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356  Fig. 4. Trait selection on in silico populations of D. carthusianorum. Panel a shows the trait values of three plant
357  traits (a; normalized trait value (0-1); germination (GM), stalk height (SH) and time to flowering (TF)) resulting
358  from selection imposed by treatments were we varied individual environmental factors (Control, grey; changes
359  in abiotic conditions associated with an increased Elevation, blue; increased Competition, green; or decreased

360 Pollination, yellow). Panels b-e show the performance of the adapted plant populations in the control environment
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361  toshow the direct effect of the trait changes on plant performance. Panels f-i show the performance of the adapted
362 plant populations in their respective home environments (i.e. the environment in which selection took place),

363  which shows the combined effect of changes in environment and plant traits on plant performance.

364 Disentangling the role of individual selection pressures: Elevation

365 Increasing elevation from 1000m to 2000m decreased daily average temperature by ~5°C,
366 which decreased the season length by 108 days (assuming a base temperature of zero) and
367 decreased nitrogen mineralisation over the year from 329 g N m? to 182 g N m™. Additionally,
368 this increase in elevation increased the variation in minimum temperature (eq. S30), increasing
369 the frequency and strength of freezing events that potentially lead to frost damage. These
370 changes in the environment led to selection for plants that germinated later compared to the
371  control treatment (Fig. 4a, GM), which allowed the plants to escape the increased risk of frost
372 damage early in the season. These environmental changes also selected for shorter flowering
373 stalks (Fig. 4a, SH), and earlier flowering time compared to the control treatment (Fig. 4a, TF).
374 These changes in plant traits led to plants that, following adaptation to high elevation and
375 grown in a control environment, flowered earlier compared to plants from the control treatment
376 (Fig. 4b), and also produced fewer stalks (Fig. 4c), a smaller rosette (Fig. 4d) and lower fitness
377 (Fig. 4e). However, when growing in their home environment, these plants still flowered later
378 than the control plants in the control treatment because of the late start of the season at high
379 elevation (Fig. 4f). The decrease in temperature associated with the increase in elevation led to
380 adecrease in productivity through a decrease in photosynthetic rates, a shorter growing season
381 and lower nitrogen availability. This lower productivity in combination with the trait changes
382 led to the plants having smaller rosettes (Fig. 4g), fewer flowering stalks (Fig. 4h), and lower

383 seed production (Fig. 41).

384  Disentangling the role of individual selection pressures: Interspecific competition

385 In the competition treatment, the in silico D. carthusianorum plants competed for light and
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386 nitrogen with an equal density of a tall grass species. This interspecific competition selected
387 for earlier germination (Fig. 4a, GM), and a small decrease in the time to flowering (Fig. 4a,
388 TF), but not for a change in stalk height compared to the control treatment (Fig. 4a, SH).
389 Growing in the control environment, these trait changes resulted in a slightly earlier flowering
390 time (Fig. 4b) and small decreases in the number of stalks (Fig. 4c), the rosette area (Fig. 4d),
391 and fitness (Fig. 4¢). In their high competition home environment, the plants flowered slightly
392 earlier (Fig. 4f), and increased competition led to a major reduction in productivity, resulting
393 in major decreases in the number of stalks (Fig. 4g), rosette area (Fig. 4h), and fitness (Fig. 41)

394 compared to the plants growing in the control treatment.

395 Disentangling the role of individual selection pressures: Pollination

396 In the pollination treatment, the decrease in pollinator abundance led to a shift from seed
397 production being mostly carbon limited, to seed production being more pollen limited and an
398 increase in unfilled seeds (Fig. S10). This shift in limitation leads to a decrease in fitness (Fig.
399 4i) without a decrease in productivity, as the number of stalks (Fig. 4g) and rosette area (Fig.
400 4h) did not change relative to the control treatment. The decrease in pollinator density selected
401  for slightly earlier germination (Fig. 4a, GM), but there were no changes in selection for stalk
402  height and time to flowering (Fig. 4a, SH, TF). This resulted in plants that flowered slightly
403 earlier compared to plants from the control treatment (Fig. 4b), but achieved an equal number

404 of stalks (Fig. 4c), rosette area (Fig. 4d) and fitness (Fig. 4e) in the control environment.

405 Discussion

406  Simulation of elevational ecotypes
407  Adaptation to local conditions is a key mechanism in the evolution and diversification of plant
408 species (Hargreaves & Eckert, 2019; Hargreaves et al., 2020). Our E-FSP model was able to

409 reproduce the patterns of local adaptation along an elevational gradient found in D.
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410  carthusianorum. The model reproduced the qualitative differences between two elevational
411 ecotypes in two phenological (germination and time to flowering) and one morphological trait
412 (stalk height), as well as qualitative differences in four variables related to plant performance
413 that emerge from GXE interactions (flowering time, number of stalks, rosette area and seed
414 production). Moreover, the model satisfied the home vs away and local vs foreign criteria that
415 indicate populations are locally adapted to their home environments, in line with empirical
416 evidence (Pélsson et al., in prep.). It is remarkable that the model was able to recreate these
417 patterns of local adaptation in a complex natural system where selection is driven by multiple

418 abiotic and biotic agents.

