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Multiple environmental drivers can shape the plastic and microevolutionary adaptive responses of plants. Yet experimental studies on
local adaptation and phenotypic plasticity rarely investigate how different backgrounds might interact and modify the signature patterns
of these mechanisms. Here, we evaluated local adaptation and plasticity in response to elevation in two Snapdragon plant subspecies
(Antirrhinum majus striatum and A. m. pseudomajus) by using common garden experiments at different elevations. We tested whether the
phenotypic signatures of plasticity and local adaptation recorded in an open habitat were similar between subspecies and maintained when
the experiment was replicated onsite under the shade of understory vegetation. Our results showed that population genetic divergence in
germination-related traits was suggestive of a pattern of local adaptation to elevation under regular sunlight in A. m. striatum, but not in
A. m. pseudomajus. They also revealed potentially neutral or adaptive plastic responses to elevation for these traits. The magnitude of
plastic responses was stronger than trait genetic divergence. Under understory shade, phenotypic patterns were different and suggested
maladaptive or neutral responses to elevation. Our findings imply that the genetic and plastic adaptive signatures of elevation cannot be
inferred without taking into account the variability of the environmental background. They also imply that selection mechanisms linked to
germination vary across heterogeneous environments in Snapdragon plants. Forecasting the ability of plants to adapt to environmental
changes based on common garden and reciprocal transplant experiments must account for the multivariate nature of the environment.

Altitudinal gradient | Antirrhinum majus | local adaptation | quantitative genetics | phenotypic plasticity | shade-induced plasticity | subspecies
divergence

1. Introduction1

Local adaptation and adaptive phenotypic plasticity are2

widely recognized as important mechanisms allowing3

species to cope with ongoing climate change (Jump4

& Penuelas, 2005; Hoffmann & Sgrò, 2011; Franks5

et al., 2014; Kelly, 2019). Local adaptation is the6

microevolutionary response to local selection that makes7

populations fitter in their own local habitat than in8

any other populations’ local habitats (Kawecki & Ebert,9

2004). Evidence for past microevolutionary responses10

to selection caused by climate differences does not11

necessarily indicate that adaptation to climate change12

will occur (Jump & Penuelas, 2005; Valladares et al.,13

2014). It nevertheless provides basic information about14

adaptive mechanisms that shape the standing genetic15

variation found among populations for climate-related16

responses. This information can in turn help building17

scenarios of species adaptation to climate change.18

Obtaining this information in plants is usually done by19

conducting experimental approaches where phenotypic20

traits are compared between populations grown in differ-21

ent environmental backgrounds. These environmental22

backgrounds are highly complex and multidimensional,23

and are generally simplified to be studied. Whether the24

genetic background of populations and the experimental25

simplification of population environmental backgrounds 26

can impact information about adaptive mechanisms and 27

the related extrapolated adaptive scenarios remains how- 28

ever poorly tested (but see Anderson & Wadgymar, 2019). 29

30

Phenotypic plasticity refers to the ability of the 31

phenotype for a given genotype to change in response 32

to environmental conditions (Bradshaw, 1965). Trait 33

plasticity can be adaptive or maladaptive in relation to a 34

plant fitness (Ghalambor et al., 2007, 2015). Adaptive 35

plasticity is widely recognized as a mechanism that 36

can allow plants to track rapidly shift in phenotypic 37

optima, thereby increasing the likelihood of populations 38

persistence under environmental changes. Identifying 39

adaptive plasticity to contrasted climatic conditions can 40

therefore help predicting the ability of populations to 41

persist to ongoing and future climate changes (Kelly, 42

2019). Today, adaptive plasticity and local adaptation 43

are well documented. A lot of research is now directed 44

towards understanding their relative roles and their 45
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interaction in adaptive evolution. For example, adaptive46

