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Chapter 1 General introduction  
 
Woody plants in inland dune ecosystems  
Harsh environmental conditions in inland dune ecosystems 
Inland dune ecosystems are harsh environments for plants: annual precipitation 
is generally low and varies largely among years in an unpredictable way (Danin 
1996, Mandujano et al. 2001, Mandujano et al. 2007). Nutrients are usually 
available in low quantities and distributed heterogeneously in space (Danin 
1996, Dong and Alaten 1999, Mandujano et al. 2001, Mandujano et al. 2007). 
In addition, the early dune fixation stages -- mobile and semi-fixed dunes -- are 
highly unstable, and characterized by frequent sand removal or burial by wind 
(Brown 1997, Li et al. 2010a). When mobile dunes are stabilized to fixed 
dunes, they usually are characterized by high vegetation coverage and low soil 
water content (Zuo et al. 2009), and sand particles may be bound by organisms 
to form a microbiotic crust layer on the surface (Eldridge and Greene 1994, Li 
et al. 2006). Although plants in these dune types are less affected by sand 
removal and burial, they may suffer from low water availability as microbiotic 
crusts block water penetration into the soil (Eldridge and Greene 1994, Li et al. 
2006, Liu et al. 2007b). As a result of these stressful environmental conditions, 
seasonal growth of the plants usually is quite limited. Therefore herbivory 
(grazing) in these habitats can have a disastrous effect on the plants, as it may 
remove much of a plant’s seasonal growth. All these tough conditions impose 
strong selective pressures on dune plants and have resulted in various types of 
adaptations (Danin 1996, Brown 1997, Dong and Alaten 1999, He and Zhang 
2003, He et al. 2003, Hawkes 2004, Loik et al. 2004, Shi et al. 2004, Yu et al. 
2004, Yu et al. 2008).  
 
Abundance of woody species in Inner Mongolia dune ecosystems  
China and adjacent Mongolia share a vast area of sandland (Bai et al. 2004, van 
Staalduinen and Werger 2006, Bai et al. 2008). The flora in dune ecosystems in 
Inner Mongolia, China, contains many forb, grass and dwarf shrub species, but 
large woody shrub and tree species are less (Bai et al. 2004, van Staalduinen and 
Werger 2006, Bai et al. 2008). Interestingly, such woody species can become 
dominant at local level and some are very important components of dune 
vegetation (Zhang 1994, Li 2001, Bai et al. 2004, van Staalduinen and Werger 
2006, Bai et al. 2008).  A couple of these long-lived woody species are used in 
the fight against desertification (Zhang 1994, Zhang et al. 2002c). Long-lived 
woody species have a high risk of being killed by frequent sand movement or a 
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long period of drought and this may occur even before they reach their 
reproductive stage. Thus, long-lived woody species can only maintain 
populations in a desert environment if they possess particular life strategies that 
enable them to survive the harsh dune conditions.  

Quite some studies have dealt with the morphological plasticity and 
physiological features that allow these woody plants to cope with the severe 
aridity, low nutrient availability and frequent sand movement characteristics of 
these inland dune environments (Brown 1997, Dong and Alaten 1999, He and 
Zhang 2003, He et al. 2003, Shi et al. 2004, Yu et al. 2004, Yu et al. 2008). 
Yet, few have addressed the demographic consequences of these adaptations at 
population level. To understand the life history traits and mechanisms of 
successful population persistence in these harsh environments, demographic 
studies in their natural habitats are highly required (Angert 2006, Hesse et al. 
2008, Salguero-Gomez and de Kroon 2010). 
 
Life history strategies of woody species in dune environment  
Clonal plants in early dune fixation stages  
Active dunes are frequently colonized and stabilized by rhizomatous clonal 
plants (Evans and Cain 1995, Dong and Alaten 1999, Zhang et al. 2003, Yu et 
al. 2004, Ye et al. 2006). Clonal species are often found to be able to modify 
reproductive modes between sexual and vegetative reproduction in response to 
the environment they inhabit (Guardia et al. 2000, Clark-Tapia et al. 2005, 
Dong et al. 2006, Weppler et al. 2006). More investment in sexual 
reproduction leads to higher genetic variation, longer dispersal distances and 
allows colonization of new sites, while increased vegetative reproduction 
increases survival of established genets and assists to increase local dominance 
(Eriksson 1993, Dong et al. 2006, Weppler et al. 2006).  Besides, clonal plants 
may also modify the size and number of newly produced ramets to adapt to 
spatial or temporal environmental variation (Wijesinghe and Whigham 1997, 
Verburg and During 1998, Araki et al. 2009). Changes in the relative 
investment in vegetative and sexual reproduction as well as trade-offs between 
the number and size of new ramets can have profound impact on population 
dynamics and population growth (Guardia et al. 2000, Mandujano et al. 2001, 
Clark-Tapia et al. 2005, Weppler et al. 2006, Mandujano et al. 2007, Marcante 
et al. 2009).  

Although the interaction of morphological plasticity and clonal integration 
to cope with sand burial and heterogeneity of nutrition and water have been 
widely studied in such clonal plants (Dong and Alaten 1999, Zhang et al. 2003, 
Yu et al. 2004, Ye et al. 2006), it is still unclear what governs the growth or 
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decline of their populations in these harsh habitats. How do vital rates respond 
to temporal variation, and what are the corresponding effects at population 
level? By answering these questions, we can better understand the demographic 
success of population persistence at various dune fixation stages. In Chapter 4, I 
present the results of a study on the life history traits and population dynamics of 
a clonal shrub species in semi-fixed dunes, and evaluate the demographic 
changes in response to temporal variation in rainfall.  

 
Population dynamics along the dune fixation process 
Although the dune environments are highly dynamic and the growth conditions 
vary substantially along the dune fixation process, some woody plants are found 
to be able to maintain populations in several dune fixations stages (Kobayashi, 
Liao and Li 1995; Bai et al. 2008). The growth of populations inhabiting 
different dune habitats meets different challenges. Sand movement is an 
important environmental factor determining the success of plant colonization in 
early dune fixation stages (Zhang et al. 2002c, Shi et al. 2004, Li et al. 2010a). 
Seedlings are the most vulnerable stages to sand burial and wind denudation, 
because they are small in size and a few centimetres of removed or added sand 
may result in full exposure of the root system or complete coverage of the 
aboveground plant parts (Zhang et al. 2002c, Shi et al. 2004, Li et al. 2010a). 
Thus, plant populations inhabiting early dune fixation stages may meet great 
challenges at seedling establishment. As the dunes get more stabilized, plants 
meet increased competition for water stress, and this can be especially serious 
when dunes develop to the stages with microbiotic crusts (Eldridge and Greene 
1994, Li et al. 2006). In that stage, large adult individuals with their root 
systems mainly distributed in deep sand layers may suffer more from water 
stress induced by interception effects of the microbioc crusts (Eldridge and 
Greene 1994, Li et al. 2006, Liu et al. 2007b). Thus, habitats along the dune 
fixation process vary profoundly in growing conditions for plants, and this may 
have different consequences for life histories and population dynamics.  

Quite some studies about the individual performance at different dune 
stages have been carried out (Kadmon 1993, Kobayashi et al. 1995, Li et al. 
2005, Li et al. 2010a,b, Harris and Davy 1987), but no studies have been 
conducted at the population level to investigate the demographic consequences 
brought about along the dune fixation process. A full demographic analysis, in 
which changes in vital rates and their implications at population level are 
assessed, will help us to understand the ability of plants to adapt to dune 
environments and provide a more complete picture of the population dynamics 
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along the dune fixation process. In Chapter 2, I present the results about the 
demographic changes of a dominant shrub at different dune fixation stages. 
 
Population dynamics under grazing  
Stock grazing is common land use practice in arid and semiarid regions (Watson 
et al. 1997b, Fornara and Du Toit 2007, Facelli and Springbett 2009, Fensham 
et al. 2010). Avoiding overgrazing is especially important in arid and semi-arid 
dunes as the vegetation cover in those habitats can easily be destroyed (Curtin 
2002, Sasaki et al. 2008). Because of their loose soil structure and very low soil 
moisture, dune areas can develop strong desertification when the vegetation is 
seriously destroyed as a result of incorrect grazing practices (Danin 1996, 
Bisigato et al. 2005, Zhao et al. 2005). To avoid overgrazing, suitable grazing 
regimes need to be developed and put into practice. 

Many dune woody plants serve as livestock forages (Watson et al. 1997b, 
a, Hunt 2001a, Hegland et al. 2005, Hegland et al. 2010). Livestock can affect 
plant performance directly by grazing and browsing and indirectly by trampling 
and altering nutrient conditions through faeces release (Persson et al. 2000, 
Hunt 2001a, Augustine and McNaughton 2006, Persson et al. 2007, Heckel et 
al. 2010). These activities have both positive and negative affects on plant 
performance (McNaughton 1979), and such effects can be different for 
individuals at different sizes/stages, and furthermore lead to different 
consequences at population level. Identifying the critical demographic 
components for population dynamics and assessing the effects of grazing regimes 
on the long-term population growth rates are highly important for practical 
management (Watson et al. 1997b, Ehrlen 2003, Rose et al. 2005, Maron and 
Crone 2006, Knight et al. 2009, Miller et al. 2009, Hegland et al. 2010). 
Comparative demographic studies, in which herbivory and exclusion treatments 
are used, can assist in obtaining insights on how herbivory affects vital rates and 
population dynamics, and thus provide guidance in designing proper grazing 
management. In Chapter 3, I assess the demographic effects of livestock grazing 
on a dominant shrub by comparative demographic studies under grazed and 
ungrazed conditions. 

  
This study 
This PhD study aims at improving our understanding of the life history traits and 
population dynamics of woody plants in the dune ecosystems of Inner Mongolia, 
China. More specifically, the objectives of this thesis are: 
- to describe life history traits and population dynamics of woody species in dune 
ecosystems,  
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- to compare population dynamics across different habitats along the dune 
fixation process, 
- to assess the demographic effects of grazing, 
- to assess the role of vegetative reproduction in the population dynamics of a 
clonal plant species.  
 
Study sites 
This study was carried out in two sites in Mu Us Sandland, Inner Mongolia, 
China. One study site was at Ordos Sandland Ecological Station (OSES, 
39˚29'37.6'' N, 110˚11'29.4'' E) of the Institute of Botany of the Chinese 
Academy of Sciences in Yijinhuoluo Banner (Location a in Fig.1). The other site 
was on a farm at Chahan Aobao (39˚18'43.4'' N, 108˚38'61.1'' E) in Etuoke 
Banner (Location b in Fig.1). The locally dominant woody species at the study 
sites are listed in table 1. Four shrub species (Artemisia ordosica, Caragana 
intermedia, Hedysarum laeve and Sabina vulgaris) were selected for our 
demographic studies, and the results of demographic studies conducted on the 
first three species are presented in this thesis.  
 
Study species 
Artemisia ordosica Krasch (Asteraceae) is a shrub with linearly lobate leaves 
(Kobayashi, Liao and Li 1995). Its root system is mainly distributed in the upper 
30 cm of the sand, while its main roots may reach 1-3 m deep (Li et al. 2010b). 
This species can dominate semi-fixed dunes, fixed dunes and fixed dunes 
covered with microbiotic crusts. Recruitment is generally realized by 
reproduction from seed (Huang and Gutterman 2000), although plants may 
occasionally split into fragments (Schenk 1999). Plants start reproducing at the 
age of 2-3 years. Seeds set in August and mature in October. 

Caragana intermedia Kuang et H.C.Fu (Fabaceae) is a long-lived shrub with 
multiple stems bearing thorns and compound leaves (Xiao et al. 2005). It 
possesses a deep root system which can reach a depth of over 6 m (Fang et al. 
2006b) and grows over 2 m tall. Flowers occur in May and last for about 20 
days. Seeds ripen in July and seed germination is triggered by summer rainfall in 
the same year. Shoots usually grow out at the end of the flowering period (Fang 
et al. 2006a). C. intermedia is widely distributed in semi-fixed and fixed dunes. It 
plays an important  role  in  fixing  sand  and  protecting  soils  against wind 
erosion, and also serves as important forage for livestock such as goats (Zhang 
1994, Zheng et al. 2004).  

Hedysarum laeve Maxim. (Fabaceae) is a dominant rhizomatous clonal shrub 
(Zhang 1994, Zhang et al.  2002a,  Yu  et  al.   2010). It   commonly  dominates 
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Figure 1. Map showing the two study locations in Inner Mongolia, China: Ordos Sandland 
Ecological Station of the Institute of Botany of the Chinese Academy of Sciences in Yijinhuoluo 
Banner (a) and Chahan Aobao in Etuoke Banner (b).  
 
Table 1. Growth forms and habitats types of the main woody species around Yijinhuoluo 
Banner and Etuoke Banner, Mu Us sandland, Inner Mongolia, China.  
 
Species  Growth form  Dune habitat type 

Clonal Non-
clonal 

 Mobile Semi-
fixed 

Fixed Fixed-
crust 

Artemisia  ordosica   *   * * * 
Caragana 
intermedia 

  *   * *  

Hedysarum  laeve  *   * *   
Sabina vulgaris  *    * *  

Populus simonii  *   * *   
Salix psammophila  *   * *   

 
mobile and semi-fixed dunes (Zhang et al. 2002b, a, Liu et al. 2007a). H. laeve 
realizes population recruitment by both sexual and vegetative reproduction 
(Zhang et al. 2002c, Zhu et al. 2004, Yang et al. 2010). Flowering occurs from 
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late June to mid September. Seeds mature between October and November and 
start to germinate in early spring in the next year (Zhu et al. 2004). A seedling 
of H. laeve becomes reproductive after one or more years since establishment 
and then starts vegetative reproduction by sprouting rhizomes on its root collar. 
The rhizome extends horizontally for several centimeters or decimeters and 
then forms a new ramet (Zhang et al. 2003, Yu et al. 2010).  

Sabina vulgaris Antione (Cupressaceae) is an evergreen clonal shrub (He 
and Zhang 2003). Young plants have needle-like leaves and erect branches, 
while the adults are mainly composed of prostrate branches with scale-like 
leaves (Wesche et al. 2005). The prostrate branches can form roots easily when 
buried by sand. This species is very long-lived and forms large patches. The 
largest patch diameter in our study site spread over 100 m (S.Li’s unpublished 
data). The branch density within a patch is generally very high and the coverage 
may reach 70-85 % (Zhang et al. 1999). This species produces numerous seeds 
every year but very few seedlings are found in the field (Hong et al. 2006). A 
demographic field study on this species was performed but results of the study 
are not included in this thesis, because of difficulties in the recognition of genetic 
individuals and time constraints. 
 
Outline of this dissertation  
Chapter 1 provides a general introduction to the conducted research. 
Chapter 2 describes life history traits of Artemisia ordosica and compares its 
population dynamics across stages in the dune fixation process. 
Chapter 3 describes the life history traits of Caraganana intermedia and compares 
its population dynamics under grazing and ungrazing treatments  
Chapter 4 describes the life history traits of Hedysarum laeve and evaluates the 
role of clonal reproduction in its population dynamics. 
Chapter 5 provides an integrated summary and a general discussion of the main 
results.  
 
Support 
This research was a project in the Joint PhD Training Programme of the Chinese 
Academy of Sciences (CAS) and the Dutch Academy of Sciences (KNAW). It 
was conducted within the framework of the long-standing cooperation between 
the Department of Ecology & Biodiversity, Utrecht University (UU), and the 
Institute of Botany of the Chinese Academy of Sciences (IBCAS). These two 
groups have started their cooperation on ecology, growth and evolution of 
clonal plants in 1999, resulting in eight joint papers. This project is a 
continuation of that cooperation.  
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Chapter 2 Habitat-specific demography across dune 
fixation stages in a semi-arid sandland: understanding the 
expansion, stabilization and decline of a dominant shrub  
 
With Pieter A. Zuidema, Marinus J.A. Werger, Fei-Hai Yu and Ming 
Dong 
 
Summary 
1. Many plant species occur in strongly differing habitat types. Maintaining 

viable populations in differing habitats requires physiological, morphological 
and demographic adaptations. In sandland environments, dune plants 
experience substantial variation in growing conditions during the dune 
fixation process, with high sand mobility in early stages and higher 
vegetation cover in later stages.  

2. Here we studied the changes in demography of a dominant shrub, Artemisia 
ordosica, at different stages of dune fixation i.e. semi-fixed dunes, fixed 
dunes and fixed dunes covered with microbiotic crusts. Demographic data 
from three annual censuses were used to parameterize Integral Projection 
Models (IPMs). These models allowed us to explicitly incorporate the large 
growth variation exhibits and efficiently use all data to compare population 
dynamics across habitats. 

3. Plant growth and reproduction decreased strongly as dunes became more 
fixed. Shrinkage in plant height occurred very frequently in the fixed dunes 
with microbiotic crusts. Population growth rate (λ) declined substantially 
along the dune fixation process, from rapid expansion in semi-fixed dunes 
(λ = 1.35-1.09) to moderate decline in fixed dunes with microbiotic crusts 
(λ = 0.94-0.89).  

4. Elasticity analysis revealed that survival was a key vital rate for population 
growth in all three habitats. Growth and fecundity were of higher 
importance for λ in the semi-fixed habitat than in the other two habitats 
where shrinkage became an important factor. Seedlings and small plants 
were critical for population growth in semi-fixed dunes, whereas moderate 
to large-sized plants were most important in the other two habitats.  

5. Results of Life Table Response Experiments (LTRE) showed that the 
observed strong decrease in λ during dune fixation was mainly caused by 
reduction in fecundity, but with additional and considerable contributions 
from reduced plant growth and increased occurrence of shrinkage. Thus, 
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populations in semi-fixed dunes are able to expand rapidly due to a much 
higher fecundity compared to the other habitats.  

6. Synthesis. Population growth of A. ordosica shows marked differences across 
dune habitats with rapid growth in semi-fixed dunes and decline in fixed 
dunes with microbiotic crusts. Fast expansion was enabled by high seed 
production rates and effective recruitment, while declining populations 
were characterized by a high frequency of plant shrinkage. These results 
suggest that this dune species adopts different life history strategies across 
habitats.  

 
Key-words: Artemisia ordosica, shrub, dune fixation, elasticity, Integral 
Projection Model (IPM), Life Table Response Experiments (LTRE), population 
dynamics. 
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Introduction  
Many plants species occur in ecologically distinct habitats (Grime 1977, 
Kadmon 1993, Horvitz and Schemske 1995, Caswell and Kaye 2001, Angert 
2006, Hesse et al. 2008, Jacquemyn and Brys 2008). The environmental 
differences among such habitats cause variation in vital rates (survival, growth 
and fecundity) and, as a result, in population dynamics (Pascarella and Horvitz 
1998, Valverde and Silvertown 1998, Caswell and Kaye 2001, Koop and 
Horvitz 2005, Angert 2006, Jacquemyn and Brys 2008, Rees and Ellner 2009). 
Understanding how environmental variation ‘in the real world’ affects 
population dynamics is one of the current hot topics in plant demography 
(Salguero-Gomez and de Kroon 2010). While we know quite a lot about 
changes in vital rates between habitats (Kadmon 1993, Olff et al. 1994, 
Wesselingh et al. 1997, Albert et al. 2001, Maron et al. 2002, Li et al. 2005, Li 
et al. 2010a,b), our knowledge about the demographic consequence at 
population level is still limited (Angert 2006, Hesse et al. 2008, Dahlgren and 
Ehrlen 2009). 

Inland dune ecosystems contain very distinct habitat types, ranging from 
mobile dunes – in which sand burial and denudation are commonplace – to fixed 
dunes covered with a microbiotic crust layer that inhibits water penetration to 
deeper layers (Eldridge and Greene 1994, Kobayashi et al. 1995, Danin 1996, 
Brown 1997, Mandujano et al. 2001, Li et al. 2006, Mandujano et al. 2007, 
Zuo et al. 2009). Long-lived woody shrubs – which can become common in 
some dune ecosystems – need to cope with such strongly varying environmental 
conditions along their lifetime and across habitats (Kobayashi et al. 1995, Li 
2001). At the early stages of the dune fixation process, seedling survival and 
growth are strongly limited by sand movement (Li et al. 2010a,b). At later 
stages in this process, the denser vegetation cover and microbiotic crust layer is 
expected to limit growth of the larger deep-rooted individuals (Eldridge and 
Greene 1994, Li et al. 2006, Zuo et al. 2009). It has been observed that many 
shrub species are able to colonize dunes in the early phases of dune fixation, 
although some can dominate more stages (Kobayashi et al. 1995, Bai et al. 
2008). But so far, there is very little understanding of how woody dune species 
adapt their life history strategy to cope with such distinct habitats. 

Dune plants often have the ability to cope with drought stress by size 
shrinking, branch loss or stem splitting (von Willert et al. 1992, Schenk 1999, 
Salguero-Gomez and Casper 2010). These processes are often neglected in plant 
demographic studies, although they may contribute greatly to population 
maintenance (Salguero-Gomez and Casper 2010). Classical matrix models, 
which are often used to study the demography of plants offer limited possibilities 
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to include strong variation in growth (such as shrinkage; Zuidema et al. 2010). 
Integral Projection Models (IPMs), an extension of matrix models, allows for 
explicit inclusion of growth variation and can therefore be particularly useful for 
analysing demography of dune plants (Easterling et al. 2000). 

We used IPMs to compare the population dynamics of a dominant shrub, 
Artemisia ordosica, across stages of dune fixation in Mu Us Sandland, in Inner 
Mongolia, China. A. ordosica occurs sparsely in mobile dunes and can dominate 
semi-fixed dunes, fixed dunes and fixed dunes covered with microbiotic crusts, 
with the highest abundance in fixed dunes (Kobayashi et al. 1995, Guo 2000, Li 
et al. 2010a). Reduced seed production and partial death of branches are often 
observed in A. ordosica populations at later dune fixation stages. However, it is 
still unknown whether the populations are affected by reduced reproduction and 
branch mortality and whether the decrease in abundance reflects a potential 
decline in population growth. Specifically, we address the following questions: 
1) What are the differences in vital rates (survival, growth and reproduction) of 
A. ordosica at different stages of dune fixation? We expected seedling survival and 
growth will be lower at early dune fixation stages because of frequent sand 
burial and removal events, while adults were expected to have a poorer 
performance at later dune fixation stages due to increased water shortage at 
deeper soil levels. 2) To what extent do population dynamics and population 
growth rates differ across dune fixation stages? 3) Which demographic 
components play critical roles for population growth, and do they vary across 
dune fixation stages? 4) What differences in vital rates explain variation in 
population growth across dune fixation stages? 
 
Methods 
Study species and area 
Artemisia ordosica Krasch (Asteraceae) is a shrub with plumose, linearly lobate 
leaves (Kobayashi et al. 1995). Its root system is mainly distributed in the upper 
30 cm of the sand, while its main roots may reach 1-3 m deep (Li et al. 2010b). 
This species is overwhelmingly dominant in the Mu Us Sandland on semi-fixed 
dunes, fixed dunes and fixed dunes covered with microbiotic crusts. 
Recruitment is generally realized by reproduction from seed (Huang and 
Gutterman 2000), although plants may occasionally split into clonal fragments 
(Schenk 1999). Plants start reproducing at the age of 2-3 years. Seeds set in 
August and mature in October. Reproductive shoots die in winter, while woody 
vegetative shoots survive the winter and generate new vegetative or 
reproductive shoots in the next spring (Li et al. 2010b). 
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This study was conducted at Ordos Sandland Ecological Station (OSES, 
39˚29'37.6'' N, 110˚11'29.4'' E) of the Institute of Botany of the Chinese 
Academy of Sciences, located in the north-eastern Mu Us Sandland in Inner 
Mongolia, China. Mu Us Sandland is a semi-arid area of 39 800 km2, with a 
mean annual precipitation of 260 to 450 mm, which is mainly concentrated in 
summer (Zhang 1994). Annual rainfall during our two census periods was quite 
similar, but the rainfall during the main growing season in the first period was 
higher by 30% than that in the second period (data from KNMI Climate 
Explorer, http://climexp.knmi.nl/get_index.cgi). Mean annual temperature is 
7.5 to 9.0 ˚C, with a maximum of 20 to 24 ˚C in July and a minimum of -8 to -
12 ˚C in January (Zhang 1994).  Most plant species in this area are forbs and 
grasses, although woody plants may dominate vegetations locally. The main 
shrub species are A. ordosica, Hedysarum laeve, Salix psammophila and Sabina 
vulgaris (Li et al. 2010a). These species comprise a large proportion of the total 
vegetation coverage and fix the sand dunes to different extents (Bai et al. 2008). 
Microbiotic crusts are commonly found on the surface of well-fixed dunes in 
this study area.  
 
Study design and data collection  
Three dune fixation stages, i.e. semi-fixed dunes (SF), fixed dunes (F) and fixed 
dunes covered with microbiotic crusts (FC), were selected in three different 
sites with distance ranged 2000 to 4000 m apart from each other. The total 
vegetation coverage was 40.1 ± 1.4% (mean ± SE), 62.04 ± 1.0% and 59.26 ± 
1.0% in SF, F and FC habitat, respectively. In July 2007, three permanent plots 
were established in each habitat. The distance between plots within habitats 
ranged 500 to 1000 m. Plots measured 20 m × 20 m in SF and F habitats and 40 
m × 40 m in FC habitat, where seedling density was quite low. All plots were 
then divided into 4 m × 4 m subplots. Plants shorter than 10 cm in SF and F 
habitats and plants taller than 20 cm in F and FC habitats were measured in 4, 4, 
10 and 9 randomly selected subplots, respectively. Plants of other sizes were 
measured in the entire plots. Sub-sampling was done to gain an even distribution 
of all plant sizes in each plot. In total data from 6939 individuals were collected 
during three censuses.  

Censuses were made in July of 2007, 2008 and 2009, respectively. At the 
first census, total height was measured for each individual. For individuals taller 
than 20 cm, the two largest perpendicular diameters of the plant’s crown were 
also measured. Reproductive status was recorded for each individual. The 
number of inflorescences was assessed into five categories, with the average 
amounting to 5, 15, 35, 75 and 150 inflorescences, respectively. Upon first 



 

 15 

measurement, each plant was labelled and its coordinates within the plot were 
recorded. In 2008 and 2009 the survival of all the labelled plants was checked, 
and the surviving plants were re-measured, reproductive status was recorded 
and new recruits were searched and measured. 

 
Statistic analyses  
We tested for temporal differences in vital rates in each habitat. Differences in 
plant growth between census periods were tested using paired t-tests, and those 
in the probability of survival and flowering using logistic regressions. For those 
variables in which significant differences between census periods were found, 
further analyses were coducted for each period separately. 

We used multiple regression models to relate current size (x) of an 
individual to its future size (y), survival and reproduction. Because we found 
clear differences between years, we fitted statistical models for each period 
separately. Habitats were coded as dummy values with SF habitat as control. 
The probability of survival s(x) and flowering pf(x) were modelled as logistic 
regressions, with size and habitats as independent variables. In a multiple linear 
regression with habitats as dummy variables, y was related to x. Subsequently, 
variances of that relation were again related to x and habitats in another multiple 
linear regression. The number of inflorescences fn(x) was related to x and 
habitats in a multinomial logistic regression, because we recorded this variable as 
categories instead of exact counts (Poorter et al. 2005). pe is the mean number 
of seedlings produced per inflorescence and calculated as the ratio of the total 
number of newly recruited seedlings in the current year to the total number of 
inflorescences in the previous year in each plot.   

We compared regression model output obtained for three different 
measures of size: height, crown area and crown volume. Because regression 
models with height as size variable yielded higher R2 values, we used this 
variable in the population model.  
 
