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ABSTRACT
We investigated the impact of open-top chamber (OTC) passive warming systems at molecular and ecophysiological levels on 
Deschampsia antarctica (DA) and Colobanthus quitensis (CQ) in Antarctica. In this field campaign, OTC led to more benign 
conditions early in the growing season but ultimately intensified drought stress and increased extreme heat events, affecting 
photosynthetic capacity, metabolism and dehydration tolerance in DA; however, CQ remained relatively unaffected. DA ex-
hibited significant reductions in photosynthesis primarily due to stomatal and mesophyll limitations. Furthermore, DA plants 
grown under OTC conditions showed a notable 17% decrease in leaf mass per area (LMA), a crucial trait associated with stress 
tolerance. Metabolic profiling revealed an increased accumulation of osmoprotectants and protein stabilisers (soluble sugars, 
trehalose, myo-inositol and galactinol), secondary metabolite precursors (tryptophan and nicotinate) and cell wall constituents 
(xylose) in OTC-grown DA, suggesting a robust metabolic response to stress. However, these metabolic adjustments were insuf-
ficient to counteract the decline in LMA and maintain dehydration tolerance. This study thereby provides new insights into the 
physiological and metabolic limitations of Antarctic vascular plants under future warming and drying scenarios.

1   |   Introduction

Tundra ecosystems are among the terrestrial biomes most threat-
ened by global warming in recent decades (Henry et al. 2022). 

Specifically, the southern high latitudes, such as maritime 
Antarctica and the Antarctic Peninsula, have experienced no-
table temperature increases, averaging 0.1°C per decade over 
the past 50 years (Steig et  al.  2009; Turner et  al.  2016; Jones 
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et al. 2019; González-Herrero et al. 2022). Annual temperatures 
are projected to rise by 0.5°C–1.5°C across the Peninsula, with 
larger increases in autumn and winter (~2°C) over the next two 
decades (Bozkurt et al. 2021).

Open-top chambers (OTC) allow researchers to simulate the 
predicted warming effects driven by climatic change under field 
conditions, providing valuable information about plant commu-
nity performance when exposed to increased temperatures (De 
Alencar et al. 2024). However, OTCs not only increase tempera-
ture but also significantly affect the environmental conditions 
by altering radiation, vapour pressure deficit (VPD), soil mois-
ture and wind sheltering, among other factors, which need to 
be well documented to understand plant behaviour under those 
conditions (Henry et al. 2022; Hollister et al. 2023).

Photosynthesis, like all biological processes, is primarily affected 
by temperature but also by several other factors, like water avail-
ability. These factors significantly impact the complex interaction 
between diffusive (stomatal and mesophyll conductances) and 
photobiochemical (mainly related to Rubisco activity) processes 
(Salvucci and Crafts-Brandner  2004; Yamori et  al.  2010, 2014; 
Flexas et  al.  2014; Fernández-Marín, Gulías, et  al.  2020; Moore 
et al. 2021). The two native Antarctic vascular species, Colobanthus 
quitensis (CQ) and Deschampsia antarctica (DA), maintain signifi-
cant photosynthetic rates at low temperatures, with approximately 
30% of their maximum photosynthesis at 0°C (Xiong et al. 1999), 
although their optimal temperature range for photosynthesis is be-
tween 10°C and 23°C (Edwards and Smith 1988; Xiong et al. 1999; 
Sáez, Galmés, et al. 2018; Clemente-Moreno et al. 2020a, 2020b; 
Gago et al. 2023). Leaf temperatures in Antarctic field conditions 
rarely reach these levels, suggesting that low temperatures sig-
nificantly limit photosynthesis during the growing season (Xiong 
et al. 1999; Sáez, Cavieres, et al. 2018). In this sense, temperature 
increases in the last decade have been linked to improved growth 
and dominance of both vascular species in the Antarctic tundra, 
particularly in the northern latitudes of the continent (Cannone 
et al. 2022; Ramírez et al. 2024). However, in Antarctica, terres-
trial primary productivity is not just constrained by low tempera-
tures but also by water and nutrient availability (Crawford 2008; 
Fernández-Marín, Gulías, et al. 2020; Gago et al. 2023).

Both CQ and DA exhibit characteristic xerophytic leaf adap-
tations, including high leaf mass per area (LMA), thick cell 
walls, enhanced photoprotection, and a high Rubisco speci-
ficity factor, which collectively improve water use efficiency 
(WUE) and dehydration stress tolerance (Sáez, Cavieres, 
et al. 2018). These adaptations are complemented by hydraulic 
mechanisms that prevent xylem vessel collapse during freez-
ing and drought (Gago et  al.  2014; Nardini  2022; Ramírez 
et al. 2024). Further, both species showed higher levels of the 
water–water cycle, non-photochemical quenching, high levels 
of superoxide dismutase, ascorbate peroxidase, anti-freezing 
proteins, nutrient mobilisation, unsaturated lipids (to maintain 
membrane fluidity and functionality), respiratory metabolism 
and important non-enzymatic antioxidant biochemistry (Bravo 
et al. 2001; Pérez-Torres, Dinamarca, et al. 2004; Pérez-Torres, 
García, et al. 2004; Clemente-Moreno et al. 2020a, 2020b; Gago 
et al. 2023), all of which help to alleviate oxidative stress when 
photosynthesis (the major electron sink) is impaired in these 
extreme environments (Fernández-Marín, Gulías, et al. 2020).

For both species, Sáez, Cavieres, et  al.  2018; Sáez, Galmés, 
et  al.  2018 reported that in  situ warming reduced some xero-
phytic traits, such as LMA and leaf density, whereas increasing 
chloroplast surface exposed to mesophyll airspaces and decreas-
ing the distance between chloroplast and cell wall. Overall, these 
changes promoted higher mesophyll conductance (gm) and net 
photosynthesis (AN). Nevertheless, a key question that remains 
unanswered is whether these morphological and biochemical 
rearrangements, induced by benign temperatures, will ulti-
mately affect their stress tolerance. Although these changes may 
enhance photosynthetic capacity, it is unclear if they will com-
promise the xerophytic traits that are essential for survival in the 
harsh Antarctic environment. Understanding this relationship 
is crucial for predicting the future development of these species 
in the tundra under changing climatic conditions. Here, we ex-
amined the response of CQ and DA to increased temperatures, 
including extreme peak events during their growing season at 
field conditions, as imposed by OTCs on King George Island. 
This knowledge will provide new insights into how Antarctic 
ecosystems may respond to climate change.

2   |   Material and Methods

2.1   |   Study Site and In Situ Warming System

The experimental site was located in the vicinity of Henryk 
Arctowski Polish Antarctic Station (62°09′ S, 58°28′ W) 
on Puchalski Hill in the South Shetland Islands, maritime 
Antarctica. At this location, both perennial native vascular 
species, Deschampsia antarctica Desv. (DA) and Colobanthus 
quitensis (Kunth) Bartl. (CQ), are abundant and intermixed with 

FIGURE 1    |    (A) Picture of the experimental site where the open-top 
chambers (OTC) and open space (OS) were located at Puchalski Hill in 
the vicinity of Henryk Arctowski station (King George Island, maritime 
Antarctica). (B) Top view of Deschampsia antarctica and Colobanthus 
quitensis plants growing within the moss carpet in the OTC and OS.
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dominant bryophyte vegetation, forming a continuous moss car-
pet (Figure 1).

