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ABSTRACT

Studiesof the parameters determining the mechanism of photosynthesis and

their impacton the distribution of the plant species has been reported in literature
\

in the Poaceae and Cyperaceae groups. Novel observations Oft the kranz leaf

anatomycontinue to be reported as variable and that the mechanism can carry

out biochemical and physiological functions without the initial recorded leaf

anatomicalpartitioning. Climatic factors influencing the C3 system, CAM, and C4

systems partitioning along the elevation regimes are much reported in the

monocots.However, research to fill the knowledge gaps in the C4 and C3 dicot

groupsespecially in the arid and semi-arid and I or saline regions of the tropics is,

warranted. The data collected would be useful for comparison with existing

knowledgeto predict the future abundance distribution and bioproductivity fixing

mechanismdone in the varied conditions. Further, the studies relates well with

.the migration of the terrestrial fauna and their impact on the evolution of and

expansionof the flora species in the varied environmental regimes. The present

study aims to partly fill the missing knowledge gaps to better understand the

biologicalcontributions and complexity of the photosynthetic mechanism of the

Centrospermeaedicot group of the angiosperms to the field of sciences. The

speciesand families of the Centrospermeae are documented to thrive in the

semi-arid,arid and lor saline ecosystems in the western regions of Kenya and

thereforeprovide viable research population taxa for the present study.

Dicots species of the Centrospermeae families were randomly collected at

differentaltitudes in the semi-arid and arid ecosystem of Western Kenya region.
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Climatic factors were measured at the meteorological research stations and

research sites. The species were screened for C3 and C4 photosynthetic systems

using the leaf kranz syndrome, 13C/12C isotopic ratio values and carbon dioxide
\

compensation points. Bj..Im-12j..1m thick serial microtome sections were made to

study the leaf kranz anatomy. An Infra Red Gas Analyzer (IRGA) was used to

measure the changes in the carbon dioxide concentration assimilated by the

plants in an air tight gas chamber. The 13C/12C isotope ratio value was analyzed

using an elemental analyzer. The data show that C4 photosynthesis is restricted

to advanced members of dicotyledoneae and exhibit multiple evolutionary

origins. Analyzed data showed that the C4 pathway has evolved independently~,

multiple times and within a family, it often occurs within one to several genera

and then often only within two to three species; and is genera specific. The

results also show that the current abundance and distribution of C4 dicotsare

related to high temperature, low precipitation and altitude, and high potential rate

of evaporation. The low (513C negative value is a potential aridity indicator and C4

syndrome marker unlike the C3 syndrome occurring in more moist and low

temperature regimes. The (513C value is a good predicator for spatial diversity

and shift of the species along the altitudinal gradient. The carbon dioxide

compensation points for C3 and C4 dicot species range between 40ppm - 60ppm

and 8ppm - 20ppm, respectively. Kranz leaf syndrome is a C4 marker. The

maximum lateral cell count for C4 species was 0-3 cells and C3 species was 5-15

cells. Intermediate C3-C4 species depicted 2-4 cells as a lateral maximum cell

count. Few C4 dicot species occurring at high altitudes (3000m - 4000m) include
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Sagina gallica, Silene abyssinica and Melandrium nordiflorum. The transition

zonebetween C3 and C4 dicot is rather abrupt falling within altitudinal range of

1500m- 1700m. The transition zone for the monocots was at the altitude 2000m
\

- 2200m. C4 dicot species were abundant at low altitude in contrast to the C3

dicotswhich are at high altitude. The general pattern of ()13C values distribution

alongaltitudinal ranges are -10.60 to -16.55, -17.75 to -18.87, and -18.89 to -

32.42occurs at low altitude (0 - 1500m), intermediate altitude (1550m - 1700m)

and high altitudes (1800m - 4200m), respectively. The low altitudes are

associatedwith water deficit, high temperatures and low relative humidity. The

occurrence of different transition ranges between C3 and C4 of the dicots

compared to the recorded transition range of the monocots augur well for

ecologicalpartitioning of the photosynthetic mechanisms. C4 dicots species can

be grown to occupy the shade canopy whereas C3 dicots species occupy open

.canopyfor photosynthetic efficiency in a unit area. This C3 and C4 partition

increasebioproductivity in a given ecological unit. Variation in the kranz leaf

anatomylend credibility to the manipulation of the hybridization of the non-kranz

and kranz leaf anatomy without fear that a new structural leaf anatomy would

limit the performance of the biochemical and physiological processes and

bioproductionfor example in the intermediate Mollugo species. Comparison of

the ratesof carbon dioxide assimilation in the C3 and C4 dicot species show that

C3 speciesare better placed to utilize more carbon dioxide molecules than the C4

speciesgiven the same high carbon dioxide concentration in time and space.

Thus,C3 species are well suited as possible control models in the rising carbon
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dioxide scenario and global warming conditions. Implications are that more

indigenous C3 species is encouraged for afforestation in agroforestry

management systems.
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CHAPTER ONE

1.0 INTRODUCTION

Kenya's population growth rate of about 2.57 is one of the highest in the

world. The current population is 34,707,817 and the birth rate is 39.72

births/10000 (Wikipedia, 2006). Efforts to increase agricultural productivity

have not been successful, either due to the subdivision of fertile land or poor

managementin a given family unit. A large proportion, about two-thirds of the

Kenya, is semi arid or arid (Campbel, 1986). Proper management is needed

to maintain a reasonable degree of environmental protection while developing

more sustainable and productive food systems for human and livestock.

Priorityshould focus on tackling the problem of desertification, increase green

areas and water resources. Innovative production systems to control

continuous and uncontrolled deterioration and sustain the environment are

required. Therefore, there is a need to conserve and utilize the endangered

speciesof flora, fauna and unique ecosystems for use in the future.

Application of the photosynthetic pathways (C3 and C4) of screened species

through intercropping using agroforestry techniques is an alternative to

alleviatethe management of the semi-arid and/or saline regions in Kenya. C4

plantsgenerally require less water and less nitrogen to support a given rate of

photosynthesis than do C3 plants. Their light saturated rates are also usually

greater, although they can be' matched by C3 species with tremendous

investment of nitrogen in carboxylase protein (Tieszen, 1981). Thus, C4

characteristic should be important in selecting species for agroforestry



canopy, however, the apparently greater quantum efficiency of C3 systems

becomesimportant; and closed canopies are composed of G3 plants (Ode et

aI., 1980; Pearcy et aI, 1981). Thus, for intercropped species an ideal canopy

should consist of a C4 overstorey and a C3 understorey. This can increase

photosynthetic productivity in a unit area (Tieszen and Imbamba, 1976) to

cater for the dependant species when developing long-term programmes of

researchto improve food production. These facts have only been extensively

studied in the Gramineae and Cyperaceae families (Ehleringer et al., 1999).

Recently, the C3 pathway is gaining attention in, the research circles as

probable biological systems in playing a leading role in controlling elevated

carbondioxide (C02) in the atmosphere.

Agroforestry is a collective name for all land use systems and practices in

which woody perennials are deliberately grown on the same land

managementunit as crops and/or animals. This can be either in some form of

spatial arrangement or in time sequence. The system must allow significant

economic and ecological interaction between the woody and the non-woody

components(Lundgren, 1987).

There has been increasing fear that the loss of species diversity and

reductionin the genetic diversity of crops and wild species may lead to loss of

ecosystemstability and function (FAO, 2005). Further, Food and Agricultural

Organization of the United Nations (FAa, 2005) shows tropical forest

deforestation rates increased by about 8.5 percent from 2000-2005 when

comparedwith the 1990s, while loss of primary forest may have expanded by
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25 percent over the same period. Overall, FAa estimates that 10.4 million

hectaresof tropical forest were permanently destroyed each xear in the period

from 2000 to 2005, an increase since the 1990-2000 periods, when around

10.16 million hectares of forest were lost. This shows biodiversity is

threatened creating hotspots within thesee forests as poverty increases.

There is no documentation to show whether it is the C3 or C4 species that are

beingeliminated by man and natural forces.

In nature, C3 pathway is the principal mechanism of CO2 reduction occurring

in terrestrial plants. The C3 pathway is the most common and generally

characterizes all woody plants and most evolutionary old families. The C4

pathway evolved relatively recently and is most common in the families

Poaceae(Gramineae) and Cyperaceae and less common in the family of the

Centrospermeae and CAM plants. The later are generally restricted to the

most arid environments and are not highly productive but they may be very

importantas a source of certain secondary compounds.

Suites of interrelated anatomical, biochemical, and physiological

characteristics exist in C3 and C4 pathways. These are fundamental in

determining maximum rates of photosynthesis, and productivity, as well as in

determiningthe responses to a variety of environmental factors. Thus, these

characteristics are also important in establishing the distribution of native

species and in determining what species or photosynthetic types should

performbest in various agroforestry systems.

Studies indicate that the Kranz leaf anatomy is organized differently from
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previously described in the Gramineae and Cyperaceae families (Hattersley,

1992; Hattersley et a/., 1982). For example, single cell C4 photosynthesis is

reported in the Chenopodiaceae family and indications are that in terrestrial

plants C4 photosynthesis does not require the leaf Kranz anatomy (Sage,

2002). Furthermore, conditions and/or mechanisms that led to the evolution

of the C4 type of photosynthesis needs further studies especially in the dicot

families.

The environmental factors that influenced the evolution of the C4

photosynthetic type from the documented C3 pathway need clarification.

Studies in the monocots have shown that influences in the dicot can be

different (Collatz et a/., 1998). Further, these factors can affect 13C/12Cvalues

used to determine the C3 and C4 species. The extent of this effect along the

altitude needs to be determined and documented.

Data from investigations of the global influence of climate indicates that C3

pathway in general does not do as well in warm, CO2 enhanced environment

as the C4 plants (Cerling et a/. , 1997b). The C3 plants did, as expected,

growing well in the cooler environment with CO2 enhanced concentration. If

these results were extrapolated to world wide models it would be predicted

that rising CO2 levels and temperature would give a competitive advantage to

C4 plants (Cerling et aI., 1997b). These considerations formed the basis of

the present study with the aim of providing the cellular organization of the leaf

anatomy, 013C values and CO2 compensation points that characterizes the C3

and C4 photosynthetic pathways of the Centrospermeae group. The climatic
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factors that influence the distribution and abundance of the dicots species

along the altitudinal gradient were also studied. The results ,are important in

the understanding of the ecological partitioning of the different photosynthetic

pathwaysin the semi-arid and arid regions for future research programmes to

enhancebioproductivity of the flora.

CENTROSPERMEAE

The plants are more commonly annuals, herbaceous, shrubs (rarely), with the

woody representative lacking the typical secondary stem growth. They thrive

in the semi-arid, arid (hot or cold) and saline habitats. Some species have
r

succulent stems and/or reduced leaf sizes. Others have deep rooted habit

and adapted to grow in saline soils. Anatomically the sieve tubes and

embryological development is distinctive. The stamens originate in a

centrifugal fashion. The petals are distinct or less commonly lacking. Ovules

are attached by basal or free central placentas. The pollen grains are mostly

trinucleate, less commonly with two nuclei. The seeds have perisperm in

placeof endosperm.

Fossils for the group have been found in upper cretaceous deposits, but

inspiteof this, the lineage of the families is highly speculative because of the

morphological diversities of the families. The Centrospermeae is a super

ordergroup of plants, divided into the Caryophyllales and Polygonales orders,

and belong to the subclass Carybphyllideae of the angiosperm (Woodland,

1991). The Centrospermeae families include Aizoaceae, Amaranthaceae,

Basellaceae, Caryophyllaceae, Chenopodiaceae, Elatinaceae,
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Basellaceae, Caryophyllaceae, Elatinaceae,Chenopodiaceae,

Nyctaginaceae, Phytolacaceae, Polygonaceae, Portulacaceae, and

Zygophyllaceae (Metcalfe and Chalk, 1957; Stace, 1989; Woodland, 1991).

The present study followed the Metcalfe and Chalk (1957) and Woodland

(1991) identification system because of simplification and consistent with the

occurrence of the foliate species in the study area. Approximately 11,000

speciesgrow world wide (Woodland, 1991).

Centrospermeae was opted for the studies because it forms a viable

population of species growing in their natural semi-arid, arid and saline

habitats of the study area. Tieszen (1981) observed that in most dicot

families, the C4 syndrome is restricted to herbaceous annual or perennial

species. Furthermore, a number of the Centrospermeae species are tall

shrubs and herbaceous of high biomass and of economic importance. They

are fast growing and useful as sand binders, forage, fodder, medicinal in

health care, greenhouse plants, hedges, food plants, source of sugar,

saponin,dye production, and source of alkaloids.

Ehleringeret at (1997) observe that information on the occurrence of C4 dicot

and sedges species and factors determining their distribution in semi-arid and

arid tropical climate is scanty. Further, about 5-10 % of dicot species have

beenshown to be C3, C4 C3-C4 intermediate and CAM species. Out of 5-10%,

less than 1% with Kranz leaf anatomy show variable anatomical description

whose consequence is not clear. It depicts Kranz leaf anatomy as not a must

for the dual C4 photosynthetic pathway. There is, therefore, need for more
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Centrospermeae dicot species was, hence, carried out to fill this gap.

1.1 STATEMENT OF THE PROBLEM

Literature has raised scientific limitations in the understanding of the cellular

organization and variation in the leaf anatomy; use of 013C values and carbon

dioxide compensation points in differentiating the photosynthetic pathway

types in the monocot studies. Knowledge of the leaf anatomy shows it might

not be significant for the performance of the C4 photosynthetic pathway. The

climatic factors influencing the distribution and abundance of the C3 and C4

monocot species in different ecosystems along the altitudinal gradient is not

well documented. Not to mention the high degree of biased investigation in

favour of the Poaceae and Cyperaceae (rnonocots). The C3 and C4 monocot

species thrive in different ecological conditions and altitudinal regimes. The

C3species constitute a higher percentage in moist, cooler regime above 1800

m a.s.l. while C4 monocot species in dry, warmer range below 1500 m a.s.1.

according to literature. The altitudinal survival and occurrence of the C4 dicots

in the same conditions is not clear. The transition zone of the C3 and C4

monocot species is well documented and its biological implications known.

This has not been investigated in the C3 and C4 dicot species in the semi-arid

and arid ecosystems. Literature on carbon dioxide compensation points of C4

dicots is scarce.

Centrospermeae families constitute a viable population of species that thrive

well in semi-arid and arid areas in the western Kenya regions. This knowledge

gap rationalized the current study.
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1.2 HYPOTHESIS

1. Changes in the climatic factors disproportionately \ influences the

competitivedynamics of the composition of the C3 and C4 dicot species along

thealtitude.

2. Climatical variable gradients should produce C3 and C4 species of

population with C3 plants predominating high altitudinal and coolest habitats

thanC4 species of population in the semi-arid and arid ecosystems of western

Kenyaregions.

3. Climatic partitioning of C3 and C4 dicot species of population causes

structural ramifications and leads to different carbon dioxide compensation

pointsin a given photosynthetic pathway and species, respectively.
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1.3 OBJECTIVES

Thespecific objectives of the study were:

a) To investigate the cellular organization of the non-Kranz and

Kranz leaf anatomy of selected members of the

Centrospermeae family from the semi-arid and arid ecosystems

in western regions of Kenya.

b) To investigate the influence of the climate on the 13C/12Cratios

among the selected C3 and C4 species of Centrospermeae

family.

c) To evaluate the significance of the Kranz leaf anatomy and

13C/12Cratios in the determination of the C3 and C4 species of

the Centrospermeae family.

d) To determine the Carbon dioxide compensation points of the

selected C3 and C4 species of the Centrospermeae family.

1.3 JUSTIFICATION

The Kranz syndrome, 013Cvalues and carbon dioxide compensation points

have been studied and used to distiquish different C3, C4, and C3-C4

intermediate types of the Gramineae and Cyperaceae species (monocots).

However, there is limited data 'on dicots. The factors determining the

distribution and abundance of the C3 and C4 monocot species in semi-arid

temperate and tropical climates along an elevation gradient are fairly

9



understood. The C3 and

C4 dicot species occurring in the semi-arid and arid conditions are less

understood due to lack of enough data collected in the world.

The Kranz anatomy of the monocots is well documented in the literature

compared to that of the dicots. Furthermore, Kranz anatomy of dicot

presupposes variable description in recent studies whose biological

consequences are not clear. This is more so when the evolution of the Kranz

syndrome in the angiosperm is not clearly understood and requires

anatomical data for its explanation.

The 013C value analysis is useful in determining C3 and C4 species in any

given population of plants. These species are related to factors that can

determine their distribution and abundance along certain climatic gradient of

variables along an elevation. The 013C values are also used in forensic

studies and determining mode of nutrition by wild animals in game parks.

However, variation and overlap of isotopic values exist between C3 and C4

species studied. There is need for isotopic value range to be universal and

standard for clear differentiation of photosynthetic types.

Data on carbon dioxide compensation points for the C3, C4, C3-C4

intermediate and CAM species is scanty, yet useful. The data can provide an

understanding, at which levels bioproductivity commences, reaches climax

and then decreases in different species, under various climatic conditions.

This would be useful in preparing bioproductivity models involving the C3 and

C4 species for intercropping and implementation in different climatic regimes.
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Similarly,it can be useful in the role different C3 and C4 species play in the

ecosystems whose carbon dioxide concentration is on the, rise leading to

globalwarming.

The fore mentioned missing knowledge gaps justified the present work. The

Centrospermeae group of plants was chosen for this study because they

thrive in the semi-arid and arid natural habitats of Western Kenyan regions.

Theyare economically useful as medicinal, for sugar and saponin production,

soil conservation, health care, wood fuel and production of secondary

products.

11



CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 INTRODUCTION

The conversion of light energy to chemical energy in the photosynthetic

reductionof carbon dioxide is accomplished in a remarkably similar manner in

all the plant species. This similarity may reflect an early origin (2.5 to 3.3

billion years Bp) under atmospheric and environmental conditions largely

different from those existing today (Edwards et al., 2004; Ehleringer et aI,
"

1997). There is scanty information on CO2 fluctuation and absolute

temperature and moisture conditions for these early periods to be clearly

understood. However, relatively recently (60M BP) climatic conditions

became more seasonal, and certainly in some geographical areas, more

arid/orsaline.

Two variants of the C3 photosynthetic system apparently evolved during the

initialduration of angiosperm development and become common in families

presentaround 60M BP. Ehleringer et al. (1991,1997) and Edwards et al.

(2004) have proposed that declining atmospheric CO2 concentrations could

be a major selective force for the expansion of C4 ecosystems at the end of

Miocene. The palaeogeological and paleoecological evidence of the near

simultaneousglobal expansion of, C4 ecosystem at the end of the Miocene

(Cerlinget a/., 1993, 1997a, b; Quade and Cerling, 1995) implies a common

selectiveforce, such as would be expected with a reduction in atmospheric

C02 levels. According to Raymo and Ruddimann (1992) the development
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of the Himalayas and Tibetan plateau exposed massive amount of

unweathered silicate rock in a climatic zone where carbonate.formation would

then be high, as a mechanism for a global reduction in CO2.

The C4 system evolved relatively recently and is most common in the

Poaceae (Gramineae) and Cyperaceae and less common in the families of

the Centrospermeae (Tieszen and Imbamba, 1980; Raghavendra and Das,

1978; Cerling et aI., 1989). Crassulacean Acid Metabolism (CAM) plants are

generally restricted to the most arid environments, and are not highly

productive but they may be very useful as sources of certain secondary

compounds.

C3 and C4 photosynthetic systems are characterized by specific interrelated

anatomical, biochemical and physiological parameters as revealed by studies

principally dealing with grasses. Because of the polyphyletic origins of C4

systems we might expect a high degree of divergence in their characteristics.

However, most C4 species depict characteristics, some of which are quite

diagnostic. The clearest description of what is meant by a C4 pattern of CO2

uptake must include the initial carboxylation of PEP carboxylase and a

subsequent transfer of that CO2 to RUBP carboxylase for reduction in the

normal Calvin cycle processes. It is not sufficient to imply possession of high

PEP carboxylase activity as some C3 plants and numerous aquatic organisms

do. Only the coupled transfer via a peculiar anatomical compartmentation of

Carboxylase enzymes allows the plant to photosynthesize at high rates and

without apparent photorespiration (Tieszen and Sigurdson, 1973). This
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arrangement allows a pumping system to create a CO2-rich environment in

the parenchyma bundle sheath (PBS) cells.

Kortschalk et al. (1965) established that the primary fixation product of

photosynthesis was not only 3-phosphoglycerate but also the C4 compounds

malate and aspartate (Heldt, 1979). The C4 pathway has variation in the

decarboxylation as NADP-malic enzyme species (e.g. Zea mays), NAD malic

enzyme species (e.g. Amaranthus retroflexus) and PEP Carboxykinase (e.g.

Chloris gayana); and the aspartate species (Edwards and Walker, 1983).

Further investigations should reveal more C4 dicots species.

2.2 PHYLOGENETIC DISTRIBUTION OF C4 SYNDROME

Phylogenetic distribution of the C4 photosynthesis has been extensively

investigated in the Gramineae and Cyperaceae and few dicot species.

Studies in the dicot species do not provide comprehensive data for analysis of

the taxonomic distribution of plants possessing C4 photosynthesis.

Furthermore, the few studies on dicots have less commonly been carried in

semi-arid/or saline tropical ecosystems. Exhaustive studies are therefore

warranted. Downton (1975), Imbamba and' Papa (1979), Mateus-Andre's

(1993) and Akhani et al. (1997) have listed some of the investigated C4

perennial species. However, in the Euphorbiaceae some C4 tree forms do

occur (Pearcy and Troughton, 1975).

An exhaustive study in the Middle East and USSR (Winter, 1981) has shown

most of the flora are C4 species. They include trees or tall shrubs of high
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biomasswith economic value, in that they are fast growing, sand binders, for

fuel, as forage and as a source of alkaloids. Clearly, there i~ need for more

informationon the occurrence of C4 species, especially from arid and semi-

arid regions outside North America (Winter, 1981). Similarly, there is little

informationabout the relationships within the sedges, and Centrospermeae

and more so about their quantitative occurrence. The relative causal factors

that influence C4 species partitioning in their ecosystem, whether monocots or

dicotsshould also be established. This will correct the imbalance in research

biased against the dicot studies. Thus, in C4 pho,tosynthesis, we have C4

photosynthetic pathway whose quantitative data is both taxonomically

unknownand phylogenetically not completely described. Exhaustive studies

shouldenable an evolutionary assessment of the hierachial dichotomous tree

of the angiospermous species (Raghavendra 1980, Oas and Raghavendra,

1973). Further studies of the occurrence of interspecific differences in the

operationof the C4 pathway would provide a biological lead of a very close

relation between C3 and C4 plants (Raghavendra, 1980) and therefore the

evolutionary selective force for photosynthetic pathway development.

Taxonomically,species misplacement in a family can be explained, especially

fromsemi-arid ecosystems.

Takedaet al. (1980) reported C4 photosynthesis in three of the seven tribes of

Cyperaceae: Cyperdeae, Firnbristylideae and Rhynchosporeae, and Brown

(1977) reported in the Poaceae. Further, C4 syndrome is reported in the

Poaceae(Hattersley et al., 1976; Hattersley, 1984; Prendergast et al., 1987),
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Sueda monoica (Shomer-Ilan, 1975), Arundinella hirta (Crookston and Moss,

1973),Asteraceae (Smith and Turner, 1975), Eleocharis, ~ sedge (Ueno et

al., 1989), Scaevola and Euphorbia (Robichaux and Pearcy, 1984), Flaveria

(Monson and Charles, 1991), Chenopodiaceae (Akhani et aI., 1997),

intermediate Flaveria (Ku et al., 1983). These studies are useful in the

postulation of phylogenetic affinities within a given family or families. The

present investigation provides data that may be used for phylogenetic affinity

within the Centrospermeae. The data provides attributes of the Kranz

syndrome, 613C values that when combined with. morphological (taxonomic),

criteria will undoubtedly lead to a more natural classification of the species,

genus and families. Most of the C4 monocots and dicots species are among

the most noxious and aggressive summer time weeds in temperate and sub

tropicalregions (Holm et al., 1977; Elmore and Paul, 1983).

2.3 KRANZ LEAF SYNDROME

In the late 1800's a layer of chlorophyllous cells which was distinctly different

from the other chloroplast containing cells was first recognized in leaves of

certain species of Cyperaceae (Haberlandt.: 1882) who called it cells of Kranz

(wreath)as they formed a distinct wreath around the vascular tissue.

Considerable variation is now recognized in Kranz anatomy and in the

evolution of Kranz cells in different species (Edwards and Walker, 1983).

Gramineaeorigin of the Kranz cells arise from either the parenchyma sheath

in the subfamily Eragrostoideae or the mestome sheath in most genera of
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Panicoideae(Brown, 1975), in which case the parenchyma sheath is lacking.

Kranzcells can be separated by both a mestome sheath and parenchyma

sheathfrom the mesophyll cells as in the Fimbristylis type (Brown, 1975) or by

only a mestome sheath - Cyperus type, where the parenchyma sheath is

lacking. Dicots usually have a parenchyma sheath only where Kranz cells

develop. The cellular organization in Chenopodiaceae, Polygonaceae and

Compositaehaving cylindrical leaves or photosynthesizing branches, Kranz

cells form a continuous cylindrical layer just internal to the mesophyll at the

peripheryof the tissue (Edwards and Walker 1983; Brown 1975). A large part

of the vascular tissue is separated from the Kranz cells by several layers of

colourless parenchyma tissue. Here, the Kranz cells originate from the

parenchymatissue. It follows that Kranz cells have different ontogenies and

sometimesthey are separated from the mesophyll cells by non-chlorophyllous

cells.

Classicalstudies indicate that the origin of Kranz cells is in vascular tissue

(Edwardsand Walker, 1983). The Kranz cells are characterized by thicker

cell walls than those of the mesophyll cells. These walls have numerous pits

andplasmodesmata and chloroplasts are somehow different from those of the

mesophyllcells (Brown, 1975). In dicots there is usually only the parenchyma

sheath (Esau, 1965). It is generally assumed that the parenchyma sheath

cells of some non-Kranz species have evolved into the Kranz cells of most

non-CAMspecies having C4 photosynthesis (Brown, 1975).

AlthoughKranz anatomy, as defined above, is present in most C4 plants, it is
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not essential for all C4 systems. This is because there are a number of

exceptions known in which some or all cells are in no sense part of the

parenchyma (Brown, 1975). A mestome sheath of very thick walls which is

resistant to concentrated sulphuric acid and the presence of casparian strip is

the ultimate anatomical criterion (Brown, 1975; Carolin et a/., 1975).

The parenchyma sheath functionally and broadly includes the cell extensions

like it occurs in certain grasses (Carolin et aI., 1975), though that is not

necessary. The cells of the extensions must have the same developmental

origin as the parenchyma sheath, the ground parenchyma of the very young

leaf. Most Caspecies (monocot) studied do possess this spatial arrangement.

The Eryngiophyllum type has been reported in cylindrical leaves of Sa/so/a,

Sueda and Haloxylon (Welkie and Caldwell, 1970), Flaveria, Peetis and

Isostigima (Brown, 1975). The Kranz cells form a continuous single layer

around the leaf just internal to the mesophyll layer and in contact with it

(Brown, 1975).

2.4 KRANZ LEAF SYNDROME PARAMETERS

The Kranz anatomy assumes different cellular organization especially at the

interspecies level for example the observation carried in Cyperus altemifolius,

c. globulosus and Fimbristylis earoliniana; C. altemifolius (non Kranz species)

had the mestome sheath between the vascular bundle and the parenchyma

sheath (Brown, 1975). Among the dicots this may take various forms

(Tieszen, 1973; Dengler et a/., 1985, 1986) and even in some monocots

18



(Brown, 1975). Further, Dengler et al. (1985, 1986) have indicated differences

in the ontogenies of the Kranz syndrome in Panicum ettusum and P.

bulbosum. Pectis leptocephala of Asteraceae show leaf anatomy and CO2

compensation point typical for the Kranz syndrome (Pearcy et a/., 1983).

However, none of the closely related species as Oyssodia chrysactinia

possessed the Kranz syndrome (Smith and Turner, 1975).

Variation in the organ of the true Kranz syndrome has been recorded in

Alloteropis semialata, collected from South Africa, China and Australia. The

South African species showed non-Kranz organization with 013C value of -,

26.0%0.The Australian species had Kranz syndrome without mestome sheath

with 013C value of -11.4%0 whereas a third specimen, which was the

intermediate leaf from South Africa had 013C value of -26.1%0 and leaf

anatomy intermediate between the two (Brown, 1975). Thus, within this

species there are three conditions (there may be more within the species) in

the deviation of a Kranz sheath from a nearly typical non- mestome sheath.

In Panicum, observations indicate two origins of the Kranz sheath. These are

part of examples of the variation in the cellular development of the Kranz leaf

anatomy. Others have been reported in the Aristidae type and the Aristidioid

type (Brown, 1975) examined in the Gramineae.

The leaf anatomy has been used to propose distinct levels of organization in

the plant systematics. De Winter (1965) studied leaf anatomy of Aristidae

group of Gramineae and concluded that on anatomical grounds there are

three genera - Sartidia, Stipagrostis and Aristida. Sartidia exhibited non-
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Kranzanatomy and non-Kranz 013C value, Stipagrostis had typical Kranz

anatomywith mestome sheath and a Kranz parenchyma sheath and 013C

Kranzvalue; and Aristida showed a sheath external to typical Kranz sheath

and 013C Kranz value. The 'inner sheath' of Stipagrostis is not clearly

understood,whether it is a true sheath (mestome sheath) or not a mestome

sheath because of variable thick walled cell size, position and chlorophyll

presence.Thus, modified mestome sheath can be observed for example in

Stipagrostis.

