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 18 

Abstract 19 

Artificial selection and assisted gene flow represent promising conservation strategies for 20 

enhancing species' adaptive capacity under accelerating climate change. We tested the 21 

application of artificial selection and assisted gene flow by evaluating progeny 22 

performance under field conditions, using Lupinus angustifolius L. (Fabaceae) as a model 23 

to advance flowering onset. Seeds were collected from four wild populations and two 24 

contrasting latitudes in Spain for parallel artificial selection and assisted gene flow three-25 

year experiments. In the artificial selection treatment, we developed two early-flowering 26 

selection lines per population over three generations using both selfing and outcrossing. 27 

For assisted gene flow, we created F1 hybrids by crossing northern populations with 28 

southern pollen donors, then produced F2 and F3 generations through successive self-29 

pollination. Finally, F3 seeds from this process were sown in autumn in a common garden 30 

under natural conditions, near the original population sites. Spring 2021 measurements of 31 

flowering onset and morphological traits revealed contrasting treatment effects. Artificial 32 

selection lines showed no significant phenotypic differentiation from controls across all 33 

measured traits, contradicting previous controlled-environment results. Conversely, 34 

assisted gene flow lines exhibited significantly earlier flowering and reduced shoot 35 

growth relative to controls, consistent with prior findings under controlled conditions. 36 

These results show greater efficacy of assisted gene flow over artificial selection for 37 

advancing flowering onset under natural conditions. 38 

Keywords 39 

Adaptive potential, biodiversity conservation, climate change, facilitated adaptation, 40 

natural conditions, restoration. 41 
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Introduction 42 

Climate change drives latitudinal and altitudinal range shifts in many organisms (Walther 43 

et al. 2002; Forero-Medina et al. 2011; Rubenstein et al. 2023), yet dispersal-limited plant 44 

species often cannot track suitable climate conditions (Engler et al. 2009). Alternatively, 45 

they may rely on in-situ adaptation to the novel environments through phenotypic 46 

plasticity or genetic adaptation (Jump and Peñuelas 2005; Chevin and Bridle 2025). 47 

However, accelerating climate change may exceed natural adaptive capacity, threatening 48 

population persistence (Urban 2015; Talukder et al. 2022). In this context, effective 49 

conservation requires assessing population adaptive capacity and identifying methods to 50 

enhance evolutionary potential. 51 

Climate-threatened plant populations can enhance fitness through genetic variability that 52 

improves adaptation to new environmental conditions (Gomulkiewicz and Shaw 2013; 53 

Galland et al. 2025). Artificial selection and assisted gene flow represent two approaches 54 

for quantifying and increasing population adaptive potential (Hoffmann and Sgrò 2011; 55 

Aitken and Whitlock 2013; Anderson and Song 2020; Morente‐López et al. 2021). 56 

Artificial selection preserves beneficial traits by selecting individuals with desired 57 

characteristics for breeding (Conner 2003, 2016), while assisted gene flow involves 58 

deliberately moving gametes, or individuals between populations to promote adaptation 59 

to current or future conditions (Aitken and Whitlock 2013; Whiteley et al. 2015; Morente‐60 

López et al. 2021). Both strategies constitute facilitated adaptation—human intervention 61 

in evolutionary processes through beneficial allele introduction or enhancement to help 62 

organisms adapt to new environmental pressures like those derived from climate change 63 

(Van Oppen et al. 2015; Humanes et al. 2021; Torres et al. 2023). These interventions 64 

can entail certain risks that need to be properly addressed (Torres et al. 2023). Artificial 65 

selection may reduce genetic diversity, potentially compromising evolutionary resilience 66 
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(Whitt et al. 2002; Sheth and Angert 2016; Chen et al. 2017). Assisted gene flow can 67 

disrupt linkage disequilibrium by introducing maladapted alleles or break coadapted gene 68 

networks, leading to reduced fitness through maladaptation or outbreeding depression 69 

(Aitken and Whitlock 2013; Grummer et al. 2022). Additionally, both strategies may 70 

produce undesired correlated responses in other traits, constraining adaptation through 71 

evolutionary trade-offs (Sheth and Angert 2016; Sacristán‐Bajo et al. 2023). 72 

Experimental assessments of artificial selection and assisted gene flow have demonstrated 73 

their potential effects on population genetics and functional traits (Van Oppen et al. 2015; 74 