The dominant species in the moss carpet are Sanionia georgico-
uncinata (Müll.Hal.) Ochyra and Hedenäs, Polytrichum pil-
iferum Hedw., and Polytrichastrum alpinum (Hedw.) G.L.Sm. 
(Kozeretska et al. 2010). DA and CQ individuals are dispersed 
within the moss, with DA being more abundant (70–200 indi-
viduals per m−2) and larger in size (ca. 10 cm2) compared to CQ 
(20–150 individuals per m−2, ca. 2 cm2) (Cavieres et  al.  2018). 
Precipitation at the site primarily falls as snow (ca. 700 mm an-
nually), and the growing season is characterised by cloudy and 
windy conditions, although brief periods of clear skies can re-
sult in high radiation intensities (ca. 2000 μmol m−2 s−1) (Angiel 
et al. 2010).

Ten similar 1 m2 vegetation plots were selected for the instal-
lation of hexagonal open-top chambers (OTCs), identical to 
those used in the International Tundra Experiment (ITEX) 
for passive warming in alpine and Arctic tundras (Hollister 
et al. 2023). These OTCs were installed in December 2012, as de-
scribed previously by Sáez, Cavieres, et al. (2018); Sáez, Galmés, 
et al. (2018). The chambers were constructed using Plexiglass to 
form 40 cm-high walls with a basal diameter of 115 cm. To facil-
itate airflow and prevent excessive heat, each chamber wall was 
perforated with 25 holes of 1.5 cm in diameter.

Open spaces (OS), located 2 m away from the OTCs to avoid their 
influence, were selected as control. Microclimate conditions, in-
cluding air temperature, relative humidity (RH), and photosyn-
thetically active radiation (PAR), were monitored at 5 cm above 
ground level every hour using two HOBO-U-30 stations (Onset 
Computer Corp.).

From 1st–5th February 2017, individuals from both species in 
the OTC and OS plots were randomly selected for gas-exchange 
measurements, leaf dehydration tolerance assessments, and 
metabolomics sampling. Leaf temperatures were measured 
using a T-type thermocouple Gauge 30, connected to a ther-
mocouple interface SmartFlex-Hobo (Onset Computer Corp.) 
in one individual per species per condition. Soil water content 
(SWC) was recorded using a soil probe Hobo-10HS Smart sensor 
(Onset Computer Corp.) at a depth of 10 cm with a frequency of 
1 reading/h.

2.2   |   Gas-Exchange Measurements

Photosynthesis was measured in five individuals of DA and CQ 
from both the OTC and OS plots during the first week of February 
2017, between 08:00 and 16:00. On most occasions, the leaves 
did not fully cover the measurement chamber area. Therefore, a 
picture was taken to precisely calculate the leaf area inside the 
chamber using ImageJ software (Schneider et al. 2012). Leaves 
were carefully positioned in the gas-exchange measurement 
chamber (2 cm2; Li-6400-40), ensuring no overlap and good con-
tact with the leaf thermocouple of the open gas-exchange system 
(equipped with a fluorometer) (Li-6400XT; Li-Cor Inc.).

Gas-exchange measurements were conducted at two block 
temperatures, 15°C and 5°C, imitating optimal and sub-
optimal temperatures for photosynthesis (Sáez, Cavieres, 
et al. 2018; Sáez, Galmés, et al. 2018 and references therein) 
that can be frequently reported under field conditions during 
the growing season (Figures  2 and S1). Once steady-state 
conditions were reached, net photosynthesis (AN), stomatal 
conductance (gs), substomatal CO2 concentration (Ci), and 

FIGURE 2    |    Leaf temperature for Deschampsia antarctica (A) and Colobanthus quitensis (B) recorded throughout the 2016–2017 growing season 
in plants located inside the open-top chamber (OTC) and outside (OS).

 13993054, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.70399 by C

ochrane C
hile, W

iley O
nline L

ibrary on [04/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 of 15 Physiologia Plantarum, 2025

maximum fluorescence under light conditions (Fm′), using 
a saturating pulse (8000 μmol quanta, 0.8 s duration) were 
recorded. Chamber conditions were set to 400 ppm CO2 of 
Ca, 2000 μmol m−2 s−1 of PPFD (90%:10% red:blue light) and 
50%–70% relative humidity (VPD ranging from 1.5 to 2.5 kPa). 
Additionally, leaves were kept in darkness for 30 min to mea-
sure respiration (Rd). Mitochondrial respiration under light 
conditions was considered as half of Rd (Niinemets et al. 2005).

Electron transport rate (ETR) was calculated as ETR = ΦPSII * 
PAR * α * β (Genty et al. 1990), where leaf absorbance (α) was 
measured using a spectrometer (HR2000CG-UV-NIR; Ocean 
Optics Inc.), following the same Li-COR led light settings pre-
viously described. The partitioning of energy between PSII/
PSI (β) was determined for each temperature as described 
by Clemente-Moreno et  al.  (2020a, 2020b). Photorespiration 
was calculated following the model proposed by Valentini 
et al. (1995), combining gas-exchange and chlorophyll fluores-
cence. This model assumes that all reducing power produced 
through electron transport is employed for either photosyn-
thesis or photorespiration, with chlorophyll fluorescence 
measurements as a reliable proxy for the quantum yield of 
electron transport. Thus, following the known stoichiometries 
of electron use in photorespiration, it can be solved as follows: 
Pr = 1/12 [ETR−4 (Aarea + Rd/2)].

Mesophyll conductance to CO2 (gm) was calculated by employ-
ing the variable J method (Harley et al. 1992), where gm = Aarea/
{Ci−Γ* [ETR + 8 (Aarea + Rd/2)]/[ETR−4 (Aarea + Rd/2)]}. Γ* is the 
CO2 compensation point without mitochondrial respiration, de-
rived from the Rubisco kinetics at both 15°C and 5°C determined 
by Sáez, Cavieres, et al. (2018); Sáez, Galmés, et al. (2018). The 
CO2 concentration at the chloroplast stroma (Cc) was calculated 
as Cc = Ci−Aarea/gm.

Finally, relative photosynthetic limitations, including stomatal 
(ls), mesophyll (lm) and photobiochemical (lb) limitations, were 
estimated following the Grassi and Magnani (2005) model.

2.3   |   Leaf Dry Mass per Area and Relative Water 
Content

Leaf mass per area (LMA) was calculated as the ratio of leaf 
area to dry mass. Leaf area was measured using fresh sam-
ples and analysed employing the ImageJ software (Schneider 
et al. 2012). The samples were then dried in an oven at 65°C 
until a constant weight was achieved (3–4 days), and their dry 
weight was recorded. Photosynthesis on an area basis was 
subsequently transformed to a mass basis using the LMA of 
the same individual.

