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Abstract


Heat and drought are two major limiting factors for perennial pasture production in south eastern Australia. Although previous studies have focused on the effects of prolonged heat and drought stresses on pasture growth and physiology, the effects of short term recurring combined heat and drought stresses and the recovery from them have not been studied in detail. A controlled environment experiment was conducted to investigate the growth and physiological responses of perennial ryegrass (Lolium perenne L.), cocksfoot (Dactylis glomerata L.), tall fescue (Festuca arundinacea Schreb.) and chicory (Cichorium intybus L.) plants exposed to two consecutive seven day heat (control = 25/15 °C day/night; moderate = 30/20 °C day/night and severe = 35/30 °C day/night) and/or drought stresses each followed by a seven day recovery period. During the first moderate and severe heat and drought treatments, maximum photochemical efficiency of photosystem II (Fv/Fm), cell membrane permeability and relative leaf water content decreased in chicory and tall fescue compared to perennial ryegrass and cocksfoot. However, during the second moderate heat and drought treatment, all species showed less reduction in the same parameters suggesting that these species acclimated to consecutive moderate heat and drought stresses. Chicory was the only species that was not affected by the second severe heat and drought stress while physiological parameters of all grass species were reduced closer to minimum values. Irrigation mitigated the negative effects of heat stress by cooling the canopies 1–3 °C below air temperatures with the most cooling observed in chicory. All the species exposed to moderate heat and drought were fully recovered and those exposed to severe heat and drought recovered partially at the end of the experiment. These findings suggest that chicory may be a potential species for areas subject to frequent heat and drought stress.
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1. Introduction


Global mean temperature is increasing at a rate of 0.2 °C per decade and projected to increase by 1.5 °C above pre-industrial levels (1850–1900) by 2050 if global warming continues at the current rate [1]. In conjunction with global temperature rise, mean temperature in Australia has increased by about 1 °C since the start of the 20th century [2]. At the same time, the frequency, magnitude and duration of extreme climate events such as heat waves and droughts are also increasing [2]. These climatic conditions are highly likely to challenge the production and persistence of perennial pastures in south eastern (SE) Australia, mainly in summer months (December–February). This in turn affects the profitability of the livestock industry since home grown pasture is the cheapest source of feed for livestock [3].



Heat stress is defined as a state where the temperatures are hot enough to cause impairment of physiology, metabolism and productivity of plants [4], where the impacts are mainly dependent on the duration and severity of the stress [5]. Drought stress is a period of sub-optimal water supply to plants that reduces water potential, turgor pressure and subsequently inhibits normal plant functions [6]. During prolonged severe drought, plants could be irreversibly damaged [7]. Heat and drought stress can act individually or in combination. Combinations of heat and drought stresses often cause more detrimental impacts on plants than individual stresses, such that when temperature increases, vapor pressure deficit rises allowing more transpiration per unit of CO2 uptake. This in turn reduces the water use efficiency [8] and increases the rate of water deficit stress development in plants. During water deficit stress, plant water status (water potential or relative water content) decreases affecting turgor pressure [6]. The first response to drought stress in plants is the reduction of leaf expansion. Since herbage mass is the primary target of pasture production, decreasing leaf expansion growth directly affects the forage dry matter production [9]. In SE Australia, rainfed perennial ryegrass pasture production in summer months is often as low as 5–10% of the annual yields, because of the suboptimal water availability and high temperature [10]. Reduction of leaf elongation rates due to water deficit stress has been widely reported for cool season temperate pasture species such as tall fescue and cocksfoot [11], perennial ryegrass [12,13] and Italian ryegrass [14]. In addition to that, water deficit largely impacts on stomatal opening and CO2 diffusion into the leaves, affecting photosynthetic carbon fixation [15,16,17,18,19].



The downregulation of photosynthesis due to heat stress occurs through reduction in Rubisco activity and impairment of photochemistry [20,21]. Optimal temperature for shoot growth of temperate cool season grasses range between 15–23 °C [22,23] and reduction in photosynthesis and growth beyond this range has been reported in several studies. It was found that photosynthesis of Kentucky bluegrass decreased at temperatures above 25 °C [24]. For tall fescue, reduction in photosynthesis has been reported at much higher temperatures (30 °C) [25,26,27].



Photosystem (PS) II is the most heat labile component in the photosynthesis process and is responsible for the impairment of photochemistry under heat stress [28,29,30]. Chlorophyll fluorescence has been developed as a non-destructive measurement to analyze abiotic stresses like heat and drought [31]. Measurement of fluorescence in dark adapted leaves provides an estimate of the maximum photochemical efficiency of PS II (Fv/Fm = variable fluorescence/maximum fluorescence) and gives important information on how much incoming light is used for the photochemistry. Fv/Fm in healthy leaves under optimum conditions is around 0.83 [32,33,34,35,36]. However, reductions of Fv/Fm have been reported under heat and drought stresses for pastures [24,25,32,37].



Downstream effects of heat stress include production of reactive oxygen species (ROS) [38] and peroxidation of membrane lipids. As a result, cell membranes lose their integrity and electrolyte leakage occurs [39]. Increased production of ROS like hydrogen peroxide and superoxide in tall fescue [40] and high lipid peroxidation in tall fescue and perennial ryegrass [25,41] have been observed under high temperature stress. However, variations exist among and within species with respect to their ability for thermotolerance. For instance, tall fescue and cocksfoot were reported to have higher membrane thermotolerance than perennial ryegrass [11,41,42].



Plants often evolve strategies to modify their responses to abiotic stresses using the previous stress memory, referred to as a priming effect [42]. Many studies have investigated the modified plant responses by exposing plants to non-lethal heat treatments [41,43]. Thermotolerance is acquired through reorganizing the lipid compositions of cell membranes [44] and modifying biochemical processes [45]. It has been reported that heat acclimated tall fescue and perennial ryegrass showed decreased water loss, membrane damage and lipid peroxidation relative to non-heat acclimated plants [41].



Growth and physiological responses of temperate pastures under prolonged heat and drought stresses have been studied previously [32,33,46]. However, heat and drought are likely to increase with the increased frequency of extreme climate events due to climate change [47]. Physiological responses of temperate grasses to recurring heat and drought stresses, and their ability to acclimate to the previous stresses have not been studied in detail. Therefore, the objectives of this study were to 1. investigate the growth and physiological responses and recovery potential of four temperate perennial pasture species that are commonly grown pasture species in SE Australia to consecutive heat and/or drought stress alone or in combination and 2. to identify pasture species more tolerant to recurring heat and drought stresses. To test these objectives, an experiment was conducted where plants were exposed to consecutive moderate (30/25 °C, day/night) and severe (35/30 °C, day/night) heat stresses under well-watered and drought conditions, with a one-week recovery period in between.




2. Results


2.1. Relative Soil Water Content (RSWC)


There was little difference in RSWC in well-watered treatments (Figure 1a–c) but it declined from the initial level of ~1 to about 0.6 on average at the end of the first combined heat and drought treatments. There was a difference between chicory and the grasses during the second drought treatment whereby chicory had higher RSWC than grasses at every temperature (Figure 1d–f). Soil water was restored in all the species during the recovery phases and the species differences were seldom significant at the end of each recovery phase (Table 1).




2.2. Maximum Photochemical Efficiency of Photosystem II (Fv/Fm)


There was little difference in Fv/Fm ratio between species under well-watered conditions however, chicory had a higher Fv/Fm ratio compared to the other three grass species (Figure 2). Significant interactions between species, temperature and water status were observed at the end of the first treatment period then again after day 6 of the second treatment (Table 2). During the first moderate heat and drought, the maximum reduction of the Fv/Fm was observed in chicory (72% of the control), followed by tall fescue (38%), cocksfoot (17%) and perennial ryegrass (7%) on day 2 of recovery 1 (Figure 2). Similar patterns were observed for the first severe heat and drought treatment. However, reduction of Fv/Fm during the first severe heat and drought stress treatment was slower in pasture species than the first moderate stress. This may have been due to the high relative humidity (RH%) (>80%) observed during the first two days in the severe heat and stress-imposed growth chamber. High RH% may have reduced the rate of water loss from plants via transpiration and maintained plant functions longer into the stress.



During the second moderate heat and drought stress treatment, Fv/Fm was higher in all species compared to the first moderate heat and drought treatment (Figure 2e). For example, tall fescue had a reduction of 38% after the first treatment and it was only 17% after the second treatment. In contrast, in the second severe heat and drought treatment, the Fv/Fm of all species except chicory declined more significantly and extensively than the first severe heat and drought stress treatment. For example, perennial ryegrass had a reduction of 5% at the end of the first severe treatment compared to 71% at the end of the second severe treatment. During the recovery phase, perennial ryegrass almost fully recovered (94%) and cocksfoot only partially recovered (33%).