Morente‐López et al. 2021; Poyatos et al. 2023). However, these studies were conducted 75 

under controlled conditions or as proof-of-concept experiments. Given the challenges of 76 

climate change, field testing in natural conditions is essential to evaluate whether these 77 

tools can effectively exert the desired phenotypic effects. Field experiments can replicate 78 

evolutionary processes difficult to observe in controlled environments (Garland Jr and 79 

Kelly 2006; Anderson and Wadgymar 2020). For instance, trade-offs that are absent or 80 

weakened under controlled conditions may represent major evolutionary constraints in 81 

natural settings. On the other hand, field experiments present interpretative challenges 82 

due to uncontrolled environmental factors that complicate causal inference (Garland and 83 

Rose 2009; Felton et al. 2024) . Understanding these limitations is, therefore, crucial for 84 

predicting and interpreting evolutionary responses (Garland and Rose 2009).  85 

Identifying climate-relevant adaptive traits amenable to intervention is essential for 86 

implementing these conservation strategies. Flowering onset critically determines plant 87 

reproductive success (Thomas et al. 2001; Forrest and Thomson 2010; Blümel et al. 2015)  88 

and exhibits strong genetic control (Franks et al. 2007; Franks and Hoffmann 2012). 89 

Climate change has already shifted flowering periods in temperate regions (Fitter and 90 

Fitter 2002; Büntgen et al. 2022), as organisms adjust their phenology to environmental 91 
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changes (Bradshaw and Holzapfel 2008; Cohen et al. 2018). Consequently, flowering 92 

onset represents an ideal target trait for testing artificial selection and assisted gene flow 93 

strategies in plant climate adaptation.  94 

This study aimed to test management tools to enhance species climate adaptation by 95 

evaluating artificial selection and assisted gene flow progeny under natural field 96 

conditions, targeting earlier flowering onset for potential conservation applications. This 97 

field experiment built on previous controlled ex-situ studies using Lupinus angustifolius 98 

L. (Fabaceae) populations from contrasting climatic zones (hereafter, northern and 99 

southern populations) where these treatments were implemented (Sacristán‐Bajo et al. 100 

2023). Under controlled conditions, artificial selection lines from northern populations 101 

showed significantly advanced flowering onset compared to controls, while southern 102 

populations showed no response. Selection lines maintained fitness but altered some 103 

vegetative traits (Sacristán‐Bajo et al. 2023). Assisted gene flow lines (northern 104 

populations crossed with southern pollen) also advanced flowering onset and increased 105 

seed weight relative to controls, with additional vegetative effects (Sacristán‐Bajo et al. 106 

2025). The present field experiment addresses two objectives: validating that trait 107 

modifications persist under natural conditions and assessing whether these modifications 108 

enhance individual fitness.  109 

Based on these controlled-condition results, we established a common garden experiment 110 

using treatment offspring under natural conditions near one of the northern populations. 111 

We hypothesized that artificial selection and assisted gene flow lines would maintain 112 

earlier flowering relative to controls under field conditions. In addition, since selective 113 

pressures are stronger under natural conditions, we also hypothesized that both artificial 114 

selection and assisted gene flow lines would experience changes in other fitness-related 115 

and vegetative traits compared to controls. Finally, since assisted gene flow produced 116 
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greater flowering advancement than artificial selection under controlled conditions, we 117 

hypothesized this pattern would persist under natural conditions. 118 

Methods 119 

Study species and experimental design 120 

Lupinus angustifolius L. is an annual legume that is extensively prevalent throughout the 121 

Mediterranean basin and has been introduced and grown as a crop in many other parts of 122 

the world (Castroviejo et al. 1996). In natural conditions, it inhabits well-drained acid or 123 

neutral soils, including disturbed environments such as roadsides or abandoned fields 124 

(Rhodes & Maxted, 2016). The species germinates in autumn and blooms between March 125 

and August depending on environmental conditions (Castroviejo et al. 1996). Its blue-126 

purple flowers are zygomorphic and hermaphroditic, and mainly self-pollinate before the 127 

petals open (Wolko et al., 2011).  128 

In 2016 we collected seeds from four populations spanning two climatically contrasting 129 

zones in Central and Southern Spain (Figure 1, Table S1). Seeds were harvested from a 130 

minimum of 98 maternal plants (hereafter, genotypes) per population, and subsequently 131 

sown and cultivated in a common garden environment at the CULTIVE facility 132 

(https://urjc-cultive.webnode.es/) at Rey Juan Carlos University (Móstoles, Madrid). An 133 

