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This book is for the celebration of the 80th birthday of Prof. Zhong Zhangcheng. Most authors of
most chapters of this book, include myself, were directed by Prof. Zhong for their Master degree and /or
PhD degree. This book not only collected academic research articles, reviews and overviews, but also es-
says and stories, providing all his students and colleagues with an opportunity to join in. Another editor-
in-chief of this book is Prof. Dr. Marinus Werger, who is an ecologist at Utrecht University, the Neth-
erlands and a member of Royal Netherlands Academy of Art and Sciences. Prof. Werger and Prof. Zhong
are old friends and partners who have had a 30-year long cooperative relationship in ecological research
and joint-directing of postgraduate students. In 1999, Marinus and 1, as editors-in-chief, compiled the
book A Spectrum of Ecological Studies— in honour of Pro fessor Zhong Zhangcheng at his 70th birth-
day. Prof. Werger was also my supervisor/promoter during my study for my PhD degree at Utrecht Uni-
versity, the Netherlands from 1990 to 1994.

From 1966 to 1976, China experienced the unprecedented ‘Cultural Revolution’. The development
of ecology in China, like other disciplines of sciences, was interrupted for ten years. After the Culture
Revolution, the country was devastated and it has come up with the “Spring of Science” and the “Reform
and Opening” policy carried out in 1978 started a new era of development of sciences in China. This led to
an urgent demand for high-speed development of sciences and technologies, including ecology, in China
and for their linkage to the world, providing a great opportunity for changes and infusing strong vigor into
the development. Ecological S:)ciety of China (ESC) established in November 1979 and ecology was de-
veloping rapidly in China, The scientists survived from the Culture Revolution all achieved high academic
fame before it and as a decade passed, they are already in their middle-aged or elder. Facing the stagna-
tion of the domestic academic research and the rapid development of sciences around the world, they, af-
ter leaving the research front for a decade, had to take the historic responsibility of both the development
of sciences and the education of experts in their own research field. They greatly contributed to recon-
struction of the whole Chinese scientific and technological system, in particular, to reconstruction of the
academic research team.

And Prof. Zhong Zhangcheng is one of these outstanding scientists. At that time, Prof. Zhong was
in his late 40s, the peak years of life, and he was farsighted, sagacious, open-minded and full of passion
as well as putting great effort on research, teaching and research team building. He continued to carry
out wide-ranging domestic and international academic cooperation and he was enthusiastic, determined
and sincere. Prof. Zhong has taught and done academic research for more than 55 years since 1954 when
he graduated, as a postgraduate and started working at Southwest China Normal College. Since Prof.
Zhong’s first postgraduate student enrolled in 1979, thirty years have passed, so far he has successfully
directed 20 PhD students and 55 Master Students who are working in different countries in different pro-
fessions. ’

Prof. Zhong is one of the pioneers in development of plant ecology in China. In more than half centu-
ry, he and his team have achieved a series of important scientific results in the researches on plant popu-
lation ecology, vegetation ecology, geography and mapping of vegetation of the southwest China, ever-
green broadleaved forest ecosystems, prevention and cure of pollution, ecological conservation, ecosys-
tem ecology of Three Gorges Reservoirs Region, plant adaptive ecology and restoration ecology.

Prof. Zhong has successively served as the dean of the biological department of Southwest China
Normal University, the president of Southwest China Normal University, chairman of the Ecological So-

ciety of Sichuan, chairman of Ecological Society of Chongging and member, executive member and vice
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chairman of ESC. Now in his 80s, he still act actively both in research and teaching frontier as well as
undertaking the consultancy of ESC and serving as the director of the plant population ecology section of
ESC. From June 5~8, 2009, he has led a team of 14 people investigating the Horse Head gold mine lo-
cated in the northwest part of Sichuan Province. He easily ascended to the scene situated over 4000 me-
ters above see level and carried out a on-spot investigation to find the solution to the prevention and cure
of pollution and ecological conservation of Horse Head gold mine. In 1984, I graduated as one of his
Master Degree students. So far, quarter century has passed. It was my pleasure to join his team this time
and I had plentiful feelings and much profit. Be my teacher, he again has taught me a lot!