Relative water content (RWC) was calculated using the formula 
RWC = [(FW−DW)/(TW−DW)] × 100, where FW is the fresh 
weight, TW is the turgid weight, and DW is the dry weight. To 
determine FW, leaf samples were excised from individuals and 
immediately kept in humidity-saturated zip-lock bags for ap-
proximately 30 min until they were weighed in the laboratory. 
After measuring FW, samples were placed in six well-plates, 
covered with distilled water-soaked paper, and left for 24 h at 
4°C to reach full turgor. TW was measured after this period. DW 

was determined by drying the samples at 65°C, as described for 
LMA measurements.

2.4   |   Leaf Dehydration Tolerance

Leaf dehydration tolerance was assessed using the ‘Falcon test’ 
method, as described by López-Pozo et al. (2019). Photosynthetic 
tissues (ca. 100 mg per replicate) were collected and initially hy-
drated by placing them in wet paper for 24 h under dark condi-
tions. After this hydration period, the leaf tissues were transferred 
to 50 mL Falcon tubes and subjected to dehydration at three dif-
ferent humidity levels (80%, 50% and > 10% RH) using desiccants 
(NaCl, MgCl2 and silica gel, respectively) after the atmosphere 
reached the equilibrium. Samples were maintained under these 
dehydration conditions for 48 h. After dehydration, the samples 
were rehydrated with wet paper for 24 h. The whole process was 
conducted in darkness and at a temperature of 22°C–25°C.

At each step of the process, samples were weighed, and dry weight 
was determined by drying them in an oven at 65°C until a constant 
weight was achieved (3–4 days) to calculate RWC. The maximal 
photochemical quantum efficiency of PSII (FvFm) was mea-
sured at each step (initial hydration after 24 h under hydration, 
after desiccation and after rehydration) using a JUNIOR-PAM 
fluorometer (Heinz Walz). Chlorophyll fluorescence was used 
as a proxy for photosynthetic apparatus integrity and, therefore, 
as an indicator of physiological status (López-Pozo et al. 2019). 
Minimum fluorescence (Fo) was estimated under dim measuring 
light, whereas maximum fluorescence (Fm) was induced by a sat-
uration pulse (8000 μmol quanta m−2 s−1, 0.8 s duration). The vari-
able fluorescence (Fv) was calculated as the difference between 
Fm and Fo, and finally, FvFm values were recorded. The percent-
age of recovery of the FvFm was calculated considering the initial 
and the rehydrated values following desiccation.

2.5   |   Primary Metabolite Analysis

Leaf samples were collected at midday from 6 to 8 individuals 
for metabolomic analysis for all species and treatments. They 
were immediately frozen in liquid nitrogen in the field using 
a dry dewar shipper Voyager 12 Cryo (AirLiquide) and stored 
there until our return to continental Chile, where they were 
kept at −80°C. Prior to extraction, the samples were lyophilised. 
The metabolite extraction protocol for primary metabolite anal-
ysis was conducted as previously described (Lisec et al. 2006). 
Ribitol was employed as an internal standard (0.2 mg mL−1 in 
H2O). An aliquot (150 μL) of the polar phase was dried and re-
suspended in methoxyamine hydrochloride (20 mg mL−1 in 
pyridine) and derivatised using N-methyl-N-[trimethylsilyl]tri-
fluoroacetamide (MSTFA).

The GC-TOF-MS system contains a CTC CombiPAL autosam-
pler, an Agilent 6890 N gas chromatograph, and a LECO Pegasus 
III TOF-MS running in EI+ mode. Two sample injection vol-
umes were employed (1 and 10 μL of the derivatised metabolite 
extraction) to cover a broader range of metabolite concentrations 
in our samples. Chromatogram peaks were annotated to metabo-
lites by comparing mass spectra and GC retention times with the 
library from the Golm Metabolome Database (Kopka et al. 2005) 
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using TagFinder (v4.0) and Xcalibur 2.1 software (Thermo 
Fisher Scientific).

2.6   |   Statistics

Two-way ANOVA followed by Tukey's HSD test (p < 0.05) for 
multiple comparisons was performed for gas-exchange and dehy-
dration test measurements; for the rest of the analysis, one-way 
ANOVA was employed. R software (v. 4.1.1.) with the packages 
‘dplyr’, ‘dlookr’, ‘writexl’ and ‘agricolae’ was used for statistical 
analysis.

The Thompson τ method was used to detect outliers in the metab-
olomics dataset. The data were then normalised by subtracting the 
mean and dividing by the standard deviation of each metabolite. 
A multivariate analysis (PLS-DA) was conducted using the online 
software platform MetaboAnalyst 6.0 (https://​www.​metab​oanal​
yst.​ca) to explore the discriminant features associated with differ-
ent metabolites between samples. Fold changes in metabolites be-
tween the OTC and control samples were visualised as a heatmap 
using GraphPad Prism software (Prism version 10.2.3).

3   |   Results

3.1   |   Warmer but Drier: Microclimate Effects 
in OTCs

From 1 December 2016 to 31 March 2017, the average nocturnal 
air temperature at OS was 0.60°C ± 0.07°C, whereas the diurnal 
average temperature was 3.40°C ± 0.06°C. The lowest air tempera-
ture was recorded on the night of March 4th at −6.9°C, whereas 
the highest temperature (12.4°C) occurred on 9th February. Inside 
the OTCs, the average temperature was higher, especially during 
the daytime, with an average of 4.60°C ± 0.08°C. The maximum 

air temperature in OTCs was significantly higher (20.7°C, January 
2017) compared to the OS, whereas minimum temperatures re-
mained similar between treatments (around −6°C; Figure S1).

Leaf temperatures followed a similar pattern to air temperatures, 
showing clear differences between inside and outside the OTCs 
for both species (Figure 2). In DA, the average diurnal leaf tem-
perature inside the OTCs was 6.82°C, with maximum values 
reaching up to 39.7°C during specific periods, whereas the min-
imum temperature was −3.2°C. In contrast, the average diurnal 
leaf temperature in the OS was slightly lower (5.8°C), with maxi-
mum values ranging between 25°C and 26°C, considerably lower 
values than OTC. The absolute minimum temperature at OS was 
−3°C, similar to OTC (Figure 2A). CQ showed the same trend 
as DA, with OTC plants showing a higher average leaf tempera-
ture (6.2°C) than OS (5.6°C). There were important differences 
regarding the maxima, in this case, lower than in DA, but still 
reaching up to 32.5°C, whereas OS plants showed even lower 
maximum values (ca. 25°C). Minimum absolute values were sim-
ilar for both treatments in CQ, with values of −3°C (Figure 2B).

Another relevant result of the microclimate effect of OTCs in 
this growing season was the reduced soil water content at the 
beginning of the summer inside the OTCs (Figure  3), just in-
creasing to similar levels to OS at the end of the growing season 
(at the beginning of February). From this point, both treatments 
displayed similar values for this parameter up to the end of the 
summer season (Figure 3).

3.2   |   Photosynthesis Was Constrained by Drought 
Rather Than Favoured by the In Situ Warming 
of the OTCs

Leaf traits such as leaf absorbance, LMA, and RWC were an-
alysed for both species under the different environmental 

FIGURE 3    |    Soil water content (SWC, L/m3) at a depth of 10 cm recorded throughout the 2016–2017 growing season, comparing conditions inside 
the open-top chamber (OTC) and outside (OS).
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conditions (Table  S1). In DA, a significant reduction in LMA 
was observed in plants growing within the OTCs compared to 
those in OS. CQ exhibited no significant differences in leaf ab-
sorbance or LMA; however, RWC was significantly higher in 
OTC plants compared to those in OS (Table S1).

