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Abstract  29 

Shifts in the timing, intensity and/or frequency of climate extremes, such as severe drought 30 

and heatwaves, can generate sustained shifts in ecosystem function with important ecological 31 

and economic impacts for rangelands and managed pastures. The Pastures and Climate 32 

Extremes experiment (PACE) in Southeast Australia was designed to investigate the impacts 33 

of a severe winter/spring drought (60% rainfall reduction) and, for a subset of species, a 34 

factorial combination of drought and elevated temperature (ambient +3 °C) on pasture 35 

productivity. The experiment included nine common pasture and Australian rangeland 36 

species from three plant functional groups (C3 grasses, C4 grasses and legumes) planted in 37 

monoculture. Winter/spring drought resulted in productivity declines of 45% on average and 38 

up to 74% for the most affected species (Digitaria eriantha) during the 6-month treatment 39 

period, with eight of the nine species exhibiting significant yield reductions. Despite 40 

considerable variation in species9 sensitivity to drought, C4 grasses were more strongly 41 

affected by this treatment than C3 grasses or legumes. Warming also had negative effects on 42 

cool-season productivity, associated at least partially with exceedance of optimum growth 43 

temperatures in spring and indirect effects on soil water content. The combination of 44 

winter/spring drought and year-round warming resulted in the greatest yield reductions. We 45 

identified responses that were either additive such that there was only as significant warming 46 

effect under drought (Festuca), or less-than-additive, where there was no drought effect under 47 

warming (Medicago), compared to ambient plots. Results from this study highlight the 48 

sensitivity of diverse pasture species to increases in winter and spring drought severity 49 

similar to those predicted for this region, and that anticipated benefits of cool-season 50 
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warming are unlikely to be realised. Overall, the substantial negative impacts on productivity 51 

suggest that future, warmer, drier climates will result in shortfalls in cool-season forage 52 

availability, with profound implications for the livestock industry and natural grazer 53 

communities.  54 

 55 

56 
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1 Introduction 57 

Climate change is a dominant driver of ecosystem change across the globe (Steffen et al., 58 

2015; Sage, 2019). Exposure to high temperatures and changes in rainfall regimes have been 59 

shown to disrupt physiological function and alter plant species9 interactions, ultimately 60 

driving changes in productivity and ecological processes such as nutrient and water cycling 61 

(Parmesan et al., 2000; Backhaus et al., 2014; Frank et al., 2015; Ma et al., 2015). Predicting 62 

the impact of climate change on these processes is challenging, as temperature profiles 63 

(including minimum and maximum values) and the frequency, timing and size of rainfall 64 

events play major roles in driving change in ecosystem function, whereas climate models and 65 

projections often focus on only changes in mean annual temperature or precipitation 66 

(Easterling et al., 2000; Kreyling et al., 2008; Jentsch et al., 2009). Despite a recent increase 67 

in the number of studies focusing on climate extremes (De Boeck et al., 2015, 2019; Knapp et 68 

al., 2017; Hanson and Walker, 2019), relatively few have addressed the ecological 69 

implications of seasonal shifts in climate, which is important for understanding the 70 

underlying trade-offs between plant phenology and associated plant functional group 71 

responses (i.e. C3 vs. C4, legumes; Beier et al., 2012). This is especially true for studies 72 

considering the impact of multiple climate variables simultaneously as the combination may 73 

generate contrasting predictions for different plant functional groups (Beier et al., 2012).  74 

 75 

Shifts in the seasonality of precipitation associated with climate change are predicted for 76 

many terrestrial ecosystems (IPCC, 2021). These changes are likely to have serious economic 77 

ramifications in biomes where productivity is tightly coupled with seasonal rainfall patterns 78 

(O9Mara, 2012; Godde et al., 2020), especially in warmer regions where the absence of low-79 

temperature constraints allows year-round plant growth that depends on seasonal rainfall 80 

(Arredondo et al., 2016; Zeiter et al., 2016). Grassland phenology is often predicted based on 81 
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classifications of plant traits or functional groups, with different optimum temperatures for 82 

photosynthesis (C3 vs. C4 grasses; Munson and Long, 2017; Ode and Tieszen, 1980; Winslow 83 

et al., 2003), timing of flowering in relation to peak summer temperatures (Sherry et al., 84 

2007), life history strategies (annual vs. perennial; Cleland et al., 2006; Enloe et al., 2004; 85 

Veenendaal et al., 1996) and life forms (grasses/legumes/forbs etc.; König et al., 2018; Lesica 86 

and Kittelson, 2010; Rathcke and Lacey, 1985). In temperate and subtropical climates, 87 

grasslands dominated by C3 grasses mainly accrue biomass during cooler periods of the year 88 

(i.e. winter or spring), while C4-dominated grasslands typically accumulate biomass later in 89 

the growing season, when temperatures are higher (Pearcy and Ehleringer, 1984; Pearcy et 90 

al., 1987; Adams et al., 2016; Wilcox et al., 2016). These broad patterns are based on key 91 

differences in optimum temperatures for photosynthesis (Figure 1), as well as differences in 92 

water-use-efficiency and strategies for nutrient acquisition. Field-based manipulations 93 

examining impacts of drought on grassland production have primarily been conducted at the 94 

community scale, where both direct and indirect (inter-specific competition) responses 95 

combine to determine community-level productivity. For pasture systems, however, it is 96 

important to evaluate climate impacts for a wide range of forage species grown in 97 

monoculture in order to predict productivity responses and capacity to expand into new 98 

regions or vulnerability within current ranges as local climate shifts (Johnston, 1996; Bindi 99 

and Olesen, 2011). 100 

 101 

In addition to changing rainfall regimes, rising temperatures are expected to have direct and 102 

indirect impacts on many ecosystem processes (Bai et al., 2013; Novem Auyeung et al., 103 

2013; Song et al., 2019). In temperate climates, direct effects range from shifts in the timing 104 

of peak productivity relative to the start of the growing season (typically earlier) to extending 105 

the length of the growing season (Keatinge et al., 1998; Walker et al., 2006). The majority of 106 
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field-based temperature manipulations have been conducted in temperate or cold-climate 107 

ecosystems, where low temperatures constrain growth for part of the year. These studies 108 

often find increased productivity and shifts in growth phenology, notably growth starting 109 

earlier and/or continuing later into the year, associated with warming (Aerts et al., 2006; 110 