Additionalstudies have pointed out varied anatomical criteria for C3 and C4

species. Considering the 'one cell criterion', observed in Trida, Pennisetum,

Arundinella and Gamotia, it is indicated that the true meaning of C4

anatomical organization may lie at least in the distance (or number of

membranes)separating chlorenchymatous mesophyll cells from parenchyma

bundlesheath (Carolin et a/., 1975; Hattersley and Watson, 1976). This is

based on the cellular compartmentalization of the biochemical processes

during photosynthesis (Hattersley et a/., 1977). On the other hand, the

'maximumcells distant count' appears a constant anatomical feature of the C4

grass leaves (Hattersley and Watson, 1976) but variable in the C3 grass

leaves. Hattersley and Watson (1975) and Kawamitsu et at. (1985) pointed

out the use of simple count of interveinal mesophyll cells as a criterion in the

grasseswhere C4 species have only 2-4 mesophyll cells between adjacent

bundle sheaths, in contrast to C3 plant with commonly as many as 12

interveinal mesophyll cells. This is at variance with physiological
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characteristics. Furthermore, species with interveinal 'circular' cells that gave

interpretative difficulties and a test for the physiological\ theories were

excluded(Metcalfe, 1960).

Markedvariations do exist at cellular level of the C4 and C3 cells in terms of

unique bundle sheath arrangements in some grasses. For example in

Alloteropsis semialata (Ellis, 1974), the function and development of cells in

theMestome Sheath (MS) vary in relation to their location, size and condition

in the xylem-mestome sheath (XyMs) surrounding the large vascular bundles

in the andropogonoid species (Hattersley and Watson, 1976). Further,

organelle variations include chloroplast structural and chlorophyll

pigmentation relations (Black and Mollnhauer, 1971; Laestch, 1971) and

distributionof enzymes (Reger and Yates, 1979), mitochondria location (Ellis,

1974;Dengler et al., 1985, 1986; Dengler et al., 1995, 1996; Hatch, 1987).

Furthermore, a unique C4 leaf anatomy in Cyperus japonicus, Kranzkette

depictingtwo groups of units and the other in the middle of the blade both

connectedby veins forming elliptical mesophyll channels (Meirong and Jones,

1994)and the short interveinal distances (Takeda et al., 1980, 1985) have

beendescribed.

Hattersley (1984) has characterized C4 type leaf anatomy in grasses

(Poaceae)histometrically using mesophyll sheath area: Bundle sheath area

ratios on the basis that grass leaves have parallel venation and therefore

tissue areas and area ratios are directly proportional to tissue values and

volume ratios. However, this cross-sectional area of the 'Primary carbon
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assimilation (PCA) (or mesophyll) tissue and 'photosynthetic carbon reduction'

(peR) (or parenchymatous bundle sheath, PBS) tissue associated with each
\

vein measured has some limitations of uniform leaf morphology and anatomy

(Dengler et a/., 1995) in taxonomically diverse C4 species and C3 species.

Reliability and accuracy of the methodology and standardization of leaf area

sampling can be at least not practicable (Liu and Dengler, 1994; Dengler et

al., 1995). Dengler et a/. (1996) have described the ultra structural features of

differentiating bundle sheath cells, distinctive cells during leaf development.

They observed that their developments are essentially similar, and that the,

proximity to .the vascular tissue appears to be nonessential for their

coordination and regulation of specific developmental events. Similar

observations are reported in Atriplex rosea (Liu et a/., 1996), grasses

(Prendergast et a/., 1987), and various C4 plants (Nelson and Dengler, 1992).

Distinctive cells in leaves of C4 species in Arthraxon and Microstegium have

been immunocytochemically characterized (Ueno, 1995).

2.5 KRANZ LEAF SYNDROME SUBTYPES

The C4 photosynthetic pathway is differentiated into three subtypes depending

on the reaction sequence for C4 acid decarboxylation in the bundle sheath

cells of leaf blades and seems to be species-specific. Recognition of three C4

types was foreshadowed by discovery of differences in 14C02 labelling

patterns between C4 species (Hatch and Slack 1966; Chen et a/. J 1971) and

Downton (1970, 1971) classified C4 species into 'Malate formers and
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Aspartateformers'. Subsequently, Malate formers' were NADP-me type, with

respect to C4 acid decarboxylation, and the Aspartate formers are further

classified as NAD-malic enzyme type (NAD-me) and PEP Carboxykinase

(PCK-type),Hatch et at. (2002). Each has anatomical correlates that are

consistentin the grasses and dicots.

The consequences of subtypes are not clear, although grasses possessing

NAO-metype dominate in most arid areas whereas those possessing NADP-

me type dominate areas with increasing rainfall (Ellis et aI., 1980). The

distributionof the C4 sub-type species within the anqiosperm especially the

grassfamily and the Centrospermeae group is significant both taxonomically

andphylogenetically. The occurrence of the mestome sheath (MS) has been

usedto distinguish the C4 subtypes (Hattersley and Watson, 1976) but lack of

adequate anatomical, developmental or histochemical characterization

becauseof inter-specific variation limit its differentiating criteria. Both NAD-

me type and PCK type exhibit MS which is absent from NADP-me type

speciesas observed in the grass leaves.

All available evidence suggest that C4 plants have evolved from ancestors

possessing the C3 pathway of photosynthesis and this has occurred

independently many times in taxonomically diverse groups. The precise

evolutionary transition, at the anatomical, physiological and biochemical

levels,from a C3 to a C4 plant is not clear (Ku et aI., 1983; Ehleringer et aI.,

1997)and therefore C3 - C4 intermediate species might give insight into the

evolutionof C4 photosynthesis (Drincovich et a/., 1998). In addition, since
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most of the world's important crops are C3 plants, there has been

considerable interest in improving their productivity by screening for mutants
'--

with reduced rates of photorespiration or by incorporating C4 characteristics

into C3 plants (Moss, 1976; Ku et al., 1991), hence considerable search for

the C3 - C4 intermediate genera, for example, Flaveria (Orincovich et al.,

1998). The evolution of the C4 syndrome from C3 syndrome might have been

in response to climatic changes such as elevated temperature, limited water

(Raghavendra, 1980) and reduced atmospheric carbon dioxide concentration

(Ehleringer et al., 1997).

Characteristics of Kranz-like leaf anatomy, low photosynthetic CO2

compensation point and reduced level photorespiration are indicative of C3 -

C4 intermediates and the process of evolution from C3 to C4 photosynthesis as

in the genera F/averia (Ku et aI., 1983; Raghavendra and Oas, 1978),

Moricandia (Apel and Ohle., 1979), Mollugo (Sayre and Kennedy., 1977). C3-

C4 intermediates have Rubisco in both the mesophyll and bundle sheath cells

unlike being in the bundle sheath cells only for C4 species or mesophyll cells

for C3 species (Orincovich et aI., 1998). Knowledge on phylogenetic

distribution of the genera and species in the Centrospermeae would be

significant taxonomically in understanding the C4 evolutionary system.

Currently, the cellular organization of the C4 leaf Kranz anatomy is under

intense research. Sage (2002) proposes that C4 photosynthesis in terrestrial

plants does not require Kranz anatomy and may take place within the same

cell. This was previously demonstrated by Voznesenskaya et al. (2001) in
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the semi-succulent halophyte Borszczowia aralocaspica of the

Chenopodiaceae. This variation in the leaf Kranz anatomy i? characterized

by two structurally and biochemically specialized photosynthetic cell types

(the mesophyll and bundle sheath cells) which function in a coordinated

mannerthrough enzymatic differentiation in carbon assimilation (Hatch and

Osmond, 1976; Hatch et al., 19820). This indicates gradation in the

evolutionarynature. Thus, the C4 photosynthetic types must have evolved

independentlyand many times with a high degree of success in diversity of

Kranzanatomy forms, chloroplast structural dimorphism and biochemistry of

the C4 cycle. For example, Bienertia cycloptera and B. araloscaspica of the

Chenopodiaceaethrough novel spatial Kranz anatomy differentiation achieve

singlechlorenchyma cell C4 photosynthesis (Edwards et aI., 2004) in contrast

to the well known dual- cell Kranz anatomy. Further novelty in the Kranz

anatomy has been reported in the Asteraraceae (Guadalupe and Katinas,

2003) and follows a hypothesized evolutionary sequence: Atriplicoid-

Isostigma -Eryngiophyllum anatomy where numerous Kranz units become

continuousto reach a unique compound Kranz unit.

Examinationof the anatomical reports reveals the significance of the climatic

conditions:the humid (Guadalupe and Katinas, 2003), altitude (P'yankov et

al., 1997), submerged and non-submerged habitats (Uchino et al., 1998) and

even amongst the photosynthetic organs-shoots! leaf-like cotyledons

(P'yankovet al., 1999). Implication of evolution in the photosynthetic types

using phylogenetic analysis of the tribe Salsoleae based on ribosomal
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Internaltranscribed spacer (ITS) sequences has been reported (P'yankov et

aI., 2001) and possible mechanisms leading to the evolution of C4

photosynthesisvariously discussed (Edward et aI., 2001; P'yankov et et.,

1997;Vozsenenskaya et aI., 2001; Ehleringer et aI., 1997; Sage, 2002;

Raghavendra, 1980). Possible mechanisms and action suggest C4

photosynthesis responded to environmental stress, particularly the

combination of high irradiance, elevated temperature and limited water

(Raghavendra,1980).

~,
A drop in atmospheric CO2 and rise in O2 as early a5300 million years ago,

providedselective pressure for the evolution of mechanisms to concentrate

CO2and RUBISCO in order to minimize the oxygenase activity and resultant

loss of carbon through photorespiration (Edwards et al., 2004), climate

change, geological trends, and evolutionary diversification species

(Vozsenenskaya et al., 2001; Ehleringer et al., 1997). Furthermore,

P'yankovet al. (1997) suggest a reversion of C4 pathway to C3 pathway in the

coolerclimates of Middle Asia based on the studies in the Salsola species.

Thesefindings provide new inspiration for efforts to transform crops into C4

plantsbecause the anatomical changes required for C4 photosynthesis may

nolongerbe a problem than earlier thought, through genetic engineering.

2.6 ~13C VALUES AND DETERMINANT FACTORS

The013C values are commonly used to distinguish between C3 and C4 plants

(Bender,1971; Smith and Epstein, 1971; Smith et aI., 1976; Caldwell et et.,
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1977; Epstein et al., 1997). During the photosynthetic process, plants promote

isotopic fractionation of carbon dioxide atmospheric source.: The carbon in

the carbon dioxide has isotopes as 13C and 12C in the atmosphere. Plants

species show a tendency to favour the lighter isotope C2C) with respect to the

heavier C3C). Thus, plants will have less 13C in comparison to the

atmospheric carbon dioxide. The degree of this isotopic discrimination is

different between C4 and C3 species. The C4 species category tends to have

less negative values compared to the C3 species category.

This carbon isotopic differentiation has been used in ,~istinguishing the C3 and

C4 species (Smith and Epstein, 1971; Hatch, 1976). The abundance of the

isotopic composition (stable carbon isotopes) is influenced by the

environmental factors (isotopic composition of the atmospheric carbon dioxide

and its concentration) and physiological factor (the carbon dioxide

concentration inside the leaf intercellular space that controls the (513C values).

Although C4 photosynthesis appears to be an adaptation to hot, high light

intensity and arid environments (Mooney et al., 1974), concern has been

expressed that isotopic differences between C3 and C4 plants may represent,

in part, phenotypic plasticity rather than true genetic difference (Moore, 1983).

Earlier evidence show that the difference is indeed genetic (Bjorkman et el.,

1971; Hatch and Boardman, 1972) but concern for the influence of the

environment on (513C values exist (Buchmann et al., 1996; Williams and

Ehleringer, 1996; Hatch, 2002). Smith et at. (1976) pointed out that changes

in temperature or light intensity at which plants grew resulted in changes in

27



isotopicratios. As a consequence, isotopic fractionation may occur at several

sites(Park and Epstein, 1960; Tieszen, 1978) such as diffusion of CO2 into
"--

the leaf, diffusion from the atmosphere into the chloroplast, carboxylase

catalyzedfixation (Whelan et al., 1973; Farguhar, 1983; Farguhar et a/., 1984;

Andersonet al., 1996) and subsequent metabolic changes. Environmental

conditionsmay affect any of these stages to some degree but would seem

mostlikely to influence the enzyme catalyzed steps (Farguhar et al., 1982).

Furthermore,temperature response varied with ecotypes; but the results were

not reproducible and predictable with the Xenttuum data (Anderson et aI.,

1976).

Winter(1981) recorded significant variations in the 013C values of all the 193

speciesinvestigated. In addition, an anomalous situation exists where a plant

showsno Kranz leaf anatomy (Carolin et aI., 1975) but reveal a C4-like 013C

values as in Suaeda vermiculata (Chenopodiaceae) (Winter, 1981) and S.

monoica (Shomer-llan et a/., 1975). They (Shomer-llan et el., 1975)

investigatedcarbon and nitrogen isotope discrimination values of trees along

a rainfall gradient in northern Australia in relation to the change of leaf

parameterswith leaf age. Carbon isotope discrimination was about 2% lower

in young leaves than in expanded leaves, whereas 15N was more depleted in

youngleaves than old leaves, with similar mechanism.

Carbonisotope composition of C4 grasses was shown to be influenced by light

and water (Buchmann et al., 1996). This can be used as an indicator of

changes in the isotopic composition and concentration of atmospheric CO2
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especially for climate construction (Buchmann et a/., 1996), because

photosyntheticdiscrimination against 13C remains constant in grasses in

differentclimatic conditions in the arid areas. The case of C4 dicots warrants

investigationfor clarification. Williams and Ehleringer (1996) studied carbon

isotopediscrimination in three semi-arid woodland species along a monsoon

gradientand variations related to evaporative and relative humidity gradient,

stomatal conductance and transpiration potential. William and Ehleringer

(1996)concluded that plants display a continuum of responses to humidity

rangingfrom predominantly leaf gas exchange to whole plant morphological

adjustments.The expression of these responses could determine productivity

and survival along broad humidity gradients with direct bearing on

phylogenetic constraints at a leaf level and whole plant level flexibility.

Boutton et al have recorded biomass along the altitude indiffering

photosynthetic types. This could be confirmed by a similar study in the

Centrospermeaetaxa in the semi-arid and/or arid ecosystem in Kenya; and as

reviewed by Farguhar et a/. (1989) on the stable carbon isotope and

photosynthesis.

Functionalvariations exist in the 013C values at the organ levels - leaves and

stems in Cissus quadrangu/aris as revealed by their variable photosynthetic

metabolism (Irwin et aI., 1983). This was also shown in Ka/anchoe

blossfeldiana (Lerman and Oueiroz, 1974), Frerea indica (Lange and Zuber,

1977)and Membryanthermum crystal!inum (Winter, 1974). Further, shifts in

the 013C values of Salix herbacea leaves respond to spatial and temporal
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gradientsof atmospheric CO2 concentration (8eerling et a/., 1993).

2.7 DISTRIBUTION OF THE C3 AND C4 SPECIES AND CLI(MATIC

GRADIENTS

Wateris usually considered to be the key limiting factor for growth of desert

plants. However, there is little information available on the water-use

efficiencyof species within a desert community (Ehleringer and Cooper, 1988)

or its effects on the distribution of the photosynthetic pathways in the arid

ecosystem.Environmental variables influencing the ecological, geographical

and paleoecological distribution of C3 and C4 species along altitudinal and

latitudinalgradient are fairly understood in the monocots (Ehleringer et a/.,

1997).

Elevatedtemperatures are known to favour C4 monocots but the situation in

C4 dicots requires further investigation (Wentworth, 1983; P'yankov and

Monkronosov,1993; Dolliner and Jolliffe, 1979; Collins and Jones, 1985;

Okuda and Furukawa,1990; Stowe and Teeri, 1978). Aridity index,

precipitation,temperature and summer pan evaporation parameters correlate

to the abundance of C3 and C4 photosynthesis from different ecosystems

(Hattersley,1983; Rundel, 1980; Cavaganaro, 1988; Sankhla and Ziegler,

1975; Pearcy and Ehleringer, 1984; Ueno and Takeda, 1992). However,

phylogenetic distribution of C3 and C4 should be investigated. A proper

explanationon the quantum yield for CO2 uptake differences among C3 and

C4 speciesis required as it relates to the anatomical differences (Ehleringer et

al., 1997);as well as why the C4 monocots do well compared to the C4 dicots.
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It may also be that herbivore evolution has been related to the C4

photosynthesisexpansion (Tieszen and Imbamba, 1980; ~hleringer et aI.,

1997). The distribution of C3 and C4 grasses and carbon isotope

discriminationalong an altitudinal and moisture gradient was investigated and

showedthat C3 photosynthetic types occur at higher altitudes in contrast to C4

photosynthetictype (Tieszen et a/., 1979) but the status of the C4 dicots need

further investigation. The photosynthetic types account for broad distributions

within the Poaceae but are further modified by characteristics that may be

inherentin the tribal groups.

The 013C values of C3 and C4 species of Australian Neurache and its allies

(Poaceae) were investigated for leaf Kranz anatomy and 013C values

(Hattersleyand Roksandic, 1983) and showed variable results depending on

the site or area of species collection. The group would afford a unique

opportunityfor experimental and ecological studies aimed at understanding

theevolution of plants in the C4 dicarboxylic acid pathway and climatic factors

affecting their distribution. Furthermore, the functional role of C3 and C4

evolutionand expansion in reduced atmospheric CO2 requires a proper model

as to which photosynthetic type will be favoured (Ehleringer et a/., 1997) or

threatened (Henderson et a/., 1992). There is also need for studies of

ecotypicdifferences to show the trend of 013C values variation of the C3 and

C4 species.

2.8 CARBON DIOXIDE COMPENSATION POINTS

Carbon dioxide compensation point studies indicate their usefulness in
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determiningC3 and C4 photosynthetic types in relation to the net rate of CO2

uptakeand the biomass of species. Similar investigations :in the C4 dicots
<:

couldbe used to confirm various observations recorded(T olbert et a/., 1995)

and the possible role of the C3 and C4 dicots in regulating atmospheric

oxygen;and extended to the functional status of C3 - C4 intermediate species.

Therefore, there is general limitation on the knowledge of the C4 dicots

species, which have largely escaped recognition possibly due to heavy

emphasisof research on the Gramineae flora. For instance, less is known

about C4 dicots species growing in regions of h~gh temperature regimes

(Winter, 1981) or saline, aquatic ecosystems (Moore, 1983), or factors

controlling distributions of C4 dicots today, historically and under future

elevatedCO2 environments (Ehleringer et al., (~997). The first two conditions

mentionedabove, do occur in the semi-arid and Western/Coast saline regions

of Kenya. Salinity affects various aspects of metabolism in the C3 and C4

plants,inducing changes in the leaf anatomy and morphology (Waisel, 1972).

TheCentrospermeae dicots thrive in the semi-arid regions of Western Kenya

but have been hardly studied to identify the C3 and C4 species. The present

studyon Centrospermeae was, therefore, meant to document the distribution

andabundance of the C3 and C4 species as affected by climatic factors along

the altitudinal gradient in the semi-arid areas. In overall the leaf Kranz

anatomy,013C values and carbon dioxide compensation points of the dicot

specieswere used to distinguish the C3 and C4 groups of the Centrospermeae

species.
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CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 Introduction

The studies were done both in Kenya and Germany. Studies in Kenya

involved field work and laboratory work. Studies in Germany involved 513C

values and carbon dioxide compensation points experiments in the laboratory.

Data of the carbon isotopic ratio values and carb9n dioxide compensation

point studies were measured using the mass spectrometer and Infra Red Gas

Analyzer (IRGA) in the Department of Plant Physiologie, University of

Bayreuth, Germany.

3.2 EXPERIMENTS IN KENYA

3.2.1 Experiments in the field

The experiments involved measuring environmental variables; collecting the

species, estimating the abundance and the distribution of the species along

an elevation belt transect in the semi-arid and arid areas of western Kenya.

Sample collection also involved saline areas near Lake Turkana.

3.2.2 Experimental site

The experiment was carried out in the semi-arid, and/or saline ecosystems

falling in the following regions: Mt. Elgon - Kitale region in Western Province,

Turkana region and 8aringo region in the Rift Valley Province of Kenya.
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Sampling sites were systematically located along Northwest-Southwest belt

transects about 25 km wide between 34° 30' E and 36° 30'E. It ran from:

(a) South of Lake Turkana, Lodwar , Lokichar to Mt. Elgon,

(b) and from Mt. Kulal, Samburu hills - Kapedo then Nginyang to Baringo

ending at Marigat.

The belt was about 365 kms in total length rising from 670m a.s.1. at Lodwar

to 4,200m a.s.l. at Mt. Elgon to 2415m a.s.l. at Marigat and from 2293m a.s.l.

at Kulal to Nyingang - Chemolingot at Kapedo 900m a.s.1. to 2415m a.s.1. at

Marigat.

3.2.3 CLIMATE, VEGETATION AND SOILS OF STUDY AREA

3.2.3.1 CLIMATE

Gradation of aridity occurs in the study area. The standard hot desert and

barren desert at low altitude to Afro-Alpine at high altitude and its adjoining

mountain peak cold desert occur. The lowlands, with varying altitudes from

200 m a.s.l. through a modal altitude of 500m a.s.l. to 1000m -1500m near

Baringo and upto 4200m a.s.1. peak of Mt. Eigon. Several isolated wet

highlands occur. The main barren desert end in Chalbi desert.

The moisture index 1Mfalls into three categories: 1M types -47.0 to

-57.0 (extremely arid) at Lodwar-Lokitaung, -20.0 to -40.0 ( semi-arid) at

Kapenguria, and 0.0 to +20.0 at Kitale areas. Mean annual rainfall tend to

average lower at 250mm-300mm p.a. through a modal of 700mm-850mm,

peaking around April upto 2000mm in wet highlands.
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Meanannual temperature is closely related to ground elevation and annual

variation is generally small (less than 5 DC) throughout the area~ Mean annual

maximumtemperature ranges 20 DC -25 DC, 25 DC - 30 DC and 30 DC and over

at Mt. Elgon - Kitale, Chewoyet - Lokori and Lodwar -Turkana ecological

areas, respectively. Mean annual minimum temperature ranges from less

than 5 DC, 10 DC -15 DC and 20 DC and over, in order of the above ecological

sites, respectively.

Maximum relative humidity varies between 50%-60% whereas minimum falls

between 35%-45%.

3.2.3.2 VEGETATION

Drought resistant vegetation thrives but a high percentage of the region is

bare,especially in dry spell. Annual grassland, with or without dwarf shrub

lands, mbuga grassland, scattered woody plant species such as Acacia

reficiens may exist. Perennial grassland which is mostly ephemeral appears

after a downpour especially during the April long rains. Afro-Alpine belt has

groundsel, Lobelia, Alchemilia, dominated with Podocarpus-Juruperus and

large pasture. Sometimes Podocarpus-Juniperus is mixed with Arundinaria

alpina and the subnival tussock grassland (Festuca-Agrostis). At low end of

the mountain ends of valleys are pastures and partly replaced by

Dendrosenecio-FestucaAgrostis. Sometimes small forests of small

ericaceous-Ieaved trees (Erica-PhilippI) occur.
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3.2.3.3 SOILS

Gradationof soil types occurs. Afro-Alpine belt soil is highly leached showing

strongacid reaction. Low drainage areas have cold gleysols. Kitale-Baringo

areahasfairly fertile and easily exhausted soils. This changes to mainly

salinelithosoi/iavaor chalksols Ibarren and stony to patches of gleysols

towardsLodwar and Turkana areas.

3.2.4 Measurement of Climatical Variables,

Dataon the climatical factors were measured as described below. Ten-year

(1984-1994)data were obtained from meteorological stations at the area of

study- North West Kenya (see Map-1 in Appendix-1) and their means

calculated over the time period. The stations included: Rohet, Lokori,

Perkerra,Lodwar, Chewoyet and Kitale, Nginyang, Chemolingot, Lokichogio,

and Marigat areas. The mean annual values of the climatical variables

collected included: maximum and minimum temperature (0C); monthly

rainfall; relative humidity (%); daily radiation U/m2); monthly potential

evaporation (mm3/m2
); and altitude (rn), measured by a thermometer,

maximum-minimumthermometer, rain gauge, thermopile pyranometer, litre of

wateron a pan drying per metre area per given time (minutes) and altimeter,

respectively. Total duration for each variable (in the field and the

meteorologica!station) equals to 11 years. Randomly sampled site was

assignedrespective environmental factors as measured at the site.
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Table1: Climatical Factors Measured At Different Sites.

ClimaticFactor Climatic Variables Measured

Temperature (0C) Mean annual temperature (0C)

Mean annual maximum temperature (0C)

Mean annual minimum temperature (0C)

Mean annual precipitation (mm)

Mean annual radiation U/m2)

Relative annual humi~ity (%)

Potential annual rate of evaporation

(mm3/m2
)

Rainfall/or precipitation

Radiation

Humidity

Evaporation

3.2.4.1 Temperature

Temperature was measured using a thermometer scale between ODC - 100DC

suspended on the branch of the plant species or a 2.5 metres tripod wood,

using a cotton string but 2.0 metres above the soil surface. Maximum and

minimum temperatures were measured using a dry bulb thermometer and

dew point thermometer; the readings were taken at 12.00 hours local time.

The highest temperature was taken as the temperature (oC) at which there

was no more increase in degree (0C) and the lowest temperature at which

there was no further decrease in degrees (OC), using a 0 "C - 100°C

thermometer. This was done on monthly interval throughout the year for the

calculation of the mean annual temperature (0C) as:

Mean Annual = Total monthly temperatures (0C)
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Temperature (0C) 12 months

Meteorological research stations provided data for a decade on the mean

monthly readings of maximum, minimum, dry bulb and dew point, as study

elements for the temperature (0C).

These were used to calculate the mean annual study elements of the

temperature (0C) as:

Meanannual study
element of the =
temperature (0C)

mean monthly study element of the temp (0C)
twelve months

The study element of temperature refers to mean annual temperature, mean

maximum temperature and mean minimum temperature. These parameters

are shown in Map-2 of Kenya (Appendix -2). the resultant data constituted

the mean annual study element of the temperature used to calculate mean

annual study element of the temperature for eleven (11) years as:

Meanannual
studyelement

= Total mean annual study element of
temperature for 11 years
11 years of data collection

Thus, the mean annual study element of the temperature (0C) was assigned

to the ecotypic study area where the plant species was/or were collected.

3.2.4.2 Rainfall

The amount of rainfall was measured using a rain gauge placed in a protected

or enclosed mesh space where the plant species were collected. Mean
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monthlyreadings (mm) were taken for a year.

Meteorologicalresearch stations whose data for a decade on the mean
'--

monthlyreadings of the rainfall (mm) was used to calculate the mean annual

rainfall(mm) as:

Meanannual

rainfall(mm)
= Total mean monthly rainfall (mm)

12 months in a year.

Theworked out data was used to compute the mean annual rainfall (mm) for

11 yearsX11 as:

Meanannual rainfall = Total mean monthly rainfall (mm) for11 years (mm)

11 yearsX11 Eleven (11) years

This mean annual rainfall (mm) for 11 years was taken to be the ecotypic

studyarea amount of rainfall at any given time in space. The mean annual

radiation/meanannual relative humidity was calculated in a similar manner.

The moisture index is shown in Map-3 (Appendix -3), Ojany and Ogendo

(1991).

3.2.4.2 Potential Rates of Evaporation

Potentialevaporation at a certain location was taken as the amount of

evaporation from a hypothetical wet surface with other near-surface

meteorologicalcondition being as' it is (Masuda, 2000). This was measured

usinga designed study-model involving 1 litre (rnrrr') of water poured in a pan

(1m2) in randomized ecotypic study areas and allowed to evaporate between

six-twelve hours (Thornthwaite, 1948). This was carried out monthly for a
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year; and constituted the mean monthly potential rates of evaporation

(mm3/m2).

Ten year meteorological research station data was provided in terms of mean

monthly potential rates of evaporation (mm3/m2
), used to calculate the mean

annual potential rates of evaporation (mm3/m2
) as;

Meanannual potential

rates of evaporation(E)

(mm3/m2)

= Mean monthly potential rates of evaporation

12 months in a year X11

The worked-out data was used to calculate the meat) annual potential rates of

evaporation (E).

3.2.4.3 Relative Humidity

A dew-point hygrometer was used to measure relative humidity over a broad

range of climatical humidity measurements. The measurements were taken

on a daily interval in different study site. The mean monthly relative humidity

was calculated by dividing the sum of % relative humidity by the number of

days the data was measured. The mean monthly relative humidity data was

integratedwith the mean monthly relative humidity data collected for a decade

from the meteorological research stations in the study area. The mean annual

relative humidity was worked out by dividing sum mean monthly relative

humidity by eleven years.

3.2.4.5 Radiation

A suitably calibrated Eppley Black and White Pyranometer was used to
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measure radiation in the study sites. An interval of 1-2 minutes was allowed

in the field before readings were taken so that a steady siqna! would be
<»

achieved by the Pyranometer. The measurements were read on a daily

interval and used to calculate mean monthly radiation in different elevation

sites of study. This procedure was done for a year. Mean annual radiation

was worked out by dividing the sum of monthly data by twelve months. The

mean annual radiation data was integrated with mean annual radiation

worked out for decade-data from meteorological research stations; the mean

data of field added to the mean annual from meteeroloqicat was divided by

elevenyears to give mean values for sites studied along an elevation.

