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Abstract

The relationship between net photosynthesis and leaf temperature was studied along a gradient
in the tropical high Andes in order to determine if there were any differences in CO; assimilation
parameters due to temperature changes along the soil-air continuum. Two acaulescent rosettes,
Calandrinia acaulis and Hypochoeris setosus, a shrub, Hypericum laricoides, and a giant rosette,
Espeletia schultzii, were chosen for this study at altitudes from 2 950 to 4 200 m. Optimum
temperature for photosynthesis decreased from 11.5°C to 7.5°C for E. schultzii and from 13.9°C
to 8.3°C for H. laricoides at 2 950 and 4 000 m, respectively. H. Setosus showed an increase in
optimum leaf temperature for photosynthesis from 3 550 to 4 200 m (8.8°C and 11.7°C, respectively),
and C. acaulis showed no differences between altitudes (approximately 13.0°C). Net photosynthetic
rates were also higher for the two ground level plants (6.5 to 8.0 umol m™2s™') compared to the
higher level plants (4.1 to 4.6 umol m=2s~!). All species showed positive assimilation rates at below
0°C. Optimum temperature for photosynthesis was coupled to air temperatures for the high stratum
species, therefore decreasing at higher altitudes. The lower stratum species, strongly influenced by
soil temperature, showed similar or even an increase in optimum leaf temperature for photosynthesis
with an increase in altitude.
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Résumé

Les relations entre la photosynthese nette et la température des feuilles ont été étudiées le long
d’un gradient dans les hautes Andes tropicales afin de déterminer s’il y a des différences dans, les
parametres d’assimilation du CO; dues a des changements de température au long du continuum pol-
air. Deux rosettes acaulescentes, Calandrinia acaulis et Hypochoeris setosus, un arbuste, Hypericum
laricoides et une rosette géante, Espeletia schultzii ont été choisis pour cette étude, a des altitudes
allant de 2 950 m a 4 200 m. La température optimum pour la photosynthése décroit de 11,5°C a
7,5°C pour E. schultzii et de 13,9°C 4 8,3°C pour H. laricoides, a 2 950 m et 4 000 m respectivement.
H. setosus présente une augmentation de la température des feuilles optimum pour la photosynthese,
de 3 550 m a 4 200 m (8,8°C et 11,7°C respectivement) et C. acaulis ne présente pas de différence
entre les altitudes (approximativement 13°C). Les taux nets de photosynthése sont également plus
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élevés pour les deux plantes basses (6,5 2 8,0 jumo! m=2s7!) que pour les deux plantes plus hautes
(4,1 14,6 yemol m~2s71). Toutes les espéces présentent des taux d’assimilation positifs au-dessous de
0°C. La température optimum pour la photosynth&se cst liée 4 la température de air pour les plantes
hautes, elle décroit donce a des altitudes plus élevées. Les plantes basses, fortement influencées par la

s sempérature du sol, présentent une température optimum pour la photosynthése similairc ou méme
plus ¢levée avee une augmentation de Ialtitude.

INTRODUCTION

Plant morphology strongly influences the day-time temperature regime of
plants (Nose., 1988). Typical life-forms for tropical alpine environments have
been described by many authors: giant roscttes arc onc of the most important
ones (Espeletia in the Andes; Cuarrceasas, 1979; Smrru, 1981, Dendrosenecio
and Lobelia in East Africa; Hepserg, 1964; Cog, 1967). Together with these giant
rosettes, vascular plants may be included into four conspicuous growth forms: )
tussock graminoids, 2) dwarf shrubs, 3) herbaceous, mostly percnnial rosette plants
and 4) cushion plants (Smith & Young, 1987; Korner & Larcrer, 1988). The first
two forms are plants that grow well above ground level, whilc the last two grow
at most a couple of centimeters above ground.

A temperature gradient exists along soil-air profiles, day-time air temperature
closer to the ground are always significantly higher than those further away from
the ground (Monasterio, 1979; Azocar & Monasterio, 1980) which means that
those plants growing closest to the ground will be subjected to greater daily leaf
temperatures. Low plant canopies in alpine regions are substantially warmer during
the day but cooler during the night with respect to air temperature (KORNER &
Larcier, 1988). With respect to the colder nights near the ground for the tropical
Andes, Azocar et al. (1988) and Squto er al. (1991) have found that plants near
the gxound usc mainly tolerance mechanisms to survive under these more extremc
low temperature conditions, while those plants that grow above ground level use
avoidance mechanisms, mainly through supercooling, to resist the less rigorous
night-time conditions (Rapa et al., 1985; Govupsten ef al., 1985). On the other
hand, the higher day-time temperatures must have different effects on the ground
vegcetation with respect to the taller growing plants.

