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ABSTRACT 

In arid environments, stochastic rainfall and high evapotranspiration force plants to optimize 

water resources. North Patagonia is characterized by a deep rainfall gradient that gives rise to 

environments with very contrasting water availability. Festuca pallescens is a key native forage 

species, growing widely in those environments. To explore morphological and physiological 

traits involved in the response to drought, we exposed plants from populations sampled along 

the rainfall gradient to different water availability conditions (Well-watered, Water-pulse, 

Water-drought). We evaluated morphological traits in all populations to assess inter-population 

variability and physiological traits between selected populations from sub-humid and arid 

environments to explore possible macro-environmental responses. Populations showed variation 

in survival after 45 days of drought conditions and differences in the expression of 

morphological traits. Also, populations from arid environments were less affected than those 

from humid environments, showing a longer recovery when they received water pulses. 

Although a population survival pattern related to the rainfall gradient was not evident, 

populations from arid environments exhibited local adaptation to their home environments, 

taking better advantage of water pulses. These results provide information about the response of 

a non-model species to environments with contrasting water availability and possibly, to 

changing rain patterns in arid environments under climate change. 

 

Keywords:  

Jo
ur

na
l P

re
-p

ro
of

https://orcid.org/0000-0003-1270-0437


2 
 

perennial grasses; arid environments; abiotic stress; tillering; Water use efficiency 

 

1. INTRODUCTION 

Drylands are highly vulnerable to altered climatic conditions such as changing rain 

events and increasing temperature, like those predicted by climate change (IPCC 2019). Scarcity 

of water and a great temporal variability in water availability are main constraints in arid 

environments (Synder & Tartowski, 2005). In addition, rainfall is stochastic and scarce while 

evapotranspiration is high (Heinrich, 1979). To cope with these constraints, plants display 

morphological and physiological responses at whole-organism level (Farooq et al. 2009; Kørup 

et al. 2018; Hanslin et al. 2019; Kosová et al. 2022) and economize resources to minimize losses 

by reducing growth rate or resource absorption (Chapin, 1991; Couso, 2011; Grime, 1979; 

Lambers & Oliveira, 2019). This creates a trade-off between the ability to quickly use resources 

when they are available (rapid resource absorption to growth) and tolerate shortage (lower 

growth rates) (Couso et al. 2010). Accordingly, dryland rangeland species usually show 

adaptations to water loss (Munns, 2011; Oyiga et al. 2020; Wang et al. 2007), as well as 

phenotypic (Jump & Peñuelas, 2005; Moreno, 2012; Pigliucci, 2001) and adaptive plasticity 

(Nicotra et al. 2010). Either of the mentioned, solely or in combination, might provide the 

capacity of the species to overcome the predicted climatic alterations.  

In arid environments, plant survival is closely related to soil water availability (Bertiller 

et al., 1995, Snyder & Tartowski, 2006). Unlike other environmental stresses, drought stress 

occurs gradually due to progressive soil drying and a high rate of evapotranspiration. Therefore, 

it is considered one of the main causes of death in plants (Luna Flores et al. 2012). First, plants 

close stomata reducing the exchange of carbon dioxide (CO2); these has a negative impact on 

plant growth (Engelbrecht & Schulz, 2001; Garreaud et al. 2009; Larcher, 2003) and 

instantaneous water use efficiency (WUE) could either show a decline or an increase in C3 

species (Taylor et al. 2011). On the other hand, the water deficit also can produce morphological 

changes on plants, such as a decrease in leaves and stems growth, smaller leaf area and a 

reduction of the specific leaf area (SLA, cm2 gr-1) (Engelbrecht & Schulz, 2001). These changes 

are related to a decrease in transpiration rate, water potential (Ψ) and relative water content. In 

general, there is also a reduction of the aboveground biomass (Khurana & Singh, 2004; Luna 

Flores et al. 2012; Singh & Singh, 2006) and an increment of below ground biomass (Oyiga et 

al. 2020; Wang et al. 2007). 

Grasses constitute one of the most prominent functional groups in North Patagonian 

meadows and steppes (Fernández et al. 1991). Many of these species share functional traits 

relevant to arid and semiarid environments, for example, phenology is coupled with rainfall 

regimes and the root system is deeper than shrubs (Golluscio et al. 2009). Likewise, many 
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morphological and physiological aspects of some grasses are closely related to the Patagonian 

environment´s heterogeneity, such as root anatomy (Leva et al. 2013), the ability to recover 

after a drought event (Yahdjian & Sala, 2006) and adjustments in the above-ground and 

underground biomass ratio (R S-1; Austin & Sala 2002). Many Patagonian grass steppes located 

in the Subandino District of Patagonia phytogeography province (Golluscio et al., 1982; 

Soriano, 1956) are dominated by Festuca pallescens (Gaitan et al. 2019; León et al. 1998).  This 

species is a dominant native species with intense forage use and wide distribution. It inhabits 

different environments in Patagonia where hydric balance is favorable for their establishment 

(i.e. low evapotranspiration rate and deep soils) (León et al. 1998), from forests (with more than 

1000 mm of rain) to steppes (with less than 240 mm of rain) (Bertiller et al. 1990; López et al. 

2019; 2020). Therefore, it can be a dominant species in both wet-meadows (humid 

environments) and highland steppes (semiarid environments) (Bran et al. 2000). In addition, this 

species opportunistically takes advantage of water and nutrient pulses (Coronato & Bertiller, 

1996; Moreno, 2012), presents phenological differences associated with air temperature 

variation (Bertiller et al. 1990) and shows local adaptations to its original environments (López 

et al. 2020).  

North Patagonia is characterized by climatic gradients (rainfall, temperature and 

altitude), a highly complex geomorphology (Gaitan et al. 2019), with low organic matter (OM) 

and poorly developed soils that favors soil compaction and reduces water retention (Godagnone 

& Bran 2009). The rain-shadow effect of the Andes Mountains creates different environmental 

settings from very humid to arid. This west-east decreasing rainfall gradient defines the floristic 

physiognomic types, aridity index and seasonal variations of three ecological regions (Leon et 

al. 1998; Paruelo et al. 1998; Godagnone & Bran 2009). Towards the west, more humid 

environments dominate the Patagonian region: the Cordillera and Pre-cordillera ecological 

regions. These environments are dominated by temperate forest and higher rainfall regimes with 

sandy loam soils (Bianchi et al., 2016; Oesterheld et al., 1998). However, towards the east 

predominates the Hills and Plateaus ecological region, dominated by shrubs and grass steppes 

(Oliva et al. 2016) with less developed soils (very low OM), sporadic rains and abrupt daily 

changing temperatures (Bran et al. 2000). Therefore, populations of the same species that grow 

along the rainfall gradient between the Cordillera and the Hills and Plateaus ecological regions, 

could present large interspecific variation in morphological and physiological traits.  

Global precipitation patterns are expected to change in the next decades, altering the 

rainfall regime of North Patagonia, further deepening the region's water deficit (Crego et al. 

2014; Nuñez et al., 2009). Recent studies have shown a denoted decline of F. pallescens in 

Patagonian rangelands due to increasing aridity and overgrazing (Gaitan et al. 2019). Drought 

affects the expression of morphological and physiological traits in plants (Zhen et al. 2017; 

Luong & Loik 2022) and drought avoidance is common in perennials species, relying on high 
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water use efficiency (WUE), limited vegetative growth, and high biomass allocation to roots 

(Kooyers, 2015; Chandregowda et al. 2022). However, perennial grasses have the ability to 

overcome long periods of moderate and severe drought by different strategies that involve both 

morphological and physiological traits (Volaire &Thomas 1995; Poirier et al. 2012; Cenzano et 

al. 2013; Balachowski & Volaire 2018; Norton et al. 2016). Plants are increasingly exposed to 

changing environmental conditions on their physiological limits (Shaw and Etterson 2012). 

Thus, ecophysiological traits could play an important role in adaptation to changing climate 

(Kosova et al. 2022). In previous works, we found that the populations inhabiting the 

easternmost environments of Hills and Plateaus ecological region experienced stronger thermal 

and hydric restrictions for germination while populations from the central area of the gradient 

(Pre-cordillera ecological region) have fewer germination restrictions (López et al. 2019; 2021). 