Net photosynthesis (AN) was measured at two different tem-
peratures (15°C and 5°C) for both species and treatments. 
At 15°C, AN ranged from 4.4 to 0.9 μmol CO2 m−2 s−1 in DA 
and from 6.9 to 6.2 μmol CO2 m−2 s−1 in CQ. When measured 
at the suboptimal temperature of 5°C, AN ranged from 1.4 
to 0.4 μmol CO2 m−2 s−1 in DA and from 5.9 to 4.7 μmol CO2 
m−2 s−1 in CQ (Table 1). Compared to previous field campaigns 
at the same location, these values were extremely low for DA 
and within a similar range for CQ (Sáez, Galmés, et al. 2018; 
Gago et al. 2023).

For DA, AN, AN_mass and gs were significantly affected by 
OTCs, regardless of the measurement temperature, with 
higher values observed in OS compared to OTC (Table  1). 
Only ETR was significantly affected interactively by both the 
growing condition and measurement temperature, with plants 
from inside the OTC showing lower ETR values (Table  1). 
Photorespiration (Pr) was the only parameter significantly 
affected by the measuring temperature alone (Table  1). The 
ETR/AN ratio, used to assess physiological status (Perera-
Castro and Flexas 2023), indicated values ranging from 84.2 to 
20.3 μmol e−/μmol CO2 under optimal temperature conditions 
(15°C)—much higher than the typical range for C3 species at 
optimal conditions (7.5–10.5 μmol e−/μmol CO2)—suggesting 
that DA was under severe physiological stress. However, no 
significant differences between OS and OTC were observed 
for this parameter (Table 1).

The response of CQ was different from that of DA. AN showed no 
significant effects, but gs was lower in OTC plants compared to 
OS, with a significant interaction between growing conditions and 
temperature (Table 1). Both Ci and Cc were lower in OTC plants, 
though unaffected by the measurement temperature (Table  1). 
ETR and Pr were strongly influenced by both the measurement 
temperature and the growing site, with Pr showing a significant in-
teraction between these factors, leading to a significant reduction 
associated with the lower measurement temperature (Table  1). 
The ETR/AN ratio also indicated suboptimal physiological condi-
tions for CQ but to a much lesser extent than for DA, with values 
ranging from 14.7 to 33.5 μmol e−/μmol CO2 at optimal tempera-
ture (Table 1). No significant differences in ETR/AN were observed 
between OTC and OS (Table 1). Overall, the OTC environment sig-
nificantly affected gs and photobiochemistry (as reflected by ETR) 
for both species during the summer season (Figures 2, 3 and S1). 
However, gm was not significantly affected by any of the conditions 
tested. This could be explained by the lower values already seen 
in both conditions compared with previous field campaigns (Sáez, 
Cavieres, et al. 2018; Sáez, Galmés, et al. 2018; Gago et al. 2023), 
probably due to the prolonged water limitation imposed from the 
beginning of the growing season (Figure 3). In fact, water limita-
tion could become more severe in DA during this field campaign 
because the individuals within OTCs exhibited bigger size than 
those outside, with this observation being particularly prominent 
in the case of DA, as observed previously (Bravo, pers. comm.; 
Figure S2).

3.3   |   Leaf Dehydration Tolerance of Deschampsia 
antarctica Is Reduced in OTCs

We used the leaf dehydration tolerance test of López-Pozo 
et al. (2019) to assess whether the microclimate of OTCs affected 
the dehydration tolerance of DA and CQ. Initial FvFm values ob-
tained for both species were within the optimal range for an-
giosperms (López-Pozo et al. 2019) and showed no differences 
between plants from OTC and OS (Table 2). Leaf dehydration 
was significant across all treatments, with RWC decreasing by 
11.1%–46.2% in DA and 6.0%–27.9% in CQ.

The level of dehydration was influenced not only by the desiccants 
used but also by the differences between OS and OTC treatments 
in both species. For DA, a significant interaction between treat-
ment and desiccant was observed (Table 2), indicating that drought 
imposed by OTCs may induce structural and biochemical changes 
that affect FvFm under dehydration and the leaf desiccation level 
obtained (RWC_dehydration). Dehydration tolerance, assessed by 
the recovery of the FvFm, also varied depending on the desiccant 
applied. Additionally, dehydration tolerance in DA differed signifi-
cantly between the OTC and OS treatments, with higher recovery 
values obtained in OS than in OTC; these differences were not ob-
served in CQ. In both species, we observed a significant interac-
tion between desiccant and the growing conditions (Table 2). This 
reduction in dehydration stress tolerance in DA plants grown in 
OTCs could be attributed to structural factors (e.g., lower LMA; 
Table S1), as well as biochemical mechanisms, such as increased 
carbon and/or energy investment in secondary metabolism.

3.4   |   Primary Metabolism Was Affected by OTCs

We annotated 52 primary metabolites in both species (Table S2). To 
explore the main differences in metabolic profile, we employed a 
Partial Least Squares Discriminant Analysis (PLS-DA) modelling. 
For DA, the model explained 68.8% of the variance (Figure 4a), 
whereas for CQ, the model explained 40.7% (Figure 4c). These re-
sults are consistent with the gas-exchange data and physiological 
status, showing more pronounced differences between OTC and 
OS treatments in DA than in CQ (Tables 1 and 2).

In DA, the major 10 variable importance in projection’ (VIP) me-
tabolites driving the differences between treatments were mainly 
sugars (glucose, trehalose, and fructose) and TCA cycle interme-
diates (citrate, isocitrate, and malate). The list also included urea, 
mannitol, dehydroascorbate, and tryptophan (Figure 4b). It is im-
portant to note that all these compounds were increased in DA 
plants growing in OTCs when compared to OS plants. For CQ, we 
observed a different pattern, with proline and fumarate emerging 
as the most important metabolites, although with opposite trends 
(proline was lower and fumarate was higher in OTC than OS 
plants). Other significant metabolites included amino acids (me-
thionine, β-alanine, serine, and tyrosine), sugars (glucose and xy-
lose), inositol 1-phosphate and glycerol (Figure 4d).

We also used a heatmap to analyse the changes in metabolite 
levels displayed by plants grown in OTC and OS (Figure  5). 
Regarding DA plants, all the metabolites that displayed statis-
tically significant differences (i.e., 38% of all the annotated me-
tabolites) were increased in OTC growing conditions compared 

 13993054, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.70399 by C

ochrane C
hile, W

iley O
nline L

ibrary on [04/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



7 of 15

T
A

B
L

E
 1

    
|    

P
ho

to
sy

nt
he

tic
 c

ha
ra

ct
er

is
at

io
n 

of
 D

es
ch

am
ps

ia
 a

nt
ar

ct
ic

a 
an

d 
C

ol
ob

an
th

us
 q

ui
te

ns
is

 g
ro

w
n 

in
 o

pe
n 

sp
ac

e 
(O

S)
 a

nd
 in

si
de

 o
pe

n-
to

p 
ch

am
be

rs
 (O

TC
), 

m
ea

su
re

d 
at

 1
5°

C
 a

nd
 5

°C
.