Kueppers et al., 2017; Lu et al., 2013; Walker et al., 2006; Figure 1), although there are 111 

exceptions (Dukes et al., 2005; Arnone et al., 2011; Deutsch et al., 2011). Warming 112 

experiments in warm-temperate or subtropical climates with comparatively short mild winters 113 

and hot summers are relatively rare. These are, however, needed to evaluate the effects of 114 

rising temperatures in circumstances where warming results in exceedance of thermal optima 115 

for growth (Dukes et al., 2005; Volder et al., 2013; Song et al., 2019) and for regions where 116 

forage species grow throughout the year.  117 

 118 

Plant functional groups are predicted to differ in their responses to warming, with warm-119 

season species such as tropical grasses likely to benefit from increased winter or spring 120 

temperatures, while temperate grasses may be particularly vulnerable to higher spring or 121 

summer temperatures, especially when soil moisture is limiting (Munson and Long, 2017; 122 

Figure 1). Legume responses to warming are also likely to vary between seasons. For 123 

example, as with grasses, warming during the cooler months can bring temperatures closer to 124 

thermal optima (Sanz-Sáez et al., 2012; Whittington et al., 2013; Peng et al., 2020) ultimately 125 

promoting greater production (Figure 1). However, higher late spring and summer 126 

temperatures may result in growth reductions as a consequence of thermal constraints on 127 

nitrogen fixation and increased respiratory carbon losses or reduced photosynthesis if 128 

temperatures exceed temperature optima (Aranjuelo et al., 2007; Whittington et al., 2012). 129 

The impact of warmer temperatures on the timing and amount of biomass production in 130 
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different species across seasons is an important knowledge gap, both in pastures and native 131 

grasslands and rangelands.  132 

 133 

While studies that address the impact of either precipitation or temperature on plant 134 

physiology and ecosystem function are valuable, warmer temperatures frequently co-occur 135 

with drought (De Boeck et al., 2010; Dai, 2011; Yuan et al., 2016; Boer et al., 2020). 136 

Consequently, it is necessary to evaluate the impacts of co-occurring climate stressors on 137 

plant community structure and ecosystem function (Sherry et al., 2008; Hoeppner and Dukes, 138 

2012). Climate models predict that temperate and sub-tropical Australia will be subject to 139 

large reductions in winter and spring rainfall (CSIRO, 2020) and grasslands across the globe 140 

are expected to experience more frequent and severe drought (Wang et al., 2021). Given the 141 

importance of pastures and rangelands for maintaining food security (O9Mara, 2012; Nábrádi, 142 

2016; Godde et al., 2020), we established a large-scale, field experiment (at the PAstures and 143 

Climate Extremes- PACE- field facility) to evaluate plant species9 responses to winter/spring 144 

rainfall reduction and year-round warming. Specifically, we asked: 1) How does 145 

winter/spring drought affect productivity in a range of pasture species? 2) Do drought 146 

responses in pasture grasses depend on their functional group? 3) Does cool-season warming 147 

enhance productivity and/or exacerbate the impacts of drought in the considered species?  148 

 149 

2 Methods 150 

2.1 Site description 151 

The PACE facility was constructed in 2017 at the Hawkesbury Campus of Western Sydney 152 

University, in Richmond, New South Wales, Australia (S33.60972, E150.73833, elevation 25 153 

m). Mean annual precipitation at this location is 800 mm (Australian Government Bureau of 154 

Meteorology, Richmond - UWS Hawkesbury Station 1980-2010); however, there is large 155 
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inter-annual variability (annual precipitation 500-1400 mm over the past 30 years). Winter 156 

and spring precipitation accounts for 40% of annual rainfall. Mean annual temperature is 17.2 157 

°C, with the monthly maximum and minimum occurring in January (22.9° C) and July (10.2° 158 

C), respectively (BOM, 2020). The site is fenced to prevent access by mammalian herbivores. 159 

The soil is a loamy sand with a volumetric water holding capacity of 15-20% (Table S1).  160 

 161 

The field facility comprises six replicate polytunnel shelters constructed from galvanized 162 

steel frames. These are covered with a single layer of 180 µm polyethylene (Argosee, 163 

Australia) to intercept all ambient precipitation, although the long sides are open to a height 164 

of 1.5 m to allow free flow of air (Figure 1). Shelters are 48 m long by 8 m wide, with a 165 

maximum height of 4.6 m, and are oriented along a SW-NE axis with the open ends facing 166 

into the direction of the prevailing wind. Each shelter has eight treatment plots (4 m by 4 m; 167 

Figure 1) that are further subdivided into four subplots (Figure 1B; Figure S1), with 168 

different plant species assigned at the subplot level (total 192 subplots). All surface soils were 169 

rotary-tilled to a depth of 12 cm to homogenize the upper soil profile prior to pasture 170 

establishment. All 4 x 4 m plots have a full root barrier installed to a depth of 90 cm to ensure 171 

hydrological isolation between treatments; the nested 2 x 2 m subplots have an additional root 172 

barrier between them to a depth of 30 cm to minimise root ingress. 173 

 174 

Nine plant species were grown in monoculture subplots, along with three sets of two-species 175 

mixtures, for a total of twelve different planting combinations replicated in six independent 176 

shelters. However, for the purposes of this study, we focused on the nine monoculture species 177 

only. Species encompassed a range of functional diversity (C3 and C4 grasses, legumes; 178 

annuals and perennials) and origins (native grasses, and tropical or temperate introduced 179 

pasture grasses and legumes; Table 1) that are commonly found in improved grasslands 180 
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(pastures) or rangelands (Clements et al., 2003). Sward establishment was initiated during 181 

early spring 2017 and yield data for the pilot year (2018-2019) are included in the supplement 182 

(Table S2). Initial sowing included a fertilizer addition in the form of diammonium 183 

phosphate (110 kg ha-1), and swards were subsequently managed via hand-weeding, herbicide 184 

and, where needed, insecticide application to maintain target species, in line with industry 185 

practice. Subplots with legumes received appropriate rhizobium inoculant during sward 186 

establishment: ALOSCA granular inoculant for Biserrula subplots (Group BS; ALOSCA 187 

Technologies, Western Australia, Australia); Easy Rhiz soluble legume inoculant and 188 

protecting agent for Medicago subplots (Group AL; New Edge Microbials, New South 189 

Wales, Australia). Subplots received top-up fertilization seasonally to replace nutrients 190 

removed from the soil (55 kg ha-1; Cal-Gran Aftergraze, Incitec Pivot Fertilisers, Australia). 191 

 192 

2.2 Experimental treatments 193 

All nine species were exposed to a winter/spring drought treatment, and a subset of two 194 

species (Festuca, Medicago) received a warming treatment in a factorial combination with 195 

drought (Figure S1). The drought treatment comprised a control (Control: C) and a drought 196 

(Drought: D) watering regime that was applied during the 6-month austral winter/spring 197 

period (1 June to 30 November 2019). A 60% reduction in winter/spring rainfall was chosen 198 

for the drought manipulation as representing the upper end of climate model predictions for 199 

end-of-century seasonal rainfall change for south-eastern Australia, under RCP8.5 (CSIRO, 200 