The significant interaction of the temperature × water status × species on day 6 of treatment 2 in Fv/Fm is shown in Figure 3. It showed that water stressed perennial ryegrass, cocksfoot and tall fescue plants in the severe temperature treatment (35 °C) had lower Fv/Fm values than the well-watered control. In contrast, chicory maintained a higher Fv/Fm value (similar to non-stressed control = 0.85). Chicory was the only species that did not show any reduction throughout the second heat and drought stress and recovery after stress, indicating no heat induced damage to chicory.




2.3. Cell Membrane Permeability


Electrolyte leakage (EL%), an indicator of cell membrane damage, did not increase under well-watered conditions (Figure 4a–c). However, chicory maintained slightly higher EL% (~16% on average) compared to other species (~10%). At the control temperature, drought stressed plants of chicory showed a gradual increase of EL% up to 60% in the first treatment but there were no marked variations in the EL% in any species during the second drought stress treatment at 25 °C.



During the first moderate heat and drought stress treatment, chicory and tall fescue showed significant membrane damage up to 56% and 70%, respectively, extending the effect to the second day of the recovery phase. Similarly, during the first severe heat and drought stress treatment, the EL% of chicory and tall fescue increased significantly up to 74% and 72% but did not increase in perennial ryegrass or cocksfoot.



During the second moderate heat and drought treatment, electrolyte leakage of the tall fescue and chicory was lower compared to the first treatment. In contrast, cell membranes of all the grass species were significantly damaged (>90%) during the second combined severe heat and drought stress treatment and the effect extended to the recovery phase, but chicory was not affected. Chicory produced new leaf after the first stress period and these new leaves did not show EL above 15% during the second treatment period, indicating no heat induced membrane damage. At the end of the recovery phase, the grass species were partially recovered (Table 3), reporting EL% of 47% in cocksfoot and 30% in perennial ryegrass and tall fescue species.




2.4. Leaf Elongation Rates


Leaf elongation rates showed variations between species and ranged from 1.7 cmd−1 in cocksfoot to 2.2 cmd−1 in chicory on average under control temperature and well-water treatment (Figure 5a). Chicory showed a transient increase in leaf elongation rates under well-watered conditions soon after the temperature was increased (Figure 5b,c). However, heat stress alone decreased the leaf elongation rates of other grass species, particularly at the severe heat stress treatment (Figure 5c). For example, during the second severe heat treatment, leaf elongation rate of cocksfoot, perennial ryegrass and tall fescue decreased by 68%, 65% and 55%, respectively, compared to the control. Under water stress treatment (control temperature), leaf elongation rates of all the species decreased substantially and fluctuated around 0.3–0.5 cmd−1. At the end of both moderate and severe heat stresses, leaf elongation of water stressed plants stopped completely. In contrast, leaf elongation rate of chicory during the second combined moderate/severe heat and drought stresses did not reach zero but remained less than well-watered treatments. At the end of the recovery period, all plant species subjected to each temperature and drought treatment restored their leaf elongation rates to the control levels (Table 4) and tall fescue increased even above the control level.




2.5. Relative Leaf Water Content (RLWC)


Well-watered plants maintained higher RLWC >0.8 at all temperature treatments (Figure 6a–c). However, chicory displayed lower RLWC than grasses from the start of the experiment. At the end of the first treatment, the RLWC of chicory and tall fescue declined significantly to below control levels under all the temperature and drought stressed treatments with the lowest RLWC of 0.16 observed in tall fescue at moderate heat stress. During the second treatment, reduction in the RLWC in control and the moderate temperatures was much lower than the first treatment and chicory maintained a RLWC of ~0.8 which was closer to its non-stressed control value. The largest reductions of RLWC were observed at the end of the second severe heat and drought stressed treatment where the RLWC of all the grass species declined to ~0.2 but chicory maintained a greater RLWC of >0.7 All the grass species were almost recovered at the end of the second recovery period (Table 5), restoring the RLWC > 0.75.




2.6. Canopy Temperature Depression (CTD)


CTD of well-watered plants during treatment 2 were often positive at all temperature treatments (Figure 7a–c) indicating that the canopy was cooler than air temperature. Chicory showed the highest CTD at day 2 with cooling of 1.6 °C, 1.8 °C and 3 °C at control, moderate and severe heat stresses, respectively. In contrast all water stressed plants at day 4 and 7 were hotter than well-watered plants. At day 2, the canopy temperature of control and moderate heat stress were closer to air temperature, but at 35 °C, canopies were still 1 °C cooler. Furthermore, temperature and watering interaction was significant at day 7 (Table 6) indicating that the difference between well-watered and water stressed plants became higher when the severity of the high temperature stress increased.




2.7. Top Dry Weight (Green, Senesced), Root Dry Weight and Root Length


Dry matter yields of green leaves and roots showed clear differences between well-watered and water stressed plants and between species at the end of the experiment (Table 7, Figure 8a,c). Dry weight of green leaves and roots were greater in well-watered plants compared to water stressed plants. Further, higher temperatures (moderate and severe heat stress) increased the dry weight of green leaves compared to the control under well-watered conditions, but water stress counteracted this positive response. In contrast, the weight of the senesced leaves was greater in the water stressed plants and the highest senesced leaf weight was observed in combined severe heat and drought stress treatment. Even though root dry weight declined with increasing temperature and drought stress, root lengths did not show much variations across treatments. All grass species had root lengths of ~80 cm and chicory fluctuated around 65 cm.





3. Discussion


In this study, all the species acclimated to a combination of moderate heat and drought, but only chicory acclimated to the combination of severe heat and drought stresses. Chicory not only tolerated consecutive severe heat and drought stress but also maintained growth as indicated by greater Fv/Fm, leaf elongation rates, RLWC and cell membrane stability at the end of the second severe heat and drought stress. This superior heat and drought tolerance of chicory is consistent with previous findings that showed chicory survived under supraoptimal temperatures (38/25 °C, day/night) and drought stresses for 18 days while other grass species including perennial ryegrass and cocksfoot died after 12 days of the same stress [33,48]. However, it is also important to note that the grasses did recover (partially) at the end of the experiment in the present study, suggesting that the consecutive heat and drought stresses of this magnitude were not severe enough to challenge the survival of the tested temperate grass species.



3.1. Individual Stresses


3.1.1. Effects of Heat Stress


Leaf elongation rates of all species were significantly affected by the severe heat stress in this study, confirming that growth rate of the youngest leaf is sensitive to the temperature changes in its growing environment [49]. A rapid decline of shoot growth of perennial ryegrass under high temperatures above 30 °C with complete cessation of growth at temperatures above 35 °C has been observed previously [50]. However, other physiological parameters such as Fv/Fm, EL% and RLWC of the four species were not affected by seven day moderate or severe heat stresses alone. A previous study has reported similar results that most of the cool season pastures in SE Australia (including pasture species used in this study) maintained Fv/Fm values near 0.83 (similar to unstressed plants) during heat stress treatment of 38/25 °C, day/night [33]. Similarly, Jiang and Huang [32] reported that leaf water content and EL% of perennial ryegrass and tall fescue was not affected by exposing plants only to heat stress of 35/30 °C, day/night for 12 days. Maintenance of the physiological functions under heat stress can be ascribed to the cooling effect of plants due to increased transpiration rate when there is enough soil moisture available. For instance, Jiang and Huang [32] observed transient increase of transpiration rates of perennial ryegrass and tall fescue plants during the first nine days of the heat stress compared to control plants. In the present study, canopy temperature depression of irrigated plants under high temperature treatments were often positive indicating that the canopies were cooler than surrounding air temperatures. Canopy temperatures at the control treatment were closer to air, but canopies were about 1.5 °C cooler under moderate heat stress and about 2 °C cooler under severe heat stress treatments. Chicory maintained the coolest canopies (3 °C cooler than air) under severe heat stress on day two of the severe heat stress treatment. Effective cooling of chicory relative to the grasses may be the reason for the lower reduction of leaf elongation rates of chicory during the second severe heat stress than grasses.




3.1.2. Effect of Drought Stress


In this study, leaf elongation rates of all pasture species decreased soon after drought stress was imposed and was below 0.5 cmd−1 at the end of both consecutive droughts (Figure 5d). For all the species, this pattern of decrease was more closely related to the pattern of RSWC (Figure 1d) rather than RLWC. This observation coincides with the results of Volaire and Lelièvre [11] who found a linear relationship between leaf extension and the fraction of soil water reserve available for plants. Michelena and Boyer [51] and Van Volkenburgh and Boyer [52] have also observed that the leaf elongation rates of maize decreased with increasing soil moisture deficit while there was no change in the turgor pressure in the growing points of leaves. Likewise, Meyer et al. [53] related the reduction of soybean hypocotyl growth rate from 1.6 to 0.2 mmh−1 with decline in soil water rather than hypocotyl turgor pressure. Since expansion of cells is not only related to turgor pressure but also to the supply of water to the growing area [54], declining soil water content could be the likely reason for the observed decline in leaf elongation rates of pasture species.



