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ABSTRACT

Nutrient enrichment is one of the most serious threats to wetland ecosystems. Increased
nutrient loading to wetlands often results in an increase in emergent plant biomass and a
decrease in species diversity. While these patterns are broadly predictable, the underlying
mechanisms are not well understood. Information is lacking, particularly concerning
growth and physiology of wetland plant species in response to nutrient enrichment. The
overall objective of this study was to investigate the growth and physiological response of
selected wetland plant species occurring in Lake Victoria basin in Kenya to NPK fertilizer
application. Cyperus esculentus L., Aframomum angustifolium (Sonn.) K. Schum. and
Phragmites australis (Cav.) Trin, ex Steud) seedlings and cuttings were grown outdoors in
3.5 litre pots. The pots were arranged in a 4x3 completely randomised factorial design in
the Botanic garden at Maseno University. Plants were provided with four NPK fertilizer
dosage levels of 0 mg [no fertiliser added], 50 mg, 100 mg, 150 mg fertilizer [N- P- K,
10:26:10] per pot and replicated five times. The plants were irrigated daily with tap water
for eight weeks. Data on growth were collected and included shoot height, stem diameter,
number of leaves, leaf width and leaf length, leaf area, number of tillers, shoot and root
fresh and dry weights. Physiological parameters determined included gas exchange,
chlorophyll fluorescence, photosynthetic pigment concentration and leaf Nand P
concentration. Data collected from the study was subjected to analysis of variance
(ANOY A) using SAS statistical program. Separation of means was carried out to compare
NPK fertilizer application treatments and species. NPK fertilizer application significantly
(P :s 0.05) influenced both growth and physiological parameters investigated. Shoot height,
stem diameter, leaf area, leaf number, shoot and root weights, and number of tillers per pot
were all increased by NPK fertilizer treatments. The number of tillers per pot increased
with increasing NPK fertilizer levels and differed significantly among the three plant
species. Root-shoot ratios reduced with increasing NPK fertilizer levels in C. esculentus
and A. angustifolium, while that of P. australis increased up to 100 mg treatment, then
slightly reduced at 150 mg treatment. Cyperus esculentus had higher CO2 assimilation rate
compared to A. angustifolium and. P. australis. Stomatal conductance increased with
increase in NPK fertilizer application levels, but P. australis and A. angustifolium had
higher stomatal conductance compared to C. esculentus. Transpiration rates increased with
increase in NPK fertilizer application level, but A. angustifolium and C. esculentus had
significantly higher transpiration rates compared to P. australis. Intercellular C02
concentration increased as NPK fertilizer levels increased in all the species tested. NPK
fertilizer application at medium levels, 50 and 100 mg, increased electron quantum yield of
PSII. Electron transport rate in A. angustifolium, and C. esculentus increased with
increasing NPK fertilizer levels, while that of P. australis decreased. NPK fertilizer
application at medium levels, 50 and 100 mg caused an increase in maximum fluorescence
yield from PSII. Photosynthetic pigments concentration significantly increased in all the
three species. Phragmites australis had significantly higher fo liar P and N concentration
compared to C. esculentus and A. angustifolium with increasing NPK fertilizer levels.
There were significant interactions between NPK fertilizer treatments and species in most
of the parameters measured, except in carotenoids concentration, maximum fluorescence
yield and steady state yield of PSII. Phragmites australis exhibited a greater ability to
sequester high concentrations of nitrogen and phosphorus in foliar tissues. Among the three
species C. esculentus was found to be better adapted to increasing NPK fertilizer
application. The results from this study may be used to predict the response of these
species to future wetland eutrophication and may be useful in designing constructed
wetlands to purify wastewater and to control the invasive species. The study adds to a small
but growing number of physiological comparisons between wetland plant species.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Background to the study

Wetlands are transitional areas between land and water and are distinguished by

wet soils, plants that are adapted to wet soils and a water table depth that maintains

these characteristics (Kamau, 2009). The ability of wetlands to transform and store

organic matter, trace metals and nutrients has resulted in wetland being described as

'the kidneys of the landscape (Brix, 1994). This ability is being exploited in wetlands

used for water quality improvement. As defined broadly by Ramsar convention, they

incorporate a wide variety of habitats including" areas of marsh, fen, peatland or

water whether artificial or natural, permanent or temporary with water that is static or

flowing, fresh or brackish or salty including areas of marine water the depth of which

at low level does not exceed six metres (Ramsar Convention, 1971). Wetlands are

areas that are wet for long enough periods that the plants and animals living in or near

them are adapted to and often dependent on wet conditions for at least part of their life

cycle (NSW Wetlands policy 1996). Wetlands cover nearly 10% of the earth's surface

of which 2% are lakes, 30% bogs, 26% fens, 20% swamps and 15% floodplains

(NSW Wetlands policy 1996). Wetlands are characterized by a large number of

ecological niches and harbour a significant percentage of world's biological diversity

(Kalinga and Shayo, 1998). Wetlands are highly dependent on ground water levels,

and so changes in climatic conditions that affect water availability will highly

influence the nature and function of specific wetlands, including the type of plant and

animal species within them. The annual cumulative period between which these

wetlands become effectively flooded and when they are completely drawn down

following drought is regarded as the hydro period (Gathumbi et al., 2005).

