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Significance

Globally upscaling demands for 
native seeds for ecosystem 
restoration can be covered by 
agricultural seed propagation. 
Yet, agricultural practice can 
unintentionally select for specific 
traits and reduce adaptive 
variability, which could affect 
plant performance once sown 
back to the wild. We show, across 
19 wild species, two seed 
producers and up to four 
consecutive cultivated 
generations, that some plants 
under cultivation evolved higher 
vigor, reduced adaptive 
variability, synchronized 
flowering and in one case, 
reduced seed shattering. Yet, 
there were substantial 
differences among cultivation 
lineages, with negligible changes 
in most, and large changes only 
in a few cases. Substantial 
unintended evolution in 
cultivation is thus rather an 
exception than the rule.

Preprint Server: BioRxiv https://doi.org/10.1101/2023.02. 
27.530164

Author contributions: M.C., C.L., O.B., N.H., W.D., and 
A.B. designed research; M.C., C.L. and A.B. performed 
research; M.C., C.L., S.M., and A.B. analyzed data; and 
M.C., C.L., O.B., N.H., S.M., W.D., and A.B. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.  
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND).
1To whom correspondence may be addressed.  
Email: malte.conrady@uni-muenster.de or anna.lampei-
bucharova@uni-marburg.de.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.​
2219664120/-/DCSupplemental.

Published May 8, 2023.

EVOLUTION

Plants cultivated for ecosystem restoration can evolve toward 
a domestication syndrome
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The UN Decade on Ecosystem Restoration calls for upscaling restoration efforts, but 
many terrestrial restoration projects are constrained by seed availability. To overcome 
these constraints, wild plants are increasingly propagated on farms to produce seeds for 
restoration projects. During on-farm propagation, the plants face non-natural conditions 
with different selection pressures, and they might evolve adaptations to cultivation that 
parallel those of agricultural crops, which could be detrimental to restoration success. To 
test this, we compared traits of 19 species grown from wild-collected seeds to those from 
their farm-propagated offspring of up to four cultivation generations, produced by two 
European seed growers, in a common garden experiment. We found that some plants 
rapidly evolved across cultivated generations towards increased size and reproduction, 
lower within-species variability, and more synchronized flowering. In one species, we 
found evolution towards less seed shattering. These trait changes are typical signs of the 
crop domestication syndrome, and our study demonstrates that it can also occur during 
cultivation of wild plants, within only few cultivated generations. However, there was 
large variability between cultivation lineages, and the observed effect sizes were generally 
rather moderate, which suggests that the detected evolutionary changes are unlikely to 
compromise farm-propagated seeds for ecosystem restoration. To mitigate the potential 
negative effects of unintended selection, we recommend to limit the maximum number 
of generations the plants can be cultivated without replenishing the seed stock from 
new wild collections.

domestication syndrome | ecosystem restoration | rapid evolution | restoration seed

Ecosystem restoration is increasingly recognized as an indispensable tool to address the current 
biodiversity and environmental crisis (1). However, many degraded terrestrial ecosystems 
lack sufficient diaspores for the regeneration of native vegetation, and therefore restoration 
often relies on the introduction of plants from other sources (2). While forests are usually 
restored by planting nursery-grown seedlings, grasslands and drylands are restored by direct 
seeding – an approach that requires large seeding densities since the establishment success 
of sown seeds is often low (3). This causes an unprecedented demand for native seeds, par-
ticularly in the context of the global restoration movement (www.decadeonrestoration.org), 
making seed availability a major bottleneck for upscaling restoration (4, 5). Wild-collected 
seeds cannot cover the demand because large-scale seed harvesting from natural populations 
threatens the persistence of the donor populations (6, 7). Consequently, wild-collected seeds 
are increasingly used for large-scale seed propagation on farms where plants are grown as 
crops, and their seeds are then used for restoration projects (8, 9).