2020). Furthermore, a 60% reduction in winter/spring rainfall aligns with historical climate 201 

extremes for key pasture growing regions across south-eastern Australia (BOM, 2019); this 202 

treatment therefore represented historically relevant rainfall extremes, which are predicted to 203 

increase in both frequency and duration. The control was set to represent a typical 204 
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precipitation regime for the local area, accounting for long-term patterns in seasonality and in 205 

the statistical distribution of event sizes and timing within seasons (Figure S2).  206 

 207 

The warming treatment comprised a year-round temperature increase of +3 °C (Table 1) 208 

achieved using infra-red (IR) heaters, approximating predicted changes in temperature for 209 

Australia by 2080 under RCP7.0 (IPCC, 2017) and SSP3-7.0 (IPCC, 2021) scenarios. 210 

Elevated temperatures (eT) were applied to two 4 x 4 m plots within each shelter; one plot 211 

received the control irrigation (eT-C), while the other plot received the drought treatment 212 

(eT-D) and these were paired with two ambient temperature (aT) plots, one receiving control 213 

irrigation (aT-C) and the other the drought treatment (aT-D). Each warmed plot had a heating 214 

array comprising eight 1000W ceramic heaters (FTE 1000W, Ceramicx, Ireland) mounted on 215 

an aluminium frame (4 m x 4 m) suspended 1.4 m above ground level (Figure 2C). Lamps 216 

were positioned to give uniform coverage of IR radiation across the four composite subplots. 217 

The power level to the heating lamps was adjusted each minute, via pulse width modulation 218 

using a solid-state relay controlled by a data logger (CR1000, Campbell Scientific), based on 219 

a proportional-integral control algorithm. Target temperatures for these plots were controlled 220 

via feedback from IR-sensors (SI-100, Apogee Instruments, Logan, UT, USA) mounted at a 221 

height of 3.8 m, recording plot surface temperatures every five minutes; temperatures thus 222 

represent plot-level means for the plant canopy and, where visible, soil, and are henceforth 223 

referred to as canopy temperatures. The + 3 °C warming treatment was applied with reference 224 

to canopy temperatures for the relevant control and drought treatments (i.e., aT-C paired to 225 

eT-C and aT-D paired to eT-D) to account for differences in soil moisture and vegetation 226 

cover between these plots.   227 

 228 
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2.3 Environmental monitoring 229 

Each shelter had a data logger (CR1000, Campbell Scientific) that recorded environmental 230 

conditions and regulated the heating lamps. Soil moisture sensors (16 per shelter; Time 231 

Domain Reflectometers; CS616, Campbell Scientific) recorded volumetric soil water content 232 

(0-15 cm) every 15 min in all six replicates of four different species subplots and treatment 233 

combinations (Table S3); in the Medicago subplots soil water content was also monitored at 234 

a second depth (15-30 cm). Soil temperature probes (T107, Campbell Scientific) were 235 

installed in the top 6-12 cm of the soil of eight subplots per shelter (all four drought and 236 

warming treatment combinations of Festuca and Medicago) to record soil temperature every 237 

15 min (Table S3). Air temperature and humidity sensors (Series RHP-2O3B, Dwyer 238 

Instruments Inc, USA) mounted in force-ventilated radiation shields were installed inside 239 

three of the rainout shelters at 0.6 m height, with records collected every 5 min to determine 240 

any shelter effects on environmental conditions. Additionally, three sets of sensors were 241 

installed at the same height outside the shelters. Photosynthetically active radiation (PAR) 242 

was recorded at 5-min intervals using PAR sensors (Apogee quantum sensor, USA) installed 243 

at a 6 m height outside two shelters, with two additional sensors located within shelters at 3 244 

m.  245 

 246 

2.4 Biomass harvests  247 

All subplots were regularly harvested by clipping to determine aboveground productivity 248 

during active growing periods. This 8surrogate grazing9 involved use of hand shears and a 249 

sickle mower. Timing of harvests was based on grazing recommendations for individual 250 

species (Clements et al., 2003); hence, there were 2 (Chloris and Digitaria) or 3 (all other 251 

species) harvests per species during the six-month winter and spring period in 2019 (Clark et 252 

al., 2016). During each harvest plants were cut to 5 cm above the soil surface and weighed 253 
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(fresh and dry mass), with a sub-sample of harvested material sorted to determine the 254 

proportion of live and dead biomass. The weed (i.e. non-target species) fraction from each 255 

subplot was also assessed and was excluded from aboveground biomass measurements (< 256 

5%). All materials were oven-dried at 70 °C for at least 48 hours prior to determining dry 257 

mass. 258 

 259 

2.5 Calculations and statistical analyses 260 

The responses of temperature and soil water content to drought and warming treatments were 261 

determined based on subplot-level (soil moisture, soil temperature) or plot-level (canopy 262 

temperature) daily mean values. Aboveground production responses were determined based 263 

on subplot totals, summed across all harvests conducted during the 6-month winter/spring 264 

drought period.  265 

 266 

Statistical analyses of treatment effects were conducted using linear mixed effects models 267 

with climate treatments (8drought9 or 8control9: D or C, 8warming9 or 8ambient9: eT or aT) as 268 

fixed effects and random effects defined as 8subplot nested within plot9 or 8plot9 (to account 269 

for non-independence among continuous measurements) nested within 8shelter9 (to account 270 

for the blocked design), and 8date9 (to account for temporal variation). Volumetric water 271 

content data in Medicago subplots were also analysed for differences between upper (0-15 272 

cm) and lower (15-30 cm) depths among climate treatments by including 8depth9 as a fixed 273 

effect. Climate treatment effects on aboveground production were analysed using two 274 

different linear mixed effects models based on our hypotheses comparing responses among 275 

different functional plant groups using a 8functional group9 categorical predictor fixed effect. 276 

For the first set of these analyses, 8drought9 and 8warming9 treatments were included as fixed 277 

effects; 8Species9 was also included as a random effect for models examining differences 278 
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among 8functional groups9 (as a fixed effect), and 8plot nested within shelter9 was included as 279 

a nested random effect for all models. Aboveground production was natural log-transformed 280 

to meet assumptions of constant variance, where indicated in statistical tables. All analyses 281 

were conducted in R version 4.0.0 (R Core Team, 2020) using the package lme4 (Bates, 282 

2015) and Kenward-Roger degrees of freedom were calculated using the Anova function in 283 

the 8car9 package (Fox and Weisberg, 2019). Pairwise comparisons to determine treatment 284 

effects on soil or canopy temperature and soil water content, or aboveground production 285 

among species or functional groups, were conducted using the package 8emmeans9 (Length, 286 