Global climate change has been shown to influence the distribution and

functions of wetlands by altering their hydrological regimes (changing water

availability and depth, duration, frequency, and season of flooding) outside their

normal range (Galbraith and Huber-Lee, 2005). Climatic parameters, landscape

factors, seasonal availability of water and nutrients, as well as soil characteristics

determine largely the production potential of a wetland. The vulnerability of wetland

resources also depends on the direction and magnitude of human activities and future
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climate changes. Global warming and its possible effects on wetlands are a major

concern to policy makers, resource managers and the general public.

Wetlands provide several critical ecosystem functions that are essential for

sustainable development in many areas. Ecosystem functions are defined as 'the

capacity of natural processes and components of natural or semi-natural systems to

provide goods and services that satisfy human needs" (De Groot, 1992). Wetlands are

important ecosystems from perspectives of regional biological diversity, hydrologic

functioning and productivity (Gathumbi et al., 2005).

Wetlands are important regulators of water quantity and quality. Natural and

constructed wetlands can remove large amounts of nutrients and suspended solids

from surface water flowing through them (Beadle et al., 2004; Huang and Pant,

2009).Wetlands removes and store large amounts of nitrogen which is later released

to the ecosystems mostly in organic forms (Boyd and Banzhaf, 2007). Previous

studies in Kenya have revealed that Cyperus papyrus swamps are efficient in nutrient

removal for the purpose of wastewater quality improvement (Nzengy'a and

Wishitemi, 2001). Nitrogen retention in the wetlands occurs through a variety of

mechanisms including filtration, sedimentation, adsorption, chemical precipitation,

ion exchange and biological assimilation (Lee and Caporn, 1998; Nzengy'a and

Wishitemi, 2001; Beadle et al., 2004; Huang and Pant, 2009). Several types of

wetlands are known to act as hydrological buffers. For example, floodplain wetlands

store water when rivers over-top their banks, reducing flood risk downstream.

Wetlands not only regulate the quantity of water flow but also regulate its quality

(NSW Wetlands policy, 1996).

Reedbeds and other wetland plants are known as important regulators since they

remove pollutants and. excessive mineral nutrients from the water (Romero et al.,

1999). Nitrogen can be removed from wetland waters by bacterial denitrification and

plant accumulation by nitrate uptake (Beadle et al., 2004; Huang and Pant, 2009).

Nitrate uptake by aquatic plants acting as, 'temporary' sinks, may be important in

young wetlands or trivial in mature vegetation stands (Huang and Pant, 2009).

Identifying the relative importance of various permanent and temporary sinks for

nutrients in wetlands may lead to methods of optimising the utilisation of constructed

wetlands for wastewater treatment. Constructed freshwater wetland can provide

reliable tertiary treatment of municipal wastewater (Nzengy'a and Wishitemi, 2001).
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In Kenya, investigations by Chale (1985) revealed that Cyperus papyrus swamps are

efficient in nutrient removal for wastewater quality improvement.

The maintenance of many complex, biological processes involving soils, water,

plants, animals, and micro-organisms, is necessary to sustain these ecosystem

services. The functioning of a wetland ecosystem gives rise to a wide diversity of

species as they support important levels of global biological diversity, including over

10,000 species of fish, over 4,000 of amphibians, and numerous species of waterfowl

in United states (McAllister et al., 1997).

Many components of wetland ecosystems also provide resources for direct

human consumption including: water for drinking, fish and fruit to eat, reeds for

thatching houses and handcrafts, timber for construction, peat and fuelwood for fire.

The harvesting of wetland goods, while respecting the rate of production and the

regenerative capacity of each species, can provide significant benefits to society

(Acreman and Hollis, 1996).

Wetland ecosystems provide opportunities for recreation, education, research

and aesthetic experience (Boyd and Banzhaf, 2007). Recreational uses include

fishing, sport hunting, bird watching, photography, and water sports. Exposure to and

recreation in nature reduces stress and provides health benefits (Boyd and Banzhaf,

2007). Given that tourism is one of the leading income generating industries globally,

the economic value of these wetlands can be considerable. The biology and ecology of

wetland systems are sources of educational topics and research materials (Boyd and

Banzhaf, 2006; Boyd and Banzhaf, 2007). Maintaining wetlands and capitalizing on

these values can be a valuable alternative to more disruptive uses and degradation of

these ecosystems.

