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Abstract: 

Escalating extreme temperature events significantly impact organisms, driving species 

selection and adaptation. To predict global species distributions in a warmer future, 

understanding differences in metabolic temperature tolerance and plasticity is crucial. 

Chlorophyll fluorescence can be used to measure critical temperature of photosynthetic 

heat tolerance (PHT) in plants. The upper (CTmax) and lower (CTmin) critical 

temperature, as well as the difference between these two limits, the thermal tolerance 

breadth (TTB), were measured for five Ranunculus species and four hybrid types, using 

a high-throughput chlorophyll fluorescence imaging method and apparatus. This study 

compares PHT between species and hybrids and analyses the correlation of PHT to soil 

moisture to gain insight into how local microclimatic factors and hybridisation might 

allow vulnerable species to leverage adaptive traits. Our results show very significant 

differences between the CTmax, CTmin and TTB of species, with hybrids often having 

intermediate values between their parent species. The correlation between soil 

moisture and CTmin was negative and significant, while the correlation with CTmax and 

TTB were both slightly positive, but not significant. Soil moisture marginally increasing 

thermal tolerance indicates that small pockets with higher soil moisture than the 

surrounding landscape (such as gullies and intermittent stream beds) may become 

increasingly important for the persistence of Ranunculus populations. This is 

concerning, given predictions of a drier climate in the future, especially for those species 

identified as having comparatively lower thermal tolerance. This study demonstrates 

how plant physiological measurements could aid in the identification of species that are 

more at risk of climate induced range shifts or local extinction and assist with setting 
conservation priorities. 
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Introduction: 

Temperature stands out as the primary factor influencing the adaptation and 

distribution of plant species worldwide (Nievola et al. 2017). Global warming 

predictions expect heat extremes, and compound heat and drought events, to increase in 

frequency and severity over the next few decades (Intergovernmental Panel on Climate 

Change 2023; Cowan et al. 2014; Frank et al. 2015; Intergovernmental Panel on Climate 

Change 2018). Heatwave maximum temperatures are increasing due to a gradual rise in 

average temperatures (+0.85°C globally from 1880 to 2012, +1°C for Australia from 

1910 to 2016), and this warming trend is projected to escalate to +3°C by 2100 (CSIRO 

and Bureau of Meteorology 2016; Intergovernmental Panel on Climate Change 2014). By 

serving as a selection pressure and driving the adaptation of species, increasing 

temperature extremes impact plants (Gutschick and BassiriRad 2003; Buckley and Huey 

2016; Lancaster and Humphreys 2020). Australia’s alpine ecosystems will be 

particularly vulnerable to the effects of global warming, due to their limited extent, 

fragmented nature, and high level of endemism (Sumner et al. 2022; Steffen 2009). To 

predict spatial distributions of species in a warmer future, it is crucial to understand the 

inherent differences in heat tolerance among species and the extent of metabolic heat 

tolerance plasticity (Reyer et al. 2013). Photosynthesis is widely recognized as one of 

the most thermally sensitive metabolic processes in plants (Berry and Bjo rkman 1980; 

Schreiber et al. 1976; Seemann et al. 1984; Zhu et al. 2018), exhibiting defined limits 

beyond which assimilation is inhibited, irreversible tissue damage and the denaturing of 

enzymes can occur (Neuner and Pramsohler 2006; Sukhov et al. 2017; Schreiber and 

Berry 1977). Terminology around the definition of thermal tolerance is debatable, but 

here we define it as an organism's ability to withstand extreme temperature stress.  

Chlorophyll fluorescence is widely used to assess photosynthetic heat tolerance 

(Schreiber and Bilger 1987). The critical temperature of photosynthesising tissue can be 

measured by recording and assessing changes in basal chlorophyll-a fluorescence (F0) 

during leaf heating or cooling. In a dark-adapted leaf, F0 can be rapidly measured when 

exposed to a low intensity modulated measuring light (Yamane et al. 1997). Chlorophyll-

a and photosystem II (PSII) complexes embedded in the thylakoid membrane absorb 

less light at extreme low and high leaf temperatures (Schreiber and Berry 1977; Geange 

et al. 2021). Consequently, critical temperatures are the temperature thresholds at 

which stress to PSII begins and a higher amount of light is reflected as fluorescence 