Since leaf temperature 1s onc of the main determinants of the photosynthetic
capacity of plants we would cxpect to find differences in certain parameters such as
optimum lcaf temperature for photosynthesis and temperature compensation points
for plants growing in different strata. Therefore, the purpose of this work was to
study how this difference in leaf temperature influences the photosynthetic capacity
of plants with different height, comparing on onc hand two acaulescent rosettes,
and on the other a small shrub and a giant rosette. :

MATERIALS AND METHODS

Four dilferent species from two different altitudes were chosen for this study: Calandrinia acaulis
(Porwilacaccac) and Hypochoeris setosus (Asteraceuc), two acaulescent roseties growing at 3 550 m
(Paramo dc Mucubaji) and 4 200 m (Paramo de Piedras Blancas) were selected as the ground level
plants. Both species have thin membranaceous leaves, the former 3 10 6 e long and 0.4 10 0.7 cm wide
and the latter 3 to 6 em long and | to 1.5 em wide. Espeletia schudizii (Asteraceac), a giant caulescent
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rosctte, and Hypericum laricoides (Hypericaccae), a small shrub; growing at 2 950 m (Los Plantios)
and 4 000 m (Pico El Aguila) were the two higher stratum plants. E. schultzii has very thick pubescent
leaves 20 to 40 cm long and 3 to 5 cm wide; while . laricoides has membranaccous scale-like lcaves
approximately 0.5 cm long. Additional information on site descriptions and climatic conditions arc
described in MonasTERIO & REYES (1980), GoLpSTEIN ¢f al. (1985) and RADA et al. (1987).

Scveral plants (n=4-5) of each species at each altitude were excavated with roots and surrounding
soil from the study site, transported to the laboratory and placed in a growth chamber equipped with
light (12 h photoperiod, 600 yimol m™s™!) and temperaturc control simulating field conditions (15°C
light period, 5°C dark period at 2 950 m; 12°C light period, 3°C dark period ar 3 550 m; 7°C light
period, 0°C dark period at 4 000 and 4 200 m). Net photosynthesis-leaf temperature curves were carried
out in the laboratory using a gas exchange system with an infrared gas analyzer (LCA-2, ADC Ltd.)
and a plant chamber (014 m?). The curves were started immediately after the plants were brought to the
laboratory compleling all measurements for a species at a given altitude in a period no longer than 30
hours. The chamber was cquipped with three 36-gauge copper-constantan thermocouples connected to
a chart recorder to obtain air and leaf temperatures. A Photosynthetically Active Radiation sensor was
also fitted into the chamber for light measurements. A 1 000 ;umol m=2s™! light source was placed above
the chamber. A refrigerated bath with hose connections to a radiator was uscd to increasc or decreasce
air temperatures and consequently leaf temperatures within the chamber. CO; assimilation rates were
measured through CO; depletion from the chamber making sure only photosynthetic tissue was cxposed
to the chamber environment. These measurements werc done at 1 minute intervals for five minutes
at cach chosen temperature (approximately 3°C intervals at high and low extremes and 0.5 to 1°C at
temperatures near the optimum). Plants were Icft from 10 to 15 minutes at cach sct temperature. Net
photosynthesis (A; jimol m2s™") was calculated through:

A =V ACO./L * Atime

where: V is the chamiber volume (m?), L is the leaf arca (m?), ACO, are changes in CO; concentrations
(yemol m™) per time (seconds) (FieLp ef al., 1989).