T
 (°

C
)

G
ro

w
in

g 
co

nd
it

io
n

s
A

N
A

N
_m

as
s

g s
C

i
E

T
R

P r
g m

C
c

E
T

R
/A

N

D
es

ch
am

ps
ia

 a
nt

ar
ct

ic
a

15
O

S
4.

4 ±
 1.

5
0.

05
 ±

 0.
02

0.
02

5 ±
 0.

00
7

21
4.

5 ±
 32

.2
60

.3
 ±

 2.
1a

3.
2 ±

 0.
6a

0.
01

2 ±
 0.

00
2

49
.5

1 ±
 1.

0
20

.3
 ±

 5.
2

15
O

TC
0.

9 ±
 0.

6
0.

01
 ±

 0.
01

0.
01

3 ±
 0.

00
3

29
7.

1 ±
 86

.7
42

.3
 ±

 3.
9b

2.
9 ±

 0.
2a

b
0.

00
7 ±

 0.
00

5
46

.4
9 ±

 6.
3

84
.2

 ±
 56

.2

5
O

S
1.

4 ±
 0.

1
0.

02
 ±

 0.
00

0.
02

6 ±
 0.

00
7

33
1.

0 ±
 13

.0
25

.0
 ±

 5.
6c

1.
2 ±

 0.
42

b
0.

00
7 ±

 0.
00

2
84

.9
 ±

 34
.3

16
.9

 ±
 2.

3

5
O

TC
0.

4 ±
 0.

5
0.

01
 ±

 0.
01

0.
01

4 ±
 0.

00
1

37
8.

4 ±
 35

.0
19

.6
 ±

 1.
8c

1.
4 ±

 0.
23

b
0.

00
5 ±

 0.
00

06
48

.6
 ±

 12
.0

15
.6

 ±
 4.

3

p
G

r. 
C

on
d.

0.
02

1
0.

03
3

0.
04

8
0.

22
0

<
 0.

00
1

0.
63

6
0.

32
4

0.
35

3
0.

23
5

T
0.

12
5

0.
12

9
0.

85
1

0.
12

3
<

 0.
00

1
0.

00
1

0.
34

0
0.

33
8

0.
39

8

G
r. 

C
on

d.
*T

0.
26

0
0.

30
2

0.
98

4
0.

77
2

0.
08

7
0.

64
8

0.
70

2
0.

43
8

0.
37

5

Co
lo

ba
nt

hu
s q

ui
te

ns
is

15
O

S
6.

2 ±
 1.

6
0.

07
 ±

 0.
02

0.
19

 ±
 0.

02
a

35
8.

5 ±
 9.

7a
13

4.
6 ±

 15
.0

a
8.

2 ±
 0.

8a
0.

02
2 ±

 0.
00

6
63

.4
 ±

 4.
3

33
.5

 ±
 14

.9

15
O

TC
6.

9 ±
 1.

3
0.

08
 ±

 0.
02

0.
09

 ±
 0.

01
b

31
0.

7 ±
 8.

3b
89

.9
 ±

 6.
5b

4.
30

.3
ab

0.
03

6 ±
 0.

01
0

99
.1

 ±
 13

.2
14

.7
 ±

 2.
3

5
O

S
5.

9 ±
 1.

0
0.

07
 ±

 0.
01

0.
13

 ±
 0.

01
ab

34
6.

2 ±
 7.

0a
b

62
.5

 ±
 8.

0b
c

2.
6 ±

 0.
8b

0.
02

4 ±
 0.

00
7

51
.7

 ±
 19

.5
12

.4
 ±

 3.
3

5
O

TC
4.

7 ±
 1.

1
0.

06
 ±

 0.
01

0.
09

 ±
 0.

02
b

33
2.

7 ±
 15

.3
ab

45
.6

 ±
 3.

7c
1.

8 ±
 0.

4c
0.

02
6 ±

 0.
00

9
10

8.
4 ±

 32
.4

11
.4

 ±
 2.

1

p
G

r. 
C

on
d.

0.
87

4
0.

85
6

<
 0.

00
1

0.
01

0
0.

00
4

0.
00

1
0.

33
4

0.
04

0
0.

19
2

T
0.

35
4

0.
36

3
0.

12
7

0.
65

3
<

 0.
00

1
<

 0.
00

1
0.

63
9

0.
97

8
0.

11
4

G
r. 

C
on

d.
*T

0.
46

6
0.

46
1

0.
04

8
0.

12
4

0.
15

4
0.

02
1

0.
50

9
0.

61
5

0.
24

0

N
ot

e:
 V

al
ue

s a
re

 p
re

se
nt

ed
 a

s m
ea

ns
 ±

 S
E 

(n
 =

 5
–6

). 
Pa

ra
m

et
er

s i
nc

lu
de

 n
et

 p
ho

to
sy

nt
he

si
s o

n 
an

 a
re

a 
ba

si
s (

A
N

; μ
m

ol
 C

O
2 m

−2
 s−1

) a
nd

 m
as

s b
as

is
 (A

N
_m

as
s; 

μm
ol

 C
O

2 g
−1

 s−1
), 

st
om

at
al

 c
on

du
ct

an
ce

 to
 C

O
2 (

g s; 
m

ol
 m

−2
 s−1

), 
C

O
2 

co
nc

en
tr

at
io

n 
in

 su
bs

to
m

at
al

 c
av

iti
es

 (C
i; 

μm
ol

 m
ol

−1
), 

el
ec

tr
on

 tr
an

sp
or

t r
at

e 
(E

TR
; μ

m
ol

 m
−2

 s−1
), 

ph
ot

or
es

pi
ra

tio
n 

(P
r; 

μm
ol

 m
−2

 s−1
), 

m
es

op
hy

ll 
co

nd
uc

ta
nc

e 
to

 C
O

2 d
if

fu
si

on
 (g

m
; m

ol
 m

−2
 s−1

), 
C

O
2 c

on
ce

nt
ra

tio
n 

at
 R

ub
is

co
 

ca
rb

ox
yl

at
io

n 
si

te
s i

n 
th

e 
ch

lo
ro

pl
as

t s
tr

om
a 

(C
c; 

μm
ol

 m
ol

−1
), 

an
d 

th
e 

el
ec

tr
on

 tr
an

sp
or

t r
at

e 
to

 p
ho

to
sy

nt
he

si
s r

at
io

 (E
TR

/A
N

; μ
m

ol
 e

−
/μ

m
ol

 C
O

2)
. S

ig
ni

fic
an

t d
if

fe
re

nc
es

 b
et

w
ee

n 
tr

ea
tm

en
ts

 a
re

 h
ig

hl
ig

ht
ed

 in
 re

d,
 w

ith
 p

-v
al

ue
s 

in
di

ca
tin

g 
th

e 
ef

fe
ct

s o
f g

ro
w

in
g 

co
nd

iti
on

s,
 te

m
pe

ra
tu

re
 (T

) a
nd

 th
ei

r i
nt

er
ac

tio
n.