3.2.4.6 Klimadiagramm Description of the Climate

The Klimadiagramm of Walter and Lieth (Walter, 1973) described in the

'Physiological Ecology of Tropical Plants" by Luttge (1997) was used to

describe the climate of the sampled sites of the species. Data on the mean

monthly temperatures (DC) and mean monthly precipitation (mm) from a

weather stations or sampled sites, at an altitude (m) were used. A precise

scheme of scaling on the ordinate versus months on the abscissa was plotted

where arid periods were delineated by the precipitation (mm) curve being

lower than that of temperature (DC). Accordingly, Klimadiagramm was

structured where the months of the year were plotted on the abscissa: the

meanmonthly temperatures and precipitation were plotted on the ordinate, so

that, at mean monthly precipitation between a mm and 100 mm, one unit of
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scale corresponding to 10°C gave 20 mm precipitation or the ratio of

sealationas 1°C : 2 mm precipitation; and at mean monthly precipitation
<:

above100 mm the precipitation scale was reduced to 1/10, and the ratio as

1°C: 20 mm precipitation. Humid period was indicated by precipitation curves

abovetemperature curves (but rarely were observed in the present study);

was marked by vertical hatching upto 100mm and by black colour above 100

mmprecipitation (not observed in the present study). Arid period was marked

bytemperaturecurves above precipitation curves (dotted).

3.2.4.7 Belt Transect Method

Twohundred sites were randomly selected along the belt transects. Twenty

to twenty-five Quadrats (1m2
) were placed at' 1Om intervals along randomly

selectedlines. Frequency of occurrence of each of the dicot Centrospermeae

specieswas calculated. Percentages of frequency of occurrence were then

workedout.

3.2.4.8 Identification, Selection and Collection of the
Species

A completelist of the taxa of the Centrospermeae families of the study area

wasobtained from the East African Herbarium, and the University of Nairobi

Herbarium,Chiromo, in Kenya. Texts such as, Kenya Tress, Shrubs and

Lianas(Beentje, 1994), The Beautiful plants of Kenya (Karmali, 1993), The

UplandFlowering Plants (Agnew, 1974), Gramineae (part 2) (Clayton, 1974),

TheWild Flowers of East Africa (Blundell, 1992), Tropical Plants (Lotschert
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andBeese,1994), The Flowering plants (Hutchinson, 1959), Flowering plants

of EastAfrica (Kokwaro, 1994), Trees of Kenya (Noad and Birnie, 1992), and
<:

Medicinaland Agricultural Plants of Ikolomani (Olembo et al., 1995) were

used in taxonomic identity of the species of the Centrospermeae. The

specieswere identified at the family, genus and the species taxonomic levels.

Identificationswere made in the field, and difficult specimens were taken to

the East African Herbarium or the University of Nairobi Herbarium for
\

verification. The confirmations of the taxa identification were finally made at
1

the East African Herbarium, Nairobi, Kenya. Species in the area of study

wereselected randomly and if not present in the area as indicated in the list of

localflora, other areas of the belt transect were considered for the purpose of

investigation. A healthy mid leaf of the plant species was a factor of

consideration. Collection involved a desired leaf of whole vegetative organ.

Leaveswere removed by cutting the petiole. The specimen was transported

in a wet towelling paper enclosed in jar to the laboratory. Closed containers

for short transportation or brief storage were used. Voucher specimens of

unique taxa, on which the present investigations are based have been

preservedin seed-form in the Herbarium of the Department of Botany and

Horticulture,Maseno University, Maseno, Kenya.

Preservedherbarium specimens for the species that were not available in the

field at the time of collection, were used. The preserved species was

examinedtaxonomically and where documentation was considered accurate

wasadopted for the present study. Care was taken to select non-damaged,
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examined taxonomically and where documentation was considered accurate

was adopted for the present study. Care was taken to sele,9t non-damaged,

aged and glued leaf-organs. Name of the site of collection; altitude and

climatical conditions were recorded for the preserved samples. Sites were

sampled in a wide ecological range of vegetation types from semi-arid to arid

zones. Collection of species was emphasized in zones studied for 'available

soil moisture' annual index. This annual index is based upon precipitation,

soil water storage and Penman estimates of potential evaporation. It is a

percentage derived from total annual rainfall minus monthly estimates of

water surplus divided by the annual total evaporation.

3.3 PREPARATION OF LEAF SAMPLES FOR KRANZ ANATOMY

AT MASENO AND KENYATTA UNIVERSITIES

The Kranz leaf anatomy studies were carried out at Maseno and Kenyatta

Universities.

3.3.1 Fixation and Preservation of the leaf organ

Leaves were collected and immediately fixed in Formalin-Acetic acid-Ethyl

alcohol (F.A.A.) for six hours. Specimens were then washed in tap water (2

hours) and preserved in 70% ethanol solution, renewed after three months in

readiness for anatomical analysis. Other leaves were also dried and

preserved in enclosed labelled paper bags for isotopic analysis. The stem

was used in case the plant had undergone senescence and shed the leaves.

Seeds were collected and preserved to be used later for germination to
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speciesthat were difficult to be determined in the field. Preserved plant

materialswere taken to the laboratory for safety. Taxonomic cJ:1aractersof the

tiny preserved specimen for example Portulaca quadrifida of Portulacaceae

wereanalyzed under a binocular dissecting stereomicroscope.

3.3.2 Kranz Leaf Anatomy Study

Standard procedure was applied to dehydrate and de-alcoholize the leaf

organfor impregnation which refers to cold infiltration at room temperature

thenthe materials transferred to the oven at a constant temperature of 52°c

melting point of paraffin wax and embedding in paraffin wax. After wax

solidification,the wax block was removed from paper mould. The wax block

containing the leaf organ was ready for sectioning. However, herbarium

specimenswere dehydrated under vacuum, a method of Welkei and Caldwell

(1970) before the above-described method was followed.

3.3.3 Processing leaf organs

3.3.3.1 Isolation, dehydration and de-alcoholization.

Individualmid-leaf organs of appropriate sizes were isolated and processed

for each species. Isolation of leaves for tiny species was done under a

binoculardissecting stereomicroscope. Subsequently, dehydration of the mid-

leafsectionswas effected using ethyl alcohol solutions in order of the latter's

increasingconcentrations of 70%, 90% and 100%, respectively. Three hours

durationwas followed in each of these concentrations. To remove water
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traces in the mid-leaf sections, two successive steps of dehydration in

absoluteethyl alcohol were necessary, as outlined by Sikb~a (1990). The

dehydrated mid-leaf sections were cleared (or de-alcoholized) through a

seriesof ethyl alcohol: xylene concentration, viz., 3:1, 2:2, 1:3 and finally in

twosuccessive steps in pure xylene solutions. In each concentration, it took

sixhours of clearing. This allowed gradual infiltration of xylene into the mid-

leaf sections as ethyl alcohol is removed from them. Critical optical

examinationof sections prepared improves because xylene is miscible in wax

usedfor impregnation.

3.3.3.2 Impregnation.

Thede-alcoholized mid-leaf sections were gradually impregnated with molten

paraffinwax. This involved rapid transfer of the mid-leaf sections, at an

intervalof 24 hours, from a prepared proportion of pure xylene: pure paraffin

wax to the next fresh mixture in order of increased paraffin wax

concentrations,viz., 3:1, 2:2, 1:3 and finally in three successive steps of pure

molten paraffin wax. After cold infiltration at the room temperature, the

materialswere transferred to the oven at a constant temperature of 52°C.

The brittleness of the mid-leaf sections arising from their shrinkage as a

consequence of overheating was avoided by maintaining constant

temperatureof 52°C.

3.3.3.3 Embedding

The wax impregnated mid-leaf sections were embedded in a block of pure

paraffinwax of suitable size to be placed in the rotary microtome. The
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blockwas prepared by pouring molten wax in a mould (10cm x 6cm x2cm

deep)smeared with glycerol. The mid-leaf sections were placed in the mould
<:

in an orientation to be cut in the longitudinal and transverse planes, using a

warmneedle. The molten state of wax was maintained by continual heat of

thehot knife flamed over a spirit lamp. A slip of a labelled paper indicating the

nameof the species was inserted in molten wax, protruding at one corner of

the mould. The paper mould was partially immersed in water (25%) at an

angleto float, to prevent sudden wax cooling and difficulty in sectioning. The

solidifiedwax block was finally removed from paper 'mould and contained the

mid-leafsections ready for sectioning.

3.3.3.4 Sectioning and Mounting

Thewax block was cut into pieces of wax containing the mid-leaf sections.

Eachpiece of wax was pressed firmly onto the melted wax on the cluck of the

microtome;its long cut side parallel to the edge of the microtome knife and

allowedto cool. The chuck was fixed on the microtome with either the apical -

basalaxis of the mid-leaf section parallel or perpendicular to the microtome

knife for longitudinal or transverse serial sections of the leaf, respectively.

Serialsections of 7 - 121lmthick w,ere cut. The ribbon produced was placed

on a black sheet of paper. Draughts were avoided. Before the next

sectioningof the mid-leaf section, the microtome knife was cleaned with a

clothsoaked in xylene and warmed, for proper ribbon of serial sections.
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The sections were mounted and stretched on microscope slides using

albuminas an adhesive. These were marked and numbered. ~

3.3.3.5 Stains

Double counter staining procedures were adopted for proper cellular

differentiationof the leaf anatomy. Microtome sections were stained in

Heidenhain'sIron alum-hematoxylin and counter stained with erythrosin or

fastgreen in clove oil (Johansen, 1940). Other stains used included Safranin-

fast green, and Crystal violet-iodine, depending on the structures:

vascularization(xylem and phloem), mestome sheath, parenchyma bundle

sheathand the mesophyll sheath organelles.

3.3.3.6 Staining of Permanent Slides

Thesections on microscope slides were run through a series of solutions, in

orderof pure xylene (1 hour) to remove wax, absolute ethyl-alcohol Yz hour),

90% ethyl-alcohol (Yz hour), 70% ethyl-alcohol (Yz hour) distilled water (Yz

hour)to hydrate them. The microscope slides were transferred to 4% Iron

alum (Yz hour), distilled water (Yz hour), and then dipped in distilled water.

Thesetwo steps enabled the cells to be stained with Heidenhain's Iron alum-

hematoxylin(1-3 hours) as a nuclear stain. To differentiate the degree of

stainingof the protoplasmic parts of cells of the mid-leaf sections and excess

stain removal (to observe the mestome sheath layer), acidic ethyl-alcohol
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(70% ethyl alcohol + 0.5% conc. Hydrochloric or sulphuric acid) was used, for

10 - 30 minutes. The mestome sheath is resistant to conci Sulphuric acid.

This was followed with successive transfers into distilled water (Ii hour)

destained critically in 2% Iron alum and transferred to distilled water (Ii hour).

The sections were dehydrated in increasing concentrations of ethyl-alcohol,

viz., 90% (twice), and 100% (twice), each step for Ii hour duration; for

complete water removal in the sections. These differentiated stained sections

were counter stained with erythrosin in clove oil as a cytoplasm stain, for 2-3

minutes. Fast green FCF in clove oil (2 - 3 minutes) was also used as a

counter stain. The sections were cleared in pure xylene. A drop of DPX

mountant was put on the stained sections and covered with a cover slip. A

whole section was always covered and air bubbles were removed by gentle

warming it over a small non-luminous gas flame. The whole preparation on

the covered slide was allowed to dry. Excess of DPX mountant on the slide or

cover slip was scrapped off. The labelled slides were ready for microscopic

observations. Labelling included the date of preparation, name of the species

and plane of sectioning, on a good adhesive label, stuck on the slide.

For histochemical studies, crystal violet - iodine staining was used to observe

the distribution of the starch granules and concentration of the chloroplasts,

according to the method of Jensen (1962).
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3.3.4 Microscopical Analysis of Kranz Anatomy

Lightmicroscope and 'Leitz' monocular microscope were used 10 screen good

slidepreparations. This showed location of parenchyma sheath surrounding

thevascular bundle organization and intervening lateral maximum cell count

oftheslide preparation. The phase-contrast microscope and photomicroscope

(Iroscoperesearch microscope mounted with 35mm Reflex camera) were

usedto study the detailed Kranz anatomy and take photomicrographs. The

photomicrographs showed the distribution and abundance of chloroplasts,

parenchymabundle sheath (PBS), mestome sheath cells (MS) and mesophyll

cells,size and the number of PBS, mesophyll and chlorenchymatous cells.

Permanentslides preparations of the sections were scored where possible for

the conventional 'Kranz' anatomical characters, These characters included,

radiatemesophyll, presence or absence of well defined PBS, PBS cells larger

thanthe other mesophyll cells, number of the chlorenchymatous mesophyll

cells between the PBS cells of laterally adjacent vascular bundles with

emphasison the maximum number seen in a given leaf (the maximum lateral

cellcount).

The count was made along a straight line from the centre of one vascular

bundleto the centre of the next. This included the maximum cells distant

countand the one cell distant criterion as observed by Hattersley and Watson

(1975). Special anatomical characters including density and position of

chloroplastwere also recorded.
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3.4 EXPERIMENTS AT THE UNIVERSITY OF BAYREUTH

3.4.1 Isotopic Analysis
<-

The isotopic analysis was done at the University of Bayreuth, Germany. It

involvedtwo sets of plants. One set was for those plant leaf samples collected

fromnatural environment in Kenya while the second set involved plants which

were raised under controlled greenhouse conditions at the University of

Bayreuth.

3.4.2 ~13C Values of Plants Collected from the Natural Environment

Leavesfrom plants of different ecotypes varying in the climatic conditions vis-

a-vis altitude, latitude, temperature, potential rates of evaporation, rainfall.

relative humidity and radiation were collected and dried under natural

conditions at 25 "C - 30 "C, until there was no change in weight of the leaf

organs. The leaves were safely preserved in well labelled paper bags. The

label on each bag included the conditions of the ecotypic study area of the

plant species. The dried leaves were used for 613e value analysis. Each

leafymaterial was milled into a powder using isotopic ball mill at a 90 shaking

speed per minute. The resultant fine powder was put in an enclosed 10cm3

bottle. Sample weights of between 60j..Jg- 80j..Jgwere transferred into

aluminumcups. which were tightly closed for 613e value measurements. Two

replicatemeasurements were made to ascertain the reliability of the results.
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3.4.3 ()13C Values for Greenhouse Plants

Three species of the Centrospermeae were studied for O~3Cvalue under
<:

controlledenvironmental conditions. The results were compared with those of

thespecies sampled from natural environments. Ten seeds were germinated

in the glass chamber under controlled germination conditions for 2-weeks.

The seedlings were transplanted in ~ litre pots containing optimum mineral

nutrients.They were irrigated at an interval of 24 hours. After two months of

growththe leaves were expanded. The experiments were replicated three

times.

Fullyexpanded fresh leaves (3 - 4) were dried in the oven at 65 DC- 80 DCfor

3 - 5 days until no change in weight was achieved. Dried leaves were milled

asearlier described (see 3.2.4.2). The powder was placed in a desiccator for

2 - 3 days to be fully desiccated. The powder was then weighed at between

60IJg- 80l-lmg then transferred into aluminum cups and sealed for 013C

isotopicanalysis.

3.4.4 ()13C Isotopic Value Analysis

Driedfine powder of leaf samples described above were analyzed for 013C

value using an elemental analyzer (HERAEUS CHN-O Rapid) for Dumas

combustionof the samples, a FINNIGAN MAT Trapping Box HT for automatic

cryo-purification of the combustion products, and a FINNIGAN MAT Delta D

gas isotope mass spectrometer with a dual inlet system, as described by

Gebauer and Schulze (1991) and Schulze et al. (1996). Standard carbon
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dioxide was calibrated with respect to international standard (C02 in Pee Dee

belemnite) by use of the reference substance NBS 16 to 20 feL carbon isotope

ratios provided by the International Atomic Energy Agency (IAEA), Vienna.

The isotope ratios (6 values calculated from the 13C/12C ratios), were

calculated according to the following equation:

(R sample/Rstandard- 1) X 1000 (%0)

OXis the isotope ratio of carbon in delta units relative to the international

standards, and Rsampleand Rstandardare the 13C/12Cratios of the samples and

standards, respectively (Rundel et aI., 1989). Each of the 013C values was

recorded for the species studied.

3.4.5 Carbon dioxide compensation point analysis

3.4.5.1 Plant Culture for Carbon Dioxide Compensation Studies

The species in various families of the Centrospermeae were randomly

selected and used for carbon dioxide compensation point investigations. The

chosen species varied in growth habits and biomass and occurred in different

ecotypes defined by altitudinal gradient. Ten to fifteen seeds were

germinated in 0.5 litre pots on vermiculite in the growth chamber under

controlled growth conditions (automatic irrigation system, 20 DC - 25 "C

temperature and normal bulb light-system). The seedlings were ready for

transplanting 2 - 3 weeks after germination. Plants infected by fungus were

isolated from the rest of the germinating species. An 18-hour monitoring

duration was carried out on a daily basis.

53



Twoto three week old seedlings were transplanted into 1 litre pots in normal

sterilizednutrient rich soil for continual growth. The plant species were

irrigatedon a daily interval until they were seven weeks old when the CO2

compensationpoint analysis was done. The species planted showed different

salientgrowth habits and morphological features for taxonomic identity and

adaptativemechanism in the arid conditions. This included: Kochia scoparia,

Amaranthushybridus, Amaranthus patulus, Chenopodium album, Portulaca

species,Portulaca oleracea, Rumex tringulivalvis, and Mirabilis jalaba (see

results). An anti-fungal toxicant was used to control fungal infection and

infectedplants were completely isolated from the healthy growing ones.

3.4.5.2 CO2 Compensation Point and Bi~mass Determination

Thebiomass of six-week old plants was determined before the experiment on

the CO2 compensation point commenced. A closed photosynthetic chamber

formeasurements of changes in the atmospheric CO2 was constructed for the

tests. A six-week old plant in a pot was enclosed in a gas-tight cover using

Vaselinejust before the experiment to prevent gas exchange with the soil. It

wasput in an air tight, 19 litre glass chamber at a controlled temperature of 20

"C. A fan was used to mix the air. The carbon dioxide concentrations was

continuouslymeasured by pumping a stream of the air through a closed, gas-

tight, circuit with an Infra Red Gas Analyzer (IRGA) (Binos 1.1, Leybold,

Hanau,Germany) for carbon dioxide (C02) measurements.

Thecarbon dioxide contents of the air in the chamber was arbitrarily set by
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injectingCO2 with a calibrated syringe through a small rubber plug in the jar

lid. Only a little amount of carbon dioxide was injected a~ a time to avoid

variedfluctuation on the scale-recorder. According to the IRGA recordings,

additionalvolumes of CO2 were only supplied after attaining a constant CO2

compensationpoint, for a second replicate experiment. Experiments were run

in air ranging from 1000 parts per million (ppm) to 8ppm CO2. Excess

transpired moisture was removed using sodium hydroxide pellets placed in

the glass chamber. Less time to reach CO2 compensation point was

achievablewith a well spread expanded leaf of a rl}ature (six-to-seven week

old) plant unlike a young plant (less than six-week old) or a very old plant

plant (more than eight weeks). Correspondingly, a plant with higher/relative

youngtissue biomass reached the compensation point faster. Similarly, a C4

plant achieved a short duration to reach CO2 compensation point than a C3

plant. At the end of an experiment, the plant was dried in an oven at 65°C -

75°C for three to five days to reach constant weight. The dry weight was

determinedusing a digital balance. Three replica plants were used in each

experimentand this took 3 days.

Three physiological variables that would alter photorespiration were kept

constant in the glass chamber - temperature, light intensity and previous

growth conditions, as described by Tolbert et al. (1995). A constant light

intensity and temperature of 350 '\Jmol.m-2S-1 from fluorescent/incandescent

bulbsand 20°C were used, respectively. Thirty minutes duration was allowed

afterapparatus set-up to acclimatize and standardize the internal conditions in
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a closed photosynthetic chamber before a plant was placed in it for

measurements.The plant was removed from the pot, washed ~nd dried using

hotair and immediately weighed for biomass. Further, an oven dried sample

wasweight. The replicate experimental results are presented in the graph

formshowing the course of net CO2 uptake in a given plant species over time.
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CHAPTER FOUR

4.0 RESULTS
<:

4.1 EXPERIMENTS IN THE FIELD, MASENO UNIVERSITY
AND KENYATTA UNIVERSITY

4.2 Species distribution along the altitude

Morethan two hundred species were collected from various altitudinal sites.

Thedistribution of species along the altitude is represented by Figure 1, from

200m a.s.!. to 4,200m a.s.1. against the frequency of the species. Most

speciesoccurred between 900m a.s.1. and 2300m a.s.1. (figure 1) and the

habitatof the altitudinal range depicted a high degree of aridity (semi-arid)

highdiurnal temperature fluctuations, less moisture availability, high relative

humidityand high rates of potential of evaporation. The sampled sites varied

in a wide range of vegetation types and climatic conditions, from the low arid

ecotypesto almost snowline.

A species, Portulaca sp. Nov., has been described as new and will be sent to

Kew, England for verification. Habit: herb, annual, semi-succulent reddish-

brownishstem; thin bark detach from stem; Leaves: alternate, simple, stipules

absent, often present at a stem branching point, non-hairy, obtuse apex.

Smoothmargin and has mucilaginous parenchyma: Flowers: regular, perfect,

hypogynous, yellow, solitary, terminal; Inflorescence: 2 bracteoles, petals

lacking, 5 sepals, distinct, overlapping, 5 stamens, filaments distinct, often

adnateto the petals, anthers open by longitudinal slits, pistil compound of 3

unitedcarpels , locule 1, ovules many and borne on free central placentation,
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ovarysuperior, style more than 2; Fruit: luculicidal capsule, many seeds, lens

shaped,embryo large, coiled, endosperm lacking, fruit surrounded by hairy

structuresencircled with five distinct simples leaves as a special taxonomic

feature.The species has not been collected and preserved by the local

herbaria.
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Figure 1. Distribution of the species along the altitude
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Figure 2. Frequency distribution species of the Aizoaceae along an elevation transect

Distribution patterns of the species within a given family of the

Centrospermeae along the altitudinal gradients are represented in figures 1-

10. The graphs show the cumulative frequency of the species within a
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family against the altitudinal range (200m a.s.l.-4200m a.s.l.) vis-a-vis:

Aizoaceae(Figure 2), Amaranthaceae (Figure 3), Basellaceae (Figure 4),
'--

Chenopodiaceae (Figure 5), Caryophyllaceae (Figure 6), Phytolacaceae

(Figure 7), Portulacaceae (Figure 8), Polygonaceae (Figure 9) and

Zygophyllaceae (Figure 10). The distribution of the species (occurrence

percentagesof the species) in the Centrospermeae families (1 - 10) as: 1 -

Aizoaceae,2 - Amaranthaceae, 3 - Basellaceae, 4 - Caryophyllaceae, 5 -

Chenopodiaceae,6 - Nyctaginaceae, 7 - Phytolacaceae, 8 - Polygonaceae, 9

- Portulacaceaeand 10 Zygophyllaceae) was analyzed and reported (Figure

11). Amaranthaceae had a broad degree of ecological occurrence,

Polygonaceae, Caryophyllaceae, Aizoaceae, Chenopodiaceae and

Portulacaceae families had almost balanced. ecological contribution while

Nyctaginaceae, Phytolacaceae and Caryophyllaceae exhibited fewer

occurrences. Basellaceae family shows the least contribution in the

Centrospermeaegroup. The degree of occurrence reflects the family ranking

along the phylogenetic hierarchy and shows the evolutionary process is

affected by climatic variation and dynamic ecological factors in time and

space.
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along an elevation transect

The frequency distribution of species and availability in the ecotypes

(altitudinalsites) was predominantly generic specific. At the altitude less than

1300m a.s.l.; Gisekia, Mollugo and Trianthema of Aizoaceae, Aerva, Celosia,

Digera, and Amaranthus of Amaranthaceae, Polycarpon and Stellaria of

Caryophyllaceae, Oxygonum and Polygonum of Polygonaceae,

Calyptrotheca, Portulaca and Talinum of Portulacaceae were more frequent

thanspecies of Basellaceae and Phytolacaceae.
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1.Aizoaceae
2.Amaranthaceae
3.Basellaceae
4.C a ryophylla ceae
5.Chenopodiaceae
6.Nyctaginaceae
7.Phytolacaceae
8.Polygonaceae
9.Portulacaceae
10.Zygophyllaceae
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Figure 11.The occurrence of percent of species of the Centrospermeae families

Gisekia and Mollugo were rare at altitude lower than 1400m a.s.l.,

Oelosperma and Limeum showing poor representation (with Trianthema at

1800ma.s.l.) for the Aizoaceae, A thyranthes, Aerva, Cyanthula, Amaranthus

of Amaranthaceae, Cerastium, Comes, Orymaria, Pol/ichia, Polycarpon had

Good Ecological Cross-over (GECO), Silene (Very-GECO) and Sagina of

Caryophyllaceae, Chenopodium and Sueda (GEeO) and Gyroptera of
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Chenopodiaceae,and most genera of Phytolacaceae. Most of the genera of

theCentrospermeae families showed balanced species drs~ribution between

1500m a.s.\. - 2300 m a.s.\. of altitude. The genera - Sagina (at 3,500 m

a.s.l.), Stellaria (at 1400 m a.s.\. and then towards 3300 m a.s.\.) and

Melandrium (at 4,000 m a.s.\. - 4,200 m a.s.\. mostly) of Caryophyllaceae and

Trianthema (at 1800 m a.s.\.) of Aizoaceae, are of ecological significance

becausethey show clear-cut higher altitudinal range towards almost snowline

point of Mt. Elgon. This is associated with high precipitation, very low

temperatures, high radiation, high moisture and relative humidity. Further,

Oxygonum, Polygonum and Rumex of Polygonaceae do well at high altitudes,

whereasTribulus of Zygophyllaceae rarely occur or are absent above 1400 m

a.s.l. in the sampled sites. This shows the complexity of the genotype

adjustmentin the climatic variability and ecological influences in the transition

cross-overpoints along the altitude.

Mean annual temperature and mean annual rainfall along the altitudinal

gradient(Figure 12 i), show negative correlation. Mean annual radiation and

potential rates of evaporation along the altitude (Figure 12 ii) show positive

correlation. Mean annual relative humidity, maximum temperature, minimum,

meantemperature (0C) and altitude (m) (Figure 14), show positive correlation.
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The Klimadiagramm of Walter and Lieth (Walter, 1973) described in the

"Physiological Ecology of Tropical Plants" by Luttge (199.7) was used to
o

describe the climate of the sample sites. Arid periods were indicated by

precipitation curves below temperature curves and were marked by dotting on

the Klimadiagramms (Figures 15-20). The climate of randomly selected

research areas are presented on the klimadigramms. These are: Rohet

(Figure 15), Lokori (Figure 16), Perkerra (Figure 17), Lodwar (Figure 18),

Chewoyet (Figure 19) arid Kitale (Figure 20).

All the Klimadiagramms indicated varying degree', of aridity based on the

hatched area below the mean monthly temperature curve but above mean

monthly precipitation curves (Lokori and Lodwar Klimadiagramms (Figures 16,

17)) depict a more aridity index by virtue of m~re hatched area compared to

Chewoyet (Figure 19). The Klimadigramm also names the number of years

research observation (11 years), research station, altitude (m). Mean annual

temperature (0C), mean annual precipitation (mm), mean daily minimum of the

coldest month, lowest recorded temperature of the research area or sampling

site for species collection are also provided on the Klimadiagramms (Figures

15-20).
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4.3 KRANZ LEAF ANATOMY

The Kranz leaf syndrome manifested in the Centrospermeae was

distinguished based on the following anatomical observations:

i) The presence of the Kranz mestome sheath (ms) which are cells intervening

between the metaxylem vessels and the parenchymatous bundle sheath (ps)

in the primary lateral vascular bundles (plate 1, plate 2, plate 3, plate 26);

ii) None to three (0- 3) mesophyll cell between the parenchyma bundle sheath

(ps) of vascular bundle (plate4, plate 5, plate 6, plate 7, plate 8, plate 9, plate

10, plate 12, plate 17, plate 18, plate 19, platazu, plate 25); or 4 - 15

mesophyll cells between adjacent parenchyma bundle sheath cells (plate 1,

plate 2, plate 3, plate 12, plate 21, plate 22, plate 23);

iii) variable lateral maximum cell count (plate 18, plate 19, plate 20); iv)

Centrifugal to median chloroplast position in the parenchyma bundle sheath

(ps) cells (plate 8, plate 9, plate 11, plate 16); or centripetal chloroplast

position in the parenchyma bundle sheath (ps) (plate 12, plate 11, plate 12,

plate 13, plate 14, plate 15, plate 16, plate 17, plate 18, plate 19, plate 20,

plate 24, plate 25, plate 26); or lack of chloroplast (plate 4, plate5, plate 6,

plate 10, plate 20, plate 23, plate 27, plate 28),
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4.3.1 NON- KRANZ ANATOMICAL OBSERVATIONS

The species exhibit a distinct mestome sheath (or endodermal) sheath (ms)
\

that surrounds all first order vascular bundles (plate 9); or ont¥-the first order

vascular bundle (plate 7). A parenchyma sheath (ps) is situated, externally

aroundthe mestome sheath (plate 2). The rnesophyll is either regular (plate 1;

plate 3) or irregularly (plate 2) with little differentiation between the bundles

and an extensive leaf air space system (A) is observable (plate 2). The

distinct nature of the parenchyma sheath cells has thicker walls than the

mesophyll cell that rarely have chloroplasts (plate 1). Starch accumulates in

the mesophyll cells during the day. This structural organization indicates the

C3 photosynthetic pathway or C3 species shown in table 2 as Nk-species.

Mesophyllcells intervening between any parenchyma sheath cells of the two

primaryvascular bundles are more than three (see the plates) and could be

more than twelve cells (plate 7) in Polygonum salicifolium species to fifteen

(15) mesophyll cells (plate 22) in the Orymaria cordata species. The

parenchymabundle sheath cell layer is not in direct contact with the primary

vascular bundles. Species grouped in this class are variously known as C3

species,non-Kranz or testucoid species.