Plants that are grown in agricultural propagation face novel, unintended selection pressures. 
The propagation of seeds for ecological restoration generally aims to maintain the natural 
properties of wild populations, such as large phenotypic and genetic variation (10, 11). This 
is different in agricultural cultivars, which are intentionally bred for specific traits like large size 
or high seed production but with low phenotypic diversity (12). Even when there is no such 
intentional selection, cultivation processes might impose unconscious selection, shifting plant 
traits towards cultivation-specific adaptation, and reducing within-population phenotypic 
variability (10). Similar to early crop domestication, where humans unconsciously selected for 
certain phenotypes (13, 14), this may result in a set of traits referred to as domestication syn-
drome. This includes taller growth, increased apical dominance, synchronized flowering, higher 
seed investment, reduced seed shattering, and a number of physiological traits, including the 
loss of dormancy (15–17). As a result, domesticated crops are well adapted to cultivation but 
can only rarely survive in the wild (15). If wild plants cultivated for ecological restoration 
underwent similar domestication processes, the resulting seeds could be poorly adapted to 
natural conditions and thus unsuitable for restoration.

The potential evolution of wild plants during cultivation for ecological restoration has 
been intensely debated, but experimental evidence is scarce and inconclusive (10, 11). 
Some previous studies used molecular markers to understand genetic drift during the seed 
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production (18, 19), yet none of these focused on adaptive genetic 
variation and thus, were unable to test for selection (20). Common 
garden studies that tested for heritable phenotypic changes were 
so far limited to individual species, only one cultivated generation, 
or they lacked adequate comparisons to the wild ancestors (21–
23), and the obtained results vary. To assess how common and 
how severe evolution is during seed propagation for ecosystem 
restoration, we need systematic information on many species, 
ideally from multiple seed production systems.

Here, we focused on evolution during seed production in 19 
perennial species. All species are native to European mesic grass-
lands, and although some of them behave as invasive weeds in 
other parts of the world, they are not weedy in their native habi-
tats. We received the seed material from two European seed pro-
ducers, one located in Germany and one in Austria (hereafter 
called Producer 1 and Producer 2, Table 1 and Fig. 1). Because 
the seed producers archived a sample of each seed lot, we were 
able to obtain wild-collected seeds (F0) that were used for the 
establishment of each cultivation lineage, as well as up to four 
consecutive generations that were produced from these wild seeds 
(F1-F4, Table1). Seven species were available from both seed pro-
ducers and one species from two regions from one seed producer, 
resulting in a total of 27 independent cultivation lineages (i.e., F0 
plus the corresponding cultivated generations) and a total of 93 
generations. To test for heritable adaptive differentiation across 
generations in cultivation, we grew plants from several consecutive 
generations of farm-grown seeds (F1-F4) side by side with their 
wild-collected ancestors (F0) in a common garden and recorded 
plant height, the number of flowers, aboveground biomass, phe-
nology and, in species where the morphology allowed this, seed 
shattering. We focused on adult traits because earlier plant 
life-stages are more likely to be affected by maternal effects (24). 
We hypothesized that across cultivated generations, (1) plants 
evolved towards taller growth and higher biomass, higher seed 

investment, earlier flowering and lower seed shattering, (2) the 
variation in traits and phenology generally decreased and (3) that 
the magnitudes of evolutionary changes depended on species and/
or cultivation lineage.

Results

First, we tested for general patterns of evolution under cultivation 
across all species, cultivation lineages and generations, relating trait 
values to the generation number (F0-F4) in linear mixed models. 
We also estimated variation within generations of each cultivation 
lineage, expressed as coefficient of variation, and related it to the 
generation number. We found that across generations in cultivation, 
aboveground biomass increased, plants produced more flowers and 
were increasingly taller. There was no significant trend in the start 
of flowering (Fig. 2 and SI Appendix, Table S2). The variation in 
trait values decreased across cultivated generations for aboveground 
biomass, the number of flowers and especially for the start of flow-
ering, suggesting loss of functional genetic variation and evolution 
towards synchronized flowering (Fig. 2 and SI Appendix, Table S2).