RESULTS

Leaf temperature-nct photosynthesis relations for the two taller plants, Espeletia
schultzii and Hypericum laricoides, are shown in figurc 1. For E. schultzii optimum
temperature for photosynthesis decreased from 11.5°C at 2 950 m to 7.9°C at
4 000 m, and for Hypericum laricoides it decreased from 13.9°C at 2 950 m to
8.3°C at 4 000 m. Maximum photosynthetic rates for both species were between
4.0 and 5.0 pmol m™2s™", Figure 2 shows the leaf temperature-net photosynthesis
relations in the lower stratum species, Calandrinia acaulis and Hypochoeris sctosus.
As opposed to the higher stratum species, H. setosus showed an increase in leaf
temperature optimum with increase in altitude from 3 550 m to 4 200 m (8.8°C
and 11.7°C, respectively). In the case of C. «caulis, there were no differences
in leaf temperature optimum between the two altitudes (approximately 13°C).
Net photosynthetic rates for these lower stratum species were significantly higher
comparcd to the high stratum species (between 6 and 8.5 pmol m2s™). Table I
includes mecan values and standard errors for the different measured paramecters for
each species at cach altitude. There are no differences in term of net photosynthesis
comparing different altitudes for each species. With respect to the other parameters,
C. acaulis does not show any significant differences in any of them, while the other
threc species show differences in optimum temperature for photosynthesis and high
temperature compensation point. In relation to the low temperature compensation
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FiG. 1. — Net pholosynthesis-lcaf” temperature curves for the two high stratum plants at two dilferent

altitudes. Espeletia schultziiz a) 2 950 m, y = —0.012x2+0.257x+2.878, r?=.89; and b) 4 000 m,
y = =0.012x2+0.180x+2.950, r2=.91. Hypericum laricoides: c) 2 950 m, y= —0.001x2+0.243x+2.60,
?=.81; and d) 4 000 m, y =0.024x2+0.397x+2.60, r?=.78.
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FiG. 2. — Nct photosynthesis-leal temperature curves for the two high stratum plants *at two diflerent
altitudes. Calandrinia acandis: 2y 3 550 m, y = —0.021w?+0.590x+4.10, r>=.78; and b) 4 200 m,
y = 0.017x%+0.465x+4.49, *=.8). Hypochoeris setosus: €) 3 550 m, y = —0.032x2+0.580x+2.83,
r’=.84;, and d) 4 200 m, y = —0.025x%+0.689x+2.15, ?=.82.

point only H. luricoides shows significant differences. Two important results stand
out: in the first place, optimum temperature for photosynthesis are much lower in
the higher stratum plants as compared to the ground level ones. And secondly, net
photosynthetic rates calculated on a leaf area basis are much higher in the ground
level plants.
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TasLe L. — Low temperature compensation point (LTCP), high temperature compensation point (HTCP),

optimum temperature for photosynthesis (P, (opt)) and maximum net photosynthesis (P, (max)) for the
Sfour studied species at different altitudes.

Spc;cic§ Altitude LTCP HTCP P, (opt temp) Py (max)
E. schulizii 2950 m -8+1.1 30.5£2.2 11.5£0.6 4.240.8
4000 m -9.5+0.8 24.7x1.1 7.9+1.0 3.9+0.4
H. laricoides 2950 m -8.0£1.6 33.0£1.6 13.942.4 4.3+0.6
- 4000 m -2.5+0.8 22.0x2.4 8.3£1.8 4.440.8
Lo acants 3550 m -54103 31.6:0.3 13.1£1.3 8.2+1.4
4200 m -6.4£1.0 33.3%1.6 12.8+1.8 79408
H. setosus 3550 m 29414 24.4+1.6 8.8+1.7 6.0+1.6
4200 m -2.5%1.8 30.8+£1.0 11.7+0.5 7.4%1.2

TOPT FOR PHOTOSYNTHESIS (*C)

2500 3500 4500
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FiG. 3. — Optimum temperature for photosynthesis at different altitudes for specics in both strata.
Espeletia schultzii (@), Hypericum laricoides (), Calandrinia acaulis (&) and Hypochoeris setosus (A).

The high temperature compensation points also show interesting results. At
4 000 m, this temperature for the high level plants is 22°C for H. laricoides
and 25°C for E. schultzii. While at 4 200 m the two acaulescent rosettes show
compensation points at much higher temperatures, 31°C and 33°C for H. setosus and
C. acaulis, respectively (figures 1 and 2, table I). With respect to low temperaturc
compensation points there are no clear trends between strata. £. schultzii shows a
low temperature compensation point of approximately — 10°C for both altitudes
while the other three species have much higher points, H. setosus has the highest
points with approximately —3.0°C for the two altitudes. ~

The differences in optimum temperature for photosynthesis and altitude for the
chosen specics are therefore well differentiated if we compare the different strata
(fig. 3). The two higher strata species show an expected decrease in leaf temperature
optimum for photosynthesis with increase in altitude. Surprisingly enough, one of
the acaulescent species, H. setosus shows an opposite trend, while the other, C.
acaulis maintains similar values along the gradient.

