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Abstract
It is unclear whether the frequently observed increase in non-structural carbohydrates (NSC) in plants exposed to low 
temperatures or drought reflects a higher sensitivity of growth than photosynthesis in such conditions (i.e. sink limitation), 
or a prioritization of carbon (C) allocation to storage. Alpine areas in Mediterranean-type climate regions are character-
ized by precipitation increases and temperature decreases with elevation. Thus, alpine plants with wide elevational ranges 
in Mediterranean regions may be good models to examine these alternative hypotheses. We evaluated storage and growth 
during experimental darkness and re-illumination in individuals of the alpine plant Phacelia secunda from three elevations 
in the Andes of central Chile. We hypothesized that storage is prioritized regarding growth in plants of both low- and high 
elevations where drought and cold stress are greatest, respectively. We expected that decreases in NSC concentrations during 
darkness should be minimal and, more importantly, increases in NSC after re-illumination should be higher than increases 
in biomass. We found that darkness caused a significant decrease in NSC concentrations of both low- and high-elevation 
plants, but the magnitude of the decrease was lower in the latter. Re-illumination caused higher increase in NSC concentration 
than in biomass in both low- and high-elevation plants (1.5- and 1.9-fold, respectively). Our study shows that C allocation 
in Phacelia secunda reflects ecotypic differences among elevation provenances and suggests that low temperature, but not 
drought, favours C allocation to storage over growth after severe C limitation.
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Introduction

Plants growing in habitats characterized by low temperatures 
or water shortages generally present high concentrations of 
non-structural carbohydrates (NSC) (e.g. Fajardo and Piper 

2014; Hoch and Körner 2003, 2009; Piper and Fajardo 
2016; Sala and Hoch 2009; Zhang et al. 2015). Such high 
NSC concentrations could reflect carbon (C) accumulation 
once growth demands are met (Chapin et al. 1990; Körner 
2003a), since tissue formation (i.e. cell division, elonga-
tion, and differentiation) is more sensitive to low tempera-
ture and water shortages than photosynthesis (Fatichi et al. 
2014; Hoch 2015; Körner 2015; Muller et al. 2011). In this 
case, tissue formation is directly restricted by temperature or 
water availability (i.e. sink limitation) before carbon avail-
ability becomes limiting due to reduced photosynthesis (i.e. 
C or source limitation) (Boyer 1970; Körner 2015; Muller 
et al. 2011). Alternatively, increases in NSC concentrations 
in response to drought or low temperatures could actually 
reflect a change in the C allocation priorities from growth 
to storage (Dietze et al. 2014; Sala et al. 2012; Wiley and 
Helliker 2012). This could be part of a preventative strat-
egy against potential C starvation driven by long periods of 
reduced photosynthesis due to drought or low temperatures 
(Wiley and Helliker 2012), or because the minimum NSC 
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levels required for plant survival increase under water short-
age or low-temperature conditions (Martínez‐Vilalta et al. 
2016; Sala et al. 2012). The distinction between these two 
putative causes of storage (i.e. simple accumulation or an 
allocation priority) is highly relevant to predict vegetation 
responses to climate change. If storage reflects an alloca-
tion priority, “reserves” (sensu Chapin et al. 1990) could 
compete with growth, making C a limiting resource for plant 
growth despite increased NSC concentrations (Dietze et al. 
2014; Sala et al. 2012; Wiley and Helliker 2012). The occur-
rence of a trade-off between storage and growth in plants 
exposed to low temperatures and/or drought is however still 
uncertain.

A prioritization of C allocation to storage has been sug-
gested as an adaptation to optimize survival in plants inhab-
iting stressful environments (Chapin et al. 1990; Sala et al. 
2012; Smith et al. 2003; Wiley and Helliker 2012). Sev-
eral studies support this suggestion. For example, Myers 
and Kitajima (2007) found that high levels of C storage 
increased the survival in seedlings of seven tree species 
of tropical forests when they experienced negative C bal-
ance imposed by herbivory and light reduction. Similarly, 
O’Brien et al. (2014) found that seedlings of tropical tree 
species experimentally enriched in NSCs showed greater 
drought survival and maintained higher stem water poten-
tials than non-enriched seedlings. Some studies have dem-
onstrated that allocation to storage may be prioritized over 
allocation to growth suggesting a trade-off between these 
two sinks. For example, Smith and Stitt (2007) showed that 
a limited C availability (carbon starvation) due to longer 
nights caused a strong growth inhibition during the next day 
along with higher rates of starch synthesis, suggesting that 
the carbon supplied by photosynthesis was assigned to stor-
age to ensure a sufficient C supply for the next night. Piper 
et al. (2015) found that NSC concentration was significantly 
higher and radial growth was significantly lower, in branches 
of Nothofagus pumilio trees that were completely defoli-
ated the previous season compared to non-defoliated control 
trees. Similarly, Weber et al. (2018) found that in seedlings, 
growth declined more than NSC concentration after a dark 
treatment, and that following re-illumination NSC refill-
ing started before growth resumption. Nevertheless, these 
previous studies are not conclusive about potential ecotypic 
differences in C allocation priorities. If C allocation to 
storage is prioritized relative to growth as a preventative 
strategy against C starvation episodes, then such alloca-
tion priority should be expected in plant species frequently 
exposed to freezing temperatures or drought (Wiley and 
Helliker 2012). Contrary to these expectations, Bachofen 
et al. (2018) found that seedlings of two conifer species from 
dry provenances had both more biomass and starch concen-
trations than their counterparts from more humid regions. 
However, the drought gradient considered in that study was 

small, remaining thus unclear whether these results reflect C 
allocation patterns in plant species distributed along wider 
drought gradients. Additionally, while most studies examin-
ing C allocation priorities have focused on woody plants, a 
prioritization of storage vs. growth could be more prevalent 
in herbaceous plants, as they have a higher proportion of 
living, metabolically active tissues; hence, decreases in NSC 
concentrations (which may put them at risk of C starvation) 
for a given C demand are likely larger (Martínez‐Vilalta 
et al. 2016).