82



Plate1.

Plate 2.

Transverse section of Polygonum capitatum leaf blade showing non - Kranz
cellular organization; dotted line indicate along which lateral maximum cell
.count is made; parenchyma bundle sheath cells (Ps) are variable in size
than mesophyll cells; lateral maximum cell count (LMC) is more than five;
parenchyma sheath cells lack chloroplasts. X 160

Transections of Homacladium platycladium leaf blade; Showing primary
lateral vascular bundles; at the abaxial side, intercellular (A) can be seen.
Black arrows indicate cells intervening between the parenchyma bundle
sheath cell (Ps) layer surrounding, each vascular bundle; parenchyma cells
do not possess chloroplasts; lateral maximum cell cell count is more than four
cells. X 160.
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Plate3.

Plate4.

Vb

- 'MSPS

Light micrograph of Polygonum salicifolium leaf blade. Parenchyma bundle
sheath cells (PS) containing chloroplasts; mesophyll cells are variable in
shape; the lateral maximum cell count (LMC) is fifteen cells along dotted
arrow line; and violate the 'one distant cell criterion; ms is mestome sheath
and vb, inner vascular bundle region. X160.

Light micrographs showing lateral primary vascular bundles in transverse
microtome sections of Amaranthus lividus leaves. Black arrow indicate cells
intervening between the metaxylem vessels elements (mx) and laterally
adjacent chlorenchymatous bundle sheath, the modified Kranz sheath (ks);
Ks, Kranz sheath; mx, metaxylem vessel element; lateral maximum cell
count is three cells and one distant criterion is one along the dotted arrow
line; Kranz sheath cells lack chloroplasts. X 160.
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Plate5.

Plate 6.

Light micrograph of Amaranthus hybridus leaf blade showing the cellular
anatomical relationship in size and location of the parenchyma bundle sheath
cells (Ps) Kranz sheath cells (ks) and metaxylem vessel elements (mx);
gradation in size decreases from metaxylem vessel elements, parenchyma
bundle sheath cells then the mid Kranz sheath cells. X 400.

Microtome transection of Trianthema sa/sa/aides leaf blade showing a one
cellular layer of Kranz sheath cells (ks) intervening between the parenchyma
sheath cells (Ps) and metaxylem vessel elements (mx); Parenchyma sheath
cells and Kranz sheath cells lack chloroplasts. X160.
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Plate 7.

Plate 8.

Transection of Amaranthus hybridus leaf blade showing the Kranz leaf
anatomy of a C4 species. The parenchyma bundle sheath cells (ps) possess
centrifugal chloroplasts; the mestome sheath cells (ms) are smaller than the
parenchyma bundle sheath cells; the lateral maximum cell count is three cells
along dotted arrow line. X 160.

Transverse section of Sesuvium portulacastrum leaf blade showing the Kranz
anatomy of a C4 species. The lateral maximum cell count is two along dotted
arrow line; the chloroplasts in the parenchyma bundle cells (Ps) are in
centrifugal position; the mestome sheath cells (ms) layer surround the
vascular bundle. X 160.
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4.3.2 KRANZ ANATOMICAL OBSERVATIONS

A single bundle sheath (Ks) (plate 5-6) is surrounded oy non- chloroplast

"-'parenchymatous sheath (ps) or a double bundle sheath cell layers. The

mestome sheath (ms) cell layers (inner) were surrounded by parenchyma

sheath (ps) cell layer which possess the chloroplasts (plate 7). The Kranz of

enlarged cells have walls thicker than the mesophyll cell walls (plate 5, plate

7). The chlorenchyma cells are arranged more or less radially around vascular

bundle and each cell is in contact with a Kranz sheath cell (plate 7) or is

separated from a Kranz sheath cell by not mor.e;than one other mesophyll

(plate4).

The mesophyll is differentiated between successive bundles into radial

mesophyll cells, colourless bulliform kind of cells, without pronounced air

space system being restricted to specific areas of the leaf (plate 12, plate 15)

and individual air space being shorter. The Kranz cell walls are heavily

thickened (plate 5) surrounded by a parenchyma sheath cell without

chloroplasts(plate 4, plate 23) or vascular bundles are surrounded by

mestome sheath cells followed by parenchyma sheath cells that possess

chloroplasts (plate 7, plate 8, plate 9).

The differentiation of biochemical activity between the mesophyll and the

bundles sheath cells indicates the main prototype functional difference from

the non-Kranz species where this division of labour is not anatomically typed

and reported. The present anatomical observations are further distinguished

into two sub- Kranz anatomies.
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Plate9. Transection of Amaranthus species leaf blade showing the kranz anatomy;
the lateral maximum cell count is one cell along dotted arrow line; centrifugal
chloroplasts are located in the parenchyma bundle sheath cells (ps); the
mestome sheath cells (ms) surrounds the vascular bundle, vb. X 160.

4.3.2.1 KRANZ MESTOME SHEATH ANATOMY

A single chlorenchymatous (or Kranz sheath) was observed (plate 4, plate 5,

andplate 6). The Kranz sheath is homologous with the mestome sheath and

the condition is recognized when no cells intervene between the metaxylem

vesselelements and the lateral adjacent Kranz sheath cells of lateral primary

or first order vascular bundles (plate 4, plate 5 and plate 6). The present

assumption is that the single Kranz sheath group arose from mestome

sheaths. Anatomical variant of this condition exhibits a layer of cells (E)

betweenthe metaxylem vessels and the Kranz cells (plate 8).
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Plate10.

Plate11.

.Transverse section of Amaranthus spinosus leaf blade showing primary
lateral vascular bundles; the parenchyma bundle sheath cells (ps) surround
each vascular bundle; the lateral maximum cells count is zero; the mestome
sheath cells are lacking. X 160.

Ps

Transverse section of Portulaca oleracea leaf blade showing the Kranz
anatomy; the lateral maximum cell count is zero to two (0-2); the parenchyma
bundle sheath cells (Ps) possess centrifugal chloroplasts; the mestome
sheath cells (ms) are lacking. X160.
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Plate12.

Plate13.

Transverse section of Carbiconia decumbens leaf blade showing the Kranz
anatomy; Vascular parenchyma bundle sheath cells (Ps) surround vascular
bundle and possess centrifugal chloroplasts; the lateral maximum cell count
is one; mestome sheath cells are lacking. Note the presence of intercellular,
A. X 160.

Transverse section of Carbiconia decumbens leaf blade showing the
centrifugal chloroplasts (cc) in the parenchyma bundle sheath cells (Ps) that
surrounds the vascular bundle; mestome sheath is lacking. X 400.
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However, the intervening cell layer may not test for ultimate mestome sheath

criterion that is resistance to H2S04 and the presence of CCasparian strip.
<:

Species with this type of anatomy show differences from one vascular bundle

to another. Alternatively, these cells may only be associated with some of the

first order vascular bundles (plate 8). Therefore, the mestome sheath (ms)

condition was recognized in cross section and was scored when metaxylem

vessels were in direct contact with Kranz sheath cells in at least some first

order vascular bundles here referred to as a single chlorenchymatous or

Kranz sheath. These anatomical conditions depict Malate formers or NADP-

me or ms- type of species.

4.3.2.2 KRANZ PARENCHYMA SHEATH ANATOMY

A well developed inner or mestome sheath (ms) around the first order

vascular bundles was observed (plate 7, plate 8, plate 9, plate 10, plate 19,

plate 24, and plate 25), with a specialized external Kranz sheath. This Kranz

sheath is assumed to be a modified parenchyma sheath (PS) that possesses

chloroplasts (c) (plate 7) or centrifugal chloroplasts (cc) (plate 11-14). This

condition was recognized when mestome sheath cells were observed

between metaxylem vessel elements and the laterally adjacent parenchyma

sheath cells (plate 7, plate 8, plate 9, plate 10, plate 17, plate 18, plate 19,

plate 24-25) in the lateral first order bundles.
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Plate14.

Plate15.

Transverse section of Portulaca grandiflora leaf blade showing the Kranz
anatomy; parenchyma bundle sheath cells (Ps) possess median centrifugal
chloroplasts; mestome sheath cells are lacking; the lateral maximum cell
count is one to three along dotted arrow line. X 160.

PS

Longisection of Portulaca species leaf blade showing Kranz anatomy;
centrifugal chloroplasts located in the parenchyma bundle sheath cells (Ps);
lateral maximum cell count is one. Note the intercellular (A); mestome
sheath cells lacking; differentiation of the vascular parenchyma tissue is
variable. X 160.
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Plate16.

Plate17.

___ no cell

Transection of Portulaca quadrifida leaf blade showing Kranz anatomy;
centrifugal chloroplasts in parenchyma bundle sheath cells (Ps); mestome
sheath cells lacking; lateral maximum cell count is zero (no mesophyll cell) or
two along dotted arrow line; Position/degree of the chloroplasts in the
parenchyma bundle sheath cells (Ps) variable. X160.

ps

Transverse section of Amaranthus dubius leaf blade showing parenchyma
bundle sheath cells (Ps) that possess centripetal chloroplasts; mestome
sheath cells lacking; lateral maximum cell count one to two along dotted
arrow lone; mesophyll cells irregular/regular shaped in the primary carbon
reduction area. X 160.
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Plate18.

Plate 19.

'1b

ps

Transection of Portulaca fascicularis leaf blade showing Kranz leaf anatomy;
centripetal - median chloroplasts in parenchyma bundle sheath cells (Ps)
surround vascular bundle (vb); mestome sheath cells lacking; lateral
maximum cell count zero (co) to one (ci) along dotted arrow line. X 160.

Transection of Tribulus cistoides leaf blade showing Kranz leaf anatomy;
several small vascular bundles (vb) closely organized; parenchyma bundle
sheath cells (Ps) possess median to centripetal chloroplasts; mestome
sheath cells (ms) present and highly reduced in size; lateral maximum cell
count is one (ci); mesophyll cells irregular in shape. X 160.
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TheKranz cells of lateral first order bundles are larger in transectional area
\

than the cells of the adjacent mesophyll (plate 13). Zero te. three (0 - 3)

mesophyllcells were observed between the parenchyma bundle sheath cells

as the lateral maximum cell sheath count cells were observed for the lateral

maximumcell count. Lateral maximum cell count = 0 (plate 10, plate 11);

lateralmaximum cell count = 1 (plate 12, plate 18, plate 25); lateral maximum

cell count = 2 (plate 8, plate 14, plate 17); lateral maximum cell count = 3

(plate14). This Kranz organization showed sub-anatomies (described below)
z

basedon the chloroplast position in the parenchyma sheath cells.

Plate20. Transection of Portulaca kermesina leaf blade showing Kranz leaf anatomy
with parenchyma bundle sheath cells (Ps) lacking chloroplasts or very low
scattered centrifugal chloroplasts; few scattered mestome sheath cells (ms);
lateral maximum cell count two (cii) to four (civ); mesophyll cells irregular in
shape. X 160.
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Plate21.

Plate22.

Transection of Zygophyl/um simp/ex leaf blade showing Kranz anatomy;
parenchyma bundle sheath cells (Ps) lack chloroplasts; few mestome sheath
cells (ms); lateral maximum cell count is zero (co) to one (ci) along dotted
arrow line; parenchyma bundle sheath cells (ps) larger than mesophyll cells.
X 160.

Transverse section of Drymaria cordata leaf blade showing non-Kranz leaf
anatomy; parenchyma bundle sheath cells (Ps) rarely possess chloroplasts in
variable position; small mestome sheath cells (ms); lateral maximum cell
count (LMC) is more than twelve along dotted arrow line; mesophyll cells
irregular in shape with few chloroplast. X 160.
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Plate23.

Plate24.

Transverse section of Bougainvillea species showing one vascular bundle;
parenchyma bundle sheath cells (Ps) lack chloroplasts and surrounds
mestome sheath cells (ms); vascular bundle possess metaxylem vessel
elements. Note thick walls of mestome sheath cells (ms). X 40

Transection of Tribulus terrestris showing Kranz leaf anatomy; parenchyma
bundle sheath cells (Ps) has median chloroplasts in a high concentration
(seen as dark substances), mestome sheath cells (ms) are small; enlarged
metaxylem vessel elements (mx) present; one cell intervene between
parenchyma bundle sheath cells (Ps) and metaxylem vessel elements; show
'one distant criterion' . X 400
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- - -co

- - - ci

Plate25. Transverse section of Tribulus cf. T. cistoides showing Kranz leaf anatomy of
many vascular bundles; median to centripetal chloroplasts present in
parenchyma bundle sheath cells (Ps); mestome sheath cells are highly
reduced in size metaxylem vessel elements (mx) exist in the vascular
bundle; lateral maximum cell count is one (ci). X 160

4.3.2.2.1 KRANZ PARENCHYMA SHEATH SHOWING CENTRIFUGAL

TO MEDIAN CHLOROPLASTS.

The Kranz parenchyma sheath cells possess chloroplasts arranged in a

centrifugal to median position (plate 7, plate 8; plate 9, 10, 11, 12, 13, 14, 15,

16, 20, 24).

4.3.2.2.2 KRANZ PARENCHYMA SHEATH SHOWING CENTRIPETAL

CHLOROPLASTS.

The Kranz parenchyma sheath cells have chloroplasts in a centripetal position

(plate 17, 18, 19 and 25).

98



Plate 26.

Plate 27.

,
Transverse section of Mol/ugo nudicaulis showing Kranz leaf anatomy
variable in cellular location, proportion, and concentration of chloroplasts;
parenchyma bundle sheath cells (Ps) possess centripetal chloroplasts in
varying concentration; parenchyma bundle sheaths cells of the upper kranz
(U), lower kranz (L) and mid- kranz (Mk) exhibit decrease in concentration
gradation of chloroplasts order; lateral maximum cell count is two (cii) to four
(iv); mesophyll cells irregular/regular in shape and contain low chloroplasts
concentration. X 160

Transverse section of 8asel/a paniculata showing Kranz leaf anatomy;
parenchyma bundle sheath cells lack chloroplasts; lack mestome sheath
cells; inner vasculature is greatly reduced; lateral maximum cell count is
variable: one (ci), three (ciii), and four (iv); parenchyma bundle sheath cells
are larger compared to mesophyll cells lacking chloroplasts. X 160.
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Plate28. Transverse section of Basel/a alba showing Crassulacean Acid Metabolism
anatomy of primary lateral vascular bundles; parenchyma bundle sheath cells
(Ps) possess few median chloroplasts and surrounds kranz sheath cells;
lateral maximum cell count is variable: zero (co), one (ci) and four (civ)
along dotted arrow line; mesophyll cells vary in shape possessing few
chloroplasts (dark substances). X 160.

4.3.4 SPECIES AND LATERAL MAXIMUM CELL COUNT

Some of the species and their lateral maximum cell count included the

following: Tribulus cistoides (Lmc=2), T.terrestris (Lmc=O), Amaranthus

hybridus, Amaranthus retroflexus (Lmc=2), Amaranthus spinosus (Lmc=1)

Portulaca oleracea (Lmc=O, 0 - 2), Portulaca species (Lmc=O-1), Gisekia

pharnacoides (Lmc=1), Portulaca quadrifida (Lmc=2), Carbichonia

decumbens (Lmc=1), Amaranthus patulus (Lmc=1-2), Portulaca fascularis

(Lmc=1), Portulaca kermesina (Lmc=2-3), Tribulus ct. T. cistoides (Lmc=1).
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4.4 EXPERIMENTS AT THE UNIVERSITY OF BAYREUTH

4.4.1 CARBON ISOTOPE (013C) DISCRIMINATION

Twohundred and forty three species were analyzed for carbon isotope (513C)

discriminationvalues resulting into three distinct groups recognized as C3, C3

- C4intermediate species and C4 species. The 5 13C values"of the species are

shownin Table 2. The 5 13C values of 68 species fall between - 10.60%0 and

-17.70%0with a mean of -13.6%0 and standard deviation of 1.8. Values of 171

speciesfall between -21.16%0 and -30.93%0 with a r)}ean of -26.40%0, and

standarddeviation of 1.94. There was an exceptional case of 513C value of

-32.42%0 for Chenopodium capitatum of Chenopodiaceae which was a

significantvariation. Intermediate species Mollugo nudicaulis (Aizoaceae),

Basella alba and Basella paniculata (8asellaceae) had (513C values as -

25.89%0, -18.75%0 and -17.79%0 respectively, (Table 2) with a mean of -

20.81% and standard deviation of 4.4 The first cluster is characteristic of C4

species, the second of C3 species, and the third of C4 - C3 intermediate

specieswith o13C values which fall between -10.60%0 to -17.70%0, -21.16%0

to -30.93%0 and -17.79%0 to -18.75%0, respectively.

The distribution of the C3 species and C4 species in the families of the

Centrospermeae was summarized (Figure 21), and revealed the multiple

evolutionaryorigins of the C4 pathway.
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Table 2: l)13C VALUES AND KRANZ LEAF ANATOMY

OF THE CENTROSPERMEAE SPECIES.

FAMILY/SPECIES 013C VALUES KORNK

AIZOACEAE

Carbichonia decumbens -12.5 k
Delosperma abyssinica -13.73 k
Delosperma nakurense k
Delosperma oehleri k
Gisekia african a -11.77 k
Gisekia pharnacoides -11.99 k
Glinus lotoides -26.79 nk
Glinus oppositifolius -25.04 nk
Glinus seliflorus -25.37 nk
Hypertelis bowkeriana -23.32 nk
Limeum fruticosum -26.82 nk
Limeum indicum -24.51 nk
Limeum praetermissium -23.75 nk
Limeum viscosum -24.40 nk
Mol/ugo cerviana -15.36 k
Mol/ugo nudicaulis -25.89 k-nk
Sesuvium portulacastrum -24.88 k
Sesuvium sesuvioides -12.21 k
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Tetragonia acanthocarpa -22.90 nk
Tetragonia tetragonoides -23.84 nk

<.

Tetragonia expanse -23.81 nk
Trianthema ceratosepala -23.66 nk
Trianthema portulacastrum -12.48 k
Trianthema triquetra -13.25 k
Trianthema sa/soides -13.86 k
Trianthema sedifolia -13.86 k
Zelaya pentandra -12.26 k

AMARANTHACEAE
Achyranthes aspera L. Var. Pubescens

(Moq.)C.C. Townsend - 30.89 nk
Achyranthes aspera I. Var. Sicula L. - 30.93 nk
Achyropsis fruticola -25.13 nk
AChyropsis greenwayi -25.18 nk

Aerva javanica -14.41 k
Aerva lanata - 28.12 nk
Aerva /eucura -26.53 nk
Aerva pep/oides nk
Alternanthera pungens -14.75 k
Alternathera sessilis -25.51 nk
Amaranthus caudatus -16.55 k
Amaranthus dub ius -15.14 k
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Amaranthus graecizans -15.83 k
Amaranthus hybridus -14.70 k

<;

Amaranthus lividus -12.96 k
Amaranthus patulus -13.12 k
Amaranthus retroflexus -13.48 k
Amaranthus spinosus -13.98 k
Amaranthus thunerbergii -13.45 k
Amaranthus species -13.48 k
Celosia anthelmintica -25.66 nk
Celosia argentea -25.42 nk
Celosia hastate -28.22 nk
Celosia pOlystachya nk
Celosia sweinfurthiana -27.97 nk
Celosia trygina -23.55 nk
Centemopsis gracilenta -26.73 nk
Centemopsis kirkii -27.97 nk
Celosia rubra -25.34 nk

Centrostachya aquatica -23.15 . nk
Centrostachya coriacea -28.35 nk
Centrostachya cylindrica -27.42 nk
Centrostachya orthacantha -27.99 nk
Centrostach ya polycephala -28.24 nk
Centrostach ya uncinulata -26.91 nk
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Digera muricata -25,67 nk
Gomphrena celosioices -13,08 k

"--
Hermstaedtia gregori -29.59 nk
Pandiaka lanunginosa -21.42 nk
Psilotrichum elliotii -23.30 nk
Puppalia grandiflora -24.36 nk
Puppalia lappacea -24.17 nk
Puppalia micrantha -25.67 nk

Sericomopsis hilderbandtii -23.41 nk

Sericomopsis .pallida -25.56 nk

Volkensinia prostrata -25.26 nk

BASELLACEAE

Basella alba -18.75

-17.79

CAM

CAM8asella paniculata

CARYOPHYLACEAE
Arenaria foliacea -24.83 nk
Arena ria montana -25.66 nk
Cerastium adniva/e -27.53 nk

Cerastium afromontanum -25.68 nk

Cerastium corymbosa , -27.67 nk

Cerastium indicum -26.26 nk

Cerastium octandrum -25.13 nk

Corrigo/a capensis -25.78 nk

Corrigo/a litora/is -27.47 nk

Comes abyssinica -26.76 nk
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Drymaria cordata -28.69 nk
Gypsophila elegans -26.82 nk
Gypsophila oldhamiana -25.67 nk'-
Gypsophila gil/ettii nk
Lychnis alba -30.28 nk
Lychnis githago -22.41 nk
Lychnis cororiana -25.58 nk
Lychnis viscaria -21.84 nk
Melandrium nordiflorum -13.57 k
Melandrium rub rum -13.11 k
Melandrium persicum -26.75 nk
Minuartia elenbeckii -27.57 nk
Minuartia juniperiana -30.24 nk
Polichia campestris -25.75 nk
Polycarpea corymbosa -13.12 k
Polycarpon prostratum -27.23 nk
Polycarpon tetraphyl/um -28.00 nk
Sagina abyssinica -27.09 nk
Sagina apeta/a nk
Sagina afroalpina nk
Silene abyssinica -10.91 k
Silene burchelli -26.76 nk
Silene dioica -25.70 nk
Silene gallica -25.72 nk
Silene longitubulosa -25.79 nk
Silene nocteolens -29.52 nk
Silene macrosolen -26.75 nk
Silene species -26.85 nk
Silene vulgaris -27.27 nk
Spercula arvensis ' -25,94 nk
Stellaria mannii -26.72 nk
Stellaria media -27,69 nk
Stellaria sennii -28.26 nk
Uebelinia abyssinica -27.45 nk
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Uebelinia cf rotundifo/ia -25.01 nk
Uebelinia crassifolia -24.75 nk
Vaccaria <:pyramidata -28.75 nk
Sponaria vascaria - 26.65 nk
S. depressus -26.56 nk

CHENOPODIACEAE

Arthrocnemum indicum -13.70 k
A trip/ex coriacea -14.35 k
Atrip/ex farinosa -16.33 k
A trip/ex halimus -12.39 k
Atrip/ex semibaccata -15.18 k
A trip/ex muelleri -14.68 k
Beta vulgaris k
Chenopodium . album -26.70 nk
Chenopodium ambrosioides nk
Chenopodium botryoides -26.80 nk
Chenopodium cap ita tum -32.42 nk
Chenopodium carinatum -25.03 nk
Chenopodium fasculosum -27.44 nk
Chenopodium murale -25.64 nk
Chenopodium opolifolium -25.72 nk
Chenopodium procerum -25.47 nk
Chenopodium pumilio -27.70 nk
Chenopodium rubrum -26.70 nk
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Chenopodium schraderanum -25.44 nk
Fadenia zygophyl/oides -13.50 k
Gyroptera gillettii -12.12 ~l<
Gyroptera soma/ensis -25.54 nk
Kochia indica -12.54 k
Kochia scoparia -12.94 k
Salicornia pachystachya -26.70 nk
Sa/so/a dendrites -13.62 k
Sa/so/a pestifera -10.60 k
Sueda monoica -14.92 k

PHYTOLACACEAE
Gallesia gorarema -25.65 nk
Hillarie /atifo/ia -29.01 nk
Phyto/aca americana -28.37 nk
Phyto/aca chi/ensis -27.53 nk
Phyto/aca dioica -23.79 nk
Phyto/aca dodecandria -23.49 nk
Phyto/aca octandria -23.32 nk

POLYGONACEAE

Antipogon /eptopus -28.62 nk
Coccolobe uvifera -30.08 nk
Emex austra/is -12.79 k
Emex spinosus -12.36 k
Fagopyrum escu/entum -13.53 k
Harpagocarpus snowdenii -28.18 nk
Homacladium platycladium -26.72 nk
Oxygonum atriplicifolium -24.67 nk
Oxygonum sinuatum -26.65 nk
Polygonum afromontanum -26.11 nk
Po/ygonum ampibium -21.46 nk
Po/ygonum avicu/are -25.37 nk
Po/ygonum capitatum -29.84 nk
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Polygonum chinense -26.19 nk
Polygonum convolvulus -29.76 nk
Polygonum equisetiforme -29.91 nk<.

Polygonum nepalense -27.32 nk
Polygonum pulchrum -27.94 nk
Polygonum salicifolium -26.67 nk
Polygonum senagalense -27.04 nk
Polygonum setulosum -27.18 nk
Polygonum strigosum -23.99 nk
Polygonum tomentosum -27.51 nk
Rumex abyssinica -28.35 nk
Rumex acetosa -30.15 nk
Rumex bequaertii -27.30 nk
Rumex crisp us -27.66 nk
Rumex lunaria -29.85 nk
Rumex nervosus -27.04 nk
Rumex tringulivalvis -27.76 nk
Rumex rugosus -27.96 nk
Rumex ruwenzoriensis -26.55 nk
Rumex usambarensis -28.01 nk

PORTULACACEAE

Cayptrotheca somalensis -24.86 nk
Cayptrotheca taitensis -23.34 nk
Montia fontana -28.53 nk
P6rtulacaria afra -20.93 nk-k
Portulaca decorticans -12.36 k
Portulaca fascicularis -12.37 k
Portulaca foliosa -12.29 k
Portulaca grandiflora -12.33 k
Portulaca kermesina -12.43 k
Portulaca oblonga -13.11 k
Portulaca oleracea -14.98 k
Portulaca parensis -12.40 k
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Portulaca petersii -13.69 k
Portulaca pilosa -13.68 k
Portulaca quadrifida -15.66 k. c

Portulaca species (K) -14.50 k
Portulaca species (n -11.48 k
Portulaca wightiana -12.98 k
Ravina tinctoria -30.11 nk
Talinum caffrum -24.34 nk
Talinum crispatulatum -23.41 nk
Talinum cuneifolium -21.16 nk
Talinum paniculatum -21.32 nk
Talinum patens -28.18 nk
Talinum portulacifolium -23.72 nk
Val/amita peruviana -29.52 nk

ZYGOPHYLLACEAE

Fagonia indica -25.25 nk
Fagonia isotricha -24.82 nk
Fagonia paulayana -23.20 nk
Fagonia . schweinfurthii -23.75 nk
Tribulus cistoides -13.40 k
Tribulus cf T. cistoides -14.68 k
Tribulus parvispinus -12.56 k
Tribulus terrestris -10.68 k
Zygophyl/um cordifolium -24.57 nk
Zygophyl/um simplex -13.77 k

NYCTAGINACEAE

Boerhavia diffusa -12.20 k
Boerhavia elegans -11.99 k
Commicarpus grandiflora -25.10 nk
Commicarpus pendunculosus -25.03 nk
Commicarpus plumbagineus -27.70 nk
Mirabi/is jalaba -30.34 nk
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ELATINACEAE

Bergia ammanioides -24.42 nk
Bergia decumbens -25.17 nk<:

Bergia suffructicosa -23.99 nk
Dianthus barbatus -15.73 k
Dianthus plunarium -30.92 nk
Dianthus species -25.86 nk
Elatine triandria -23.76 nk

Note: k, nk and CAM refer to the kranz, non-Kranz and Crassulacean Acid

Metabolism,in table 2.

The distribution of the C3 species and C4 species in the families of the

Centrospermeae is summarised (Figure 21), and reveals the multiple

evolutionary origins of the C4 pathway. The 'C3-C4 intermediate species

occurred in the Aizoaceae (Mol/ugo nudicaulis) and CAM species in

Basellaceae(8asel/a alba and 8asel/a paniculata).
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Table 3. Distribution of the C3 syndrome and C4 syndrome in the

Centrospermeae group.

Genera (%J
Percentage of species

C. - species (%J C3 - species (%J c. - species (%J C3 - species (%J

63.6% (7) 36.4 % (4) 53.9 % (14) 46.1% (12)

21.1 %(4) 79.9% (15) 28.3 %(13) 71.7% (33)

Caryophyllaceae 9.5% (3) 90.5 %(19) 8.2 %(4) 91.8 %(45)

Chenopodiaceae 72.7 %(8) 27.3 %(3) 50.0%(14) 50.0 %(14)

Nyctaginaceae 33.3% (1) 66.7% (2) '33.3 %(2) 66.7 %(4)

Phytolacaceae 0% (0) 100 %(3) o %(0) 100 %(7)

Polygonaceae 22.2% (2) 78.8% (7) 9.1 %(3) 98.9 %(30)

Portulacaceae 14.3%(1 ) 85.7 %(6) 53.9 %(14) 46.1 %(12)

Zygophyllaceae 50 %(2) 50 %(2) 50 %(5) 50 %(5)

Elatinaceae 25 %(1) 75 %(3) 14.3 %(1) 85.7% (6)

Note: Figures in brackets are the total number of genera or species collected.
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Figure 21. The abundance of occurrence percent C3 and C4 species
in the investigated dicot centrospermeae families sampled
along the belt transect

TheC4 syndrome plants were not recorded in two families - Basellaceae and

Phytolacaceaewhich exhibited the CAM status and C3 pathway, respectively

but in the genera of the Amaranthaceae (21.1%), Caryophyllaceae (9.5%),

Chenopodiaceae (72.7%), Nyctaginaceae (33.3%), Polygonaceae (22.2%),

Portulacaceae (14.3%), Zygophyllaceae (50.00%) and Elatinaceae (25%) as

shown in table 3. About 28.5% of the total species investigated were C4

species, 70.3% were C3 species and 1.2% Cr C4 intermediate species.