In this study, cocksfoot maintained relatively higher leaf water content compared to other species during consecutive drought stresses. This may be related to better water uptake of cocksfoot at low soil moisture levels and delay of dehydration. In a comparison study between tall fescue and cocksfoot, Volaire and Lelièvre [11] found that leaf area and water potential of tall fescue decreased earlier than cocksfoot along with the increased cell membrane damage, indicating that cocksfoot possess higher dehydration control under drought stress than tall fescue.



Other physiological parameters like Fv/Fm and EL% were not affected significantly during drought stresses in the tested species. Many other studies also agreed with these results indicating that short-term moderate water deficit had no effect on Fv/Fm [18] and cell membrane stability [55].





3.2. Effect of Combined Stresses and Acclimation to Previous Stress


Physiological parameters that were not affected by either heat and drought stress alone were severely affected when plants were exposed to combined heat and drought. Fv/Fm values for plants exposed to the first combined heat and drought treatments (at both moderate and severe temperatures) decreased below the values for non-stressed plants (0.83) suggesting physiological impairments of photosystem II, particularly in tall fescue and chicory. This pattern was consistent in the EL% and the RLWC in these two species; however, perennial ryegrass and cocksfoot were less affected during the first heat and drought stresses. Previous studies have shown that tall fescue has superior heat and drought tolerant capacity than perennial ryegrass [32], which is mainly related to a dehydration avoidance mechanism, from its efficient uptake of water from the deeper soil layers by the deep root system [56,57,58]. However, in this study, the roots of all the grass species reached the full length >75cm of the growing tubes and there was no difference of root dry weights between perennial ryegrass and tall fescue in moderate and severe heat and drought stress treatments. This result strongly suggests that under similar rooting conditions, tall fescue has no superior heat and drought tolerance compared to perennial ryegrass. Confirming this result, Wallner et al. [59] also found that tall fescue was no more heat tolerant than perennial ryegrass under in vitro conditions as assessed by cell membrane thermostability. In another study conducted in shallow pots (with restricted root growth), Milbau et al. [46] reported a reduction of Fv/Fm in both perennial ryegrass and tall fescue to around 0.2 after seven days of a heat wave of 35.8 ± 3.8 °C, in combination with drought stress, indicating no difference between tall fescue and perennial ryegrass in stress tolerance. Further, plants used in this study were raised from seeds and they were only eight weeks old when the treatments were imposed. Plants used in a similar study which resulted no substantial reduction Fv/Fm in chicory throughout the experiment, were about 8 months old [33] and those used by Jiang and Huang [32], who observed tall fescue perform better than perennial ryegrass, were 4 year old sod pieces.



In comparison with the first treatment, the second heat (both moderate and severe) and drought treatment affected pasture species differently. During the second moderate heat and drought stress treatment, Fv/Fm, EL% and RLWC were less affected in all species compared to the first treatment. This is likely to be due to the stress acclimation of plants. Many studies have demonstrated that plants can adapt to environmental stresses like heat and drought by modifying their membrane structure and functions and the production of heat stress proteins [41,60,61]. It has been shown that previous stress memory not only protects plants from subsequent stresses but also allows better performances [62,63]. The results of the current study are supported by Xu et al. [41], who reported that heat acclimation pretreatment (30 °C for three days) alleviated cell membrane damage and water loss from perennial ryegrass and tall fescue plants exposed to 38 °C.



Unlike in the second moderate heat and drought stress treatment, the second severe heat and drought treatment had detrimental impacts on all pasture species except chicory. During this time period, Fv/Fm values of all grass species decreased by 90% of the control, electrolyte leakage exceeded 90% and RLWC decreased below 20%, and these parameters only partially recovered at the end of the recovery period. In contrast, chicory’s tolerance of consecutive combined heat and drought stresses may be due to the maintenance of viable green leaf area. This is evidenced by high relative water content (>0.7) and high Fv/Fm values closer to 0.83 indicating that chicory can produce new biomass with the remaining viable new leaf area produced after the first stress treatment and supply photo assimilates to replenish diminishing carbohydrate reserves during the second stress.



These results demonstrate that the plant species used in this study were better able to acclimate to consecutive moderate heat stress combined with drought stresses. This is an important characteristic in the cool season grasses to produce biomass under warmer and drier climates predicted for the coming decades in SE Australia. These results also suggest that tall fescue has similar stress tolerance compared to perennial ryegrass, which is in contrast with field studies that demonstrate that tall fescue is more persistent in pastures in south eastern Australia [64]. Greater persistence of tall fescue in field conditions might be due to its deeper roots and that this greater root depth is what confers greater survival under drier and hotter conditions [57,58]. The results of the current study support this by showing no difference between tall fescue and other grasses when the roots are the same length, suggesting that root depth is the key reason for its greater persistence under field conditions. This finding also highlights the importance of selecting or breeding deep-rooted species as an adaptation for the more variable future climates with frequent dry and hot conditions expected in southern Australia. Deeper rooting has been identified as a promising trait for drought adaptation in crops. For instance, in rice crops, cloning of DEEPER ROOTING 1 (DRO1) gene to shallow rooting rice cultivar improved drought avoidance by modifying root system architecture through downward bending of roots [65]. In the current study, the likely reason for chicory’s superior heat and drought tolerance was its ability to maintain more viable and photosynthetically active leaf area however, other mechanisms relating to drought survival linked with root characteristics need further research. Further, species with Mediterranean origins may have different responses to combined heat and drought stresses and this is another future research direction. The current study focused only one cultivar from each species and in future research, the use of several genotypes with more than one cultivar would be helpful to screen more drought and heat tolerant species. Among all the species used in this study, chicory may be a potential summer active pasture species that is capable of tolerating more severe heat and drought stress and at the same time producing more livestock feed than grasses in SE Australia.





4. Materials and Methods


4.1. Plant Materials and Establishment


The physiological responses of four summer active temperate pasture species including three grasses; perennial ryegrass (Lolium perenne cv. Base AR37), cocksfoot (Dactylis glomerate cv. Savvy), tall fescue (Festuca arundinacea cv. Quantum II Max P) and a herb; chicory (Cichorium intybus cv. Puna II) to heat and drought stress were evaluated in this study. All cultivars are commercially grown and popular among farmers in SE Australia. Quantum II max P is a commercial tall fescue cultivar bread in New Zealand (NZ) with higher summer production and drought tolerance [66]. Cocksfoot cv. savvy originated from continental Europe and is well known for drought tolerance and production under low soil fertility. Perennial ryegrass is less tolerant to drought than tall fescue and cocksfoot however, cv. base AR37 was bread in Australia from drought tolerant plants to enhance late season production. Perennial ryegrass is commercially grown in areas where annual rainfall is over 650 mm [67]. Chicory cv. puna II was selected from a commercial NZ line where it has higher summer production, drought resistance and persistence than grasses [68].



The experiment was conducted in the glass house and growth cabinet facilities at the Faculty of Veterinary and Agricultural Sciences, the University of Melbourne (37.7964°S, 144.9612°E). The experiment was conducted between 21 December 2017 and 3 April 2018. Plants were grown in polyvinyl chloride (PVC) tubes (diameter 10 cm, height 75 cm). A soil media consisting of a 3:1 (v/v) mixture of sand and soil. Soils (Red Chromosol) were collected from Dookie campus, the University of Melbourne. Before plant establishment, five poly vinyl chloride tubes were filled with the air-dried soil medium and then irrigated until free drainage occurred from the bottom of the tube and weighed (fully wet soil). These soils were oven dried at 80 °C for 10 days and dry weight was measured (oven dry soil), to be used later to calculate soil moisture content (described in Section 4.3). Plants were established by sowing six seeds in each tube. Plants were well watered daily to field capacity during the establishment period until the treatments commenced. Liquid fertilizer, aquasol (NPK 23:3.95:14) was applied every two days at seedling concentration (1 g/L:100 mL/plant) at the early stages of growth and increased gradually up to 5 g/L:100 ml/plant until the sixth week after sowing. At week six, osmocote (NPK 14:1.3:14.9 including iron magnesium and trace elements), a slow release fertilizer, was applied at a rate of 2 kg/m3 (nearly 12 g/pot). Plants were thinned out to retain three plants/pot at week six and a light grazing was simulated by clipping the plants to 2/3 height to encourage tiller growth. After eight weeks, plants were assigned to three separate growth chambers with 25 °C/15 °C day/night temperature, 12 h photoperiod, 900 µmolm−2s−1 light intensity and 70% RH for two weeks, to allow plants to adjust to the growth chamber conditions prior to imposing heat and drought treatments.




