. Ex- 
perimental investigation of nutrient limitation of forest 
growth on wet tropical mountains. Ecology 79:10-22. 

Turton, S. M. 1990. Light environments within montane trop- 
ical rainforest, Mt Bellenden Ker, North Queensland. Aus- 
tralian Journal of Ecology 15:35-42. 

Unsworth, M. H., and A. Crossley. 1987. Capture of wind- 
driven cloud by vegetation. Pages 125-137 in P. J. Cough- 
trey, M. H. Martin, and M. H. Unsworth, editors. Pollutant 
transport and fate in ecosystems. Blackwell, Oxford, UK. 

Van der Werf, A., R. Welschen, and H. Lambers. 1992. Re- 
spiratory losses increase with decreasing inherent growth 
rate of a species and with decreasing nitrate supply: a search 
for explanations for these observations. Pages 421-432 in 
H. Lambers and L. H. W. Van der Plas, editors. Molecular, 
biochemical and physiological aspects of plant respiration. 
SPB Academic Publishing, The Hague, The Netherlands. 

Van Reuler, H. 1987. Soil studies in the Bukit Raya nature 
reserve. Pages 7-23 in H. P. Nooteboom, editor. Report of 
the 1982-1983 Bukit Raya expedition. Rijksherbarium, 
Leiden, The Netherlands. 

Van Steenis, C. G. G. J. 1972. The mountain flora of Java. 
E. J. Brill, Leiden, The Netherlands. 

Veneklaas, E. 1991. Litterfall and nutrient fluxes in two mon- 
tane tropical rain forests, Colombia. Journal of Tropical 
Ecology 7:319-336. 

Vitousek, P. M., C. B. Field, and P. A. Matson. 1990. Vari- 
ation in foliar 6'3C in Hawaiian Metrosideros polymorpha: 
a case of internal resistance? Oecologia 84:362-370. 

Waterloo, M. J. 1989. A hydrological study of the mass 
elevation effect on Gunung Silam, a small coastal ultrabasic 
mountain in Sabah, East Malaysia. Thesis, Free University, 
Amsterdam, The Netherlands. 

Weaver, P. L., M. D. Byer, and D. L. Bruck. 1973. Transpi- 
ration rates in the Luquillo Mountains of Puerto Rico. Bio- 
tropica 5:123-133. 

Weaver, P. I., E. Medina, D. Pool, K. Dugger, J. Gonzales- 
Liboy, and E. Cuevas. 1986. Ecological observations in 
the dwarf cloud forest of the Luquillo Mountains of Puerto 
Rico. Biotropica 18:79-85. 

Werner, W. L. 1988. Canopy dieback in the upper montane 
rain forests of Sri Lanka. GeoJournal 17:245-248. 

Whitmore, T. C. W. 1989. Tropical forest nutrients, where 
do we stand? A tour de horizon. Pages 1-13 in J. Proctor, 
editor. Mineral nutrients in tropical forest and savanna eco- 
systems. Blackwell Scientific Press, Oxford, UK. 

Williams, K., C. B. Field, and H. A. Mooney. 1989. Rela- 
tionships among leaf construction cost, leaf longevity and 
light environment in rain-forest plants of the genus Piper. 
American Naturalist 133:198-211. 


	Article Contents
	p.3
	p.4
	p.5
	p.6
	p.7
	p.8
	p.9

	Issue Table of Contents
	Ecology, Vol. 79, No. 1 (Jan., 1998), pp. 1-357
	Front Matter
	Special Feature: Tropical Montane Forests
	The Structure and Functioning of Montane Tropical Forests: Control by Climate, Soils, and Disturbance [pp.1-2]
	Climatic Conditions and Tropical Montane Forest Productivity: The Fog Has Not Lifted Yet [pp.3-9]
	Experimental Investigation of Nutrient Limitation of Forest Growth on Wet Tropical Mountains [pp.10-22]
	Factors Influencing Species Composition in Tropical Lowland Rain Forest: Does Soil Matter? [pp.23-30]
	Controls of Primary Productivity: Lessons from the Luquillo Mountains in Puerto Rico [pp.31-37]

	Demography
	Demography of a Shade-Tolerant Tree (Fagus grandifolia) in a Hurricane-Disturbed Forest [pp.38-53]
	Causes and Consequences of Mast Seed Production of Four Co-Occurring Carpinus Species in Japan [pp.54-64]
	Regeneration of Northern Red Oak: Positive and Negative Effects of Competitor Removal [pp.65-78]
	The Role of Stress in the Mortality of Midwestern Oaks as Indicated by Growth prior to Death [pp.79-93]

	Plant Species Richness in Riparian Wetlands--A Test of Biodiversity Theory [pp.94-105]
	An 840-Year Record of Fire and Vegetation in a Boreal White Spruce Forest [pp.106-118]
	Soil Chemistry and Plants in Fennoscandian Boreal Forest as Exemplified by a Local Gradient [pp.119-137]
	Trophic Cascades and Compensation: Differential Responses of Microzooplankton in Whole-Lake Experiments [pp.138-152]
	No Evidence of Trophic Cascades in an Experimental Microbial-Based Soil Food Web [pp.153-164]
	Herbivore Effects on Plant and Nitrogen Dynamics in Oak Savanna [pp.165-177]
	The Developmental Stream of Cottonwoods Affects Ramet Growth and Resistance to Galling Aphids [pp.178-191]
	Indirect Interactions Mediated by Changing Plant Chemistry: Beaver Browsing Benefits Beetles [pp.192-200]
	Apparent Competition or Apparent Mutualism? Shared Predation When Populations Cycle [pp.201-212]
	Long-Term Dynamics of Small-Mammal Populations in Ontario [pp.213-225]
	Does Mobility or Sex of Voles Affect Risk of Predation by Mammalian Predators? [pp.226-232]
	Foraging Success of Granivorous Rodents: Effects of Variation in Seed and Soil Water on Olfaction [pp.233-241]
	Impacts of Resource Abundance on Populations of a Tropical Forest Rodent [pp.242-254]
	Species Introduction and Replacement among Mosquitoes: Interspecific Resource Competition or Apparent Competition? [pp.255-268]
	The Role of Omnivory in a Neotropical Stream: Separating Diurnal and Nocturnal Effects [pp.269-280]
	A Model of Habitat Selection by Drift-Feeding Stream Salmonids at Different Scales [pp.281-294]
	Hatching Asynchrony in Great Tits: A Bet-Hedging Strategy? [pp.295-304]
	Maternal Effects in Gypsy Moth: Only Sex Ratio Varies with Population Density [pp.305-314]
	Effects of Maternal and Larval Nutrition on Growth and Form of Planktotrophic Larvae [pp.315-327]
	The Effect of Sperm Competition on Male Gain Curves in a Colonial Marine Invertebrate [pp.328-339]
	Stem Tilting and Pseudocephalium Orientation in Cephalocereus columna-trajani (Cactaceae): A Functional Interpretation [pp.340-348]
	Book Reviews
	Global Change: More than Global Warming [pp.349-350]
	A Phytocentric View of the World [pp.350-351]
	Soil Ecology [pp.351-352]
	Marine Bivalves and Their Ecosystems [pp.353-354]
	Paradigms of Population Regulation [p.354]
	A Field Guide to Statistics [pp.355-356]
	A Noah's Ark for a Modern Germany [pp.356-357]

	Books and Monographs Received through August 1997 [p.357]
	Back Matter



