
1 
 

Clonal Integration in Ochthochloa Compressa under Extreme 

Environmental Conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Mobarak S Al Mosallam 

School of Biological Sciences 

The University of Adelaide 

 

 

This dissertation is submitted for the degree of 

Doctor of Philosophy 

 

 

Supervisors: Associate Professor José M. (Jope) Facelli 

Februarys 2018 



2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by 

Mobarak Al Mosallam 

Februarys 2018 

 

 

All rights reserved. 

No part of the publication may be reproduced in any form by print, photoprint, 

microfilm or any other means without written permission from the author. 

 

 



3 
 

Table of Content 

Abstract ............................................................................................................................. 7 

Declaration ..................................................................................................................... 10 

Acknowledgements .......................................................................................................... 11 

Chapter 1 ........................................................................................................................ 12 

Clonal Integration in Ochtochloa Compressa Ecotypes under Various Environmental 

Conditions. ...................................................................................................................... 12 

Introduction .................................................................................................................................. 12 

Literature Review ......................................................................................................................... 13 

Research Aims .............................................................................................................................. 22 

References .................................................................................................................................... 22 

Chapter 2 ........................................................................................................................ 28 

Do mother ramets establishing new ramets randomly or by mother ramets selecting better patches?

 .......................................................................................................................................................... 28 

Introduction .................................................................................................................................. 28 

Materials and methods .................................................................................................................. 31 

Study area ................................................................................................................................. 31 

Plant description ....................................................................................................................... 33 

Data Collection ......................................................................................................................... 33 

Statistical analysis .................................................................................................................... 35 

Result ............................................................................................................................................ 36 

Discussion ..................................................................................................................................... 39 

References .................................................................................................................................... 41 

Chapter 3 ................................................................................................................................. 47 

The effect of abundance of nutrients in soil on spread of mother ramet’s stolons and on the potential 

establishment of a new ramets. ......................................................................................................... 47 

Introduction .................................................................................................................................. 47 



4 
 

Materials and methods .................................................................................................................. 49 

Study area ................................................................................................................................. 49 

Plant description ....................................................................................................................... 51 

Data collection ......................................................................................................................... 52 

Statistical analysis .................................................................................................................... 55 

Results .......................................................................................................................................... 55 

Discussion .................................................................................................................................... 59 

References .................................................................................................................................... 62 

Chapter 4 ................................................................................................................................. 67 

The ability of mother ramets to supply ramets and expansion of stolons under harsh environmental 

condition. .......................................................................................................................................... 67 

Introduction .................................................................................................................................. 67 

Materials and methods .................................................................................................................. 69 

Study area ................................................................................................................................. 69 

Plant description ....................................................................................................................... 71 

Data collection ......................................................................................................................... 73 

Statistical analysis .................................................................................................................... 75 

Result ............................................................................................................................................ 75 

Discussion .................................................................................................................................... 78 

References .................................................................................................................................... 80 

Chapter 5 ................................................................................................................................. 85 

The effects of simulated grazing of mother ramets or daughter ramets ............................................ 85 

Introduction .................................................................................................................................. 85 

Material and Methods ................................................................................................................... 88 

Study area ................................................................................................................................. 88 

Plant description ....................................................................................................................... 90 

Data collection ......................................................................................................................... 91 

Statistical analysis .................................................................................................................... 93 

Results .......................................................................................................................................... 93 

Discussion .................................................................................................................................... 98 



5 
 

References .................................................................................................................................. 101 

Chapter 6 ............................................................................................................................... 107 

General Conclusion .................................................................................................................... 107 

References .................................................................................................................................. 111 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



6 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

My thanks and appreciation 
 

To my parents, 

my wife (Um Fajr) and my kids, 

my brothers and sisters, 

whose made all of this possible, 

for their endless encouragement and patience. 

 

  



7 
 

Abstract 

While multiple studies have indicated the benefit of clonal integration and its role 

in resisting harsh environmental conditions, many researchers have indicated the need for 

further studies to understand fully the role of clonal integration and what determines the 

optimal strategies in various environments. In this project a series of studies were carried 

out in an extremely arid area (Al Thumam area in the Arabian Peninsula) to contribute to 

the knowledge of the benefits of clonal integration and understanding the behaviour of 

the clonal grass Ochthochloa compressa. This study is unique because it has investigated 

the benefits of clonality in one of the harshest environments where clonal plants are 

found. 

Experiment 1. I aimed to understand the patterns of spread and expansion of 

stolons, particularly whether stolons grew in random directions or are directed to better 

patches by the mother ramets to establish new daughter ramets maximizing their chances 

of success. I measured nutrient contents (N, P and K) in patches where mother plants 

grew, and where daughter ramets had established. In addition, I sampled nearby 

unoccupied patches. Mother plants were found in patches with higher N concentrations 

than where the daughter ramets were found. There were no differences in concentration 

of P; while K was the lowest where not fully rooted daughters were found. The results 

suggest that daughter ramets did not establish in the best areas, indicating that the spread 

and expansion of stolons in the O. compressa occurs randomly. 

Experiment 2. I investigated the effects of the addition of fertilizer to mother and 

daughter ramets, including addition of nutrients to daughters disconnected from the 

mother   ramets. Cutting the stolons caused to death of the daughter because these ramets 

were still dependent on the mother ramets. When connected, mothers that received 

nutrients affected some transference nutrients to daughter ramets. In contrast, the 
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daughters accumulated the nutrients in above ground tissue when receiving added 

fertilizer, and there was no sign of transference to the mother ramet. Nutrient addition did 

not affect in any case the efficiency photosynthetic in both mother and daughter ramets. 

Experiment 3. In this experiment, I focused on the effect of the distance between 

mother and daughter ramets on the performance of daughter ramets.  Daughters located 

close to the mother ramets could suffer competition by the mother if they are within the 

area of the root system. The results showed no significant differences between mother 

and daughter ramets in the concentration of nitrogen, phosphorus, and potassium nor in 

photosynthetic activity. This indicates that the daughters have the ability to resist 

competition through continued support from their mothers despite the scarcity of 

resources and the harsh environmental conditions in the study area. 

Experiment 4. In this experiment, I studied the effect of simulated grazing on both 

mother and daughter ramets when one of them was clipped and 50-60% of the leaves 

were removed, while remaining connected. Clipping did not affect the N content of 

mother ramets, but the concentration of phosphorus was decreased by clipping. K was 

lower in mother ramets connected to clipped daughters. Daughters connected to clipped 

mothers had higher N concentration but K and P did not change. Clipping of daughters 

did not have any effect on mother ramets concentration of nutrients. Photosynthetic 

efficiency did not record any significant differences when ramets were clipped. The 

results indicate that O. compressa strategy to resist grazing consists mainly in continuing 

to support daughter ramets.  

As far as I know, this is the first study of the phenomenon of clonal integration 

for O. compressa. This study revealed the importance of clonal integration for O. 

compressa to resistance of the harsh environmental conditions. Under the harsh 
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conditions these plants live, the preferred strategy seems to be for the mother ramets to 

expand by producing ramets in random sites and heavily subsidize their growth with 

nutrient, and almost certainly water. Indeed, I documented strong evidence of transfer of 

nutrients through the stolons from mother ramets to daughter ramets but no evidence of 

transfer in the other direction even when nutrients were supplied to daughters. Further, 

seemingly surplus N available to the mother when clipping limited their foliar tissues was 

directed to daughters rather than to re-sprouting (which was probably limited by water 

availability).  

The insights obtained on the biology of O. compressa are critical as it is a native 

plant in a harsh environment, and it is suitable for fodder for pastoral animals, as well as 

having potential for restoration of degraded areas.  Further, it provides new insights into 

the phenomenon of clonal integration in harsh habitats, and area which still needs further 

study and research. 
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General Introduction 

Chapter 1 

Clonal Integration in Ochtochloa Compressa Ecotypes 

under Various Environmental Conditions. 

Introduction 

The clonal integration phenomenon is one of the mechanisms of asexual 

reproduction, where the clonal plants reproduces themselves through the production of 

ramets, which are genetically identical to the mother ramets (Yan et al., 2013), and 

connected to the mother ramets by rhizomes or stolons (Stuefer et al., 1994). The aims of 

the clonal integration mechanism through connection between mother and ramets are 

exporting resources and nutrients to daughter ramets from mother ramets by the stolon 

(Wolfer and Straile, 2012). Also, the integration mechanism contributes to the spread of 

stolons in harsh environments and open spaces with scarce resources (Dong and Alaten, 

1999). One of the most important advantages of clonal plants is the ability to share 

nutrients, carbohydrates and water between mother and daughter ramets through stolons 

(Alpert and Mooney, 1986; Alpert, 1999; Pennings and Callaway, 2000; Peltzer, 2002; 

Yu et al., 2004; Wang et al., 2008; Liu et al., 2009; Yu et al., 2010; Xiao et al., 2011; 

Martina and Von Ende, 2013; Yan et al., 2013; Luo and Zhao, 2015), manipulating the 

composition of clonal plant communities (de Kroon and Knops, 1990; Xiao et al., 2011) 

and explore open spaces unlike non clonal plants (Martina and Von Ende, 2013). 

Besides, sharing resources in clonal integration mechanism can enhance the chance of 

survival and growth through resource sharing mechanism (Peltzer, 2002; Xiao et al., 

2010), and resistance to harsh environmental conditions (Wang et al., 2008; Xiao et al., 

2010; Yu et al., 2010) such as drought, stress (Stuefer et al., 1994) grazing (Pennings and 

Callaway, 2000; Xiao et al., 2010) and wind erosion (Yu et al., 2002). It also contributes 
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to adapt to different environments (de Kroon and Knops, 1990) that through assist mother 

to a new ramets by nutrients and as be a source of resources for it. It should be noted that 

the behaviour of clonal plants varies according to plant species and type of environment 

(de Kroon and Knops, 1990; He et al., 2011), hence the phenomenon of clonal integration 

needs further research and study to understand the role of the clonal integration 

mechanism in the spread of clonal plant stolons in harsh environments and their resistance 

to harsh environmental factors such as grazing and competition and drought. 

Therefore, there is a great benefit in exploring different possibilities in clonal integration 

of the perennial grass Ochthochloa compressa, which is believed to possess all the traits 

for multipurpose use fir vegetation management. Indeed, such clonal traits can be 

efficient for combating desertification and rehabilitating of degraded rangelands. 

Literature Review  

Clonal plants often consist of many connected individual ramets, which allows 

them to share resources via clonal integration. This may improve the ability of the plants 

to tolerate abiotic stress and play a crucial role in regulating their shoot growth (Wolfer 

and Straile, 2012). Clonal integration enables clonal plants to share nutrients, water and 

carbohydrates (Alpert, 1996; Wijesinghe and Hutchings, 1997) utilize efficiently patchy 

soil resources (Evans and Cain, 1995; Brewer and Bertness, 1996), and tolerate 

environmental stresses (Slade and Hutchings, 1987; Pennings and Callaway, 2000). Yu 

et al. (2008) suggested that erosion as well as severing of rhizomes has a negative impact 

on the number of ramets and it may result in a decrease in the number of ramets, leaves 

or biomass of the plants. This study further substantiates the findings of Yu et al. (2008) 

that the negative impacts of erosion mainly derives from the lack of protection of an 

adequately thick layer of sand, which causes fast dehydration of roots and rhizomes, thus 

precluding them from acquiring and transporting water and other essential resources. A 
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study by Zhao et al. (2011) proved that plants that have been buried in moderate amounts 

of sand can benefit of it by protecting the roots from drying and increased nutrient 

availability, to expand the area of the spread of the roots, which helps to increase the 

growth of shoots, roots, leaves and increase biomass as well (Zhao et al., 2011). 

According to Yu et al. (2008), the numbers of leaves and the biomass increased by 37% 

in the case of moderate burial. However, the numbers of leaves and biomass dropped to 

47% in the case of deep burial (Yu et al., 2008). Therefore, the results of the study 

indicate that rhizome connections or clonal integration considerably enhanced the ability 

of plants to cope with drought (Yu et al., 2008). 

Slade and Hutchings (1987) conducted a study to determine the costs and benefits of the 

physiological integration between the ramets in the clonal perennial herb Glechoma 

hederacea. They found that the number of leaves, biomass, number of ramets and stolon 

expansion becomes significant in the determination of the level of integration because 

the movement of resources within the stolons is highly biased in an acropetal direction. 

The authors contend that clonal integration thus leads to reduce the effects of adverse 

local conditions that may hamper the growth and survival of plants in specific patches. 

