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An annual life history is often associated with the ability to self-fertilize. How-
ever, it is unknown whether the evolution of selfing commonly precedes the
evolution of annuality, or vice versa. Using a 2-year common garden exper-
iment, we asked if the evolution of selfing in the normally perennial
Arabidopsis lyrata was accompanied by a shift towards the annual habit.
Despite their very recent divergence from obligately outcrossing populations,
selfing plants exhibited a 39% decrease in over-winter survival after the first
year compared with outcrossing plants. Our data ruled out the most obvious
underlying mechanism: differences in reproductive investment in the first year
did not explain differences in survival. We conclude that transitions to selfing
in perennial A. lyrata may be accompanied by a shift towards annuality, but
drivers of the process require further investigation.

1. Background
Mating system transitions from obligate outcrossing to predominant selfing are
frequent evolutionary shifts in angiosperms [1]. Established selfing species dis-
play a characteristic flower morphology known as the ‘selfing syndrome’ [2,3]
and are typically annual [4–6]. However, it is unclear whether this association
exists because the transition to selfing is more likely in annuals, or because selec-
tion favours shorter lifespans in perennials that have evolved selfing. Most of our
understanding about the evolutionary association between selfing and the annual
life history is based on analyses that treat these as independent traits or assume
that an annual or perennial life history is fixed and then explore the conditions
favouring selfing. Empirical studies that consider the alternative, that shifts to self-
ing can select for changes in lifespan, are conspicuously lacking. To test if the
transition to selfing in a perennial species can lead to a shift to annuality, we
used the intraspecific mating system variation in North American populations
of the ancestrally self-incompatible and perennial Arabidopsis lyrata, which has
evolved several selfing populations. Specifically, we determined if survivorship
in a native-range common garden is consistent with a shift towards a more
annual life history in plants from recently evolved perennial selfing populations.

Several hypotheses could explain the link between lifespan and mating
system, and the order in which these traits evolve. Selection could favour the
evolution of selfing in annuals, as annuals have only one opportunity to repro-
duce and would incur a lower risk of reproductive failure if selfing evolved
[7,8]. Alternatively, selection could favour the evolution of the annual habit in
initially perennial selfing populations. The evolution of self-fertilization may
increase the optimal level of total reproductive effort, thereby reducing survival
and leading to an annual life history [9]. In particular, selfing in perennials
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could select for increased resource allocation to reproductive
tissues rather than to vegetative structures needed for peren-
nial survival, favouring the evolution of the annual habit [10].
The high costs of selfing in perennials due to inbreeding
depression and/or seed discounting might also be amelio-
rated by a shift to annuality [11–13]. Furthermore, in selfing
lineages, mutations that reduce lifespan could accumulate
owing to neutral processes such as the build-up of drift
load due to the lower effective population size associated
with selfing [14,15]. Additionally, population bottlenecks
before or during the formation of new selfing populations
[16] may have fixed mutations that reduce lifespan. The
roles of inbreeding depression and drift load in favouring
the annual habit in perennial species that have transitioned
to selfing can be evaluated by comparing crosses within
and between populations that differ in their selfing rates.
We are unaware of any experimental studies that have exam-
ined whether perennial species transition towards an annual
habit after evolving to self.

Here,weusedArabidopsis lyrata to examinewhether the evol-
ution of selfing is followed by a transition towards the annual
habit in newly diverged selfing lineages. This species is largely
an obligate (self-incompatible) outcrosser but contains several
self-compatible populations with high selfing rates [17]. These
selfing populations likely originated from outcrossing ancestors
less than 10 000 years ago, as they occur in previously glaciated
habitat and lack a clear selfing syndrome [18]. Additionally, gen-
etic evidence indicates selfing in these populations originated
multiple times (electronic supplementary material, table S1)
[17,19]. Studies both in the laboratory and/or under relatively
mild environmental conditions have shown that both self-
incompatible and selfing plants readily survive for multiple
years [20,21]. Therefore, there is substantial evidence that all A.
lyrata are ancestrally self-incompatible perennials and that
novel selfing populations retain this perennial habit.

Wemonitored survival of progeny from crosseswithin and
between selfing populations and crosses within and between
outcrossing populations in a common garden within their
native range over 2 years. Specifically, we asked: (1) whether
plants from selfing populations had reduced over-winter sur-
vival comparedwith plants fromoutcrossing populations; and
(2) whether between-population cross-progeny had higher
survival than within-population cross-progeny (heterosis),
and if this differed between selfing and outcrossing popu-
lations. Additionally, we asked (3) whether the selfed
progeny of plants from selfing populations suffered from
inbreeding depression. Furthermore, to test for a potential
trade-off between survival and reproduction, we asked (4)
whether plants that had a higher reproductive investment
(i.e. flower and seed production) had lower survival.

