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Abstract Polylepis sericeatrees grow well above the Key words Carbon balancePolylepis sericea Treeline-
continuous forest line in the Venezuelan Andes. In theSeopical Andes: Water balance

environments, extreme daily temperature ranges can occur

at any time of the year and trees experience a 4 month dry

period. The purpose of this work was to study carbon and

water relations of this species in the field during wet arigtroduction

dry seasons in order to understand this species’ success at

such high altitudes. Leaf gas exchange (portable systeniTine genusPolylepis comprises 15 species of tree angio-
open mode) and leaf water potential (pressure chambsperms which grow at the highest altitudes in the world
were measured at 1-2 h intervals during several da{8impson 1979)Polylepis sericeathe only species which
courses at 4000 m elevation in thér®@mo de Piedras grows in the Venezuelan Andes, may reach altitudes of up
Blancas. CQ assimilation versus leaf temperature curves 4600 m (Arnal 1983), far above the continuous forest line
were also obtained for this species in the laboratory. Cleg@200 m) in this tropical area (Monasterio 1980).
differences in the measured parameters were observedlemperature, and its effects on carbon balance, is one of
between seasons. For a wet season day, maximum GK& most important factors determining the upper altitudinal
assimilation rate was 7.@mol m-2 s-1 and leaf conduc- limit of trees in temperate zone mountains (Tranquillini
tance was relatively constant (approximately 100 mm@B79). Temperature may play an equally important role in
m-2s-1). In the dry season day, maximum g&ssimilation the carbon balance of plants in tropical high mountains
rate was 5.8imolm-2s-1 and leaf conductance was close thecause daily temperature variations can exceed seasonal
60 mmolm-2s-1, Minimum leaf water potentials measuredrariation. Trees in temperate regions, where low tempera-
were —1.3 MPa for the wet and —2.2 MPa for the drjures are concentrated in a few months of the year, may
season. The Cfassimilation-leaf temperature relationshifpecome dormant in winter while taking advantage of the
showed a 13.2C leaf temperature optimum for photosynrest of the year for growthP. sericea on the other hand,
thesis with maximum and minimum compensation points édces the problem of maintaining continuous growth, even
29.5 and -2.8C, respectively. Maximum night-time re-though low temperatures may occur any day of the year and
spiration was relatively high (2.uamol m-2 s-1). Our therefore has to adapt its carbon assimilation machinery to
results show thaP. sericeamaintains a highly positive these conditions.

carbon balance through all daily courses, even though thereDifferent aspects which help explai sericed unusual

is a slight water stress effect during the dry season; thisological distribution have been documented in previous
suggests that its carbon assimilation machinery is welbrks. The microclimatic conditions of the sites where this
adapted to the low temperatures and seasonal water steggsties grows are considered as thermal refuge$cgkzo
found in the high tropical mountains. and Monasterio 1980), forming small forest ‘islands’ near
massive rock outcroppings (Walter and Medina 1969).
Although below zero night temperatures are much less
frequent than in the surroundings, night frosts do occur
and the large temperature-driven fluctuations in leaf osmotic
potential, together with its supercooling capacity are the
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carbon balance under extreme conditions. Little is knowfable 1 Average values of leaf temperatur® { °C), vapor pressure
however, about the carbon balance of this species. The offf/cit (VPD, KPa), leaf water potential(, MPa), leaf conductance
inf ti temperature-net phot nthetic relation & mmol M2 s-1) and CQ assimilation rate4, pmol m-2 s-1) for all
Information on temperature-net photosynthetic reiatio t and dry season daily courses carried out during the study8).

the work of Goldstein et al. (1994), who refer mainly tq/alues where PPFD was below 7@@nol m-2 s-1 were not included
laboratory conditions. These authors report an optimumeant two standard errors, values in parenthesis are maximum with
temperature of 13C for photosynthesis with a rapid fallthe exception ofy. which are minimum measured)

below and above this optimum. In addition, these trees, as 1, VPD m Ks A

well as other vegetation in this region, experience a-4
month dry period. Wet  15.57+1.2 0.81+.18 -0.94+.18 90.6+15.4 4.60+.82