plasticity has been described as a mechanism that can47

precede and promote (i.e. plasticity-first hypothesis,48

Levis & Pfennig 2016), act synergistically with (i.e.,49

cogradient variation) or impede adaptive evolutionary50

responses to selection (i.e. countergradient variation,51

Conover & Schultz 1995; Ghalambor et al. 2015). The52

plasticity of a trait was also found to change in different53

environmental backgrounds so that plasticity itself can54

be considered to be plastic (Roubeau Dumont et al.,55

2019). This obviously translates the multidimensional56

complexity of the natural environment that organisms57

live in, which affects in complex ways the phenotypic58

expression of traits (Morel-Journel et al., 2020). Whether59

the adaptive significance of plasticity, and therefore60

its interaction with local adaptation, was assessed61

correctly by running experiments might therefore rely62

on the environmental background of the given experiment.63

64

Elevation gradients have long been used to assess65

climate related signatures of adaptation (Halbritter et al.,66

2018). Several environmental factors vary along elevation67

gradients (e.g., temperature, humidity, air pressure,68

vegetation cover, see Körner 2003). Some environmental69

factors (e.g., shade provided by the vegetation cover) can70

also vary between and within populations independently71

from elevation below tree lines. Most studies comparing72

the effect of elevation on plant populations cultivated73

in common gardens and reciprocal transplants do not74

decompose the effects of onsite environmental drivers75

because experimental settings can only incorporate a76

limited number of environmental treatments. Whether77

replicating the experiment at a similar elevation, even78

in a similar location, but in a different environmental79

background (e.g., regular light in open habitat vs shaded80

by understory vegetation) might affect trait values,81

results and conclusions on adaptive mechanisms is82

rarely tested (but see Anderson & Wadgymar 2019).83

Anderson & Wadgymar (2019) tested the impact of84

environmental conditions on the effect of elevation, and85

found a disrupted local adaptation to elevation caused by86

snow removal treatments. Our identification of ecological87

and evolutionary mechanisms shaping the diversity of88

traits might therefore be biased because we neglect89

the complex effect of the background environmental90

heterogeneity of wild populations in reciprocal transplant91

and common garden experiments (Chevin & Lande,92

2015; Westneat et al., 2019). As a consequence, our93

understanding of plant adaptation to elevation by means94

of local adaptation and phenotypic plasticity might95

be limited because neglecting the multivariate nature96

of the environment may lead to incorrect assessments97

of adaptive responses. Since this information is also98

used to forecast population responses to climate change,99

extrapolated scenarios from these approaches on the100

ability of populations to cope with climate change might101

also be incorrect. 102

103

Here, we evaluated the signatures of local adapta- 104

tion and plasticity in response to elevation for two 105

germination-related traits widely recognized for their 106

role in plant adaptation (Donohue et al., 2010): the seed 107

germination rate, and the timing of seed germination. 108

We compared the relative importance of phenotypic 109

plasticity (i.e. environmental variation, and genotype- 110

by-environment interaction), and genetic differentiation 111

(between populations, or between families) on these traits. 112

We reproduced this approach in the two parapatric yet 113

genetically closely related subspecies of Anthirrinum 114

majus (ssp. striatum and ssp. pseudomajus) that 115

inhabit closely similar ecological niches in the south of 116

France. This was achieved by conducting two common 117

garden experiments at high and low-elevation using seed 118

families from seven populations of A. m. striatum and 119

eight populations of A. m. pseudomajus originating 120

from different elevations. Our main aim was to test 121

the reproducibility of these signatures between two 122

separate environmental backgrounds: open habitat and 123

understory. Although reciprocal transplant and common 124

garden experiments are usually conducted in broad day 125

light in the absence of shade, the natural habitat of 126

many populations is heterogeneous and combines both 127

conditions. We expect to observe the signature of local 128

adaptation to elevation in A. m. striatum but not in 129

A. m. pseudomajus, based on the results from a study 130

conducted in a single common garden experiment (Marin 131

et al., 2020) and to evaluate to what extent the observed 132

signatures differ between environmental backgrounds. 133

134

2. Material and methods 135

Study system. Antirrhinum majus L. (Plantaginaceae) is 136

a hermaphroditic, self-incompatible, short-lived perennial 137

species producing annual inflorescences with zygomorphic 138

flowers. It produces small seeds dispersed by gravity a 139

few metres apart from the plant when the fruit dehisces 140

(Andalo et al., 2010; Khimoun et al., 2011). Cultivated 141

A. majus horticultural varieties are known to have a poor 142

and slow rate of seed germination (Bhargava et al., 2015). 143

Seeds germinate better on the surface of soil and at mild 144

temperature (around 20°C, Kang & Choi 2006). While 145

A. majus has been used as a model for developmental 146

genetics for more than 80 years (Schwarz-Sommer et al., 147

2003), knowledge on the ecology of this species in wild 148

populations remains limited. No data on the role of the 149

seed bank, its longevity, and its germination temporal 150

dynamics in wild populations are yet available. Recently 151

some authors suggested that A. majus has a persistent 152

seed bank with seeds able to survive longer than one 153

year (unpublished data in Arathoon et al. 2020). Yet, 154

it is reasonable to expect that most seeds remain viable 155

in the soil seed bank until they have an opportunity 156
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Fig. 1. Map of A. majus populations that were sampled across the geographic range of the species in Southern France. Pink dots represent A. m. pseudomajus populations,
yellow dots represent A. m striatum populations.

to germinate in spring of the following year. This is157

coherent with results from studies on cultivated A. majus158

which generally present a unique peak of germination159

(Kang & Choi, 2006; Bhargava et al., 2015). Geographic160

distribution of A. majus in southern Europe is centred161

over the Pyrenees Mountains (Khimoun et al., 2013). It162

occurs from sea level to an altitude of 1900 m (Andalo163

et al., 2010), on limestone or siliceous substrates and164

in habitats with contrasted moisture regimes (rainfall165

500-1000 mm per year). A. majus thrives in disturbed166

habitats, and is especially common along roadside and167

railway embankments (Khimoun et al., 2013). A. majus168

plants grow in a large variety of light environments,169

including fully open (e.g., scree), fully shaded (e.g.,170

understory vegetation, dense grassland meadows), or171

heterogeneous (sparse shrubland) areas (Khimoun et al.,172

2013).173

174

The subspecies level. A. majus plants harbour either175

magenta or yellow flowers, which can be used to176

distinguish between the two interfertile subspecies 177

A. m. pseudomajus and A. m. striatum respectively 178

(Andalo et al., 2010). The two subspecies are distributed 179

parapatrically and come into contact at their geographic 180

range margins (Khimoun et al., 2011). The geographic 181

range of A. m. striatum is surrounded by the range of A. 182

m. pseudomajus (Khimoun et al., 2013). The transition 183

between subspecies in the contact zones can occur over a 184

very short distance (<1 km) (Whibley, 2006). 185

At the genetic level, 1% genetic differentiation was found 186

between A. m. pseudomajus and A. m. striatum on the 187

basis of putatively neutral microsatellite loci, which was 188

one order of magnitude lower than the 10% differentiation 189

found amongst populations (Pujol et al., 2017). There 190

is evidence for gene exchange between subspecies in 191

multiple populations across contact zones (Khimoun 192

et al., 2011). Genome scans across a particular contact 193

zone in the Pyrenees also revealed little to negligible 194

differentiation between the two subspecies, with the 195

exception of loci underlying flower colour differences 196

between the two subspecies that were characterised by 197
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high differentiation (Whibley, 2006; Tavares et al., 2018).198