Eutrophication is a natural phenomenon of ageing in lakes, where organic

material gradually accumulates in the lake basin during the geological history of the

lake (UNEP, 1993). Eutrophication can also be defined as the enrichment of water

body with plant nutrients particularly nitrogen and phosphorus, resulting in the

nuisance of algal blooms and aquatic macrophytes (Awange and Ong'ang'a, 2006).

Increased concentrations of nutrients through runoff from agricultural land and

changes in land use which increase run off contribute to eutrophication (Nzengy'a and

Wishitemi, 2001). There are usually two consequences of eutrophication on plant

communities: (1) an increase in emergent plant biomass and (2) a decrease in plant

species diversity at high production levels (McJannet et al., \995). The number of rare
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plants in wetland communities is also known to decrease as nutrient supply increases

(McJannet et al., 1995). Changes in species composition, loss of overall plant

diversity, conversion of a unique flora to one dominated by a few common species,

and replacement of native species by exotics have been reported in connection with

nutrient enrichment in several types of wetlands (Verhoeven and Schmitz, 1991).

Comparative studies have shown that high species diversity is frequently

associated with low nutrient status and that species-rich wetlands typically have

moderate productivity and standing crop (Verhoeven and Schmitz, 1991). Natural or

constructed wetlands are used for removal of pollutants from wastewater or for

treatment of storm water runoffs from agricultural lands and other non-point sources

(Romero et al., 1999; Huang and Pant, 2009). The ability of vegetation to remove

nutrients from water is related to plant productivity, which is directly dependent upon

photosynthetic carbon fixation. Increased productivity is generally accompanied by

greater total nutrient sequestration, and the larger plants resulting from greater

productivity provide a large surface area for mechanical and biological interactions

with water (pierce et al., 2007).

The construction of wetlands to reduce the amount of pollutants and nutrients

from runoff and waste waters from different sources has become common in recent

years, as a measure to prevent the pollution and eutrophication of the recipient water

bodies (Huang and Pant, 2009). Constructed wetlands have been successfully used to

retain nutrients from treated wastewaters (Gale et al., 1993; Romero et aI., 1999) and

to purify diffuse source discharge from peat mining and agriculture (Bachand and

Horne, 2000; Huang and Pant, 2009). Macrophytes remove pollutants by (i) directly

assimilating them into their tissues, (ii) providing a suitable environment for microbial

activity and (iii) slowing down water flow rates and thereby allowing sedimentation to

take place (Nzengy'a and Wishitemi, 2001). Wetlands are highly efficient at

denitrification because of their large quantities of organic sediments and decaying

plant material (Schultz et al., 1994).

Future increases in the nutrient enrichment of wetlands are expected to have a

marked influence on plant physiology and ecosystem functioning (Huang et al.,

2009). In light of climate change, it is particularly important to protect coastal and

estuarine wetlands that could be further reduced in size or adversely affected

(McAllister et al., 1997). Reducing pollution, avoiding vegetation removal, and

protecting wetland biological diversity and integrity are, therefore, viable activities to

4
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maintain and improve the resiliency of wetland ecosystems so that they continue to

provide important services under changed climatic conditions (Kusler et al., 1999).

Maintaining river flow characteristics, including low flows represents an important

approach to maintain wetland systems.

Plants and animals require nutrients for survival; therefore a certain amount of

nutrient enrichment is necessary for aquatic life. Within-stand cycling of nutrients is

an important feature of wetland systems that provides a basis for understanding their

nutrient status, productivity, and degree of eutrophication (Gathumbi et al., 2005).

Little is known about the combined effects of climate change with those human

activities already influencing lakes and rivers (Gathumbi et al., 2005; Huang et al.,

2009).

The influence of climate change on water quality issues such as eutrophication

is unclear, particularly because many of the climate-influenced processes leading to

eutrophication (e.g., precipitation, snow melt, ice cover, runoff, thermal stratification)

have interacting and often opposing effects. Thus, effects of climate change on

nutrient recycling will most likely be site-specific and could lead to either a greater or

reduced susceptibility to eutrophication (Gathumbi et al., 2005). Impacts on other

water quality problems, such as acidification and chemical contamination, are also

uncertain, although it is apparent that they will be influenced by climate change to

some degree. N20 is a potent greenhouse gas in the atmosphere causing global

warming and hence climate change (Huang and Pant, 2009).