The purpose of this work was to study the carbon ang>o" (21.5) (1.30) (128 (213) 74

water balances d®. sericean the field during both wet and Pry ~ 18.35-1.4 1.47+.30 -1.72+.14 63.316.0 3.60+.60
dry seasons in order to improve understanding of thi§2son (24.5) (2.38) (223 (99 (5-8)
species’ success at such high altitudes. Also, by studying

gas exchange and water relations of this species during both

wet and dry seasons we may explain how water stress

affects this species during the dry season. Results

If we consider all the data from the different courses @)
carried out, clear differences between seasons were ob-
. served (Table 1j-test,P < 0.05, for A, P < 0.054).
Materials and methods Average leaf temperature increased almd& &om wet to
Polylepis sericeaVedd trees 2—4 m in height were studied at 4000 dry season. Leaf water potential showed a 2-fold decrease

elevation in the P@mo de Piedras Blancas in the Venezuelan And&gh"e VPD significantly mcrease;d from wet to dry season.
(8° 37 N, 70° 12" W). The mean annual temperature is approximatef}S & consequence of these differences between seasons,
3.7°C with mean monthly temperature differing by only 2@ both leaf conductance and GQ@ssimilation rate varied
between the coldest and warmest months. On the other hand, niQ’fﬁnsiderably between seasons.

day temperature variations range from approximately —2 ttClfer :
the wet and from —4 to 2% for the dry season (F. Rada 1983, data not Wet and dry season courses for measured variables are

published). The annual precipitation of 800—900 mm falls mainl§h0Wn for the single_representative days in Figs. 1 and 2.
between April and December. These trees are evergreen, have a twif&xkimum CQ assimilation rate for the wet season course
stem with layers of thin, exfoliating sheets and compound leavggas 6.5pumol m-2 s-1 obtained at midday with values

Leaflets are less than 1 cm wide with silvery trichomes on th&bove 4umol m-2 s-1 the first half of the day when
underside.

Daily courses of gas exchange were measured during thewsety Photosynthetic photon flux density (PPFD) was high.
and dry @ = 4) seasons. From these different courses, mean valuesaximum leaf temperature for this day was 1934 at
each of the measured parameters for each season were obtained (Talitiday. Leaf conductance was relatively constant. Leaf
1). The daily courses which best approximated to these means \Mﬁcfﬁter potential Y.) reached a minimum value of

chosen as representative of the wet season (June 1991) and the dry . . .
season (January 1992); and a 24-h course in the beginning of the dr -3 MPa during the early afternoon while leaf to air

season (December 1991) was used to integrate éx€hange rates in Vapor pressure deficit (VPD) showed its maximum
order to obtain a daily carbon balance (McCree et al. 1984). Fi¢.35 KPa) at 1000 hours.

leaves were chosen from each of three different individuals for these CQ, assimilation rate during the dry season course was

gas exchange measurements. : :
A fully portable system, consisting of a leaf chamber, an airsupp| wer than for the wet season (Fig. 2). Maximum £0

unit, and an infrared gas analyser unit, operating in the open mode i_m”ation was 3.9umol m-2 s-1 at midday, with a
used to measure gas exchange in the field (LCA-2 System, Tpesitive carbon balance through most of the day and rates
Analytical Development Co. Ltd., Hoddesdon, England). Gas egbove 2.5umol m-2 s-1 from 1000 to 1400 hours. Leaf

change rates were determined for leaves sealed in the chamber Bhductance was constant throughout the day, but with
less than 30 s, using the calculations of von Caemmerer and Farqt1 ar | th for th t Th I’ leaf
(1981). Leaf temperaturesn (= 3) were measured with fine-wire IOWEr values than tor the wet season. Ihese lower lea

copper-constantan thermocouples attached to the lower leaf surfacépnductances restrict transpirational losses, even though
Leaf water potentials., n = 3) were measured with a pressurdeaf-air VPD were high compared to the wet season.
chamber, at approximately 1-2 h intervals during the various daiinimum W was obtained at midday (—2.2 MPa). Leaf

courses. Air temperatures were measured with copper-constagt s . .
thermocouples placed 1 m above the soil surface and relative humi f%ﬁ]perature is higher during the dry season with a max-

was measured with a ventilated wet-dry bulb psychrometer. Aiium of 24.5°C at 1400 hours.
temperatures and relative humidities, together with leaf temperatures The CQ assimilation-leaf temperature relationship for
were used to calculate vapor pressure deficit between leaf and pirsericea(Fig. 3) shows a 13.2C leaf temperature opti-

