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Abstract

The decrease in temperature with increasing elevation may determine the altitudinal tree distribution in
different ways: affecting survival through freezing temperatures, by a negative carbon balance produced by
lower photosynthetic rates, or by limiting growth activity. Here we assessed the relative importance of these
direct and indirect effects of altitudinal decrease in temperature in determining the treeline in central Chile
(33°S) dominated by Kageneckia angustifolia. We selected two altitudes (2000 and 2200 m a.s.l.) along the
treeline ecotone. At each elevation, leaf non-structural carbohydrates (NSC) and gas exchange parameters
were measured on five individuals during the growing season. We also determined the cold resistance of
K. angustifolia, by measuring temperatures that cause 50% seedling mortality (LTs,) and ice nucleation
(IN). No differences in net photosynthesis were found between altitudes. Although no differences were
detected on NSC concentration on a dry matter basis between 2000 and 2200 m, when NSC concentration
was expressed on a leaf area basis, higher contents were found at the higher elevation. Thus, carbon sink
limitations may occur at the K. angustifolia’s upper altitudinal limit. For seedlings derived from seeds
collected at the 2200 m, LTsy, of cold-acclimated and non-acclimated plants were —9.5 and -7 °C,
respectively. However, temperatures as low as —10 °C can frequently occur at this altitude during the end of
winter. Therefore, low temperature injury of seedlings seems also be involved in the treeline formation in
this species. Hence, a confluence of global (carbon sink limitation) and regional (freezing tolerance)
mechanisms explains the treeline formation in the Mediterranean-type climate zone of central Chile.

Introduction

The treeline, defined as the upper limit of altitu-
dinal tree distribution (Korner 1998, 1999), is one
of most conspicuous vegetation boundaries world-
wide. Treeline environments are generally charac-
terized by harsh climatic conditions, which restrict
growth, reproduction, and many metabolic func-
tions to short favorable periods (Hinckley et al.
1984). Many factors have been proposed to
explain the formation of treelines (Tranquillini

1979; Stevens and Fox 1991; Koérner 1998), but the
exact physiological mechanisms involved are not
clearly identified (Hoch et al. 2002).

The most evident environmental changes with
elevation are the decrease in temperature and
growing season length (K&rner 2003). The effects
of the altitudinal decrease in temperature on bio-
logical processes related with the treeline set-up can
be direct or indirect (Cavieres and Piper 2004).
Possible direct mechanisms include severe injury or
killing of tree seedlings by freezing temperatures:
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the limit should be reached at the altitude where the
tissues can still survive ambient temperatures.
Treeline habitats in temperate latitudes are sea-
sonally harsh, and trees acclimate to this condition
by becoming dormant during winter. Hence, tem-
perate treelines are rarely determined by injury of
freezing temperatures (Tranquillini 1979; Korner
1998). However, episodic drops of temperature
during spring or summer in temperate climates can
be particularly dangerous, because plants are in an
active growth state (Alberdi and Corcuera 1991).
Freezing injury limited treelines are more com-
monly found in tropical treelines where trees can-
not avoid the harsh environment of high elevation
tropical night by becoming dormant (Cabrera
1996; Cavieres and Piper 2004). All studies that had
evaluated the importance of freezing injury in tre-
eline formation have been carried out in adult
individuals (e.g., Rada et al. 1987, 2001; Squeo
et al. 1991; Goldstein et al. 1994; Cavieres et al.
2000). However, it is well known that seedlings are
more susceptible to freezing temperatures than
adults (Sakai and Larcher 1987), and some studies
suggest that some treelines in temperate zones can
be determined by processes occurring at the seed-
ling level (Ferrar et al. 1988; Germino and Smith
1999, 2002).

Among the indirect effects, two alternative
hypotheses have been proposed to explain treeline
elevation. Firstly, it has been suggested that the
altitudinal decrease in temperature depresses photo-
synthetic rates, limiting carbon gain (Boysen-Jensen
1949; Stevens and Fox 1991). Hence, the treeline will
occur at the elevation where annual carbon gains
cannot compensate respiration losses. However, gas
exchange data provide little empirical evidence that
insufficient photosynthetic activity during the
growing season or excess respiratory losses at the
higher altitudes can explain treelines in temperate
zones (Tranquillini 1979; Koérner and Cochrane
1985; Korner 1998).