Integral projection models (IPMs) 
We analysed the population dynamics of A. ordosica using Integral Projection 
Models (IPMs), which describe how a continuously size-structured population 
changes in discrete time (Easterling et al. 2000). In IPMs, the state of the 
population at time t is described by a distribution function n(x, t) and n(x, t)dx 
represents the number of individuals with size in the range [x, x + dx]. The 
population dynamics is then written as:  
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where [L,U] is the range of all possible sizes, p(y, x) represents survival and 
growth from size x to size y and reproduction f(y, x) represents the number of 
new births of size y at t+1 produced by an adult of size x at t. p(y, x) was 
calculated as p(y, x)= s(x)g(y, x) and f(y, x) as f(y, x) = pf(x)fn(x)pefd(y), where pe is 
the mean number of seedlings produced per inflorescence, and fd(y) is the size 
distribution of seedlings. p(y, x) + f(y, x) is called the kernel, k(y, x), a non-
negative surface representing all possible transitions from size x to size y.  

The kernel k(y, x) can be transformed into a large transition matrix K(y, x) 
with w categories, using the midpoint rule (Easterling, Ellner and Dixon 2000). 
The dynamics of the population can then be described as in a classical matrix 
model: n(t+1) = K n(t), that can yield the same output as matrix models: 
population growth rate (λ), sensitivity and elasticity (Ellner and Rees 2006). We 
used 100 mesh points, because λ values in all populations hardly changed any 
more when further increasing the number of mesh points. Because we found 
significant differences between periods and habitats, we constructed IPMs for 
each census period and habitat, resulting in six IPMs.  

Confidence intervals for λ were calculated by bootstrapping (Jongejans et 
al. 2010). For each bootstrap estimate, we resampled with replacement from 
the datasets (n=2487, 2438 and 2014 in SF, F and FC habitats, respectively), re-
calculated regression coefficients, established the kernel and calculated λ. This 
was repeated 5 000 times and the 95% confidence intervals for λ were obtained 
from the frequency distribution of these values.   

To examine how far the observed size distribution was from the expected, 
stable stage structures resulting from IPMs were compared to observed 
population structures using the percentage similarity index (PS; Horvitz and 
Schemske1995): PS = ∑(min[obsi, ssdi]) × 100, where obsi and ssdi are vectors 
of observed population structures and stable size distributions respectively (both 
vectors scaled to sum to 1). High values of this index indicate a high level of 
similarity (Zuidema, de Kroon and Werger 2007). 

To examine the relative importance of each transition element or vital rate 
to the population growth rate, elasticity analysis was conducted. Elasticity 
quantifies the proportional change in λ caused by a proportional change in a 
matrix element or vital rate (de Kroon et al. 2000, Caswell 2001, Zuidema and 
Franco 2001). We first performed elasticity analysis of transition elements, in 
which survival was contained in growth and shrinkage transitions (de Kroon et 
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al. 2000, Caswell 2001). Then, to specifically examine the importance of each 
vital rate, we performed vital rate elasticity analysis, which separates survival 
effects from growth and shrinkage effects (Zuidema and Franco 2001). 

Differences in population growth rates among habitats or periods may be 
caused by variation in vital rates across habitats and periods. Analysis of Life 
Table Response Experiments (LTRE) allows quantification of the contribution 
of each element or vital rate to the observed difference in population growth 
rate (Caswell 2001). We conducted a fixed-design LTRE on vital rates to 
evaluate the contribution of variation in vital rates to differences in population 
growth rate (Yamada et al. 2007). The LTRE model with two factors of habitat 
and period is: 

 
in which a given λ of habitat m and year n is written as the sum of the dominant 
eigenvalue of the mean of all matrices, λ (··), the main effect of habitat m, α (m), 
the main effect of year n, β (n), and the residual ‘interaction’ effect (αβ)(mn). First, 
all main effects are estimated separately, while ignoring the interaction term 
(Caswell 2001, Jongejans and de Kroon 2005): 

 

 
in which differences between the value of a vital rate aij 

(m.) of the mean-habitat 

matrix K(m.) or aij 
(.n) of the mean-period matrix K(.n) and the overall mean vital 

rate of matrix K(··) are multiplied by the sensitivity values of the matrix halfway 

between the matrix of interest and the overall mean matrix (Yamada et al. 

2007). The interaction effect (αβ)(mn) is then calculated as (Jongejans and de 

Kroon, 2005):  

 
All analyses were performed with the software R 2.10.0 (R development 

core Team 2010). 
 
Results  
Vital rates in relation to size, habitat and census period 
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Survival probability of A. ordosica individuals increased with height (Table 1, Fig. 
1a,b), from about 36% for seedlings of 5 cm high to 94% for large adults of 40 
cm height. Survival chance also differed among habitats, with lower values in the  
fixed dunes (F), especially for the small individuals (Fig. 1a,b).  

Height growth decreased with plant size (Table 1). Many individuals 
showed negative growth, i.e. shrinkage in size. Shrinkage was particularly strong 
for large individuals (Fig. 1c,d). Height growth differed between habitats in both 
periods (Table 1). For plants taller than 20 cm, height growth declined strongly 
as the dunes were more fixed, with the highest value in SF habitat, lowest in FC 
habitat and  intermediate  in  F habitat  (Fig. 1c,d ). For small plants shorter than 

 
Table 1. Statistical models and parameter estimates used to construct the kernel for the Integral 
Projection Model of Artemisia ordosica in Mu Us Sandland during 2007-2008 (period 1) and 2008-
2009 (period 2). The models are functions of plant height (x), habitats (F, FC) and interactions 
between height and habitat (x_F, x_FC), using the semi-fixed dune habitat (SF) as a reference. F 
and FC represent habitats of fixed dunes and fixed dunes covered with microbiotic crusts, 
respectively. Correspondingly, x_F and x_FC represent plant height in these two habitats. 
Values in parentheses are standard errors of parameter estimates 
 
Demographic 

process 
Period Model 

Survival 
probability 

(s) 

1 Logit(s) = -0.81(0.07) - 0.45(0.11)F + 0.10(0.01)x + 
0.02(0.01)x_F,  
n = 4224, R2 = 0.53, p < 0.0001 

2 Logit(s) = -1.46(0.10) + 0.79(0.11)FC + 0.10(0.01)x - 
0.01(0.01)x_F - 0.03(0.01)x_FC, 
 n = 4739, R2 = 0.46, p < 0.0001 

Flowering 
probability 

(pf) 

1 Logit(pf) = -5.16 (0.30) + 1.12(0.35)F + 1.24(0.39)FC + 
0.13(0.01)x - 0.03(0.01)x_F - 0.02(0.01)x_FC,  
n = 4224, R2 = 0.73, p < 0.0001 

2 Logit(pf) = -5.43 (0.17) + 0.14(0.01)x - 0.01(0.00)x_F - 
0.04(0.00)x_FC, 
n = 4739, R2 = 0.76, p < 0.0001 

Future size 
(ŷ) 

1 ŷ = 8.75(0.36) - 2.94(0.42)F + 0.89(0.01)x - 0.14(0.01)x_FC, 
n = 2813, R2 = 0.83, p < 0.0001 

2 ŷ = 7.74(0.31) + 0.89(0.01)x - 0.07(0.01)x_F - 0.11(0.01)x_FC, 
n = 2872, R2 = 0.83, p < 0.0001 

Variance of 
growth 
(σ2) 

1 σ2  = 19.42(6.79) + 1.94(0.15)x, 
n = 2813, R2 = 0.05, p < 0.0001 

2 σ2 = 1.95(0.14)x + 0.99(0.18)x_FC, 
n = 2872, R2 = 0.08, p < 0.0001 
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Figure 1. Relations of vital rates with height for Artemisia ordosica in Mu Us Sandland during 
2007-2008 (a,c,e,g) and 2008-2009 (b,d,f,h) and in three habitats (semi-fixed dunes, fixed 
dunes and fixed dunes covered with microbiotic crusts). Regression functions are given in Table 
1. 
20 cm, the pattern was somewhat different, with a higher growth in FC habitat 
compared to F habitat in the first year (Fig. 1c). Residuals from the growth 
regression models in each period had a normal distribution and variances 
(squared residues) were linearly related to plant size (Table 1). 
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Flowering probability increased with height (Table 1), and about 50% of 
individuals of 40-60 cm high were reproductive. Flowering probability showed 
similar patterns among habitats in the first census period (Fig. 1e), but was 
lower in FC habitat than in SF and F habitats during the second census period 
(Fig. 1f). Number of inflorescences, i.e. the second component of fecundity, 
was highly variable across individuals. Individuals of the same height could bear 
from few to more than 100 inflorescences (Fig. 1g,h). Despite this variation, 
number of inflorescences increased with height (Table 2). Inflorescence 
production differed greatly among habitats and was much lower in FC habitat 
than in the other two habitats (Fig. 1g,h). The number of seedlings per 
inflorescence (pe) was much higher in SF habitat than in F and FC habitats in both 
census periods (Table 2). 

The resulting kernels showed large differences among habitats in both 
census periods, with more positive growth and higher fecundity transitions in SF 
habitat than in F and FC habitats and more shrinkage transitions in FC and F 
habitats than in SF habitat (Fig. 2). 
 
Table 2. Statistical models and parameter estimates describing the number of seedlings per 
inflorescence (Pe) and seedling height distribution of Artemisia ordosica in relation to plant height 
(x) and habitat during 2007-2008 (Period 1) and 2008-2009 (Period 2)  
 
Habitat 

 
Demographic 
process 

Period 
Model 

Semi-fixed 
(SF) 

pe 1 0.239 
2 0.151 

Distribution of 
seedling height 
(cm) 

1 Gaussian with mean = 4.50, 
Variance =3.69, truncated at 0, n =665 

2 Gaussian with mean = 4.65, 
Variance =4.64, truncated at 0, n =302 
 

Fixed 
 (F) 

pe 1 0.003 
2 0.009 

Distribution of 
seedling height 
(cm) 

1 Gaussian with mean = 5.64, 
Variance = 6.46, truncated at 0, n = 21 

2 Gaussian with mean = 4.64, 
Variance = 3.87, truncated at 0, n = 34 
 

Fixed-crust 
(FC) 

pe 1 0.025 
2 0.021 

Distribution of 
seedling height 
(cm) 

1 Gaussian with mean = 5.73, 
Variance = 10.36, truncated at 0, n = 697 

2 Gaussian with mean = 5.20, 
Variance = 6.89, truncated at 0, n = 262 
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Figure 2. Fitted kernels of transitions for Artemisia ordosica in Mu Us Sandland during 2007-2008 
(a,b,c) and 2008-2009 (d,e,f) in semi-fixed dunes (a,d), fixed dunes (b,e) and fixed dunes 
covered by microbiotic crusts (c,f). Transition values are shown for transitions from present size 
(x-axis) to future size (y-axis). Grey tones indicate the magnitude of the transitions; with values 
> 0.06 shown in white. Transitions along the diagonal represent survival-growth transitions, 
while those on the bottom correspond to recruitment.  
 
Population growth rates and stable structures  
Population growth rates (λ) of A. ordosica showed large variation among habitats 
and moderate variation between census periods (Table 3). Population growth 
varied from rapid increasing (λ > 1) in SF habitat to declining (λ < 1) in F 
habitat and especially in FC habitat (Table 3), and λ was smaller in the second 
than in the first census period (Table 3).  
 
Table 3. Population growth rates (λ) and confidence intervals of Artemisia ordosica in Mu Us 
Sandland in three habitats during two periods  
 

Habitat Period 
 2007-2008 2008-2009 
Semi-fixed (SF) 1.355[1.294, 1.405] 1.088[1.057, 1.125] 
Fixed (F) 0.979[0.961, 0.991] 0.913[0.890, 0.935] 
Fixed-crust (FC) 0.936[0.911, 0.961] 0.888[0.864, 0.916] 
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Figure 3. Population structures of Artemisia ordosica in Mu Us Sandland in semi-fixed dunes (a), 
fixed dunes (b) and fixed dunes covered by microbiotic crust (c). Shown are average observed 
population structure from study plot data (solid line), stable size structure resulting from 
Integral Projection Model for 2007-2008 (dashed line) and 2008-2009 (dotted line). 
 

The stable size structure was characterized by a high proportion of 
seedlings and small plants < 20 cm in SF habitat, while the structure was 
dominated by individuals of 20-60 cm high in FC habitat (Fig. 3). The stable size 
distributions resembled the observed size structure better in SF and FC habitats 
than in F habitat. Similarity reached over 70% in SF and FC habitats but was 
smaller than 50% in F habitat (Fig. 3).  
 
Elasticity analyses  
We performed two types of elasticity analyses: one for the elements in the 
transition matrix and the other for the underlying vital rates. Elasticity analyses 
of elements showed that survival-growth and survival-shrinkage transitions held 
the largest proportion of elasticity while elasticity of fecundity transitions was 
relatively small (Fig. 4). The element elasticity varied greatly across habitats: 
elasticities of survival-growth transitions and fecundity were the highest in SF 
habitat and lowest in FC habitat, while elasticity of survival-shrinkage transitions 
showed the opposite pattern (Fig. 4). The distributions of element elasticity 
across size categories also differed greatly among the three habitats: it was more 
evenly distributed in SF habitat where seedlings and small individuals had the 
greatest proportional elasticity (Fig. 4a,d) than in F habitat (Fig. 4b,e) where 
large plants were dominant or in FC habitat where intermediate-sized plants 
were dominant (Fig. 4c,f). 

 Vital rate elasticity clearly showed that survival was more important than 
other vital rates  for  population  growth.  This  were  the  case  for  both  census  
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Figure 4. Elasticity of population growth rate to transitions for Artemisia ordosica in Mu Us 
Sandland during 2007-2008 (a,b,c) and 2008-2009 (d,e,f) in semi-fixed dunes (a,d), fixed dunes 
(b,e) and fixed dunes covered by microbiotic crusts (c,f). Elasticity values are shown for 
transitions from present size (x-axis) to future size (y-axis). Grey tones indicate the magnitude of 
the elasticity; values > 0.002 are shown in white. 
 
periods and all three habitats (Fig. 5). Elasticity of shrinkage was negative in all 
populations, indicating a negative effect on population growth (Fig. 5). Vital 
rate elasticity differed strongly among habitats: growth and fecundity elasticity 
were much higher in SF (Fig. 5a,d) than in the other two habitats (Fig. 5b,c,e,f).  
Shrinkage elasticity as measured by absolute value was much higher in F (Fig. 
5b,e) and FC (Fig. 5c,f) than in SF habitat (Fig. 5a,d). In F and FC habitats, 
values of shrinkage elasticity were close to those of growth elasticity, suggesting 
that shrinkage was of similar importance for population growth in the later 
stages of dune fixation (Fig. 5). 
 
Life Table Response Experiments (LTRE) 
Our LTRE analyses showed that habitat differences caused stronger variation in 
λ than temporal differences (Table 4). The strong variation in λ across habitats 
was attributed mainly  to  fecundity  (contributing to 51% of the total variation),  
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Table 4. Magnitudes of the different effects on variation in population growth rate of Artemisia 
ordosica in Life Table Response Experiment (LTRE). The mean and standard diviation of the 
absolute values of all levels within a LTRE effect are also given 
 

LTRE effect  
(A) Habitat (α)  
Semi-fixed  0.174 
Fixed -0.087 
Fixed-crust -0.121 
Mean ± SD of | αm |  0.127 ± 0.044 

 
(B) Census period (β) 
2007-2008  0.072 
2008-2009 -0.066 
Mean ± SD of | βn |  0.069 ± 0.005 

 
(C) Interaction between habitat and census period (αβ) 
Semi-fixed × 2007-2008  0.108 
Fixed × 2007-2008  0.003 
Fixed-crust × 2007-2008 -0.001 
Semi-fixed × 2008-2009 -0.094 
Fixed × 2008-2009 -0.005 
Fixed-crust × 2008-2009  0.011 
Mean ± SD of | αβmn | 0.037 ± 0.045 

Figure. 5. Vital 
rate elasticity for 
Artemisia ordosica in 
Mu Us Sandland 
during 2007-2008 
(a,b,c) and 2008-
2009 (d,e,f) in 
semi-fixed dunes 
(a,d), fixed dunes 
(b,e) and fixed 
dunes covered by 
microbiotic crusts 
(c,f). 
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and to a lesser extent to growth (22%) and shrinkage (17%). Despite the high 
values of survival elasticity, variation in survival contributed the least (10%) to 
the variation in λ across habitats. 

Compared to the average population growth of all habitats, λ in SF habitat 
was considerably higher, while that in both F and FC habitats were lower (Table 
4). In SF habitat all vital rates, except shrinkage in the plants below 20 cm, 
contributed positively to the differences in λ (Fig. 6c). Shrinkage also 
contributed positively to the change in λ in SF habitat, because shrinkage was 
little in this habitat. By contrast, in F and FC habitats almost all vital rates 
contributed negatively to the change in λ, except that shrinkage showed a small 
positive contribution in F habitat and survival in plants shorter than 20 cm 
showed a positive contribution in FC habitat (Fig. 6d,e). The effect of census 
period on λ was positive in  the  first  period  (2007-2008)  and  negative  in  the  
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Figure 6. Results of analyses of Life Table Response Experiments (LTRE) for Artemisia ordosica 
in Mu Us Sandland. Shown are the contributions of vital rates to temporal variation in 
population growth for 2007-2008 (a) and 2008-2009 (b) and contributions to variation in 
population growth across habitats for semi-fixed dunes (c), fixed dunes (d) and fixed dunes 
covered by microbiotic crusts (e).  
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second period (2008-2009; Table 4). The  positive effect in the first period was 
mainly due to the higher survival of  small  and middle sized plants  (shorter than 
60 cm), as well as the higher fecundity of the reproductive plants; the reverse 
was the reason for the negative effect in the second census period (Fig. 6a,b).  

The sum over all LTRE contributions from all vital rates differed by only 
5.6% from the observed change in λ, indicating that LTRE provided good 
estimates for the effects of habitats and census periods on λ. 

 
Discussion  
Differences in vital rates among habitats  
Vital rates of A. ordosica differed substantially among stages of dune fixation. 
Individuals in semi-fixed dunes generally showed much higher growth and 
fecundity compared to those in the fixed dunes and the fixed dunes with 
microbiotic crusts. The exception to this overall pattern was seedlings that 
showed a poorer performance in semi-fixed dunes than in fixed dunes with 
microbiotic crusts. The high incidence of sand deposition in semi-fixed dunes 
may have different effects on the performance of plants with different sizes (Li et 
al. 2010a,b). While moderate sand burial can benefit plants by increasing water 
and nutrient availability, deep burial may impose pressure on plants by creating 
a physical barrier for vertical growth and reducing the photosynthetic area 
(Brown 1997, Shi et al. 2004, Li et al. 2010a,b). The sand deposition regime in 
semi-fixed dunes may thus have resulted in moderate burial of A. ordosica adult 
plants, stimulating growth and reproduction, while impeding seedling 
performance by deep or complete burial (Li et al. 2010a,b). 

The lower growth and reproduction rates of large A. ordosica individuals in 
the later dune fixation stages may be caused by increased plant density and 
reduced soil water content in these stages (Miriti et al. 2001, Zuo et al. 2009). 
The formation of microbiotic crusts is likely to be another cause of the poor 
performance of large plants. Microbiotic crusts greatly reduce water availability 
in deep soil layers by interception of rainfall in the upper soil layer and 
subsequent evapotranspiration (Eldridge and Greene 1994, Li et al. 2006). 
While this may negatively affect the performance of the deep-rooting large A. 
ordosica individuals, it may promote survival and growth of the more shallowly 
rooted seedlings.  

A high proportion of the A. ordosica individuals exhibited shrinkage, 
particularly in the larger size classes and in the fixed dunes with microbiotic 
crusts. Shrinkage in height was mainly caused by the (partial) death of branches. 
Shrinkage is a common phenomenon in long-lived desert plants and may 
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promote survival under unfavourable growing conditions (von Willert et al. 
1992, Salguero-Gomez and Casper 2010). Another adaptation to prolonged 
drought is stem splitting (Werger 1986), which is known to occur in A. ordosica 
(Schenk 1999), but was not assessed in our study. The increased incidence of 
shrinkage in fixed dune habitats was likely caused by reduced water availability 
due to the higher plant density and the formation of microbiotic crusts. 
Shrinkage and splitting are likely adaptive strategies that allow large A. ordosica 
individuals to survive and populations to maintain themselves in the later stages 
of the dune fixation process.  
 
Differences in population dynamics across habitats  
Population growth of A. ordosica declined greatly as the dunes were more fixed, 
from fast growth (λ = 1.35-1.09) in SF to moderate decline in FC (λ = 0.94-
0.89). Such differences among habitats are consistent with the observed density 
pattern of A. ordosica populations, which increased at early dune fixation stages, 
peaked in fixed dunes and then decreased in later dune fixation stages. 
Population growth rate varied much more strongly across habitats than between 
years: the second year of our measurements was drier, probably causing reduced 
population growth. The variation in λ across dune fixation stages was 
unexpectedly high, as population growth rates of long-lived shrubs are generally 
close to unity and do not show large variation across habitats (Silvertown et al. 
1993, Bullock et al. 1996, Watson et al. 1997a, Hunt 2001a, Kyncl et al. 
2006). Thus, the high level of variation in λ suggests a strong effect of dune 
fixation process on the population dynamics of A. ordosica.  

If population growth differs strongly across habitats, is it also governed in a 
highly habitat-specific way? Our results suggest that this is indeed the case. The 
distribution of elasticity values over vital rates varied considerably across 
habitats. While survival was the most important vital rate for population growth 
in all habitats, its relative importance increased in later dune fixation stages. In 
these stages, the influence of plant shrinkage was the highest, while plant growth 
and fecundity had the highest elasticity in earlier stages of dune fixation. Because 
growth and fecundity together form the reproductive pathway in the life history, 
it is not surprising that high growth and fecundity boost population growth at 
early dune fixation stages (de Kroon et al. 2000). Overall, our results suggest 
that the higher population growth of A. ordosica at early dune fixation stages 
depends more on high growth and fecundity, and this dependency shifts to 
survival in later dune fixation stages. 
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While the adaptive value of shrinkage at individual level is clear – shrinking 
in size to survive stressful periods – the interpretation of the demographic 
contribution of shrinkage is less straightforward. Elasticity of shrinkage was 
generally negative in our study species as well as in others (Salguero-Gomez and 
Casper, 2010). These negative values are caused by the fact that in most cases 
plant survival and reproductive output increase with size, such that shrinking 
plants are moving to classes in which they have a lower contribution to 
population growth. The negative shrinkage elasticity suggests that population 
growth would increase if the incidence of shrinkage declines. But such simplistic 
interpretation denies the covariance of vital rates: if plants would not be able to 
shrink under stressful conditions, their mortality risk would increase. To test 
this, we performed a simulation to evaluate what will happen to the populations 
if all plants that exhibited shrinkage would die instead. The projected population 
growth rates for these simulations show very strong reductions in population 
growth: from 1.35 to 1.03 in semi-fixed dunes, from 0.98 to 0.53 in fixed 
dunes and from 0.94 to 0.49 in fixed dunes with microbiotic crusts. Although 
this simple analysis probably provides an overestimate of the adaptive effect of 
shrinkage, it does suggest that shrinkage in late dune fixation stages allows the 
declining populations at late dune fixation stages to persist longer by extending 
the life span of adult plants. 

What caused the large differences in population growth across habitats? 
Analysis of Life Table Response Experiments revealed that variation in 
population growth was mainly caused by differences in fecundity across habitats. 
This was likely due to variation in seedling recruitment which is known to be a 
critical driver of population decline (Rees et al. 2001, Brys et al. 2004, Koop 
and Horvitz 2005, Jacquemyn et al. 2010). In our study, the low seedling 
recruitment in the later stages of dune fixation was likely due to lower rates of 
seed production and/or of seedling recruitment. In fixed dunes, seedling 
recruitment rate was 17-80 times lower than in semi-fixed dunes while seed 
production rate was comparable to that in semi-fixed dunes. In fixed dunes with 
microbiotic crusts, seed production was considerably lower, but seedling 
recruitment rate had intermediate values. Those intermediate values may be 
caused by exchange of seeds across habitats, as the various dune fixation stages 
occur in a mosaic pattern in the landscape. To a lesser extent, variation in 
population growth rates was caused by differences in growth and shrinkage. 
Interestingly, variation in survival – the most important vital rate for population 
maintenance – did not contribute to the variation in population growth.   

Integral Projection Models (IPMs) proved to be very suitable for our 
comparative demographic studies, as it allows the explicit incorporation of the 
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strong growth variation exhibited by A. ordosica, and the significant habitat 
effects evaluated in regression models can be directly included in the kernel. 
The analysis of Life Table Response Experiments is straightforward for IPMs, 
and, when done at the level of vital rates, provides clear insights into the causes 
of varying population growth rates among habitats. We therefore recommend 
using IPMs in comparative plant demographic studies, especially when these 
involve species with highly varying growth rates. 
 
Demographic adaptations to dune fixation  
Our results suggest that A. ordosica could adjust its life history traits to adapt to 
habitat variation during the dune fixation process. At early stages of dune 
fixation, life history traits of A. ordosica are characterized by a high fecundity and 
rapid growth, which are shown at population level by a fast population growth 
and a typical ‘invasive’ population structure with high proportion of seedlings 
and juveniles (Oostermeijer et al. 1994, Rees et al. 2001, Koop and Horvitz 
2005). When dunes become fixed, population of A. ordosica is more or less 
‘stable’ in terms of plant density and population growth rate, and the population 
structure is dominated by larger plants (Oostermeijer et al. 1994, Parker 2000, 
Koop and Horvitz 2005). As dune fixation proceeds further to fixed dunes with 
microbiotic crusts, A. ordosica exhibits slow plant growth, low fecundity, limited 
seedling recruitment and a declining population growth, which are typical for 
populations in a ‘regressive’ stage (Oostermeijer et al. 1994, Parker 2000, Koop 
and Horvitz 2005). The regressive populations of A. ordosica are special in the 
sense that they are overwhelmingly dominated by moderate sized plants instead 
of large plants, which may partly result from shrinkage of larger plants. Such 
changes are adaptive because adopting moderate size, rather than growing to 
large size to achieve high seed production, seems more pronounced to maintain 
sufficient surviving individuals for population maintenance of A. ordosica when 
the environmental conditions are less favourable for germination in later dune 
fixation stages.  

In conclusion, the population dynamics of A. ordosica showed strong 
variation along stages of dune fixation, mainly due to differences in recruitment 
success and the incidence of shrinkage. The adaptive changes in life history traits 
of A. ordosica along the dune fixation process may explain its dominance in the 
vast inland dune area of Mu Us Sandland.  
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Chapter 3 High resistance of Caragana intermedia 
populations to herbivory in drylands: demographic 
analyses using Integral Projection Models 
 
With Pieter A. Zuidema, Marinus J.A. Werger, Fei-Hai Yu and Ming 
Dong 
 
Abstract 
1. Herbivory is a widespread biotic factor in natural environments. Herbivores 

can impose pressures on plant vital rates (survival, growth and 
reproduction) and, as a result, affect population dynamics. Understanding 
the demographic consequences of herbivores is essential for plant 
management in ecosystems where grazing is taking place extensively.  

2. Here we studied the role of goat herbivory on the demography of Caragana 
intermedia, a long-lived dominant shrub in Mu Us sandland, Inner Mongolia, 
China. Demographic data from three annual censuses were used to 
parameterize Integral Projection Models (IPMs) to describe the demography 
of C. intermedia, and analyze changes in its demography under long-term 
seasonal goat grazing and goat exclusion conditions. 

3.  We found that plant survival was differentially affected by goat herbivory at 
different life stages. Goat herbivory reduced seedling survival while it 
promoted juvenile survival and did not alter adult survival. Plant growth 
was only slightly affected by goat herbivory, probably due to its high 
capacity of compensation after grazing. However, seedling recruitment was 
greatly reduced in grazed cites.  

