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Summary 
Why are species not evenly distributed all over the globe but are restricted to certain areas? 

This question has fascinated biologists for a long time. By studying ecology and evolution, 

biologists try to understand the limits in species geographic distribution and the restriction of 

adaptation to environmental stresses. Past research has shown that the low latitudinal range 

edges are often characterised by abiotic environmental factors. The aim of my thesis was to 

systematically study two pivotal environmental factors, temperature and precipitation, of the 

model species, Arabidopsis lyrata. In a transplant experiment, I showed that the increase in 

temperature and variability of precipitation patterns, caused by climate change, negatively 

affect plant performance. Specifically, germination and flowering success, as well as survival 

rates were reduced. A greenhouse experiment focusing on the effects of heat, drought, and their 

combination was conducted to study the adaptation strategies to the different stresses. Even 

though exposure to heat or drought alone did not affect survival rates much, the combination 

of both stresses caused a high mortality rate. Populations originating at the warm range edge 

displayed a slightly better performance and plants had a higher specific leaf area and root-to-

shoot ratio. However, plant performance is also dependent on the interaction with the 

rhizosphere microbiome. Therefore, I analysed how different plant traits correlate with 

microorganisms under different environmental conditions. I compared the correlations of plant 

traits with different primary root exudate compounds and rhizosphere bacteria and fungi under 

different watering treatments. The composition of root exudates and bacteria changed 

significantly between a moist and a drought treatment. Essentially, more high positive 

correlations were found under drought, confirming the importance of plant-microbe 

interactions under stress conditions. In summary, my thesis emphasises the threat of global 

warming to population persistence at the warm range edge, even if populations originating at 

the warm edge are adapted to a certain degree. With ongoing climate change, the range optima 

are likely to shift northwards, despite the beneficial interactions in the rhizosphere.
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General Introduction 
All living organisms are constantly exposed to changing environmental conditions to which 

they must adapt (Hoffmann and Parsons 1997; Hofmann and Todgham 2010; Kristensen et al. 

2020). These conditions can change on different scales – from daily over seasonal and yearly, 

to climatic periods ranging from ice ages to warm periods. Due to climate change, however, 

conditions are changing at an extreme speed posing enormous challenges for the entire living 

environment (Jump and Peñuelas 2005; Gauthier et al. 2015). This can range from overall 

raising temperatures across the globe to a more variable precipitation pattern in space and time 

(IPCC 2023). Plants as stationary organisms are less mobile than most animals and thus can 

often not move fast enough to stay with suitable conditions, which forces them to adapt to the 

changing conditions (Jump and Peñuelas 2005; Corlett and Westcott 2013). The aim of my 

work is to analyse the different adaptation strategies of the model plant Arabidopsis lyrata. In 

this introduction, I am going to discuss three different aspects that are relevant for my thesis: 

first, causes of stress at species distribution limits, second, adaption strategies by modulated 

plant growth and third, interactions of plants with microorganisms in the soil.  

 

Limitations to species distribution 

Many plant species are restricted by geographical boundaries, which are often defined by 

environmental gradients (Lennon et al. 1997; Gaston 2009). Among these factors climate 

defines the distribution limits of a species rather well, as plants grow best under suitable 

conditions (Hargreaves et al. 2014; Lee-Yaw et al. 2016; Normand et al. 2009). However, not 

all species are able to follow rapid environmental changes over a small geographic range change 

fast enough, and many have a higher local extinction rate at the warm end of distribution 

(Rumpf et al. 2019). In addition, climate change may amplify the intensity and frequency of 

single and combined stress, such as heat or drought. Even though, under climate warming, 

species distribution may be more limited by adaptation limits, the rear edge is often less studied 
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than the leading edge of species ranges (Cahill et al. 2014; Willi and Van Buskirk 2022). Thus, 

it is important to investigate plant growth and adaptation under conditions common to climate 

change to understand the impact of future climate warming on natural populations, especially 

at the more vulnerable warm range edge. 

 

Plants‘ strategies of adaptation 

Plants have evolved various ways of coping with stressors such as heat and drought. Studying 

the responses to either stressor is complex and it is difficult to dissociate them from each other, 

as they often occur together and influence each other in nature. Some adaptation strategies can 

be very well combined, while others cause contradictory responses. For example under both, 

heat or drought, a change in phenology to escape the stress is observed and deeper and wider 

root systems are favoured to maintain water supply (Natarajan and Kuehny 2008; Franks 2011; 

Taylor et al. 2019; Dinneny 2019). However, coping strategies can also go into opposite 

directions. For example, plants prevent overheating under heat stress by opening stomata and 

increased transpiration (Crawford et al. 2012; Deva et al. 2020; Sadok et al. 2021). But during 

drought, stomata are closed and transpiration is reduced to prevent water loss (Verslues and 

Juenger 2011; Tardieu 2013). The combination of these stressors can lead to a conflicting 

response, for example in the opening or closing of stomata to increase or decrease transpiration, 

and can be detrimental for plant performance (Rizhsky et al. 2002, 2004; Marchin et al. 2022).  

 

Interaction with soil microbiota via exudates 

Even though the geographic range of a species can often be explained by abiotic climate models 

alone, biotic interactions may be of added relevance (Sexton et al. 2009; Godsoe et al. 2017). 

Next to abiotic factors, causes of retreat can also include the biotic factors, or interactions 

between both (Cahill et al. 2014; Paquette and Hargreaves 2021). Biotic factors include 

negative pressure by competition, predation, parasitism and pathogens, but also positive effects 
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of mutualism (Eckert et al. 2008; Sexton et al. 2009; Pigot and Tobias 2013; Godsoe et al. 

2017). For example, the interaction between plants and soil microorganisms can buffer the 

impact of harsh weather conditions, such as extreme drought, on plant performance (Classen et 

al. 2015; Fitzpatrick et al. 2019; Karlowsky et al. 2018a; Redman et al. 2011; Rodriguez et al. 

2008; Rolli et al. 2015). Bacteria and fungi in the rhizosphere can reduce abiotic stress 

experienced by plants by positively influencing the water and nutrient uptake (Meddich et al. 

2015; Almario et al. 2017; Hiruma et al. 2018; Tang et al. 2022), and by increasing the surface 

area of water uptake and root adhered soil thus reducing evaporation and soil drying (Alami et 

al. 2000; Chenu 1993; Dudman 1977; Roberson and Firestone 1992; Rosenzweig et al. 2012; 

Sutherland 2001). One mechanism that is particularly important in dry conditions is the 

increased availability of nutrients to plants via reduced soil pH due to organic acid excretion 

(Franche et al. 2009; Vassilev et al. 2012; Bista et al. 2018). In return, plants keep conditions 

habitable for microbes by creating enzymatic hotspots via root exudation, increasing the 

abundance of beneficial microorganisms (Zhang et al. 2023). Root exudates consist of a large 

proportion of primary metabolites such as sugar, organic aids, amino acids and, to a lower 

degree, of secondary metabolites (Badri and Vivanco 2009; Naveed et al. 2017; Sasse et al. 

2018). Similar to microorganisms, root exudates can directly increase plant performance under 

stress conditions, by increasing nutrient uptake or reducing the drying speed of the rhizosphere 

(Passioura 1988; McCully 1999; Carminati et al. 2009, 2016; Ahmed et al. 2014; Karlowsky et 

al. 2018b; Wu et al. 2018; Canarini et al. 2019; Benard et al. 2019). 

 

Study system 

Study organism in this thesis is Arabidopsis lyrata. 5 million years ago, A. lyrata separated 

from the genetically well-studied sister species A. thaliana (Koch et al. 2000). Arabidopsis 

lyrata is a small, mainly outcrossing and short-lived perennial plant, facilitating experimental 

studies. It grows in disturbed and dry habitats like sand dunes along lake shores or in rocky 
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outcrops (Al-Shehbaz and O’Kane 2002; Mable et al. 2005). This species is widely distributed 

and occurs circumpolar, with the three subspecies A. lyrata spp. kamchatica, A. lyrata spp. 

petraea, and A. lyrata spp. lyrata (Koch et al. 2001; Al-Shehbaz and O’Kane 2002; Schmickl 

et al. 2010).  

In my thesis, I used A. lyrata spp. lyrata as a model system, hereafter referred to as A. lyrata. 

This subspecies is mainly restricted to eastern and mid-western regions of the United States of 

America and southern Canada (Fig. 1). For this species, niche modelling and transplant 

experiments demonstrated that low latitudinal range limits overlap with niche limits. Critical 

parameters for the occurrence of A. lyrata plants are especially the minimum temperature in 

early spring, the amount of precipitation in the wettest quarter, and the evapotranspiration rate 

(Lee-Yaw et al. 2018). A transplant experiment across the entire south-north gradient of A. 

lyrata’s range indicated that climate change has shifted the spatial layout of climatically suitable 

areas towards the north (Sánchez-Castro et al. 2024), as more extreme weather events occur in 

the US, including heavy rainfall events, severe droughts and heatwaves, or increased 

frequencies of storms and hurricanes (USGCRP 2023).  

 

Overview of the 3 chapters 

The aim of chapter 1 is to investigate the effects of different aspects of weather on plant 

performance at the warm range edge. This chapter presents and discusses the results of a 

common garden experiment, where plants of populations from different geographic origins 

were grown along a transect across the low latitudinal range edge. Different phenological 

important events were recorded during 1.5 years to find which aspects of weather, temperature 

or precipitation, has the biggest impact on plant performance.  

Chapter 2 describes a greenhouse experiment, which included the same populations as 

chapter 1. Heat and drought stress as found at the warm range edge, were applied and plant 

growth and performance were measured to identify different adaptation strategies. The aim of 
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this study is to disentangle in a controlled setup the effects of heat, drought and their interaction 

on plant growth and to investigate what happens if one versus both stressors are applied to a 

plant.  

The last study, chapter 3, zooms into drought responses and the interplay of plants with 

the microorganisms in the rhizosphere. The aim is to study different phenotypic plant traits, 

root exudate composition, as well as rhizosphere bacteria and fungi. With a holistic approach, 

we were able to directly compare correlation networks between different watering regimes. 

 
Fig. 1: Distribution of the model species A. lyrata spp. lyrata 
Left side: Map of USA and Canada with known occurrences of A. lyrata spp. lyrata as black 
dots. Blue areas indicate the ocean or big lakes, while black lines divide the different states 
within the countries. 
Right side: Images of A. lyrata spp. lyrata of a population at the south-eastern edge of 
distribution taken in May 2022 by the author. The top image shows a blossom with a closed 
bud and in the background an unripened fruit. The bottom image shows the plant‘s rosette with 
low competition, but some herbivore damage. 
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Fig. 2: Graphical overview of the three thesis chapters. 
Left side: Map of the south-eastern edge of A. lyratas’ distribution. Colours in the map are 
based on the suitability reported in Lee-Yaw et al (2018), with darker shades indicating a higher 
suitability. Occurrences of A. lyrata are reported with black dots. Project 1 focused on two 
transects across the distribution limits (thick grey lines).  
Right side: Project 2 focused on historical precipitation and temperature conditions of the low 
latitudinal range edge, and project 3 focused on the response of plant-microbe interactions 
under drought conditions.  
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Abstract 

The distribution of many temperate species has been shrinking at the low-latitude range edge 

due to climate warming, indicating the importance of climate in setting warm-edge range limits. 

Though, it is unclear what the most detrimental aspect of climate is. We conducted a transplant 

experiment on two transects crossing the low-latitude range edge of Arabidopsis lyrata and 

studied the aspects of climate that made seeds germinate, plants flower, or plants die. Across 

sites, germination was positively affected by precipitation in the week before, while flowering 

was negatively correlated with cool temperatures three to six weeks before and warmer 

temperatures in the week before flowering. Mortality was significantly enhanced by warm 

temperatures or heavy precipitation. With recent climate change, average temperature and 

precipitation had generally increased in the focal area, but at the same time, phases with low 

precipitation had increased. Based on the findings, both increased rainfall, but also phases of 

particularly low precipitation may be the reason for A. lyrata’s distribution limit at the southern 

range edge. It is likely that these stressors combined with heat interact in their effect on causing 

low population persistence in general and even more so under climate warming. 

 

Keywords: Arabidopsis lyrata, climate warming, common garden experiment, local 

adaptation, range limit 
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Introduction 

Within its geographic range, a species typically encounters abiotic and biotic conditions under 

which it can persist, which meet its niche requirements (Holt and Keitt 2000; Hargreaves et al. 

2014). To understand why persistence stops at some point in space, we need to know the range-

limiting factors and how they change in the area of range limits (Angert et al. 2018; Lee-Yaw 

et al. 2018; Willi and Van Buskirk 2019). The most parsimonious predictor of constraining the 

evolution of niche expansion is a strong change in conditions over a short distance. This makes 

the change in range-limiting factors intriguing as a steep selection gradient (Kirkpatrick and 

Barton 1997; Polechová 2018). However, many species are restricted to geographical 

boundaries that appear as if conditions change gradually, such as over latitude or gradients of 

heat and dryness (Lennon et al. 1997; Gaston 2009). To shed light on this conundrum, we 

studied the range-limiting climatic conditions of a species at the warm end of distribution and 

how they changed at the range limit. We focused on the warm end because it is where species 

retractions have been frequently reported under global warming (Chen et al. 2011; Rumpf et al. 

2019). 

Evolutionary theory has come up with many hypotheses on the causes of range limits 

(reviewed in Sexton et al. 2009). Similarly, there has been an important body of theory on the 

ability of populations to adapt to marginal conditions (reviewed in Kawecki 2008). This work 

aligns with one of many predictions, namely that if selection gradients are steep or change to 

be steep, adaptation along the gradient fails. When range limits are caused by niche limits, the 

evolution of the niche in the direction needed is not possible due to a high number of selective 

deaths. Consequently, range limits are established. To study range limits in this eco-

evolutionary context, we need to know precisely what the niche- and range-determining 

environmental gradients are (Willi and Van Buskirk 2019).  

Climate has been shown to predict the distribution limits of many species rather well 

(Normand et al. 2009; Hargreaves et al. 2014; Lee-Yaw et al. 2016; Paquette and Hargreaves 
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2021). However, some challenges need to be overcome when studying the effects of climatic 

factors impeding organisms. Climate has many aspects; for example, temperatures vary on a 

daily basis and over the season, which has different effects on different organs or across life 

stages (Körner and Hiltbrunner 2018). It has been demonstrated that plants are especially 

vulnerable to being harmed by extreme weather at critical life stages such as germination and 

flowering (Hedhly 2011; Waterworth et al. 2015; Ali and Elozeiri 2017)). But there are also 

studies pointing to average climatic conditions at range edges being responsible for why species 

stop occurring (Sanchez-Castro et al. 2024). 

With climate change, general warming has been recorded, resulting in a temporal shift 

in phenology. The shift in phenology has been observed across life stages: warmer temperatures 

cause plants to germinate, bud, or bloom earlier in the year. As these are critical life stages, 

when frosts occur at these times, it can cause significant damage to plants (Root et al. 2003; Gu 

et al. 2008; Lenz et al. 2013; Iler et al. 2019). Another change has been more variable weather, 

with more heat events and heat combined with drought (Easterling et al. 2000; IPCC 2023). 

Heat events have been shown to result in reduced biomass production and reproduction success 

and, beyond a certain tipping point, to increased plant die-off (Siebers et al. 2017; Zhao et al. 

2017; Lohani et al. 2020). However, heat combined with drought has been shown to be 

particularly harmful due to the increased vapour pressure deficit (Eamus et al. 2013). For herbs 

like Arabidopsis lyrata to trees, it was reported that the combination of heat and drought 

increased mortality drastically (Allen et al. 2015; Adams et al. 2017; Schepers et al. 2024). 

 The goal of this study was to assess the environmental factors that constrain the 

distribution of a plant species at its low-latitude boundary. Our study organisms was the North 

American Arabidopsis lyrata subsp. lyrata at its south-eastern range limit. Niche modelling and 

a large-scale transplant experiment across the latitudinal range had shown that the southern 

range edge was primarily constrained by unsuitable climate conditions, especially limited by 

too high temperatures in early spring (Vergeer and Kunin 2013; Lee-Yaw et al. 2018; Sánchez-
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Castro et al. 2022, 2024). In this study, we attempted to go further by identifying the conditions 

that affect vital life-stage transitions, germination, flowering, and mortality. Plants of a 

genetically and phenotypically diverse population were sown at six common garden sites across 

the southern range limits on transects in North Carolina and Virginia in autumn. Life stage 

transitions were recorded and related to local weather conditions. More specifically, the 

questions were split into: (1) Does the transect and position across the transect influence plant 

performance? (2) What is the shape of the climatic gradient across the range edge? (3) What is 

the climate at different life stages across a transect? (4) Which aspect of weather influences the 

transition into the next life stage? 

 

Methods 

Experimental design 

The geographic distribution of Arabidopsis lyrata spans from Missouri and North Carolina in 

the south (USA) to southern Alberta (CAN) and up-state New York (USA) in the north. The 

species is a short-lived perennial plant, producing basal rosettes with flower stems and flowers 

that are predominantly cross-pollinated. For the experiment, we selected three sites along two 

transects based on their position relative to the range edge, with one site being within the range, 

one around the range edge, and one beyond the range edge. Furthermore, they were picked 

depending on the predicted suitability of sites in the recent past based on niche modelling with 

climate data (Table 1, Lee-Yaw et al. 2018). More specifically, the sites on each transect had a 

suitability that was high (>0.5), medium (0.5-0.1), or low (<0.1), from inside to outside of the 

range (Fig. 1). Transects had a total distance of 320 km in the north and 360 km in the south.  

We used seeds from mainly one population from the southerly centre of distribution, 

apart from some seeds from two northern and two southern range edge populations. The edge 

populations were used to confirm that the central population was indeed within the responses 

seen across the species’ range. Seeds had been propagated for one generation in the greenhouse 
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before sowing at the transplant sites. The collection of seeds in the field included 600 plants of 

the central population in Saugatuck Dunes State Park (MI, USA) and a few dozen plants of the 

edge populations (see Schepers et al. 2024 for details about populations). One plant per family 

was raised in the greenhouse and then crossed in pairs to receive full-sib families. Hand-

pollinations were done on emasculated flowers. In total, full-sibships were available: 266 for 

the central population and 3 for each edge population. In autumn of 2021, sowing in the field 

started. At each site, 72 multi-pot trays with 38 pots with open bottoms each were filled with a 

soil-sand mixture of 2:1 (Schepers et al. 2024; Heblack et al. 2024). Trays were split into 8 

spatial blocks, and one seed per seed family was sown in each of them in a random position 

(with two random layouts, one with a seed family replica at the tray’s edge and the other on the 

inner). Due to heavy rainfall after sowing at one of the sites, on the northern transect at the 

range edge, half of the trays were resown after one week, and a trench was dug around the 

experimental site to prevent a recurrence of flooding.  

Blocks with the 9 trays were placed together into 2.7 x 0.6 m big trenches that were 

filled with the same soil-sand mixture. Between these trench blocks and around the outer 

blocks, walkways were covered with weed barriers to reduce the growth of local plants. Around 

the sites, a 0.5 m chicken wire fence was installed to keep animals away. If animal pressure was 

high, a 2 m mesh fence was added. Trays were watered carefully and covered by a plastic tunnel 

to keep moisture high. For four weeks, plants were sprayed daily with water to ensure higher 

germination rates. After two weeks, the plastic covers were replaced with mesh nets for another 

four weeks to have a gradual change to local weather conditions, which they were exposed to 

during the rest of the experiment. 

 Germination was checked first every second day, later weekly and biweekly during 

winter. Flowering onset was checked weekly, documenting the flowering date and 

inflorescences were harvested, measured, and weighed after six weeks. If fruits turned ripe 

before the time of harvest, they were collected and weighed to avoid spreading of seeds. To 



C H A P T E R  1  

 

 23 

capture changes, photographs were taken once per week and monthly during winter (SONY, 

DSC-H300, Minato City, Tokyo, Japan). Survival was recorded after winter each year to record 

winter survival, and longevity was reconstructed using the mean time between two pictures. If 

no pictures were taken over a period longer than three months, the plants that died in that period 

were excluded from survival analysis due to inaccuracy. The experiment ended in April 2023, 

when all plants were harvested, above-ground biomass was weighed, and the two biggest leaves 

as well as root length outside of the pots were measured.  

 

Climate data 

At each of the sites, microclimate was recorded with iButtons (iButtonLink Technology, 

Whitewater, WI, USA) for air temperature and humidity (5 cm, 0.5 m, and 2 m) and soil 

temperature (2 cm inside pots). Furthermore, weather data from September 2021 to May 2023 

was downloaded from “weatherstem.com” for Blacksburg, VA, Norfolk, VA, and Greenville, 

NC, at an hourly resolution. The rain rate in inch was summed over each day per day. Data for 

Durham, NC, was from “wrcc.dri.edu” and for Lexington, VA, from “ncdc.noaa.gov”, both at 

daily resolution. Data from the York River State Park weather station CBVTCMET was 

downloaded from “cdmo.baruch.sc.edu” at 15 minute resolution. The daily total precipitation 

was translated into mm, and the minimum, maximum, and mean temperatures were translated 

from °F to °C for all sites. Weekly summaries were calculated for each site separately. Missing 

microclimate temperature data measurements were reconstructed in R 4.2.1 using the local 

climate station data by predicting missing values based on linear regression (R-Core-Team, 

2021). Models of minimum, mean, and maximum temperatures had an adjusted R2 of 0.92, 

0.92, and 0.78, respectively (Fig. S2). 

 Long-term climate data at the research sites were obtained from WorldClim v1.4 

(Hijmans et al. 2005), v2.1 (Fick and Hijmans 2017), and CRU-TS 4.06 (Harris et al. 2020) 

downscaled with WorldClim v2.1. We downloaded monthly precipitation as well as monthly 
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minimum and maximum temperature of each year for the periods of 1960-1990 and 1970-2000 

and calculated the mean across the years for each time period in R version 3.6.1. Further, we 

obtained the precipitation of the wettest quarter (BIO16). For 2000-2021, we loaded the 

monthly precipitation, minimum temperature, and maximum temperature. We calculated the 

average maximum precipitation per month across the years and then the precipitation of the 

wettest quarter (Pwet). Lastly, we calculated the minimum temperature in March and April 

(spring Tmin), as well as mean temperature and precipitation in April to June (growing season 

Tmean and Pmean), and averaged across years using the dplyr and raster packages (Hijmans 2022; 

Wickham et al. 2023a). For the first two periods, the resolution was 30 seconds; for 2000-2021, 

the resolution was 2.5 minutes. Raster plots (Figs. 1, S3) were produced with the R packages 

sp version 1.0-5 and sf version 1.0-5 (Pebesma and Bivand 2005; Pebesma 2018).  

 

Analysis 

All analyses were conducted using the packages dplyr v1.1.2 (Wickham et al. 2023a) and tidy 

v1.3.0 (Wickham et al. 2023c), and plots were generated with the ggplot2 package v3.4.2 

(Wickham 2016) in R 4.2.1. In order to determine the responsiveness of plants from the central 

population in comparison to the edge populations, we tested for population differences. The 

variables included days until germination, flowering, and death, as well as proportion of 

germinating and flowering plants and survival rate in the first year of the experiment. Day until 

germination is defined as the duration from sowing to germination, while days until flowering 

or death are relative to the germination date. The selected type of model either assumed a 

binomial distribution for binary data or a Poisson distribution for continuous data. The 

generalised linear models included population identity as a fixed effect and site as well as tray 

number nested within block as random effects. Pairwise posthoc comparisons were performed 

with the games-howell test in emmeans (Table 1; Lenth et al. 2018). Further analyses were done 

on the southerly-central population only.  
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 In the main analyses, we first tested if the transect and position across the transect 

influenced plant performance in the central population with generalised linear models. The 

performance traits included germination success, time to germination, longevity, survival after 

the first winter, and how often a plant flowered (lme4 package v1.1-35.1; Bates et al. 2015). 

The models included transect and position in the transect as fixed effects, and block and tray 

nested within block as random effects. Germination success and winter survival (survival until 

April of the first year) were binary variables. Models of flowering and survival only included 

plants that had germinated. The model outputs were evaluated by type-3 testing (car v3.1-1; 

Fox and Weisberg 2019). 

 Second, we investigated the shape of the climatic gradient across the range edge. Based 

on temperature and precipitation at the six sites, we calculated the climate during different life 

stages. Third, the weather at the transition from one life stage to another was calculated at 

weekly resolution for the minimum temperature (Tmin), maximum temperature (Tmax), mean 

temperature (Tmean), and total precipitation (P). The transitions considered were germination, 

flowering, and survival.  

 Fourth, we tested how weather affected life stage transitions. For each type of transition, 

we generated a long-format dataset, which included the week, aspects of the weather, and 

whether the transition did not happen or whether it happened, the latter being the last row for 

each plant. The fixed effects were the different aspects of the weather, namely weekly P, Tmean, 

Tmin-Tmean (∆Tmin), and Tmax-Tmean (∆Tmax), depicting general microclimatic conditions and 

extreme temperature events. P and Tmean were centred to zero (scales package; Wickham et al. 

2023b). P was divided by ten to account for the fact that temperature and precipitation have 

very different ranges. Conditions as far back as one week back for weather, six weeks back for 

flowering, and two weeks back for death were considered. As Tmean of the different weeks was 

highly correlated, only the one week before the stage transitions was included (Table S4). For 

flowering and survival, the model additionally included the age (weeks after germination) and 
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its interaction with weather, as the age might influence transition. Death was analysed for winter 

and summer separately, by only including weeks that had a scaled Tmean across four weeks 

above or below the threshold of zero. This allowed us to investigate the effect of climate on 

mortality for each season individually. To account for the effect of high and low precipitation 

on mortality, P2 was added as a fixed effect. We applied binomial models, with  experimental 

site and plant identity as random effects (glmmTMB package version 1.1.8; Brooks et al. 2017). 

The results are shown with dotwhisker plots of the dotwhisker package version 0.7.4 (Fig. 6; 

Solt and Hu 2021). 

 

Results 

We compared the performance of plants of the southernly-central population with that of the 

peripheral populations to see whether it was representative of the species (Fig. 2). Even though 

phenology was often different between the central and the edge populations (Table 1), the 

southerly-central population (solid green line) had germination, flowering, and death events 

after time spans comparable with those observed in the peripheral populations (Fig. 2A). This 

indicates that all populations have phenological reactions to climate that are comparable. 

Additionally, the central population had rates of germination, flowering, and survival in the 

first year that were that were intermediate to those of edge populations (Table 1, Fig. 2B). The 

high percentages in flowering rates of some edge populations might have been caused by the 

comparably small sample sizes of the edge populations. Overall, the results revealed that the 

southerly-central population is representative of the species. 

 In the first main analysis, we tested whether the transect and position along the transect 

affected plant performance. Indeed, transect, position, and their interactions differed strongly 

in regard to phenology and performance. Seeds of the northern transect germinated earlier and 

had, in general, a higher germination success, especially at the beyond-edge site, Nout (Table 2, 

Fig. 3). Additionally, plants across the northern transect had a higher chance of surviving the 
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first winter and had, in general, a more similar phenology across the positions compared to 

those of the southern transect. Further, across the southern transect and at sites outside of the 

range, plants flowered more often than across the northern transect or at sites inside the range 

(Table 2, Fig. 3). 

 Second, as transect and position within transect significantly influenced the 

performance of A. lyrata, we investigated the shape of climatic gradients across the range edge 

in more detail and how the sites differed in their respective climate conditions. This analysis 

focused on weather data from 1960 to 2021 to show which climate the plants had adapted to in 

the past, also including the time when seeds were collected (2007-2014). As described earlier, 

spring Tmin and Pwet were the main factors influencing the suitability of A. lyrata across its 

distribution, thus we focused on these factors. Tmin in early spring and Tmean during growing 

season increased by over 2 °C from inside to edge and edge to outside the range, respectively, 

in each of the three time-ranges (Table 3, Fig. S3). Additionally, from 1960-1990 to 2000-2021, 

the Tmin in spring increased by approx. 2 °C and Tmean during growing season by approx. 1 °C. 

Pwet increased by 50 mm from inside to edge and 20-90 mm from edge to outside in 1960-1990, 

with higher precipitation at the southern transect. Overall, Pwet and Pmean during growing season 

increased over the last decades by 30-50 mm, or approx. 10 mm, still having the wettest sides 

outside of the range (Table 3, Fig. S3). 

 Third, we focused on the weather during life stage transitions. Not only the overall 

weather conditions seemed important, but especially those during sensitive stages of a plant’s 

life, such as germination or flowering. Thus, we studied the weather at different life stages 

across each transect (Table 4, Fig. 5). During germination and death events, Tmean increased 

from inside to outside of the range at both transects, but not during flowering events. Generally 

during germination and death events, ∆Tmax decreased and ∆Tmin increased from inside to 

outside of the species range. However, we found no clear trend for the ∆Tmax and ∆Tmin during 
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flowering events. While precipitation differed significantly between transects and positions 

within transects, no coherent trend along the transect was found. 

 Fourth, we determined the aspects of the weather influencing transitions, germination, 

flowering, and mortality. Most germination was observed between October and December, with 

a peak right after sowing in October and November of the first year, while most plants flowered 

in the early summer of their first year, and they mostly died within a few weeks after 

germination or before summer (Fig. 4). A plot of the effect size shows which component of the 

weather had a significant influence on the transition of the plant life stage, with the x-axis being 

the estimated effect (Fig. 7, Table S3). For germination, a higher temperature ∆Tmax in the week 

of germination had a positive effect, and a higher P had a negative effect. However, in the week 

prior to germination, the exact opposite effects were found, with a positive effect of lower 

temperatures and higher precipitation. Overall, a high P and ∆Tmin in the six weeks before 

flowering had a negative effect on plant flowering. As the interaction effect of ∆Tmin and plant 

age was especially high three to six weeks before flowering, the negative effect of ∆Tmin was 

higher on older plants (Table S3). However, a high Tmean in the two weeks before flowering had 

a positive effect on triggering flowering onset, with a stronger effect on younger plants. Plant 

mortality was analysed for summer and winter separately by the scaled moving four-week Tmean 

average, as here different factors might be important. In both seasons, a high P was linked with 

a high mortality the week after, while in winter, a low P was also linked with a higher mortality 

after two weeks. In the colder season, P2 was significantly positive, indicating increased 

mortality at high and low precipitation levels. Additionally in both seasons, a high Tmean had a 

negative effect on survival. Only in the summer was a highly negative effect of ∆Tmin on 

survival within one week observed. The effect of P in both seasons, and of Tmean and ∆Tmin in 

summer the week before a peak in mortality, was especially strong on younger plants. 

 In summary, we showed that the performance of a plant is different along a transect 

across the range edge, with surprisingly higher performance outside of the current range. This 
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performance was strongly influenced by the local weather conditions, which varied 

considerably between sites all over the year, but especially during the sensitive life stages. 

 

Discussion 

The growth and performance of a plant are highly influenced by its abiotic conditions (Suzuki 

et al. 2014). Precipitation and especially temperature have been shown to have a high impact 

on the suitability of a location, particularly regarding the growth of a species (Moles et al. 2014; 

Tao et al. 2017; Lee-Yaw et al. 2018). But the importance of each of the specific weather 

conditions on the transition of life stages is not well studied. This motivated us to investigate 

the effect of different weather variables on the performance of the plant species A. lyrata across 

the known low latitudinal range edge. 

 It has been reported before that the phenology of peripheral populations and central 

population differs due to climatic differences (Sheth and Angert 2015; DeMarche et al. 2019; 

Zettlemoyer and Peterson 2021; Estarague et al. 2022). We could confirm these deviations, as 

our analysis showed some variation among populations. However, the differences of the edge 

populations compared to the central population were often insignificant, especially for the 

relevant parameters such as the establishment success and survival rates (Table 1). Even though 

phenology often differed significantly from the edge populations, as indicated by the density 

curves, the populations did overlap mostly in the high peaks (Fig. 2A). We observed east-west 

differences between populations, with a higher percentage of germinating plants in the western 

cluster, while north vs. south populations showed similar trends (Fig. 2B). This pattern can be 

explained by the known split of A. lyrata into an eastern and a western cluster, originating from 

different glacial refugia (Willi and Määttänen 2010; Griffin and Willi 2014; Willi et al. 2018). 

In summary, we conclude that a high number of replicates of the central population are 

representative for the variation among populations of all origins. This population experiences 
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many different microclimatic conditions in its natural habitat, due to the growth on an active 

sand dune (Willi et al. 2018; Willi and Van Buskirk 2019).  

 The study included two transects that crossed from inside of the known range towards 

outside of the range. Analysis showed a significant difference in plant growth between those 

sites (Table 2, Fig. 3). The northern transect had earlier germination days and had a higher 

survival rate until the first spring, while plants at the southern transect flowered more often, 

thus had a higher reproductive output. This indicates that, in general, the conditions at the 

northern transect were better for plant establishment, but the few plants that germinated and 

survived at the southern transect were very well adapted to the weather conditions and could 

grow and reproduce exceptionally well. This could hint at a trade-off between 1) investing in 

fast growth and life cycle to complete sensitive life stages before the environmental stress 

becomes too great, and 2) slower growth and phenology, risking death but potentially achieving 

higher reproduction (Willi and Van Buskirk 2022; Grossman 2023; Heblack et al. 2024). Even 

though, differences between both transects in weather during phenology events often weren’t 

significantly different, the interaction of site and position was significant, showing that the 

specific site conditions are essential, particularly P and ∆Tmin (Table 4). We observed a much 

greater variation in the southern transect than the northern transect, both between and within 

sites. Plants “in” the range germinated and flowered later than “outside” the range (Fig. 3). A 

higher germination rate in spring rather than autumn might be caused by an earlier and more 

intense winter close to the Appalachians (Fig. 4). Interestingly, only “at the edge” and “outside“ 

positions, plants germinated in the second spring at both transects, even though more 

ungerminated seeds should have been present inside of the range. The first flowering plants 

were observed outside of the range (Fig. 4), which is likely linked to an earlier start of spring 

that allowed earlier bolting (Abu-Asab et al. 2001; Ellwood et al. 2013). This allowed plants to 

flower more than once in the same season, but also increased the risk of being exposed to late 

frost events (Beaubien and Hamann 2011). 
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 Climate can explain the distribution limits of species quite well (Normand et al. 2009; 

Hargreaves et al. 2014; Lee-Yaw et al. 2016). Evidence for the importance of climate is 

available from the observed changes in species distributions to higher latitudes or higher 

elevations in the last couple of decades due to global warming (Hickling et al. 2005; Parmesan 

2006; Parmesan and Yohe 2003; Root et al. 2003). The global temperature on Earth is 

increasing (IPCC 2023) and also in the United States, an increase in average temperature and 

precipitation have been measured over the last few decades. However, the pattern of change in 

space and time is very heterogeneous. More extreme weather events occur, including heavy 

rainfall events, severe droughts and heatwaves, as well as increased frequencies of storms and 

hurricanes (USGCRP 2023). The effect of climate change is especially significant at species-

range edges (Cahill et al. 2014). Not all species are able to adapt to climate change fast enough, 

and examples have reported heightened local extinction rates at the warm end of distribution 

(e.g. Rumpf et al. 2019). Models have shown that temperature and precipitation are the main 

factors limiting the latitudinal distribution of A. lyrata, thus we compared the local climate at 

the different sites during the time of the experiment (Lee-Yaw et al. 2018). The temperature 

during the growing season along both transects increased by 2° C from inside to outside of the 

range (Table 3, Fig. S3). As the temperature has continuously increased over the last decades, 

the average and extreme temperatures may exceed the optimal growth conditions of A. lyrata. 

Additionally, precipitation has slightly increased over the last few decades. Precipitation is 

often a limiting factor during germination and growth, while an accumulation of water due to 

heavy rainfall events and therefore high saturation can lead to reduced plant performance. A. 

lyrata originally grows under well-drained conditions, such as sand dunes, rocky outcrops, 

sandy or rocky riverbanks, and shorelines (Sánchez-Castro et al. 2024), which can mean that 

the growth in less-drained soil is not always optimal. 

 The differences in local climates were not only found during the whole experiment’s 

duration, but we also observed that conditions specifically differed during germination, 
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flowering, and death (Table 4, Fig. 5). The weather conditions during phenological events of a 

plant differed among positions within a transect, but not so much between the two transects. 

Germination was mainly influenced by a high ∆Tmax and a low P in the week of germination. 

This means plants were more likely to germinate if higher temperatures occurred and the 

precipitation was not too high. As plants need to be well-watered during germination, they 

received regular additional water during the first few weeks of the experiment. This is shown 

by the low but significant positive effect of precipitation on germination the week prior to 

germination (Table S3, Fig. 6). Especially within the range, precipitation was low during the 

seed establishment (Fig. 5), which caused lower germination success (Fig. 3A). However, with 

too much rain from heavy rainfall events, sites were flooded, and high germination rates were 

only observed on the moist soil of the following week. Additionally, plants only had a short 

time span to germinate and establish at sites inside the range, as winter started early close to the 

mountains and cold stress is known to reduce germination and seedling establishment (Jame 

and Cutforth 2004). The high germination rates close to the cold winter can be seen by the 

positive effect of ∆Tmax on germination (Fig. 6). The strong variation of P and ∆Tmax at the 

different positions along the transects might therefore explain the observed differences in 

germination rates among sites (Table 4). Flowering onset was mainly influenced by a high Tmean 

one to two weeks before flowering and a lower ∆Tmin three to six weeks before flowering. This 

means that more plants flowered if it was generally rather warm and less extreme cold events 

occurred before hand. Explanations can be that after bolting, cold temperatures have a negative 

effect on successful flowering and reproduction (as reviewed in Hassan et al. 2021). Supporting 

this theory is a negative interaction between Tmean and plant age, which results in a greater 

beneficial effect of Tmean on younger plants since early flowering plants, right after winter, are 

younger.  

 The transition to death was mostly influenced by a high P in the week before death was 

recorded (Fig. 6). This is probably linked to young plants being flooded after a heavy rainfall 
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event. This is confirmed by the negative interaction term of age and P in both seasons (Table 

S3). Even though high precipitation before germination was advantageous, several studies have 

shown that optimal germination conditions can be unsuitable for seedling survival (Qi and 

Redmann 1993; Lloret et al. 2004). However, a significant effect of drought on plant survival 

was also found. Mortality increased within two weeks after a drought period (Fig. 6). The 

negative effect of long-term drought on plant growth and performance has already been 

discussed in many studies (Engelbrecht and Kursar 2003; He and Dijkstra 2014; Schepers et al. 

2024). The drought effect might have been overshadowed by extreme flooding events, which 

is confirmed by the positive effect of the quadratic precipitation term of the model output. 

Additionally to the effect of precipitation, a too warm Tmean was linked with a higher mortality 

the week after (Fig. 6). During the warm season, this can be caused by overall too warm 

temperatures. In winter, the negative effect of warmer temperatures could be linked to a 

snowmelt and the plant being exposed to frost (Bannister et al. 2005; Buma et al. 2017). As 

mean temperatures have been rising across the last centuries (Table 2), this could have an 

increasing effect on plant survival at the warm range edge. 

 

Conclusion 

In summary, our findings emphasise that especially extreme events, which have already started 

to occur more frequently, limit plant establishment and affect all important life stages, including 

germination, flowering, and survival. With the transect setup, we could show that formerly 

suitable areas now lead to low plant performance due to climate change, increasing 

temperatures, and more variable precipitation patterns. Overall, we could see that high 

precipitation, typically heavy rainfall events, had a negative effect, hindering germination, 

flowering and survival. As precipitation has increased over the last decades, both in the wettest 

quarter and during the growing season (April-June), this could limit the establishment and 

persistence of A. lyrata at the southern range edge (Fig. S3A). Additionally, the time series data 
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allowed us to disentangle the effects and showed the long-term negative effect of cold 

temperatures on survival, while too high temperatures reduced survival in a shorter response 

time. 
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Tables 
 
Table 1: Results of mixes effect models comparing plant performance of edge populations with 
the central population 
The table gives estimates and P-values of the post-hoc test of generalized linear models for 
continuous data (phenology and times flowering) and binary data (winter survival, germination 
and flowering success), when comparing edge populations with the central population. 
Significant differences (P-value <0.05) are indicated in bold. 
 