 D
if

fe
re

nt
 le

tt
er

s r
ep

re
se

nt
 si

gn
if

ic
an

t d
if

fe
re

nc
es

 b
et

w
ee

n 
gr

ou
ps

 b
y 

m
ul

tip
le

 c
om

pa
ri

so
n'

s T
uk

ey
's 

te
st

 (p
 <

 0.
05

).

 13993054, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.70399 by C

ochrane C
hile, W

iley O
nline L

ibrary on [04/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 15 Physiologia Plantarum, 2025

to OS. The most altered group of metabolites was that contain-
ing sugar and sugar alcohols, including glucose, fructose, su-
crose, xylose, trehalose, mannitol, glycerol and myo-inositol 
(Figure 5). TCA intermediates (citrate, isocitrate, malate and fu-
marate) were also significantly increased, as well as nicotinate 
and tryptophan, which are precursors of secondary metabolites 
(Figure 5). In CQ plants, only 16% of the annotated metabolites 
were significantly altered. From these, only three were de-
creased: aspartate, serine and proline. Conversely, methionine, 
fumarate, glycerol, inositol 1-phosphate and xylose were signifi-
cantly increased (Figure 5).

4   |   Discussion

OTCs are used to study climate change impacts in tundra 
and high-elevation ecosystems, particularly in Antarctica, 
where they simulate warming but also modify critical micro-
environmental factors (VPD, soil moisture, wind sheltering) 

(Henry et al. 2022; Hollister et al. 2023). This region faces sig-
nificant climate threats, including rising temperatures and 
uncertain summer precipitation patterns (Bozkurt et  al.  2021; 
González-Herrero et al. 2022). During our study at the Arctowski 
Polish Research Station, typical air temperatures were recorded, 
but soil moisture was lower than in previous assessments (Sáez, 
Galmés, et al. 2018) (Figures 2, 3 and S1), offering valuable in-
sights into the effects of climate change in  situ. In OTCs, DA 
leaf temperatures soared to significant values, reaching ca. 40°C 
during warm, clear-sky days (21°C maximum air temperature 
recorded). This represents a substantial increase in leaf tem-
perature compared to OS plants, which experienced consider-
ably lower leaf temperatures during these days. This elevated 
leaf temperature is likely exacerbated by several factors. Firstly, 
diminished soil moisture, coupled with the larger size of the 
OTC plants, likely intensified drought stress. Secondly, reduced 
transpiration in OTC plants, which typically acts as a cooling 
mechanism, further contributed to higher leaf temperatures. 
Finally, the increased boundary layer by larger OTC plants may 

TABLE 2    |    Dehydration tolerance test for D. antarctica and C. quitensis individuals grown in open space (OS) and inside open-top chambers 
(OTC).

Species
Growing 

conditions Dessicant FvFm initial FvFm dehydrated

RWC 
dehydration 

(%) FvFm Recovery (%)

Deschampsia 
antarctica

OS NaCl 0.78 ± 0.003 0.72 ± 0.02a 46.2 ± 5.6a 93.0 ± 0.8a

MgCl2 0.79 ± 0.006 0.69 ± 0.02ab 38.7 ± 3.6a 87.8 ± 1.9a

Silica 0.77 ± 0.008 0.68 ± 0.01ab 11.1 ± 4.2b 92.1 ± 2.2a

OTC NaCl 0.75 ± 0.170 0.70 ± 0.01ab 38.6 ± 2.3a 95.5 ± 1.4a

MgCl2 0.79 ± 0.007 0.59 ± 0.03bc 19.4 ± 2.1b 88.4 ± 3.4a

Silica 0.78 ± 0.004 0.50 ± 0.04c 13.1 ± 2.3b 73.1 ± 4.7b

F-statistic 2.29 12.79 17.38 8.59

p Grow. cond 0.492 < 0.001 0.003 0.034

Desiccant 0.110 < 0.001 < 0.001 0.004

Grow. conditions: 
Desiccant

0.100 0.023 0.041 0.003

Colobanthus 
quitensis

OS NaCl 0.79 ± 0.01 0.69 ± 0.02a 27.9 ± 3.8a 89.2 ± 3.3ab

MgCl2 0.77 ± 0.02 0.62 ± 0.04a 19.7 ± 3.1ab 83.5 ± 4.9ab

Silica 0.78 ± 0.01 0.62 ± 0.01a 14.8 ± 1.5ab 61.5 ± 7.0c

OTC NaCl 0.76 ± 0.01 0.67 ± 0.05a 22.9 ± 5.2b 89.9 ± 1.3a

MgCl2 0.77 ± 0.01 0.58 ± 0.01a 12.4 ± 0.8b 68.5 ± 4.7bc

Silica 0.73 ± 0.03 0.43 ± 0.02b 6.0 ± 1.6b 81.7 ± 3.5abc

F-statistic 1.28 9.4 5.24 6.69

p Grow. conditions 0.116 0.004 0.045 0.603

Desiccant 0.450 0.001 0.003 0.004

Grow. conditons: 
Desiccant

0.426 0.026 0.852 0.007

Note: Three desiccation treatments were applied: NaCl (80% RH), MgCl2 (45% RH) and Silica gel (< 10% RH). The table includes initial FvFm values, FvFm and relative 
water content (RWC) after 48 h at the desiccation stage, and FvFm recovery (%) after 24 h of rehydration. Values are presented as means ± SE (n = 3). Significant 
differences between treatments are highlighted in red, with p-values reflecting the effects of growing conditions, desiccant, and their interaction. Different letters 
represent significant differences between groups by multiple comparison's Tukey's test (p < 0.05).
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have also increased the risk of extreme heat events (Figures 3 
and 6; Table 1).

This study investigated how the typically benign warming con-
ditions driven by OTCs, when combined with prolonged peri-
ods of reduced water availability and heatwave events during 
this growing season, exacerbated physiological drought and in-
tensified stress in Antarctic vascular plants. Previous research 
has shown that in  situ warming by OTCs can influence pho-
tosynthesis in tundra environments (e.g., Oberbauer et al. 2007; 
Hernández-Fuentes et al. 2015; Henry et al. 2022), as observed 
at our experimental site in King George Island after 4 years of 
warming (Sáez, Cavieres, et al. 2018; Sáez, Galmés, et al. 2018). 
There, CQ showed higher AN driven by increased gm, which was 
linked to anatomical changes such as higher mesophyll surface 
area exposed to mesophyll airspaces per unit leaf area (Sm/S) in 
OTC plants compared to those in OS. This ultimately resulted in 
higher growth for CQ. In contrast, no differences were observed 
in DA (Sáez, Galmés, et al. 2018). It has been shown that, in tun-
dra plant species, long-term responses to warming (with OTC) 
differ from short-term responses, whereas for some species, 

warming-stimulated growth is evident only after long-term ex-
posure (Hollister et al. 2005; Elmendorf et al. 2012), which may 
be the case for DA several years later than the results shown 
by Sáez, Galmés, et al. (2018). In our field campaign, OTC DA 
and CQ plants were much bigger than OS plants, with DA show-
ing larger differences between both sites than CQ (Figure  1). 
The increased size of DA plants within the OTCs would lead 
to increased transpiration and exacerbate physiological drought 
compared to OS conditions; moreover, considering that for the 
central period of the growing season, soil water availability was 
considerably reduced in the OTCs (Figure S1). Additionally, the 
exuberant growth of DA plants in OTCs could partially cover 
CQ, thus restricting incoming radiation, transpiration and 
drought stress (Bravo, pers. comm.; Figure 1). However, AN was 
much lower than those observed in previous years at the same 
site. Both OTC and OS plants exhibited a substantial reduction 
in photosynthesis, with an 85% reduction in AN within the OTCs 
and around a 50% reduction in OS measured at the same tem-
perature (Sáez, Galmés, et al. 2018; Gago et al. 2023). This de-
crease in AN was largely driven by strong diffusive limitations, 
with DA experiencing the most pronounced limitations. In CQ, 