The study also points to the importance of ramet age as younger ones, irrespective of 

growing conditions, are capable of producing two primary stolons but older ramets 

required nutrient-rich conditions to achieve the same productivity (Slade and Hutchings, 

1987). Another study by Wulff (1991) supports the contention that clonal integration, 

through maintenance of subsides among ramets that can achieve larger size, helps the 

growth and persistence of clonal plants. In their study on clonal integration and the effects 

of herbivory in old-field perennials, Schmid et al. (1988) compared the effects of 

defoliation on shoot performance in connected shoots and severed rhizomes. They tested 

the hypothesis that the impact of defoliation will be stronger in the most clonally 
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integrated than in less clonally integrated plants (Schmid et al., 1988). Their findings 

suggested that the removal of about a half of the foliage from shoots produced varying 

impacts on them, depending on the species, the density of shoots but largely on the 

rhizome integrity through the connections between shoots (Schmid et al., 1988). Thus, 

this study also corroborates that clonal integration can be highly beneficial to plants as it 

assists their growth and survival in adverse circumstances. 

Amsberry et al. (2000) found that clonal integration enhanced the survival of Phragmites 

australis under salinity conditions, especially in low areas. Furthermore, they noted that 

the vegetative reproduction and tolerance to adverse environmental conditions were 

increased by clonal integration. In the marshland grass Spartina alterniflora, Xiao et al. 

(2010) found that clonal integration of the daughter ramets considerably enhances their 

flood tolerance. The basic premise of their study was that since clonal plants possess the 

ability to share water as well as other resources through vascular connections between 

ramets, clonal integration increases the ability of individual ramets to grow and survive 

even in adverse circumstances (Alpert, 1996 and 1999; Xiao et al., 2010). Mauchamp et 

al. (2001) and Xiao et al. (2010) proved that clonal integration play an important role in 

stressful environments and that daughter ramets connected with mother ramets extend 

much more quickly than severed ones. Thus, it is clear that clonal integration allows 

mother ramets to pass on resources to daughter ramets so as to enable them to escape 

quickly from stress, such as submergence (Xiao et al., 2010).  

Similarly, Yu et al. (2002) found that clonal integration enhances the ability of Potentilla 

anserina to respond and survive to partial sand burial. The experiment in this study was 

conducted in the semi-arid and desertified area of Ordos Plateau of China, which is 

exposed to frequent strong winds. The results suggest that the biomass, number of ramets 

and leaves as well as the leaf area markedly decreased during the burial treatments when 
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stolon connections were cut (Yu et al., 2002). However, connected ramets enabled plants 

to resist frequent sand transport by wind, demonstrating the benefit of clonal integration 

(Yu et al., 2002).  

The main reason for this plant strategy is that in clonally integrated species the mother 

ramets can facilitate a seamless flow of resources, thereby supporting the growth of their 

daughter ramets making them capable of withstanding adverse conditions. Caraco and 

Kelly (1991) found that anatomical connection in plants is key to physiological 

integration, through transfer of resources from mother ramets to daughter ramets. 

However, when resources are limited, such transfer can reduce the growth of mother 

ramets while it increases the daughter’s growth. 

Through the clonal integration mechanism, the mother ramets are providing the nutrient 

for daughters through the stolons (Wolfer and Straile, 2012), while there is different 

levels of benefit from the clonal integration which depends on the plant species and 

pattern of habitats (Alpert and Mooney, 1986). The mother ramets are the main source of 

nutrients for their daughter ramets (Alpert, 1999). Under harsh environmental condition 

the mother’s ramets can continue to support daughter ramets for years (Slade and 

Hutchings, 1987; Yu et al., 2004), until daughter ramets are able to sustain themselves. 

In harsh environments this may require larger size of the daughter ramets to reach 

independence. As growth is slow in those conditions, the period of dependence of 

daughters may be much longer in harsh environments (Alpert and Mooney, 1986) to 

reduce the environmental pressures on the ramets (Alpert and Mooney, 1986; Pennings 

and Callaway, 2000). However, this implies a high cost to the mother ramets, and it can 

be expected that under extreme conditions the cost of the integration to the mother plant 

can be less than the benefits obtained by the genet by supporting the daughter ramets 
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(Slade and Hutchings, 1987). This in theory should limit the distribution of clonal plants 

into extreme environments. 

In a study of the ecological role of clonal integration of Psammochloa villosa to withstand 

sand accumulation (Yu et al., 2004) it was found that increasing burial depths 

considerably decreased the survival of the ramets. The authors further contended that 

clonal integration allows P. villosa to survive and re-establish their population and form 

colonies in new bare grounds through fast expansion of rhizomes (Liu et al., 2009). This 

is possible mainly because clonal integration can enhance the ability of the plant to 

elongate its vertical structures and stay above accumulating sand with the help of 

resources transported through the ramets that remain unburied (Yu et al., 2004). Chen, 

Lei and Dong (2010) documented that the effects of sand burial on clonal integration 

varies according to the depth of burial, that when the burial depth are increasing will 

decreasing the resistance of clonal integration for that. Additionally, the clonal plants 

have the ability to transport essential resources through the interconnected ramets via 

source-sink regulation. Clonal integration also ameliorates the negative impacts of sand 

accumulation on survival and growth of Carex preclear (Shi et al., 2004; Chen et al., 

2010). Thus, they argue that clonal plants can be utilised as a source for stabilising sand 

while re-vegetating desertified regions (Chen et al., 2010). 

Clonal integration of plants has been also found to have benefits in tropical conditions 

such as evergreen forests, as shown by the results of a study conducted by Du et al. 

(2010). The researchers refer to evidence from various studies that show that while clonal 

integration increases the performance of plants, the benefits depend on the ability of the 

plant to uptake resource or produce photosynthesis (Du et al., 2010).  

Stuefer (1996) and Chen et al. (2004) suggested that the resources for plants are patchily 

distributed in space and time even at scales relevant to individuals. In this context, Alpert 
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(1999) highlighted the importance of studying clonal growth in habitats with different 

patterns of resource availability to understand the role of clonal integration in ecological 

as well as evolutionary terms. The results of their studies indicated that morphological 

plasticity does not aid the access of resources, when supplied in an unpredictable manner. 

So, under such situations clonal growth depend on access to resources rather than the 

clonal morphology. 

In his study of the effects of clonal integration on plant plasticity in Fragaria chiloensis, 

Alpert (1999) argues that since clonal plants can transport resources among ramets 

growing in different microsites, they can also change the plastic responses of ramets 

depending on environmental conditions.  

Several plant species have some degree of clonal growth that have a crucial role in 

preserving ecosystem functions and community assemblage (Wilsey, 2002: Yu et al., 

2010; Xiao et al., 2011). However, their study concludes that clonal integration has very 

little effect on plant diversity in dunes plant communities, but they attributed this finding 

to the unforeseen high mortality rate of some species and hence emphasise the need for 

further studies on such topic (Yu et al., 2010).  It has been found that without clonal 

integration, under high salinity conditions the youngest ramets of Spartina alterniflora 

died, which suggests that clonal integration is more important for young ramets (Alpert 

and Mooney, 1986; Xiao et al., 2011). They further argue that since young plants are at 

higher risk from environmental factors, clonal integration is crucial for their growth and 

survival.  

Sand burial and accumulation change abiotic and biotic conditions of plants and thereby 

triggers changes in their physiology and morphology and thus affect their growth and 

chances of survival (Maun, 1998; Yu et al., 2002). However, clonal integration can help 

mitigate this problem, if the stolon connection between the buried and unburied ramets is 



19 
 

maintained as evidenced through the experiments run by Yu et al. (2002). The unburied 

ramets will be able to provide the resources to the buried ramets through clonal 

integration and thus it allows the adaptation of the plant to conditions where sand 

accumulation is pervasive. In their study relating to plant growth and foraging for a 

patchy resource, Oborny and Englert (2012) found that clonal integration helps plants to 

regulate their growth pattern to the type of resources available in their environment 

(Oborny and Englert, 2012). They also found that phenotypic plasticity of growth as a 

critical factor for understanding the behaviour of individual plants in adapting to the 

environment (Silvertown and Gordon, 1989; Novoplansky, 2002; Oborny and Englert, 

2012). The main advantage of clonal plants in this regard is that each ramet has access to 

resources in the environment depending on the area covered by roots and foliage (Oborny 

and Englert, 2012). Thus, even if some ramets are not able to extract resources, the 

resources obtained by other ramets get distributed through the integrated clonal system. 

Thus, when plants forage into a different environment, clonal integration will help them 

to adapt to the new habitat as clones have resource sharing capabilities. 

Xiao, Yu, Wang and Han (2011) documented that physiological integration of plants can 

help them invade heterogeneous habitats or escape from their current environment. Thus, 

due to the benefits deriving from clonal integration plants inhabiting coastal areas can 

migrate into new areas when sand accumulated and effectively adapt to the changed 

environment and survive there. This study offers evidence to suggest that clonal 

integration is highly significant for the “survival and tolerance” of ramets in stressful and 

adverse environments (Xiao et al., 2011). The authors further argue that during the period 

of the experiment, the plants displayed a strong potential for acropetal stolon growth 

resulting in the production of ample biomass and offspring ramets, when clonally 

integrated (Xiao et al., 2011). On the other hand, severing the stolon resulted in a decrease 
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in daughter ramets, while mother ramets continued to grow at the expense of progeny 

ramets (Xiao et al., 2011). The study further shows that when plants forage into bare 

habitats such as newly-formed sand dunes from nearby vegetated environments such as 

coastal belts, they place more ramets into exposed habitats, suggesting that mother plant 

can direct somehow the place new daughter ramest establish. Further their results  prove 

the contention that connection to a mother plant in a more suitable environment allow the 

new ramets to escape from harmful environment as they adapt to it through plasticity or 

even modify the environment by accumulating finer particles (Macek and Lepš, 2003; 

Sampaio et al., 2004; Xiao et al., 2011). 

In addition, studies of the effects of clonal integration on plant plasticity, predicts that 

clonal integration will decrease the need for plasticity in plants because it equalizes 

concentration of resources among ramets (Alpert, 1999). The primary objective of Alpert 

(1999) study has been testing the additional manners in which clonal integration modifies 

the plasticity of plants under different levels of morphological organisation (Alpert 1999). 

Among other findings, he found evidence that clonal connection induced a range of 

plastic responses to light and nitrogen that reversed the plastic response occurring in 

single ramets (Alpert 1999). The author concluded that the plasticity facilitated by clonal 

integration enables ramets to respond to conditions in a single microsite or those in a set 

of multiple sites and the resultant differences (Alpert 1999). Thus, it can be construed 

that clonal integration provides resistance to plants to adapt to the varying conditions in 

a new habitat and facilitates their growth and survival. Thus, it transpires that clonal 

integration enhances the ability of the plant to resist the adverse conditions in the newly 

formed sand accumulation on beaches. 

In spite of the seemingly large number of studies presented above, the information about 

clonal integration and clonal plants behaviour is still insufficient and needs further study 
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and investigation. In order to contribute to the understanding of this mechanism, I seek 

to understand the behaviour of the integration of Ochthochloa compressa. This is the first 

study of O. compressa in the Arabian Peninsula. In order to contribute to the 

understanding of the mechanism of clonal integration, I attempt to document the 

behaviour of this clonal plant which is found though out the Arabian Peninsula and 

extends from northern Africa to western Indian subcontinent. The insights obtained on 

the biology of O. compressa are critical as it is a native plant in a harsh environment, and 

it is suitable for fodder for pastoral animals, as well as having potential for restoration of 

degraded areas.   

Grazing, nutrient availability and interactions between mother and daughter ramets are 

factors that strongly affect plants in dry environments. In our research, I am focused on 

studying the relationship between soil and mother ramets and role of abundance of 

nutrients in soil in spread and establishment of new daughter ramets, through analyzing 

the concentration of nitrogen, phosphorus and potassium in soil and both mother and 

daughter ramets. Also, I studird the effect of nutrient abundance, competition and grazing 

on the concentration of nitrogen, potassium and phosphorus in both mother and daughter 

ramets when connect and disconnected with mother ramets as an indicator of the health 

and effect of it. Furthermore, because the remoteness of the University of Adelaide 

precluded long term studies, I measured the efficiency of photosynthesis in both mother 

and daughter ramets to determine the effect of that environmental conditions on 

photosynthesis and hence potential growth to document the behaviour of mother and 

daughter ramets when exposed to extreme environmental conditions. 
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Research Aims 

 To investigate the mechanism of spread of stolons and the establishment of new 

ramets in Ochthochloa compressa, is it ecological strategy by mother ramets 

whether depend on the abundance of nutrients in the soil or no? 