4. Despite various changes in vital rates, goat grazing showed little effect on 
population growth rates (λ), which remained close to unity in both grazed 
and non-grazed areas. Elasticity analysis showed that population growth rate 
was mainly governed by high survival of large adults and other vital rates 
made limited contributions to population growth. Results of Life Table 
Response Experiments (LTRE) revealed that reduced fecundity caused 
population growth to decline, but this was largely offset by the positive 
effects of improved adult survival on population growth.  

5. Synthesis and applications. Our study showed that relatively strong changes in 
vital rates induced by herbivores do not necessarily lead to shifts in 
population growth rates. Therefore, assessing the consequences of herbivory 
on plant population dynamics requires a full demographic study that 
integrates the differential responses of the various vital rates. 
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Introduction  
Herbivory is a widespread biotic factor in ecosystems (Crawley 1983, Gomez 
2005, Maron and Crone 2006, Oduor et al. 2010). It can impose great pressure 
on plant vital rates (survival, growth and reproduction) and thus affect 
population dynamics (Ehrlen 1995b, Gomez 2005, Kauffman and Maron 2006, 
Maron and Crone 2006, Knight et al. 2009, Miller et al. 2009, Hegland et al. 
2010). In ecosystems where grazing by livestock is an important component, it 
is important to understand the impact of herbivores on plant population 
dynamics to design proper grazing management (Ehrlen 1995b, Maron and 
Crone 2006, Hegland et al. 2010). Comparative demographic studies in which 
herbivory and exclosure treatments are used can assist in obtaining insights on 
how herbivory affects vital rates and population dynamics (Rose et al. 2005, 
Maron and Crone 2006, Knight et al. 2009, Miller et al. 2009, Hegland et al. 
2010).  

Herbivores can directly affect plant vital rates by consuming vegetative or 
reproductive tissues (del-Val and Crawley 2005, Rose et al. 2005, Kauffman and 
Maron 2006, Miller et al. 2009). As a result, plants under grazing may suffer 
from reduced rates of survival, growth and reproduction due to reduced 
photosynthetic area and reproductive units (Bastrenta 1991, Bastrenta et al. 
1995, Ehrlen 1995a, Watson et al. 1997b, Hunt 2001a, Lennartsson and 
Oostermeijer 2001, Hegland et al. 2005, Kauffman and Maron 2006). 
Furthermore, size reduction due to tissue loss may also reduce vital rates if these 
are size dependent (Bastrenta et al. 1995, Ehrlen 1995b, Watson et al. 1997b, 
Hunt 2001a, Lennartsson and Oostermeijer 2001, Rose et al. 2005, Miller et al. 
2009). In addition, herbivores can also indirectly affect plant performance by e.g. 
trampling and altering abiotic and biotic conditions (Persson et al. 2000, Hunt 
2001a, Persson et al. 2007, Heckel et al. 2010). Studies also found that 
herbivores may benefit plants by adding soil nutrients, improving light use 
efficiency and raising photosynthetic capacity after defoliation (McNaughton 
1979, Augustine and McNaughton 2006)  

In structured populations, individuals that differ in size or stage can be 
unequally affected by herbivores and thus contribute differently to population 
dynamics (Bastrenta et al. 1995, Ehrlen 1995b, Watson et al. 1997b, Hunt 
2001a, Lennartsson and Oostermeijer 2001, Rose et al. 2005, Miller et al. 
2009). For example, herbivory has been found to mainly affect survival in 
seedling categories (Palmisano and Fox 1997, Gomez 2005), while reducing 
growth and reproduction in adult categories (Crawley 1983, Ehrlen 1995a, 
Warner and Cushman 2002). Moreover, herbivory-induced changes in 
performance at different plant sizes or stages can have different consequences at 
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population level, and population growth can be affected only if it is sensitive to 
these changes (Watson et al. 1997b, Sanchez-Velasquez and Pineda-Lopez 
2010). An evaluation of the demographic consequences of herbivory therefore 
should be conducted at the level of the population, integrating the effects of 
changes in all vital rates over all size classes (Watson et al. 1997b, Ehrlen 2003, 
Rose et al. 2005, Maron and Crone 2006, Knight et al. 2009, Miller et al. 2009, 
Hegland et al. 2010).   

The effect of herbivory usually differs strongly across individuals within a 
population, leading to variation in growth among individuals (Rose et al. 2005, 
Miller et al. 2009). Such growth variation is often neglected in demographic 
studies, although it may greatly contribute to population maintenance (Salguero-
Gomez and Casper 2010). Classical matrix models that are often used to study 
the demography of plants offer limited possibilities to evaluate the consequences 
of strong growth variation across individuals. Integral Projection Model (IPM), 
an extension of matrix modeling, allows for explicit inclusion of growth 
variation and can therefore be particularly useful to analyze demography of 
plants under herbivory (Easterling, Ellner and Dixon 2000).  

Here we used IPMs to address the effects of goat herbivory on the 
demographic processes and population dynamics of Caragana intermedia, a 
dominant shrub in Mu Us Sandland, Inner Mongolia, China (Zhang 1994, Xiao 
2005). Grazing is widespread in Mu Us Sandland (Chen et al. 2005) and in the 
past decades large areas of Mu Us Sandland were degraded due to overgrazing 
(Zhang 1994, Chen et al. 2005,van Staalduinen and Werger 2006). To protect 
against degradation, two grazing regimes are generally applied in recent years in 
this area, i.e. seasonal grazing (grazing ceases in summer; applied in most of the 
area) and complete cessation (applied in small area). To evaluate whether these 
two management regimes are suitable for sustainable population maintenance of 
plants in this ecosystem, it is important to know how dominant plant species 
respond to these grazing regimes. C. intermedia is widespread in semi-fixed and 
fixed sand dunes in the Mu Us Sandland (Zhang 1994, Xiao et al. 2005). It is 
essential in the fight against erosion and is an important source of livestock 
forage (Zhang 1994, Zheng et al. 2004). Specifically, we address the following 
questions: 1) How does grazing affect vital rates (survival, growth and 
reproduction) of C. intermedia? 2) How does grazing affect population dynamics? 
3) Which demographic components play critical roles for population growth 
under grazing and ungrazing conditions? 4) Which herbivory-induced changes in 
vital rates contribute most to changes in population growth?   

 
Methods 
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Study species 
Caragana intermedia Kuang et H.C.Fu (Fabaceae) is a long-lived shrub with 
multiple stems bearing thorns and compound leaves (Xiao et al. 2005). C. 
intermedia has deep root systems which can extend over 6 m in depth (Fang et al. 
2006b). It can grow over 2 m tall, and its crown diameter can reach over 10 m. 
Flowers occur in May and last for about 20 days. Seeds ripen in July and seed 
germination is triggered by summer rainfall. Shoots usually grow out at the end 
of the flowering period (Fang et al. 2006a). 

C. intermedia is a dominant shrub and widely distributed in semi-fixed and 
fixed dunes in Mu Us Sandland. It plays an important role in fixing sand and 
protecting soils against erosion, and also serves as important forage for livestock 
such as goats (Zhang 1994, Zheng et al. 2004). Domestic animals like to feed on 
shoot tips, leaves, flowers and even pods of C. intermedia. After grazing, new 
sprouts can emerge and seed production can still be maintained (Fang et al. 
2006a). Studies on the responses of C. intermedia to clipping showed that this 
species has a high capacity to compensate for tissue loss (Fang et al. 2008). 
 
Study site 
The study was conducted on a farm at Chahan Aobao (39˚18'43.4'' N, 
108˚38'61.1'' E) located in Etuoke Banner in the north-eastern Mu Us Sandland 
in Inner Mongolia, China. This is a semi-arid area, characterized by a temperate 
continental monsoon climate, with low rainfall and high evaporation. The mean 
annual precipitation is 280 mm, which is concentrated in summer, following a 
prolonged spring drought (Zhang 1994). The mean annual temperature is 6.6 
˚C (Zhang 1994). Most plant species are forbs and grasses, but a few woody 
species often dominate plant communities. The main shrub species in this area 
are C. intermedia, Artemisia ordosica, Hedysarum laeve, Hedysarum scoparium and Salix 
psammophila (Li et al 2010a). These shrub species comprise a large proportion of 
the total vegetation coverage and play an important role in protecting sand 
against erosion.  

The study region has a long history of grazing by domestic livestock, 
mainly goats and sheep. Since 2001, two grazing regimes have been commonly 
applied, i.e. seasonal grazing (last for nine months per year, with a 3-month rest 
from April 1 to July 1) and complete cessation of grazing. The former regime is 
applied in most areas, while the latter regime is applied at a smaller scale. In our 
study pasture, the grazing site had received free grazing for over half a century 
and the seasonal grazing regime had been applied since 2001 by setting up wire 
fences; the ungrazing site had been protected against grazing since 2001. In the 
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grazing site, there were approximately 2.3 goats per ha during the nine-month 
grazing period, which is a moderate grazing level in this region. 
 
Sampling design and field measurements 
In each of the grazed and ungrazed areas, we established three 100 m × 100 m 
permanent plots. Annual censuses were conducted in August 2007, 2008 and 
2009, respectively. At the first census, total height was measured for each 
individual. For the individuals with their largest crown diameter less than 2 m, 
the two largest perpendicular diameters were measured. The positions of the 
ends of the two diameters were marked with bamboo sticks in the soil to ensure 
that compare the measurement with the repeat measurement in the same way in 
next censuses. For the individuals with their largest crown diameter larger than 
2 m, we measured crown diameter in four directions. We first established the 
direction of the longest crown diameter and then that of the line perpendicular 
to it. After that, we fixed the diameters in the two directions which were 45 
degrees away from the directions of the first two diameters measured. The four 
diameters crossed at the central point of the crown and the eight corresponding 
radii were measured from the central point to their ends. For these individuals, 
the positions of the central cross point and the end of each radius were marked 
with bamboo sticks. Crown area was estimated by adding the areas of the eight 
sections defined by the four diameters, each of which was approximated by the 
area of a triangle. Crown volume was estimated by multiplying plant height with 
crown area. Reproductive status was recorded for each individual.  

Upon first measurement, all plants were labeled and their coordinates 
were recorded. In 2008 and 2009 the survival of all labeled plants was checked, 
and surviving plants were re-measured in the same directions; reproductive 
status was recorded and new recruits were searched and measured. Because 
adults of C. intermedia usually produce a huge amount of pods, especially in the 
ungrazed plots, it is rather difficult and unpractical to determine the number of 
pods (and seeds) for each individual. We assumed that the number of pods 
produced by an individual was linearly related with crown volume. The number 
of seedlings produced by each reproductive individual was calculated as the 
product of its crown volume and the ratio of total number of newly recruited 
seedlings in the current year to the sum of plant volume in the previous year in 
each plot.  

 
Statistic analysis  
We tested for temporal differences in vital rates in grazed and ungrazed 
treatments using paired t-tests (for growth) or logistic regressions (for survival 
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and flowering probability). For those variables in which significant differences 
were found between years, we did further analyses for each separate period. 

We used regression models to relate current size (x) of an individual to its 
future size (y), survival and reproduction. Because we found clear differences 
between years, we fitted statistical models for each period separately, combining 
data from both grazed and ungrazed treatments. The treatments were coded as 
dummy variables with the ungrazed treatment as control. The probability of 
survival s(x) and flowering probability pf(x) were fitted by logistic regressions, 
with size and treatments as independent variables. Future size y was related to 
current size x in a multiple linear regression with treatments as dummy 
variables. Subsequently, variances of that relation were again related to x and 
treatment in another multiple linear regression.  

We compared model output that used different variables, i.e. height, 
crown area or crown volume, as size measurements. Because regression models 
with crown volume (ln-transformed) as the size measurement yielded higher R2 
values, we used this variable to characterize plant size. 

 
Integral Projection Models 
We constructed Integral Projection Models (IPMs) to evaluate whether and how 
the effects of grazing on individuals could be translated into the effects on the 
population dynamics of C. intermedia. IPM describes how a continuously size-
structured population changes in discrete time (Easterling et al. 2000). It yields 
similar output as matrix models, in which the dominant eigenvalue is equivalent 
to the population growth rate and the stable population structure is the right 
eigenvector (Easterling et al. 2000). However, in contrast to matrix models, 
IPMs require fewer demographic parameters and the parameters used in IPMs 
are estimated from the complete dataset, rather than by dividing the data into 
discrete size or stage classes. Another advantage of IPMs is that they explicitly 
incorporate growth variation among individuals and allow for transitions of 
individuals among infinitesimal size intervals (Easterling et al. 2000, Zuidema et 
al. 2010). Thus IPMs are especially suitable for demographic studies of long-
lived plants with large growth variation in an environment with continuous 
disturbance. In an IPM, the state of the population at time t is described by a 
distribution function n(x, t); n(x, t)dx represents the number of individuals with 
size in the range [x, x + dx]. The population dynamics is then written as: 
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where [L,U] is the range of all possible sizes, p(y, x) represents survival and 
growth from size x to size y and f(y, x) represents number of new births of size y 
produced by parent at size x. The combination of p(y, x) and f(y, x) is called a 
kernel K(y, x), i.e., K(y, x) = p(y, x) + f(y, x). The kernel is a non-negative 
surface representing all possible transitions from size x to size y. We applied the 
midpoint rule to convert the kernel into a large transition matrix with 400 mesh 
points (Easterling et al. 2000). This large transition matrix is analogous to a 
classical transition matrix, and therefore the same output can be obtained. 
Because we found significant differences between periods and treatments, we 
constructed IPMs to calculate the population growth rate (λ) for each 
combination of period and treatment, resulting in four IPMs. Confidence 
intervals for λ were calculated by bootstrapping (Jongejans et al. 2010). For each 
bootstrap estimate, we resampled with replacement from the datasets (n=2083 
and 1036 in ungrazed and grazed, respectively), re-calculated regression 
coefficients, established the kernel and calculated λ. This was repeated 5 000 
times and the 95% confidence intervals for λ were obtained from the frequency 
distribution of these values.  

To examine the relative importance of each transition element or vital rate 
to the population growth rate (λ), elasticity analysis was conducted. Elasticity 
quantifies the impact of a proportional change in a transition element/vital rate 
on proportional change of λ (de Kroon et al. 2000, Caswell 2001, Zuidema and 
Franco 2001). We first performed elasticity analysis of transition elements, in 
which survival was contained in growth and shrinkage transitions (de Kroon et 
al. 2000, Caswell 2001). Then, we performed vital rate elasticity analysis to 
examine the importance of each vital rate, thus separating effects of survival 
from those of growth and shrinkage (Zuidema and Franco 2001). 

Differences in population growth rates between treatments or between 
periods may be caused by variation in vital rates across treatments and periods. 
The analysis of Life Table Response Experiments (LTRE) allows quantifying the 
contribution of each element or vital rate to the observed difference in 
population growth rate (Caswell 2001). In addition, in the case where 
differences in λ are very small or zero, LTRE analysis may still reveal to what 
extent dynamics are different as in this case a positive contribution of one vital 
rate may be outweighed by negative contributions of other vital rates (Yamada 
et al. 2007). We conducted a fixed-design LTRE on vital rates to evaluate the 
contribution of variation in vital rates to differences in population growth rate 
(Yamada et al. 2007). 
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All analyses were performed with the software R 2.10.0 (R development 
core Team 2010). 
 
Results 
Vital rates in relation to grazing regime and census period 
Survival probability of C. intermedia increased with plant size (Table 1) and no 
mortality was found in individuals with crown volume larger than 22000 cm3. 
Compared with that in the first period (Fig. 1a), survival probability was 
relatively higher in seedlings (< 20 cm3) and lower in juveniles in the second 
period (20-22000 cm3, Fig. 1b). Differences in survival probability were 
observed between grazed and ungrazed treatments. Grazing reduced seedling 
survival but promoted juvenile survival in both census periods (Fig. 1a,b).  
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Figure 1. Relations of vital rates with crown volume (natural log scale, originally measured in 
centimeters) for Caragana intermedia in Mu Us Sandland during 2007-2008 (a,c,e) and 2008-
2009 (b,d,f) in ungrazed (line) and grazed (dot) treatments. Regression functions are described 
in Table 1.  
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Table 1. Statistical models and parameter estimates used to construct the kernel for the Integral 
Projection Model of Caragana intermedia in Mu Us Sandland during 2007-2008 (period 1) and 
2008-2009 (period 2). The models are functions of plant size (x; natural log scale of crown area, 
originally measured in centimeters), treatment (t, grazing) and interactions between size and 
treatment (x_t,), using the ungrazed treatment as a reference. t represents grazing treatment and 
x_t represent plant size in the grazing treatment. Values in parentheses are standard errors of the 
parameter estimates 
 
Demographic 
process 

Period Model 

Survival 
probability 

(s) 

1 Logit(s) = -6.08(0.36) - 2.91(1.25)t + 1.42(0.11)x + 1.18(0.42)x_t,  
n = 2813, R2 = 0.84, p < 0.0001 

2 Logit(s) =-2.24(0.28) -3.02 (0.84)t + 0.59 (0.06)x + 0.42 (0.15)x_t, 
 n = 1668, R2 = 0.67, p < 0.0001 

Flowering 
probability 

(pf) 

1 Logit(pf) = -15.97 (1.04) + 1.30 (0.08)x,  
n = 1604, R2 = 0.87, p < 0.0001 

2 Logit(pf) = -18.67 (1.91) + 1.56 (0.15)x,  
n = 1459, R2 = 0.85, p < 0.0001 

Future size 
(ŷ) 

1 ŷ = 0.37 (0.04) + 0.40 (0.09)t + 0.96 (0.00)x - 0.03(0.01)x_t, 
n = 1614, R2 = 0.98, p < 0.0001 

2 ŷ = 1.24 (0.05) + 0.92 (0.00)x - 0.00 (0.00)x_t, 
n = 1480, R2 = 0.98, p < 0.0001 

Absolute 
residuals 
of growth 
(|σ|) 

1 |σ| = 0.75 (0.03) + 0.40 (0.06)t - 0.03 (0.00)x - 0.03 (0.00)x_t, 
 n = 1614, R2 = 0.23, p < 0.0001 

2 |σ| = 1.16 (0.03) -0.07 (0.00)x + 0.00 (0.00)x_t,  
n = 1480, R2 = 0.33, p < 0.0001 

Seedling  size 
distribution 

1 Ungrazed:  
Gaussian with mean = 3.13, Variance = 0.27, n = 61 
Grazed:  
Gaussian with mean = 3.54, Variance = 0.13, n = 19 

2 Ungrazed:  
Gaussian with mean = 2.68, Variance = 0.53,  
n = 195 
Grazed:   
Gaussian with mean = 1.80, Variance = 0.05, n = 18 

 

Growth rate of C. intermedia decreased with plant size (Table 1). Seedling 
growth was higher in the second than in the first census period, while the 
reverse was observed for large plants (Table 1). Generally, grazing did not have 
much effect on plant growth (Table 1, Fig. 1c,d), except for a slightly increase 
in seedling growth in the first period (Fig. 1c). Both positive and negative 
growth variation were observed for individuals in both grazed and ungrazed 
treatments (Fig. 1c,d). Residuals from the growth regression models in each 
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period were normally distributed and variances (squared residues) were linearly 
related to plant size (Table 1). 

Flowering probability of C. intermedia increased with plant size, and 
individuals generally started to reproduce at the size of 22000 cm3. Flowering 
probability was not affected by grazing in either of the census periods (Table 1, 
Fig. 1e). The number of newly recruited seedlings was 2.2-9.8 times higher in 
ungrazed compared to grazed populations. The mean seedling sizes ranged from 
6.0 to 34.5 cm3 (Table 1).  

The kernels of the IPMs showed higher transitions along the diagonal field, 
indicating that most individuals remained of similar sizes as that in the previous 
year (Fig. 2). Recruitment transitions were much higher in ungrazed 
populations, for both census periods (Fig. 2). 
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Figure 2. Fitted kernels of transitions for Caragana intermedia in Mu Us Sandland during 2007-
2008 (a,b) and 2008-2009 (c,d) in ungrazed (a,c) and grazed treatments (b,d). Transition values 
are shown for transitions from present size (x-axis, natural log scale of crown volume, originally 
measured in centimeters)) to future size (y-axis). Grey tones indicate the magnitude of the 
transitions; with values > 0.05 shown in white. Transitions along the diagonal represent 
survival-growth transitions, while those at the bottom correspond to recruitment.  
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Table 2. Population growth rates (λ) of Caragana intermedia in Mu Us Sandland in grazed and 
ungrazed treatments during the two census periods  
 
Treatment Period 

 2007-2008 2008-2009 
Ungrazed 0.992[0.982, 1.082] 1.014[0.970, 1.028] 
Grazed 1.000[0.999, 1.001] 1.000[0.999, 1.000] 

 
Grazing effects on population growth rates and stable structures 
Population growth rates (λ) of C. intermedia were similar in grazed and ungrazed 
treatments over both census periods, and all values were close to 1 (Table 2). 
This suggests that population growth was not affected by grazing and it was 
rather stable under present grazing regimes over time.  

We characterized the structures of the populations by grouping individuals 
into three size classes, i.e. 0-20 cm3, 20-22000 cm3, and more than 22000 cm3, 
which corresponded approximately to seedlings, juveniles and reproductive 
adults according to the demographic analysis as described above. Both the 
observed and  stable size  distribution  showed that there were higher proportion 
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Figure 3. Elasticity of population growth rate to transitions for Caragana intermedia in Mu Us 
Sandland during 2007-2008 (a,b) and 2008-2009 (c,d) in ungrazed (a,c) and grazed treatments 
(b,d). Elasticity values are shown for transitions from present size (x-axis, natural log scale of 
crown volume, originally measured in centimeters) to future size (y-axis). Grey tones indicate 
the magnitude of the elasticity; values > 0.0005 are shown in white.  
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of seedlings and juveniles in the ungrazed treatment than in the grazed 
treatment. The population structure under grazed conditions was 
overwhelmingly dominated by large adults.  
 
Elasticity analyses 
Element elasticity analysis showed that transitions among large individuals were 
the most important for population maintenance of C. intermedia, while 
contributions from seedling recruitment were quite limited (Fig. 3). Vital rate 
elasticity analyses revealed that population growth of C. intermedia was mainly 
maintained by the survival of larger individuals (Fig. 4). Other vital rates 
(growth, fecundity and shrinkage) generally contributed little to population 
growth (Fig. 4). The distribution of survival elasticities over size categories 
shifted to relatively larger adults in the second period (Fig.4 c,d). Ungrazed 
(Fig. 4 a,c) and grazed treatments (Fig. 4 b,d) showed similar distribution of 
elasticity values over vital rates.  
 
Life Table Response Experiments 
Life Table Response Experiments (LTRE) showed that grazing treatments had a 
small effect on changes in λ, while the effects of census period and interaction of 
treatment and period were relatively larger (Table 3). LTRE revealed that 
fecundity   contributed    positively   and   survival   contributed    negatively   to  
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Table 3. Magnitudes of the different effects on variation in population growth rate of Caragana 
intermedia in Life Table Response Experiments (LTRE). The mean and standard deviation of the 
absolute values of all levels within a LTRE effect are also given 
 

LTRE effect  
Treatment  
   Ungrazed -0.0005 
   Grazed  0.0004 

    Mean ± SD of | αm |  0.0004± 0.0001 
Period 
   2007-2008 -0.0016 
   2008-2009  0.0043 

   Mean ± SD of | βn |  0.0029± 0.0019 
Interactions between treatment and census period 
   Ungrazed  x 2007-2008  0.0024 
   Grazed x  2007-2008  0.0072 
   Ungrazed x 2008-2009  0.0081 
   Grazed x 2008-2009 -0.0093 

   Mean ± SD of | αβmn |  0.0067± 0.0030 
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Figure 5. Results of analyses of Life Table Response Experiments (LTRE) for Caragana 
intermedia in Mu Us Sandland. Shown are the contributions of vital rates to population growth 
variation in ungrazed (a) and grazed treatments (b) and contributions to temporal variation in 
population growth for 2007-2008 (c) and 2008-2009 (d). Plant volume was natural log 
transformed, originally measured in centimeters. 
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population growth in the ungrazing treatment (Fig. 5a), while the opposite case 
is true in grazing treatment (Fig. 5b).  In both treatments, the magnitudes of 
vital rate contributions were all quite small (Fig. 5a,b). Survival showed positive 
contributions in the first period (Fig. 5c). In the second period, survival showed 
negative contributions, while all other vital rates showed positive contributions 
(Fig. 5d). 
 
Discussion 
Effects of grazing on vital rates  
Grazing unequally affected vital rates of C. intermedia through life stages: it 
greatly reduced seedling survival, increased juvenile survival, but did not affect 
adult survival. High seedling mortality was likely caused by direct grazing 
and/or trampling by livestock (Hulme 1994, Ehrlen 1995a, Hunt 2001b, 
Warner and Cushman 2002, Gomez 2005, Heckel et al. 2010). Mortality of 
adult individuals is commonly low in long-lived woody species, and not greatly 
affected by herbivory (Silvertown et al. 1993, Watson et al. 1997a, Warner and 
Cushman 2002, Sanchez-Velasquez and Pineda-Lopez 2010). Juveniles could 
have benefited from grazing due to reduced density-dependent mortality (Toft 
and Fraizer 2003). Desert shrubs at young stages are often aggregated (Prentice 
and Werger 1985, Toft and Fraizer 2003) and such a distribution pattern was 
also observed in C. intermedia (S.L. Li pers. Observ.). In arid and semiarid areas 
aggregation can induce strong intra-specific competition for water, especially 
when deep roots have not yet developed (Toft and Fraizer 2003). Higher 
seedling mortality rates in grazed populations probably caused juvenile densities 
to be reduced, thus lowering competition among individuals. 

Adult growth of C. intermedia was hardly affected by grazing treatment. 
This tolerance to grazing is probably related to its high capacity for 
compensatory growth (Fang et al. 2006a). Species with a high capacity of re-
sprouting are able to recover from herbivory (Crawley 1983, Gomez 2005, van 
Staalduinen and Anten 2005). On the other hand, nutrients released from goat 
faeces could also contribute to high compensatory growth, especially in 
nutrient-poor areas such as in Mu Us Sandland (Facelli and Springbett 2009, 
Heckel et al. 2010). In our study, the N and P contents in the top 10 cm of soil 
in the grazed plots were 1.5 and 1.7 times higher compared to those in the 
ungrazed plots (S.-L. Li unpublished data).  

Grazing did not affect the probability of flowering, but it greatly reduced 
the number of seedlings recruited in the population. In the study area, grazing 
was ceased from April 1 to July 1. Although this is after the fruiting period of C. 
intermedia, a large proportion of the pods were still attached to the plants and 
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could be consumed by the goats. Another cause of reduced recruitment is a shift 
of biomass allocation to vegetative growth as a result of leaf loss (Harper and 
Ogden 1970, Bastrenta 1991). Although it was not possible to count the 
number of seeds produced, our impression is that there were far less pods 
produced in grazed plots than in ungrazed plots. The low seedling recruitment 
in grazed plots could also be caused by increased soil compaction by livestock 
trampling which may result in low seedling establishment (Hunt 2001b, Heckel 
et al. 2010). Reproduction in perennial plants is often found to be much more 
affected by herbivory compared to other vital rates (Crawley 1983, Bastrenta 
1991, Ehrlen 1995a, Piqueras 1999, Kauffman and Maron 2006, Knight et al. 
2009). Frequent grazing and trampling can greatly reduce or even completely 
block seedling recruitments of perennial plants (Crawley 1983, Bastrenta 1991, 
Ehrlen 1995a, Piqueras 1999, Gomez 2005, Kauffman and Maron 2006, Knight 
et al. 2009). 