At the environmental level, the separation between the199

geographic distribution of A. m. pseudomajus and A.200

m. striatum is not explained by habitat differences, as201

illustrated by the substantial overlap of environmental202

conditions between the two species (Khimoun et al.,203

2013). Phenotypic differentiation was found between204

these two subspecies in a QST -FST approach conducted205

in one common garden but it was very low (c.a. 2%,206

excluding flower colour). The same approach however207

suggested a pattern of local adaptation to elevation208

across A. m. striatum populations, but not across A. m.209

pseudomajus populations (Marin et al., 2020).210

211

Populations and seed collection. Fifteen wild popula-212

tions of A. majus were sampled in 2011 from low and high213

elevation habitats distributed across its native geographic214

range (between north-eastern Spain and south-western215

France, Fig 1). The studied populations covered most216

of the altitudinal range of the species (0 m to 1600 m,217

see Table S1 in Supporting Information). They have218

been chosen based on i) their location spread across the219

geographic range of the species, ii) their altitude to cover220

the elevation range of the species that can be separated221

in two strata (6-750 and 750-1800 meters) presenting222

contrasted climate conditions (Marin et al., 2020), and223

iii) their within-population heterogeneity in vegetation224

cover resulting in diverse light conditions. None of225

these populations grows above tree lines. Populations226

from low and high elevation habitats are confronted227

to contrasted environmental conditions (Fig S1). For228

example, these conditions ranged from 14.8°C and 52229

mm (at BAN, 61 m above sea level) to 6.1°C and 94 mm230

(at MON, 1564 m above sea level) based on fifty-year231

averages (1950-2000) of mean annual temperature and232

annual average rainfall extracted from the WorldClim233

database (resolution 1 km2, www.worldclim.org, Hijmans234

et al. 2005). We used the same populations as in235

Marin et al. 2020, completed by one population for236

A. m. striatum (VIL see, Fig 1), in order to better237

balance the number of populations between subspecies238

and elevation categories in an attempt to improve239

our statistical comparison testing for the pattern of240

local adaptation to elevation across A. m. striatum241

populations, but not across A. m. pseudomajus pop-242

ulations suggested in previous studies (Marin et al., 2020).243

244

Seed families used to produce the plants grown in this245

experiment were not sampled directly in the wild but246

produced by two successive generations of parental plants247

that were germinated and grew in a common garden248

environment (Fig S2). Only the first parental generation249

of plants was germinated from seeds collected from field250

populations. These two generations of plants regenerated251

before our experiment are expected to have reduced252

maternal environmental effects that could have otherwise 253

biased the trait values recorded during the experiments 254

presented here. In each wild population, seeds were 255

sampled in October 2011 and randomly collected from 256

mature plants. Seeds sampled in the wild were sown in 257

spring 2012 in individual pots (9 × 9 × 10 cm) filled 258

with universal compost in a greenhouse at the CNRS 259

Experimental Ecology Station in Moulis, France. This 260

first generation of plants germinated and grew with no 261

nutrient addition under an average temperature from 262

15 to 28°C and weekly watering. Mature plants were 263

hand-pollinated during the summer 2012. Crosses were 264

conducted within populations where mates were assigned 265

randomly. The seeds produced by these crosses constitute 266

the 2012 collection of seed families. We sowed these 267

seed families in spring 2014 in a common garden at 268

ENSFEA (Toulouse, France). This second generation 269

of plants were germinated and grew in individual pots 270

(9 × 9 × 10 cm) filled with universal compost, with no 271

nutrient addition, under outdoor climatic conditions 272

(average month temperatures ranging from 20.6 to 21.5°C 273

and cumulative monthly rainfall ranging from 28.3 to 274

73.4 mm). Plants were supplied with water in case of 275

prolonged drought. Mature plants were hand-pollinated 276

during summer 2014. Crosses were conducted within 277

populations where mates were assigned randomly. The 278

seeds resulting from these crosses constitute the 2014 279

collection of seed families that were used in 2015 in the 280

experiments presented here. 281

282

Common garden sites at low and high elevation. In our 283

study, we were interested in testing whether germination 284

participates to the local adaptation of populations to 285

elevation. We used a “parallel” approach as described 286

by Kawecki & Ebert (2004); several replicate popula- 287

tions originating from each habitat type (e.g. low- vs 288

high-elevation habitats) were sampled and compared, 289

here in terms of germination in each habitat type (low- 290

vs high-elevation gardens). If germination participates 291

directly to the local adaptation of populations to 292

elevation, the populations originating from high-elevation 293

habitats should outperform the populations originating 294

from low-elevation habitats in the high-elevation garden 295

whereas the populations originating from low-elevation 296

habitats should outperform the populations originating 297

from high-elevation habitats in the low-elevation garden. 298

We therefore transplanted seeds from every population in 299

two sites (Fig S2). One site was located at low elevation, 300

in Toulouse, France (elevation 152 m). The other one 301

was located at high elevation, in the Siguer valley at 302

Lercoul, France (elevation 1100 m; see Fig 1). These 303

two sites were chosen because their climatic conditions 304

were respectively representative of the average climatic 305

conditions experienced by the populations sampled 306

in the lowest half and highest half of the elevation 307
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range respectively. As expected, the site at higher308