419 So far, FSP models have mostly focussed on agricultural (Lopez et al., 2010; Zhu et
420 al., 2015; Evers & Bastiaans, 2016; Coussement et al., 2020), horticultural (Sarlikioti et al.,
421 2011; Chen et al., 2014; Dieleman et al., 2019; Zhang et al., 2020), and model systems
422  (Bongers et al., 2018). FSP models that simulate natural systems with an increased ecological
423  complexity are seeing recent development, yet these models are still being validated on data
424  collected under controlled experimental conditions (de Vries et al., 2018; Faverjon et al., 2019)
425 and still lack the ecological variability and complexity that shape plant communities (Bongers,
426  2020; de Vries, 2021). Here, we validated our model on data from a transplant experiment
427 where plants grew under natural conditions, which, to our knowledge, is the first time an E-
428  FSP model has been validated to empirical data collected under natural conditions. The model’s
429 ability to recreate the patterns of selection exerted by such a complex environment highlights
430 the potential of this approach for learning more about selection and to study the complex eco-

431 evolutionary dynamics that shape natural plant communities.

432  Disentangling the role of individual selection pressures: the abiotic environment
433  Our results suggest that in the case of D. carthusianorum, the abiotic environment is the most

434 important driver of elevational adaptation, imposing strong selection pressure on both the
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435 phenological (germination and flowering times) and morphological (stalk height) traits. These
436 selection pressures resulted in high elevation plants that, growing in a shared environment
437 following adaptation, flowered earlier, were shorter and accumulated less biomass than plants
438 from the low elevation population. These results match commonly reported trends in studies
439 of plant adaptation along elevational gradients (Halbritter et al., 2018). Evolution towards
440 smaller size is generally assumed to be advantageous in alpine environments due to warmer
441 microclimates close to the ground, increased protection from wind, or a result of selection for
442 increased stress resistance (Korner, 2003). Interestingly, our model did not implement
443  microclimate, wind or stress resistance, yet reproduced this pattern of adaptation through
444  divergence in phenological traits. High elevation genotypes germinate late to avoid frost
445 damage and flower fast to complete the reproductive cycle within the summer season, resulting
446 inaplant phenotype that has a shorter vegetative stage. This shorter period of vegetative growth
447 leads to lower potential for biomass accumulation, a decrease in the number of stalks and a
448  decrease in reproductive fitness. Thus, the shift in phenology may be responsible for lower
449  stalk height, because of the decrease in potential biomass accumulation. Overall, our results
450 suggest that divergence in phenological traits potentially compound direct selection pressure

451 for shorter and smaller phenotypes at high elevations.

452  Disentangling the role of individual selection pressures: the biotic environment

453  In our model, both interspecific competition and decreased pollination strongly decreased plant
454  fitness, but contributed comparatively little to local adaptation. This is in concordance with the
455 findings of a recent meta-analysis that showed biotic interactions generally do not make
456 patterns of local adaption stronger or more common (Hargreaves et al., 2020), despite having

457 astrong and well documented effect on plant performance (e.g.Weiner, 1990).

458 In our model, interspecific competition selected for earlier germination and earlier

459 flowering, increasing the resource capture early in the season when interspecific competition
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460 was lower, but also increasing the risk of frost damage early in the season. This highlights how
461 trade-offs between different components of plant performance (e.g. biomass accumulation and
462 survival) can drive selection in opposite directions, potentially resulting in stabilising selection.
463  Surprisingly, interspecific competition did not select for an increase in stalk height compared
464  to the control treatment (i.e. Control vs Competition, see Fig. 4a). This contradicts expectations,
465 as increased height is a well-known response of plants that grow in a competitive environment
466 (Ballaré¢ et al., 1990; Falster & Westoby, 2003). Traits such as leaf angle, leaf shape and
467 especially stem elongation are known to be key determinants of the outcome of competition
468 for light as they determine leaf light interception by mediating the position of leaves relative to
469 the surrounding vegetation (Franklin, 2008; Ballaré & Pierik, 2017). However, plants growing
470 in competition can be equally tall as plants growing in the absence of competition, yet with a
471 much higher height to biomass ratio caused by decreased biomass accumulation under
472  competition, making the same investment in height growth relatively more costly (de Vries et
473  al., 2018). When considering the investment in height relative to plant biomass, both the in
474  vivo and in silico populations of D. carthusianorum growing with interspecific competition

475 show the increased investment in height growth that is expected in a competitive environment.