Under this scenario, we wonder whether populations of this keystone species show differences 

in the capacity to cope with long periods of water deficit. We hypothesized that, macro-

environmental conditions imposed strong selection pressure on populations that inhabit the 

different environments located along the rainfall regime in North Patagonia. Therefore, the 

populations growing in more restrictive environments (eastern environments) will be less 

affected by drought at morphological and physiological levels than populations from more 

humid environments (western environments), denoting local adaptation to their home 

environments. We tested this hypothesis by subjecting plants from populations from the whole 

rainfall gradient to different irrigation regimens, searching for a) differences in the expression of 

morphological traits in all populations and b) differences in physiological traits between two 

groups of populations from sub-humid environments (Pre-cordillera) and arid environments 

(Hills and Plateaus). This information will increase the scarce knowledge about how non-model 

species are likely to cope with current and predicted increase of droughts, providing information 

to propose natural resource management strategies that reinforce the resilience of ecosystems to 

climate change. 

 

2.METHODOLOGY 

 

2.1 Sampling sites  

The sampling sites covered three ecological regions in North Patagonia that include 

diverse communities of vegetation: Cordillera, Pre-cordillera and the Hills and Plateaus (Bran et 

al. 2000; Gaitan et al. 2019). A total of eight source populations of F. pallescens were selected 

at four sampling sites: towards the west, Peninsula Huemul (PH) in Cordillera ecological region 

(humid: 1000 mm) and San Ramon (SR) in Pre-Cordillera ecological region (semi-humid: 600 

mm), and towards the east, Pilcaniyeu (P) and Ing. Jacobacci (J) in Hills and Plateaus ecological 

region (arid: 250-150 mm). At each site, we sampled one source population at a highland steppe 
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(A) and another at a meadow (B) (Fig. 1). Our sampling sites were located in relatively similar 

latitudes, so photoperiodic characteristics were similar. Therefore, to reach possible differences 

in temperature, we sampled at two altitudes in each sampling site. Nonetheless, longitude 

changes notoriously between sampling sites and followed the sharp rainfall gradient, decreasing 

from 3000 mm in the west (near the Andes Mountains), to less than 150 mm towards the east 

(the Patagonian steppe) in only 235 km. In consequence, there are many differences in 

evapotranspiration rate, aridity index, and seasonal precipitation variation between sampling 

sites, but these variables do not change abruptly between the two sampled altitudes at each 

sampling point (Bianchi et al. 2016). We gathered seeds from 30–50 plants separated 25 m from 

each other in each population for greenhouse experiments. All sites were distributed along the 

west-east decreasing rainfall gradient of about 500 km in North Patagonia (Argentina) (rainfall 

gradient: 1000 to less than 150 mm) (Table 1).  

 

2.2 Plant material  

Plants were obtained from seeds germinated at 15.5°C and saturated moisture, in 200 ml 

cavity plugs with inert substrate. In order to favor the initial development, the seedlings were 

fertilized once with Hakaphos NARANJA (1 gr l-1; 15% N, 5%-P2O5, 30%-K2O and 2% MgO, 

4% S, 0.01% B,0.02%Cu, 0.005 Fe, 0.05 Mn, 0.001 Mo, 0.02 Zc). When the seedlings 

developed three leaves, they were transplanted into 3 L plastic pots with a substrate containing a 

1:1:2 ratio of volcanic ash to black earth soil to turf (0.15 mS electrical conductance (EC) and 

pH = 6.97). Before starting the experiments, plants of F. pallescens were grown for three 

months in a common environment (greenhouse). The plants were maintained at pot capacity 

(volumetric water content in the pot close to 15%) measuring the pot volumetric water content 

(% v v-1) with a TDR (“Time domain reflectometer”, Trime FM, Eijelkamp) every four days 

along the entire essay.  

 

2.3 Drought stress experiment 

Five plants from each of the eight populations were randomly assigned to one of the 

four experimental blocks and one of the three watering regimes in a greenhouse (n=480). The 

experiment followed a split-plot experimental design. The main plot was the effect of water 

availability with three levels and the sub-plot was population factor with eight levels. Levels for 

the “water availability” factor were: i) water content in the pot capacity of 15% (WW, “well-

watered”), ii) water pulses of 350 cm3 simulating an erratic steppe precipitation event of 5 mm 

in two moments along the experiment (WP, “water pulse”) and iii) a single irrigation at the 

beginning up to pot capacity, and no additional water till the end of the experiment (WD, “water 

deficit”) (Fig. 2). The levels for population factor were the eight source populations (Table 1)  
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The experiment was done from January to March (summer season) and water pulses 

were held on February 4th and 27th when pot moisture was below 3% in more than 50% of the 

plants in WP treatment. Each pulse consisted of 5 mm of water based on the daily inter-annual 

average of rainfall in the southeast and northeast Patagonian steppes (Coronato & Bertiller, 

1996; López, 2011).  

In order to monitor the progress of the drought stress, water pot volumetric content was 

measured with a TDR buried 10 cm deep in each pot every four days. The stomatal conductance 

(mmol H2O m-2 s-1) was monitored three times a week with a SC-1 porometer (Decagon Devices 

Inc.) in four fully expanded leaves in each plant of all populations per treatment. The pre-dawn 

leaf water potential (ᴪH, MPa) was measured in a fully expanded leaf every 15 days in all 

treatment levels using a pressure chamber (PMS Instruments Co., Corvallis, USA). For this, the 

leaves of three plants for each population were obtained by cutting a tiller at ground level that 

was then placed in a paper envelope and the measurement was carried out in a period of no 

more than 5 min. The sampled plants were different on each measurement date, chosen at 

random within each treatment. Plant survival was evaluated 45 days after the initial date of the 

trial, when more than 50% of the plants in the water deficit (WD) treatment presented a pre-

dawn leaf water potential lower than -2 MPa, indicating a moderate to severe water stress 

(Caballé et al. 2011). 

 

2.4 Measured variables and statistical analysis 

 

We evaluated the following morpho-physiological variables: 

2.4.1 Morphological variables: 

a. Tillering: Four tillers per plant were marked with metal hoops at the beginning of the 

experiment in ten plants per population per treatment to calculate the average 

difference in number of tillers produced by a marked tiller per plant at the end of the 

experiment (n=240). 

b. Biomass production: the difference between the total biomass at the beginning and at 

the end of the trial was estimated by destroying three random selected plants per 

population and treatment sample. These samples were used to determine the dry 

weight (total biomass) (n=72). 

c. Biomass distribution: the difference between the root/shoot ratio at the beginning 

and at the end of the trial in the same plants selected at random and used to calculate 

biomass production (n=72). 

We analyzed tiller production, biomass production and distribution with a two-way 

ANOVA with two fixed factors (WT, water treatment and P, population) and their interaction in 

GraphPad Prism demo version 5.00 for Windows, GraphPad Software, San Diego California 
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USA (www.graphpad.com). Heterogeneous groups were separated by Tukey’s Honestly 

Significant Difference (HSD) test (p<0.05) to discriminate differences between the two factors 

and their interaction. 