elevation received more rainfall, was cooler, and had a309

less severe summer drought than the low-elevation site310

(See supplementary information, Fig S1).311

312

Shade treatment: shaded by understory vegetation.313

At each site, two different common gardens were314

used to expose plants to two different environmental315

background conditions: an open environment (in full316

light, meadow) and a closed environment (shaded by317

understory vegetation). These common gardens were318

within 200 m of each other to keep the background319

climate conditions that are not affected by shade as320

similar as possible. Because we were interested in testing321

the reproducibility of the signature of local adaptation322

to elevation, rather than estimating the importance of323

light/shade factor in local adaptation, we choose to use324

natural understory vegetation to induce a differential325

environmental background based on the presence and326

absence of shade. Therefore, along with this “shade treat-327

ment” induced by understory vegetation, moisture and328

biotic interactions were undoubtedly different between329

treatments. These separate treatments (completely open330

or completely shaded) mimic conditions experienced by331

populations in their native habitats where individuals332

develop in diverse light conditions within or between333

populations. These two conditions (light and shade) are334

known to induce plastic changes in the morphology and335

germination in A. majus (Gourcilleau et al., 2019). We336

evaluated the contrast in light conditions by measuring337

the photosynthetically active radiation (PAR), which was338

significantly reduced under shade (See supplementary339

information, Fig S3 and Fig S4).340

341

Experimental design in the common gardens. We342

sowed 5360 seeds in spring 2015. Seeds germinated and343

plants grew outdoor in the gardens. In every garden, the344

constitution of the 15 study populations was the same.345

In every garden, seeds used for a given population came346

from 14 seed families (between 13 and 15 depending on347

the population). The same seed families were used in348

every garden, so that the four gardens were composed349

by a similar gene pool. In every garden, every seed350

family was represented by six individuals (Table S1,351

Supporting Information). Seeds were sown on the top of352

individual pots (9 × 9 × 10 cm) with clay universal (TS3353

Argile code 404, Klasmann©) and compost universal354

(BP2 Kompact code 294, Klasmann©). These pots were355

arranged in a randomized design on a tarpaulin covered356

with compost universal. Plants grew in pots filled with no357

nutrient addition and under outdoor climatic conditions358

in planting sites. Plants were supplied with water in case359

of prolonged drought.360

361

Germination-related traits and fitness optimum. Here, 362

we focused on two germination-related traits: the seed 363

germination rate, and the time to germination. In both 364

common gardens, the germination date was monitored 365

during the summer 2015 three times per week. To our 366

knowledge, no evidence for several peaks of germination 367

has been reported in A. majus. We therefore did not 368

consider that seeds that did not germinate the first year 369

harboured potential for germination in future years. As a 370

result, we also did not consider that seeds that did not 371

germinate the first year could play a role in a particular 372

ecological strategy of delayed germination across seasons. 373

374

Seed germination and time to germination are traits 375

of interest when considering the response of plants to 376

elevation. The seed germination is a direct measure of 377

plant survival; it is monotonically related to fitness (i.e. 378

under directional selection in all populations, and all 379

sites). The timing of seed germination is not a direct 380

measure of plant performance but it has a strong effect 381

on seedling survival: it influences seedling seasonal 382

exposure to potentially lethal environmental factors 383

and to advantageous conditions for subsequent growth 384

and reproduction (Donohue et al., 2010). The timing 385

of seed germination is not monotonically related to 386

fitness. Optimal times to germination may differ in 387

different locations. Selection may favour either early or 388

delayed germination, depending on when environmental 389

conditions are advantageous or deleterious. Selection 390

for increased fecundity should favour early germination. 391

Indeed, plants germinating earlier can reach a larger 392

size before reproduction and reproduce over a longer 393

period (Hoyle et al., 2015). At low elevation, selection for 394

increased fecundity and summer drought mortality are 395

expected to favour early germination. At high elevation, 396

two contrasted hypotheses can be drawn (Schütz, 2002). 397

Short growing seasons in sub-alpine habitats should 398

favour early germination, to provide enough time for 399

growth and reproduction. This is particularly true 400

for annual plants, but would be less advantageous for 401

short-lived perennial plants such as A. majus. On the 402

other hand, the high risk of seedling mortality due 403

to adverse spring conditions may select for delayed 404

germination. Studies on alpine environments suggest that 405

there is no global alpine germination strategy (Körner, 406

2003; Giménez-Benavides et al., 2005; Wagner & Simons, 407

2009; Hoyle et al., 2015). 408

409

Seed germination and time to germination are also 410

traits of interest when considering the response of plants 411

to light and shade environments. As other small-seeded 412

species, A. majus requires light to germinate (seeds 413

germinate only on or near soil surface but not buried 414

in the soil, Leishman et al. 2000; Milberg et al. 2000). 415

Consequently, we expect a lower germination rate under 416

shade than under light in all populations and in both 417
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subspecies. Additionally, earlier germination might be418

expected under shade because it may provide a head419

start in the presence of competition for light. Plants420

that germinate later than average may be incapable of421

overtopping their neighbours due to their small initial422

size (Weinig, 2000).423

424

Statistical analysis.425

Estimating environmental, genetic and G × E interactions426

variances. For each subspecies, we used GLMMs (Gen-427

eralized Linear Mixed Model) with fixed and random428

effects to quantify the magnitude of the environmental,429

genetic and genetic-by-environment (G × E) interaction430

variances in the response of germination-related traits to431

site elevation and shade treatment. Fixed effects included432

the site elevation effect (VElevation), the shade treatment433

effect (VShade) and their interaction (VElevationxShade)434

effect on the phenotype. These fixed effects were435

therefore used to estimate environmental variances. For436

the germination rate, the random effects were included437

to estimate the between-population variance (VB), the438

between-family effect variance (VF ), and the family ×439

site elevation × shade treatment interaction variance440

(VGXE). Both VB and VF refer to genetic effects, whereas441

VGXE refers to the genetic by environment interaction.442

The phenotypic plasticity corresponds to environmental443

variance (VElevation, VShade, and VElevation × VShade)444

and is also partly included in the genetic by environment445

interaction (Scheiner & Goodnight, 1984; Scheiner446

& Lyman, 1989). Since only a subset of individuals447

germinated, the analysis of the time to germination was448

conducted on a smaller dataset than the dataset for the449

germination rate. We therefore simplified the random450

effect structure of the models for the time to germination.451

Random effects included the between-population variance452

(VB), and the population x site elevation x shade453

treatment interaction variance (VGXE), but not the454

family effect variance. The error distribution was chosen455

to fit each trait: (i) a binomial model (with a logit link456

function) was used to analyze the germination success (0457

vs 1), (ii) a Poisson model (with a log link function) was458

used to analyze the time to germination.459

460

We established whether the environmental effects (site461

elevation, shade treatment and interactions) explained462

significant variance in germination-related traits by463

comparing models with and without the environmental464

effects on the basis of their log-likelihood ratios (Zuur465

et al., 2009). If the log-likelihood ratio test (LRT)466

returned a significant p-value, then the model including467

the environmental effects explained the data better than468

the model without the environmental effects.469

470

Testing for a pattern of local adaptation to elevation. The 471

“local” elevation vs. “foreign” elevation (Kawecki & 472

Ebert, 2004) was chosen to analyse the local adaptation 473

of populations to elevation on the basis of germination- 474

related traits. We considered that local adaptation 475

to elevation is operating if populations originating 476

from high-elevation habitats had higher germination 477

rates than populations from low-elevation habitats in 478

high-elevation site, whereas populations originating from 479

low-elevation habitats had higher germination rates than 480

populations from high-elevation habitats in low-elevation 481

site. The reaction norms (i.e. phenotypic responses of 482

same genotypes between high and low elevation sites) 483

of populations originating from high- and low-elevation 484

habitats should logically be crossing in the presence 485

of adaptation to elevation for germination success at 486

high and low elevations. For the time to germination, 487

expectations in high-elevation sites remain unclear. 488

As explained above, delayed or early germination of 489

populations from high-elevation habitats can be both 490

advantageous at higher elevation. Therefore, for this 491

trait, crossing and non-crossing reaction norms can both 492

reflect a pattern of local adaptation to elevation. 493

494

For each subspecies, we performed GLMMs with 495

fixed and random effects that are closely similar to the 496

models presented in the above section but differ to some 497

extent to allow for specific hypotheses to be tested. The 498

fixed effects included the site elevation effect, the shade 499

treatment, the elevation of origin of the population (as a 500

discrete variable, "high" vs "low"), and their interactions. 501

The random effects included the between-population 502

variance (VB). The error distribution was chosen to fit 503

each trait: (i) a binomial model (with a logit function) 504

was used to analyze the germination success (0 vs 1), 505

(ii) a Poisson model (with a log link function) was used 506

to analyze the time to germination. We established 507

whether the elevation of origin explained significant 508

variance in germination-related traits by comparing 509

models with and without the elevation of origin on the 510

basis of their log-likelihood ratios (Zuur et al., 2009). If 511

the log-likelihood ratio test (LRT) returned a significant 512

p-value, then the model including the elevation of origin 513

explained the data better than the model without the 514

environmental effects. Finally, significant differences 515

between populations originating from high and low 516

elevation within each site, and significant differences 517

between high and low-elevation sites for the same 518

populations were evaluated by using Wilcoxon tests. 519

520

Availability of code and data. All statistical analyses 521

were performed using the R.3.5.0 software (R Core Team, 522

2018). All generalized mixed-model were implemented in 523

R via the lme4 package (Bates et al., 2015). The code 524

and data for producing figures and results in this paper 525
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Table 1. Results from the generalized mixed models for germination-related traits for both subspecies of Anthirrinum majus.
Marginal R2 is the part of variance explained by fixed effects. Conditional R2 is the part of variance explained by both fixed
and random effects.