Population 

Germination 
Success 

Germination 
Time 

Flowering 
Success 

Flowering 
Time 

Times 
Flowering 

Winter 
Survival 

Longevity 

NW -0.46 (<0.01) 0.15 (<0.01) -0.03 (1) 0.03 (0.52) 0.06 (1) -0.05 (1) -0.22 (<0.01) 

NE 0.33 (0.05) -0.31 (<0.01) 0.58 (0.17) 0.42 (<0.01) 0.83 (<0.01) 0.99 (<0.01) 0.23 (<0.01) 

SW 1.18 (<0.01) -0.68 (<0.01) 1.44 (0.1) -0.05 (0.93) 0.94 (0.21) 0.61 (0.55) 0.69 (<0.01) 

SE -0.3 (0.1) 0.27 (<0.01) -1.07 (<0.01) -0.03 (0.36) -1.09 (<0.01) -0.24 (0.83) -0.06 (<0.01) 
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Table 2: Results of mixed-effect models testing the effect of position of the common garden 
site along transects on plant phenology and performance. 
Effect of transect and position within transect on different performance and growth parameters. 
Germination success and winter survival were binary data. Days to germination started from 
sowing and days to flowering started with germination. Times flowering described how often 
a plant flowered. Random effects were block and tray nested within block. For binary predictive 
variables a generalized linear mixed model was used and for continuous data a linear mixed 
effect model. Significant differences (P-value <0.05) are indicated in bold. 
 

 Coefficient Estimates P-value 

Response 

Variable 
Intercept 

Transect 

South 

Position 

Edge 

Position 

Out 

Transect South: 

Position Edge 

Transect South: 

Position Out 
Transect Position 

Transect: 

Position 

Germination 

Success 
-1.4 -0.4 1.4 2.2 0.51 -1.2 <0.01 <0.01 <0.01 

Germination 

Time 
36 59 1.8 0.5 61 -65 <0.01 <0.01 <0.01 

Times 

Flowering 
0.02 0.00 0.03 0.08 -0.02 0.36 <0.01 <0.01 <0.01 

Longevity 47 -27 29 92 -26 41 <0.01 <0.01 <0.01 
Winter 

Survival 
-1.9 -1.0 1.0 3.2 -1.4 -1.0 <0.01 <0.01 <0.01 
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Figures 

 
Figure 1: Map of the southern A. lyrata range edge with the populations (black dots) and the 
sites of the common garden experiment (coloured squares). The coloured background shows 
the suitability based on a prior suitability study (Lee-Yaw et al. 2018) with brown indicating 
high a suitability (>0.5), salmon a medium suitability (0.5-0.1) and light brown a low suitability 
(0.1-0).  
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Figure 2: Differences between populations from different areas of the A. lyrata distribution.  
A) Density plots of germination, flowering and survival time: the figure shows the time in days 
on the x-axis and on the y-axis the fraction of plants that germinated, flowered or died at that 
time. The bin width is seven days and the line type and colour indicate the populations as 
explained in B. 
B) Bar plots give the percentage of plants that germinated, flowered and survived until the first 
or second year across the five populations. Line type and colour indicate the different 
populations North-East (NE), North-West (NW), Central (C), South-West (SW), and South-
East (SE). Plant flowering and survival only include plants that germinated.  
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Figure 3: Differences in plant performance across transects and positions within transects of the 
central population. 
A) Bar plots show Germination success of all seeds and the days it took from sowing to 
germination and B) fraction of plants that germinated and died before the first summer of the 
experiment. In distribution plots (C-E), each observation is indicated as a coloured dot and 
boxes give the 1.5 inter-quartile range with medians as thick lines. These are C) days from 
sowing to germination, D) longevity in days after germination and E) how often a single plant 
flowered. F) shows images of a newly germinated plant, a plant flowering in the first year with 
only one blossom and in the second year with many flowering stems.  
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Figure 4: Weather at sites during the experiment with mean weekly records of temperature (red, 
with minimum and maximum indicated by red shaded areas) and cumulative precipitation in 
blue (mm). Below the weather data is on a log10 transformed scale in dark green the count of 
new germinations per week, in light green the sum of newly flowering plants per week and in 
orange the sum of plants that died per week, all of the central population. Light grey areas 
indicate missing photos to determine death dates.  
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Figure 5: Overview of characteristics of experimental sites during the experiment. 
Mean temperature (Tmean, in C), difference from mean to minimum temperature (∆Tmin in K) 
and mean to maximum temperature (∆Tmax in K) and precipitation (P in mm) of weeks, when 
plants transitioned from A) seed to germination, B) growing to flowering, or C) from alive to 
dead. Each observation is indicated as a coloured dot and boxes give the 1.5 inter-quartile range 
with medians as thick lines. 
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Figure 6: Influence of weather on transition to a new life stage in a dot-whisker-plot. 
The effect sizes of mixed effect models including all important weeks prior to the stage 
transition for each considered life stages. Dots reflect the model estimates and horizontal lines 
the corresponding 95% confidence interval. The further a point is from the dashed line, the 
higher is the effect and the smaller the whiskers are, the higher is the accuracy. 
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Abstract 

Geographic range limits of species are often a reflection of their ecological niche limits. In 

many organisms, important niche limits that coincide with distribution limits are warm and 

warm-dry conditions. We investigated the effects of heat and drought, as they can occur at the 

warm end of distribution. In a greenhouse experiment, we raised North American Arabidopsis 

lyrata from the centre of its distribution as well as from low- and high-latitude limits under 

average and extreme conditions. We assessed plant growth and development, as well as leaf 

and root functional traits, and tested for a decline in performance and selection acting on growth, 

leaf, and root traits. Drought and heat, when applied alone, lowered plant performance, while 

combined stress caused synergistically negative effects. Plants from high latitudes did not 

survive under combined stress, whereas plants originating from central and low latitudes had 

low to moderate survival, indicating divergent adaptation. Traits positively associated with 

survival under drought, with or without heat, were delayed and slowed growth, though plastic 

responses in these traits were generally antagonistic to the direction of selection. In line, higher 

tolerance of stress in southern populations did not involve aspects of growth but rather a higher 

root-to-shoot ratio and thinner leaves. In conclusion, combined heat and drought, as can occur 

at southern range edges and presumably more so under global change, seriously impede the 

long-term persistence of A. lyrata, even though they impose selection and populations may 

adapt, though under likely interference by considerable maladaptive plasticity. 

 

Keywords: adaptation, drought stress, heat stress, phenotypic selection, warm range limit 
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Introduction 

Across the globe, temperatures have been increasing and precipitation has become more 

variable, with more droughts or extreme rain (IPCC 2021). In turn, warming has been linked to 

the retreat of some species from the warm limits of their distribution (Parmesan 2006; Cahill et 

al. 2014; Sánchez-Salguero et al. 2017; Rumpf et al. 2018). Causes of retreat can include the 

direct effect of abiotic stressors, biotic stressors, or interactions among them (Cahill et al. 2014; 

Paquette and Hargreaves 2021). Populations often evolve particular strategies to cope with one 

type of stressor over their evolutionary histories, which can interfere with strategies for coping 

with more extreme stress or other stressors (Fry 2003; Ågren and Schemske 2012; Santos del 

Blanco et al. 2013; Willi and Van Buskirk 2022). For example, it was shown that combined 

stressors, such as heat and drought, can act to amplify negative effects (Craufurd and Peacock 

1993; Savin and Nicolas 1996; Dreesen et al. 2012; Zandalinas and Mittler 2022). 

Consequently, if we aim to understand why species fail to cope with extreme conditions at the 

warm end of species distributions, stressors need to be studied both individually and in 

combination (Suzuki et al. 2014). 

Plants have evolved various ways of coping with heat, which have been studied in 

regards to the genes involved, the physiology, morphology, and development (Berry and 

Bjorkman 1980; Bita and Gerats 2013; Zhao et al. 2021; Sher et al. 2022; Yadav et al. 2022). 

In many species, a general strategy of coping with heat is leaf cooling through increased 

transpiration (Crawford et al. 2012; Deva et al. 2020; Sadok et al. 2021). Increased transpiration 

is achieved by a longer stomatal opening and higher stomatal conductance (Marchin et al. 

2022). Such cooling requires a continuous supply of water, which is ensured, for example, by 

deep roots, an extensive and complex root system, or by a high root-to-shoot ratio (Parker 1949; 

Aston and Lawlor 1979; Natarajan and Kuehny 2008; Giri et al. 2017). Strategies affecting 

morphology are generally targeted at decreasing surface area to reduce the area of water loss 

by thick stems and leaves, short internode lengths, or smaller leaves (Vile et al. 2012; Stewart 
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et al. 2016;  Leigh et al. 2017). Coping with heat may also include a faster phenology, such as 

early flowering to escape the heat during critical life stages (e.g., in Arabidopsis thaliana, 

Balasubramanian et al. 2006; Taylor et al. 2019). Additionally, leaf pigments can play an 

important role during heat and high irradiation as paler leaves with less chlorophyll help 

maintain energy balance and lower the risk of overheating (Kume 2017; Genesio et al. 2020), 

while carotenoids can dissipate excess energy and thereby protect the chlorophyll apparatus 

(Kumar et al. 2020).  

Plants have evolved also various strategies to cope with drought (Murtaza et al. 2016), 

which sometimes differ substantially from those of coping with heat (Zhang and Sonnewald 

2017). Under drought conditions, an immediate reduction of water-loss is achieved by the 

closure of the stomata; this ensures that the leaf water potential does not drop to critical levels 

and that plant metabolic processes are maintained (Verslues and Juenger 2011; Tardieu 2013). 

In combination with increased water uptake from the soil, the plant can thus maintain the 

physiological water balance (Rodrigues et al. 2019). Increased water uptake during a short 

period of drought is achieved by a wider and deeper root system (Dinneny 2019). In addition 

to longer roots, smaller leaves are a common response of plants growing under drought 

conditions, leading to an increased root-to-shoot ratio and reduced leaf surface area per dry 

weight (lower specific leaf area, SLA) (Matsui and Singh 2003; Dovrat et al. 2019). Another 

adjustment to a dry climate is accelerated reproductive development (Franks et al. 2007). 

Further strategies related to escape include a shorter growth period, earlier germination, or 

dormancy during extreme events (Basu et al. 2016; Franks 2011; Verslues and Juenger 2011; 

Tardieu 2013; Balachowski et al. 2016). 

Combined heat and drought may be particularly challenging for plants. Marchin et al. 

(2022) reported for broadleaf evergreens that stomata closure is of advantage during drought, 

as it can maintain a high water potential of the leaves, but it can lead to overheating of leaves 

under heat. Conflicting responses to heat and drought were also reported for A. thaliana (cv 
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Columbia) and Nicotiana tabacum (Rizhsky et al. 2002, 2004). While plants responded to heat 

by increased photosynthesis and respiration, they responded to drought by reducing both 

processes. Under combined heat and drought, plants increased respiration but reduced 

photosynthesis, leading to senescence. Also in A. thaliana, high temperatures and the 

combination of heat and water deficiency accelerated reproductive development, while water 

deficiency alone delayed reproduction (Vile et al. 2012). The different responses to heat, 

drought and both stressors in combination confirm the need to investigate single and combined 

stressors to reveal the conflicts among strategies that impede their fitness benefits, particularly 

in the face of global warming. 

The response to climatic stress often depends on the climate history of populations and 

can therefore vary greatly within species (Lexer et al. 2003). Indeed, local climate has been 

linked with adaptive differences among populations in several studies (e.g., Richardson et al. 

2014; Estarague et al. 2022; Sánchez-Castro et al. 2022). Adaptive differences may be 

expressed under stress, but also when plants grow under ideal climatic growth conditions. In 

the canopy species Corymbia calophylla and in A. thaliana, plants originating from hot and/or 

dry areas differed in trait expression even under benign conditions; they had lower SLA, higher 

leaf dry matter content (LDMC), or smaller leaf area (May et al. 2017; Ahrens et al. 2020). 

Another aspect of climate adaptation is that within species or closely related species, there may 

be differences in how it is achieved. For example European A. lyrata subsp. petraea of southern 

range edges was shown to flower earlier and have a higher flowering propensity (Riihimäki and 

Savolainen 2004), while in North American A. lyrata subsp. lyrata, plants from northern 

latitudes have faster reproductive development (Paccard et al. 2014).  

The aim of this study was to test whether heat, drought and combined stress had similar 

effects on growth, leaf and root functional traits, whether populations responded differently 

depending on their climate of origin, and whether plastic changes were in the direction favoured 

by selection. The study organism was the North American Arabidopsis lyrata spp. lyrata 
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(hereafter A. lyrata). Environmental niche modelling had revealed that the range limits of A. 

lyrata in the south and the north were associated with climate niche limits, with minimum 

temperature in early spring being the most niche- and range-limiting factor (Lee-Yaw et al. 

2018). But with climate change, temperature and precipitation have changed across the 

distribution area of A. lyrata, resulting in reduced environmental suitability at the southern 

distribution limit (Online Resource 1 Fig. S1, Online Resource 2 Table S1). We analysed the 

stress responses of five populations, one from the range centre and two each from the warm and 

cold ends of the species’ distribution (Figs. 1, Online Resource 1 S1, Online Resource 2 Tables 

S1, S2). Plants were grown in the greenhouse under four distinct temperature and watering 

conditions, based on average or higher temperature and average or lower precipitation as they 

occur at the low-latitude range edge during the growing season (Online Resource 2 Table S1). 

We addressed the following questions: (1) Do heat, drought, and heat-drought differ in how 

they affect growth, leaf and root functional traits, and do responses vary among populations and 

seed families within populations? (2) What is the difference in trait expression in populations 

from the southern edge as compared to central and northern populations? Are trait differences 

between these groups of populations the same as the plastic changes? And (3) how does 

selection act on traits? Does selection in the different environments align with plastic changes? 

 

Materials and methods 

Plant material 

Arabidopsis lyrata subsp. lyrata is native to the eastern and mid-western United States and 

south-eastern Canada, and it is locally restricted to substrates with little water-holding capacity, 

sand and rocky outcrops (Koch et al. 2001; Al-Shehbaz and O’Kane 2002; Schmickl et al. 

2010). Seeds were collected from five A. lyrata populations (Fig. 1): a genetically highly 

diverse one from the centre of the range (C) (Wos and Willi 2018), and four from the edges, in 

the north-east (NE), north-west (NW), south-east (SE), and south-west (SW, details in Table 
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S2). Collections were performed between 2007 to 2014, and seeds of field-collected plants 

were propagated together during one generation in the greenhouse by performing crosses 

within unique pairs of plants of the same population. For this experiment we considered three 

pairs of plants for range-edge populations and 120 pairs for the central population; the latter 

population was used for selection analysis and therefore included many more plants.  

 

Climate data 

Climate data at the sites of the five populations were obtained from WorldClim v1.4 (Hijmans 

et al. 2005), v2.1 (Fick and Hijmans 2017) and CRU-TS 4.06 (Harris et al. 2020) downscaled 

with WorldClim v2.1. We downloaded monthly average temperature (Tmean), maximum 

temperature (Tmax), precipitation (P) and precipitation during the driest month (Pmin, Bio14) for 

the periods of 1960-1990 and 1970-2000. For 2000-2018, we used the monthly minimum 

temperature (Tmin), maximum temperature (Tmax), and precipitation (P), and calculated monthly 

average temperature (Tmean) and precipitation of the driest month (Pmin). For Tmean, Tmax and P 

of the three time periods, we calculated averages for the months of April to June and June to 

August (using the dplyr and raster packages; Hijmans 2022; Wickham et al. 2022). For the first 

two periods, the resolution was 30 seconds, for 2000-2018, the resolution was 2.5 minutes. Plots 

and all statistics were done with R (R-Core-Team 2021). Raster plots (Figs. 1, Online Resource 

1 S1) were produced with the R packages sp and sf (Pebesma and Bivand 2005; Pebesma 2018). 

 

Experimental design 

Offspring plants were grown under four climatic conditions in a two-by-two factorial design, 

with average or high temperature, and average or low precipitation as occurs at the two warm-

end populations (SE and SW) (Online Resource 1 Fig. S1). We assumed that plants would 

germinate during fall or early spring and grow and develop thereafter. To imitate average 

conditions, values close to mean temperature and precipitation for April to June were chosen 
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(data in Online Resource 2 Table S1). For the heat treatment, temperature was set close to the 

mean of June to August. For the drought treatment, precipitation of the driest month for the two 

sites was taken. 

 For each treatment combination, five blocks were set up, each with one replicate seed 

per cross (edge populations were only represented in three blocks). Seeds were placed into 54-

multipot trays within a block, filled with a sand-peat mixture of 2:1. Only every second pot of 

a tray was used to prevent plants from growing into each other and to facilitate image analysis. 

Seeds were stratified for twelve days at 4 °C in climate chambers at 70% humidity (ClimeCab 

1400, KÄLTE 3000 AG, Landquart, Switzerland) and then transferred to four greenhouse 

chambers (temperature of 18 °C). During stratification and germination, plants were covered 

with mesh nets to maintain high humidity. To ensure a gradual change between stratification 

and experimental conditions, day length was increased from 8 h by 1 h every 3-4 days until the 

day length was 16 h, with a light intensity of 200 μM s-1 m-2. During the transition phase, day 

temperature was 20 °C and night temperature was 18 °C, and plants were watered daily by 

spraying from above. After seven days, when approximately 75% of the plants had germinated, 

the mesh nets were removed. After an additional 14 days, when about 80% of germinated plants 

were at the four-leaf stage, stress treatments began.  

 Two of the four greenhouse chambers (University of Basel greenhouse) were set to have 

cold temperatures, and two to have warm temperatures. Each chamber of a particular 

temperature regime contained either two or three spatial blocks of multi-pot trays with plants 

of both watering treatments. Based on climate data from the two southern sites (Online 

Resource 2 Table S1), we set the low-temperature regime to an average of 20.6 °C: 22 °C during 

the day, a one-hour heat peak of 25 °C at noon, and night temperature at 18 °C for 8 h. The 

high-temperature regime had an average of 25.2 °C: 27 °C during the day, a heat peak of 30 °C 

at noon, and a night temperature of 23 °C. The high precipitation/watering regime was initially 

8.4 ml of water every second day, corresponding to 100 mm m-2 of monthly precipitation. The 
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low-precipitation treatment was 5 ml of water every second day corresponding to 65 mm m-2 

of monthly precipitation. Due to sudden early dieback in the dry treatment because the soil in 

the small pots dried out quickly, watering was increased by 20%, to 10 ml and 6 ml in the high 

and the low precipitation regimes, respectively; in nature, soil bodies where A. lyrata grows are 

typically deeper and less likely to dry out as rapidly. In all chambers, air humidity was set to 

70%. Trays were randomized twice per week (within blocks, and block position in the paired 

chambers), and fertilizer was given every four weeks (0.2% Wuxal universal fertilizer, 

Westland Schweiz GmbH, Dielsdorf, Switzerland). Additionally, after 14 weeks, an insecticide 

(1.5% Kendo gold, Westland Schweiz GmbH) was applied once a week to protect the plants 

from insect infestations. 

 

Trait assessment 

Performance. After stratification, every day for two weeks we recorded the day of germination, 

when the cotyledons became visible. Afterwards, pots were examined every second to third day 

for further germination, death (all leaves brown and dry), bolting (visible flowering stem), 

flowering (first flower), revival of plants (green leaves), and infestation. This approach resulted 

in data on days to germination, survival, longevity (days until death or harvest), and flowering 

propensity. 

Growth traits. We monitored the growth of rosettes by taking images twice a week 

starting with germination. Images were taken per multiport tray with a 12 MP Panasonic DMC-

FS10 digital camera (Kadoma, Japan) with ISO 100 and -2/3 exposure in a photo box that was 

placed over individual trays. Imaging stopped when 40% of plants from the control treatment 

had bolted. Additional images were taken before harvest. Images were analysed by an adapted 

script of Exposito-Alonso et al. (2019). From each image, two new images were produced, one 

retaining pixels in the range of green and the other in the range of red. The two images were 

then merged, the sum of pixels counted for each pot and time point, and the value transformed 
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into mm2. For each plant, seven growth models were explored (linear, exponential, power, two- 

and three-parameter logistic, von Bertalanffy, and Gompertz) to fit the size data over time. Of 

these, the three-parameter logistic model – together with the more complex Gompertz model – 

was the best supported across plants and treatments. From the three-parameter logistic model 

we extracted the asymptote (maximum rosette size [mm2], size), the time to the inflection point 

(time to fastest growth [days], xmid), and the slope at the inflection point (growth rate). The 

script is accessible at github.com/heblackj/image_analysis. 

Leaf and root functional traits. We stopped the experiment one month after 40% of the 

plants of the control group had started flowering. All plants were separated into four 

components, if present: inflorescences, dead leaves, living leaves, and roots. Leaves and roots 

were washed to remove attached soil and dried with a paper towel to remove excess water. The 

fresh weight of inflorescences, living leaves, and roots was taken. Then the material was dried 

separately for 48 h in an oven at 60 °C. We calculated the specific leaf area (SLA, size [mm2] 

per dry weight of all leaves [mg], excluding dead leaves), the leaf dry matter content (LDMC, 

dry weight leaves [mg] per wet weight leaves [g], excluding dead leaves), and the root-to-shoot 

ratio (root:shoot; dry weight roots per dry weight all leaves and inflorescences). The range of 

trait values per treatment and family are presented in Online Resource 2 Table S3. 

Statistical analysis 

To approach normality of the dependent variables, we log10-transformed growth rate, root:shoot 

ratio, SLA, and LDMC. An initial analysis of variance was performed to reveal the effects of 

days to germination, block, and tray within block on variables (Anova in car package; Fox and 

Weisberg 2019). If considerable variance was explained, variables were corrected for the 

specific effects. Furthermore, we looked into trait dependencies by correlating all traits within 

the central population at the level of the plant for each treatment separately (Fig. 3, rcorr in 

Hmisc; Harrell 2022) and performed a principal component analysis for each treatment (Online 

Resource 1 Fig. S2, factoextra package; Kassambara and Mundt 2020). 
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In the main analysis, we tested for the effect of temperature, watering and the interaction 

term on aspects of performance and functional traits using linear mixed effects models for 

continuous data or generalized linear models for binary data (lmerTest package; Kuznetsova et 

al. 2017). The random effects included population and family nested within population, but the 

precise structure was set based on model selection. The models that were compared by Akaike 

information criterion (AIC) varied from: including intercept, slope on temperature, slope on 

watering, and all covariances for population and family nested within population, to including 

intercepts only (results in Online Resource 2 Table S4). For each dependent variable the best 

model was chosen for final analysis. The random effects were evaluated by likelihood ratio 

testing (Table 1; lrtest in the lmtest package; Zeileis and Hothorn 2002). Differences in plant 

performance and traits between low- (SE, SW) and high-latitude populations (NE, NW, C) were 

tested by Wilcoxon rank sum tests (Table 2). 

We conducted univariate and multivariate phenotypic selection analyses on the growth 

and functional traits of the central population with generalized linear models (de Jong 1995; 

Scheiner and Callahan 1999; Callaway et al. 2003). Trait data was standardized (mean = 0, 

deviation = 1) within treatment, and models were run for each treatment separately. An 

exception was the combined heat and drought treatment. As we lacked data on SLA, LDMC 

and root:shoot ratio of the many plants that had died in this treatment, we replaced values; we 

calculated family means for these traits under drought or heat treatment, averaged those values 

over the two treatments, and used this trait data instead in the selection analysis of the combined 

stress treatment. In models including single traits, we first evaluated the inclusion of both the 

linear and quadratic term by AIC (Table 3). As the inclusion of the quadratic term was rarely 

better, the multivariate models were built by only including linear terms (packages mcglm and 

htmcglm; Bonat 2018; de Freitas et al. 2022). As fitness variables, we used the propensity to 

flower for the control treatment, survival for single stress treatments, and longevity for the 

combined stress treatment.  
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Results 

Climate change 

For the five populations studied, the climate had shifted between the periods of 1960-1990 and 

2000-2018 (Online Resource 1 Fig. S1, Online Resource 2 Table S1). The change in mean 

temperature for the growing season of April to June and the summer months of June to August 

had increased by 0.4 ºC and 0.6 ºC, respectively. Change varied considerably among sites, e.g. 

for the summer means from +0.1 ºC to +1.1 ºC. At the same time, mean precipitation during 

April to June and June to August increased by 11 mm and 8.6 mm, respectively, again with 

some variability among sites. However, precipitation during the driest month of the year, which 

tends to be in late winter at the southern edge of A. lyrata, had declined by 14.5 mm. Under the 

conditions chosen in the experiment, we simulated average spring compared to summer 

temperature at the southern edge, and average spring precipitation compared to dry conditions, 

assuming that such extreme events may become more likely under global warming already 

during spring, when plants grow and start flowering. 

 

Heat and drought stress 

The treatments, temperature and watering, had strong additive and interaction effets (Table 1). 

Heat and drought lowered survival, and both stressors combined lowered survival even further 

(Fig. 2A). Longevity and the propensity to flower generally followed this pattern. The variable 

of longevity had low values and high variability in the treatment with combined stress (Online 

Resource 2 Table S3). For treatments with low temperatures, there was considerable flowering, 

and plants showed a lower propensity to flower under dry compared to control conditions (Fig. 

2B). 

Patterns for plant size were similar to those for survival. Maximum plant size was 

negatively affected by drought and – as a trend – by heat, and under combined heat and drought, 

their negative effect was exacerbated (Fig. 2C, Table 1). In turn, time to mid-size was shorter 
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under single stress and interacted to be much shorter under combined stress (Fig. 2D). 

Furthermore, maximal growth rate was higher under heat and lower under drought, though the 

interaction term was again positive, indicating highly accelerated growth rates under combined 

heat and drought (Fig. 2E). LDMC decreased and the root:shoot ratio increased under single 

stress, indicating more water relative to dry weight in leaves and more relative investment into 

roots (Figs. 2G, H). However, the interaction term was not significant for the two traits. For 

SLA, only the interaction term was significant, indicating that plants had thinner leaves under 

combined heat and drought (Fig. 2F). 

Populations did not differ significantly in traits across treaments nor in response to 

drought or heat stress, except in the root:shoot ratio (Table 1). All other significant random 

effects involved families or how families reacted to heat and watering. Nevertheless, some 

trends of population differences could be detected based on contrasts between the southern and 

the more northerly populations, including the central population (Table 2). Survival was similar 

among populations across treatment combinations except for combined heat and drought; in 

that treatment, southern populations tended to perform better, indicating some adaptation to 

extreme heat combined with drought (Fig. 3A). Other traits that differed between the southern 

and all other populations were SLA and the root:shoot ratio. Plants of southern populations had 

higher SLA, particularly under combined heat and drought (Fig. 3B), as well as higher 

root:shoot ratios, and the ratio increased more under single stress (Fig. 3C). 

Correlations among traits were investigated for patterns within treatments by 

considering plants of the central population only (Figs. 4, Online Resource 1 S2). A few 

correlations were rather consistent across treatments, such as the negative correlation between 

maximal growth rate and both asymptotic plant size and time to mid-size, and the positive 

correlation between time to mid-size and plant size. There were two additional, consistently 

negative correlations both involving the root:shoot ratio, with plant size and LDMC. 
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Traits under selection  

Lastly, we investigated the traits under phenotypic selection under the different treatments 

(Table 3). Only the diverse central population was included in this analysis, as it covered most 

of the variation in traits of the edge populations. Under heat alone, no evidence for a trait under 

selection could be found, neither in the univariate nor in the multivariate selection analyses. 

Under drought, high xmid/late vegetative growth and a low growth rate were selectively 

favoured, though this was only found under univariate selection. Under combined heat and 

drought stress, we found evidence for positive linear selection favouring late maximal growth 

(univariate selection only), slow growth, large final size, and small SLA (multivariate selection 

only). Finally, under control conditions, we found evidence for positive linear selection 

favouring larger size (univariate selection only), higher SLA, higher LDMC, and lower 

root:shoot ratio. 

 

Discussion 

Populations from the southern edge of the distribution of A. lyrata are affected by climate 

change, warmer average temperatures and more variable precipitation (Online Resource 2 Table 

S1). In our experimental study, we found that an increase in temperature and lower 

precipitation/watering had a negative effect on plant survival, and combined stress had a worse 

than additive effect on survival (Fig. 2A). Parallel findings were revealed for vegetative growth. 

Under single stress, plants had fast growth earlier and reached or tended to reach a smaller final 

size, while under combined stress, fastest growth happened even earlier and final size was 

smaller than if stressors had acted additively (Figs. 2C, D). Moreover, southern populations had 

a higher survival under combined stress compared to northern populations, indicating some 

adaptation to such extreme climatic conditions. We discuss these and further results below in 

regard to strategies for coping with climatic extremes and conflicts among strategies under 

variable climatic extremes at the low latitudinal edge. 
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Single stressors, heat or drought, lowered survival to a similar extent, though other 

aspects of performance differed. Size was reduced more under drought, but hardly any plants 

flowered under heat (Fig. 2B, C). The combination of heat and drought was then particularly 

devastating for plant survival, as stressors interacted in a synergistic manner. Arabidopsis lyrata 

must regularly experience very hot and dry conditions where it occurs. The species thrives in 

relatively open vegetation, on active sand dunes and on rocks with little vegetation cover, which 

heat up on sunny days. Furthermore, sandy soils typically have little water-holding capacity, 

and rocky outcrops have hardly any, except for cracks that may be filled with organic substrate. 

Given these features of the habitat, one would assume that the species can cope with both 

stressors, but apparently not when they co-occur as in our pot-design experiment. The result is 

in line with many studies showing that stressors multiply in their effect on plant performance 

(Mittler 2006; Zhang and Sonnewald 2017; Zandalinas and Mittler 2022). 

We observed a number of plastic responses to heat, drought, and combined stress along 

the slow-fast continuum that did not seem adaptive. Plants exposed to heat or drought had the 

fastest growth early, a higher maximal growth under heat, and they reached a smaller final size 

(Figs. 2C-E, Table 1). This pattern of earlier and faster growth together with reduced size was 

strengthened under combined stress. Therefore, results suggest that A. lyrata generally responds 

to heat and/or drought by a strategy of escape in time (Levitt 1980; Ludlow and Muchow 1990) 

that seems to come at the cost of small size, in line with the concept of the slow-fast continuum 

(Reich 2014). The study of phenotypic selection indicated that these induced responses in 

vegetative growth were not adaptive or even maladaptive, with selection favouring opposite 

trait responses (Table 3). Under drought and combined heat and drought, selection tended to 

favour late and slow growth. Furthermore, under combined heat and drought, selection favoured 

large size. A reason could be that the plastic responses evolved in environments of short stress 

exposure, whereas the one applied in our study lasted longer and might have possibly favoured 

adaptations increasing climate tolerance (or resistance). Divergence between strategies of 
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escape and tolerance have often been reported in response to drought stress. While early growth 

can be a drought escape or avoidance strategy with a short life cycle, plants with a tolerance 

strategy commonly grow more slowly under long-term drought stress and over a longer period 

of time, and thus live longer (Franks 2011; Tardieu 2012; Bouzid et al. 2019; Csilléry et al. 

2020; Burnette and Eckhart 2021).  

Small size need not necessarily be a cost of early and rapid growth but could be 

beneficial under heat and drought. Under heat, small leaves rather than large ones are more 

likely to maintain a low leaf temperature by higher transpiration (Vile et al. 2012; Stewart et al. 

2016; Saini et al. 2022). Under drought, small leaf size can be beneficial as water loss is lower 

(Lin et al. 2017). Such benefits may have also partially existed in our experiment, as under heat 

or drought alone we found no sign of positive selection for larger size (Table 3). Moreover, 

small size seems largely a cost of early and fast growth. Phenotypic correlation analysis on the 

central population supported that the three traits of time to fastest growth, maximal growth rate 

and final plant size, were strongly integrated in each of the four treatment combinations used in 

our study, with the strongest found under combined stress (Fig. 4). Therefore, while small size 

may be of some advantage under single stress, it is a serious cost to early and rapid growth 

under combined stress. 

We also observed plastic responses in leaf and root functional traits. Plants had a higher 

root:shoot ratio and more water in leaves (lower LDMC) under single stress and thinner leaves 

(higher SLA) under combined stress (Table 1). Morphological adaptations to maintain a high 

water potential under stress are typically achieved by increased root systems, reduced 

vegetative growth or reduced stomatal transpiration loss, e.g. by thicker leaves (Sicher et al. 

2012; Maggio et al. 2018; Seleiman et al. 2021). Alternatively, tolerance strategies are 

associated with maintaining hydrostatic pressure, by osmotic adjustments, and cavitation 

resistance (Delzon 2015; Blum 2017). Except for thinner leaves being disfavoured under 

combined heat and drought (in multivariate selection analysis only), none of the three leaf and 



C H A P T E R  2  

 

 67 

root functional traits were found to be under selection under single or combined stress while 

they were under control conditions. Under control conditions, a high root:shoot ratio was 

negatively selected against, indicating costs. Furthermore, thin leaves (higher SLA) with a high 

dry matter content (higher LDMC) – potentially photosynthetically highly active – were 

favoured. Plants seem to adjust plastically in response to stress mainly by trait expression away 

from what is favoured under benign conditions. 

However, southern populations, which had the highest survival under combined heat 

and drought, differed exactly in leaf and root functional traits. The two northern populations 

had no survival under combined stress, the central population, represented by many more plants 

in the experiment, had some survival, and the two southern-range-edge populations had 

considerable survival (Fig. 3A, Table 2). The southern populations seem to have been pre-

exposed to similar stress conditions in the past and adapted to them. Therefore, traits that we 

found divergent between southern and more northern populations can indicate the traits of 

adaptation (Estarague et al. 2022). Southern populations differed in the expression of a higher 

root:shoot ratio, especially under stress (Fig. 3C). This response of low-latitude populations in 

the root system should allow the cooling by transpiration while maintaining the leaf water 

potential and photosynthesis (Stewart et al. 2016; Berny Mier y Teran et al. 2019; Csilléry et 

al. 2020; Marchin et al. 2022). Furthermore, under combined heat and drought, plants mainly 

from a southern population had thinner leaves (higher SLA, Fig. 3B, Table 2). This latter finding 

is hardly an adaptation, however, as thicker leaves were shown to be better at heat buffering 

and low water loss by evaporation (Wright et al. 2005; Leigh et al. 2012; H. Zhou et al. 2020), 

leaving the root:shoot ratio as the most likely candidate. 

In fact, the combination of results of the different analyses suggests some important 

differences in the root:shoot ratio between southern and northern populations. At a first glance, 

the presumably adaptive differences between the southern and northern populations are in line 

with induced responses by stress – higher root:shoot ratio under single stress and higher SLA 
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under combined stress (Table 1), but with selection not found to act on these traits (Table 3). 

However, a high root:shoot ratio can be achieved by either investing less in shoots or investing 

more in roots. The plastic response of an increased root:shoot ratio under single stress may have 

been the result of smaller plant size and lower investment in shoots, which was neither 

disfavoured nor favoured by selection in those environments. In line with this, thin leaves, as 

found under combined heat and drought, may indicate less investment in above-ground 

structures as compared to roots (Wright et al. 2005; de Castro et al. 2019), which was not an 

adaptation but actually disfavoured in that environment (under negative selection in 

multivariate selection analysis). It is important to emphasize that these results were found with 

a focus on the central population. Southern populations are probably different in that they had 

a high root:shoot ratio owing to a higher investment in root structures and that is why they 

performed better under stress. Evidence in favour of this is their higher root:shoot ratio, 

particularly under stress, that is not paralleled with a lower investment in above-ground plant 

size (Table 2). The results clearly indicate the need to study the evolutionary potential of root 

traits in the context of southern range limits and climate change (Zhou et al. 2019; Taseski et 

al. 2021).  