(Curtis et al. 2016; Krause and Weis 1984; Schreiber and Berry 1977). The temperature 

dependent change of chlorophyll fluorescence (thermal stability) is measured, and 

critical temperatures can be determined, by calculating the point where there is a 

sudden increase in F0 (Schreiber and Berry 1977; Berry and Bjo rkman 1980). Critical 

temperature will be used in this paper when referring to both CTmin and CTmax; and 

CTmin or CTmax will be used if referring to only one. The difference between CTmin and 

CTmax, referred to as thermal tolerance breadth (TTB), is a measure of the overall range 
of temperatures the species can tolerate.  
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Thermal tolerance exhibits plasticity in response to natural and experimentally 

controlled temperature changes at both seasonal (Cook et al. 2021; Zhu et al. 2018; 

Scherrer and Ko rner 2010) and diurnal (Buchner and Neuner 2003; Neuner et al. 2000) 

timescales, but less is understood about the influence of water availability on thermal 

tolerance. Recent research on an Australian alpine grass suggests that water-stressed 

plants exhibit enhanced thermal tolerance to both heat and cold (Sumner et al. 2022), in 

line with findings for plants adapted to other environments, such as the desert (Cook et 

al. 2021). Other research suggests that differences in preferred growing environments 

determine the response to low water (Curtis et al. 2016; Buchner and Neuner 2003). 

This underscores the complexity of heat tolerance in plants, highlighting the need for 

broader studies across multiple biomes and plant functional types to draw firm 

conclusions on inherent differences in PHT. These findings collectively emphasise the 

potential role of water availability in heat tolerance and the importance of considering 

aridity when evaluating variations in critical temperature values between plants (Zhu et 
al. 2018). 

Climate warming projections indicate larger temperature increases in alpine areas 

compared to lower elevations at the same latitude, making these regions particularly 

vulnerable (Beniston et al. 1997; Theurillat and Guisan 2001; Shro ter et al., 2005; 

Scherrer and Ko rner 2010). In alpine environments, small compact growth forms that 

create a distinct microclimate are common (Korner, 2021; Scherrer and Korner 2010). 

Leaf temperatures of these plants often decouple from air temperatures and, depending 

on the conditions, can be warmer or colder than ambient temperatures, which increases 

the potential of exceeding tolerance ranges (Squeo et al. 1991). Limited studies on heat 

tolerance in alpine species reveal high CTmax (approximately 48–50°C), and a warmer 

climate in the future increases the risk of surpassing these thermal thresholds (Buchner 

and Neuner 2003; Dai et al. 2018; Larcher et al. 2010). Notably, recent studies have 

indicated that microhabitat factors, particularly soil moisture variation, may be more 

important than macroscale climate or latitude in determining critical damage 

thresholds (Curtis et al. 2016). Despite the demonstrated ability of plants to acclimate in 

response to environmental changes, increased pressure from extreme events coupled 

with changing long term climate patterns threatens to expose plant populations to 

conditions beyond their tolerance limits, potentially causing distribution shifts or local 
extinctions (Harris et al. 2018). 

To comprehend species' ability to respond to rapid climate change, various evolutionary 

mechanisms are considered, including genetic adaptation, dispersal, acclimation, and 

phenotypic plasticity (Hansen et al. 2012). Interspecific introgression through 

hybridisation, a less explored but potentially valuable mechanism (Brauer et al 2023), 

allows vulnerable species to leverage adaptive traits from others in response to 

environmental changes (Aitken and Whitlock, 2013; Becker et al. 2013). Hybrid zones, 

arising from increased human-mediated species redistribution and climate-driven range 

shifts, have the potential to contribute to the evolutionary rescue of species facing 

climate threats (Becker et al. 2013). Unlike standing genetic variation or mutations, 

hybridization rapidly enhances genetic diversity by combining functional variants from 

different genomic backgrounds (Ottenburghs 2021) and is predicted to increase due to 
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climate change, as shifts in species’ ranges may increase the geographic overlap of 

species boundaries (Chunco 2014). However, the novel allele combinations resulting 

from hybridization may also lead to incompatibilities and reduced fitness (Coyne and 

Orr, 2004; Kulmuni et al. 2024). Despite some empirical evidence supporting the 

adaptive potential of hybridization, a systematic evaluation of its value for polygenic 

traits is lacking (Meier et al. 2017; Kulmuni et al. 2024). There is a need for a 

comprehensive assessment of when and over what time scale hybridization is expected 

to facilitate rapid adaptation in evolutionary models (Kulmuni et al. 2024). In 

Kosciuszko National Park, coexisting Ranunculus species hybridise while maintaining 

distinct species boundaries. Prior research indicates that this is likely influenced by 

gradients of soil water availability (Hanley, 2023). The Australian Alps offer a unique 

setting to study plant adaptation to high elevations and variable weather conditions as 
well as the relationship between thermal tolerance and water availability. 