Second, to understand how evolution under cultivation varies 
among species and cultivation lineages, we analyzed the data for 
each cultivation lineage separately. Although the majority of changes 
within cultivation lineages pointed in the same direction as the 
overall trends, i.e., plants were getting larger, taller and had more 
flowers across cultivated generations, less than half of the individual 
cultivation lineages showed a significant change in at least one trait 
(11 out of 27, Fig. 3). On average, the trait changes per generation 
were 6.7% of the initial trait range detected in plants from 
wild-collected seeds (SI Appendix, Table S2). Nevertheless, in several 
cultivation lineages, we detected substantial changes. For example, 
in Lychnis flos-cuculi, aboveground biomass increased by 24%, num-
ber of flowers by 34% and the start of flowering shifted 7 d earlier 
per generation. In Leontodon hispidus (the lineage from Producer 

Table 1. Species and their cultivated generations included in the common garden experiment. F0 are the wild-
collected seeds, and F1–F4 are consecutive generations in cultivation
Species Family Producer 1 Producer 2

Achillea millefolium Asteraceae F0-F2 F0; F3; F4

Anthoxanthum odoratum Poaceae F0-F2

Centaurea jacea Asteraceae F0-F3

Centaurea scabiosa Asteraceae F0-F2 F0-F3

Crepis biennis Asteraceae F0-F3 F1-F3

Cynosurus cristatus Poaceae F0-F2

Dianthus carthusianorum Caryophyllaceae F0-F4

Galium verum Rubiaceae F0-F2

Leontodon hispidus Asteraceae F0-F2 F1-F3

Leucanthemum ircutianum Asteraceae F0-F3 F0-F2; F4

Lotus corniculatus Fabaceae F0-F3 F0; F1

Lychnis flos-cuculi Caryophyllaceae F0-F2

Ranunculus acris Ranunculaceae F0-F3

Rumex acetosa region R6 Polygonaceae F0-F2

Rumex acetosa region R16 Polygonaceae F0-F2

Salvia pratensis Lamiaceae F0; F1; F3

Silene dioica Caryophyllaceae F0-F3

Silene vulgaris Caryophyllaceae F0-F3 F1-F4

Trifolium pratense Fabaceae F0-F3

Veronica teucrium Plantaginaceae F0-F2
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1), biomass and number of flowers increased by 17% and 43% per 
generation, respectively. However, such strong effects were rare 
(Fig. 1 and SI Appendix, Table S2).

Third, we focused on the reduction of seed shattering as a prom-
inent trait of the domestication syndrome. This was possible in only 
three species (Centaurea jacea, Lotus corniculatus and Silene vulgaris) 
in which there was variability in this trait at the time of the harvest, 
and the inflorescence morphology allowed reliable estimation. For 
each plant, we recorded how many ripe flowers still had the seeds 
attached and how many had lost the seeds, and expressed it as odds 

ratio. While we detected no significant change across generations 
in Lotus corniculatus and Silene vulgaris, the proportion of flowers 
with attached seeds increased across generations in Centaurea jacea 
(odds ratio 1.36 per generation, Fig. 4 and SI Appendix, Table S2).

Discussion

The propagation of native plants for seed production is indispensa-
ble to ensure sufficient seeds for upscaling restoration efforts and 
counteracting biodiversity declines (11). Yet, agricultural cultivation 