  To test for evidence of nutrient movement between mother and daughter ramets.  

 To determine the effect of harsh environment (such as neighbouring plants) on 

the mother's ability to spread and establishing a new ramets.  

 To examine the effect of clipping by 50 - 60% on both mother and daughter 

ramets.  
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Chapter 2 

Do mother ramets establish new ramets randomly or by 

mother ramets selecting better patches? 

Introduction 

Drought, sand burial, and wind erosion are some of the most significant 

environmental stresses encountered by desert plants (Luo and Zhao, 2015). These stresses 

cause a decrease in water and soil resources, mainly due to poor soils (Wolfer and Straile, 

2012). Under harsh conditions the heterogeneity of the environment, particularly nutrient 

patchiness, can determine plant distribution (Bartels and Chen, 2010; He et al., 2011; 

Mommer et al., 2011), productivity (Luo and Zhao, 2015) and biodiversity (Clark et al., 

2010; He et al., 2011). Clonal plants can maximise the use of such environments either 

by averaging the resource in different patches or by “exploring” the area surrounding a 

mother plant by sending ramets in different direction and then supporting those in the 

best patches.  

The phenomenon of clonal integration is widespread in dry areas and sandy environments 

as a mechanism that allows plants to adapt to the difficult environmental conditions 

(Salzman and Parker, 1985; Slade and Hutchings, 1987; de Kroon and Knops, 1990; 

Pennings and Callaway, 2000; Peltzer, 2002; D’Hertefeldt et al., 2011; Wolfer and 

Straile, 2012). Indeed, this phenomenon increases the chances of survival and reduces the 

negative effects of environmental stresses (Peltzer, 2002; Yu et al., 2008; Luo and Zhao, 

2015; Martina and Von Ende, 2013; Evans, 1988; Brewer and Bertness, 1996) by sharing 

nutrients, water, and carbohydrate resources between mother and daughter ramets 

(Peltzer, 2002; D’Hertefeldt et al., 2011; Yan et al., 2013). To a large extent, this is done 

through the transfer of water, nutrients and carbohydrates from mother to daughter ramets 
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(Alpert and Mooney, 1986; Stuefer and Hutchings, 1994; Alpert, 1996; Wijesinghe and 

Hutchings, 1997; Peltzer, 2002). 

The clonal integration mechanism allows clonal plants to replicate themselves asexually 

(Wolfer and Straile, 2012), enabling them to affect the composition of plant communities 

(de Kroon and Knops, 1990). This mechanism also lets clonal plants explore the new 

habitats potentially modulating the maternal investment to suit the best strategy, unlike 

non-clonal plants which release seeds with similar maternal investment (Slade and 

Hutchings, 1987; Sutherland and Stillman, 1988; de Kroons and Hutchings, 1995; Chen 

et al., 2010; Martina and Von Ende, 2013). Exploring the environment around the mother 

plant with ramet-producing stolons that root in patches of higher resource availability 

could enable clonal plants to benefit from absorption of soil resources in a better way 

compared to other plants (Yan et al., 2013).This “foraging” mechanism could facilitate 

the plants to gain access to resources in rich patches in heterogeneous environments (de 

Kroon and Hutchings, 1995; de Kroon et al., 2009) and optimise their exploitation of soil 

resources (de Kroon and Hutchings, 1995; Dong et al., 1997; Whitlock et al., 2010; Eilts 

et al., 2011; Gough et al., 2012; Oborny et al., 2012; Martina and Ende, 2013). 

Alternatively, ramets can be produced by stolons at random, but the maternal investment 

could secure establishment even in poor quality patches. 

In early stages of the growth of new ramets, there is transfer of resources from mother to 

daughter ramets through stolons (Walfer and Straile, 2012). It is common that more 

resources are transferred from rich mother ramets to daughter ramets in poor patches 

(Marba et al., 2002; Saitoh et al., 2006; Matlaga and Sternberg, 2009; Xu et al., 2010; 

D’Hertefeldt et al., 2011; He et al., 2011). Alternatively, the transfer of resources might 

be from daughter ramets to mother ramets (Stuefer et al., 1994; Peltzer, 2002), where the 
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mother ramets establishes more ramets in rich patches with a view to increasing e 

absorption (Martina and Von Ende, 2013). 

This means that the mother ramets could “select" where the new daughter ramet establish, 

or they might be randomly deployed (de Kroon and Knops, 1990; de Kroon and 

Hutchings, 1995(. The clonal integration mechanism varies depending on the plant 

species. For example, nutrients can move in two directions between mother and daughter 

ramets in some clonal plants, while in some species the nutrients only move from mother 

to daughter (Wolfer and Straile, 2012). 

Ochthochloa compressa is a plant of local pastoral value. Recently, this plant disappeared 

from the surrounding area in the study region. Indeed, while the study area is protected 

from grazing by the government the area surrounding it is exposed to human activities 

such as grazing and urbanization stress. Field observations indicate that O compressa has 

the ability to spread by clonal mechanism. The high grazing value of O compressa and 

its ability to spread under harsh environmental conditions make it a very desirable plants 

species. As far as I know, O. compressa was not subject to research in the study area. 

Therefore, because of its high pastoral value and its ability to spread under the local harsh 

environmental conditions, the researcher was encouraged to study of the clonal 

integration mechanism in O compressa and its effect on it. 

As suggested by previous studies, further research is required in order to get a better 

insight into both the clonal integration mechanism and the patterns of new ramet 

establishment mechanism. To understand the mechanism of spread of stolons and the 

establishment of new ramets in O compressa, I analysed the concentration of nitrogen, 

phosphorus and potassium in both mother and daughter ramets and the soil where they 

were located. The purpose of this is to inform the role of nutrient abundance in soil in the 
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establishment of new ramets and the spread of stolons. In this study, I aim to investigate 

whether mother ramets randomly establish new ramets or are the sites “chosen” by the 

mother ramets to ensure the best patches are occupied. 

Materials and methods 

Study area 

The study field site was Al-Thumamah an area protected by the Saudi Arabian 

government. The Al-Thumamah area (N 25°11'8", E 46°38'2") is about 70 km from 

Riyadh, at an altitude is approximately 567 m, and its extension is approximately 170 

km² (Fig. 1). The Al-Thumamah area contains mostly sandy soils, although rocky and 

gravely soils can also be found. The vegetation is formed by scattered shrubs with 

perennial and annual herbaceous plants growing in between them. 

The rainfall is almost 100 mm annually occurring almost exclusively between October 

and May (Fig. 2a). It has hence a very dry and hot climate with an average temperature 

in winter of  12 Cº; while in summer temperatures reach 38 Cº (Al Musallam, 2007) (Fig. 

2b). 
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Figure. 1. The left picture for the King Khalid Wildlife Research Centre (KKWRC) area at Saudi Arabia 

map, and in right picture for study sites. 
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(Figure. 2a. The rate monthly rainfall over ten years from 2006 to 2015.) 

(Figure. 2b. The monthly temperature over ten years from 2006 to 2015.) 
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Plant description 

Ochthochloa compressa is a perennial grass native to the Arabian Peninsula. The 

decumbent stolons can extend up to 150 cm, are 2 - 4 mm in diameter, sustain 1- 6 ramets 

each (personal observation) and it growth up to 70 cm tall (Collenette, 1999). The leaf-

blades are conduplicate, 3 -5 cm long, 3 mm wide and glaucous. The lower leaves are 

longer than the higher leaves. It has two mechanism of reproduction, sexual by producing 

seeds in spikes and asexual by producing stolons that produce new ramets. Inflorescences 

contains 3 - 5 digitate racemes, 2 – 4 cm long, which are deciduous at maturity (Fig. 3). 

It produces seeds in February and March. O compressa is widespread in central, north 

and western Saudi Arabia (Collenette, 1999; Mandavilla, 1990), and extends into western 

Asia and Asia-tropical: India and Africa: North West tropical. 

 

Data Collection  

 The study sampled six microsites representing different areas where the different 

parts of the plant were present or not, with nine replicates for each site, which are as 

follows:  

1. Mother ramets (M) (Fig. 4a). 

2. Daughter ramets (D) (Fig. 4a). 

Figure. 3. The shape of spikes for Ochthochloa compressa (Ochthochloa compressa - Flora of Qatar 2016). 

)) 
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3. A node that has not produced root yet for this year (X1). 

4. Unoccupied area surrounding the mother ramets (F) at 50 cm distance (Fig. 4a, b). 

5. The bare area surrounding the study patch (B) (Fig. 4b). 

 

 

 

 

 

(Figure. 4a. The sites for mother ramets, daughter rames and unoccupied sites). 

(Figure. 4b. The sites for bare areas and unoccupied sites) 

 

(F) 
(M) 

(D) 

(F) 

(B) 
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I collected our samples randomly from four sites (M, D, X1 and F) in first patch 

and fifth site (B) in bare patch in February 2014. I had been chosen 9 mother and daughter 

ramets for plant samples. As well as, I collected our samples from five sites, which are: 

mother ramets (M), daughter ramets (D), nodes that did not produce roots this year (X1),  

unoccupied area surrounded mother ramets (F), and bare area surrounding the study patch 

(B). 

For soil sampling, I collected blocks 10 × 10 cm² and 5 cm deep without any 

treatment. I also collected leaf tissues of the corresponding plant part, in those microsites 

where plants were present. Thereafter, I dried the plant leaves in an electric oven at 60 Cº 

for 72 hours. Subsequently, I analysed the concentration of nitrogen, phosphorous, and 

potassium in the soil and in plants after grinding them. The laboratory at Ministry of 

Environment Water & Agriculture in Saudi Arabia analysed the soil samples using two 

methods. First, the Kjeldahl method was used to analyse the total nitrogen (Bremner and 

Mulvaney, 1982), second, the spectrophotometer method was used to analyse the total 

phosphorous and potassium (Olsem and Sommers, 1982). 

Statistical analysis 

Our data showed equal variance. I therefore analysed the data using one-way 

ANOVA to determine if there was any difference in concentrations of the nutrients 

(nitrogen, phosphorous, and potassium) among all the soil samples (M, D, X1, F, and B). 

Correspondingly, I analyse the same concentrations for mother and daughter ramets. 

When ANOVA detected significant differences, I analysed the data in an unpaired t-test. 

I used that test to determine whether the daughter ramets are established randomly or 

whether they are determined by environmental factors. 
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Result 

The results for the total nitrogen concentration in the soil samples was found to be 

significantly different (P value < 0.0001, F= 28.23). The higher concentration of nitrogen 

were found in the F soil samples, while the B soil samples, recorded the lowest 

concentration of nitrogen. For the D and X1 soil samples, no significant difference was 

recorded. Also, soil samples F and M recorded the highest concentration of nitrogen, and 

no significant difference was found between both of them (Fig. 5). 

 

 

 

 

 

 

 

 

For total phosphorus in the soil samples, the result indicated a significant difference (P ˂ 

0.0001, F= 23.64). The highest concentration level was in the bare ground site (B), which 

recorded higher concentrations of phosphorus compared to the other site samples. The 

mother (M) and daughter (D) soil samples were recorded as having the lowest 

concentration level of phosphorus, with no significant difference between them. Also, 

there were no significant differences between B and all the other sites (Fig. 6). 

 

Figure.5. Concentration of nitrogen in soil samples for soil samples of mother ramets (M), 

daughter ramets which has root (D), daughter ramets which has not root (X1), 

unoccupied area surrounded mother ramets (F) and bare area surrounded patch study (B). 
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Significant differences were found for total soil potassium (P < 0.0001, F = 16.94) (Fig. 

7). The lowest level of potassium was found in the X1 soil sample. The soil of F was 

significantly different, showing a higher concentration of potassium than other soil 

samples, but it was not different from N. No differences were found between the M, D, 

and B soil microsites, unlike X1, which was significantly different from all the other soil 

sites. 

 

 

 

 

 

 

 

Figure.6. Concentration of phosphorus in soil samples for samples of mother 

ramets (M), daughter ramets which has root (D), daughter ramets which has not 

root (X1), unoccupied area surrounded mother ramets (F) and bare area surrounded 

patch study (B). 

 

Figure.7. Concentration of potassium in soil samples for samples of mother ramets 

(M), daughter ramets which has root (D), daughter ramets which has not root (X1), 

unoccupied area surrounded mother ramets (F) and bare area surrounded patch 

study (B). 
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Figure. 8. Content of nitrogen (a), phosphorus (b) and potassium (c) 

in mother and daughter ramets. 
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None of the mother and daughter ramet samples showed any significant difference in 

nitrogen, phosphorus and potassium concentration (Fig. 8 a, b, and c) (nitrogen P = 

0.7256, t = 0.3581; phosphorus P = 0.7489, t = 0.3265; and potassium P = 0.0728, t = 

1.94). 