2. Methods
(a) Study system
Arabidopsis lyrata subsp. lyrata (L.) is a perennial native to North
American rock outcrops and sand dunes. Most populations are
self-incompatible and highly outcrossing (multi-locus outcross-
ing rates tm > 0.8; electronic supplementary material, table S1),
with only a low frequency of self-compatible individuals [22].
However, self-compatibility has become fixed in some popu-
lations now characterized by high selfing rates [17,23] (tm: 0.1–
0.4; electronic supplementary material, table S1).

(b) Crossing designs
Our crossing designs are described in more detail elsewhere
[24–26]. In brief, crosses involved plants (raised from field-
collected seeds) from 12 A. lyrata populations with known
mating systems: six populations of self-incompatible plants dis-
playing high outcrossing rates (hereafter SI populations) and six
populations of self-compatible plants displaying low outcross-
ing rates (hereafter SC populations) [17]. These populations
likely represent multiple transitions to selfing [17,19]. We per-
formed two consecutive rounds of crosses, each with different
sets of parental plants. First, using five to eight plants per
population, we performed within-population crosses to gener-
ate the following cross types: SI × SIwithin, SC × SCwithin, and
SC × self. Second, for a further six plants per population, we
performed within-population crosses (giving increased sample
sizes for the SI × SIwithin and SC × SCwithin cross types) and
between-population crosses (giving the two additional cross
types SI × SIbetween and SC × SCbetween for testing heterotic
effects, i.e. whether drift load affected survival). Crosses yielded
600 seed families in total.

(c) Common garden experiment
To evaluate whether the evolution of selfing is accompanied by a
shift to the annual habit, we set up a common garden experiment
at Trent University in Peterborough, Ontario, Canada. This
location is at an intermediate latitude within the geographical
range of the source populations (electronic supplementary
material, table S1). From 20 to 22 March 2018, we sowed up to
50 seeds per seed family on peat-based substrate (one pot per
family) in climate chambers (11 h days, 21/18°C day/night
cycles, and 95% humidity). We planned to transplant three seed-
lings from each seed family, but three seedlings were not always
available owing to insufficient germination of 279 families. When
seedlings developed at least two true leaves (18 April–1 May), we
transplanted one to three haphazardly chosen seedlings from
each germinated seed family to individual pots, resulting in
915 experimental plants. On 10 May, prior to flowering, plants
were moved to the common garden and organized in a random-
ized block design with three replicates of three 3 × 6 m blocks.
Plants from each seed family and cross type were evenly
distributed among the blocks.

(d) Winterization
On 9 November 2018, plants were winterized. To simulate natural
winter conditions of snow cover that insulates meristems from
deep-freezing temperatures, pots were packed closely together
and then covered with a frost blanket and straw layer. A tarp was
placed over the plants to hold the straw in place. On 7 April 2019,
the plants were unpacked and returned to the original blocks.

(e) Survival and trade-offs with reproductive
investment

To test whether plants from selfing populations showed lower
survival to the second year than plants from outcrossing popu-
lations, we scored over-winter survival immediately after
unpacking in 2019. Plants were considered to have survived
when they had green living tissue or turgid roots. To test for a
trade-off between survival and reproductive investment, we
used the previous year’s flowering data. For each plant, we
had recorded whether it flowered and, if so, estimated how
many flowers it produced throughout the season [24]. Addition-
ally, to test for a trade-off between survival and reproductive
output (i.e. first-year seed production), we estimated individuals’
total seed production by multiplying fruit number by average
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seed number per fruit for each plant (electronic supplementary
material, S2).