Alpine plants are characterized by low stature and high 
year-round NSC concentrations (Monson et  al. 2006; 
Mooney and Billings 1960; Wyka 1999). Environmental 
restrictions such as short growing seasons, unpredictable 
freezing events and other natural hazards including hails, 
landslides and long periods of low solar radiation that char-
acterize alpine environments (Körner 2003a) could lead to 
severe C limitations and potentially to C starvation. Further, 
alpine plants develop new foliage as soon as snow melts, 
relying on the resources stored during the previous growing 
season. Both early- and late-season freezing events cause an 
abrupt cessation of C gain due to foliar damage and therefore 
reduce the effective growing season length (Körner 2003a). 
Since these disturbances are often unpredictable in most 
alpine ecosystems, to rely only on current photosynthesis 
to fulfil C demands for different sinks (growth, respiration, 
reproduction, defence, etc.) could be risky. Thus, alpine 
plants could have a C conservative strategy, keeping high 
levels of C storage during the growing season and prior-
itizing C allocation to storage after a period of severe C 
limitation or C starvation. Consistent with this hypothesis, 
it has been observed that alpine plants maintain high NSC 
concentration at periods of maximum growth (García-Lino 
et al. 2017; Monson et al. 2006; Wyka 1999). Starch, low 
molecular weight sugars and fructans are the main NSC 
fractions observed in alpine plants under low-temperature 
conditions (Chatterton et al. 1989; García-Lino et al. 2017; 
Guevara-Figueroa et al. 2015; Valluru and Van den Ende 
2008).

Alpine plant species inhabiting mountains with Mediter-
ranean-type climate also experience severe summer droughts 
(Cavieres et al. 1998). In these ecosystems, temperature 
decreases with elevation while precipitation increases 
(Cavieres et al. 2006; Piper et al. 2016), resulting in “cold 
and wet high elevation” versus “warm and dry low eleva-
tions”. For mid-elevation, neither drought nor temperature 
appears to be as extreme, although growth is not necessarily 
intermediate between the two elevations (Piper et al. 2016). 
Previous studies have demonstrated that both temperature 
and water availability affect C storage and growth of the 
dominant treeline species in Mediterranean regions (Fajardo 
et al. 2011; Piper et al. 2016). Thus, alpine plants of Medi-
terranean regions could exhibit elevational differences in 
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the prioritization of C allocation to storage versus growth, 
reflecting different selective pressures from drought and low 
temperature at lower and high elevations, respectively.

Here we aimed to determine whether C allocation to 
growth and storage in the alpine plant Phacelia secunda 
(Boragineaceae) varies along an elevational gradient in the 
Mediterranean Andes of central Chile. We experimentally 
evaluated the effects of darkness-induced C limitation and 
subsequent re-illumination on the growth and C storage lev-
els of P. secunda from three contrasting elevations. Although 
growth and storage responses during re-illumination after a 
darkness period are likely to reflect C allocation priorities 
after extreme C stress, NSC changes during darkness might 
also be informative on C allocation priorities. Darkness pro-
vokes a negative C balance and plants have to remobilize 
their C reserves for survival during this period. However, 
the magnitude of C reserves remobilization during C limita-
tion periods depends on the metabolic demands, with fast-
growing plants expected to remobilize proportionally more 
C reserves given to their higher metabolic demands when 
compared to slow-growing plants (e.g. Nogués et al. 2014; 
Weber et al. 2018). Therefore, if C allocation to growth is a 
priority relative to storage, (i) storage should not be main-
tained under darkness but remobilized and (ii) re-illumina-
tion should cause higher increases in structural biomass than 
in NSC concentrations (Fig. 1a). By contrast, if storage is a 
priority relative to growth, we expect that (iii) NSC concen-
trations would be maintained, and that (iv) re-illumination 
will cause higher increases in NSC concentrations than in 
structural biomass (Fig. 1b). Since plants from the high and 
low elevations inhabit stressful conditions of low tempera-
tures and drought, respectively, which are often associated 
with C stress, we might expect that populations adapted to 
such conditions will tend to store rather than to grow fast 
following C starvation. Conversely, as the environmental 
conditions where mid-elevation plants occur are interme-
diate in terms of stress severity, mid-elevation plants may 
not store C after a period of severe C stress. We examined 
these predictions by determining the changes in biomass 
and in concentrations of total NSC, fructans, starch and low 
molecular weight sugars, which are three major forms of 
carbohydrate storage in alpine plants (Körner 2003a; Tolsma 
et al. 2008; Wyka 1999).

Material and methods

Study species

Phacelia secunda J. F. Gmel. (Boraginaceae) is a perennial 
hemicryptophyte herb with a wide elevational and latitudinal 
distribution in Chile and Argentina. In Chile, it is distributed 
from ca. sea level to the upper vegetation limit in the Andes, 

inhabiting coastal, Mediterranean-type, montane forest and 
alpine communities (Cavieres 2000). Our study area was 
located in the Andes of central Chile, where P. secunda is 
distributed between 1600 and 3600 m a.s.l., showing “cli-
nal” morphological variations along the elevational gradient 
(Cavieres 2000). At lower elevations, P. secunda enters veg-
etative dormancy immediately after fructification, while at 
high elevations, vegetative growth continues throughout the 
summer and early fall, after the reproductive period (Arroyo 
et al. 1981).

Study site

Plant material was collected from three elevations in the 
Andes of central Chile, where climate has a strong influ-
ence of the Mediterranean-type climate that prevails in the 
low elevations. The collection area at the low elevation was 
at 1600 m a.s.l. in the private natural reserve Yerba Loca 

Fig. 1  Alternative responses of non-structural carbohydrate (NSC) 
concentration and growth to darkness and re-illumination. (a) Growth 
is a priority of C allocation relative to storage, thus NSC concentra-
tions decrease significantly in darkness, and  increases in biomass 
caused by re-illumination should start earlier and probably be higher 
than increases in NSC concentrations. (b) C allocation to storage is a 
priority relative to allocation to growth. Decreases in NSC concentra-
tions caused by darkness should be less pronounced than in a) and 
increases in NSC concentrations caused by re-illumination should be 
higher than increases in biomass. In darkness, decreases in structural 
biomass caused by dead tissue (e.g. leaf shedding) are expected to be 
similar
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(33°10′ S, 70°13′ W). At this elevation, the snow-free period 
lasts eight months, usually starting in September and ending 
in April. However, most plant species stop growth during 
the summer drought (i.e. January–February). The historical 
mean annual precipitation at this elevation is 445 mm, fall-
ing predominantly as rain during winter months (Santibañez 
and Uribe 1990). Growing season mean temperature at this 
elevation is 13.1 °C, with minimal and maximal temperatures 
for this period of 10.6 and 22.5 °C, respectively (Hernández-
Fuentes et al. 2015). The mid-elevation collection area was 
at 2800 m a.s.l., nearby La Parva ski resort (33º21′ S, 70º19′ 
W). At this elevation, the growing season usually lasts seven 
months (from October to April), the annual precipitation is 
715 mm (falling predominantly as snow during winter) (San-
tibañez and Uribe 1990). Growing season mean tempera-
ture at this elevation is 10.7 °C with minimal and maximal 
temperatures of 3.7 and 21.4 °C, respectively (Hernández-
Fuentes et al. 2015). The high-elevation collection area was 
at 3600 m a. s. l. (31°19′ S, 70°15′ W). This elevation has a 
4-months growing season (from December to April), with an 
annual precipitation of 943 mm, again falling mainly as snow 
during winter with occasional hails or snow during summer 
(Santibañez and Uribe 1990). Thus, this site has no water 
limitations throughout the growing season (Sierra-Almeida 
and Cavieres 2010). Growing season mean temperature at 
this elevation is 8.2 °C with minimal and maximal tempera-
tures of − 1.0 and 20.1 °C (Hernández-Fuentes et al. 2015).