Discussion 

There was a heterogeneous distribution of nutrients in the soil among the sites 

sampled. The nutrient concentration in areas while the plant does not grow was much 

higher, probably because of finer soils. These soils are also likely to be shallower and not 

conducive to the growth of O. compressa. The nitrogen concentration in the area where 

the plants grow showed a significant difference. The soil samples for mother ramets and 

unoccupied area (within 50 cm distance) recorded the highest concentration of nitrogen. 

Contrary to our expectation, the soil samples under daughter ramets recorded a lowest 

concentration. The mother ramet’s samples recorded a higher concentration of nitrogen 

than the daughter ramet’s samples, which might be because of the mother ramets’ 

sufficiency of roots size at the age of more than a year. Mother plants are actually likely 

to be much older and might have also accumulated fine particles and organic matter 

enriching the patch. The spread of stolons and the establishment of the daughter ramets 

were done randomly, despite the unoccupied area, which was recorded higher 

concentrations than daughter ramets soil samples of nitrogen concentration, which 

indicated that nitrogen concentration in the soil does not affect the spread of the stolons. 

This clearly indicates that, the spread mechanism was a random process (de Kroons and 

Hutchings, 1995). 

The patch where the mother and ramets are located was on sandy soil, distant from the 

bare patch which has a cohesive soil that contains gravel and fine materials deposited by 

water flows. Phosphorus analysis result showed that significant differences between the 
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patch where the ramets and the bare patch. Also, the bare patch recorded a higher 

concentration of phosphorus compared to the other patch. The cause of that might be the 

nature of the soil. Also, the difficulty of movement of water to soil depth, could led to 

increase the concentration of phosphorus in soil. While the other patch has sandy soils 

which allows water to reach the soil depth and can contribute to leach of the soil, and lead 

to phosphorus to move in soil and enable plants to absorb it. 

Potassium analysis results showed significant differences. Potassium concentration 

varied among soil samples. However, X1 soil samples showed the lowest concentration 

of potassium compared with other samples. Unfortunately, I could not find on a specific 

reason to low the concentration of potassium in X1 samples. Further research 

contemplating this pattern is warranted. 

No significant differences were found between nitrogen, phosphorus, and potassium 

concentrations in the mother and daughter ramets in spite of the differences in the soil 

they were growing in. This indicates the ability of mother ramets to support the other 

ramets, and suggests that clonal integration averages the soil differences where the 

different ramets are growing. More information about the behaviour of plant integration 

(e.g what determined the distribution of nutrient between ramets) needs further study 

(Bartels and Chen, 2010; He et al., 2011; Mommer et al., 2011; van der et al., 2011). 

The current results show that the O. compressa spreads randomly through stolons and 

establish the new ramets randomly or even perhaps in patches with lower levels of 

nutrients. The mother plant, however, seems to provide the ramets with abundant 

nutrients, since I found no difference in nutrient concentration between mother growing 

in better patches and the daughters growing in poorer soils. This is consistent with what 

de Kroon and Knops (1990), and de Kroons and Hutchings (1995) found that the mother 
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ramets produce stolons and randomly establish daughter ramets. This however contrasts 

with Alpert (1999), Alpert et al. (2003) and Nilsson and D’Hertefeldt (2008) who found 

that a mother ramet “chooses” the places of daughter ramets and the spread of the stolons 

based on the abundance of nutrients and resources.  

These results contribute to understand the behaviour of O. compressa as one of the clonal 

plants. In conclusion, I recommend that further research and study of the phenomenon of 

integration to explain the distribution mechanism of clonal plants, spread it and the 

composition of the plant environment (Maurer and Zedler, 2002; Martina and Von Ende, 

2013). 
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Chapter 3 

The effect of abundance of nutrients in soil on the spread 

of mother ramet’s stolons and on the potential 

establishment of a new ramets. 

Introduction 

Clonal integration allows the sharing of soil resources, such as water and 

nutrients, and carbohydrates between ramets that are connected to each other (de Kroon 

and Knops, 1990; Cain, 1994; de Kroon and Hutchings, 1995; Evans and Cain, 1995; 

Brewer and Bertness, 1996; Stuefer et al., 1996; Hutchings and Wijesinghe, 1997; 

Charpentier et al., 1998; Stoll et al., 1998; Pennings and Callaway, 2000; Yu et al., 2004). 

Also, clonal integration can help exploit soil resources more efficiently by exploiting 

patches where different resources are concentrated and hence improve the 

competitiveness of the clonal plant (Peltzer, 2002). Integration also helps tolerate the 

stress caused by the surrounding environmental conditions (Slade and Hutchings, 1987; 

Hartnett and Bazzaz, 1985), such as resistance to wind erosion as documented for 

Calligonum araborescens (Luo and Zhao, 2015). 

The level of benefit from clonal integration varies among plant species (He et al., 2011), 

since the variation in distribution of nutrients plays a role in the spread of plants and their 

vegetation structure in patches (He et al., 2011). The heterogeneity of the habitat can 

determine how clonal integration improves the ability of a plant to distribute and share 

resources among connected ramets, which suggests a plant’s ability to choose suitable 

habitats that provides enough sustenance to survive (Alpert, 1999; Nilsson and 

D’Hertefeldt, 2008; He et al., 2011). 
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Mother ramets typically supply nutrients to daughter ramets (Caraco and Kelly, 1991; 

Alpert, 1999) through a stolon or rhizome. The connection between mother and daughter 

ramets may continue for a year or even years until the ramets produce roots that allow 

them to sustain themselves (Alpert and Mooney, 1986; He et al., 2011). Connection may 

be essential for the success of the daughter ramet even after the time when potentially it 

could become independent.  

When the stolon between mother and daughter ramets were disconnected after daughter 

ramets were already well established, and hence it could had been expected that this 

would not effect on the chances of survival of the daughter, it still caused the weakening 

of growth (Peltzer, 2002). Even in harsher patches daughter ramets failed to grow because 

they were not capable of obtaining enough water and nutrients from the soil (He et al., 

2011). In addition, the nutrients were distributed randomly and homogeneously in the 

soil for individual plants, thereby the ability to establish roots depends on the availability 

of different nutrient in the soil (Bartels and Chen, 2010; He et al., 2011, 2012; Mommer 

et al., 2011). 

The distribution of nutrients in the soil might affect the distribution of plants and their 

expansion. Unfortunately, there is not enough information yet about the role and benefits 

of clonal integration for the clonal plant under different environmental conditions 

(Pennings and Callaway, 2000). Actually, studies in relatively favourable environments, 

or environments where light is the main limiting resource prevails in the literature, while 

arid lands are relatively underrepresented.  Hence, the study area (central Arabia 

Peninsula), suffering from a very dry environment, unregulated grazing, poor soil and 

extremely high temperature in summer and low temperature in winter, provides an 

excellent environment to test the benefits of clonal integration. I have also identified one 

species in the area (Ochthochloa compressa) as an excellent study species because of its 
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tolerance to the extreme environmental conditions of the study area as well as its ability 

to resist grazing, being highly palatable to grazing animals such as camels. How 

Ochthochloa compressa uses clonal integration to persist in an environment under 

grazing and the harsh local environmental conditions need further study. 

This study aimed to investigate the effect of abundance of nutrients in soil on the 

relationship between mother and daughter ramets through analysis the concentration of 

content of N, P and K in both of mother ramets (M) and daughter ramets (D). Also, the 

impact of that on the biomass, efficiency of photosynthetic and the growth rate in both of 

them was investigated 

Materials and methods 

Study area 

The study area was Al-Thumamah (N 25°11'05.43", E 46°41'48.09") located 70 

km from Riyadh city (Fig. 1), at an altitude of approximately 570 m above sea level, and 

with an extension of approximately 170 km². Al-Thumamah contains mostly sandy soil 

with some scattered areas with exposed rocks and gravely soil (Al Musallam, 2007). The 

climate is dry with average rainfall around 100 mm annually and occurs almost between 

October and May (Fig. 2). Also, the climate is a dry climate and the average of 

temperature in winter is 7 Cº and in summer temperatures reach 38 Cº (Fig. 3). 
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Figure. 2. The rainfll monthly rate between 2006 to 2015. 

(Figure. 1. The left picture for the King Khalid Wildlife Research Centre (KKWRC) area at Saudi Arabia 

map, and in right picture for study sites). 
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Plant description 

Ochthochloa compressa is a perennial grass. It growth up to 70 cm (Collenette, 

1999), and the decumbent stolons can extend up to 150 cm, being 2 - 4 mm in diameter, 

connecting 1- 6 daughter ramets to each mother plant (personal observation). Leaf-blades 

are conduplicate, 3 -5 cm long, 3 mm wide and glaucous, lower leaves are longer than 

the upper leaves. It has two mechanism of reproduction: sexual way by producing seeds 

in spikes, and asexual by producing stolons from which ramets arise. The inflorescences 

contain 3 - 5 digitate racemes, 2 – 4 cm long. These are deciduous at maturity (Fig. 4). It 

produces seeds in February and March. O compressa is widespread in the central, north 

and the Arabian Peninsula (Mandavilla., 1990; Collenette, 1999), western Asia: India and 

North West Africa. 
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Data collection 

I had four treatments with eight replicates, each consisting of a mother plant with 

at least 8 daughter plants attached to stolons. Plants were randomly selected in four 

different sites or patches. To randomly selected plants I added fertilizer to either Mother 

or Daughter ramets in four different treatments. 

Our treatments were started in the first week in February 2014 and the plant were 

harvested on last week in March. The commercial fertilizer used contained about 20% N, 

20% P, 20% K and 40% of other elements (such as calcium, sulphur etc.). I added 200 

ml of fertilizer solution (200 gm/ 1L of distilled water) for each plant (Mother and 

Daughter ramets) weekly. The treatments were as follows: 

 

(Figure. 4. The left top picture for daughter ramets, the left bottom for Ochthochloa compressa spike, the 

right top picture for stolon length and the right bottom picture for mother ramets .) 
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1. Control without adding any fertilizer (Fig. 5). 

 

 

2. Adding fertilizer to the Mother ramet while connected to Daughter ramets 

(Fig. 6). 

 

 

 

 

3. Adding a fertilizer to Daughter ramets while connected to the Mother ramet 

(Fig. 7). 

 

 

 

 

 

 

 

 

(Figure. 5. Control treatment.) 

(Figure. 6. Add fertilizer to mother ramets while connection treatment.) 

(Figure. 7. Add fertilizer to daughter ramets while connection treatment.) 
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4. Adding a fertilizer to Daughter ramets while disconnected in Mother ramets 

(Fig. 8). 

 

I looked at the effect of nutrient addition on concentration of N, P, and K, in 

biomasses, efficiency of photosynthetic (Fv/ Fm) and the growth rate in both mother and 

daughter ramets. I used an OS30p device (Fig. 9) for measurement of Fv/ Fm on young, 

fully extended leaves by placing the dark adaption leaf clips for 20 minutes, then 

measured using OS30p device (Fig. 10). Subsequently, I harvested all vegetative tissues 

for all mother and daughter ramets for biomass measurements. The material was then 

dried in oven at 60 Cº for 48 hours, and weighted. Afterwards I grounded it to be sent to 

a laboratory at Ministry of Environment Water & Agriculture in Saudi Arabia for 

analyses of all samples. 

The samples were analysed by Kjeldahl method to estimate the total N (Bremner and 

Mulvaney, 1982) and estimate the total P and K by Spectrophotometer methods (Olsem 

and Sommers, 1982).  

  

Figure. 9. OS30p device (OS-30p+ 

| Worldwide Trade Thai n.d.). 

Figure. 10. The dark adaption leaf 

clips. 

(Figure. 8. Add fertilizer to daughter  ramets while disconnection treatment.) 
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Also, I measured the growth rate by measuring a plant high at the beginning (H1) and at 

the end (H2) of experiments for mother and daughter ramets, and then calculated the rate 

of elongation. 

( 
𝐻2−𝐻1

𝐻1
 ). 

Statistical analysis  

Diagnosis of data, showed that the variance of all data were homogenous. One 

Way Anova was hence used to test for differences in Mother and Daughter ramets on all 

soil and plant samples for analysis total nitrogen (N), phosphorus (P) and potassium (K). 