4.2. Treatments and Experimental Design


Heat and drought stress treatments commenced 70 days after sowing, following the acclimation period. Plants were exposed to three temperature regimes (control, moderate and severe heat stress) with or without watering as explained below. The stress levels were selected as moderate and severe at 30 °C and 35 °C, respectively, because the onset of heat stress occurs in the key pasture species (perennial ryegrass) at 30 °C and growth stops at 35 °C [50]. Treatments consisted of consecutive seven-day heat and drought stresses each followed by a seven-day recovery period. Conditions during the pretreatment and recovery periods were the same as the control. The heat stress treatments were designed to mimic the summer heat waves experienced in southern Victoria, Australia, where successive heat events are common [69]. Three heat treatments were imposed in separate growth cabinets as follows:




	
Control: Plants were grown at 25 °C/15 °C day/night temperatures for the duration of the experiment.



	
Moderate heat stress: Plants were grown at control conditions during pre-treatment week. A moderate heat stress was simulated by increasing the cabinet temperatures to 30 °C/20 °C day/night for a seven-day period followed by a seven-day recovery period (by resetting the growth chamber temperatures to the control conditions). The second seven-day heat stress was imposed in the same way followed by another seven-day recovery period.



	
Severe heat stress: Two consecutive heat stresses and subsequent recovery periods were given in the same way to the moderate heat stress, but with increased temperatures (35 °C/25 °C day/night).








The diurnal pattern of the temperature variation was simulated in the growth chambers by changing the temperatures gradually between day and night. Environmental conditions of the three growth chambers during the experiment are shown in Figure 9.



Two watering treatments were applied in each growth chamber. One set of plants was irrigated each day to the field capacity for the entire duration (well-watered). Irrigation was withheld in another set of plants during the period of high temperature stress (drought). All plants were well-watered during the pre-treatment and the recovery periods.



The current study carried out inside growth chambers fairly resembles the natural environment in several ways. Pasture plants were grown in 75 cm long PVC tubes to allow more root growth into deep layers of the potting media. Further, diurnal variation of the temperature change was simulated by gradually increasing and decreasing the temperature between day and night. Finally, light intensity was maintained at 19.4 MJm−2 (~900 µmolm−2s−1) which is in the range of radiation intensity during heat waves in the SE Australia. For example, at Ellinbank, analysis of climate parameters indicated that the radiation intensity of days with a maximum daily temperature >30 °C reach on average 25 ± 5 MJm−2d−1 (data not shown).



There were 40 pots per growth chamber (two irrigation treatments × four species × five replicates) arranged in eight rows and five columns (blocking structure). Well-watered and drought stressed treatments were simulated in alternative rows of plants (eight in all). Five replicate plants of each species were randomly allocated in each watering treatment and the experimental design was randomized in row and column wise directions within each growth chamber.




4.3. Measurements


Key physiological measurements such as maximum photochemical efficiency of PS II (Fv/Fm), cell membrane permeability (electrolyte leakage %), leaf elongation rate (cmd−1), leaf relative water content and the canopy temperature (°C) were measured at two to three-day intervals. Relative soil moisture content of the pots was also measured at one-day intervals. At the end of the experiment, plants were harvested and the dry weight of the canopy (green and senesced) (g), root length (cm) and root dry weight (g) were measured.



Relative soil water content (RSWC) was calculated for each species to monitor soil dryness with time. Pots were weighed to measure the weight of soil with water. RSWC was calculated using Equation (1) [46].


  R S W C =     A c t u a l   w e i g h t   o f   w a t e r   i n   t u b e s     W e i g h t   o f   s o i l   w i t h   w a t e r − w e i g h t   o f   o v e n   d r i e d   s o i l     P o t e n t i a l   w e i g h t   o f   w a t e r   i n   t u b e s     w e i g h t   o f   f u l l y   w e t   s o i l − w e i g h t   o f   o v e n   d r i e d   s o i l      



(1)







Chlorophyll fluorescence was measured using a MINI PAM (pulse amplitude modulation), portable chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Germany). The maximum photochemical efficiency of PSII, Fv/Fm (Genty parameter) [70] was measured in dark-adapted leaves by selecting the youngest fully expanded leaves on the plant using the leaf clip holder 2030-B. The distance between the leaf and the fiberoptic was maintained at 15 mm during measurements. The angle between the fiberoptic axis and the leaf was 60°. Plants were subjected to darkness by turning lights off inside growth cabinets for one hour (in between 17.00–18.00) before taking measurements. Mode menu-5 (ML-BURST function) of the MINI PAM was used for the measurements to reduce the intensity of measuring light to 1/5 and clear any false signals in the fluorescence measurement.



Cell membrane damage induced by heat and drought stresses was measured by testing the percentage electrolyte leakage (EL%) in leaves as described by Jiang and Huang [32]. Fully grown leaves were collected destructively from each pot and cut into small pieces of about 1 cm. Those leaf pieces were rinsed three times with distilled deionized water to wash out surface adhered electrolytes and those on the cut surfaces. Leaf pieces (5–10) were placed in test tubes and filled with 15 ml distilled deionized water. Test tubes were then shaken for 18 h in a mechanical shaker before measuring the initial conductivity (C1). Leaf samples were then autoclaved at 121 °C and 0.1 MPa for 15 minutes to kill the leaf tissues and the final conductivity (C2) was measured. EL% was computed as (C1/C2) × 100.



To calculate leaf elongation rates, a tiller with three fully expanded leaves and one emerging leaf was randomly selected from each pot and marked with a plastic wire ring at the base of the tiller. The length (cm) of the youngest elongating leaf was measured from tip to ligule of the youngest fully expanded leaf [71]. Leaf elongation rate was calculated by dividing the difference of the leaf length by the number of days and given as cmd−1. New tillers were selected every 2–4 days or when a new leaf started to emerge from the same tiller.



Relative leaf water content (RLWC) was measured according to the method used by Barrs and Weatherley [72] and Jiang and Huang [32]. First, the middle part of a fully-grown leaf was excised from each plant and fresh weight was recorded. Then the leaf was put into a water filled test tube and kept in the dark for five hours to reach full hydration. After five hours, the surface water was blotted dry using tissue paper and turgid weight was measured. Leaves were kept inside the oven at 60 °C for 48 h and dry weight was measured. RLWC was calculated using following equation.


  R L W C =     F r e s h   W e i g h t − D r y   w e i g h t   T u r g i d   w e i g h t − D r y   w e i g h t    



(2)







Canopy temperature was measured using infrared camera (FLIR T-series; model B 360) during the second, fourth and seventh day of the second treatment period. Thermal images of 3–5 plants in each species were captured using the white colored wall of the growth chamber as the background. The thermal images had a resolution of 320 × 240 pixels. Each pixel represents a specific temperature value of the picture. Thermal images were analyzed using a custom code developed using MATLAB R 2014b software [73]. Pixels from the background and the pot were excluded by selecting the maximum and minimum temperature value within the canopy and the pixels within the canopy were averaged to calculate canopy temperature. Air temperature inside growth chambers was measured using a mercury thermometer during the capture of each thermal image to get the accurate air temperature inside the cabinet. The difference between canopy temperature and air temperature (canopy temperature depression, CTD) was calculated as T canopy − T air.



At the end of the experiment, plants were harvested from the base near the soil surface and leaves of each plant were separated into green and senesced portions. Leaves were dried in the oven at 80 °C until constant weight achieved. Dry weight of the dead and green leaves was measured.



Remaining soil column with roots was removed from the PVC tubes and roots were carefully washed to remove the trapped soil particles. Root system length was measured in each plant and roots were oven dried at 80 °C until a constant weight achieved. Dry weight of the roots was measured.




4.4. Statistical Analysis


Data were statistically analyzed using linear mixed models, using GenStat statistical software. Rows and columns in each chamber were used as random effects in the model, while temperature, water status (irrigated or drought stressed) and species were used as fixed effects. Mixed models were used in this analysis because it could account for the lack of balance in the experimental design. Physiological measurements on each day were analyzed to reveal the differences between temperature, water and species and their interactions.