Experimental setup

We analysed growth and storage during a period of dark-
ness-induced C limitation and subsequent re-illumination, 
following a similar approach to Weber et al. (2018). The 
experiment was carried out with individuals collected in the 
field from the three elevations during the 2016–2017 grow-
ing season. We collected small seedlings (up to 4 ± 2 cm 
height, with 2–3 leaves) (i.e. after budburst), germinated 
during the same growing season of collection. Due to the 
remarkable elevational differences in the growing season, 
it was not possible to simultaneously collect plants at the 
same phenological stage from the different elevations, and 
to simultaneously expose them to the experimental condi-
tions. Thus, plants from the different elevations were col-
lected at different times and were then exposed to the same 
pre-experimental and experimental conditions, at different 
times. Plant collection was carried out in October, November 
and December at 1600, 2800 and 3600 m a.s.l., respectively. 
Then, the experiment extended from December to January 
for 1600 m plants, from January to February for 2800 m 
plants and from February to March for 3600 m plants.

Plants were collected from the field by carefully digging 
the soil and then extracting the complete root system. Imme-
diately after collection, plants were placed one by one on 

wet absorbent paper and kept under cool conditions. Plants 
were transported to a greenhouse (University of Concepción, 
Concepción, Chile) the day after collection. In the green-
house, each plant was carefully transplanted into a 300 cc 
cell of speedling transplant trays (hereafter ‘speedlings’; 88 
cells per tray) containing a mixed substrate (commercial 
organic soil: sand, 1:1). The organic substrate  (ANASAC®) 
had the following properties: pH  (H2O): 5.25, mineral N: 
43.4 mg kg–1, Olsen-P: 17.3 mg kg–1, organic matter: 22.4%, 
base saturation: 34.7 cmol + kg–1) (Ávila-Valdés et al. 2019). 
The sand had neutral pH and was mostly composed by fine 
particles (apparent density 2.7 g cm−3). One month after 
transplant (i.e. November 2016, December 2016 and January 
2017, for 1600, 2800 and 3600 m a.s.l., respectively), plants 
were placed in a walk-in growth chamber (PiTec S.A., San-
tiago, Chile) and maintained for 30 days under a constant air 
temperature of 17 °C, relative humidity average of 72%, soil 
moisture at field capacity and 400 µmol m−2 s−1 of photosyn-
thetic photon flux density (PPFD) with a day-length 15 h/9 h 
(day/night). After this period, 170 plants per elevation were 
randomly assigned to one of two light treatments, each rep-
licated in 6 blocks (5 blocks with 28 plants and 1 block with 
30 plants). In the first treatment (darkness–re-illumination), 
plants were exposed to 10 µmol m−2 s−1 of PPFD for 30 days 
(hereafter darkness) and then to 400 µmol m−2 s−1 of PPFD 
for another 30 days (hereafter re-illumination). The artifi-
cial darkness was created with black shade mesh (raschel, 
80% shade) placed at ca. 20 cm over the speedlings. Black 
shade mesh covered both the top and sides of the speedlings, 
so light was homogeneously reduced around the plants. In 
the second treatment, plants were exposed continuously to 
400 µmol m−2 s−1 of PPFD during daylight (hereafter con-
trol). The experiment was carried out in the same growth 
chamber where plants were acclimated. During the experi-
ment, plants were kept in conditions of constant irrigation 
and temperature (15/5 °C day/night).

One-to-two plants of each block and treatment were har-
vested every 15 days after the start of the experiment to 
assess growth and NSC concentrations. Additionally, a first 
harvest was carried out just before the start of the experi-
ment. Thus, the first harvest (day 0) represented an initial 
condition, the 2nd and 3rd harvests corresponded to 15 and 
30 days of darkness, respectively, while the 4th and 5th har-
vests corresponded to 15 and 30 days of re-illumination, 
respectively.

Growth measurements

Growth was measured as the whole-plant structural biomass 
increment after 15 and 30 days of darkness relative to the 
initial condition, and after 15 and 30 days of re-illumina-
tion. Seedlings were gently removed from pots and the roots 
were separated from the shoots and then washed with tap 
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water (dead tissues attached to the plant were not excluded 
from the measurements). Shoots and roots were then stored 
separately in paper bags, dried at 70 °C in a forced-air oven 
(ZXFD-B5090, LABWIT Scientific Pty Ltd., Australia) for 
4 days and then weighed in an analytical balance to obtain 
organ-specific biomasses and total plant biomass. The 
whole-plant NSC content (see below) was subtracted from 
the total plant biomass to obtain the structural biomass (Can-
ham et al. 1999).

The changes in biomass per individual (LRR_biomass) 
during the darkness period were estimated for each plant as 
the  log10 of the ratio between the initial structural biomass 
(i.e. at day 0; bi) and the structural biomass after 30 days of 
darkness (bf):

Changes in biomass during the re-illumination period 
were analysed similarly but in this case bi corresponded to 
the structural biomass of each plant after 30 days of dark-
ness and bf corresponded to the structural biomass of each 
plant after 60 days from the beginning of the experiment (i.e. 
30 days after re-illumination). Values > 0 indicate biomass 
increases; meanwhile, values < 0 indicate biomass loss.