A. majus striatum A. majus pseudomajus
a) Germination rate (binomial) Marginal R2 = 0.10 Conditional R2 = 0.22 Marginal R2 = 0.14 Conditional R2 = 0.26

Fixed effects Estimates CI 95% lower CI 95% upper p-value Estimates CI 95% lower CI 95% upper p-value
Environmental effects
Intercept -0.77 -1.04 -0.50 0 -0.98 -1.22 -0.74 0
Site elevation -1.64 -2.00 -1.28 0 -1.70 -2.06 -1.34 0
Shade treatment -0.15 -0.45 0.15 0.32 0.21 -0.07 0.49 0.135
Site elevation x Shade 0.85 0.37 1.34 0.001 0.90 0.44 1.36 0

Random effects Variance CI 95 % lower CI 95% upper Nb group Variance CI 95% lower CI 95% upper Nb group
Genetic effects
Between populations (VB ) 0.04 0.03 0.05 7 0.02 0.01 0.02 8
Family nested in populations (VF ) 0.07 0.06 0.08 103 0.27 0.26 0.29 120
G x E effects
Family x Site elevation x Shade 0.36 0.34 0.38 412 0.32 0.30 0.34 479

b) Time to germination (poisson) Marginal R2 = 0.46 Conditional R2 = 0.60 Marginal R2 = 0.51 Conditional R2 = 0.57

Fixed effects Estimates CI 95% lower CI 95% upper p-value Estimates CI 95% lower CI 95% upper p-value
Environmental effects
Intercept 3.46 3.37 3.55 0 3.41 3.35 3.46 0
Site elevation -0.68 -0.81 -0.55 0 -0.73 -0.84 -0.62 0
Shade treatment -0.23 -0.35 -0.11 0 -0.23 -0.32 -0.15 0
Site elevation x Shade 0.50 0.32 0.68 0 0.47 0.33 0.61 0

Random effects Variance CI 95 % lower CI 95% upper Nb group Variance CI 95% lower CI 95% upper Nb group
Genetic effects
Between populations (VB ) 0.00 -0.00 0.01 7 0.00 -0.00 0.00 7
G x E effects
Population x Site elevation x Shade 0.01 0.00 0.02 280 0.01 0.00 0.01 310
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are available on Zenodo.526

527

3. Result528

Stronger phenotypic plasticity than genetic differen-529

tiation among populations. Phenotypic plasticity was530

found for both germination-related traits, as illustrated531

by significant environmental effects of the site elevation532

or shade treatment or site elevation × shade treatment533

interaction (Table 1). The slopes of the reaction norms534

were negative and drove a strong decrease between535

high- and low- elevation sites for both traits in both536

subspecies (Table 1, Fig 2 and 3). Germination rates537

in the high-elevation site were significantly higher (32538

%) than in the low-elevation site (14 %). The time to539

germination was longer in the high-elevation site (28540

days) than in the low-elevation site (18 days). In both541

subspecies, the shade treatment significantly influenced542

the time to germination, but not the germination rate,543

although it can be argued that it had an effect on the544

germination rate through the significant site elevation x545

shade treatment interaction. Seeds required on average546

five additional days to germinate under shade compared547

to light condition.548

549

The models including the environmental effects (site550

elevation, shade treatment and interactions) explained551

the data better than the model without the environ-552

mental effects, as demonstrated by significant p-values553

for the log-likelihood ratio test (LRT, Table 2). The554

environmental variance explained approximately 10555

to 50% of the variation in germination-related traits.556

Indeed, the marginal R2 describing the proportion of557

trait variance explained by the fixed effects ranged558

from 0.1 to 0.51 (Table 1). A non-negligible yet lower559

amount of trait variation was explained by random560

effects (between- and within-population variation and G561

× E interactions). The proportion of variance explained562

by the conditional R2 accounting for fixed and random563

effects was higher than the marginal R2 accounting for564

fixed effects as illustrated by its increase by 6 to 14%565

between conditional and marginal (Table 1).566

567

The largest component of genetic variation for568

germination related-traits was the genetic variation of the569

degree of plasticity (G × E interaction, Table 1). Genetic570

variation between populations and between families571

within populations were smaller in both subspecies. Small572

variation for germination rates was found among popu-573

lations for both subspecies, as indicated by the low but574

significant variance (Table 1 a, CI 95% not overlapping575

zero). A larger proportion of variation for germination576

rates was explained by the within-population genetic577

variation estimated by the family effect, in particular in578

A. m. pseudomajus (Table 1 a). No variation for the time579

to germination was found between populations (Table 1 b,580

CI 95% crossing zero). Between-family within-population 581

variance was not estimated for this trait. A graphical 582

representation of average population phenotypic values is 583

available in the supplementary (Fig S5 and S6). 584

585

Table 2. Results of the log likelihood ratio test (LRT) per-
formed on the generalized mixed models for germination-
related traits for both subspecies of Antirrhinum majus. If the
log-likelihood ratio test (LRT) returned a significant p-value,
then the model including the environmental effects (site ele-
vation, shade treatment and their interactions) or the eleva-
tion of origin explained the data better than the models with-
out the environmental effects. See models estimates in Table
1 and 3.