476 In our model, reduced pollinator abundance decreases plant fitness, but does not affect
477  selection. The in silico plants can increase their competitiveness for pollinators in one of three
478 ways; produce more flowers, produce taller stalks, or have a longer generative stage of
479  development and thus have a longer period in which to attract pollinators. While each of these
480 traits will increase male fitness and potential female fitness, they also severely restrict the
481 plant’s ability to accumulate biomass, compete for light and nutrients, and to fill seeds. The
482 model did not include flower traits, which are known to be strong drivers of pollinators
483  visitation (Fornoff et al., 2017; Walther, 2020), and are known to differ along elevational

484  gradients (Fabbro & Korner, 2004). Flower traits may be the main mechanism for plants to
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485 increase pollinator attraction as they potentially come at lower (opportunity) costs than the

486 mechanisms included in our model.

487  Future model development

488 Here, we have shown the potential for E-FSP modelling to simulate the emergent behaviour of
489 a complex natural system that includes abiotic and biotic agents, and integrates physiological,
490 ecological and evolutionary mechanisms. E-FSP modelling is a promising and versatile tool
491 that is capable of simulating more complex and dynamic systems than is common in FSP
492 modelling, and integrates more physiological and spatial detail than commonly used eco-
493  evolutionary modelling approaches. We would like to highlight two avenues of future model
494  development for E-FSP models: simulation of multi-species communities with different life-
495 history strategies, and simulation of complex genetic and demographic processes that shape

496 local adaptation.

497 FSP modelling has proven to be capable of simulating the growth and development of
498 awide range of plant species (Dunbabin et al., 2013; Pages et al., 2014; Louarn & Song, 2020),
499 and FSP modelling is being used to simulate multi-species systems in an agricultural setting
500 (Evers et al., 2019). Conversely, FSP models that focus on natural systems are often used to
501 simulate single plant species rather than diverse mixed-species communities, which have
502 received only recent attention (Faverjon ef al., 2019; Bongers, 2020; de Vries, 2021). Here, we
503 have focussed on a single plant species, but have shown the model’s ability to simulate the
504 diversifying forces of selection. A key point of focus for the future development of E-FSP
505 models is the simulation of different life-history traits and species co-existence. By simulating
506 acommunity consisting of multiple species, the model can theoretically select for different life-
507 history traits that fill different niches. The main challenge for the implementation of different
508 life-history traits lies in the complexity of carbohydrate and nitrogen cycles in perennial plants,

509  which leads to difficulties in linking theory to observations and formulating a comprehensive
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510 mechanistic model (Monson et al., 2006).

511 Future development of E-FSP modelling can see the incorporation of more detail in
512 genetic and demographic processes that drive population and community dynamics (Lowe et
513  al, 2017). In particular, gene flow between populations is known to play a complex eco-
514 evolutionary role as it can either promote or constrain adaptation, dependent on the migration-
515 selection balance (Garant et al., 2007). Gene flow is traditionally seen as a force that
516 homogenises populations by working against the diversifying forces of selection, which drive
517 local adaptation (Haldane, 1930; Garcia-Ramos & Kirkpatrick, 1997). However, recent studies
518 show that local adaptations can be maintained despite high gene flow provided that selection
519 coefficients can sustain ecotypic divergence (Gonzalo-Turpin & Hazard, 2009; Fitzpatrick et
520 al., 2015; Tigano & Friesen, 2016; Lugman et al., 2021). On the other hand, low amounts of
521 gene flow between locally adapted populations can be beneficial as they allow adaptive alleles
522 to spread across populations and lead to genetic rescue in the face of rapid environmental
523  change (Slatkin, 1987; Rieseberg & Burke, 2001; Tallmon et al., 2004). E-FSP models can
524  contribute to our understanding of the role gene flow plays in mediating the responses of plant
525 communities to environmental change, particularly because the strength of selection, and thus
526 the migration-selection balance, emerges naturally from interactions between mechanisms

527 implemented in the FSP model.

528 The model presented here represents a major advance in the development of mechanistic
529 models that incorporate physiological, ecological and evolutionary mechanisms to simulate the
530 complexity of plant phenotypic variation. We have shown the promise of this methodology to
531 explore the ecological complexity that drives local adaptation in natural plant communities,
532 thereby complementing experimental and statistical modelling approaches. The approach
533  offers a tool to better understand what mechanisms and selective agents drive local adaptation,

534 and how local adaptation mediates the response of plant communities to rapid environmental


https://doi.org/10.1101/2022.09.02.506361

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.02.506361; this version posted September 4, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

535 change.
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