 
Effects of grazing on population dynamics  
Integral projection models (IPMs) project that both grazed and ungrazed 
populations are maintained in size. This suggests that population growth of C. 
intermedia is not affected by the currently applied grazing regime. This result is 
consistent with findings for other long-lived woody species in arid zones which 
were shown to be highly tolerant to grazing (Watson et al. 1997b, Sanchez-
Velasquez and Pineda-Lopez 2010). Such tolerance may be commonly found for 
species with long lifespans and a high capacity of compensatory growth (Gomez 
2005, Maron and Crone 2006, Sanchez-Velasquez and Pineda-Lopez 2010).  

How are populations of C. intermedia maintained in grazed and ungrazed 
treatments? Elasticity analysis revealed that the population growth was governed 
in similar ways in both treatments. Survival of large adults was most important 
for population growth, which is typical for long-lived woody species (Silvertown 
et al. 1993, Garcia and Ehrlen 2002, Franco and Silvertown 2004, Koop and 
Horvitz 2005, Sanchez-Velasquez and Pineda-Lopez 2010) and is an important 
feature in arid areas where rainfall varies strongly over time. This apparent 
importance of adult survival for population maintenance points to the need to 
maximize adult survival in grazed populations (Hunt 2001a).  

Although population growth rate was hardly affected by grazing treatment, 
Life Table Response Experiments (LTRE) may still reveal some differences in 
population dynamics under grazed and ungrazed conditions, as in some cases 
large negative contributions from one vital rate can be offset by negative 
contributions from other vital rates, and vice versa (Angert 2006, Yamada et al. 
2007). However, such case did not occur in our study. The results LTRE 
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revealed that all vital rates made very limited contributions to population 
growth variation between grazing and ungrazing treatments, suggesting that 
current grazing regime has little effect on population dynamics of C. intermedia. 

 
Management implications 
Our study clearly shows that responses to grazing can be highly stage-specific, 
and that strong changes in individual performance do not necessarily affect 
population growth. Thus, to assess the consequences of grazing, studies at 
population levels are highly necessary.  

A primary goal in the management of species in a sustainable way is to 
create conditions that can ascertain population maintenance. For long-lived 
shrub species in arid areas, it usually takes a considerable time for seedlings to 
grow into large adults and the chance that they reach that stage may be rather 
low. Survival of large adults is, therefore, important for population 
maintenance, and a slight change in adult survival may have a large impact on 
population dynamics. Thus, to maintain a viable population, grazing intensity 
should be controlled at a level that does not threaten the survival of adults. 
Because susceptibility of different plants to grazing is highly stage-specific, as 
shown by fecundity of C. intermedia in our study, grazing time and duration can 
be controlled to reduce the adverse effect on plants at a specific stage and to 
encourage the whole population to grow. In other words, interrupting grazing 
for a certain period to avoid causing large changes to a highly variable vital rate is 
highly recommended. 
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Chapter 4 Life history traits and population dynamics of a 
dominant clonal shrub in a semi-arid sandland: fast 
population expansion by clonal propagation  
 
With Pieter A. Zuidema, Marinus J.A. Werger, Fei-Hai Yu, Ming Dong 
and Heinjo J. During 
 
Summary 
1. Clonal Inland dunes are often stabilized by rhizomatous clonal plants. To 

understand how these clonal species manage to maintain populations in 
harsh dune environments, demographic studies in natural habitats are 
essential. 

2. A demographic study on a dominant clonal shrub, Hedysarum laeve was 
carried in Mu Us Sandland, Inner-Mongolia, China. Vital rates of ramets 
were recorded during three annual censuses and used to parameterize 
Integral Projection Models (IPMs) to analyze population dynamics of H. 
laeve. 

3. The life history of H. laeve was characterized by high ramet turnover and 
89.7-93.2% of the ramets died every year. Recruitment entirely depended 
on clonal reproduction as no new seedlings were found during the study 
period, in spite of annual flowering and fruiting. H. laeve modified 
investment in response to temporal environmental variation: during the 
second, drier year ramet production was lower but survival and growth of 
existing ramets was higher. The lower number of new ramets produced 
during the dry second year were larger than those produced in the first year, 
suggesting a trade-off between ramet number and size in response to 
temporal rainfall variation. 

4. Population growth rate was above one in both census periods, indicating 
populations were expanding. Elasticity analysis revealed that population 
growth rate was mainly governed by clonal propagation in both census 
periods, while considerable contributions from survival were observed in 
the second period. Results of a Life Table Response Experiments (LTRE) 
revealed that higher population growth in the second year was mainly due to 
higher ramet survival. 

5. Synthesis. Clonal propagation is the major reproductive mode and 
contributes most to the fast population expansion of H. laeve in inland dune 
environments. H. laeve has a strongly explorative strategy because it 
produces large amounts of short-lived ramets. This dune clonal shrub is able 
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to adjust investment between the number and size of clonal offspring to 
adapt to strong temporal variation of rainfall in the inland dune ecosystems. 

 
Key-words: Hedysarum laeve, clonal shrub, dune, elasticity, Integral Projection 
Model (IPM), Life Table Response Experiments (LTRE), population dynamics. 
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Introduction  
Clonal plants are often able to colonize stressful environments and many of them 
are found as pioneer species in ruderal habitats (Hoffmann 1999, Guardia et al. 
2000, Yu et al. 2004, Weppler et al. 2006, Yu et al. 2008, Marcante et al. 
2009). These species have the capacity to modify reproductive strategies in 
response to their environment (Guardia et al. 2000, Clark-Tapia et al. 2005, 
Dong et al. 2006, Weppler et al. 2006). More investment in sexual 
reproduction leads to higher genetic variation, longer dispersal distances and 
allows new colonization, while increased vegetative reproduction increases 
survival of established genets and assists to increase local dominance (Eriksson 
1993, Dong et al. 2006, Weppler et al. 2006). Clonal offspring (ramets) usually 
exhibit higher rates of survival and growth and become reproductive at a 
younger age compared to individuals derived from seeds (Eriksson 1993, 1994, 
Mandujano et al. 2001, Weppler et al. 2006). Apart from changes in investment 
in reproductive modes, clonal plants also modify the size and number of newly 
produced ramets to adapt to spatial or temporal environmental variation 
(Wijesinghe and Whigham 1997, Verburg and During 1998, Araki et al. 2009). 
Changes in relative investment in vegetative and sexual reproduction have 
profound impact on population dynamics and population growth (Guardia et al. 
2000, Mandujano et al. 2001, Clark-Tapia et al. 2005, Weppler et al. 2006, 
Mandujano et al. 2007, Marcante et al. 2009).  

Inland dune habitats are frequently colonized and stabilized by rhizomatous 
clonal plants (Dong and Alaten 1999, Zhang et al. 2003, Yu et al. 2004, Ye et 
al. 2006). These dunes are characterized by frequent sand movement, poor 
nutrition and lack of water, creating harsh conditions for plants (Li et al. 
2010a,b). Quite some attention has been paid to the strategies that allow clonal 
species to adapt to this harsh environment (Dong and Alaten 1999, Zhang et al. 
2003, Yu et al. 2004, Ye et al. 2006). However, most of this work has 
considered plant performance and reproduction at individual level, without 
integrating these to the level of populations (Mandujano et al. 2001, Martinez et 
al. 2001). 

Here we used Integral Projection Models (IPMs) to study the ramet 
population dynamics of a dominant rhizomatous clonal shrub Hedysarum laeve in 
Mu Us Sandland in northern China (Zhang et al. 2002c). H. laeve is locally 
abundant in mobile and semi-mobile dunes in the region and plays an important 
role in trapping sand and protecting dunes from wind erosion (Zhang et al. 
2002c). It shows high morphological plasticity and clonal integration to cope 
with sand burial and heterogeneity of nutrition and water (Zhang et al. 2002b, 
a, Liu et al. 2007a, Yu et al. 2010), but it is still unclear what governs the 
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growth of its populations in these harsh habitats. Specifically, we address the 
following questions: 1) What is the speed of population growth of H. laeve in 
dune environments? 2) What is the relative contribution of sexual and vegetative 
reproduction to population growth, and what vital rates are critical for 
population maintenance? 3) How does H. laeve adapt to temporal environmental 
variation?    
 
Methods 
Study species and area 
Hedysarum laeve Maxim. (Fabaceae) is a dominant rhizomatous clonal shrub in 
Mu Us Sandland (Zhang 1994, Zhang et al. 2002a, Yu et al. 2010). It realizes 
population recruitment by both sexual and vegetative reproduction (Zhang et al. 
2002c, Zhu et al. 2004, Yang et al. 2010). Flowering occurs from late June to 
mid September. Seeds mature between October and November and start to 
germinate in early spring in the next year (Zhu et al. 2004). A seedling of H. 
laeve grows up to become an adult plant after one or more years of establishment 
and then starts vegetative reproduction by sprouting rhizomes on its root collar. 
The rhizome extends horizontally for a certain period and form new ramets 
(Zhang et al. 2003, Yu et al. 2010).  

The study was conducted at Ordos Sandland Ecological Station (OSES, 
39˚29'37.6'' N, 110˚11'29.4'' E) of the Institute of Botany of the Chinese 
Academy of Sciences, located in the north-eastern Mu Us Sandland in Inner 
Mongolia, China. Mu Us Sandland is a semi-arid area of 39 800 km2, with a 
mean annual precipitation of 260 to 450 mm, which is mainly concentrated in 
summer (Zhang 1994). The annual rainfall during our two census periods 
(2007-2008, 2008-2009) was quite similar, but the rainfall during the main 
growing season in the first period (2007-2008) was higher by 30% than that in 
the second period (2008-2009, data from KNMI Climate Explorer, 
http://climexp.knmi.nl/get_index.cgi). The mean annual temperature is 7.5 to 
9.0 ˚C, with a maximum of 20 to 24 ˚C in July and a minimum of -8 to -12 ˚C 
in January (Zhang 1994). Woody shrubs are the dominant growth form in Mu 
Us Sandland and the main shrub species include H. laeve, Artemisia ordosica, 
Sabina vulgaris, Salix psammophila and Caragana intermedia (Li et al. 2010a). These 
species comprise a large proportion of the total vegetation coverage and fix the 
sand dunes to different extents (Bai et al. 2008).  
 
Study design and data collection  
In 2007, three permanent plots of 460, 460 and 456 m2 were constructed. The 
plots were subdivided into 344 subplots of 2 × 2 m. For individuals (ramets) 
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with height from 20 cm to 60 cm, 235 subplots were sampled. Individuals 
shorter than 20 cm or taller than 60 cm were searched in the entire plot. A total 
of 19 057 individuals were included.  

Annual censuses were conducted in September of 2007, 2008 and 2009, 
respectively. At the first census, total height and basal stem diameter were 
measured for each individual (ramet), and reproductive status was recorded. 
Upon first measurement, each individual was labeled. In 2008 and 2009 the 
survival of all labelled individyuals was checked, and the surviving individuals 
were re-measured, their reproductive status was recorded and new vegetatively 
produced shoots of these individuals were searched and measured. It proved 
impossible to trace the ‘parent’ of new ramets without strongly taking away soil 
and risking heavy disturbance of rhizomes. We therefore assumed that 
vegetative reproduction was generally size-dependent (Verburg et al. 1996, 
Verburg and During 1998). Thus, the probability of ramet production from 
each ramet individual was calculated by multiplying its size by the ratio of the 
total number of newly recruited ramets in the current year to the sum of size of 
all ramets in the previous year in each plot. Seedling recruitment was monitored 
during the entire growing season from May to September in each census. 
 
Statistic analysis 
We tested for temporal differences in vital rates in each habitat using paired t-
tests (for growth) and logistic regression analyses (for survival and flowering 
probability). For those variables in which significant differences were found, we 
performed statistical analyses for the two years separately and included year-
specific values in our models. 

We used regression models to relate current size (x) of an individual to its 
future size (y), survival and reproduction. The probability of survival s(x) and 
flowering pf(x) were modelled as logistic regressions, with size as independent 
variable. In a linear regression, future size y was related to present size x. 
Subsequently, variances of that relation were again related to x in another linear 
regression.  

Moreover, we tested the effects of age on individual survival, growth and 
flowering probability with multiple regressions. Individuals recorded in 2008 
were classified into one of two groups: those newly recruited in 2008 and those 
that survived from previous years to 2008. As we were unable to assign age to 
individuals in 2007, we lacked information to calculate transitions among age 
classes and did not include age in our population models. 
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We compared regression model output obtained for height and stem 
diameter. Because regression models with height as size variable yielded higher 
R2 values, we used this variable in the population models.  
 
Integral projection models (IPMs) 
We analyzed the population dynamics of H. laeve using Integral Projection 
Models (IPMs), which describe how a continuously size-structured population 
changes in discrete time (Easterling et al. 2000). In IPMs, the state of the 
population at time t is described by a distribution function n(x, t) and n(x, t)dx 
represents the number of individuals with size in the range [x, x + dx]. The 
population dynamics is then written as:  

 
where [L,U] is the range of all possible sizes, p(y, x)represents survival and 
growth from size x to size y and f(y, x) represents number of new births of size y 
produced by parent at size x. The combination of p(y, x) and f(y, x) is called a 
kernel K(y, x), i.e., K(y, x) = p(y, x) + f(y, x). The kernel is a non-negative 
surface representing all possible transitions from size x to size y. We applied the 
midpoint rule to convert the kernel into a large transition matrix with 100 mesh 
points (Easterling et al. 2000). This large transition matrix is functionally similar 
to a classical transition matrix, and therefore the same output can be obtained. 
Because we found significant differences between periods, we constructed IPMs 
calculate the population growth rate (λ) for each of two years. Confidence 
intervals for λ were calculated by bootstrapping (Jongejans et al. 2010). For each 
bootstrap estimate, we resampled with replacement from the datasets (n=19 
057), re-calculated regression coefficients, established the kernel and calculated 
λ. This was repeated 5 000 times and the 95% confidence intervals for λ were 
obtained from the frequency distribution of these values.  

To examine the relative importance of each transition element or vital rate 
to the population growth rate (λ), elasticity analysis was conducted. Elasticity 
quantifies the proportional change in λ caused by a proportional change in a 
matrix element or vital rate (de Kroon et al. 2000, Caswell 2001, Zuidema and 
Franco 2001). We first performed elasticity analysis of transition elements, in 
which survival was contained in growth and shrinkage transitions (de Kroon et 
al. 2000, Caswell 2001). Then, to specifically examine the importance of each 
vital rate, we performed vital rate elasticity, which separates survival effects 
from growth and shrinkage effects (Zuidema and Franco 2001). 
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Differences in population growth rates between periods may be caused by 
temporal variation in vital rates. Analysis of Life Table Response Experiments 
(LTRE) allows quantification of the contribution of each element or vital rate to 
the observed difference in population growth rate (Caswell 2001). We 
conducted a one-way design LTRE on vital rates to evaluate the contribution of 
variation in vital rates to differences in population growth rate (Caswell 2001, 
Yamada et al. 2007). 

 
All analyses were performed with the software R 2.10.0 (R development 

core Team 2010). 
 
Results 
Vital rates in relation to ramet size and age 
Ramet survival was low: individuals of 50 cm (the average ramet size) had a 
survival probability of less than 10% in both census periods (Table 1, Fig. 1a,b).  
 
Table 1. Statistical models and parameter estimates used to construct the kernel for the Integral 
Projection Model of Hedysarum laeve in Mu Us Sandland during 2007-2008 (period 1) and 2008-
2009 (period 2) . The models are functions of plant height (x, cm). Values in parentheses are 
standard errors of the parameter estimates 
 

 

Demographic 
process 

Period Model 

Survival 
probability 

(s) 

1 Logit(s) = -3.83(0.12) + 0.02(0.00)x  
n = 4989, R2 = 0.09, p < 0.0001 

2 Logit(s) = -4.49(0.11) + 0.04(0.00)x  
n = 7214, R2 = 0.21, p < 0.0001 

Flowering 
probability 

(pf) 

1 Logit(pf) = -6. 62(0.28) + 0.03 (0.00)x,  
n = 4989, R2 = 0.24, p < 0.0001 

2 Logit(pf) = -7. 50(0.27) + 0.06 (0.00)x,  
n = 7214, R2 = 0.32, p < 0.0001 

Future size 
(ŷ) 

1 ŷ = 11.72 (3.14) + 0.67 (0.04)x , 
n = 336, R2 = 0.50, p < 0.0001 

2 ŷ = 52.76 (2.49) + 0.53 (0.03)x , 
n = 745, R2 = 0.25, p < 0.0001 

Variance 
of growth 
(σ2) 

1 σ2 = 11.2 (1.64)x, 
 n = 336, R2 = 0.12, p < 0.0001 

2 σ2 = 6.72 (1.21)x, 
 n = 745, R2 = 0.04, p < 0.0001 

Size distribution  of 
new ramets 

1 Gaussian with mean = 44.6, Variance = 467.8,  n = 6878 
2 Gaussian with mean = 56.9, Variance = 480.1,  n = 7179 
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Table 2. The effects of age on the survival, growth and flowering probability of Hedysarum laeve 
in Mu Us Sandland during 2008-2009. The models are functions of plant height (x, cm), age (a) 
and interactions between height and age (x_a). Values in parentheses are standard errors of the 
parameter estimates 
 
Demographic 
process 

Model 

Survival 
probability (s) 

Logit(s) = -4.77(0.12) + 1.60(0.37)a + 0.05(0.00)x -0.03(0.00)x_a  
n = 7214, R2 = 0.22, P < 0.0001 

Flowering 
probability (pf) 

Logit(pf) = -8.10(0.32) + 2.36(0.78)a + 0.07(0.00)x -0.03(0.01)x_a,  
n = 7214, R2 = 0.33, P < 0.0001 

Future size (ŷ) 
 

ŷ = 52.21(2.62) + 0.54 (0.04)x , 
n = 745, R2 = 0.25, P < 0.0001 
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Figure 1. Relations of vital rates related to height for Hedysarum laeve in Mu Us Sandland during 
2007-2008 (a, d, g) and 2008-2009 (b, c, e, f, h, i). Individuals in 2008 were presented as one 
group (b, e, h) but also divided into two groups: new recruited ramets (new) and ramets 
survived from previous years (old; c,f,i). Regression functions are described in Table 1 and 
Table 2.  
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Survival chance increased with ramet size and large individuals (100-200 cm 
height) exhibited a considerably higher survival probability, particularly during 
the second year (45.1-98.4%; Fig. 1b). Interestingly, newly recruited ramets 
had a higher survival rate than existing ramets (Table 2, Fig. 1c). 

Height growth declined with ramet height, as indicated by the regressions 
with slopes of <1 (Table 1 and Fig. 1d,e). Large growth variation, both positive 
and negative (shrinkage), were observed during both census periods (Fig. 1d,e). 
Ramets generally showed slower growth in the first (Fig. 1d) than in the second 
year (Fig. 1e). There was no effect of age on ramet growth (Table 2, Fig. 1f)  

Flowering probability increased with plant height (Table 1 and Fig. 1g,h) 
and was higher for newly recruited ramets compared to old ramets (Table 2, 
Fig. 1i).  

Population recruitment was realized entirely by clonal propagation. 
Although seeds were produced annually, no seedlings (new or old) were 
observed during the study period within the permanent plots. Recruitment by 
seed is possible in the area, as we found two seedlings outside the plots in the 
first census period. Each ramet produced an average number of 1.4 and 1.0 new 
ramets in the first and second year, respectively. While fewer ramets were 
produced during the second year, these recruits were taller than those produced 
in the first year (Table 1).  

 The resulting kernels clearly reveal the dominance of clonal propagation 
for the population dynamics of H. leave in both years (Fig. 2). 
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Figure 2. Fitted kernels of transitions for Hedysarum laeve in Mu Us Sandland during 2007-2008 
(a) and 2008-2009 (b). Transition values are shown for transitions from present size (x-axis) to 
future size (y-axis). Grey tones indicate the magnitude of the transitions; with values > 0.05 
shown in white. Transitions along the diagonal represent survival-growth transitions, while 
those on the bottom correspond to recruitment. 
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Population growth rates and stable structures  
Projected population growth rates (λ) were above unity in both census periods 
(2007-2008: λ = 1.27[1.22, 1.33]; 2008-2009: λ = 1.53[1.50, 1.60]), 
suggesting that populations experience fast expansion, in particular under the 
conditions prevailing in the second year.  

Both the observed and the stable population structure were characterized 
by high proportions of small- and moderate-sized individuals (20-80 cm). The 
stable size distribution in the second period shifted a bit to the larger individuals.  
 
Elasticity analyses and Life Table Response Experiments (LTRE) 
We performed two types of elasticity analyses, one for the elements in the 
transition matrix and the other for the underlying vital rates. Element elasticity 
analyses showed that intermediate-sized individuals (20-80 cm height) were 
much more important for population growth than larger individuals (100-200 
cm, Fig. 3). Vital rate elasticity showed that population growth of H. laeve was 
overwhelmingly determined by clonal propagation (Fig. 4, both years) followed 
by survival (second year).  

Our LTRE analysis showed that the variation in λ between census periods 
was attributed mainly to survival (explaining 67% of variation) and to a lesser 
extent to growth (17%), clonal propagation (6%) and shrinkage (10%; Fig. 5).  
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Figure 3. Elasticity of population growth rate to transitions for Hedysarum laeve in Mu Us 
Sandland during 2007-2008 (a) and 2008-2009 (b). Elasticity values are shown for transitions 
from present size (x-axis) to future size (y-axis). Grey tones indicate the magnitude of the 
elasticity; values > 0.002 are shown in white. 
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Figure 4. Vital rate elasticity for Hedysarum laeve in Mu Us Sandland during 2007-2008 (a) and 
2008-2009 (b). 
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Figure 5. Results of analyses of Life Table Response Experiments (LTRE) for Hedysarum laeve in 
Mu Us Sandland. Shown are the contributions of vital rates to temporal variation in population 
growth between 2007-2008 and 2008-2009. 
 
Discussion 
Reproductive strategies  
Recruitment in the studied populations of H. laeve was entirely realized by 
vegetative reproduction. Vegetative reproduction is often found as a major and 
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successful pathway of population regeneration of clonal plants in stressful or 
highly disturbed environments (Parker and Hamrick 1992, Mandujano et al. 
2001, Clark-Tapia et al. 2005). The results of our elasticity analysis indeed 
confirmed the high importance of clonal reproduction for population growth (a 
contribution of 76-99%). In arid dune environments unpredictability of rainfall 
and frequent sand movement often lead to failed seedling recruitment. This 
applies to a much smaller extent to clonal offspring which receives support from 
parent ramets by clonal integration, thus increasing the ability to tolerate 
resource deficiency and environmental fluctuations (Stuefer et al. 1994, Dong 
and Alaten 1999, Stuefer and Huber 1999, Zhang et al. 2003, Huber et al. 
2004, Yu et al. 2004, Ye et al. 2006, Liu et al. 2007a, Mandujano et al. 2007, 
Winkler et al. 2010). Through clonal support, ramets of dune-inhabiting plants 
are also able to survive sand burial and wind denudation. This tolerance of burial 
and denudation is probably one of characteristics that makes clonal plants such as 
H. leave highly suitable to plant in mobile dunes or deserts in dune fixation 
projects (Yu et al. 2002, Zhang et al. 2002b, a, Zhang et al. 2003, Yu et al. 
2004, Yu et al. 2008).   

Although a substantial percentage of ramets is flowering annually, no new 
seedlings were found within our study plots during the three censuses. The 
unsuccessful sexual reproduction of H. laeve could be caused by the failure of 
part of the flowers to set seeds (S. Li, pers. observ.) or poor seed germination. 
Rare and irregular seedling recruitment is a common phenomenon in clonal 
plants (Eriksson 1989, 1993, Ehrlen and Eriksson 2003) and has been found in 
clonal desert species even when seeds are regularly available (Jordan and Nobel 
1979, Mandujano et al. 2001, Mandujano et al. 2007). Although seedlings were 
rarely found, high genetic variation was found within the populations of H. laeve 
in a nearby area (Ge et al. 1999), suggesting that recruitment from seeds does 
occur at least occasionally, and the sporadic sexual recruitment is sufficient to 
maintain genetic variation (Eriksson 1989, Bingham and Ranker 2000, Verburg 
et al. 2000, Clark-Tapia et al. 2005). It has been suggested that even a low rate 
of seedling establishment may be enough for maintenance of genetic variation 
and thus the population’s persistence in clonal plants, although the mechanism is 
still unclear (Eriksson 1989, Bingham and Ranker 2000, Verburg et al. 2000, 
Clark-Tapia et al. 2005) 
 
Explorative strategy 
The life history of H. laeve was characterized by high ramet turnover, with both 
high ramet mortality and high ramet recruitments. Elasticities of vital rates 
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showed that ramet propagation, rather than ramet survival, growth or 
shrinkage, contributed most to the rapid population growth (λ =1.27-1.53) in 
this species. Thus, the demographic traits of high ramet turnover contribute 
importantly to population fitness. On the one hand, we found that age had a 
negative effect on ramet survival and flowering probability. Such age-induced 
decline in plant performance has also commonly been found in other clonal 
plant species (Watkinson 1992, Pedersen 1995, Silvertown et al. 2001, Hara et 
al. 2004). Therefore, high turnover of ramets helps to improve genet 
performance by replacing ageing ramets by young ones, because when aging 
ramets die, a substantial part of their resources may be withdrawn and re-
allocated to the new, growing ramets (Watkinson 1992, Pedersen 1995, 
Zuidema 2000). On the other hand, the nutrients in the dune environment are 
quite poor and usually distributed heterogeneously (Dong and Alaten 1999, Yu 
et al. 2004, Ye et al. 2006, Liu et al. 2007a). Under such conditions, clonal 
spread via rhizomes assists (long-lived) genets to explore large areas for 
nutrients (and water), while fast ramet turn-over avoids local nutrient depletion 
(Ye et al. 2006). Although we have no information on longevity and spatial 
extent of genets, H. leave likely exhibits the explorative foraging strategy 
outlined above, which is often adopted by rhizomatous clonal plants in resource-
poor conditions (Slade and Hutchings 1987, Hutchings 1988, Dong and de 
Kroon 1994, Humphrey and Pyke 1997, Ye et al. 2006, Ikegami et al. 2009).  
 
Demographic adaptation to environmental variation  
We observed strong changes in vital rates of H. laeve in response to the 
considerably lower rainfall during the growth season of the second measurement 
year. During that year, rates of ramet survival and growth were higher but 
recruitment of new ramets was much lower compared to the first year. These 
changes seem to imply a trade-off between maintaining existing ramets versus 
production of new ramets. This may be related to the higher mortality risk of 
small ramets which lack deep rooting systems that enable them to survive dry 
years. Indeed, during the second year we observed a considerably higher 
survival rate of new ramets compared to existing ones and a very steep increase 
in survival with plant height. Interestingly, those ramets that were produced 
during the dry second year were much larger than those appearing during the 
first year, suggesting again an adaptation to dry conditions.  

Counterintuitive to these responses is our finding of a much higher 
population growth rate during the second year (1.53 compared to 1.27 in the 
first year). The analysis of Life table Response Experiments revealed that this 
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shift in λ was mainly due to the substantially higher survival rate during the dry 
year.  

 
Conclusions  
Clonal propagation was the major reproductive mode and contributed most to 
the successful population persistence of Hedysarum laeve in inland dune 
environments. High explorative strategies of producing large amounts of ramets 
from rhizomes, through a combination of high ramet turn-over and prolonged 
genet longevity, enable H. laeve to explore large areas of nutrient-poor and 
water-limited soils. High levels of plasticity in the level of investment in clonal 
reproduction and the size of clonal offspring allow this species to adapt to strong 
temporal variation in water availability in its dry environment.  
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Chapter 5 General summary and discussion 
 
In this thesis, I studied the demography of three dominant shrubs in Mu Us 
Sandland, in Inner Mongolia, China, to investigate how woody plants manage to 
colonize (semi-) mobile sand dunes (Chapters 2 and 4), to maintain populations 
across different dune fixations stages (Chapter 2) and to cope with grazing 
activities of large herbivores (Chapter 3). Below I analyze the differences in life 
history traits and demographic adaptations of my study species and discuss these 
differences in relation to the ecology of woody plants in dune ecosystems in 
general. I also evaluate the advantage of using Integral Projection Models 
(IPMs), the type of models used in this thesis. Finally, I briefly discuss the 
implications of my findings for practical population management in inland dune 
ecosystems.  
 