Concomitantly, the C4 photosynthetic pathway occurs in the dicots, whose
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distributionis both taxonomically uncommon and phylogenetically wide

spreadamong the species of the Centrospermeae.

Aizoaceaeand Chenopodiaceae recorded a high occurrence of the genera

withC4 pathway whereas Amaranthaceae, Basellaceae, Caryophyllaceae,

Chenopodiaceae, Nyctaginaceae, Phytolacaceae, Polygonaceae,

Portulacaceae, Zygophyllaceae and Elatinaceae recorded 50%:50%,

30.4%:69.9%, 0%:0%, 8.3%:9.7%, 53.6%:46.4%, 33.3%:66.7%, 0%:100%,

5.7%:94.3%, 53.6%:46.4%, 50%:50% and 16.7%:83.3%, for C4 species: C3

species,respectively.

Interspecificphotosynthetic species occurred in the genera- Mol/ugo and

Trianthema (of the Aizoaceae), Aerva and Altemathera (Amaranthaceae),

Melandrium and Silene (Caryophyllaceae), Gyroptera (Chenopodiaceae), and

Dianthus (Elatinaceae).

The 013Cvalues of the C4 species, namely Gisekia africana (-11.77%0), G.

pharnacoides (-11.99%0), Sesuvium sesuvioides (-12.21 %o) of Aizoaceae,

Silene abyssinica (-10.99%0) of Caryophyllaceae, Gyroptera

gillettii (-12.12%0), Salsola pestifera (-10.60%0) of Chenopodiaceae, Tribulus

terrestris (-10.68%0) of Zygophyllaceae, Boefhavia elegans (-11.99%0) of

Nyctaginaceae are less negative than -12.22%0 (Table 2). The above 013C

values of the species lies within an established range of -8.99%0 to -16.95 %0

(Bender, 1971; Smith et al., 1976). The same is true for C3 species with 013C

values(i.e. more positive or less negative) just outside the range of C3 species

(i.e. -22.40%0 to -30.34%0) Pandiaka lanunginosa of Amaranthaceae (-
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21.42%0), Lychnis viscaria of Caryophyllaceae (-21.84%0), Polygonum

ampibiumof Polygonaceae (21.46%0), Talinum cuneifolium (-21.J 6%0)and P.

paniculatum (-21.32%0) of Portulacaceae. These six species were found in

thesame habitat on dry saline soils in Baringo, Turkana in the present study.

Sa/solapestifera (-10.60%0) and Tribulus terrestris (-10.68%0) having a less

negative (013C) values are widely distributed mostly in extremely dry habitat

ecotypes. T terrestris is related to more distinctly more negative value

species of -12.56%0 and -13.40%0, namely, T parvispinus and Tcistoides

respectively, with broad-spectrum regions of dryness, Most of the

Amaranthus species are C4 species and are widely distributed upto the

transition zone of the C3 and C4 dicot species, along the altitude.

The distributional abundance of the C3 species and C4 dicots species was

associated with quantified environmental variables along the altitudinal

gradient. The environmental variables included mean annual temperature

(Figure 22), means annual rainfall (Figures 23, 24, 25), mean annual

minimum temperature (Figure 25ii), mean annual relative humidity, and mean

annual evaporation (Figures 27, 28). The present studies showed correlation

coefficients were r = 0.89 (r2 = 0.94), r2 = 0.83 (r = 0.91), r2 = 0.84(r=0.92), r2

= 0.76 (0.87) for the percentage of C4 species against mean annual

temperature (Figure 22), mean annual rainfall (Figure 23), mean annual

evaporation (Figure 27), respectively, The correlation coefficient

t=0.84(r=0.92), correlation percentage distribution, of C3 species against

mean annual rainfall is shown in figure 24. The C4 pathway was inversely
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correlatedto increasing mean annual rainfall (Figure 23) while the C3 pathway

was positively correlated (Figure 25). Relative humidity dJd not have

significantinfluence on the C3 pathway and C4 pathway (Figure 26).
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Figure 22. Correlation distribution percent C4 species and mean annual terrperature
along the elevation transect in the studied sites
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Figure23. Correlation distribution percent C4 species and mean annual
rainfall along the elevation transect in the studied sites

The mean annual temperature and mean annual rainfall were critical

determining parameters associated with the percentage abundance of the C3

species and C4 dicot species, along the altitude, than were the mean annual

relative humidity and mean annual evaporation. High temperature and low

moisture favoured occurrence of C4 species (Figures 22, 23, 24, 25) while low

temperatures and increased mean annual rainfall favoured occurrence of the

C3 species with increasing altitude.
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Figure 25(i), Scatter relationship of percent C3 species and C4 species distribution
and mean annual rainfall along the elevation transect in the studied sites
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Figure 26. Scatter relationship percent of C3 species and C4 species distribution
and mean annual relative humidity along the elevation transect in the
sampled sites

Meanannual evaporation was a promoter factor (~ =0.76) as shown in figure

27 rather than the real determinant factor in the abundance of the C3 species

as C4 species (Figure 28). Mean annual relative humidity was not a critical

parameter in determining the correlation distribution of C3 and C4 species

along the altitude (Figures 26, 29i, 29 ii). Correspondingly, mean annual

temperature is the dominant determinant parameter correlated with the
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abundance of C4 dicot species and its effects on the C4 dicots species

distribution increased with increasing aridity indices as shown by the

correlationcoefficient values in the present study.
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Figure 27. Correlation distribution percent of C4 species and mean annual
evaporation along the elevation transect in the studied sites

The transition zone associated with a switch between C3 dominance and C4

dominance occurred between 1AOOm a.s.1. - 1,800m a.s.1. of altitude. Here,

the transition zone was defined as the point at which C4 abundance fell below

123



T C-4 SPECIES(%)

• C-3 SRECIES(%)

100 -:•.. 100,
•

80 ••• 80• TT T• T

• T
m T CIl
Q) 60 T 60 <1>
'13 'u
Q) • <1>C. T c.
m T II CIl.•. • '"o T • 0.•... -0 40 40 0

~ • • ~° T
0

s

T •• •.- •T20 T TT 20
T

T~T
~

0 0
0 1000 2000 3000 4000

Mean annual evaporation (mm/rn")

Figure 28. Scatter relationship percent C3 species and C4 species distribution
and mean annual evaporation along the elevation transect in the
sampled sites

50%, based on the taxonomic basis and not· necessarily on a percent C4

biomass basis. This transition zone was defined by climatic variables as

mean annual minimum temperature (Oc),mean annual maximum temperature

Cc), mean annual rainfall (rnrn), mean annual potential evaporation, mean

annual radiation (Cal/crn"). and mean annual relative humidity (%) of 15.rC,

25.6°C, 700mm - 950 mm, 1575 - 1650 rnrn/m", 450 - 500 jl m2, and 50 - 55%,

respectively .
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Figure 29 (i). Correlation distribution percent of C4 species and mean
annual relative humidity along the elevation transect in
the studied sites.
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Meanannual temperature range of 20.T'C - 25.6°C is the temperature for the

transition shift from the C3 to C4 dominance, regardless of, elevational or

latitudinal gradients. High temperatures, evaporation and low moisture

characteristic of aridity were associated with the abundance of C4 dicot

species.

4.4.2 ~13C Values At Different Altitudes

Thefrequencies of the carbon discrimination values were analyzed at different

altitudes. 013C values of -10.0%0 to -17.78%0 occurred frequently between

500m a.s.1. (Figure 29) to 1,OOOma.s.1. (Figure 30) decreasing at 2,OOOm

a.s.!. (Figure 31) to 2,500m a.s.1. (Figure 32) almost rare at 3,OOOma.s.1.

(Figure 33) and did not occur at 3,500m a.s.1. (Figures 34i, 34ii). Carbon

discrimination values of -17.79%0to -18.75%0occurred at 500m altitude only

(Figure 29); whereas -20.0%0to -21.0%0to -30.5%0showed an upward trend

from 500m a.s.1. to 3,500m a.s.1. of altitude. Increase in 013C negativity

reflects increase in the occurrence of the plants along the altitudinal gradient

(Figures 29, 30, 31, 32, 33, 34) which is associated with low temperatures,

high potential rates of evaporation, high precipitation and high relative

humidity (Figures 22-28). 013C values of -23.0%0 to -27.0%0 exhibited an

increased frequency peak upto 3,OOOma.s.1. but 013C values -28.0%0 to -

30.1%0showed constancy in the frequency peak from 500m a.s.1. to 3,500m

a.s.!. altitude (Figures 29-34). Concomitantly, the degree of 013C negativity

increased with the altitudinal gradient. This is associated with the taxonomic
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dominance shift from the C4 dicot species (showing less 013C negativity) to

the C3 dicot species of the Centrospermeae group. This observation in the

shift of the dicot species along the altitudinal gradient is a reflection of the

environmental variable attributes/or influence on the distribution of the C3

pathway and C4 pathway.
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Figure 29. Frequency distribution of carbon isotope discrimination ratio
values from different centrospermeae species collected less
than 500 m (a.s.l.) sites along the elevation transect
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Figure 34. Frequency distribution of carbon isotope discrimination values
for different centrospermeae species collected at 3000m a.s.l.
sites along the elevation transect

132



f/)
Q)
::Jro
> 15c
0
~c
'E
'5
f/)

'6
Q)c.
0 10•...
0

.!!?
c
0.0
lii
o-0»o
c 5Q)
::J
0'
~

LL

20

0+---'"
-31 -29 -24 -23-28 -27 -26 -25-30

Carbon isotope disoinination values

Rgure 35. Frequecny distribution of carbon isotope disainination values
for different centrosperrreae species collected at 3500m as.l
sites long the elevation transect

133



50
'--

I/)
Ql
::J 40Iii
>
c
.Q
iii
c
'E
'co 30I/)

ii
Qla.

~
.!!1
c
0 20-e
I1lo
'0
>-o
c
Ql
::J 100"
~u..

O+----L-T~----r_----_r------._----~--~~~L-~
-30 -29 -28 -27 -26 -25 -24 -23

Carbon isotope discrimination values

Figure 36. Frequency distribution of carbon isotope discrimination values
for different centrospermeae species collected at 4000 m a.s.l.
sites along the elevation transect

Low altitude is characterized by high temperature, high rate of evaporation

and low moisture and high relative humidity as shown in figures 22-27. These

indices define measures of aridity where low 013C values occurred in the

ecotype of present study. Furthermore, a 013C value of C3 dicot species such

as -20.0%0to -21.0%0occurred in areas of low aridity and is an ecotypic area
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inhabitedby C4 dicot species whose 013C values range from -15.0%0 and -

17.78%0. The 013Cvalues describe interphasic transition zone of the C3 or C4

typeswhich is a proportion influenced by environmental attributes at a given

altitudinal gradient (Figure 37) and is biotype specific. There is a high

occurrenceof the C3 dicot species at high altitudes as shown by a related

proportionof increased negativity of the o13Cvalues (Figure 37). This is in

contrastwith the degree of 013Cvalue for the C4 dicot species at the same

altitudeas shown in figure 35. There are two main frequency peaks of 013C

valuesat -13.0%0 and -27.0%0 (Figure 37) along the ~Ititude. This implies that

a high proportion of the C4 dicot species and C3 dicot species tend to show

mean 013Cvalues of -13.0%0 and -27.0%0 along the altitude in the families of

the Centrospermeae.

The tendency for the species to achieve the mean 013C values was shown

by the nature of stratification of the frequency peaks as they approach their

respective mean 013C value peaks (Figure 37). The intensity in the

stratification (or degree of occurrence of species) is more pronounced in the

C3dicot species for 013C values tending towards -27.0%0 as shown by two

main peaks at -25.0%0 and -27.0%0 (Fig. 37): At this altitudinal range, the

influence of climatic conditions tends to normalize, leaving the ability of the

species to fix CO2 as a differentiating factor in the carbon invested and therein

013Cvalue index.
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Figure 37. Distribution curves of carbon isotope discrimintion values for different dicots
species of the Centrospermeae along the elevation. Measurements from the
Centrospermeae species subdivided into C3 species(170), C4 species (67),
CAM species (2), and C3-C4 intermediate(3) species

There was observable variation in the 013C values in different species

collected at different altitudes (table 4). for the twenty-eight species. The

standard deviation indicates the variation in 013C values for a given were not

significant and within the normal range. The minimal variation can be

attributed to ecotypic plasticity.
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TABLE4: ()13C Values for greenhouse grown plants and field collected plants

pie 0 C Values Standard
'-- Deviation

Exp.1 Exp. II Field plants and Standard

Altitude(m) a.s.1. Deviation of

Mean

olaca americana -25.65 -26.37 -28.37 2850m 1.3
ranthus lividus -14.66 -14.34 -12.96 850m 1.1
ulaca grandiflora -15.15 -13.96 -12.33 1365m 1.2
bilisjalaba -27.87 -30.34 -30.26 3250m 1.1

rianthematriquetra -14.18 -14.31 -13.25 1355m 0.5

ranthus retroflexus -13.54 -13.49 -13.48 1450m 0.02
. nthus barbatus -26.70 -29.49 -29.53 2365m 1.3

ulaca oleracea -14.83 -14.98 -14.88 975m 0.1
nopodium ambroisoides -29.54 -29.44 -29.49 1965m 0.04

Amaranthuspatulus -16.13 -15.73 -13.12 1200m 1.3
Fagopyrumtataricum -26.55 -26.88 -26.73 2115m 0.2

Rumextriqulivalvis -29.26 -27.76 -27.86 2565m 0.7

Gypsophilapaniculata -28.83 -31.73 -26.82 2675m 2.0

Rumexrugosus -28.14 -27.37 -27.96 1875m 0.3

ychniscoronaria -27.86 -27.69 -25.58 2348m 1.0

aranthus hybridus -14.71 -13.12 -14.70 1095m 0.8
Sienevulgaris -28.20 -30.27 -27.27 2765m 1.3

Kochiascoparia -14.91 -13.61 -13.55 1350m 0.6

Slenedioica -27.46 -25.76 -25.,70 2975m 0.8

Chenopodium capitatum -30.31 -28.92 29.13 1695m 0.6

Rumexacetosa -28.19 -30.15 30.25 1550m 0.9

Pleuropetalum darwinli -28.05 -27.25 -27.64 2300m 0.3

Rumexrugosus -28.25 -27.96 -28.15 1765m 0.1

Chenopodium album -28.91 -29.10 -26.70 2540m 1.1

Amaranthus dubius -15.07 -14.94 -15.14 990m 0.1

Polygonum setulosum -27.74 -27.66 -27.18 2500m 0.2

Vaccariapyramidata -30.60 -28.15 -28.75 1750m 1.0

lIinuartia Juniperiana -30.24 -27.69 -27.57 2110m 1.2
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4.4.3 Carbon dioxide Compensation Points
The carbon dioxide compensation point was defined as the point where there

\

was no net change in the carbon dioxide concentration uptake by the plant at

20°C/15.rC temperature, 345 iJE light intensity (kept constant) under normal

growth conditions. Some of the six-week old plants used in the carbon

dioxide compensation point determination showing salient features for

taxonomic identity and adaptive of survival are

presented in plates: 29, 30, 31, 32

Plate 29. Growth habit of a six-week Kochia scoparia ready for use in

the carbon dioxide compensation experiments Amaranthus

patulus seen in the background
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Plate 30. Growth habit of Amerentnus hybridus at the stage used

in carbon dioxide compensation experiments.
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Plate 31. Amaranthus patulus (reddish leaves species) soon

after carbon dioxide compensation experiments.
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Plate 32. A six-week Chenopodium album (middle fore background)

ready for carbon dioxide experiment grown in the
greenhouse.
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Plate 33. Portulaca species (k) at the stage used in the

carbon dioxide compensation experiments. Note the

succulence of the stem and the leaves; hairy structures

surround the terminal fruiting organs.
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Plate 34: A six-week old Portulaca oleracea grown in the greenhouse

for carbon dioxide compensation experiments.
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Plate36. Mirabilis ja/aba at the growth stage used

in the carbon dioxide compensation experiments.

An initial carbon dioxide concentration of 1,000 parts per million (ppm) was

assimilated by the plant over time until a constant carbon dioxide

concentration was recorded over time (mins.), when the graph normalized.

(Figures 39a, 39b .40). The carbon dioxide compensation points for

differentspecies are presented in table 6.
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Table6: Carbon dioxide Compensation Points (r) For Different

Species.

C4Species CO2 (r)

Amaranthus Iividus 11
Amaranthus hybridus 12
Amaranthus retroflexus 10
Amaranthus patulus 11
Amaranthus spinosus 11
Amaranthus dubius 11
Kochia scoparia 11
Portulaca oleracea 16
Portulaca quadrifida 18
Trianthema triquetra 15

C3 Species CO2 (r)

Chenopodium album 54
Chenopodium ambroisoides 55
Chenopodium capitatum 56
Phytolaca americana 59
Phytolaca dioica 52
Portulaca species 52
Rumex acetosa 54
Rumex rugosus 58
Rumex triangulivalvis 58
Pleuropetalum darwinii 54
Mirabilis jalaba 53
Fagopyrum tataricum 58
Silene dioica 60
Silene vulgaris 59
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TheC4 species had carbon dioxide compensation points between 10 ppm -

18ppm and C3 species varied between 40ppm - 60ppm as shown in table 6.

Thetime course of net carbon dioxide uptake was variable in different species

of the Centrospermeae. This phenomenon of net carbon dioxide uptake with

time varied within a species depending on the age and the corresponding

biomass of the vegetative photosynthetic material. Younger (4 weeks of

growth)plants had lower rates of carbon dioxide uptake for example Rumex

acetosa and Trianthema triquetra species (Figure 39a). Rumex acetosa of

1.0996gms achieved its carbon dioxide compensation .point ( r) later than that

of R. acetosa weighing 1.6756 gm, a course observed in Trianthema triquetra

of 0.7968 gms to that of 0.8168 gms (Table 7). This was the general trend in

allthe species studied in the present work.

The C4 dicot species attained early carbon dioxide compensation points

compared to the C3 dicot species, regardless of the duration of growth and

biomassof the species. The graph of C4 species tended to be the left of that

of the C3 species based on the same growth duration of the species (Figures

39a,39b, 39c).
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Figure 39a. Time course of net carbon dioxide uptake in different
photosynthetic species carried out in air tight gas chamber
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Table 7: Time Course of Net CO2 uptake in different species

Rumex acetosa:

Time o 8 14 20 36 48 60 72 84 105 144 168 192

(mins.)

CO2 1000 870 750 643 448 283 185 123 93 70 60 54 54

(ppm)

Wts 1.0996 gms

Time 0 3 15 21 33 4563 7587 99 111 123 135

(Mins.)

CO2 1000 900 520 355 240 92 63 55 54 54 -94 54 54

(ppm)

Wts 1.6756 gms

Trianthema triquetra:

Time 0 9 15 21 27 33 39 45 57 69 81 93 105

(mins.)

CO2 1000 795 660 515 365 220 105 50 19 15 15 15 15

(ppm)

Wts 0.8168 gms

Time 0 9 15 21 27 33 39 45 59 68 81 95110

(mins.)

CO2 1000 800 658 511 370 225 115 51 20

(ppm)

Wts 0.7968 gms

15 15 15 15

151



\
\
\
\
\4-
\
\
\
\
\
\
A

\
\
\
\
\ o.. '.

\.
-, •• -A-A----A------A-----~~-~...:..:i..O .(1)O+--------.~~~~~~~~CT~~~~~~----_T~--=

250

E0-
S
Co
+::
~
C
Q)
oc
8
Q)
"0
'xo
U
co.0

~

1000

o

800

600

400

200

o 50 100
Time (mins.)

-.- C3 species (Rumex rugosusj
(1.2779gms)

.. ·0·· C4 species (Portulaca quadrifidaj

( 0.5980gms)
- -4- C4species (Amaranthus hybridusj

( 0.9625 gms)

150 200

Figure 3gb. Time course of net carbon dioxide uptake in different
photosynthetic species carried out in air tight chamber

152



1000

- ••.• - - C3 species(Fhytolaca americana)
(3.204Ogms)

- .-0 _. C4 species (Amaranthus patulus)
(1.2605gms)

~
1\
1\I.
I\
I\
Iq
I .
I \
1\
\ \
\ \
~ \

~\ '

~\:.\
1t-A- "'--...--.t.- - - -.- - - - - - -A

'0-.O+---------~~~~~~~·~· -'--'-.'--'--'~'~'.-'--'--'---.
o

800

co
~ 600c
~coo
Q)
'0'xo:0
co.!l
roc

400

200

50 100 150 200 250
Time (mins.)

Figure 39c. Time course of net carbon dioxide uptake in different
photosynthetic species carried out in air tight gas chamber

153



~ 800Eo,c,
C
.2
1ii
"- 600C
Q)
oc
0o
Q)
'tl 400'x
0u
c
0.0
"-1'0
0 200

··0·· C4 species (Amaranthus spinosus)
( 3.1384gms)

-+- C3species (Phyto/aca dioica)
(3.1245gms)

- C4species (Amaranthus dubius)
(3.5897gms)

1000

\
\
1q

:\
\
\•\

.\0\
o 50 100 150 200

Time (mins.)

Figure 37d. Time course of net carbon dioxide uptake in different
photosynthetic specie carried out in air tight gas chamber

154



1000

_. -A--. - C4 species (Amaranthus retroflex us)
(O.9877gms)

..... ... •........ C4 species (Portulaca species)
(2.6513gms)

- -0 - C3 species (Chenopodium
capitatum) (2. S975gms)

e-
o..S:
cg
ecs
c
8
CD
"0·x
o
ii
co-e
10o

800

600

400

200

••
50 150 200100

Time (mins.)

Figure 3ge. Time course of net carbon dioxide uptake in different
photosynthetic species carried out in air tight gas chamber
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Trianthema triquetra C4 species of dry weight O.8168gms has the graph to the

left of Rumex acetosa, Silene vulgaris both C3 species ot dry weight

1.6756gms and 1.3639gms, respectively (Figure 39a). Furthermore, the

effect of biomass on the net CO2 uptake differentiation is observed in the

species Amaranthus hybridus (C4 species), Rumex rugosus (C3 species) and

Portulaca quadrifida (Caspecies/younq) of dry weights O.9625gms, 1.2779gms

and O.5980gms, respectively (Figure 39b). A high biomass C3 species,

Phytolaca american a of dry weight 3.2040gm tend to have a graph next and

towards that of the C4 species Amaranthus patulus ofdry weight 1.2605gms

(Figure 39c), which contrast the observation in Amaranthus spinosus

(3.1384gms) and Amaranthus dub ius (3.5897gms) compared to the graph of

Phytolaca dioica (3.1245gms) species graph (Figure 39d). Portulaca species

(2.6513gms) tended to have its graph closer to a C4 species, Amaranthus

retroflexus (O.8975gms) compared to the less biomass C3 species

Chenopodium capitatum (2.8975gms) and therefore less pronounced Ca-like

activity (Figure 3ge).

In a different study, Chenopodium album (2.9881 gms) had its initial graph

pronouncedly being to the left of a C4 species -: Kochia scoparia (2.4461 gms

and young stage) until a CO2 concentration of 165 ppm, when the C4 activity

achieves its photosynthetic efficiency (Figure 39f). A high biomass C3 species

Pleuropetalum darwinii (3.1853gms) 'show a C4-like course of carbon dioxide

uptake of the C4 species - Amaranthus hybridus (O.9043gms) and

Amaranthus patulus (1.5976gms) compared to that of low biomass C3 species
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Fagopyrum tataricum (1.7373gms) (Figure 39g) as carbon dioxide

concentration tents towards 145 ppm.

.... 0 C4 species (Amaranthus lividus)
(1.7368gms)

- __ - C3 species (Chenopodium ambroisoides)
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Figure 40. Time course of net carbon dioxide uptake in different
photosynthetic species carried out in air tight gas chamber
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The biomass and age effects are observed in Si/ene dioicEt (O.8987gms)

(young stage), Phyto/aca americana (3.4864gms) and Rumex tringu/iva/vis

(1.4939gms) where the course of C02 uptake in Rumex tringuliva/vis

showed a C4 - like effect close to that of Kochia scoparia (4.592gms) shown

on the graph (Figure 39h). Similar observations were recorded between C3

species - Chenopodium ambroisoides (1.7368gms), Mirabilis ja/aba

(2.8833gms) and a C4 species, Amaranthus /ividus (1.9204gms) species

(Figure 40). The rate of CO2 uptake (J..l mol/m2/s) in a C3 species

Chenopodium schraderanum and a C4 species Amaranthus patulus of the

Centrospermeae were studied and showed a higher rate in the C4 species at

a given carbon dioxide concentration (Figure 41). The assimilation of carbon

dioxide in C4 species, Amaranthus patu/us has the gradient of C4 species

graph steep compared to C3 species, Chenopodium schradernum. The rate

of carbon dioxide (umol/ m2/s) of the C4 species is considerably high (Figure

41) compared to C3 species C. schradernum. Similar studies carried out

using standard biomass and age of the species show that in the C4 species -

Amaranthus hybridus and Amaranthus uvtaus have higher rates of carbon

dioxide assimilation compared to C3 species - Rumex rugosus and

Chenopodium capitatum, measured in the same air tight gas chamber

conditions (Figure 42).
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CHAPTER FIVE

5.0 DISCUSSION '--

5.1 PHOTOSYNTHETIC PATHWAYS IN THE CENTROSPERMEAE

SPECIES

Three principal mechanism of carbon dioxide reduction occur in the

Centrospermeae families, the dicot group of Angiosperm. The C3

photosynthetic pathway is certainty the most common with 72% of the total

species. The C4, CAM and C3-C4 intermediate species accounted for 28.3%,

0.82% and 1.23% percent of occurrence in the investigated dicot

Centrospermeae species, respectively. The low composition index of the C4

photosynthetic mechanism indicates its relatively recent description on the

evolutionary mesoscale and has been reported in a small percentage « 1%)

of extant species (Ehleringer et aI., 1991; Edward's et al., 2004) and is highly

polyphyletic in the angiospermous families.

The occurrence index of the CAM mechanism reflected the lowest biodiversity

in their ecological study areas. Two' species, namely Basella alba and B.

paniculata species were recorded in the current study. In addition, no C3

mechanism or C4 mechanism was recorded. in the Basellaceae group.

Regimes seen or recorded in the environmental factors played a

disproportionate role in the evolutionary trends of the biological reactions and

structural ramifications in the Centrospermeae species dynamics.

The percentage of the photosynthetic mechanisms reported in the species

revealed varied occurrence in relation to two levels of taxonomic

determination. The C4 photosynthetic mechanism was genera specific with
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the exception of the Portulacaceae. The percent of C4 composition in the

genera,12.5%, could not be used to deduce an estimated percent value of

53.6% for the species level. C3-C4 intermediate mechanism occurred in

Moflugonudicaulis and Portulaca (k) species.

The highestdegree of C4 pathway based on genera occurrence is reported in

the Aizoaceae, least in the Caryophyllaceae and non existent in the

Phytolacaceaeand Basellaceae. Similarly, C3 pathway was widely distributed

in the genera including the Phytolacaceae, Caryophyllaceae, Polygonaceae,

Portulacaceae, Amaranthaceae and Elatinaceae with over 80% in the

sampled species; The distribution was lower in the Zygophyllaceae and

Chenopodiaceae and lowest in the Aizoaceae. An observation that

Portulacaceae recorded high percent of C3 mechanism occurrence at the

genera level is significant. This is because its succulence habit offers

morphologicaladvantage of C4-like activity in their habitat. The general trend

is a high percentage of C4 species occurrences with a corresponding reduced

percent proportion at the genera level in the Portulacaceae and

Amaranthaceae. The genetic drift in Amaranthaceae may be exhibited by

their advanced refining adjustment towards variable climatic ecotypes and

therefore its genotype superiority against the species in the other families,

between200m a.s.l. to 2000m a.s.1. Similar trend of occurrence does not

existfor the C3 mechanism in a given family.

The percent distribution of the C3 and C4 mechanisms and the associated

species in the families of the Centrospermeae are characterized by specific
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interrelatedanatomical, biochemical, physiological and ecological attributes

whichfunction well in their habitats. This attributes and climatical variables
\

synergisticallyplays role in the partitioning of the C3 and C4 photosynthetic

types,abundance and occurrence of species in the studied areas. This

processof partitioning must have impacted on the evolution and expansion of

theC3 photosynthetic pathway variants- C4, C3-C4 intermediate systems and

Crassulaceanacid metabolism (CAM) during the early period of angiosperm

development and became common in families present around 60M BP

(Edwardset a/., 2004).

Thepercent C3 species and C4 species distribution in the Centrospermeae

families reveals varying degree of development expansion of the

photosynthetic mechanism that enables the taxa to spread and occupy

different ecological regions with varied conditions. This evidence(s) are

indicatorindices for the partitioning of the photosynthetic mechanism caused

by earlier (2.5 to 3.3 billion yrs BP) and prevailing varying climatic and

environmental conditions. An oxygenic atmosphere , for example, did not

developuntil 1.8 to 2.3 billion years BP (Edwards et a/., 2004; Vozsenenskaya

et a/., 2001; Edward et aI., 2001), and relatively recent (60M BP) climatic

conditionsbecame more seasonal and certainly in some geographical areas,

moreand likely saline. This must have influenced and modified the structural

apparatusphysiological and biochemical processes to adapt to the emerging

conditionsand sustain the primary bioproductivity of the dicot species (Hatch

and Slack, 1998). The changing status in the CO2 metabolic organization
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musthave provided a selective force for the highly polyphyletic nature existing

intheCentrospermeae families to date.