Carbohydrate analyses

Non-structural carbohydrate (NSC) concentrations were 
determined in the same plants harvested for biomass deter-
mination, for each tissue separately, as the sum of the 
quantitatively low molecular weight carbohydrates (i.e. 
glucose, fructose and sucrose, hereafter “total soluble sug-
ars”: TSS) plus starch (as described in Hoch et al. (2002)). 
Low molecular weight sugars were extracted with distilled 
water at 100 °C for 60 min and analysed photometrically 
at 340 nm on a 96-well multiplate reader after enzymatic 
conversion (invertase and phosphoglucose isomerase from 
Saccharomyces cerevisiae, Sigma Aldrich I4504 and P5381, 
respectively, St Louis, MO, USA) of sucrose and fructose 
to glucose. The concentration of glucose was determined 
photometrically after the enzymatic conversion of glucose 
to gluconate-6-phosphate (Glucose Assay Reagent, G3293 
Sigma Aldrich). Following the degradation of starch to glu-
cose, using a purified fungal amylase (‘amyloglucosidase’ 
from Aspergillus niger, Sigma Aldrich 10,115) at 45 °C 
overnight, starch was determined in a separate analysis by 
the same procedure. The starch concentration was calculated 
as NSC minus the sum of low molecular weight carbohy-
drates and expressed as glucose equivalents. Concentrations 
are presented on a percent of dry matter basis (% d.m.).

LRR_biomass = log10(bf∕bi),

To compare the NSC concentration between treatments, 
the mean NSC concentration for each plant was weighted, 
integrating the biomass and NSC concentration of each 
tissue, as described in Hoch et al. (2002), using the fol-
lowing formula:

where n is the number of organs,  concorg is the organ-
specific NSC concentration (% d. m.) and  biomorg is the 
organ-specific fraction of the total biomass.

Changes in NSC concentration per individual (LRR_
NSC) during the darkness period were estimated as the 
 log10 of the ratio between the initial NSC concentration 
(i.e. at day 0; ci) of each plant and the NSC concentration 
after 30 days of darkness (cf) of each plant:

Changes in NSC concentration during the re-illumi-
nation period were analysed similarly but in this case ci 
corresponded to NSC concentrations of each plant after 
30 days of darkness and cf corresponded to NSC concen-
trations of each plant after 60 days from the beginning of 
the experiment (i.e. 30 days after re-illumination) of each 
plant. Values > 0 indicate increase in NSC concentration, 
while values < 0 indicate decrease in NSC concentration.

Separately, fructans concentration was calculated 
using a method for reducing sugars with a kit Megazyme 
Fructans HK Assay (AOAC Method 999.03 and AACC 
Method 32.32; Megazyme International Ireland Ltd., 
Wicklow, Ireland), following the procedure described by 
McCleary et al. (2000). Fructans were extracted by digest-
ing 100 mg of sample in 40 ml of distilled water at 80 °C 
during 15 min. Two aliquots of the extract were treated 
with purified fructanase (fructanase; bottle 2 in Megazyme 
Fructans assay kit A98YV29) to hydrolyse fructans to 
fructose and another aliquot was treated with acetate buffer 
at 100 mM, pH: 4.5 (sample blank). Sugars concentration 
was measured at 410 nm with the para-hydroxybenzoic 
acid hydrazide (PAHBAH) method for reducing sugars.

To determine the fructans concentration, the fol-
lowing formula was used, as indicated in the kit: Δ 
A × F ×

V

W
× 2.48 , where ΔA is absorbance mean between 

extracts treated with fructanase minus the absorbance of 
the blank, F is fructose factor to convert absorbance val-
ues to μg = (54.5 μg D-fructose)/(absorbance for 54.5 μg 
D-fructose), V is extraction volume, W is sample weight 
and 2.48 corresponds to correction for all solutions during 
procedure. The whole-plant mean fructans concentration 
was estimated for each plant using the same procedure to 
estimate whole-plant NSC concentration.

n
∑

org=1

concorg × biomorg

100
,

LRR_NSC = log10(NSCcf∕NSCci),
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Statistical analyses

To assess the effects of elevation, light condition (darkness 
or re-illumination versus control), date and the interactions 
among these factors on LRR_biomass and LRR_NSC, we 
used generalized linear mixed-effects models (GLMM), 
where gamma function better represented the data distribu-
tion. We utilized the function glmer in the R package nmle 
(Bates et al. 2014). In the analyses, the blocks were con-
sidered as a random factor. To analyse the allocation per 
individual to NSC and biomass after 30 days in darkness 
or after 30 days of re-illumination (relative to initial values 
and relative to the end of darkness, respectively), we used 
a linear mixed-effect model (LMM) with repeated meas-
ures. In these analyses, elevation was a fixed factor, LRRs 
after 30 days of darkness or after 30 of re-illumination the 
within-subject factor, and blocks were the random factor. 
The concentrations of compounds (starch, fructans and 
total low molecular weight sugars) were analysed using 
LMM, where blocks were the random factor and elevation, 
date, light treatment and the interactions among them, were 
the fixed factors. LMM were performed with the function 
lmer in the R package nmle (Bates et al. 2014). Differences 
among treatments were tested using packages ‘emmeans’ 
and ‘lsmean’ (Lenth 2016). Tukey honest significant differ-
ence (HSD) was used to evaluate differences between pairs 
of means (alpha < 0.05). LMM and GLMM were run in R 
(R 3.6.3).

Results

Growth responses

Control plants from the three elevations significantly 
increased their biomass after 30 days from the beginning of 
the experiment, although this increase was higher for plants 
from 1600 m than for plants from the other elevations (HSD 
Tukey test p < 0.001) (Fig. 2). Overall, plants in darkness 
decreased their biomass (significant effect of “darkness” on 
LRR_biomass, Table 1, and Fig. 2), although this decrease 
differed among elevations depending on duration of dark-
ness (significant effect of “elevation” × “light treatment 
(darkness)” × “date” on LRR_biomass, Table 1). In plants 
from 1600 m, LRR_biomass did not decrease significantly 
after 15 days of darkness (HSD Tukey test p = 0.291) but 
did so after 30 days of darkness (HSD Tukey test p = 0.010), 
although this decrease was small (Fig. 2a). In contrast, plants 
from 2800 and 3600 m decreased their biomass significantly 
both after 15 days (HSD Tukey test p = 0.032 and p = 0.011, 
respectively) and 30 days of darkness (HSD Tukey test 
p < 0.001 for both), reaching lower values than in plants 
from 1600 m (Fig. 2b and c).