 

Conclusion 

We studied replicate A. lyrata populations from across its distribution for their ability to cope 

with single stress, heat or drought as well as combined heat and drought as can be expected at 

the southern range edge under global warming. Our results led to two main conclusions for the 

species. First, the combination of heat and drought reduces plant survival more than predicted 

by the additive effects of heat and drought. Second, while plants from the north cannot persist 

under such conditions, plants originating from the southern end of the range have some survival, 

indicating the potential for adaptation. Selection analysis with a focus on the central population 

suggested that plastic responses to heat and drought followed a strategy of escape, which was 
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not favoured under any of the stress environments. In line with this, the higher stress tolerance 

of the southern populations did not involve adjustments on the slow-fast continuum but was 

probably achieved by a higher allocation into roots as compared to shoots. 
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Tables  
Table 1: Effect of heat and drought on perform

ance and leaf and root functional traits of Arabidopsis lyrata 
   

Estim
ates of fixed effects 

D
ifference in log-likelihood 

V
ariable 

Intercept 
H

eat 
D

rought 
H

eat+D
rought 

Pop. 
Pop.*H

eat 
Pop.*D

rought 
Fam

. 
Fam

.*H
eat 

Fam
.*D

rought 
Survival 

3.51 *** 
-1.62 *** 

-1.84 ** 
-2.71 *** 

0.81 
 

 
 

2.96 
 

 
 

 
 

 
 

Flow
ering 

-0.33 
 

 
 

-1.76 *** 
 

 
0.89 

 
 

 
113.32 *** 

 
 

 
 

 
 

Size 
1464.85 *** 

-209.25 
 

-374.06 * 
-62.1 ** 

<0.01 
 

1.85 
 

2.51 
 

<0.01 
 

43.02 *** 
25.98 *** 

x
m

id  
27.12 *** 

-1.48 *** 
-1.38 *** 

-2.30 *** 
<0.01 

 
<0.01 

 
<0.01 

 
<0.01 

 
32.43 *** 

14.89 ** 
G

row
th rate 

0.08 *** 
0.01 ** 

<-0.01 *** 
0.03 *** 

<0.01 
 

 
 

109.62 *** 
 

 
 

 
 

 

SLA
 

1.04 *** 
0.07 

 
-0.07 

 
0.53 *** 

<0.01 
 

1.87 
 

1.90 
 

<0.01 
 

43.64 *** 
13.44 ** 

LD
M

C 
2.46 *** 

-0.06 *** 
-0.04 *** 

0.04 
 

<0.01 
 

<0.01 
 

<0.01 
 

<0.01 
 

12.70 ** 
1.73 

 
R

oot:shoot 
0.13 ** 

0.06 * 
0.05 * 

0.01   
29.92 ** 

  
  

54.64 
  

  
  

  
  

  
  

 Estim
ates of fixed effects and the difference in log-likelihood for random

 effects are reported. Significance is indicated in bold (* P<0.05, ** 
P<0.01, *** P<0.001). M

odels for size, x
m

id  (tim
e to fastest grow

th), SLA
 (specific leaf area) and LD

M
C (leaf dry m

atter content) assessed 
variances of intercepts, slopes on tem

perature and w
atering, and all covariances, for population and fam

ily (testing of an aspect included its 
variance and the tw

o covariances). M
odels for survival, flow

ering, grow
th rate and root:shoot ratio assessed variances of intercepts only, for 

population (Pop.) and fam
ily (Fam

.). The random
-effects structure of m

odels w
as determ

ined based on m
odel selection (O

nline Resource 2 Table 
S4). 
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Table 2: Effect of heat and drought on performance and leaf and root functional traits differing 
between southern and northern/central populations 
 
  P-values       
Variable Intercept Heat Drought Heat+Drought 
Survival 0.394 0.138 0.200 0.004 
Flowering 0.721  0.964  
Size 0.252 0.268 0.483 0.661 
xmid 0.781 0.417 0.806 0.621 
Growth rate 0.515 0.76 0.081 0.495 
SLA 0.003 0.064 0.133 0.018 
LDMC 0.431 0.989 0.384 0.880 
Root:shoot 0.037 <0.001 <0.001 0.312 

 
xmid is the time to fastest growth, SLA the specific leaf area, and LDMC the leaf dry matter 
content. P-values based on pairwise Wilcox tests are shown. Significant differences are 
indicated in bold (P<0.05). 
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Table 3: Selection analysis of plant growth, leaf and root functional traits under the four 
treatments, based on the performance measures [W] of flowering, survival or longevity 
 

    Univariate selection Multivariate 
selection 

  Variable AIC lin.   AIC quad.   Coef.x Coef.x2 Coef.x 
Control; W = flowering [0/1]         

 Size 755  758  0.06 **   -0.02  
 

xmid 761  761  0.02  
  

-0.02  
 Growth rate 761  761  -0.01  

  -0.03  
 SLA 290  309  0.33 ***   0.29 *** 
 LDMC 499  466  0.22 ***   0.10 *** 
 Root:shoot 624  567  -0.19 ***   -0.04 * 
Heat; W = survival [0/1]          

 Size 553  552  <0.01  
  <0.01  

 
xmid 546  547  0.03  

  
<0.01  

 Growth rate 549  549  -0.03  
  <0.01  

 SLA -27626  -27621  <0.01  
  <0.01  

 LDMC -27366  -27372  <0.01  <0.01  <0.01   
 Root:shoot -27385  -27394  <0.01  <0.01  <0.01  
Drought; W = survival [0/1]         

 Size 623  623  0.02  
  <0.01  

 
xmid 613  621  0.06 **   

<0.01  
 Growth rate 608  619  -0.07 ***   <0.01  
 SLA -24473  -24476  <0.01  

  <0.01  
 LDMC -24472  -24474  <0.01  

  <0.01  
 Root:shoot -24805  -24806  <0.01  

  <0.01  
Heat+Drought; W = longevity         

 Size 1497  1512  0.18 ***   0.14 ** 

 xmid 1494  1502  0.16 ***   
-0.12  

 Growth rate 1448  1466  -0.32 ***   -3.60 *** 

 SLAHeat&Drought 1429  1429  -0.07  
  

-0.11 * 

 LDMCHeat&Drought 1432  1434  0.06  
  

0.06  
  Root:shootHeat&Drought 1449   1447   -0.01       0.02   

 
xmid is the time to fastest growth, SLA the specific leaf area, and LDMC the leaf dry matter content. 
In the univariate selection models, each trait was explored for the importance of the linear and 
quadratic term by AIC, and for the model with the lower AIC, estimated coefficients are reported. 
The last column shows the estimated coefficients of a model of multivariate selection, with all six 
traits as linear effects. Significant coefficients (coef.) are indicated in bold (* P<0.05, ** P<0.01, 
*** P<0.001)   
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Figures 

 
 
Fig. 1: Range of Arabidopsis lyrata in North America. The black dots indicate species 
occurrences reported since 1960 of a thinned dataset. Coloured dots show the locations of the 
populations used in this study: one from the centre of the range (C), and the others from the 
range edges, from the north-east (NE), north-west (NW) south-east (SE) and south-west (SW). 
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Fig. 2: Effect of heat, drought and combined stress on performance and leaf and root functional 
traits of Arabidopsis lyrata. For each of the four treatment combinations of Control, Heat, 
Drought, and Heat+Drought, the overall corrected means with standard error (for non-binary 
traits) are shown. Please note the log10 scale for growth rate, SLA, LDMC, and root:shoot ratio. 
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Fig. 3: Effect of heat, drought and combined stress on performance and leaf and root functional 
traits of Arabidopsis lyrata. For each of the four treatment combinations, population corrected 
means with standard error are shown. The five populations are sorted on the x-axis from 
left/north to right/south. Please note the log10 scale for SLA and root:shoot ratio. SLA had a 
wider than usual range of values because leaf area was approximated by rosette surface area, 
resulting in particularly low values in the case of overlapping leaves and particularly high values 
in the case leaves had long petioles. 
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Fig. 4: Phenotypic correlations between all trait pairs of the central population in the four 
treatments. Negative correlations are indicated in shades of blue, positive ones in brown. Colour 
intensity indicates the strength of the correlation. Significance is indicated (* P<0.05, ** 
P<0.01, *** P<0.001).  
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Abstract 

Plants interact with soil microbes by secreting root exudates that nourish them. In turn, soil 

microbes can improve access to nutrients that plants take up with soil water. The importance of 

both, exudates and microbes, may increase for plant performance under drought stress, as they 

increase soil water availability and thus support the plants' continued access to water and 

nutrients. Consequently, tighter interactions between plant allocation and performance, 

exudates and microbes are expected under drought. We tested this expectation in a drought 

experiment with Arabidopsis lyrata. Exudate compounds were quantified using gas 

chromatography, and the rhizosphere bacteria and fungi were identified by sequencing. We 

found that drought stress changed the composition of root exudates and rhizosphere bacteria 

significantly, but not of fungi. Correlation network analysis revealed higher connectedness 

under drought, indicating the presence of more interactions among plant performance, exudates 

and the rhizosphere microbiota. Positive correlations between performance traits and known 

plant growth-promoting bacteria confirmed an increase in beneficial interactions for the 

stressed plants. The study reveals interconnected dynamic responses of plants, root exudates 

and soil microorganisms to drought, highlighting the importance of these interactions for plant 

survival and growth under challenging conditions.  

 

Keywords: Correlation network, drought, interaction, plant performance, rhizosphere 

microorganisms, root exudates 
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Introduction 

Climate change has altered precipitation patterns, with longer and more extreme droughts being 

more frequent (IPCC 2023). The resulting fluctuations in soil water content impact the growing 

conditions and performance of many plants (Benard et al. 2019; Cahill et al. 2014; Paquette and 

Hargreaves 2021). Water is crucial for the survival and performance of plants, as it is needed 

for transpiration, photosynthesis, nutrient transport and maintaining cell turgidity for structure 

and growth (Beauzamy et al. 2014; Crawford et al. 2012; Hillel et al. 1998; Kramer and Boyer 

1995; McElrone et al. 2013). Recent research has indicated complex interactions between plant 

traits, such as aspects of the root architecture, root exudates and microbes in the rhizosphere, 

which together seem to determine water and nutrient uptake (Cheng et al. 2019; Fitzpatrick et 

al. 2019; Oppenheimer-Shaanan et al. 2022; Williams and de Vries, 2020). In a drought 

experiment, we assessed all these components, analysed changes in the correlation network and 

singled out key components that were linked to performance under drought. 

 Many studies have shown that the interaction between plants and soil microorganisms 

can buffer the impact of harsh weather conditions, such as extreme drought, on plant 

performance (Classen et al. 2015; Fitzpatrick et al. 2019; Karlowsky et al. 2018a; Redman et 

al. 2011; Rodriguez et al. 2008; Rolli et al. 2015). The mechanisms by which bacteria and fungi 

in the soil and rhizosphere can help plants better tolerate and adjust to abiotic stress are 

manifold. First, by increasing the space of exploration in the soil, root-associated fungi, such 

as arbuscular mycorrhizal fungi, can contribute to a higher uptake of water and nutrients 

(Meddich et al. 2015; Tang et al. 2022). Even in plants without mycorrhiza, such as those of 

the family Brassicaceae (Cosme et al. 2018), fungi can fulfil this role. For example, it was 

shown that root fungi can promote their growth in phosphorous-limited conditions by providing 

nutrients (Almario et al. 2017; Hiruma et al. 2018). Second, soil microorganisms produce extra 

polymeric substances (EPS) that can increase the amount of root-adhering soil and form 

filamental bridges among the soil particles. As a consequence, the water holding capacity of 
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soils increases, evaporation is lowered and water loss during drying is reduced (Alami et al. 

2000; Chenu 1993; Dudman, 1977; Roberson and Firestone 1992; Rosenzweig et al. 2012; 

Sutherland 2001). Third, microbes can increase the availability of nutrients and essential 

minerals to plants, which is important as plant nutrient uptake is lower under drought (Bista et 

al. 2018). For example, some microorganisms increase the bioavailability of iron through the 

excretion of siderophores, small and high-affinity iron-chelating compounds (Singh et al. 

2022). Others produce organic acids that convert inorganic phosphate to plant-available 

phosphate (Vassilev et al. 2012), and some root bacteria can fix nitrogen (Franche et al. 2009). 

Finally, root-colonizing fungi can increase stress tolerance under drought conditions through 

increased antioxidant activity, thereby reducing oxidative damage in the plants (Huang et al. 

2017; Sun et al. 2010). 

 In turn, plants generate and release a variety of micro- and macromolecules at their 

roots. These substances attract beneficial bacteria and fungi from the bulk soil because they 

forage on this carbon source (Buée et al. 2009; Curl and Truelove 1986; Sasse et al. 2018). Root 

exudates mainly consist of sugars and sugar compounds, organic acids, fatty acids and amino 

acids (Naveed et al. 2017; Sasse et al. 2018), which have specific functions. For example, 

organic acids are essential for phosphorous uptake by plants, as they mobilize compounds that 

are otherwise attached to soil particles and are not available to plants (Wu et al. 2018). Together 

with amino acids, they are also often involved in nutrient uptake regulation and signaling 

pathways that are activated under nutrient deficiency (Canarini et al. 2019). The detailed 

composition of exudates can vary among plant genotypes, the stage of plant development and 

with environmental stress (Enagbonma et al. 2023; Micallef et al. 2009; Sasse et al. 2018). 

Under environmental stress, exudates may help plants not only indirectly by promoting 

beneficial microbes but also by direct effects (Williams and de Vries, 2020). Under drought, 

root hairs and exudated mucilage reduce the increasing gaps among soil particles and roots. 

Thus, similar to EPS, exudates improve hydraulic conductivity and water flow in drying soils, 
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and they can slow drying by reducing soil-water evaporation (Ahmed et al. 2014; Benard et al. 

2019; Carminati et al. 2009, 2016; Karlowsky et al. 2018b; McCully 1999; Passioura 1988). A 

recent study highlighted the importance of root exudates under drying conditions by 

documenting enzymatic hotspots where the plants keep conditions habitable for microbes 

(Zhang et al. 2023).  

 The obvious link between soil microbes, exudates and plants are roots. Together with 

many other plant traits, roots typically change in response to drought. In an immediate response 

to drought, plants close their stomata, ensuring that less water is lost and the leaf water potential 

remains above critical levels for metabolic processes to continue (Tardieu 2013; Verslues and 

Juenger 2011). In combination with increased water uptake from the soil, the plant can thereby 

maintain a stable water balance (Rodrigues et al. 2019). A response that requires longer 

adjustment is a more extended root system to assure water uptake (Dinneny 2019). Another 

common adjustment to drought are small leaves and a change in biomass partitioning, such as 

an increased root:shoot ratio and reduced leaf surface area per dry weight (specific leaf area, 

SLA) (Dovrat et al. 2019; Matsui and Singh 2003; Poorter and Nagel 2000; Wright and 

McConnaughay 2002). Other responses can include drought escape by phenological 

adjustments, such as accelerated reproductive development, a shorter growth period, earlier 

germination or prolonged dormancy (Balachowski et al. 2016; Basu et al. 2016; Franks 2011; 

Franks et al. 2007; Tardieu 2013; Verslues and Juenger 2011). Responses are likely to co-occur 

and/or depend on each other. 

 In summary, the above-described effects of drought on the expression of plant traits and 

the direct and indirect ways exudates and microbes can help plants suggest tight 

interdependencies (Fig. 1). Many of these interactions may affect plant performance under 

benign conditions but could become critical under drought (Carbone et al. 2021; Lau et al. 2012; 

Rolli et al. 2015; Santos-Medellín et al. 2017; Ulrich et al. 2022; Windisch et al. 2021a). Under 

drought stress, plant size is likely to decrease, but a relatively higher investment in the root 
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system could cause the root:shoot ratio to increase. Exudation in the roots may increase locally, 

but possibly not at the level of the entire root system. More likely are changes in the 

composition, e.g., the favouring of specific sugars to attract beneficial soil organisms. Apart 

from the direct interactions between the three players of plants, root exudates and microbiota, 

indirect mechanisms of root exudates and soil microorganisms via soil properties should also 

increase plant performance (circles in Fig. 1). However, exudates may come at some allocation 

cost, which may weaken positive links. 

 By choosing a holistic approach, we studied the interplay between plants, exudates and 

soil microbes depending on soil water conditions. We set up a drought experiment with 

Arabidopsis lyrata, imitating dry versus benign conditions. During the experiment, we tracked 

plant performance and growth. At the end of the experiment, we assessed allocation traits and 

collected root exudates of whole roots in a soil-hydroponic system. Using sequencing, we 

determined the rhizosphere microbiome of the exact same plant. This allowed us to directly 

relate plant performance, allocation, root exudates and microbiome composition. We further 

investigated whether there was genotypic variation in all these traits. Specifically, we addressed 

the following questions: What is the influence of drought on plant traits, root exudates and the 

microbiome? And what are the interactions between plant traits, exudates and the soil 

microbiome, and are they stronger under drought as compared to benign conditions? 

 

Methods 

We used Arabidopsis lyrata ssp. lyrata from a genetically highly diverse population in the 

centre of the species’ range, occurring in a dune landscape in the Saugatuck Dunes State Park, 

Michigan, USA (Wos and Willi 2018). The species is in the Brassicaceae family that does not 

associate with arbuscular mycorrhiza fungi but still shares mutualistic interactions with other 

microorganisms present at the roots, which makes it a good model organism (Cosme et al. 2018; 

Hassani et al. 2018). Plants were propagated from field-collected seeds for one generation to 
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reduce carryover effects of the environment of origin. They were crossed in pairs, of which 10 

were selected for this experiment that had different environmental backgrounds to consider high 

within population diversities. 

 

Plant raising and measuring of phenotypic traits 

Plants (10 families x 5 replicates x 2 treatments = 100) were raised in pots (dimensions: 4 cm 

diameter, 5 cm depth) filled to the rim with a mixture of washed river sand (0-4 mm) and peat 

(2:1; peat: Jiffy Products International BV, Netherlands). Pots were split into 5 spatial blocks, 

with one replicate per family of the two treatments in each block. For germination, pots with 

seeds were well watered, covered with a mesh net and stratified for twelve days at 4 °C in 

climate chambers (ClimeCab 1400, KÄLTE 3000 AG, Landquart, Switzerland). Day length 

increased from 8 h after stratification to 16 h during the experiment, by 1 h every 3-4 days, with 

a constant light intensity of 200 μM m-2 s-1. During the germination period, the temperature was 

set to 20 °C during the day and 18 °C during the night. One week after stratification, when 75% 

of the plants had germinated, the mesh nets were removed and after two additional weeks, when 

about 80% of the germinated plants had four leaves, treatments started. Blocks were 

randomized twice per week within and/or between two greenhouse chambers. We fertilized 

every four weeks (0.2% Wuxal universal fertilizer, Westland Schweiz GmbH, Dielsdorf, 

Switzerland) and applied an insecticide after 14 weeks once a week to protect the plants from 

insect infestations (1.5% Kendo gold, Westland Schweiz GmbH). Plants were harvested five 

weeks after the start of flowering or 190 days after the end of stratification if no flowering 

occurred before. 

Treatment. Control plants were watered 8.4 ml every second day, which – in amount – 

is about average precipitation during growing season at the low-latitudinal range edge of A. 

lyrata. In the drought treatment, watering of 5 ml every second day was close to precipitation 

of the driest month at the range edge (Heblack et al. 2024). Watering was increased in both 
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treatments after 2 weeks by 20% due to early wilting in the drought treatment. Soil moisture 

was measured in 40 pot per treatment four times on consecutive days, one day after watering 

and right before watering (this was coupled with a larger experiment, Schepers et al., 2024; 

ECH2O Check, DECAN DEVICES, Pullman, WA, USA). The results demonstrated significant 

differences in soil moisture between treatments (Fig. S1). Daytime temperature was 22 °C, with 

an one-hour heat peak of 25 °C at noon. Night time temperature was 18 °C (8 hours) and air 

humidity was set to 70%. Daytime temperature and heat peak were selected to also imitate 

conditions in late spring/early summer at the low-latitude range edge. 

 Plant traits. Starting with treatment, images of pots were taken twice a week to model 

rosette growth (see details in Heblack et al. 2024). The three-parameter logistic model was 

considered the best performing across multiple environments, with the parameters being the 

maximum asymptotic rosette size (in mm2), the time to the inflection point thus to fastest 

growth (in days), and the growth rate. At the end of the experiment, allocation traits were 

assessed. These were the root dry weight (in g), rosette dry weight (in g), total dry biomass (in 

g), the specific leaf area (SLA, rosette size [mm2] per dry weight of rosette [mg], excluding 

dead leaves), the leaf dry matter content (LDMC, dry weight rosette [mg] per wet weight rosette 

[g], excluding dead leaves) and the root:shoot ratio (dry weight roots [g] per dry weight of all 

leaves and inflorescences [g]). Drying was done separately for roots, alive leaves, dead leaves, 

and inflorescences at 60 °C for 48 h. Additionally, we calculated the propensity to survive. For 

plants that survived until the first plant flowered, we assessed the propensity that they flowered.  

 

Root exudates 

Root exudates were collected based on an adapted protocol from Herz et al. (2018). Plants with 

roots were taken out of pots, and loose bulk soil was carefully removed by hand and set aside. 

After the collection of the root rhizosphere as described below, the roots were carefully cleaned 

with ultrapure water and then placed for 2 hours in a nutrient solution to allow the plants to 
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recover from any stress. Even though some damage to roots might have occurred during this 

process (Oburger and Jones 2018), these had been shown to be insignificant if plants were 

handled with care (Herz et al. 2018). Exudates were collected for 2 hours in ultrapure water, 

filtered, freeze dried and stored at -80 °C until further processing. Collection in a low-ionic-

strength solution, such as distilled water, was compatible for any downstream analysis (Oburger 

and Jones 2018; Valentinuzzi et al. 2015). In a final step, roots were separated from the rosette, 

and the fresh and dry weights of both were taken to assess biomass allocation.  

 For analysis, defrosted exudate samples were cleaned, derivatized and sylilized. For 

compound identification, six random samples, three from drought, three from control, were 

analysed on a gas chromatograph (Trace GC Ultra) coupled with a mass spectrometer (GC-MS; 

DSQ II, both Thermo Scientific, Waltham, MA, USA). Compounds measured with the GC-MS 

were identified based on the digital database of the National Institute of Standards and 

Technology (NIST MS Search 2.0, MD, USA) and the Excalibur GC software (v2.0.7, Thermo 

Fisher Scientific Inc., 1998–2007). We generated a list of reference compounds that were found 

at least in two of the six samples and by comparison with measurements of single compounds 

(Table S2). For each identified compound the linear retention index (RI) in the GC-FID 

chromatogram was determined by using the RI of the alkane standards (C12, C15, C19, C22, 

C28, C32; van Den Dool and Dec. Kratz 1963). The RI of each peak in each sample was 

calculated. If a peak had the same RI as an identified compound (RI ±15, range verified with 

the six GC-MS samples), we assigned it as such. If several peaks were in this RI range, the 

major one was used. The area under each peak was used to calculate the relative abundance of 

each compound. Known concentrations of added alkane standards were used to correct for any 

changes in signal intensity. Output was a library of retention times and indices of compounds 

of interest. Finally, all samples were analysed on the same gas-chromatograph coupled with a 

flame ionization detector (GC-FID; Waltham, MA, Thermo Scientific, USA) for compound 
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detection and quantification, based on GC-MS results. A detailed protocol is in the appendix 

“methods S1”. 

 

Rhizosphere microbiota 

Rhizosphere bacteria and fungi were collected according to the description in Schlaeppi et al. 

(2014). The roots plus the attached rhizosphere were placed in a 50 ml falcon tube filled with 

40 ml of a phosphate-buffered saline solution (PBS-T; 130 mM NaCl, 7 mM Na2HPO4, 3 mM 

NaH2PO4, 0.02% Silwet77 and 0.05% Tween). The rhizosphere was removed from the roots 

by carefully shaking the tubes for 20 minutes. To collect as much rhizosphere soil as possible, 

this step was repeated in a second falcon tube. Samples were centrifuged at 4000 g, the 

supernatant was removed, and the remaining soil was flash-frozen with liquid nitrogen and 

stored at -80°C until further processing. 

 DNA was extracted from grinded rhizosphere samples with the DNeasy Power Soil Pro 

Kit (Qiagen Inc., Germantown, MD, USA). Amplicon libraries were prepared using ITS1F and 

ITS2R PCR primers (EUROFINS, NGSgrade) for fungi and 515F and 806R PCR primers for 

bacteria (Apprill et al. 2015; Parada et al. 2016). Barcodes from the Access array barcode 

system of Fluidigm were attached with CS1/CS2 linkers (Fluidigm, San Francisco, CA, USA). 

The pooled library was sequenced at the NGS platform of the University of Bern on an Illumina 

Miseq v2 standard flow cell with 500 cycles. More details about DNA extraction, PCR cycles, 

cleanup and library preparation are in appendix “Methods S2”.  

 To prepare the data for analysis, we first controlled the raw sequencing quality using 

FastQC v0.11.8 (Andrews 2015) and removed primers with Cutadapt v3.4 (Martin 2011). 

Barcodes had been removed previously by the NGS platform and were written in the sequence 

headers. We used this sequence header information to demultiplex data. Following the methods 

in Gfeller et al. (2023), we used dada2 v1.26.0 (Callahan et al. 2016) in R v4.2.0 (R Core Team 

2022) to infer exact amplicon sequence variants (ASV). The taxonomic group was assigned 



C H A P T E R  3  

 95 

with a naive Bayesian classifier to bacteria with the SILVA v.132 database (Quast et al. 2013) 

and to fungi with the UNITE v8.3 database (Abarenkov et al. 2010). In a second round of 

assignment, naive Bayesian classifier assignments were replaced if the IDTAXA classifier 

could assign more taxonomic levels with the SILVA r138 and UNITE 8.2 databases from 

DECIPHER (Wright 2016).  

 For downstream analysis, a core microbiome was defined by removing taxa of groups 

other than those of interest, such as cyanobacteria and mitochondria for bacteria, and Protista, 

Plantae, Protozoa and Animalia for fungi. Further, ASVs were discarded if they had less than 

0.01 percent abundance in the whole dataset, if they were detected in only one sample, or if the 

outlier ratio was below 0.1 (ratio from the second most abundant to the most abundant sample 

for each ASV). Then the sequence data was rarefied. Based on rarefaction curves, the 

rarefaction threshold for bacteria was set to 20 000 sequences, leading to the removal of 21 

samples. For fungi, the threshold was set to 5000 sequences, leading to the removal of 12 

samples (vegan package of R, v2.6-4; Oksanen et al. 2022). We calculated the proportion of 

reads of each genera and phylum within the bacteria and fungi. The largest group was further 

split on the level of classes to reduce their dominance, which were Proteobacteria and 

Ascomycota (Fig. S2). 

 

Statistical analysis  

If not stated differently, all data preparation and analysis was done using R v4.2.1 ( R-Core-

Team,2022) and the packages broom v1.0.3 (Robinson et al. 2023), dplyr v1.1.2 (Wickham et 

al. 2023a), ggplot2 v3.4.2 (Wickham 2016), ggpubr v0.6.0 (Kassambara 2023), reshape2 v1.4.4 

(Wickham 2007) and tidyr v1.0.3 (Wickham et al. 2023b). 

 Effects of treatment. For plant traits, root exudates and diversity estimates of bacteria 

and fungi, analysis of variance or logistic regression for binary traits were performed to test for 

the effects of treatment and treatment varying among families (for plants and exudates with the 
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car package v3.1-1 (Fox and Weisberg 2019); for bacteria and fungi on ASV level 

permutational multivariate analysis of variance (PERMANOVA) with adonis2 and vegdist of 

the vegan package). Beforehand, continuous plant traits were tested and corrected for an effect 

of block, tray within block, position in tray (edge/centre) and days to germination for the two 

treatments separately (note that the 100 plants were part of a much larger experiment, described 

in Schepers et al. 2024 and Heblack et al. 2024). To approach normality of data, SLA, growth 

rate and root biomass were log10-transformed. Root exudates were grouped into amino acids, 

sugars and organic acids (fatty acids and benzoic acid). For both, bacteria and fungi, the alpha-

diversity was estimated based on the richness and Shannon index of ASVs (parallel and vegan 

packages). The two microbe data sets were further explored by principal coordinate analysis 

(PCoA) with the phyloseq package (McMurdie and Holmes, 2013).  

 Correlation network analysis. We tested our main hypothesis of stronger interactions 

under drought as compared to benign conditions by correlation network analysis. Pairwise 

Spearman correlation coefficients were calculated for each treatment separately including plant 

traits and relative abundance of root exudates, bacteria and fungi per sample. Correlations were 

plotted as network diagrams with igraph excluding interactions below ±0.7 (Csárdi et al. 2023; 

Gao et al. 2021; Hartman et al. 2018). The modularity of networks was calculated with the 

igraph package including the degree, strength, betweenness and closeness and tested for 

significant differences with a Kruskal-Wallice test (Table S7, Fig. 3D, ggpubr v0.6.0, 

Kassambara, 2023). The strength of a network member (vertex) is the sum of all correlations 

(edges) above 0.7, while the degree indicates the number of interactions of a vertex above 

absolute 0.7. Further, the closeness centrality (harmonic centrality, mode “all”) measures how 

many steps are needed to connect a vertex with every other vertices and the betweenness 

combines the number and strength of interactions of each vertex to other vertices (Csárdi et al. 

2023). The differences in number of positive and negative correlations above ±0.7 was tested 

with a chi-square test (Fig. 3C). To investigate, if very highly abundant network members also 
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have the most high correlations, we plotted the degree against the abundance or concentration 

(abundance estimate) of all network members (Fig. 3B). 

 

Results 

Drought reduces plant performance and changes the composition of exudates and 

microbes 

Plant traits. The following plant traits were significantly different between treatments: 

maximum rosette size, total biomass, growth rate, survival and flowering propensity (Table 1, 

Fig. 2A). That means in detail that under drought, plants were smaller, had a reduced total 

biomass, including a diminished rosette biomass and smaller root biomass. They also had a 

slower growth rate and a greater SLA. In general, we observed a lower survival and less 

flowering plants under drought conditions. However, there were no significant changes between 

the two treatments regarding the time to fastest growth, LDMC and root:shoot ratio. We 

observed significant variations among plant seed families regarding their specific growth 

trajectories, their rosette weights and their propensities to flower. 

 Exudates. Next, we analysed the compounds in the semi-hydroponic collected root 

exudate samples. The total amount of exudates differed between treatments, with lower 

exudation under drought and a significant difference between compounds as well as compound 

groups (Table 2). The main groups of exudates that decreased significantly in relative 

abundance were the fatty acids within the organic acids and the amino acids. In control 

conditions, the largest fractions consisted of organic acids, sugars and low proportions of amino 

acids. In contrast to these observations, in drought conditions, the largest fraction of exudates 

consisted of sugars, of which glucose was the most abundant, followed by sucrose and, in lower 

amounts, glucopyranose, myoinositol and ribose. Organic acids, mainly fatty acids, were the 

second-most abundant; we identified benzoic acid and several fatty acids, with dodecanoic acid 

being the most common. Most rare was the group of amino acids, with valine, proline and 
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alanine. On the level of single compounds, only dodecanoic acid had a significant different 

concentration between both treatments (Table S3). Plant seed families varied regarding the 

amount of amino acids they exudated (Table 2). 

 Bacteria. The largest fraction of rhizosphere bacteria were Proteobacteria (62-59%, in 

both treatments mainly Alpha-Proteobacteria), followed by Actinobacteria (22-27%, Fig. S2A). 

Under control conditions, the proportionally most common bacteria on the genus level were 

Nocardioides (4.4%) and Conexibacter (4.0%), both Actinobacteria, and the Proteobacteria 

Bauldia (4.2%). However, in drought, the most abundant genera were the Proteobacteria 

Sphingomonas (5.4%), followed by Nocardioides (5.1%) and Conexibacter (4.2%; Table S5). 

The bacteria whose relative abundance increased most with drought were the Actinoabacteria 

Lechevalieria and the Proteobacteria Sphingomonas and Azospirillum. Analysis of alpha-

diversity estimates showed no significant effect of treatment (Table 3, Fig. 2C). However, 

PERMANOVA revealed a significant difference between control and drought in bacterial beta-

diversity (Table 3, Fig. 2C). The PCoA separates the two treatments along the first axis, which 

explained 25.0% of variance in the data. Also, treatment and seed family interacted in their 

effect on beta diversity. 

 Fungi. In both, control and drought conditions, the most abundant group was 

Ascomycota, with over 80% in each watering treatment, and the second-commonest phylum 

was Basidiomycota, with 5-9% in each watering treatment (Fig. S2B). The most common genus 

was the Ascomycota Cladosporium (control 18.1%, drought 32.3%), which also showed the 

strongest change in relative abundance between treatments (Table S5). Alternaria (17.2%, 

14.2%) and Stachybotrys (17.1%, 14.4%) turned out to be the second and third most abundant 

genus in both treatments. Analysis of variance (ANOVA) on alpha-diversity estimates revealed 

no significant effect of treatment, but an effect of the plant seed family (Table 3, Figs. 2C, S2B). 

Beta diversity of rhizosphere fungi was not affected by treatment, which was also visually 

confirmed by PCoA, as there was a big overlap of fungal composition between the two 
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treatments (Fig. 2C). In summary, we found a significant effect of drought on plant performance 

and the microorganisms in the rhizosphere, particularly in bacteria. 

 

Drought strengthens correlation network 

The main correlation analysis was performed for exudates on the level of compounds and for 

rhizosphere bacteria and fungi on the level of the genus, based on correlations with r ≥ 0.7 (Fig. 

3A). We included all measurements as individual replicates. Within the different groups of 

plant traits, exudate compounds, bacteria and fungi, the metric betweenness was not 

significantly different between treatments. However, under drought conditions, the degree and 

closeness were significantly higher, overall and also within the groups of plant traits, exudate 

compounds, bacteria and fungi. Additionally, the strength was lower across the four groups 

(Fig. 3D). Based on a chi-square test, significantly more correlations above 0.7 and below -0.7 

were found in drought conditions, with more positive than negative correlations (Fig. 3C). The 

network of the drought treatment was highly interconnected, with many high correlations 

between the groups of plant traits, exudates, bacteria and fungi (Fig. 3A). In control and drought 

conditions, the top ten vertices, based on the highest degree and greatest closeness were always 

bacteria (Table S7, Fig. 3B). The abundance estimate (abundance of microorganisms, 

concentration of exudates and zero-to-one scaled plant traits) was plotted against the degree to 

visualize the key vertices (yellow part in Fig. 3B). In control conditions, the ten most abundant 

bacteria had a slight increase in number of high correlations, while in drought, the most 

abundant genera had fewer correlations >0.7. In the control network, Sphingomonas had the 

highest degree, while in the drought network this role had Thauera. 

 We found significant correlations that involved plant traits such as maximum rosette 

size and total biomass as estimates of performance under drought (Table 4). Rosette size was 

negatively correlated with Gymnostellatospora. In contrast, total biomass, was positively 

related to several plant traits as well as Brevundimonas. In drought, but not control root weight 
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was highly positively correlated with Vivinamibacter and the root exudate alanin and negatively 

with Dongia, Hyphomicrobium and Nitratreductor. Additionally, the root:shoot ratio was 

positively correlated to Sphingomonas and Qipenqyuania. Flowering, as proxy for 

reproduction, was positively correlated under drought with the fungi Leptodontidium. Taken 

together this indicates a change in interactions of plants and their close environment between 

control and drought conditions. 

 

Discussion 

Our experimental study supported the expectation that, under drought, interactions among plant 

traits, root exudates and soil microorganisms become tighter. Under drought stress, plants 

suffered, growing slightly slower and to a smaller rosette size, and they had a slightly higher 

mortality rate and a lower fraction of plants flowering (Table 1, Fig. 2A). Their exudation was 

reduced, and the community of bacteria but not the fungi in the rhizosphere changed 

significantly (Tables 2, 3, Figs. 2B, C). The analysis of stronger correlations between the four 

aspects of plant traits, root exudates, bacteria and fungi revealed that there were more high 

correlations under drought, with the highest centrality of bacteria (Fig. 3D). In the following, 

we discuss the effect of treatment on each of these aspects and then in the context of a 

correlation network.  

 

Drought-induced changes in plants and soil microorganisms 

Plants did not respond to drought stress by increased resistance such as the expression of a 

higher leaf dry matter content or a higher root:shoot ratio. Changes in rosette size, biomass, 

SLA, survival, and the propensity to flower however, clearly indicated that they were stressed.  

 Exudate composition. Our analysis allowed the detection of various sugars, organic 

acids and amino acids. In drought, sugars made up the largest fraction of identified root 

exudates (Fig. 2B). They are important for plant nutrient uptake and a crucial carbon source for 



C H A P T E R  3  

 101 

microorganisms (Hammond and White 2011; Kamilova et al. 2006; Sasse et al. 2018; Ulrich et 

al. 2022). Unlike sugars, the amount of excreted organic acids, particularly the fatty acids, was 

significantly influenced by watering treatment. Fatty acids are important chemo-attractants that 

can act as pathogen defense agents and alter plant growth, which may explain the relative 

increase of organic acids under drought as compared to the other compounds, even though their 

total amount decreased (Table S4; Li et al. 2017; Ma et al. 2021; Vlot et al. 2009). Phenolic 

acids, such as benzoic acid, were previously linked negatively to rhizosphere pathogen 

abundance and positively to beneficial fungi (Clocchiatti et al. 2021; Liu et al. 2017; Windisch 

et al. 2017). In times of drought, the relationship between soil bacteria and amino acids released 

by roots – which, for instance, stimulate bacterial growth by nutrient provision – becomes even 

more crucial (Katznelson et al. 1954; Lochhead and Thexton 1947). 

 Bacteria. Under control conditions, we found Nocardioides, common plant growth 

promoting bacteria (Hou et al. 2015; Liu et al. 2022) , and Bauldia, nitrogen-fixing bacteria, in 

relatively high amounts (Table S5; Yee et al. 2010). However, under dry conditions, the 

Proteobacteria Sphingomonas was most abundant. It has been recorded in arid habitats and is 

known to enhance plant growth under drought (Fan et al. 2023; Luo et al. 2019; Refai et al. 

2023; Wang et al. 2022). In general, the phylum Actinobacteria increased under drought (blue 

in Fig. S2A; Fan et al. 2023; Zhang et al. 2021). In contrast, the overall level of Proteobacteria 

was reduced under dry conditions (different shades of red in Fig. S2A). Gram-negative bacteria 

(such as Proteobacteria) prefer labile carbon compounds, which are abundant under well-

watered conditions. But gram-positive bacteria (such as Actinobacteria) can also use 

recalcitrant carbon sources during water-limited conditions (Naylor and Coleman-Derr 2018). 

In line, our analysis showed that beta-, but not alpha-diversity, was influenced by treatment, 

and plant seed families combined with treatment varied significantly in their response to beta-

diversity (Fan et al. 2023; Zhang et al. 2017). Thus, we could find a relatively higher abundance 
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of some bacteria under drought compared to control conditions, with most of them already well-

known for their positive impact on plant growth under drought. 

 Fungi. Rhizosphere fungi have been shown to be important in drought avoidance and 

drought adaptation (Almario et al. 2017; Hiruma et al. 2018; Huang et al. 2017; Sun et al. 2010). 

The Ascomycota Cladosporium was the most prevalent genus in both treatments, with a higher 

abundance under dry conditions (Table S5). It is a known root fungus that improves plant 

growth and especially enhances drought tolerance, for example, through the production of the 

hormone gibberellin (Dastogeer et al. 2018; Hamayun et al. 2009; Hereira-Pacheco et al. 2023; 

Răut et al. 2021). The second and third most common fungi were the pathogens Alternaria and 

Stachybotrys, which are biocontrol agents against plant pathogens (Al-Lami et al. 2019; Christ 

1990; Morissette et al. 2003; Taylor et al. 2003). However, these reported changes in 

rhizosphere fungi composition were not very strong, resulting in non-significant differences in 

alpha- and beta-diversity between treatments (Table 3). The lack of difference in fungi as 

compared to the beta-diversity of bacteria might indicate that fungi have higher drought 

resistance than bacteria (Guhr et al. 2015; Veach et al. 2020). Furthermore, we saw that plant 

seed families significantly varied in the root-associated fungi, which is in line with what other 

studies had shown (Chen et al. 2018; Gaete et al. 2021). In summary, we found some fungal 

phyla in the rhizosphere that are known to promote plant growth regardless of treatment, as 

well as variations in the fungi that plant seed families are typically associated with. 

 

Drought increases centrality of correlation network 

To investigate the effect of drought on plants, it is important to not only consider the direct 

effect but also the indirect effect it has on root exudates and plant-associated microorganisms, 

as they can buffer the negative impacts (Bastías et al. 2022; Chen et al. 2022). As illustrated in 

Fig. 1, there are several direct and indirect connections between plants, root exudates and 

rhizosphere microorganisms that overall are assumed to help plants under drought. Therefore, 
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we expected interactions and correlations to become stronger under drought. And indeed, the 

correlation network between the four groupings differed between the control and the drought 

treatment (Fig. 3A). While under control conditions the plant traits and root exudates were 

mostly separated, they were often attached to the central cluster in drought conditions. The 

degree and closeness of the interaction network was significantly higher under drought 

conditions, overall and within the different groups, which point to more high correlations under 

drought (Fig. 3C, D). Interestingly, we identified Sphingomonas in control to be best connected 

with other players, despite being more abundant under drought. However, it was the 

denitrifying Thauera that had the most correlations above 0.7 under drought conditions, 

emphasizing its role in nutrient provision to other players in dry soils (Mao et al. 2014).  

 Also, correlations involving plant traits were substantially more common under drought 

conditions, compared to control conditions (Table 4). A high aboveground growth, including 

the traits of high weight, low SLA and flowering rate, correlated positively with several plant 

growth promoting bacteria such as Brevundimonas or Leptodontidium, which have for example, 

been reported to reduce oxidative damage (Fernando and Currah 1996; Hou and Guo 2009; 

Naqqash et al. 2020; Tran et al. 2023). Negative correlations between maximum rosette size 

and the pathogenetic Ascomycota Gymnostellatospora, which was previously found on 

decaying wood, might be explained with a reduction of beneficial microorganisms in the plants 

vicinity (Sigler et al. 2000). Root:shoot ratio correlated positively with the plant growth 

promoting and very abundant bacteria Sphingomonas (Wang et al. 2022). At first glance, the 

negative correlations of the plant growth promoting microorganisms Hyphomicrobium, Dongia 

and Nitratreductor with root weight under drought conditions were surprising. However, this 

might be a sign that they are enriched in the rhizosphere of plants that adjusted to drought stress 

by overall smaller growth, above and below ground. And to get enough nutrients, despite a 

smaller root system, the plants have more interactions with plant growth promoting organisms, 

that for example can counteract the lower nutrient levels in drought conditions via 
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denitrification (Alahmad et al. 2023; Fesefeldt et al. 1998; Marasco et al. 2023; Palla et al. 

2022; Sperl and Hoare 1971). This highlights how important some microorganisms are in their 

interplay between plants and their below-ground surroundings. Both, sugar and amino acids, 

correlated positively with below-ground allocation, showing the importance of below-ground 

investment of plants under dry conditions (Boukhatem et al. 2022; Buée et al. 2009; Franco-

Correa and Chavarro-Anzola 2016; Lundberg et al. 2012; Silambarasan et al. 2022; Tecon and 

Or 2017). To a lower degree, several sugars and amino acids were also correlated with above-

ground growth such as total biomass, time to fastest growth, lower SLA and rosette biomass 

(Table S6). Sugars like glucose are well known for their importance as metabolic substrates and 

signal molecules but also as crucial parts of fatty acid biosynthesis (Zhai et al. 2021). 

Additionally, the amino acids directly protect against oxidation and increase nitrogen uptake 

(Fig. 1; Canarini et al. 2019; Ulrich et al. 2022). This demonstrates the importance of root 

exudates in overall plant growth, beginning with the roots, where they are exuded and nutrients 

and water are absorbed. In conclusion, we were able to demonstrate that particularly stressful 

conditions such as drought cause plants to rely more on beneficial interactions with their 

environment. 