FIGURE 4    |    PLS-DA analysis of the primary metabolic profiles for Deschampsia antarctica (DA) (upper panels) and Colobanthus quitensis (CQ) 
(lower panels). (A and C) Score plots illustrating the separation between individuals from open space (OS) and open-top chambers (OTC) based on 
metabolic profiles. (B and D) The top 10 VIP metabolites contributing to the separation between treatments.
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however, gs and gm were within their usual range when compared 
to previous studies (Sáez, Galmés, et al. 2018; Clemente-Moreno 
et al. 2020a, 2020b; Gago et al. 2023). In fact, the diffusive con-
straints were so severe in DA that, when we measured AN at 
low temperatures by reducing block temperature up to 5°C in 
the gas-exchange measuring chamber, it remained unaffected 
(Table 1). This contrasts with previous studies, which reported 
significant declines in photosynthesis at suboptimal tempera-
tures, but measuring plants under much better physiological 

conditions (Xiong et al. 1999; Sáez, Cavieres, et al. 2018; Sáez, 
Galmés, et  al.  2018; Sanhueza et  al.  2019, 2022; Clemente-
Moreno et al. 2020a, 2020b).

Significant reductions in gs were observed in DA and CQ plants 
grown inside the OTC. Additionally, across all conditions, both 
species exhibited extremely low gm values (Table  1). Beyond 
the well-established role of stomatal closure under drought 
to prevent dehydration (which imposes CO2 limitations on 

FIGURE 5    |    Heatmap of fold changes in metabolite levels for Colobanthus quitensis (CQ) and Deschampia antartica (DA) grown under open-top 
chambers (OTC) and open space (OS) conditions (OTCCQ, OSCQ, OTCDA, and OSDA, respectively). Asterisks indicate significant differences be-
tween growth conditions as determined by the t-test (*p < 0.05; **p < 0.01; ***p < 0.001). The colour scale represents fold changes, with red indicating 
higher levels and blue indicating lower levels of metabolites. The metabolites are sorted and coloured based on their main chemical classes (red for 
amino acids, blue for organic acids, green for sugars and sugar-alcohols, and black for ‘other’ classes).
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photosynthesis), it is now recognised that gm plays a similarly 
important role, if not greater, than gs (Gago et al. 2014; Flexas 
et al. 2016; Nadal and Flexas 2018). Data on similar behaviour 
in tundra species remain scarce, though recent studies on DA 
and CQ grown under various conditions over the past decade 
consistently suggest that gm is the primary limitation for both 
species (Sáez, Cavieres, et  al.  2018; Sáez, Galmés, et  al.  2018; 
Clemente-Moreno et al. 2020a, 2020b; Gago et al. 2023). It has 
been proposed that the strong mesophyll limitation is, at least, 
partially offset by efficient photobiochemistry, such as the high 
Rubisco specificity factor observed in both species at low tem-
peratures (Sáez, Galmés, et al. 2018). The mechanisms behind 
the restricted gm dynamics appear to be linked to xerophytic leaf 
anatomy traits, including increased LMA due to dense meso-
phyll cell packing, which reduces intercellular air spaces, and 
thicker cell walls (Sáez, Cavieres, et al. 2018). Critically, a signif-
icant knowledge gap persists regarding the biochemical mecha-
nisms governing mesophyll conductance (gm) in these Antarctic 
species. Specifically, the roles of key drivers such as aquaporins, 
carbonic anhydrases, and cell wall and membrane composition 
remain largely unexplored, which could provide insights into 
the regulation of gm and adaptation to extreme environments 
(Gago et  al.  2020; Lundgren and Fleming  2020; Evans  2021; 
Mizokami et al. 2022).

An often overlooked aspect of growth and photosynthesis 
changes induced by passive warming methods like OTCs is 
their potential impact on plant stress tolerance. The more be-
nign conditions driven by OTCs could lead to increased carbon 
assimilation and water use efficiency by anatomical improve-
ments (Sáez, Cavieres, et  al.  2018), but those rearrangements 
could reduce leaf dehydration tolerance as previously ob-
served (Gago et al. 2014; López-Pozo et al. 2019; Nardini 2022), 

(Perera-Castro and Flexas 2023; Quintanilla et al. 2023; Nadal 
et al. 2023; Carriquí et al. 2025). In our study, DA plants grown 
under OTC conditions exhibited a significant reduction in LMA 
compared to those observed in OS (Table  S1), suggesting that 
leaf development occurred under past benign conditions in 
the passive warming chamber. However, a lower LMA could 
also indicate reduced tolerance to dehydration (Nardini 2022), 
as LMA is a function of leaf thickness and density, with up to 
70% of density explained by cell wall thickness and composition 
(Onoda et al. 2017), which drives the cell wall elastic modulus 
(ε) (Bartlett et al. 2012). The leaf ε is essential to define a major 
physiological leaf trait for drought tolerance: the leaf water po-
tential at the turgor loss point (Ψtlp). This trait basically sets the 
threshold at which cells lose turgor pressure, increasing the risk 
of plasmolysis, cell collapse and death (Nardini 2022). The lower 
the Ψtlp, the greater the capacity to tolerate dehydration with-
out cell collapse. Species from dry environments tend to present 
lower Ψtlp values accompanied by higher ε (Nadal et  al.  2018; 
Petruzzellis et al. 2021). Our results agree with this, showing re-
duced leaf dehydration tolerance in DA under OTC conditions, 
with a significant 17% reduction in LMA. In contrast, CQ ex-
hibited no significant changes in LMA or leaf dehydration toler-
ance, neither under OTC nor OS (Tables S1 and 2).

In addition to structural leaf traits, dehydration tolerance also 
depends on osmotic agents, cell wall, membrane, and protein-
specific osmoprotectants and antioxidant capacity to mitigate 
oxidative stress (Oliver et al. 2010). For this purpose, we analysed 
the primary metabolic profile of DA and CQ grown in OTCs and 
OS and observed several differences between the conditions for 
both species (Figures 4 and 5). In DA, tryptophan levels were 
increased in individuals grown in OTCs (under severe physio-
logical stress) compared to those from OS (Table  1; Figure  5). 