The dynamics ofN transformation within constructed wetlands is particulary a

good candidate for long-term study to maximise the beneficial functions that wetlands

can provide, and minimise adverse effects such as N20 emission to the atmosphere

(Huang and Pant, 2009). Previous studies have indicated that changes in

denitrification rates are controlled by changes in water temperature, thus an indication

that a soil-water system can be a major source or a sink for atmospheric N20 as

affected by the microbial activity (Hernandez and Mitsch, 2006).

Elevated CO2 usually enhances photosynthesis, plant growth and carbon

accumulation (Murray et al., 2000; Zhao et al., 2010). However the magnitude of the

response is generally affected by other environmental factors. Most studies have

shown that elevated CO2 increased biomass accumulation in seedlings supplied with

high levels of available N, but it had little effect on seedlings growing in soil with low

N availability (Murray et al., 2000). To understand the response of plants to' elevated
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CO2, it is important to consider nutrient acquisition as well (Zhao et al., 2010). A

major challenge in predicting plant responses to elevated CO2 is understanding the

complex relationships between these effects and other factors, especially nutrient

availability, which plays a central role in plant growth (Causin et al., 2006).

Numerous observations show that growth responses to elevated CO2 are lessened or

even eliminated under low N nutrition (Causin et al., 2006). This effect is the result of

the coordination that exists between C and N regulatory systems in the plant. The

increase of the content of nitrogen and phosphorus in wetlands plays a major part in

problems of eutrophication (Rozema and Leendertse, 1991).

Increases in nutrients in natural ecosystems are expected to be accompanied by

changes in water availability due to global warming (Kochsiek et al., 2006). Changes

in nutrient availabilities as a result of agricultural and fossil-fuel burning (Vitousek et

al., 1997) may indirectly alter species composition, thus changing ecosystem

functions throughmodifying resource use efficiencies of species (Kochsiek et al.,

2006). Plants respond to changes in nitrogen and water availabilities by altering their

phenology, morphorlogy, biochemistry and relative allocation to roots and shoots

(Reich et al., 1989). Species adapted to low nutrient environments, including some C4

grasses, may be displaced because of increased nutrient availability.

Conversion of the native rangelands into intensively managed pasture systems

represents a wide spread land use change that has consequences for biogeochemical

cycles, as well as the links between upland and wetland systems and the

eutrophication of wetlands in these agricultural landscapes. Species with particular

adaptations can be categorised according to life-form, life-history or functional type

(McJannet et al., 1995; Stohgren et al., 2001). Invasive plant species may more

efficiently utilise light, water, and nutrients than native plants (Jiang et al., 2009)

which facilitates their invasion, It may be differences in the abilities of the plants to

acquire resources and cope with nutrient stress that determines their distribution,

rather than changes in the availability of resources or the severity of a particular

abiotic factor (Ripley et al., 2004). In reality it is likely to be a combination of both

changing abiotic factors and plant adaptation that determines their growth

preferences. This approach requires extensive research relating species specific

physiology to environmental conditions.

Studies have revealed the presence of both C3 and C4 species as dominants in

different parts of small wetlands in Kenya (Jones, 1988). Some of the wetland species
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commonly encountered in Kenya, include the. sedges (Cyperus papyrus, Cyperus

latifolius, Cyperus rotundus and Cyperus esculentus), Typha domingensis, Typha

angustifolia, Phragmites australis and Aframomum angustifolium. Changes in nutrient

availability and precipitation are expected to affect the distribution and competive

ability of plant species (Kochsiek et al., 2006). A greater understanding of the

response of various wetland plant species to nutrient availability will facilitate the

prediction of the future responses of the entire groups of species to wetland nutrient

enrichment or eutrophication (Huang and Pant, 2009) and hence plan for future

wetland conservation and restoration. The physiological studies that have been

conducted on Kenyan wetland plants have usually focused on the single species

Cyperus papyrus (Jones and Muthuri, 1985; Boar et al., 1999) and comparative data

from other wetland species is largely unavailable.

1.2 An overview on the wetland plant species under study

1.2.1 Common reed [Phragmites australis (Cav.) Trin. ex Steud]

1.2.1.1 Taxonomy, growth habit and Ecology

The generally accepted botanical name of common reed is 'Phragmites australis

(Cav.) Trin. ex Steud.'. However, it is still often known as "Phragmites communis"

Trin.; other synonyms include "Arundo phragmites" L. (the basionym), "Phragmites

altissimus, P. berlandieri, P. dioicus, P. maximus, P. vulgaris (Gucker, 2008).