Similar analyses were used to test the effect of fertilizer on biomasses, concentration of 

NPK and Photosynthesis performance. When ANOVA detected significant differences, 

I analysed the data in an unpaired t-test. I used that test to determine whether the daughter 

ramets are established randomly or whether they are determined by environmental 

factors. 

Results 

The control treatments show that the contents of N, P and K were not significantly 

different between mother and daughter (Figs. 11a, b, c; P> 0.05), consistent with the 

results from the previous chapter. 
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Figure. 11. Contents of N, P and K in mother (M) and daughter (D) ramets in control treatment 

(without adding a fertilizer), (a) Nitrogen, (b) Phosphorus, (c) Potassium of mother (M; white bar) & 

daughter (D; grey bar). 
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When nutrients were added to the mother plant while connected to the daughter, 

N was significantly different between M and D (P value = 0.0252, t = 2.469, df = 16), 

whereby the N content of D (1.04 +/- 0.09) was higher than that in M (1.02 +/- 0.11) (Fig. 

12a). In addition, P was significantly different between M and D (t = 5.468, df = 16, P 

value <0.0001), whereby the P mean of D was (0.07 +/- 0.03) (Fig. 12b). However, K 

was not significantly different between M and D (P value= 0.3256, t= 1.014, df= 16) (Fig. 

12c). 

 

When I added the nutrients to daughter ramets while connected to mother stolons, the 

results showed that N was significantly different between M and D (P value< 0.0001, t = 

12.89, df = 16), whereby the N mean of D (1.12 +/- 0.01) was higher than that in M (0.94 

+/- 0.04) (Fig. 13a). Nevertheless, the P and K concentrations were not statistically 

significantly different between M and D (P > 0.05) (Fig. 13b, c). 

Figure. 13. Contents of N, P and K in mother and daughter ramets in adding a fertilizer to daughter 

ramets while connected mother ramet, (a) Nitrogen, (b) Phosphorus, (c) Potassium of mother (M; 

white bar) & daughter (D; grey bar). 
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Figure. 12. Contents of N, P and K in mother and daughter ramets in adding fertilizer to mother ramets 

while connected daughter ramets treatment,  (a) Nitrogen, (b) Phosphorus, (c) Potassium of mother (M; 

white bar) & daughter (D; grey bar). 
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As for biomass, the results showed no significant difference in main effects not in 

interaction amongst mother ramets (P value = 0.93, F = 0.07274) in three treatments 

(control, adding nutrients to mother ramets, and adding nutrients to daughter ramets) (Fig. 

14 a). Also, there was no significant difference in daughter ramets (P value = 0.7148, F 

= 0.3047) in either of the three treatment (control, adding nutrients to mother ramets, and 

adding nutrient to daughter ramets) (Fig. 14 b). 

 

 

 

 

 

Figure. 15a. Maximum quantum yield (Fv/Fm) of mother ramets at dark condition, (MC) denotes 

mother under control treatment, (MA) mother with fertilizer and (MN) mother in touch with 

daughter; n= 8, df= 7, Anova analysis. 

Figure. 15b. Maximum quantum yield (Fv/Fm) of daughter ramets at dark condition, (DC) 

denotes daughter under control treatment, (MA) daughter in touch with mother and (MN) 

daughter with fertilizer; n= 8, df= 7, Anova analysis. 

Figure. 14. Biomasses analysis result for mother ramets and daughter ramets, Mother ramets 

(MC) and daughter ramet (DC) in control treatment, mother ramets (MA) and daughter ramets 

(DA) in adding fertilizer to mother ramets treatment and (MN) mother ramets and daughter 

ramets (DN) in adding fertilizer to daughter ramets treatment. 
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The chlorophyll Fv/Fm analysis for mother and daughter ramets did not show any 

effect of nutrient addition in mother ramets (P value = 0.0808, F = 2.799) (Fig. 15a) and 

daughter ramets (P value = 0.2437, F = 1.528) (Fig. 15b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The growth rate for mother ramets showed a significant difference (P value< 0.0001, F= 

22.57). Mother ramets had higher growth rates when added a fertilizer (Fig. 16). On the 

other hand, daughter ramets did not showed any significant effect of fertilizer addition (P 

value= 0.4687, F= 0.7143) (Fig. 17). 
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Figure. 16. Growth rate of mother ramets in three treatment (1. Control 

treatment (Control M), 2. Adding fertilizer to mother ramets (M with F) 

and 3. Adding fertilizer to daughter ramets (M without F)). 

 

Figure. 17. Growth rate of daughter ramets in three treatment (1. Control 

treatment (Control D), 2. Adding fertilizer to mother ramets (D without F) and 

3. Adding fertilizer to daughter ramets (D with F)). 
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Discussion 

In this study, I added a fertiliser to the soil of both mother and daughter ramets in 

three treatments. First treatment, while the mother ramets were connected the daughter 

ramets, Second added fertilizer to daughter ramets while connected mother ramets, third 

added fertilizer to daughter ramets while disconnected mother ramets. Separating the 

stolon causes death of all ramets and the whole stolon (personal observation). Even 

though, under water and nutrient shallow and small roots of a new ramets is not able to 

take nutrient and water independently, this suggestion consistent with He et al. (2012) 

who founds the ramets experienced physiological stress due to reduced water supply from 

mother ramets. 

Clonal integration behaviour might vary among clonal plants (Wolfer and Straile, 2012). 

When the rhizome in P. villosa was separated, the rhizome length and number were 

reduced, and the node number was reduced as well during the experiment (Dong and 

Alaten, 1999). Also, the competitive ability against neighbouring plants was reduced in 

Solidago canadenis (Hartnett and Bazzaz, 1985; Peltzer, 2002), the speed of growth 

decreased (Pennings and Callaway, 2000; Peltzer, 2002), and the number of leaves and 

rhizomes decreased (Yu et al., 2010). In O. compressa all the new ramets died when the 

stolon was cut between mother and daughter ramets, even those with well-established 

root systems (Personal observation). This result indicates that the connection between 

mother and daughter ramets is essential to ensure that the new ramets receive enough 

resources for a prolonged period to allow them to survive in this harsh environment (de 

Kroon and Knops, 1990; Cain, 1994; Evans and Cain, 1995; Brewer and Bertness, 1996; 

Stuefer et al., 1996; Charpentier et al., 1998; Stoll et al., 1998; Pennings and Callaway, 

2000). I expect that the dependence of daughter ramets in these harsh environmental 

conditions is much more important not only to improve the ramets’ growth and resistance 
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to stress, but to secure survivorship in the dry season (Hartnett and Bazzaz, 1985; 

Jónsdóttir and Callaghan 1990; Alpert 1991; Evans, 1991, 1992; Stuefer et al., 1996; 

Pennings and Callaway, 2000). 

The results of the analysis of the nutrients in both mother and daughter ramets when 

untreated did not show any significant difference.  The reason for that might be the 

efficiency of mother ramets in the distribution of nutrients between ramets and stolons. 

However, when I added a fertiliser to the mother ramets, the daughter ramets recorded 

significantly higher concentrations than mother ramets, possibly because the mother 

ramets were still supplying daughters with nutrient. Contrarily, daughters that received 

nutrient did retain them. This reinforces the view that even under conditions where 

growth is not happening (because of severe water limitation most likely) the dominant 

strategy is to accumulate nutrients in young ramets. 

The amount of resources available and the difference between the levels in patches 

determine the plant growth, resulting in the distribution of resources between ramets 

connected in different patches (Alpert, 1999; Alpert et al., 2003; Nilsson and 

D’Hertefeldt, 2008; He et al., 2011). The movement of nutrients normally goes from the 

oldest (the mother) to the newest (new ramets) as seen in O. compressa in this study and 

in other plants (Slade and Hutchings, 1987; Caraco and Kelly, 1991; Alpert, 1999), but 

unlike other studies, the movement would not be reversed from daughter ramets to mother 

ramets (Peltzer, 2002). Furthermore, the new ramets have limited roots systems. In spite 

of this, when I added a fertiliser to daughter ramets the concentration of nutrients recorded 

in daughters was higher than in mothers. This indicates than in spite of the limited root 

system and the low water availability in the soil the daughter ramets were able to absorb 

the nutrients, indicating that they are able to provide, at least partially, to their own 

mineral nutrition. According to (He et al., 2011), the vegetative parts of daughter ramets 
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remain linked to the mother ramets until a substantial root system has been established to 

allow them to become independent. Unfortunately, I do not have enough information yet 

on when daughter ramets of O. compressa begin to depend on themselves. Sectioning 

stolons connecting daughter ramets of different sizes is warranted to provide critical 

information to this respect. 

When fertiliser was added to mother ramets, there was no significant difference in the 

concentration of nutrients compared with the control treatment that did not have any 

added nutrients, but they continued to grow and produce new stolons and ramets. Thus, 

the mother ramets’ ability to support new ramets depends on the conditions. For example, 

the Potamogeton perfoliatus mother ramets that got enough light and nutrition continued 

to support new ramets, but those grown in shady locations stopped supporting new ramets 

(Wolfer and Straile, 2012). 

When nutrients are available underneath a plant, the plant will increase its photosynthesis 

and grow in biomass unless other factors act as limiting to growth (Blair and Perfecto, 

2004; He et al., 2011). However, when I added nutrients to the soil under mother and 

daughter ramets, it did not affect the size of the biomass or the speed of growth of new 

ramets (Yu et al., 2010). According to the theory of effort division in the clonal plant 

system (Hutchings and Wijesinghe, 1997; Wolfer and Straile, 2012), ramets might 

continue to absorb nutrients, depending on the aggregate root system, if they are unable 

to perform photosynthesis (Jónsdóttir and Callaghan, 1990; Wolfer and Straile, 2012). 

When I cut the stolons between mother and daughter ramets, this caused to stop the supply 

of nutrient and water from mother ramets and because of their inability to absorb 

sufficient nutrients and water from the soil, they died. 

In addition, the addition of nutrients for mother lead to increase the growth rate compared 

to the control treatment, which did not had no extra nutrients. This might be caused the 

http://link.springer.com/article/10.1007/s10750-011-0991-y#CR14
http://link.springer.com/article/10.1007/s10750-011-0991-y#CR15
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large size of the mother's root system, which improved the above ground tissue for mother 

ramets (personal observation) and also, mother ramets continued to produce more ramets 

with continued to support the current daughter ramets. On the other hand, daughter ramets 

did not benefited from the addition of nutrients around it which might be due to the 

daughter ramets roots system being too small to absorb nutrients effectively. Root 

systems of these ramets were no more than 1.5 cm in most of daughter ramets I collected. 

In this study I concluded that the mother ramets of O. compressa support the new ramets 

they produce by providing carbohydrates, nutrients, and water through the stolon, 

depending on the available nutrients in the habitat. 
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Chapter 4 

The ability of mother ramets to supply ramets and 

expansion of stolons under harsh environmental 

conditions. 

Introduction 

Using clonal integration, some plants can reproduce asexually by producing 

rhizomes or stolons that generate new ramets. While initially the daughter ramets are 

connected to the mother ramet and completely depend on it, when they grow and mature 

they can become standalone plants that can eventually produce more leaves, roots, 

rhizomes and stolons (Walfer and Straile, 2012). Initially mother ramets produce a new 

daughter ramet (recipient) and supply them with water, nutrients and carbohydrates via 

stolon or rhizomes (Alpert and Mooney, 1986; de Kroon and Hutchings, 1995; Peltzer, 

2002; Walfer and Straile, 2012). Individual ramets existing on stolons can share water, 

nutrients and carbohydrates with mother ramets (Peltzer, 2002). Clonal integration 

enables ramets to establish under harsh environmental conditions (Salzman and Parker, 

1985; Slade and Hutchings, 1987; Pennings and Callaway, 2000: Peltzer, 2002) but can 

also allow the genet to efficiently exploit soil resources (de Kroon and Knops, 1990; 

Evans and Cain, 1995; Peltzer, 2002), enhancing their chances of survival and reducing 

the effects of competition for individual ramets (Stuefer et al., 1996; Alpert, 1999; 

Amsberry et al., 2000; Pennings and Callaway, 2000; D’Hertefeldt and Falkengren-

Grerup, 2002; Peltzer, 2002; Yu et al., 2008; Luo and Zhao, 2015) and enhances growth 

in heterogeneous environments (Stuefer et al., 1994; de Kroon and Hutchings, 1995) 

The clonal integration mechanism is one of the most important ways for some plants to 

resist harsh environmental conditions (Peltzer, 2002) and to search for resources and 
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nutrients in patchy and unpredictable environments (de Kroon and Hutchings, 1995). The 

clonal integration mechanism is considered very useful for invasive plants by allowing 

them to dominant of the area (Pennings and Callaway, 2000; Peltzer, 2002), and some 

research suggests that the exchange of resources and nutrients allows individual ramets 

to spread quickly and exploit the soil’s resources in patches (de Kroon and Knops, 1990; 

Cain, 1994; Evans and Cain, 1995; Shumway, 1995; Peltzer, 2002).  A study by Wolfer 

and Straile (2012) found that clonal plants usually take advantage of this mechanism in 

resource poor areas. It is common and widespread in sandy environments, where ramets 

share resources over long periods (Wolfer and Straile, 2012). However, Wolfer and Strail 

(2012) found that there is no one way direction of nutrient movement between mother 

and daughter ramets, which seems contrary to what I documented in the previous chapter 

which is that nutrients move from mother ramets to daughter ramets in O. compressa. In 

some resource rich habitats, clonal plants aim to produce more ramets to increase their 

absorption of water and nutrients (de Kroon and Hutchings, 1995; Evans and Cain, 1995; 

Dong et al., 1997; Oborny et al., 2012; Martina and Von Ende, 2013). 