Life history characteristics of woody plants in dune environments  
Inland dune ecosystems are harsh environment for long-lived woody plants 
because of poor water and nutrient availability and frequent sand movement 
(Danin 1996, Brown 1997, Mandujano et al. 2001, Mandujano et al. 2007). As 
a result, long-lived woody plants have a high risk of being killed by sand 
movement or a long period of drought and this may occur even before they 
reach reproductive size. As dunes become more fixed, the increased coverage of 
annual plants with shallow root systems and the formation of microbiotic crusts 
reduce water percolation to deeper soil layers (Eldridge and Greene 1994, Li et 
al. 2006). Woody plants which typically possess deep rooting systems may then 
suffer from water shortage (Eldridge and Greene 1994, Li et al. 2006, Liu et al. 
2007b). Finally, growth of woody plants may be strongly impeded by herbivores 
(browsers) which can remove a large share of a plant’s seasonal growth in these 
habitats. Thus, long-lived woody species can only maintain populations in such a 
dune environment if they possess particular life history strategies that enable to 
overcome these stresses.  

The demographic studies reported in this thesis show how three woody 
species inhabiting different dune habitats cope with harsh dune conditions. 
Below, I combine information on life history traits of these three species taken 
from Chapters 2-4. I then use this information to evaluate whether these species 
adopt different life history strategies, and I find that they do. 
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Figure 1. A comparison of the relations between vital rates and height for the study species in 
this thesis. Shown are results for Hedysarum leave (Chapter 4, in semi-fixed dunes), Artemisia 
ordosica (Chapter 2, in semi-fixed dunes) and Caragana intermedia (Chapter 3, in ungrazed site, 
fixed dunes). Logistic regressions (a and c) and linear regressions (b) are shown for the range of 
sizes present in the populations.  Data are from census period 2007-2008. 

 
Survival 
The three dune species included in this study showed strong differences in 
survival rates (Fig. 1a), with Caragana intermedia and Artemisia ordosica exhibiting 
high survival rates compared to the much lower rate for Hedysarum leave. The 
size-dependent patterns in survival also differed across species. In C. intermedia 
and A. ordosica seedling survival was generally very low (< 40 %), while almost 
no mortality was observed in individuals taller than 30-40 cm (Fig. 1a). A. 
ordosica individuals shorter than this height likely have a higher chance to suffer 
from burial by sand and denudation of their rooting systems. In a field 
experiment that was conducted at the study site I found that A. ordosica seedlings 
were highly tolerant to moderate wind denudation and partial sand burial, as 
they flexibly shifted biomass allocation between roots and above-ground plant 
parts (Li et al. 2010a). However, under severe denudation and complete sand 
burial treatments in these experiments, survival of seedlings became greatly 
reduced (Li et al. 2010a). Highly reduced seedling survival under deep sand 
burial was also found in other Inner Mongolian woody dune species (Shi et al. 
2004, Liu et al. 2008). Thus, the steep increase in survival with height may be 
related to lower chances of complete burial or severe denudation for larger-
sized plants. The low seedling survival of C. intermedia was probably caused by 
livestock herbivoy and trampling. Both species showed a survival pattern that 
after individuals escaped the size range with high mortality risk due to sand 
movement or livestock, they tend to have very high survival probability.  

Compared to these non-clonal shrubs, H. laeve exhibited a completely 
different survival-size relation, with low survival rates across all ramet sizes and 



 

 67 

with only a very gradual increase in survival with plant height (Fig. 1a). This 
pattern is clearly related to the life history strategy of H. leave. After seedling 
establishment, the plant explores its habitat by vigorous growth of rhizomes, 
which produce many ramets at clear distances from the location of 
establishment. The ramets of this rhizomatous species are very short-lived, 
typically living for just a couple of years (Chapter 4). I also found that ramet 
performance (growth and sexual reproduction), was negatively affected by 
ageing (Chapter 4). High ramet turnover may improve genet performance and 
extend genet survival by replacing ageing ramets by young ones. Therefore, 
genets of this species are likely very long-lived, and their survival-size relation 
would probably be very different from that of ramets, and closely resemble that 
of individuals (genets) of C. intermedia and A. ordosica.  
 
Growth  
Growth rates and size-dependent growth patterns differed strongly across my 
study species. For instance, small individuals of A. ordosica and H. laeve in semi-
fixed dunes grew faster in height than those of C. intermedia in fixed dunes (Fig. 
1b). This growth pattern is probably linked to the decrease in sand movement 
frequency and magnitude along the dune fixation process. It is commonly found 
that plant growth in (semi-) mobile dunes can be highly stimulated by partial 
sand burial and fast growth is considered as an important adaptive trait for dune 
plants to escape deep sand burial and removal (Brown 1997, Shi et al. 2004, 
Dech and Maun 2006, Liu et al. 2008). On the other hand, comparisons of A. 
ordosica across habitats showed that plant growth declined strongly as dunes 
became more fixed (Chapter 2). Reduced growth vigour in the absence of sand 
burial is commonly found in dune species which are well adapted to – and often 
stimulated by – burial (Dech and Maun 2006, Liu et al. 2008). Another likely 
reason for the fast growth of small H. laeve ramets is that small ramets receive 
support from parent ramets by clonal integration (Zhang et al. 2002b, a, Liu et 
al. 2007a).  

Growth rates of large individuals showed quite a distinct pattern, with H. 
laeve exhibiting the lowest rates of the three species (Fig. 1b). H. laeve usually 
dominates mobile and semi-fixed dunes, which are characterized by high 
frequencies of strong wind. This species does not form dense crowns, which 
makes the tall ramets highly vulnerable to forceful wind gusts and grating by the 
sand they carry. The ramets are very short-lived and rather few tall ramets 
survive to next growth season, and most of them show shrinkage in height 
(Chapter 4). In contrast, C. intermedia can grow tall and forms a large and dense 
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crown, probably because it has very deep and large root system to absorb water 
and nutrient and its thick woody branches are much resistant to wind forces. 

Annual plant growth of C. intermedia was very similar in grazed and 
ungrazed sites, which indicates a high capacity for compensatory growth after 
grazing (Chapter 3). Such compensatory growth allows the plants to quickly 
replace lost photosynthetic tissue. As plant survival and reproduction generally 
depend on plant size (Chapter 2, 3 and 4), the capacity of keeping plant size 
unaffected may be crucial for the survival of plants in ecosystems with extensive 
grazing. 

 
Reproduction 
Recruitment is realized in different ways by the three study species. C. intermedia 
and A. ordosica showed regular flowering every year with steeply increasing 
flowering probability with plant height (Fig. 1c). Furthermore, in these species I 
found that the reproductive onset was mainly dependent on size and was not 
affected by grazing (C. intermedia, Chapter 3) or burial and denudation (A. 
ordosica, Li et al. 2010b). Although both species realize population regeneration 
by regular annual seedling recruitment, their recruitment strategies are 
somewhat different. The strategy of A. ordosica is to produce large amounts of 
tiny seeds (Huang and Gutterman 2000). The tiny seeds of A. ordosica are 
enclosed by a mucilage layer (Huang and Gutterman 2000), a phenomenon is 
also found in many other desert plants producing tiny seeds (Gutterman and 
ShemTov 1996, 1997, Huang and Gutterman 1999, Huang et al. 2008). The 
mucilage layer allows for absorbing relatively large amounts of water within a 
very short time and having a high water holding capacity (Gutterman and 
ShemTov 1996, 1997, Huang and Gutterman 1999, 2000, Huang et al. 2008).  
As a result, these tiny seeds are able to germinate after a small amount of rain 
has fallen by using the water they collected in their mucilage layer. As a result, 
A. ordosica can germinate continuously during the rainy season (Huang and 
Gutterman 2000). However, the tiny seeds run a high risk of being blown away, 
or become buried in deep sand before germination, while seedlings after 
germination also have high possibility of dying if there is no rainfall shortly after 
germination. Nevertheless, because of the great quantity of seeds produced, 
very large seed banks are stored in the soil (Huang and Gutterman 2000). 
Compared with A. ordosica, C. intermedia produces far less seeds but with a larger 
size, and seed germination is only triggered by relatively heavy summer rainfall 
(Fang et al. 2006a). The strategy adopted by C. intermedia has the advantage that 
the soil is sufficiently moist after relatively heavy rainfall allowing for prolonged 
seedling survival. Water availability is the most important force determining 
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seedling survival as this species is restricted to well-fixed dunes and its seedlings 
are therefore much less prone to sand burial. 

The clonal shrub H. laeve has a completely different recruitment strategy. 
Although flowering occurred every year and flowering probability increased 
with ramet size (Fig. 1c), seedling recruitment was rarely observed and 
population regeneration was almost entirely realized by vegetative reproduction 
(Chapter 4). Such rare and irregular seedling recruitment is a common 
phenomenon in clonal plants (Eriksson 1989, 1993, Ehrlen and Eriksson 2003) 
and has been found in clonal desert species even when seeds are regularly 
available (Jordan and Nobel 1979, Mandujano et al. 2001, Mandujano et al. 
2007). Compared to seedlings, ramet offspring is more advantageous for plants 
inhabiting (semi-) mobile dune environments, because ramets quickly become 
larger than seedlings and run less risks of being deeply buried or denudated 
(Mandujano et al. 2001, Weppler et al. 2006). Moreover, as clonal ramets get 
support from connected ramets by physiological integration (translocation of 
water, nutrients and photosynthates), they are better able to tolerate local 
resource deficiency and environmental fluctuations (Stuefer et al. 1994, Dong 
and Alaten 1999, Stuefer and Huber 1999, Zhang et al. 2003, Huber et al. 
2004, Yu et al. 2004, Ye et al. 2006, Liu et al. 2007a, Mandujano et al. 2007, 
Winkler et al. 2010).   

The above comparison showed clear differences in vital rates between my 
study species. This suggests that long-lived woody plants can adapt to living in 
dune ecosystems in different – and quite distinct – ways. Such different 
strategies may have profound implications for population dynamics, a topic that 
is discussed in the following sections. 
 
Demographic differences between species and habitats in dune 
environments 
In the previous section, I have shown that vital rates differed substantially across 
my study species. Below I will evaluate the demographic consequences of these 
differences. I also observed strong differences in vital rates across habitats for 
one of my study species (Chapter 2). I also discuss the consequences of such 
habitat-related variation on population dynamics. Finally, it is of interest to 
relate the life history strategies of my study species to those of other woody 
plants. I use output from population models to make such a comparison.   
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Figure 2. A comparison of asymptotic population growth rates (λ with confidence intervals) of 
the study species for the three main habitats in the study region. Data are shown for Hedysarum 
laeve (diamond), Caragana intermedia (in ungrazed site; dot) and Artemisia ordosica (triangles). 
Results are from census period 2007-2008. 
 
Population growth rate and structure  
Populations may grow, remain stable, or decline in size and their size 
distributions (population structures) may differ in shape. Population growth rate 
and population structures are commonly found to vary across habitats 
(Oostermeijer, van’t Veer and den Nijs 1994; Parker 2000; Koop and Horvitz 
2005). My study also showed such variation in population growth rates and 
population structures. In general I found that populations in early dune fixation 
stages showed higher growth rate than those in later stages (Fig. 2): λ was above 
unity in H. laeve and A. ordosica in semi-fixed dunes, close or slightly lower than 
one in C. intermedia and A. ordosica populations in fixed dune, and below one in 
A. ordosica in fixed dunes covered with microbiotic crusts. Structures of the fast 
expanding populations in early dune fixation stages were characterized by high 
proportions of seedlings/ramets and relatively small sized individuals (Chapter 2 
and 4); the stable populations in fixed dunes had high proportions of large adults 
and low proportions of seedlings (Chapter 3), while the declining populations at 
the later stages were characterized by lack of seedling recruitment and high 
proportions of middle sized adults (due to strong size shrinkage; Chapter 2). 
These similarities in population growth and structure of species inhabiting 
similar dune fixation stages suggest that the dune fixation process is an important 
environmental factor in the demography of woody dune plants. It seems that 
woody plants will gradually lose their dominance as the dune gets more fixed, 
although they may still have high abundance temporally due to longevity of 
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already established individuals. Also, the decline in their abundance can be partly 
buffered by demographic adaptations, such as size shrinkage in later dune 
fixation stages.  

What caused this strong variation in population growth rates across 
habitats? Analysis of Life Table Response Experiments (LTRE) allows 
quantifying which vital rates are responsible for this difference in population 
growth rate (Caswell 2001).  A. ordosica showed strong variation in population 
growth rates across habitats. LTRE analysis revealed that the lower population 
growth rates in later dune fixation stages were mainly caused by reduced 
fecundity and plant growth, while survival, which is most important for 
population maintenance, did not show much contribution (Chapter 2). This 
result suggests that A. ordosica is able to keep the critical vital rates stable even 
while coping with the continuous changes in living conditions brought about by 
the long term dune fixation process.  

Population growth rates also differed between years. In A. ordosica, there 
was a moderate decline in the drier second year, which could be attributed to 
reduction in survival. Thus, short-term environmental fluctuations, can 
seriously affect the population growth of A. ordosica by strongly influencing 
survival. In the other two study species, population growth rates were not 
reduced in the second year, suggesting that populations of H. leave and C. 
intermedia are rather resistant to dry years. In C. intermedia this tolerance may be 
caused by the deep rooting systems (Fang et al. 2006a, Fang et al. 2006b, Fang 
et al. 2008), while in H. leave the large extent of genets in horizontal space may 
increase the chances to reach water.  

 
Life history strategies of woody plants in dune ecosystems  
Woody plants may adopt different life strategies to survive in dune ecosystems. 
Such strategies can be evaluated by calculating and comparing elasticity values. 
These elasticity values quantify the proportional change in population growth 
rate (λ) due to a proportional change in a vital rate (de Kroon, van Groenendael 
and Ehrlen 2000; Caswell 2001; Zuidema and Franco 2001). When summing 
the elasticity values of growth (and shrinkage), survival and reproduction (sexual 
and vegetative), one can obtain three key values that indicate the contribution of 
growth, survival and reproduction to population growth. These three values can 
be placed in a triangular graph, the ‘demographic triangle’ (Silvertown et al. 
1993), The positions of species in this demographic triangle reflect their life 
history  strategies,  their  habitats  and  are  also  correlated with  the  population  
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Figure 3. A comparison of vital rate elasticities of the study species with those from 51 other 
woody species from various habitats. Elasticity values of my study species: Hedysarum laeve 
(diamond), Caragana intermedia (ungrazed site; open dot) and Artemisia ordosica in semi-fixed 
dunes (triangle), fixed dunes (cross) and fixed dunes with microbiotic crusts (star). Data on 
other species (open dot) are from Zuidema (2000) and Franco and Silvertown (2004). 
 
growth rates (Zuidema 2000, Franco and Silvertown 2004). For instance, short-
lived herbs are usually positioned in the lower-left corner, while woody species 
are generally found in the lower-right corner of the triangle (Zuidema 2000, 
Franco and Silvertown 2004).  

I have put my three study species in this demographic triangle to evaluate 
their position in relation to woody species in many other habitats. Figure 3 
shows that my three study species cover quite a large range in the demographic 
triangle: A. ordoscia and C. intermedia were placed in the lower-right corner, 
while H.laeve was found in the extreme lower-left corner (Fig. 3). This suggests 
that quite different demographic strategies are adopted by the three dune shrubs 
for their population maintenance. The positions of A. ordosica and C. intermedia in 
the demographic triangle fall within the range of other woody species 
(Silvertown et al. 1993, Zuidema 2000, Franco and Silvertown 2004), while H. 
laeve deviates far from the range, and is located in the range of the short–lived 
herbs. This deviation can be explained by the differences in their life history.  A. 
ordosica and C. intermedia both showed high survival, which is a typical life history 
trait of woody plants. In contrast, the life history of H. laeve is characterized by a 
high ramet reproduction and turnover, which are typical in short-lived herbs 
(Silvertown et al. 1993, Zuidema 2000, Franco and Silvertown 2004).  The 
position in the demographic triangle also seems to reflect adaptations to the 
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habitats in the dune fixation process: H. laeve and A. ordosica both showed an 
explorative strategy in those stressful conditions of still moving sands by 
producing large amounts of ramets or seedlings, reflected by their positions 
towards the left in the demographic triangle (extreme left for H. laeve and 
moderately left for A. ordosica). In later dune fixation stages, A. ordosica seems to 
shift to an exploitative and a more consolidating strategy (survival, instead of 
establishment is more important), as shown by positions more towards the 
lower right corner in the triangle. A similar consolidating strategy seems to be 
adopted by C. intermedia in fixed dunes, also with a position in the lower-right 
corner. My results indicate that woody plants win demographic success in dune 
ecosystems by quite different life history strategies and such strategies can be 
adjusted in different dune habitats.  
 
The role of shrinkage in population dynamics  
Plant shrinkage is a commonly observed phenomenon in long-lived desert plant 
(von Willert et al. 1992). While the adaptive value of promoting plant survival 
under stress conditions is well acknowledged, its demographic importance has 
often been ignored. Recently, demographic contributions of shrinkage in 
herbaceous plants have been studies by Salguero-Gomez & Casper (2010) with 
elasticity analyses for 80 herbs. They found that shrinkage could help 
populations to maintain themselves and to recuperate after disturbances.  
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Figure 4. Proportion of individuals exhibiting shrinkage for the three study species: Hedysarum 
laeve (diamond), Caragana intermedia (in ungrazed cite; dot) and Artemisia ordosica (in semi-fixed 
dunes; filled triangle). Results were from census period 2007-2008. 
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In this study, I found evidence for shrinkage in all my study species and in 
almost all size categories, but with generally lower frequencies in small 
individuals and higher frequencies in middle or large sized individuals (Fig. 4). I 
found shrinkage can have different effects on population growth for different 
species or species inhabiting different dune habitats. A simulation using the first 
census data showed that, if those plants that are in reality shrinking would all 
die, the population growth rate of C. intermedia would become extremely 
reduced (from 0.99 to 0.18), that of A. ordosica would also be largely reduced 
(from 1.35, 0.98, 0.94 to 1.03, 0.53, 0.49 in semi-fixed dunes, fixed dunes and 
fixed dunes with microbiotic crusts, respectively), while that of H. laeve would 
be hardly affected (from 1.27 to 1.24). This clearly shows the adaptive 
significance of shrinkage for plants that are living under stressful conditions. The 
large differences in the effects of replacing shrinkage with death among species 
are not difficult to explain: population growth rates of C. intermedia and A. 
ordosica are highly dependent on survival, while population growth of H. laeve is 
mainly realized by high ramet reproduction. My results suggest that the adaptive 
role of shrinkage differs among woody dune plants, but that it is crucial for long-
lived woody plants for which survival is an important vital rate.  
 
Advantages of using Integral Projection Models (IPMs) in 
demographic studies 
Matrix models are popular tools for plant demographic studies, and have been 
constructed for >100 species (reviews Franco and Silvertown 2004). However, 
classical matrix model offer limited probabilities to incorporate strong variation 
in growth and model outputs are highly sensitive to category width (Zuidema, 
2010). Integral Projection Models (IPM), an extension of matrix models, 
provide solutions for these problems (Easterling et al. 2000). IPMs yield similar 
output as matrix models, but vital rates are estimated from the complete dataset 
using regressions functions, rather than by dividing the data into discrete size or 
stage classes. IPMs can explicitly incorporate growth variation among individuals 
and allow for transitions of individuals among infinitesimal size intervals 
(Easterling et al. 2000, Zuidema et al. 2010). In my study, IPMs proved to be a 
very suitable tool as variation in growth rates in the study species was large and 
could be incorporated in an explicit way (Fig. 1c,d in Chapter 2, 3 and 4). This 
growth variation will affect model output, but the extent to which this is the 
case is unclear. As a small exercise, I conducted some simulation analyses to 
assess the effects of reductions in growth variation on population growth rate. In 
the IPMs constructed for my three study species, I reduced growth variance by 
varying  proportions  of  the original  values. The  results  of   these   calculations 
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Figure 5. The influence of variation in growth rates to asymptotic population growth rates (λ) 
of my study species. Population growth rates are shown for Hedysarum laeve (diamond), Caragana 
intermedia (dot) and Artemisia ordosica in semi-fixed dunes (triangle), fixed dunes (cross) and fixed 
dunes covered with microbiotic crusts (star). Growth variation was reduced by proportionally 
reducing the dependent variable in the growth variance function in the kernel.  
 
showed that reducing growth variation leads to changes in population growth 
rate (λ), but the sign of these changes varies (Fig. 5). For instance, in A. ordosica 
in semi-fixed dunes reducing growth variation caused population growth to 
reduce considerably (Fig. 5). This suggests that the rapid population growth of 
A. ordosica in semi-fixed dunes is probably partially the result of very fast 
growers. By contrast, the population growth of H. laeve was not much affected 
by changes in growth variation (Fig. 5), which may be because the population 
growth rate of this species is insensitive to ramet growth and therefore 
insensitive to growth variation. Finally, we also found increased population 
growth as a result of reducing growth variation, in C. intermedia and A. ordosica in 
fixed dunes (with or without microbiotic crusts; Fig. 5). This response suggests 
that the projected stability or decline of these populations is partially due to the 
occurrence of strong growth variation with frequently occurring shrinkage in 
plant size. Reducing the occurrence of shrinkage in such cases would stimulate 
population growth. In all, the different responses of λ to changes in growth 
variation indicate that, in order to describe population dynamics more precisely, 
it is important to include growth variation explicitly in demographic models.   

IPMs also prove to be very useful in this comparative demographic 
analysis, as habitat effects can be evaluated in regression models and the 
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significant habitat effects can then be directly included in the kernel. The 
analysis of Life Table Response Experiments is straightforward for IPMs, and, 
when done at the level of vital rates, provides clear insights into the causes of 
varying population growth rates. I therefore recommend using IPMs in 
demographic studies, especially when these involve species occurring across 
different habitats with highly varying growth rates and also when these cover 
years, which considerably differ in growth conditions, as is commonly the case 
in desert habitats.  
 
Implications for management of dune environment  
Combating desertification is an important issue in inland dune ecosystems 
(Schlesinger et al. 1990, Reynolds et al. 2007) and my study area has been 
suffering from severe desertification for many years (Zhang 1994, van 
Staalduinen and Werger 2006). One of the most important aspects involved in 
combating desertification is to stabilize mobile sandy land and restore vegetation 
(Roze and Lemauviel 2004, Wang et al. 2006, Yang et al. 2006). A common 
tool used is the planting of rhizomatous clonal plants on shifting sand dunes to 
reduce wind velocity and activity of sand (Zhang et al. 2002b, a, Yu et al. 
2004).  Many rhizomatous clonal plants are able to grow in (semi) mobile dunes 
and realize population regeneration mainly by vegetative reproduction (Evans 
and Cain 1995, Dong and Alaten 1999, Zhang et al. 2003, Yu et al. 2004, Ye et 
al. 2006). Compared with seedlings, ramet offspring is much more tolerant to 
sand burial and denudation because ramets have much larger sizes than seedlings 
and can get support from other ramets by clonal integration. In my study, I 
found that the rhizomatous clonal shrub H. laeve could realize fast population 
growth by high ramet propagation at early dune fixation stages (Chapter 4). 
With the high ramet production induced fast population expansion, this 
rhizomatous clonal plants can quickly occupy the open areas of the sand dunes. 
The high ramet abundance can greatly reduce the wind speed, and this, together 
with the large underground rhizome networks, can efficiently fix sand in place. 
Therefore, H. laeve and other rhizomatous clonal plants with similar 
demographic characteristics are suitable for sand fixation at early dune fixation 
stages. 

Non-clonal dune shrubs, such as A. ordosica, can not tolerate deep burial or 
serious denudation, but these species tolerate moderate burial and denudation 
(Li et al. 2005, Liu et al. 2008, Li et al. 2010a,b). A. ordosica populations have 
very high seedling recruitment in semi-fixed dunes. When seedlings escape from 
deep burial, they have high survival probability in later life stages. The 
demographic studies showed that A. ordosica in semi-fixed dunes has fast 
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population growth rate, which was mainly realized by high survival, fast plant 
growth and high reproduction (Chapter 3). These demographic characteristics 
allow populations to colonize large open areas in semi-fixed dunes. Thus, plant 
species with similar demographic characteristics can be used for sand fixation 
after the dunes are partly fixed.  

Unlike H. laeve and A. ordosica, there are some dune species like Sabina 
vulgaris and C. intermedia in my study area, which have less seedling recruitment, 
slower seedling growth and populations are not able to expand in a very fast 
way. However, the very deep and large root systems, large aboveground 
volume and very high plant survival rates make these species especially suitable 
to protect the already fixed sand dunes against erosion or degradation under 
temporal drought or moderate livestock grazing. Thus these species can be used 
for the purpose of prevention of erosion at later dune fixation stages. 

Sand lands in arid or semi-arid areas are often used for livestock grazing 
(Watson et al. 1997b, a, Hunt 2001a, Hegland et al. 2005, Sasaki et al. 2008, 
Hegland et al. 2010), and my study area is a very important grazing land for 
goats and sheep (Li 2001, Zhao et al. 2005, Bai et al. 2008). Many shrubs, 
especially leguminous species, serve as important sources of livestock forage 
(Kyncl et al. 2006, Fang et al. 2008, Magda et al. 2009). In my study area, C. 
intermedia is an important forage for goats and sheep (Fang et al. 2008). C. 
intermedia can live very long and grow to a large crown volume: the largest 
individual reached 46 m3 in my study plots. In addition, C. intermedia has a high 
resprouting capacity after clipping (Fang et al. 2008) or grazing (Chapter 3). 
These characteristics allow C. intermedia to provide large amounts of forage. I 
found that population growth of C. intermedia was quite stable under current 
seasonal grazing regime, and such stable growth was mainly maintained by adult 
survival, which was hardly affected by grazing treatment. Inland dunes are 
usually very dry and annual plant growth in this ecosystem is quite limited. 
Therefore, plant species like C. intermedia that are able to survive long period of 
drought and have a compensatory growth after grazing can be especially suitable 
for sustainable grazing in inland dunes.  
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Samenvatting 
 
Hoe slagen houtige planten erin om beweeglijke zandduinen te koloniseren? 
Deze vraag heb ik aan drie dominante struiksoorten in het Mu Us Zandland in 
Binnen-Mongolië, China, onderzocht. Ik heb daarvoor de demografie 
(populatiedynamiek) van deze soorten geanalyseerd. Daarbij heb ik specifiek aan 
de orde laten komen hoe houtige planten de zeer mobiele duinen kunnen 
koloniseren en hoe ze hun populaties kunnen handhaven tijdens de verschillende 
stadia van het proces van voortschrijdende stabilisatie (fixatie) van de duinen. 
Ook onderzocht ik de effecten van beweiding op het in standhouden van de 
populaties. Ik analyseerde de verschillen in de levenscycli en in demografische 
aanpassingen van die soorten. In mijn onderzoek maakte ik gebruik van Integral 
Projection Models (IPMs), een nieuw type demografische modellen, waarvan ik de 
bruikbaarheid evalueer. Tot slot bespreek in het kort de betekenis van mijn 
onderzoeksresultaten voor het beheer van duinecosystemen. 
 