Propagation in monocultureNatural populations

Fig. 1. Process of propagation of wild plants for ecosystem restoration. The F0 seeds are collected from several (Producer 1) or one (Producer 2) large natural 
population. On farm, seeds are propagated in monoculture and the farm-produced seeds are available for restoration projects, with a small part being used to 
establish the next cultivated generation. In Germany, the process can be repeated for up to five cultivated generations; then the seed stock must be replenished 
from new wild collection.
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Fig. 2. Analyses across all cultivation lineages. (Top row) Changes of biomass, height, number of flowers and the start of flowering across generations in 
cultivation. Each point is an individual plant, with values scaled within cultivation lineages. (Bottom row) The corresponding changes of within-generation coefficient 
of variation across generations in cultivation. Each point is the coefficient of variation of one generation and cultivation lineage; the values are adjusted for 
cultivation linages. Lines indicate significant relationships. See SI Appendix, Table S1 for model results.
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bears a risk of unintended selection, which could alter adaptive traits 
and reduce plant adaptation to natural conditions (10). Here we 
show, across 19 species, multiple cultivation lineages and two 
European seed producers, that plants from farm-propagated seeds 
evolved towards a domestication syndrome across as few as two to 
four cultivated generations. However, the rate of change varied 
between species and cultivation lineages, with substantial changes 
in only a handful of lineages while the majority showed little or no 
change. Yet, the significant cross-species patterns were not driven 
by just a single or few cultivation lineages, as most effects, including 
many nonsignificant ones, pointed in the same direction. In addi-
tion, the decrease in variability across cultivated generations, another 
sign of a domestication syndrome, was strong and consistent for 
three out of four traits.

Plants grown from farm-propagated seeds were increasingly larger, 
taller, produced more flowers, and became less variable in these traits 
the more generations they spent in cultivation. These increases in size 
and vigor may appear beneficial at first, as more seeds are available 
for restoration. However, plant vigor can be selected against in natural 
populations because of trade-offs between vigor and drought toler-
ance or herbivory resistance (25–27). Agricultural cultivation often 
involves watering and protection from herbivores, which relaxes 
selection for drought and herbivore resistance, and it may favor 
high-vigor plants, which produce more seeds and therefore contribute 
more to the next generation. The increase of vigor traits was accom-
panied by a reduction of their variability, which could be attributed 
to less effective seed harvesting from genotypes that deviate too much 
from the mean. Both increase in vigor and loss of variation are typical 
elements of the domestication syndrome, i.e., when early crops 
adapted to agricultural conditions (15).

Across generations in cultivation, wild plants evolved towards 
more synchronized flowering phenology and, in one case, reten-
tion of ripe seeds – also well-known symptoms of the cultivation 
syndrome (13). In wild populations, the fitness of a particular 
genotype is determined by the number of ripe seeds that fall on 
the ground and eventually germinate in the next generation. In 
agricultural propagation, only the seeds that are ripe at the time 
of harvest can be harvested and thus contribute to the next gen-
eration, which excludes both early- and late-flowering genotypes 
and synchronizes the flowering time of propagated plants. 
Additionally, crops evolved retention of ripe seeds, in contrast to 
wild plants which typically disperse seeds as soon as they are ripe 
(28). We detected this phenomenon in Centaurea jacea where later 
generations had more flowers with nondispersed seeds at the time 
of harvest, even though the start of flowering did not shift across 
cultivated generations in this species.

The observed evolution of some wild plants towards a domes-
tication syndrome was rapid, within only few cultivated genera-
tions. So far, the domestication syndrome was studied on the scale 
of hundreds to thousands of years, by comparing crops with their 
wild relatives, or testing for evolutionary signals in genomes of 
current or ancient crops (e.g., refs. 15 and 28–30). Our study 
system allowed us to reconstruct evolution in response to cultiva-
tion, from generation to generation. It thus provides unique data 
on how rapidly this evolution can act. Similar to ancient domes-
tication (13, 14), there was no intentional selection in our system, 
as the seed producing farmers do not breed for specific traits and 
in fact try to avoid selection (31). The observed changes thus can 
be attributed to unintentional selection exerted by agricultural 
practices. The high rate of evolution of some species is not 
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Crepis biennis P2
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Fig. 3. The changes in biomass, height, number of flowers and start of flowering across cultivated generations in 27 cultivation lineages. The values are effect 
sizes and their CIs. The effect sizes for number of flowers and start of flowering were calculated only for cultivation lineages where 50% of individuals started to 
flower during the experiment. The effect sizes for biomass, height and number of flowers are expressed as proportion of the mean value of a given cultivation 
lineage, with positive values indicating increase across generations. The effect sizes for start of flowering are in days, with positive values indicating later flowering. 
Colored symbols are effects significant at P < 0.05. See SI Appendix, Table S2 for model results.
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surprising. Rapid evolutionary responses to novel environments 
across few generations were shown before in response to climate 
change, seeding to a degraded habitat or exposition to a novel 
pollinator community (32–34).