artificial selection experiment and a geneflow experiment were conducted in the common 134 

garden environment. For the artificial selection experiment, we established two breeding 135 

lines in 2017: an early flowering line (EFL) by selecting individuals from the first quartile 136 

of earliest flowering times, and a control line (CFL) by randomly selecting 25% of 137 

individuals. In spring 2018, we generated an outcrossed early flowering line (OUT) 138 

through manual crosses among EFL genotypes. The OUT line was subsequently self-139 

crossed in spring 2019 to produce a segregating F2 generation (OUTS), which was then 140 
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self-pollinated in 2020 to generate the F3 generation (OUTS2). Concurrently, both EFL 141 

and CFL lines were maintained through self-pollination, producing their respective F3 142 

generations in 2020. For the gene flow experiment, we established an F1 gene flow line 143 

(GFL) in 2018 by manually pollinating plants from northern populations with pollen from 144 

southern populations, using the same control line (CFL) as in the artificial selection 145 

experiment. In 2019, the GFL was self-pollinated to generate an F2 segregating line 146 

(SPL), which was subsequently self-pollinated in 2020 to produce the F3 generation 147 

(SPL2). Complete methodological details, including growing conditions and hand-148 

pollination protocols, are provided in Sacristán-Bajo et al. (2023, 2025), with the entire 149 

experimental procedure illustrated in Figure 2. The 2020 field experiment described in 150 

the present study utilized F3 seeds from four lines: CFL, EFL, OUTS2, and SPL2 from 151 

the northern populations: Zarapicos (PIC) and Zafrón (FRO). 152 

In November 2020, we established the field experiment by sowing seeds from both 153 

northern population lines under natural conditions in cattle-grazed grassland at Zarapicos, 154 

Salamanca (Figures 1 and 3).  The experimental design consisted of four randomized 155 

blocks, each containing seeds from both populations and all artificial selection and gene 156 

flow lines (Figure 3a). Within each block, we established 234 sowing points arranged in 157 

two parallel rows spaced 20 cm apart, with individual points separated by 20 cm in each 158 

row. Blocks were separated by one-meter corridors.  159 

At each sowing point, we manually prepared the soil with a hoe and sowed three pre-160 

weighed, scarified seeds of the same genotype in a triangular arrangement (Figures 3b 161 

and 3c). The experiment included 2,808 total seeds: 36 seeds per genotype across 10 162 

genotypes per treatment (8 genotypes for SPL2 in the FRO population) and four 163 

treatments per population. No supplemental irrigation or treatments were applied to 164 
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maintain conditions representative of the natural populations which occur within a 20 km 165 

radius of the experimental site.  166 

Traits measurement 167 

We monitored flowering onset, defined as the date of first flower opening, through tri-168 

weekly observations throughout the flowering period. When plants flowered between 169 

observation dates, we inferred the precise flowering date based on flower developmental 170 

stage. The days to flowering onset were calculated as the number of days between sowing 171 

and flowering onset dates. Plant height was measured twice as the distance from ground 172 

level to the apex of the vegetative stem portion: initially on March 17, 2021 (flowering 173 

onset), and finally between May 14-18, 2021 (flowering conclusion). The difference 174 

between measurements provided shoot growth during the flowering period.  175 

Following reproductive season completion in early June, when all flowers had developed 176 

into fruits, we harvested plants and quantified seed production per individual as a fitness 177 

proxy. We also measured total plant dry biomass at harvest.  178 

Statistical analyses  179 

We conducted separate analyses comparing artificial selection and assisted gene flow 180 

treatments against the same control treatment. All analyses were performed in R statistical 181 

environment version 4.1.1 (R Core Team 2021) using flowering onset, shoot growth, 182 

biomass, and seed number as response variables. We fitted generalized linear mixed 183 

models (GLMMs) for flowering onset and linear mixed models (LMMs) for all other 184 

traits using the glmmTMB package version 1.1.3 (Brooks et al. 2017). Models assumed 185 

Poisson and Gaussian distributions for flowering onset and remaining traits, respectively. 186 

All models included line and population as fixed effects, genotype (maternal plant) as a 187 
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random effect, and germinated seed weight as a covariate. Model assumptions were 188 

verified through diagnostic residual plots. 189 

The significance of each fixed effect was evaluated using the Anova function from the R 190 

package version 3.0-11 (Fox and Weisberg 2018). We calculated R² values using the 191 

r.squaredGLMM function from the package MuMIn version 1.47.1 (Nakagawa and 192 

Schielzeth 2013). Posterior mean values, standard errors and 95 % confidence intervals 193 

for the different traits and lines were calculated using the emmeans package version 1.6.3 194 