 

2.4.2 Physiological variables: 

All physiological variables were measured using a Li-Cor 6400 infrared gas analyzer 

(Lincoln, NE, USA). The measurements were made at the beginning of the experiment, one day 

before and two consecutive days after the application of the water pulses, between 10 a.m. and 4 

p.m., on days coinciding with the pre-dawn water potential and volumetric potted water content 

measurements. Physiological measurements had to be carried out in a narrow window of time 

(8.30 am to 11.30 am) and we could not measure more than 40 plants per day, each Amax 

(maximum net photosynthesis rate) took at least 4 minutes. Therefore, due to time-limitations 

we measured five plants per population per treatment of two western (SRA and SRB) and two 

eastern (JA and JB) populations (n=40). These populations were selected because they are 

located in the most characteristic environments for the species (by the abundance of populations 

in these ecoregions): meadows and grass steppes of the Subandino District in the 

phytogeography province of Patagonia (Golluscio et al., 1982; Soriano, 1956). Besides, they 

represent two eco-regions: Pre-cordillera (SRA and SRB) and Hills and Plateaus (JA and JB). A 

LED lamp (6400-02 LED Light Source, Lincoln, NE, USA) was used to control the light 

intensity within the measurement chamber.  

a. Maximum net photosynthesis rate (Amax, µmol CO2 m-2 s-1). The measurements 

before and after the application of the water pulses were carried out only with 

saturating photosynthetically active radiation (PAR, 1800 µmol m-2 s-1), considering a 

minimum pulse of 180 s and 3% coefficient of variation. The chamber temperature 

was the ambient air temperature and the partial pressure of CO2 was set at 400 µmol 

mol-1. The air flow varied between 50 and 500 µmol s-1 to keep the ΔCO2 above 5 

µmol mol-1, the minimum sensitivity value of Li-Cor 6400. 

b. Leaf-level water-use efficiency (WUE, µmol CO2 mol H2O
-1) calculated as the 

relationship between CO2 assimilation rate and stomatal conductance (Amax gs-1).  

 

In order to analyzed the effect of the water pulse, we tested differences in both Amax 

and WUE between treatments (WW vs WP) in the different stages of the water pulse (Initial 

irrigation (0); Pre-pulse (1); 24 h after the water pulse application (2) and 48 h after the water 

pulse application (3)) for each water pulse (4th and 27th February) in populations from the west 

(SRA and SRB) and the east (JA and JB) sampling sites (see table 1). Populations situated in 

San Ramon and Ing. Jacobacci are typical rangelands from Pre-Cordillera ecological region and 

Hills and Plateaus ecological region respectively. Populations from each ecological region were 
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jointly evaluated because we search for differences in the physiological responses based on 

possible adaptations at a macro-environmental scale.  Differences were tested using a general 

linear model with two fixed factors and two levels for each factor: water treatment (WW and 

WP) and sample site (San Ramon and Ing. Jacobacci) in InfoStat 2020 (Di Rienzo et al. 2020) 

applying a posteriori LSD Fisher test if differences were significant at α=0.05.  

 

3. RESULTS: 

 

Water availability was effectively reduced under water pulse (WP) and water deficit 

(WD) treatments (Fig.2). At the end of the experiment, the mean pre-dawn leaf water potential 

in plants from WW treatment was -0.75 ± 0.14 MPa, while plants from WP and WD treatments 

showed values close to -1.5 MPa (moderate stress) and -2.28 MPa (severe stress) respectively. 

The mean volumetric water content was above pot capacity (19.73 ± 5.32%) in plants from WW 

treatment through the entire trial. The mean volumetric water content did not increase after 

receiving the water pulses in WP treatment, dropping to less than 5% volumetric water content 

at the end of the trial. Finally, the volumetric water content dropped continuously in WD 

treatment, reaching 1% at the end of the experiment.  

 

3.1 Responses to drought stress 

Different survival percentages were observed between the treatments WP and WD, with 

a positive effect of the water pulse. Overall, the application of water pulses improved survival 

between 45 and 60%. Under the lowest water level (WD) populations from the east (e.g. JB) 

showed a higher percentage of survival than populations from the west (e.g. PHA), however the 

highest survival percentage was registered in populations from the west (SRB) while the lowest 

was found in a population from the east (PB) (Fig. 3). 

 

3.2 Responses to water availability expressed in morphological variables measured in all 

populations 

Tiller production was significantly different between water treatments and population 

source, as well as their interaction (F=25.10; p<0.001; F=7.39; p<0.001 and F=2.27; p<0.01 

respectively). Biomass production differed significantly between water treatments (F=44.89; 

p<0.001) and between population source (F=6.20; p=0.001). However, changes in biomass 

distribution (R S-1) were not significant between water treatments, population source or their 

interaction. 

Overall, populations from the east (PA, PB, JA and JB) produced more tillers than 

populations from the west (PHA, PHB, SRA, SRB) in WW treatment. However, a population 

from the west (SRA) and two populations from the east (PA and JB) showed the highest tiller 
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production in WP treatment. Hence, populations PA, and JA produced more tillers than PHA, 

PHB, SRA and SRB in WW treatment. In WD treatment all populations diminished their tiller 

production but populations from the east (with the exception of PB) showed more tiller 

production than populations from the west (Fig. 4a).  

Differences in biomass production among populations were significant in the WP and 

WD, but not WW treatments (F=9.73; p<0.001, F=9.55; p<0.001, F=1.06; p=0.43 respectively). 

Two populations from the east (PA, PB) and one from the west (PHA) produced less biomass 

than the rest under both WP and WD treatments. Biomass distribution (R S-1) did not show 

significant differences under either treatment. However, there is a trend of a higher proportion 

of root biomass in western populations under both WP and WD treatments than populations 

from the east (Fig. 4b).  

 

3.3 Responses to water pulse expressed in physiological variables measured in populations from 

Pre-cordillera and Hills and Plateaus Ecoregions. 

Overall, well-watered plants showed higher net photosynthesis rate values (Amax, 7.54 

µmol CO2 m
-2 s-1 vs 3.14 µmol CO2 m

-2 s-1; F=20.88; p<0.001) and slightly lower values of leaf-

level water-use efficiency values (WUE, 52.04 µmol CO2 mol H2O
-1 vs 60.46 µmol CO2 mol 

H2O
-1; F=0.16; p=0.69) than water-limited plants. At the beginning of the experiment (stage 0), 

well-watered plants and water-limited plants showed no significant differences in net 

photosynthesis rate (Amax) and leaf-level water-use efficiency (WUE) (F=3.32, p=0.07; 

F=1.05, p=0.31; respectively). Before the application of the first water pulse (stage 1), all 

populations showed lower values in Amax in WP than in WW treatment (F=23.05, p<0.001). 

However, populations did not show significant differences in WUE values at this stage (F=3.78, 

p =0.06).  At stage 2 (24 h after the water pulse application), there were not significant 

differences between treatments (F=3.21, p=0.08), populations (F=0.02, p=0.88) or their 

interaction (F=0.28, p=0.61) in Amax or WUE. Then, at stage 3 (48 h after the water pulse 

application) mean values of Amax were significantly different between treatments (F=8.27, 

p=0.01) and populations (F=11.11, p=0.003). Values of Amax decreased in all population in 

WP treatment and populations from sub-humid environments showed higher values of Amax 

than populations from arid environments. However, values of WUE did not differ between 

treatments (F=0.64, p=0.43), populations (F=1.93, p=0.18) or their interaction (F=0.84, 

p=0.37). Therefore, this physiological response only lasted 24 h in all populations. On the other 

hand, populations from both environments did not show significant differences in either 

physiological variable between treatments, populations or their interactions at any stage of the 

2nd water pulse (Fig. 5). 

 

4. DISCUSSION 

Jo
ur

na
l P

re
-p

ro
of



10 
 

 

Species from arid and semiarid environments face large periods of water shortage; 

therefore, leveraging stochastic rain events in summer constitute an advantageous strategy. Our 

results reinforce the opportunistic behavior of Festuca pallescens to profit by stochastic rain 

events (Defossé et al., 1997). Populations of F. pallescens showed differences in morphological 

traits and low variation in physiological traits related to drought stress. However, our hypothesis 

was only partially supported. Populations from arid and semiarid conditions (except for one) 

showed higher tiller production than those from humid environments in well-watered and water 

drought treatments, but biomass production and distribution and physiological responses were 

similar under greenhouse conditions. In addition, there was not a population survival pattern 

related to the rainfall regime established in North Patagonia, instead populations showed 

variation in survival percentages after 45 days of drought conditions, expressing the inter-

population variability. Noteworthy, the root/shoot ratio did not change substantially. 

