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a  b  s  t  r  a  c  t

Intraspecific  variation  plays an  important  role  in  species  coexistence  and  community  assembly.  In this
paper,  we  propose  a model  for the  coexistence  of autumn  and  spring  seedlings  within  one species  of
annual  plants—intraspecific  niche  complementarity  of a  two-year  life  history  cycle.  There  is  an  unsyn-
chronized  germination  behavior  in some  species  exhibiting  a two-year  life  history  cycle  in  which  one
population  produces  coexisting  autumn  and  spring  seedlings.  Our  soil  seed  bank  coexistence  model  pre-
dicts  that  the  optimal  autumn  germination  fraction  must  maximize  the  harmonic  mean  of the  number
of  seeds  that  germinate  in  two different  seasons.  Moreover,  we  extended  classic  annual  soil  seed  bank
dynamic  models  using  evolutionary  stability  and  density  dependent  theory.  Our  model  can  be applied
not  only  to  winter  or spring  annuals  but also  to autumn-  and  spring-seedling  plants  coexisting  in one
population.  Under  an evolutionarily  stable  coexistence  of  autumn-  and  spring-seedling  plants  within
one  population,  our  model  suggests  that  the  greater  the  ratio  of  seeds  produced  by  a  plant  germinated  in
spring  relative  to the  seeds  germinated  in  autumn,  the  greater  is  the germination  fraction  in  autumn.  The
germination  behaviors  of  plants  with  unsynchronized  two-year  life  history  cycles  are  a  new  example  of
intraspecific  niche  differentiation  in  annuals.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Competition and coexistence of species within communi-
ties is a fundamental and current topic of ecological research.
Recently, ecologists reconsidered the importance of intraspecific
trait variability (Violle et al., 2012), which is important as inter-
specific trait variability and has significant effects on community
assembly. Currently, most research explores intraspecific niche
differentiation mainly by individual species with functional trait
differences (Bagousse-Pinguet et al., 2014; Albert, 2014). However,
the role of individual differences caused by unsynchronized life
history cycles in intraspecific niche differentiation remains largely
unknown.

Life history can be considered a comprehensive reaction to envi-
ronmental stress. Seed germination timing is a key feature of the
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plant life cycle because it affects the survival of seedlings (Baskin
and Baskin, 1985), individual fitness, and life history (Masuda and
Washitani, 1992). Life history differences within individual species
can also promote species coexistence (Violle et al., 2012).

We note that most of the population of an annual plant germi-
nates in autumn in one year and in spring in the next. However,
in a given year, the same population is composed of autumn-
germinating and spring-germinating individuals. In this study, in
the two-year life history cycle of annual plants, the change in seed
germination time follows a cycle of two years: seeds produced
by a spring-germinating plant in the first year germinate largely
in autumn of the first year, and seeds produced by an autumn-
germinating plant in the first year germinate largely in spring of
the second year largely, for a cycle interval of two  years. This cycle
is different from the classic one-year life history cycle, in which
germination time does not change over years (Baskin and Baskin,
1985) (see Fig. 1).

Annual plants are an important part of the vegetation in arid
and semiarid areas (Ludwig et al., 1988) and, subsequently, have an
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Fig. 1. The different life history cycles of annuals and the different niche characteristics permitting coexistence within one population in long time.

important impact on the stability and biodiversity of desert ecosys-
tems. Annuals are an ideal system for examining variable response
to precipitation and their impact on population and community
dynamics (Angert et al., 2009). There are two types of annual plants:
(1) the winter annuals, including species that germinate during
autumn and reproduce during early summer and (2) the summer
annuals, including species that germinate during early spring and
complete their life-cycles during summer.

At present, there is substantial evolutionary ecology research
focusing on winter annuals because of special function in com-
munity (Montesinos-Navarro et al., 2012; Huxman et al., 2013;
Gremer and Venable, 2014). There are also many theoretical mod-
els that describe and predict germination fractions and differences
in germination timing (Andrea and Eva, 2002; Jessica and Peter,
2009; Kimball et al., 2011; Linkies and Leubner-Metzger, 2012;
Bessho and Iwasa, 2012; Gremer and Venable, 2014). However,
winter annuals include two groups, obligate winter annuals and

facultative winter annuals (Baskin and Baskin, 2014). Seeds of
obligate winter annuals only germinate during autumn (Cici
and Van Acker, 2009). Most seeds of facultative winter annuals
germinate during autumn; however, some germinate during
spring, which results in the coexistence of autumn and spring
seedlings. This type of coexistence is widespread in regions such
as the cold deserts and high altitude regions. However, a soil seed
bank dynamic model for populations in which autumn and spring
seedlings coexist has not yet been formulated.

In this paper, we used an evolutionary perspective (see (i)
and (ii) of Box 1) to show that a two-year life history cycle
allow improves autumn and spring seedling coexistence in popu-
lations. To further understand the mechanism of evolutionarily
stable coexistence and to predict the proportion of seeds with
autumn germination, we developed a new soil seed bank dynamic
coexistence model using evolutionary stability theory and density
dependent theory.
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