(Lenth 2023). Correlations between the flowering onset and the other variables within the 195 

control line were plotted using the corrplot function from the package corrplot version 196 

0.90 (Wei et al. 2017).  197 

Results 198 

Artificial selection experiment 199 

Flowering onset did not differ significantly among artificial selection lines (EFL, OUTS2) 200 

and the control (CFL) across populations (χ² = 3.512, p = 0.173, df = 2) (Figure 4a; Tables 201 

S2, S3). Similarly, no significant differences were detected between artificial selection 202 

and control lines for seed number (χ² = 5.35, p = 0.07, df = 2), biomass (χ² = 0.49, p = 203 

0.78, df = 2), or shoot growth (χ² = 3.98, p = 0.14, df = 2) (Figures 4b–d; Tables S2, S3). 204 

In contrast, the FRO and PIC populations differed significantly in seed number (χ² = 205 

22.87, p < 0.001, df = 1) and biomass (χ² = 22.48, p < 0.001, df = 1), with PIC plants 206 

producing more seeds and greater biomass than FRO plants (Figures 4b, 4c; Table S4). 207 

Posterior means, standard errors, and 95% confidence intervals are provided in Table S5. 208 

Gene flow experiment 209 
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The SPL2 line flowered significantly earlier than the control (CFL), with a 10-day 210 

advance in the FRO population and 4-day advance in the PIC population (χ² = 17.12, p < 211 

0.001, df = 1) (Figure 5a; Tables S4, S6, S7). SPL2 individuals also exhibited reduced 212 

shoot growth relative to controls, averaging 25 mm less in FRO and 21 mm less in PIC 213 

populations (χ² = 8.26, p = 0.004, df = 1) (Figure 5b; Tables S4, S6, S7). Fixed effects 214 

explained 10.2% and 11.6% of variation in flowering onset and shoot growth, 215 

respectively, while random effects explained 5% and 39.6% (Table S6). 216 

No significant differences between lines were detected for seed number (χ² = 2.16, p = 217 

0.14, df = 1) or biomass (χ² = 0.003, p = 0.96, df = 1). However, both traits differed 218 

significantly between populations (seed number: χ² = 8.75, p = 0.003, df = 1; biomass: χ² 219 

= 21.79, p < 0.001, df = 1) (Figures 5c, 5d; Tables S6, S7). Consistent with the artificial 220 

selection experiment, PIC plants produced more seeds and greater biomass than FRO 221 

plants (Figures 5c, 5d; Table S4). Posterior means, standard errors, and 95% confidence 222 

intervals are provided in Table S8. 223 

Correlations between traits 224 

Flowering onset correlated significantly with seed number, biomass, and shoot growth 225 

(Figure S1). In both populations, earlier flowering was associated with increased seed 226 

production (rFRO = -0.49, rPIC = -0.36) and higher biomass (rFRO = -0.34, rPIC = -0.50) 227 

(Figure S1a,b). Conversely, shoot growth showed opposite sign correlations with 228 

flowering onset between populations: negative in FRO (r = -0.15) but positive in PIC (r 229 

= 0.18) (Figure S1a,b). 230 

Discussion 231 

Artificial selection and assisted gene flow differed markedly in their effectiveness under 232 

natural conditions. Artificial selection lines showed no significant changes in flowering 233 
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onset or other measured traits relative to controls. In contrast, the assisted gene flow line 234 

advanced flowering significantly in both populations, albeit with reduced shoot growth. 235 

Notably, assisted gene flow results were consistent between natural and controlled 236 

conditions (Sacristán‐Bajo et al. 2025), whereas artificial selection effects observed under 237 

controlled conditions (Sacristán‐Bajo et al. 2023) were not found in the field. These 238 

contrasting patterns suggest genotype-by-environment interactions influence artificial 239 

selection responses and indicate that different mechanisms may govern flowering time 240 

expression under each approach. 241 

Our findings emphasize the critical importance of field validation across diverse 242 

environmental conditions when evaluating facilitated adaptation strategies for 243 

conservation and restoration applications (Anderson and Wadgymar 2020; Sammarco et 244 

al. 2022). 245 

Effects of artificial selection  246 

Neither artificial selection line (EFL, OUTS2) significantly advanced flowering onset 247 