This book includes part of the scientific research results of Prof. Zhong’s postgraduates and col-
leagues which are compiled in the way aiming at providing basic ecological knowledge to the readers and
serve as a special gift for his 80th birthday.

Give praise to Prof. Zhong for his directing postgraduate students for 30 years!

Give praise to Prof. Zhong for his carrying on teaching and researching for 50 years!

Give praise to the marvelous 80 year life of Prof. Zhong!

Meanwhile, this book also gives praise for the epoch that all ecologists of Prof. Zhong’s generation
have experienced.

The thought of ecology has a long history. However, as a discipline of sciences, ecology is young.
Ass.ociated with the evolution of the modern human society which constantly alters the attributes of the
nature, ecology never stops its own development. On the other hand, the changes of the nature have a
profound impact on the development of human society, especially in modern times. Ecology is showing
prosperity as never before, but is facing unprecedented challenges. Severe challenges not only come from
the need for development of the ecological theoretical framework, but also from the increasing demand of
human beings on sustainable development in terms of economy, society and the environment. Ecology and
ecologists are going more deep into theoretical framework and paying more attention to on practice than
ever, as to addressing big issues we are facing, such as global warming, loss of biodiversity, biological
invasions, environmental destruction and declining of resources, The book contains 44 chapters belonging
to 2 parts. The first part is ecological case studies including 28 chapters, involving in molecular ecology,
physiological ecology, autecology, population ecology, community ecology and ecosystem ecology. The
second part is an overall review of ecology which is composed of 16 chapters. This part is an extensive de-
scription of the current progresses and new ideas related to ecological restoration/reconstruction, biologi-
cal invasion, the conservation, prevention and cure of pollutions, ecological planning and design, environ-
ment management and eco-tourism. It is also contains experiences of career due to combining with ecolo-
gy. The postscripts of this book are written By Dr. Miao Shili, a professor working in South Florida Wa-
ter Management District, USA, and Dr. Su Zhixian a professor at Mianyang Normal College, China.
They are postgraduates directed by Prof. Zhong during 1980s. The book applies to the researchers doing
ecological studies and university and college students majoring in ecology and ecology-related disciplines.
It also has great value on the popularization of ecology.

During the editing, all the members of the editorial committee have put great effort in it, worked ef-
fectively and sufficiently together and each division is responsible for the peer review process of the chap-
ters. I would like express my gratitude to all the authors, reviewers and editors of the book!

Many thanks and great respect to Prof. Zhong for his advices during the editing of the book!
Dong Ming
%4

Institute of Botany,Chinese Academy of Sciences

15 June 2009, Mt. Fragrance, Beijing
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Differences in reproduction time allows multi-species
co-existence in oscillating patterns

Tessa E. Pronk'?, Feike Schieving?, Heinjo J. During?, Marinus J. A. Werger?*

(1. Integrative Bioin formatics Unit / Computer Systems Architecture group , Faculty of Science , Uni-
versity of Amsterdam , Kruislaan 403, 1098 SJ Amsterdam , the Netherlands ;2. Plant Ecology group , U-
trecht University, Sorbonnelaan 16, 3584 CA Utrecht, the Netherlands)

Abstract: Species can coexist at non-equilibrium circumstances, for instance, by oscillations in population densities or chaos,
caused by non-linear responses of species to their environment. We analyzed whether plant genotypes that vary in their timing of
reproduction ean coexist under equilibrium or non-equilibrium circumstances when competing for light. We used a game theoretical
approach, based on a biologically mechanistic model of plant growth.