  

Aims and hypotheses 

Understanding the upper and lower limits for photosynthesis in Australian alpine 

Ranunculus will be beneficial for predicting how they might be impacted by changes in 

temperature extremes and precipitation patterns (Geange et al. 2021). This study 

sought to (a) determine if there are interspecific differences in extreme temperature 

tolerance (CTmin and CTmax) and tolerance breadth (TTB) of Ranunculus species and 

their hybrids under natural growing conditions, and (b) to investigate whether soil 

moisture content and species, and interactions between these, are predicting factors of 

thermal tolerance (CTmin, CTmax and TTB) in Ranunculus plants studied. It was 

hypothesised that (1) that hybrids will outperform their parent species in critical 

temperature and TTB analyses, due to the potential synergistic effects of combining 

advantageous traits from both parental sources; and (2) Ranunculus plants in locations 

with lower soil moisture content will have lower CTmin values, higher CTmax values and 

consequently a wider TTB, with the hybrids withstanding more extreme temperatures. 

Furthermore, we hypothesise that the combined effect of hybridization and changing 

soil moisture conditions will synergistically enhance the thermal tolerance breadth and 

critical temperatures of Ranunculus, contributing to their ability to thrive in a broader 
range of environmental conditions. 

  

Methods: 

Species, study site and sample collection 

The Ranunculus genus, commonly called buttercups, are small flowering herbs found in 

alpine and subalpine ecosystems throughout southeastern Australia. There is clear 

evidence that hybridisation between species is common and produces viable offspring 

(Briggs 1962; Hammer, 2019; Armstrong, 2003). This study assessed the thermal 

tolerance of five species from the Ranunculus genus (Ranunculus dissectifolius F. Muell, 

Ranunculus graniticola Melville, Ranunculus gunnianus Hook, Ranunculus millanii F. 

Muell, Ranunculus muelleri Benth.) and four hybridisations between these species (R. 
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dissectifolius x R. graniticola, R. dissectifolius x R. millanii, R. dissectifolius x R. muelleri 

and R. graniticola x R. muelleri). Ranunculus gunnianus is not reported to hybridise with 

any of the other species and belongs to a different subgroup of the Ranunculus genus to 

the other species (Briggs 1962; Costin et al. 1979). 

Due to the behaviour of the hybridisation complex at the site, characterised by less 

distinct species boundaries than anticipated, a key (Appendix A) was developed with 

reference to the descriptions in Costin et al. (1979). Reference photos were also taken 

prior to sampling and, together with the key, aided identification in the field. The key 

included the degree of dissection; leaf shape; presence of hairs on the stem or leaf; leaf 

thickness and texture; flower petal colour, with only R. millanii displaying white petals; 

and finally, soil conditions, where R. millanii was specifically found within bogs, 

sometimes submerged and R. millanii x R. dissectifolius grew adjacent to bog 

communities (Armstrong, 2003). This comprehensive analysis allowed for consistent 

identification of each species and their hybrids within the diverse ecosystem. 

Identifications were confirmed by more than one person before being accepted. 

Samples were collected from four transects on a slope east of Charlotte Pass, in 

Kosciuszko National Park, Australia (latitude: -36.430985; longitude: 148.338797; 

elevation: 1797m). The transects started at Kosciuszko Road (n=3) or Charlotte Pass 

access road (n=1) and extended downslope to Spencer’s creek, the lowest point of each 

transect. Sampling took place on the 21st and 23rd of November 2023, with 

temperatures reaching a maximum of 14.8 °C and 16.6°C and a minimum of 8.2°C and 

6.3°C, respectively (Australian Government Bureau of Meteorology 2023). The weather 

was overcast on the 21st, partly cloudy on the 23rd and precipitation fell on both days, 

with a total of 36.6 mm between the 21st and 23rd and a total of 66.4mm in the month 

prior to the study (Australian Government Bureau of Meteorology 2023). 