Overall, the application of water pulses in the WP treatment allowed a small increase in 

water content (ΨH; %v v-1; Fig. 2) in F. pallescens populations, although insufficient to reach 

the same moisture content levels of well-watered plants. Nonetheless, there were differences in 

plant survival percentages after 45 days of drought conditions between populations in WP and 

WD treatments, expressing the species sensibility to drought. Surprisingly, there was not a 

survival pattern related to the original environments of each population. Towards the west, 

populations PHA and PHB are situated in extreme humid environments with sandy-stony soils 

but different edaphic characteristics. For instance, PHA is a high-altitude rangeland, that might 

be exposed to freezing/desiccation due to cold winters. Then, populations SRA and SRB are 

located in meadows or steppes with fairly deep sandy loam soils. Therefore, soils from these 

humid environments, Cordillera and Pre-Cordillera ecoregions, accumulate more organic matter 

(OM) and volcanic sediments, which increases the capacity to retain water. On the other hand, 

towards the east of the decreasing rainfall gradient, in Hills and Plateaus ecological region, 

precipitation is sporadic and soils are shallower with less OM, therefore water retention capacity 

is lower for PA, PB, JA and JB populations (Godagnone & Bran, 2009). Therefore, populations 

have different strategies to overcome drought stress and it is not entirely related to macro-

environmental conditions (e.g. rains). 

Rainfall is asymmetrically distributed in North Patagonia, with strong winter 

precipitations (Paruelo et al. 2008) and discrete “pulses” during the summer growing season 

(Snyder & Tartowski, 2006). Rainfall pulses in conjunction with temperature, wind, infiltration, 

surface flow, and evapotranspiration, outcome the length of time that the soil is wet or dry 

(Snyder & Tartowski, 2006), leaving an ecological legacy that influences subsequent responses 

of plant species to rain and drought. In this sense, our results show two main outcomes. First, 

some populations of F. pallescens from Hills and Plateaus ecological region produced more 
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tillers than populations from western humid environments whether water was a limiting 

condition or not. Moreover, tiller morphology differed between populations; those from Hills 

and Plateaus ecological region presented smaller leaves than those from Cordillera and Pre-

Cordillera ecological regions. This tiller morphology might be related to a trade-off between 

reducing the exposure to drying agents without standing down foliage production and potential 

photosynthetic structure (i.e. without reducing the number of leaves). On the other hand, in 

Cordillera and Pre-Cordillera ecological regions trees and shrubs are dominant surrounding 

vegetation, so long leaves might be an advantage vegetative feature to intercept more radiation 

in environments with a higher incidence of shade (e.g. in undergrowth) (Fernández et al. 2004; 

López et al. 2020).  

Overall, plants from all populations diminished tiller production under drought. 

However, plants from the easternmost populations (Hills and Plateaus ecological region) 

produced more tillers than the rest of the populations in WP treatment. This suggests that these 

populations could better leverage the sporadic steppe rains in terms of biomass production. In 

other conspicuous perennial grasses from the Patagonian steppe (Bromus pictus, Poa ligularis, 

Pappostipa speciosa) tiller production also decreased under drought (Couso & Fernández 

2012). P. ligularis showed a water-saving strategy, similar to the results that we obtained for F. 

pallescens. On the contrary, B. setifolius was more affected by drought than P. ligularis and P. 

speciosa, but had the highest potential growth (i.e. the largest potential to capitalize on water 

pulses for improving performance traits), fitting into a water-spending, or Grime's competitive 

strategy. Drought stress also reduced the number of tillers and biomass in Hordeum vulgare 

(Farooq et al. 2009) and F. arundinacea (Kørup et al. 2018). On the other hand, ecotypes of 

Trichloris crinita growing in arid and semiarid Argentinian rangelands with salt and drought 

stress, showed local adaptations to their arid environments, displaying high shoot and root 

production and a low percentage of dead shoot biomass under drought conditions (Quiroga et al. 

2013; Marinoni et al. 2020) like F. pallescens (i.e. Ing. Jacobacci populations Hills and Plateaus 

Ecological region, the driest ecological region). As tiller production is directly related to 

aboveground net primary productivity (ANPP) which determines forage availability, and it is 

also closely linked to energy flow and nutrient and carbon cycles (Gaitan et al. 2014), these 

populations stand out in terms of forage and ecosystems attributes. 

Secondly, biomass allocation did not significantly change between treatments, showing 

that most of the F. pallescens populations did not modify their R S-1 ratio in the face of the 

hydric deficit (Fernández et al. 2006).  Biomass allocation is a trait with a low phenotypic 

divergence for this species (López et al. 2020). The lack of an increased allocation to root 

biomass was also found in other forage perennial grasses (i.e. Festuca ovina, Poa alpina), 

indicating that the capacity of seedlings to adjust root biomass under drought conditions might 

be influenced by their ontogeny, available resources and characteristics of the drought event 
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(Haslin et al. 2019). Although we did not deepen on root architecture, we observed that most 

plants increased rooting depth, and produced a very low proportion of lateral roots. This is an 

important trait that should be further explored.  

Physiological responses to water pulses under greenhouse conditions were similar 

among populations in spite of coming from environments with contrasting macro-environmental 

conditions. Populations from semi-humid and arid environments (Pre-Cordillera and Hills and 

Plateaus, respectively) showed a photosynthesis rate recovery after the application of the 1st 

water pulse, but this response only lasted 24 h. A similar response was shown by adult plants of 

P. speciosa (Golluscio et al. 2009) from a shrub-grass steppe. This shallow-rooted plant 

exhibited an increase in leaf water potential (MPa) after two days of watering, which is a short-

term response (1 - 10 days) to the summer water pulse. Hence, when re-watered, P. speciosa 

also showed significant photosynthetic responses, increased leaf conductance and transpiration 

rate suggesting an opportunistic behavior which could translate in the ability to produce new 

leaves under favorable conditions (Golluscio et al. 2005). On the contrary, we worked with 

young plants grown in pots under the same greenhouse conditions, and we observed some 

results in days (24 – 48 h), at least in terms of water potential. So it is possible that in our 

experiment we only observed the beginning of the physiological processes occurring in young 

shallowed rooted plants after receiving a water pulse that demand low costs of carbon and 

energy, but not what might occur afterwards.   

After the application of the 2nd water pulse, populations could not recover. This pulse 

was given at the end of February, after a longer period of drought conditions than the 1st pulse, 

and both well-watered and water-limited plants showed lower values of photosynthesis rate and 

leaf-level water-use efficiency (Fig. 5). It is possible that, during this period (late summer) 

plants close their stomata in their natural environments to avoid water loss (Caballé et al. 2011). 

Stomata closure should last some hours but not days, at least in most plants (Flexas et al. 2008), 

then there are other specific changes (i.e. structural) related not only to stomatal but also 

mesophyll conductance that occur before stomatal closure. These authors suggest that 

mesophyll conductance differs between species, changes faster than stomatal conductance and is 

influenced by leaf structure and certain proteins (i.e aquaporins) (Flexas et al. 2008). 

Aquaporins are directly involved in plant response to arid environments in perennial grasses 

(Chen et al. 2018). So, it is possible that F. pallescens might decrease mesophyll conductance 

by chloroplast movements (Flexas et al. 2008) or by the regulation of aquaporin activity during 

the periods of water limitation. In agreement with this suggestion, variations in the proportion of 

girders of sclerenchyma, increasing in leaves of populations from most xeric environments (i.e. 

Ing. Jacobaccci) were observed (Guidalevich et al. in press). This leaf structure might enlarge 

mesophyll cell wall thickness and therefore limit CO2 diffusion through the mesophyll tissues, 

decreasing mesophyll diffusion conductance gm (gm; Xiong et al. 2018). In addition, water 
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transpiration in F. pallescens could be prevented by anatomical leaf features, such as thicker 

leaves due to large proportions of girders of schlerenchyma (as we mentioned before) or a 

greater degree of leaf rolling and folding (Greco & Cavagnaro, 2003), which might be a 

protective strategy against water deficit (Valladeres & Niinemets, 2007). In addition to these 

two structural features, stomata are located only on the adaxial leaf surface (Caballe et al. 2011), 

reducing gas exchange exposure.  