(VPD). o .
For net photosynthesis-leaf temperature and dark respiration-lgaym for photosynthesis with a rapid decrease above and

temperature curves, seveRlsericeaplants f = 4 and 3, respectively) _eIOW -thiS optimum. Maximum and mmimum compensa-
were excavated with roots and surrounding soil from the study sitépn points were 29.5 and —228, respectively. From these
transported to the laboratory and placed in a growth chamber equippfives an average maximum photosynthetic rate of

with light (12 h photoperiod, 60Qumol m-2 s-1) and temperature 2 a1 ; irati _
control simulating field conditions. A detailed description of th 0.3 ymol m-2 s-1 was obtained. The dark respiration (dr)

methods used for these net photosynthesis and dark respirationﬁ@%f temperature relationship showed minimum dark re-
temperature curves is given in Rada et al. (1992). spiration for this species (0.9Amol m-2 s-1) at 5.3°C
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Fig. 1 Daily course of photosynthetic photon flux densi§RFD), Fig. 2 Daily course of photosynthetic photon flux densi§yRFD),
average leaf temperaturé.{, leaf conductanceK), transpiration rate average leaf temperaturé@.], leaf conductanceK), transpiration rate
(E), CO assimilation rateX), leaf water potential'PL) and leaf to air (E), CO; assimilation rate&), leaf water potential\PL) and leaf to air
vapor pressure deficiMPD) on a single representative day during therapor pressure deficiMPD) on a single representative day during the
wet season foPolylepis sericeaBarsrepresentt: 1 SE of the mean dry season foP. sericeaBarsrepresentt 1 SE of the meam(= 5, for
(n=5, for¥Y. n=3) YL n=3)

increasing above and below this valu%_ [
(dr = 6.864x 10-3T 2—7.292x 10-2T +1.1421r2=0.89). Iscussion
The results of the 24-h course (Fig. 4) which correspond
to the beginning of the dry season, support those prese
in Fig. 2 in terms of the daily cycle. Other measure
parameters showed patterns similar to Fig. 2. Figure 4
presented to show this species’ response to night-ti
ambient conditions. Leaf temperature remained belcg(/1
2°C throughout the night reaching a minimum of —1c3 Y€
at 0645 hours and recovering rapidly after 0700 hours. At%e - o . :
expected, stomates closed after 1900 hours and remainegégvatural climatic conditions encountered at higher alti-
this manner until after 0700 hours when leaf conductant#€s- o
began to increase. Leaf water potential became more'n. the specific case'of the Venezuelan And(_es, tree
positive through the night, reaching a maximum ofPECieS such aVallea stipularis Paragynoxys meridana

0.5 MPa. Night-time respiration rate increased after sufind Espeletia neerifoliaare found up to 3600 m, a few
down reaching 2.7umol m-2 s-1 at 2200 hours. It is hundred meters above the continuous forest line, but none

important to note from this figure that although leaf! theSe species compares withsericeain its upper limit

temperatures reached below zero values during the predﬁ”gistribution or its size. Recent studies of gas exchange
hours, these did not seem to affect in any way the followi water relations oF. neerifolia and Alnus jorullensis
day's gas exchange behavior, as stomates open an§ @Ving along an altitudinal gradient (2200—3500 m),

positive carbon balance was obtained rapidly, even thougfi®V that for .th.e former SPecies, cold resistance mephan-
PPED values were low. isms are sufficient to explain the occurrence at higher

altitudes; but a positive carbon balance was not maintained
with altitude indicating that this species’ capacity to reach
higher altitudes decreases abruptly (A."&aqg unpublished

igh altitudes, the zone where the extension of forests is
rminated represents the most abrupt change in plant

minance on a large geographical scale (Schulze 1982).
%e lack of coincidence between the continuous forest line
d the treeline in general, suggests that it is strongly
termined by the ability of tree species that grow above
forest line to adapt themselves to the increasing severity
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data). According to this authoA,. jorullensisdoes not have —3°C. These low daytime temperatures are never observed
the cold resistance mechanisms to be capable of havinn&P. sericeaforest islands, even at its highest altitudinal
higher altitudinal distribution. limit (Azécar and Monasterio 1980).

Our results show thaP. sericeamaintains a highly Even though leaf conductances and L&similation
positive balance throughout all the daily courses carrigdtes were significantly lower during the dry seasonRor
out during both wet and dry seasons, even though there isegicea,a positive carbon balance was always maintained.
slight water stress effect during the latter season. Arhis minor effect of the low water availability during the
average C@assimilation rate of close to fmol m-2s-1 dry season may be explained by an important osmotic
during the wet season and maximum rates ofpifbl m-2  adjustment described for this species (Rada et al. 1985).
s-1in the field and 8.3umol m-2 s-1in the laboratory are This osmotic adjustment permils sericeato extract water
high and compare to assimilation rates reported for tropidabm a soil with less available water while maintaining
alpine plants in general (Schulze et al. 1985; Goldstein et alrgor. On the other hand, deep roots capable of exploring
1989; Rada et al. 1992) and to trees which reach the limitlofver soil horizons between rock fractures have been
continuous forestline (Meinzer et al. 1984; Aylett 1985jescribed by Arnal (1983).