2020) and he Tukey method for P-value adjustment. 287 

 288 

To compare responses to drought among species and functional groups, log response ratios 289 

between paired control and droughted subplots within a shelter were calculated for 290 

aboveground biomass summed across all harvests to derive a treatment effect size: 291 �ĀĀÿ�þ ý��ÿ = exp (ln (Ā�Āþý/ýÿĀÿý�Ā� ))̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ − 1      (1) 292 

  293 

Linear mixed effects models were used for this second set of analyses evaluating differences 294 

in the effect size among 1) species and 2) functional groups, with both specified as fixed 295 

effects. Random effects included 8shelter9 for both models, while the model for 2) also 296 

included 8species9 as an independent random effect. Modelled data were back transformed 297 

prior to visualization of species- and functional group-level differences. The standard error of 298 

the mean effect size was calculated as the product of the back-transformed mean and the 299 

standard error of the effect size. 300 

 301 

Interactions between warming and drought, the effect of drought on warming responses, and 302 

the effect of warming on drought effects, were calculated as the log response ratio between 303 
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single factor treatment effects within a shelter for each period (Dieleman et al., 2012).  These 304 

ratios were calculated such that the effect of drought was examined by comparing the effect 305 

size (Equation 1) for each warming level (aT-D / aT-C, eT-D / eT-C). The effect of warming 306 

was examined as the effect size for each drought level (eT-C / aT-C, eT-D / aT-D) and the 307 

effect of warming on the drought response as the ratio between these two effects ((eT-D / aT-308 

D)/(eT-C / aT-C)). 309 

 310 

3 Results 311 

3.1 Drought and warming treatment effects on environmental conditions 312 

Drought and warming significantly altered soil water content and temperature across the six-313 

month winter/spring study period (Figure 3, Figure S3-6, Tables S4 and S5). During this 314 

time, droughted subplots of all continuously monitored species (Biserrula, Festuca, 315 

Medicago, and Lolium) had significantly reduced soil moisture in the upper 15 cm (Figure 3; 316 

Figure S3; P < 0.05) compared with controls. Additionally, soil water contents in all 317 

droughted subplots were less variable compared to their respective control subplots (Figure 318 

3A, B).  319 

 320 

Soil water content was reduced by warming in Festuca subplots, particularly under drought 321 

conditions (P = 0.03; Figure S2), although there were intermittent short-term positive effects 322 

of warming on soil moisture following irrigation events for this species (Figure 3B). Soil 323 

water content (0-15 cm) in Medicago subplots was unaffected by warming. There was, 324 

however, evidence of greater soil water content at depth (15-30 cm) in droughted Medicago 325 

soils, compared with surface levels (Figure S4).  326 

 327 
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Plot-level canopy temperatures were consistently increased by both drought (P < 0.001, + 1.0 328 

°C) and warming (P < 0.001, + 3.0 °C).  There were, however, no interactions between 329 

drought and warming due to the experimental design which referenced warming treatments to 330 

ambient temperatures for the respective droughted or control plot (Figure S5; Table S4). 331 

Additionally, warming altered the maximum and minimum temperatures and thus the 332 

temperature range within plots (Figure S5; Table S5). Warmed plots of Festuca and 333 

Medicago had no days when minimum canopy temperatures fell below freezing (compared to 334 

one day in ambient plots) and only 15 days when canopy temperatures fell below 5 °C 335 

(compared to 45 days in ambient plots). At the other end of the scale, the warming treatment 336 

resulted in an additional 16 days when canopy temperatures exceeded 40 °C and an extra 8 337 

days where temperatures exceeded 45 °C (Figure 3C, D). Subsurface soil temperatures were 338 

also significantly increased by both drought (Festuca) and warming (Festuca and Medicago) 339 

(Figure S6). Overall, soil temperature responses were similar between species, although 340 

drought amplified the warming effect in Festuca but not Medicago soils.  341 

 342 

Shelter effects on air temperature, relative air humidity, and PAR levels were even across 343 

shelters; on average there was an 11% decrease in temperature, a 6% increase in relative 344 

humidity and a 22% reduction in PAR under shelters, as compared to outside (Figure S7). 345 

Shelter effect on air temperature changed from winter to spring, with a slight cooling effect 346 

during the winter, likely due to lower levels of radiation, and gradually transitioned to a 347 

neutral and then positive effect during late spring (Figure S7b). 348 

 349 

3.2 Aboveground production response to drought 350 

During the 6-month winter/spring drought period, total aboveground production ranged from 351 

2,800 to 8,300 kg ha-1 under control conditions (Figure 4A). The most productive species 352 
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were Themeda, Medicago and Rytidosperma, while Festuca, Chloris and Biserrula were the 353 

least productive. Droughted subplots were significantly less productive than their respective 354 

controls, with an average yield reduction of ~45% across the nine species (Figure 4B; Table 355 

2). There was also a significant interaction between drought and species, with eight of the 356 

nine species having significantly lower productivity under drought (Table 2).  The remaining 357 

species (Lolium, a perennial C3 grass) experienced late spring die back and had a non-358 

significant 11% reduction in total productivity summed across the six months (P = 0.51).  359 

 360 

The drought effect size, quantified as the log response ratio between control and droughted 361 

subplots, varied among species (Figure 4B) with the greatest reductions being shown by two 362 

of the C4 grasses (Digitaria: 74% and Themeda: 59% yield reduction). The two legume 363 

species showed intermediate reductions (Biserrula: 56% and Medicago: 37%), while C3 364 

grasses were the most variable group (Lolium: 11% to Phalaris: 48% reduction). All plant 365 

functional groups were negatively impacted by drought, with C4 grasses experiencing 366 

significantly greater loss of productivity than C3 grasses or legumes (Figure 5; Table 2). 367 
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Table 1. The origin, growth form and photosynthetic pathway of pasture and rangeland species 
selected for study in a drought and warming field experiment in the PACE facility 

Species* Origin 
Growth 

Form 

Photosynthetic 

pathway 

Warming 

Treatment 

Biserrula pelecinus Temperate, introduced Legume C3  
     
Medicago sativa Temperate, introduced Legume C3 Yes 
     
Festuca arundinacea Temperate, introduced Grass C3 Yes 
     
Lolium perenne Temperate, introduced Grass C3  
     
Phalaris aquatica Temperate, introduced Grass C3  
     
Rytidosperma caespitosum Temperate, native Grass C3  
     
Chloris gayana Tropical, introduced Grass C4  
     
Digitaria eriantha Tropical, introduced Grass C4  
     
Themeda triandra Tropical, native Grass C4  
*Species referenced by genus names in the text 