Three healthy plants from each Ranunculus species and hybrid type were sampled along 

each transect, where possible. If a transect did not have three plants of one type, missing 

individuals were supplemented by obtaining additional samples from the next transect 

to ensure sample sizes were approximately the same across species and hybrids 

(Appendix B). From each plant, 2-5 fully expanded leaves were picked and placed in a 

zip lock bag with a moist piece of paper towel. Zip lock bags were labelled with the 

transect and sample number and placed in an insulated cool bag for the time between 

collection and processing, before undergoing thermal tolerance testing within 24 hours 
of collection. 

GPS coordinates were recorded for each sample and percentage soil moisture content 

readings were taken from the ground near the base of each plant using a soil moisture 
probe (Fieldscout 250 TDR Soil Moisture Meter; Spectrum Technologies, Illinois, USA). 

Thermal tolerance testing 

Two hot and two cold thermal tolerance assays were conducted for this study, following 

Arnold et al. (2021), with some modifications to methods. Thermal tolerance was 

determined using the chlorophyll fluorescence technique, which measures basal 

chlorophyll reflectance (F0) under non-photosynthetic light of detached leaves (Arnold 
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et al. 2021) using a Pulse Amplitude Modulating (PAM) sensor (Maxi-Imaging-PAM; 

Heinz Walz GmbH, Effeltrich, Germany) (Figure 1A). The temperature of samples was 

controlled by a bi-polar proportional-integral-derivative controller (TC-36-25) and 

powered by a fixed voltage supply (PS-24-13). The plate utilised four direct contact 

thermoelectric modules with a potential thermal range of –20°C to 100°C (Arnold et al. 

2021). A steady temperature across the surface using LabVIEW-based control software 

(National Instruments) was maintained with ± 0.1°C precision and ± 1°C tolerance 

across the surface, until the specified temperature was reached. Samples were cooled at 

15 °C h⁻¹ with a final target temperature of -20 °C in cold assays, and heated at 30 °C h⁻¹ 

to 70 °C for hot assays. Using a thermoelectric plate to control temperature and the use 

of detached leaves allowed concurrent measurement of multiple leaves. Standard 

protocols for measuring critical temperature use different rates for heat and cold 

tolerance testing to reflect slower rates of cold transitions compared to heat transitions 

observed in nature. Factors like wind speed and insolation can rapidly increase leaf 

temperature on a hot day, while cooling rates on cold frosty nights rarely exceed 5°C h-1, 

especially below freezing (Vogel 2009; Buchner and Neuner 2009).  

Figure 1: Apparatus used to conduct critical temperature assays. (A) Peltier plate and Maxi-Imaging-PAM system 

setup, (B) thermocouple and sample placement on the grid prior to critical temperature testing and (C) software used 

to draw circular areas of interest on the maximal fluorescence image, taken after dark adaptation. Images supplied by 

Thomas Hanley. 

 

To prepare the leaves for thermal tolerance testing, portions of approximately 1cm x 

1cm were cut from larger leaves, or where this was not possible due to their small size, 

multiple portions were laid next to each other to cumulatively equal the area of one 

larger section. Cut leaf portions were placed in small pill boxes with a piece of moist 
sponge, to prevent desiccation while the rest of the samples were prepared. 

A paper grid (7 x 8, labelled A1-G8) was affixed to a Peltier plate (CP-121HT; TE-

Technology, Inc., Michigan, USA; 152 × 152 mm) positioned 185 mm below the Maxi-

Imaging PAM (Arnold et al. 2021). Each run could test 56 samples, randomly assigned to 

grid squares and adhered with double-sided tape over a thermocouple (Figure 1B), and 
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a piece of double-glazed glass was placed over the samples to promote even contact 

with the Peltier plate. After preparation, samples underwent a 20-minute dark 

adaptation to oxidise all PSII acceptors (Arnold et al. 2021; Huang et al. 2016). A red 

Perspex hood surrounding the Peltier plate and PAM (Figure 1A) and black fabric 

covering the whole assembly were used to ensure external light did not interfere with 

measurements. 