5. Conclusions


This study demonstrated that temperate cool season pasture species can acclimate to combined moderate heat and drought stresses, but chicory is the only species that maintained growth under combined severe heat and drought stress. The results further showed that tall fescue has no superior drought and heat tolerance compared to perennial ryegrass under similar rooting conditions. Therefore, the ability of tall fescue to tolerate drought stress under field conditions may be largely due to its deep rooting and effective water uptake from the deeper soil layers. Individual stresses had no significant impacts on physiological functionality of pasture species, but the leaf elongation rates were affected by either stress alone. Irrigation mitigated the negative impacts of heat stress by cooling the pasture canopies 1–3 °C through transpirational cooling, with chicory having the coolest canopy temperature. While the specific mechanisms of chicory’s greater heat and drought tolerance compared to grasses deserve further research, it can be concluded that chicory is a potential pasture species to provide livestock feed under more challenging hot and dry summer months in SE Australia.







Author Contributions


Conceptualization, R.S.P., B.R.C. and R.J.E.; Data curation, R.S.P.; Formal analysis, R.S.P. and B.R.C.; Funding acquisition, B.R.C.; Investigation, R.S.P.; Methodology, R.S.P., B.R.C. and R.J.E.; Project administration, B.R.C. and R.J.E.; Resources, B.R.C.; Supervision, B.R.C. and R.J.E.; Validation, R.S.P.; Visualization, B.R.C.; Writing—original draft, R.S.P.; Writing—review and editing, R.S.P., B.R.C. and R.J.E.




Funding


This research received no external funding.




Acknowledgments


The authors acknowledge the kind support of the Steven Elefteriadis, Glasshouse Complex Manager, Faculty of Veterinary and Agricultural Sciences (FVAS)/School of Biosciences, The University of Melbourne for allocating glass house space, growth chamber facilities and providing equipment to conduct this experiment. The authors would also like to thank Associate Professor Graham Hepworth, Statistical consultant center, The University of Melbourne for the statistical advice, the technical staff of the soil science laboratory of the FVAS for the assistance given in using the equipment and Mahil Pathirana, Department of Infrastructure Engineering, The University of Melbourne for the technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



IPCC. Summary for Policymakers; World Meteorological Organization: Geneva, Switzerland, 2018; p. 32. ISBN 978-92-9169-151-7. [Google Scholar]

	



CSIRO; Bureau of Meteorology. Climate Change in Australia-Projections for Australia’s S Natural Resource Management Regions: Technical Report; CSIRO and Bureau of Meteorology: Canberra, Australia, 2015. [Google Scholar]

	



Chapman, D.F.; Kenny, S.N.; Beca, D.; Johnson, I.R. Pasture and forage crop systems for non-irrigated dairy farms in southern Australia. 1. Physical production and economic performance. Agric. Syst. 2008, 97, 108–125. [Google Scholar] [CrossRef] [Scilit]

	



Porter, J.; Semenov, M. Crop responses to climatic variation. Philos. Trans. R. Soc. B Biol. Sci. 2005, 360, 2021–2035. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Loka, D.; Harper, J.; Humphreys, M.; Gasior, D.; Wootton Beard, P.; Gwynn Jones, D.; Scullion, J.; Doonan, J.; Kingston Smith, A.; Dodd, R.; et al. Impacts of abiotic stresses on the physiology and metabolism of cool-season grasses: A review. Food Energy Secur. 2019, 8, e00152. [Google Scholar] [CrossRef] [Scilit]

	



Jaleel, C.A.; Manivannan, P.; Wahid, A.; Farooq, M.; Al-Juburi, H.J.; Somasundaram, R.; Panneerselvam, R. Drought stress in plants: A review on morphological characteristics and pigments composition. Int. J. Agric. Biol. 2009, 11, 100–105. [Google Scholar]

	



Passioura, J. The drought environment: Physical, biological and agricultural perspectives. J. Exp. Bot. 2006, 58, 113–117. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ritchie, J.T. Efficient Water Use in Crop Production: Discussion on the Generality of Relations Between Biomass Production and Evapotranspiration. In Limitations to Efficient Water Use in Crop Production; American Society of Agronomy, Crop Science Society of America, Soil Science Society of America: Madison, WI, USA, 1983; pp. 29–44. [Google Scholar]

	



Bittman, S.; Simpson, G.; Mir, Z. Leaf senescence and seasonal decline in nutritional quality of three temperate forage grasses as influenced by drought. Crop Sci. 1988, 28, 546–552. [Google Scholar] [CrossRef] [Scilit]

	



Özkan, Ş.; Hill, J.; Cullen, B. Effect of climate variability on pasture-based dairy feeding systems in south-east Australia. Anim. Prod. Sci. 2015, 55, 1106. [Google Scholar] [CrossRef] [Scilit]

	



Volaire, F.; Lelièvre, F. Drought survival in Dactylis glomerata and Festuca arundinacea under similar rooting conditions in tubes. Plant Soil 2001, 229, 225–234. [Google Scholar] [CrossRef] [Scilit]

	



Jones, M.B. Water stress in field-grown perennial ryegrass. 2. Its effect on leaf water status, stomatal resistance and leaf morphology. Ann. Appl. Biol. 1980, 96, 103. [Google Scholar] [CrossRef] [Scilit]

	



Lawlor, D. Growth and water use of Lolium perenne. II. Plant growth. J. Appl. Ecol. 1972, 9, 99–105. [Google Scholar] [CrossRef] [Scilit]

	



Norris, I.B. Soil moisture and growth of contrasting varieties of Lolium, Dactylis and Festuca species. Grass Forage Sci. 1982, 37, 273–283. [Google Scholar] [CrossRef] [Scilit]

	



Kosmala, A.; Perlikowski, D.; Pawłowicz, I.; Rapacz, M. Changes in the chloroplast proteome following water deficit and subsequent watering in a high-and a low-drought-tolerant genotype of Festuca arundinacea. J. Exp. Bot. 2012, 63, 6161–6172. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Farfan-Vignolo, E.R.; Asard, H. Effect of elevated CO2 and temperature on the oxidative stress response to drought in Lolium perenne L. and Medicago sativa L. Plant Physiol. Biochem. 2012, 59, 55–62. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Fu, J.; Dernoeden, P.H. Carbohydrate metabolism in creeping bentgrass as influenced by two summer irrigation practices. J. Am. Soc. Hortic. Sci. 2008, 133, 678–683. [Google Scholar] [CrossRef] [Scilit]

	



Bian, S.; Jiang, Y. Reactive oxygen species, antioxidant enzyme activities and gene expression patterns in leaves and roots of Kentucky bluegrass in response to drought stress and recovery. Sci. Hortic. 2009, 120, 264–270. [Google Scholar] [CrossRef] [Scilit]

	



Xu, L.; Yu, J.; Han, L.; Huang, B. Photosynthetic enzyme activities and gene expression associated with drought tolerance and post-drought recovery in Kentucky bluegrass. Environ. Exp. Bot. 2013, 89, 28–35. [Google Scholar] [CrossRef] [Scilit]

	



Haldimann, P.; Feller, U. Inhibition of photosynthesis by high temperature in oak (Quercus pubescens L.) leaves grown under natural conditions closely correlates with a reversible heat-dependent reduction of the activation state of ribulose-1,5-bisphosphate carboxylase/oxygenase. Plant Cell Environ. 2004, 27, 1169–1183. [Google Scholar] [CrossRef] [Scilit]

	



Heckathorn, S.A.; Coleman, J.S.; Hallberg, R.L. Recovery of net CO2 assimilation after heat stress is correlated with recovery of oxygen-evolving-complex proteins in Zea mays L. Photosynthetica 1997, 34, 13–20. [Google Scholar] [CrossRef] [Scilit]

	



Beard, J. Turfgrass Science and Culture; Printice Hall: London, UK, 1973. [Google Scholar]

	



Paulsen, G.M. High Temperature Responses of Crop Plants. In Physiology and Determination of Crop Yield; American Society of Agronomy, Crop Science Society of America, Soil Science Society of America: Madison, WI, USA, 1994; pp. 365–389. [Google Scholar] [CrossRef] [Scilit]

	



Song, Y.; Yu, J.; Huang, B. Elevated CO2-mitigation of high temperature stress associated with maintenance of positive carbon balance and carbohydrate accumulation in Kentucky bluegrass. PLoS ONE 2014, 9, e89725. [Google Scholar] [CrossRef] [Scilit]

	



Cui, L. High temperature effects on photosynthesis, PSII functionality and antioxidant activity of two Festuca arundinacea cultivars with different heat susceptibility. Bot. Stud. 2006, 47, 61. [Google Scholar]

	



Yu, J.; Yang, Z.; Jespersen, D.; Huang, B. Photosynthesis and protein metabolism associated with elevated CO2-mitigation of heat stress damages in tall fescue. Environ. Exp. Bot. 2014, 99, 75–85. [Google Scholar] [CrossRef] [Scilit]

	