The direction of evolution in individual cultivation lineages 
mostly pointed in the same direction as the general trend, yet the 
rates of change varied. While more than half of the lineages did 
not significantly change in any of the studied traits, some lineages 
changed strongly. The rate of change was independent of species 
identity: for example, Leontodon hispidus from Producer 1 under-
went substantial changes in biomass and number of flowers, while 
the same species from Producer 2 did not change in any of these 
traits. This suggests that the rate of change cannot be predicted 
from species identity or plant traits. Instead, the magnitudes of 
changes likely depend on seed production practices and individual 
decisions during the production process. For example, the largest 
rate of change was detected in Lychnis flos-cuculi, both in vigor 
and flower phenology. The farmer producing this specific cultiva-
tion line harvests the whole field when they subjectively estimate 
that the majority of plants bear ripe seeds (pers. comm.). Yet, this 
approach effectively selects against late flowering genotypes and 
shifts the population mean towards early flowering. The earlier 
flowing genotypes are also more vigorous in this species 
(SI Appendix, Fig. S1), which contributes to the shift in the 
vigor-related traits. Such details of production steps, specific to 
individual farms and cultivation lineages, are probably driving 
many of the observed differences in rates of change.

The results of our study may, to some degree, depend on the 
life-histories of our species. We studied perennial species of mesic 
grasslands with rather short generation cycles. In other habitats 
and species with different life histories, the strength of selection 
and impact of cultivation may differ. However, longer generation 
cycles do not necessarily imply different rates of changes, because 

we described changes per generation, not per years. However, if 
longer-lived species harbor more within-population variability in 
age of first reproduction, there will be particularly strong selection 
for early reproducing genotypes, because farmers will start to har-
vest as soon as the first genotypes produce seeds. Moreover, in 
plants with strong dormancy, as is common in drylands (35), there 
might be additionally strong selection for loss of dormancy. 
Espeland et al. (10) elegantly summarized how plant life histories 
can affect the strength of evolution during cultivation, yet exper-
imental tests are missing so far. To address these questions, future 
research should include species with a broader spectrum of life 
histories and habitats of origin.

Our study covers many species and presents data on evolution-
ary changes from generation to generation, filling an important 
gap in previous research. However, this strength necessarily comes 
with some limitations, because there is almost always a trade-off 
between generality and precision (36). For instance, the seeds we 
used differed in age and possibly in maternal environment, which 
could affect plant phenotypes through maternal effects. However, 
while maternal effects may be present, we have reasons to doubt 
that they are the cause for the detected trends. First, we con-
strained our analyses to adult traits which are generally less likely 
to be affected by maternal effects than early traits such as seed 
dormancy, germination or early growth (24). Second, maternal 
effects have been found to be weaker in perennial plants than in 
annuals (37). Third, maternal effects tend to particularly appear 
under stress, but are often less visible under favorable conditions 
(38). Fourth, the direction and strength of maternal effects varies 
among species and even genotypes of the same species (39, 40) 
and therefore may simply add noise to our observations from 
genetically diverse cultivation lineages of many species (18). 
Finally, it is not very likely that maternal effects from different 
years would induce a linear trait change across generations. Thus, 
selection through continuous cultivation appears a much more 
parsimonious explanation.