LRT p-value
a) With and without environmental effects

Germination rates
A. majus. striatum 97.4 0
A. majus. pseudomajus 128.0 0
Time to germination
A. majus. striatum 43.1 0
A. majus. pseudomajus 67.8 0
b) With and without elevation of origin

Germination rates
A. majus. striatum 29.1 0
A. majus. pseudomajus 18.6 0.001
Time to germination
A. majus. striatum 34.8 0
A. majus. pseudomajus 37.1 0

Partial signatures of local adaptation to elevation 586

under light for A. m. striatum. The models including the 587

elevation of origin fitted the data better than the null 588

models (i.e. models without the elevation of origin) for 589

all traits and all subspecies (Table 2). In A. m. striatum, 590

the “local” elevation vs. “foreign” elevation criterion 591

was partially satisfied under light conditions for both 592

the germination rate and the time to germination. As 593

expected, plants originating from high-elevation habitats 594

had a significantly higher germination rate compared 595

to plants originating from low-elevation habitats, in the 596

high-elevation site under light condition (Fig 2 a). Yet, in 597

the low-elevation site, differences in germination success 598

were not significant between populations from high and 599

low-elevation habitats (Fig 2 a). Therefore the local vs 600

foreign criterion holds in high-elevation site but not in 601

low elevation site for the germination success. For the 602

time to germination, as expected, plants originating from 603

low-elevation habitats germinated significantly earlier 604

than plants originating from high-elevation habitats 605

in the low-elevation site under light condition (Fig 2 606

c). In the high-elevation site under light, plant from 607

high-elevation habitat germinated later than plants from 608

low-elevation habitats (Fig 2 c). In the subspecies A. m. 609

pseudomajus, the "local elevation vs. foreign elevation" 610
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Fig. 2. Reaction norms of germination-related traits (mean values ± 95% CI) for seven populations of Anthirrinum majus striatum in the two sites (low and high elevation)
and under two treatments (open light and understory shade). plots a) and b) refer to germination rate, c) and d) to time to germination, a) and c) refer to light treatment, b)
and d) to shade treatment. Significant differences are indicated by asterisks. ***: p.value ≤ 0.001 , **: 0.001 < p.value ≤ 0.01, *: 0.01 < p.value ≤ 0.05, ’.’: 0.5 < p.value
< 0.1, ‘ns’: p.value≥ 0.1.

criterion was never satisfied, reflecting the lack of local611

adaptation for both germination-related traits. Indeed,612

the populations originating from high-elevation habitats613

never outperformed the populations originating from614

low-elevation habitats in the high-elevation garden, and615

vice-versa (Fig 3).616

617

Adaptive evolutionary responses disturbed by shade.618

Patterns of responses to elevation observed under light619

vanished or reversed under shade in both subspecies (Fig620

2 and 3 b and d). Changes were suggestive of maladaptive621

plasticity in response to shade for A. m. striatum. The622

significant effects of the three-way interaction elevation623

of origin × site elevation × shade treatment and the624

two-way interaction site elevation × shade treatment on625

germination related-traits showed that the patterns that626

we interpret as evolutionary signatures of adaptation627

to elevation were different under light and under shade 628

(Table 3). In the high-elevation site and under light, A. 629

m. striatum plants from high-elevation populations had a 630

significantly higher germination rate and a delayed germi- 631

nation compared to plants originating from low-elevation 632

populations. Under shade, we obtained contrasted results 633

in the high-elevation site; plants from high-elevation pop- 634

ulations had lower germination rates and a similar time 635

to germination compared to plants from low-elevation 636

populations (Fig 2 b and d). In the low-elevation site 637

and under light, plants from low-elevation populations 638

had similar germination rates and germinated earlier 639

than plants from high-elevation populations but there 640

were no significant differences under shade (Fig 2 b and d). 641

642
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Fig. 3. Reaction norms of germination-related traits (mean values± 95% CI) for eight populations of Anthirrinum majus pseudomajus in the two sites (low and high elevation)
and under two treatments (light and shade). The legend is identical to Fig 2.

4. Discussion643

Our findings illustrate how our understanding of local644

adaptation and adaptive plasticity is affected by taking645

into account complex environments. Our comparison646

between high and low elevation, open habitat and647

understory, of multiple A. majus populations which gene648

pool was replicated between environments, revealed an649

impact of the multidimensional nature of their complex650

environment on the experimental signature of adaptive651

mechanisms. In open light conditions, we found partial652

evidence suggesting local adaptation to elevation in653

A. m. striatum, but not in A. m. pseudomajus by654

analysing germination-related trait data from multiple655

populations in common garden experiments replicated656

at different elevations. The slightly differential genetic657

background of the populations representing these closely658

related subspecies represented in our experiment was not659

only associated with different signatures of adaptation660

to elevation but also with differential phenotypic 661

plasticity. Plastic responses to elevation were stronger 662

than genetic divergence, suggesting both cogradient 663

variation (microevolutionary response acting synergisti- 664

cally with direct environmental plastic response) and 665

hyperplasticity (greater direct environmental response 666

of the trait as compared to its genetic divergence). It is 667

interesting to note that these hyperplasticity is usually 668

expected to be associated with countergradient variation 669

(microevolutionary response acting antagonistically 670

with direct environmental plastic response). Under 671

shade, the signature of A. majus adaptive responses to 672

elevation differed from open light conditions, suggesting 673

maladaptation. This finding has two implications. First, 674

the differential impact of the open habitat and understory 675

conditions revealed experimentally by two separate 676

environmental treatments suggests varying selection 677

on germination traits inside populations characterized 678

by heterogeneous conditions of vegetation cover in 679
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Table 3. Results from the generalized mixed models (GLMM) testing for local adaptation on germination-related traits in both
subspecies of Antirrhinum majus. Random factor in all models is the population effect. Marginal R2 is the part of variance
explained by fixed effects. Conditional R2 is the part of variance explained by both fixed and random effects.

A. majus striatum A. majus pseudomajus
a) Germination rate (binomial) Marginal R2 = 0.12 Conditional R2 = 0.13 Marginal R2 = 0.13 Conditional R2 = 0.14

Fixed effects Estimates CI 95% lower CI 95% upper p-value Estimates CI 95% lower CI 95% upper p-value
Intercept -0.52 -0.87 -0.18 0.001 -0.85 -1.16 -0.55 0
Site elevation -1.59 -2.00 -1.20 0 -1.67 -2.14 -1.23 0
Elevation of origin -0.44 -0.97 0.10 0.086 -0.02 -0.46 0.41 0.908
Shade treatment -0.69 -1.03 -0.36 0 -0.14 -0.46 0.19 0.408
Elevation of origin x Site elevation 0.07 -0.60 0.72 0.833 0.17 -0.46 0.80 0.593
Site elevation x Shade 1.29 0.75 1.84 0 1.47 0.92 2.05 0
Elevation of origin x Shade 1.23 0.75 1.73 0 0.63 0.18 1.08 0.006
Elevation of origin x Site elevation x Shade -1.05 -1.91 -0.19 0.016 -1.19 -1.99 -0.40 0.003

b) Time to germination (poisson) Marginal R2 = 0.54 Conditional R2 = 0.61 Marginal R2 = 0.56 Conditional R2 = 0.58