Zhao, W.Y.; Xu, S.; Li, J.L.; Cui, L.J.; Chen, Y.N.; Wang, J.Z. Effects of foliar application of nitrogen on the photosynthetic performance and growth of two fescue cultivars under heat stress. Biol. Plant. 2008, 52, 113–116. [Google Scholar] [CrossRef] [Scilit]

	



Baker, N.R.; Rosenqvist, E. Applications of chlorophyll fluorescence can improve crop production strategies: An examination of future possibilities. J. Exp. Bot. 2004, 55, 1607–1621. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Baker, N.R. Chlorophyll fluorescence: A probe of photosynthesis in vivo. Annu. Rev. Plant Biol. 2008, 59, 89–113. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Allakhverdiev, S.I.; Kreslavski, V.D.; Klimov, V.V.; Los, D.A.; Carpentier, R.; Mohanty, P. Heat stress: An overview of molecular responses in photosynthesis. Photosynth. Res. 2008, 98, 541. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Maxwell, K.; Johnson, G. Chlorophyll fluorescence—A practical guide. J. Exp. Bot. 2000, 51, 659–668. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Y.; Huang, B. Physiological responses to heat stress alone or in combination with drought: A comparison between tall fescue and perennial ryegrass. HortScience 2001, 36, 682–686. [Google Scholar] [CrossRef] [Scilit]

	



Langworthy, A.; Rawnsley, R.; Freeman, M.; Pembleton, K.; Corkrey, R.; Harrison, M.; Lane, P.; Henry, D. Potential of summer-active temperate (C3) perennial forages to mitigate the detrimental effects of supraoptimal temperatures on summer home-grown feed production in south-eastern Australian dairying regions. Crop Pasture Sci. 2018, 69, 808. [Google Scholar] [CrossRef] [Scilit]

	



Haque, M.; Kjaer, K.; Rosenqvist, E.; Sharma, D.; Ottosen, C.-O. Heat stress and recovery of photosystem II efficiency in wheat (Triticum aestivum L.) cultivars acclimated to different growth temperatures. Environ. Exp. Bot. 2014, 99, 1–8. [Google Scholar] [CrossRef] [Scilit]

	



Sharma, D.; Andersen, S.; Ottosen, C.-O.; Rosenqvist, E. Wheat cultivars selected for high Fv/Fmunder heat stress maintain high photosynthesis, total chlorophyll, stomatal conductance, transpiration and dry matter. Physiol. Plant. 2015, 153, 284–298. [Google Scholar] [CrossRef] [Scilit]

	



Johnson, G.; Young, A.; Scholes, J.; Horton, P. The dissipation of excess excitation energy in British plant species. Plant Cell Environ. 1993, 16, 673–679. [Google Scholar] [CrossRef] [Scilit]

	



Jespersen, D.; Zhang, J.; Huang, B. Chlorophyll loss associated with heat-induced senescence in bentgrass. Plant Sci. 2016, 249, 1–12. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Miller, G.; Shulaev, V.; Mittler, R. Reactive oxygen signaling and abiotic stress. Physiol. Plant. 2008, 133, 481–489. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wahid, A.; Gelani, S.; Ashraf, M.; Foolad, M. Heat tolerance in plants: An overview. Environ. Exp. Bot. 2007, 61, 199–223. [Google Scholar] [CrossRef] [Scilit]

	



Chen, K.; Sun, X.; Amombo, E.; Zhu, Q.; Zhao, Z.; Chen, L.; Xu, Q.; Fu, J. High correlation between thermotolerance and photosystem II activity in tall fescue. Photosynth. Res. 2014, 122, 305–314. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Xu, S.; Li, J.; Zhang, X.; Wei, H.; Cui, L. Effects of heat acclimation pretreatment on changes of membrane lipid peroxidation, antioxidant metabolites, and ultrastructure of chloroplasts in two cool-season turfgrass species under heat stress. Environ. Exp. Bot. 2006, 56, 274–285. [Google Scholar] [CrossRef] [Scilit]

	



Bäurle, I. Plant Heat Adaptation: Priming in response to heat stress. F1000Res 2016, 5, 694. [Google Scholar] [CrossRef] [Scilit]

	



Mohammed, A.R.; Tarpley, L. High nighttime temperatures affect rice productivity through altered pollen germination and spikelet fertility. Agric. For. Meteorol. 2009, 149, 999–1008. [Google Scholar] [CrossRef] [Scilit]

	



Larkindale, J.; Huang, B. Thermotolerance and antioxidant systems in Agrostis stolonifera: Involvement of salicylic acid, abscisic acid, calcium, hydrogen peroxide, and ethylene. J. Plant Physiol. 2004, 161, 405–413. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sangwan, V.; Örvar, B.L.; Beyerly, J.; Hirt, H.; Dhindsa, R.S. Opposite changes in membrane fluidity mimic cold and heat stress activation of distinct plant MAP kinase pathways. Plant J. 2002, 31, 629–638. [Google Scholar] [CrossRef] [Scilit]

	



Milbau, A.; Scheerlinck, L.; Reheul, D.; De Cauwer, B.; Nijs, I. Ecophysiological and morphological parameters related to survival in grass species exposed to an extreme climatic event. Physiol. Plant. 2005, 125, 500–512. [Google Scholar] [CrossRef] [Scilit]

	



IPCC. Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation; Cambridge University Press: Cambridge, NY, USA, 2012. [Google Scholar]

	



Langworthy, A.; Pembleton, K.; Rawnsley, R.; Harrison, M.; Lane, P.; Henry, D.; Corkrey, R. Chicory (Cichorium intybus L.) can beat the heat during summer drought in southeast Australian dairying regions. In Proceedings of the 17th Australian Agronomy Conference, Hobart, Australia, 20–24 September 2015; pp. 1–4. [Google Scholar]

	



Williams, C.; Biddiscombe, E. Extension growth of grass tillers in the field. Aust. J. Agric. Res. 1965, 16, 14–22. [Google Scholar] [CrossRef] [Scilit]

	



Mitchell, K. Growth of pasture species under controlled environment. 1. Growth at various levels of constant temperature. N. Z. J. Sci. Technol. 1956, 38, 203–215. [Google Scholar] [CrossRef] [Scilit]

	



Michelena, V.A.; Boyer, J.S. Complete turgor maintenance at low water potentials in the elongating region of maize leaves. Plant Physiol. 1982, 69, 1145–1149. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Van Volkenburgh, E.; Boyer, J.S. Inhibitory effects of water deficit on maize leaf elongation. Plant Physiol. 1985, 77, 190–194. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Meyer, R.F.; Boyer, J.S. Sensitivity of cell division and cell elongation to low water potentials in soybean hypocotyls. Planta 1972, 108, 77–87. [Google Scholar] [CrossRef] [Scilit]

	



Lockhart, J. An analysis of irreversible plant cell elongation. J. Theor. Biol. 1965, 8, 264–275. [Google Scholar] [CrossRef] [Scilit]

	



Yu, J.; Chen, L.; Xu, M.; Huang, B. Effects of elevated CO2 on physiological responses of tall fescue to elevated temperature, drought stress, and the combined stresses. Crop Sci. 2012, 52, 1848. [Google Scholar] [CrossRef] [Scilit]

	



Sheffer, K.; Dunn, J.; Minner, D. Summer drought response and rooting depth of three cool-season turfgrasses. HortScience (USA) 1987, 22, 296–297. [Google Scholar]

	



Norton, M.; Malinowski, D.; Volaire, F. Plant drought survival under climate change and strategies to improve perennial grasses. A review. Agron. Sustain. Dev. 2016, 36, 1. [Google Scholar] [CrossRef] [Scilit]

	



Garwood, E.A.; Sinclair, J. Use of water by six grass species. 2. Root distribution and use of soil water. J. Agric. Sci. 1979, 93, 25. [Google Scholar] [CrossRef] [Scilit]

	



Wallner, S.; Becwar, M.; Butler, J. Measurement of turfgrass heat tolerance in vitro [Drought resistance]. J. Am. Soc. Hortic. Sci. 1982, 107, 608–613. [Google Scholar]

	



Bruce, T.J.; Matthes, M.C.; Napier, J.A.; Pickett, J.A. Stressful “memories” of plants: Evidence and possible mechanisms. Plant Sci. 2007, 173, 603–608. [Google Scholar] [CrossRef] [Scilit]

	