Common reed belongs to the family Poaceae and is an emergent grass found in

wetlands around the world (Vasquez et al., 2006). Common reed is also known as

giant reed, giant reedgrass, roseau cane and yellow cane (Uchytil, 1992). It is a shrub

or perennial woody graminoid herb that grows annually from woody rhizomes to

heights of 1.5 to 4 m (occasionally to 6 m). The normally unbranched, hollow, jointed

stems (culms) reach nearly 2.5 cm in diameter but usually measure 1.0 to 1.5 em in

diameter. In addition to rhizomes, plants occasionally produce stolons. Alternate

leaves are glabrous except for being strongly scabrous at the margins. They are flat, 1

to 5 em wide, and up to 50 ern long. Terminal plume-like panicles are 15 to 50 ern

long with branches ascending to nodding and densely flowered. The panicles are

initially grayish purple, becoming whitish, and finally weathering to light brown.
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Common reed utilises the C) photosynthetic pathway (Farnsworth and Meyerson,

2003).

Common reed is a warm-season grass that starts its growth after the last frost

has occurred but remains green until frost in temperate areas (Uchytil, 1992).

Common reed typically forms pure stands that contain up to 205 stems/m (Uchytil,

1992; Best et al., 1981). In Gulf Coast marshes, it is often codominant with Spartina

cynosuroides (L.) Roth. (Duke, 1998). Common reed grows in a wide range of

habitats, including saltmarshes, the littoral zone of lakes, fens, bogs, and even

relatively dry areas, if competition from other species is low (Romero et al., 1999).

The species grows on the banks of streams and shores of lakes, and III

marshes, both fresh and brackish (Farnsworth and Meyerson, 2003). Although

common reed grows best in clay, it occurs in a wide variety of soils. The species

tolerates flooding, frost, high pH, salt, and weeds (Duke, 1998). Stands in the Nile

River Delta tolerate soil pH range of7.0 to 9.3 (Serag, 1996). Standing dead material

often totals twice as much biomass as current growth, allowing stands to burn even

during the growing season. New stands arise from rhizomes that are under the soil or

water. Moderately deep rooting up to I m (Uchytil, 1992) undoubtedly imparts

drought resistance. A large number of fungal species and at least one nematode have

been isolated from the species, none of which cause extensive damage (Duke, 1998).

Human induced changes such as runoff from lawns and farms which can increase

nutrient supply can create a more favourable environment for phragmites (Amsberry

et al., 2000). Phragmites australis is an invasive species of many wetlands in the

world (Galatowitsch et al., 1999; Farnsworth and Meyerson, 2003). In Kenya

Phragmites australis is commonly found in Yala and Migori (Omondi and Kusewa,

2006, available: http://www.oceandocs.org/handle/1834/1496).

1.2.1.2 Economic importance

Common reed aggressively colonizes large areas of shoreline and shallow

marsh and with its thick sod and heavy stand of stems effectively prevents wave- and

current-caused erosion (Uchytil, 1992; Ailstock et al., 2001). It traps sediment and

pollutants, the species have been used to aid in settling and drying sewage sludge

(Brix, 1999). The dense single-species stands completely displace other native marsh

communities (Fewless, 2003) and many of the fauna they support (Weinstein and

Balietto, 1999). The stems are used as arrow shafts by Native Americans (Duke,

8



1998). Native people of Tasmania are using the hollow stems to make rafts, jewelry,

baskets, and light spears. Common reeds are harvested in Britain for thatching (Tyler-

Walters, 2002). They were once harvested for fuel where better sources were

unavailable and may hold promise as an energy crop in the future (Duke, 1998).

Common reed is high-quality forage for cattle and horses and may be cut for hay

(Tyler-Walters, 2002). It contains 11.4 percent protein, 2.3 percent fat, 42.1 percent

carbohydrates, 31.1 percent crude fibre, and 10.8 percent ash (Duke, 1998).

Phragmites also plays an important role in preventing wave and current erosion of

river and lake banks, and in providing a habitat for wild fowl and other fauna

(Ailstock et al., 2001). Many bird reservations are wetlands in which P. australis is

the dominant species (Brix, 1999). These areas have a great economic value for

tourism (bird watching and hunting)(Brix, 1999). A few species such as deer use the

stands for escape cover (Uchytl, 1992). It is important habitat for wildlife (Ailstock et

al., 2001) and supports such species as the bittern, the reed bunting, and the marsh

harrier (Tyler-Walters, 2002). Throughout the world the stems have been used for

building materials, lattice work, baskets, and mats. The young shoots and rhizomes

are sometimes eaten, and the rhizomes processed for starch. The stems are processed

into pulp, paper, and fibre-boards. Stalks contain over 50 percent cellulose and have

fibres 0.8 to 3.0 mm long by 5.0 to 30.5 urn in diameter. The dried plumes are used

for decorations and a variegated variety is employed as an ornamental (Duke, 1998).

There is limited literature documentation on the economic benefits of these plants in

Kenya despite of their great importance in other parts of the world (Duke, 1998; Brix,

1999; Tyler-Walters, 2002).