On the other hand, water deficit promotes the reduction of photosynthesis intensity, the 

loss of photosynthetic pigments, impairs the activity of enzymes and of the photosystem II 

(Hura et al. 2007; Johnson et al. 2018). After the application of the water pulse, all populations 

showed a photosynthesis rate recovery, therefore photosynthetic machinery was probably 

negatively affected, but damage was overcome allowing photosynthetic recovery. Nonetheless, 

dehydration and rehydration is very likely to cause mechanical damage to the photosynthetic 

mesophyll cells (Johnson et al. 2018). In addition, in the short term response, plants can regulate 

WUE by modifying stomatal conductance involving the regulation of stomatal opening and 

closing or stomata density (Meng, 2018). In arid environments, grasses (mostly C3) exhibit an 

adaptive strategy in water use consisting of a slow extraction of soil water under drought stress 

associated with a low transpiration rate (Quiroga et al. 2013). Our results showed that under 

water deficit (WP treatment), plants had slightly higher values of leaf-level water-use efficiency 

than well-watered plants, exhibiting higher values of WUE than those generally found for 

herbaceous species (43 μmol mol −1) (Webster et al. 2016). Also, tall fescue E+ plants under 

water stress (Swarthout et al. 2009) are more similar to values of WUE found for evergreen 

shrubs and deciduous trees (64 and 66 μmol mol−1, respectively) (Webster et al. 2016). So far, 

we observed that populations of F. pallescens could increase Amax and WUE after rewatering. 

However further studies focusing on both gs (stomatal conductance) and gm (mesophyll 

diffusion conductance) could give more information about mechanisms involved in these 

recoveries.    

.  

 

5. CONCLUSION 

 

As many perennial grasses, our results indicated that F. pallescens is a drought evasive 

species with large intraspecific variation to drought stress and potentially interesting traits to 

cope with this stress. It is important that species could continue growing and producing under 

limiting water availability, so searching only for tolerant genotypes is not appropriate if we look 

for genotypes that could reinforce the resilience of ecosystems. Some populations, particularly 

those from arid environments (Hills and Plateaus ecological regions), could produce more tillers 

regardless of the water deficit and maintain high levels of WUE, though mechanisms that are 
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still unknown. These populations are interesting genotypes for environments such as poor 

meadows or poor productive steppes, because with low water availability, plants could still 

manage to produce above ground biomass. As global precipitation patterns are expected to 

change in the next decades (Crego et al. 2014), species such as F. pallescens, constitute 

important ecological pieces to face possible alterations in the rainfall regimes that might deepen 

water deficit in arid and semi-arid environments. The results obtained in this research provide 

relevant knowledge to current programs of conservation and genetic improvement of grassland 

species.  

 

 

Author contributions 

A.S.L., P.M. and D.R.L. conceptualized the study, performed supervision and acquired funding. 

P.M. and G.C. contributed to the design and implementation of the research. G.C. and D.R.L. 

specified the physiological measurements to be done, A.S.L. carried out the experiment. P.E. 

collected part of the data. A.S.L and G.C. analyzed the data. All authors contributed to the 

writing of the manuscript.  

 

Acknowledgements 

The authors extend their thanks to Dr. Mario Pastorino for his assistance in decisions of the 

greenhouse planting and sampling work. Dr. Priscila Willems for her great help in the design 

and statistical analysis of the data. We are mostly grateful for the collaboration of Lic. Msc. 

Santiago Varela in the measurements and analysis of physiological parameters. The installation 

and development of the seedlings was possible thanks to the recommendations of Ing. Ms. Ariel 

Mazzoni. Finally, we thank Aldo Zúñiga and Humberto Moraga for the invaluable help in the 

trial experimental settings and plant destruction. This work was supported by National Institute 

of Agricultural Technology (INTA PN1126072), by PICT-2012-1392 (Agencia Nacional de 

Promoción Científica y Técnica). A.S.L. was supported by a doctoral fellowship from 

CONICET. 

Conflict of Interest Statement 

The authors declare that they have no conflicts of interest. 

Data Availability Statement 

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. 

 

REFERENCES  

Austin, A. T., & Sala, O. E. (2002). Carbon and nitrogen dynamics across a natural precipitation 

gradient in Patagonia, Argentina. Journal of Vegetation Science, 13(3), 351-360. 

Jo
ur

na
l P

re
-p

ro
of

Aldana
Nota adhesiva
add comma

Aldana
Resaltado



15 
 

https://doi.org/10.1111/j.1654-1103.2002.tb02059.x 

Balachowski, J. A., & Volaire, F. A. (2018). Implications of plant functional traits and drought 

survival strategies for ecological restoration. Journal of Applied Ecology, 55(2): 631-

640. 

Bertiller, M. B., & Defossé, G. E. (1990). Grazing and plant growth interactions in a semiarid 

Festuca pallescens grassland (Patagonia). 43. https://doi.org/10.2307/3898921 

Bertiller, M. B., Elissalde, N. O., Rostagno, C. M., & Defossé, G. E. (1995). Environmental 

patterns and plant distribution along a precipitation gradient in western Patagonia. 

Journal of Arid Environments, 29(1), 85-97. https://doi.org/10.1016/S0140-

1963(95)80066-2 

Bianchi, E., Villalba, R., Viale, M., Couvreux, F., & Marticorena, R. (2016). New precipitation 

and temperature grids for northern Patagonia: Advances in relation to global climate 

grids. Journal of Meteorological Research, 30(1), 38-52. 

https://doi.org/10.1007/s13351-015-5058-y 

Bran, D., Ayesa, J., & López, C. (2000). Regiones Ecológicas de Río Negro. Comunicación 

Técnica No 59, Área de Investigación de Recursos Naturales. INTA EEA Bariloche. 

Caballé, G., Fernández, M. E., Gyenge, J., Aparicio, A., & Schlichter, T. (2011). Modeling leaf 

maximum net photosynthetic rate of Festuca pallescens, the dominant perennial grass of 

Patagonian pine-based silvopastoral systems. Agroforestry Systems, 83(1), 13-24. 

https://doi.org/10.1007/s10457-011-9382-7 

Cenzano, A. M., Varela, M. C., Bertiller, M. B., & Luna, M. V. (2013). Effect of drought on 

morphological and functional traits of Poa ligularis and Pappostipa speciosa, native 

perennial grasses with wide distribution in Patagonian rangelands. Argentina. 

Australian Journal of Botany, 61(5), 383-393. 

Chandregowda, M. H., Tjoelker, M. G., Pendall, E., Zhang, H., Churchill, A. C., & Power, S. A. 

(2022). Root trait shifts towards an avoidance strategy promote productivity and 

recovery in C3 and C4 pasture grasses under drought. Functional Ecology, 36(7), 1754-

1771. 

Chapin, F. S., III. (1991). Integrated Responses of Plants to Stress: A centralized system of 

physiological responses. BioScience, 41(1), 29-36. https://doi.org/10.2307/1311538 

Chen, Q., Yang, S., Kong, X., Wang, C., Xiang, N., Yang, Y., & Yang, Y. (2018). Molecular 

cloning of a plasma membrane aquaporin in Stipa purpurea, and exploration of its role 

in drought stress tolerance. Gene, 665, 41-48. 

Coronato, F. R., & Bertiller, M. B. (1996). Precipitation and landscape related effects on soil 

moisture in semi-arid rangelands of Patagonia. Journal of Arid Environments, 34(1), 1-

9. https://doi.org/10.1006/jare.1996.0088 

Couso LL, Gatti ML, Cornaglia PS, Schrauf GE, Fernández RJ (2010) Are more productive 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1111/j.1654-1103.2002.tb02059.x
https://doi.org/10.1007/s10457-011-9382-7
https://doi.org/10.2307/1311538
https://doi.org/10.1006/jare.1996.0088


16 
 

varieties of Paspalum dilatatum less tolerant to drought? Grass Forage Sci 65(3), 296–

303 

Couso, L. L. (2011). Mecanismos de tolerancia a sequía y sus efectos sobre la habilidad 

competitiva de pastos de la estepa patagónica. Theses, Buenos Aires, Facultad de 

Ciencias Agrarias, Universidad Nacional de Buenos Aires, viewed 11 March 2011, 

http://ri.agro.uba.ar/files/download/tesis/doctorado/2011cousoluciana.pdf 

Couso, L. L., & Fernández, R. J. (2012). Phenotypic plasticity as an index of drought tolerance 

in three Patagonian steppe grasses. Annals of Botany, 110(4), 849-857. 

https://doi.org/10.1093/aob/mcs147 

Crego, R. D., Nielsen, C. K., & Didier, K. A. (2014). Climate change and conservation 

implications for wet meadows in dry Patagonia. Environmental Conservation, 41(2), 

122-131. https://doi.org/10.1017/S037689291300026X 

Defossé, G. E., Robberecht, R., & Bertiller, M. B. (1997). Seedlings dynamics of Festuca spp. 