Fixed effects Estimates CI 95% lower CI 95% upper p-value Estimates CI 95% lower CI 95% upper p-value
Intercept 3.53 3.43 3.63 0 3.32 3.26 3.38 0
Site elevation -0.66 -0.74 -0.58 0 -0.63 -0.73 -0.52 0
Elevation of origin -0.15 -0.30 -0.00 0.023 0.17 0.08 0.25 0
Shade treatment -0.30 -0.35 -0.25 0 -0.13 -0.18 -0.07 0
Elevation of origin x Site elevation -0.08 -0.23 0.07 0.308 -0.21 -0.35 -0.06 0.005
Site elevation x Shade 0.44 0.33 0.55 0 0.35 0.22 0.47 0
Elevation of origin x Shade 0.14 0.07 0.22 0 -0.20 -0.28 -0.13 0
Elevation of origin x Site elevation x Shade 0.18 -0.00 0.36 0.052 0.25 0.08 0.42 0.005

the wild. Our ability to understand adaptation in A.680

majus therefore presents a number of complications681

resulting from the multidimensional complexity of it682

environment. The multiple environmental variables that683

are combined to form its heterogeneous habitat can684

indeed affect the signature of microevolutionary and685

phenotypic plastic adaptive or maladaptive responses.686

Our findings corroborate the recent emergence of687

similar results in the scientific literature (Morel-Journel688

et al., 2020). This issue has the potential to affect689

studies that do not test for the effect of environmen-690

tal treatments on the signature of local adaptation.691

These complications also challenge our ability to under-692

stand adaptive responses to contrasted climate conditions.693

694

Local adaptation to elevation detected in a classical695

open habitat experimental setting. We found divergence696

in the genetic variation underlying the germination rate697

and the time to germination which is likely to be adaptive698

for A. m. striatum. For the germination rate, partial699

evidence of local adaptation to elevation was found in700

the high-elevation site, but not in the low-elevation site.701

In the high-elevation site, populations of A. m. striatum702

from high-elevation habitats had higher germination703

rates compared to populations from low elevation704

habitats, whereas in the low-elevation garden we found705

no differences in germination rates between populations706

from high- and low-elevation habitats. This pattern does707

not on its own provide convincing evidence for the local708

adaptation of populations to elevation. However, it still709

does suggest an imprint of natural selection imposed by 710

the local conditions in high-elevation habitats. Climatic 711

conditions in low elevation gardens were particularly 712

hot and dry in southern France on that year. It is 713

also possible that the signature of local adaptation was 714

masked by experimental artefact (Kawecki & Ebert, 715

2004) with an homogenization of seed responses caused 716

by harsh summer conditions at low-elevation with all 717

populations suffering lower germination rates than in 718

higher-elevation gardens. This pattern invites follow-up 719

studies to replicate the detection of the signature of 720

adaptation on germination. 721

722

Our results for the time to germination were consistent 723

with our expectations. In low-elevation site, A. m. 724

striatum populations from low-elevation germinated 725

earlier than populations from high-elevation. This result 726

is coherent with selection toward earlier germination 727

at low elevation that is acknowledged to increase 728

fecundity and/or to decrease summer drought mortality 729

(Leger et al., 2009). In the high-elevation site, A. m. 730

striatum populations from high-elevation showed delayed 731

germination compared to populations from low-elevation. 732

The delayed germination of seeds where conditions turn 733

favourable later in the season than at low elevation, or 734

under presently favourable conditions at high elevation 735

can be interpreted as a way to reduce the risk of 736

mortality if the conditions were to turn unfavourable 737

under springtime (Donohue et al., 2010; Hoyle et al., 738

2015). However, the opposite hypothesis, i.e., the benefits 739

of earlier germination at high elevation also exists in the 740
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literature (Schütz, 2002), although it is more suitable for741

