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All in good time: Understanding annual and perennial
strategies in plants1
One of the most fundamental questions faced by all organisms
is when is the best time to reproduce to maximize the survival
and success of their offspring. In plants, there are two broad
categories of reproductive strategies—annuals that reproduce
once and die (monocarpic or semelparous) and perennials that
reproduce repeatedly and cycle through vegetative and reproductive phases (used here synonymously with polycarpic or
iteroparous) (Fig. 1). Not surprisingly, given the importance of
reproduction to fitness, studies on flowering time and related
life history decisions have been the subject of intense investigations from many angles. These include a rich body of life history
theory, detailed molecular mechanisms and genetic architecture
of flowering time in a few model species, studies of resource allocation, trade-offs, and ecological interactions between flowering plants and their biotic communities. However, these fields
have largely developed in isolation from one another, and there
are few attempts to integrate across disciplines to form a comprehensive understanding of the evolution of life history strategies and reproductive timing.
Evolutionary transitions between perenniality and annuality
are among the most common transitions in angiosperms and
encompass decisions on the allocation to vegetative growth versus flowering and also the timing of such decisions. Transitions
in both directions can be quite frequent, suggesting considerable lability of life cycle, at least among herbaceous species
(Barrett et al., 1996). However, compared with other common
transitions, such as the evolution of selfing from outcrossing,
we know very little about the selective mechanisms and genetic
changes responsible for this transition. In this perspective piece,
we discuss the potential to integrate current knowledge from
research on geographical and ecological patterns, with studies
of resource allocation and decisions about when to flower, with
our knowledge of the molecular mechanism underlying the
transition to flower. We suggest that by integrating studies
across levels we can gain a general and synthetic understanding
on the evolution of life history strategies.
Ancestral state reconstructions using phylogenetic approaches
generally have found that annuals are derived from perennial
ancestors, including multiple origins of annuals within a genus
(e.g., Nemesia [Datson et al., 2008], Sidalcea [Andreasen and
Baldwin, 2001]). However, in some genera, a switch back to perennial behavior might have occurred (Bena et al., 1998; Tank and
Olmstead, 2008). Theoretical models predict that the annual
habit evolves as an adaptive response to unpredictable environments, including frequently disturbed habitats and aridity
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(Stearns, 1992). Empirical data generally supports this idea,
with a shift to annual life histories often occurring in hot and
dry conditions that would adversely affect adult perennial plants
(Barbier et al., 1991; Evans et al., 2005; Cruz-Mazo et al., 2009).
Thus, macroevolutionary patterns suggest that selection has
acted in consistent ways to favor the association of annual life
history strategies with particular environments. However,
whether there is any shared pattern in the traits that have been
under selection or in the genetic architecture underlying the
transition remains an open question.
Early theoretical models of the evolution of annual versus perennial life histories focused on the number of offspring produced per reproductive bout and differing survival between
juvenile and adult stages (Cole, 1954; Charnov and Schaffer,
1973). In general, life history theory involves optimization of
the timing of reproduction, the number of offspring, and tradeoffs between survival and fecundity. Moving from these optimization models to a mechanistic understanding of selection on
life history strategies requires understanding the underlying
morphological, developmental, and physiological characters.
Using a quantitative genetic framework that incorporates variances and covariances between traits (Lande, 1982) may reveal
whether selection on life history characters follows predictable
evolutionary trajectories (Schluter, 1996). Multiyear field experiments that examine quantitative genetic traits and their selection components provide an opportunity to reconcile theoretical
expectations with the underlying evolutionary processes and
genetic architecture.
Both annuals and perennials must undergo a developmental
switch from vegetative growth to flowering. In annuals, this
transition occurs once and is followed by senescence and death
of the plant, while perennial plants cycle repeatedly through
vegetative and reproductive modes. Because perennial plants
maintain vegetative growth after flowering, the perennial strategy
requires differential behavior of meristems on a single plant so
that either some meristems remain vegetative while others undergo floral transition or meristems revert back to vegetative development (Amasino, 2009). We have a limited understanding of
the ecological and evolutionary significance of meristem usage,
and future research should consider meristem fate as a target of
selection. For example, in perennials, there may be a decision between immediate use of meristems for flowers or for vegetative
growth that may enable more flowers in the future (e.g., Geber,
1990). In addition, trade-offs may exist between a less-risky strategy of immediate meristem allocation to reproduction and a
strategy of vegetative growth where later meristems will experience different, and possibly less favorable, conditions (see Fig. 1
illustrating different routes toward fitness for perennials).
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FIGURE 1. Annuals and perennials differ in patterns of reproductive and vegetative allocation as a result of differences in flowering time and meristem usage. Annuals complete their life cycle within a single year, and seed produced in year 1 then complete the same life cycle in a following year.
Perennials can produce both vegetative and reproductive structures in year 1. In year 2, seed produced in year 1 can repeat the year 1 life cycle but,
unlike annuals, the vegetative structures from year 1 survive into year 2 to grow and reproduce.