On the other hand, since growth processes tend
to be more sensitive to low temperature than
photosynthesis (Grace et al. 2002), it has been
suggested that cell and tissue formation will be
limited with the elevational decrease in tempera-
ture (Korner 1998). The latter implies a low tem-
perature threshold for sink activity (growth) rather
than a limitation on source activity (insufficient
carbon gain). Thus, even though both hypothe-
ses propose that the treeline is determined by a

temperature effect on carbon balance, the causal
direction of the processes involved is opposite.
The concentration of non-structural carbohy-
drates (NSC) has been widely used to assess the
balance between carbon acquisition (sources) by
photosynthesis and carbon demand (sinks) for
growth and respiration processes (Oleksyn et al.
2000; Li et al. 2002; Hoch et al. 2002; Korner
2003; Hoch and Korner 2003). When photosyn-
thesis is limited, it is expected that NSC concen-
tration will decrease (acquisition <demand).
Conversely, if growth or respiration is the critical
process limited by temperature, the NSC pool size
should increase (acquisition>demand) (Li et al.
2002; Hoch et al. 2002; Hoch and Koérner 2003).
Therefore, an assessment of the NSC pool size
across an altitudinal gradient should be an infor-
mative contribution to the carbon source-sink
debate with respect to treelines (Hoch et al. 2002).
This paper reports the direct and indirect effects
of temperature on the small tree Kageneckia an-
gustifolia growing at treeline in the Mediterranean-
type climatic region of central Chile. Direct effects
were studied by the resistance of seedlings to
freezing temperatures, while indirect effects were
studied by considering the relative importance of
the carbon and growth limitation hypotheses. If
the source:sink ratio in K. angustifolia increases
with altitude (growth limitation), the size of the
NSC pool in K. angustifolia should increase as the
altitudinal limit of tree growth is reached. On
the other hand, if the source/sink ratio decreases
with altitude (carbon gain limitation), the opposite
trend is expected. To address these hypotheses,
environmental and gas exchange parameters were
measured and the foliar NSC concentration was
determined during the growing season at two
altitudes in the treeline ecotone of central Chile.

Methods
Studied species

Kageneckia angustifolia D. Don (Rosaceae) is a
dioecious tree, endemic to the Mediterranean-type
climate zone of central Chilean (Rodriguez et al.
1983). At 32°-33° S, this species occupies an eco-
tonal position between the montane forest, in
which it is the single tree species present, and the
high Andean vegetation, forming the treeline at ca.



2200 m a.s.l. (Rundel 1981). K. angustifolia can be
described as a small tree species that forms open
woodlands, with open canopies that do not pro-
duce sharp microclimatic differences between open
areas and beneath tree canopy (Pefialoza et al.
2001). Additionally, this species undergo partial
foliage loss during the summer season (Leon 1993;
Pefialoza et al. 2001).

Study site

The field study was carried out with adults of
Kageneckia angustifolia growing at the treeline
ecotone at Farellones in central Chile, during the
2002 -2003 growing season. On a west-facing slope,
two sites of similar inclination (ca. 10%) were
chosen at 2000 and 2200 m a.s.l. (33°21'00" S;
70°19'21”"W and 33°21'44”'S; 70°19'13""W, respec-
tively). We selected these two sites on the same
slope in order to control for strong effects of slope
aspect and inclination, substrate and mesoclimate.
On the study area mean monthly temperature
ranges from a maximum of 20 °C in January to a
minimum mean of —0.8 °C in July. Freezing tem-
peratures occur during 181 days per year with
extreme temperatures as low as —10 °C occurring
during winter and early spring (Santibafiez and
Uribe 1992). The mean annual precipitation is
445 mm, and the summer drought period extends
for 5 months (op.cit.).