In a grassland of Patagonia, Argentina, as affected by competition, microsites, and 

grazing. Rangeland Ecology & Management / Journal of Range Management Archives, 

50(1), 73-79. 

Di Rienzo, J. A., Casanoves, F., Balzarini, M. G., Gonzalez, L., Tablada, M., & Robledo, C. W. 

(s. f.). InfoStat versión 2020. Centro de Transferencia InfoStat, FCA, Universidad 

Nacional de Córdoba, Argentina. http://www.infostat.com.ar 

Engelbrecht, R., & Schulz, J. (2001). Time-resolved measurement of gas parameters inside 

diffusion-cooled CO2 lasers with NIR diode laser and UV-VIS emission spectroscopy. 

XIII International Symposium on Gas Flow and Chemical Lasers and High-Power 

Laser Conference, 4184, 278-281. https://doi.org/10.1117/12.414069 

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., & Basra, S. M. A. (2009). Plant drought 

stress: Effects, mechanisms and management. Agronomy for Sustainable Development, 

29(1), 185-212. https://doi.org/10.1051/agro:2008021 

Fernández A, R. J., Sala, O. E., & Golluscio, R. A. (1991). Woody and herbaceous aboveground 

production of a Patagonian steppe. Journal of Range Management (USA).  

Fernández, M., Gyenge, J., & Schlichter, T. (2004). Shade acclimation in the forage grass 

Festuca pallescens: Biomass allocation and foliage orientation. Agroforestry Systems. 

https://doi.org/10.1023/B:AGFO.0000013276.68254.78 

Fernández, M. E., Gyenge, J. E., & Schlichter, T. M. (2006). Growth of Festuca pallescens in 

Silvopastoral Systems in Patagonia, Part 1: Positive Balance between Competition and 

Facilitation. Agroforestry Systems. http://dx.doi.org/10.1007/s10457-005-0590-x 

Flexas, J., Bota, J., Loreto, F., Cornic, G., & Sharkey, T. D. (2004). Diffusive and Metabolic 

Limitations to Photosynthesis under Drought and Salinity in C3 Plants. Plant Biology, 

6(3), 269-279. https://doi.org/10.1055/s-2004-820867 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1055/s-2004-820867


17 
 

Flexas, J., Ribas‐Carbo, M., Diaz Espejo A., Galmes, J., & Medrano, H. (2008). Mesophyll 

conductance to CO2: current knowledge and future prospects. Plant, cell & 

environment, 31(5), 602-621. 

Gaitan, J. J., Bran, D. M., Oliva, G., Maestre, F. T., Aguiar, M. R., Jobbagy Gampel, E. G., 

Buono G., Ferrante N., Nakamatsu V., Ciari G., Salomone J., & Massara, V. (2014). 

Plant species richness attenuates drought effects on the primary productivity of 

Patagonian rangelands. Biology letters, 10, 20140673. 

https://doi.org/10.1098/rsbl.2014.0673 

Gaitan, J. J., Bran, D. E., & Oliva, G. E. (2019). Patagonian Desert. In Encyclopedia of the 

World’s Biomes (Reference Module in Earth Systems and Environmental Sciences): 1-

19 (2019). Elsevier. https://doi.org/10.1016/B978-0-12-409548-9.11929-3 

Garreaud, R. D., Vuille, M., Compagnucci, R., & Marengo, J. (2009). Present-day South 

American climate. Palaeogeography, Palaeoclimatology, Palaeoecology, 281(3), 180-

195. https://doi.org/10.1016/j.palaeo.2007.10.032 

Godagnone R E, Bran D E. (2009). Integral Inventory of Natural Resources of the Province of 

Rio Negro. Buenos Aires: INTA, 319–363. (in Spanish)  

Golluscio, R. A., León, R. J. C., & Perelman, S. B. (1982). Caracterización fitosociológica de la 

estepa del oeste del Chubut; su relación con el gradiente ambiental. Boletín de la 

Sociedad Argentina de Botánica, 21, 299-324. 

Golluscio, R. A., M. Oesterheld, and M. R. Aguiar. 2005. Phenology of twenty-five Patagonian 

species related to their life form. Ecography, 28, 273-282. 

Golluscio, R. A., Escalada, V. S., & Pérez, J. (2009). Minimal Plant Responsiveness to Summer 

Water Pulses: Ecophysiological Constraints of Three Species of Semiarid Patagonia. 

Rangeland Ecology & Management, 62(2), 171-178. https://doi.org/10.2111/08-196.1 

Greco, S., Cavagnaro, J. (2003). Effects of drought in biomass production and allocation in 

three varieties of Trichloris crinita P. (Poaceae) a forage grass from the arid Monte 

region of Argentina. Plant Ecology, 164, 125-135. 

https://doi.org/10.1023/A:1021217614767 

Grime, J. P. (1979). Primary strategies in plants. Transactions of the Botanical Society of 

Edinburgh, 43(2), 151-160. https://doi.org/10.1080/03746607908685348 

Guidalevich, V., Nagahama N., López A.S.; Angeli J.P.; Marchelli P; Azpilicueta M.M. 

Intraspecific phylogeny of a Patagonian fescue: genetic differentiation suggests 

hybridization at peripheral populations. Annals of Botany. In press. 

Hanslin, H.M., Bischoff, A. & Hovstad, K.A. (2019). Root growth plasticity to drought in 

seedlings of perennial grasses. Plant Soil, 440, 551-568. 

https://doi.org/10.1007/s11104-019-04117-7 

Heinrich, B. (1979). Resource heterogeneity and patterns of movement in foraging bumblebees. 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1016/j.palaeo.2007.10.032
https://doi.org/10.2111/08-196.1
https://doi.org/10.1023/A:1021217614767
https://doi.org/10.1080/03746607908685348
https://doi.org/10.1007/s11104-019-04117-7


18 
 

Oecologia, 40(3), 235-245. https://doi.org/10.1007/BF00345321 

Hura, T.; Hura, K.; Grzesiak, M.; Rzepka, (2007).  A. Effect of long-term drought stress on leaf 

gas exchange and fluorescence parameters in C3 and C4 plants. Acta Physiol. Plant, 29, 

103–113. 

IPCC, 2019: Climate Change and Land: An IPCC special report on climate change, 

desertification, land degradation, sustainable land management, food security, and 

greenhouse gas fluxes in terrestrial ecosystems [P.R. Shukla, J. Skea, E. Calvo Buendia, 

V. Masson-Delmotte, H.-O. Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, R. 

van Diemen, M. Ferrat, E. Haughey, S. Luz, S. Neogi, M. Pathak, J. Petzold, J. Portugal 

Pereira, P. Vyas, E. Huntley, K. Kissick, M. Belkacemi, J. Malley, (eds.)]. In press. 

(s. f.). February, 2022.https://www.ipcc.ch/srccl/ 

Johnson, K. M., Jordan, G. J., & Brodribb, T. J. (2018). Wheat leaves embolized by water stress 

do not recover function upon rewatering. Plant, Cell & Environment, 41(11), 2704-

2714. 

Jump, A. S., & Peñuelas, J. (2005). Running to stand still: Adaptation and the response of plants 

to rapid climate change. Ecology Letters, 8(9), 1010-1020. 

https://doi.org/10.1111/J.1461-0248.2005.00796.X 

Khurana, E., & Singh, J. S. (2004). Germination and seedling growth of five tree species from 

tropical dry forest in relation to water stress: Impact of seed size. Journal of Tropical 

Ecology, 20(4), 385-396. https://doi.org/10.1017/S026646740400135X 

Kooyers, N. J. (2015). The evolution of drought escape and avoidance in natural herbaceous 

populations. Plant Science, 234, 155– 162. 

https://doi.org/10.1016/j.plantsci.2015.02.012 

Kosová, V., Hájek, T., Hadincová, V., & Münzbergová, Z. (2022). The importance of 

ecophysiological traits in response of Festuca rubra to changing climate. Physiologia 

Plantarum 174(1). 