1.2.2 Yellow nuts edge (Cyperus esculentus L.)

1.2.2.1 Taxonomy, growth habit and Ecology

Yellow Nutsedge (Cyperus esculentus L.) also known as Chufa Sedge, Tigernut

Sedge and Earthalmond is a species of sedge, native to warm temperate to subtropical

regions of the Northern Hemisphere (Onovo and Ogaraku, 2007). It is an erect

perennial plant, grass-like sedge which belongs to the family Cyperaceae (Onovo and

Ogaraku, 2007). The common Cyperus esculentus varieties in Kenya are Cyperus

esculentus var. Esculentus and Cyperus esculentus var. Aureus (Haines and Lye,

1983). Other varieties of Cyperus esculentus occur worldwide.
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• Cyperus esculentus var. hermannii. Florida.

• Cyperus esculentus var. leptostachyus. United States.

• Cyperus esculentus var. macrostachyus. United States.

• Cyperus esculentus var. sativa. Asia, cultivated origin.

• Cyperus esculentus var. esculentus. Mediterranean region east to India.

(http://en.wikipedia.org/wiki/Cyperus esculentus).

Cyperus esculentus is usually 30-90 em high, with long narrow dark-green

leaves arranged in three rows around the triangular stem. Cyperus esculentus is a C4

plant (Bryson and Carter, 2004). The plant develops as a series of shoots, bulbs and

.stem tubers connected by brown wiry rhizomes which are strengthened by

lignification of the inner cortex. Tubers are small, 1-2 em in diameter, and are borne

at intervals along the rhizomes. Basal bulbs grow from rhizome tips, producing shoot

growth and new plants. The tubers are connected by fragile roots that are extremely

prone to snapping when pulled on, making the plant extremely difficult to remove

with its entire root system intact, and the plant can quickly regenerate if even a single

tuber is left in place (http://en.wikipedia.org/wikilCyperus esculentus).

Cyperus esculentus prefer most types of soils. Plants can grow in shade and

require moist or wet soil. The plant, when growing wild, is extremely difficult to

eradicate and is stated to be the fifteenth worst weed in the world.

(http://www.pfaforgidatabase/plants.php?Cyperus+cyperus).

Seed production is variable and many stands do not produce mature seeds.

Tuber production is influenced by substrate type (Hall et al., 1991). Tubers planted in

sand emerge sooner than those in sandy silt-loam, but tubers in sandy silt-loam

produce more plants (Hall et al., 1991). High nitrogen concentration, long

photoperiods and high levels of gibberellic acid inhibit tuber formation. High

temperatures (27 and 33°C) coupled with low nitrogen levels increase tuber

production. At high nitrogen levels and long photoperiods (14 and 15.5 hours) shoot

formation was promoted (Hall et al., 1991).

1.2.2.2 Economic importance

The tubers are used as foodstuff, particularly in Egypt, where they are an

important food crop with certain tribes (Onovo and Ogaraku, 2007). Presently, they

are cultivated in Spain, where they were introduced by Arabs, almost exclusively in

the Valencia region. Yellow nutsedge are also grown in Ghana, Burkina Faso and
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Mali (http://en.wikipedia.org/wiki/Cyperus esculentus). Tubers may be eaten raw,

baked as a vegetable, roasted like groundnuts or grated and used to make icecream

(Salem et al., 2005), sherbets or a milky beverage which is known as 'horchata' in

Spain and Latin American countries (Onovo and Ogaraku, 2007). In Spain the major

proportion of the crop (approximately 1000 tonnes) is used in this manner, and

horchata continues to be a popular beverage, in spite of severe competition from

carbonated drinks (Arafat et al., 2009).

Cyperus esculentus has been reported to offer therapeutic benefits such as 111

preventing heart attacks, thrombosis and activating blood circulation (Arafat et al.,

2009). It helps in preventing cancer, due to high content of soluble glucose. It has

been found to assist in reducing the risk of colon cancer (Arafat et al., 2009). The

tubers contain about 25 % oil, which are resistant to peroxidation, 50 % digestible

carbohydrates, 4 % protein and 9 % crude fiber (Salem et al., 2005; Arafat et al.,

2009). Oil extracted from yellow nutsedge can be used as food oil as well as industrial

purposes (Arafat et aI., 2009).

Average analytical figures of the dry matter have been quoted as: residual

moisture 9.3 per cent; protein 8.6 per cent; fat 21.8 per cent; carbohydrate 48 per cent;

ash 1.7 per cent; magnesium 0.1 mg/IOO g; phosphorus 211.5 mg/LOOg; potassium

0.5 mg/lOO g. The carbohydrate consists of 33.4 g starch and 14.6 g total sugars

(Onovo and Ogaraku, 2007; Ararat et al., 2009). Starch composition is approximately:

moisture 9 per cent; nitrogenous material 0.3 per cent, starch 89.8 per cent; cellulose

OJ per cent and ash 0.5 per cent (Arafat et al., 2009).