Levenscycli van houtige planten in duinecosystemen 
Duinecosystemen in continentale binnenlanden vormen een moeilijk milieu 
voor langlevende houtige planten, omdat ze weinig water en nutriënten leveren 
en het zand verstuift. Op zulke standplaatsen lopen houtige planten een groot 
risico te sterven, doordat ze bedolven worden of uitdrogen, voordat ze zich 
hebben kunnen voortplanten. Als de duinen gefixeerd raken en meer eenjarige 
soorten zich vestigen, beperken hun wortels, en de microbiële korst die zich op 
gefixeerde duinen vormt, verder de beschikbaarheid van water in de wat diepere 
bodemlagen waarin de houtige planten wortelen. In die gestabiliseerde duinen 
wordt namelijk in de bovenste bodemlagen veel water ontrokken door eenjarige 
soorten en dooe een microbiële korst. Bovendien kan begrazing door 
weidedieren voor veel schade zorgen aan houtige planten als grazers in korte tijd 
een groot deel van de jaarlijkse groei consumeren. Daarom kunnen langlevende 
houtige planten hun populaties in duinecosystemen alleen handhaven als ze 
speciale strategieën daarvoor hebben ontwikkeld. 

Mijn demografische onderzoek laat zien hoe drie houtige soorten het op de 
verschillende standplaatsen in de duinen redden. Ik laat zien dat ze er alle drie 
andere aanpassingen voor hebben ontwikkeld. 

 
Overleving 
De drie onderzochte soorten verschilden sterk in de mate waarin ze van jaar tot 
jaar overleven: individuen van Caragana intermedia en Artemisia ordosica hebben 
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hoge overlevingskansen, terwijl die van Hedysarum laeve veel lager is. Van de 
eerste twee soorten was de overleving van de kiemplanten erg laag, terwijl er 
bijna geen planten van 30-40 cm of hoger afstierven. Vooral Artemisia-planten 
van geringe hoogte lopen een redelijke kans om geheel te worden begraven of 
bijna helemaal bloot te worden geblazen. Het sterke verband tussen planthoogte 
en overleving lijkt dus gerelateerd aan de kans om begraven of blootgewaaid te 
worden. De geringe overleving van zaailingen van Caragana intermedia is 
waarschijnlijk een gevolg van beweiding en vertrapping. 

In vergelijking met deze niet-clonale struikensoorten liet de clonale 
Hedysarum laeve voor alle grootteklassen lage overlevingskansen zien. Deze soort 
exploreert zijn standplaats middels lange rhizomen, waaraan veel uitlopers 
(ramets) ontspruiten, die gewoonlijk maar een paar jaar blijven leven. 
 
Groei 
De drie soorten verschillen ook sterk in hun groeipatronen. In de 
halfvastgelegde duinen groeien de kleinere individuen van Artemisia ordosica en 
Hedysarum laeve veel sneller dan die van Caragana intermedia in de gestabiliseerde 
duinen. Dat lijkt een aanpassing aan de beweeglijkheid van het zand: snelle groei 
verkleint de kans om volledig begraven te worden. De groeisnelheid van 
Artemisia ordosica neemt af met de graad van stabilisatie van de duinen. 
Gedeeltelijke overstuiving stimuleert de groei van Artemisia ordosica en de kleine 
ramets van Hedysarum laeve kunnen snel groeien omdat ze via de rhizomen door 
andere uitlopers gevoed worden. Beweiding had vrijwel geen effekt op de 
jaarlijkse groei van Caragana intermedia. 
 
Reproductie 
De drie soorten verschillen ook in hun reproductiekenmerken. Bij Artemisia 
ordosica en Caragana intermedia nam de kans op bloeien sterk toe met de grootte 
van de planten. Overstuiving of ontbloting bij Artemisia ordosica, of beweiding bij 
Caragana intermedia, hadden geen effect op de kans om te reproduceren. Artemisia 
ordosica produceert jaarlijks heel veel kleine zaden en vormt een enorme 
zaadvoorraad in de bodem, waarvan er na elke regenbui een aantal kiemen. 
Caragana intermedia daarentegen, produceert veel minder, maar grotere zaden, 
die alleen na flinke regenval kiemen. Hedysarum laeve bloeit ook elk jaar, maar je 
vindt nauwelijks kiemplanten. Deze soort plant zich voornamelijk vegetatief 
voort en dat lijkt een geschikte eigenschap in (semi-)mobiele duinen. 

De drie soorten verschillen dus sterk in bovengenoemde kenmerken en 
blijken op geheel verschillende manieren in het duinecosysteem te kunnen 
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overleven. Dit leidt weer tot grote demografische verschillen, die ik hieronder 
bespreek. 
 
Populatiegroei en -structuur 
Tijdens de vroege fasen van duinstabilisatie lieten mijn populaties steeds een 
snellere groei zien dan tijdens de latere fasen. De populatiegroeisnelheid λ van 
Hedysarum laeve en Artemisia ordosica in half-gestabiliseerde duinen was veel groter 
dan 1 (dus: sterke populatiegroei) terwijl λ ongeveer 1 was voor Caragana 
intermedia en Artemisia ordosica-populaties in de gestabiliseerde duinen (dus: 
gelijkblijvende populatiegrootte). In populaties van Artemisia ordosica in 
gestabiliseerde duinen met een microbiële korst vond ik dat λ  kleiner was dan 
1, dus een krimpende populatie. De populaties in de half-gestabiliseerde duinen 
bevatten verhoudingsgewijs heel veel kleine individuen terwijl de stabiele 
populaties in de gestabiliseerde duinen verhoudingsgewijs veel meer grote, 
volwassen individuen bevatten. In de degenererende populaties in de laatste 
stadia van duinstabilisatie ontbraken kiemplanten en ze bevatten voornamelijk 
middelgrote volwassen individuen, die door krimp kleiner waren geworden. 
Het lijkt er dus op dat duinstabilisatie veel invloed op de demografie van houtige 
duinplanten heeft.   

Met de analysetechniek Life Table Response Experiments (LTRE) was het 
mogelijk die verschillen in demografie tussen habitats te verklaren. De 
populaties van Artemisia ordosica verschilden sterk in hun groeisnelheden op de 
diverse duinstandplaatsen. Deze analyses lieten zien dat de teruggang in 
populatiegroei in de late stabilisatiestadia voornamelijk het gevolg is van een 
lagere vruchtbaarheid en een langzamere groei van de planten in die stadia. 

Er waren ook verschillen in populatiegroei tussen opeenvolgende jaren: De 
populatiegroei van Artemisia ordosica nam tijdens het tweede, relatief droge jaar 
van het onderzoek duidelijk af, terwijl de populaties van de andere twee soorten 
niet op deze droogte reageerden. Caragana intermedia wordt, vanwege zijn diepe 
wortelstelsel, waarschijnlijk weinig beïnvloed door droogte terwijl bij Hedysarum 
laeve het uitgestrekte clonale netwerk kan zorgen voor voldoende 
waterbeschikbaarheid.  

 
Strategieën van houtige planten in duinecosystemen 
Levensstrategieën van planten kan men analyseren door elasticiteitswaarden van 
populatiemodellen te vergelijken. Deze elasticiteitswaarden representeren de 
bijdrage van demografische processen (overleving, groei, reproductie) aan de 
populatiegroeisnelheid λ. Per soort en habitat kan men de elasticiteitswaarden 
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van groei (en krimp), overleving en (sexuele en vegetatieve) reproduktie in een 
‘demografische driehoek’ weergeven. De positie van een soort in deze driehoek 
geeft informatie over de levensstrategie. Uit vergelijkend onderzoek is 
gebleken, dat kortlevende kruiden gewoonlijk in de linker benedenhoek van die 
driehoek staan, terwijl houtige soorten zich voornamelijk in de rechter 
benedenhoek bevinden.  

Mijn drie soorten blijken een nogal brede zone binnen de demografische 
driehoek te beslaan: Artemisia ordosica en Caragana intermedia bevinden zich in de 
rechter benedenhoek tussen andere houtige soorten, en Hedysarum laeve staat in 
de verste linker benedenhoek, tussen zeer kortlevende kruiden. Dit suggereert 
dat, om te overleven in duinecosystemen, de drie onderzochte soorten sterk 
verschillende demografische strategieën hanteren. Terwijl bij de eerstgenoemde 
twee soorten de overleving van planten zeer belangrijk was voor de 
populatiegroei, had overlevingskans slechts een kleine invloed op populatiegroei 
van Hedysarum laeve, waarschijnlijk omdat deze soort steeds veel kortlevende 
ramets produceert.  

De posities in de demografische driehoek reflecteerden ook de 
exploratieve strategieën van de soorten in de vroege stadia van het 
duinstabilisatieproces. Hedysarum laeve en Artemisia ordosica, die op de nog 
mobiele zanden snel veel ramets of kiemplanten produceren bevonden zich 
meer aan de linkerkant van de grafiek. Tijdens de latere, meer gestabiliseerde 
duinstadia verschuift Artemisia ordosica naar een consoliderende strategie, waarbij 
overleving belangrijker is dan nieuwe vestiging, en neemt dus een positie in die 
meer naar de rechter kant ligt. Ook Caragana intermedia heeft zo’n 
consoliderende strategie en zit beneden rechts in de grafiek.  
 
De betekenis van krimp 
Het is bekend dat langlevende woestijnplanten, door verlies van takken of 
splitsing van de stam, vaak krimpen. De fysiologische betekenis van krimp is 
duidelijk, maar de demografische betekenis ervan is nog niet vaak onderzocht. Ik 
vond dat krimp bij alle drie soorten en in bijna alle grootteklassen voorkwam, 
hoewel minder frequent bij de kleinere planten.  

Met behulp van een simulatie-onderzoek kon ik aantonen dat als de 
individuen die krompen allemaal dood zouden zijn gegaan, de 
populatiegroeisnelheid van Caragana intermedia zeer sterk zou worden 
gereduceerd (λ daalt van 0,99 naar 0,18), die van Artemisia ordosica ook flink zou 
zijn afgenomen, terwijl die van Hedysarum laeve er nauwelijks onder geleden zou 
hebben (λ gaat van 1,27 naar 1,24). Dit resultaat laat de adaptieve betekenis van 
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krimp van planten, die onder zeer moeilijke omstandigheden groeien, duidelijk 
zien. Krimp is vooral van belang op standplaatsen waar overleven van grote 
waarde is voor het instandhouden van de populatie. Op standplaatsen waar een 
snelle reproductie belangrijk bijdraagt aan populatiegroei, is krimp minder 
belangrijk. 
 
De voordelen van Integral Projection Models 
Matrixmodellen zijn zeer geschikt in demografische studies, maar ze kunnen 
slechts in beperkte mate rekening houden met variatie in groei en ze produceren 
resultaten die erg gevoelig zijn voor de klassebreedte waarmee het model 
rekent. Integral Projection Models (IPMs) hebben deze beperkingen niet: ze 
gebruiken regressievergelijkingen die op grond van alle gegevens berekend zijn, 
ze houden expliciet rekening met groeivariatie en ze leveren uitkomsten die 
onafhankelijk zijn van klassebreedte.  

Omdat ik vond dat variatie in de groeisnelheden van de door mij 
onderzochte soorten erg groot was, was het zeer zinvol om IPMs te gebruiken. 
Om te achterhalen hoe belangrijk het is om rekening te houden met 
groeivariatie, heb ik een aantal additionele simulaties verricht waarbij ik de 
variatie in groeisnelheden in wisselende proporties van de gemeten waarden liet 
afnemen. De resultaten lieten zien dat de populatiegroei (λ) heel verschillend 
bleek te reageren. Bij Artemisia ordosica op de halfgestabiliseerde standplaatsen 
bleek een afnemende variatie in de groeisnelheid de populatiegroeisnelheid sterk 
te reduceren. Dit suggereert, dat de snelle populatiegroei van Artemisia ordosica 
op halfgestabiliseerde standplaatsen mede mogelijk wordt gemaakt door de zeer 
snel groeiende individuen in de populatie. In Hedysarum leave bleek de 
populatiegroeisnelheid niet te worden beïnvloed, waarschijnlijk omdat het voor 
de populatiegroei niet uitmaakt of ramets sneller of langzamer groeien. De 
populatiegroei van Caragana intermedia en Artemisia ordosica op gestabiliseerde 
standplaatsen bleek toe te nemen naarmate de variatie in groei afnam. Dit 
suggereert dat de populatiegroei op deze standplaatsen in sterke mate afhangt 
van de variatie in groei van de individuen, die vaak krimpen in grootte. Deze 
resultaten tonen duidelijk aan, dat het belangrijk is om in de analyse van 
populatiedynamiek van plantensoorten de groeivariatie expliciet mee te nemen. 
 
Implicaties voor het management van de duinecosystemen 
Verwoestijning is een groot probleem in continentale duingebieden. Een van de 
belangrijkste maatregelen tegen verwoestijning is de stabilisatie van het 
verstuivende duinzand. Hierbij worden vaak clonale planten ingezet, vooral 



 

 83 

soorten die met rhizomen groeien. De uitlopers (ramets) van deze soorten zijn 
natuurlijk veel resistenter ten opzichte van overstuiving of blootwaaien dan 
kiemplanten, want ze worden sneller groot en betrekken daarvoor ook water, 
nutriënten en koolhydraten uit het clonale netwerk. In mijn onderzoek liet 
Hedysarum laeve een snelle populatiegroei in de nog vroege stadia van 
duinstabilisatie zien, waarbij de plant gemakkelijk open plekken in het duin kan 
invaderen. Een dergelijk groeipatroon maakt een soort als Hedysarum laeve zeer 
geschikt voor kunstmatige duinstabilisatie. 

Niet-clonale struiken, zoals Artemisia ordosica, die wel een zekere mate van 
overstuiving of blootlegging tolereren, kunnen geschikt zijn voor aanplant als ze 
zeer veel kiemplanten produceren. Deze kiemplanten moeten enige mate van 
overstuiving of blootlegging kunnen overleven, en een snelle hoogtegroei 
kunnen realiseren. Deze demografische kenmerken stellen die populaties in staat 
om grote open plekken in halfgestabiliseerde duinen te koloniseren. Dit soort 
planten zijn dus heel geschikt voor verdere zandfixatie als het fixatieproces al 
enigszins op gang is gekomen. 

Soorten als Caragana intermedia kunnen geen snelle populatiegroei 
realiseren. Maar hun diepe en uitgestrekte wortelsystemen en hun grote 
kroonvolumes en hoge mate van overleven maken dergelijke soorten zeer 
geschikt om de reeds vastgelegde zanden blijvend te bescherming tegen 
verstuiving. In mijn onderzoeksgebied is beweiding met geiten en schapen een 
belangrijke bron van bestaan, waarbij Caragana intermedia een belangrijke 
voedersoort is. In mijn studie vond ik dat deze soort zich goed herstelt na 
beweiding, voornamelijk door een hoge overleving en snelle hergroei. Soorten 
als Caragana intermedia zijn dus erg geschikt om nieuwe verstuiving in gefixeerde 
duinstadia tegen te gaan en tegelijkertijd te dienen als belangrijke voedingsbron 
voor het vee.  
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中文摘要中文摘要中文摘要中文摘要 

本论文以内蒙古地区毛乌素沙地的三种优势灌木（羊柴、油蒿和柠条）为
例，在种群统计学的基础上，运用积分投影模型（ Integral Projection Model, 

IPM），从生活史和种群动态两方面探讨了木本植物对干旱区沙地环境的生态适

应机制。论文第二章阐述了优势灌木油蒿（Artemisia ordosica）在沙丘固定过程中的
种群 动态 及 生态 适应 策 略； 第三 章 分析 了放 牧 对优 势灌 木 柠条 （Caragana 

intermedia）种群动态的影响；第四章讨论了克隆灌木羊柴（Hedysarum laeve）在沙丘
固定早期阶段的种群动态及生态适应对策。本文主要对研究物种的不同生活史
策略及其在种群水平上的不同生态适应机制进行了综合比较和分析，并讨论了

IPM 在沙生灌木种群统计研究中的优越性。最后，本文探讨了该研究成果在实际
种群管理中的应用。  
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木木木木本植物在沙丘环境中的生活史特征本植物在沙丘环境中的生活史特征本植物在沙丘环境中的生活史特征本植物在沙丘环境中的生活史特征 

内陆沙丘生态系统的典型特征是降雨量低、养分贫瘠以及风蚀、沙埋频繁
发生(Danin 1996, Brown 1997, Mandujano et al. 2001, Mandujano et al. 2007)。木本植物
因其寿命较长，开始繁殖的年份较晚，所以对木本植物来说由风蚀、沙埋活动
或者某一较长时间的干旱而导致植株在成功繁殖前死亡的风险相对较大。其
次，在沙丘生态系统中，植物生境条件在沙丘固定过程中发生很大变化。处于

早期固定阶段的沙丘——流动、半固定沙丘——是极不稳定的。在这一时期，
风蚀和沙埋频繁发生。植物幼苗因其个体较小，极易遭受沙埋和风蚀带来的高
死亡率的影响。随着沙丘的固定，植被盖度，特别是一年生浅根系植物的盖度
逐渐增加，并且沙丘表面经常会形成一层微生物结皮（Eldridge and Greene 1994, Li 

et al. 2006）。浅根系植物的增加及微生物结皮的形成会极大地降低降雨后水分向

深层土壤的入渗。木本植物因其根系分布在相对较深的土壤中，所以在沙丘固
定的后期阶段遭受的水分胁迫加剧（Eldridge and Greene 1994, Li et al. 2006, Liu et al. 

2007b）。最后，大型食草动物也会对木本植物生长造成威胁。由于生长环境恶
劣，沙丘环境中木本植物的年生长量非常有限，而大型食草动物的采食活动很
可能会消耗掉整个生长季节积累的绝大部分生物量。因此，长寿命的木本植物
只有具有特定的生活史策略来应对以上各种胁迫，才能在恶劣的沙丘环境中成

功维持种群的增长。 
 

S
u

rv
iv

a
l

1.0

0.8

0.6

0.4

0.2

0.0

150

100

0

50

200

H
e

ig
h

t 
in

 n
e

x
t 

y
e

a
r 

(c
m

)

F
lo

w
e

ri
n

g
 p

ro
b

a
b

ili
ty

1501000 50 2001501000 50 200

Height in 2007 (cm)

1501000 50 200

1.0

0.8

0.6

0.4

0.2

0.0

Artemisia

Caragana
Hedysarum

a b c

 
 

图 1. 羊柴（半固定沙丘，第四章），油蒿（半固定沙丘，第二章）和柠条（固定沙丘，禁牧条件
下，第三章）的存活率（图 1a）,生长（图 1b）和繁殖（图 1c）与高度之间的关系。 
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存活存活存活存活 

研究物种油蒿、柠条和羊柴表现了不同的存活策略。柠条和油蒿个体的存
活率较羊柴要高得多（图 1a）。存活率与个体大小的关系在三个物种中也有所

不同。柠条和油蒿的存活率随个体大小的增加而快速增加。其幼苗的存活率较
低（< 40%），而当个体高度达到 30-40 厘米时，存活率普遍很高，极少有个体
死亡（图 1a）。对于油蒿个体来说，低于这一高度极易遭受深度沙埋和风蚀。
野外实验发现油蒿幼苗能通过改变对地上、地下生物量的分配来有效应对低、
中度的沙埋和风蚀（< 50%），但在深度风蚀或完全沙埋下，幼苗存活率极大地
降低（Li et al. 2010a）。因此沙埋和风蚀对存活率的影响与植物个体遭受深度沙

埋和风蚀的几率是密切相关的。在放牧条件下，柠条幼苗的存活率下降，这可
能由于食草动物的采食及践踏活动导致的 (第三章)。油蒿和柠条的个体存活率表
现出这样一个趋势：幼苗在脱离由于风蚀、沙埋或采食、践踏引起的高死亡率
后，个体存活率有极大提高。 

克隆植物羊柴体现的存活率与个体大小的关系和以上两种非克隆植物显著

不同。羊柴分株的存活率普遍较低（图 1a），这与羊柴的生活史策略有关。羊
柴幼苗建立以后，通过根茎克隆生长产生大量分株。这些分株之间存在一定空
间间隔，从而能在更大的空间范围内摄取更多的养分和水分。分株寿命一般都
很短，大部分新生分株在当年冬天越冬时即死亡，只有少部分个体能存活几
年。此外，我们的研究表明，分株的生长和有性繁殖与分株年龄是负相关的
（第四章）。新分株的大量产生和新分株的大量死亡能有效的实现分株的快速

更新，从而为基株不断补充新生个体，提高种群的存活、繁殖能力。因此，羊
柴的基株很可能有较长的寿命，基株存活率与基株大小的关系将会与分株水平
上体现的趋势有很大不同，而可能与油蒿、柠条体现的趋势非常相似。 
 

生长生长生长生长 

油蒿、柠条和羊柴的生长趋势差异显著（图 1b）。例如，小的油蒿和羊柴
个体在半固定沙丘中比在固定沙丘中相应大小的柠条个体生长更快（图 1b）。
这与沙丘固定过程中沙埋活动的减弱有关。研究发现，局部沙埋能促进沙生植
物的生长，是沙生植物摆脱深度沙埋的一个重要适应性反应（Brown 1997, Shi et al. 

2004, Dech and Maun 2006, Liu et al. 2008）。另一方面， 不同生境下油蒿的生长反
应表明，个体生长随沙丘固定过程的进行而降低 （第二章）。在沙埋活动减弱
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或停止后生长能力下降的现象普遍存在于那些已经适应了沙埋的植物中（Dech 

and Maun 2006, Liu et al. 2008）。通过克隆整合作用实现与基株的养分、水分共享
可能是羊柴分株快速生长的另一原因。 

柠条个体的生长在放牧与禁牧条件下非常相似，表明柠条在受到采食后有
很高的补偿性生长。补偿性生长可使植物很快重新积累在采食中失去的光合组
织。因为植物的存活与繁殖都在很大程度上取决于植物个体的大小，所以，保
持个体大小不受采食活动的影响是植物适应放牧环境的关键因素。 

 

繁殖繁殖繁殖繁殖 

油蒿、柠条和羊柴采取了不同的繁殖方式（图 1c）。油蒿和柠条的开花几
率均随个体大小的增长而升高（图 1c）。成年个体每年都规律性的开花，但二
者在繁殖策略上存在差异。油蒿的繁殖策略是产生大量个体较小的种子，这些

小种子外面通常被一层粘液物质。种子具有粘液的现象在沙漠植物中广泛存在
（Gutterman and ShemTov 1996, 1997, Huang and Gutterman 1999, Huang et al. 2008）。
这些小种子能在少量降雨后，通过粘液层快速吸收水分用于种子萌发（Huang and 

Gutterman 2000）。油蒿的种子能在整个生长季节中持续萌发。尽管这些小种子
仍有很大风险被大风吹走，或被深沙淹埋，或因萌发后没有二次降雨而死亡，

但由于每年油蒿产生种子的数量极大，土壤中的种子库也很大，因此油蒿能有
效的实现种群幼苗更新（Huang and Gutterman 2000）。与油蒿相比，柠条产生的
种子 要 少得 多， 并 且种 子只 有在 较 大强 度 的降 雨后 才能 萌 发（ Fang et al. 

2006a）。这一繁殖策略的优势在于强降雨后，土壤能足够湿润，从而提高幼苗
的存活机会。 

克隆植物羊柴采取的是与以上两种非克隆植物完全不同的繁殖策略。尽管

羊柴种群内大的个体每年都会开花,并且开花的几率随分株大小的增加而增加
（图 1c），但种群内幼苗更新很少，种群维持几乎完全依靠无性繁殖（第四
章）。稀少、不规律的幼苗更新现象在克隆植物中非常普遍(Eriksson 1989, 1993, 

Ehrlen and Eriksson 2003)。并且研究还发现，在很多沙漠克隆植物中，即使有充足
的种子供应，幼苗更新也非常少 (Jordan and Nobel 1979, Mandujano et al. 2001, 

Mandujano et al. 2007)。与实生苗相比，克隆分株在（半）流动沙丘环境中更有优
势，因为这些分株个体较大，生长快速，从而降低了遭受深度沙埋或风蚀的风
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险 (Mandujano et al. 2001, Weppler et al. 2006)。此外，由于克隆分株能通过克隆整合
从相连的分株中得到养分和水分等供应，因此能更好的耐受资源贫乏及环境波
动(Stuefer et al. 1994, Dong and Alaten 1999, Stuefer and Huber 1999, Zhang et al. 2003,  
Huber et al. 2004, Yu et al. 2004, Ye et al. 2006, Liu et al. 2007a, Mandujano et al. 2007, 

Winkler et al. 2010)。 

以上对于存活、生长和繁殖的比较表明，长寿命的木本植物能够在沙丘环
境中采取不同的存活策略，这些不同的生活策略可能会在种群水平上有多方面

的影响。 

 

不同物种在不同沙丘环境下的种群差异不同物种在不同沙丘环境下的种群差异不同物种在不同沙丘环境下的种群差异不同物种在不同沙丘环境下的种群差异 

种群增长率与种群结构种群增长率与种群结构种群增长率与种群结构种群增长率与种群结构 

种群可以增长、保持稳定或者衰退，而相应的种群内个体的分布（种群结
构）也会发生变化。种群增长率（λ）及种群结构经常会随生境的变化而改变

（Oostermeijer, van’t Veer and den Nijs 1994; Parker 2000; Koop and Horvitz 2005；第
二、三和四章）。总体来说，所研究的三种毛乌素沙地灌木的种群增长率在沙
丘固定早期比晚期要高得多。在半固定沙丘中的羊柴和油蒿的种群增长率 λ 值
远大于 1，在固定沙丘中的柠条和油蒿种群的 λ 值接近或略小于 1，而在有结皮
覆盖的固定沙丘中，油蒿种群的 λ 值远小于 1（图 2）。在 沙 丘 固定早期快速

扩展的种群，其种群结构的典型特征是幼苗（或新生克隆分株）和较小的个体
占有很高的比例（第二、四章）；在固定沙丘中的稳定种群中，大的个体占有
很高的比例，幼苗的比例较低；而在结皮覆盖的固定沙丘中处于衰退状态下的
种群的一个显著特征是幼苗更新低，中等大小的个体占的比例很高，主要是由
于大的植株个体因枝条部分死亡引起的负增长造成的（第二章）。这些相似生
境下的木本植物的种群增长率和种群结构上的相似性表明，沙丘固定过程中伴

随的生境改变是影响沙生木本植物种群动态的一个重要因素。尽管由于那些已
经建立的个体有相对较长的寿命而使得这些种群在一定时间内还会保持很高的
个体数量，但是随着沙丘的固定，木本植物可能会逐渐丧失其优势地位。此
外，在沙丘固定过程的后期，种群能采取不同的生态适应策略。例如，通过部
分枝条死亡减少植物个体大小来提高存活率，以此来缓冲种群衰退的速度。  
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图图图图    2.2.2.2.  羊柴 （菱形）、油蒿（三角形）和柠条（圆形）在不同生境下的种群增长率 (λ 及 95% 置信
区间) 。 
 

通过生命表响应实验分析（Life Table Response Experiment, LTRE）能够量化生
长、存活和繁殖对不同生境下的种群增长率差异（∆λ）的贡献（Caswell 2001）
。油蒿的种群增长率在不同生境下有很大差异。LTRE 的分析结果表明，在沙丘

固定后期油蒿种群增长率的下降主要是由于繁殖力下降和个体生长减慢造成的
，而存活率这一对种群维持最重要的生命率对∆λ 贡献很小（第二章）。这一结
果表明油蒿能够在应对沙丘固定的长期过程中生存条件变化的同时，保持存活
率这一决定种群增长的关键生命率的稳定。 

种群增长率还存在年际差异，油蒿在不同生境下的种群增长率在相对干旱

的第二个调查年份都有一定程度的下降。LTRE 的分析结果表明，种群增长的年
际差异主要是由于存活率下降引起的。因此，短期的环境波动能够通过影响存
活率而对种群增长造成严重影响。羊柴和柠条的种群增长率在第二年并未降
低，表明这两个物种能够对干旱有较强的耐受性。柠条的这种耐受性可能源于
其很深的根系（Fang et al. 2006a, b, 2008），而羊柴则可能得益于基株在空间水平
上庞大的根系能有效增强水分获取。 

 

木本植物在沙丘生态系统中的生活史策略木本植物在沙丘生态系统中的生活史策略木本植物在沙丘生态系统中的生活史策略木本植物在沙丘生态系统中的生活史策略 
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木本植物可能会采取不同的生活史策略，从而在沙丘生态系统中长期存
在。通过计算和比较弹性值可以对植物生活史策略进行比较分析。弹性值量化
了每一生命率（vital rates；存活、生长和繁殖）对 λ 的重要性（de Kroon, van 

Groenendael and Ehrlen 2000; Caswell 2001; Zuidema and Franco 2001）。相应的，这三
个生命率弹性值可以确定一个种群在“种群统计三角”中的位置（Silvertown et al. 