( f ) Statistics
All statistics were performed in R 3.6.1 [27]. To test whether plants
from selfing populations had lower survival than plants from out-
crossing populations, and whether there were trade-offs between
reproduction and survival, we used mixed-effects binary logistic
regression models implemented in lme4 [28]. These models
included plant survivorship (response variable), cross type (fixed
effect) and maternal population and paternal population (random
effects). To test whether survival depended on flowering in the
first year, we included flowered in 2018 (binary) as a fixed effect.
For the subset of plants that flowered, we tested whether survival
depended on flowering intensity (estimated from the sum of all
flowers produced in 2018; standardized using the scale function
in R) included as a fixed effect. Additionally, to test whether sur-
vival depended on seed production in 2018, we included total seed
number (standardized using the scale function in R) as a fixed
effect. To assess the significance of the fixed terms, we re-fitted
models using maximum likelihood and compared models with
and without fixed terms using likelihood-ratio tests (LRTs [29];
table 1). For cross type, we defined a contrast matrix for post hoc
comparisons with the glht function in the multcomp package
(table 2) [30]. We calculated these contrasts for the model of survi-
val including only cross type as a fixed effect because models that
included additional fixed effects related to reproductive invest-
ment and their interactions with cross type were not significantly
better at explaining survival (table 1). Specifically, we made four
comparisons to test whether: (C1) crosses between populations
resulted in higher survival than crosses within populations (het-
erosis); (C2) C1 depended on mating system; (C3) survival of
progeny from self-compatible plants depended on whether they
were produced by selfing or outcrossing (inbreeding depression);
(C4) crosses among plants from selfing populations (SC × SC
crosses) had lower survival than crosses among plants from
outcrossing populations (SI × SI crosses).

3. Results
Cross type had a significant effect on over-winter survival.
However, survival was not affected by any of our measures
of first-year reproductive investment (table 1). Plants resulting
from between-population crosses had a significantly higher
survival than plants from within-population crosses (signifi-
cant effect of C1; table 2 and figure 1). This effect did not
significantly differ between SC and SI populations (no signifi-
cant effect of C2; table 2). Within SC populations, progeny
produced by selfing had similar survival to progeny produced
by outcrossing (no significant effect of C3; table 2). Overall,
plants from outcrossing populations (i.e. SI × SI crosses) had
significantly higher over-winter survival than plants from self-
ing populations (i.e. SC × SC crosses) (45 versus 27%;
significant effect of C4; table 2 and figure 1).

4. Discussion
Our key finding is that plants from selfing populations of
A. lyrata had a 39% decreased over-winter survival rate when
compared with plants from outcrossing populations, which
was not explained by differences in first-year reproductive
investment. Below we discuss the potential neutral and
non-neutral drivers of this shift towards an annual life cycle. Ta
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Neutral processes could be influencing the genetic back-
ground of selfers and facilitating selection towards a more
annual habit. Selfing populations often experience genetic
degradation through processes such as inbreeding depression
and the accumulation of drift load. Although inbreeding
depression has been identified for A. lyrata vegetative bio-
mass [25,26], SC × self and SC × SCwithin crosses did not
differ in survival. Therefore, our results are not consistent
with inbreeding depression affecting over-winter survival.
It is also likely that A. lyrata populations have gone through
repeated cycles of colonization and extinction [15,32] and
thus locally contain an excess of deleterious alleles [33]. In
line with this, we found that between-population crosses
resulted in significant heterosis in survival. This heterosis
was of similar magnitude for SI and SC populations, and
thus did not restore SC plant survival to the levels observed
in crosses between SI plants. This suggests that SI and SC
populations harbour similar levels of drift load. While our
results agree with previous findings that drift processes are
important in A. lyrata [20], drift alone seems unlikely to
explain the observed differences in over-winter survival
between selfing and outcrossing populations.

Among the potential non-neutral drivers, trade-offs
between reproduction and meristems needed for over-
winter survival are often presumed to be a critical factor in
driving transitions to annuality [10]. However, our data are
not consistent with reproductive trade-offs explaining a
shift towards annuality in A. lyrata selfing populations.
Plants that flowered in the first year were as likely to survive
over-wintering as plants that postponed flowering. Also, sur-
vival did not depend on flowering intensity or seedTa
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4



production. Yet, there could be a genetic correlation between
floral traits and lifespan, so that selection for increased
pollen : ovule ratios [18] indirectly selected for reduced life-
span. However, this would not explain why previous work
in non-native, more-temperate environments found no differ-
ences in over-winter survival between selfing and
outcrossing A. lyrata [20,21]. Furthermore, greenhouse exper-
iments with common agricultural pests have shown that SC
plants are not more susceptible to infection or herbivory
than SI plants [34,35]. Therefore, we suggest that environ-
mental conditions specific to our experiment led to the
reduced lifespan in selfers. These conditions could include
biotic factors such as native herbivores or pathogens, and/or
abiotic factors such as the extreme fluctuations in temperature
that characterize the continental climate of southeastern
Canada. How environmental factors interact with the genetic

consequences of selfing to cause the reduced over-winter sur-
vival of selfers remains to be investigated.