Afiez 1987). Larcher (1975) and Goldstein et al. (1994) High elevation trees from temperate regions have higher
estimate a low temperature limit for net photosynthesis dérk respiration rates than those of lowland species. In the
—5°C for P. sericea similar to our measured value ofcase of tropical high mountains, Goldstein et al. (1994)

Fig. 4 Twenty four hour course
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reported even higher respiration rates Rrsericeacom- Azocar A, Monasterio M (1980) Estudio de la variabilidad meso y
pared to those temperate mountain region species and tcg“‘t:“(’j‘?“malgc"%l en el melno dsaMucubAaJlén: MO”Ea;te_”O M EjEd)l
tropical cloud forest species suchRsdocarpus rospliglio- o e i 4o lo. An%eg.SMelam\(;:neznuelP;pr e hep

sii and P. oleifolius In our field studies, night respirationcaemmerer S von, Farquhar GD (1981) Some relationships between
rates were relatively high (2fmol m-2s-1) which support the biochemistry of photosynthesis and the gas exchange of leaves.

these other results. An increase in respiration induced byPlanta 153: 376387

: dstein G, Rada F, Canales MJ, Zabala O (1989) Leaf gas exchange
low temperatures has been regarded as a physmlogfégiof two giant caulescent rosette species. Acta Oecol 10: 359—-370

adaptation allowing an ad.e.quate energy gain under Unfsigstein G, Meinzer FC, Rada F (1994) Environmental biology of a
vorable temperature conditions (Larcher 1961).Pinser- tropical treeline specieolylepis sericealn: Rundel PW, Smith
icea, this high respiration rate may be needed to increase AP, Meinzer FC (eds) Tropical alpine environments: plant form and

; ; ; function. Cambridge University Press, Cambridge, pp 129-149
the osmotically active solutes at night (Rada et al. 1985) I?z{rcher W (1961) Jahresgang des Assimilations- und Respirationsver-

to repair cellular damage produced by low temperatures nens vorOlea europed... spp.sativa Hoff. et LinkQuercus ilex
(Tranquillini 1979; Levitt 1980), both of which imply a L. undQuercus pubescewilld. aus dem ridlichen Gardaseege-
significantly greater energy expenditure. biet. Planta 56: 575—-606

Daytime energy input is relatively low above 3000 m ifarcher W (1975) Pflanzeikologische Beobachtungen in der Para-

. . - . o mostufe der Venezolanischen Anden. Anz math-naturw. gie®
tropical environments; where this is so, carbon assimilated Akad Wiss 11: 194—213

by plants will be Ulsed mainly for_ m_air_'tenance respiratiorevitt J (1980) Responses of plants to environmental stresses, vol 1.
and for the formation of new assimilating organs. Because Chilling, freezing and high temperature stresses, Academic Press,
of this restriction in the quantity of dry matter which may New \ng lsen CE, Richardson SG (1984) Carbon bal .
Wfé:ree , Kallsen , RIChardson arbon balance o

be accumUIa.lted .by plants,_ the arbore_scent forms beco sorghum plants during osmotic adjustment to water stress. Plant
poor competitors in these high mountain ecosystems. GOld-phySio| 76: 898—902
stein et al. (1994) concluded that “a high respiration rateinzer F, Goldstein G, Jaimes M (1984) The effect of atmospheric
coupled with a relatively high photosynthetic capacity may humidity on stomatal control of gas exchange in two tropical
be a prerequisite for tree survival at high elevations in the Soniferous species. Can J Bot 62: 591-595 )

ics”.P. sericeshas been succesful in reachina such hi onasterio M (1980) Las formaciones vegetales de lasipas de
tropics™. P. serice T ng 9N \enezuela. In: Monasterio M (ed) Estudios Egitms de los
altitudes by having a positive carbon balance in these year-pgzamos Andinos. Ediciones de la Universidad de los Andes.
round low temperature and seasonal water-stressed envirMérida, Venezuela, pp 93-158
onments, as has been reported in this work, together with@da F (1983) Mecanismos de resistencia a temperaturas congelantes

- . . . - . _en Espeletia spicatay Polylepis sericea Unpublished M. Sc.
efficient night-time cold resistance mechanisms reported in o< Universidad de los Andes. N, Venezuela

previous works (Rada 1983; Rada et al. 1985). Rada F, Goldstein G, Azar A, Meinzer F (1985) Daily and seasonal
osmotic changes in a tropical treeline species. J Exp Bot 36:
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