Gas exchange

Five healthy trees of similar crown size were
selected at each altitude for gas exchange mea-
surements. On each tree, a one-year-old leaf on a
branch of western aspect was selected. On each
leaf we measured net photosynthesis, stomatal
conductance, foliar temperature, and photosyn-
thetically active radiation (PAR) using an infrared
gas analyzer CIRAS-1 (PP Systems, Hitchin,
England). Measurements were carried out at three
periods during the 2002-2003 growing season:
early growing season (December), mid growing
season (January) and late growing season (March).
For each period, gas exchange measurements were
carried out during two consecutive days, one for
each altitude. Measurements were performed at

31

midday because preliminary data indicated that
maximum photosynthetic rates occurred at this
time. Midday measurements consisted of two
consecutive cycles of measurements on selected
trees, enabling us to account for instantaneous
variations in weather conditions affecting the
photosynthetic performance of trees (e.g., tran-
sient overcast conditions). A full daily cycle of
measurements was added in March: as this is the
driest month of the year, midday photosynthesis is
unlikely to be representative of daily carbon gain,
due to stomata closure. The daily cycle measure-
ments in March were performed between 3:00 and
23:30.

Non-structural carbohydrates (NSC)
determinations

On the same five trees and branches used in the
gas exchange measurements, we additionally
selected six one-year-old leaves for NSC analyses.
We determined NSC concentration at three dates
during the 2002-2003 growing season; mid
growing season (January), late growing season
(March) and onset of winter (May). We delayed
the sampling for NSC measurements respect to
gas exchange measurements because previous
studies (Hoch and Koérner 2003) indicated that it
is at the end of the growing season when the
‘growth limitation hypothesis’ can be better
observed. On each of these periods, samples were
taken in a similar way to that employed in gas
exchange measurements; that is on consecutive
days for each altitude and consecutive cycles on
the trees at each site. General weather conditions
were the same for the two consecutive days at each
sampling period. Like gas exchange measure-
ments, a full daily cycle of NSC concentration was
analyzed in March. Leaves were immersed in
liquid N, immediately after removal, and kept
there until the analysis. Leaves were thawed at
room temperature for 10 min. prior to analysis,
and their fresh weight recorded. One third of each
sample (1-2 leaves) was used for dry weight
measurements after drying at 70 °C for 2 days.
The remaining tissue was used for carbohydrate
analysis. Samples were analyzed for total soluble
sugars and starch using ethanol and perchloric
acid method (Hansen and Moller 1975).
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Total soluble sugars (TSS) were extracted from
fresh leaf tissue in 86% v/v ethanol with overnight
agitation. TSS concentration was determined
spectrophotometrically by the Resorcinol method
(Roe 1934) at a wavelength of 520 nm, using
sucrose as standard. Starch was extracted with
52% (v/v) perchloric acid and agitation for 48 h.
The protocol for starch determination in the ex-
tract was similar to that used for total soluble
sugars, but using glucose as standard. The Hansen
and Moller (1975) method usually overestimates
starch levels because carbohydrates other than
starch can be extracted during the process (Mar-
shall 1985; Rose et al. 1991). Hence, new estima-
tions of carbohydrates were performed using less
concentrated perchloric acid. For that, we re-
peated the extraction for the leaf samples taken in
March in the afternoon, but now using 35% (v/v)
of perchloric acid. By comparing both data a
correction factor was obtained and then applied to
the entire data set. Therefore, perchlorate
extractable carbohydrates were corrected to yield
starch concentrations and are expressed in their
corrected form throughout this article. The NSC
concentration was calculated as the sum of starch
and TSS concentrations.

Because leaf tissues could increase in density
with increasing altitude (e.g., have a lower specific
leaf area), NSC concentration in leaves on a dry
matter basis could be ‘diluted’ by structural com-
pounds (Hoch et al. 2002; K6rner 2003). To solve
this problem, specific leaf area (SLA) was esti-
mated in six leaves per tree at each elevation. Leaf
areas were estimated by scanning leaves and esti-
mating their area with the software SigmaScan®,
whereas dry-weight of leaves was obtained after
drying them at 70 °C for 48 h. Hence, all sugars
concentrations are expressed per unit of leaf area,
as well as per unit of dry weight (D.W.).