 

Conclusion  

Here we performed a drought experiment with A. lyrata and assessed plant traits, root exudates, 

the bacteria and fungi in the rhizosphere to assess their interactions. Under drought, we found 

a much tighter connection between the four aspects. The study revealed complex interactions, 

with a particular emphasis on exudation and the beneficial role of rhizosphere organisms in 

assisting plants during water scarcity. Plants showed signs of stress, but microbial communities 

demonstrated resilience, especially with an increase in drought-tolerant bacteria. These findings 

emphasize the crucial role of plant-microbe interactions in enhancing plant survival and growth 

under challenging environmental conditions.  
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Tables 

Table 1: Effect of drought, plant family and their interaction on performance, as well as leaf 
and root functional traits of A. lyrata. F-ratios and estimated coefficants of drought treaments 
of continiuous traits and the difference in percentrage of binary traits are reported. P-values are 
included in parentheses, with significant P-values (P<0.05) indicated in bold. Sample sizes (N) 
are given for both treatments together. Sample sizes per treatment are given in table S1.  
 

Trait N Treatment Seed Family Treatment:Family 

Maximum Rosette Size 100 44.5, -184 (<0.01) 4.83 (<0.01) 1.52 (0.16) 

Biomass 81 42.3, -0.02 (<0.01) 0.66 (0.74) 1.42 (0.20) 

Time to Fastest Growth 100 0.02, -1.8 (0.88) 2.58 (0.01) 0.84 (0.58) 

Growth Rate 100 5.16, -0.01 (0.03) 4.35 (<0.01) 1.11 (0.36) 

SLA 78 7.4, 0.19 (0.01) 2.7 (0.01) 1.53 (0.16) 

LDMC 78 0.23, -53 (0.63) 3.17 (<0.01) 1.43 (0.20) 

Root:Shoot 78 1.91, 0.42 (0.17) 1.20 (0.31) 1.40 (0.21) 

Survival 100 6.92, -18% (0.01) 0.47 (0.89) 2.01 (0.05) 

Flowering 97 7.93, -17% (0.01) 4.28 (<0.01) 2.22 (0.03) 
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Table 2: Effect of drought, plant family and their interaction on relative root exudate abundance 
collected from A. lyrata by compound group. F-value, estimated coefficients and P-value are 
reported in parentheses. Significant P-values (P<0.05) are indicated in bold. Sample sizes (N) 
are given for both treatments. 
 
Group Treatment Seed Family Treatment:Family 
Overall (NC=41, ND=32) 6.86, -0.20 (0.01) 2.21 (0.02) 1.26 (0.257) 
    
Sugars 2.03, -1.6 (0.155) 1.42 (0.177) 0.9 (0.522) 
Benzoic Acid  0.27, 0.20 (0.609) 0.96 (0.479) 0.38 (0.939) 
Fatty Acids 7.21, -0.19 (0.008) 0.91 (0.514) 0.77 (0.641) 
Amino Acids 5.98, -0.20 (0.016) 1.19 (0.302) 0.71 (0.696) 
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Table 3: Effect of drought, plant family and their interaction on alpha diversity (ANOVA on 
richness, Shannon index) and beta diversity (PERMANOVA) of bacteria and fungi. F-values 
and P-values in parentheses are reported. Significant P-values (P<0.05) are indicated in bold. 
Sample sizes (N) are given for both treatments and the number of taxonomic groups (ASVs, 
amplicon sequence variants). 

Index Treatment Seed Family Treatment:Family 
Bacteria (NC=33, ND=23, NASV=726)  

Richness 0.09 (0.88) 0.92 (0.21) 0.96 (0.32) 
Shannon 0.08 (0.51) 0.38 (0.80) 0.90 (0.41) 
Beta Diversity 3.00 (<0.01) 1.16 (0.12) 1.54 (<0.01) 
fungi (NC=39, ND=28, NASV=122)  

Richness 0.25 (0.50) 3.18 (<0.01) 1.21 (0.94) 
Shannon 0.18 (0.31) 1.87 (0.02) 0.61 (0.90) 
Beta Diversity 1.03 (0.38) 0.96 (0.56) 0.87 (0.73) 
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Table 4: Correlation of plant traits w
ith other plant traits, root exudates, and rhizosphere bacteria and fungi on genus level above 0.7 under control 

and dry conditions. Positive correlations are indicated in red and negative correlations in blue. A
 list w

ith correlations of plant traits above 0.5 can 
be found in the appendix (Table S6). 
 Trait 

Treatm
ent Plants 

Exudates 
Bacteria 

Fungi 

M
axim

um
 R

osette 
Size 

C
ontrol 

- 
- 

- 
- 

D
ry 

- 
- 

- 
G

ym
nostellatospora 

Total Biom
ass 

C
ontrol 

R
oot biom

ass 
- 

- 
- 

D
ry 

SLA
, R

osette biom
ass, R

oot biom
ass 

- 
D

ongia, Brevunim
onas 

- 

Tim
e to Fastest 

G
row

th 
C

ontrol 
G

row
th R

ate 
- 

- 
- 

D
ry 

G
row

th R
ate 

- 
- 

- 

G
row

th R
ate 

C
ontrol 

Tim
e to Fastest G

row
th 

- 
- 

- 
D

ry 
Tim

e to Fastest G
row

th 
- 

- 
- 

SLA
 

C
ontrol 

R
osette B

iom
ass 

- 
Brevunim

onas 
- 

D
ry 

R
osette B

iom
ass, B

iom
ass, R

oot Biom
ass 

- 
- 

- 

LD
M

C 
C

ontrol 
- 

- 
- 

- 
D

ry 
- 

- 
O

LB13, Lacibacter 
- 

R
oot:Shoot 

C
ontrol 

R
oot B

iom
ass 

- 
- 

- 
D

ry 
R

oot B
iom

ass 
- 

Sphingom
onas, Q

uipengyuania, Stella 
- 

R
oot B

iom
ass 

C
ontrol 

R
oot:Shoot, B

iom
ass 

- 
D

efluviicoccus 
- 

D
ry 

R
oot:Shoot, B

iom
ass, SLA

 
A

lanin 
Vicinam

ibacter, N
itratireductor, 

H
yphom

icrobium
, D

ongia 
- 

R
osette B

iom
ass 

C
ontrol 

SLA
 

- 
- 

- 
D

ry 
B

iom
ass, SLA

 
- 

Legionella 
- 

Flow
ering 

C
ontrol 

- 
- 

- 
- 

D
ry 

- 
- 

- 
Leptodontidium

 
  



C H A P T E R  3  

 121 

Figures 
 

Fig. 1: Direct and indirect interactions among plants, their root exudates and the microbiome in 
the rhizosphere. 
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Fig. 2: Treatment effect on plant traits as well as root exudates, bacteria and fungi. 
A) Effect of drought on performance and allocation in A. lyrata. For treatments, the overall 
medians (thick horizontal lines) with 1.5 inter-quartile range of the upper and lower quartile, 
(whiskers; for non-binary traits) are shown. Grey dots show all data points. The performance 
ratio gives the fraction and absolute number of surviving (triangle) and flowering (circle) plants 
in both treatments. Note the log scale on the y-axis of growth rate and SLA. Significant 
differences between treatments are indicated in all plots with stars (P<0.05*, P<0.01**, 
P<0.001***). 
B) Relative concentration of different compound groups and compounds identified in root 
exudates in the control (dark blue) and drought (light blue) treatments. Grey dots indicate, as 
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above, single measurements, while grey triangles measurements above the given scale. Note 
the log scale for all plots.  
C) Diversity measures of alpha and beta diversity of bacteria and fungi. Boxplots show the 
observed richness and Shannon diversity of bacteria and fungi in both treatments. Ordination 
plots show the first two principal coordinates of rhizosphere bacteria and fungi in the control 
(darker brown) and drought treatment (lighter brown).   
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Fig. 3: Correlation network of plant traits, root exudates, bacteria and fungi in control and 
drought conditions.  
A) Correlation networks of plant traits (green), root exudates (blue), bacteria (light brown) and 
fungi (dark brown) of correlations above 0.7. Positive interactions are indicated in red, negative 
in blue. The line thickness reflects the strength of correlation.  
B) Degree of correlation networks and relative concentration of exudates, abundance of 
microorganisms and zero-to-one scaled plant traits. Colours refer to plant trait, exudates, 
bacteria or fungi. Top 10 of degree of correlation have a yellow background 
C) Cumulative positive and negative correlations above 0.7 in the control and drought 
treatment. Significant differences between treatments were calculated with a chi-square test and 
are indicated with stars (P<0.05*, P<0.01**, P<0.001***). 
D) Centrality estimates (degree, betweenness strength and closeness) of correlation networks 
in control and drought conditions. Significant differences between treatments were calculated 
with a Kruskal-Wallice test and are indicated in all plots with stars (P<0.05*, P<0.01**, 
P<0.001***). 
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Concluding discussion 
Species are restricted in their distribution, and the already challenging growth conditions at the 

rear edge are often worsening with climate change (Hampe and Petit 2005). However, the 

adaptability of plants to changing climatic conditions that affect several stressors 

simultaneously has rarely been studied systematically. In my thesis, I assessed the effects of the 

most limiting environmental conditions, temperature and precipitation, on the performance of 

the North American model plant Arabidopsis lyrata spp. lyrata. I disentangled the effects of 

heat and drought on plant growth and persistence, and analysed the different adaptive strategies 

A. lyrata has evolved to cope with those harsh conditions. This was achieved by performing a 

transplant experiment across the rear range edges of its distribution and a greenhouse 

experiment including heat and drought conditions. My thesis comprises three projects, each of 

which I summarise here briefly.  

 

Summary of findings 

In Chapter 1, I investigated how temperature and precipitation influence plant performance 

along a transect across the warm end of A. lyrata species distribution limits. I monitored local 

weather conditions in this 1.5-year transplant experiment. With this data, I analysed the impact 

of weather on the transition of several key life stages, including germination, flowering and 

mortality. When linking the measured temperatures and precipitation levels during life state 

transitions, I observed a positive effect of warm temperatures on immediate germination and 

flowering success, but also a positive effect of colder temperatures on state transition in the 

weeks prior to germination and flowering. Mortality was increased by heavy rainfall events and 

long-term drought, as well as too warm temperatures or extreme cold. As a consequence of 

climate change, temperatures have generally increased during the last decades, and precipitation 

has become more variable and extreme (IPCC 2023). Therefore, the conditions at the low 

latitudinal range edge will continue to become less suitable, plants are less likely to persist at 
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the rear edge, and the geographical location of the species‘ optimum within the current range 

will change to higher latitudes (Sánchez-Castro et al. 2024). 

In Chapter 2, I focused on the individual and combined effects of the two stressors, 

heat and drought, on plant performance. In a greenhouse experiment, I exposed plants to heat 

and drought, simulating the environmental conditions A. lyrata has experienced at the warm 

range edges over the last few decades. An important observation was that plant survival was 

only slightly reduced under single-stress conditions. Though a single stressor like heat or 

drought had a negative impact on plant performance, a synergistic effect was observed when 

both stressors were combined. Plants adapted to drought or heat with an increased root-to-shoot 

ratio, meaning a higher allocation to root systems. However, plants exposed to both stressors 

had a significant lower survival rate and showed a significant higher specific leaf area (SLA, 

rosette area per rosette dry mass). Analysis revealed that under both stress conditions, drought 

as well as drought combined with heat, plants did not have a higher survival or longevity if they 

had a higher SLA, but a better performance was rather connected to a delayed and slower 

growth. Plants of populations originating from the southern end of the distribution displayed a 

higher root-to-shoot ratio and thinner leaves and coped slightly better with the intensive stress 

caused by the combination of heat and drought than plants originating from other areas. These 

populations seemed to have an adaptive advantage as they already grew under comparatively 

challenging conditions in nature (Hampe and Petit 2005; Estarague et al. 2022). Overall, this 

experiment suggests that plants develop strategies to escape single plant stresses in time through 

changes in phenology, even though this strategy is not favourable for higher longevity under 

stress conditions (Levitt 1980; Ludlow and Muchow 1990). However, the ability to adapt to 

single stresses does not imply that plants are resilient to combined stresses. 

In Chapter 3, I aimed to study the interaction of A. lyrata with its rhizosphere under 

stress conditions. In a greenhouse experiment, I collected phenotypic and phenological plant 

data, root exudates, and rhizosphere microorganisms from plants grown for several months 
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under dry and well-watered conditions. Using next-generation sequencing, I identified the 

bacteria and fungi present under each condition. I employed gas chromatography coupled with 

a flame-ionisation detector to quantify the most common primary root exudate compounds. In 

line with the above findings, plants grown under drought had a slightly reduced survival and 

flowering rate and responded to drought stress with a smaller rosette size and biomass and a 

higher SLA. The composition of the bacterial genera identified in the rhizosphere varied 

significantly between treatments. Under drought, as compared to control treatment, I discovered 

a higher abundance of gram-positive bacteria, which access carbon sources that are unavailable 

for gram negative bacteria (Naylor and Coleman-Derr 2018). The most abundant bacteria under 

drought stress was Sphingomonas, which is known to improve plant growth under drought 

conditions (Luo et al. 2019; Wang et al. 2022; Fan et al. 2023; Refai et al. 2023). Rhizosphere 

fungi are important partners in maintaining plant performance under drought (Almario et al. 

2017; Hiruma et al. 2018; Huang et al. 2017; Sun et al. 2010). However, contrary to bacteria, 

fungi composition was not significantly different between treatments, suggesting a higher 

drought tolerance of fungi (Guhr et al. 2015; Veach et al. 2020). Further, I observed under 

drought conditions a higher relative concentration of organic acids in the root exudate, 

especially of fatty acids. Fatty acids are important not only for the nutrient supply of plants but 

also for communication with microorganisms in the soil, including both pathogens as well as 

beneficial microbes ( Ma et al. 2021; Li et al. 2017; Vlot et al. 2009). A comparison of the 

correlation matrices demonstrated that the intensity of interactions increased under dry 

conditions compared to control conditions. Under dry conditions, especially positive 

interactions were prominent, highlighting the importance of plant-microbe interactions under 

stress (Berendsen et al. 2012). Under drought conditions, a higher plant performance was, for 

example, linked with Brevundimonas or Leptodontidium, both plant-growth-promoting bacteria 

(Fernando and Currah 1996; Hou and Guo 2009; Naqqash et al. 2020; Tran et al. 2023). 

 



C O N C L U D I N G  D I S C U S S I O N  

 128 

Characterising the range edge at the warm end of the distribution 

Plants have their growth optima at locations with the highest environmental suitability 

(Hargreaves et al. 2014; Lee-Yaw et al. 2016). If the environmental conditions deviate too much 

from the optimum, plants perform worse, thus defining the abiotic limitations of a species range. 

In the three projects, I demonstrated the negative effect of inadequate water availability and 

temperature conditions on plant performance by studying the limits of plant growth based on 

temperature and precipitation, both in field and controlled experimental set-ups. The results 

demonstrate that precipitation and especially temperature have a high impact on the suitability 

of a location regarding the growth of a species (Moles et al. 2014; Tao et al. 2017; Lee-Yaw et 

al. 2018). My research contributes to the understanding of abiotic limitations on plant growth, 

particularly focusing on the effects of temperature, precipitation, their combination, and 

geographical location on plant performance. It also sheds light on species range limits and why 

they are not expanding beyond a certain range. The studies suggest that deviations from the 

optimal growth conditions, be they too hot, too cold, too dry, or too wet, negatively influence 

plant growth and performance. My work focuses in particular on the negative effects of long-

term heat and drought on plant performance and the mitigation of stress through interactions 

with the soil microbiome. This leads to the hypothesis that, at the warm range edge, population 

persistence might be under threat and, if not limited by other factors, perform better at the colder 

locations. 

 

What are the consequences of climate change? 

With progressive climate change, it is very likely that conditions at the warm range edge of A. 

lyrata get more severe over time, as it is the rear edge (Cahill et al. 2014; Lenoir et al. 2024). 

Even if the climatic conditions are not so extreme in the centre of distribution, plants have a 

similar level of vulnerability, as populations are less adapted to warm and extreme events 

(Bennet et al. 2015). As already indicated by its common name, lyre-leaved rock-cress, my 
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model species, A. lyrata, grows naturally on substrates that tend to be poor in water retention, 

such as sand and rock cracks. This suggests that the drought effect might have an even bigger 

impact on populations in their natural habitats, as water is not accessible for extended periods 

after rainfall. This can also explain the detrimental effect of heavy rainfall in our transplant 

experiment on common soil (Chapter 1). In addition to an altered precipitation pattern, 

temperatures have increased in the home range of my model species but also of many other 

species (USGCRP 2023; IPCC 2023). This motivated me to investigate the effects of both 

environmental factors, single and combined, in more detail. With more frequent extreme 

weather conditions, it is likely that these stressors will appear together during the growing 

season of A. lyrata, when plants are most vulnerable. However, it should not be neglected that 

plants have the ability to adapt to new conditions over a couple of generations (Franks 2011; 

Kristensen et al. 2020). Without this adaptation process, plants only have a minor chance to 

survive in the context of global warming (Chapter 2). Nonetheless, under drought stress, the 

interactions with the soil microbiome increased, which suggests that some of the drought effects 

may be mitigated (Chapter 3). Several reviews reported benefits of plant-microbe interactions 

on plant performance under environmental stress, which is confirmed by the increased positive 

interaction under drought stress in my last chapter (Pineda et al. 2013; Vimal et al. 2017; Bastías 

et al. 2022). However, to what extent the plant-microbe interactions might compensate the 

negative impact of climate change on plant survival is to be determined. As the type and 

intensity of interactions vary under different conditions, a subsequent experiment could 

investigate the change of correlations along environmental gradients, not only under controlled 

settings in the greenhouse but also in natural conditions. Additional studies on the interactions 

including more plant species and different kinds of root exudate compounds, a gradient of 

environmental stress levels, or a combination of stressors, would help to understand how these 

relationships might be helpful during stress and if they can be employed purposefully to support 

plant growth under harsh conditions.  
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Supplementary Information 
Chapter 1 

Table S1: Population mean and standard deviation of selected performance traits. 
 
Population 

Germination 
Time [days] 

Germination 
Success [%] 

Flowering Time 
[days] 

Times 
Flowering 

Flowering 
Success [%] 

Longevity 
[days] 

Winter 
Survival [%] 

NW 22 ± 7.5 31 163 ± 20 1 ± 0 11 193 ± 23 41 
NE 16 ± 7.6 46 221 ± 112 1.25 ± 0.5 12 512 ± 5.9 49 
C 20 ± 13 39 166 ± 41 1.1 ± 0.45 10 315 ± 130 40 
SW 39 ± 7.8 19 151 ± 16 1 ± 0 4.4 158 ± 4.9 34 
SE 21 ± 5.2 45 154 ± 17 1.05 ± 0.22 19 234 ± 97 39 
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Table S2: O
verview

 of characteristics of experim
ental sites during the experim
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 precipitation (m
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) 
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inated, alive to death or grow
ing to flow

ering. 
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2.2 
28.9 

0.7 
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1.4 
 

7.69 
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32.5 
14 

0.0 
39.8 
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 edge  

11.0 
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26.9 
0.4 

0.0 
11.3 
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-3.3 
28.6 

4.2 
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10.3 
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34.4 
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107 
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0.0 
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34.7 

11.1 
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77.8 
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Table S3: P-values of type three ANOVA including models analysing the influence of weather 
on stage transitions from seed to germinating, plant to flowering and plant to death, belonging 
to Fig. 4. A glmmTMB model was used including precipitation (P), mean temperature (Tmean), 
difference to minimum temperature (∆Tmin) and maximum temperature (∆Tmax) with site as 
random effect. Week indicates the week before stage transitions. Flowering and survival 
additionally included the interaction with age as week after germination (age interaction). Death 
included the interaction of precipitation with all temperature variables and P2 with ∆Tmax (P 
interaction). Also, mortality was separated in the warmer and colder half of the year based on 
moving four-week Tmean averages.  
 
Effect Week P P2 Tmean ∆Tmin ∆Tmax 

Germination Intercept: -5.29 (<0.01)     

Single 0 -0.12 (<0.01)   0.06 (<0.01) 0.28 (<0.01) 
Single 1 0.02 (<0.01)  -0.12 (<0.01) 0.09 (<0.01) -0.17 (<0.01)        
Flowering Intercept: -51.60 (<0.01), log(Age): 9.37(<0.01)    

Single 1 and 2 -0.22 (<0.01)  2.0 (<0.01) -0.19 (0.41) -0.65 (0.05) 
Single 3 and 4 -0.20 (<0.01)   -1.40 (<0.01) -0.62 (0.06) 
Single 5 and 6 0.13 (0.04)   -1.09 (<0.01) 0.91 (<0.01) 
Age Interaction 1 and 2 0.06 (<0.01)  -0.52 (<0.01) 0.06 (0.34) 0.25 (<0.01) 
Age Interaction 3 and 4 0.05 (<0.01)   0.37 (<0.01) 0.25 (<0.01) 
Age Interaction 5 and 6 -0.04 (0.02)   0.26 (<0.01) -0.25 (<0.01)        
Mortality Winter Intercept: -1.03 (0.41), log(Age): -1.99(<0.01)   

Single 1 1.62 (<0.01) 0.72 (<0.01) 0.23 (<0.01) -0.18 (<0.01) 0.12 (0.13) 
Single 2 -1.95 (<0.01) 0.86 (<0.01)  -0.11 (0.14) 0.12 (0.19) 
Age Interaction 1 -0.35 (<0.01)  -0.02 (0.11) 0.00 (0.92) 0.00 (0.90) 
Age Interaction 2 -0.14 (<0.01)   0.06 (0.01) 0.02 (0.50) 
P Interaction 1   0.1 (<0.01) -0.1 (<0.01) 0.10 (<0.01) 
P Interaction 2    0.02 (<0.01) 0.16 (<0.01) 
P2 Interaction 1     -0.07 (<0.01) 
P2 Interaction 2     -0.06 (<0.01)        
Mortality Summer Intercept: -27.49(<0.01), log(Age): 5.09(<0.01)   

Single 1 12.84 (<0.01) -0.11 (0.02) 3.02 (<0.01) 5.25 (<0.01) -1.01 (<0.01) 
Single 2 0.50 (0.29) 0.23 (<0.01)  -1.12 (<0.01) 0.15 (0.41) 
Age Interaction 1 -4.01 (<0.01)  -0.73 (<0.01) -1.61 (<0.01) 0.33 (<0.01) 
Age Interaction 2 -0.11 (0.33)   0.33 (<0.01) 0.04 (0.45) 
P Interaction 1   0.25 (<0.01) -0.12 (<0.01) 0.11 (<0.01) 
P Interaction 2    0.14 (<0.01) -0.14 (<0.01) 
P2 Interaction 1     -0.01 (0.11) 
P2 Interaction 2     -0.01 (<0.01) 
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Table S4: Selection of non-correlated parameters for mixed effect models. 
As Tmean of the different weeks was often correlated, only one Tmean was included in the 
model. The lower triangle reports the correlation coefficient and the upper triangle the p-value 
with *** indicating p<0.005, ** p<0.001 and * p<0.05. 
 
Germination                        

  
P  
W0 

Tmean 

W0 
∆Tmin 

W0 
∆Tmax 

W0 
P  
W1 

Tmean 

W1 
∆Tmin 

W1 
∆Tmax 
W1  

 
  

P W0  *** *** *** *** *** * ***  
 

  
Tmean W0 0.14  *** ***  *** *** ***  

 
  

∆Tmin W0 0.19 0.23  *** *** *** *** ***  
 

  
∆Tmax W0 -0.09 -0.48 -0.57  *** *** *** ***  

 
  

P W1 -0.18 0.01 0.23 -0.17  *** *** ***  
 

  
Tmean W1 0.21 0.83 0.4 -0.46 0.1  *** ***  

 
  

∆Tmin W1 0.01 0.19 0.5 -0.44 0.21 0.19  ***  
 

  
∆Tmax W1 -0.12 -0.33 -0.48 0.48 -0.08 -0.45 -0.58     

  

                  
  

Flowering                       

  
P  
W12 

Tmean 
W12 

∆Tmin 
W12 

∆ Tmax 
W12 

P  
W34 

Tmean 
W34 

∆Tmin 
W34 

∆ Tmax 
W34 

P  
W56 

Tmean 
W56 

∆Tmin 

W56 
∆ Tmax 
W56 

P W12  *** *** *** *** *** *** *** *** *** *** 0.5603 
Tmean W12 0.06  *** *** *** *** *** *** *** *** *** *** 
∆Tmin W12 0.09 0.49  *** *** *** *** *** *** *** *** *** 
∆ Tmax W12 -0.02 -0.63 -0.64  *** *** *** *** *** *** *** *** 
P W34 -0.09 0.08 0.13 -0.2  *** *** *** *** *** *** *** 
Tmean W34 0.13 0.89 0.59 -0.68 0.07  *** *** *** *** *** *** 
∆Tmin W34 0.04 0.44 0.49 -0.44 0.08 0.51  *** *** *** *** *** 
∆ Tmax W34 -0.05 -0.51 -0.37 0.53 -0.03 -0.63 -0.64  *** *** *** *** 
P W56 -0.11 0.11 0.13 -0.08 -0.08 0.09 0.13 -0.19  *** *** *** 
Tmean W56 0.12 0.82 0.57 -0.68 0.14 0.9 0.61 -0.67 0.06  *** *** 
∆Tmin W56 -0.01 0.41 0.43 -0.33 0.05 0.45 0.54 -0.47 0.1 0.54  *** 

∆ Tmax W56 0 -0.43 -0.42 0.47 -0.08 -0.52 -0.38 0.55 -0.03 -0.64 -0.63   
                      
Death                         

 
P  
W1 

Tmean 
W1 

∆ Tmin 
W1 

∆Tmax 

W1 
P  
W2 

Tmean 
W2 

∆ Tmin 
W2 

∆ Tmax 
W2         

P W1  *** *** *** *** *** *** ***        
Tmean W1 0.07  *** *** *** *** *** ***  

 
  

∆ Tmin W1 -0.15 -0.19  *** *** *** *** ***  
 

  
∆ Tmax W1 -0.03 -0.44 0.45  *** *** *** ***  

 
  

P W2 -0.04 0.07 -0.07 -0.21  *** *** ***  
 

  
Tmean W2 0.22 0.85 -0.34 -0.4 0.07  *** ***  

 
  

∆ Tmin W2 -0.05 -0.19 0.36 0.3 -0.09 -0.18  ***  
 

  
∆ Tmax W2 -0.06 -0.26 0.3 0.33 -0.01 -0.43 0.47           
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Fig. S1: Weather at sites during the experiment with mean daily records of temperature (red, 
with minimum and maximum indicated by grey shaded areas) and cumulative precipitation in 
blue (mm). 
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Fig. S2: Prediction of temperature at plant level. Measured temperatures at each common 
garden site (red line) and predicted temperatures based on data of the nearest weather station 
(dark grey line) with maximum and minimum temperatures (light grey shaded area) at daily 
resolution. 
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Fig. S3: Climate across the species distribution of Arabidopsis lyrata across different decades 
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Mean Temperature in April to June
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In all temperature plots darker reds indicate warmer temperatures and darker blues indicate 
colder temperatures, while in precipitation plots lighter blues indicate less precipitation and 
darker blues more. A and B are zoomed into the area of the experiment, while C and D include 
the whole range of A. lyrata. Coloured squares indicate experimental sites and grey circles 
known populations. A: Minimum temperature in early spring (March & April); B: Precipitation 
of the wettest quarter; C: Precipitation in March-May and April-June; D: Average temperature 
in March-May and April-June 
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Chapter 2 

Table S1: Climate averages in the last 60 years at the locations of the five populations of 
Arabidopsis lyrata studied. 
 
  Average April-June Average June-August Yearly 

Population and 
period Tmean [°C] Tmax [°C] P [mm] Tmean [°C] Tmax [°C] P [mm] Pmin [mm] 

NW         

1960-1990 9.9 15.8 62 17.8 23.6 85 18 

1970-2000 9.7 15.9 65 17.5 23.3 92 16 

2000-2018 9.5 15.5 78 17.9 23.6 96 13 

NE          

1960-1990 12.5 19 87 19.2 25.7 90 52 

1970-2000 12.6 18.7 88 19.2 25.3 92 55 

2000-2018 12.9 18.9 99 20 25.4 109 43 

C          

1960-1990 13.4 19.2 82 20.3 25.9 85 38 

1970-2000 13.1 18.8 80 20.1 25.8 84 34 

2000-2018 13.7 19.2 91 21.2 26 84 30 

SW          

1960-1990 18.1 25.3 106 24.1 31.1 94 49 

1970-2000 18 24.8 108 24.3 30.7 95 50 

2000-2018 18.9 25.3 116 25.2 30.8 100 26 

SE          

1960-1990 18.6 25.5 96 24 30.4 104 77 

1970-2000 18.5 25.4 98 24.1 30.4 107 80 

2000-2018 19.1 25.8 105 24.6 30.4 120 35 

Mean SW and SE          

1960-1990 18.4 25.4 106 24.1 30.7 99 63 

1970-2000 18.3 25.1 108 24.2 30.5 101 65 

2000-2018 18.9 25.6 116 24.9 30.6 110 30 

Overall mean          

1960-1990 15.1 21.7 87 17.6 22.8 76.3 39 

1970-2000 15 21.5 88 17.5 22.6 78.3 39.2 

2000-2018 15.5 21.7 98 18.2 22.7 84.9 24.5 

Difference 1960-
1990 to 2000-
2018 0.4 0 11 0.6 -0.1 8.6 -14.5 

 

Climate data were downloaded from WorldClim 1.4 and 2.1.  
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Table S2: Origin of the A. lyrata populations included in this study 
 
Population State of origin Latitude, N [°] Longitude, W [°] Year of seed collection 
NW Ontario, Canada 49.65 94.92 2011 
NE New York, USA 42.35 76.39 2011 
C Michigan, USA 42.7 89.19 2007-2014 
SW Missouri, USA 37.72 92.05 2011 
SE North Carolina, USA 36.41 79.96 2011 
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Table S4: Model selection for testing the effect of heat and drought on performance and leaf/ 
root functional traits of Arabidopsis lyrata, with models differing in the random-effects part. 
 
Model a b c 
Variable AIC AIC AIC 
Survival 1677 1682 1659 
Longevity -1670 -1658 -1621 
Flowering 1026 1030 1019 
Size 32830 32852 32883 
Xmid 15097 15110 15119 
Growth rate -6231 -6224 -6243 
SLA 1582 1601 1608 
LDMC -2115 -2120 -2127 
Root:shoot -4907 -4920 -4929 

 
Model a. y~temperature*watering + (1 + temperature + watering|population) + (1 + 
temperature + watering|population:family). 
Model b. y~temperature*watering + (1|population) + (0 + temperature|population) + (0 + 
watering |population) + (1|population:family) + (0 + temperature|population:family) + (0 + 
watering|population:family). 
Model c. y~temperature*watering + (1|population) + (1|population:family). 
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Fig. S1: Maps representing climate of different periods of the recent past in the area of 
distribution of North American Arabidopsis lyrata. A) Mean temperature averaged for April, 
May, and June in the time period of 1970-2000 and B) mean temperature averaged for June, 
July, and August in the time period of 2000-2018 in ºC (scale of colours on the right). C) 
Precipitation during the driest month in the time period of 1970-2000 and D) of 2000-2018 in 
mm. Black dots indicate the location of populations used in this experiment. The border 
between the US and Canada, as well as US state borders are indicated by black lines. 
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Fig. S2: Principial component analysis on plant growth, leaf and root traits of a diverse 
Arabidopsis lyrata central population for four temperature and watering treatments - Control, 
Heat, Drought, and Heat+Drought. Arrow length and color represent the contribution of each 
trait to the first two principal component axes (with the amount of phenotypic variation they 
depict written in parenthesis). 
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Chapter 3 
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Table S2: Retention index of root exudate compounds the study focused on, including their 
compound group that was used for analysis. 

Retention 
Index Compound Group 

1074 Alanin Amino Acid 
1187 Valin Amino Acid 
1538 Prolin Amino Acid 
1225 Benzoic Acid Organic Acid 
1020 Propionic Acid Fatty Acid/ Organic Acid 
1287 Succinic Acid Fatty Acid/ Organic Acid 
1659 Dodecanoic Acid Fatty Acid/ Organic Acid 
1885 Tetradecanoic Acid Fatty Acid/ Organic Acid 
2100 Hexadecanoic Acid Fatty Acid/ Organic Acid 
2301 Octadecanoic Acid Fatty Acid/ Organic Acid 
1788 Ribose Sugar 
1983 Glucose Sugar 
2191 Myoinositol Sugar  
2705 Sucrose Sugar 
3624 Glucopyranose Sugar 
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Table S3: Effect of drought and plant seed family and their interaction on exudate compounds. 
F-ratios, estimates as well as P-values and coefficients for treatment in parenthesis, are reported. 
Significant P-values (P<0.05) are indicated in bold.  
Group Treatment Family Treatment:Family 
Sugars    
Glucopyranose 1.47, -3.82 (0.236) 1.33 (0.266) 0.65 (0.748) 
Glucose 2.77, -0.09 (0.102) 1.02 (0.435) 0.81 (0.607) 
Myoinositol 0.99, -0.27 (0.325) 1.24 (0.291) 0.98 (0.468) 
Ribose 0.26, 0.12 (0.613) 0.62 (0.777) 1.42 (0.204) 
Sucrose 0.23, -2.71 (0.633) 1.07 (0.406) 0.64 (0.738) 
Organic Acids    
Benzoic Acid 0.27, 0.20 (0.609) 0.96 (0.479) 0.38 (0.939) 
Dodecanoic Acid 5.01, -0.72 (0.03) 0.87 (0.555) 0.64 (0.76) 
Tetradecanoic Acid 2.47, -0.09 (0.122) 0.79 (0.624) 0.98 (0.47) 
Hexadecanoic Acid 0.93, -0.02 (0.34) 0.96 (0.481) 1.01 (0.445) 
Octadecanoic Acid 0.74, 0.01 (0.393) 1.05 (0.415) 1.09 (0.387) 
Propionic Acid 0.85, -0.27 (0.361) 0.47 (0.887) 0.99 (0.461) 
Succinic Acid 1.65,0.04 (0.205) 0.86 (0.563) 0.69 (0.71) 
Amino Acids    
Alanin 0.85, -0.06 (0.361) 0.84 (0.582) 0.55 (0.826) 
Valin 1.63, -0.25 (0.208) 0.61 (0.782) 0.35 (0.952) 
Prolin 4.41, -0.43 (0.041) 0.78 (0.636) 0.5 (0.865) 
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Table S4: Relative concentration of root exudate compound groups measured under control and 
drought conditions. 

 
 

Group Sum Mean ± Standard Deviation Percentage 
 Control Drought Control Drought Control Drought 
Sugars 610 318 3.32 ± 6.18 2.24 ± 3.57 66.4 66.4 
Organic Acids 49 32 1.20 ± 1.65 1.03 ± 1.79 5.3 6.7 
Fatty Acids 217 115 0.89 ± 1.26 0.62 ± 0.68 23.6 24.0 
Amino Acids 43 14 0.38 ± 0.57 0.19 ± 0.20 4.7 2.9 
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Table S5: A
SV

 taxonom
ies for bacteria and fungi and their abundances under control and drought conditions. The m
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s 
0

.0
5
 ±

 0
.1

2
 0

.0
1
 ±

 0
.0

4
 

0
.0

0
1
 

0
.0

0
0
 

B
asid

io
m

y
co

ta 
A

g
arico

m
y

cetes 
A

g
aricales 

E
n
to

lo
m

ataceae 
C

lito
p
ilu

s 
0

.1
 ±

 0
.2

5
 

0
.0

7
 ±

 0
.1

1
 

0
.0

0
3
 

0
.0

0
2
 

B
asid

io
m

y
co

ta 
A

g
arico

m
y

cetes 
A

g
arico

m
y

cetes_
o

rd
_
In

certae_
sed

is 
A

g
arico

m
y
cetes_

fam
_

In
certae

_
sed

is 
X

en
asm

atella 
0

.0
2
 ±

 0
.0

6
 0

.0
2
 ±

 0
.0

7
 

0
.0

0
1
 

0
.0

0
0
 

B
asid

io
m

y
co

ta 
A

g
arico

m
y

cetes 
P

o
ly

p
o
rales 

G
an

o
d

erm
ataceae 

G
an

o
d

erm
a 

0
.0

1
 ±

 0
.0

3
 0

.0
3
 ±

 0
.0

4
 

0
.0

0
1
 

0
.0

0
1
 

B
asid

io
m

y
co

ta 
A

g
arico

stilb
o
m

y
cetes 

A
g

arico
stilb

ales 
C

h
io

n
o

sp
h
aeraceae 

B
allisto

sp
o

ro
m

y
ces 

0
.0

4
 ±

 0
.0

7
 

0
.0

5
 ±

 0
.1

 
0
.0

0
1
 

0
.0

0
1
 

B
asid

io
m

y
co

ta 
C

y
sto

b
asid

io
m

y
cetes 

E
ry

th
ro

b
asid

iales 
E

ry
th

ro
b
asid

iaceae 
B

an
n

o
a 

0
.1

5
 ±

 0
.4

9
 0

.0
4
 ±

 0
.0

7
 

0
.0

0
4
 

0
.0

0
1
 

B
asid

io
m

y
co

ta 
T

rem
ello

m
y
cetes 

F
ilo

b
asid

iales 
P

isk
u
ro

zy
m

aceae 
S

o
lico

cco
zy

m
a 

1
.5

5
 ±

 2
.0

4
 1

.0
1
 ±

 0
.7

6
 

0
.0

4
4
 

0
.0

2
5
 

B
asid

io
m

y
co

ta 
T

rem
ello

m
y
cetes 

T
rem

ellales 
T

rim
o

rp
h
o

m
y
cetaceae 

S
aito

zy
m

a 
1

.1
 ±

 1
.4

2
 

0
.6

1
 ±

 1
.2

3
 

0
.0

3
3
 

0
.0

1
8
 

B
asid

io
m

y
co

ta 
T

rem
ello

m
y
cetes 

T
rich

o
sp

o
ro

n
ales 

T
rich

o
sp

o
ro

n
aceae 

A
p

io
trich

u
m

 
0

.1
 ±

 0
.1

4
 

0
.0

7
 ±

 0
.1

2
 

0
.0

0
2
 

0
.0

0
2
 

B
lasto

clad
io

m
y
co

ta 
B

lasto
clad

io
m

y
cetes 

B
lasto

clad
iales 

C
aten

ariaceae 
C

aten
aria 

1
.8

9
 ±

 5
.0

7
 1

.5
8
 ±

 2
.7

3
 

0
.0

6
9
 

0
.0

3
5
 

C
h
y

trid
io

m
y
co

ta 
S

p
izello

m
y
cetes 

S
p
izello

m
y
cetales 

S
p

izello
m

y
cetaceae 

G
aertn

erio
m

y
ces 

0
.1

1
 ±

 0
.3

6
 

0
 ±

 0
 

0
.0

0
3
 

0
.0

0
0
 

M
o
rtierello

m
y
co

ta 
M

o
rtierello

m
y
cetes 

M
o
rtierellales 

M
o
rtierellaceae 

M
o
rtierella 

0
.3

1
 ±

 0
.3

2
 0

.1
6
 ±

 0
.2

3
 

0
.0

0
9
 

0
.0

0
5
 

M
u
co

ro
m

y
co

ta 
U

m
b
elo

p
sid

o
m

y
cetes 

U
m

b
elo

p
sid

ales 
U

m
b

elo
p

sid
aceae 

U
m

b
elo

p
sis 

0
.0

5
 ±

 0
.0

7
 0

.0
9
 ±

 0
.2

2
 

0
.0

0
2
 

0
.0

0
2
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Table S6: Correlation of plant traits w
ith other plant traits, root exudate groups, and rhizosphere bacteria and fungi above 0.5 under control and 

dry conditions. Positive interactions are red, negative blue. Bold indicates interaction above 0.7. 