Yellow nutsedge has excellent nutritional qualities with a fat composition

similar to olives and a rich mineral content, especially phosphorus and potassium.

Yellow nutsedge is also gluten- and cholesterol-free, and has very low sodium

content. The oil of the tuber has been found to contain 18% saturated (palmitic acid

and stearic acid) and 82% unsaturated (oleic acid and linoleic acid) fatty acids (Onovo

and Ogaraku, 2007; http://dx.doLorgIl0.1016/0926-6690(96)89446-5). Horchata de

Chufas contain very low proteins and fats and high carbohydrates when compared to

milk. However, this can replace milk in the diet of people intolerant to lactose

(http://en.wikipedia.org/wikilCyperus_esculentus). Since the tubers contain 20-36%

oil, C. esculentus has been suggested as potential oil crop for the production of

biodiesel (http://dx.doi.org/lO.l 0 \6/0926-6690(96)89446-5). In Kenya, Cyperus
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esculentus is a weed, which is generally difficult to control and causes a lot of damage

to crops (Njoroge, 1994; Gesimba and Langat, 2005).

1.2.3 Madagascar cardamom [Aframomum angustifolium (Sonn.)

K. Schum.]

1.2.3.1 Taxonomy, Growth habit and Ecology

Madagascar cardamom which is sometimes known as cardamon (Aframomum

angustifolium (Sonn.) K. Schum.) belongs to the family Zingiberaceae (Hyde and

Wursten, 2010). It is a monocot and a C3 plant (Grubb et al., 2008). The plant is a

herb with leafy stems that grow up to 1.90 m high, and flowers are narrow in short

inflorescences, pink or carmine; of moist shady places in hill savanna, across the

region from Guinea to North and South Nigeria. The plants grow well in swampy

environment (http://botany.si.edu/Zingiberales/generalgenuspage.cfrn?mygenus). The

stems grow up to about 12 feet, with long oval lipped leaves and 4 seed pods together

on the tall stem. Flowers appear in clusters of 3 or 4. It has a very long trailing

rhizome which spread up to 8 feet a year.

1.2.3.2 Economic importance

The plants are ornamental. The fruits are used as food in Uganda (Eilu et al.,

2007). Fruits contain an acid pulp and many small brown seeds which are eaten fresh

(Eilu et al., 2007). The dried seeds are used like pepper to season food (Igoli et al.,

2005). The seeds contain essential oil: 1, 8-cineole (European Food Safety Authority,

2009). The extract of seeds of the cardamom plant is used for decreasing, eliminating

or slowing down the appearance of wrinkles, an action which preserves or restores the

structure of the skin, especially by means of an action which stimulates the synthesis

of collagen (Bonnet- Duquennoy et al., 2007; Andre et al., 2008). The rhizomes are

used as spices in Nigeria (Igoli et al., 2005). In Kenya the fruits are a source of food

and are aphrodisiac (Kokwaro, 1976). Communities in Kenya, use the roots to treat

abdominal pains (Githori, 2004). The seeds extracts are used in gruel to make a

powerful anthelmintic for humans (Githori, 2004). Root decoction is taken as remedy

for dysentery and snake bites in humans (Kokwaro, 1993).
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There is sufficient evidence from the literature that the three species of plants

are economically important to many communities all over the world. They are

common in Kenyan wetlands, yet their uses have not been well documented. They are

also threatened with extinction due to the dwindling wetland habitats.

In order to avoid the loss of these plants research on their growth, physiology

and economic benefits should be encouraged. This may contribute to their

appreciation and eventually their conservation. One aspect of research that requires

urgent attention is to evaluate the individual species growth response to fertilization or

nutrient enrichment which is a major problem facing Kenya's wetlands today (Ongeri,

2008). The fmdings may be useful in bioremediation since wetlands are rich in

mineral nutrients which act as pollutants. The results may be used as a basis for

assessing the growth potential and physiological characteristics of wetland plants.