368 
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 369 

3.3 Effects of warming and drought-warming interactions on aboveground biomass 370 

production 371 

Warming during the 6-month winter/spring period generally reduced productivity (Table 3).  372 

While there was a broadly consistent response to the combination of drought and warming 373 

(Table 3), the absolute magnitude of productivity decline differed between the two species 374 

(Figure 6A). Warming resulted in a significant decline in winter/spring productivity in 375 

Festuca that was greater under drought (control: 18 %, drought: 31% reduction; Figure 6B, 376 

C). Medicago swards were not significantly affected by warming under either precipitation 377 

treatment (Figure 6C). Additionally, while Medicago swards that experienced ambient 378 

temperatures were negatively impacted by drought, productivity of swards that were exposed 379 

to both warming and drought did not differ significantly from those receiving the control 380 

precipitation regime (Figure 6B). This indicates that warming slightly reduces the negative 381 

effects of drought for Medicago (Figure 6A, C), although interactions between warming and 382 

drought were not significant for either species (Figure 6D).  383 

  384 

Table 2. Linear mixed effects model output for the effects of drought on aboveground 
productivity of nine pasture and rangeland species during the 6-month winter/spring period. 
Response Fixed Effects F value P value R2m# R2c§ 

Biomass 
Drought 131.81,23 <0.01 0.75 0.78 
Species 24.08,69 < 0.01   

Drought x Species 4.28,69 < 0.01   
      

Biomass 
Drought 114.81,23 <0.01 0.27 0.78 

FG* 0.02,6 0.97   
Drought x FG 6.42,84 <0.01   

All biomass data were ln transformed to meet assumptions of constant variance. F value 

subscripts indicate degrees of freedom,*FG refers to functional group, #R2m indicates 

marginal error associated with linear model fixed effects, §R2c indicates conditional error 

or the total variation described by the full model including nested random effects (plots 

within a shelter). 
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  385 
Table 3. Linear mixed effects model output for the combined effects of drought and 
warming on aboveground productivity of both Medicago sativa and Festuca arundinacea 
during the 6-month winter/spring period. 
Response Fixed Effects F value P value R2m# R2c§ 

Biomass 

Drought 23.21,15 <0.01 0.79 0.86 
Warming 6.91,15 0.02   
Species 208.31,20 <0.01   
D x W 0.01,15 0.86   
D x S 0.71,20 0.42   
W x S 1.61,20 0.22   

D x W x S 2.51,20 0.13   
Biomass data were ln transformed to meet assumptions of constant variance, F value 

subscripts indicate degrees of freedom, #R2m indicates marginal error associated with 

linear model fixed effects, §R2c indicates conditional error or the total variation described 

by the full model including nested random effects (plots within a shelter). 
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4 Discussion 386 

Projections of future climate change, including increases in the frequency and magnitude of 387 

extreme climate events, are likely to disrupt ecosystem functioning (Jentsch and 388 

Beierkuhnlein, 2008; Knapp et al., 2008; Nijp et al., 2015), with important consequences for 389 

the productivity of pastures and rangelands (Jiménez et al., 2011; Godde et al., 2020). We 390 

found that eight of the nine C3 and C4 species exposed to extreme winter/spring drought 391 

experienced significant reductions in cool season productivity, with 45% declines on average 392 

among species and losses of up to 74%, relative to controls. Despite large species differences 393 

in drought sensitivity, we did find evidence for functional group-specific responses between 394 

C4 grasses, C3 grasses, and legumes, such that C4 grasses had the greatest response to 395 

drought. Furthermore, we found no evidence of a positive effect of warming on the 396 

productivity of two temperate species9 (Festuca and Medicago) and the combination of 397 

warming and drought resulted in the greatest biomass declines, which were either additive 398 

(Festuca) or less-than-additive (Medicago). Taken together, these results demonstrate the 399 

utility of evaluating responses of a range of species to single and compound climate extremes 400 

for improved forecasts of future grassland vulnerability to climate change. 401 

 402 

4.1 Productivity responses to winter/spring drought  403 

Decades of research focused on examining grassland responses to drought have emphasized 404 

the importance of regional climate context (Heisler-White et al., 2009; Knapp et al., 2017; 405 

Slette et al., 2019) including rainfall seasonality (Padrón et al., 2020). The timing of drought 406 

in relation to plant growth is a key factor influencing species9 responses to changing rainfall 407 

regimes, with evidence that shifts in rainfall seasonality can be more important than changes 408 

in the amount of rainfall (Belovsky and Slade, 2020). Cool season rainfall has been found to 409 

drive soil water storage and long-term patterns of productivity in many grasslands and 410 
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regions with year-round patterns of plant growth (Derner et al., 2020). Furthermore, there is 411 

evidence that winter precipitation can offset the effects of spring/summer drought (Fry et al., 412 

2013). Locally in South-eastern Australia, projections for increased severity of winter/spring 413 

drought (CSIRO, 2020) are likely to have large impacts on the seasonality of pasture and 414 

rangeland productivity. Similar shifts in precipitation may have far reaching implications for 415 

decisions on stocking densities and associated livestock production around the world (Derner 416 

et al., 2020). 417 

 418 

Changes in the seasonality of precipitation and the timing of when drought occurs with a 419 

growing season, is particularly important in ecosystems that comprise a mixture of C3 and C4 420 

plant species with distinct growth phenologies. In our warm temperate/subtropical region, we 421 

predicted that cool-season drought would more negatively impact C3 species due, in part, to 422 

the timing of high soil water deficits during their period of active growth as well as 423 

differences in water use efficiency. We found that while some individual C3 species (e.g. 424 

Festuca) experienced large growth reductions in response to cool-season drought, as a group, 425 

C4 species were more negatively affected than their temperate C3 counterparts. This finding 426 

has numerous implications for the sustainability of forage production, particularly in systems 427 

where growth occurs year-round due to a lack of cold temperature constraints. Firstly, 428 

sustained rainfall and soil water deficits during this period will have direct impacts on 429 

productivity of temperate species that are active in winter and early spring, contributing to 430 

winter feed-gaps. Secondly, the accumulated soil water deficit during periods of winter and 431 

early spring drought can have negative impacts on the spring growth of warm-season (C4) 432 

grasses, as seen in our study and those of others in the USA (Prevéy and Seastedt, 2014; 433 

Arredondo et al., 2016). If this response is consistent across C4 grass species, management 434 

recommendations that promote switching to more heat-tolerant C4 species to accommodate 435 
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increased temperatures in traditionally temperate/sub-tropical cropping regions (Johnston, 436 

1996) may not result in yield gains during the spring and early summer. 437 

 438 

Legumes had the most consistent drought response, although broad generalizations are 439 

limited with results from only two species. Compared with other species in this study, 440 