Kørup, K., Laerke, P. E., Baadsgaard, H., Andersen, M. N., Kristensen, K., Muennich, C., ... & 

Jørgensen, U. (2018). Biomass production and water use efficiency in perennial grasses 

during and after drought stress. Gcb Bioenergy, 10(1), 12-27. 

Lambers, H., & Oliveira, R. (2019). Photosynthesis, Respiration, and Long-Distance Transport: 

Respiration. Plant Physiological Ecology. https://doi.org/10.1007/978-3-030-29639-1_3 

Larcher, W. (2003). Physiological Plant Ecology (4thEdition ed.). Springer Berlin Heidelberg. 

https://link.springer.com/book/9783540435167 

León, R. J. C., Bran, D., Collantes, M., Paruelo, J. M., & Soriano, A. (1998). Grandes unidades 

de vegetación de la Patagonia extra andina. Ecología Austral, 8(2), 125-144. 

Leva, P. E., Aguiar, M. R., & Premoli, A. C. (2013). Latitudinal variation of genecological traits 

in native grasses of Patagonian rangelands. Australian Journal of Botany, 61(6), 475-

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1007/BF00345321
https://www.ipcc.ch/srccl/
https://doi.org/10.1017/S026646740400135X


19 
 

485. https://doi.org/10.1071/BT12249López, A. S., Marchelli, P., Batlla, D., López, D. 

R., & Arana, M. V. (2019). Seed responses to temperature indicate different 

germination strategies among Festuca pallescens populations from semi-arid 

environments in North Patagonia. Agricultural and Forest Meteorology, 272-273, 81-

90. https://doi.org/10.1016/j.agrformet.2019.04.002 

López, A. S., López, D. R., Caballé, G., Siffredi, G. L., & Marchelli, P. (2020). Local 

adaptation along a sharp rainfall gradient occurs in a native Patagonian grass, Festuca 

pallescens, regardless of extensive gene flow. Environmental and Experimental Botany, 

171, 103933. https://doi.org/10.1016/j.envexpbot.2019.103933 

López, A. S., López, D. R., Arana, M. V., Batlla, D., & Marchelli, P. (2021). Germination 

response to water availability in populations of Festuca pallescens along a Patagonian 

rainfall gradient based on hydrotime model parameters. Scientific Reports, 11(1), 

10653. 

López, D. R. (2011). Una aproximación estructural-funcional del modelo de estados y 

transiciones para el estudio de la dinámica de la vegetación en estepas de Patagonia 

Norte. Theses, Bariloche, Universidad Nacional del Comahue, Centro Regional 

Universidad Bariloche, viewed 23 October 2011, 

https://inta.gob.ar/sites/default/files/script-tmp-inta_d_r_lpez-

ejemplo_de_aplicacin_de_met-taller-ca.pdf.  

Luna-Flores, W., Estrada-Medina, H., Jiménez-Osornio, J. J. M., & Pinzón-López, L. L. (2012). 

Efecto del estrés hídrico sobre el crecimiento y eficiencia del uso del agua en plántulas 

de tres especies arbóreas caducifolias. Terra Latinoamericana, 30(4), 343-353. 

Luong, J. C., & Loik, M. E. (2022). Adjustments in physiological and morphological traits 

suggest drought‐induced competitive release of some California plants. Ecology and 

evolution, 12(4), e8773. 

Marinoni, L. D. R., Richard, G. A., Bustos, D., Taleisnik, E. L., Pensiero, J. F., & Zabala, J. M. 

(2020). Differential response of Trichloris ecotypes from different habitats to drought 

and salt stress. Theoretical and Experimental Plant Physiology, 32(3), 213-229. 

Meng, L. S. (2018). Compound Synthesis or Growth and Development of Roots/Stomata 

Regulate Plant Drought Tolerance or Water Use Efficiency/Water Uptake Efficiency. 

Journal of Agricultural and Food Chemistry. 66(14). 3595-3604. 

https://doi.org/10.1021/acs.jafc.7b05990 

Moreno, L. (2012). Variación de los atributos morfo-funcionales de los pastos perennes a lo 

largo de gradientes de aridez en la Patagonia. Theses, Bariloche, Universidad Nacional 

del Comahue. https://crubweb.uncoma.edu.ar/docbiologia/tesis_aprobadas.html 

Munns, R. (2011). Plant Adaptations to Salt and Water Stress: Differences and Commonalities. 

In: Turkan (Ed.). Advances in Botanical Research. Academic Press, pp. 1-32. 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1016/j.agrformet.2019.04.002


20 
 

https://doi.org/10.1016/B978-0-12-387692-8.00001-1 

Nicotra, A. B., Atkin, O. K., Bonser, S. P., Davidson, A. M., Finnegan, E. J., Mathesius, U., 

Poot, P., Purugganan, M. D., Richards, C. L., Valladares, F., & van Kleunen, M. (2010). 

Plant phenotypic plasticity in a changing climate. Trends in Plant Science, 15(12), 684-

692. https://doi.org/10.1016/j.tplants.2010.09.008 

Norton, M. R., Malinowski, D. P., & Volaire, F. (2016). Plant drought survival under climate 

change and strategies to improve perennial grasses. A review. Agronomy for 

Sustainable Development, 36(2), 1-15. 

Nuñez, M. N., Solman, S. A., & Cabré, M. F. (2009). Regional climate change experiments over 

southern South America. II: Climate change scenarios in the late twenty-first century. 

Climate Dynamics, 32(7), 1081-1095. https://doi.org/10.1007/s00382-008-0449-8 

Oesterheld, M., Aguiar, M. R., & Paruelo, J. M. (1998). Ecosistemas patagónicos. Ecología 

Austral, 8(2), 075-084. 

Oliva, G., Gaitan, J., & Ferrante, D. (2016). Humans cause deserts: evidence of irreversible 

changes in Argentinian Patagonia Rangelands. In The end of desertification? (pp. 363-

386). Springer, Berlin, Heidelberg. 

Oyiga, B. C., Palczak, J., Wojciechowski, T., Lynch, J. P., Naz, A. A., Léon, J., & Ballvora, A. 

(2020). Genetic components of root architecture and anatomy adjustments to water-

deficit stress in spring barley. Plant, Cell & Environment, 43(3), 692-711. 

https://doi.org/10.1111/pce.13683 

Paruelo, J. M., Pütz, S., Weber, G., Bertiller, M., Golluscio, R. A., Aguiar, M. R., & Wiegand, 

T. (2008). Long-term dynamics of a semiarid grass steppe under stochastic climate and 

different grazing regimes: A simulation analysis. Journal of Arid Environments, 72(12), 

2211-2231. https://doi.org/10.1016/j.jaridenv.2008.07.010 

Pigliucci, M. (2001). Phenotypic Plasticity: Beyond Nature and Nurture. Johns Hopkins 

University Press. 

Poirier, M., Durand, J. L., & Volaire, F. (2012). Persistence and production of perennial grasses 

under water deficits and extreme temperatures: importance of intraspecific vs. 

interspecific variability. Global Change Biology, 18(12), 3632-3646. 

Quiroga, R. E., Fernández, R. J., Golluscio, R. A., & Blanco, L. J. (2013). Differential water-use 

strategies and drought resistance in Trichloris crinita plants from contrasting aridity 

origins. Plant Ecology, 214(8), 1027-1035. 

Shaw R.G. & Etterson J.R. (2012) Rapid climate change and the rate of adaptation: insight from 

experimental quantitative genetics. New Phytologist 195(4): 752-765 

Singh, B., & Singh, G. (2006). Effects of controlled irrigation on water potential, nitrogen 

uptake and biomass production in Dalbergia sissoo seedlings. Environmental and 

Experimental Botany, 55(1-2), 209-219. 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1016/j.tplants.2010.09.008


21 
 

https://doi.org/10.1016/j.envexpbot.2004.11.001 

Snyder, K. A., & Tartowski, S. L. (2006). Multi-scale temporal variation in water availability: 

Implications for vegetation dynamics in arid and semi-arid ecosystems. Journal of Arid 

Environments, 65(2), 219-234. https://doi.org/10.1016/j.jaridenv.2005.06.023 

Soriano, A. (1956). La vegetación de la República Argentina. IV. Los distritos florísticos de la 

Provincia Patagónica. Revista de Investigaciones Agrícolas, 10(4), 323-347. 