In our model, the genotype switching to reproduction slightly later than its competitor attained a higher fitness. This caused a
succession from early switching genotypes to those switching later to reproductive investment. However, there were cyclic oppor-
tunities for extinct genotypes that switch early to reproduction to re-establish and grow into the community. The cause was that
genotypes that switched very late produced relatively very little seed because of an overinvestment in vegetative growth; especially
when competing against individuals of the same genotype. Because the very early switch genotypes could establish, circumstances
were such that other extinct switch genotypes could re-enter the vegetation as well. In this way the diversity of genotypes was

maintained over time by temporal oscillations of genotype abundances.
We show that within a model, an externally undisturbed plant community can produce its own temporal cyclic or chaotic dis-
turbances to promote diversity, rather than converge to a stable equilibrium when competing for light. Cyclic fluctuations in species

composition can occur in a model community of plants sharing the same growing season and that are limited just by light as a single

resource.

Keywords: Game theory; Light interception; Cyclic; Annuals; Coexistence; Temporal; Mechanistic Model; Oscillations; Re-

production

Introduction

In community ecology, many studies try to unravel the mechanisms by which species-rich communities o-
vercome the competitive exclusion principle™. In most of these studies stable coexistence is considered, e. g.
in communities or populations that are at equilibrium. As an alternative, however, the non-equilibrium view
was proposed’?~*!. It was predicted that it is possible that mechanisms that promote coexistence at non-equi-
librium will prove to be most important for the maintenance of diversity. Aside from regular disturbances that
can create circumstances for species to coexist, species can coexist at non-equilibrium circumstances by non-
linear responses that cause oscillations in population densities or chaos**. So far, well-known examples can
be found in the oscillating populations in trophic food-webs such as predator-prey systems'® , where predator,
prey, and food source are dependent on the othe’r for their survival. Aside from such dependence, non-hierar-
chical competitive relationships between species can cause species to coexist on a limited number of re-
sourcest. Kerr et al. [, for instance, modeled and tested empirically the coexistence of a system of paper-

. . . . . . . ri
rock-scissors'’}. Species coexisted when interaction and dispersal was local and thus they emphasize, that $pa-

* Corresponding author
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tially restricted patterns also may lead to coexistence of species. Similarly, species limited by one resource on-
ly may coexist indefinitely if they partition the growing season and each is active only in its “own” part of that
[8]

season Huisman and Weissing'?!, on the other hand, found oscillating patterns in their model for well-

mixed plankton species, on the basis of competition for three or more different resources. This was under the
condition that species differed in their required resource ratio. Within oscillations, circumstances for growth
differed and species with different requirements for growth found a window of opportunity. In their study,
more species could coexist than there were limiting resources 2%

We investigate whether or not in a system with one limiting resource coexistence of species is possible.
We study this in virtual, competing, annual plants that differ in the timing of reproduction, just as species do
in real communities. In this study we assume that in plants there is a trade-off between the production of veg-
etative parts and seed production. We also assume that the amounts of seed production and photosyntetic car-
bon gain are strongly correlated. Model studies have indicated that, to maximize seed mass yield, plants
should show a sharp transition between the vegetative and reproductive phases of growth!®'"!. One would as-
sume that the allocation scheme determining reproductive output is subject to strong selection because repro-
ductive output is one of the main determinants of fitness'"®. Under strong selective pressure, all plants might
be expected to evolve towards a single or at most a few optimal reproductive allocation schemes''®'*), Howev-
er, this is only the case in a system where reproductive performance is not affected by the presence of competi-
tor plants. Competitive optimization sensu Anten ['*! leads to a delayed switch from growth to reproduction.
But whether or not this leads to a single switch time from growth to reproduction is still an open question. In
natural vegetation stands, however, often large numbers of plants with widely different timings of the transi-
tion to reproduction coexist!*®,

Because a large investment in seed mass implies a low investment in vegetative mass and hence competi-
tive strength, reproduction and competitiveness are closely related. As plants mostly do grow in close proxim-
ity to each other, competition will often play a role in affecting the fitness of plants with different growth

strategiest'®],

Part of the variability in reproductive allocation between genotypes may therefore stem from the
influence of competition.