During the re-illumination phase, control plants from 
the three elevations continued significantly increasing their 
biomass (Fig. 2d–f and Supplementary Material Appen-
dix 1, Table A1). This increase was significantly higher in 
plants from 1600 and 2800 m than in plants from 3600 m 
(HSD Tukey test p < 0.001 for both comparisons). Plants 
subjected to re-illumination after darkness also increased 
their biomass (Fig. 2d–f), in fact, at a higher rate than con-
trol plants in all cases (significant interaction effect of “light 
treatment” × “date” × “elevation” on LRR_biomass, Table 1 
for “re-illumination”). Plants from 1600 m increased their 
biomass continuously and significantly after 15 and 30 days 
of re-illumination (HSD Tukey test p < 0.001 for both 
dates), exhibiting a 1.8 times higher increase than control 
plants (Fig. 2d). In contrast, plants from 2800 m showed an 
abrupt increase in biomass after 15 days of re-illumination 
(HSD Tukey test p < 0.001) and then did not significantly 
change until the end of the experiment (HSD Tukey test 
p = 0.858, Fig. 2e). The increase in re-illuminated plants 
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Fig. 2  Log10 of the ratio between structural biomass after 30 days of 
darkness and initial structural biomass in the herbaceous alpine plant 
Phacelia secunda from three elevations of the Mediterranean Andes 
of Central Chile: 1600 m (a), 2800 m (b) and 3600 m (c) (left panel). 
 Log10 of the ratio between structural biomass after 30 days of re-illu-
mination and structural biomass after 30 days of darkness in Phace-
lia secunda from three elevations of the Mediterranean Andes of 
Central Chile: 1600 m (d), 2800 m (e) and 3600 m (f) (right panel). 
Values > 0 and < 0 indicate increase and decrease in biomass, respec-
tively. Error bars denote ± 2SE of the mean (n = 6)
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from 2800 m was 2.5 times higher than in control plants 
(Fig. 2e). In plants from 3600 m, biomass after 30 days of 
re-illumination was smaller compared to plants from 1600 
and 2800 m (Table A1), but it was 3.9 times higher than the 
control plants (Fig. 2f).

Carbohydrate concentration responses

While control plants increased their NSC concentrations 
(relative to the initial values), plants under darkness sig-
nificantly reduced their relative NSC concentrations (sig-
nificant effect of “darkness” on LRR_NSC, Table 2 and 
Fig. 3a–c). Nonetheless, responses to darkness depended 
on the elevation (significant interaction effect of “eleva-
tion” × “date” × “light treatment” on LRR_NSC, Table 2). 
Control plants from 1600 and 2800 m presented a sig-
nificantly lower LRR_NSC than plants from 3600 m after 
30 days, while for the same date darkness caused a signifi-
cantly lower decrease of LRR_NSC in plants from 3600 than 
in plants from 1600 and 2800 m (HSD Tukey test p < 0.001) 
(Fig. 3a–c).

During the re-illumination phase, both control and re-
illuminated plants increased their LRR_NSC. However, the 
magnitude of the increases depended on the elevation and 
on duration of re-illumination (significant interaction effect 

of “light treatment re-illumination” × “date” × “elevation” on 
LRR_NSC, Table 2, Fig. 3d–f). After 15 days, both control 
and re-illuminated plants from 1600 m showed no increase 
in LRR_NSC; significant increases in re-illuminated plants 
were observed during the second period of the re-illumina-
tion phase (HSD Tukey test p < 0.001), when re-illuminated 
plants showed 6.4 times higher increase than control plants 
(Fig. 3d). In contrast, for both control and re-illuminated 
plants from 2800 and 3600 m, LRR_NSC increased pro-
gressively during this experimental phase (HSD Tukey test 
p < 0.001 for 2800 and 3600) (Fig. 3e and f) and the increase 
in re-illuminated plants relative to controls was lower than 
for 1600 m plants; for plants from 2800 m the increase was 
2.7 times higher than in control plants (Fig. 3e), while in 
plants from 3600 m it was 3.7 times higher than in control 
plants (Fig. 3f).

Growth versus storage

After 30 days of darkness, plant biomass was significantly 
less reduced than NSC concentrations (Fig. 4a–c). How-
ever, these responses depended on the elevation provenance 
(significant interaction effect of “elevation” × “LRR after 
30 days of darkness” on LRR_biomass and LRR_NSC after 
30 days of darkness, Table 3). The decrease in LRR_NSC 

Table 1  Results from generalized linear mixed-effects models 
(GLMM) testing the effects of elevation (1600, 2800 and 3600  m 
a.s.l), light condition (darkness or re-illumination versus control), 
date (0, 15, 30, 45, 60  days) and the interactions among these fac-
tors on the LRR_biomass, during darkness and re-illumination period 
in the herbaceous alpine plant Phacelia secunda from the Mediterra-
nean Andes of Central Chile (Fig. 2)

d.f. stands for degrees of freedom

Factor d.f Χ2 P (< X2)

LRR_biomass darkness
Date 2 5.37 0.068
Light treatment (darkness) 1 156.17  < 0.001
Elevation 2 40.95  < 0.001
Light treatment (darkness) * Date 2 102.43  < 0.001
Date * Elevation 4 25.94  < 0.001
Light treatment (darkness) * Elevation 2 22.98  < 0.001
Light treatment (darkness) * Date * 

Elevation
4 13.95 0.007

LRR_biomass re-illumination
Date 2 1717.87  < 0.001
Light treatment (darkness) 1 683.66  < 0.001
Elevation 2 254.53  < 0.001
Light treatment (darkness) * Date 2 198.71  < 0.001
Date * Elevation 4 71.41  < 0.001
Light treatment (darkness) * Elevation 2 84.415  < 0.001
Light treatment (darkness) * Date * 

Elevation
4 18.59  < 0.001

Table 2  Results from generalized linear mixed-effects models 
(GLMM) testing the effects of elevation (1600, 2800 and 3600  m 
a.s.l), light condition (darkness or re-illumination versus control), 
date (0, 15, 30, 45, 60 days) and the interactions among these factors 
on the LRR_NSC, during darkness and re-illumination period in the 
herbaceous alpine plant Phacelia secunda from the Mediterranean 
Andes of Central Chile (Fig. 3)

d.f. stands for degrees of freedom

Factor d.f Χ2 P (> X2)

LRR_NSC darkness
Date 2 71.00  < 0.001
Light treatment (darkness) 1 347.59  < 0.001
Elevation 2 24.47  < 0.001
Light treatment (darkness) * Date 2 444.37  < 0.001
Date * Elevation 4 31.81  < 0.001
Light treatment (darkness) * Elevation 2 34.09  < 0.001
Light treatment (darkness) * Date * 

Elevation
4 57.89  < 0.001

LRR_NSC re-illumination
Date 2 1052.09  < 0.001
Light treatment (darkness) 1 537.49  < 0.001
Elevation 2 555.96  < 0.001
Light treatment (darkness) * Date 2 181.35  < 0.001
Date * Elevation 4 245.31  < 0.001
Light treatment (darkness) * Elevation 2 88.13  < 0.001
Light treatment (darkness) * Date * 

Elevation
4 183.69  < 0.001
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was 12.5-fold greater than the decrease in LRR_biomass 
resulting from leaf shedding (HSD Tukey test p < 0.001, 
Fig. 4a) for plants from 1600 m, but only 2.8-fold and 1.7-
fold greater for plants from 2800 m and 3600, respectively 
(HSD Tukey test p < 0.001 and p = 0.012, respectively, 
Fig. 4b and c).