A single saturating pulse (10,000μmol photons m-2 s-1; 720ms duration) was used to 

measure maximal fluorescence (Fm) when photosystem reaction centres were closed 

(Arnold et al., 2021). After the dark adaptation period, a fluorescence image was taken 

to obtain F0 values and select a circular Area of Interest on each sample to indicate 

where F0 should be measured from (Figure 1C). These areas were drawn using Maxi-

Imaging-PAM software and maximised to fit the widest part of each sample whilst 

staying within the boundary of the leaf tissue. Leaf temperature, measured by the 

thermocouples on the underside of the leaves, and F0 were collected by data loggers at 

set intervals with specifics varying depending on duration of the assay, reflecting 

memory capacity limits of the Maxi-Imaging-PAM. For each assay, the heating or cooling 

program was started simultaneously with the recording of F0 values. 

In total, leaves from 109 individual plants underwent both a cold and hot assay, 

producing 218 sets of temperature and fluorescence data. For each assay and leaf 

section, a graph of the temperature-dependent change in fluorescence (T-F0 curve), was 

produced in R. Initially, F0 rises slowly until the critical temperature of photosynthesis is 

reached, after which F0 increases rapidly (Knight and Ackerly 2003; Neuner and 

Pramsohler 2006). On the T-F0 graphs, separate linear trend lines were drawn for the 

slow and fast fluorescence rise phases, with their intersection marking the critical 

temperature. This point was marked numerically on the T-F0 graphs, accompanied by an 

error value provided for the model (Fig. 2). Samples with a model error greater than or 

equal to 0.2 were removed (n=48) and the remaining graphs were manually reviewed to 

remove those with incorrect shapes or critical temperature values not between the slow 

and fast rise phases (n=20), leaving 150 valid critical temperature values (54 CTmin and 

96 CTmax). Due to the removal of some critical temperature values during data cleaning, 

sample sizes differ slightly between species. 

In samples where the cold and hot assay both produced a critical temperature value 

(n=50), it was possible to calculate the range of temperatures that the plant could 

tolerate by subtracting the CTmin from the CTmax, giving the thermal tolerance breadth 

(TTB) in degrees Celsius, as shown in equation (1). 

Equation (1):                                 TTB = CTmax  - CTmin 

Statistical analysis 

Statistical analysis of the data was undertaken using R programming software (v 4.3.2; R 

Core Team 2023) in the RStudio environment (Posit team 2023). 

Data were checked for normality before performing statistical analyses. The assumption 

of normality was violated for the CTmin and soil moisture data. CTmin values were 

normally distributed after being power transformed using the ‘car’ package in R (Fox 
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and Weisberg 2019) and statistical analyses were done using the transformed data. Due 

to the non-parametric distribution of CTmin; critical temperature and TTB data are 

presented graphically using the median, quartiles, and range. Soil moisture data could 

not be made normal using a variety of transformations. As a result, analyses involving 
soil moisture were done using non-parametric statistical tests. 

Differences in CTmin, CTmax and TTB between Ranunculus species and hybrids were 

determined using single factor ANOVA tests. In cases where differences were significant, 

post hoc testing was undertaken using Tukey’s Honestly Significant Difference (Tukey’s 

HSD) tests. Assessing the correlation of soil moisture with CTmin, CTmax and TTB was 
done using Spearman’s rank correlation. 

Results: 

High temperature tolerance (CTmax) 

The mean upper critical temperature for all species was 43.90 oC, with a range of 3.29 oC 

between species means. R. muelleri had the highest mean CTmax of the Ranunculus types 

studied, followed by R. graniticola x R. muelleri and R. gunnianus. The species with the 

lowest mean CTmax was R. millanii (Table 1). Single factor ANOVA of CTmax values showed 

that there was a significant difference between species (F8,87 = 4.353; p <0.001) (Table 

2). Post-hoc testing revealed four significant differences (Appendix C). Ranunculus 

muelleri was significantly higher than three species (R. dissectifolius x R. graniticola, R. 

graniticola and R. millanii) and in addition to R. muelleri, R. millanii was also significantly 
lower than R. gunnianus (Figure 2A). 

Table 1: Sample size (n), mean and standard error (SE) of the lower critical temperature (CTmin) and upper critical 

temperature (CTmax) of each Ranunculus species and hybrid type, measured in degrees Celsius (oC). The minimum and 

maximum values for each measure are displayed in blue and red text, respectively. 
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Figure 2: Boxplots showing (A) upper critical temperature (CTmax) and (B) lower critical temperature (CTmin) of 

photosynthesis in Ranunculus plants by species. Plot made from minimum, maximum and quartile values, with 

outliers represented by black dots. Teal colour represents species and orange represents hybrids, noting that all 

hybrids are placed between their two parent species except Ranunculus dissectifolius x R. muelleri. 