annual plants and applies inside the seasonal window742

of favourable conditions at high elevation that might743

nevertheless occur later than at low elevation. We have744

no evidence that this pattern of delayed germination in745

high-elevation gardens will be advantageous to seedlings746

or to later adult life stages. Our results on the time to747

germination can therefore only be interpreted as partial748

evidence of local adaptation which is based on results in749

low-elevation site.750

751

The findings described above show that A. m. striatum752

populations from high and low-elevation habitats have753

genetically diverged in terms of germination rate and time754

to germination. Considered altogether, these results offer755

a pattern consistent with local adaptation to elevation756

(Kawecki & Ebert, 2004) because the populations757

originating from high-elevation habitats outperformed758

the populations originating from low-elevation habitats759

in the high-elevation site via higher germination rates760

whereas the populations originating from low-elevation761

habitats outperformed the populations originating from762

high-elevation habitats in the low-elevation site via763

delayed germination. In contrast, we found no evidence764

for a pattern of local adaptation to elevation in A.765

m. pseudomajus. These results are consistent with a766

previous study on A. majus that used a QST − FST767

indirect approach (Marin et al., 2020). They detected768

a potential signal of local adaptation to elevation on769

biomass-related traits in A. m. striatum but not in770

A. m. pseudomajus. This finding highlight contrasted771

patterns of local adaptation to elevation between these772

two genetically closely related subspecies subspecies773

that harbour different flower colours but share the774

same ecological range. Adaptive mechanisms related to775

elevation might be contributing to the divergence of these776

subspecies.777

778

The limits of forecasting responses to climate change779

on the basis of experimental approaches. Our results780

provide evidence for the adaptation of A. majus popula-781

tions to different elevations in the Pyrenees, which might782

imply that A. majus successfully evolved adaptations783

to climate differences. It is important to note that our784

experimental setting was made to compare the effect of785

climate environmental conditions while homogenising786

other potential effects (e.g., soil composition). Signature787

of past adaptive evolution are useful to identify potential788

traits playing a role in adaptation. At first sight, our789

results suggest that germination participated to the790

adaptation of A. majus populations and might play a791

positive role in its potential adaptation to climate change.792

The range of climate conditions in these mountains is793

already changing and set to change even more because794

of climate change. Conditions at high elevation are795

becoming more similar to conditions from lower elevation 796

(Urli et al., 2014). In this regard, the experimental 797

evidence that seeds originating from high elevation 798

performed as well in terms of germination rate at low 799

elevation as seeds originating from low elevation is 800

encouraging in terms of resilience to climate change. 801

Again at first sight, one might speculate that seeds 802

will keep germinating at a comfortable rate as hotter 803

temperatures hit higher elevations. However, caution 804

must be exercised with this type of predictions derived 805

from experimental approaches that often require to 806

simplify the complexity of the life cycle and the multiple 807

dimensions of the environment. For example, the 808

experimental evidence at low elevation that seeds from 809

higher elevation germinate later than seeds originating 810

from lower elevation is not reinsuring as one might 811

speculate that plants will find themselves to grow in too 812

hot and dry environmental conditions that will limit 813

their survival and their reproductive success. In addition, 814

the neglected complexity of environmental effects might 815

also affect experimental results based on phenotypes and 816

these types of forecasted adaptive scenarios. For example 817

in our study, understory shade conditions modified 818

the signature of the local adaptation of populations to 819

elevation, which can alter predictions. Furthermore, they 820

can also outline alternative climate change scenarios. 821

For example, our results under understory shade 822

suggest that some mechanisms such as a change in vegeta- 823

tion cover under climate change might impede adaptation. 824

825

Sensitivity of elevation adaptation patterns to another 826

local environmental condition. Neglecting the multivari- 827

ate nature of the environment may lead to incorrect as- 828

sessments of how species adapt to their current habitat, 829

and how they will respond to climate changes. For in- 830

stance, Anderson & Wadgymar 2019 found evidence of 831

local adaptation to elevation in Boechera stricta but this 832

pattern was disturbed by changes in snow cover that lead 833

to observe signs of local maladaptation. Examples of 834

empirical studies testing the stability of plant adaptive re- 835

sponses to the complexity of environment are rare (Chevin 836

& Lande, 2015; Westneat et al., 2019). In A. m. striatum, 837

we found that patterns reflecting the adaptation of popu- 838

lations to elevation under light were disturbed by shade. 839

Under shade, our results reflected local maladaptation 840

in germination-related traits. Contrary to expectation, 841

we did not found similar patterns under shade with sim- 842

ply lower germination rates and earlier germination than 843

under regular light conditions. The effect of elevation 844

under shade could not be inferred from simply scaling 845

down the observed patterns under light. This finding 846

suggests heterogeneous selection at both the intra- and 847

inter-population spatial scales. Shade is often associated 848

with cooler temperature during daytime, warmer temper- 849

atures at night and higher air humidity and soil moisture 850
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(Valladares et al., 2016). Therefore, climate-related ge-851

netic differentiation in germination-related traits at both852

intra- and inter-population scales might be maintained by853

fluctuating selective pressures that are both influenced by854

microclimatic conditions (e.g. shade provided by vegeta-855

tion cover vs regular light in open habitat) and larger-scale856

climatic conditions (e.g. due to elevation). This finding857

also revealed that our evaluation of the genetic signature858

of local adaptation in response to elevation was altered859

when we replicated our common garden experiment at860

a similar location but in a different environmental back-861

ground (here understory shade). Our understanding of the862

adaptation of A. majus plants can therefore be affected863

by the choice of environmental conditions used in the864

experimental setting. Interactions between environmental865

factors create unexpected outcomes. This scenario is likely866

to be common in other systems where both plasticity to867

multiple environmental drivers and local adaptation are868

present (Palacio-Lopez et al., 2015; Acasuso-Rivero et al.,869

2019).870

Phenotypic plasticity in response to elevation. Our find-871

ings revealed a strong plastic response of A. majus to eleva-872

tion in germination-related traits. The magnitude of this873

plastic response was a lot stronger than trait genetic di-874

vergence between populations from different elevations in875

both subspecies. Our study therefore provided additional876

evidence for local adaptation and phenotypic plasticity877

shaping the same fitness related traits but with plasticity878

having a greater influence (de Villemereuil et al., 2018).879

Elevation had a significant effect on germination rates,880

with lower germination rates in low-elevation gardens881

compared to high-elevation gardens, exception made for882

populations of both subspecies originating from high eleva-883

tion under understory shade that were not affected. This884

plasticity in germination rates probably reflects between-885

site differences in environmental quality, with a lower886

germination in hot and dry environments. Elevation had887

also a significant impact on the time to germination. Seeds888

germinated earlier in low-elevation gardens compared to889

high-elevation gardens in a remarkable similar fashion890

in all populations and for both subspecies. In A. majus,891

plasticity in response to elevation appears to be neutral892

(under open light habitat) or maladaptive (under under-893

story shade) for the germination rate, and adaptive (under894

open light habitat) or neutral (under understory shade) for895

the time to germination. Caution must be exercised when896

discussing whether plastic responses observed for the time897

to germination are neutral or adaptive. To support the898

adaptive plasticity hypothesis, it would be necessary to899

demonstrate that the plastic response induced by each en-900

vironment is toward the phenotype favoured by selection901

in that environment (Ghalambor et al., 2007). Although902

we might expect earlier germination to be favoured by903

mortality selection over the summer at low elevation, we904

have no evidence of a positive relationship between this905

phenotype and the plant fitness across its lifetime. Either 906

adaptive or maladaptive, the large plasticity found in 907

response to elevation for germination traits is likely to 908

play a role in the response of A. majus to climate changes. 909

5. Conclusion 910

The replication under understory shade of our experi- 911

ment investigating the signature of local adaptation to 912

elevation in an open habitat (where herbaceous plant 913

adaptation experiments in common gardens are usually 914

conducted) greatly affected the signature of adaptation, 915

both in terms of genetic divergence and phenotypic plas- 916

ticity. This finding suggests that selection mechanisms 917

vary across heterogeneous environments in A. majus. It 918

also outlines that experimentally inferred adaptive sig- 919

natures should take into account the variability of the 920

environmental background. The multidimensional com- 921

plexity of the genetic and environmental background de- 922

termining phenotypic traits makes it extremely complex 923

to extrapolate whether microevolutionary adaptive re- 924

sponses and phenotypic plasticity act synergistically or 925

antagonistically. Caution should therefore be taken when 926

asserting the existence of co- or countergradient variation 927

and hyperplasticity as our measurements of plasticity in a 928

given experimental background might in fact themselves 929

harbour plasticity in different experimental backgrounds. 930

Our findings also imply that forecasting the ability of 931

plants to adapt to environmental changes based on com- 932

mon garden and reciprocal transplant experiments must 933

account for the multivariate nature of the environment. 934
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