After 30 days of re-illumination, plants from the differ-
ent elevations showed recovery in both biomass and NSC 
concentration with respect to 30 days of darkness. For all 
elevations, increases in NSC concentration were higher than 
increases in biomass, although their magnitudes depended 
on the elevation provenance (significant interaction effect 
of “elevation” × “LRR after 30 days of re-illumination” on 
LRR_biomass and LRR_NSC after 30 days of re-illumina-
tion with respect to 30 days of darkness, Table 3, Fig. 4d–f). 
In plants from 1600 m, the increase in LRR_NSC was 1.5-
fold higher than LRR_biomass, (HSD Tukey test p = 0.003, 
Fig.  4d). By contrast, the increase in LRR_NSC was 
2.1- and 1.9-fold significantly higher than the increase in 

LRR_biomass in plants from 2800 and 3600 m, respectively 
(HSD Tukey test p < 0.001 for both, Fig. 4e and f).

Starch, fructans and total soluble sugars

Elevation, light conditions, time and all their interactions 
significantly affected the concentration of starch, fructans 
and TSS (Table 4). Although control plants from all eleva-
tions showed an increase in starch, fructans and TSS con-
centrations during the experiment, starch was the main C 
storage form in 1600 m plants. Further, in plants from this 
elevation, darkness caused decreases in all fractions, while 
TSS had a higher recovery than starch and fructans after 
re-illumination (Fig. 5d). In contrast, starch was the main 
compound that increased during the experiment in control 
plants from 2800 m, while fructans concentration was lower 
and remained constant over the whole experimental period 
(Fig. 5b). During the period of darkness and subsequent 
re-illumination, the concentration of all compounds var-
ied similarly in plants from 2800 m (Fig. 5e). Finally, all 
fractions had similar concentrations in plants from 3600 m, 
although starch represented a lower fraction by the end of 
the experimental period (Fig. 5c). Also, the response to re-
illumination of plants from 3600 m was characterized by a 
greater recovery of fructans than starch and TSS, both after 
15 and 30 days of re-illumination (Fig. 5f).

Discussion

We found that the dynamics of biomass and carbohydrate 
storage in response to darkness and re-illumination differed 
between elevational provenances in a widely distributed 
alpine plant species. By evaluating the storage and biomass 
in Phacelia secunda plants from three elevations of the Med-
iterranean Andes of Chile, we found that under C limitation 
(darkness) plants from all elevations reduced proportionally 
more their NSC concentrations than their biomass. However, 
the magnitude of such reductions differed among elevation 
provenance: the reduction in NSC concentration was 12.5-
fold greater than the reduction in biomass in low-elevation 
plants, but only 2.8- and 1.7-fold greater in mid- and high-
elevation plants, respectively. These results are consistent 
with a higher importance of allocation to storage relative 
to biomass in mid- and high-elevation plants compared 
to low-elevation plants. Conversely, biomass formation 
appeared relatively more important in low- than mid- and 
high-elevation plants. Similar elevational differences in C 
allocation priorities can be also inferred from biomass and 
NSC changes during re-illumination, when increases in NSC 
concentration relative to increases in biomass were higher in 
high- than in low-elevation plants (1.9 and 1.5, respectively). 
In addition, while low-elevation plants started to increase the 
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Fig. 3  Log10 of the ratio between non-structural carbohydrate (NSC) 
concentration after 30 days of darkness and initial NSC concentration 
in the herbaceous alpine plant Phacelia secunda from three elevations 
of the Mediterranean Andes of Central Chile: 1600 m (a), 2800 m (b) 
and 3600 m (c) (left panels).  Log10 of the ratio between NSC concen-
tration after 30 days of re-illumination and NSC concentration after 
30 days of darkness in Phacelia secunda from three elevations of the 
Mediterranean Andes of Central Chile: 1600 m (d), 2800 m (e) and 
3600  m (f) (right panels). Values > 0 and < 0 indicate increase and 
decrease in NSC concentration, respectively. Error bars denote ± 2SE 
of the mean (n = 6)
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biomass soon after the beginning of re-illumination, they 
increased their NSC concentration only during the second 
half of the re-illumination period. By contrast, high-eleva-
tion plants started to recover both C sinks immediately after 
re-illumination. Thus, our study suggests that C allocation 
to growth and storage in alpine plants is not only a result of 
short-term responses to environmental cues but may also 
reflect population differences (e.g. ecotypic), as it has been 
previously proposed (Smith et al. 2003; Wiley and Helliker 
2012).

Although we inferred C allocation priorities based on 
two light treatments (darkness or re-illumination), responses 
during re-illumination are likely more conclusive. Darkness 
provoked a negative C balance and plants had to remobi-
lize their C reserves for survival during this period. Instead, 
responses of C-limited plants during re-illumination indi-
cate the fate of C right after a positive C gain was resumed 
(Weber et al. 2018). However, NSC changes during dark-
ness may also be informative on allocation priorities, as 
the rate of remobilization of C reserves during C limitation 

Fig. 4  LRR_biomass30 and  LRR_NSC30 (after 30  days of darkness, 
relative to the initial day) in the herbaceous alpine plant Phacelia 
secunda from three elevations of the Mediterranean Andes of Central 
Chile: 1600 m (a), 2800 m (b) and 3600 m (c) (top panels).  LRR_
biomass60 and  LRR_NSC60 (after 30 days of illumination relative to 

30 days of darkness) in Phacelia secunda plants from three elevations 
of the Mediterranean Andes of Central Chile: 1600 m (d), 2800 m (e) 
and 3600  m (f) (bottom panels). Different letters denote significant 
differences between means (p < 0.05). Error bars denote ± 2SE of the 
mean (n = 6)

Table 3  Significance of the evaluated factors on NSC concentrations 
and plant biomass after 30 days in darkness and after 30 days of re-
illumination (relative to initial values and relative to end of darkness, 
respectively) in the herbaceous alpine plant Phacelia secunda from 

Andes of Central Chile, according to linear mixed-effects models 
(LMM) with repeated measures, between elevations (1600, 2800 and 
3600 m a.s.l)

d.f.num stands for degrees of freedom of the numerator, degrees of freedom for denominator (d.f.den) = 30