 

Low temperature tolerance (CTmin) 

Mean CTmin had a range of 6.80 oC between the highest and lowest species, with an 

average of -8.47 oC. The lowest mean CTmin value was for Ranunculus dissectifolius, 

followed by R. gunnianus and R. muelleri and the highest was R. millanii (Table 1). Single 

factor ANOVA found a significant difference in CTmin between species (F8,45 = 4.196; 

p<0.001) (Table 2). Post-hoc testing revealed 5 significant differences between species 

(Appendix D). Ranunculus millanii and R. graniticola were significantly higher than three 

and two other species, respectively and were not significantly different to each other 

(Figure 2B). 
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Thermal tolerance breadth (TTB) 

Thermal tolerance breadth of all species studied had a mean value of 52.27 oC, with a 

difference of 9.22 oC between the highest (R. muelleri) and lowest (R. millanii) means 

(Table 3). Tolerance breadths differed significantly between species (F8,41 = 5.514; 

p<0.001) (Table 2), with post-hoc testing identifying 9 significant differences between 

Ranunculus types (Appendix E). Ranunculus graniticola had a significantly lower TTB 

than three species (R. dissectifolius, R. gunnianus and R. muelleri) and one hybrid (R. 

graniticola x R. muelleri). Ranunculus millanii was significantly lower than all four types 

different to R. graniticola, as well as R. dissectifolius x R. Muelleri. Ranunculus graniticola 

and R. millanii were not significantly different and there were no significant differences 

between the other 7 types (Figure 3). 

Figure 3: Boxplots showing the thermal tolerance breadth (TTB) of photosynthesis in Ranunculus plants by species. 

Plot made from minimum, maximum and quartile values, with outliers represented by black dots. Teal colour 

represents species and orange represents hybrids, noting that all hybrids are placed between their two parent species 

except Ranunculus dissectifolius x R. muelleri. 

 

 Table 2: Single-factor ANOVA results of lower critical temperatures (CTmin), upper critical temperatures (CTmax) and 

thermal tolerance breadth (TTB) in different Ranunculus species and hybrids from Kosciuszko National Park. 
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Table 3: Sample size (n), mean and standard error (SE) of thermal tolerance breadth (TTB) of each Ranunculus 

species and hybrid type sampled. The minimum and maximum values are displayed in blue and red text, respectively 

and means are measured in degrees Celsius (oC). 

 

 

Effect of soil moisture on CTmin, CTmax and TTB 

Soil moisture had a significant, but weak, negative correlation with CTmin (n = 48, rs = -

0.34, p-value = 0.017) indicating slightly higher tolerance of extreme cold temperatures 

at higher soil moisture content (Appendix F). The relationship between soil moisture 

and CTmax was positive (n = 84, rs = 0.12, p = 0.258) (Appendix G) and the effect of soil 

moisture on thermal tolerance breadth was positive (n = 44, rs = 0.27, p = 0.075) 
(Appendix H), however, both were not significant. 

 

Discussion: 

This study assessed thermal tolerance in five species and four hybrid combinations of 

alpine buttercups in Kosciuszko National Park. Two hypotheses were tested with the 

aim of determining species and hybrid differences in thermal tolerance, and to 

investigate whether soil moisture affects thermal tolerance. Our research could not 

determine if there was a combined effect of soil moisture and hybridisation on critical 

temperature values due to data limitations, and hence was unable to test for interactions 

between soil moisture and species. It did, however, reveal significant independent 

effects of species and soil moisture on critical temperature, contributing to our 
understanding of Ranunculus thermal tolerance. 

Whilst populations differed significantly in CTmax, CTmin and TTB, the hybrids did not 

outperform their parent species, and hence hypothesis 1 was not supported. Of the 

species studied, R. millanii and R. graniticola were least thermally tolerant and R. 

muelleri, R. dissectifolius and R. gunnianus were most tolerant, with hybrids 

predominantly falling between these two groups. R. millanii was the least cold and heat 

tolerant and had the narrowest thermal tolerance breadth. R. graniticola was also in the 

three least tolerant species for all measures. Unlike for the least tolerant species, there 

was no one species that was most tolerant in all three thermal tolerance measures. R. 
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muelleri, R. dissectifolius and R. gunnianus were the three most tolerant species to low 

temperatures, had the three highest thermal tolerance breadths and had the top four 

CTmax means. These findings are supported by existing research on plants of other 

growth forms, and in other ecosystems, with thermal tolerance differing inherently in 

species (Buchner and Neuner 2003; O’Sullivan et al. 2017) and that species tolerant of 

high temperatures often also have wide thermal tolerance breadths (Perez et al. 2020). 