Resistance to freezing temperatures

In March of 2004, fruits were collected at each
altitude and brought to the laboratory, where their
seeds were sown in small pots containing a 1:1
mixture of sand and peat. Seeds were germinated
in a growth chamber (Bioref, Santiago, Chile)
under a 15/9 h (light/dark) photoperiod provided
by 80 W incandescent lamps and a 25/10 °C (day/
night) temperature regime. When seedlings had

two cotyledons and two expanded leaves, they
were used for thermal analysis (ice nucleating and
freezing temperatures determinations) and LTsg
measurements (temperatures that cause 50%
seedling mortality). In order to assess the potential
of freezing resistance for seedlings during winter
conditions, 21 days before the beginning of anal-
yses, one half of the seedlings were acclimated at
4 °C (cold acclimated plants) while the rest were
kept at 25/10 °C (non-acclimated plants). It has
been shown that several plant species display
freezing resistance responses after a cold-acclima-
tion period of 20 days at 4 °C (Levitt 1980;
Alberdi and Corcuera 1991; Zuiiga-Feest et al.
2003; Pérez-Torres et al. 2004). For thermal anal-
ysis, at each out of five replicates, one expanded
leaf was removed and attached to a thermocouple
(Gauge 30 Copper-constantan thermocouples;
Cole Palmer Instruments Co., Vernon Hills, Illi-
nois, USA), and immediately enclosed in a small,
tightly closed cryotube to avoid changes in tissue
water content. Temperature was continuously
monitored (I measurement per second) with Daq
view program and connected to a multi-channel
temperature terminal panel (Strawberry Tree Inc.
Sunnyvale, California, USA). The tubes were
placed in a cryostat and the temperature was low-
ered from 0 to —15 °C at a rate of 2 °C/h. The
temperature at the initiation of the exotherm cor-
responds to the ice nucleation (IN), while the
highest point of the exotherm represents the freez-
ing temperature (FT) of the water in the apoplast
(including symplastic water driven outwards by the
water potential difference caused by apoplastic ice
formation) (Larcher 2003). Freezing resistance was
evaluated as percentage survival of seedlings after
freezing. Eight whole seedlings were frozen for 2 h
at temperatures between 0 and —15 °C in a stainless
steel container submerged in a cryostat. At each
temperature, plants were removed and thawed
overnight at 4 °C. Survival of seedlings during the
next 10 days was monitored at 25/10 °C (day/
night). LTs, was the average temperature of the
eight replicates at which 50% of the plants died.

Statistical analyses
Repeated measurement two-way ANOVAs were

used to test differences in photosynthesis and NSC
content between dates and sites. In both cases, the



two consecutive cycles performed at each eleva-
tion, and at each sampling date, were averaged.
The same statistical test was used to evaluate
differences in the daily cycles taken in March for
NSC content and photosynthesis. IN, FT, and
LTsq of seedlings were compared between altitudes
and acclimation treatments with a two-way
ANOVA.

Results
Gas exchange

Net photosynthesis did not differ between altitudes
(F136=1.09; p=0.311), despite higher PAR and
foliar temperature at the high elevation site
(Figure 1). However, net photosynthesis differed
between sampling dates (F53,=29.12; p<0.001)
showing the lowest level in January. The lower
photosynthesis observed in January with respect to
the other dates, was probably related to lower
stomatal conductance at this date (Figure 1).

The daily cycles of net photosynthesis taken in
March differed between hours, but not between
altitudes (Table l1a). During the morning photo-
synthesis was higher at 2200 m, but in the after-
noon it was higher at 2000 m (Figure 2).
Nonetheless, these differences cannot be explained
either by PAR levels or by foliar temperatures
(Figure 2). Differences in stomatal conductance
cannot also be related with the observed difference
in photosynthesis (Figure 2). Stomatal conduc-
tance showed a bimodal tendency at 2000 m,
probably due to a stomatal closure at midday with
greater values during the morning and the after-
noon, reaching the maximum by 16:00 (Figure 2).
At the higher site, stomatal conductance was low
at night and early morning hours, reaching its
maximum at midday.