Data accessibility. The data associated with this manuscript are available
from the Dryad Digital Repository: https://doi.org/10.5061/dryad.
ht76hdrck. [36]

Authors’ contributions. C.G. and M.S. conceived the study. C.G., M.v.K.,
M.E.D. and M.S. designed the experiment. C.G. and C.S. collected
the data. C.G. and M.S. analysed the data with input from M.v.K.
and M.E.D. C.G. and M.S. wrote the paper with input from all
authors. All authors have approved the final version of the
manuscript and agree to be held accountable for the content therein.

Competing interests. We declare we have no competing interests.
Funding. This research was funded by the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation)—project
388824194 to M.S.

Acknowledgements. Barbara Mable provided source seed material. Yan
Li and Ekaterina Mamonova helped with seed production.

References

1. Barrett SCH. 2002 The evolution of plant sexual
diversity. Nat. Rev. Genet. 3, 274–284. (doi:10.1038/
nrg776)

2. Darwin C. 1876 The effects of cross and self
fertilisation in the vegetable kingdom. London, UK: J.
Murray.

3. Sicard A, Lenhard M. 2011 The selfing syndrome: a
model for studying the genetic and evolutionary
basis of morphological adaptation in plants. Ann.
Bot. 107, 1433–1443. (doi:10.1093/aob/mcr023)

4. Stebbins GL. 1970 Adaptive radiation of
reproductive characteristics in angiosperms,
I: pollination mechanisms. Annu. Rev. Ecol. Syst.
1, 307–326. (doi:10.1146/annurev.es.01.110170.
001515)

5. Lloyd DG. 1980 Demographic factors and mating
patterns in angiosperms. In Demography and
evolution in plant populations (ed. OT Solbrig), pp.
67–88. Oxford: Blackwell. See (https://ci.nii.ac.jp/
naid/10011287231).

6. Barrett SCH, Harder LD, Worley AG. 1996 The
comparative biology of pollination and mating in
flowering plants. Phil. Trans. R. Soc. Lond. B 351,
1271–1280. (doi:10.1098/rstb.1996.0110)

7. Stebbins GL. 1950 Variation and evolution in plants.
New York, NY: Columbia University Press.

8. Stebbins GL. 1957 Self fertilization and population
variability in the higher plants. Am. Nat. 91,
337–354. (doi:10.1086/281999)

9. Zhang DY. 2000 Resource allocation and the
evolution of self-fertilization in plants. Am. Nat.
155, 187–199. (doi:10.1086/303310)

10. Friedman J, Rubin MJ. 2015 All in good time:
understanding annual and perennial strategies in
plants. Am. J. Bot. 102, 497–499. (doi:10.3732/ajb.
1500062)

11. Lloyd DG. 2002 Self- and cross-fertilization in plants. II.
The selection of self-fertilization. Int. J. Plant Sci. 153,
370–380. (doi:10.1086/297041)

12. Morgan MT, Schoen DJ, Bataillon TM. 1997 The
evolution of self-fertilization in perennials. Am. Nat.
150, 618–638. (doi:10.1086/286085)

13. Lesaffre T, Billiard S. 2019 The joint evolution of
lifespan and self-fertilization. J. Evol. Biol. 33,
41–56. (doi:10.1111/jeb.13543)

14. Heller R, Smith JM. 1978 Does Muller’s ratchet work
with selfing? Genet. Res. 32, 289–293. (doi:10.
1017/S0016672300018784)

15. Wright SI, Kalisz S, Slotte T. 2013 Evolutionary
consequences of self-fertilization in plants.
Proc. R. Soc. B 280, 20130133. (doi:10.1098/rspb.
2013.0133)

16. Willi Y, Griffin P, Van Buskirk J. 2013 Drift load in
populations of small size and low density. Heredity
110, 296–302. (doi:10.1038/hdy.2012.86)

17. Foxe JP, Stift M, Tedder A, Haudry A, Wright SI,
Mable BK. 2010 Reconstructing origins of loss of
self-incompatibility and selfing in North American
Arabidopsis lyrata: a population genetic context.
Evolution 64, 3495–3510. (doi:10.1111/j.1558-5646.
2010.01094.x)

18. Carleial S, van Kleunen M, Stift M. 2017 Small
reductions in corolla size and pollen: ovule ratio,
but no changes in flower shape in selfing
populations of the North American Arabidopsis
lyrata. Oecologia 183, 401–413. (doi:10.1007/
s00442-016-3773-4)