Further subdivision of the C4 photosynthetic mechanism revealed three

subgroupsbased on differences in the mode of carboxylation: NAOP-Malic

enzyme type, NAO-Malic enzyme type and PEP Carboxykinase type.

Differentiationof the types was based on centripetal or centrifugal location of

chloroplastsin the parenchyma sheath cells; Mestome sheath presence or

absence; and lateral maximum cell count between separated parenchyma

sheathlayers of the vascular bundles. The main metabolic product of the C4

cycletransported between cells are Malate/pyruvate in NAOP-malic enzyme

(NADP-me) species, aspartate/alanine in NAO-me species and aspartate,

PEP in PEP species (Edwards and Walker, 1983). The differentiation of

specieshas been established to relate to the degree of aridity. Examples of

NADP-me type, NAO-me type and PEP Ck-type species included

Amaranthus hybridus, Portulaca quadrifida, and Zygophyl/um simplex

species,respectively.

The CAM species- Basella alba and B. paniculata take up CO2 during night

and fix it as C4 acid (Oxaloacetate-Malate) and store as malic acid which is

then released as CO2 during the day in the presence of RUBISCO. These

species were observed to be restricted within an estimated 1AOOm - 1,800m

(a.s.l.)altitudinal range, including most 'arid areas.

Climatic conditions along an elevation transect showed considerable

variations. For example, mean annual temperature and mean annual rainfall
\
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revealedan almost inverse proportion variation along the altitudinal gradient.

The composition of species changed along the altitudinal range. This
\

dependedon the photosynthetic type of species, either the C3 or C4 species.

Significantvariations in the atmospheric and environmental conditions must

havechanged compared to the current one with a corresponding effect on the

florapartition. Ehleringer et a/. (1991) and Edwards et al. (2004) propose that

decliningatmospheric carbon dioxide concentration could be a major selective

forcefor the expansion of the C4 ecosystems at the end of the Miocene.

Thepalaeogeological and paleoecological evidence of ~henear simultaneous

global expansion of C4 (Cerling et al., 1993; 1997a, 1997b; Quade and

Cerling,1995) implies a common selective force, such as would be expected

with a reduction in atmospheric carbon. dioxide conditions. The net effect

relates to the diverse spread of the three photosynthetic mechanisms

associatedwith photosynthetic type species according to the sum impact of

the conditions surrounding the species. Further, some dicot species show

newstructural organization as reported in the Asteraceae family (Guadalupe

and Katinas, 2003), Chenopodiaceae (Freitag and Stichler, 2000) and in the

monocot Eleocharis vivipara (Minorsky, 2002) .. A similar trend was found in

the current study. The diversification in the photosynthetic pathways is

consistent with the course of its development (Hattersley, 1992) and

adaptation to the habitats of the C3, C4, C3-C4 and CAM species (Rundel,

1980). An understanding of the photosynthetic pathway occurrences,

biodiversity and extend of the expansion has a positive contribution in the
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traditionalagriculture systems and development of the agro forestry systems

in different ecosystems. C4 plants generally require less water and less

nitrogento support a given rate of photosynthesis than do C3 plants. The light

saturationrates of C4 species are also usually greater, although they can be

matchedby C3species with tremendous investment of nitrogen in carboxylase

protein(Tieszen, 1981). Thus, C4 characteristics are valuable when selecting

speciesfor agroforestry systems of low nutrient status, limiting water, and an

opencanopy. In closed canopy, however, the apparently greater quantum

efficiency of C3 systems becomes important; and closed canopies are

composedof C3 plants (Ode et al., 1980; Pearcy et et., 1981). Thus, for

intercroppedspecies an ideal canopy should consist of a C4 overstorey and a

C3 understorey. This can increase photosynthetic productivity in an ecological

unitarea for the benefit of dependant population when developing long-term

programmesof research to improve food production. Extensive studies of the

Gramineaeand Cyperaceaefamilies have rationalized these facts (Ehleringer

et al., 1999). Recently, the C3 pathway is gaining attention in the research

circlesas probable biological systems in playing a leading role in controlling

elevated carbon dioxide concentration. The C3 and C4 species can be

intercroppedto improve bioproductivity efficiency in a unit area. This practice

can be used in Agroforestry where trees, shrubs and herbs are intercropped

for maximum utilization of the land.
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5.2 ADAPTATION OF THE SPECIES IN THE SEMI ARID/OR ARID
AND SALINE AREAS

Twogroups of annual plants were recognized, the long rain annuals and short

annuals. The long rains annuals consist of species that germinate and

completetheir life cycles between February to early June months. The short

rainsannuals include species that germinate and complete their life cycles

between the dry season and early wet season. Normally, the seasonal

occurrencesof these differentiations of species are highly predictable and are

determinedby specific temperature (1S.rC- 26.7oC) and moisture (700mm -

900mm)combinations for germination, especially in transition phase between

C3 and C4 species (Rundel, 1980).

The annuals are mesophytic in nature as exhibited by the genus Portulaca

andescape unfavourable conditions of soil water and high insolation by rapid

completion of their life cycle during the short periods when temperature and

moisture regimes are favourable for growth .. They shed a lot of seeds at

regular intervals per flower or seed-case and not at once, like in Portulaca

grandiflora, Amaranthus patulus and A. spinosus, amongst other species.

Germination takes place immediately after heavy showers and takes place

through intermittent phases not once.

Many species are abundant on disturbed habitat and possess weedy

characteristics. The foliage is rarely strikingly xerophytic and can show heavy

pubescence, basal leaf or leaflets. The leaves are often simple, entire and

often relatively large for example in Portulaca oleracea, Tribulus cistoides, T.
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ferresfris, Kochia scoparia. The basal rosette leaves characterize the above

soil surface plant features in contrast to long rain annuals. like Comes

abyssinica, Pollichia campestris, Polygonum afromontanum, Oxygonum

sinuatum, Silene burchelli, Sigina afroalpina, S. abyssinica, Cerastium

afromontanum, Arenaria montana and Oelosperma abyssinica. The most

sophisticatedadaptative strategy of the semi arid/arid long rain species is the

life-cycletiming which ensures germination during the short rains (August,

September and October months) as shown in the genera Portulaca,

Delosperma, Gisekia, Mol/ugo (M. cerviana species), Sesuvium, Zelaya,

Aerva, Amaranthus, Gomphrena, Melandrium, Gypsophila, Polycarpea,

Pollichia, Gyroptera, Tribulus and Boerhavia. Correspondingly, the annual

species operating successfully under the high temperature stresses of the

semi-arid/aridenvironments have evolved in relatively few genera, suggesting

the difficulty of adaptation in these ecotypes, through the utilization of the C4

pathway compared to theC3 pathway. Similar observations have been

recorded in Mojave desert and Sonoran desert (Mulroy and Rundel, 1977).

Long rain annuals require abundant moisture coinciding with favourable

temperature regimes.

The annuals remain in a vegetative rosette or tuft until stem elongation take

place in March or early April and can grow for five to eight months. However,

growth can drop to six weeks or less during unfavourable times. Thus, the

semi-arid/arid annuals exhibit morphological adaptations in growth form, leaf

dissection and developmental plasticity to their short and unpredictable
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growingseason. The growth forms include rosette leaves, bud phenology,

pedicelelongation, developing buds are kept near the warm soil surface e.g.

inP. kermesina to hasten development, and dissected leaves. Production of

abundantvegetative growth during rain season sufficient for germination is

not followed by significant extra rainfall as shown by Chenopodium

schraderanum, Pollichia campestris and Sagina abyssinica species.

Perennialsucculent shrub and arborescent species occur in the families of the

Centrospermeae. Perennial succulent leaf includes Basella alba and Basella

paniculata. Perennial leaf deciduous includes Arthrocnenum indicum, Atriplex

coriacea, A. farinosa, A. halimus, A. semibaccata, Salicomia pachystachya,

Gallesia gorarema, Calyptrotheca somalensis, C. taitensis, Fagonia indica,

and Fagonia isotricha species. Perennial stem succulents include Basella

alba, B. paniculata, Arthrocnemum indicum, Atriplex faranosa, Salicornia

isotricha, F. indica and Calyptrotheca taitensis, Polygonum carinatum,

Phytolaca americana. Perennial arborescent species in this study include

Calytrotheca somalensis, which are also reported in Haloxylon aphyl/um

species (Wang et al., 2004). A striking phenomenon of perennial C4 species

in the semi arid, arid or saline habitats is their occurrence in areas with large

daily and annual temperature fluctuations and low temperatures during the

longrain seasons in the studied regions.
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5.3 ANATOMY OF THE PHOTOSYNTHETIC TISSUE (LEAF)
OF C3 AND C4 SPECIES.

Non-Kranzand Kranz leaf anatomy occur in the Centrospermeae families

namely, Aizoaceae, Amaranthaceae, Basellaceae, Caryophyllaceae,

Chenopodiaceae, Phytolacaceae, Polygonaceae, Portulacaceae,

Zygophyllaceae,Nyctaginaeae and Elatinaceae. The non-Kranz leaf anatomy

showedspecific cellular organization. The Kranz anatomy exhibited cellular

variationsin its organization in various C4 species, in the present study.

Thefestucoid species or C3 species depicted a distinct, thick walled mestome

sheath around all, or only the first order vascular bundles. The radial and

inner tangential inner sheath cells lack chlorophyll. A parenchyma sheath

surrounds the mestome sheath. The parenchyma cells either lack

chloroplasts or have few. The chloroplasts are either equal in size to the

mesophyUous ones or are smaller. The intercellular spaces between the

irregularly mesophyll cells are relatively large and numerous. The interveinal

distance is large, with more than five chlorenchyma cells, and

parenchymatous bundle sheath cells are poorly developed.

The interveinal distance varied in different C3 species in different families and

ecotypes. More arid ecotypes have short interveinal distances which become

even lesser in the saline habitats, compared to those in the moist ecotypes in

the transition zone for C3 species and C4 species. Examples included

Portulaca species (Portulacaceae), Polygonum silicifolium (Polygonaceae),

Chenopodium album, Lychnis coriana Apteria cordifolia (Chenopodiaceae),

173



Pa/ygonum setulosum (Polygonaceae), Mirabilis ja/aba (Nyctaginaceae),

Phyla/aca americana (Phytolacaceae), Achyranthes aspera(ArT\aranthaceae),

Chenopodium capitatum (Chenopodiaceae) and Pleuropeta/um darwinii.

Similarobservations have been reported in the Gramineae (Hattersley and

Watson, 1976). Concomitantly, the absence of cells intervening between

metaxylemvessel elements and laterally adjacent chlorenchymatous bundle

sheathcells of primary lateral vascular bundles is a useful predictor of the C3

dicotspecies.

Anatomical parameters used to distinguish C3 and C4 syndrome were

observed in some of the dicots, in the present study. The highly specific

'maximum lateral cell court' which refers to more than four chlorenchymatous

mesophyll cells (CMC) intervening between parenchymatous bundle sheath

cells was employed. The 'maximum cells distant count', that is, the

chlorenchymatous mesophyll cell separation from the nearest parenchyma

bundle sheath cell by two or more chlorenchymatous mesophyll cells was a

clear anatomical predictor between the C3 and C4 species. These

observations concur with anatomical reports for the C3 monocots (Hattersley

and Watson, 1975, 1976), with respect to 5-12 cells but variation was

recorded.

Non- Kranz leaf anatomy of the dicot species possessed a 'maximum lateral

cell count' of 5-15 cells, in the present study. Po/ygonum salicifo/ium,

Orymaria cordata, Boginavillea species, Boerhavia diffusa and Po/ygonum

pulchrum recorded a maximum lateral cell count of 10-15 cells, 8-10 cells,
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7-12cells and 8-15 cells, respectively. This variation in maximum lateral cell

count occurred in species at high altitudes. These high altitudes have higher

carbon dioxide concentration compared to low altitudes. Thus, there is high

carbon dioxide concentration outside the cell and in the intercellular spaces

closer to the mesophyll cells. Phosphoenol Carboxykinase easily fixes the

carbon dioxide in the chloroplasts, leading to starch accumulation during the

day.

The mesophyll cells containing limited, if any chlorophyll, constitute the area

for photosynthetic carbon assimilation (PCA) cycle arid the photosynthetic

carbon reduction (PCR) cycle in the C3 syndrome. Due to this, increasing the

number of mesophyll cells in the interveinal distance across the leaf should

have the effect of decreasing the quantum yield because these cells would

contribute to the photon capture when the activities of all the cells are scaled

to the leaf area and expressed on the projected area basis. There is evidence

to suggest that interveinal distances differ in monocots leaves (Hattersley and

Watson, 1975; Kawamitsu et al., 1985; Oshugi et al., 1986; Dengler et al.,

1994) because of the differences in leaf venation.

Interveinal distance variation occurs in the monocots and dicots between tight

parallel venation and reticulate multi-branched venation patterns. The

available leaf area occupied by photosynthetic carbon assimilation (PCA)

tissues varies because of the reticulate packing of veins in the C4 dicots

leaves as most of the photosynthetic carbon reduction (peR) cycle occur in

the limited mesophyll cells. These species occur at very high altitudes (3500
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m a.s.l.-4200m a.s.I.). However, minimum lateral cell count of less than four

CMC recorded for some species - Arundo donax (CMC = q); Oanthonia

nivicola (CMC = 1); Avena fatua (CMC = 2); Triticum aestivum (CMC = 3);

Poa annua, Festuca littoralis, Stipa filifolia (CMC = 4) (Hattersley et al., 1975)

werenot observed, in the present study. The leaves of vast majority of C3

dicot species show the minimal lateral cell count greater than six

chlorenchymatousmesophyll cell, to the extend that the distinction between

C3 andC4 species is clear.

Kranzleaf anatomy is variously organized to fit the photosynthetic functions.

The Kranz species exhibited two types of Kranz leaf anatomies namely, a

singlebundle sheath and a double bundle sheath. The double sheath Kranz

leafanatomy was further differentiated into sub-type anatomies based on the

positionof the chloroplasts in the parenchyma sheath cells. The anatomical

variationand types represent separate evolutionary origins of the C4 pathway

andthe differences in the developmental pathways reflect independent origins

fromancestors (Connie et al., 2001).

A single bundle sheath anatomy showed a non-chloroplast parenchymatous

sheath surrounding the 'Kranz sheath' that is homologous with the mestome

sheath. The condition is supported evidently by lack of cells intervening

between the metaxylem vessel elements and the lateral adjacent Kranz

sheath cells of the lateral primary or first order vascular bundles. The

maximum lateral cell count recorded for these species was 0-3 cells. These

species are malate formers or NADP-me or mestome sheath (MS) species.
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Examples of the species include: Amaranthus caudatus and Amaranthus

lividus.

The double sheath leaf anatomy refers to the first order vascular bundles

surrounded by well-developed mestome sheath, which is in turn surrounded

with a specialized sheath. The Kranz sheath is the modified parenchyma

bundle sheath that possesses differentially localized chloroplast. The

mestomesheath cells occurred between the metaxylem vessel elements and

the laterally adjacent parenchyma sheath cells. The tendency was for the

parenchymasheath cells to be larger than the mesophyll cells. The maximum

lateral cell count for these species varied between none to three cells. The

lateral cell count =0, 1, 2, 3 were observed in most species. Some of the

species included, Tribulus cistoides, T. terre stris , Amaranthus retroflexus,

Amaranthus spinosus, Portulaca oleracea, Portulaca qua drifida , Amaranthus

patulus, Portulaca kermesina, Tribulus d. T. cistoides.

These anatomical findings differ from the Kranz leaf anatomy of the C4

monocot species earlier reported (Brown, 1977; Hattersley, 1984; Hattersley

and Watson, 1975, 1976; Vogel et a/., 1978) where the maximum lateral cell

count was 2-4 cells. The present results are in agreement with those of the

previous authors (Brown, 1977; Hattersley, 1984; Hattersley and Watson,

1975,1976 ; Vogel et aI., 1978), for the Lmc of some species such as

maximum lateral cell count = 0, observed in the Zygophyllum simplex,

Portulaca species (Lmc =0-1) species or maximum lateral cell count =1 in the

Tribulus d. T. cistoides Amaranthus dub ius, Amaranthus patulus, Portulaca
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fascicularis, Tribulus cistoides, Amaranthus spinosus, Carbichonia

decumbens, Gisekia pharnicoides, Amaranthus hybridus \ species. This

description constitutes the parenchyma sheath leaf anatomy. The results

indicatethat the plants exhibit two types of Kranz anatomy.

Onegroup of plants had the Kranz parenchyma sheath showing centrifugal to

median localized chloroplasts. Examples of species included Amaranthus

hybridus, Portulaca oleracea, and they conform to the NADP-me/PCK

photosynthetic type. The species tend to occur in less arid conditions

punctuated with increased precipitation (Ehleringer, et a/., 1997). The other

group of plants had the Kranz parenchyma sheath anatomy where the

parenchyma cells possess chloroplasts in the centripetal localization and

conform to the NAD-me photosynthetic metabolism and occur in more arid

conditions (Ehleringer et al., 1997). Some of the species showing this

anatomy include Amaranthus dubius, Amaranthus retroflex us, Portulaca

quadrifida, Amaranthus spinosus, Carbichonia decumbens, Glinus lotoides,

Gisekia pharnicoides, Amaranthus patulus, Tribulus cistoides, Portulaca

fascicularis, Portulaca kermesina; Tribulus ct. T. cistoides, T. terrestris dicot

species.

The C3-C4 intermediate species, Mollugo nudicaulis, showed variable

maximum lateral cell count between 3-7 cells. The Kranz anatomy of this

species varied such that it was between Kranz parenchyma sheath and the

mestome sheath-like anatomy. Similar observations have been recorded in

Mollugo verticil/ata species that show ecotypic differences in South Africa
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(Sayreand Kennedy, 1977). The CAM species, Basella alba and Basella

paniculata showed maximum lateral cell count varying from ~ne cell to four

celisand the parenchyma sheath cells possessed no chloroplasts or if any

thenvery few.

The C4 dicot species possessed maximum lateral cell count that varied

betweenzero to three (0-3) cells in the species studied. The 'maximum cell

distant count' observed was zero. Both anatomical features were quite

diagnosticof the C4 dicot species. This could be seen in distorted herbarium

materialsand even in thickened leaf ribs.

Kranz anatomical variation in C4 species was observed in Mollugo

nudicau/is, Sa/so/a pestifera, and Sueda monoica. Sueda monoica have two

different chlorenchyma layers which contain many large chloroplasts in a

centripetal arrangement. Several' layers (2) of a parenchymatous water

tissue were embedded with vascular bundles, without clear-cut bundle

sheathorganization. The cells of water-like parenchyma tissue (store water)

had few scattered chloroplasts smaller than that of the inner layer of the

chlorenchyma but was similar to the outer chlorenchymatous. No structural

dimorphism existed between chloroplasts of the different green layers. It is

likely that the special differentiation of the chlorenchyma is sufficient for the

C4 metabolism and therefore their cell layers location near the vascular

bundles may not be functionally essential. The findings of Olesen (1974) in

S. ka/i are in agreement with those of the present study where the inner

chlorenchymatous layer of Sa/sola leaves is a true bundle sheath formation.
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Thiswas observed in Salsola pestifera of the present work. Thus, two types

ofchlorenchyma cells may be significant for a successful operation of the C4

"-'carbonfixation pathway.

Some Kranz cells not associated with vascular bundles were observed

occurringin a Portulaca oleracea and Portulaca kermesina species. Similar

observationshave been reported in the leaf of Arudinella hirta, a NADP-malic

enzymetype of grass (Wakayama et al., 2003).

Manyquestions arise concerning the development of cells in the mestome

sheath position and its function. One is the presence of mestome sheath

between the metaxylem vessels and the parenchyma cell layer position in

primary lateral vascular bundles of NAD-me species (e.g. Amaranthus

retroflexus) and PCK type species and not in the NADP-me C4 species. This

perhapsexplains the functional differences involving transport of assimilate to

phloem-loading areas (Kuo et aI., 1974) and ecotypic environmental factors

variables. Secondly, it is the mestome ontogeny which leads to the variable

position of the metaxylem mestome in relation to the large or different sizes of

the vascular bundles in some andropogonoid species (Hattersley et aI., 1975).

These were observed in Amaranthus patulus and A. dubius dicot species of

the present study. Brown (1975) suggests that in some C4 species

(Gramineae) and C4 dicot species, the absence of the intervening mestome

sheath between metaxylem vessels and parenchyma sheath cells is replaced

with the chlorenchymatous bundle sheath (cbs). The chlorenchyma bundle

sheath is homologous to the mestome sheath and not vice versa. This was in
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agreementwith observations of the present study. The proximity of the

chlorenchymato the vascular bundles in C4 dicot species, as reflected by

short interveinal distances, thinness of lamina and low lateral maximum cell

countsis part of a facilitation of rapid transport of photosynthates from the leaf

and contribute to greater photosynthetic efficiency of C4 species (Oownton

andTregunna, 1968; Crookston and Moss, 1974). C4 dicot species exhibit a

singleparenchyma sheath and rarely a double sheath layer of cells.

C4 NAOP-me dicot species possess suberized lamella which prevents

apoplastic bundle sheath carbon dioxide leakage out of the photosynthetic

carbon reduction cells unlike the C4 NAO-me dicot species. Higher carbon

dioxideretention within the photosynthetic carbon reduction cells influence net

CO2 uptake while reduced maximum lateral cell count creates shorter

interveinal distance which influences effective photon capture. This should

contributeto a higher quantum yield (light-use efficiency) in C4 NAOP-me over

C4 NAO-me dicot leaves. .Ehleringer et al. (1997) argues. that reticulate

packing of veins within dicot leaves should increase the fraction of the

projected leaf area occupied by photosynthetic carbon assimilation (PCA)

tissues, if photosynthetic carbon reduction (PCR) activities occur only in

bundlesheath. This structural difference contributes to the reduced light -use

efficiency of C4 NAO-me dicots relative to C4 NAD monocots and of NADP-me

dicots relative to C4 NADP-me rnonocots.

Generally, there is slightly higher light-use efficiency in all C4 NADP-me leaves

relative to C4 NAD-me leaves. This is because of the differences in the ability

181



of chloroplasts to regenerate and thereby reducing energy within mesophyll

cells which is later translocated into the bundle sheath cells. But other

variables might contribute to enhanced quantum yields of C4 NAD-me dicots.

For example, Eurphobia (NADP-me dicot) has effectively decreased the PCA

- to - PCR ratio which may increase the light - use efficiency (Ehleringer et

a/.J 1997). Here, the isolated veinlets consisting only of tracheids and

associated bundle sheath cells are not linked with water or nutrient transport.

This increase light use efficiency because of the reduced interveinal distance

as in NADP-me monocot. A fundamentally equivalent pattern may occur in

some Sa/sola and Sueda, where the PCR activities occur in a ring that

surrounds the entire leaf instead of being limited only to the vascular bundle

tissues (Carolin et a/.J 1975; Shomer-llan et et., 1975; P'yankov et et., 1997;

Ehleringer et et., 1997) and reported in the present study. Thus, the

subsequent evolutionary success of the C4 photosynthesis was due to their

improved water and nutrient use efficiency as well as the high photosynthetic

capacity at higher temperature, all of which follow from RUBISCO function in

bundle sheath cells served by a CO2 concentrating mechanism (Edwards et

a/.J 2001).

The productivity of C4 crops stems from their longer growth cycles in the

tropics but as weeds their success is due to their aggressive reproductive

strategies (Elmore and Paul, 1983). The C4 pathway responded to low CO2

concentration by improving the CO2 concentrating mechanisms which is well

served with their anatomical, physiological and biochemical characteristics.
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Kranz leaf anatomy of the monocot is intermediate between that of the C3

andC4 syndrome dicot. C4 dicot anatomy exhibit maximum lateral cell count

of 0-3 cells whereas the C4 monocots have 2-4 cells. The C3 dicot anatomy

exhibit the maximum lateral cell count of 5-15 cells whereas the C3 monocot

maximum lateral cell count is 5-12 cells. Thus, the order of maximum lateral

cell count increase in terms of the Kranz leaf anatomy conform to the C4 dicot

> C4 monocot > C3 monocot > C3 dicot sequence. This reflects the adaptation

of the photosynthetic system ability to fix and concentrate the CO2 in the plant

species,along the increasing altitudinal gradient.

The anatomical cell order reflects the decreasing temperature, water

availability and increasing CO2 concentration at a given point in the arid lor

saline ecosystems. The proposed anatomical sub-types may be:- NAD-me

dicot > NADP-me dicot > NAD-me monocot > NADP-me monocot. The

maximum lateral cell count order of sequence is in line with the observation

that declining atmospheric CO2 concentration could have been a major

selective force for the expansion of C4 plants at the end of Miocene

(Ehleringer et a/., 1997).

The CO2 compensation points of the C4 species and C3 species suggest a

trend where C4 species have adapted to the lowest carbon dioxide

concentration through their carbon dioxide concentrating mechanisms. This

includes cell-specific amplification and differentiation of C4 photosynthetic

enzymes (Ueno et a/., 2005) where the phosphoenol pyruvate carboxylase

functions in the mesophyll and C4 acid decarboxylases and RUBSICO in
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bundlesheath cells. This includes the complementary structure adjustment of

thephotosystems and electron transport activities and novel cell specific

organellemetabolite translocators. The other is symplasmic connections of

thespatially separated sources and sinks of 4C-dicarboxylic acid transport

metabolites (Ehleringer et aI., 1997). In addition, there are also barriers to

CO2 diffusion between the site of CO2 release and refixation of PEP case in

themesophyll cells and sites of CO2 release and refixation by Rubisco in

bundlesheath cells.

The Kranz anatomy varies in the position, presence (or absence) and size of

the mestome sheath; position and nature of the parenchyma and bundle

sheath with or without the chloroplasts (Ellis, 1974). The results indicate that

there is differentiation in the localization and degree of abundance of the

chloroplasts in the parenchyma sheath cells. On the other hand, the lateral

maximum cell count ranged from zero to three cells in the C4 dicotleaf

anatomy. This contrasted with the C3 dicots which exhibit a lateral maximum

cell count of 5-15 cells and lack of chloroplasts in the parenchyma sheath

cells. These anatomical observations are at variance with those recorded in

the Gramineae and Cyperaceae families (Hattersley and Watson, 1975;

Hattersley, 1984). Recent investigations and analysis of the Kranz anatomy

of some dicots reveal unique gradation in terms of cellularization, biochemical

spatial differentiation and functions. Freitag and Stichler (2000) demonstrated

that Borszczowia ara/ocaspica (Chenopodiaceae) has the attributes of C4

plants yet lack Kranz anatomy but has a single-layered chlorenchyma and
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013C value of -13.1 %0 which is typical of C4 species. This one-layered

photosynthetic tissue combines all the essential anatomical characters of a

two-layered chlorenchyma of regular plants. The large single chlorenchyma

cell of B. aralocaspica contains differentiated chloroplasts that allow spatial

compartmentation of photosynthetic enzymes (Vozsenenskaya et al., 2001).

Another species Bienettie cycloptera has a distinct spatial distribution of the

PCA and PCR, without proper Kranz anatomy but exhibits isotopic signature

characteristic of C4 plants (8age, 2002). In this case, the PCA is on the cell

periphery whereas PCR occurs in the central region of the cell.

Aquatic environments seem to affect the Kranz anatomy of the plants. The

amphibious leafless sedge Eleocharis vivipara develops C4- like traits as well

as Kranz leaf anatomy under submerged conditions (Uchino et al., 1998;

Keeley, 1998). The photosynthetic organ involving the mature internodal

region of the culms of the terrestrial forms develop typical Kranz anatomy with

well-developed bundle sheath cells, whereas the bundle sheath cells of the

submerged form are not developed.

Sage ,(2002) suspects five distinct origins within the 8uaedeae tribe and

suggests that extreme saline soils of central Asia provide strong selective

pressure characteristics that increase water-use efficiency. Salsola pestifera

exhibit a two-layered undifferentiated circular chlorenchyma anatomy that

does not give the distinct mesophyll and parenchyma sheath cells in the

present study. P'yankov et et. (1999) demonstrated that in Haloxylon aphyllum

and H. persicum, the photoassimilating shoots and leaf-like cotyledons
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have different pathways of C02 fixation. The assimilating shoots have all

attributesof C4 photosynthesis whereas cotyledons lack Kranz anatomy and

incorporate CO2 via C4 photosynthesis. The submerged monocot Hydrilla

verticillata exhibits an inducible C4- type photosynthetic cycle but lacks Kranz

anatomy(Magnin et al., 1997). Minorsky (2002) explains that Orcuttieae lost

theirKranz anatomy while adapting to the aquatic environment but maintained

theircapacity for C4 photosynthesis. Studies provide evidence(s) of the course

and cause of evolution of the CO2concentrating mechanisms and the Kranz

anatomydynamics, in response to atmosphere CO2reduction, climate change,

geological trends and evolutionary diversification of species (Voznesenskaya

et al., 2001; Edward et al., 2001; P'yankov et al., 2001; Ehleringer et al., 1997;

Hattersley et aI., 1982), saline soil and drought high temperature

(Voznesenskaya et al., 2001; Raghavendra and Das, 1978).