NSC concentrations

Seasonally, total soluble sugars (TSS) and starch
showed similar patterns of variation as they were
expressed on a dry matter basis, without altitudi-
nal differences among them (data not shown).
Repeated measures ANOVA indicated that NSC
concentration did not differ either between alti-
tudes (Fj 25 =1.66; p=0.218) or between sampling
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dates (F2.5=1.87; p=0.173). However, when data
were expressed on a leaf area basis, TSS and starch
were consistently higher at the higher elevation
(Figure 3). The highest difference in both com-
pounds occurred in May, when TSS and starch
levels were 22% higher at 2200 m. Theses differ-
ences were reflected in the NSC levels, which were
significantly higher at 2200 m in all sampling dates
(F128=93.28; p<0.0001).
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Figure 1. Seasonal variation in photosynthesis for individuals
of the tree Kageneckia angustifolia at different dates during the
2002-2003 growing season at two altitudes. Net photosynthesis
(a), Stomatal conductance (b), Photosynthetically active radi-
ation (PAR) (c), and Foliar temperature (d). White bars cor-
respond to 2000 m and black bars to 2200 m. Error bars
indicate standard error.
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Table 1. Repeated-measurement ANOVA for the daily cycle of
net photosynthesis (a), NSC concentration on a dry matter
basis (b) and NSC concentration on a leaf area basis (c).

(a)
81 _@ 2200m
—O— 2000 m

Photosynthesis
(umol.m®.s™)
o N = o)

Factor df F P

(a)

Altitude 1 0.08 0.79
Time 8 157.04 <0.001
Altitude*time 8 33.09 <0.001
Error 64

(b)

Altitude 1 8.17 0.021
Time 4 8.93 <0.001
Altitude*time 4 1.52 0.22
Error 32

(c)

Altitude 1 504.6 <0.001
Time 4 10.0 <0.001
Altitude*time 4 2.4 0.08
Error 32

The daily cycles of NSC showed that in both
altitudes, NSC levels decreased during the night
and increased during the day. Although statistical
analysis of the daily cycles of NSC concentration
on a dry matter basis indicated differences between
elevations and time of day (Table 1b), a posteriori
Tukey-HSD tests showed that altitudinal differ-
ences were due to the values obtained at 7:00,
which was higher at the lower elevation. Thus, no
strong altitudinal effect can be inferred from the
daily cycle of NSC on a dry matter basis on
March. However, when NSC was expressed per
leaf area unit, NSC concentrations were signifi-
cantly higher at 2200 m (Figure 4, Table lc).
Starch and TSS levels were higher for 2200 m for
the complete cycle as well, with the exception of
TSS level at 17:00, who was similar for both
altitudes.

Freezing resistance mechanism

Two-way ANOVAs indicated that IN temperature
and FT of seedlings from 2200 m were signifi-
cantly lower than for seedling from 2000 m
(F119=63.102; p<0.001; F,19=51.98; p<0.001,
for IN and FT, respectively). Freezing tempera-
tures (FT) were significantly lower in cold-
acclimated plants for seedlings of both altitudes
(Figure 5) (F119=060.84; p<0.001). In contrast,
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Figure 2. Daily cycle of photosynthesis of Kageneckia angusti-
folia during a typical day in March, at two altitudes. Net
photosynthesis (a), Foliar temperature (b), Photosynthetically
active radiation (PAR) (c) and Stomatal conductance (d).
Empty circles correspond to 2000 m and black circles to
2200 m. Error bars indicate standard error.

for IN, only seedlings from 2200 m showed a
temperature significantly lower (Fj0=12.2;
p=0.003) for non-acclimated than for cold-
acclimated seedlings. LTso was lower for seedlings
from 2200 m (F; ;; =77.84; p<0.001), but for both
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Figure 3. Seasonal variation of sugars (g/cm?) in Kageneckia
angustifolia during the 2002-2003 growing season at two alti-
tudes. Total soluble sugars (TSS) (a), starch (b) and non-
structural carbohydrates (NSC) (c). White bars correspond to
2000 m and black bars to 2200 m. Error bars indicate standard
error.

sites seedlings died at temperatures higher than IN
and FT (Figure 5). Seedlings from both altitudes
responded to cold-acclimation by lowering their
LT5O (Fl,l 1= 22855, P < 0001)

Discussion

Our results suggest that Kageneckia angustifolia’s
treeline in central Chile can be explained by a
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Figure 4. Daily cycle of sugars (g/cm?) in Kageneckia angusti-

folia during a typical March day at two altitudes. Total soluble

sugars (TSS) (a), starch (b) and non-structural carbohydrates
(NSC) (c). The empty circles correspond to 2000 m and black
circles to 2200 m. Error bars indicate standard error.