Trait 
Treatm

ent 
Plant Traits 

Exudates 
Bacteria 

Fungi 

S
iz

e
 

C
o
n
tro

l 
S

L
A

 
  

Actinom
adura 

Coniochaeta, Lapillicoccus 

D
ry

 
 - 

B
e
n
z
o
ic

 A
c
id

 

Zavarzinia, Zoogloea, Longim
icrobium

, Leifsonia, Pseudom
onas, Allorhizobium

-
Neorhizobium

-Pararhizobium
-Rhizobium

, Novosphingobium
, Aquabacterium

, 
Caulobacter, H

erpetosiphon, M
odestobacter, Chelatococcus 

G
ym

nostellatospora, 
Stachybotrys, Apiotrichum

, 
Pseudeurotium

, Talarom
yces, 

M
ortierella, O

idiodendron 

B
io

m
a
s
s
 

C
o
n
tro

l 
R

oot Biom
ass

, Rosette 
Biom

ass 
G

lu
c
o
s
e
 

D
efluviicoccus, Bosea 

- 

D
ry

 
SLA

, R
osette Biom

ass
, 

R
oot Biom

ass 
A

la
n
in

, V
a
lin

 
Brevunim

onas, D
ongia, Legionella, Vicinam

ibacter, M
ethylibium

, 
H

yphom
icrobium

, Nitratireductor 
- 

T
im

e
 to

 

F
a
s
te

s
t 

G
ro

w
th

 

C
o
n
tro

l 
G

rowth R
ate 

- 
Kribbella, Phreatobacter, Parviterribacter 

- 

D
ry

 
G

rowth R
ate

, L
D

M
C 

- 
Aerom

icrobium
, Baia 

Coniochaeta 

G
ro

w
th

 R
a
te

 C
o
n
tro

l 
Tim

e to Fastest 
G

rowth 
- 

Brevundim
onas, SW

B02, M
esorhizobium

, Rhodanobacter, Reyranella, O
LB13 

Cladosporium
 

D
ry

 
Tim

e to Fastest 
G

rowth 
S

u
c
c
in

ic
 A

c
id

 
Lysobacter, Paenisporosarcina, Longim

icrobium
 

Xenasm
atella, Coniochaeta 

S
L

A
 

C
o
n
tro

l 
R

osette Biom
ass, S

iz
e 

  
Rhodobacter, Pseudam

inobacter, Ram
libacter, Paludisphaera, alphaI_cluster, 

D
yadobacter 

Stachybotrys, Penicillium
, 

G
eom

yces 

D
ry

 

R
osette Biom

ass
, 

Biom
ass

, R
oot 

Biom
ass

, L
D

M
C 

G
lu

c
o
p
y
ra

n
o
s
e
, 

A
la

lin
, V

a
lin

 

Nitratireductor, Zavarzinia, D
ongia, H

yphom
icrobium

, Planctom
icrobium

, 
M

ethylibium
, Reyranella, Blastopirellula, Rhodococcus, Vicinam

ibacter, 
Therm

om
onas 

Clitopilus, Aspergillus 

L
D

M
C

 

C
o
n
tro

l 
- 

- 
- 

- 

D
ry

 
T

im
e
 to

 F
a
s
te

s
t G

ro
w

th
, 

S
L

A
 

- 
O

LB13, Lacibacter, Legionella, G
em

m
atim

onas, H
yphom

icrobium
, G

em
m

ata, 
Ensifer, Fim

briiglobus, Planctom
icrobium

, Chthoniobacter, Sandaracinus 
Clitopilus, Scytalidium

 

R
o
o
t:S

h
o
o
t 

C
o
n
tro

l 
R

oot Biom
ass

, Rosette 
Biom

ass 
- 

- 
- 

D
ry

 
- 

A
la

n
in

 

Sphingom
onas, Q

uipengyuania, Stella, Phaselicystis, Ellin6055, Aerom
icrobium

, 
Terrim

onas, Actinophytocola, G
eorgenia, Chelatococcus, Altererythrobacter, 

Lechevalieria, Arthrobacter, Flavisolibacter, Rubellim
icrobium

, Blastococcus, 
Vicinam

ibacter, Nitratireductor, Pedom
icrobium

, Rhodobacter, Lacunisphaera, 
D

ongia, Phreatobacter, H
yphom

icrobium
, M

ethylibium
, M

aritalea, 
Psychroglaciecola 

- 
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  Trait 

Treatm
ent 

Plant Traits 
Exudates 

Bacteria 
Fungi 

R
o
o
t 

B
io

m
a
s
s
 

C
o
n
tro

l 
R

oot:Shoot, Biom
ass 

- 
D

efluviicoccus 
- 

 
D

ry
 

- 
A

lanin
, V

a
lin

, 

B
e
n
z
o
ic

 A
c
id 

Vicinam
ibacter, N

itratireductor, H
yphom

icrobium
, D

ongia, Phaselicystis, D
evosia, 

Altererythrobacter, Pajaroellobacter, Q
ipengyuania, Aerom

icrobium
, Terrim

onas, 
Ahniella, Sphingom

onas, Ellin6055, Therm
om

onas, Brevundim
onas, Stella, 

O
M

27_clade, Rhodobacter, Zoogloea, M
aritalea, Sphingopyxis, M

ethylibium
, 

Prosthecom
icrobium

, Am
aricoccus, Psychroglaciecola 

- 

R
o
s
e
tte

 

B
io

m
a
s
s
 

C
o
n
tro

l 
SLA

, R
o
o
t:S

h
o
o
t, 

F
lo

w
e
rin

g 
- 

G
eom

yces, IM
CC26134, Paludisphaera 

Chrysosporium
 

D
ry

 
R

o
o
t B

io
m

a
s
s 

A
la

n
in

, V
a
lin

, 

G
lu

c
o
p
y
ra

n
o
s
e
 

Lengionalla, Therm
om

onas, Rhodococcus, Chthoniobacter, Sorangium
, Reyranella, 

Lysinim
onas, H

yphom
icrobium

, D
ongia, Afipia 

Aspergillus 

F
lo

w
e
rin

g
 

C
o
n
tro

l 
- 

B
e
n
z
o
ic

 A
c
id

, 

M
y
o
in

o
s
ito

l 
Terrim

onas 
- 

D
ry

 
- 

- 

Chthonobacter, Xylophilus, D
esulfosporosinus, G

aiella, Coxiella, Subgroup_10, 
alphaI_cluster, Pelagibacterium

, Acidibacter, Rhodanobacter, Chryseolinea, 
Planctom

icrobium
 

Catenaria 
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Table S7: Centrality m
easures of correlation netw

orks in both treatm
ents. N

etw
orks are based on correlations <-0.7 and >0.7. Strength is the sum

 of 
w

eight of edges to the vertex, degree is the num
ber of edges to a vertex, betw

eenness is including the shortest path betw
een tw

o vertices and closeness 
is the m

ean inverse distance to all other vertices. 
 V

ariable 
B

etw
eenness 

Strength 
D

egree 
C

loseness 
 

C
ontrol D

rought C
ontrol D

rought C
ontrol D

rought C
ontrol D

rought 
P

lant T
raits 

 
 

 
 

 
 

 
 

S
ize 

2
8
 

1
5
9
 

5
6

9
9
 

4
1

2
7
 

0
 

1
 

0
 

5
5

 
B

io
m

ass 
3
3
 

5
2
 

1
0
9

1
9
 

4
3

0
6
 

1
 

5
 

2
 

7
3

 
T

im
e to

 F
astest G

ro
w

th
 

5
2
 

3
5
 

1
0
1

1
0
 

6
9

1
2
 

1
 

1
 

1
 

1
 

G
ro

w
th

 R
ate 

7
0
 

3
3
 

7
2

4
1
 

7
0

6
7
 

1
 

1
 

1
 

1
 

S
L

A
 

1
5
8
 

5
7
 

8
0

5
2
 

4
9

4
5
 

1
 

4
 

1
 

6
7

 
L

D
M

C
 

8
 

7
1
 

1
4
1

0
1
 

5
0

4
2
 

0
 

2
 

0
 

3
8

 
R

o
o

t:S
h
o

o
t 

6
5
 

4
8
 

5
8

9
8
 

3
4

9
5
 

1
 

4
 

2
 

8
4

 
R

o
o

t B
io

m
ass 

4
5
 

1
0
0
 

7
8

0
1
 

3
9

5
3
 

2
 

8
 

3
 

8
1

 
R

o
sette B

io
m

ass 
5
7
 

4
5
 

7
5

4
5
 

6
7

5
9
 

1
 

3
 

1
 

5
8

 
F

lo
w

erin
g
 

4
8
 

8
1
 

5
3

5
0
 

2
9

7
8
 

0
 

1
 

0
 

1
 

E
xudates 

 
 

 
 

 
 

 
 

G
lu

co
p
y

ran
o

se 
2
2
 

8
7
 

1
2
2

0
9
 

3
6

0
5
 

0
 

1
 

0
 

6
6

 
G

lu
co

se 
1

3
7
 

1
2
9
 

7
1

7
5
 

4
7

6
5
 

0
 

5
 

0
 

6
5

 
M

y
o

in
o

sito
l 

1
0
7
 

1
1
0
 

8
0

4
1
 

3
6

9
0
 

0
 

8
 

0
 

7
3

 
R

ib
o
se 

6
0
 

1
0
3
 

9
2

2
5
 

4
9

4
1
 

4
 

4
 

6
 

5
3

 
S

u
cro

se 
1

1
4
 

1
2
3
 

6
6

8
0
 

3
8

4
2
 

0
 

6
 

0
 

6
4

 
A

lan
in

 
5
1
 

9
5
 

9
0

0
0
 

3
9

4
0
 

0
 

5
 

0
 

7
7

 
P

ro
lin

 
2
6
 

6
0
 

9
0

0
2
 

7
9

1
4
 

0
 

2
 

0
 

4
4

 
V

alin
 

8
2
 

1
6
3
 

6
1

6
0
 

5
5

6
5
 

1
 

7
 

2
 

7
4

 
B

en
zo

ic A
cid

 
1

1
7
 

1
4
0
 

1
3
8

8
1
 

4
6

5
7
 

2
 

4
 

3
 

6
5

 
D

o
d
ecan

o
ic A

cid
 

9
0
 

1
1
8
 

8
1

7
7
 

6
0

2
9
 

0
 

1
0

 
0
 

7
7

 
T

etrad
ecan

o
ic A

cid
 

1
3
0
 

4
9
 

7
9

4
2
 

6
1

0
5
 

2
 

6
 

5
 

6
2

 
H

ex
ad

ecan
o
ic A

cid
 

7
5
 

2
8
 

1
2
6

1
6
 

6
1

1
6
 

2
 

6
 

4
 

6
1

 
O

ctad
ecan

o
ic A

cid
 

6
5
 

1
1
 

5
2

7
9
 

4
9

2
0
 

2
 

5
 

4
 

6
1

 
P

ro
p
io

n
ic A

cid
 

7
2
 

3
8
 

8
8

1
0
 

4
6

7
0
 

3
 

5
 

6
 

6
0

 
S

u
ccin

ic A
cid

 
1

6
5
 

7
0
 

5
6

5
7
 

4
3

1
6
 

1
 

5
 

2
 

6
4

 
M

icroorganism
s 

 
 

 
 

 
 

 
 