Vriet, C.; Hennig, L.; Laloi, C. Stress-induced chromatin changes in plants: Of memories, metabolites and crop improvement. Cell Mol. Life Sci. 2015, 72, 1261–1273. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kissoudis, C.; van de Wiel, C.; Visser, R.G.F.; van der Linden, G. Enhancing crop resilience to combined abiotic and biotic stress through the dissection of physiological and molecular crosstalk. Front. Plant Sci. 2014, 5, 207. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Rejeb, I.; Pastor, V.; Mauch Mani, B. Plant responses to simultaneous biotic and abiotic stress: molecular mechanisms. Plants 2014, 3, 458–475. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tharmaraj, J.; Chapman, D.F.; Hill, J.; Jacobs, J.L.; Cullen, B.R. Increasing home-grown forage consumption and profit in non-irrigated dairy systems. 2. Forage harvested. Anim. Prod. Sci. 2014, 54, 234. [Google Scholar] [CrossRef] [Scilit]

	



Uga, Y.; Sugimoto, K.; Ogawa, S.; Rane, J.; Ishitani, M.; Hara, N.; Kitomi, Y.; Inukai, Y.; Ono, K.; Kanno, N.; et al. Control of root system architecture by DEEPER ROOTING 1 increases rice yield under drought conditions. Nat. Genet. 2013, 45, 1097–1102. [Google Scholar] [CrossRef] [Scilit]

	



Nie, Z.; Miller, S.; Moore, G.; Hackney, B.; Boschma, S.; Reed, K.; Mitchell, M.; Albertsen, T.; Clark, S.; Craig, A. Field evaluation of perennial grasses and herbs in southern Australia. 2. Persistence, root characteristics and summer activity. Anim. Prod. Sci. 2008, 48, 424–435. [Google Scholar] [CrossRef] [Scilit]

	



Waller, R.A.; Sale, P.W.G.; Saul, G.R.; Kearney, G.A. Tactical versus continuous stocking in perennial ryegrass-subterranean clover pastures grazed by sheep in south-western Victoria. 1. Stocking rates and herbage production. Aust. J. Exp. Agric. 2001, 41, 1099. [Google Scholar] [CrossRef] [Scilit]

	



Rumball, W. Grasslands Puna’ chicory (Cichorium intybus L.). N. Z. J. Exp. Agric. 1986, 14, 105–107. [Google Scholar] [CrossRef] [Scilit]

	



Parker, T.; Berry, G.; Reeder, M. The structure and evolution of heat waves in southeastern Australia. J. Clim. 2014, 27, 5768–5785. [Google Scholar] [CrossRef] [Scilit]

	



Genty, B.; Briantais, J.-M.; Baker, N.R. The relationship between the quantum yield of photosynthetic electron transport and quenching of chlorophyll fluorescence. Biochim. Biophys. Acta. Gen. Subj. 1989, 990, 87–92. [Google Scholar] [CrossRef] [Scilit]

	



Peacock, J. Temperature and leaf growth in Lolium perenne. I. The thermal microclimate: Its measurement and relation to crop growth. J. Appl. Ecol. 1975, 12, 99–114. [Google Scholar] [CrossRef] [Scilit]

	



Barrs, H.D.; Weatherley, P.E. A re-examination of the relative turgidity technique for estimating water deficits in leaves. Aust. J. Biol. Sci. 1962, 15, 413. [Google Scholar] [CrossRef] [Scilit]

	



Fuentes, S.; de Bei, R.; Pech, J.; Tyerman, S. Computational water stress indices obtained from thermal image analysis of grapevine canopies. Irrig. Sci. 2012, 30, 523–536. [Google Scholar] [CrossRef] [Scilit]








[image: Plants 08 00227 g001] 





Figure 1. Relative soil water content of pots containing perennial ryegrass (PR), cocksfoot (CF), tall fescue (TF) and chicory (Chi) during consecutive heat and drought treatments and subsequent recovery periods. (a), (b) and (c) represent well-watered (WW) plants grown at control, moderate and severe heat stresses, respectively, while (d), (e) and (f) represent corresponding water stressed (WS) plants. T-0 denotes pre-treatment, T-1 and T-2 denote treatments and R-1 and R-2 denote recovery periods. Mean values (n = 5) are provided with error bars representing ± standard error 






Figure 1. Relative soil water content of pots containing perennial ryegrass (PR), cocksfoot (CF), tall fescue (TF) and chicory (Chi) during consecutive heat and drought treatments and subsequent recovery periods. (a), (b) and (c) represent well-watered (WW) plants grown at control, moderate and severe heat stresses, respectively, while (d), (e) and (f) represent corresponding water stressed (WS) plants. T-0 denotes pre-treatment, T-1 and T-2 denote treatments and R-1 and R-2 denote recovery periods. Mean values (n = 5) are provided with error bars representing ± standard error



[image: Plants 08 00227 g001]







[image: Plants 08 00227 g002] 





Figure 2. Maximum photochemical efficiency of photosystem II (Fv/Fm) during consecutive temperature and drought treatments and subsequent recovery of cocksfoot (CF), chicory (Chi), perennial ryegrass (PR) and tall fescue (TF). (a), (b) and (c) represent well-watered (WW) plants grown at control, moderate and severe heat stress, respectively, while (d), (e) and (f) represent corresponding water stressed (WS) plants. T-0 denotes pre-treatment, T-1 and T-2 denote treatments and R-1 and R-2 denote recovery periods. Mean (n = 3–5) values are provided with error bars representing ± standard error. 
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Figure 3. Comparison of Fv/Fm ratio of perennial ryegrass (PR), cocksfoot (CF), tall fescue (TF) and chicory (CHI) on day 6 of the second heat and water stress treatment. Each bar represents mean (n = 3–5) Fv/Fm value with ±SE. Significant differences are shown by different letters. The values in this bar graph can also be read from the day 6 of T-2 in each graph of Figure 2. 
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Figure 4. Changes to the cell membrane permeability (measured using electrolyte leakage %) of cocksfoot (CF), chicory (Chi), perennial ryegrass (PR) and tall fescue (TF) during the consecutive temperature and water treatments and subsequent recovery phases. (a), (b) and (c) represent well-watered (WW) plants grown at control, moderate and severe heat stress, respectively, while (d), (e) and (f) represent corresponding water stressed plants (WS). T-0 denotes pre-treatment, T-1 and T-2 denote treatments and R-1 and R-2 denote recovery periods. Mean values (n = 3–5) are provided with error bars representing ± standard error. 






Figure 4. Changes to the cell membrane permeability (measured using electrolyte leakage %) of cocksfoot (CF), chicory (Chi), perennial ryegrass (PR) and tall fescue (TF) during the consecutive temperature and water treatments and subsequent recovery phases. (a), (b) and (c) represent well-watered (WW) plants grown at control, moderate and severe heat stress, respectively, while (d), (e) and (f) represent corresponding water stressed plants (WS). T-0 denotes pre-treatment, T-1 and T-2 denote treatments and R-1 and R-2 denote recovery periods. Mean values (n = 3–5) are provided with error bars representing ± standard error.
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Figure 5. Leaf elongation rates of perennial ryegrass (PR) cocksfoot (CF), tall fescue (TF) and chicory (Chi) measured as cmd−1 during the consecutive temperature and drought treatments and subsequent recovery phases. (a), (b) and (c) represent well-watered (WW) plants grown at control, moderate and severe temperatures, respectively, while (d), (e) and (f) represent corresponding water stressed (WS) plants. T-0 denotes pre-treatment, T-1 and T-2 denote treatments and R-1 and R-2 denote recovery periods. Mean values (n = 3–5) are provided with the error bars representing the ± standard error. 
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Figure 6. Relative leaf water content during consecutive temperature and drought treatments and subsequent recovery phases of cocksfoot (CF), chicory (Chi), perennial ryegrass (PR) and tall fescue (TF). (a), (b) and (c) represent well-watered (WW) plants grown at control, moderate and severe temperatures respectively while (d), (e) and (f) represent corresponding water stressed (WS) plants. T-0 denotes pre-treatment, T-1 and T-2 denote treatments and R-1 and R-2 denote recovery periods. Mean values (n = 3–5) are provided with error bars representing ± standard error. 
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Figure 7. Canopy temperature depression (Ta-Tc) of perennial ryegrass (PR), cocksfoot CF), tall fescue (TF) and chicory (CHI) during day 2, 4 and 7 of the second treatment period. (a), (b) and (c) represent well-watered (WW) plants grown at control, moderate and severe temperatures, respectively, while (d), (e) and (f) represent corresponding water stressed (WS) plants. Means are shown (n = 3 or 5) with error bars representing ± standard error. 
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Figure 8. Top dry weight of green (a) and senesced leaves (b), root dry weight (c) and root length (d) of perennial ryegrass (PR), cocksfoot CF), tall fescue (TF) and chicory (Chi) measured at the end of the experiment. Mean values n = 5 are shown with the error bars representing standard error. 
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Figure 9. Daily maximum (red), minimum (blue) temperatures and average relative humidity (RH %) (black) inside the growth chambers for the duration of experiment. The thick line represents control (25 °C/15 °C day/night) treatment, the dotted line represents moderate heat stress treatment (30 °C/20 °C day/night) and the dashed line represents severe heat stress treatment (35 °C/25 °C day/night). 
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Table 1. Level of significance of the main factors and their interactions in relative soil water content.