The genetic control of flowering is exceptionally well characterized in the model plant Arabidopsis thaliana (reviewed in
detail elsewhere, e.g., Simpson and Dean, 2002; Andrés and
Coupland, 2012), and this knowledge should facilitate studies
of the relations between seasonal cues, flowering time, and life
history strategies. Understanding the genes involved in the
transition to flowering in A. thaliana has assisted in finding
many flowering time gene homologs and orthologs in related
species (e.g., Brassica rapa [Irwin et al., 2012], Capsella rubella
[Guo et al., 2012]) and distantly related crop species (Buckler
et al., 2009; Blümel et al., 2015). While research is suggesting
that the genetic mechanisms discovered in Arabidopsis can be
extended to other species (e.g., Wang et al., 2009; Albani and
Coupland, 2010; Anderson et al., 2011), there is limited scope
to ask questions about evolutionary transitions between strategies or the processes that generated differences in the both
the timing and number of reproductive bouts between annuals
and perennials.
We suggest that to understand the evolution of life history
transitions, researchers take advantage of natural intraspecific
variation in life history strategies. Given the strong ecological
correlates of life history, many herbaceous plants show variation in strategies among closely related taxa in different parts
of their range. This type of variation can facilitate a multipronged approach that combines forward genetics, field experiments, and population genomic studies. Phylogenomic
analyses and studies of genotype by environment associations
can reveal the patterns of differentiation and the molecular
mechanisms underlying divergence (e.g., Roda et al., 2013).
Furthermore, by performing crosses between annual and perennial relatives, and testing the effects of segregating alleles
in a species’ native environment (e.g., Ågren and Schemske,
2012), one can understand the genetic basis of changes in life
history strategy, as well as explore ecological differences that
may be associated with these strategies (e.g., Hall and Willis,
2006; Friedman and Willis, 2013). By combining mapping
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experiments with reciprocal transplant experiments, one can
assess the adaptive role of different strategies and genes in different environments.
If we are to understand evolutionary transitions between
strategies and selection in perennial plants, multiyear field
experiments are necessary. While we recognize the challenge
such studies impose, extended field experiments allow tests of
fitness consequences and selection within a single season and
across interannual heterogeneous environments. A shortcoming of approaches that use controlled experiments in greenhouses and growth chambers is the removal of seasonal variation
within a year and variation across years, which may impose
different selection on annuals and perennials. Annuals may
cope with heterogeneity by being short-lived and producing
genetically variable offspring each generation (to the extent
that they outcross), whereas perennials may allocate meristems
to vegetative or clonal growth that must survive to flower in a
later season. The consequences of these different strategies on
population dynamics and patterns of genetic variation are not
clear. Finally, incorporating environmental heterogeneity into
studies of evolutionary processes may facilitate an understanding of the kinds of environments that select for different
strategies.
To move the field forward, we suggest using study systems with
rich natural variation and combining mapping and selection experiments in the field with extensive genotyping to explore the
genetic mechanisms underlying different strategies and their association with ecological conditions. By examining various components of fitness within and across years, one can test key
predictions from life history theory about the consequences of
different decisions regarding meristem fate and trade-offs between flowering and growth. Since life history divergence often
involves suites of traits, identifying the primary targets of selection
can illustrate whether traits evolve in correlated ways, and examining divergence across variable groups can identify whether
there is convergent evolution at the genomic level. We are hopeful

F R I E D M A N A N D R U B I N — A N N UA L A N D P E R E N N I A L S T R AT E G I E S I N P L A N T S

A M E R I C A N J O U R N A L O F B OTA N Y

O N T H E N AT U R E O F T H I N G S

that future studies will address how ecological and genetic factors
interact over evolutionary time to generate the diversity of life
history strategies that exist in nature.
ACKNOWLEDGEMENTS
J.F. and M.J.R. are supported by National Science Foundation grant
DEB-1354259 to J.F.