A
cid

o
b
acteria;A

cid
o

b
acteriia;S

o
lib

acterales;S
o
lib

acteraceae_
(S

u
b
g

ro
u

p
_
3

);C
an

d
id

atu
s_

S
o

lib
acter 

2
1
5
 

1
1
6
 

5
6

6
3
 

4
6

7
4
 

7
 

3
 

3
0
 

5
2

 
A

cid
o

b
acteria;A

cid
o

b
acteriia;S

o
lib

acterales;S
o
lib

acteraceae_
(S

u
b
g

ro
u
p

_
3

);P
A

U
C

2
6
f 

1
4
3
 

9
4
 

6
2

6
1
 

3
6

5
9
 

0
 

5
 

0
 

7
3

 
A

cid
o

b
acteria;B

lasto
catellia_

(S
u
b

g
ro

u
p
_

4
);B

lasto
catellales;B

lasto
catellaceae;A

rid
ib

acter 
8
9
 

1
3
1
 

4
9

2
3
 

4
8

3
0
 

1
 

2
 

1
 

6
5

 
A

cid
o

b
acteria;B

lasto
catellia_

(S
u
b

g
ro

u
p
_

4
);B

lasto
catellales;B

lasto
catellaceae;B

lasto
catella 

1
2
4
 

8
4
 

4
7

7
2
 

4
6

4
8
 

1
 

7
 

2
 

8
2
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V
ariable 

B
etw

eenness 
Strength 

D
egree 

C
loseness 

 
C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought 

A
cid

o
b
acteria;B

lasto
catellia_

(S
u
b

g
ro

u
p
_

4
);B

lasto
catellales;B

lasto
catellaceae;JG

I_
0
0
0

1
0
0

1
-H

0
3
 

1
8

 
5
2
 

6
6

4
0
 

6
0

3
9
 

0
 

1
 

0
 

1
 

A
cid

o
b
acteria;S

u
b

g
ro

u
p
_

6
;U

n
k

n
o
w

n
_

O
rd

er;U
n
k
n

o
w

n
_
F

am
ily

;L
u
teitalea 

4
 

1
5
0
 

5
5

8
5
 

6
6

3
6
 

0
 

0
 

0
 

0
 

A
cid

o
b
acteria;S

u
b

g
ro

u
p
_
6
;U

n
k

n
o
w

n
_
O

rd
er;U

n
k

n
o
w

n
_

F
am

ily
;V

icin
am

ib
acter 

2
9
3
 

1
8
2
 

7
8

2
5
 

3
9

3
1
 

0
 

8
 

0
 

8
1
 

A
cid

o
b
acteria;T

h
erm

o
an

aero
b
acu

lia;T
h

erm
o
an

aero
b
acu

lales;T
h
erm

o
an

aero
b

acu
laceae;S

u
b
g

ro
u
p

_
1

0
 

1
2
3
 

2
0
7
 

4
5

1
9
 

4
2

5
7
 

3
 

8
 

2
8
 

9
4
 

A
cid

o
b
acterio

ta;B
lasto

catellia;B
lasto

catellales;B
lasto

catellaceae;JG
I 0

0
0

1
0
0
1
-H

0
3
 

3
5
1
 

1
4
4
 

3
3

5
2
 

4
6

4
7
 

1
4
 

1
1
 

3
8
 

9
8
 

A
cid

o
b
acterio

ta;B
lasto

catellia;B
lasto

catellales;B
lasto

catellaceae;S
ten

o
tro

p
h

o
b
acter 

2
2
0
 

1
6
6
 

4
4

6
8
 

3
3

2
1
 

1
3
 

7
 

3
7
 

9
4
 

A
cid

o
b
acterio

ta;V
icin

am
ib

acteria;V
icin

am
ib

acterales;V
icin

am
ib

acteraceae;L
u
teitalea 

1
2
2
 

8
2
 

6
8

7
8
 

4
2

8
6
 

0
 

5
 

0
 

7
7
 

A
ctin

o
b
acteria;A

cid
im

icro
b
iia;M

icro
trich

ales;Iam
iaceae;Iam

ia 
5
1

 
2

2
1
 

5
1

8
8
 

3
7

7
4
 

0
 

6
 

0
 

8
5
 

A
ctin

o
b
acteria;A

cid
im

icro
b
iia;M

icro
trich

ales;Ilu
m

ato
b
acteraceae;C

L
5

0
0
-2

9
_

m
arin

e_
g

ro
u

p
 

2
8

 
9
3
 

1
0
7

4
1
 

4
5

9
5
 

0
 

3
 

0
 

8
0
 

A
ctin

o
b
acteria;A

cid
im

icro
b
iia;M

icro
trich

ales;Ilu
m

ato
b
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m

ato
b

acter 
8
7

 
5
9
 

7
5

3
3
 

4
5

9
5
 

0
 

1
 

0
 

6
1
 

A
ctin

o
b
acteria;A

cid
im

icro
b
iia;M

icro
trich

ales;M
icro

trich
aceae;S

v
a0

9
9
6
_

m
arin

e_
g
ro

u
p
 

2
0

 
1
6
 

6
1

5
8
 

6
1

7
3
 

0
 

0
 

0
 

0
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;C

o
ry

n
eb

acteriales;M
y
co

b
acteriaceae;M

y
co

b
acteriu

m
 

2
7
9
 

1
3
1
 

3
7

3
4
 

5
3

7
4
 

2
 

7
 

2
6
 

9
4
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;C

o
ry

n
eb

acteriales;N
o
card

iaceae;N
o

card
ia 

8
0

 
4
0
 

8
6

2
6
 

6
4

9
7
 

0
 

0
 

0
 

0
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;C

o
ry

n
eb

acteriales;N
o
card

iaceae;R
h

o
d
o
co

ccu
s 

9
 

5
3
 

1
0
7

3
6
 

5
2

0
4
 

0
 

5
 

0
 

7
3
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;F

ran
k
iales;A

cid
o

th
erm

aceae;A
cid

o
th

erm
u

s 
8
6

 
6
0
 

4
7

8
9
 

1
0
8

3
1
 

0
 

0
 

0
 

0
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;F

ran
k
iales;G

eo
d
erm

ato
p
h

ilaceae;B
lasto

co
ccu

s 
1

1
0
 

1
0
0
 

7
0

9
4
 

4
0

6
4
 

2
 

1
 

3
 

4
7
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;F

ran
k
iales;G

eo
d
erm

ato
p
h

ilaceae;G
eo

d
erm

ato
p
h
ilu

s 
1

0
3
 

4
3
 

8
5

3
6
 

5
2

2
2
 

1
 

4
 

2
 

6
7
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;F

ran
k
iales;G

eo
d
erm

ato
p
h

ilaceae;M
o

d
esto

b
acter 

2
3
9
 

1
4
9
 

5
6

2
6
 

3
5

8
8
 

3
 

4
 

2
6
 

7
3
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;F

ran
k
iales;N

ak
am

u
rellaceae;N

ak
am

u
rella 

8
1

 
7
7
 

6
1

6
2
 

5
0

0
1
 

0
 

1
 

0
 

6
7
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;F

ran
k
iales;S

p
o
rich

th
y
aceae;S

p
o

rich
th

y
a 

4
7

 
6
0
 

7
5

2
0
 

5
2

7
4
 

0
 

0
 

0
 

0
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;K

in
eo

sp
o
riales;K

in
eo

sp
o

riaceae;K
in

eo
sp

o
ria 

5
3

 
6
7
 

1
0
5

6
9
 

4
0

5
3
 

0
 

1
 

0
 

1
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;K

in
eo

sp
o
riales;K

in
eo

sp
o
riaceae;Q

u
ad

risp
h

aera 
1

2
6
 

1
0
4
 

9
6

4
6
 

5
0

1
4
 

1
 

7
 

1
8
 

8
9
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;B
o
g
o

riellaceae;G
eo

rg
en

ia 
2
6

 
1

0
5
 

6
4

9
6
 

5
0

0
2
 

0
 

2
 

0
 

5
4
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;C
ellu

lo
m

o
n
ad

aceae;A
ctin

o
talea 

6
6

 
2
6
 

4
5

4
0
 

5
2

9
5
 

2
 

2
 

1
3
 

5
9
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;C
ellu

lo
m

o
n
ad

aceae;C
ellu

lo
m

o
n

as 
1

6
8
 

7
9
 

7
2

1
5
 

3
8

0
5
 

0
 

0
 

0
 

0
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;In
trasp

o
ran

g
iaceae;Jan

ib
acter 

1
7
3
 

1
5
5
 

1
0
5

7
9
 

5
7

6
3
 

0
 

5
 

0
 

7
9
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;In
trasp

o
ran

g
iaceae;K

n
o
ellia 

9
2

 
1

0
5
 

4
9

8
7
 

4
3

5
0
 

0
 

4
 

0
 

6
8
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;In
trasp

o
ran

g
iaceae;L

ap
illico

ccu
s 

1
1
9
 

1
3
9
 

6
8

9
4
 

4
5

0
9
 

1
 

3
 

1
7
 

6
8
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;In
trasp

o
ran

g
iaceae;O

rn
ith

in
im

icro
b

iu
m

 
1

1
7
 

1
7
0
 

5
5

9
6
 

4
1

1
0
 

2
 

1
 

1
6
 

4
2
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;In
trasp

o
ran

g
iaceae;P

h
y
cico

ccu
s 

2
5
2
 

2
3
8
 

7
3

9
6
 

3
5

6
5
 

2
 

7
 

2
4
 

8
4
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;M
icro

b
acteriaceae;L

eifso
n
ia 

1
1
0
 

2
0
8
 

1
0
9

3
8
 

4
9

2
3
 

1
 

1
 

1
3
 

6
5
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;M
icro

b
acteriaceae;L

y
sin

im
o

n
as 

6
1

 
1

2
8
 

7
6

9
8
 

3
7

3
1
 

0
 

1
 

0
 

6
0
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;M
icro

b
acteriaceae;Y

o
n

g
h

ap
ark

ia 
5
1

 
7
8
 

1
0
8

2
1
 

3
8

6
0
 

0
 

0
 

0
 

0
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;M
icro

co
ccaceae;A

rth
ro

b
acter 

1
5
0
 

1
2
0
 

3
6

3
1
 

4
6

3
6
 

6
 

2
 

3
0
 

6
6
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;M
icro

co
ccaceae;K

o
cu

ria 
2
9

 
3
9
 

8
7

3
8
 

4
3

0
9
 

0
 

2
 

0
 

7
5
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;M
icro

co
ccaceae;P

seu
d
arth

ro
b
acter 

1
2
9
 

1
4
8
 

7
1

1
7
 

5
0

6
2
 

2
 

1
 

2
5
 

1
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V
ariable 

B
etw

eenness 
Strength 

D
egree 

C
loseness 

 
C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
co

ccales;P
ro

m
icro

m
o
n
o
sp

o
raceae;P

ro
m

icro
m

o
n

o
sp

o
ra 

3
4

 
1

2
3
 

6
9

2
4
 

3
8

9
1
 

0
 

3
 

0
 

7
6
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;M

icro
m

o
n
o
sp

o
rales;M

icro
m

o
n
o
sp

o
raceae;A

ctin
o

p
lan

es 
1

0
1
 

5
7
 

3
5

2
8
 

5
9

1
1
 

2
 

1
 

3
 

1
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;P

ro
p
io

n
ib

acteriales;N
o
card

io
id

aceae;A
ero

m
icro

b
iu

m
 

1
1
0
 

1
2
1
 

5
0

4
2
 

3
4

6
9
 

1
 

3
 

2
3
 

6
6
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;P

ro
p
io

n
ib

acteriales;N
o
card

io
id

aceae;K
rib

b
ella 

5
6

 
2

2
9
 

6
6

6
7
 

4
4

0
6
 

0
 

3
 

0
 

7
2
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;P

ro
p
io

n
ib

acteriales;N
o
card

io
id

aceae;M
arm

o
rico

la 
5
3

 
4
6
 

7
1

0
6
 

4
5

3
7
 

0
 

3
 

0
 

7
9
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;P

ro
p
io

n
ib

acteriales;N
o
card

io
id

aceae;N
o
card

io
id

es 
5
7

 
7
8
 

6
6

9
4
 

5
8

5
2
 

1
 

3
 

1
9
 

6
2
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;P

seu
d
o

n
o
card

iales;P
seu

d
o
n
o

card
iaceae;A

ctin
o

k
in

eo
sp

o
ra 

2
8
3
 

3
1
7
 

7
2

0
0
 

4
0

9
5
 

0
 

8
 

0
 

9
5
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;P

seu
d
o

n
o
card

iales;P
seu

d
o
n
o

card
iaceae;A

ctin
o

p
h
y
to

co
la 

1
0
3
 

1
4
7
 

5
7

6
7
 

3
3

6
1
 

0
 

1
0
 

0
 

1
0
4
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;P

seu
d
o

n
o
card

iales;P
seu

d
o
n
o

card
iaceae;A

llo
actin

o
sy

n
n
em

a 
7
8

 
1

0
1
 

9
4

0
8
 

4
3

9
7
 

1
 

0
 

1
 

0
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;P

seu
d
o

n
o
card

iales;P
seu

d
o
n
o

card
iaceae;A

m
y

co
lato

p
sis 

7
2

 
5
0
 

7
0

0
4
 

4
1

8
4
 

0
 

1
 

0
 

5
3
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;P

seu
d
o

n
o
card

iales;P
seu

d
o
n
o

card
iaceae;L

ech
ev

alieria 
5

1
3
 

2
2
8
 

5
1

7
4
 

5
0

1
6
 

1
0
 

1
2
 

3
4
 

1
0
8
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;P

seu
d
o

n
o
card

iales;P
seu

d
o
n
o

card
iaceae;P

seu
d

o
n
o
card

ia 
4
8

 
1

4
4
 

7
1

5
1
 

6
6

5
1
 

0
 

0
 

0
 

0
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;S

trep
to

m
y

cetales;S
trep

to
m

y
cetaceae;S

trep
to

m
y
ces 

6
7

 
4
9
 

4
4

0
7
 

4
9

8
5
 

0
 

1
 

0
 

6
0
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;S

trep
to

sp
o
ran

g
iales;N

o
card

io
p
saceae;N

o
card

io
p
sis 

1
8

2
.5

 
6
6
 

6
5

2
2
 

3
7

5
5
 

0
 

0
 

0
 

0
 

A
ctin

o
b
acteria;A

ctin
o
b
acteria;S

trep
to

sp
o
ran

g
iales;T

h
erm

o
m

o
n

o
sp

o
raceae;A

ctin
o
m

ad
u
ra 

5
0

 
6
7
 

1
5
0

5
0
 

4
6

4
8
 

0
 

1
 

0
 

4
2
 

A
ctin

o
b
acteria;N

itriliru
p
to

ria;E
u
zeb

y
ales;E

u
zeb

y
aceae;E

u
zeb

y
a 

6
0

 
3
2
 

1
2
2

8
0
 

4
4

0
4
 

0
 

1
 

0
 

5
4
 

A
ctin

o
b
acteria;T

h
erm

o
leo

p
h

ilia;G
aiellales;G

aiellaceae;G
aiella 

6
7

 
1

7
3
 

9
7

4
2
 

3
1

6
5
 

0
 

5
 

0
 

7
7
 

A
ctin

o
b
acteria;T

h
erm

o
leo

p
h

ilia;S
o
liru

b
ro

b
acterales;S

o
liru

b
ro

b
acteraceae;C

o
n

ex
ib

acter 
1

4
3
 

6
6
 

9
4

3
7
 

4
0

1
6
 

0
 

4
 

0
 

6
9
 

A
ctin

o
b
acteria;T

h
erm

o
leo

p
h

ilia;S
o

liru
b
ro

b
acterales;S

o
liru

b
ro

b
acteraceae;P

arv
iterrib

acter 
1

5
2
 

1
9
2
 

1
0
6

1
7
 

3
4

0
3
 

0
 

4
 

0
 

8
4
 

A
ctin

o
b
acteria;T

h
erm

o
leo

p
h

ilia;S
o

liru
b
ro

b
acterales;S

o
liru

b
ro

b
acteraceae;S

o
liru

b
ro

b
acter 

8
0

 
3
1
 

7
8

0
0
 

7
2

9
7
 

0
 

0
 

0
 

0
 

A
ctin

o
b
acterio

ta;T
h
erm

o
leo

p
h
ilia;G

aiellales;G
aiellaceae;G

aiella 
5
9

 
4
2
 

1
1
2

6
7
 

8
3

0
7
 

0
 

0
 

0
 

0
 

A
ctin

o
b
acterio

ta;T
h
erm

o
leo

p
h
ilia;S

o
liru

b
ro

b
acterales;S

o
liru

b
ro

b
acteraceae;C

o
n
ex

ib
acter 

7
6

 
8
1
 

5
1

5
6
 

3
4

3
1
 

0
 

3
 

0
 

6
2
 

A
rm

atim
o
n

ad
etes;A

rm
atim

o
n
ad

ia;A
rm

atim
o
n
ad

ales;A
rm

atim
o

n
ad

aceae;A
rm

atim
o
n
as 

9
9

 
3
7
 

5
6

8
3
 

4
0

5
3
 

0
 

0
 

0
 

0
 

A
sco

m
y
co

ta;D
o
th

id
eo

m
y
cetes;C

ap
n

o
d
iales;C

lad
o
sp

o
riaceae;C

lad
o
sp

o
riu

m
 

5
7

 
6
7
 

6
0

6
7
 

4
9

5
5
 

0
 

0
 

0
 

0
 

A
sco

m
y
co

ta;D
o
th

id
eo

m
y
cetes;C

ap
n

o
d
iales;M

y
co

sp
h
aerellaceae;A

cro
d
o
n

tiu
m

 
2
9

 
5
 

8
1

8
8
 

2
6

3
8
 

0
 

0
 

0
 

0
 

A
sco

m
y
co

ta;D
o
th

id
eo

m
y
cetes;C

ap
n
o
d
iales;M

y
co

sp
h
aerellaceae;M

y
co

sp
h
aerella 

5
6

 
9
6
 

2
8

4
3
 

6
4

3
6
 

1
 

1
 

2
 

5
8
 

A
sco

m
y
co

ta;D
o
th

id
eo

m
y
cetes;P

leo
sp

o
rales;D

id
y

m
o
sp

h
aeriaceae;P

seu
d

o
p
ith

o
m

y
ces 

7
 

6
4
 

3
0

7
7
 

2
1

4
7
 

0
 

1
 

0
 

6
3
 

A
sco

m
y
co

ta;D
o
th

id
eo

m
y
cetes;P

leo
sp

o
rales;P

leo
sp

o
raceae;A

ltern
aria 

6
0

 
6
6
 

9
9

4
2
 

4
9

5
5
 

0
 

1
 

0
 

4
5
 

A
sco

m
y
co

ta;D
o
th

id
eo

m
y
cetes;P

leo
sp

o
rales;P

leo
sp

o
raceae;S

tem
p

h
y
liu

m
 

2
1

 
1
 

2
8

0
4
 

2
9

6
9
 

0
 

0
 

0
 

0
 

A
sco

m
y
co

ta;E
u
ro

tio
m

y
cetes;E

u
ro

tiales;A
sp

erg
illaceae;A

sp
erg

illu
s 

2
4
2
 

7
5
 

1
1
9

7
7
 

5
2

9
5
 

0
 

0
 

0
 

0
 

A
sco

m
y
co

ta;E
u
ro

tio
m

y
cetes;E

u
ro

tiales;A
sp

erg
illaceae;P

en
icilliu

m
 

1
2
6
 

1
3
0
 

6
6

1
9
 

5
3

0
7
 

2
 

2
 

3
 

4
7
 

A
sco

m
y
co

ta;E
u
ro

tio
m

y
cetes;E

u
ro

tiales;T
rich

o
co

m
aceae;T

alaro
m

y
ces 

5
4

 
8
4
 

6
7

3
4
 

6
1

5
7
 

0
 

0
 

0
 

0
 

A
sco

m
y
co

ta;E
u
ro

tio
m

y
cetes;O

n
y
g
en

ales;O
n
y
g
en

ales_
fam

_
In

certae_
sed

is;C
h
ry

so
sp

o
riu

m
 

8
1

 
7
6
 

5
8

1
0
 

4
8

8
7
 

2
 

5
 

3
 

5
0
 

A
sco

m
y
co

ta;L
eo

tio
m

y
cetes;E

ry
sip

h
ales;E

ry
sip

h
aceae;E

ry
sip

h
e 

4
4

 
2
4
 

8
8

7
9
 

6
4

3
2
 

0
 

0
 

0
 

0
 

A
sco

m
y
co

ta;L
eo

tio
m

y
cetes;H

elo
tiales;H

elo
tiaceae;M

elin
io

m
y
ces 

7
2

 
6
9
 

7
7

1
5
 

5
6

2
1
 

0
 

2
 

0
 

6
5
 

A
sco

m
y
co

ta;L
eo

tio
m

y
cetes;H

elo
tiales;H

elo
tiaceae;S

cy
talid

iu
m

 
1

4
4
 

1
3
6
 

8
9

0
8
 

6
0

0
2
 

0
 

1
 

0
 

4
5
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V
ariable 

B
etw

eenness 
Strength 

D
egree 

C
loseness 

 
C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought 

A
sco

m
y
co

ta;L
eo

tio
m

y
cetes;H

elo
tiales;H

elo
tiales_

fam
_

In
certae_

sed
is;L

ep
to

d
o

n
tid

iu
m

 
7

1
.5

 
4
8
 

1
0
7

5
8
 

5
1

1
7
 

1
 

1
 

2
 

1
 

A
sco

m
y
co

ta;L
eo

tio
m

y
cetes;H

elo
tiales;M

y
x
o
trich

aceae;O
id

io
d

en
d

ro
n
 

4
7

 
5
2
 

7
2

9
6
 

5
3

6
2
 

0
 

2
 

0
 

6
0
 

A
sco

m
y
co

ta;L
eo

tio
m

y
cetes;T

h
eleb

o
lales;P

seu
d
eu

ro
tiaceae;G

eo
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h
aera 

7
4
 

1
1
4
 

7
2
3

5
 

4
8
9

4
 

0
 

2
 

0
 

7
0

 
P

lan
cto

m
y
cetes;P

lan
cto

m
y
cetacia;P

irellu
lales;P

irellu
laceae;B

lasto
p

irellu
la 

1
4
9
 

1
3
2
 

6
8
0

7
 

4
9
2

4
 

0
 

1
 

0
 

6
6

 
P

lan
cto

m
y
cetes;P

lan
cto

m
y
cetacia;P

irellu
lales;P

irellu
laceae;P

ir4
_

lin
eag

e 
1

6
9
 

7
8
 

4
1
6

9
 

4
7
7

2
 

0
 

1
 

0
 

3
0

 
P

lan
cto

m
y
cetes;P

lan
cto

m
y
cetacia;P

irellu
lales;P

irellu
laceae;P

irellu
la 

1
7
0
 

1
8
0
 

7
1
0

6
 

5
3
5

6
 

0
 

2
 

0
 

7
2

 
P

lan
cto

m
y
cetes;P

lan
cto

m
y
cetacia;P

lan
cto

m
y
cetales;R

u
b

in
isp

h
aeraceae;P

lan
cto

m
icro

b
iu

m
 

1
4
6
 

1
7
4
 

4
2
3

5
 

4
5
3

8
 

0
 

2
 

0
 

4
6
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V
ariable 

B
etw

eenness 
Strength 

D
egree 

C
loseness 

 
C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought 

P
lan

cto
m

y
cetes;P

lan
cto

m
y
cetacia;P

lan
cto

m
y
cetales;R

u
b

in
isp

h
aeraceae;S

H
-P

L
1

4
 

5
8
 

1
3
3
 

6
0
5

6
 

3
7

0
8
 

0
 

7
 

0
 

8
4

 
P

lan
cto

m
y
ceto

ta;P
lan

cto
m

y
cetes;G

em
m

atales;G
em

m
ataceae;F

im
b
riig

lo
b
u

s 
1

2
3
 

8
1
 

5
0
6

7
 

4
5

5
5
 

0
 

5
 

0
 

8
3

 
P

lan
cto

m
y
ceto

ta;P
lan

cto
m

y
cetes;G

em
m

atales;G
em

m
ataceae;Z

av
arzin

ella 
5
2
 

1
4
0
 

9
7
9

5
 

5
4

2
9
 

0
 

1
 

0
 

5
0

 
P

lan
cto

m
y
ceto

ta;P
lan

cto
m

y
cetes;P

irellu
lales;P

irellu
laceae;P

ir4
 lin

eag
e 

5
8
 

6
7
 

7
6
8

4
 

6
4

8
1
 

0
 

1
 

0
 

1
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;A

ceto
b
acterales;A

ceto
b
acteraceae;R

o
seo

m
o

n
as 

2
5
2
 

1
1
1
 

7
4
3

7
 

3
2

2
7
 

3
 

3
 

2
7
 

7
1

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;A

ceto
b
acterales;A

ceto
b
acterales_

In
certae_

S
ed

is;Z
av

arzin
ia 

1
2
3
 

1
7
3
 

4
2
9

0
 

3
2

8
9
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;A

zo
sp

irillales;A
zo

sp
irillaceae;A

zo
sp

irillu
m

 
5
9
 

9
3
 

6
7
6

9
 

3
8

6
1
 

0
 

1
 

0
 

5
9

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;A

zo
sp

irillales;A
zo

sp
irillaceae;S

k
erm

an
ella 

1
2
5
 

7
7
 

9
2
4

8
 

3
3

1
1
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;A

zo
sp

irillales;A
zo

sp
irillales_

In
certae_

S
ed

is;S
tella 

4
1
3
 

1
3
0
 

3
7
2

7
 

3
7

7
7
 

5
 

5
 

2
8
 

8
4

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;C

au
lo

b
acterales;C

au
lo

b
acteraceae;B

rev
u

n
d
im

o
n
as 

1
0
9
 

1
8
7
 

3
8
1

2
 

5
6

3
5
 

0
 

5
 

0
 

6
7

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;C

au
lo

b
acterales;C

au
lo

b
acteraceae;C

au
lo

b
acter 

1
6
3
 

2
3
4
 

4
9
0

3
 

4
1

7
0
 

0
 

3
 

0
 

8
0

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;C

au
lo

b
acterales;C

au
lo

b
acteraceae;P

h
en

y
lo

b
acteriu

m
 

5
8
 

1
2
6
 

1
1
2

5
6
 

3
6

6
7
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;C

au
lo

b
acterales;H

y
p
h
o
m

o
n

ad
aceae;H

irsch
ia 

6
1
 

1
4
8
 

6
6
2

9
 

3
8

6
3
 

1
 

5
 

1
 

7
6

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;C

au
lo

b
acterales;H

y
p
h
o
m

o
n

ad
aceae;S

W
B

0
2
 

1
5
1
 

1
1
6
 

5
1
9

9
 

4
2

4
6
 

0
 

5
 

0
 

7
7

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;D

o
n
g
iales;D

o
n
g
iaceae;D

o
n

g
ia 

3
0
1
 

1
4
0
 

3
6
3

9
 

4
4

2
1
 

9
 

7
 

3
5
 

9
1

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;M

icro
p

ep
sales;M

icro
p
ep

saceae;M
icro

p
ep

sis 
1

7
9
 

2
3
6
 

6
9
3

5
 

6
7

0
1
 

4
 

5
 

2
7
 

7
8

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

ey
ran

ellales;R
ey

ran
ellaceae;R

ey
ran

ella 
6
1
 

1
7
0
 

6
2
5

3
 

4
4

6
5
 

0
 

5
 

0
 

8
8

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;B

eijerin
ck

iaceae;alp
h

aI_
clu

ster 
9
3
 

8
9
 

4
6
2

7
 

4
7

2
7
 

1
 

2
 

1
 

6
8

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;B

eijerin
ck

iaceae;B
o
sea 

1
6
5
 

6
2
 

7
7
1

8
 

4
6

6
3
 

0
 

4
 

0
 

7
4

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;B

eijerin
ck

iaceae;C
h
elato

co
ccu

s 
6
5
 

5
4
 

5
3
5

4
 

4
7

6
4
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;B

eijerin
ck

iaceae;M
eth

y
lo

b
acteriu

m
 

5
3
 

6
3
 

5
0
4

7
 

6
0

0
7
 

0
 

1
 

0
 

1
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;B

eijerin
ck

iaceae;M
icro

v
irg

a 
4

9
0
 

7
3
 

4
3
5

0
 

3
4

1
3
 

0
 

4
 

0
 

8
4

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;B

eijerin
ck

iaceae;N
eo

-b
1
1
 

1
4
3
 

2
0
8
 

6
9
7

8
 

3
4

0
4
 

0
 

8
 

0
 

9
4

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;B

eijerin
ck

iaceae;P
sy

ch
ro

g
lacieco

la 
6
6
 

4
5
4
 

4
4
3

3
 

4
0

3
3
 

1
 

1
4

 
1
 

1
1
0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;D

ev
o
siaceae;A

rsen
icitalea 

8
6
 

1
3
2
 

5
8
1

6
 

3
5

4
8
 

0
 

3
 

0
 

7
8

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;D

ev
o
siaceae;D

ev
o

sia 
9
5
 

1
1
0
 

7
7
9

8
 

3
8

6
2
 

0
 

1
 

0
 

2
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;D

ev
o
siaceae;M

aritalea 
1

8
1
 

1
2
7
 

6
9
7

0
 

4
1

3
2
 

2
 

1
0

 
2

5
 

9
4

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;D

ev
o
siaceae;P

elag
ib

acteriu
m

 
1

0
6
 

7
7
 

5
1
6

2
 

6
0

1
8
 

0
 

4
 

0
 

7
1

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;H

y
p
h
o
m

icro
b

iaceae;H
y

p
h

o
m

icro
b
iu

m
 

1
3
9
 

1
3
4
 

8
4
0

9
 

4
9

9
7
 

1
 

2
 

1
 

6
9

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;H

y
p
h
o
m

icro
b

iaceae;P
ed

o
m

icro
b
iu

m
 

2
1
6
 

9
1
 

7
7
9

3
 

4
7

7
9
 

1
 

0
 

1
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;P

leo
m

o
rp

h
o
m

o
n
ad

aceae;C
h

th
o

n
o

b
acter 

1
3
7
 

1
3
6
 

6
3
2

5
 

5
3

5
9
 

1
 

0
 

4
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;P

leo
m

o
rp

h
o
m

o
n
ad

aceae;P
ro

sth
eco

m
icro

b
iu

m
 

1
1
7
 

5
5
 

1
3
8

2
9
 

5
6

3
1
 

2
 

1
 

5
 

1
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iaceae;A

liih
o
eflea 

1
6
 

8
6
 

9
5
2

7
 

5
5

9
4
 

1
 

1
 

1
 

1
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iaceae;A

llo
rh

izo
b
iu

m
-N

eo
rh

izo
b

iu
m

-
P

ararh
izo

b
iu

m
-R

h
izo

b
iu

m
 

9
5
 

6
8
 

6
8
4

3
 

5
0

3
7
 

0
 

0
 

0
 

0
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V
ariable 

B
etw

eenness 
Strength 

D
egree 

C
loseness 

 
C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iaceae;A

m
in

o
b
acter 

1
8
8
 

6
5
 

7
6
6

4
 

5
0

7
8
 

1
 

5
 

1
7
 

9
0

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iaceae;A

u
ran

tim
o
n

as 
2
6
 

9
2
 

5
8
6

0
 

7
0

2
7
 

0
 

3
 

0
 

6
1

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iaceae;A

u
reim

o
n
as 

4
5
 

9
4
 

9
1
2

8
 

5
6

3
1
 

0
 

2
 

0
 

5
2

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iaceae;B

ru
cella 

1
8
0
 

7
8
 

4
8
5

1
 

5
5

0
7
 

0
 

4
 

0
 

7
5

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iaceae;E

n
sifer 

1
0
3
 

8
0
 

5
6
2

8
 

5
6

5
9
 

0
 

1
 

0
 

5
1

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iaceae;M

eso
rh

izo
b
iu

m
 

1
2
7
 

8
8
 

5
1
6

0
 

5
3

3
0
 

1
 

0
 

1
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iaceae;N

eo
rh

izo
b
iu

m
 

7
9
 

1
2
0
 

8
4
2

1
 

5
3

8
8
 

0
 

3
 

0
 

5
6

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iaceae;N

itratired
u
cto

r 
3

3
1
 

2
3
0
 

2
7
9

7
 

3
5

2
4
 

1
0
 

7
 

3
4
 

8
7

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iaceae;P

seu
d
am

in
o

b
acter 

4
1
4
 

8
1

.5
 

5
3
7

5
 

5
1

3
1
 

0
 

3
 

0
 

6
2

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iaceae;S

h
in

ella 
5
8
 

7
6
 

1
0
0

8
3
 

5
1

3
9
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iales_

In
certae_

S
ed

is;A
lso

b
acter 

3
3
9
 

7
7
 

4
2
2

9
 

6
0

1
6
 

3
 

3
 

2
3
 

7
2

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iales_

In
certae_

S
ed

is;B
au

ld
ia 

8
3
 

1
6
0
 

1
1
8

2
7
 

5
2

9
5
 

0
 

3
 

0
 

6
2

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iales_

In
certae_

S
ed

is;N
o
rd

ella 
7
0
 

1
5
5
 

5
7
2

0
 

3
8

8
3
 

0
 

2
 

0
 

7
1

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;R

h
izo

b
iales_

In
certae_

S
ed

is;P
h
reato

b
acter 

1
7
5
 

1
6
6
 

6
2
8

0
 

3
9

2
1
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;X

an
th

o
b
acteraceae;A

fip
ia 

5
6
 

7
6
 

4
3
8

4
 

4
3

2
2
 

0
 

2
 

0
 

7
3

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;X

an
th

o
b
acteraceae;B

rad
y

rh
izo

b
iu

m
 

3
7
 

3
8
 

8
5
5

9
 

7
7

6
2
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;X

an
th

o
b
acteraceae;P

seu
d

o
lab

ry
s 

1
9
7
 

1
6
2
 

5
4
4

4
 

4
0

0
4
 

0
 

6
 

0
 

7
6

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;X

an
th

o
b
acteraceae;P

seu
d

o
rh

o
d
o

p
lan

es 
3
0
 

1
3
0
 

4
5
1

9
 

4
8

7
0
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;X

an
th

o
b
acteraceae;P

seu
d

o
x

an
th

o
b

acter 
1
7
 

9
6
 

9
9
4

8
 

4
2

2
1
 

1
 

3
 

1
 

8
1

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;X

an
th

o
b
acteraceae;R

h
o
d

o
p
lan

es 
1

6
9
 

4
1
 

3
7
8

6
 

6
3

4
3
 

0
 

3
 

0
 

5
3

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
izo

b
iales;X

an
th

o
b
acteraceae;R

h
o
d

o
p
seu

d
o
m

o
n
as 

1
0
0
 

9
7
 

7
3
8

4
 

6
8

4
4
 

0
 

3
 

0
 

4
4

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
o
d

o
b
acterales;R

h
o

d
o
b
acteraceae;A

m
arico

ccu
s 

1
9
7
 

1
1
7
 

5
5
5

6
 

5
0

5
5
 

0
 

6
 

0
 

8
6

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
o
d

o
b
acterales;R

h
o

d
o
b
acteraceae;D

eflu
v

iim
o
n
as 

8
4
 

5
3
 

9
3
7

9
 

4
4

7
3
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
o
d

o
b
acterales;R

h
o

d
o
b
acteraceae;G

em
m

o
b
acter 

6
1
 

8
9
 

7
4
9

9
 

7
8

9
5
 

0
 

1
 

0
 

6
3

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
o
d

o
b
acterales;R

h
o

d
o
b
acteraceae;P

araco
ccu

s 
1

7
1
 

1
0
6
 

4
6
4

5
 

4
9

6
2
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
o
d

o
b
acterales;R

h
o

d
o
b
acteraceae;P

seu
d
o

rh
o
d
o
b

acter 
7
6
 

9
8
 

8
3
2

1
 

7
5

5
6
 

0
 

1
 

0
 

5
7

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
o
d

o
b
acterales;R

h
o

d
o
b
acteraceae;R

h
o

d
o
b
acter 

3
0
3
 

2
1
2
 

5
7
3

0
 

4
3

0
2
 

1
 

7
 

1
 

9
4

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
o
d

o
b
acterales;R

h
o

d
o
b
acteraceae;R

u
b

ellim
icro

b
iu

m
 

1
6
6
 

1
1
0
 

4
1
6

8
 

5
6

1
2
 

1
 

1
 

2
 

4
6

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
o
d

o
b
acterales;R

h
o

d
o
b
acteraceae;T

ab
rizico

la 
3

0
5
 

1
3
2
 

9
2
7

6
 

7
1

5
8
 

2
 

7
 

2
2
 

9
3

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;R

h
o
d

o
sp

irillales;R
h
o
d

o
p
irillaceae;D

eflu
v
iico

ccu
s 

9
3
 

4
3
 

7
0
7

3
 

5
3

8
3
 

0
 

1
 

0
 

5
3

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;S

n
eath

iellales;S
n
eath

iellaceae;F
erro

v
ib

rio
 

1
4
3
 

5
3
 

4
3
0

9
 

4
9

3
1
 

1
 

1
 

1
 

1
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;S

p
h
in

g
o
m

o
n
ad

ales;S
p

h
in

g
o

m
o
n
ad

aceae;A
lterery

th
ro

b
acter 

3
4
3
 

1
1
2
 

4
6
0

1
 

5
3

7
7
 

0
 

4
 

0
 

6
6

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;S

p
h
in

g
o
m

o
n
ad

ales;S
p

h
in

g
o

m
o
n
ad

aceae;E
llin

6
0
5

5
 

8
5
 

1
7
1
 

6
0
1

1
 

4
6

9
1
 

0
 

4
 

0
 

6
2

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;S

p
h
in

g
o
m

o
n
ad

ales;S
p

h
in

g
o

m
o
n
ad

aceae;E
ry

th
ro

b
acter 

5
7
 

1
5
5
 

5
6
6

1
 

5
6

8
6
 

0
 

4
 

0
 

7
6

 
P

ro
teo

b
acteria;A

lp
h
ap

ro
teo

b
acteria;S

p
h
in

g
o
m

o
n
ad

ales;S
p

h
in

g
o

m
o
n
ad

aceae;N
o

v
o

sp
h

in
g
o

b
iu

m
 

1
9
5
 

1
5
7
 

6
3
7

1
 

4
2

3
2
 

0
 

0
 

0
 

0
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V
ariable 

B
etw

eenness 
Strength 

D
egree 

C
loseness 

 
C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;S

p
h
in

g
o
m

o
n
ad

ales;S
p

h
in

g
o

m
o
n
ad

aceae;P
lo

t4
-2

H
1
2
 

6
0

 
6
3
 

9
4

0
5
 

5
2

2
1
 

0
 

1
 

0
 

6
2
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;S

p
h
in

g
o
m

o
n
ad

ales;S
p

h
in

g
o

m
o
n
ad

aceae;P
o
rp

h
y

ro
b
acter 

1
1
6
 

8
9
 

5
5

8
6
 

7
0

9
9
 

1
 

2
 

2
0
 

3
8
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;S

p
h
in

g
o
m

o
n
ad

ales;S
p

h
in

g
o

m
o
n
ad

aceae;Q
ip

en
g
y
u

an
ia 

8
2

 
4
6
 

9
7

5
9
 

5
0

2
4
 

0
 

4
 

0
 

7
3
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;S

p
h
in

g
o
m

o
n
ad

ales;S
p

h
in

g
o

m
o
n
ad

aceae;S
p
h
in

g
o

b
iu

m
 

4
8

 
9
5
 

8
1

4
9
 

4
3

2
8
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;S

p
h
in

g
o
m

o
n
ad

ales;S
p

h
in

g
o

m
o
n
ad

aceae;S
p
h
in

g
o
m

o
n
as 

4
1
1
 

2
5
7
 

3
5

0
5
 

3
2

4
4
 

1
5
 

1
4
 

4
0
 

1
0
6
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;S

p
h
in

g
o
m

o
n
ad

ales;S
p

h
in

g
o

m
o
n
ad

aceae;S
p
h
in

g
o

p
y

x
is 

1
5
9
 

6
4
 

7
5

6
7
 

4
8

6
1
 

3
 

1
 

2
2
 

1
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;T

h
alasso

b
acu

lales;T
h
alasso

b
acu

laceae;T
h
alasso

b
acu

lu
m

 
2
5

 
5
2
 

8
7

5
0
 

3
5

4
2
 

0
 

4
 

0
 

8
0
 

P
ro

teo
b
acteria;A

lp
h
ap

ro
teo

b
acteria;T

istrellales;G
em

in
ico

ccaceae;C
an

d
id

atu
s_

A
ly

sio
sp

h
aera 

2
0
3
 

6
1
 

4
8

4
1
 

3
5

7
1
 

2
 

0
 

2
1
 

0
 

P
ro

teo
b
acteria;D

eltap
ro

teo
b
acteria;B

d
ello

v
ib

rio
n
ales;B

acterio
v

o
racaceae;P

ered
ib

acter 
6
3

 
1

3
0
 

6
1

1
7
 

5
0

9
3
 

0
 

5
 

0
 

7
7
 

P
ro

teo
b
acteria;D

eltap
ro

teo
b
acteria;B

d
ello

v
ib

rio
n
ales;B

d
ello

v
ib

rio
n
aceae;B

d
ello

v
ib

rio
 

4
9

 
5
1
 

8
0

5
2
 

5
1

1
2
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;D

eltap
ro

teo
b
acteria;B

d
ello

v
ib

rio
n
ales;B

d
ello

v
ib

rio
n
aceae;O

M
2
7

_
clad

e 
1

8
8
 

9
2
 

1
6
9

9
3
 

5
3

6
9
 

0
 

1
 

0
 

6
2
 

P
ro

teo
b
acteria;D

eltap
ro

teo
b
acteria;D

esu
lfu

ro
m

o
n
ad

ales;G
eo

b
acteraceae;G

eo
b

acter 
3
0

 
3
9
 

4
5

7
4
 

4
5

9
8
 

0
 

2
 

0
 

5
1
 

P
ro

teo
b
acteria;D

eltap
ro

teo
b
acteria;M

y
x

o
co

ccales;A
rch

an
g
iaceae;A

n
aero

m
y

x
o

b
acter 

5
9

 
4
7
 

4
5

9
3
 

6
4

9
7
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;D

eltap
ro

teo
b
acteria;M

y
x

o
co

ccales;H
alian

g
iaceae;H

alian
g

iu
m

 
1

3
9
 

1
6
4
 

5
0

2
9
 

4
4

2
1
 

0
 

2
 

0
 

6
3
 

P
ro

teo
b
acteria;D

eltap
ro

teo
b
acteria;M

y
x

o
co

ccales;P
h

aselicy
stid

aceae;P
h
aselicy

stis 
3
4

 
1

2
9
 

5
1

2
4
 

4
8

9
0
 

0
 

1
 

0
 

7
0
 

P
ro

teo
b
acteria;D

eltap
ro

teo
b
acteria;M

y
x

o
co

ccales;P
o

ly
an

g
iaceae;Jah

n
ella 

1
3
3
 

1
1
4
 

5
1

6
7
 

6
2

2
4
 

1
 

3
 

1
9
 

7
4
 

P
ro

teo
b
acteria;D

eltap
ro

teo
b
acteria;M

y
x

o
co

ccales;P
o

ly
an

g
iaceae;P

ajaro
ello

b
acter 

8
3

 
1

7
3
 

9
4

2
0
 

3
8

8
3
 

0
 

7
 

0
 

9
0
 

P
ro

teo
b
acteria;D

eltap
ro

teo
b
acteria;M

y
x

o
co

ccales;P
o

ly
an

g
iaceae;S

o
ran

g
iu

m
 

9
0

 
9
6
 

7
7

8
4
 

5
8

1
3
 

0
 

1
 

0
 

7
3
 

P
ro

teo
b
acteria;D

eltap
ro

teo
b
acteria;M

y
x

o
co

ccales;S
an

d
aracin

aceae;S
an

d
aracin

u
s 

6
3

 
1

2
3
 

7
1

0
6
 

7
3

9
4
 

0
 

3
 

0
 

5
3
 

P
ro

teo
b
acteria;D

eltap
ro

teo
b
acteria;O

lig
o

flex
ales;O

lig
o
flex

aceae;O
lig

o
flex

u
s 

4
4

 
6
0
 

6
2

1
6
 

6
7

0
4
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;A
q

u
ab

acteriu
m

 
1

1
4
 

1
3
3
 

5
1

4
9
 

4
6

3
1
 

0
 

3
 

0
 

8
0
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;A
zo

h
y

d
ro

m
o
n

as 
4
1

 
1

0
9
 

5
5

2
2
 

3
3

5
2
 

0
 

6
 

0
 

9
2
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;C
aen

im
o
n
as 

4
0

 
1

4
7
 

1
0
3

9
7
 

4
7

9
2
 

1
 

5
 

1
 

8
0
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;H
y

d
ro

g
en

o
p
h

ag
a 

1
9
7
 

1
2
7
 

5
3

6
0
 

5
8

0
4
 

4
 

1
 

2
8
 

5
7
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;L
au

tro
p

ia 
2

2
5
 

8
1
 

4
7

5
7
 

4
7

6
6
 

1
 

1
 

2
 

1
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;L
im

n
o

h
ab

itan
s 

2
6
4
 

3
2
5
 

6
4

5
9
 

3
1

5
2
 

2
 

8
 

2
1
 

8
4
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;M
eth

y
lib

iu
m

 
2

0
4
 

2
3
9
 

5
5

0
1
 

4
7

9
0
 

0
 

5
 

0
 

8
9
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;N
o

v
ih

erb
asp

irillu
m

 
1

3
2
 

5
5
 

6
2

6
1
 

6
1

4
0
 

2
 

1
 

3
 

5
9
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;O
x

alicib
acteriu

m
 

2
3

 
7
8
 

9
7

8
9
 

9
4

2
7
 

0
 

1
 

0
 

5
8
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o

ld
eriaceae;P

iscin
ib

acter 
3

2
1
 

2
3
2
 

3
8

8
0
 

3
1

4
6
 

9
 

1
3
 

3
5
 

1
0
0
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;P
seu

d
o

rh
o

d
o
ferax

 
1

2
6
 

6
2
 

6
4

4
0
 

6
0

2
8
 

1
 

0
 

1
 

0
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;R
am

lib
acter 

1
5
6
 

4
2
 

9
1

5
0
 

5
5

3
2
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;R
h

izo
b
acter 

4
4

 
9
6
 

1
4
8

0
4
 

6
1

8
7
 

0
 

1
 

0
 

7
0
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;R
h

o
d
o

ferax
 

2
0

 
1

5
9
 

8
1

3
7
 

3
3

0
5
 

1
 

4
 

1
 

7
9
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;R
u

b
riv

iv
ax

 
7
0

 
1

1
9
 

1
2
1

0
2
 

5
6

5
1
 

0
 

4
 

0
 

7
1
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V
ariable 

B
etw

eenness 
Strength 

D
egree 

C
loseness 

 
C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought C

ontrol D
rought 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;B

u
rk

h
o
ld

eriaceae;X
y

lo
p
h

ilu
s 

8
 

3
9
 

1
1
2

8
0
 

6
2

2
5
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;C

h
ro

m
o
b

acteriaceae;V
o
g
esella 

1
6
0
 

1
8
1
 

5
7

4
1
 

5
1

9
7
 

0
 

4
 

0
 

8
1

 
P

ro
teo

b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;M

eth
y
lo

p
h
ilaceae;M

eth
y
lo

b
acillu

s 
7
9
 

4
7
 

8
2

5
2
 

5
8

3
2
 

1
 

1
 

1
 

1
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;M

eth
y
lo

p
h
ilaceae;U

B
A

6
1
4

0
 

1
1
4
 

1
4
2
 

9
2

8
3
 

2
9

7
4
 

0
 

6
 

0
 

9
2

 
P

ro
teo

b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;N

itro
so

m
o
n

ad
aceae;D

S
S

D
6

1
 

1
1
9
 

1
6
5
 

1
3
7

0
0
 

3
4

9
2
 

2
 

1
2

 
2
2
 

1
0
5
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;N

itro
so

m
o
n

ad
aceae;E

llin
6

0
6

7
 

3
7
 

1
8
2
 

6
8

4
0
 

3
6

0
2
 

0
 

0
 

0
 

0
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;N

itro
so

m
o
n

ad
aceae;IS

-4
4
 

2
1
1
 

1
5
0
 

7
4

1
4
 

3
0

4
3
 

0
 

2
 

0
 

7
4

 
P

ro
teo

b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;N

itro
so

m
o
n

ad
aceae;m

le1
-7

 
6
9
 

1
0
9
 

7
5

5
4
 

4
3

1
7
 

0
 

1
 

0
 

4
3

 
P

ro
teo

b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;N

itro
so

m
o
n

ad
aceae;M

N
D

1
 

2
8
9
 

1
7
2

.5
 

5
2

2
5
 

4
6

2
4
 

4
 

1
2

 
2
6
 

1
0
0
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;R

h
o

d
o
cy

claceae;F
errib

acteriu
m

 
7
6
 

8
7
 

4
6

5
5
 

1
9

9
1
 

0
 

1
 

0
 

4
4

 
P

ro
teo

b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;R

h
o

d
o
cy

claceae;M
eth

y
lo

v
ersatilis 

1
3
7
 

1
1
6
 

9
3

3
5
 

5
2

2
9
 

0
 

1
 

0
 

1
 

P
ro

teo
b
acteria;G

am
m

ap
ro

teo
b

acteria;B
etap

ro
teo

b
acteriales;R

h
o

d
o
cy

claceae;T
h
au

era 
4
7
 

4
4
1
 

9
0
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Fig. S1: Soil moisture in the control and drought treatment.  
Soil moisture was measured one or two days after watering. The x-axis indicates the treatment 
and the day after watering, while the y-axis gives the soil water content in %. Differences 
between treatments were determined using a t-test with bonferroni-correction and resulting P-
values are indicated with stars (P<0.05*, P<0.01**, P<0.001***). 
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Fig. S2: Distribution of bacteria (A) and fungi (B) phyla in each of the two treatments (left) and 
plant families (right). For the most common phyla (Proteobacteria/ Ascomycota), the classes 
are shown in different shades of red. 
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Method S1: Preparation and analysis of root exudate samples 

Sample preparation 

After collecting the root rhizosphere as described under 2.3, the roots were carefully cleaned 

with ultrapure water (type 1 water, PURELAB flex 2, ELGA LabWater, Veolia, Celle, 

Germany). To allow the plants to recover from any stress, they were placed for 2 hours in a 

nutrient solution consisting of 18 g of soil mixed in 40 ml of ultrapure water. After cleaning 

plant roots a second time, they were placed for another 2 hours in a dark falcon tube containing 

25 ml of distilled water to collect root exudates (Thermo Scientific Nalgene, Rochester, NY, 

USA). The collected solution was filtered (Whatman nr. 42, 90 mm, Global Life Sciences 

Solutions USA LLC, MA, USA), freeze dried for 48 hours (Scanvac CoolSave, Labogene, 

Allerød, Denmark), weighed, and stored at -80 °C until further processing. 

Following Herz et al. (2018), the thawed root exudate samples and controls containing 

deionized water were dissolved twice in 0.75 ml of methanol and sonicated each time for 10 

minutes at 20 °C in 2 ml tubes (SafeSeal, Sarstedt, Nuermbrecht, Germany). The solutions were 

evaporated to dryness at 40 °C with a vacuum centrifuge (CentriVap, Labcono, Kansas City, 

MO, USA) attached to a vacuum pump (PC3001 VARIOpro EK Peltronic, VACCUBRAND, 

Wertheim, Germany) and dissolved in 0.275 ml of 80% methanol containing 20 μg/ mL 2-(2,4-

dichlorophenoxy) acetic acid and 10 μM ribitol as internal standards. Next, each sample was 

centrifuged for 5 minutes at 8000 rpm to precipitate the remaining particles (Centrifuge 5430 

Eppendorf, Hamburg, Germany). The supernatant was transferred, dried in the vacuum 

centrifuge, and stored at -20 °C until further analysis. Samples were derivatized performing a 

methoxylamination with 50 μl of methoxylamin-hydrochloride (20 mg/ ml in pyridine) for 90 

minutes at 37 °C on a heating block. Then, they were silylated with 50 μl N,O-Bis-

(trimethylsilyl)-trifluoracetamid (BSTFA) with added alkane retention time indices (C12, C15, 

C19, C22, C28 (each 0.1 mg/ ml final concentration) and C32 (0.4 mg/ ml final concentration)) 
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for 30 minutes at 37 °C on a heating block (ThermoMixer C, Eppendorf, Hamburg, Germany; 

Herz et al., 2018). 

 

Chromatography 

Samples, 1 μl injection volume, out of 100 μl, were analysed on a gas chromatograph, (Trace 

GC Ultra; Thermo Fisher Scientific, Waltham, MA, USA), equipped with a flame-ionization 

detector and a Rxi-5ms GC column (60 m, iD 0.25 mm, df 0.25 μm; Restek, Bellefonte, PA, 

USA). The carrier gas flow was at 1.2 ml/min. Injector temperature was set to 300 °C, the 

transfer line temperature was set to 260 °C and the FID base temperature to 320 °C. Further, 

six random samples were measured on the same gas chromatograph coupled to a mass 

spectrometer to verify the identification of the target compounds (GC-MS, DSQ II, Thermo 

Scientific, Waltham, MA, USA).  

 

Single compound measurements 

For compound verification, some expected compounds were measured on the GC-FID in single 

compound measurements. Lactose, Sucrose, benzoic acid, glucose (each 0.1 mg/ 0.1ml), 

succinic acid and oxalic acid (both 1 mg/ 0.1ml) were prepared with the same derivatization 

and silylation protocol as root exudate samples.  
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Method S2: Preparation and analysis of microorganisms 

DNA extraction 

Samples were freeze-dried for 72 hours (Scanvac CoolSave, Labogene, Allerød, Denmark) and 

later ground with a ball mill for one minute at 30 Hz (Retsch MM 400, Haan, Germany; 25 ml 

chambers with a 1 cm ball; Hartman et al. 2017). DNA was extracted with the DNeasy 

PowerSoil Pro kit (Quiagen, Hilden, Germany) with the following adaptations: 

Homogenization of samples was done with a ball mill (Retsch MM400) for 5 minutes at 25 Hz 

twice (step 2c in the detailed manufactures protocol), and to increase yield, 50 μl of solution 

C6 was added twice to the filter membrane (steps 16 and 17 of the detailed manufactures 

protocol were repeated). DNA concentration was quantified with a Qbit 3 fluorometer with the 

dsDNA HS Assay kit (Invitrogen, Thermo Fisher Scientific, Vilnius, Lithuania) and set to 1 ng/ 

μl. Finally, extracted DNA was stored at -80°C. 

 

Target amplification and barcodes 

We used the Platinum Hot Start PCR kit (Invitrogen) for primer and barcode binding. The total 

PCR reaction volume of 20 ml contained 0.8-fold the Platinum Hot Start PCR mastermix, 200 

nM of each primer, 0.3% of bovine serine albumin for fungi, and 3 μl of template DNA for 

bacteria or 5 μl of template DNA for fungi. PCRs were run on the Sensoquest Labcycler 

(Sensoquest, Göttingen, Germany) with a setup of first 3 minutes initial denaturation at 94 °C, 

then cycles of 30 seconds denaturation at 94 °C, 1 minute primer annealing at 50 °C, 90 seconds 

extension at 72 °C, and final extensions for 10 minutes at 72 °C with 25 cycles for bacteria and 

30 cycles for fungi (EMP, McGuire et al. 2013). Fungi samples after PCR were used for bacteria 

analysis. We validated results, including positive and negative controls on agarose gels 

(electrophoresis system: Mupid-One by Advance, Tokyo, Japan; gel scanning: Ebox by Vilber, 

Collegien, France). PCR products were cleaned with the ChargeSwitch PCR Clean-Up kit 
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(Invitrogen, Thermo Fisher Scientific, Vilnius, Lithuania) on the cleaning robot Kingfisher Flex 

(Thermo Scientific, Thermo Fisher Scientific, Waltham, MA, USA). 

 In a second PCR, barcodes were attached to each of the samples. We used Access Array 

barcodes (Fluidigm Corporation, South San Francisco, USA) with the primers PE1-CS1-F and 

PE2-Barcode-CS2-R. The 25 ml of reaction volume included 5 μl of water, 0.8-fold Platinum 

Hot Start PCR Mastermix, 400 nM primers, and 5 μl of template DNA. PCR settings were 2 

minutes initial denaturation at 94 °C, then cycles of 30 seconds denaturation at 94 °C, 30 

seconds annealing at 60 °C, one minute extension at 72 °C, and 10 minutes final extension at 

72 °C with 10 cycles (step 2 until 4; Bai et al. 2015). 

 

Concentration, pooling and sequencing 

PCR products were cleaned with the Charge Switch PCR Clean-Up kit. Concentration was 

determined with a fluorescence microplate reader (BioTek Synergy H1, Santa Clara, CA, USA) 

using the BioTak Gen5 software (Agilent Technologies, Santa Clara, CA, USA). Samples for 

that were prepared with the Myra robot (Labgene Instruments, Chatel-St-Denis, Switzerland) 

using standards from the AccuClear Kit (Biotium, Fremont, CA, USA). Samples were diluted 

(1:1) with elution buffer (Charge Switch PCR Clean-Up kit). If concentrations were too low, 

we reran PCRs but replaced water with template DNA and increased concentrations during 

cleanup using the CleanNGS kit (CleanNA, Waddinxvveen, Netherlands). This was done by 

reducing the sample volume of PCR1 products from 35 μl to 15 μl and of PCR2 products from 

25 μl to 20 μl. Finally, samples were pooled, with 40 ng of PCR products per sample. 

Sequencing was done on the Illumina MiSeq Personal Sequencer (Illumina, San Diego, CA, 

USA) with a 500-cycle v2 flowcell using Fludigm custom spike-in primers. 
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Evolutionary potential under heat and drought stress at 
the southern range edge of North American  
Arabidopsis lyrata
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Abstract 
The warm edges of species’ distributions are vulnerable to global warming. Evidence is the recent range retraction from there found in many 
species. It is unclear why populations cannot easily adapt to warmer, drier, or combined hot and dry conditions and locally persist. Here, we 
assessed the ability to adapt to these stressors in the temperate species Arabidopsis lyrata. We grew plants from replicate seed families of a 
central population with high genetic diversity under a temperature and precipitation regime typical of the low-latitude margin or under hotter 
and/or drier conditions within naturally occurring amplitudes. We then estimated genetic variance–covariance (G-) matrices of traits depicting 
growth and allocation as well as selection vectors to compare the predicted adaptation potential under the different climate-stress regimes. 
We found that the sum of genetic variances and genetic correlations were not significantly different under stress as compared to benign condi-
tions. However, under drought and heat drought, the predicted ability to adapt was severely constrained due to strong selection and selection 
pointing in a direction with less multivariate genetic variation. The much-reduced ability to adapt to dry and hot-dry conditions is likely to reduce 
the persistence of populations at the low-latitude margin of the species’ distribution and contribute to the local extinction of the species under 
further warming.
Keywords: adaptation, climatic gradient, evolutionary potential, genetic variation, G-matrix, range edge, trade-offs

Introduction
Species’ distribution limits often re!ect endpoints of the eco-
logical niche of a species, with the latter de"ned as the ranges 
of abiotic factors, availability of resources, and the abun-
dance of interacting species that enable long-term persistence 
(Hargreaves et al., 2014; Paquette & Hargreaves, 2021). 
However, for many species, climate alone is a good predic-
tor of where a species reaches its geographical or elevational 
limit (Lee-Yaw et al., 2016; Patsiou et al., 2021), suggesting 
that failing climate adaptation at range limits plays a major 
role in determining distributions. Constrained climate adap-
tation at range limits is also indicated by the many examples 
of species that have shifted their distributions under recent 
climate warming, with expansions at the cold margins and 
retractions from the warm margins (Chen et al., 2011; Lenoir 
et al., 2020; Rumpf et al., 2018). In parallel, macroevolution-
ary studies have revealed that adaptation to climate is evolu-
tionary constrained, particularly adaptation to heat (Bennett 
et al., 2021; Liu et al., 2020). Still, the causes of constraint 
are unknown. Here, we focus on the genetic architecture of 
growth traits under selection and its role in constraining cli-
mate adaptation at warm range limits, as species seem mostly 
unable to adapt there (Parmesan, 2006).

Evolutionary theory has come up with several hypotheses 
as to why adaptation to changing conditions can fail at range 
limits (Sexton et al., 2009). These include steepening envi-
ronmental gradients, too little or too much dispersal, small 

population size, and, linked with low dispersal and small pop-
ulation size, low genetic variation (Holt, 2003; Kirkpatrick & 
Barton, 1997; Polechová, 2018; Polechová & Barton, 2015). 
An aspect that has received relatively less attention is the 
nature of genetic variation. There may be ample genetic vari-
ation for traits under selection when evaluated individually, 
though genetic variation may still be constraining if selection 
acts on several traits and these are tied in genetic correlations 
antagonistic to the direction of selection (Blows & Hoffmann, 
2005; Hansen et al., 2019; Lande, 1979). Within a population, 
genetic correlations antagonistic to the direction of selection, 
or genetic trade-offs, may be the result either of physical link-
age or antagonistic pleiotropy (Falconer & Mackay, 1996, p. 
312). Evolutionary trade-offs can be detected within popula-
tions if genotypes differ enough in regard to the expression 
of traits involved in the trade-off, often under stressful con-
ditions (Stearns, 1992) or across habitat types (Falconer & 
Mackay, 1996, p. 321–324). For the latter scenario, genotypes 
that are favoured in one habitat are less favoured in another 
habitat (Fry, 2003), thus preventing the niche expansion of 
specialized organisms (Holt & Gaines, 1992) and the evolu-
tion of favourable traits at distribution margins (Hoffmann 
& Blows, 1994; Roff et al., 2002).

Genetic variance–covariance (G-) matrices are useful for 
disentangling correlations among multiple traits, estimating 
genetic integration, and assessing constraints on recent or 
future multivariate evolution (Arnold, 1992; Lande, 1979). 
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Genetic variances of speci!c traits are the elements on the 
main diagonal axis, whereas genetic covariances are the 
off-diagonal elements of G. G-matrices of different popula-
tions or revealed under different environmental conditions 
can be compared with each other and in regard to how easily 
they can contribute to a selection response (Roff & Fairbairn, 
2012). An important estimate of G capturing genetic cor-
relations in one value is the effective number of dimensions 
(Kirkpatrick, 2009). If genetic correlations are absent, this 
number equals the number of traits included in the matrix. 
The other extreme is when all genetic variation aligns along 
one axis, with the effective number of dimensions being 1. 
Angles between G or its components/eigenvectors and other 
vectors can predict the constraining nature of genetic correla-
tions more speci!cally. A !rst such angle involves the vector 
of population divergence to assess the adaptability in a likely 
direction of selection (Schluter, 1996). A second involves a 
selection vector to predict the immediate response to selection 
(Blows & Hoffmann, 2005).

So far, few studies have assessed the role that genetic trade-
offs may play in constraining adaptive evolution at range 
margins and/or under climate change on a microevolutionary 
scale (Willi & Van Buskirk, 2022). Paccard et al. (2016) com-
pared the G-matrices of populations of Arabidopsis lyrata of 
a latitudinal gradient and found that populations at range 
limits had reduced genetic variances, but genetic covariances 
were such that they constrained evolution less than those 
of more centrally located populations. Sheth and Angert 
(2016) imposed arti!cial selection on scarlet monkey"owers 
(Mimulus cardinalis) from replicate populations of the latitu-
dinal range, either for early or late "owering. They detected 
correlated responses in early "owering lines, namely higher 
speci!c leaf area (SLA) and leaf nitrogen content. However, 
population divergence across latitudes did not follow the 
pattern of correlations, suggesting that past evolution had 
gone in the direction of less multivariate genetic variation. 
Etterson and Shaw (2001) performed a quantitative genetics 
crossing experiment with three populations of Chamaecrista 
fasciculata from a latitudinal gradient, estimated G-matrices 
at the three sites of origin, and predicted responses to selec-
tion based on single traits or G. The predicted multivariate 
responses were mostly reduced compared to predicted univar-
iate responses due to genetic correlations antagonistic to the 
direction of selection.

The traits included in the estimation of G need special con-
sideration. Sessile organisms, such as herbaceous plants, seem 
to respond to environmental stress either by a strategy of 
escape or tolerance (e.g., Kooyers, 2015; Puijalon et al., 2011; 
Upadhyay, 2019). Under stress, growth and development may 
be accelerated to !nish an important life-history phase before 
the effect of stress becomes too severe, a strategy of escape. 
Alternatively, growth and development may be slowed down 
in favour of expressing protective traits. Sartori et al. (2019) 
showed in A. thaliana that an acceleration of phenology is 
related to lower precipitation and higher temperature along 
the species’ range from high to low latitudes, indicating 
escape from stress under low-latitude conditions. For our 
study organism, Arabidopsis lyrata ssp. lyrata, of the many 
traits that were previously tested for latitudinal clinal varia-
tion, only plant size, reproductive development, and thermal 
resistance were found to vary. Plants of low-latitude areas 
grew to smaller sizes under benign temperatures and had a 
slower transition to "owering, higher thermal tolerance, and 

higher heat resistance, indicating a strategy of slow develop-
ment and tolerance/protection at low latitudes (Paccard et al., 
2014; Wos & Willi, 2015). Hence, adjustments on the contin-
uum of fast versus slow growth or development may be key 
for coping with stress (Sartori et al., 2019), and aspects of 
growth and development are, therefore, good candidate traits 
in investigations on G in the context of low-latitude/warm 
range limits.

In this study, we compared G-matrices of one large out-
crossing population of North American Arabidopsis lyrata 
ssp. lyrata (A. lyrata in short) grown under experimen-
tal temperature and precipitation similar to those at the 
low-latitude range margin. In climatized glasshouse cham-
bers, we simulated average temperature and precipitation, or 
extreme conditions, i.e., increased temperature or decreased 
precipitation, or both types of stressors combined, as they 
can occur in spring to summer at the southern range edge. 
Environmental niche modelling revealed that the distribu-
tion of the species in the south and north is restricted by 
climate, and the major climatic factor associated with range 
limits was the mean minimum temperature in early spring 
(Lee-Yaw et al., 2018; Sánchez‐Castro et al., 2024). Apart 
from warmer temperatures, we chose drier conditions, as 
low precipitation during the growing season may reduce the 
transpiration capacity of plants, which is their typical way 
of coping with heat (Irvine et al., 1998). We focussed on 
traits of growth and allocation based on previous !ndings 
that indicated the importance of growth progression and 
allocation in coping with stress. To achieve solid estimates 
on genetic correlations, we worked with one population 
only, but we included many replicate families. For the same 
reason, we chose a population of the southerly centre of dis-
tribution with high genetic variation, including in expressed 
traits. Populations of the southern range limit generally 
harbour low genomic variation and genetic variation for 
expressed traits (Paccard et al., 2016; Willi et al., 2018), 
making the detection of trade-offs dif!cult. We addressed 
the following questions: (a) Do genetic variances of traits 
differ under benign and climate-stress conditions? (b) Are 
there multivariate genetic constraints? (c) How well can A. 
lyrata respond to selection and adapt under heat, drought, 
or combined heat drought?

Materials and methods
Seed material and propagation
Arabidopsis lyrata subsp. lyrata occurs in temperate eastern 
and mid-western North America on sand dunes or rocky 
outcrops with some natural disturbance. It is a short-lived 
perennial that produces basal rosettes, out of which in"ores-
cences grow in late spring/early summer. We selected a pop-
ulation from the south centre of the A. lyrata distribution at 
Saugatuck Dunes State Park, Michigan, United States (42.70° 
N, 86.20° W), with high genomic variation and a history of 
little genetic drift despite some postglacial range expansion 
(Willi et al., 2018). Furthermore, the population was found 
to harbour genetic variation in plant size and reproductive 
development under control conditions and in frost resistance, 
with traits being associated with environmental gradients of 
the dune landscape: position on the dune, distance from the 
canopy, vegetation cover, and intraspeci!c density (Paccard 
et al., 2013; Wos & Willi, 2018). The same three traits were 
con!rmed as being variable among populations across the 
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latitudinal distribution of the species (Paccard et al., 2014; 
Wos & Willi, 2015).