The competition for nutrients and resources is one of the environmental conditions that 

threaten the growth of plants and the spread of daughter ramets in poor environments 

(Penning and Callaway, 2000). Sharing resources, water and carbohydrates with the 

daughter ramets, contributes to reduce the impact of competition from other plants on 

clonal plants (Peltzer, 2002). Clonal integration thus allows spreading and expanding into 

open areas, as a strategy to resist competition on resources and resistance of invasive 

plants (de Kroon and Knops, 1990). 

Clonal plant resistance to competition need further research and study. The information 

is still insufficient to understand clonal plants behaviour, also the impact of clonal 

integration on resistance of competition (Wang et al., 2008). In this regard, some 
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researchers have recorded that clonal integration has a role in resistance of competition 

through increasing the spread and expansion (Dong and Alaten, 1999; Cabaço et al., 

2013) and the exploitation of soil resources (Peltzer, 2002; Ravi et al., 2008; Yan et al., 

2013), to dominance on open areas (Wang et al., 2008; Xiao et al., 2011). In addition, 

there is a potential for improved the clonal integration to resistance of clonal plant for 

competition for individual ramets, and resistance of the stress conditions (Pennings and 

Callaway, 2000), which might be cause to reduce the growth and reproduction of 

neighboring plants (Wang et al., 2008). On the other hand, some studied have indicated 

that clonal integration does not improve the clonal integration resistance to competition 

(Schmid and Bazzaz, 1987; Amsberry et al., 2000; Peltzer, 2002). Hence, the spreading 

and expansion does not mean taking advantage of soil resources and absorption from soil, 

which might be cause to accumulate the nutrients and resources in soil (Dong and Alaten, 

1999). 

In this research, I seek to understand the efficiency of support mother ramets provide to 

daughter ramets through distance between both of them, by measuring the concentration 

of nitrogen, phosphorus and potassium in both mother and daughter ramets, as well as 

through photosynthesis efficiency in both mother and daughter ramets. I assume that 

when the distance between mother and daughter ramets is shorter that encourage mother 

ramets to increase supporting for daughter ramets. 

Materials and methods 

Study area 

The study field area, King Khalid Wildlife Research Centre (KKWRC) in the Al-

Thumamah area, is protected by the Saudi Arabian government. The Al-Thumamah area 

(N 25°11'8", E 46°38'2") is about 70 km from Riyadh city (Fig. 1), at an altitude of 

approximately 567 m and covers an area of approximately 170 km². The Al-Thumamah 
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area consists mostly of sandy soil with rocks and gravely soil (Al Musallam, 2007). Its 

vegetation contains shrubs, perennial and annual plants.  

The study area is characterized by a dry climate: the average temperature in 

summer is 38 °C and during winter 12 °C (Fig. 2 a). Furthermore, the rainfall is less than 

100 mm annually on average all falling between October and May (The General 

Authority of Meteorology and Environmental Protection) (Fig. 2 b). 

 

 

 

 

 

 

 

 

 

KKWRC 

 

 

(Figure. 1. The left picture for the KKWRC area at Saudi Arabia map, and in right pictures for study 

sites). 
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Plant description 

Ochthochloa compressa is a perennial native grass in the Arabian Peninsula. It 

has two mechanisms of reproduction: sexually by producing seeds and spikes and 

0

5

10

15

20

25

30

35

40

1 2 3 4 5 6 7 8 9 10 11 12

Temprature

2006 2007 2008 2009 2010

2011 2012 2013 2014 2015

0

5

10

15

20

25

30

35

40

45

50

1 2 3 4 5 6 7 8 9 10 11 12

Rainfall

2006 2007 2008 2009 2010

2011 2012 2013 2014 2015

(Figure. 2 a. The temperture rate among 2006 to 2015.) 

(Figure. 2 b. The rate monthly rainfall over ten years from 2006 to 2015). 
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asexually by producing stolons. Adult ramets (mothers) reach up to 70 cm in height 

(Collenette, 1999), and stolons may extend up to 150 cm (personal observation). The 

stolons are almost 3.7 mm diameter on average, and typically there are 5 nodes, each 

supporting one ramets (Fig. 3). It produces seeds in February and March (personal 

observation). O. Compressa is widespread in the Arabian Peninsula (Mandavilla, 1990; 

Collenette, 1999), the western and dry tropical regions of Asia, and the northwest dry 

tropical regions of India and Africa. 

 

 
1, habit; 2, a spikelet; 3, a grain. 

 

 

(Ochthochloa compressa - Flora of Qatar 2016). 

(Figure. 3. Left picture for morphological shape for Ochthochloa compressa (Collenette, 1999), and right 

picture for spikes.) 
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Data collection 

 I designed our experiment with four treatments as follows: 

1. Control treatment of mother and daughter ramets were selected randomly (Fig. 

4a). 

 

 

2. Daughter ramets separated by less than 15cm from the mother ramets (Fig. 4 b). 

 

 

3. Daughter ramets separated by more than 15 cm from the mother ramets (Fig. 5 

c). 

 

 

 

(Figure. 4 a. Control treatment) 

(Figure. 4 b. Close daughter ramet’s treatment) 

(Figure. 4 c. Far daughter ramet’s treatment) 
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4. Second daughter ramets were randomly chosen (Fig. 4 d). 

 

In the last week in March 2014, I collected our samples to study how distance 

between mother and daughter ramets affected the performance of the young ramets, an 

important component of clonal integration in O. compressa to resistance of competition, 

also effect of that on the relation between mother and daughter ramets depending on the 

distance between mother and daughter ramets. I focused on nitrogen, phosphorus and 

potassium concentrations in both mother and daughter ramets to understand the effect of 

competition on both of them. I measured the efficiency of photosynthesis among in both 

mother and daughter ramets by OS30p device (Fig. 5) to measure Fv/Fm. Subsequently, 

I harvested all the above ground material or both mother and daughter ramets to prepare 

it for drying, grinding and analysing in laboratory at Ministry of Environment Water & 

Agriculture in Saudi Arabia. I dried the above ground tissue in an electric oven at 60 Cº 

for 48 hours and then grind it. Then, I sent it to laboratory to analyse the concentrations 

of nitrogen, phosphorus and potassium in both mother and daughter ramets. They 

followed the Kjeldahl method to estimate the total N (Bremner and Mulvaney, 1982) and 

estimated the total P and K using the spectrophotometer method (Olsem and Sommers, 

1982). 

 

(Figure. 4 d. Second daughter ramet’s treatment) 



75 
 

 

 

 

 

 

 

 

Statistical analysis 

During the diagnosis, our data showed equal variance, and all of the data were 

normally distributed. I therefore analysed the data using a two-way ANOVA to detect 

differences in the concentrations of elements (nitrogen, phosphorus and potassium), 

biomass and photosynthetic efficiency among the mother and daughter ramets. I used this 

test to determine whether there is a competitive relationship between mother and daughter 

ramets. 

Results 

The total amounts of nitrogen in mother and daughter ramets were not 

significantly different (P value = 0.5809, F= 0.6802) (Fig. 6 a).  

In the analysis of total phosphorus, I found that there was no significant difference 

between the mother and daughter ramets in the sample (P value = 0.4215, F = 1.012). 

The control samples recorded the highest concentration of total phosphorus, followed by 

the close daughter ramets (Fig. 6 b). 

(Figure. 5. OS30p device (OS-30p+ | Worldwide Trade Thai n.d.). 
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On the other hand, there was a significant difference between the potassium content of 

mother and daughter ramets, (P < 0.0001, F= 1.211) (Fig. 6 c). The control samples 

showed the highest concentration of total potassium compared with the other samples, 

and there was no significant difference between the control mother and daughter ramets. 
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The analysis of photosynthetic efficiency showed no significant difference between the 

mother and daughter sample ramets (P value = 0.6264, F value = 0.5905) (Fig. 7). The 

results were generally close or almost the same, and there were no significant differences 

between the samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 7. Content the amount of efficiency of photosynthesis in mother 

ramets and daughter ramets among (Control, Close (less than 15cm), Far 

(More than 15cm) and second daughter). 

 

Figure. 6. Content of nitrogen (a), phosphours (b) and ppotassium (c) 

concentration in mother ramets and daughter ramets among (Control, Close 

(less than 15cm), Far (More than 15cm) and second daughter). 
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Discussion 

Our results of nitrogen and phosphorus analysis showed no significant differences 

between mother ramets and daughter ramets, suggesting that mother to daughter ramets 

transfer was not affected by the distance between them indicating that distance between 

mother and daughter has no effect on daughter performance. This might be because the 

priority strategy of mother ramets to provide nutrients, carbohydrate, water and elements 

for daughter ramets (Martina and Von Ende, 2013).The relative reduction in nitrogen and 

phosphorus of daughter ramets may indicate the daughter ramets do not need to 

accumulate those elements. In addition, it suggests that this enhances the ability of O. 

compressa to cope with competition from neighboring plants by producing stolons to 

spread that are highly subsidized. This finding suggest that clonal integration improves 

the competitiveness of ramets (de Kroon and Schieving, 1991), and hence reduces the 

impact of competition in dense patches (Xiao et al., 2011). Unlike our results Martina 

and Von Ende (2013) recorded that increased the distance between mother ramets and 

daughter ramets reduced the competition between them, and that the clonal integration 

does not improve the competitiveness for clonal plants (see also Schmid and Bazzaz, 

1987; de Kroon and Kalliola, 1995; Amsberry et al., 2000; Peltzer, 2002; Pennings and 

Callaway, 2000). 

In contrast to nitrogen and phosphorus, the results of potassium analysis showed 

significant differences between mother ramets and daughter ramets. All daughter ramets 

had   higher concentration of potassium in above ground tissue than mother ramets. 

Increasing the concentration of potassium in a daughter might be a strategy of ramets to 

enhance the ability of ramets to resist the harsh environmental conditions by securing 

strict stomatal control (Wang et al., 2013) and enzyme activation (Cakmak, 2005). Also, 

the daughter ramets may accumulate potassium to continue of growth and enhance of the 
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photosynthetic mechanism either by helping to maintain stomatal control, or contributing 

to osmotic regulation that allows continuous flow of water via a step water potential 

gradient (Cakmak, 2005; Wang et al., 2013). In addition, this might be attributed to 

protect of chloroplasts from oxidative damage due to drought and for water relations 

within the plant (Cakmak, 2005). 

There were no significant differences in the efficiency of photosynthesis between mother 

ramets and daughter ramets, which is a good indicator of the ability of the O. compressa 

species to adapt to harsh environmental conditions such as those in our study area. Indeed 

the values recorded are quite high and suggest that the photosynthetic apparatus is no 

affected by the dry prevalent conditions. This is also the case for the daughter ramets, in 

spite of their very shallow roots (personal observation) that are unable to support them if 

disconnected from the mother ramet. Water and nutrient supply from the mother ramet 

must be high enough to prevent chronic photoinhibition. This in turn suggest that he 

mother probably has deep root systems allowing to reach water stored in lower soil layers.  

This research highlights the potential value of O. compressa because of its tolerance to 

stress, being considered as a palatable of plant for herbivores. Also, I believe that its 

ability to grow and adapt to harsh environments can make it a potentially very useful 

species for restoration of degraded areas. This is because O. compressa benefits from the 

mechanism of clonal integration through the continued to support of the mother to the 

daughter ramets and continues growth during those cases. Thus, our results are and 

important to the understanding of the mechanism of clonal integration in O. compressa 

and the role of this mechanism in the resistance to environmental conditions.  
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Chapter 5 

The effects of simulated grazing of mother ramets or 

daughter ramets 

Introduction 

Clonal integration is one of the strategies used by plants to spread and persist in 

plant communities in poor and heterogeneous habitats (Martina and Von Ende, 2013). 