1993）。该位置与物种的生活史策略、生境及其种群增长率密切相关（Zuidema 

2000, Franco and Silvertown 2004）。比如，寿命较短的草本植物通常位于三角型的
左下角，而寿命较长的木本植物则一般位于右下角。 

图 3 展示了三种研究物种在种群统计三角中的位置：油蒿和柠条位于右下

角，而羊柴位于左下角。这表明羊柴分株与柠条、油蒿采取的生活史策略截然
不同。油蒿、柠条位于木本植物的分布区间之内，而羊柴则偏离了这一分布，
而落在草本植物的分布区间内（Silvertown et al. 1993，Zuidema 2000, Franco and 

Silvertown 2004）。 这一不同分布可以通过生活史差异来解释。 油蒿和柠条均具 
 

 
图图图图    3. 3. 3. 3. 羊柴 （半固定沙丘，菱形）、油蒿（半固定沙丘，三角形； 固定沙丘，十字形；固定-结皮沙
丘，星号 ）和柠条（禁牧、固定沙丘，圆形） 以及其他不同以及其他不同生境下的 51 种木本植物
（圆点，Zuidema 2000；Franco and Silvertown 2004) 的生命率的弹性值比较。 
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有较高的存活率，这是木本植物生活史的典型特征。相反，羊柴的生活史特点
是高分株繁殖率和高分株死亡率，这是短寿命草本植物的典型特征。木本植物
在种群统计三角中的不同位置也同时反映了他们对沙丘固定过程中生境变化的

适应。油蒿和羊柴在沙丘固定早期表现出的是一种“探索”策略——通过产生大量
的实生苗或无性分株来维持种群的快速扩展，这一点通过其在种群统计三角的
靠左的位置体现出来。在沙丘固定后期，油蒿逐渐开始转向重在“开发利用”的策
略，柠条也采用了相似的策略，这体现种群统计三角中趋于右下角的位置。 由
此可见，木本植物可以通过不同的生活史策略来在不同沙丘环境中成功维持种
群。 
 

植物负增长在植物种群动态中的影响植物负增长在植物种群动态中的影响植物负增长在植物种群动态中的影响植物负增长在植物种群动态中的影响  

植物个体大小的负增长（shrinkage）是长寿命沙漠植物中常见的现象（von 

Willert et al. 1992）。尽管植物可以通过负增长来维持存活这一在个体水平上的生
态适应意义已被广泛认可，然而在种群水平上的重要意义却并未到足够的重
视。最近 Salguero-Gomez and Casper（2010）在 80 种草本植物的弹性分析的基础
上，对草本植物负增长在种群水平上的意义进行了探讨。 他们发现，植物负增
长有利于种群维持及种群在遭受干扰后的快速恢复。 

个体负增长现象在本文所研究的三种灌木中均存在。一般大的个体发生负

增长的频率更高（图 4）。我们的研究发现，植物负增长对种群增长率的影响因
物种和所处环境的不同而有差异。模拟分析发现(利用第一年数据)，如果那些发
生负增长的个体没有进行负增长而是直接死亡，柠条种群的增长率将会极大地
降低（λ 从 0.99降到 0.18）；油蒿的种群增长率也下降很多（半固定、固定和固
定有结皮的沙丘中，λ 分别从 1.35，0.98，0.94 降到 1.03，0.53，0.49）；而对羊

柴的影响相对较小（λ 从 1.27降到 1.24）。柠条和油蒿的种群增长主要依赖于存
活率，而羊柴的种群增长主要是通过极高的无性繁殖实现的，因此通过负增长
而维持的存活率对前两者更重要。该模拟结果表明，负增长的生态适应性在不
同木本植物间存在着差异，对于那些种群增长依赖于存活率的木本植物来说，
这一负增长特性尤为关键。 
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图图图图    4.4.4.4. 羊柴 （半固定沙丘，菱形）、油蒿（半固定沙丘，三角形）和柠条（禁牧、固定沙丘，圆形）
种群中发生负增长的个体所占的百分比。 
 

积分投影模型（积分投影模型（积分投影模型（积分投影模型（Integral Projection Model, IPM）在种群统计研究中的作）在种群统计研究中的作）在种群统计研究中的作）在种群统计研究中的作
用用用用 

矩阵模型因其输出结果中提供的大量有用的信息，如种群增长率（主特征

向量）、稳定状态下的种群结构（右特征向量）和种群内个体繁殖力（左特征
向量），而被广泛用于种统计学研究。现已有>100 种物种的种群统计研究
（Franco and Silvertown 2004）是通过矩阵模型完成的。然而，传统的矩阵模型的
构建需要将种群内不同大小（或发育阶段）的个体人为划分为若干等级，而模
型的输出结果对种群内个体等级的划分方式非常敏感（Easterling et al. 2000）。并

且，矩阵模型在处理个体生长有很大差异的种群时有很大的局限性，难以将这
些生长差异在模型中有效地体现出来（Easterling et al. 2000）。IPM 具有矩阵模型
的所有功能（如提供种群增长率，稳定状态下的种群结构和种群内个体繁殖
力），但在 IPM 模型中，生存率是运用回归方程的方式通过对整个种群的数据
分析得到的，从而不再需要对种群内个体进行人为等级划分。并且，IPM 能将个
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体间的生长差异纳入模型构建，从而有效地克服了矩阵模型在描述生长差异时
的局限性（Easterling et al. 2000, Zuidema et al. 2010）。  

IPM 非常适合三个研究物种的种群统计研究，因为，这三种沙生灌木表现出

的种群内个体间的较大生长差异都可以有效地纳入模型分析中。生长差异会对
种群增长率产生影响，但具体的影响程度还不是很明确。对此我们做了一个模
拟分析，通过不同程度的降低模型中生长变异的方差来计算生长差异对 λ 的影
响。结果表明减少生长差异会影响 λ，但影响的方向（正、负）和程度因不同种
群而异（图 5）。如，半固定沙丘中的油蒿种群，减少生长差异会在一定程度上
降低 λ 值。这表明半固定沙丘中油蒿种群的快速扩展可能部分源于那些生长较

快的个体的贡献（图 5）。相反，减少生长差异并未对羊柴种群的 λ 值造成影
响，这可能是因为 λ 对分株生长不敏感，从而对分株生长差异的改变也不敏
感。对于固定沙丘中（有、无结皮）的柠条、油蒿种群，减少生长差异能够提
高 λ 值（图 5）。这一反应表明，这些种群稳定或衰退的一部份原因可能是源于
个体负增长带来的生长差异。总之，λ 对减少生长差异的不同反应表明，将生长

差异纳入种群统计模型对于更精确的描述种群动态非常关键。 
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图图图图    5.5.5.5.  个体增长率的差异对羊柴 （半固定沙丘，菱形）、油蒿（半固定沙丘，三角形； 固定沙

丘，十字形；固定-结皮沙丘，星号 ）和柠条（禁牧、固定沙丘，圆形）种群增长率 (λ) 的影响。 
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IPM 在种群统计的比较分析中同样非常有用，因为生境作用可以通过回归方
程来检验，那些显著的生境作用可以直接纳入的模型分析中。IPM 可以直接进行
生命表响应试验分析，当在生命率水平上进行分析时，能够深入透彻的分析导

致种群增长率变化的原因。因此，当研究的种群分布在不同的生境中，而生命
率在不同生境下或不同年份又有较大差异时，推荐运用 IPM 进行种群统计研
究。 

 

研究成果在沙丘种群管理中的应用研究成果在沙丘种群管理中的应用研究成果在沙丘种群管理中的应用研究成果在沙丘种群管理中的应用 

抵抗沙漠化是内陆沙丘生态系统中的一个重要命题（Schlesinger et al. 1990, 

Reynolds et al. 2007）。本研究地区多年来一直遭受严重的沙漠化（Zhang 1994, van 

Staalduinen and Werger 2006）。抵抗沙漠化的最重要的措施之一是流动沙丘的固定
和植被恢复（Roze and Lemauviel 2004, Wang et al. 2006, Yang et al. 2006）。在流动沙
丘上种植根茎型克隆植物来降低风速和减少风沙活动是治理沙漠化常用的方法
之一（Zhang et al. 2002 a,b,  Yu et al. 2004）。许多克隆植物能在（半）流动沙丘上
生长，并能通过无性繁殖的方式实现种群更新（Evans and Cain 1995, Dong and 

Alaten 1999, Zhang et al. 2003, Yu et al. 2004, Ye et al. 2006）。 克隆分株由于个体比实
生苗大得多并且能够通过克隆分株从其他分株中得到养分、水分的供应，因此
比实生苗能够更好的耐受风蚀和沙埋。本研究发现，根茎型克隆植物羊柴能够
在沙丘固定早期通过大量产生无性分株实现种群的快速扩展，从而能够迅速占
据沙丘中的裸露区域（第四章）。这种高分株丰度能够大大降低风速，加上其

庞大的地下根状茎网络，能够有效地固沙。因此，羊柴和其他有类似生活史性
状的根茎克隆植物是早期沙丘固定的适宜选择。 

沙丘环境中的非克隆灌木，如油蒿，虽然不能忍受深度沙埋或风蚀，但对
中 度 沙 埋 和 风 蚀 有 较 强 的 耐 受 能 力 （Li et al. 2005, Liu et al. 2008, Li et al. 

2010a,b）。油蒿种群在半固定沙丘中有很高的实生苗更新。幼苗在逃离深度沙埋
后的生活史阶段有很高的存活率。种群调查研究发现，油蒿在半固定沙丘中有

很高的种群增长率，而这主要是通过植株的高存活率，快速生长和高繁殖能力
实现的（第三章）。 这些特征是使得该种群能够快速占领半固定沙丘中的裸露
地区。因此，具有类似生活史特征的非克隆植物可以用于已经在一定程度上固
定下来的沙丘的继续固定。 
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放牧是干旱、半干旱地区沙地的常用土地利用方式（Watson et al. 1997b, a, 

Hunt 2001a, Hegland et al. 2005, Sasaki et al. 2008, Hegland et al. 2010）。该研究地区是
山羊和绵羊的重要牧区（Li 2001, Zhao et al. 2005, Bai et al. 2008）。许多灌木，特

别是豆科灌木，是家畜饲料的重要来源（Kyncl et al. 2006, Fang et al. 2008, Magda et 

al. 2009）。柠条是该研究地区重要的山羊采食植物（Fang et al. 2008）。柠条存活
时间长，个体大。在调查样方中最大的个体体积达到 46 m3。此外，柠条在剪叶
（Fang et al. 2008）或啃食后有很高的补偿性生长能力（第三章）。这些特征使得
柠条能够提供大量的家畜饲料。我们的研究发现，柠条种群在当前季节性放牧
的管理方式下非常稳定，这一稳定种群生长主要是依靠极少受到放牧影响的成

年个体的高存活率来维持的。内陆沙丘生态系统通常极为干旱，在这一生态系
统中植物的年生长量一般非常有限。因此，像柠条这样能耐受长时间干旱，并
且在啃食后有很好的补偿性生长能力的植物尤其适用于内陆沙丘生态系统的可
持续性放牧。 
 

 
 



 

 96 

 References  
 
Albert, M. J., A. Escudero, and J. M. Iriondo. 2001. Female reproductive 

success of narrow endemic Erodium paularense in contrasting 
microhabitats. Ecology 82:1734-1747. 

Angert, A. L. 2006. Demography of central and marginal populations of 
monkeyflowers (Mimulus cardinalis and M.ewisii). Ecology 87:2014-
2025. 

Araki, K., K. Shimatani, and M. Ohara. 2009. Dynamics of distribution and 
performance of ramets constructing genets: a demographic-genetic 
study in a clonal plant, Convallaria keiskei. Annals of Botany 104:71-79. 

Augustine, D. J., and S. J. McNaughton. 2006. Interactive effects of ungulate 
herbivores, soil fertility, and variable rainfall on ecosystem processes in 
a semi-arid savanna. Ecosystems 9:1242-1256. 

Bai, Y. F., X. G. Han, J. G. Wu, Z. Z. Chen, and L. H. Li. 2004. Ecosystem 
stability and compensatory effects in the Inner Mongolia grassland. 
Nature 431:181-184. 

Bai, Y. F., J. G. Wu, Q. Xing, Q. M. Pan, J. H. Huang, D. L. Yang, and X. G. 
Han. 2008. Primary production and rain use efficiency across a 
precipitation gradient on the Mongolia plateau. Ecology 89:2140-2153. 

Bastrenta, B. 1991. Effect of sheep grazing on the demography of Anthyllis 
vulneraria in southern France. Journal of Ecology 79:275-284. 

Bastrenta, B., J. D. Lebreton, and J. D. Thompson. 1995. Predicting 
demographic change in response to herbivory: a model of the effects of 
grazing and annual variation on the population dynamics of Anthyllis 
vulneraria. Journal of Ecology 83:603-611. 

Bingham, R. A., and T. A. Ranker. 2000. Genetic diversify in alpine and foothill 
populations of Campanula rotundifolia (Campanulaceae). International 
Journal of Plant Sciences 161:403-411. 

Bisigato, A. J., M. B. Bertiller, J. O. Ares, and G. E. Pazos. 2005. Effect of 
grazing on plant patterns in arid ecosystems of Patagonian Monte. 
Ecography 28:561-572. 

Brown, J. F. 1997. Effects of experimental burial on survival, growth, and 
resource allocation of three species of dune plants. Journal of Ecology 
85:151-158. 

Brys, R., H. Jacquemyn, P. Endels, G. De Blust, and M. Hermy. 2004. The 
effects of grassland management on plant performance and demography 



 

 97 

in the perennial herb Primula veris. Journal of Applied Ecology 41:1080-
1091. 

Bullock, J. M., J. Silvertown, and B. C. Hill. 1996. Plant demographic 
responses to environmental variation: distinguishing between effects on 
age structure and effects on age-specific vital rates. Journal of Ecology 
84:733-743. 

Caswell, H. 2001. Matrix population models, 2nd edition. Sinauer Associates, 
Sunderland. 

Caswell, H., and T. N. Kaye. 2001. Stochastic demography and conservation of 
an endangered perennial plant (Lomatium bradshawii) in a dynamic fire 
regime. Advances in Ecological Research, Vol 32 32:1-51. 

Chen, S. P., Y. F. Bai, G. H. Lin, Y. Liang, and X. G. Han. 2005. Effects of 
grazing on photosynthetic characteristics of major steppe species in the 
Xilin River Basin, Inner Mongolia, China. Photosynthetica 43:559-565. 

Clark-Tapia, R., M. C. Mandujano, T. Valverde, A. Mendoza, and F. Molina-
Freaner. 2005. How important is clonal recruitment for population 
maintenance in rare plant species? The case of the narrow endemic 
cactus, Stenocereus eruca, in Baja California, Mexico. Biological 
Conservation 124:123-132. 

Crawley, M. J. 1983. Herbivory. The dynamics of animal-plant interactions. 
Blackwell, Oxford, UK. 

Curtin, C. G. 2002. Livestock grazing, rest, and restoration in arid landscapes. 
Conservation Biology 16:840-842. 

Dahlgren, J. P., and J. Ehrlen. 2009. Linking environmental variation to 
population dynamics of a forest herb. Journal of Ecology 97:666-674. 

Danin, A. 1996. Adaptations of Stipagrostis species to desert dunes. Journal of 
Arid Environments 34:297-311. 

de Kroon, H., J. van Groenendael, and J. Ehrlen. 2000. Elasticities: a review of 
methods and model limitations. Ecology 81:607-618. 

Dech, J. P., and M. A. Maun. 2006. Adventitious root production and plastic 
resource allocation to biomass determine burial tolerance in woody 
plants from central Canadian coastal dunes. Annals of Botany 98:1095-
1105. 

del-Val, E., and M. J. Crawley. 2005. What limits herb biomass in grasslands: 
competition or herbivory? Oecologia 142:202-211. 

Dong, M., and B. Alaten. 1999. Clonal plasticity in response to rhizome 
severing and heterogeneous resource supply in the rhizomatous grass 
Psammochloa villosa in an Inner Mongolian dune, China. Plant Ecology 
141:53-58. 



 

 98 

Dong, M., and H. de Kroon. 1994. Plasticity in morphology and biomass 
allocation in Cynodon dactylon, a grass species forming stolons and 
rhizomes. Oikos 70:99-106. 

Dong, M., B. R. Lu, H. B. Zhang, J. K. Chen, and B. Li. 2006. Role of sexual 
reproduction in the spread of an invasive clonal plant Solidago canadensis 
revealed using intersimple sequence repeat markers. Plant Species 
Biology 21:13-18. 

Easterling, M. R., S. P. Ellner, and P. M. Dixon. 2000. Size-specific sensitivity: 
applying a new structured population model. Ecology 81:694-708. 

Ehrlen, J. 1995a. Demography of the perennial herb Lathyrus vernus. 1. 
herbivory and individual performance. Journal of Ecology 83:287-295. 

Ehrlen, J. 1995b. Demography of the perennial herb Lathyrus vernus. 2. 
herbivory and population dynamics. Journal of Ecology 83:297-308. 

Ehrlen, J. 2003. Fitness components versus total demographic effects: 
evaluating herbivore impacts on a perennial herb. American Naturalist 
162:796-810. 

Ehrlen, J., and O. Eriksson. 2003. Large-scale spatial dynamics of plants: a 
response to Freckleton & Watkinson. Journal of Ecology 91:316-320. 

Eldridge, D. J., and R. S. B. Greene. 1994. Microbiotic soil crusts: a review of 
their roles in soil and ecological processes in the rangelands of Australia. 
Australian Journal of Soil Research 32:389-415. 

Eriksson, O. 1989. Seedling dynamics and life histories in clonal plants. Oikos 
55:231-238. 

Eriksson, O. 1993. Dynamics of genets in clonal plants. Trends in Ecology & 
Evolution 8:313-316. 

Eriksson, O. 1994. Stochastic population dynamics of clonal plants: Numerical 
experiments with ramet and genet models. Ecological Research 9:257-
268. 

Eriksson, O., and H. Froborg. 1996. ''Windows of opportunity'' for 
recruitment in long-lived clonal plants: Experimental studies of seedling 
establishment in Vaccinium shrubs. Canadian Journal of Botany 
74:1369-1374. 

Evans, J. P., and M. L. Cain. 1995. A spatially explicit test of foraging behavior 
in a clonal plant. Ecology 76:1147-1155. 

Facelli, J. M., and H. Springbett. 2009. Why do some species in arid lands 
increase under grazing? Mechanisms that favour increased abundance of 
Maireana pyramidata in overgrazed chenopod shrublands of South 
Australia. Austral Ecology 34:588-597. 



 

 99 

Fang, X. W., J. H. Li, Y. C. Xiong, D. H. Xu, X. W. Fan, and F. M. Li. 2008. 
Responses of Caragana korshinskii Kom. to shoot removal: mechanisms 
underlying regrowth. Ecological Research 23:863-871. 

Fang, X. W., X. Z. Wang, H. Li, K. Chen, and G. Wang. 2006a. Responses of 
Caragana korshinskii to different aboveground shoot removal: Combining 
defence and tolerance strategies. Annals of Botany 98:203-211. 

Fang, X. W., J. L. Yuan, G. Wang, and Z. G. Zhao. 2006b. Fruit production of 
shrub, Caragana korshinskii, following above-ground partial shoot 
removal: mechanisms underlying compensation. Plant Ecology 
187:213-225. 

Fensham, R. J., R. J. Fairfax, and J. M. Dwyer. 2010. Vegetation responses to 
the first 20 years of cattle grazing in an Australian desert. Ecology 
91:681-692. 

Fornara, D. A., and J. T. Du Toit. 2007. Browsing lawns? Responses of Acacia 
nigrescens to ungulate browsing in an African savanna. Ecology 88:200-
209. 

Franco, M., and J. Silvertown. 2004. Comparative demography of plants based 
upon elasticities of vital rates. Ecology 85:531-538. 

Garcia, M. B., and J. Ehrlen. 2002. Reproductive effort and herbivory timing in 
a perennial herb: Fitness components at the individual and population 
levels. American Journal of Botany 89:1295-1302. 

Ge, S., K. Q. Wang, and M. Dong. 1999. Genetic diversity and clonal structure 
of Hedysarum laeve in Mo Us sandland. Acta Botanica Sinica 41:301-306. 

Guo, K. 2000. Cyclic succession of Artemisia ordosica Krasch community in the 
Mu Us sandy grassland. Acta Phytoecologica Sinica 24:243-247. 

Gomez, J. M. 2005. Long-term effects of ungulates on performance, 
abundance, and spatial distribution of two montane herbs. Ecological 
Monographs 75:231-258. 

Grime, J. P. 1977. Evidence for existence of three primary strategies in plants 
and its relevance to ecological and evolutionary theory. American 
Naturalist 111:1169-1194. 

Guardia, R., J. Raventos, and H. Caswell. 2000. Spatial growth and population 
dynamics of a perennial tussock grass (Achnatherum calamagrostis) in a 
badland area. Journal of Ecology 88:950-963. 

Gutterman, Y., and S. ShemTov. 1996. Structure and function of the 
mucilaginous seed coats of Plantago coronopus inhabiting the Negev 
Desert of Israel. Israel Journal of Plant Sciences 44:125-133. 

Gutterman, Y., and S. ShemTov. 1997. Mucilaginous seed coat structure of 
Carrichtera annua and Anastatica hierochuntica from the Negev Desert 



 

 100 

highlands of Israel, and its adhesion to the soil crust. Journal of Arid 
Environments 35:695-705. 

Hara, M., H. Kanno, Y. Hirabuki, and A. Takehara. 2004. Population dynamics 
of four understorey shrub species in beech forest. Journal of Vegetation 
Science 15:475-484. 

Harper, J. L., and J. Ogden. 1970. Reproductive Strategy of Higher Plants. 1. 
Concept of strategy with special reference to Senecio vulgaris L. Journal 
of Ecology 58:681-698. 

Harris, D., and A. J. Davy. 1987. Seedling growth in elymus-farctus after 
episodes of burial with sand. Annals of Botany 60:587-593. 

Hawkes, C. V. 2004. Effects of biological soil crusts on seed germination of four 
endangered herbs in a xeric Florida shrubland during drought. Plant 
Ecology 170:121-134. 

He, W. M., and X. S. Zhang. 2003. Responses of an evergreen shrub Sabina 
vulgaris to soil water and nutrient shortages in the semi-arid Mu Us 
Sandland in China. Journal of Arid Environments 53:307-316. 

He, W. M., X. S. Zhang, and M. Dong. 2003. Gas exchange, leaf structure, and 
hydraulic features in relation to sex, shoot form, and leaf form in an 
evergreen shrub Sabina vulgaris in the semi-arid Mu Us Sandland in 
China. Photosynthetica 41:105-109. 

Heckel, C. D., N. A. Bourg, W. J. McShea, and S. Kalisz. 2010. 
Nonconsumptive effects of a generalist ungulate herbivore drive decline 
of unpalatable forest herbs. Ecology 91:319-326. 

Hegland, S. J., E. Jongejans, and K. Rydgren. 2010. Investigating the 
interaction between ungulate grazing and resource effects on Vaccinium 
myrtillus populations with integral projection models. Oecologia 
163:695-706. 

Hegland, S. J., K. Rydgren, and T. Seldal. 2005. The response of Vaccinium 
myrtillus to variations in grazing intensity in a Scandinavian pine forest 
on the island of Svanoy. Canadian Journal of Botany 83:1638-1644. 

Hesse, E., M. Rees, and H. Muller-Scharer. 2008. Life-history variation in 
contrasting habitats: flowering decisions in a clonal perennial herb 
(Veratrum album). American Naturalist 172:E196-E213. 

Hoffmann, W. A. 1999. Fire and population dynamics of woody plants in a 
neotropical savanna: matrix model projections. Ecology 80:1354-1369. 

Hong, Y., L.-H. Wang, G. Zhang, B. Enhe, and X. Liang. 2006. Genetic 
diversity of Sabina vulgaris populations at different succession stages. 
Ying Yong Sheng Tai Xue Bao 17:2006-2010. 



 

 101 

Horvitz, C. C., and D. W. Schemske. 1995. Spatiotemporal variation in 
demographic transitions of a tropical understory herb: projection matrix 
analysis. Ecological Monographs 65:155-192. 

Huang, Z. Y., I. Boubriak, D. J. Osborne, M. Dong, and Y. Gutterman. 2008. 
Possible role of pectin-containing mucilage and dew in repairing 
embryo DNA of seeds adapted to desert conditions. Annals of Botany 
101:277-283. 

Huang, Z. Y., and Y. Gutterman. 1999. Water absorption by mucilaginous 
achenes of Artemisia monosperma: Floating and germination as affected by 
salt concentrations. Israel Journal of Plant Sciences 47:27-34. 

Huang, Z. Y., and Y. Gutterman. 2000. Comparison of germination strategies 
of Artemisia ordosica with its two congeners from deserts of China and 
Israel. Acta Botanica Sinica 42:71-80. 

Huber, H., D. Whigham, and J. O'Neill. 2004. Timing of disturbance changes 
the balance between growth and survival of parent and offspring ramets 
in the clonal forest understory herb Uvularia perfoliata. Evolutionary 
Ecology 18:521-539. 

Hulme, P. E. 1994. Seedling serbivory in grassland:  Relative impact of 
vertebrate and invertebrate herbivores. Journal of Ecology 82:873-880. 

Humphrey, L. D., and D. A. Pyke. 1997. Clonal foraging in perennial 
wheatgrasses: a strategy for exploiting patchy soil nutrients. Journal of 
Ecology 85:601-610. 

Hunt, L. P. 2001a. Heterogeneous grazing causes local extinction of edible 
perennial shrubs: a matrix analysis. Journal of Applied Ecology 38:238-
252. 

Hunt, L. P. 2001b. Low seed availability may limit recruitment in grazed 
Atriplex vesicaria and contribute to its local extinction. Plant Ecology 
157:53-67. 

Hutchings, M. J. 1988. Differential foraging for resources and structural 
plasticity in plants. Trends in Ecology & Evolution 3:200-204. 

Ikegami, M., D. F. Whigham, and M. J. A. Werger. 2009. Ramet phenology 
and clonal architectures of the clonal sedge Schoenoplectus americanus 
(Pers.) Volk. ex Schinz & R. Keller. Plant Ecology 200:287-301. 

Jacquemyn, H., and R. Brys. 2008. Effects of stand age on the demography of a 
temperate forest herb in post-agricultural forests. Ecology 89:3480-
3489. 

Jacquemyn, H., R. Brys, and E. Jongejans. 2010. Seed limitation restricts 
population growth in shaded populations of a perennial woodland 
orchid. Ecology 91:119-129. 



 

 102 

Jongejans, E., and H. de Kroon. 2005. Space versus time variation in the 
population dynamics of three co-occurring perennial herbs. Journal of 
Ecology 93:681-692. 

Jordan, P. W., and P. S. Nobel. 1979. Infrequent establishment of seedlings of 
Agave Deserti (Agavaceae) in the northwestern Sonoran desert. American 
Journal of Botany 66:1079-1084. 