combination of direct and indirect effects of low
temperature. Among the indirect effects, our
results for photosynthesis and NSC do not
unequivocally support the carbon source limita-
tion hypothesis, because no differences in net
photosynthesis of K. angustifolia were found
between altitudes across the treeline. This result
agrees with the evidence reviewed by Korner
(1998) for temperate zones, where treelines cannot
be explained by the carbon source limitations.
Nevertheless, some evidence for carbon gain limi-
tations has been observed at treelines on tropical
mountains (Cavieres et al. 2000).
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Figure 5. Freezing resistance for non-acclimated and cold-
acclimated seedlings of Kageneckia angustifolia. Ice nucleation
temperature (a), Freezing temperature (b) and Lethal tempera-
ture for 50% of seedlings (c). White bars correspond to 2000 m
and black bars to 2200 m. Error indicate standard error.

Conversely, we find support for the carbon sink
limitation hypothesis. While NSC concentration
on a dry matter basis did not increase with alti-
tude in any of the sampling dates, NSC concen-
tration on a leaf area basis did, suggesting that
carbon use limitations are involved in the forma-
tion of Kageneckia angustifolia’s treeline in central
Chile.

Since its initial formulation by Koérner (1998),
few studies have evaluated the importance of car-
bon sink limitations in the formation of the upper
altitudinal limit of trees (but see Hoch et al. 2002;
Hoch and Koérner 2003). This hypothesis is based
on the fact that, unlike shrubs and forbs that
can benefit from soil heat flux, trees crown are
highly coupled with atmospheric temperature,

which directly affect the meristematic activity. For
instance, Grace et al. (2002) showed that in Pinus
sylvestris, growth ceased at ca. 5 °C, whereas net
photosynthesis runs at ca. 30% of its maximum.
Likewise, Khutornoi et al. (2001) reported signifi-
cantly reduced apical meristematic activity in Pinus
sibirica at treeline elevations compared to popula-
tions from lower elevations. Additionally, tree
stature and crown can produce a self-shading effect
on roots, increasing the growth limitations by
reducing temperature at the root level (Koérner
1998; Grace et al. 2002; Korner and Paulsen 2004).
Recently, Hoch et al. (2002) and Hoch and K6rner
(2003) studying 3 species of Pinus at different lati-
tudes in the north hemisphere have yielded clear
evidences of increasing non-structural carbon
charging of trees as one approaches their upper
altitudinal limit, supporting the carbon sink limi-
tation hypothesis. Hence, our study constitutes a
new example of treelines where carbon sink limi-
tations are involved, and is the first carried out with
an angiosperm species. Notwithstanding, in our
study, the evidence of increasing non-structural
carbohydrates with altitude only emerge when data
were expressed on leaf area basis. This was due to
an altitudinal increase in tissue density (data not
shown), which produced a dilution effect when
data were expressed on a dry matter basis. A sim-
ilar pattern was reported by Hoch et al. (2002),
where NSC in stems changed with altitude only
when altitudinal increases in tissue density were
accounted for.

Although sugar accumulation is also related
with cryoprotection (Alberdi and Corcuera 1991),
samples of Kageneckia angustifolia taken at its
upper altitudinal limit, showed no differences
between NSC content during the growing season
(January and March) and the onset of winter
(May). This suggests that the observed patterns are
not strongly influenced by acclimation responses
to winter period.

While NSC concentrations in leaves do gener-
ally respond to different weather conditions,
C-storage pools in woody tissues are more stable
diurnally and seasonally, hence, they could be
preferred for the assessment of the whole tree
carbon supply status. However, in several studies
it can be observed that NSC contents of leaves are
highly correlated with total carbon pool (e.g.,
Glerum and Balatinecz 1980; Hoch et al. 2002;
Hoch and Koérner 2003; Korner 2003), suggesting



that they can be used as a reliable surrogate
(Glerum and Balatinecz 1980). In addition, al-
though we are aware of the lack of spatial repli-
cation at each elevation, it should be recalled that
our study sites were located on the same slope,
hence, strong influences of factors other than
altitude (e.g., substrate differences) are unlikely.