Seeds of >600 maternal plants were collected between 2007 
and 2014 in the !eld. We assumed that over the 7 years, there 
had been little change in allele frequencies as the species is 
common over a large surface area, with a large census size. 
Seeds of maternal plants were grown in separate pots in a 
glasshouse and thinned to one plant per pot (conditions in 
Supplementary Table S1). Plants were cross-pollinated in 
pairs, with a preference for pairing within one of several hab-
itat aspects, e.g., both plants from dune tops (Supplementary 
Methods S1). The intention was to keep some of the poten-
tially existent adaptive variants linked to a habitat aspect at 
a higher frequency in some offspring genotypes. The design 
resulted in 271 successful cross pairs or “families,” of which 
120 were randomly selected for offspring raising. Crosses 
were performed reciprocally, but cross direction was not 
included in the statistical models. Additionally, the crossing 
design included three families, each from two northern and 
two southern populations. These were used later to com-
pare the within-population variation of the Saugatuck pop-
ulation with the within-species and latitudinal trait variation 
(Supplementary Table S2; Supplementary Figure S1). One 
pair of northern/southern populations came from the east-
ern ancestral cluster of A. lyrata, and one, together with the 
Saugatuck population, from the western ancestral cluster 
(Willi et al., 2018). The obtained seeds were stored in paper 
bags at 4 °C with silica beads to reduce moisture.

Experimental setup
We designed a 2 × 2 factorial stress experiment with aver-
age or extreme temperatures and average or low precipita-
tion occurring in the two populations at the southern range 
limit (Supplementary Table S1). Low-temperature conditions 
(Control and Dry) were close to the average temperature in 
late spring/early summer, with the corresponding experimental 
conditions of 18 °C at night, 22 °C during the day, and 25 °C 
for the daily 1-hr heat peak (Figure 1A; climate data at the two 
southern edge sites in Schepers et al., 2024). High-temperature 

conditions (Hot and Hot&Dry) resembled the summer cli-
mate, with 23 °C at night, 27 °C during the day, and 30 °C for 
the daily 1-hr heat peak. Experimental temperatures during 
night-time were not as low as those at the two southern sites. 
The baseline for watering (Control and Hot) was about aver-
age precipitation in late spring/early summer, 100 mm per 
month. Low watering (Dry and Hot&Dry) was chosen close 
to precipitation during the driest month, 60 mm per month. 
Precipitation amounts were broken down to watering the pots 
every second day, which was set to either 8.4 or 5 ml per pot. 
Because some mortality was observed early on, we increased 
watering after two weeks by ~20% to 10 or 6 ml.

Five replicate plants per family were grown in each of the 
four treatment combinations (in short, treatments), split over 
5 blocks. Seeds were sown in pots (1 per pot, pot diameter/
depth: 4/5 cm) of 54-multi-pot-trays !lled with a mixture of 
1:2 of peat and sand (120 families × 4 environments × 5 rep-
licate blocks = 2,400 pots, plus 3 families × 4 marginal popu-
lations × 4 environments × 3 replicates = 144 pots). Pots were 
watered to saturation and covered with mesh nets, and seeds 
were strati!ed at 4 °C in dark climate cabinets for 12 days 
(ClimeCab 1400, KÄLTE 3000 AG, Landquart, Switzerland). 
Trays were then moved to the glasshouse for germination and 
kept moist by spraying from above and keeping the mesh 
nets until ~75% of seeds had germinated (for 7 days). After 3 
weeks, when ~80% of the plants had reached the 4-leaf stage, 
the stress experiment started. The experiment involved four 
glasshouse chambers, two with the low-temperature regime 
and two with the high-temperature regime. Within each of 
these, !ve blocks of multiport trays were maintained, with 
multiport trays allocated to either baseline- or low-watering. 
To reduce the effects of the glasshouse chamber and position 
within the block, blocks and trays within blocks were ran-
domly repositioned across the two glasshouse chambers of 
the same temperature regime twice a week. Plants received 
fertilizer every fourth week and some insecticide to combat 
thrips infestation. The stress experiment was terminated after 
5 months for plants under the high-temperature regime and 
after 6 months for plants under the low-temperature regime.

Figure 1. Climate stress experiment with Arabidopsis lyrata in the glasshouse. (A) The two temperature treatments were benign (left axis) and high 
temperature (right axis). Daily temperature profiles included an amplitude of 7 K per day. (B) Differences in performance among plants of the same seed 
family in the respective treatment combinations (from top left to bottom right)—Control (benign temperature and watering), Hot (high temperature), Dry 
(low watering), and Hot&Dry (high temperature and low watering). Colours indicate the respective treatments.
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Trait assessment
Growth
Seed germination was checked every day for the !rst 2 weeks. 
The starting size for the day of germination was set to 2 mm2, 
representing about four times the mean seed size of A. lyrata 
(Willi, 2013). Growth was tracked by taking pictures of each 
tray twice a week (every 3–4 days) until at least bolting (Figure 
1B). At the same time, mortality was recorded. Camera setup, 
photo box, and image analysis were based on descriptions 
by Exposito-Alonso et al. (2018) and were adapted to !t this 
study design. A detailed description and access to the image 
analysis script can be found in the Supplementary Methods 
S2. Overrepresentation of late time points with size data 
occurred, and therefore, size values that were recorded after 
the four largest sizes of a plant were removed from the growth 
curve calculation. All remaining size measures of individual 
plants were used to !t seven growth models: linear, exponen-
tial, power, two- and three-parametric logistic, Gompertz, and 
von Bertalanffy, using the R package minpack.lm (Elzhov et 
al., 2022). Based on weighted AIC (AIC for each model and 
plant, and weighted relatively for each plant), the Gompertz 
model was overall the best but was only in third position for 
the Hot&Dry treatment (Supplementary Table S3). For this 
reason, the next best model, the three-parameter logistic, was 
chosen for trait extraction. For 11 plants (0.4%), this model 
could not be !tted, and the asymptotic size was set to the 
mean of the four highest size values (no data for growth rate 
and time to half the asymptotic size). Model output for plant 
growth included the following three parameters: asymptotic 
size (sasym, in mm2), maximal growth rate (rmax), and time until 
half the asymptotic size and fastest growth were achieved 
(xmid, in days).

Allocation
At the end of the experiment, all available plant material per 
pot was split into the following categories and weighted sep-
arately: green rosette tissue, dead rosette tissue, roots, and 
in"orescences. Soil particles were washed away, and saturated 
weight was measured. After 48 hr of drying the material in an 
oven at 60 °C, the dry weight was measured. We then calcu-
lated SLA (sasym [mm2] per green rosette dry matter [mg]), leaf 
dry matter content (green rosette dry matter [mg] per green 
rosette saturated weight [g]), and root-shoot ratio (RSratio; the 
dry weight of roots to dry weight of all aboveground bio-
mass). Final sample sizes for all populations, growth traits, 
and allocation traits are listed in Supplementary Table S4.

G-matrices and their analysis
G-matrix
G-matrices were calculated with a focus on growth traits. The 
!rst reason for focusing on this set of traits was the modular-
ity among growth and allocation traits (see Results section), 
with considerable correlations within the two sets of traits, 
but not between them. A second reason was that allocation 
estimates for the Hot&Dry treatment were few (n = 21–23), 
as many plants died after accelerated growth in this treatment, 
which precluded the comparison of G for these traits and 
treatment. For allocation traits and all traits combined, we 
ran the same set of analyses on G-matrices as for the growth 
traits but by excluding the Hot&Dry treatment (results in the 
Supplementary Material).

Around 1,800 growth data points per treatment were 
available: 120 families × 5 replicates × 3 growth traits. Trait 

estimates were !rst corrected for the effects of block, tray 
within block, and position in the multi-pot tray for each 
treatment separately. The data points were then centred and 
rescaled across treatments, with a mean of 0 and a variance 
of 1. We calculated G-matrices for each treatment combina-
tion using a Bayesian approach with MCMCglmm (Had!eld, 
2010). The mixed-effects model was:

Yijk ∼ µ+ Fjk + εijk,

where Yijk is an observation for plant i of family j on trait k, 
the intercept (µ) is a !xed effect, Fjk is the random effect of 
the family, and εijk is the random residuals. Iterations were 
set to 200,000, with a burn-in of 5,000 and thinning of 50. 
Priors for G came from a restricted maximum likelihood 
model (lme4; Bates et al. 2015). The signi!cance of family- 
level covariance and variance estimates was evaluated by 
comparing deviance information criterion values (DIC; gen-
eralization of the Akaike information criterion) of (a) a model 
with a full G-matrix to (b) one with a matrix with family-level 
variances only, and (b) to (c) one without variances or covari-
ances on the family level (Paccard et al., 2016; Puentes et al., 
2016). For further analyses and presentation, all obtained 
G-matrices were multiplied by 2 to approximate genetic vari-
ances and covariances given the full-sib design.

Comparison of Gs
G-matrices of the four treatment combinations were com-
pared by estimates of G-matrix geometry (Hansen & Houle, 
2008; Kirkpatrick, 2009; Milocco & Salazar-Ciudad, 2022; 
Paccard et al., 2016). The !rst was the sum of the genetic 
variances across the traits, the trace of G (Kirkpatrick, 2009). 
The second was the effective number of dimensions (nD), cal-
culated as the sum of all eigenvalues of G divided by the !rst 
eigenvalue (eq. [2] in Kirkpatrick, 2009). The third measure 
was the angle between the dominant eigenvector of G, gmax, 
and the dominant eigenvector of the matrix of latitudinal trait 
divergence (D) among northern and southern populations, 
dmax. D matrices were established for the four environments 
in the same way as the G matrices, but with the input data 
of plant traits of the above-mentioned edge populations and 
including the random effect of southern position (north/south 
as 0/1). The fourth was the deviation of the predicted selec-
tion response from the end point of the selection vector, a 
measure of adaptive potential. We produced selection vectors 
using longevity (days of survival) as a !tness proxy. As with 
the three growth traits, longevity was !rst corrected for the 
effects of the block, tray within the block, and position in 
the multi-pot tray within treatment, followed by dividing by  
the mean in that treatment. We used blme (Chung et al., 2013) 
to overcome singularity and the model (in blme format):

Longevity
Mean longevity

∼ sasym + rmax + xmid + (1|j),

with family, j, being the random factor. The obtained coef-
!cients of the !xed effects of traits are the selection coef!-
cients, which, taken together, build the selection vector (β) of 
the speci!c treatment (Hansen & Houle, 2008). The response 
to selection (∆z) can now be calculated by multiplying G with 
the selection vector (β) using the multivariate breeder’s equa-
tion (∆z = G*β; Lande, 1979). Selection deviation is the dis-
tance of the end points between the selection vector and the 
predicted response to selection after one generation. As a !fth 
measure, we calculated evolvability (evoHH) by the method 
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of Hansen and Houle (2008, eq. [1]), which incorporates 
the strength of selection (the length of the selection vector) 
and its orientation. More precisely, evoHH is the projection 
of the predicted response to selection on the selection vector. 
All comparisons involving aspects of G were made based on 
the posterior distribution of 3,900 G-matrices per treatment, 
following the approach described in Aguirre et al. (2014). 
Testing was done based on 95% highest posterior density 
(HPD) intervals, and when HPD intervals were overlapping, a 
comparison of the region of practical equivalence (Kruschke, 
2018) followed. For this, the posterior distributions of the 
two treatments were divided. If the 95% HPD interval of the 
distribution of differences did not overlap with ROPE, i.e., a 
range between 0.9 and 1.1 (±10%; Henry and Stinchcombe, 
2023; Kruschke, 2018), then a difference between treatments 
was assumed to exist.

Heritability
We estimated broad-sense heritability (H2) by analysis of 
variance on mean-centred data across treatments. H2 was cal-
culated as twice the variance explained by family (Vf) over 
the phenotypic variance (Vz = Vf + Verror). In a full sib design, 
2Vf represents an upper-bound estimate of additive genetic 
variance (Vg), likely in!ated by a fraction of dominance 
variance and variance due to common-environment/mater-
nal effects that also contribute to Vf (Walsh & Chenoweth, 
2017). However, maternal effects were shown to be insigni"-
cant beyond very early life stages in A. lyrata (Paccard et al., 
2013), and empirical (Wolak & Keller, 2014) and theoretical 
results (Clo & Opedal, 2021) show that dominance variance 
is generally much lower than additive variance. To compare 
variance estimates among traits and treatments, we stan-
dardized them by the square of the trait mean of the speci"c 
environment as proposed by Houle (1992)—now Ig and Ie. 
Standardized genetic variance, Ig, is another measure of evolv-
ability that, compared to heritability, estimates the response 
relative to the trait mean before selection (Houle, 1992). The 
standard error of H2 was approximated based on sample sizes 
(Walsh & Chenoweth, 2017). All analyses were done in R v. 
4.0.5 (R Core Team, 2021).

Results
The four treatment combinations varied in stress, indicated 
by the varying mean sizes the plants achieved. Plants had 
declining asymptotic sizes from Control (14.5 ± 0.3 cm2) to 
Hot (12.4 ± 0.2 cm2), Dry (10.8 ± 0.1 cm2), and Hot&Dry 
(8.2 ± 0.2 cm2; Supplementary Table S5; Supplementary 
Figure S1). Correlation analysis among growth and allo-
cation traits within treatments revealed a modular pattern 
(Supplementary Table S6). Growth traits (sasym, rmax, xmid) were 
often highly correlated with each other, and allocation traits 
(SLA, leaf dry matter content, RSratio) were often highly cor-
related, but correlations between the two sets of traits were 
weak. This, along with the low sample sizes for allocation 
traits in the Hot&Dry treatment (Supplementary Table S4), 
motivated the focus on growth traits in further analyses.

We found that genetic co-/variances for growth traits were 
overall signi"cant in all treatments. Models with covari-
ances, as compared to those without covariances, always 
had signi"cantly lower DIC values, and models with vari-
ances only as compared to models without had lower DICs 
(Table 1). The comparison of the trace and dimensionality of 

treatment-speci"c G-matrices revealed little variation among 
the four environments. Neither the trace of Gs nor their 
dimensionality signi"cantly differed between any of the four 
treatments, as 95% of HPD intervals were highly overlapping 
(Figure 2A and B). Dimensionality varied between averages 
of 1.3 and 1.6 for the three aspects of the logistic growth tra-
jectory, indicating the presence of considerable correlations. 
The strongest correlations across treatments were revealed 
between maximal growth rate and time to the mid-point of 
growth (Supplementary Tables S6 and S7; Supplementary 
Figure S2). Plants either grew early (low xmid) and had a high 
growth rate (rmax), or they grew late with a slow growth rate. 
In the Hot&Dry treatment, the two traits were associated 
with trade-offs with maximum size. Early and fast-growing 
plants reached small "nal size, while late and slow-growing 
plants reached large asymptotic size.

The next "ve estimates related the direction of G with 
vectors of population divergence and selection. Two were 
angles, with higher angles (up to 180°) indicating stronger 
constraints. The angle between gmax and dmax (dominant eigen-
vectors of G and the matrix of latitudinal trait divergence, 
D) was highest in the Hot and Dry treatments and lowest 
in the Hot&Dry treatment, with differences being signif-
icant (Figure 2C; G-matrices in Supplementary Table S7; 
D-matrices in Supplementary Table S8). The result indicates 
a good alignment between G and latitudinal trait divergence 
under combined stress. The angle between the selection vector 
and the predicted response to selection based on G required 
the assessment of selection in each of the experimental envi-
ronments. We found selection (vector length; |β|) to be stron-
gest under Hot&Dry (|β| = 0.136), considerably lower under 
Dry (|β| = 0.058) and lowest under Control (|β| = 0.011) and 
Hot (|β| = 0.007; Figure 3). The angle between the selection 
vector and the predicted response to selection revealed for 
the four treatment combinations decreased in the following 
order: Dry (close to 60°), Hot&Dry, Control, Hot (close to 
20°) (Figures 2D and 3). Similarly, the deviation between the 
endpoints of the selection vector and the predicted response 
signi"cantly differed between treatments, with the distance 
decreasing from Hot&Dry and Dry to Control and Hot 
(Figures 2E and 3). Somewhat in line, the projection of the 
selection response onto the selection vector (evoHH) was low-
est in the Dry treatment and signi"cantly higher in the other 
three treatments (Figures 2F; Supplementary Figure S3). This 
latter estimate indicated the strongest constraints under Dry, 
followed by Hot&Dry.

Average broad-sense heritability deviated from the 
trace of G in predicting genetic variation across the four 

Table 1. DIC values for G-matrices that include both variances and 
covariances on the family level (DIC(co)variances), variances only (DICvariances), 
or only family effects (DICnull) for each treatment.

DIC(co)variances DICvariances DICnull

Control 4,391.379 4,440.294 4,556.135

Hot 3,722.478 3,785.262 4,039.161

Dry 2,951.876 2,982.765 3,410.213

Hot&Dry 3,846.137 3,875.810 4,001.464

Note. Models with smaller DIC are better supported—those with variances 
and covariances on the family level as compared to variances only and 
those with variances as compared to none.
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treatments. Heritability tended to be lower—across traits—
in the Control (mean: 0.359, range: 0.278—0.440), the 
Hot&Dry treatment (0.370, 0.289—0.451), and the Hot 
treatment (0.477, 0.392—0.561), and higher in the Dry 
treatment (0.567, 0.481—0.653; Supplementary Figure S4). 
The maximal growth rate and the time to the mid-point 
of growth had heritabilities that were generally low across 
the four treatments (mean: 0.431 and 0.292, respectively; 
mean for asymptotic size: 0.606). Estimates of genetic and 
environmental variances as well as Houle’s I varied across 
traits, with no consistent patterns across the four treatments  

(no systematic increase or decline with increasing stressful-
ness; Supplementary Figure S4).

G-matrices for allocation traits, as well as growth and 
allocation traits combined, revealed similar patterns as for 
growth traits. The three allocation traits had lower trace val-
ues, and differences among treatments were not signi!cant 
(Supplementary Figure S5A). Furthermore, the dimension-
ality of G did not differ among treatments (Supplementary 
Figure S5B). The higher discrepancy between the selection 
vector and selection response was pronounced under Dry 
(Supplementary Figure S5C). However, the mean was about 

Figure 2. Comparison of geometric aspects of genetic variance–covariance (G-) matrices estimated under benign and stress conditions. (A) Total genetic 
variance, the trace of G. (B) Effective number of dimensions, nD. (C) Change in the angle between gmax, the dominant eigenvector of G, and dmax, the 
dominant eigenvector of the matrix of latitudinal trait divergence. (D) Angle and (E) deviation distance between selection vector (β) and predicted 
selection response (∆z). (F) Hansen and Houle’s measure of evolvability (evoHH). The colours represent the respective treatments: Control, Hot, Dry, 
Hot&Dry. Dots indicate the predicted model estimates and bars the 95% highest posterior density intervals. The letters above the bars indicate 
differences between treatments based on the region of practical equivalence.

Figure 3. Direction and strength of viability selection (β, solid lines) and predicted selection response after two generations (∆z, dotted lines) for each 
treatment along the three aspects of logistic growth (asymptotic size—sasym, maximal growth rate—rmax, time to fastest growth—xmid).
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four times smaller than for G-matrices with growth traits 
only. G-matrices, including allocation and growth traits, 
did not differ in trace or dimensionality among treatments, 
but the distance between the selection vector and selection 
response was again pronounced under Dry (Supplementary 
Figure S5D–F). Despite the seemingly low correlation between 
growth and allocation traits, the dimensionality of G when all 
six traits were included was considerably lower than the sum 
of nD of the two separate matrices with three traits.

Discussion
There is no consensus on the causes of species’ distribution 
limits when species have range limits that equal niche limits, 
as evolution should progress towards expanding the niche 
and the range if habitat is generally available (Sexton et al., 
2009; Willi & Van Buskirk, 2019). Our study focussed on 
the potential contribution of genetic correlations constraining 
adaptive responses to cope with extreme conditions at range 
limits. We picked conditions typical for the low-latitude range 
limit of A. lyrata, as numerous studies have shown that warm 
margins of species’ distributions are places where constrained 
evolution becomes most evident under climate change (Clark 
et al., 2020; Parmesan, 2006). The population studied was 
from the southerly centre of distribution with high genetic 
variation, which was assumed to make the detection of 
genetic correlations more likely. Furthermore, the population 
was reported to harbour genetic variation for traits that also 
vary along the latitudinal cline both in the eastern and west-
ern ancestral cluster of A. lyrata (see Materials and methods 
section, !rst paragraph). We found support that heat stress 
imposes multivariate selection to which the speci!c popula-
tion can respond by adaptation. However, drought stress or 
the combination of heat and drought led to strong selection 
and in a direction away from high multivariate genetic vari-
ation, resulting in a high predicted lag of adaptation. We will 
discuss the results in light of aspects of G, the role of stress 
in affecting them, and what the results imply for low-latitude 
populations under climate warming. The focus is on traits of 
the growth trajectory.

Genetic variation and covariation in growth traits 
under climate stress
Across treatments, we found signi!cant genetic variation in 
growth traits (Figure 2A). Similarly, broad-sense heritabilities 
were considerably too high (range of means across environ-
ments: 0.260—0.799), with the lowest for the trait of time to 
fastest growth. However, the trace of G and average herita-
bilities did not vary concordantly. While the sum of genetic 
variances did not differ signi!cantly across treatments (Figure 
2A), average heritability tended to be higher in the dry treat-
ment (Supplementary Figure S4). Deviations were the result 
of environmental variances being relatively reduced under 
dry conditions. Furthermore, we found genetic covariances 
to be signi!cant and important. They reduced the number of 
dimensions or sphericity of G by one-half relative to no cor-
relations, and there was little variation in this among treat-
ments (Figure 2B).

Environmental stress was hypothesized to either increase 
genetic variances or decrease them (Hoffmann & Merilä, 
1999). Our results do not support a systematic increase or 
decrease of genetic variances or heritabilities under stress. 
The trace of G for growth and/or allocation traits did not 

signi!cantly differ between treatments. Heritabilities across 
traits tended to be lowest in the benign and the most stress-
ful environment. Furthermore, genetic and environmental 
variances did not reveal a linear-like pattern with stressful-
ness (Supplementary Figure S4). Another way of depicting 
genetic variation for individual traits was suggested for !tness- 
relevant traits, the variance standardized by the square of the 
trait mean (Houle, 1992). In previous research, those estimates 
were shown to increase consistently with the level of stress, 
including thermal stress (Willi et al., 2010, 2011). Here, the 
mean-standardized variances also did not reveal a linear-like 
pattern with stressfulness (Supplementary Figure S4), support-
ing inconsistent responses of genetic variation to stress.

Environmental stress has also been discussed to affect 
genetic correlations systematically. Empirical studies covering 
a wide range of taxa have documented that genetic correla-
tions are ubiquitous, with the effective number of dimensions 
of G often being considerably lower than the number of traits 
studied (e.g., Chenoweth & Blows, 2008; Eroukhmanoff & 
Svensson, 2011; Kirkpatrick & Lofsvold, 1992; McGuigan 
& Blows, 2007; Mezey & Houle, 2005). In a previous study 
on A. lyrata populations of a latitudinal gradient, the dimen-
sionality of Gs was relatively more reduced than shown here 
(Paccard et al., 2016), possibly because more traits were stud-
ied. Stearns (1992) argued that negative correlations between 
traits in regard to their !tness implications, or trade-offs, 
might be expressed more likely under considerable stress. Our 
results and those of Paccard et al. (2016), who applied a dry 
treatment, suggest that genetic correlations are not necessar-
ily altered by stress. We found no signi!cant changes in the 
dimensionality of G despite dry and hot-dry conditions being 
the most stressful (e.g., based on the effect on plant size).

Instead, our results and those of Paccard et al. (2016) point 
to the increased divergence between the direction of G and the 
direction of selection under water stress (Figures 2D and 3). 
Similar results were revealed in a meta-analysis by Wood and 
Brodie (2015). Despite only small differences in genetic cor-
relations among environments, variation in the discrepancy 
(angle) between the direction of genetic correlations and the 
direction of selection was found to be considerable. The direc-
tion of multivariate genetic variation relative to the direction 
of selection plays a major role, as genetic constraints may seri-
ously limit adaptive evolution only if they are directed against 
selection (Agrawal & Stinchcombe, 2009; Conner, 2002). 
Therefore, despite very similar G-matrices, the orientation 
of genetic constraints compared to selection as well as the 
strength of selection might be the most important factors for 
a species’ adaptive potential under differing selection regimes 
(Arnold et al., 2008; Phillips & Arnold, 1999).

Lastly, a reason for some consistency in the magnitude of 
genetic covariances in growth and allocation traits may be 
their generally high integration. There was one consistent and 
considerable genetic correlation among growth traits, namely 
between the time to the mid-point of growth and the maxi-
mal growth rate of the logistic growth model (Supplementary 
Table S6; Supplementary Figure S2). Plants either grew early 
and fast, or they grew late and slowly. Furthermore, under 
combined stress, the two traits of time to the mid-point of 
growth and the maximal growth rate were tied in trade-
offs with asymptotic size. Early-growing plants and plants 
that grew fast had a smaller !nal size, while late- and slow- 
growing plants achieved larger sizes. These results are in 
line with the slow-fast continuum suggested by Grime and 
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Hunt (1975) and later extended by Stearns (1992, 1983), that 
organisms either grow fast, have a short lifecycle, and are 
small, or the opposite. Support for the hypothesis is numer-
ous (e.g., Oliveira et al., 2021; Salguero‐Gómez, 2017; Sartori 
et al., 2019, 2022). Interestingly, a similar trade-off complex 
among the three growth traits was found in the latitudinal 
divergence matrices. To variable extents across treatments, 
time to the mid-point of growth and growth rate were nega-
tively correlated, and, with the exception of one of these traits 
under heat, early and fast growth implied a smaller !nal size 
(Supplementary Table S8). Southern populations had gener-
ally smaller sizes within each of the two ancestral clusters, 
though the association with earlier and faster growth was not 
consistent (Supplementary Table S5).

Predicted selection response under climate stress 
at the low-latitude range edge
Unlike genetic variances and genetic correlations, the pre-
dicted ability to adapt varied signi!cantly among treatments 
for growth traits, allocation traits, and all traits combined. On 
the one hand, selection was stronger both under drought and 
heat drought as compared to benign or hot conditions. This 
strongly affected the deviation between ideal and predicted 
selection response (Figure 2E; for allocation and all traits, see 
Supplementary Figure S5C and F). Under both drought and 
heat with drought, the deviation was high. This pattern was 
also depicted by the estimate of evolvability (evoHH), though 
only the estimate under drought was signi!cantly lower 
(Figure 2F; Supplementary Figure S3). On the other hand, the 
genetic correlations were involved in lowering the ability to 
adapt. However, and as discussed further up, what changed 
was that under drought and heat with drought, selection took 
a direction more antagonistic to the direction of the high-
est multivariate genetic variation; the genetic correlations 
changed little (Figures 2D and 3). Results con!rm previous 
results by Lau et al. (2014) on A. thaliana that certain stress-
ors, particularly combined stressors, impose strong selection, 
and combined stress reduces the evolutionary potential along 
a phenotypic selection gradient. Furthermore, they are in line 
with the constraining aspect of genetic correlations as found, 
e.g., in the transplant experiment by Etterson and Shaw 
(2001). Covering gradients of temperature and water avail-
ability, they showed that genetic correlations antagonistic to 
the direction of selection decreased the evolutionary potential 
in a plant despite considerable genetic variances and heritabil-
ities in the traits under selection.

If drought and combined heat with drought become more 
frequent at the low-latitude range limit of Arabidopsis lyrata, 
this will seriously impede population persistence. Niche mod-
elling indicated that temperature was the main driver of dis-
tribution limits in the south and north (Lee-Yaw et al., 2018; 
Sánchez‐Castro et al., 2024). This suggests that the species 
occurs in areas with marginal temperature conditions at the 
range limit, which was con!rmed in a transplant experiment 
with sites within and beyond the southern and northern range 
limits (Sánchez‐Castro et al., 2024). With climate warming, 
drought will become an additional stressor. For the southern 
and eastern United States, climate change has been associated 
not only with increasing temperature but also with longer 
periods of drought (Easterling et al., 2017; Schepers et al., 
2024; Vose et al., 2017). For several accessions of the closely 
related A. thaliana, Vile et al. (2012) found that the !tness 
proxy of biomass production was mostly higher under heat 

than drought conditions, suggesting that drought is more of 
a stressor than heat. A meta-study on a variety of organisms 
revealed a more even picture, whereby at low latitudes, water 
availability is of similar importance for survival than tem-
perature (Pearce-Higgins et al., 2015). Given that tempera-
tures are marginal at the southern range limits for A. lyrata 
and drought phases are increasing, our results of low adapta-
tion potential under these conditions suggest that populations 
at the low-latitude range limit are at risk of extinction.

Conclusions
Our study shows that drought and combined heat and 
drought—at magnitudes that may occur in nature at the 
low-latitude range limit of Arabidopsis lyrata—impose strong 
selection on traits related to the growth trajectory. At the same 
time, multivariate genetic variation for these traits is reduced 
due to some consistent genetic correlations. Correlations gen-
erally follow the continuum between slow and fast growth 
and become more constraining under drought and combined 
heat and drought because selection takes a direction more 
antagonistic to the direction of high multivariate genetic vari-
ation. When occurring together, strong selection and such 
constrained genetic variation led to a relatively low predicted 
selection response. If the future climate exposes low-latitude 
populations of A. lyrata to drought or heat with drought 
more frequently, populations may therefore fail to persist due 
to excessive deaths linked with selection.
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Abstract
Aim: Global climate change has been linked to shifts in species' geographic and eleva-
tional distributions, with taxa varying in responsiveness. This variation may be due to 
a time lag in response or climate alone not being a simple determinant of distribution 
limits. To tease apart the role of climate in distribution, we compared the temperature 
response of predicted occurrence revealed by ecological niche modelling (ENM) on his-
torical climate with that of performance in a multi- population transplant experiment. 
Congruence would support that climate is a main driver of distribution limits of a species.
Location: North America.
Taxon: Arabidopsis lyrata subsp. lyrata.
Methods: Seeds of 20 populations of North American Arabidopsis lyrata from across 
the entire range were collected, propagated and then sown along a latitudinal transect 
across and beyond the species' range. Lifetime performance was related to the main 
niche-  and range- determining climatic variable revealed by ENM.
Results: Lifetime performance did not consistently decline towards the high- latitude 
range limit, but it did so towards the low- latitude range limit. This decline was slightly 
weaker for low- latitude populations, indicating divergent climate adaptation. The 
overall performance curve on the field- measured minimum temperature in early 
spring was fairly congruent with the curve of ENM- predicted suitability on this im-
portant niche- determining variable. ENM- based projections revealed that the south-
ernmost populations were vulnerable under climate warming.
Main Conclusions: Results verified that ENM based on species occurrences can well- 
predict plant performance under field conditions. Congruence teaches us that with 
the climate change so far, the species exhibits a colonisation deficit in the north. 
Furthermore, the southernmost populations are vulnerable to extinction. A likely out-
come is the shrinking of the species' range.

K E Y W O R D S
Arabidopsis lyrata, climate warming, ecological niche, local adaptation, niche limit, range 
boundary, species distribution modelling, transplant experiment
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2  |    SÁNCHEZ-CASTRO et al.

1  |  INTRODUCTION
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A |u-mvrѴ-m| ;�r;ubl;m| 1-m ruo�b7; vblbѴ-u 7-|-ķ m-l;Ѵ� Ѵb=;|bl;
r;u=oul-m1; om |_; v-l; mb1_;Ŋ -m7 u-m];Ŋ7;|;ulbmbm] ;m�buomŊ
l;m|-Ѵ�-ub-0Ѵ;vĺ�=|_;|�o|�r;vo=1�u�;v=ou-mblrou|-m|1Ѵbl-|;
�-ub-0Ѵ;-Ѵb]mķ�;_-�;]oo7;�b7;m1;|_-|1Ѵbl-|;_-v0;;mblrou|Ŋ
-m|bmv_-rbm]|_;mb1_;-m7-vr;1b;vŝu-m];ķ-m7|_-|EN�bvu;Ѵb-0Ѵ;
bmru;7b1|bm]7bv|ub0�|bomvĺA| |_bvrobm|ķ o|_;u �-ub-0Ѵ;vķ bm1Ѵ�7bm]
0bo|b1 =-1|ouvķ 1-m 0; 1omvb7;u;7 -v Ѵ;vv blrou|-m| rѴ-�;uvķ�_b1_
l;-mv|_-|1�uu;m|7bv|ub0�|bom1-m0;bm|;uru;|;7bm|;ulvo=-Ѵ-]
oub|v-0v;m1;o=|u-1hbm]1Ѵbl-|;1_-m];ĺ�;;Ŋ+-�;|-ѴĺŐ2016ő�v;7
EN�0-v;7om1Ѵbl-|b1�-ub-0Ѵ;v|o�;ub=��_;|_;uu-m];Ѵblb|v;t�-Ѵ
mb1_;=ou|_;|u-mvrѴ-m|v1omvb7;u;7bmH-u]u;-�;v;|-ѴĺŐ2014ő-m7
=o�m71om]u�;m1;0;|�;;ml;|_o7vbmƒƐo=ƓƏ1-v;vķv�rrou|bm]
|_-|u-m];Ѵblb|vo=|;mu;=Ѵ;1|1Ѵbl-|;mb1_;Ѵblb|vĺ

H;u;ķ�;|;v|;7=ou-11ou7-m1;0;|�;;mrѴ-m|u;vromv;v|o1ѴbŊ
l-|;om1;u;�;-Ѵ;70�;m�buoml;m|-Ѵmb1_;lo7;ѴѴbm]-m7om1;0�
-|u-mvrѴ-m|;�r;ubl;m||o1om1Ѵ�7;-0o�||_;vr;1b;vŝu;vromvb�;Ŋ
m;vv|o1Ѵbl-|;1_-m];ĺT;v|bm]bm1Ѵ�7;7ror�Ѵ-|bomv=uol-1uovv-
vr;1b;vŝu-m];ķ�b|_7b==;u;m1;vbm_bv|ou�-m71Ѵbl-|b10-1h]uo�m7v
�-u�bm]=uol|;lr;u-|;|o0ou;-Ѵķ|o1_;1h=ou�b|_bmŊvr;1b;v1omŊ
vbv|;m1� bm -11ou7-m1;ĺ O�u v|�7� ou]-mbvl �-v |_; v_ou|ŊѴb�;7
r;u;mmb-ѴrѴ-m|Arabidopsis lyratav�0vrĺ lyratao=Nou|_Al;ub1-ĺA
ru;�bo�vv|�7�omu-m];Ѵblb|v0�;m�buoml;m|-Ѵmb1_;lo7;ѴѴbm]u;Ŋ
�;-Ѵ;7|_-|v�b|-0bѴb|��-vru;7b1|;7�;ѴѴ0�lbmbl�l|;lr;u-|�u;
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    |  3SÁNCHEZ-CASTRO et al.

bm;-uѴ�vrubm]Ő�;;Ŋ+-�;|-Ѵĺķ2018őĺ�u|_;ulou;ķvr;1b=b1|;v|bm]
bm7b1-|;7 |_-| Ѵo�Ŋ -m7 _b]_ŊѴ-|b|�7; u-m]; Ѵblb|v 1obm1b7;7 �;ѴѴ
�b|_-7;1Ѵbm;bmru;7b1|;7v�b|-0bѴb|�ĺ);u-m-m�r7-|;7�;uvbomo=
EN��b|_lou;vr;1b;vŝo11�uu;m1;vķu;1;m|1Ѵbl-|;7-|--m7=o�u
-Ѵ]oub|_lvĺ);=o�m7|_-|lbmbl�l|;lr;u-|�u;bm;-uѴ�vrubm]u;Ŋ
l-bm;7om;o=|_;lov| blrou|-m|ru;7b1|bm]�-ub-0Ѵ;vĺT_;|u-mvŊ
rѴ-m|;�r;ubl;m| 1o�;u;7-�b7; Ѵ-|b|�7bm-Ѵ ]u-7b;m| -m7 bm1Ѵ�7;7
vb|;v-1uovv |_;vr;1b;vŝ7bv|ub0�|bom-m70;�om7 Ő7-|--m-Ѵ�v;7 bm
|_; 1om|;�| o= 7ub=| ;==;1|v -| u-m]; Ѵblb|v bm �;uub;u ;| -Ѵĺķ2020, 
2022ĸ S࢙m1_;�ŊC-v|uoķ�;uub;u ;| -Ѵĺķ2022őĺ);-vv;vv;7�_;|_;u
|_; r;u=oul-m1; 1�u�; om lbmbl�l |;lr;u-|�u; bm ;-uѴ� vrubm]
-1uovv |_; ƒՓ�;-uv o= |_; ;�r;ubl;m| _-7 |_; v-l; v_-r; -v |_;
7;mvb|�1�u�;o=EN�Ŋru;7b1|;7v�b|-0bѴb|�om|_;v-l;�-ub-0Ѵ;Ő�őķ
�_;|_;uror�Ѵ-|bomv7b==;u;7bm|_;r;u=oul-m1;1�u�;7;r;m7bm]
om|_;buoub]bmŐ��őķ-m7�_;mbmѴb=;r-||;umv;v|-0Ѵbv_;7Ő���őĺR;v�Ѵ|v
�;u;�v;7|obm|;uru;|1�uu;m|7bv|ub0�|bombm|_;Ѵb]_|o=|_;vr;1b;vŝ
-0bѴb|�|ou;vrom7|o1Ѵbl-|;1_-m];0�v_b=|bm]b|vu-m];ĺ

2  |  MATERIAL S AND METHODS

Nou|_Al;ub1-mA. lyratav�0vrĺlyrataŐ=uolmo�om-00u;�b-|;7-v
A. lyrataőo11�uv bm|_;;-v|;um&mb|;7S|-|;vķ=uolNou|_C-uoѴbm-
|o&rv|-|;N;�+ouhķ-m7bm|_;�b7�;v|ķ=uol�bvvo�ub|ovo�|_Ŋ
�;v|;umOm|-ubo Ő=;�ror�Ѵ-|bomvo11�u�;v|�-u7�r |ovo�|_;um
AѴ0;u|-ĸ)bѴѴb;|-Ѵĺķ2022őĺ�or�Ѵ-|bomv-u;lov|Ѵ�v;Ѵ=Ŋbm1olr-|b0Ѵ;
-m7l-bmѴ� roѴѴbm-|;7 0��bѴ7 0;;v -m7 v�ur_b7v ŐS࢙m1_;�ŊC-v|uoķ
Aul0u�v|;u;|-Ѵĺķ2022őĺSol;ror�Ѵ-|bomv_-70;;m7;v1ub0;7-v
v;Ѵ=Ŋ1olr-|b0Ѵ;-m7v;Ѵ=bm]ķ�b|_-0b-vbm7bv|ub0�|bom-||_;;7];vo=
|_;vr;1b;vĽ;-v|;um-m7�;v|;umu-m];vŐ�ub==bmş)bѴѴbķ2014őĺT_;
_-0b|-|o=|_;vr;1b;vbm1Ѵ�7;v7�m-lb1v-m77;rovb|vouuo1h�-u;-v
om|_;v_ou;vo=Ѵ-u];uѴ-h;v-m7ub�;uvķ;uo7;7v-m7v|om;ouuo1h�
o�|1uorvķv�1_-v|_ov;=o�m7om|_;hmo0vo=|_;Arr-Ѵ-1_b-mvĺ