LITERATURE CITED
ALBANI, M. C., AND G. COUPLAND. 2010. Comparative analysis of flowering in annual and perennial plants. Current Topics in Developmental
Biology 91: 323–348.
AMASINO, R. 2009. Floral induction and monocarpic versus polycarpic life
histories. Genome Biology 10: 228.
ANDERSON, J. T., C.-R. LEE, AND T. MITCHELL-OLDS. 2011. Life-history
QTLS and natural selection on flowering time in Boechera stricta, a perennial relative of Arabidopsis. Evolution 65: 771–787.
ANDREASEN, K., AND B. G. BALDWIN. 2001. Unequal evolutionary rates
between annual and perennial lineages of checker mallows (Sidalcea,
Malvaceae): Evidence from 18S-26S rDNA internal and external transcribed spacers. Molecular Biology and Evolution 18: 936–944.
ANDRÉS, F., AND G. COUPLAND. 2012. The genetic basis of flowering responses to seasonal cues. Nature Reviews Genetics 13: 627–639.
ÅGREN, J. A., AND D. W. SCHEMSKE. 2012. Reciprocal transplants demonstrate strong adaptive differentiation of the model organism Arabidopsis
thaliana in its native range. New Phytologist 194: 1112–1122.
BARBIER, P., H. MORISHIMA, AND A. ISHIHAMA. 1991. Phylogenetic
relationships of annual and perennial wild rice: Probing by direct DNA
sequencing. Theoretical and Applied Genetics 81: 693–702.
BARRETT, S. C. H., L. D. HARDER, AND A. WORLEY. 1996. The comparative biology of pollination and mating in flowering plants. Philosophical
Transactions of the Royal Society of London, B, Biological Sciences 351:
1271–1280.
BENA, G., B. LEJEUNE, J. M. PROSPERI, AND I. OLIVIERI. 1998. Molecular
phylogenetic approach for studying life-history evolution: The ambiguous
example of the genus Medicago L. Proceedings. Biological Sciences 265:
1141–1151.
BLÜMEL, M., N. DALLY, AND C. JUNG. 2015. Flowering time regulation in crops—What did we learn from Arabidopsis? Current Opinion in
Biotechnology 32: 121–129.
BUCKLER, E. S., J. B. HOLLAND, P. J. BRADBURY, C. B. ACHARYA, P. J.
BROWN, C. BROWNE, E. ERSOZ, ET AL. 2009. The genetic architecture of maize flowering time. Science 325: 714–718.
CHARNOV, E. L., AND W. M. SCHAFFER. 1973. Life-history consequences of
natural selection: Cole’s result revisited. American Naturalist 107: 791–793.
COLE, L. C. 1954. The population consequences of life history phenomena.
Quarterly Review of Biology 29: 103–137.

CRUZ-MAZO, G., M. L. BUIDE, R. SAMUEL, AND E. NARBONA. 2009.
Molecular phylogeny of Scorzoneroides (Asteraceae): Evolution of heterocarpy and annual habit in unpredictable environments. Molecular
Phylogenetics and Evolution 53: 835–847.
DATSON, P. M., B. G. MURRAY, AND K. E. STEINER. 2008. Climate and the
evolution of annual/perennial life-histories in Nemesia (Scrophulariaceae).
Plant Systematics and Evolution 270: 39–57.
EVANS, M. E. K., D. HEARN, W. HAHN, J. SPANGLE, AND D. L. VENABLE.
2005. Climate and life-history evolution in evening primroses (Oenothera,
Onagraceae): A phylogenetic comparative analysis. Evolution 59: 1914–1927.
FRIEDMAN, J., AND J. H. WILLIS. 2013. Major QTLs for critical photoperiod
and vernalization underlie extensive variation in flowering in the Mimulus
guttatus species complex. New Phytologist 199: 571–583.
GEBER, M. A. 1990. The cost of meristem limitation in Polygonum arenastrum:
negative genetic correlations between fecundity and growth. Evolution 44:
799–819.
GUO, Y.-L., M. TODESCO, J. HAGMANN, S. DAS, AND D. WEIGEL. 2012.
Independent FLC mutations as causes of flowering time variation in
Arabidopsis thaliana and Capsella rubella. Genetics 192: 729–739.
HALL, M. C., AND J. H. WILLIS. 2006. Divergent selection on flowering time
contributes to local adaptation in Mimulus guttatus populations. Evolution
60: 2466–2477.
IRWIN, J. A., C. LISTER, E. SOUMPOUROU, Y. ZHANG, E. C. HOWELL, G.
TEAKLE, AND C. DEAN. 2012. Functional alleles of the flowering time
regulator FRIGIDA in the Brassica oleracea genome. BMC Plant Biology
12: 21.
LANDE, R. 1982. A quantitative genetic theory of life history evolution.
Ecology 63 607–615.
RODA, F., H. LIU, M. J. WILKINSON, G. M. WALTER, M. E. JAMES, D. M.
BERNAL, M. C. MELO, ET AL. 2013. Convergence and divergence during the adaptation to similar environments by an Australian groundsel.
Evolution 67: 2515–2529.
SCHLUTER, D. 1996. Adaptive radiation along genetic lines of least resistance. Evolution 50: 1766–1774.
SIMPSON, G. G., AND C. DEAN. 2002. Arabidopsis, the Rosetta Stone of
flowering Time? Science 296: 285–289.
STEARNS, S. 1992. The evolution of life histories. Oxford University Press,
Oxford, UK.
TANK, D. C., AND R. G. OLMSTEAD. 2008. From annuals to perennials:
Phylogeny of subtribe Castillejinae (Orobanchaceae). American Journal
of Botany 95: 608–625.
WANG, R., S. FARRONA, C. VINCENT, A. JOECKER, H. SCHOOF, F. TURCK,
C. ALONSO-BLANCO, ET AL. 2009. PEP1 regulates perennial flowering in Arabis alpina. Nature 459: 423–428.

Jannice Friedman2 and Matthew J. Rubin
Department of Biology, Syracuse University, 110 College Place,
Syracuse, New York 13244 USA
2 Author for correspondence (e-mail: friedman@syr.edu), phone: 1-315-443-1564

KEY WORDS: ecological genomics; evolutionary transitions; flowering; life
history; phenotypic evolution; vegetative growth.

APRIL 2015, VOLUME 102 • FRIEDMAN AND RUBIN—ANNUAL AND PERENNIAL STRATEGIES IN PLANTS • 499