Implication for Practice. Agricultural propagation of native plants 
is mandatory to provide a sufficient amount of seeds for upscaling 
ecological restoration (11). However, there are concerns that 
plants could adapt to cultivation and lose adaptation to natural 
conditions, which could be detrimental for the restoration success 
(10). We indeed detected substantial changes in several cultivation 
lineages, for example one week earlier start of flowering per 
generation or 17% increase in number of flowers per generation. 
These traits are commonly adaptive in the wild, and it is thus likely 
that cultivation affects performance of the plants in restoration 
sites. Nevertheless, such large changes were exceptional. In the 
majority of cultivation lineages, we did not detect any significant 
change in any of the measured traits, and the average rate of change 
per generation was some 7% of the trait value range present in the 
wild populations. However, some evolutionary changes may only 
become visible when plants face stress (e.g., drought, herbivory), 
and the benign conditions in our study may have underestimated 
the evolutionary potential to some extent. Some previous studies 
(22, 23) reported massive evolutionary change in response to 
cultivation of individual species, yet such effects seem to be an 
exception rather than a rule, at least in the system we studied.

We detected a slight loss of adaptive heritable variability across 
cultivated generations. This is worrisome because reduced variabil-
ity could limit the ability of restored populations to adapt to their 
novel habitats, or other environmental changes (10). However, the 
reduction of variability was rather moderate, and appears unlikely 
to have detrimental effects on the adaptive potential—at least across 
the first few cultivated generations.

Silene vulgaris P1

Lotus corniculatus P1

Lotus corniculatus P2

Silene vulgaris P2

Centaurea jacea P1

0.75 1.00 1.25 1.50 1.75
Odds ratio

Fig.  4. Changes in retention of seeds across generations, the values are 
effect sizes and their CI. The colored point indicates an effect significant at 
P < 0.05. Effect sizes (with a CI) are odds ratios for flowers with seeds versus 
flowers without seeds, with values >1 indicating increased seed retention. See 
SI Appendix, Table S2 for model results.
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The extent of unintended evolution during cultivation may be 
mitigated by adjustments of production methods and procedures. 
Reduction or temporary cessation of watering and herbivore con-
trol could reduce the advantage of vigorous plants and thus reduce 
selection for vigor. Harvesting ripe seeds multiple times per season 
could reduce shifts in flowering time and synchronization. 
However, such measures require increased effort, and they may 
reduce seed yield. As seed availability is one of the main limiting 
factors for restoration globally (4, 5), upscaling seed production 
has become an important goal (11). Implementing measures that 
complicate the seed production process and potentially reduce 
seed yield might be counterproductive in this context. Measures 
are needed particularly in those few cultivation lineages with doc-
umented large trait shifts, but in the majority of cases the absolute 
changes were very moderate across the first few generations and, 
in our opinion, tolerable. After a few generations in cultivation, 
agriculturally produced seeds of wild plants are still regionally 
adapted (41). As trait variability was only moderately reduced by 
cultivation, plants from cultivated seed should still harbor sub-
stantial genetic diversity and thus be able to adapt to the novel 
conditions at the restoration site. This may eventually override 
the minor changes caused by cultivation (34). However, even a 
minor incremental increase could yield substantial change if a seed 
stock was cultivated for many generations. We thus strongly rec-
ommend to limit the maximum number of generations a seed 
stock can be cultivated without replenishing from new wild col-
lection, and follow the example of Regiosaatgut in Germany (five 
generations allowed, ref. 31) or Yellow Tag in the US (three to five 
generations ref. 42).

Materials and Methods

Seeds. We used seeds from two seed producers—further called Producer 1 and 
Producer 2, one located in Germany and one in Austria. The producers are larger 
companies that have contracts with many small farmers who produce the seeds on 
their farms. The production starts with seed collection from multiple (Producer 1) or 
one (Producer 2) large natural populations (Fig. 1) (31). This wild-collected seeds (F0) 
are then propagated in a horticultural setting and the plugs are transferred to fields. 
Seeds of this first cultivated generation (F1) are partly used for restoration projects 
and partly for establishing the next generation in cultivation (F2). The process can be 
repeated for up to five cultivated generations (F5), then, to prevent genetic deterio-
ration, the seed stock must be replenished with new wild collections. We obtained 
seeds of 27 independent cultivation lineages from 19 species, which consisted of 
archived wild collections and up to four consecutive cultivated generations (for eight 
species we had two cultivation lineages). In total, we had 93 accessions (individual 
generations of each cultivation lineage) (Table 1).