A comparative anatomical and biochemical analysis in Salsola species, S.

autralis, S. oreophila and S.. arbusculiformis at different altitudes provided

data showing species with and without a Kranz type leaf anatomy and

suggested a possible reversion of C4 to C3 photosynthesis (P'yankov et al.,

1997). Sa/sola austra/is exhibit a peripheral ring of mesophyll and then the

inner ring of bundle sheath type cells; and biochemical characteristics and

513C value are typical of a C4 species of the NADP- malic enzyme malate -

forming group regardless of the plant growth altitude of up to 4000m; but

absent in S. oreohila and S. arbusculiformis (P'yankov et a/., 1997). Further

evidence of new Kranz cellular organization has been reported in Asteraceae
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(Guadalupeand Katinas, 2003) as the Isostigma type, which is characteristic

of plants growing in humid habitats. They hypothesize9 a possible

evolutionary sequence of Kranz leaf anatomy in the order of Atriplicoid -

Isostigma - Eryngiophyllum. Numerous Kranz units become continuous to

reach unique, compound Kranz unit in the Asteraceae (Guadalupe and

Katinas,2003). Similar Kranz units described as a vascular bundle(s) with

the parenchyma sheath and the surrounding mesophyll was observed in the

present study. These studies confirm the present observation that C4

photosynthesis evolved independently many times wit~ increased diversity in

forms of Kranz anatomy and differentiation in the localization and degree of

abundance in the parenchyma sheath cells. The present and previous studies

provide ample evidence that the Kranz leaf anatomy in the dicots as variable

and is yet to be fully documented. They also show that the dicot C4 anatomy

differ from the monocots. The environmental conditions affect the cellular

organization of the Kranz leaf anatomy and its spatial differentiation in the

mesophyll parenchyma bundle sheath cells and are essential but not a must

for C4 photosynthesis.

Twenty-five and seventy-three genera showed Kranz and non-Kranz leaf

anatomy, respectively, in ten representative families of dicotyledonous

Centrospermeae. The twenty-five genera with the Kranz syndrome are

distributed among nine families. The presence and absence of the Kranz

syndrome occur in the genera Mollugo, Trianthema (Aizoaceae), Aerva,

Alternathera (Amaranthaceae), Melandrium, Silene (Caryophyllaceae),
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Gyroptera (Chenopodiaceae). The present results and those of other workers

(Smith and Robbins, 1975; Smith and Turner, 1975; Mulroy and Rundel,

1977; Imbamba and Papa, 1979) show that the Kranz syndrome is not an

exclusive phenomenon of anyone genus. Several other genera possess C3-

C4 intermediate Kranz leaf anatomy (Welkie and Caldwell, 1970; Downton,

1975),and also reported in MOllugo nudicaulis of this study.

Thediversity of the Kranz syndrome in unrelated taxa hints to the fact that the

syndromearose recently and independently in the various taxa. Evans (1971)

and Smith and Robbins (1975) suggested that species with the Kranz

syndrome evolved from the less specialized species without the Kranz

syndrome. It remains to find factors, which may have led to the development

of the Kranz syndrome in diverse taxonomic groupings, and to determine

whether the C3 and C4 species of a single genus possess ecological

distributions related to their presumed physiological adaptations.

The CAM pathway was observed in the succulent leaves of Basella alba and.

B. paniculata dicot species of Basellaceae. A C3-C4 intermediate metabolism

is also exhibited by Mollugo nudicaulis dicot species of Aizoaceae and

Portulaca species (K) of Portulacaceae.
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5.4 PHYLOGENETIC DISTRIBUTION OF THE CENTROSPERMEAE
SPECIES

The taxonomic distribution of species exhibiting C3 pathway and C4 pathway

attained 70.4% and 29.4%, respectively, amongst the Centrospermeae

families studied. Interspecific species occurred in the Genera - Sesuvium,

Trianthema, Alternanthera, Melandrium, Silene, Gyroptera, Portulaca and

Zygophyllum. This suggests an interesting, and perhaps recent evolutionary

origins in the C4 photosynthesis restricted to advanced members of the

Centrospermeae dicots. The multiple evolutionary origins of the C4 pathway is

evidently recorded in 25 of the 98 genera of the Centrospermeae. C3-C4

intermediates species is shown by Mollugo nudicaulis.

Monson et al. (1984) reported the occurrence of the super-orders of the

dicotyledonae and monocotyledonae. Phylogenetically the generic groups

exhibiting the C4 pathway are separated from each other, reinforcing the

notion that the C4 pathway must have evolved independently a multiple of

times. This view has been held by Monson (1989), Ehleringer and Monson

(1993), Ehleringer et al. (1997) and also supported by the present data. Within

the monocots, C4 photosynthesis is quite common among the Poaceae and

Cyperaceae, which are two closely related groups (Hattersley, 1987;

Hattersley and Watson, 1992). Lineages extensive throughout tropical and

subtropical regions tend to have C4 photosynthesis whereas those originating

from arctic or temperate regions tend to have C3 photosynthesis (Brown 1977;

Hattersley, 1987). According to Ehleringer et al. (1997), although C4
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photosynthesis is documented to occur among half of the dicotyledonae super

order,C4 distribution among the dicots indicates that it occurs in'only 16 of the
<»

approximately 400 families. The present study showed that within each

family, C4 pathway occurs within only one to several genera and then often

only within two to three species. Exception to this phenomenon, are the

Aizoaceae, Amaranthaceae and Portulacaceae, where C4 pathway is

common among their genera. Thus, in C4 dicots, there is the photosynthetic

pathway whose distribution is both taxonomically uncommon and

phylogenetically occurs widely spread among only advanced families.

Furthermore, there are C3-C4 intermediates in the genera, which did not have

C4 pathway. The C3 pathway of photosynthesis occurred in most of the

families of the Centrospermeae, with a high percentaqe in Caryophyllaceae,

Nyctaginaceae, Phytolacaceae and Polygonaceae families.

The present taxonomic distribution pattern is consistent with the fact that C4

photosynthesis may have evolved recently among the dicots and as reported

by Ehleringer et al. (1997). This trend in C4 photosynthesis in dicots is likely

not to have been evolutionarily favoured until atmospheric CO2 concentrations

reached the low levels that characterize glacial maxima. These low

atmospheric CO2 conditions may not have occurred until the quaternary and

then for relatively short periods of 20,000 - 30,000 years at a time (Ehleringer

et al., 1997). Similar observations on the recent evolution of the C4

metabolism are reported in interspecific Flaveria as recent emigrants from

temperate to arid tropical and subtropical regions, for example Chamaesyce
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which arose from the more widespread and less specialized genus

Eurphorbia (Smith and Turner, 1975). The Kranz syndrome arose

independently in at least each of the taxonomic groupings because the

genera are remotely related, and hence a phyletic marker (Ehleringer et al.,

1997).

5.5. INFLUENCE OF CLIMATICAL VARIABLES ON THE
l)13C RATIO VALUES

The 013C values were used to distinguish between C3 and C4 plant species.

The C3 species constituted approximately 71% of the total species. These

had 013C values between -18.89%0 and -30.89%0 while an exceptionally high

013C value -32.42%0 was recorded in Chenopodium botryoides. The plant, C.

botryoides, thrives in highly moist regions of Baringo and Mt. Elgon. The C4

species which constituted approximately 28.2% of the total species had 013C

values which ranged from -10.6%0 to -16.55%0, with a high cluster around-

12.0%0 to -13.0%0. Bender (1971) reported -10%0 to -20%0 013C values for C4

species and -22%0 to -33%0 013C values for C3 species. A less negative 013C

value was associated with low moisture index, high temperatures, high

radiation and low relative humidity areas, especially in Turkana and Baringo.

A similar trend is exhibited under the saline ecotypic area in Turkana (near

Lake Turkana), Baringo (Perkerra irrigation scheme). This suggests that C4

photosynthesis is an adaptation to hot, bright, arid/semi arid and saline
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Low light intensity during the growth life cycle, leads to a higher ratio of

stomatal conductance to photosynthesis (higher cilca ratio) in leaves from the

forests leading to more negative 013C values (Farguhar et al., 1989). The

013C values of the atmospheric carbon dioxide inside forests is more negative

(-11.0%0 to -16.0%0), in relation to the open air or non forest atmosphere (-

8.0%0and -9.0%0) (Medina et al., 1986; Sternberg et al., 1989; Grace et aI.,

1995; Llyod et al., 1996; Pearcy and Calkin, 1983; kruijt et al., 1996). This

also contributes to decrease in the value of C3 leaves from the forest trees

although at a lesser extend than the light factor (Sternberg, 1997).

Isotopic fractionation variation suggests that it is either C3 or C4 species

dependent whereas small change in the 013C value (isotopic fraction) is due to

fluctuation in environmental factors. The most differential variables were

temperature, precipitation and salinity. The change in 013C values vary with

temperature and precipitation, and assumed a positive and negative linear

trend, respectively, in the present study. The effect of temperature has also

been reported (Troughton and Card, 1975).

The present experiments showed that greenhouse grown plants (C3 or C4)

have more negative 013C values than field collected specimens, especially in

the C4 species. For instance, in the Amaranthus patulus (-16.13%0 to -

13.12%0), Kochia scoparia (-14.91%0 to -13.55%0), Portulaca grandiflora (-

15.15%0 to -23.3%0). These 013C values for the C3 and C4 species reflect

change in the carbon fixed, water lost, oxygen used and light intensity.

Carbon source include atmospheric CO2, respired CO2 and soil bicarbonate
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(HC03-); and finally intercellular carbon-dioxide concentration. Variation in

013Cvalue may occur at several sites due to diffusion of CO? into the leaf,

diffusion from the leaf atmosphere into the chloroplast; carboxylase catalyzed

fixation, and subsequent metabolic changes. Environmental variables may

affect any of these sites to some degree but most likely influence the enzyme

-catalyzed kinetic steps. Thus, the carboxylase reaction and subsequent

metabolic fractions might be expected to be more strongly influenced by

external selective forces (or variables), that have a sum effect. Similar natural

environmental factor influences compared to qreenhouse optimal growth

conditions variations were reported in Xanthium strumarium species and its

ecotypic hybrid species (Brazilian Hong Kong, Indian X. strumarium), Larrea

cuneifolia, L. divaricata, Abronia maritima, A. gracilis, A. umbrel/ata, Atriplex

leucophyl/a and Calystegia soldanella species (Smith et al., 1976). The 013C

values variation were observed to be species dependent. This is because CO2

availability through the external and internal structural organization to reach

RUBISCO is species dependent. RUBISCO reacts with 12C02 more easily

than 13C02 due to a kinetic isotope effect. PEP carboxylase is less

discriminating against 13C02than RUBISCO.

Both C3 and C4 species prefix atmospheric CO2 through the PEP

carboxylase activity in mesophyll cells. Later, C4 species fix all these CO2

through the RUBISCO activity in the bundle sheath cell compartment (gas

tight). Therefore, C4 species discriminates against 13C02 more than C3

species. Thus, C4 species ends up with greater 013C value in the range of -
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species. Thus, C4 species ends up with greater 013Cvalue in the range of -

14.0%0than the C3 species 013C value range of -28.0%0. This means that
<:

carbon isotope composition of C4 dicot species has the potential to be used

as an indicator for variations in the isotopic composition and concentration in

the atmospheric CO2, especially for past climate construction. The

assumption is that, C4 species photosynthetic discrimination range against 13C

remains constant in a wide range of environmental conditions, including the

past and present climates (Lloyd and Farguhar, 1994; White et al., 1994). C4

grasses and shrubs have been used as experimental material for the carbon

isotope composition of atmospheric CO2 (Marino et al., 1992; Buchmann et

al., 1996) and changes in atmospheric CO2 concentration (Cerling et al.,

1993). Within the conventional C3, C4 and Crassulacean acid metabolism

pathways in the present study, variation in the 013C values was observed.

Farquhar et al. (1982) suggest that the causes of variation in the C3 pathway

may be associated with variations in the ratio of intercellular and atmospheric

partial pressures of carbon dioxide and hence of changes in water use

efficiency. A quantitative expression was developed relating the ratio to the

proportion of bundle sheath cells which leaks back into the mesophyll cells,

and to the ratio of intercellular and atmospheric partial pressure of carbon

dioxide for the C4 species 013Cvalue variation (Farquhar, 1983). The results

supported suggestions that leakage may be significant (Berry and Farquhar,

1978) and that variation in the 013Cvalues in C4 species may reflect variations

in the amount of leakage (Hattersley, 1976).
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Thegeneral pattern of 013C values distribution along altitudinal differentiation

showsthat 013C values of -10.60%0to -16.55%0;-17.15%0to -18.~7%0and

-18.89%0to -32.42%0 occur at low altitudes (Om a.s.l. - 1500m a.s.l.)

intermediate altitude (1550m a.s.1. - 1700m a.s.l.) and high altitude (1800m

a.s.l. - 4200m a.s.I.), respectively. These altitudinal distributions for dicot

species, is well within the range reported for C3 and C4 monocot species

(Smithand Brown, 1973; Tieszen et aI., 1979).

Within the intermediate altitudinal range (1550m a.s.1.- 1700m a.s.I.), species

with o13Cvalues of -10.6%0to -16.55%0and -18.89%0to.-32.42 %0occur in low

percentage. The low altitudes are associated with water drought, high

temperatures, and low relative humidity as aspects of aridity index where C4

species are well adapted. In contrast, less water drought, low temperature,

high relative humidity and high radiation are experienced at high altitudes

where a high percentage of C3 dicot species thrive. This altitudinal trend

based on 013C values is fully supported by the distributional pattern on floristic

information of the C3 and C4 dicot species.

Data in the transition zone between C3 dicot and C4 dicot species of

photosynthetic systems depicts a rather sharper interphase change along the

altitudinal differentiation spectrum. Thus, less 013C value negativity is a

potential aridity indicator and C4 syndrome marker which contrast the C3

syndrome occurring in more moist and low temperature (less arid) areas.

Similar studies in the Poaceae of the Northern Saharan desert (Winter et al.,

1976), open grassland vegetation in Kenya (Tieszen et al., 1979), and in Java
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low altitudes tend to be less negative or show a tendency towards C4 like

morphological parameters and regions of understorey of closed forests vis-a-

vis from tribes consistent with C4 syndrome like Amaranthaceae.

The more the dicots were stressed by low light intensity, high temperature or

limited water supply, the lower their 013C value and the higher their carbon

isotope discrimination. This differentiation in 013C value, as a result of CO2

leakage could be related to suberized middle lamella; also reported in

Panicum species (Oshugi et al., 1988; Buchmann et al., 1996). This

anatomical variation is compensated for by location of the chloroplasts in a

centripetal position in the bundle sheath, thus increasing the CO2 diffusion

pathway to the mesophyll cell, and a higher bundle sheath surface to volume

ratio (HattersJey and Browning 1981; Henderso!l et el., 1992). Increasing

stomatal closure as a result of increasing aridity is associated with decrease

in carbon isotope discrimination of leaves (Ehleringer, 1995; Liu et al., 1996).

The decline in carbon isotope discrimination in the more arid section may be a

function of both low species diversity (Basellaceae species), and a highly

seasonal and unpredictable rainfall regime (Schulze et al., 1996), decreased

humidity (Williams and Ehleringer, 1996) and soil water availability (Ehleringer

and Cooper, 1988), which vary along the altitude. Thus, altitudinal results

show that leaf 013C value may follow quite different patterns to those observed

globally (Korner et al., 1998).

Along soil moisture gradient from the relatively wetter areas to the relatively

drier ecological regions (low altitudes), leaf stable carbon isotope ratios
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increased in all species, indicating that water use efficiency increased as soil

water availability (precipitation) decreased. Leaf carbon isotope ratios of long-
G

lived perennials (> 5years) were substantially more positive than short lived

perennials « 4years) though plants were growing in the same environmental

determinants or adjacent to each other. Implicit in these studies is the

observation that soil moisture levels are limiting. The plants were differentially

distributed along this gradient cline because of the differences in their ability

to tolerate low soil moisture availability coupled with stomatal resistance to

gaseous exchange and/or compete for this limiting stomatal resistance. The

results in differential 013C values depended on the ability of the individual

species to compete for soil moisture and carbon dioxide availability. This

leads to observed 013C values along the climatic gradient of integrative

variables, and natural disturbance factors like human activities and fire.

Furthermore, a decrease in 013C value indicates stomatal limitation to

photosynthesis and also an increase in leaf water use efficiency as

exemplified by greenhouse experimental 013C values. Unless offset by a

substantial rise in leaf temperature experienced at low altitudes, the low water

use efficiency plant should be a better competitor unlike high water use

efficiency plant (C3 species). This is when both plants have equal access to

soil moisture, but with low productivity and growth substantially reduced.

Thus, low water-use efficiency (C3 species) is likely to be established in

deserts under unusual higher soil moisture years, but with greater mortality

under extended periods of low soil moisture availability. The pattern is
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consistentwith the carbon isotope data presented.

Generally, the differing C3 and C4 013C values can be related species

dependent water-use efficiency and habitat. The water-use efficiency can

contribute directly and in a predictable manner to their long term growth and

survival. This relationship can occur under the unpredictable and fluctuating

drought conditions that characterize the semi deserts or deserts. The

conditions are punctuated with salinity affecting water diffusion into the plant

root. Finally, the influence of climatic factors on the composition species

results in competition of species in its habitat. This .affects the association,

vegetation zonation, longevity, diversity of the species and their 013C values.

Concomitantly, 013C values become a predictor of spatial diversity and shift of

the species along the altitudinal gradient of environmental factors interplay.

The most limiting climatic variable in an ecosystem dictates the trend of

negativity or positivity of the 013C values, with the rest of factors influencing it

from a supportive dimension, given that the plasticity and flexibility of the

adaptation of the species remain constant or are not influential. 8eerling et al.

(1993) reported that leaf 013C value declined in response to CO2 increases for

the past 200 years, which probably reflects the anthropogenic increase of

atmospheric 12C as a result of fossil fuel burning and deforestation; and high

temperatures being associated with high 013C value. This is consistent with

the observations from a global latitudinal (and altitudinal) survey of leaf 013C

ranging from equatorial to polar regions and with experimental measurements

made on plants grown at low temperatures (8eerling et al., 1993). The
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made on plants grown at low temperatures (Beerling et al., 1993). The

influence of climatical variable on the 013C value variation ryported in this

study, confirms the view of the analysis of quaternary fossil leaves which

indicates that leaf 013C values could either reflect palaeo-temperatures

directly or indirectly through rate of respiration in the soil as a function of

temperature, atmospheric CO2 change which together offer the possibility of

determining the comparative timing of both changes.

Stomatal and morphological adjustments can occur in an integrated functional

dimension to meet the transpiration demands across broad climatic gradients.

It's therefore, not surprising to have differential influence of factors leading to

013C value variation within a species and or amongst species. These

influences achieve sustainable photosynthetic productivity and constant water

use efficiency in the species. Similar observations have been reported

(Comstock and Ehleringer, 1988, 1992). Therefore, plants can display a

continuum of responses (or a wholly functional adjustment) to climatical

conditions ranging from predominantly leaf gas exchange to whole plant

morphological adjustments, and the expressions of these responses could

determine carbon invested (or gained) giving varied 013C values (Ehleringer

and Cooper, 1988) and survival along broad environmental variable gradients.

This confirms the observation of correlation between 013C values along the

climatic factor(s) and altitudinal gradients. By extension, whether stomatal or

morphological adjustments predominate may depend as much on

phylogenetic constraint as on trade-offs that may exist between leaf level and
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wholeplant level flexibility.

Theunexpected observation that more negative 013C value at high altitudes
\

<:

wherecarbon dioxide concentration would favour C4 species unlike C3 species

couldbe attributed to the Pyruvate Phosphate (PP) dikinase enzyme which

requiresADP and not ATP and is subject to dark/light regulation and optimal

temperature unlike low temperatures at the high altitudes. The mesophyll

enzymePP dikinase which exhibit different states of activation becomes non-

functionalto attain the standard photosynthetic reaction in C4 species. This

leadsto reduced or increased biochemical non-functional requirements of the,

PP dikinase enzyme for continuous metabolic pathway. This PP dikinase

enzymeis not a biochemical functional requirement in the C3 species which

utilizesmalate dehydrogenase (or malic enzyme) in the PEP case of the

Calvincycle. Therefore the C3 species survive well in cold temperatures

comparedto the warm conditions of the C4 species (occur upto 3,OOOm).The

presentresults imply that CO2 assimilation would decrease with increasing

altitudefor lack of normal biochemical functional of the metabolic mechanisms

in the C4 species for their growth and survival in high altitudinal habitats

controlled by low temperatures (upto negative degrees centigrade); also

reported by Sakai and Larcher (1987), Rada (1992), Cabrera, Rada and

Cavieres(1998). Therefore, more negative 013C values (C3 species) occur at

highaltitudes in contrast with low altitude mostly dominated by the C4 species

showingless 013C values.

The C3 and C4 photosynthetic pathways adaptation are defined by low
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altitudinal ranges/maxima 013C value peaks in response to the environmental

gradients, at 750m a.s.1. - 1000m a.s.1.and 1750m a.s.l.- 2500m .a.s.l. for the

C3 and C4 dicot species, respectively. These are major determinants for the

success of species diversity in different habitats and microenvironments,

partitioning competition effectively to attain maximum efficiency in species

productivity (carbon gain). The cold sensitivity exceptions for C4

photosynthesis associated with low temperatures (Korner and Larcher,1988)

have also been reported in Z. japonica but with increased rates in Z. anglica

species which indicated that PEPC is co-limiting and decreased in activity (in

Z. japonica) even greater than decrease in PCK activity (Sakai and Larcher,

1987). Thus, PEPC is partly responsible for cold sensitivity in Z. japonica, but

PCK would be a candidate particularly in PCK carboxykinase type C4 species

exhibiting low PP dikinase activity.

The use of carbon ratios is becoming a useful scientific technique 9Troughton

et a/., 1975) and tool in studying different biological questions in the

environment and related conditions. Here, it has been used to establish the

different photosynthetic types, their abundance and distribution along the

altitudinal gradient in the semi-arid and arid ecosystems in Western Kenya.

Further, it has been applied to identify the C3 and C4 species in the

Centrospermeae taxa. The 013C value have been used in partitioning the

photosynthetic types (Bender,1971), forensic studies as fingerprints of

biological agents (Horita and Vass, 2003; Kreuzer-Martin et a/., 2004; Sharp

et a/., 2003; Ehleringer et a/., 2005), studying flow of organic carbon as
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different dietary inputs (Hobson, 1999), reconstructing palaeodiets (Macko et

aI., 1999), constructing nutritional relationship between herbivores/ primary
\

<-

producers (Tieszen and Imbamba, 1980) and detecting the point of origin of

illicit drugs (Ehleringer et al., 2002; Carter et al., 2002). Further, the carbon

discrimination values are used in solving the question of adulteration of food

and beverages (Brooks et al., 2002), following carbon transport across the

ecosystems (Conte et al., 2002) and studies of root segregation of C3 and C4

species (Eleki et al., 2005). In addition, has been applied to establish whether

species in semi arid and arid source water from the same depth level,

(Schwinning et al., 2005). The above examples confirm the contributions of

013C value study in the science world.

Recently, the Juniperus of Rancho La Brea tar fossil collection has been used

to show that glacial and modern trees were operating at similar leaf inter-

cellular CO2 concentration and atmospheric CO2 concentration values (Ward

et al., 2005). As result, glacial trees were operating at leaf inter-cellular

concentration values' much closer to the CO2-compensation point for C3

photosynthesis than modern trees. This indicates that glacial trees were

undergoing carbon starvation and C3 productivity was greatly diminished in

Southern California during the glacial period (Ward et aI., 2005).
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5.6 DISTRIBUTION AND ABUNDANCE OF THE SPECIES
IN RELATION TO CLIMATIC VARIABLES

A floristic sample analysis of the dicot Centrospermeae species along the

climatical variable-elevation gradient in the semi-arid/arid/or saline, Kenya

characterized the distribution of different life forms. There were clear

distribution and abundance ecological differences between the C3 and C4

dicot species which relates to their photosynthetic pathways along the

altitude. Sixty-eight (68) species were found to be C4. two (2) were CAM,

three (3) were C3-C4 species and one hundred and seventy-one (171) were C3

species.

Semi-arid, arid/or saline biotypes at low altitudes or at high indices of

temperature, relative humidity, potential rates of evaporation, radiation and

low indices of precipitation, had a higher percentage of the C4 dicot species.

High temperature and low precipitation played the dominant and synergistic

causal role. These variables are associated with aridity and influenced the

distribution of the C4 pathway in the arid regions. Similar studies in Poaceae

of the Northern Saharan Desert (Winter et al., 1976), in Kenya (Tieszen et al.,

1979), in Java (Hofstra et a/., 1972), understorey trees in Hawaiian forest

(Pearcy and Calkin, 1983), Ireland (Collins et al., 1985), Cyperaceae in Japan

(Ueno and Takeda, 1992), Poaceae in North Argentina (Cavaganaro, 1988),

North America(Paruelo and Lauenthroth, 1996), in South Africa(Stock et al.,

2004) and Australia (Hattersley, 1983), Israel (Vogel et al., 1986) and salty

areas of Hungary (Kalapos et al., 1997), are also consistent with the present
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1988),North America(Paruelo and Lauenthroth, 1996), in South Africa(Stock

ef al., 2004) and Australia (Hattersley, 1983), Israel (Vogel et al., (1986) and

salty areas of Hungary (Kalapos et al., 1997), are also consistent with the

present observation. In contrast, the C3 dicot species thrive in high

frequencies at high altitudes. The CAM species- Basella alba and B.

paniculata, and a C3-C4 intermediate species Mol/ugo nudicaulis, occurred in

therange between the extremes of the environmental factors.

Thetransition zone between C3 and C4 groups is abrupt and sharp along the

altitudinalranges of 1,500m a.s.1. - 1,700m a.s.l., lower than that recorded for

the monocots in Java (Hotstra et al., 1972) and Kenya (Tieszen et al., 1979)

at 2,000m a.s.1. - 2,200m a.s.1. The present trend based on floristic data has

been reported at even lower. altitudinal range for Poaceae in the Hawaiian

Islands by Rundel (1980), Cavaganaro (1988) and now supported by the

altitudinal trend in 013C values of the present studies. The transition range

occursat medium altitude defined by higher temperatures with low rainfall in

the semi-arid/arid areas compared to that of the tropical moist climate.

Rundel (1980) observes that the use of single climatic stations to represent

broadheterogeneous regions by Teeri and Stowe (1976) is unsatisfactory in

explainingthe floristic dominance of C4 grasses in North America. Moreover,

lumping native and exotic species (mostly restricted to agricultural areas) is

not a fair investigation. According to Cavaganaro (1988), medium altitudes

(1100m a.s.1. - 1600m a.s.l.) show grass species composition which is

balanced but plant cover of C3 species is greater than C4 species, that
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predominateat low elevations in terms of the relative species abundance and

plantcover.
<:

The broad distributional pattern along the altitudinal gradient in the present

study is similar to that proposed by Teeri and Stowe (1976) for latitudes in

NorthAmerica where the presence of C4 grasses are highly correlated with

the July minimum temperature. They (Teeri and Stowe, 1976) indicate that

few or no C4 species are found where July minimum temperature is below

8°C. Along the present altitudinal gradient, Melandrium nordiflorum species

and no other C4 dicot species thrives in areas with the m~an annual minimum

temperature below 8°C. However, minimum temperature is not the only

selective force operating on these two C3 and C4 photosynthetic systems as

has been clearly shown by Caldwell et al. (1977) for desert shrubs and

Tieszenet al. (1979, 1997) for desert grasses.

It is generally accepted that the C4 syndrome concentrates CO2 near the site

of RUBP carboxylation (Hatch, 1976) and that this is of selective advantage

whenever internal CO2 concentration becomes low. These conditions would

occur under high light intensities as well as during periods of water deficit

(Laetsch, 1974) and increased stomatal resistance. The low altitudes were

characterized by increasing water stress, high temperatures, high

evapotranspiration and high irradiances; and C4 dicot species are likely to

havebeen selected in response to all the four climatic stresses.

There are few exceptions to the present general distribution pattern which

help provide insight into the factors controlling distributions. The few C3 dicot

206



species occurring at low altitudes are found mainly in the understoreys of

closedforests and are from families which more often consist of C4 species.
\

"-'Some of the C3 dicot species also exhibit short life cycle synchronized with

rainfall season. Under these conditions irradiances would be quite low and

leaf temperatures would rarely exceed 32°C. Ehleringer (1978) and

Ehleringerand Bjorkmann (1977) have shown that at temperature below 32°C

the quantum yield for C3 plants is higher than that for C4 plants. Thus, with all

factors being equal, the C3 species should have an advantage with respect to

carbon balance in the shaded environments and maximum leaf temperatures,

below 32°C. The observation is supported by the present dicot data.

Furthermore, some lowland or aquatic areas were dominated by nearly pure

C3 dicot annuals during the study. Polygonaceae and Caryophyllaceae

species form a higher percentage of the closed communities at low altitudes

in Kenya (Beentje, 1994).

The C3 dicot morphological features, like being hairy help reduce water loss,

affect the distribution of the species. Similarly, grazing, deforestation and fire

in medium to low altitudes communities may also have an important selective

factor on the distribution of the plants. This is because of the intense and

chronic herbivory, fire, population pressure and fuel needs characterize much

of the East African Communities while at the same time, maintains an open

canopy where self-shading is minimized.

Some high altitudinal areas had unexpected few C4 dicot species occurrence.

This is best exemplified by Sagina gallica, Silene abyssinica and Melandrium
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frequency index and disappear above 4,OOOma.s.1.

This broad distributional pattern of the Centrospermeae in Kenya, however,
\

'--
does not hinder other selective factors operating within the C4 group itself.

Some C4 genera (Gisekia, Mollugo, Trianthema, Delosperma, Limeum

(Aizoaceae), Achyranthes, Aerva, Dig era, Celosia, Cyanthula, Amaranthus

(Amaranthaceae), Polyearpon, Cerastium, Comes, Orymaria, Polliehia,

Po/yearpea (good ecological cross-over, GECO), Silene (Caryophyllaceae),

Gyroptera, Sueda (Chenopodiaceae), Phytolaca (Phytolacaceae), Tribulus,

Fagonia (Zygophyllaceae), Calyptrotheea, Portulaca, Talinum (Portulacaceae),

are most common at very arid low altitudes whereas Stellaria, Silene, Sagina

(Caryophyllaceae), Chenopodium, Sueda (Chenopodiaceae), Oxygonum,

Polygonum, Rumex (Polygonaceae) are less common in very arid areas but

very common at the upper end of the altitudinal range.