Medicago experienced only modest impacts of drought on aboveground production. This may 441 

have been a consequence of deep tap roots (Li et al., 2012; Nie et al., 2015), allowing access 442 

to deep soil water to sustain growth during dry periods. Deep rooting strategies can also 443 

facilitate shifts in moisture depth profiles due to hydraulic lift  (Raza et al., 2013), thereby 444 

reducing drought effects at the sward level (Liste and White, 2008; Pang et al., 2013). 445 

Biserrula, also a deep-rooted legume (Loi et al., 2005; Haling et al., 2016), experienced 446 

greater productivity losses in response to drought, compared to Medicago. However, unlike 447 

Medicago, a perennial whose swards develop over multiple years (Li et al., 2012), Biserrula 448 

is an annual species, regenerating from seed early in spring each year. These life history 449 

differences that influence growth seasonality along with the significant effect of winter/spring 450 

drought on productivity of the tropical (C4) grasses, highlight the importance of drought 451 

timing in relation to species9 growth phenology (Wilcox et al., 2017; Yao et al., 2019), which 452 

is at least partially reflected in their functional group classifications.  453 

 454 

4.2 Plant responses to warming and drought  warming interactions 455 

Gradual warming associated with climate change is predicted to affect ecosystems through a 456 

variety of mechanisms, including direct impacts of increased air and soil temperature on 457 

species9 physiology and indirect impacts on soil water content via increases in evaporation or 458 

transpiration (Deutsch et al., 2011). Many temperate and cold-climate systems report gains in 459 

productivity associated with warming (Bloor et al., 2010; Wang et al., 2012), due to reduced 460 
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exposure to growth-limiting cold temperatures (Mori et al., 2014; Naudts et al., 2011; Reyer 461 

et al., 2013) or greater nutrient availability resulting from increased microbial activity (Bloor 462 

et al., 2010; Dellar et al., 2018). The beneficial impacts of warming on grassland productivity 463 

have been reported both globally (Gao et al., 2016) and locally (Cullen et al., 2009). In other 464 

systems, however, warming can shift temperatures beyond critical physiological thresholds, 465 

resulting in reduced growth or even tissue die-back (Bastos et al., 2014; Cremonese et al., 466 

2017). In our sub-tropical system, we found no increase in productivity associated with cool-467 

season warming for either pasture species. Rather, we found a significant overall decline in 468 

productivity in response to elevated temperature. This is despite an increase in winter 469 

growing degree days and a reduction in frost exposure, changes that are expected to increase 470 

winter and early spring growth (Chang et al., 2017; Piao et al., 2019). It is likely, therefore, 471 

that lower productivity was associated with supra-optimal temperatures for these species 472 

during spring and/or warming-associated reductions in water availability. In addition to these 473 

productivity changes, changes to the nutritional quality of pastures can be anticipated and will 474 

impact livestock production under future, more extreme climate conditions (Catunda et al., 475 

2021). 476 

 477 

Festuca and Medicago are widely planted across Europe, North and South America, 478 

Australasia and Africa (Gibson and Newman, 2001; Ghaleb et al., 2021), contributing to the 479 

pasture feed-base that underpins global livestock production. These temperate species have 480 

optimum temperatures for photosynthesis in the region of 20-29oC (Festuca; (Sasaki et al., 481 

2002; Sinclair et al., 2007; Jacob et al., 2020) and 15-30oC (Medicago; Al-hamdani and 482 

Todd, 1990; Jacob et al., 2020). Whilst winter warming is, therefore, likely to stimulate gross 483 

photosynthetic rates, spring temperatures were regularly above these thresholds, especially in 484 

the later part of the season where daily maxima of over 45oC were recorded in warmed plots. 485 
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The exceedance of thermal optima, along with increased respiratory carbon losses at warmer 486 

temperatures (Heskel et al., 2016; Chandregowda, 2021) may explain observed productivity 487 

declines in response to warming. There was, however, also evidence of small reductions in 488 

soil water content associated with the warming treatment, particularly for Festuca. Given the 489 

generally low levels of soil water availability in these well-drained sandy soils, this increased 490 

soil moisture stress may have contributed to the large decline in aboveground productivity 491 

observed in warmed plots for this species. Although higher temperatures are generally 492 

associated with increased productivity in northern hemisphere grasslands (Craine et al., 493 

2012), warming can have both positive (winter) and negative (summer) impacts, depending 494 

on ambient temperature (Kreyling et al., 2019).  Contrary to expectations, our findings 495 

indicate that perceived benefits of winter and spring warming may not be realized under field 496 

conditions, especially where ambient levels of soil water availability are sub-optimal for 497 

growth. Similar negative relationships between grassland productivity and cool season 498 

temperatures have also been reported elsewhere from long term survey data (Wu et al., 2021).  499 

 500 

High temperatures and drought are strongly coupled (Seneviratne et al., 2010) and their co-501 

occurrence can exacerbate soil water deficits as a result of evaporation from surface soils and 502 

increased requirements for transpirational cooling (Ciais et al., 2005; Kirschbaum and 503 

McMillan, 2018). However, the ecological impacts of these co-occurring stressors depend on 504 

the physiological thermal optima and drought adaptation strategies of individual species, with 505 

additive, greater-than-additive or less-than-additive responses all reported (Zavalloni et al., 506 

2008; Wu et al., 2011; Dreesen et al., 2012; Yu et al., 2012; De Boeck et al., 2016). In our 507 

study both species exposed to warming alongside drought experienced the greatest 508 

productivity declines in this combined treatment, with effects being either additive (Festuca) 509 

or less-than-additive (Medicago) such that the effects of winter-spring drought were lower 510 
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reduced under continuous warming. An exacerbation of drought effects at higher 511 

temperatures has been reported across biomes and plant functional groups, often associated 512 

with reductions in soil moisture (Adams et al., 2009; Orsenigo et al., 2014; De Boeck et al., 513 

2016), such as we found for Festuca. This connection between temperature and water 514 

availability is likely to amplify the intensity of ecological drought under future climates (Dai, 515 

2011; IPCC, 2021).  516 

 517 

Alternatively, temperature-driven reduction in available water has the potential to provide 518 

drought-priming effects, through 8stress-memory9, that reduce impacts of subsequent water 519 

stress (Zavalloni et al., 2008). The less-than-additive productivity response in Medicago 520 

exposed to the combined warming and drought treatment suggests the possibility of plant 521 

acclimation to water stress, following prolonged exposure to low-severity droughts associated 522 

with the warming treatment (Schwinning et al., 2004; Walter et al., 2013; Backhaus et al., 523 