FIGURE 6    |    Holistic view of the OTCs environment effect in the molecular ecophysiology response of Deschampsia antarctica (DA). Zoom in 
OTC DA individual shows its responses at leaf level regarding leaf structure, photosynthesis, and its physiological drivers, accompanied by its pri-
mary metabolism compared to OS plants. OTC (Open-Top Chamber), OS (Open Space), ETP (Evapotranspiration), SWC (Soil Water Content), LMA 
(leaf dry mass per area), ETR (electron transport rate), AN (net photosynthesis), gs (stomatal conductance).
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The higher levels observed in this metabolite could indicate 
the activation of secondary metabolism antioxidant routes; par-
ticularly, the pathway leading to the production of flavonoids 
and phenylpropanoids, compounds that are known to enhance 
antioxidant capacity (Zhao et al. 1998; Hoffmann et al. 2004). 
We previously observed constitutive, high antioxidant activity 
in DA grown at 5°C and 15°C, although these plants did not 
show drastic changes in tryptophan content (Clemente-Moreno 
et al. 2020b), which could indicate that this route is not activated 
by low temperatures. DA plants grown in OTCs also had higher 
levels of soluble sugars (glucose, fructose, sucrose and trehalose) 
and sugar alcohols (glycerol, mannitol, galactinol and myo-
inositol) than those from OS (Figure 5). These compounds have 
been associated with protein and membrane stabilisation. We 
also observed increased levels of xylose, a component of hemi-
cellulose and indicative of cell wall remodelling, which in turn 
could improve temperature stress tolerance (Tenhaken  2015; 
Panter et al. 2020; Takahashi et al. 2021). Additionally, the in-
termediates of the TCA cycle (citrate, isocitrate, fumarate and 
malate) displayed higher levels in DA from OTCs than those 
from OS (Figure 5). Overall, these metabolic changes are sim-
ilar to those observed when comparing DA plants grown under 
limited nutrient conditions with individuals from nitrogen-rich 
environments (Gago et al. 2023).

We speculate that these molecular responses could improve the 
tolerance of DA to several stress types, such as drought, heat 
and low/freezing temperatures (Sui et al. 2007; Upchurch 2008; 
Kwon et al. 2012; Obata and Fernie 2012; Van den Ende 2013; 
Wang et  al.  2022). Indeed, all these stressful conditions were 
present during the growing season at our experimental site, al-
though they were more severe within the OTCs (Figures 2, 3 and 
S1). These results align well with the higher physiological stress 
observed in DA individuals growing under such conditions 
(Table 1). The accumulation of soluble sugars could also indicate 
changes in carbon allocation, as growth inhibition redirects car-
bon flow from structural or storage compounds to soluble sugars 
(Kaur et al. 2021). Although soluble sugars can play an osmotic 
role, they were insufficient to significantly reduce the Ψtlp and 
prevent cell collapse during the most severe dehydration condi-
tions (silica gel) used in the leaf dehydration test, where leaves 
from the OTC plants exhibited lower tolerance than OS leaves 
(Table  2; Figure  6). Thus, it seems that this metabolic profile 
could alleviate oxidative stress under OTC conditions, but it is 
not enough to compensate for LMA reductions, thus diminish-
ing dehydration tolerance. Further studies are needed to eluci-
date whether osmotic potential and/or modulus of elasticity may 
play an important role in driving dehydration tolerance in these 
species in Antarctica.

In CQ, proline and fumaric acid displayed the highest VIP 
scores in the PLS-DA analysis, although with different trends 
(Figure  4d), and their levels were significantly different in 
plants from OTCs and OS (Figure 5). Unlike DA, no physiologi-
cal stress differences were observed between CQ individuals in 
OTC compared to OS, as suggested by the physiological indica-
tor ETR/AN (Perera-Castro and Flexas 2023) (Table 1). However, 
reductions in gs, ETR and Pr were in line with the lower soil 
water content in the OTCs compared to OS (Figure 3; Table 1). 
The reduced levels of proline in CQ from OTCs compared to 
OS plants could be attributed to its multifunctional role under 

varying environmental conditions, either as an osmolyte, radi-
cal scavenger or energy source once the stress is relieved (Kavi 
Kishor and Sreenivasulu  2014; Gago et  al.  2017; Fernández-
Marín, Nadal, et al. 2020). As previously mentioned, fumarate 
exhibited the opposite trend, with significant increases in CQ 
from OTCs compared to plants from OS (Figure 5). This metab-
olite, an intermediate of the TCA cycle, serves as an additional 
source of carbon skeletons for various biosynthetic pathways, 
besides its role as a precursor of malate (Zell et al. 2010; Arnold 
and Nikoloski  2014). Both fumarate and malate are strongly 
linked to the redox shuttling between organelles, balancing the 
ATP/NADPH ratio and energy supply, key processes during 
stress (Araújo et al. 2011; Dinakar et al. 2016; Wang et al. 2016). 
Fumarate has recently been proposed as a metabolic fail-safe 
mechanism, ensuring constant malate accumulation under 
varying environmental conditions and supporting photosyn-
thetic acclimation to both low and high temperatures (Saunders 
et al. 2022). The TCA cycle also provides oxaloacetate for me-
thionine synthesis in the chloroplast. Notably, methionine was 
one of the 10 VIP metabolites in the PLS-DA analysis, with the 
same trend as fumarate (increased). This phenomenon has also 
been observed in CQ at low temperatures in previous studies 
(Clemente-Moreno et al. 2020a).

5   |   Conclusions

OTCs have a significant impact on the micro-environment and 
physiological responses of Antarctic vascular plants. Previous 
findings indicate that while OTCs provide a beneficial warm-
ing effect, they could also –depending on the growing season 
weather conditions– exacerbate drought and heat stress by in-
creasing VPD and lowering soil moisture. This would lead to 
specific events of high leaf temperature that could not be cooled 
by transpiration. In this sense, we observed that, from the two 
Antarctic vascular species, DA showed the most significant al-
terations through reductions in gs and gm that extremely con-
strained photosynthesis, accompanied by a severe physiological 
stress response. Additionally, DA plants grown in OTCs were the 
most vigorous individuals, although with a marked reduction in 
LMA, probably driven by warmer conditions at the beginning 
of the growing season. This structural acclimation to a benign 
environment may explain its reduced stress tolerance compared 
to plants grown at OS. The primary metabolic profile of DA from 
OTCs showed known drought and heat stress responses, mainly 
driven by the accumulation of secondary metabolite precursors 
(tryptophan and nicotinate), osmolytes and stabilisers of mac-
romolecules (such as glucose, fructose and trehalose, as well as 
glycerol and myo-inositol) and cell wall-related metabolites (xy-
lose). These changes could enhance antioxidant capacity, struc-
ture stabilisation and osmoprotection under drought and heat 
stress to ultimately alleviate oxidative stress; nevertheless, they 
may not compensate for the reduced stress tolerance associated 
with the lower LMA of OTC plants compared to those grown at 
OS. CQ, on the other hand, exhibited fewer physiological, struc-
tural and metabolic differences between OTC and OS, likely due 
to its smaller size compared to DA, which in turn reduced its 
water requirements. Overall, our results indicate that further 
studies are needed to better understand the physiological and 
metabolic responses of Antarctic vascular plants to the pre-
dicted future warming and drying conditions.
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