The present mesoscale distribution for the first time show that

Caryophyllaceae, Chenopodiaceae and Polygonaceae are best developed in

hot moist climate. Caryophyllaceae and Chenopodiaceae tend to also occupy

saline areas with varied mild or erratic precipitation and evapotranspiration.

This would suggest that these two groups should be especially abundant near

Lake Baringo, Lake Turkana and similar saline regions in Kenya. It is likely,

salinity directly or indirectly influences the distribution of the species. The

study confirms this general pattern. '

Distribution of the C3 dicot species conform to the global Poaceae and

Cyperaceae description pattern provided by Teeri and Stowe (1976), Ueno
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study confirms this general pattern.

Distribution of the C3 dicot species conform to the global Poaceae and
\
G

Cyperaceae description pattern provided by Teeri and Stowe (1976), Ueno

(1983), Cavaganaro (1988), Mozeto et al. (1996) and Rundel (1980), that the

distribution is determined mainly by temperature and water stress along the

highest altitudinal range. Dicot species are found at the warmer end regions

of the C3 monocot species distribution graphical pattern, with increasing

abundance of the C4 dicot species. However, C3 dicot species are rarely

found at low altitudes, even in the shaded understorey.

The climatic factors influence distribution of species. These factors produce

families and photosynthetic pathway stratification along the altitude. The

ecological effect is the dominance of the C4 syndrome in lowland understorey

and the C3 syndrome in the open canopy. The monocot-dicot photosynthetic

pathway stratification showed that at a given altitudinal range the C4 dicot

syndrome overlaps C4 monocot syndrome with decreased proportion then the

C3 monocot syndrome overlaps C3 dicot syndrome with increased proportion

along the altitude. This is indicative of the photosynthesis efficiency to

structure the pathway types and adaptive process as a result of synergistic

effects of climatic factors and internal process within a given pathway at a

given point. The net effect of the variables determines the degree of

proportion of a given photosynthetic pathway (species) in time and space.

Photosynthetic pathway accounts for broad distribution of the

Centrospermeae dicots but this distribution are further modified by
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temperature and precipitation.

Teeri and Stowe (1976) found the minimum temperature of the warmest

month to be the best predictor of C4 grass distribution in the temperate climate

of North America. The present results show that a given aspect of

temperature (mean annual and/or warmest month), will be a good predictor of

C4 pathway or species distribution for a given area. These results also agree

with the previous findings of Teeri and Stowe (1976) and Cavaganaro (1988)

that regions with minimum temperatures below 8°C have few or no C4

species. Mean annual temperature and mean annual precipitation determine

the nature of distribution of the dicot species in the semi arid and arid areas,

in the present study.

Hattersley (1983) pointed out the need of studying grass distribution

not only in a relative form, that is as percentage of C4 species, but also as C3

and C4 species number in different areas. In the present study, linear

correlation coefficients between total dicots number and altitude, mean annual

temperature, rainfall, relative and potential rates of evaporation, radiation and

relative humidity were sequentially significant in value. When the climatic

parameters were correlated against C3 dicot species, significant negative

correlation coefficients were obtained with temperature, potential rates of

evaporation. Despite this, the dicot distribution expressed in a relative form

(e.g. 70.9% C4, 28.2% C3) can be interpreted as the final result of competition

between C3 and C4 species in the same environment. The correlation

coefficients indicated a stronger relationship between the mean annual
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along the increasing altitude, respectively. However, inverse correlation was

found between C4 and C3 species with mean annual precipitation along the
\

<..

increasing altitude. This is in agreement with the results of Tieszen et al.

(1979) and Rundel (1980).

At high altitudes (>4000m a.s.l.) higher water availability occur as a

consequence of lower evapotranspiration and dew. Robichaux and Pearcy

(1980) showed that the quantum yield of the low water tolerant Eurphobia

forbesii increase over characteristic values known for Atriplex (Ehleringer and

Bjorkman, 1977). Tribulus terrestris, T. cistoides of Zygophyllaceae exhibited

this shade tolerant phenomenon in the current study. These results indicate

the potential for C4 types to adapt to shade conditions and acclimatize. The

current data for relative distribution of C4 and C3 dicots in the semi-arid/arid or

saline environments demonstrate that patterns of relative dominance of these

two photosynthetic systems along environmental gradients result from a

synergistic degree of temperature, precipitation, shade and evapotranspiration

characteristics. These data and other studies in Kenya (Tieszen et al., 1979),

Costa Rica (Chazdon, .1978), Hawaiian Islands (Rundel, 1980; Pearcy, 1983),

Hattersley (1983) and Cyperaceae studies in Japan (Ueno et al., 1992), North

America (Teeri et al., 1980), Brazil (Mozeto et al., 1996) and Israel (Vogel et

al., 1986) indicates that the distribution of C4 and C3 dicots along temperature

and moisture gradients in the semi' arid/arid/or saline tropical latitudes differ

from those reported from temperate areas.

The elevational transition of dominance between the C3 and C4
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and moisture gradients in the semi arid/arid/or saline tropical latitudes differ

from those reported from temperate areas.
<;

The elevational transition of dominance between. the C3 and C4

photosynthetic systems is expected to be sharper on the observed coverage

than on the documented floristic composition basis. C4 species survive well in

low temperatures (Berry and Bjorkman, 1980). A high percent of the C4

species belong to the NADP-me subtype, which may be related to Pyruvate

phosphate dikinase cold lability (Sugiyama et al., 1979). This cold

acclimatization is known to occur in various families (Caldwell et al., 1977;

Reger and Yates, 1979; Jones et aI., 1981; Winter, 1981; Hattersley, 1982).

In general, C4 dicot species, like C3 dicots, increase in number with rainfall in

their preferred temperature regime in the present study. This is in agreement

with previous findings that C4 species are most numerous where the summer

is hot and wet and C3 species dominate areas where the spring is cool and

wet (Teeri, et al., 1980). The authors (Teeri et al., 1980) observed that the C4

species decline with decreasing temperature and/or decreasing summer

rainfall whereas the C3 species numbers decline with increasing temperature/

or decreasing spring rainfall. Within the group of C4 dicots the Malate-forming

NADP-me species grow in habitats where water stress is less severe, while

the aspartate forming NAD-me type species are better adapted in arid

conditions relative to the PEP-Ck type species with increasing aridity (Ellis et

al., 1980; Vogel et al., 1986).

The present data shows that C4 dicots as a group differ from previous
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monocots, specifically the grasses (Teeri and Stowe, 1976; Hattersley, 1983;

Teeri, 1988) and the sedges (Teeri et al., 1980; Takeda et al., 1985; Ueno
\
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and Takeda, 1992). Teeri and Stowe (1976) showed a correlation of r = 0.97

between percent C4 grasses within a flora and the minimum season

temperature; the higher the temperature the more frequent the C4 plants

within the grass taxa. Total precipitation in their study (Teeri and Stowe,

1976) was not a critical variable.

Epstein et al. (1997) confirmed the primary significance of temperature

in association with C3/C4 distributions in the Great Plains; so is the

relationship between temperature and both latitude and elevation. Inspite of

the general agreement from various surveys that temperature, light intensity

and moisture index are dominant influencing factors, the relative importance

of each has been found to vary from area to area. For example, Teeri and

Stowe (1976), and Teeri et al. (1980) reported temperature to be the most

significant in their survey of the distribution of C4 grasses and sedges but

Chadzon (1978) found that water supply exerted the greatest influence on C3

and C4 abundance in Costa Rica. Hattersley (1983) observed that C4 grass

species in Australia increase in number with increasing rainfall, in their

preferred temperature regime. Doliner and Jollife (1979) compared the

ecological preferences of thirteen (13) C4 species in Central Europe with

those of thirty-nine (39) California C4 species and found that moisture and

temperature were most influential although they show inverse degree of

importance in the two areas. The present data indicate that the abundance of
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those of thirty-nine (39) California C4 species and found that moisture and

temperature were most influential although they show inverse degree of
\
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importance in the two areas. The present data indicate that the abundance of

C4 dicot species is in general a function of variables which influence the

physiology of the species differentially. The nature of the interaction between

abundance! or diversity in species and the environmental factors varies from

area to area in a given season along the altitudinal gradient.

Some European C4 plants were observed extending towards northern

latitudes. These were Spartina spp, SaIsola kali, Atriplex laciniata (Long,,

1983) and Cyperus longus (Jones et al., 1981). Therefore, it is not surprising

that in the present study, Melandrium nordiflorum dicot species was recorded

on the Mountain Elgon at 4,OOOma.s.l., in the present study. Thus, the

adaptive significance of C4 species in these anomalous environments cannot

be ruled out. It has been observed that C3 grasses dominate spring growing

season while C4 grasses dominate in the summer growing seasons (Ode et

aI., 1980; Monson et al., ·1983; Boryslawski and Bentley, 1985; Paruelo and

Lauenroth, 1996; Tieszen et al., 1997). In Sonoran desert C3 grasses

exclusively dominate in the winter and spring vegetation but C4 grasses

dominate in the summer Monsoon seasons (Shreve and Wiggins, 1964;

Mulroy and Rundel, 1977). While precipitation is obviously essential to initiate

plant growth, temperature is such a' dominant factor in correlation analyses

that it explains more than 90% of the total C3/C4 monocot distribution variation

across almost all geographic regions. The transition temperature is a critical
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necessarily on a percent biomass basis.

Most of the studies converge on the daytime temperature range of
\

G

20°C-28°C as the temperature for the transition shift in C3 and C4 dominance,

either based on elevational or latitudinal gradients (Teeri and Stowe, 1976;

Teeri, 1980; Hattersley, 1983; Ueno and Takeda, 1992). In contrast to C4

monocots which might comprise well over half of the monocots taxa in a

region (Ehleringer et al., 1997), C4 dicots constituted approximately 30% of

the flora of the Centrospermeae, in the present study. However, in Sonoran

desert this constituted 4.4% (Stowe and Teeri, 1978; YVentworth, 1983). The

present study shows that with decreasing degree of aridity indices, the

percent of C4 dicot species abundance in the flora of the Centrospermeae also

decreased. In contrast, the C3 dicot species increased with increasing aridity.

Similar observations have been reported in subtropical regions such as

Florida (2.5%) and Texas (2.8%) (Ehleringer et al., 1997), Europe (Collins and

Jones, 1985), Japan (Okuda and Furukawa, 1990). In comparison, the

abundance of C4 NAD-me dicots increased at a lower degree of aridity unlike

C4 NADP-me dicots as the altitude decreases.

The present study findings are not in agreement with the previous ones

where the percent of C4 dicots do not follow the same climatic factor as C4

monocots (Ehleringer et al., 1997) but are closely related to the aridity

characters such as summertime pan evaporation rates and annual dryness

ratio. Instead, there was a stronger correlation of r2= 0.89., r2=0.83 or 84 and

r2=0.76 between mean annual temperature, mean annual precipitation, mean
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characters such as summertime pan evaporation rates and annual dryness

ratio. Instead, there was a stronger correlation of r2= 0.89, r2= 0.83 or 84 and
\

"-r2=0.76 between mean annual temperature, mean annual precipitation, mean

annual rates of evaporation and the percentage of C4 dicot species which was

inversely related to the % C3 dicot species. This confirms the influence of

summer (taken as long rain season-Kenya) pan evaporation explaining 90%

of the variance in percent C4 dicot abundance in North America (Stowe and

Teeri; 1978). Similar climatic relationships have been observed for C4 dicots

within California flora (Doliner and Jolliffe, 1979), North America (li et al.,
:

1999), across the European continent (Collins and Jones, 1985) and

throughout Japan (Okuda and Furukawa, 1990). The conclusion is that the

distribution and abundances of C4 monocots and dicots C4 respond to the

same climatic parameters, with varying intensity and behaviour in similar

ecological regimes.

C4 dicots are the most noxious and aggressive summer time weeds in

temperate, subtropical regions (Holm et al., 1977; Elmore and Paul, 1983).

This was observed in the semi arid/or saline irrigated areas especially in

Perkerra irrigation· scheme in 8aringo area in Kenya of the present study.

Holm et al., (1977) noted that fourteen (14) of the eighteen (18) worst weeds

globally had C4 photosynthesis pathway. Elmore and Paul (1983) calculated

that the taxonomic fraction of C4 weeds was seventeen (17) fold greater than

would be expected based solely on a C3/C4 species basis. In habitats of

intense degree of the abiotic factors, for example, disturbance, fire,
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deforestation, C4 dicot species are more likely to comprise a significant

component of the invaders. The C4 dicot and C3 dicot weeds have
\

synchronized timing in their life cycle during the long rain season in their micro

environmental attributes of disturbed sites that override climatical differences

to abiotic and adaphic stresses.

In undisturbed habitats C3 species canopy may become closed making

temperature and irradiance unfavourable for the germination of C4 plants

which can be trampled upon by man and his livestock and/or weeding

activities, especially if the growth of weed is late to the ~3 species, as reported

by Kalapos et a/. (1997). The C4 species might also gain a high degree of

abundance due to invasion caused by increased human impact on terrestrial

vegetation especially in salt affected habitats and agricultural fields, then

naturalized in future. Native C4 species may then reach higher abundance in

disturbed natural communities, while C4 weeds may reach higher abundance

in disturbed natural communities and C4 may reach high frequencies in the

weed flora.

High CO2 concentration and global warming favour C3 species to C4

species, which may be enhanced indirectly through plant water stress and

high C02 levels in temperate grassland (Knapp et a/., 1993; Kalapos et a/.,

1997). In comparison with C3 plants, C4 species have higher temperature and

light preferences, and their phenology' lags behind that of the C3 plants. These

differences might account for C4 species being usually excluded from the

more productive biotypes in the semi-arid/arid or saline areas in Kenya. Thus,
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C3 canopy close during the growing season before C4 species commence

their development. However, the frequency of CAM dicot species with its
\
G

reduced species diversity was positively correlated with increasing aridity as

compared to the C4 dicot species. They represented endangered and rare

climatic, adaphic species. CAM dicot species have developed independently

in widely divergent phylogenetic groups- such as Cactaceae with 2,000

species, 150 being epiphytic, Euphorbiaceae with 5,000 species, Aizoaceae

with 1,200 species, Crassulaceae with 1,500 species and Asclepiadaceae

with 2,500 species (Willis and Airyshaw, 1973).

The ecological distribution of C3 and C4 plants is not only determined

by photosynthetic pathway but also by life form, allocation patterns or life

history and physiological attributes that determine success in a particular

environment. According to Pearcy and Ehleringer (1984), the tree growth

form of Euphorbia forbesii is more critical for its survival, which appears to be

largely a neutral characteristic in its environment. C4 species sensitivity to

chilling is not due to the photosynthetic pathway per se but a distribution

adaptation of the species to cold climate. Seasonal temperature changes on

the Mt. Elgon are small; hence floras are nearlyt 00% C4 at the warmer lower

elevations, but shift to nearly 100% C3 at high elevations as observed in the

current study. This is consistent with an advantage for C4 photosynthesis

under warmer conditions. This Was clearly exemplified by altitudinal

differentiation of Amaranthus retroflexus with robust growth at high

temperature and the occurrence of Chenopodium album at low temperature
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5.7 ANATOMICAL KRANZ SYNDROME AND 013C VALUE

CRITERIA: C3 AND C4SPECIES PREDICTORS

The correlation between the Kranz syndrome and 013C value criteria attained

more then 99% fitness as photosynthetic type markers. The remaining 1%

constitutes the C3-C4 intermediates for example Mollugo nudicaulis, and

Crassulacean acid metabolism species- Basella alba and B. paniculata

species. Similar findings have been reported by Brown (1975), Carolin et a/.

(1973), Hatch (1987), Hattersley and Watson (1975), Ellis et a/. (1980),

Hattersley (1987), Kawamitsu et a/. (1985), Prendergast and Hattersley

(1987), Ueno et a/. (1989), Li and Jones (1994), Liu and Dengler (1994),

Dengler et a/. (1996); and 013C values studies by Akhani et a/. (1997), Bender

(1971), Eickmeier and Bender (1976), Eickmeier (1978), Farquhar (1983),

Farquhar et a/. (1982, 1989), Medina et a/. (1991) and Schulze et a/. (1996)

have shown the correlation fitness of each criterion in the determination of the

photosynthetic systems in given species in different angiospermous families.

This correlation between the anatomical criteria and available physiological

information from the literature is extensive and almost perfect (Ellis, 1977;

Farquhar et a/., 1989; Ehleringer et a/., 1988). This confirms, further the view

that the detection of anyone aspect of the Kranz syndrome implies the whole

syndrome, not only whether a plant is C3 or C4 but to what the sub-type NAD-

me, NADP-me or PCK types) of the C4 species or pathway it belongs.

Hattersley (1984) has also given cross-sectional area of 'Primary Carbon

Assimilation' (PCA) (or Mesophyll tissue) per vein varying between
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photosynthetic types in order C3 > NAO-me > PCK > NADP-me. Further, the

mean photosynthetic carbon reduction (PCR) (or Parenchymatous bundle
\
"-

sheath, PBS) area per vein occur in the order NAO-me > PCK> C3 > NAOP-

me while the mean PCA/PCR or Mesophyll/PBS} area ratio in the order C3 >

NAOP-me > NAO-me > PCK, in the Poaceae (Hattersley, 1984). This is

because, grass leaves have parallel venation, tissue areas and area ratios are

directly proportional to tissue volume and volume ratios. Regression analyses

of plots of PCA area per vein against PCR (or PBS) area per vein yield

characteristic slope for the C3 and C4 photosynthetic types. Studies in dicot~,

plants were complicated with net-venation in the present study. This implies

the effectiveness of the anatomical studies in determining the C3 and C4

photosynthetic types with certainty.

The 013C values and Kranz syndrome studies provide data on the C3 and C4

species in a population for ecological characteristics (Ueno et a/., 1986, 1989,

1992; Vogel et a/., 1986; Li etet., 1999) geographical/climatic distribution of

the photosynthetic types (Teeri et a/., 1980; Ellis ei a/., 1980; Tieszen et a/.,

1979). Such data was used to describe the trend of C3 and C4 species

distribution in the present study. The carbon isotopic value data can also be

used, by extension, to estimate carbon balance, carbon dioxide fluctuation,

and global warming changes as in Europe (Collins and Jones, 1985). The

information is useful in understanding potential vegetation zonation,

distribution of trees and photosynthetic types (Box, 1995). This is influenced

by the limiting mechanisms, factors and pheno-physiognomy in the terrestrial
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or aquatic or arid ecosystems. Similar data have been used to describe the

relationships between the C4 biochemical types, ecological parameters and
\

evolutionary trends (Ueno et el. 1983, 1989). They have also been used in

phylogenetic distribution in systematics (Raghavendra and Das, 1978;

Downton, 1971) and determining the photosynthetic type in different

vegetative organs of plants (Ting et al., 1983). Kranz leaf syndrome can also

be used in biochemical studies. Prendergast and Hattersley (1987) described

the presence of NADP-me in arundinoideae only while NAD-me or PCK in the

Chloridoidae as three possible C4 acid decarboxylation types of the C4

pathway using Kranz syndrome.

Exceptions occur in the dicot species exhibiting CAM condition and C3-C4

intermediate states for example Basella alba and Mollugo nudicaulis species,

respectively. In this case, carbon dioxide compensation point can be carried

out, and carbon dioxide assimilation rates determined in the intermediate

range between C3 species' (8 ppm - 20 ppm) and C4 species (40 ppm - 60

ppm) around 35 ppm for C3, C4 and CAM species, respectively. Furthermore,

titrable experiments for CAM species can be done to ascertain its malic acid

concentration.

The resultant grouping of species and genera correlate very well with

available Kranz syndrome and 013C value data for their ultra structure and

013C value ranges, and the correspondinq physiology. The present results

support the position that Kranz leaf anatomy and 13C value alone with rare

exceptions, especially intermediate and CAM species, can confidently be
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used in predicting the specific photosynthetic carbon dioxide assimilation

pathways operating in a given dicot species. In addition, the pathways appear
\

<:

to be constant and specific for most species and genera and are therefore of

considerable taxonomic, evolutionary, ecological, geographic and climatic

importance.

5.8 CARBON DIOXIDE COMPENSATION POINTS

The net effect of PEP carboxylase serving as the primary carboxylase

enzyme and decarboxylation in the parenchyma buridle sheath cells is to

create a system capable of high rates of photosynthesis even at low

intercellular CO2 concentrations. This photosynthesis as a function of CO2

concentration shows a different response curve -in C4 plant species against

the C3 plant species as in the present study. C4 plant species posses a net

positive uptake of CO2 concentrations in the absence of photorespiration.

The rate of CO2 uptake with time is also greater in C4 plant species.

In the species so far examined C3 and C4 plants saturate with respect to CO2

concentrations (Krenzer et aI., 1975). Young C4 plant species, with relatively

higher biomass show compensation points between 10ppm - 18 ppm while C3

-dicot species show carbon dioxide compensation points between 40ppm -

60ppm, in normal atmospheric conditions of oxygen concentrations. Tolbert

et al. (1995) have pointed out that the O2 and CO2 compensation points of

plants in a closed system depend on the ratio of CO2 and O2 concentrations in

air and in the chloroplast and the specificities of ribulose bisphophate
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60ppm, in normal atmospheric conditions of oxygen concentrations. Tolbert

et al. (1995) have pointed out that the O2 and CO2 compensation points of
\

<-

plants in a closed system depend on the ratio of CO2 and O2 concentrations in

air and in the chloroplast and the specificities of ribulose bisphophate

carboxylase oxygenase (RUBISCO). At a low CO2 and high O2 ratio that

inhibits the carboxylase activity of RUBISCO, much malate accumulates. This

suggests that the oxygen-insensitive phosphoenol pyruvate activity occur in

the C3 photosynthetic pathway where such malate product does not form.

Different species of the Centrospermeae possess variable time course of net
t

carbon dioxide uptake. The net CO2 uptake over time varies within a species

depending on the age and corresponding biomass of the vegetative

photosynthetic material. The younger plant species about four (4) weeks of

growth show a lower rate of carbon dioxide uptake. The rate relates to the

amount of carbon being invested in a given plant species. C4 plant species

become saturated at CO2 concentrations only slightly higher than ambient

levels, unlike C3 plant species. Thus, at higher CO2 levels, C3 plants

photorespire and the enzyme system does not saturate.

The carbon dioxide compensation points of the C4 species show the

functional role of the enzymes in the parenchyma sheath cells that

concentrate carbon dioxide for photosynthetic carbon reaction cycle such that

photosynthesis still occur below 40ppm of carbon dioxide but above 20 ppm.

At 40 ppm of carbon dioxide concentration the C3 species photosynthetic

carbon reduction reaction is inhibited. This observation confirms the previous

223



explanation for the expansion of the C4 ecosystems at the end of the Miocene

as due to the declining atmospheric carbon dioxide concentration as a major
\

<-

selective force (Ehleringer et aI., 1997). Using quantum yield for carbon

dioxide uptake in the C3 species as a function of both temperature and carbon

dioxide concentration and applying basic equations and parameters to

describe leaf-level photosynthesis, Ehleringer et al. (1997) have indicated that

the quantum yield at any specified temperature should increase with carbon

dioxide concentrations. In contrast to the C3 species, the quantum yield of the

C4 species do not change with the temperature, and carbon dioxide

concentration over biologically relevant range of temperatures. Further, the

transition temperature between C3 and C4 species show that both the

atmospheric carbon dioxide and temperature are functions of a specific

photosynthetic type.

Variation in the C3/C4 cross-over temperature occurs because of the

dependence of C3 quantum yield on both temperature and [C02]/ [02] ratio

(Ku and Edward, 1978). Thus, the inherent differences in quantum yields

among C4 monocots and C4 dicots leads to the fundamentally different

combinations of carbon dioxide and temperature favouring C4 monocots over

C3 plants or C4 dicots over C3 plants. In this case, given a rationalized

growing-season temperature regime the carbon dioxide assimilation or

quantum yield possibilities, both C4 'monocot species and C4 dicot species

should be a rare phenomenon under high carbon dioxide concentrations

globally unlike the C3 species and/or its pathway phenomenon. However, the
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C4 photosynthesis pathway would continue with the expansion as the

atmospheric carbon dioxide levels decrease. The carbon starvation which
\

inhibit C3 photosynthetic metabolism will be available as carbon substrate

(Ward et al., 2005) in increased concentration. The only limiting factor will be

increased season temperature.

Increasing aridity index (or desertification) and carbon dioxide concentration

should draw attention to the CAM pathway and!or species and C3-C4

intermediate species on the photosynthesis mesoscale and their roles in the

semi-arid and arid ecosystem. The present study predicts that increasing

atmospheric carbon dioxide concentration greater than 450ppm - 550ppm will

favour the expansion of the C3 ecosystem under most global conditions and

show enhanced bioproductivity. The C4 dicots thrive well in warmer, disturbed

(due to grazing! or fire) and often saline ecosystems.
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CHAPTER SIX

6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY AND CONCLUSIONS

1. The C4 dicot species Kranz syndrome is characterized by parenchymatous

bundle sheath cells surrounding the vascular bundles. The study found

that lateral maximum cell count for C4 dicot species is zero to three (0-3)

chlorenchymatous mesophyll cells, between the ensheathed vascular

bundles.

2. The C3 dicot with non-Kranz leaf syndrome has parenchymatous bundle,

sheath which does not surround the vascular bundle. The lateral

maximum cell count is five to fifteen (5-15) chlorenchymatous mesophyll

cells between the unsheathed vascular bundles.

3. The abundance and distribution of C4 dicots are related to high

temperature, low precipitation/altitude and high potential rates of

evaporation.

4. The abundance and distribution of C3 dicots are related to low

temperature, _ high precipitation/altitude and high potential rates of

evaporation.

5. Anatomical structure of C4 species contribute to their photosynthetic

efficiency at low carbon dioxide concentration and higher chances of

survival compared to C3 dicots in the low altitudinal semi arid/or saline
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survival compared to C3 dicots in the low altitudinal semi arid/or saline

ecosystems.
<:

6. Low negative value of 013C value is a potential aridity indicator and C4

syndrome marker which contrast the C3 syndrome occurring in more

moist and low temperature areas.

7. The more the dicots are stressed by low light intensity, high

temperature or limited amount of precipitation, the lower the 013C value

and the higher their carbon isotope discrimination.

8. 0 13C values are a good predictor for spatial diversity and shift of the

species along the altitudinal gradient of climatic factors interplay.

9. The carbon dioxide compensation points of the C3 species range

between 40 ppm to 60 ppm while those of the C4 species are in the

range of 8 ppm to 20 ppm.

10. A few C4 dicot species occur at high altitudes (3000 m a.s.1. - 4000 m

a.s.I.).

11. The transition zone between C3 and C4 dicot species Was rather abrupt

and within altitudinal range of 1,500 m a.s.1. - 1,700 m a.s.l., lower than

that recorded for the monocots at 2,000 m a.s.l. - 2,200 m a.s.l. of

altitude. C4 dicot species are abundant at low altitude in contrast to the

C3 dicot at high altitude.

12. The general pattern of 013C' values distribution along altitudinal

differentiation show that the values of -10.60%0 to -16.55%0, -17.75%0

to -18.87%0, and -18.89%0 to -32.42%0 correspond to the species at
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low altitudes (0 m a.s.l.- 1,500m a.s.l.), intermediate altitude (1,550m

a.s.1. - 1,700m a.s.l.) and high altitude (1,800m a.s.1. - 4,fOOm a.s.l.),

respectively. The low altitudes are associated with aridity stress, high

temperatures and low relative humidity.

13. Kranz leaf anatomy, low C02 compensation points (10ppm - 20ppm),

and 613C values (-10.0 to -16.99) characterizes the C4

species whereas absence of Kranz anatomy, high CO2 compensation

points (40ppm - 60ppm), and 613C values (-18.0 to -31.0) characterizes

the C3 species.
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6.2 Recommendations and Future Research.

1. Investigation for the distribution of the pathways and herbivores

occurrence is warranted to enable proper management of the

animals in their ecosystems for example in National Parks.

2. Investigation of the productivity and economic significance(s) of the

screened C4 species is recommended to establish their optimal use

in the semi-arid/or saline ecosystems to sustain man and his

dependants, control desertification, soil erosion and improve the

green areas.

3. Use of 013C value(s) to ease and enhance the screening for C4

species and C3 species will provide proper data on the, abundance,

distribution and degradation of the photosynthetic species in these

era of global warming as carbon dioxide concentration assumes an

upward trend.

4. Data on the climatic attributes and their influence on the distribution,

abundance of the C4 and C3 species for today and future records

are worth continuous investigations to determine any changes in the

population of species indices.

5. C4 species are economically viable for intercropping with C3 species

in the semi-arid ecosystems but are notorious weeds in the tropical
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ecosystems.

6. Investigate the occurrence and cause(s) of the rare and endangered

C4 dicot species at higher altitudes (>3,500m a.s.l.) '---whichis a

unique phenomenon trend amongst the C4 plant species.

7. Portulacaria afra and other species with doubtful photosynthetic type

should be investigated for their pathway(s) by measuring titratable

acidity, and estimating the mesophyll succulence as extra

determinant criteria indicators. This should take into account the

varying anatomical, biochemical, and 013C value(s) of each

developmental stage of the species.

8. Investigate the ecological implications of the Kranz syndrome

subtypes (malate and aspartate formers) pattern of distribution in

relation to the climatic factors, namely precipitation, temperature

and aridity index along the altitude.
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