Swarthout, D., Harper, E., Judd, S., Gonthier, D., Shyne, R., Stowe, T., & Bultman, T. (2009). 

Measures of leaf-level water-use efficiency in drought stressed endophyte infected and 

non-infected tall fescue grasses. Environmental and Experimental Botany, 66(1), 88-93. 

Taylor, S.H., Ripley, B. S., Woodward, F. I., & Osborne, C. P. (2011). Drought limitation of 

photosynthesis differs between C3 and C4 grass species in a comparative experiment. 

Plant, cell & environment, 34(1), 65-75. 

Valladares, F., & Niinemets, Ü. (2007). The architecture of plant crowns: from design rules to 

light capture and performance. In Functional plant ecology. pp. 101-150. CRC Press. 

Volaire, F., & Thomas, H. (1995). Effects of drought on water relations, mineral uptake, water-

soluble carbohydrate accumulation and survival of two contrasting populations of 

cocksfoot (Dactylis glomerata L.). Annals of Botany, 75(5), 513-524. 

Wang, C., Isoda, A., Li, M., & Wang, D. (2007). Growth and Eco-Physiological Performance of 

Cotton Under Water Stress Conditions. Agricultural Sciences in China, 6(8), 949-955. 

https://doi.org/10.1016/S1671-2927(07)60133-3 

Webster, R. J., Driever, S. M., Kromdijk, J., McGrath, J., Leakey, A. D., Siebke, K., ... & Long, 

S. P. (2016). High C3 photosynthetic capacity and high intrinsic water use efficiency 

underlies the high productivity of the bioenergy grass Arundo donax. Scientific Reports, 

6(1), 1-10. 

Xiong, D., Douthe, C., & Flexas, J. (2018). Differential coordination of stomatal conductance, 

mesophyll conductance, and leaf hydraulic conductance in response to changing light 

across species. Plant, cell & environment, 41(2), 436-450. 

Yahdjian, L., & Sala, O. E. (2006). Vegetation Structure Constrains Primary Production 

Response to Water Availability in the Patagonian Steppe. Ecology, 87(4), 952-962. 

https://doi.org/10.1890/0012-9658(2006)87[952:VSCPPR]2.0.CO;2 

Zheng, H., Zhang, X., Ma, W., Song, J., Rahman, S. U., Wang, J., & Zhang, Y. (2017). 

Morphological and physiological responses to cyclic drought in two contrasting 

genotypes of Catalpa bungei. Environmental and Experimental Botany, 138, 77-87. 

 

 

 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1016/S1671-2927(07)60133-3
https://doi.org/10.1890/0012-9658(2006)87%5b952:VSCPPR%5d2.0.CO;2


22 
 

Figure captions 

 

Figure 1: Map of the sampling sites distribution of populations of Festuca pallescens along 

the rainfall gradient. Above: pictures of the most representative rangelands of F. pallescens 

rangelands along the rainfall gradient. On the right: the map of the sampling sites with the 

whole distribution of the species, isopluvial lines and the sampling sites in North Patagonia. 

Population PHA and PHB belong to Cordillera ecological region, SRA and SRB belong to Pre-

cordillera ecological region and PA, PB, JA and JB belong to Hills and Plateaus ecological 

region. On the left: worldwide location of the sampling zone. Precipitation (mm), Aridity Index 

and Altitude (m a.s.l.) along the decreasing rainfall gradient. AI, defined as the ratio of potential 

evaporation to precipitation, was based on Gaitan et al. (2019).  

 Jo
ur

na
l P

re
-p

ro
of



23 
 

 

Figure 2: Physiological conditions in the greenhouse trial. a) Pre-dawn water potential (ᴪH, 

MPa), b) Mean percentage volumetric water content (%v/v). Levels of water availability: high 

(WW: Well-watered), intermediate (WP: Water pulses) and low (WD: Water deficit). The 

experiment started on January 1st and ended on March 19th (“x” axis). Arrows show the 

application of the water-pulse. 

 

 

Figure 3: Survival percentage after 45 days. The colored bars indicate the treatments with 

different levels of water availability: WW (Well-watered), WP (Water pulses) and WD (Water 

deficit). Populations are shown in the “x” axis. 
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Figure 4: Differences in morphological variables between treatments and populations.  

Water availability levels for each treatment: WW (Well-watered), WP (Water pulses) and WD 

(Water deficit). Bars indicate the standard deviation. Populations are shown in the “x” axis.      
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Figure 5: Physiological variables (Amax and WUE) measured in San Ramón populations 

from Pre-Cordillera ecological region (a) and Ing. Jacobacci populations from Hills and 

Plateaus ecological region (b) before and after receiving the water pulse. The left panel 

shows the maximum net photosynthesis rate (Amax, µmol CO2 m
-2s-1) and right panel shows the 

leaf-level water-use efficiency (WUE, µmol CO2/mol H2O). Arrows indicate the water-pulse 

application. The “x” axis shows the different moments of the water pulse application: pre-pulse 

(1), 24 h post-pulse (2), and 48 h post-pulse (3). 

 

Table 1: Environmental and genetic characterization of sampled populations of Festuca 

pallescens. Floristic physiognomic type (FPT) was characterized following Bran et al. (2000). 

Pop: population; Pp: Precipitation (mm); Lat: Latitude; Long: Longitude; Alt: Altitude (m). The 

populations are listed from west to east. Acronyms: NQN: Neuquén, Argentina. RN: Río Negro, 

Argentina.  

 
Ecological 

region 

Sampling 

site 
Pp Pop Lat Long Alt FPT 

Soil type and main 

edaphic characteristics 

W
E

S

T
 

Cordillera 

Península 

Huemul 

(NQN) 

831 PHA 40°57´ 71°25´ 1220 

Shrub-

grass 

steppe 

Fairly deep volcanic soil. 

Cold, with snow in winter. 

Water deficit in summer.  
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PHB 41°1´ 71°20´ 845 

Shrub-

grass 

steppe 

Deep sandy soil. 

Water deficit in the 

summer. 

Pre-

cordillera 

San Ramon 

Ranch (RN) 
584 

SRA 41°7´ 71°4´ 1139 
Grass 

steppe 

Fairly deep sandy loam 

soil. Without water deficit 

in the summer. 

SRB 41°1´ 71°1´ 902 Meadow 

Deep sandy loam soil with 

high proportion of 

Organic Soil Matter 

(OSM). Cold. Moderate 

water deficit in summer. 

E
A

S
T

 

Hills and 

Plateaus 

Pilcaniyeu 

Experimental 

Field 

264 

PA 41°4´ 70°34´ 1260 

Shrub-

grass 

steppe 

Fairly deep, loamy texture 

and deep clayey Cold, 

with snow in winter, 

exposed to the West wind, 

water deficit in summer. 

(RN) PB 41°3´ 70°30´ 970 Meadow 

Deep loamy sand, 

alkalinic with high 

proportion of OSM. Cold 

in winter, water deficit in 

late summer 

Hills and 

Plateaus 

Ingeniero 

Jacobacci 

170 

JA 41°55´ 69°12´ 1400 
Grass 

steppe 

Fairly deep sandy loam 

soil. Cold, water deficit in 

summer. 

(RN) JB 41°46´ 69°21´ 970 
Salty 

Meadow 

Deep silty loam, saline-

alkaline soil with high 

proportion of OSM. Water 

deficit in late summer 
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Highlights 

 Populations of F. pallescens showed variation in survival after 45 days of 

drought. 

 A population survival pattern related to the rainfall gradient was not evident. 

 Morphological traits were less affected in populations from arid environments. 

 Populations from arid environments took better advantage of water pulses. 
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