Unlike non-clonal plants, clonal plants can increase absorption of nutrients from the soil 

when resources are scarce or patchily distributed (de Kroon and Knops, 1990; de Kroon 

and Hutchings, 1995; Evans and Cain, 1995; Dong et al., 1997; Suzuki and Stuefer, 1999; 

Wilsey, 2002; Wang et al., 2008; Oborny et al., 2012: Martina and Von Ende, 2013). So, 

one of the main advantages of clonal integration mechanism is to transfer water, nutrients, 

and carbohydrates from the mother ramet to the daughter ramets through stolons (Stuefer 

et al., 1994) which enables daughter ramets to establish a new individual community of 

ramets (Peltzer, 2002). 

Usually, clonal plants that use this mechanism tend to a live in heterogeneous 

environments (Suzuki and Stuefer, 1999; Liu et al., 2009), such as poor sandy 

environments (Brown, 1997; Yu et al., 2008; Luo and Zhao, 2015) and are well adapted 

to them (de Kroon and Knops, 1990). Clonal integration contributes to their resistance to 

harsh environmental conditions (Stuefer et al., 1996; Amsberry et al., 2000; Pennings 

and Callaway, 2000; D’Hertefeldt and Falkengren-Grerup, 2002; Peltzer, 2002; Yu et al., 

2004; Wang et al., 2008; Luo and Zhao, 2015) such as drought (He et al., 2011), 

environmental stress (Stuefer et al., 1994; Peltzer, 2002) and grazing. 

Clonal integration has an important role in resistance to grazing (Wilsey, 2002; Liu et al., 

2007; Xiao et al., 2010) and increase the ability of plants to tolerate tissue loses (Liu et 
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al., 2009) by buffering clones from the vegetative parts that are lost (Bach, 2000; Liu et 

al., 2009). The mechanism of buffering can occur through the sharing of plant resources 

by the ramets, while they are connected by stolons (Alpert and Mooney, 1986; Liu et al., 

2007) or through the use of nutrients and carbohydrates stored in the stolons (Liu et al., 

2007) allowing the plant to produce a new tissues to replace those removed by grazing 

(Suzuki and Stuefer, 1999; Liu et al., 2007). 

Clonal integration responses can vary depending on the plant species and environment 

(de Kroon and Knops, 1990; Stuefer et al., 1994; Strauss and Agrawal, 1999; Ferraro and 

Oesterheld, 2002; Liu et al., 2007), although some studies have indicated that clonal 

integration has an effect on plant biomass by increase it (Yu et al., 2002; Roiloa et al., 

2007; Wang et al., 2008). In the clonal integration mechanism, grazing plants are 

characterized by the means in which they compensate for lost tissue due to grazing (Liu 

et al., 2009). This also contributes to grazing resistance (Strauss and Agrawal, 1999; 

Bach, 2000; Wilsey, 2002;  Liu et al., 2009; Wolfer and Straile, 2012), because the 

grazing is caused by a loss of vegetative parts, which has an effect on photosynthesis 

efficiency, but that does not mean grazing has an effect on growth (Ferraro and 

Oesterheld, 2002; Liu et al., 2009). 

All patterns of grazing cause disappearance of all, or a large part of, the vegetative tissues 

depending on the degree of grazing. As a negative effect, grazing cause removal of the 

apical parts resulting in a decrease in the biomass density, nutrients and energy required 

for growth of the buds (Wang et al., 2004). Correspondingly, it is considered a catalyst 

for the activation of the meristematic cells (Zhao et al., 2008), as well as a stimulation 

for the lateral buds on growth through removal the competition of apexes parts (Wang et 

al., 2004). In addition, the mother ramets are the main source of resources and nutrients 

for daughter ramets through exporting them  through functional stolons (Alpert, 1996; 
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Wang et al., 2004; Zhang et al., 2002) to support both growth and survivorship of the 

damaged parts of the stolons and daughter ramets (Wang et al., 2004). Mother ramets, 

rather than soil, are the primary source of nitrogen for daughter ramets (Alpert, 1996), 

and often the concentration of nitrogen in tissues decreases as the distance increases from 

the mother. In terms of phosphorus and potassium, the soil is the primary source for the 

daughter ramets (Headley et al., 1988), these two elements are absorbed through the roots 

and passed through the xylem towards to above ground tissue. Then, transferred through 

stolons to other ramets (Alpert, 1991). In order to enable the mother ramets and daughter 

ramets to absorb the phosphorus and potassium from soil, sufficient moisture content is 

needed in the soil and sum of roots to compensate the deficiency and harmed tissue above 

the soil (Stueffer et al., 1996).  

The mechanism of photosynthesis is dependent on the above ground tissue (Ferraro and 

Oesterheld, 2002; Wang et al., 2004). It has been identified that on one hand, grazing 

reduces the number of leaves, leaf area and biomass density (Zhang et al., 2002), but at 

the same time this does not imply a decrease in growth in some species (Ferraro and 

Oesterheld, 2002; Liu et al., 2009). On the other hand, it might cause an increase in the 

activity of photosynthesis in the remnant tissues (Nowak and Caldwell, 1984). With 

respect to compensatory photosynthesis mechanism, Chapin et al. (1993) found that some 

of grazed species had become faster to compensate for lost tissues than non-grazed 

species at the same age and photosynthesis rates as well (Strauss and Agrawal, 1999). 

Some authors of the previously mentioned studies have suggested that clonal integration 

enhances the grazing resistance of clonal plants (Belsky, 1986; Suzuki and Stuefer, 1999), 

but so far, insufficient information on the role of clonal integration in grazing resistance 

exists, particularly for extreme environments. My objective is to document the ability of 

O. compressa to resist grazing (when simulated by clipping) through the analysis of 
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concentration of nitrogen, phosphorus and potassium in both mother ramets and daughter 

ramets, when exposed to clipping by 50-60%. Besides study the effect of clipping on the 

efficiency of photosynthesis in both mother and daughter ramets at a same conditions. 

Material and Methods 

Study area 

I conducted our experiment in a reserved area of Al- Thumama area (N 

25°11'05.43", E 46°41'48.09"), is a located 70 km from Riyadh City at an altitude of 

approximately 570 m and covering an extension of approximately 170 km². The Al- 

Thumama area consists mostly of sandy soil with some areas containing exposed rocks 

and gravelly soil. The grazing considered one of the most common activities in this 

region, especially a grazing by camels. The climate is dry and the area has average 

temperatures of 7 ºC in the winter and 38 ºC in the summer (Al Musallam, 2007) (Fig. 

1).  

The rainfall usually falls between October and May, and the annual rainfall is almost 100 

mm (Fig. 2). Al Thumam area has dry climate and the average temperature in winter is 

12 Cº; in summer temperatures reach 38 Cº (Al Musallam, 2007) (General Authority of 

Meteorology and Environmental Protection) (Fig. 3). 
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(Figure. 1. The left picture for the King Khalid Wildlife Research Centre (KKWRC) area at Saudi 

Arabia map, and in right picture for study sites). 

(Figure. 2. The rate monthly rainfall over ten years from 2006 to 2015. 

)) 
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Plant description 

Ochthochloa compressa is a perennial grass that can grow up to 70 cm 

(Collenette, 1999), and has numerous decumbent  stolons that can extend up to 150 cm 

length, 2-4 mm thick, and produce 1- 6 ramets (personal observation). The blade of the 

leaf is up to 3-5 cm long, 3 mm wide, and glaucous, the lower leaves are longer than 

upper leaves. It has two mechanisms of reproduction: sexually by producing seeds in 

spikes and asexually by producing stolons. The inflorescence contains 3–5 digitate 

racemes, is 2–4 cm long, and is deciduous upon maturity (Fig. 4). It produces seeds in 

February and March. O. compressa is widespread in the central, northern, and western 

regions of Saudi Arabia (Collenette, 1999; Mandavilla, 1990), the western and dry 

tropical regions of Asia, and the northwest dry tropical regions of India and Africa. 
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(Figure. 3. The rate monthly temperature over ten years from 2006 to 2015). 
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Data collection 

I conducted three treatments with nine randomly selected replicates in this study. 

Three treatments and two types of cutting were implemented: 

 

1. The control treatment, which was not exposing to clipping (Fig. 5). 

 

  

 

(Figure. 5. Control treatment) 

(Figure. 4. The left picture for the morphological shape of Ochthochloa compressa (Collenette, 

1999), right top picture for O. compressa spikes and the bottom left picture for mother ramets.) 
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2. The mother ramets grazing treatment, which consisted of cutting and removing 

50 – 60% of the mother ramets leaf biomass while they were connected to the 

daughter ramets (Fig. 6). 

 

 

 

 

 

 

 

 

 

3. The daughter ramets grazing treatment, which consisted of cutting and removing 

50 – 60% of the daughter ramets leaf biomass while they were connected to the 

mother ramets (Fig. 7). 

 

 

 

 

 

 

 

 

 

 

 

I investigated the effect of grazing on the mother and the daughter ramets N, P, and K 

concentrations and photosynthesis efficiency (Fv/ Fm). Our experiments, which occurred 

from the beginning on first week February 2014 until the last week in March 2014.  

The concentration of N, P and K were measured and analysed at Ministry of Environment 

Water & Agriculture in Saudi Arabia by the Kjeldahl method and a spectrophotometer 

was used to estimate the totals for N (Bremner and Mulvaney, 1982), P and K (Olsem 

(Figure. 6. Mother ramets cutting treatment) 

(Figure. 7. Daughter ramets cutting treatment) 
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and Sommers, 1982). For the photosynthesis results, I used an OS30p device (Fig. 8) to 

measure Fv/ Fm (maximum quantum efficiency) by putting the OS30p device clips with 

the plant leaves for 20 measures to take a device reading. (Fig. 9).  

 

Statistical analysis 

The data diagnosis showed that our data had a normal distribution with 

homogenous variances. One-way ANOVA tests were conducted for the concentrations 

of N, P and K, then I ran the tests to look for the difference in mean for the mother and 

daughter ramets, which was performed on all plant samples for an analysis of the total N, 

P and K in the plant samples. Similar analyses were performed for the effect of grazing 

on photosynthesis efficiency. 

Results 

The mother ramets in all three treatments showed no significant difference in total 

N concentration (F = 1.222, P = 0.3149) (Fig. 10 a). For the total P concentration, our 

results showed a marginally significant difference (F = 3.185, P = 0.0593). The control 

mother had the highest concentration of total P, while the mother ramets that were clipped 

had the lowest total P concentration (Fig. 10 b). On the other hand, I found a significant 

difference in the total K between the mother ramets (P < 0.05, F = 10.01, P = 0.0009) 

 

(Figure. 8. OS30p device (OS-30p+ 

| Worldwide Trade Thai n.d.). 

 

 

(Figure. 9. The OS30p device clips on leaf of plants). 



94 
 

(Fig. 10 c).  The mother ramets in the control had the highest concentration of total K, 

whereas the mother ramets connected to clipped daughters had the lowest concentration 

of total K. 
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When I analysed the total N concentration in the samples of the daughter ramets, I found 

a significant difference in the total N concentration (P < 0.05, F = 10.01, P = 0.0009), 

although the total N concentration was higher for the daughter ramets when the mother 

ramets were exposed to grazing (Fig. 11 a). 

In the analysis of the total P concentration, I found no significant difference between the 

daughter ramets samples (F = 3.183, P = 0.62). The daughter ramets samples recorded 

the lowest levels of P concentration when the daughter ramets were exposed to grazing, 

unlike the other daughter ramets samples (Fig. 11 b). 

In the analysis of the total K, the daughter ramets samples showed no significant 

difference between the daughter samples as a result of our experiments (F = 1.854, P = 

0.1814). When I reviewed the results, no significant difference was seen between the 

daughter ramets’ concentration levels in our samples (Fig. 11 c). 

Figure. 10. Concentration of nitrogen (a), phosphorous (b) and 

potassium (c) in mother ramets in three different treatments: control  

(Mother control), clipped mother ramets connected to unclipped 

daughter ramets (Mother G) and unclipped mother ramets  connected 

to clipped daughter ramets (Daughter G). 
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Figure. 11. Concentration of nitrogen (a), phosphorous (b) and potassium (c) 

in daughter ramets in three different treatments: control experiment (Daughter 

control), unclipped daughter ramets connected to clipped mother ramets 

(Mother G) and clipped daughter ramets connected to unclipped mother ramets 

(Daughter G). 
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The analysis of photosynthetic efficiency showed a significant difference when the 

mother ramets were exposed to clipping (P < 0.05, F = 4.053, P = 0.0305) (Fig. 12 a). 