Kadmon, R. 1993. Population dynamic consequences of habitat heterogeneity: 
an experimental study. Ecology 74:816-825. 

Kauffman, M. J., and J. L. Maron. 2006. Consumers limit the abundance and 
dynamics of a perennial shrub with a seed bank. American Naturalist 
168:454-470. 

Knight, T. M., H. Caswell, and S. Kalisz. 2009. Population growth rate of a 
common understory herb decreases non-linearly across a gradient of 
deer herbivory. Forest Ecology and Management 257:1095-1103. 

Kobayashi, T., R. T. Liao, and S. Q. Li. 1995. Ecophysiological behavior of 
Artemisia ordosica on the process of sand dune fixation. Ecological 
Research 10:339-349. 

Koop, A. L., and C. C. Horvitz. 2005. Projection matrix analysis of the 
demography of an invasive, nonnative shrub (Ardisia elliptica). Ecology 
86:2661-2672. 

Kyncl, T., J. Suda, J. Wild, R. Wildova, and T. Herben. 2006. Population 
dynamics and clonal growth of Spartocytisus supranubius (Fabaceae), a 
dominant shrub in the alpine zone of Tenerife, Canary Islands. Plant 
Ecology 186:97-108. 

Lennartsson, T., and J. G. B. Oostermeijer. 2001. Demographic variation and 
population viability in Gentianella campestris: effects of grassland 
management and environmental stochasticity. Journal of Ecology 
89:451-463. 

Li, F. R., A. S. Zhang, S. S. Duan, and L. F. Kang. 2005. Patterns of 
reproductive allocation in Artemisia halodendron inhabiting two 
contrasting habitats. Acta Oecologica 28:57-64. 

Li, S. L., M. J. A. Werger, P. A. Zuidema, F. H. Yu, and M. Dong. 2010a. 
Seedlings of the semi-shrub Artemisia ordosica are resistant to moderate 
wind denudation and sand burial in Mu Us sandland, China. Trees-
Structure and Function 24:515-521. 

Li, S. L., P. A. Zuidema, F. H. Yu, M. J. A. Werger, and M. Dong. 2010b. 
Effects of denudation and burial on growth and reproduction of Artemisia 
ordosica in Mu Us sandland. Ecological Research 25:655-661. 



 

 103 

Li, S. Z., H. L. Xiao, G. D. Cheng, F. Luo, and L. C. Liu. 2006. Mechanical 
disturbance of microbiotic crusts affects ecohydrological processes in a 
region of revegetation-fixed sand dunes. Arid Land Research and 
Management 20:61-77. 

Li, X. R. 2001. Study on shrub community diversity of Ordos Plateau, Inner 
Mongolia, Northern China. Journal of Arid Environments 47:271-279. 

Liu, B., Z. M. Liu, and D. X. Guan. 2008. Seedling growth variation in 
response to sand burial in four Artemisia species from different habitats 
in the semi-arid dune field. Trees-Structure and Function 22:41-47. 

Liu, F. H., J. Liu, F. H. Yu, and M. Dong. 2007a. Water integration patterns in 
two rhizomatous dune perennials of different clonal fragment size. Flora 
202:106-110. 

Liu, L. C., Y. X. Song, Y. H. Gao, T. Wang, and X. R. Lia. 2007b. Effects of 
microbiotic crusts on evaporation from the revegetated area in a 
Chinese desert. Australian Journal of Soil Research 45:422-427. 

Loik, M. E., D. D. Breshears, W. K. Lauenroth, and J. Belnap. 2004. A multi-
scale perspective of water pulses in dryland ecosystems: climatology and 
ecohydrology of the western USA. Oecologia 141:269-281. 

Magda, D., E. Chambon-Dubreuil, C. Agreil, B. Gleizes, and M. Jarry. 2009. 
Demographic analysis of a dominant shrub (Cytisus scoparius): Prospects 
for encroachment control. Basic and Applied Ecology 10:631-639. 

Mandujano, M. C., J. Golubov, and L. F. Huenneke. 2007. Effect of 
reproductive modes and environmental heterogeneity in the population 
dynamics of a geographically widespread clonal desert cactus. 
Population Ecology 49:141-153. 

Mandujano, M. C., C. Montana, M. Franco, J. Golubov, and A. Flores-
Martinez. 2001. Integration of demographic annual variability in a 
clonal desert cactus. Ecology 82:344-359. 

Marcante, S., E. Winkler, and B. Erschbamer. 2009. Population dynamics along 
a primary succession gradient: do alpine species fit into demographic 
succession theory? Annals of Botany 103:1129-1143. 

Maron, J. L., J. K. Combs, and S. M. Louda. 2002. Convergent demographic 
effects of insect attack on related thistles in coastal vs. continental 
dunes. Ecology 83:3382-3392. 

Maron, J. L., and E. Crone. 2006. Herbivory: effects on plant abundance, 
distribution and population growth. Proceedings of the Royal Society B-
Biological Sciences 273:2575-2584. 



 

 104 

Martinez, M. L., G. Vazquez, and S. Sanchez Colon. 2001. Spatial and temporal 
variability during primary succession on tropical coastal sand dunes. 
Journal of Vegetation Science 12:361-372. 

McNaughton, S. J. 1979. Grazing as an optimization process: grass ungulate 
relationships in the Serengeti. American Naturalist 113:691-703. 

Miller, T. E. X., S. M. Louda, K. A. Rose, and J. O. Eckberg. 2009. Impacts of 
insect herbivory on cactus population dynamics: experimental 
demography across an environmental gradient. Ecological Monographs 
79:155-172. 

Miriti, M. N., S. J. Wright, and H. F. Howe. 2001. The effects of neighbors on 
the demography of a dominant desert shrub (Ambrosia dumosa). 
Ecological Monographs 71:491-509. 

Oduor, A. M. O., J. M. Gomez, and S. Y. Strauss. 2010. Exotic vertebrate and 
invertebrate herbivores differ in their impacts on native and exotic 
plants: a meta-analysis. Biological Invasions 12:407-419. 

Olff, H., D. M. Pegtel, J. M. Vangroenendael, and J. P. Bakker. 1994. 
Germination strategies during grassland succession. Journal of Ecology 
82:69-77. 

Oostermeijer, J. G. B., R. van't Veer, and J. C. M. den Nijs. 1994. Population 
structure of the rare, long-lived perennial Gentiana pneumonanthe in 
relation to vegetation and management in the Netherlands. Journal of 
Applied Ecology 31:428-438. 

Palmisano, S., and L. R. Fox. 1997. Effects of mammal and insect herbivory on 
population dynamics of a native Californian thistle, Cirsium occidentale. 
Oecologia 111:413-421. 

Parker, I. M. 2000. Invasion dynamics of Cytisus scoparius: a matrix model 
approach. Ecological Applications 10:726-743. 

Parker, K. C., and J. L. Hamrick. 1992. Genetic diversity and clonal structure 
in a columnar  cactus, Lophocereus schottii. American Journal of Botany 
79:86-96. 

Pascarella, J. B., and C. C. Horvitz. 1998. Hurricane disturbance and the 
population dynamics of a tropical understory shrub: megamatrix 
elasticity analysis. Ecology 79:547-563. 

Pedersen, B. 1995. An evolutionary theory of clonal senescence. Theoretical 
Population Biology 47:292-320. 

Persson, I. L., R. Bergstrom, and K. Danell. 2007. Browse biomass production 
an.regrowth capacity after biomass loss in deciduous and coniferous 
trees: responses to moose browsing along a productivity gradient. 
Oikos 116:1639-1650. 



 

 105 

Persson, I. L., K. Danell, and R. Bergstrom. 2000. Disturbance by large 
herbivores in boreal forests with special reference to moose. Annales 
Zoologici Fennici 37:251-263. 

Piqueras, J. 1999. Herbivory and ramet performance in the clonal herb Trientalis 
europaea L. Journal of Ecology 87:450-460. 

Poorter, L., F. Bongers, F. J. Sterck, and H. Woll. 2005. Beyond the 
regeneration phase: differentiation of height-light trajectories among 
tropical tree species. Journal of Ecology 93:256-267. 

Prentice, I. C., and M. J. A. Werger. 1985. Clump spacing in a desert dwarf 
shrub community. Vegetatio 63:133-139. 

Rees, M., and S.P. Ellner. 2009. Integral projection models for populations in 
temporally varying environments. Ecological Monographs 79:575-594. 

Rees, M., R. Condit, M. Crawley, S. Pacala, and D. Tilman. 2001. Long-term 
studies of vegetation dynamics. Science 293:650-655. 

Reynolds, J. F., D. M. Stafford Smith, E. F. Lambin, B. L. Turner, M. 
Mortimore, S. P. J. Batterbury, T. E. Downing, H. Dowlatabadi, R. J. 
Fernandez, J. E. Herrick, E. Huber-Sannwald, H. Jiang, R. Leemans, 
T. Lynam, F. T. Maestre, M. Ayarza, and B. Walker. 2007. Global 
desertification: building a science for dryland development. Science 
316:847-851. 

Rose, K. E., S. M. Louda, and M. Rees. 2005. Demographic and evolutionary 
impacts of native and invasive insect herbivores on Cirsium canescens. 
Ecology 86:453-465. 

Roze, F., and S. Lemauviel. 2004. Sand dune restoration in north Brittany, 
France: A 10-year monitoring study. Restoration Ecology 12:29-35. 

Salguero-Gomez, R., and B. B. Casper. 2010. Keeping plant shrinkage in the 
demographic loop. Journal of Ecology 98:312-323. 

Salguero-Gomez, R., and H. de Kroon. 2010. Matrix projection models meet 
variation in the real world. Journal of Ecology 98:250-254. 

Sanchez-Velasquez, L. R., and M. D. Pineda-Lopez. 2010. Comparative 
demographic analysis in contrasting environments of Magnolia dealbata: 
an endangered species from Mexico. Population Ecology 52:203-210. 

Sasaki, T., T. Okayasu, U. Jamsran, and K. Takeuchi. 2008. Threshold changes 
in vegetation along a grazing gradient in Mongolian rangelands. Journal 
of Ecology 96:145-154. 

Schenk, H. J. 1999. Clonal splitting in desert shrubs. Plant Ecology 141:41-52. 
Schlesinger, W. H., J. F. Reynolds, G. L. Cunningham, L. F. Huenneke, W. 

M. Jarrell, R. A. Virginia, and W. G. Whitford. 1990. Biological 
feedbacks in global desertification. Science 247:1043-1048. 



 

 106 

Shi, L., Z. J. Zhang, C. Y. Zhang, and J. Z. Zhang. 2004. Effects of sand burial 
on survival, growth, gas exchange and biomass allocation of Ulmus 
pumila seedlings in the Hunshandak Sandland, China. Annals of Botany 
94:553-560. 

Silvertown, J., M. Franco, and R. Perez-Ishiwara. 2001. Evolution of 
senescence in iteroparous perennial plants. Evolutionary Ecology 
Research 3:393-412. 

Silvertown, J., M. Franco, I. Pisanty, and A. Mendoza. 1993. Comparative 
plant demography - relative importance of life-cycle components to the 
finite rate of increase in woody and herbaceous perennials. Journal of 
Ecology 81:465-476. 

Slade, A. J., and M. J. Hutchings. 1987. The effects of nutrient availability on 
foraging in the clonal herb Glechoma hederacea. Journal of Ecology 75:95-
112. 

Stuefer, J. F., H. J. During, and H. de kroon. 1994. High benefits of clonal 
integration in 2 stoloniferous species, in response to heterogeneous light 
environments. Journal of Ecology 82:511-518. 

Stuefer, J. F., and H. Huber. 1999. The role of stolen internodes for ramet 
survival after clone fragmentation in Potentilla anserina. Ecology Letters 
2:135-139. 

Toft, C. A., and T. Fraizer. 2003. Spatial dispersion and density dependence in 
a perennial desert shrub (Chrysothamnus nauseosus: Asteraceae). 
Ecological Monographs 73:605-624. 

Valverde, T., and J. Silvertown. 1998. Variation in the demography of a 
woodland understorey herb (Primula vulgaris) along the forest 
regeneration cycle: projection matrix analysis. Journal of Ecology 
86:545-562. 

van Staalduinen, M. A., and N. P. R. Anten. 2005. Differences in the 
compensatory growth of two co-occurring grass species in relation to 
water availability. Oecologia 146:190-199. 

van Staalduinen, M. A., and M. J. A. Werger. 2006. Vegetation ecological 
features of dry Inner and Outer Mongolia. Ber. d. Reinh.-Tüxen-Ges. 
18: 117-128. 

Verburg, R., J. Maas, and H. J. During. 2000. Clonal diversity in differently-
aged populations of the pseudo-annual clonal plant Circaea lutetiana L. 
Plant Biology 2:646-652. 

Verburg, R. W., and H. J. During. 1998. Vegetative propagation and sexual 
reproduction in the woodland understorey pseudo-annual Circaea 
lutetiana L. Plant Ecology 134:211-224. 



 

 107 

Verburg, R. W., R. Kwant, and M. J. A. Werger. 1996. The effect of plant size 
on vegetative reproduction in a pseudo-annual. Vegetatio 125:185-192. 

von Willert, D. J., M. B. Eller, M. J. A. Werger, E. Brinckmann, and H. D. 
Ihlenfeldt. 1992. Life strategies of succulents in deserts: with special 
reference to the Namib desert. Cambridge University Press, 
Cambridge. 

Wang, X. P., X. R. Li, H. L. Xiao, and Y. X. Pan. 2006. Evolutionary 
characteristics of the artificially revegetated shrub ecosystem in the 
Tengger Desert, northern China. Ecological Research 21:415-424. 

Warner, P. J., and J. H. Cushman. 2002. Influence of herbivores on a perennial 
plant: variation with life history stage and herbivore species. Oecologia 
132:77-85. 

Watkinson, A. 1992. Plant senescence. Trends in Ecology & Evolution 7:417-
420. 

Watson, I. W., M. Westoby, and A. M. Holm. 1997a. Continuous and episodic 
components of demographic change in arid zone shrubs: models of two 
Eremophila species from western Australia compared with published data 
on other species. Journal of Ecology 85:833-846. 

Watson, I. W., M. Westoby, and A. M. Holm. 1997b. Demography of two 
shrub species from an arid grazed ecosystem in Western Australia 1983-
93. Journal of Ecology 85:815-832. 

Weppler, T., P. Stoll, and J. Stocklin. 2006. The relative importance of sexual 
and clonal reproduction for population growth in the long-lived alpine 
plant Geum reptans. Journal of Ecology 94:869-879. 

Werger, M. 1986. The karoo and Souther Kalahari. In: M.Evenari et al (eds), 
Hot desert and arid shrublands. Ecosystems of the world. Elsevier. 
Amsterdam. pp 283-359. 

Wesche, K., K. Ronnenberg, and I. Hensen. 2005. Lack of sexual reproduction 
within mountain steppe populations of the clonal shrub Juniperus sabina 
L. in semi-arid southern Mongolia. Journal of Arid Environments 
63:390-405. 

Wesselingh, R. A., P. G. L. Klinkhamer, T. J. de Jong, and L. A. Boorman. 
1997. Threshold size for flowering in different habitats: Effects of size-
dependent growth and survival. Ecology 78:2118-2132. 

Wijesinghe, D. K., and D. F. Whigham. 1997. Costs of producing clonal 
offspring and the effects of plant size on population dynamics of the 
woodland herb Uvularia perfoliata (Liliaceae). Journal of Ecology 
85:907-919. 



 

 108 

Winkler, E., S. Marcante, and B. Erschbamer. 2010. Demographic 
consequences of the two reproductive modes in Poa alpina L. along a 
primary succession gradient in the central Alps. Arctic Antarctic and 
Alpine Research 42:227-235. 

Xiao, C. W., O. J. Sun, G. S. Zhou, J. Z. Zhao, and G. Wu. 2005. Interactive 
effects of elevated CO2 and drought stress on leaf water potential and 
growth in Caragana intermedia. Trees-Structure and Function 19:711-
720. 

Yamada, T., P. A. Zuidema, A. Itoh, T. Yamakura, T. Ohkubo, M. Kanzaki, S. 
Tan, and P. S. Ashton. 2007. Strong habitat preference of a tropical rain 
forest tree does not imply large differences in population dynamics 
across habitats. Journal of Ecology 95:332-342. 

Yang, H., Q. Lu, B. Wu, H. Yang, J. Zhang, and Y. Lin. 2006. Vegetation 
diversity and its application in sandy desert revegetation on Tibetan 
Plateau. Journal of Arid Environments 65:619-631. 

Yang, H. L., Z. Y. Huang, Y. Z. Ye, X. W. Zhu, M. Dong, and H. B. Weng. 
2010. Effects of soil moisture profile on seedling establishment in the 
psammophyte Hedysarum laeve in the semiarid Otindag Sandland, China. 
Journal of Arid Environments 74:350-354. 

Ye, X. H., F. H. Yu, and M. Dong. 2006. A trade-off between guerrilla and 
phalanx growth forms in Leymus secalinus under different nutrient 
supplies. Annals of Botany 98:187-191. 

Yu, F. H., Y. F. Chen, and M. Dong. 2002. Clonal integration enhances 
survival and performance of Potentilla anserina, suffering from partial 
sand burial on Ordos plateau, China. Evolutionary Ecology 15:303-318. 

Yu, F. H., M. Dong, and B. Krusi. 2004. Clonal integration helps Psammochloa 
villosa survive sand burial in an inland dune. New Phytologist 162:697-
704. 

Yu, F. H., N. Wang, W. M. He, Y. Chu, and M. Dong. 2008. Adaptation of 
rhizome connections in drylands: Increasing tolerance of clones to wind 
erosion. Annals of Botany 102:571-577. 

Yu, F. H., N. Wang, W. M. He, and M. Dong. 2010. Effects of clonal 
integration on species composition and biomass of sand dune 
communities. Journal of Arid Environments 74:632-637. 

Zhang, C. Y., C. Yang, and M. Dong. 2002a. Clonal integration and its 
ecological significance in Hedysarum laeve, a rhizomatous shrub in Mu Us 
Sandland. Journal of Plant Research 115:113-118. 



 

 109 

Zhang, C. Y., C. Yang, and M. Dong. 2002b. The significance of rhizome 
connection of semi-shrub Hedysarum laeve in an Inner Mongolian dune, 
China. Acta Oecologica-International Journal of Ecology 23:109-114. 

Zhang, C. Y., C. Yang, X. Y. Yang, and M. Dong. 2003. Inter-ramet water 
translocation in natural clones of the rhizomatous shrub, Hedysarum 
laeve, in a semi-arid area of China. Trees-Structure and Function 
17:109-116. 

Zhang, C. Y., F. H. Yu, and M. Dong. 2002c. Effects of sand burial on the 
survival, growth, and biomass allocation in semi-shrub Hedysarum laeve 
seedlings. Acta Botanica Sinica 44:337-343. 

Zhang, G. S., L. H. Wang, Y. L. Li, Z. Dong, and J. Q. Qi. 1999. Root 
distribution and root weight of Sabina Vulgaris in Mu Us sandy land 
Journal of desert reserch 19:378-383. 

Zhang, X. S. 1994. Principles and optimal models for development of Maowusu 
sandy grassland. Acta Phytoecologica Sinica 18:1-16. 

Zhao, H. L., X. Y. Zhao, R. L. Zhou, T. H. Zhang, and S. Drake. 2005. 
Desertification processes due to heavy grazing in sandy rangeland, Inner 
Mongolia. Journal of Arid Environments 62:309-319. 

Zheng, Y. R., Z. X. Xie, Y. Gao, L. H. Jiang, H. Shimizu, and K. Tobe. 2004. 
Germination responses of Caragana korshinskii Kom. to light, 
temperature and water stress. Ecological Research 19:553-558. 

Zhu, X. W., Z. Y. Huang, Y. Chu, S. M. Zhang, H. D. Liu, and M. Dong. 
2004. Effects of burial in sand and seed size on seed germination and 
seedling emergence in two leguminous shrubs in the Otindag Sandland, 
China. Israel Journal of Plant Sciences 52:133-142. 

Zuidema, P. A. 2000. Demography of exploited tree species in the Bolivian 
Amazon. Dissertation. Utrecht University, The Netherlands. PROMAB 
Scientific Series 2. 

Zuidema, P. A., and M. Franco. 2001. Integrating vital rate variability into 
perturbation analysis: an evaluation for matrix population models of six 
plant species. Journal of Ecology 89:995-1005. 

Zuidema, P. A., H. de Kroon, and M. J. A. Werger. 2007. Testing 
sustainability by prospective and retrospective demographic analyses: 
Evaluation for palm leaf harvest. Ecological Applications, 17:118-128. 

Zuidema, P. A., E. Jongejans, P. D. Chien, H. J. During, and F. Schieving. 
2010. Integral Projection Models for trees: a new parameterization 
method and a validation of model output. Journal of Ecology 98:345-
355. 



 

 110 

Zuo, X. A., X. Y. Zhao, H. L. Zhao, T. H. Zhang, Y. R. Guo, Y. Q. Li, and Y. 
X. Huang. 2009. Spatial heterogeneity of soil properties and vegetation-
soil relationships following vegetation restoration of mobile dunes in 
Horqin Sandy Land, Northern China. Plant and Soil 318:153-167. 



 

 111 

Acknowledgements 
 
This study was supported by a CAS-KNAW joint PhD Training Program 
project. 

During this study, I have received a lot of help and support from many 
people. Without their generous contribution, this thesis wound not have been 
possible. Here I sincerely thank all the people that contributed to the success of 
this thesis. 

First of all I would like to give my thanks to my supervisor Prof. Marinus 
Werger for his helpful advice on my field research, valuable comments on my 
manuscripts, and also for his kind help with many, many things of my daily life. I 
am deeply grateful to my daily supervisor, Dr. Pieter Zuidema for his great 
guidance during all stages of this project, from the early starting of the research 
to the end of the thesis writing. Thanks to Elke and Corien for the very very 
warm dinners during Christmas time, that makes me feel that the western 
festival is also related to me. I am greatly indebted to my supervisor Prof. Ming 
Dong and my daily supervisor Dr. Feihai Yu in China for their suggestions to the 
field research and valuable comments on the manuscripts. Feihai was very strict 
with me on each step of this project, I really appreciate that. 

I would like to express my gratitude to the staff members of the Ecology 
and Biodiversity Group, Utrecht University, especially to Dr. Heinjo During 
and Dr. Feike Schieving for their kind and patient help with my statistics, 
mathematic questions and model program. Mnay thanks to Dr. Hans ter Steege, 
Dr. Niels Anten, Dr Roy Erkens, Prof. Jos Verhoeven, Dr. Merel Soon, Prof. 
Riks Laanbroek and Dr Mariet Hefting for the fruitful discussions and valuable 
suggestions. During my stay in Utrecht, I have received a lot of enthusiastic help 
and encouragement from many people in the group. I want to thank all of you, 
Arjen, Julianan, Claudia, Liang Xu, Zhengwen, Yuhong, Danae, Marijke, 
Paddy, Peter, Binh, Maria, Sylvia, Judith, Karlijn, Rob, Annemarie, Peter, 
Mart, Bjorn, Bas, Joost, Walter, Mario, Yusuke, Galia, Martie, Jan, Sander, 
Sonya, Henry, Betty and Bertus. 

I would like to thank the staff members of Ecology group, Institute of 
Botany, the Chinese Academy of Sciences, especially to Prof. Zhenying Huang, 
Prof. Weiming He, Prof. Ke Guo, Dr. Yu Chu and Dr. Xuehua Ye for the 
fruitful discussions and valuable suggestions. I also would like to thank my 
colleagues and friends Ning Wang, Jianjiang Qiao, Guofang Liu, Lei Wang, Hua 
Yu, Yanhong Wang, Juandu, Pingxing Li, Guolei Yu, Shuqin Gao, Qingguo 



 

 112 

Cui, Yuan Sui, Xu Pan and Yaobin Song for their help with my research and also 
their friendship.  

Many thanks to Dr Eelke Jongejans and Roberto Salguero-Gómez for 
kindly providing some part of the R programme.  

I would like to thank the people in Inner Mongolia for their help with my 
field work. Thanks to Bin Jiang, Shenglian Zhang, Badarihu, Bilige, Dalai, Zhilan 
Liu and Weigang Zhang for their support to my field work in the Ordos station. 
Many thanks to Bao Alaten for his help for searching suitable research plots in 
Etoke Banner. Thanks to Junwei Yang, Yanhua Meng, Haiyan Yu and Weining 
Bai for their help with the field work and also for their friendship.Thanks to 
Junqing Yang for his help with constructing the plot fences and taking care of my 
research plots. Many thanks to the family members of Wenshun Gao and a 
Mongolian family of A Yao for offering nice food and accommodation when my 
father and I were doing experiments in Etoke Banner. Specially, I want to thank 
Huiting Gao for her excellent assistance with the field work and for her 
friendship.  

Finally I want to thank my parents, sister and brother for their constant 
support with my study. Specially, I want to thank my father for his assistance 
with my field work in Inner Mongolia during the past three years. I want to 
thank my husband Baocheng for his valuable advice and suggestions with my 
research.  

 
 
 
 

                                                                                    Shouli Li 
                                                                                    Utrecht,  
                                                                                    11- 2010 



 

 113 

Curriculum vitae 

 

 

 

Shouli Li was born in 1979, in Shandong Province, China. She got her 
Bachelor degree in Biological Science at Yantai Normal University in 2003. In 
the same year, she continued her master study in horticulture at the Institute of 
Botany, the Chinese Academy of Sciences. 

After she received her master degree in 2006, she found she was fully 
attracted to plant ecological research. That same year, she was very lucky to be 
accepted as an ecological Ph.D. student at Utrecht University & the Institute of 
Botany of the Chinese Academy of Sciences. During her Ph.D. study, she 
specially focused on the demographic studies of woody plants in inland dune 
ecosystems. 



 

 114 

 
Publications 
 
 
Li S-L, Yu F-H, Werger MJA, Dong M, Zuidema PA. Habitat-specific 
demography across dune fixation stages in a semi-arid sandland: understanding 
the expansion, stabilization and decline of a dominant shrub. Journal of 
Ecology (in press) 
 
Li S-L, Werger MJA, Zuidema PA, Yu F-H, Dong M. 2010. Seedlings of the 
semi-shrub Artemisia ordosica are resistant to moderate wind denudation and sand 
burial in Mu Us sandland, China. Trees, 24: 515–521. 
 
Li S-L, Zuidema PA, Yu F-H, Werger MJA, Dong M. 2010. Effects of 
denudation and burial on growth and reproduction of Artemisia ordosica in Mu Us 
sandland. Ecological Research, 25: 655-611. 
 
Yu F-H, Li P-X, Li S-L, He W-M. Kobresia tibetica tussocks facilitate plant 
species inside them and increase diversity and reproduction. Basic and Applied 
Ecology DOI: 10.1016/j.baae.2010.09.005. 
 
Li P-X, Krusi BO, Li S-L, Cai X-H, Yu F-H. Facilitation associated with three 
contrasting shrub species in heavily grazed pastures on the Tibetan Plateau. 
Community ecology (in press). 
 
Li P-X, Krusi BO, Li S-L, Yu F-H. 2010. Effects of Potentilla fruticosa Linn. 
shrubs on the herb layer of heavily grazed pasture on the eastern Tibetan 
Plateau. Polish Journal of Ecology (in press). 
 
Li S-L, Shi L, Zhang JZ (2007) Ovary tissue culture of Cardiocrinum giganteum. 
Acta Horticulturea Sinica, 1:197-200.  
 
Li S-L, Shi L, Zhang JZ (2006) Observation of the pollen tube behavior 
following pollination between Cardiocrinum giganteum and Lilium. Acta 
Horticulturea Sinica, 6:1259-1262.  
 
Li S-L, Shi L, Zhang JZ, Long YY (2006) Recent Advances in Lily Breeding. 
Acta Horticulturea Sinica, 1:203-10. 