Table 1. Level of significance of the main factors and their interactions in relative soil water content.





	
Main Factors and Interactions

	
Pre-Treatment

	
Treatment 1

	
Recovery 1

	
Treatment 2

	
Recovery 2




	
Day 1

	
Day 3

	
Day 6

	
Day 2

	
Day 4

	
Day 7

	
Day 3

	
Day 5

	
Day 7

	
Day 2

	
Day 4

	
Day 7

	
Day 2

	
Day 5

	
Day 7






	
Temperature

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
Water status

	
NS

	
NS

	
NS

	
***

	
***

	
***

	
*

	
NS

	
NS

	
***

	
***

	
***

	
*

	
NS

	
*




	
Species

	
*

	
***

	
***

	
***

	
***

	
*

	
NS

	
NS

	
NS

	
*

	
NS

	
*

	
*

	
NS

	
NS




	
Temperature × Water status

	
NS

	
NS

	
NS

	
**

	
***

	
NS

	
NS

	
NS

	
NS

	
NS

	
**

	
NS

	
NS

	
NS

	
NS




	
Temperature × Species

	
NS

	
NS

	
**

	
**

	
**

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
Water status × Species

	
NS

	
NS

	
NS

	
**

	
***

	
NS

	
*

	
*

	
NS

	
*

	
*

	
NS

	
*

	
NS

	
*




	
Temperature × Water status × Species

	
NS

	
NS

	
NS

	
NS

	
*

	
*

	
NS

	
NS

	
NS

	
NS

	
*

	
*

	
NS

	
NS

	
NS








NS = Non-significance, * p < 0.05, ** p < 0.005 and *** p < 0.001.













 





Table 2. Level of significance of the main factors and their interactions on each day for maximum photochemical efficiency of photosystem II (Fv/Fm).
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Main Factors and Interactions

	
Pre-Treatment

	
Treatment 1

	
Recovery 1

	
Treatment 2

	
Recovery 2




	
Day 0

	
Day 1

	
Day 3

	
Day 6

	
Day 2

	
Day 4

	
Day 6

	
Day 1

	
Day 3

	
Day 6

	
Day 1

	
Day 4

	
Day 6






	
Temperature

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
Water status

	
NS

	
NS

	
NS

	
**

	
***

	
***

	
NS

	
NS

	
*

	
***

	
***

	
***

	
***




	
Species

	
***

	
***

	
***

	
*

	
***

	
NS

	
***

	
*

	
***

	
***

	
***

	
***

	
***




	
Temperature × Water status

	
NS

	
NS

	
*

	
*

	
***

	
*

	
NS

	
NS

	
*

	
***

	
NS

	
***

	
***




	
Temperature × Species

	
NS

	
NS

	
NS

	
**

	
***

	
*

	
NS

	
NS

	
NS

	
***

	
*

	
***

	
***




	
Water status × Species

	
NS

	
NS

	
NS

	
***

	
***

	
*

	
NS

	
NS

	
NS

	
**

	
NS

	
***

	
***




	
Temperature × Water status × Species

	
NS

	
NS

	
NS

	
**

	
***

	
NS

	
NS

	
NS

	
NS

	
**

	
NS

	
***

	
***








NS = Non-significance, * p < 0.05, ** p < 0.005 and *** p < 0.001.













 





Table 3. Level of significance of the main factors and their interactions on each day for cell membrane permeability.
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Main Factors and Interactions

	
Pre-Treatment

	
Treatment 1

	
Recovery 1

	
Treatment 2

	
Recovery 2




	
Day 0

	
Day 3

	
Day 6

	
Day 2

	
Day 6

	
Day 3

	
Day 6

	
Day 3

	
Day 6






	
Temperature

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
***

	
NS




	
Water status

	
NS

	
NS

	
***

	
***

	
**

	
*

	
***

	
***

	
***




	
Species

	
NS

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
NS




	
Temperature × Water status

	
NS

	
NS

	
***

	
***

	
NS

	
NS

	
***

	
***

	
***




	
Temperature × Species

	
NS

	
NS

	
***

	
***

	
NS

	
NS

	
***

	
***

	
***




	
Water status × Species

	
NS

	
NS

	
***

	
***

	
NS

	
NS

	
***

	
***

	
***




	
Temperature × Water status × Species

	
NS

	
NS

	
***

	
***

	
NS

	
NS

	
***

	
***

	
***








NS = Non-significance, * p < 0.05, ** p < 0.005 and *** p < 0.001.













 





Table 4. Level of significance of the main factors and their interactions on each day for leaf elongation rate.
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Main Factors and Interactions

	
Pre-Treatment

	
Treatment 1

	
Recovery 1

	
Treatment 2

	
Recovery 2




	
Day 3

	
Day 6

	
Day 2

	
Day 4

	
Day 7

	
Day 3

	
Day 5

	
Day 7

	
Day 2

	
Day 4

	
Day 7

	
Day 2

	
Day 5

	
Day 7






	
Temperature

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
Water status

	
NS

	
NS

	
*

	
***

	
***

	
***

	
NS

	
NS

	
NS

	
***

	
***

	
***

	
***

	
***




	
Species

	
***

	
***

	
***

	
***

	
***

	
NS

	
**

	
*

	
***

	
***

	
***

	
***

	
*

	
***




	
Temperature × Water status

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
*

	
NS

	
NS

	
NS




	
Temperature × Species

	
NS

	
NS

	
NS

	
NS

	
*

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
*

	
NS

	
NS




	
Water status × Species

	
NS

	
NS

	
NS

	
NS

	
***

	
***

	
NS

	
***

	
***

	
NS

	
NS

	
NS

	
*

	
*




	
Temperature × Water status × Species

	
NS

	
NS

	
NS

	
NS

	
***

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS








NS = Non-significance, * p < 0.05, ** p < 0.005 and *** p < 0.001.













 





Table 5. Level of significance of the main factors and their interactions on each day for relative leaf water content.
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Main Factors and Interactions

	
Pre-Treatment

	
Treatment 1

	
Recovery 1

	
Treatment 2

	
Recovery 2




	
Day 0

	
Day 3

	
Day 6

	
Day 2

	
Day 6

	
Day 3

	
Day 6

	
Day 3

	
Day 6






	
Temperature

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
Water status

	
NS

	
*

	
***

	
***

	
*

	
***

	
***

	
***

	
***




	
Species

	
***

	
***

	
*

	
***

	
***

	
NS

	
***

	
*

	
NS




	
Temperature × Water status

	
NS

	
NS

	
NS

	
*

	
NS

	
NS

	
***

	
***

	
***




	
Temperature × Species

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
***

	
***

	
NS




	
Water status × Species

	
NS

	
NS

	
NS

	
***

	
NS

	
*

	
***

	
***

	
***




	
Temperature × Water status × Species

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
***

	
**

	
*








NS = Non-significance, * p < 0.05, ** p < 0.005 and *** p < 0.001.













 





Table 6. Level of significance of canopy temperature depression measured on day 2, 4 and 7 in the second treatment period.
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Main Factors and Interactions

	
Treatment 2




	
Day 2

	
Day 4

	
Day 7






	
Temperature

	
NS

	
NS

	
NS




	
Water status

	
***

	
***

	
***




	
Species

	
***

	
*

	
NS




	
Temperature × Water status

	
NS

	
NS

	
***




	
Temperature × Species

	
NS

	
NS

	
NS




	
Water status × Species

	
NS

	
NS

	
NS




	
Temperature × Water status × Species

	
NS

	
NS

	
NS








NS = Non-significance, * p < 0.05, ** p < 0.005 and *** p < 0.001.













 





Table 7. Level of significance of the top weight (green), top weight (senesced), root weight and root length measured at the end of the experiment.






Table 7. Level of significance of the top weight (green), top weight (senesced), root weight and root length measured at the end of the experiment.





	Main Factors and Interactions Terms
	Top Dry Weight (Green)
	Top Dry Weight (Dead)
	Root Dry Weight
	Root Length





	Temperature
	NS
	NS
	NS
	NS



	Water status
	***
	***
	***
	**



	Species
	***
	*
	NS
	***



	Temperature × Water status
	***
	***
	NS
	NS



	Temperature × Species
	*
	***
	NS
	*



	Water status × Species
	**
	*
	**
	NS



	Temperature × Water status × Species
	NS
	***
	NS
	NS







NS = Non-significance, * p < 0.05, ** p < 0.005 and *** p < 0.001.
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