Common Garden Experiment. In March 2018, we planted 33 seeds per accession 
into seeding trays, with three replicates, and placed them in a cold greenhouse. 
When the seedlings developed their first true leaves, we transplanted 26 seedlings 
per accession individually to quickpots, and after 3 further weeks, we planted 18 of 
these (randomly selected) into 2.5 l pots filled with standard potting soil. We placed 
the pots in a common garden, in a randomized blinded design, and watered them 
as needed. During the entire experiment, we recorded the start of flowering three 
times a week. After 3 mo, we measured plant height and counted the number of 
inflorescences (for the sake of simplicity called flowers in this paper). We harvested 
all aboveground biomass, dried it for 48 h at 70 °C, and weighted it. In three species 
(Centaurea jacea, Silene vulgaris, and Lotus corniculatus), we estimated the odds 
ratio of seed shattering as the number of flowers with ripe seeds still attached to 
the plant versus the number of flowers that dropped the seeds.

The seeds we used in this experiment differed in age and possibly in maternal 
environment, which could both affect plant phenotypes. However, standardizing 
the seed quality through growing an intermediate refresher generation (e.g., 
refs. 32 and 43) was not possible due to the high number of species and popu-
lations, and their outcrossing and perenniality (not all species flower in the first 
year). To avoid strong influences of maternal effects we constrained our study to 
traits of adult plants.

Data Analysis. All analyses were performed in R (R Development Core Team, 
2021), and data and fully reproducible code is available online (44). First, we 
focused on the effect of cultivation on start of flowering, total biomass, height 
and number of flowers across all cultivation lineages. We related each of the 
four response variables to generation as a continuous explanatory variable and 
the cultivation linage as random factor in a mixed model. The term cultivation 
lineage was approximately equivalent to species nested within seed producer. 
However, in one species, we had two cultivation lineages each from two regions 
from the same seed producer (Table 1). Including producer, species and region 
as random factors resulted in such a complex model structure that the model 
did not converge. We thus included only cultivation lineage as a random factor. 
A model with species nested within producer as random factors yielded nearly 
identical results. To allow cross-lineage comparison, all response variables were 
scaled within cultivation lineage. Additionally, we tested whether the variation 
in these traits changed across generations. We calculated the coefficient of var-
iation for each plant trait in each generation in each cultivation lineage, exclud-
ing accessions where traits were available from less than four individual plants. 
We then related the coefficients of variation in each trait to the generation as 
continuous explanatory variable and cultivation line as a random factor. In both 
analyses, we used the R-package nlme (45). We did not analyze seed-shattering 
in a cross-lineage analysis because this trait was available only for five cultivation 
lineages of three species.

Second, we tested for changes in biomass, height, number of flowers, start of 
flowering and seed shattering across generations in individual cultivation line-
ages. For each trait and cultivation lineage we fitted a linear model that had one 
of the above-mentioned traits as a response variable and the generation number 
as continuous explanatory variable. For biomass and height, we ran these models 
for all 27 cultivation lineages. For the number of flowers and start of flowering, 
we analyzed only the 15 cultivation lineages where at least 50% of individuals 
had started flowering. Seed shattering, estimated as the odds ratio between ripe 
flowers that still had seeds attached versus flowers that did not have any seeds left 
at the time of harvest, was available for five cultivation lineages. We related the 
ratio of the number of flowers with seeds to the number of flowers without seeds 
as response variable to the generation as explanatory variable in a generalized 
linear model with quasibinomial error distribution. To illustrate the magnitudes 
of the changes in each response variable, we calculated effect sizes (i.e., changes 
per generation) as the proportions of the data range of the F0, calculated as the 
SD times four.

Data, Materials, and Software Availability. Data on plant phenotypes and 
R scripts for analysis data have been deposited in Zenodo (44) (https://doi.
org/10.5281/zenodo.7837424).
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