compared to controls, despite drier-than-normal field conditions (Table S1). All lines 248 

flowered at 154-155 days after sowing, contrasting sharply with controlled-condition 249 

results where selection lines flowered 115-136 days after sowing and significantly earlier 250 

than controls in northern populations (Sacristán‐Bajo et al. 2023). The delayed flowering 251 

under field conditions might be explained by cooler field temperatures relative to 252 

controlled environments and the existence of accumulated heat requirements for 253 

flowering initiation (Galán et al. 2001).  However, this thermal explanation cannot 254 

account for the loss of line differences observed under controlled conditions, particularly 255 

given uniform mortality and germination rates across lines and populations. The 256 

differences found in the results between both experiments point to a strong genotype-by-257 
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environment (G x E) interaction, where phenotypic plasticity varies among genotypes due 258 

to differential gene expression across environments (Clausen et al. 1940; Basford and 259 

Cooper 1998; Wei et al. 2025).  260 

Such G x E interactions have critical implications for predicting selection responses, as 261 

environmental changes can alter expected outcomes (Matesanz and Ramírez‐Valiente 262 

2019). In this sense, the greater selection differentials observed in northern versus 263 

southern populations (Sacristán‐Bajo et al. 2023) suggest a more reduced selective 264 

pressure for early flowering in northern populations under natural conditions. 265 

Additionally, it should be noted that the OUTS2 line sown in the field experiment was 266 

genetically different from the OUT and OUTS lines sown under controlled conditions. 267 

The hybrids and their descendants (OUT and OUTS respectively) tested under controlled 268 

conditions had higher heterozygosity than the field-tested OUTS2 line, because the latter 269 

experienced two generations of self-pollination. This could also potentially contribute to 270 

the differential responses observed. 271 

Additional factors not considered may influence these results, including vernalization 272 

requirements (Adhikari et al. 2012; Jiménez – López et al. 2024), substrate composition 273 

(Ausin et al. 2005), and biotic interactions under varying conditions (Ge et al. 2025). 274 

Vernalization promotes flowering in many species through exposure to low temperatures 275 

(Adhikari et al. 2012), and while lupin flowering is typically controlled by vernalization, 276 

some Lupinus angustifolius cultivars have been selected for vernalization independence 277 

(Gladstones and Hill 1969; Rahman and Gladstones 1974), evidencing the existence of 278 

vernalization-independent genotypes in wild populations. 279 

Under controlled conditions with limited cold exposure, artificial selection may have 280 

favored vernalization-independent genotypes that flower early without cold treatment, 281 

while control lines likely retained both vernalization-dependent and -independent 282 
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genotypes. In the field, where plants experienced natural cold periods, both genotype 283 

classes would synchronize flowering onset, eliminating observable differences between 284 

selection and control lines. This vernalization hypothesis could also explain the 285 

contrasting results between controlled and field experiments. 286 

Effects of assisted gene flow 287 

Unlike artificial selection, assisted gene flow effects observed under controlled conditions 288 

persisted under natural conditions. Remarkably, differences between lines remained 289 

detectable after two generations of selfing following interpopulation crosses, despite 290 

more reduced heterozygosity. This consistency reinforces the strong genetic basis of 291 

assisted gene flow modifications, likely involving novel allele incorporation (Sacristán‐292 

Bajo et al. 2025) and demonstrates the potential for providing genetic variation necessary 293 

for climate adaptation (Aitken and Whitlock 2013). 294 

Recent simulations suggest assisted gene flow may cause short-term harm (10-20 295 

generations) through outbreeding depression, with polygenic traits requiring longer 296 

timeframes for beneficial effects (Grummer et al. 2022). However, our results show no 297 

detrimental effects in early generations, despite flowering time's polygenic nature.  298 

As expected, flowering onset modification induced correlated trait changes. SPL2 plants 299 

exhibited reduced shoot growth but maintained reproductive success and biomass, 300 

consistent with controlled-condition results. The growth reduction likely reflects resource 301 

allocation trade-offs (Reich 2014; Sobral 2021). While controlled experiments revealed 302 

increased seed weight without changes in seed number (Poyatos et al. 2023), seed weight 303 

could not be measured under field conditions.  304 

Notably, correlation analyses in control lines showed that earlier flowering correlated 305 

with increased seed production and biomass, contrasting with the lack of changes in 306 
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reproductive success in SPL2. This discrepancy may reflect environment-dependent 307 

genetic correlations, where favorable trait combinations in certain environments may not 308 

be advantageous in others (Sheth and Angert 2016; Sobral 2021; Sammarco et al. 2022). 309 