Freezing resistance results indicated that Kage-
neckia angustifolia is a species with cold acclima-
tion capacity that cannot survive at temperatures
lower than its IN point. Non-acclimated seedlings
from 2200 m showed a LTsy of —7 °C, while cold
acclimated seedling increased their freezing resis-
tance to —9.5 °C, which is in line with the ability of
several species to increase their frost resistance
after a hardening period (Bannister 1984; Sakai
and Larcher 1987; Bannister et al. 1995). How-
ever, ambient temperatures lower than this
threshold can severely compromise the survival of
K. angustifolia seedlings beyond the treeline
elevation.

According to Penaloza et al. (2001), Kageneckia
angustifolia seedling emergence occurs at the end
of winter between August and September. During
this period it is likely that seedlings have lost their
cold acclimation capacity because daily average
temperatures begin to increase and they are in an
active growth state (c.f., Alberdi and Corcuera
1991). Minimum temperature records from near
the 2200 m elevation, indicate that temperatures as
low as —10 °C can frequently occur at ground level
during late winter (Santibafiez and Uribe 1992).
These temperatures are lower than the LTs, found
for non-acclimated seedling, suggesting that
freezing resistance could be involved in the deter-
mination of K. angustifolia treeline. Indeed, even if
seedlings can acclimate to cold, minimal temper-
atures recorded in the field are lower than those
that K. angustifolia seedlings can survive
(=9.5 °C). Estimations of LT;q indicated that
non-acclimated seedlings of 2200 m died at -9 °C,
suggesting that a single event of extremely low
temperature would produce the death of all seed-
lings. Therefore, our results do not support the
idea that in seasonal climates the resistance to low
temperatures in treeline species exceeds the envi-
ronmental demand (Kd&rner 1998). Although this
hypothesis needs to be further tested in the field, it
has been observed that adult trees produce great
amounts of viable seeds (data not shown), how-
ever, no evidence of regeneration has been found
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at 2200 m. Furthermore, Penaloza et al. (2001)
reported that in this species, the higher mortality
of seedlings occurs in September, where soil
moisture is not limiting, but events of extremely
low temperature are frequent.

Seedlings are generally considered to be less
frost resistance than adults (Sakai and Larcher
1987), however several species in the southern
hemisphere have shown the opposite trend (Al-
berdi and Rios 1983; Rios et al. 1988; Bannister
et al. 1995). Although there is no specific studies
for K. angustifolia, authors have never observed
evidence of frost damage (blackening in the tip of
leaves) on adults at the treeline elevation. Addi-
tionally, it has been suggested that seedling
location can be important in determining their
susceptibility to frost damage, with seedlings
growing beneath the canopy developing less
resistance than seedlings growing in exposed sit-
uations (Bannister et al. 1995). For K. angustifo-
lia, it has been shown that there is no
microclimatic differences between open areas and
beneath canopy (Pefialoza et al. 2001). Further-
more, the majority of seeds germinate beneath the
canopy of adult plants, which is free of snow
earlier than open areas (Pefialoza et al. 2001),
suggesting that seedlings are more exposed to
extreme low temperatures beneath the canopy
than in open spaces between adults. Examples of
frost resistance playing an important role in tre-
eline determination have been reported only for
tropical tree species (Goldstein et al. 1994; Cavi-
eres et al. 2000). Thus, K. angustifolia represents
an exception in terms of the importance of low
temperature resistance in the treeline determina-
tion at temperate latitudes.

The low capacity of Kageneckia angustifolia to
resist lower temperatures could be related to its
biogeographical origin. The genus Kageneckia is
endemic to South America with 3 species (Rodriguez
et al. 1983), where two of them (K. angustifolia and
K. oblonga) grow in the Mediterranean-type climate
zone central Chile, which is characterized by mild
winters compared to other temperate climates
(Arroyoet al. 1995). The other species, K. lanceolata
grows in the tropical high elevation montane forests
of Peru and Bolivia, where freezing temperatures
are infrequent. This suggests that there is a strong
taxonomic influence (K6rner and Paulsen 2004) on
the treeline altitude in the Mediterranean-type
climate zone of central Chile.
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In conclusion, our results suggest that both, sink
limitations and seedling freezing resistance are
likely involved in forming the treeline of Kage-
neckia angustifolia in central Chile. While the
carbon sink limitation hypothesis as been pro-
posed as global mechanism for treeline formation
(Korner 1998), it does not dismiss other, more
regional influences as seems to be the case for
seedling frost resistance in K. angustifolia.
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