Correspondingly, the daughter ramets samples recorded a significant difference that was 

more than the mother ramets samples (P < 0.05, F = 7.29, P = 0.0034) (Fig. 12 b).  

 

Figure. 12. The efficiency of photosynthesis for mother ramets (a) and daughter ramets 

(b) in three different treatments which is control treatment (Mother control and 

Daughter control), exposed mother ramets to clipping while connected daughter ramets 

(Mother G) and exposed daughter ramets to clipping while connected mother ramets 

(Daughter G). 
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Discussion 

I found that there was no significant difference in the concentration of nitrogen 

for mother ramets, when exposing mother or daughter ramets to a defoliation or clipping 

(Fig. 10 a), probably because the lost energy was compensated by the energy stored either 

in the roots (Liu et al., 2007; Suzuki and Stuefer, 1999), or stolons (Susuki and Stueferon, 

1999).  To be more specific, the apex removal seemingly led to stimulate the transfer of 

the stored energy in the roots to the above ground tissue which was damaged by clipping. 

Compensation of lost energy can be obtained through increasing both the activity of 

young buds which survived clipping and increasing the activity of the meristematic cells 

(Zhao et al., 2008; Ferraro and Oesterheld, 2002). This was supported by Zhao et al. 

(2008) in their study.  They found that exposing mother ramets to moderate grazing 

(i.e.removal of by 50%) contributed to an increase in the nitrogen concentration 

compared to other treatments.  

With respect to phosphorus and potassium, significant differences were found when 

exposing mother ramets or connected daughter ramets to clipping compared the control 

experiments (Fig. 10 b, c). That is to say, a decrease in phosphorus and potassium 

concentration was recorded which might be due to scarcity of water in soil (Zhao et al., 

2008), implying that the plant roots need to be sufficient in  soil moisture content with a 

view to absorbing the phosphorus and potassium. However, this limits growth and 

weakens the mechanism of compensation of lost tissue (Chapin and McNaught, 1989). 

Furthermore, persistence of O. compressa when compensating the loss of tissue and 

growth with a lack of phosphorus and potassium concentration and the increased 

concentration of nitrogen referred that the O. compressa does not require phosphorus and 

potassium to grow in this region (Zhao et al., 2008). 
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In terms of the daughter ramet treatment, the nitrogen concentration showed significant 

differences, compared to other treatments when the mother ramets were exposed to 

clipping. This (i.e. exposing mother ramets to clipping) also led to stimulation and an 

increase in the activity of young buds to enhance exporting nutrients from mother ramets 

or stolons to daughter ramets, with a view to compensating the loss in the above ground 

tissue. Also, clonal plants need nitrogen to enhance sharing sources and nutrients between 

each other (Alpert, 1996), where the nitrogen, obtained by the daughter ramets from the 

mother ramets, was more than the nitrogen obtained by the soil (Alpert, 1996), indicating 

that the concentration of nitrogen in the daughter ramets (personal observation) was not 

affected by the total size of the roots. The continued connection between mother and 

daughter ramets, as well as survival of roots and stolons from harm played a role in 

resistance of grazing and stability of nitrogen concentration in the daughter ramets.  

The continued support of mother ramets to the daughter ramets must be obtained through 

exporting of both water, nutrients and energy to the affected parts of stolons, which often 

serve as the storages of energy for clonal plants, to use them when required (Kemball and 

Marshall, 1995; Zhang et al., 2002; Alpert, 1996). The daughters’ ramets continue to 

connect with mother ramets producing sum roots to depend on themselves and be 

separated from the mother ramets at a later time (Kemball and Marshall, 1995). 

The daughter ramets did not record significant differences, unlike daughter connected to 

mother which recorded the highest concentration among other treatments. This might be 

due to the increase in the clipped mother’s activity in the export of nutrients to other 

daughters. However, the daughter ramets that were exposed to clipping recorded lower 

concentrations than the mother, although the mother ramets were exposed to clipping and 

were not affected (Zhao et al., 2008; Chapin and McNuaghton, 1989). The scarcity of the 

water, rain and lowering soil moisture might have made it difficult the absorption 
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phosphorus and potassium by roots to export it towards the upper tissues through xylem 

(Headley et al., 1988). In addition the daughter ramets have tiny little amount of roots, 

which resulted in weakness in absorption of phosphorus and potassium from roots area. 

There is a consensus that, photosynthesis mainly relies on the above ground tissue or 

stored energy (Wang et al., 2004), where the photosynthesis are exported horizontally 

from the mother ramets in the direction of daughter ramets. In this respect, in an attempt 

to understand the effect of clipping or grazing on both mother and daughter ramets, I 

measured the photosynthetic efficiency for mother and daughter ramets at all O. 

compressa treatments. 

The effect of clipping on the efficiency of photosynthesis showed no significant 

differences when the mother ramets were exposed to clipping. The most likely reason 

behind this was that the removal of the topical portions caused an increase in both the 

activity of the meristematic cells (Zhao et al., 2008) and the stimulation of the lateral 

buds that survived from clipping to growth, and accordingly performance of 

photosynthesis became better than apical buds (Zhao et al., 2008). On the other hand, the 

daughter ramets which were exposed to clipping showed significant differences because 

of the absence of young buds that sufficiently contributed to both production of 

photosynthesis instead of the tissue lost and reduction in the leaf area (Zhang et al., 2002). 

It was found in a previous experiment that cutting the stolons between mother and 

daughter in O. compressa species caused death of the whole stolons and ramets on it, 

owing to the stop of fluxes of the sources (water, carbohydrate, nutrient, etc.) from mother 

to daughter ramets (personal observation). 

I believe that the result of this experiment provides an insight into understanding the 

relationship between mother ramets and daughter ramets in O. compressa through the 
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analyzis of the concentration of nitrogen, phosphorus and potassium and measuring the 

efficiency of photosynthesis under the influence of moderate clipping on both mother and 

daughter ramets while connected. Accordingly, generally speaking, our results showed 

that in the mother ramets, the concentration of nitrogen was increased and the 

concentration of phosphorus was decreased. As regards the efficiency of photosynthesis, 

it was not affected in the mother ramets, however it was decreased in the daughter ramets. 
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General Conclusion 

Chapter 6 

General Conclusion 

Clonal integration is a form of asexual reproduction (Mendoza and Franco, 1998). 

Clonal plants usually resort to this mechanism as a way to repopulate in poor 

environments (Luo and Zhao, 2015). The clonal plant usually replicates itself through the 

production of rhizomes and stolons; however, whether it establishes a new ramet depends 

on its ability to become separated from the mother ramet and thus become independent 

and identical to the mother ramets genetically (Wolfer and Sraile, 2012; Yan et al., 2013). 

Clonal plants use the clonal integration strategy to extend and spread in heterogeneous 

environments (De Kroon and Hutchings, 1995; De Kroon et al., 2009) and into open 

spaces (Wang et al., 2008). This enables the clonal plants to share water, carbohydrates 

and nutrients among ramets (Peltzer, 2002; Xiao et al., 2011). To comprehend the clonal 

integration mechanism’s resistance to variable environmental conditions and to 

understand the spreading and extension mechanism of Ochthochloa compressa, I focused 

on analysing nitrogen, phosphorus and potassium contents in both mother and daughter 

ramets; I also measured the effect that competition, grazing and additional nutrients for 

mother and daughter ramets had on biomass and photosynthesis efficiency. The daughter 

ramets were studied when connected to and separated from the mother ramets. 

One part of the study focused on the extent of the benefits of the mother ramets from 

daughter ramets when nutrients were added to both groups as the daughter ramets were 

in contact with or separated from the mother ramets. The results showed that daughter 

ramets obtain resources from mother ramets. When adding the nutrients to mother ramets, 

their content of nitrogen, phosphorus or potassium did not change; however, the content 

of nutrient in daughter ramets increased showing unidirectional flow of nutrients. This 
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suggests that mother invert strongly in supporting other ramets. While the addition of 

nutrients to the daughter ramets led to a significant difference in the daughter ramets’ 

retention of nutrients, it did not extend to the passing of nutrients to surrounding ramets 

or to mother ramets, thus causing to an increase in resources available for the daughter 

ramets. Furthermore, cutting the stolons between mother and daughter ramets caused 

death of all ramets on the separated stolons, no significant differences were recorded in 

terms of the photosynthesis efficiency of either mother or daughter ramets. 

To determine whether the stolons spread and the ramets became established by chance, 

or are directed to richer patches soil samples were collected from six sites: underneath 

the mother ramets, underneath the first- and second-daughter ramets, the area free of 

vegetation surrounding the mother ramets at a distance of 50 cm (free area), and the empty 

patches (naked areas) surrounding the patch where the mother and daughter ramets grew. 

The analysis indicated significant differences between the samples from the patches 

surrounding the mother ramets and those from the naked area; the former, for example, 

had more nitrogen. Regarding phosphorus, the naked area sample displayed higher levels 

than the other areas’ samples. In contrast, the potassium analysis results showed 

significant differences, with the highest levels recorded in the naked area and free area 

(at 50 cm distance). This analysis showed us that the mother ramets randomly distributed 

the stolons and ramets and did not target patches with higher nutrient availability. 

When investigating the ability of mother ramets to supply daughter ramets with nutrients 

and expansion the stolons under harsh environmental condition, it is important to look at 

the concentration of nitrogen, phosphorous and potassium for both mother and daughter 

ramets. The analysis indicated no significant differences in the concentrations of nitrogen 

and phosphorus between mother and daughter ramets. In contrast, the potassium analysis 

showed significant differences between mother and daughter ramets. The efficiency of 
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photosynthesis measurements did not indicate any significant differences between the 

mother and daughter samples, which suggests that an ability of mother to supply a new 

ramets with nutrients and resistance of the harsh environmental condition and 

competition. 

I also studied the effects of simulated grazing on the clonal plants and the role of clonal 

integration in grazing resistance. The analysis showed that there was a difference in the 

results of the mother and daughter ramets. When both mother and daughter ramets were 

exposed to simulated grazing, they showed no significant differences in nitrogen but did 

show significant differences in phosphorus and potassium. Daughter and mother ramets 

showed significant differences for nitrogen when only the mother ramets were exposed 

to grazing, though there were no significant differences recorded in phosphorus or 

potassium. In addition, the efficiency of photosynthesis measurements did not indicate 

significant differences between the mother and daughter ramets when they were exposed 

to grazing. This demonstrate the importance of clonal integration in O. compressa with 

regard to resistance to grazing through the mechanism of clonal integration. Moderate 

clipping with sufficient light as in our study might be helpful, through breaking the apical 

dominance of leaves and buds and motivating the grazed plants to produce more ramets 

(Zhao et al., 2008). A number of plants might be using tillers and lateral movement of 

resources through lateral tissue (Price et al., 1992), in order to both compensate nutrient 

and absent energy and continue to support other ramets (Price et al., 1992). 

To contribute to the understanding of the clonal integration mechanism and the 

understanding of clonal plant behaviour, I seek to conduct in the future further longer-

term experiments for at least 12 months. 
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To understand the age when daughter ramets begin to depend on themselves for nutrients 

and how they eventually begin acting as independent mother ramets, I need to conduct a 

long-term experiment in a greenhouse with an environment that approaches the natural 

conditions. In addition, the daughter ramets need to be separated from the mother ramets 

at certain intervals. I can then determine the beginning of the daughter ramets’ 

dependence on themselves through the survival of the stolons and the continuation of the 

daughter ramets’ growth. This has clear implications for the management and 

propagation of this plant with high potential as source of fodder and as a restoration agent 

for degraded rangelands. 

The period from June to October comprises the driest summer season, during which high 

temperatures are often recorded. These conditions are the most difficult for plants in arid 

areas. In a future study, I will aim to understand the behaviour of clonal plants (O. 

compressa) when I give them water in such an environment. Does O. compressa still 

expand and spread its stolons, or will it produce seeds? How the plant balances between 

the opportunities of sexual and asexual reproduction is a critical aspect of its life history 

strategy. I will also analyse the concentration of nitrogen, phosphorus and potassium in 

O. compressa and compare it with the results to those for the samples without added 

water. 

Due to the lack of time, imposed by the restrictions of a PhD project and the large distance 

from the field of study and the lack of sufficient financial support during the study period, 

I will reconduct some experiments so that I can perform a broader and more accurate 

investigation. 
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