2.1  |  ENM modelling

ƑĺƐĺƐՊ ŇՊ O11�uu;m1;v

The Arabidopsis lyratao11�uu;m1;7-|-v;|�-v1olrbѴ;7�b|_7-|-
=uol�;;Ŋ+-�;|-ѴĺķŐ2018őķ|_;���7-|-0-v;�b|_o11�uu;m1;7-|-
;m|ub;v-=|;uƐƖѵƏŐ���ĺou]ķS;r|;l0;uƐƓķƑƏƑƑķ_||rvĹņņ7obĺou]ņ
ƐƏĺƐƔƓѵѶņ7Ѵĺ��ƕƔh|ő-m7�-ubo�v_;u0-ub-1oѴѴ;1|bomvĺ);;�1Ѵ�7;7
o11�uu;m1; robm|v o= mou|_;umAѴ0;u|- -m7 S-vh-|1_;�-m -v |_;�
�;u;=o�m7|o1omvbv|o=_�0ub7v�b|_Arabidopsis arenicola in a secŊ
om7-u�1om|-1|�om;=oul;7-=|;u|_;7b�;u];m1;o=|_;|�ovr;1b;v
Ő)bѴѴb;|-Ѵĺķ2022őĺ);=buv||_bmm;7|_;o11�uu;m1;v|oom;r;uvt�-u;
hbѴol;|u;|ol-|1_|_;u;voѴ�|bomo=|_;1Ѵbl-|;7-|-ĺ);=o�m7mo
vr-|b-Ѵ-�|o1ouu;Ѵ-|bomo=o11�uu;m1;7-|-0-v;7om-�-m|;Ѵ1ouu;Ŋ
Ѵo]u-lĺHo�;�;uķ|ou;7�1;v-lrѴbm]0b-vķ�;|_bmm;7|o|_;l;7b-m
E�1Ѵb7;-m7bv|-m1;-lom]o11�uu;m1;vŐbĺ;ĺ1ĺ-ĺƐƏŋƐƐՓhlőĺT_;=bm-Ѵ
7-|-v;|�v;7=ou|_;EN�-m-Ѵ�vbv=ouA. lyrata1om|-bm;7Ɠƒƒo11�uŊ
u;m1;vŐo=|_;bmb|b-ѴƐѵƔѵőĺ

ƑĺƐĺƑՊ ŇՊ CѴbl-|;�-ub-0Ѵ;v-m7�-ub-0Ѵ;v;Ѵ;1|bom

); �v;7 |_; CHE�SA �Ƒ 1Ѵbl-|; 7-|- v;| ƐƖѶƏŋƑƏƐƏ Ő�u�m
;|-Ѵĺķ2022ĸ�-u];u;|-Ѵĺķ2017őĺToro]u-r_b1ķvobѴ-m7�;];|-|bom�-uŊ
b-0Ѵ;v�;u;mo|bm1Ѵ�7;7-v|_;�u;1;b�;7mov�rrou|bm;-uѴb;ulo7Ŋ
;ѴѴbm]Ő�;;Ŋ+-�;|-Ѵĺķ2018őĺ);u;lo�;7_b]_Ѵ�1ouu;Ѵ-|;7�-ub-0Ѵ;v
Ő1ouu;Ѵ-|bom1o;==b1b;m||_u;v_oѴ70;|�;;mƴƏĺѵ-m7Əĺѵő-m7=�u|_;u
|;v|;7 =ou 1oѴѴbm;-u v|u�1|�u; bm |_; 7-|- �vbm] |_; �-ub-m1; bm=Ѵ-Ŋ
|bom=-1|ouŐ(�ĸ�vbm]|_;vif_func=�m1|bomķ_||rvĹņņ]bv|ĺ]b|_�0ĺ1olņ
=-�7-ƐƑƒņƓƕƐƕƕƏƑŲ=bѴ;Ŋ�b=ō=�mŊuőĺ T_; =bm-Ѵ 7-|- v;| bm1Ѵ�7;7 vb�
;1oѴo]b1-ѴѴ�l;-mbm]=�Ѵ�-ub-0Ѵ;v=ouu�mmbm]EN�vĹlbmbl�l|;lŊ
r;u-|�u;bm;-uѴ�vrubm]ŐT�bmESruőķl;-m|;lr;u-|�u;o=|_;]uo�Ŋ
bm]v;-vomŐT�;-m�uSőķ=uov|1_-m];=u;t�;m1�Őuov|C_u;tőķvmo�
�-|;u ;t�b�-Ѵ;m| ŐSmo�)Etőķ ru;1brb|-|bom o= |_; 1oѴ7;v| t�-u|;u
Ő�u;1CoѴ7 ő-m7ru;1brb|-|bomo=|_;�-ul;v|t�-u|;uŐ�u;1)-ul őĺ

ƑĺƐĺƒՊ ŇՊ Nb1_;lo7;ѴѴbm]-Ѵ]oub|_lv-m7v;||bm]v

AѴѴ-m-Ѵ�v;v�;u;u�m�b|_R�ƓĺƑŐRCou;T;-lķ2022őĺ);�v;7|_;
0bolo7Ƒr-1h-];ŐT_�bѴѴ;u;|-Ѵĺķ2023ő-m7=o�ulo7;Ѵvņ-Ѵ]oub|_lvĹ
];m;u-Ѵbv;7Ѵbm;-Ѵlo7;ѴŐ���ĸ�1C�ѴѴ-]_şN;Ѵ7;uķ1989őķl-�bl�l
;m|uor�lo7;Ѵ Ő�-�Em|ĸ�_bѴѴbrv ;| -Ѵĺķ2006őķR-m7olou;v| ŐRĸ
�u;bl-mķ2001ő-m70oov|;7u;]u;vvbom|u;;vŐ���ĸub;7l-mķ2001ő
Őv;;v�rrѴ;l;m|-u� bm=oul-|bom =oulo7;Ѵņ-Ѵ]oub|_lv;||bm]vőĺ);
-vv;vv;7-Ѵ]oub|_lr;u=oul-m1;ŐTable SƐő0��-rr-v|-|bv|b1ķl-�bŊ
l�l|u�;vhbѴѴv|-|bv|b1ŐTSSő-m70�u;1;b�;uor;u-|bm]1_-u-1|;ubv|b1
ŐROCő1�u�;Ő;�rѴ-bm;7bmAѴѴo�1_;;|-Ѵĺķ2006őĺ(-ub-0Ѵ;r;ul�|-Ŋ
|bomblrou|-m1;ŐTable SƑő�-v-vv;vv;70�r;ul�|bm];-1_�-ub-0Ѵ;
ƐƏƏ|bl;vĺ);ruo7�1;7lo7;Ѵ;mv;l0Ѵ;v0�1ollb||;;-�;u-]bm]
o=0bm-u�ruof;1|bomv0-v;7oml-�bl�lTSS-m7;t�-Ѵ�;b]_|=ou
�vbm]|_;|_u;v_oѴ7�-Ѵ�;|_-|l-�blbv;7vr;1b=b1b|�Ő|u�;Ŋm;]-|b�;
u-|;ő -m7 v;mvb|b�b|� Ő|u�;Ŋrovb|b�; u-|;őķ�b|_ 1omv;mv�v ŐƓņƓ-Ѵ]oŊ
ub|_lv -]u;;őķ l-foub|� ŐƒņƓőķ l;-m ŐƑņƓő -m7 lbmoub|� -]u;;l;m|
ŐƐņƓőĺ);v�ll-ubv;7|_;mb1_;vr-1;bm|�o-�;vo=�-ub-|bom�vbm]
-7;mvb|�]ub7Ő;1ovr-|r-1h-];ĸ	bCoѴ-;|-Ѵĺķ2017őĺ

); |_;m ruof;1|;7 |_; ru;7b1|;7 7bv|ub0�|bom =ou |_; r;ubo7
ƑƏƐƐŋƑƏƓƏ|o1olr-u;b|�b|_|_;ro|;m|b-Ѵv�b|-0Ѵ;7bv|ub0�|bomo=
|_;u;1;m|Ŋ_bv|oub1-Ѵu;=;u;m1;r;ubo7ĺ);�v;7=b�;C���ѵ1Ѵbl-|;
lo7;Ѵvo=|_;CHE�SA�ƑĺƐ7-|-v;|�b|_|_;vvrƔѶƔŐbĺ;ĺu1rѶĺƔ1-uŊ
0om;lbvvbomv1;m-uboő-v-lou;Ѵbh;Ѵ�v1;m-uboŐ�-u];u;|-Ѵĺķ2017őĺ
T_;=b�;lo7;Ѵv�v;7�;u;]=7ѴŊ;vlƓķ�h;vlƐŊƏŊѴѴķlrbŊ;vlƐŊƑŊ_uķ
brvѴŊ1lѵ-ŊѴu -m7 lubŊ;vlƑŊƏ Ő7o1�l;m|-|bomĹ _||rvĹņņ1_;Ѵv-Ŋ1Ѵbl-
|;ĺou]ņ�rŊ-7lbmņ7o�mѴo-7Ŋr-];ņCHE�SAō|;1_ōvr;1b=b1-|bomō(Ƒĺ
r7=őĺ);v�ll;7|_;0bm-u�ruof;1|bom-1uovv|_;=o�u-Ѵ]oub|_lv
r;u 1Ѵbl-|; lo7;Ѵ -m7 7b�b7;7 �-Ѵ�;v 0� =o�uĺ); |_;m v�ll;7
-1uovv |_; =b�; 1Ѵbl-|;lo7;Ѵvķ 1omvb7;u;7 -v ru;v;m1; �-Ѵ�;v ƾƑ
-m7u;v1-Ѵ;7�-Ѵ�;v|o-u-m];o=ƏŋƓŐ|ol-|1_|_;u-m];o=m;-uŊ
_bv|oub1-Ѵruof;1|bom�-Ѵ�;vőĺTou;=bm;ru;7b1|bomv=ou7b==;u;m|r-u|v
o=|_;u-m];ķ�;r;u=oul;71Ѵ�v|;u-m-Ѵ�vbvomu;rou|;7o11�uu;m1;v
0-v;7om |_;1Ѵbl-|;-||ub0�|;vo= |_;�-ub-0Ѵ;v�v;7 bmEN�ĺ);
�v;7|_;�Ŋl;-mv-Ѵ]oub|_lo=|_;;1Ѵ�v|=�m1|bomŐƐƏƏ|bl;v0oo|Ŋ
v|u-rrbm]ĸ=-1|o;�|u-r-1h-];ĸ�-vv-l0-u-ş��m7|ķ2020őĺ
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4  |    SÁNCHEZ-CASTRO et al.

2.2  |  Transplant experiment

);v;Ѵ;1|;7ƑƏror�Ѵ-|bomvo=A. lyrataķ1o�;ubm]|_;|o|-Ѵ7bv|ub0�Ŋ
|bom o= |_; vr;1b;v bmNou|_Al;ub1- Őb]�u; 1, Table Sƒőĺ�-|�u;
=u�b|vo=ƒƏŋƔƏrѴ-m|v�;u;1oѴѴ;1|;7o�;u-v�u=-1;-u;-o=-0o�|
ƓƔƏl2 -| ;-1_ vb|; bm ƑƏƏƕķ ƑƏƐƐou ƑƏƐƓĺ); ]u;� - =buv| ];mŊ
;u-|bomo=rѴ-m|vbm7oouv-m7r;u=oul;7�b|_bmŊror�Ѵ-|bom1uovv;v
|o u;7�1; 1-uu�Ŋo�;u ;==;1|v o= |_; vb|;v o= oub]bm -m7 |bl; vbm1;
1oѴѴ;1|bomĺT�;m|�Ŋvb�rѴ-m|vo=7b==;u;m|v;;7=-lbѴb;vr;uror�Ѵ-Ŋ
|bom�;u;]uo�mbmro|vbm-]u;;m_o�v;-m7u-m7olѴ�7;vb]m-|;7
|o 0; roѴѴ;mŊu;1;b�bm] lo|_;u rѴ-m|v ŐƐƑőķ roѴѴ;mŊ7om-|bm] =-|_;u
rѴ-m|vŐƐƑőou0-1h�rrѴ-m|vŐƑőĺ�Ѵ-m|vo=|_;v-l;ror�Ѵ-|bom�;u;
-vvb]m;7|or-buvķ-m7_-m7roѴѴbm-|bomv�;u;r;u=oul;7om;l-vŊ
1�Ѵ-|;7=Ѵo�;uv-||_;0�7v|-];|o-�ob71uovv1om|-lbm-|bomĺ);
u;r;-|;7-ѴѴ1uovv1ol0bm-|bomv�m|bѴvb�|ov;�;m=u�b|vou-0o�|ѵƏ
�b-0Ѵ;v;;7v�;u;o0|-bm;7ķ_-�bm]-|o|-Ѵo=ƑƑƓv;;7ņ1uovv1ol0bŊ
m-|bomv=ou|_;|u-mvrѴ-m|;�r;ubl;m|ĺ

b�;|u-mvrѴ-m|vb|;v�;u;v;|�r-Ѵom]-Ѵ-|b|�7bm-Ѵ]u-7b;m|bm
|_;;-v|;um&mb|;7S|-|;v0-v;7om|_;rovb|bomu;Ѵ-|b�;|o|_;vr;Ŋ
1b;vŝu-m];-m7v�b|-0bѴb|�Ĺ0;�om7|_;mou|_;umu-m];;7];bm|_;
A7buom7-1hvķN+ŐC�ƐĸEN�v�b|-0bѴb|�v1ou;o=Əőĸm;-u|_;mou|_Ŋ
;umu-m];;7];bm)bѴѴb-lv|o�mķ�AŐC�ƑĸƓőĸbm|_;1;m|u;o=7bvŊ
|ub0�|bombmH-uubvom0�u]ķ(AŐC�ƒĸƑőĸ-||_;vo�|_;umu-m];;7];
bm)bmv|omŊS-Ѵ;lķ NC ŐC�Ɠĸ ƒőĸ -m7 0;�om7 |_; vo�|_;um u-m];
;7];bmA|_;mvķ�AŐC�ƔĸƏőŐb]�u; 1, Table SƓőĺA|;-1_vb|;ķ|_;

7-|;o=vo�bm]�-vv;Ѵ;1|;7-vѵՓ�;;hv0;=ou;|_;Ѵom]Ŋ|;ul7-bѴ�
l;-m|;lr;u-|�u;=;ѴѴ|oƐƏŦCĺSo�bm]v|-u|;7bmA�]�v|ƑƏƐƕ-|
|_;vb|;0;�om7|_;mou|_;um;7];ŐC�Ɛő-m7;m7;7Ƒlom|_vѴ-|;u
-||_;vo�|_;umlov|vb|;ŐC�ƔőĺSo�bm]_-7|o0;u;r;-|;7-||_;
vo�|_;umu-m];;7];ŐC�Ɠőbm	;1;l0;uo=|_;v-l;�;-uĺ

A|;-1_|u-mvrѴ-m|vb|;ķ|�ov;;7v=uol|_;v-l;1uovv1ol0bŊ
m-|bom�;u;vo�m bm;-1_o= |_u;; u;rѴb1-|;ro|vĺT_; |_u;;ro|v
�;u; |_;m _-r_-�-u7Ѵ� vrѴb| bm|o |_u;; vr-|b-Ѵ 0Ѵo1hvķ -m7�b|_bm
0Ѵo1hvķ|_;��;u;u-m7olѴ�-vvb]m;7|oƐƒl�Ѵ|bŊro||u-�v�b|_ƒѶ
ro|v;-1_ Őmo|-ѴѴro|v =bѴѴ;7�b|_v;;7v�;u;-m-Ѵ�v;7_;u;ĸo|_Ŋ
;uv1om|-bm;70;|�;;mŊror�Ѵ-|bom1uovv;vĸv;;�;uub;u;|-Ѵĺķ2020, 
2022őĺ �o|v�;u; r;u=ou-|;7 -| |_; 0o||ol |o -ѴѴo� uoo| ]uo�|_
bm|o|_;Ѵo1-ѴvobѴĺT_;�_-7-7b-l;|;uo=ƕՓ1l-m7-7;r|_o=ѵՓ1lķ
=bѴѴ;7�b|_-ƐĺƔĹƐlb�o=�m=;u|bѴbv;7r;-|lovv-m7�-v_;7v-m7ĺA
|o|-Ѵo=ƕƏƖѶv;;7v�;u;vo�m-1uovv|u-mvrѴ-m|vb|;vŐƔ|u-mvrѴ-m|
vb|;v � ƑƏ ror�Ѵ-|bomv×ՓƐƑ 1uovv;v×Փƒ 0Ѵo1hv×ՓƑ v;;7v r;u ro|ķ
lbm�vƐƏƑlbvvbm] v;;7v0;1-�v;o= Ѵo� v;;7m�l0;uv =ou vol;
lines, Table SƔőĺ�o|v�;u;rѴ-1;7o�|7oouv bm|_;=b;Ѵ7ĺ �mb|b-ѴѴ�ķ-
|;lrou-u�]u;;m_o�v;-m7-�_b|;l;v_1Ѵo|_ Ő=ou�r|oƐƖՓ7-�vő
ruo|;1|;7|_;ro|v-m7v;;7Ѵbm]v=uol0;bm]�-v_;7-�-�0�_;-��
u-bmķ_b]_v�m;�rov�u;-m7u-rb77u�bm]ĺT�0v�;u;�-|;u;7u;]Ŋ
�Ѵ-uѴ��m|bѴ |_; =buv|vmo�oumb]_| =uov|ķ0;1-�v;|_;vr;1b;v];uŊ
lbm-|;vomѴ��m7;uruoѴom];7r_-v;vo=_b]_vobѴlobv|�u;ķ�_b1_
1-mo11�um-|�u-ѴѴ�-||_;vb|;v-|-m�|bl;7�ubm]lov|o=|_;�;-u
0�|�b|__b]_�-ub-0bѴb|�-lom]vb|;vĺAm;�1;r|bom�-vvo�bm] bm

F I G U R E  1Պ�-ro=|_;7bv|ub0�|bomo=Arabidopsis lyrataķ�b|_bm=oul-|bomom|_;ror�Ѵ-|bomvv|�7b;7-m7|_;|u-mvrѴ-m|vb|;vĺ�Ѵ-1h
1uovv;vbm7b1-|;o11�uu;m1;vo=A. lyrataŐ�b|_o�||_;u;]bomo=_�0ub7v�b|_A. arenicola-|�-h;A|_-0-v1-őĺCoѴo�u;71bu1Ѵ;v-11olr-mb;7
0�-|_u;;Ŋ7b]b|-00u;�b-|bomu;ru;v;m||_;vb|;vo=oub]bmo=A. lyrataror�Ѵ-|bomvbm1Ѵ�7;7bm|_;|u-mvrѴ-m|;�r;ubl;m|ŐTable SƒőĺT_;
ror�Ѵ-|bomv�;u;1-|;]oubv;7u;Ѵ-|b�;|o|_;buѴ-|b|�7bm-Ѵrovb|bom�b|_bm|_;�;v|;umŐ�b|_�-h;Eub;ror�Ѵ-|bomONƐő-m7;-v|;um-m1;v|u-Ѵ
1Ѵ�v|;uvŐ)bѴѴb;|-Ѵĺķ2018őbmvo�|_;umŊ;7];Őu;7őķ1;m|u;Őou-m];ő-m7mou|_;umŊ;7];Ő0Ѵ�;őĺ�u;;m|ub-m]Ѵ;vu;ru;v;m||_;Ѵo1-|bomvo=
|u-mvrѴ-m|vb|;vķ-00u;�b-|;7�b|_C�Ő1ollom]-u7;mő-m7-m�l0;ubm7b1-|bm]|_;v;t�;m1;o=bmb|b-Ѵvo�bm]ĺ
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    |  5SÁNCHEZ-CASTRO et al.

C�Ɠĸ b|_-7|o0;u;7om;ĸ-m7|ovr;;7�r];ulbm-|bom-m7bmb|b-Ѵ
]uo�|_0;=ou;�bm|;uķrѴ-m|v�;u;h;r|bm-�;m|bѴ-|;7]u;;m_o�v;
0;=ou;0;bm]rѴ-1;7 bm |_; =b;Ѵ7ĺ T_;u;-=|;uķ |u-mvrѴ-m|v�;u;;�Ŋ
rov;7|o|_;m-|�u-ѴѴo1-Ѵ1om7b|bomv-|;-1_vb|;ĺ�Ѵ-m|1olr;|b|bom
�-v -�ob7;70� v�uuo�m7bm] |_;l�Ѵ|bŊro| |u-�v�b|_ - 0Ѵ-1h =obѴķ
-m7_;u0b�ou�0�Ѵ-u];ul-ll-Ѵv�-vru;�;m|;70�-=;m1;-uo�m7
|_;;�r;ubl;m|ĺ)b|_|_bvruo1;7�u;ķ�;-bl;7-|1Ѵbl-|;0;bm]|_;
l-bm=-1|ou1-�vbm]7b==;u;m1;vbmr;u=oul-m1;0;|�;;mvb|;vĺ

�Ѵ-m| r;u=oul-m1; �-v u;1ou7;7 �;;hѴ�ķ v|-u|bm] �b|_ ];ulbŊ
m-|bombm-�|�lmƑƏƐƕ�m|bѴ|_;;m7o=|_;u;ruo7�1|b�;v;-vombm
��m;ƑƏƐƖ Őv;;Table Sѵ =ou |_;7;v1ubr|bomo= |u-b|v u;1ou7;7őĺ �=
|�ov;;7Ѵbm]v];ulbm-|;7bm|_;v-l;ro|ķom;�-vu;lo�;7_-rŊ
_-�-u7Ѵ�ķh;;rbm]om;rѴ-m|r;uro|ĺReproductive output was meaŊ
v�u;7bmƑƏƐѶ-m7ƑƏƐƖķƖՓ�;;hv-=|;u|_;=buv|=;�rѴ-m|v=Ѵo�;u;7
-|;-1_vb|;bm�;-uƑķ-m7ƔՓ�;;hv-=|;u=Ѵo�;ubm]0;]-mbm�;-uƒĺ
R;ruo7�1|b�;o�|r�|�-v 1-Ѵ1�Ѵ-|;7-v |_; |o|-Ѵm�l0;uo= =u�b|vķ
r;7b1;ѴvŐ=Ѵo�;uv|_-|7b7mo|ruo7�1;-=u�b|0�|rovvb0Ѵ�1om|ub0�|;7
�b|_roѴѴ;mőķ=Ѵo�;uv-m70�7vĺ);1-Ѵ1�Ѵ-|;7Ѵb=;|bl;multiplicative 
performance ŐMPő -v germination rate o0v;u�;7 bm - ro|l�Ѵ|brѴb;7
0�|_;u;ruo7�1|b�;o�|r�|ĺT_;|u-mvrѴ-m|vb|;bm|_;1;m|u;ŐC�ƒő
m;;7;7|o0; u;lo�;7 bm =-ѴѴƑƏƐѶķ-m7|_;u;=ou;ķ-m-Ѵ�vbvomMP 
�r|o�;-uƑ�-v-Ѵvor;u=oul;7ĺT_;=oѴѴo�bm]-77b|bom-Ѵ�-ub-0Ѵ;v
u;Ѵ-|;7|or;u=oul-m1;�;u;u;1ou7;7Ĺv�u�b�-Ѵķ|bl;|o=Ѵo�;ubm]ķ
7-l-];-m7v;�;ub|�o=7-l-];omuov;||;v-m7bm=Ѵou;v1;m1;vķ-m7
uoo| Ѵ;m]|_-| |_;;m7o= |_;;�r;ubl;m| Ő7;v1ubr|bom bmTable Sѵ, 
=�u|_;u7;|-bѴv�m7;uS|-|bv|b1-ѴAm-Ѵ�vbvőĺ

A| ;-1_ |u-mvrѴ-m| vb|;ķ |;lr;u-|�u; Ѵo]];uv u;1ou7;7 7-|-
_o�uѴ�ĺT_;7-|- Ѵo]];uv�;u; bmv|-ѴѴ;7ƐĺƔՓl-0o�;|_;]uo�m7ķ bm
|_;v_-7;-m71Ѵov;|o|_;|u-mvrѴ-m|vb|;ĺT_;l;-mlbmbl�l|;lŊ
r;u-|�u;bm;-uѴ�vrubm]ķ7�ubm]�-u1_-m7ArubѴķ�-v1-Ѵ1�Ѵ-|;7=ou
;-1_vb|;-v |_;-�;u-];o=7-bѴ�lbmbl�l|;lr;u-|�u;vo=�-u1_
-m7ArubѴķ-�;u-];7-1uovvlom|_v-m7|_;m-�;u-];7-1uovv|_;|�o
vrubm] r;ubo7v |_; ;�r;ubl;m|�-v u�mmbm]ĺ �u;1brb|-|bom 7-|- =ou
|_;|u-mvrѴ-m|vb|;v�;u;o0|-bm;7=uol�R�S�Ő_||rĹņņrubvlĺou;]o
mv|-|;ĺ;7�ő =ou |_; 7�u-|bom o= |_; ;�r;ubl;m|ĺ ou 1olr-ubvomķ
lbmbl�l |;lr;u-|�u; bm ;-uѴ� vrubm] -m7ru;1brb|-|bom7�ubm] |_;
�;||;v|t�-u|;u�;u;;�|u-1|;7=uol|_;)ouѴ7CѴbl7-|-0-v;�ƑĺƐ
Őb1hşHbfl-mvķ2017ő=ou|_;|u-mvrѴ-m|vb|;v-m7|_;vb|;vo=oub]bm
o=ror�Ѵ-|bomvĺT_;1Ѵbl-|;�-v];m;u-ѴѴ��-ul;u7�ubm]|_;;�r;ubŊ
l;m|1olr-u;7|o-�;u-];v0;|�;;mƐƖƕƏ-m7ƑƏƏƏŐTable SƓőĺ

2.3  |  Statistical analysis

ƑĺƒĺƐՊ ŇՊ �;u=oul-m1;1�u�;omlbmbl�l
|;lr;u-|�u;bm;-uѴ�vrubm]ķ-m77b==;u;m1;v-lom]
ror�Ѵ-|bomv

AѴѴl-bm-m-Ѵ�v;v�;u;r;u=oul;7oml�Ѵ|brѴb1-|b�;r;u=oul-m1;-v|_;
7;r;m7;m|�-ub-0Ѵ;ķomro|ŊѴ;�;Ѵ7-|--m7ror�Ѵ-|boml;-mvŐl;-mvo=
|u-mvrѴ-m|vb|;vbmTable SƕőĺAm-Ѵ�vbvom|_;Ѵ;�;Ѵo=|_;ro|�-vr;uŊ
=oul;7�b|_bm-�-�;vb-m=u-l;�ouhŐ�C�C]ѴllbmRĸH-7=b;Ѵ7ķ2010; 
R Core Team, 2019ő0;1-�v;MP�-vƏŊbm=Ѵ-|;7-m7u;t�bu;7|_;-m-Ѵ�vbv

o=0o|_|_;Ѵo]bv|b1r-u|ŐƏՓv�vĺՓ>ՓƏķ�b|_|_;Ѵ-||;u1o7;7-vƐő-m7|_;
�-�vvb-m r-u| o= |_; 7bv|ub0�|bom Ő�-Ѵ�;v Ѵo]10Ŋ|u-mv=oul;7 b= >ՓƏőĺ
�C�C]Ѵll�-vu�momƐƏr-u-ѴѴ;Ѵ1_-bmvķ�b|_-0�umŊbmo=ƔƏƏƏķ|_bmŊ
mbm];�;u�ƐƏƏb|;u-|bomvķ�b|_ƑƏƏķƏƏƏb|;u-|bomvbm|o|-ѴĺAm-Ѵ�vbvom
|_;Ѵ;�;Ѵo=|_;ror�Ѵ-|bom�v;7Ѵbm;-ulb�;7Ŋ;==;1|vlo7;ѴvŐ��ĸr-1hŊ
-];Ѵl;Ɠĸ�-|;v;|-ѴĺķƑƏƐƔőĺb�;7;==;1|v�;u;l;-mlbmbl�l|;lŊ
r;u-|�u;bm;-uѴ�vrubm]ķb|vvt�-u;|;ulŐ0o|_1;m|u;7|o-l;-mo=Əőķ
oub]bmo=ror�Ѵ-|bomvŐvo�|_;um;7];ķ1;m|u;-m7mou|_;um;7];ķ�b|_|_;
u;=;u;m1;0;bm]|_;1;m|u;ror�Ѵ-|bomvő-m7|_;|�oŊ�-�bm|;u-1|bomv
�b|_|;lr;u-|�u;ĺR-m7ol;==;1|v�;u;1ollom]-u7;mķ0Ѵo1hm;v|;7
�b|_bm1ollom]-u7;mķror�Ѵ-|bom-m7=-lbѴ�m;v|;7�b|_bmror�Ѵ-|bom
bm|_;-m-Ѵ�vbvom|_;Ѵ;�;Ѵo=|_;ro|ķ-m71ollom]-u7;m-m7ror�Ѵ-Ŋ
|bombm|_;-m-Ѵ�vbvom|_;Ѵ;�;Ѵo=|_;ror�Ѵ-|bomĺ

ƑĺƒĺƑՊ ŇՊ)_;mbmѴb=;r-||;umv;v|-0Ѵbv_;7-1uovv
|u-mvrѴ-m|vb|;v-m7ror�Ѵ-|bomv

�b=; v|-];v �;u; |;v|;7 =ou |_;bu 1om|ub0�|bom |o r;u=oul-m1; bm
|_;1ollom]-u7;mv-| |_; Ѵ;�;Ѵo= |_;ro|�vbm]];m;u-Ѵbv;7 ѴbmŊ
;-ulb�;7Ŋ;==;1|vlo7;ѴŐ����őķ-m7-||_;ror�Ѵ-|bomѴ;�;Ѵĺ�m|_;
=oul;u1-v;ķgermination and survival�;u;;v|bl-|;7-v0bm-u��-ubŊ
-0Ѵ;vŐƏķƐőĺSurvival year 1|oohbm|o-11o�m||_;];ulbm-|bomv|-|;Őbĺ;ĺ
NAb=|_;v;;77b7mo|];ulbm-|;ĸƏb=|_;rѴ-m|7b;70;=ou;|_;;m7
o=�bm|;u bmƑƏƐƕņƐѶĸƐ b= b|v�u�b�;7őĸ-m7survival year 2 was based 
on survival bm�;-uƐ Őbĺ;ĺNA b= |_;rѴ-m|_-77b;70;=ou;őĺDamage 
om uov;||;v ou bm=Ѵou;v1;m1;v �-v -Ѵvo |u;-|;7 -v 0bm-u�ĺ Time to 
flowering, damage severity Ő=u-1|bom bm =o�u 1-|;]oub;vĸ ƏĺƑƔĹ>Əѷŋ
ƑƔѷķƏĺƔĹƑѵѷŋƔƏѷķƏĺƕƔĹƔƐѷŋƕƔѷķƐĹƕѵѷŋƐƏƏѷo=Ѵ;-=oubm=ѴoŊ
u;v1;m1; |bvv�;-==;1|;7őķ reproductive output and root length were 
1om|bm�o�v�-ub-0Ѵ;vĺAѴѴ|_;v;�-ub-0Ѵ;v�;u;-m-Ѵ�v;7bm7b�b7�-ѴѴ�
�b|_u;v|ub1|;7l-�bl�lѴbh;Ѵb_oo7ķ�b|_|_;Rr-1h-];Ѵl;ƓŐ�-|;v
;|-ѴĺķƑƏƐƔő-m7Ѵl;uT;v|Ő���m;|vo�-;|-Ѵĺķ2017őĺb�;7-m7u-mŊ
7ol;==;1|v�;u;|_;v-l;-vvr;1b=b;7=our;u=oul-m1;ĺ

3  |  RESULTS

EN�1om=bul;7 |_-| |;lr;u-|�u;ķ ;vr;1b-ѴѴ�lbmbl�l |;lr;u-Ŋ
|�u; bm ;-uѴ� vrubm]ķ �-v - vb]mb=b1-m| ru;7b1|ou o=A. lyrata disŊ
|ub0�|bom Őb]�u; 2ĸ 7;mvb|�o= o11�uu;m1; -Ѵb]mv�b|_ |_; �;1|ou
o=T�bmESruőĺ�u|_;ulou;ķ|_;ƑƏror�Ѵ-|bomv�v;7bm|_;|u-mvŊ
rѴ-m|;�r;ubl;m|�-ub;71omvb7;u-0Ѵ�-Ѵom]|_bvr-u|b1�Ѵ-u|;lr;uŊ
-|�u;-�bvĺT_bvf�v|b=b;7|_;1olr-ubvomo=1�u�;vom|_;lbmbl�l
|;lr;u-|�u;bm;-uѴ�vrubm]-m71omvb7;ubm]|_;oub]bmo=ror�Ѵ-Ŋ
|bomvbm=�u|_;u-m-Ѵ�v;vĺ

3.1  |  Performance curve on minimum temperature 
in early spring, and differences among populations

); =buv| -m-Ѵ�v;7 r;u=oul-m1; ;v|bl-|;7 -v ror�Ѵ-|bom l;-mv
om |;lr;u-|�u; ŐTable 1őĺ T_; Ѵbm;-u -m7 |_; t�-7u-|b1 |;ulv o=
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6  |    SÁNCHEZ-CASTRO et al.

lbmbl�l|;lr;u-|�u; bm;-uѴ� vrubm]�;u;vb]mb=b1-m|-m7m;]-Ŋ
|b�;ķbm7b1-|bm]|_-|l�Ѵ|brѴb1-|b�;r;u=oul-m1;�-v_b]_;v|bm|_;
lb7Ŋu-m]; -m7 7;1Ѵbm;7 Ѵ;vv |o�-u7v 1ooѴ;u |;lr;u-|�u;v |_-m
�-ul;u|;lr;u-|�u;vŐb]�u; 3a,bőĺ);=o�m7m;b|_;u-vb]mb=b1-m|
;==;1|o= |_;oub]bmo=ror�Ѵ-|bomvmou bm|;u-1|bomv0;|�;;m |_;
oub]bmo=ror�Ѵ-|bomv-m7|;lr;u-|�u;ĺ�o|ŊѴ;�;Ѵ-m-Ѵ�vbv7;�b-|;7
bm |_-| |_;� u;�;-Ѵ;7 |_-| vo�|_;umŊ;7];ror�Ѵ-|bomvķ 1olr-u;7
|o1;m|u;ror�Ѵ-|bomvķv_o�;7Ѵ;vvo=-7;1Ѵbm;bmr;u=oul-m1;|oŊ
�-u7vbm1u;-vbm]|;lr;u-|�u;vķ-m7mou|_;umror�Ѵ-|bomvv_o�;7
-Ѵ;vvm;]-|b�;1�u�bѴbm;-uu;Ѵ-|bomv_br0;|�;;m|;lr;u-|�u;-m7
r;u=oul-m1;ŐTable SѶőĺT_;v;7;�b-|bomv�;u;o0v;u�;7omѴ�=ou
|_; Ѵo]bv|b1 -vr;1| o= r;u=oul-m1;ĺ ou |_; Ѵo]Ŋmoul-Ѵ -vr;1|ķ
vѴb]_|Ѵ�vb]mb=b1-m|rovb|b�;;==;1|v�;u;u;�;-Ѵ;7=ou|;lr;u-|�u;
-m7b|vvt�-u;|;ulbm7;r;m7;m|o=oub]bmķv�]];v|bm]1olr;mv-Ŋ
|ou�;==;1|vĺ

T_;1�u�;o=|_;ror�Ѵ-|boml;-mr;u=oul-m1;om|_;lbmbl�l
|;lr;u-|�u;bm;-uѴ�vrubm]ru;7b1|;70�7-|-o=|_;|u-mvrѴ-m|;�Ŋ
r;ubl;m|�-vbm]oo7-]u;;l;m|�b|_|_;1�u�;o=EN�Ŋru;7b1|;7
v�b|-0bѴb|�om|_;v-l;|;lr;u-|�u;�-ub-0Ѵ;Őb]�u; 3c,dőĺoul�ѴŊ
|brѴb1-|b�;r;u=oul-m1;ķ|_;or|bl�l|;lr;u-|�u;�-vƴƐĺƏŦCķ-m7
ƏĺƑŖor|bl�l�-v-|ƴѶĺƔ-m7ѵĺѵŦCĺT_;1�u�;o=ru;7b1|;7o11�uŊ
u;m1;bm;-uѴ�vrubm]l;-v�u;70;|�;;mƐƖѶƏ-m7ƑƏƐƏ_-7|_;orŊ
|bl�l�;u�1Ѵov;ķ-|ƴƐĺƕŦCķ-m7ƏĺƑŖor|bl-Ѵv�b|-0bѴb|��-v-|ƴƕĺƖ
-m7ѵĺƖŦCĺ

3.2  |  When in life patterns established across 
transplant sites and populations
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3.3  |  Projection of the distribution of A. lyrata 
given climate warming
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|;l-|b1bmvol;-u;-vo=|_;vo�|_ķbm|_;O�-uhvo=�bvvo�ub-m7|_;
=oo|_bѴѴvo=|_;Arr-Ѵ-1_b-mvbmNou|_C-uoѴbm--m7(bu]bmb-ĺ

4  |  DISCUSSION

Al-bm ]o-Ѵ o= |_bv v|�7��-v |o 1olr-u; |_; u;vromv;o= - vr;Ŋ
1b;v |o |;lr;u-|�u; -v u;�;-Ѵ;7 0� mb1_; lo7;ѴѴbm] �b|_ |_-| o=
r;u=oul-m1;-vv;vv;7bm-=b;Ѵ7;�r;ubl;m|o�;u-Ѵ-u];Ѵ-|b|�7bm-Ѵ
]u-7b;m|ĺO�uu;v�Ѵ|v-u;v�rrou|b�;|_-| |_;|�o1�u�;v-u; =-buѴ�
1om]u�;m|om|_;om;lov|blrou|-m|mb1_;Ŋ-m7u-m];Ŋ7;|;ulbmbm]
�-ub-0Ѵ;o=Nou|_Al;ub1-mArabidopsis lyrataķlbmbl�l|;lr;u-|�u;
bm;-uѴ�vrubm]Őb]�u; 3c,dőĺ�u|_;ulou;ķ|_;|u-mvrѴ-m|;�r;ubl;m|

u;�;-Ѵ;7 vol; ;�b7;m1; o= 7b�;u];m| 1Ѵbl-|; -7-r|-|bom o= Ѵo�Ŋ
Ѵ-|b|�7;ror�Ѵ-|bomv|oѴo�ŊѴ-|b|�7;1om7b|bomv0�|�b|_Ѵb||Ѵ;;==;1|
omror�Ѵ-|boml;-mvŐb]�u; 3b, Table 1őĺ�-v;7om|_;]oo7o�;uѴ-r
o= u;v�Ѵ|v 0;|�;;m EN� -m-Ѵ�vbv -m7 |_; |u-mvrѴ-m|-|bom ;�r;ubŊ
l;m|ķ�;1-m1om1Ѵ�7;|_-|1�uu;m|Ѵ�ķ|_;7bv|ub0�|bomo=Arabidopsis 
lyrataѴ-]v0;_bm7]Ѵo0-Ѵ�-ulbm]-vb|_-vmo|Ō|o|_;;�|;m||_-|bv
ruof;1|;7Ō;�r-m7;7|_;u-m];|o_b]_;uѴ-|b|�7;vĺOm|_;�-ul;m7
o=7bv|ub0�|bomķ |_;vr;1b;v_-vvol;1-r-1b|� |o1or;�b|__b]_;u
|;lr;u-|�u;vķ0�|ruo0-0Ѵ�mo|�m7;uru;7b1|;7�-ulbm]bm|_;m;-u
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5  |  CONCLUSION
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0;;m�b7;Ѵ�-rrѴb;7|oru;7b1|u-m];v_b=|vo=vr;1b;v�m7;u1Ѵbl-|;
�-ulbm]ĺHo�;�;uķ|_;u;_-�;0;;m=;�-||;lr|v|o�-Ѵb7-|;u;v�Ѵ|v
omlo7;ѴŊru;7b1|;7blrou|-m|mb1_;-�;vĺH;u;ķ�;�v;7|_;=u-l;Ŋ
�ouh o= u;Ѵ-|bm] lo7;ѴŊru;7b1|;7 o11�uu;m1; Ő_-0b|-| v�b|-0bѴb|�ő
om-|;lr;u-|�u;�-ub-0Ѵ;=o�m7|o0;|_;lov|mb1_;Ŋ-m7u-m];Ŋ
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|_;v-l;�-ub-0Ѵ;bm-=b;Ѵ7;�r;ubl;m|-m7=o�m7_b]_1om]u�;m1;ĺ
Om|_;om;_-m7ķ|_bvv_o�v|_-|mb1_;lo7;ѴѴbm]l-h;vl;-mbm]Ŋ
=�Ѵru;7b1|bomv-rrѴb1-0Ѵ;|o=b;Ѵ7Ŋ1Ѵbl-|;1om7b|bomvĺOm|_;o|_;u
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