Additionally, we observed that the Ranunculus types with high CTmax, also exhibit lower 

CTmin and also had high TTBs, emphasising the interrelation of these factors, similar to 

results of a study on the CTmin,  CTmax  and TTB of  Australian alpine plants (Danzey et al. 

2024). 

The relationship between thermal tolerance and soil moisture align with previous 

observations in Australian desert plants highlighting the importance of water 

availability in influencing thermal damage thresholds (Curtis et al. 2016), however, they 

contradict the suggestion that water-stress increases thermal tolerance (Sumner et al. 

2022; Cook et al. 2021), and hence hypothesis 2 was not supported. Whilst we 

anticipated that plants from drier areas would exhibit greater tolerance to extreme 

temperatures, our results indicated a slight positive correlation between CTmax and TTB 

values with soil moisture and a weak, but significant, negative correlation between CTmin 

and soil moisture. These findings suggest that Ranunculus plants growing in moist soil 

had higher extreme temperature tolerance, potentially enabling these plants to 

photosynthesise over a wider temperature range before inhibition occurs. Species that 

grow in less arid conditions, such as herbaceous and shrubby plants, have not been 

found to exhibit increased heat tolerance in response to decreased water availability 

unlike their desert counterparts (Curtis et al. 2016; Buchner and Neuner 2003), as it 

decreases the ability of plants to cool their leaves through transpiration (Curtis et al. 

2016). 

Our findings indicate that soil moisture and species alone do influence thermal 

tolerance, however they do not account for all the variation observed. Plants with higher 

tolerance to heat also exhibited increased tolerance to cold temperatures, which 

suggests that alpine plants may employ similar physiological adaptations to counter 

both heat and cold extremes. The observed increase in CTmax with increasing soil 

moisture, coupled with lower CTmin, could be influenced by other factors not studied. 

Certain alpine plants possess leaves with specific adaptations, such as succulence or 

dense trichomes, providing protection against temperature extremes by reducing water 

loss, which is beneficial in hot and cold environments alike (Pe rez-Lo pez et al. 2023) 

and as such, assessing leaf variables and whether they correlate with soil aridity and 

critical temperature would indicate whether this is an important factor to consider in 

future studies. Adequate soil moisture might enhance heat dissipation, preventing 

overheating (Korner 2021), while increased moisture levels could reduce oxygen 

availability, affecting root metabolism and potentially impacting cold tolerance 

negatively (Dickopp et al. 2018). Furthermore, determining if plant species respond 

differently to variations in soil moisture would be beneficial to know which species may 
be more vulnerable to future climate changes. 
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The present study is subject to several limitations that warrant consideration. One 

notable limitation pertains to the sample size for soil moisture readings, which was 

hindered by complications with the soil moisture probe, and exacerbated by recent rain, 

where a large proportion of the site’s precipitation for the entire month fell during the 

three days of sampling, which impacted the comprehensiveness of the analysis. 

Experimentally limiting water to plants with the intention of creating water stress, 

rather than sampling a naturally growing population in conditions where water has not 

been limited, could provide better data to test whether soil moisture influences thermal 

tolerance. Additionally, sampling bias was introduced due to the availability of species at 

each site, with R. gunnianus being readily accessible and consequently overrepresented 

in comparison to other species like R. graniticola x R. muelleri. Furthermore, the time 

constraint on the study reduced the number of variables assessed, preventing a more 

comprehensive leaf phenotypic trait examination. This limits the depth of our 

understanding of the relationship between these traits and thermal tolerance. Finally, 

studies using T-F0 methods with different heating and cooling rates may not be directly 

comparable, even for the same species, as plant species may exhibit different responses 

to variations in methodology (Arnold et al. 2021). These limitations underscore the 

need for caution in generalising our findings and highlight avenues for future research 
to address these constraints for a more robust investigation. 