When, as is the case in the direct competition for light™™*1, the success of a genotype depends on the strat-
egies of the other genotypes present, game theory is an appropriate tool to assess the possibilities for different
genotypes with their particular traits to persist''®*. Also in the research of timing issues, game theory has of-
ten been successfully applied!'’?. Whereas most modeling studies on the selection for traits concentrate on the
dynamics at plant or even population level, we explicitly include allocation patterns within a plant as the basis
for competition. Plants thus grow on the basis of intrinsic allocation trade-offs. The size and leaf area distri-
bution of a plant and that of neighboring plants during growth explicitly determines a plant’s resource cap-

18191 This puts each plant into a direct game theoretical context. In addition, on a population level,

ture
plants on average will change their seed production as the total composition of the vegetation changes and thus
the frequency of encounters with other plant types change. This puts the populations in a game theoretical
context as well. Plants in our model are competing for light as a single limiting resource.

An important finding of this study is that competing annual plants that differ in the timing of reproduc-
tion do not necessarily converge towards a single evolutionary stable strategy without external disturbances.
Populations of plants with different strategies are able to generate their own variability and show cyclic behav-

ior. In this self-organizing model vegetation, multiple genotypes differing in their switch to reproduction find

temporal opportunities to perform well so that the diversity of genotypes over a period of time is maintained.
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1 Methods

1.1 The plant growth model

To simulate the fitness and growth of competing plants that switch to reproduction at different moments
in time, we used a mechanistic plant growth model. The model is described in detail in Appendix A2, Only
a brief description of the most important features of the model is given here.

Plants grow within a fixed area of ten by ten centimeters, referred to as a cell. Only plants that share
- such a cell compete (i. e. plants in separate cells do not compete). However, plants are able to disperse their
seeds into other cells between growing seasons. Plants are annual and die at the end of the growing season.
The growing season is 365 days, with a seasonal course of the light climate, as it would occur in a temperate
region (Equation Al4).

As we want to compare plants with respect to their timing of the switch to reproduction, other character-
istics are held equal amongst plants. Each plant starts with an initial leaf area, root mass and height (Table
Al in the Appendix). All plants have a parabolic distribution of leaf area over their height "'**'] (Equation
Al). Light interception is modeled following Beer’s law '** (Equations A5-A7 Appendix) and the light re-
sponse of photosynthesis is described by a non-rectangular hyperbolat®!. To obtain daily gross photosynthesis
per plant, leaf photosynthesis is integrated over canopy depth and over the day (Equation A10). Part of the
assimilate pool thus obtained is spent on the maintenance respiration of structural mass (Equation A9).

In the vegetative phase of growth, a plant invests a fixed proportion of its net photosynthetic production
in height (i. e. stem mass). When growing in height, the leaves at the base of the plant are discarded while
leaves at the top are newly produced, according to the leaf distribution (Equation Al). Whatever of the net
photosynthetic production is left after height growth is invested in leaf and root mass, divided between these
structures in some constant proportion. If at any time the carbon that is spent for maintenance and height
growth exceeds the carbon income, leaf and root mass are shed and the retracted carbon from these leaves and
roots is used to make the carbon balance equal to zero. If either leaf or root mass is zero grams or less, the

plant is considered dead.

1.2 The switch to seed production

The model plants have a clear switch from vegetative growth to seed mass production. After the switch,
the plants no longer grow in height or leaf mass, but all available carbohydrates are invested in seeds. Seed
production continues to the end of the growing season. All seeds stay on the plant until the end of the growing
season. At the start of the new growing season, all old plants are removed, the seeds are redistributed over
the cells and germinate. We assume, that switching time is genotype-specific. To evaluate the consequences
of the timing of a switch to seed production, we distinguish ten genotypes which differ in their timing of this

switch during the simulated growing season (top part of Table 1).
1.2.1 Simulations with isolated plants

First we simulate the growth and seed production of plants of the different switch genotypes (Table 1)
without competition in a cell, for a single growing season.
1.2.2 Simulations with competing plants

To simulate the competition between plants that grow up together, we let the different switch genotypes
(described in Table 1) grow in pairs within a cell, in every possible combination of genotypes. The seed mass

produced by the plants in each pair at the end of the 365-day simulation is put into a ‘pay-off matrix’® %! (see
Table 1).