Factor d.f.num F value p value

LRR_biomass and LRR_NSC after 30 days of darkness
Elevation 2 14.417  < 0.001
LRR after 30 days of darkness 1 232.468  < 0.001
Elevation: LRR after 30 days of darkness 2 19.067  < 0.001
LRR_biomass and LRR_NSC after 30 days of re-illumination
Elevation 2 73.493  < 0.001
LRR after 30 days of re-illumination 1 178.450  < 0.001
Elevation: LRR after 30 days of re-illumination 2 19.925  < 0.001
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is potentially dependent on the metabolic demands. For 
example, interspecific differences in allocation to growth 
and to storage are exhibited amongst species of contrasting 
light requirements even under C limitation (Kitajima 1994). 
Similarly, decreases in structural biomass during darkness 
should be associated with a reduction in the C costs of tissue 
maintenance (Piper and Fajardo 2016; Weber et al. 2018). 
Thus, the decrease in structural biomass observed in high-
elevation plants (mostly driven by leaf shedding according 
to our personal observations) probably meant less biomass 
to maintain and hence a saving of C reserves.

Contrary to what we expected, our results pointed to a 
lesser importance of allocation to storage (relative to bio-
mass) in low-elevation plants compared to high-elevation 
plants. This result suggests that plants from 1600 m prior-
itized biomass formation relative to reserve formation, espe-
cially when compared to plants from higher elevations. At 

this elevation, temperature and soil moisture conditions are 
favourable for both photosynthesis and growth during early 
spring and these favourable conditions last for a couple of 
months before the onset of drought (Peñaloza et al. 2001) 
when, as in other Mediterranean systems (Körner 2003b), 
growth ends by early summer as a consequence of severe 
drought. Indeed, stomatal conductance of P. secunda at this 
time is 84% lower than at the highest elevation (Hernán-
dez-Fuentes et al. 2015). Thus, the apparent prioritization 
to growth over storage in low-elevation plants could relate 
to the phenology of these plants, characterized by an early 
occurrence of the growing season and a very short dura-
tion of snow cover compared to higher elevations. A shorter 
period of the snow cover probably determines a lower 
demand of C reserves during winter. Thus, it would not be 
necessary to start winter with too high levels of C reserves. 
On the other hand, the risk of C starvation during summer, 
which we had hypothesized to favour a prioritization of C 
allocation to storage, might be not as severe. It has been 
found that under the frequent summer drought at 1600 m 
P. secunda is still able to assimilate some C (Hernández-
Fuentes et al. 2015), which is probably sufficient to meet 
its metabolic demands and in turn to minimize the risk of 
C starvation. On the other hand, the vegetation cover and 
species richness are higher at lower than at high elevations 
in central Chile (Cavieres et al. 2000), which might imply a 
higher competition for resources and space. In this case, fast 
growth would confer more benefits than storage.

The greater importance of allocation to storage (relative 
to biomass) in mid- and high- elevation plants compared to 
low-elevation ones after severe C starvation, likely reflects 
a strategy to withstand harsh environmental conditions that 
could cause C limitation and C starvation. For example, the 
long duration of the snow cover period characterizing higher 
elevations forces plants to survive at the expense of their C 
reserves, and often to start budbreak and growth under snow. 
For instance, Körner et al. (2019) recently reported that the 
alpine plant Soldanella pusilla resumes growth during the 
winter under 2–3 m of snow, thanks to the large amount of 
NSC that this species accumulated during the summer (at 
the beginning of winter NSC concentration accounted for ca 
50% of the dry matter of leaves and roots). Indeed, that study 
showed that about one-third of the reserves of leaves and a 
smaller fraction (a drop by 9%) of below-ground tissue were 
consumed by metabolism and growth at mid-winter, demon-
strating the importance of C storage for winter survival and 
for a fast growth and reproduction as soon as snow melts. In 
addition, freezing temperatures during the growing season 
can cause significant tissue damage (a form of defoliation) 
and plants usually replace this tissue lost within the grow-
ing season. Further, at high elevations, plants are also more 
subjected to environmental disturbances such as sudden 
changes in cloud cover and summer snow (see climate data 

Table 4  Significance of elevation (1600, 2800 and 3600 m a.s.l), 
light condition (darkness or re-illumination versus control), date (0, 
15, 30, 45, 60 days) and the interactions among these factors on the 
concentrations of compounds (starch, fructans and total low molecu-
lar weight sugars), during darkness and re-illumination period, in the 
herbaceous alpine plant Phacelia secunda from the Mediterranean 
Andes of Central Chile, according to linear mixed-effects models 
(LMM)

d.f.num stands for degrees of freedom of the numerator, degrees of 
freedom for denominator (d.f.den) = 145

Factor d.f.num F value p value

Starch concentration (%DM)
Date 4 569.74  < 0.0001
Light condition 1 4255.92  < 0.0001
Elevation 2 1003.36  < 0.0001
Light treatment * Date 4 439.14  < 0.0001
Date * Elevation 8 96.39  < 0.0001
Light treatment * Elevation 2 595.69  < 0.0001
Light treatment * Date * Elevation 8 11.95  < 0.0001
TSS concentration (%DM)
Date 4 116.06  < 0.0001
Light condition 1 908.19  < 0.0001
Elevation 2 44.87  < 0.0001
Light treatment * Date 4 69.25  < 0.0001
Date * Elevation 8 16.61  < 0.0001
Light treatment * Elevation 2 22.41  < 0.0001
Light treatment * Date * Elevation 8 6.34  < 0.0001
Fructans concentration (%DM)
Date 4 515.42  < 0.0001
Light condition 1 3091.82  < 0.0001
Elevation 2 190.40  < 0.0001
Light treatment * Date 4 232.87  < 0.0001
Date * Elevation 8 66.77  < 0.0001
Light treatment * Elevation 2 191.90  < 0.0001
Light treatment * Date * Elevation 8 49.67  < 0.0001
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Sierra-Almeida and Cavieres (2010)), which may strongly 
limit the light availability for photosynthesis.