Acclimation of thermal tolerance is common in response to temperature changes. Over 

the course of a single day acclimation of up to 9.5 °C has been reported (Buchner and 

Neuner 2003). The plasticity of this physiological trait means it is likely that thermal 

tolerance of Ranunculus species varies under different conditions and throughout the 

year. If rates of acclimation differ between species, the degree of difference between 

species may also vary. Future research should address uncertainties related to 

acclimation in response to sustained changes in growth temperature and seasonal 

variations in natural environments, which hinder the prediction of spatial and temporal 

variations in plant heat tolerance. Further research on the potential of alpine 

Ranunculus species to acclimate in response to drought and temperature extremes in 

controlled laboratory experiments could be beneficial to isolate soil moisture as a 

variable and assess acclimation capacity. Previous studies have shown contrasting 

results regarding PHT acclimation, with some indicating CTmax adjustment of 

approximately 0.3°C per 1°C increase in growth temperature (Ghouil et al. 2003). 

Increases in heat tolerance have also been reported to affect low temperature tolerance 

by decreasing freezing tolerance during warmer periods, a phenomenon called frost 

dehardening (Bannister 2007; Larcher et al. 2010). These findings indicate thermal 

tolerance acclimation varies by species and season.. The impact of seasonal 

environmental changes on critical temperature and its predictability across spatial and 

temporal patterns remain uncertain for Ranunculus plants, and necessitates additional 

data on seasonal variability in thermal tolerance.  

Exploring the effects of more extreme temperature conditions and simulating drought 

effects on Ranunculus and other species will be crucial for understanding adaptive 

capacities in species and ecosystems, informing climate change research, and mitigation 

strategies. Another important metric in assessing the risk of temperature inhibition and 
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damage to photosynthesis occurring is the margin between leaf temperatures and 

critical temperatures. The collection of fine scale microclimatic data, including leaf 

temperature, is necessary to do this accurately (Cook et al. 2021) and was beyond the 

scope of this study. If resources and time allow for it, this would prove beneficial in 
future studies. 

 

Conclusions: 

We found differences between Ranunculus species in critical temperature and thermal 

tolerance breadth, and observed that the thermal tolerance of hybrids is often between 

those of their parent species. We also found that enhanced thermal tolerance is 

associated with moister soils along the soil moisture gradient studied. These findings 

highlight the threat posed to Ranunculus plants in the Australian Alps by predictions of 

increased temperature and aridity with climate change and the potential for these 

threats to affect species unequally. The incorporation of other species in the vegetation 

community to studies on photosynthetic heat tolerance would allow for comparison 

between species and growth types and give a broader perspective of how thermal 

tolerance is distributed when making conservation decisions for Australia’s alpine 

ecosystems. 
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Appendix: 

Appendix A: List of the species sampled in this study and the key categorical characteristics used in identifying and 

differentiating between them.  

 

 

Appendix B: Total number of samples collected for each species and hybrid type, and the distribution of these samples 

across the four transects. 
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Appendix C: Tukey’s HSD post hoc test results for upper critical temperature (CTmax) showing differences between 

Ranunculus species and hybrids, with significant differences in bold text (significance codes: P < 0.001***, P < 0.01**, 

P < 0.05*). 

 

 

 

Appendix D: Tukey’s HSD post hoc test results for lower critical temperature (CTmin) showing differences between 

Ranunculus species and hybrids, with significant differences in bold text (significance codes: P < 0.001***, P < 0.01**, 

P < 0.05*). 
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Appendix E: Tukey’s HSD post hoc test results for thermal tolerance breadth (TTB) showing differences between 

Ranunculus species and hybrids, with significant differences in bold text (significance codes: P < 0.001***, P < 0.01**, 

P < 0.05*). 

 

 

 

Appendix F: Scatterplot graph of soil moisture and lower critical temperature (CTmin) of Ranunculus species sampled 

from Kosciuszko National Park in November 2023. Results from Spearman’s rank correlation test results (sample size: 

n = 48) are written in the top left-hand corner.  
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Appendix G: Scatterplot graph of soil moisture and upper critical temperature (CTmax) of Ranunculus species sampled 

from Kosciuszko National Park in November 2023. Results from Spearman’s rank correlation test results (sample size: 

n= 84) are written in the top left-hand corner.  

 

 

Appendix H: Scatterplot graph of soil moisture and thermal tolerance breadth (TTB) of Ranunculus species sampled 

from Kosciuszko National Park in November 2023. Results from Spearman’s rank correlation test results (sample size: 

n = 44) are written in the top left-hand corner.  

 