2014). This acclimation may be important for the persistence and profitability of this pasture 524 

species in the future. Similar less-than-additive temperature and drought interactions have 525 

been observed in temperate grasslands and more generally across major biomes in meta-526 

analyses (De Boeck et al., 2011; Wu et al., 2011; Song et al., 2019). Importantly, our results 527 

align with model predictions of productivity declines in Australian rangelands in response to 528 

moderate (+3 °C) warming combined with reduced rainfall (McKeon et al., 2009). 529 

 530 

Many studies have highlighted the importance of a species9 persistence in drought and high 531 

temperatures (Culvenor et al., 2016), and this is especially true for perennial grasses and 532 

legumes in managed grasslands (Norton et al., 2009). Further work investigating the 533 

mechanisms underpinning species9 responses will help refine predictions about the impacts of 534 

multiple, co-occurring changes under future climates. This study provides important, new 535 
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experimental, field-based data on the effects of extreme drought on a wide variety of pasture 536 

species and two native grasses, and, for a sub-set of species, in combination with continuous 537 

warming. These data complement information from modelling studies (Kaine and Tozer, 538 

2005; Cullen et al., 2009) and comparisons across precipitation gradients (Clark et al., 2016) 539 

to quantify impacts of future, more extreme rainfall regimes on the productivity of the pasture 540 

and rangeland feed base that underpins livestock grazing in many parts of the world (Godde 541 

et al., 2020). Work is underway to characterise relationships between productivity losses and 542 

plant traits and strategies relating to the acquisition and use of water (root traits, plant-543 

microbial interactions, plant hydraulics) and the allocation of carbon (above- versus 544 

belowground, root and crown carbohydrate storage), to determine the mechanisms 545 

responsible for the observed species9 differences to drought and warming. This information 546 

will be key to extrapolating findings from this study to a wider range of locations and 547 

grassland species, including many of international relevance in production systems across the 548 

globe.  549 

 550 

5 Conclusions  551 

This paper introduces a new experimental facility used to simulate future, more extreme 552 

climates, under field conditions. We found consistent negative effects of severe winter/spring 553 

drought on seven pasture species and two native Australian rangeland grasses, highlighting 554 

the challenges associated with future climate risk management for livestock production 555 

systems. Strong reductions in cool season productivity for all functional groups highlight 556 

potential climate constraints on winter forage availability, but also species9 persistence 557 

throughout the warmer summer months. Furthermore, the expanded use of tropical C4 grasses 558 

to mitigate declines in temperate C3 species with rising global temperatures may lead to lower 559 

cool-season productivity due to the relatively high seasonal drought sensitivity of the C4 560 
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grasses examined in this study. Trade-offs are therefore implicit in planting decisions aimed 561 

at enhancing pasture drought tolerance, given the increases in mean and maximum 562 

temperatures that are already being observed globally. Additionally, substantial productivity 563 

declines associated with warming, even in the cooler months, highlight the important role of 564 

temperature in altering ecosystem water balance and, potentially, carbon dynamics, 565 

suggesting limited benefits from future warming in warm temperate and sub-tropical systems. 566 

Selection of species and cultivars with the physiological and/or phenological traits that 567 

support sustained productivity under more extreme climate conditions will become 568 

increasingly important as climate change undermines the performance of traditional pasture 569 

and rangeland species.  570 
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co-authors on draft iterations; ACC conducted statistical analyses with input from BEM, HZ, 586 

JRP and KJF; SAP, EP, MGT, DTT, CVMB, BA, JRP, JMP, CAM, BDM, YC, ICA 587 

designed the field experiment with input from ACC, HZ and KJF; ACC, HZ, KJF, KLMC, 588 

MC, CI, VJ, GWK and AKP collected field samples. 589 

 590 

8 Data Availability Statement 591 

The datasets analysed for this study can be found in the Dryad Repository upon publication 592 

of this manuscript.   593 
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Figure Captions 1001 

Figure 1. Schematic representation of expected changes in aboveground plant biomass 1002 
during winter and spring associated with concurrent drought for A) plant functional groups 1003 
including legumes and grasses relying on either the C3 or C4 photosynthetic pathways. 1004 
Legumes are predicted to be less affected by drought (shallower slope) due to their higher 1005 
nutrient and water use efficiency compared with C3 grasses, while C3 grasses are predicted to 1006 
be most affected by drought due to a comparatively lower water use efficiency. C4 grasses are 1007 
predicted to have lower biomass due to low temperature constraints on growth but lower 1008 
drought sensitivity than C3 species due to greater water use efficiency. B) For legumes 1009 
(green) and C3 grasses (blue) winter and spring warming (eT) is predicted to increase 1010 
productivity under the control precipitation treatment relative to ambient temperature (aT; 1011 
solid line); potential interactions between drought and warming can include an amplifying 1012 
effect resulting in increased loss of biomass (C3 grass) or a stabilizing effect where warming 1013 
offsets the impact of drought on biomass (legume). 1014 
 1015 
Figure 2. The Pastures and Climate Extremes (PACE) field facility located at Western 1016 
Sydney University in Richmond, New South Wales, Australia. A) There are six open-sided 1017 
polytunnels, each with eight experimental plots; B) Experimental plots (4 x 4 m) received a 1018 
drought, warming, or drought + warming treatment and are each divided into four discrete 2 x 1019 
2 m subplots comprising nine different pasture species in monoculture; C) Heater (infra-red: 1020 
IR) arrays were mounted above the vegetation canopy and warmed the plot surface an 1021 
average of 3 °C above paired (control, drought) ambient temperature plots. 1022 
 1023 
Figure 3. Experimental treatment effects of winter/spring drought (control: C, drought: D) 1024 
applied during the period between 1 June to 30 November 2019 and year-round warming 1025 
(ambient temperature: aT, elevated temperature: eT) treatments on soil moisture (panels A 1026 
and B) and canopy temperature (panels C and D) averaged across the six shelters, from 1 1027 
May 2019 to 30 November 2019. A) Average soil volumetric water content in Festuca sub-1028 
plots (additional species are shown in Figure S2) with 95% confidence intervals as well as 1029 
individual irrigation events as daily rainfall totals for control (black bars) and drought (red 1030 
bars) plots over the 6-month period of study; B) Treatment differences in soil water content 1031 
from aT-C plots over time in the Festuca subplots, noting the winter/spring drought treatment 1032 
period between 1 June and 30 November 2019; C) Daily maximum canopy temperature, 1033 
relative to maximum ambient air temperature (black line) and 40 °C (representing extreme 1034 
temperatures, dashed lines); D) Daily minimum temperature compared with minimum air 1035 
temperature (black line) and 0 °C (dashed lines). 1036 
 1037 
Figure 4. A) Aboveground production summed for all harvests during the 6-month winter/spring 1038 
drought period.  Large points shown are means ± 1 standard error (control = solid symbol, 1039 
droughted = open symbol) and opaque points show species level variability in biomass. 1040 
Significant pairwise comparisons for the effect of drought treatment are indicated as follows: 1041 
NS= not significant, * P < 0.05, ** P = <0.01, *** P = < 0.001. B) drought effect size (log 1042 
response ratio of drought vs control production during the 6-month drought treatment period). 1043 
Values for panel B are mean values with 95% confidence intervals and same letter designations 1044 
indicate non-significant differences among plantings. Abbreviations are as follows: Biserrula 1045 
(Bis), Chloris (Chl), Digitaria (Dig), Festuca (Fes), Lolium (Lol), Medicago (Med), Phalaris 1046 
(Pha), Rytidosperma (Ryt), Themeda (The).  1047 
 1048 
Figure 5. Aboveground production summed for all harvests during the 6-month winter/spring 1049 
drought period by functional group.  Large points shown are means ± 1 standard error (control = 1050 
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solid symbol, droughted = open symbol) and opaque points show subplot level variability in 1051 
biomass for each species within the functional group. Significant pairwise comparisons for the 1052 
effect of drought within a functional group are indicated matching Fig 4. 1053 
 1054 
Figure 6. Aboveground production for Festuca and Medicago exposed to the combined 1055 
effects of drought (control: C and droughted: D) and warming (ambient: aT and elevated: eT) 1056 
treatments during A) the 6-month winter/spring drought period. Treatment effect sizes during 1057 
the winter/spring drought period for B) drought under ambient (also shown in Fig 4) and 1058 
elevated temperatures, C) warming, under control and droughted conditions, and D) the effect 1059 
of warming on biomass responses to drought (for panel D, positive values indicate a 1060 
reduction in drought impact under warming). Values in panel A are means ± 1 SE; while 1061 
panels B-D are means and 95% confidence intervals. Spp. abbreviations and significance 1062 
levels follow Fig. 4.  1063 
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Figure 1. Schematic representation of expected changes in aboveground plant biomass 
during winter and spring associated with concurrent drought for A) plant functional groups 
including legumes and grasses relying on either the C3 or C4 photosynthetic pathways. 
Legumes are predicted to be less affected by drought (shallower slope) due to their higher 
nutrient and water use efficiency compared with C3 grasses, while C3 grasses are predicted 
to be most affected by drought due to a comparatively lower water use efficiency. C4 
grasses are predicted to have lower biomass due to low temperature constraints on growth 
but lower drought sensitivity than C3 species due to greater water use efficiency. B) For 
legumes (green) and C3 grasses (blue) winter and spring warming (eT) is predicted to 
increase productivity under the control precipitation treatment relative to ambient 
temperature (aT; solid line); potential interactions between drought and warming can 
include an amplifying effect resulting in increased loss of biomass (C3 grass) or a 
stabilizing effect where warming offsets the impact of drought on biomass (legume). 