19. Hoebe PN, Stift M, Tedder A, Mable BK. 2009
Multiple losses of self-incompatibility in North-
American Arabidopsis lyrata?: phylogeographic
context and population genetic consequences. Mol.
Ecol. 18, 4924–4939. (doi:10.1111/j.1365-294X.
2009.04400.x)

20. Willi Y. 2013 Mutational meltdown in selfing
Arabidopsis lyrata. Evolution 67, 806–815. (doi:10.
1111/j.1558-5646.2012.01818.x)

21. Buckley J, Daly R, Cobbold CA, Burgess K, Mable BK.
2019 Changing environments and genetic variation:
natural variation in inbreeding does not
compromise short-term physiological responses.
Proc. R. Soc. B 286, 20192109. (doi:10.1098/rspb.
2019.2109)

22. Mable BK, Hagmann J, Kim ST, Adam A, Kilbride E,
Weigel D, Stift M. 2017 What causes mating system

shifts in plants? Arabidopsis lyrata as a
case study. Heredity 118, 52–63. (doi:10.1038/hdy.
2016.99)

23. Mable BK, Robertson AV, Dart S, Di Berardo C,
Witham L. 2005 Breakdown of self-incompatibility
in the perennial Arabidopsis lyrata (Brassicaceae)
and its genetic consequences. Evolution 59,
1437–1448. (doi:10.1111/j.0014-3820.2005.
tb01794.x)

24. Gorman CE, Bond L, van Kleunen M, Dorken ME,
Stift M. 2019 Limited phenological and pollinator-
mediated isolation among selfing and outcrossing
Arabidopsis lyrata populations. bioRxiv,
2019.12.17.879361. (doi:10.1101/2019.12.17.
879361)

25. Carleial S, van Kleunen M, Stift M. 2017 Relatively
weak inbreeding depression in selfing but also in
outcrossing populations of North American
Arabidopsis lyrata. J. Evol. Biol. 30, 1994–2004.
(doi:10.1111/jeb.13169)

26. Li Y, van Kleunen M, Stift M. 2019 Sibling
competition does not magnify inbreeding
depression in North American Arabidopsis lyrata.
Heredity 123, 723–732. (doi:10.1038/s41437-019-
0268-1)

27. R Development Core Team. 2019 R: a language and
environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing. See
http://www.R-project.org/.

28. Bates D, Mächler M, Bolker B, Walker S. 2014
Fitting linear mixed-effects models using lme4.
J. Stat. Softw. 67, 1–48. (doi:10.18637/jss.
v067.i01)

29. Zuur AF, Hilbe JM, Ieno EN. 2013 A beginner’s guide
to GLM and GLMM with R. Newburgh, UK: Highland
Statistics.

30. Hothorn T, Bretz F, Westfall P. 2008
Simultaneous inference in general parametric
models. Biom. J. 50, 346–363. (doi:10.1002/
bimj.200810425)

31. Lüdecke D. 2018 ggeffects: Tidy data frames
of marginal effects from regression models.

5



J. Open Source Softw. 3, 772. (doi:10.21105/
joss.00772)

32. Mable BK, Adam A. 2007 Patterns of genetic
diversity in outcrossing and selfing populations of
Arabidopsis lyrata. Mol. Ecol. 16, 3565–3580.
(doi:10.1111/j.1365-294X.2007.03416.x)

33. Peischl S, Excoffier L. 2015 Expansion load: recessive
mutations and the role of standing genetic

variation. Mol. Ecol. 24, 2084–2094. (doi:10.1111/
mec.13154)

34. Hoebe PN, Stift M, Holub EB, Mable BK. 2011
The effect of mating system on growth of
Arabidopsis lyrata in response to inoculation
with the biotrophic parasite Albugo candida. J.
Evol. Biol. 24, 391–401. (doi:10.1111/j.1420-9101.
2010.02177.x)

35. Joschinski J, van Kleunen M, Stift M. 2015 Costs
associated with the evolution of selfing in North
American populations of Arabidopsis lyrata? Evol. Ecol.
29, 749–764. (doi:10.1007/s10682-015-9786-3)

36. Gorman CE, Steinecke C, van Kleunen M, Dorken
ME, Stift M. 2020 Data from: A shift towards the
annual habit in selfing Arabidopsis lyrata. Dryad
Digital Repository. (doi:10.5061/dryad.ht76hdrck)

6