At first glance, the biomass increases after re-illumination 
exhibited by C-limited plants (i.e. after 30 days of dark-
ness) relative to controls, that were higher in high-elevation 
than in mid- and low-elevation plants (Fig. 2 and Table A1), 
seems opposite to the idea of a lower importance of C allo-
cation to biomass in these plants than in their low-elevation 
counterparts. The higher biomass increase in high-elevation 
plants could be related to the natural seasonal cycles in the 
field. High-elevation plants experience longer periods of a 
deep snow cover (i.e. darkness) during winter months than 
low-elevation plants. Indeed, this plant species loses its 
foliage under the snow and fully regrows during spring (C. 
Reyes-Bahamonde and L.A. Cavieres, personal observa-
tions). Thus, although growth likely starts before snow melt-
ing in high-elevation plants (see above), it is possible that 
light regulates developmental transitions (e.g. triggers fast 
re-growth) in high-elevation populations (e.g. Kami et al. 
2010). By contrast, light is probably not a strong signal for 
growth initiation in low-elevation plants, since the period 
of snow cover during the winter is much shorter (there are 
years with no snow cover, indeed), and the beginning of 
the growing season is not related to snow melting. Despite 
the greater biomass increase shown by high-elevation plants 
than by low-elevation plants relative to their corresponding 
controls, it is important to note that high-elevation plants 

showed a much higher increase in NSC concentration than 
in biomass with respect to control plants (i.e. 8.8 and 3.22 
times for NSC concentration and biomass in plants subjected 
to darkness–re-illumination, respectively, versus 1.79 and 
1.33 times for NSC concentration and biomass in control 
plants, respectively, Table A1, Figs. 2 and 3). Therefore, 
when results of C allocation in high-elevation plants during 
re-illumination are interpreted relative to control plants, they 
still suggest a shift in C allocation, showing higher impor-
tance of C allocation to storage over growth.

Our results also suggest ecotypic differences in the frac-
tions of NSC. After re-illumination, TSS concentration 
recuperated more than starch and fructans in plants from 
1600 m (Fig. 5d). This could be an intrinsic response of 
low-elevation plants, since they are naturally subjected to 
summer drought (Hernández-Fuentes et al. 2015). Some 
soluble sugars act as osmotic agents, helping to maintain 
the physical structure and (supra-) molecular components 
of cell membranes. The increase in concentration of solu-
ble sugars with osmotic activity is an important adapta-
tion of plants to drought stress (Handa et al. 1983; Körner 
2015). Our results agree with those of García-Lino et al. 
(2017), who found that Laretia acaulis, an alpine cush-
ion plant from central Chile, had high concentrations of 
low-weight molecular sugars at low and mid-elevations 
throughout the growing season, which could reflect a high 
C investment in osmoregulation and osmoprotection. Thus, 

Fig. 5  Concentrations of starch, fructans and total soluble sugars 
(TSS) in the herbaceous alpine plant Phacelia secunda from 1600 m, 
2800  m and 3600  m of the Mediterranean Andes of Central Chile. 
Figures a, b and c correspond to control light conditions, while d, e 

and f correspond to darkness and subsequent re-illumination. Arrow 
denotes the beginning of re-illumination in the darkness condition. 
Error bars denote ± 2SE of the mean (n = 6)
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although storage did not seem to be a priority of alloca-
tion in plants from the lowest and driest elevation, the 
preferential formation of sugars rather than of starch and 
fructans suggests that storage was highly regulated (i.e. C 
allocation for osmoregulation).

After a period of C limitation, plants from high elevations 
tended to restore their C reserves, accumulating fructans 
and—to a less extent—starch (Fig. 5f). Fructans are rec-
ognized as one of the main forms of C storage in ca. 12% 
of higher plants, even some families (i.e. Asteraceae) store 
fructans only (Hendry 1993). Vegetative tissues of fructans-
rich species have generally low concentrations of starch 
(Hendry 1987; Pollock 1986). Although the predominant 
role of fructans is to bridge temporal gaps between resource 
availability and demands, Chatterton et al. (1989) indicated 
that fructans accumulation is not an alternative to starch for-
mation. They described fructans as an auxiliary form of car-
bohydrate storage that accumulates in the vacuole to allow 
photosynthesis to continue at cool temperatures when other 
storage pools are saturated. However, it has been observed 
that fructans can also regulate osmosis during bloom (Le 
Roy et al. 2007) and protect against freezing and drought 
stress through membrane stabilization (Hincha and Hage-
mann 2004). Since in plants from 3600 m fructans were 
significantly reduced by darkness but were soon recovered 
during re-illumination, our results suggest that in plants of 
this elevation fructans could play both storage and cryopro-
tective roles.

We expected that predictions (iii) and (iv) were be par-
ticularly evident in plants from the high and low elevations, 
but not for mid-elevation plants. In contrast, we found 
that after the darkness period, plants from mid-elevation 
responded similar to low-elevation plants showing a high 
decrease in NSC concentration, but decreased their biomass 
like high-elevation plants. However, the difference between 
decreases in NSC concentration and biomass were not simi-
lar to high- or low-elevation plants (Fig. 4b). This response 
could indicate that mid-elevation plants present high NSC 
utilization during a period of darkness, such as low-elevation 
plants, but a significant loss of biomass due to leaf shedding, 
such as high-elevation plants. Therefore, in plants from mid-
elevation, a more balanced allocation to both storage and 
growth could reflect less stressful condition at this eleva-
tion. On the other hand, plants from mid-elevation showed 
higher NSC concentration recovery than biomass after re-
illumination (Fig. 4e). Contrary to what we expected, this 
recovery was much greater than in the other two elevations, 
suggesting that among the three provenances mid-elevation 
plants prioritized storage relative to growth. A possible 
explanation would be that the photosynthesis rates of plants 
from 2800 m are higher and/or respiration rates are lower 
than that of plants from the other elevations. However, we 
have no data to support this explanation, and thus, further 

research is needed to elucidate drivers of C allocation at the 
mid-elevation.

Our results are consistent with the view of C storage in 
alpine plants as a sink itself (i.e. carbon reserves formation, 
sensu Chapin et al. 1990) and not only as the result of an 
accumulation driven by the higher sensitivity of growth than 
of photosynthesis to low temperatures (Boyer 1970; Muller 
et al. 2011). All plants, but more so those from mid- and high 
elevations, increased their NSC concentrations after a period 
of C limitation and at the same time that they increased their 
structural biomass. As a potential explanation for the lower 
allocation to storage in low than mid- and high-elevation 
plants, we suggest that the occurrence of summer drought 
by the end of the growing season, associated with non-zero 
C gain (Hernández-Fuentes et al. 2015), promotes levels of 
C accumulation which are sufficient to avoid C starvation 
during summer drought and to meet C demands during win-
ter. Our study therefore suggests that low temperature, but 
not drought, favours C allocation to storage over growth. 
Nonetheless, the preferential formation of sugars over starch 
exhibited by low-elevation plants demonstrates that storage 
is highly regulated in drought-adapted plants.
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