Artificial selection vs. assisted gene flow  310 

Assisted gene flow proved more effective than artificial selection for advancing L. 311 

angustifolius flowering under natural conditions. While artificial selection achieved 312 

greater flowering advances than assisted gene flow under controlled conditions in 313 

northern populations (Sacristán‐Bajo et al. 2023, 2025), these effects disappeared in the 314 

field, whereas assisted gene flow effects persisted (Sexton et al. 2024).  315 

These contrasting patterns suggest different underlying mechanisms. Assisted gene flow 316 

likely modifies flowering through direct genetic changes, introducing early-flowering 317 

alleles from southern into northern populations, as confirmed by genomic analyses 318 

(Sacristán‐Bajo et al. 2025). Conversely, artificial selection effects may operate through 319 

regulatory processes—epigenetic mechanisms or regulatory gene changes—that are more 320 

environmentally sensitive (Mylne et al. 2004; Ausin et al. 2005; Sammarco et al. 2022). 321 

The SPL2 gene flow line contains in average 50% southern and 50% northern genomic 322 

content, which advances flowering but reduces northern genetic identity and potentially 323 

compromises adaptation to unmeasured environmental factors. While natural selection 324 

may eliminate these maladaptive effects over time (Aitken and Whitlock 2013; Grummer 325 

et al. 2022), backcrossing combined with selection strategies could accelerate recovery 326 

of local genetic identity while preserving desired traits. 327 

In conclusion, flowering onset is a complex trait involving the interaction of multiple 328 

genes and diverse genetic and epigenetic mechanisms (Blümel et al. 2015; Chen et al. 329 
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2018), precluding simple interpretation or prediction of responses to different 330 

interventions.  331 

Final remarks 332 

Our experiments demonstrate that assisted gene flow effects are both stronger and more 333 

environmentally stable than artificial selection responses. These findings underscore the 334 

critical importance of multi-environment common garden experiments for evaluating 335 

facilitated adaptation strategies. Since our field experiment was conducted under cooler 336 

conditions than controlled environments, additional field trials at warmer temperatures 337 

would complement the present results to simulate projected climate warming scenarios. 338 

Climate change poses unprecedented challenges for biodiversity conservation and 339 

ecological restoration (Hancock et al. 2013). Studies of this kind are essential for 340 

assessing population adaptive potential and identifying optimal strategies to enhance 341 

species survival under changing environmental conditions. 342 
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Figure legends 517 

Figure 1. Location of the original populations of Lupinus angustifolius L., the site where 518 
the ex-situ common garden was implemented, and the plot used in the field experiment 519 
(common garden, natural conditions).   520 

 521 

Figure 2. Breeding scheme showing line development across four Lupinus angustifolius 522 
populations. a) Artificial selection; b) assisted gene flow. Grey circles next to the arrows 523 
indicate self-crossing events. CFL: control flowering line; EFL: early flowering line 524 
(selfed); OUT: outbred line (crosses among EFL genotypes); OUTS: F2 generation from 525 
OUT self-pollination; OUTS2: F3 generation from OUTS self-pollination; GFL: F1 gene 526 
flow line (interpopulation crosses); SPL: F2 generation from GFL self-pollination; SPL2: 527 
F3 generation from SPL self-pollination. 528 

 529 

Figure 3. Experimental plot under natural conditions. a) In each block the sowing points 530 
of Lupinus angustifolius were arranged in two parallel lines that were 20 cm apart. b) 531 
Seedlings of Lupinus angustifolius. c) Triangular arrangement of three seedlings of a 532 
genotype at a sowing point. 533 

 534 

Figure 4. Effects of artificial selection lines (EFL and OUTS2) on L. angustifolius traits. 535 
a) flowering onset, b) number of seeds, c) biomass, d) shoot growth. CFL: control 536 
flowering line; EFL: early flowering line (selfed); OUTS2: F3 generation from two 537 
generations of OUT self-pollination.  538 

 539 

Figure 5. Effect of the assisted gene flow line (SPL2) on L. angustifolius traits. a) 540 
flowering onset b) number of seeds, c) biomass, d) shoot growth. CFL: control flowering 541 
line; SPL2: F3 generation from two generations of gene flow line (GFL) self-pollination.542 
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