  1064 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 14, 2021. ; https://doi.org/10.1101/2020.12.21.423155doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.21.423155
http://creativecommons.org/licenses/by-nc-nd/4.0/


44 
 

 

Figure 2. The Pastures and Climate Extremes (PACE) field facility located at Western 
Sydney University in Richmond, New South Wales, Australia. A) There are six open-sided 
polytunnels, each with eight experimental plots; B) Experimental plots (4 x 4 m) received a 
drought, warming, or drought + warming treatment and are each divided into four discrete 
2 x 2 m subplots comprising nine different pasture species in monoculture; C) Heater 
(infra-red: IR) arrays were mounted above the vegetation canopy and warmed the plot 
surface an average of 3 °C above paired (control, drought) ambient temperature plots. 
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Figure 3. Experimental treatment effects of winter/spring drought (control: C, drought: D) 
applied during the period between 1 June to 30 November 2019 and year-round warming 
(ambient temperature: aT, elevated temperature: eT) treatments on soil moisture (panels A and 
B) and canopy temperature (panels C and D) averaged across the six shelters, from 1 May 
2019 to 30 November 2019. A) Average soil volumetric water content in Festuca sub-plots 
(additional species are shown in Figure S2) with 95% confidence intervals as well as 
individual irrigation events as daily rainfall totals for control (black bars) and drought (red 
bars) plots over the 6-month period of study; B) Treatment differences in soil water content 
from aT-C plots over time in the Festuca subplots, noting the winter/spring drought treatment 
period between 1 June and 30 November 2019; C) Daily maximum canopy temperature, 
relative to maximum ambient air temperature (black line) and 40 °C (representing extreme 
temperatures, dashed lines); D) Daily minimum temperature compared with minimum air 
temperature (black line) and 0 °C (dashed lines). 
 
 

 1067 
  1068 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 14, 2021. ; https://doi.org/10.1101/2020.12.21.423155doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.21.423155
http://creativecommons.org/licenses/by-nc-nd/4.0/


46 
 

 
Figure 4. A) Aboveground production summed for all harvests during the 6-month 
winter/spring drought period.  Large points shown are means ± 1 standard error (control = solid 
symbol, droughted = open symbol) and opaque points show species level variability in 
biomass; B) drought effect size (log response ratio of drought vs control production during the 
6-month drought treatment period). Values for panel B are mean values with 95% confidence 
intervals and same letter designations indicate non-significant differences among plantings. 
Abbreviations are as follows: Biserrula (Bis), Chloris (Chl), Digitaria (Dig), Festuca (Fes), 
Lolium (Lol), Medicago (Med), Phalaris (Pha), Rytidosperma (Ryt), Themeda (The). 
Significant pairwise comparisons for the effect of drought treatment are indicated as follows: 
NS= not significant, * P < 0.05, ** P = <0.01, *** P = < 0.001. 
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Figure 5. Aboveground production summed for all harvests during the 6-month winter/spring 
drought period by functional group.  Large points shown are means ± 1 standard error (control 
= solid symbol, droughted = open symbol) and opaque points show subplot level variability in 
biomass for each species within the functional group. Significant pairwise comparisons for the 
effect of drought within a functional group are indicated matching Fig 4. 
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Figure 6. Aboveground production for Festuca and Medicago exposed to the combined 
effects of drought (control: C and droughted: D) and warming (ambient: aT and elevated: eT) 
treatments during A) the 6-month winter/spring drought period. Treatment effect sizes during 
the winter/spring drought period for B) drought under ambient (also shown in Fig 4) and 
elevated temperatures, C) warming, under control and droughted conditions, and D) the effect 
of warming on biomass responses to drought (for panel D, positive values indicate a 
reduction in drought impact under warming). Values in panel A are means ± 1 SE; while 
panels B-D are means and 95% confidence intervals. Spp. abbreviations and significance 
levels follow Fig. 4. 
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