DISCUSSION

Many authors have described how leaves of alpine plants reach impressively
high temperatures compared to air tempcratures. Gares & Janke (1966) describe
leaf temperatures of 8 to 10°C above air temperature for Polygonum bistortoides in
the Rocky mountains. Sauissury & Sromer (1964) find leaf temperatures 10 to 15°C
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above air temperature for different Rocky mountain plants at 3 800 m. Korner
& Cocurane (1983) working with different life forms at 2 040 m in the Snowy
Mountains of Australia find that the smallest differences between daytime leaf and
air temperatures occur in trees and shrubs (between 0 and 10°C); sessile rosettes
have mean differences of 14.5°C and maximum differences of up to 24°C and
cushion plants have the greatest ditferences with a mean of 27.4°C and maximum
of 30°C. These last authors suggest that these differences nearly compensate for the
altitudinal drop of maximum air temperature. Although we did not measure field
leaf-air temperature differences in this study, we have found for other species quite
similar results as those of Korner and Cocurane (1983). These differences range
from O to 10°C in Espeletia spicata and Polylepis sericea, a giant rosette and a small
tree, respectively (Rapa, 1983); from to 15 to 25°C in Hinterhubera lanuginosa and
Arenaria jahnii, a dwarf shrub and a cushion plant, respectively (unpublished data);
all of them growing at 4 200 m in the Paramo de Piedras Blancas. We may then
suppose that the plants chosen for this study behave in a similar manner in terms
of daytime leaf temperature.

We now may ask ourselves: how do these leaf-air temperature differences
influence on the process of photosynthesis for cach of these life-forms? Our results
show how each of the species adapts to the microenvironment where it is found.
Having in mind that E. schuitzii and H. laricoides grow at 50 to 120 cm above
ground level, the lowering of the leaf temperature optimum for photosynthesis is
coupled to the lowering in air temperature along the gradient. On the other hand,
H. setosus and C. acaulis, growing between 0 and 2 cm are greatly influenced by
soil temperature and as a consequence optimum temperature for photosynthesis is
similar or it even increases with altitude since bare soil at the higher altitude warms
up much more than at the other altitude. Similar results have been described for other
species in other regions. Starver (1978) shows that for Eucalyptus pauciflora, in the
Australian Snowy Mountains, the optimum temperature for photosynthesis follows
the normal air temperature decrease while other authors have found different results
for low growing plants. Korner & Diemer (1987) find simifar optimum temperature
for photosynthesis in different herbaceous plants from the Alps along an altitudinal
gradient.

With respect to low limits for net photosynthesis, it is interesting to note that all
four specics show positive assimilation rates at below 0°C for all altitudes. Together
with these four species, Lucilia venezuelensis, a cushion plant, growing at 4 200 m
showed positive net photosynthesis at temperatures of =5 to =7°C (unpublished
data). Other authors (Pisex et al., 1967; Twsszen et al., 1981; taken from KOrNER
& Larcner, 1988) obtain CO, gains in high alpine forbs down to —5°C. Espeletia
schultzii, a freezing intolerant species (Rana et «l., 1987) shows carbon gain down
to approximately —10°C. This supports Koknir & LarcHir's (1988) observation on
net photosynthetic CO, uptake being very close to the low temperature limit of
leaf’ survival in species which avoid freezing. Cold resistance mechanisms would
have to be studied for the other three species. In the case -of high temperature
limits for photosynthesis, our results are below those tound in the literature. We
obtain carbon gains at temperatures of up to 30-34°C for all species, contrasting
those results of Larcrer and Wagner (1976) who report values from 38 to 47°C for
different species; including 42°C for Espeletia semiglobulata compared to 31°C at
2 950 m and 25°C at 4 000 m for Lspeletia schultzii in our study.
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A final consideration would have to be with respect to maximum photosynthetic
rates. At optimum temperatures for photosynthesis, the two acaulescent rosettes
show higher assimilation rates (6-8 pmol m™s™') compared to the taller plants
(3-5 pmol m=2s7!) in this study and other field studies with giant rosettes (GoLbsTEIN
et al., 1989). A possible explanation could be a greater concentration of CO,
from soil respiration for the ground level plants although more detailed studies
are required to confirm this hypothesis.

We may conclude this work quoting Korner & Larcuer (1988): “an analysis
of the tempcrature dependence of plant processes will yield different answers
dependent on the type of life process (daytime or nightime activity) considered”
and more important “areas typically classified as cold climates are not necessarily
"cold’ for all plants and their respective functions”.
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