Furthermore,· this will contribute to better management practices; encourage

propagation and re-introduction of these plants ill the degraded wetlands, thus

contributing to their conservation.
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1.3 Problem statement

Eutrophication is a widespread and increasing problem for wetland habitats

(McJannet et al., 1995; Oketch, 2006; Ongeri, 2008). Nitrogen and phosphorus

concentration are on increase in wetland systems because of agricultural practices

(Vitousek et al., 1997). Changes in nutrient availabilities may indirectly lead to loss of

overall plant diversity, thus changing ecosystem functions through modifying

resource use efficiencies of species (Kochsiek et al., 2006). Major forms of wetland

pollution in Kenya include sewage, urban runoff, industrial effluent and agricultural

farmland leachate (Nzengy'a and Wishitemi, 2001). Wetlands have been drained,

turned into agricultural land and commercial and residential developments at an

alarming rate (Brix, 1994). Information is lacking concerning the ecophysiological

characteristics of wetland plant species in Kenya in response to the increasing

problem of nutrient enrichment of wetlands (Oketch, 2006; Ongeri, 2008). There is

insufficient information to predict future wetland plant responses to nutrient

enrichment. Data is particularly scarce regarding growth, gas exchange, chlorophyll

content, chlorophyll fluorescence and mineral relations, especially of the wetland

plant species occurring in Lake Victoria region.
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1.4 Objectives

The overall objective of this study was to investigate the effects of NPK

fertilizer application on growth and physiology of selected wetland plant species

occurring in Lake Victoria basin, Kenya,

1.4.1 The specific objectives were:-

I. To determine the effect ofNPK fertilizer application on growth of

P. australis, C. esculentus and A. angustifolium.

2. To determine the effect of NPK fertilizer application on gas

exchange and chlorophyll fluorescence of P. australis, C.

esculentus and A. angustifolium.

3. To determine the effect of NPK fertilizer application on

photosynthetic pigment concentration of P. australis, C. esculentus

and A. angustifolium.

4. To determine the effect of NPK fertilizer application on Nand P

uptake among P. australis, C. esculentus and A. angustifolium.

1.5 Hypothesis

Application of NPK fertilizer to plants increases tissue nutrient levels and

improves plant performance, but different wetland plants will respond differently to

such application.
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1.6 Justification

The current interest in the study of the physiology and growth of wetland plant

species in relation to fertilization is driven by widespread observation of declines in

species diversity associated with nutrient enrichment, especially increased nitrogen

and phosphorus flows stemming from human activities (Verhoeven et al., 2001).

Studies on vegetation response to nutrients enrichment are few in Kenya. Human

activities around lakes have led to enrichment of lake waters with nutrients, especially

phosphorus and nitrogen which then have resulted to accelerated eutrophication

(UNEP, 1993; Oketch, 2006). The quality of many water sources in Kenya is

declining as a result of municipal, agricultural and industrial wastes (Nzengy'a and

Wishitemi, 2001). Sources of wetland pollution include, industrial wastewater from

pulp and paper effluents, sugar milling effluents and domestic wastewater (Nzengy'a

and Wishitemi, 2001; Abira et al., 2003). Disposal of domestic and industrial wastes

and increased nutrient supply have been recognized as major factors for wetland

degradation in the world (Nzengy'a and Wishitemi, 2001; Oketch, 2006), leading to

adverse impacts on wetland biodiversity and wetland ecosystems. Brix (1994), states

that natural wetlands should not be used deliberately as wastewater treatment systems,

but should be preserved for environmental conservation.

Loss of overall plant diversity and replacement of native species by exotics

has been reported in connection with nutrient enrichment in several types of wetlands

(Aerts et al., 1992; Huang and Pant, 2009). This enrichment could be as a result of

fertilizer application (Huang and Pant, 2009; Offiong et al., 2010). One way to avoid

the loss of populations of wetland plant species would be to implement programs of

reintroduction of the species in the ecosystem, although this is limited by the lack of

information regarding the ecophysiology and forestry management ofthe species.

Information gathered from the study could aid in predicting the future effects

of nutrient enrichment on wetland productivity and as well as design of appropriate

experiments and restoration of wetland areas through construction of wetlands. Due to

the increasing problem of eutrophication on the Kenyan wetlands, the plants evaluated

in this study could be introduced in wetland drainages where they can serve as an

effective means for removal of pollutants associated with agricultural run off. In

general, the information obtained from the study could be valuable in strategies to

mitigate the impact of excessive nutrients in wetlands especially in Kenya.
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CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Nutrient dynamics and impact on wetland plant species

Wetlands are an integral part of the hydrological cycle, pItying a key role in the

provision and maintenance of water quality and quantity as the basis of all-life on

earth (Ramsar convention on wetlands, 1999; Huang and Pant, 2009). Land use

practices such as agriculture exert a major influence on plant productivity, soil and

plant nutrient content, and within-stand nutrient cycling in wetlands (Gathumbi et al.,

2005). Among the variety of substances entering the soil, inland waters and the ocean

as waste products, nutrients especially create long term problems. Besides climatic

and endogenous factors ofthe plants themselves, the supply of mineral nutrients plays

a major role in distribution of plants. An excess of mineral nutrients may result in

toxic effects and may thus be decisive for the occurrence of plants in natural

communities (Janiesch, (991). Nitrates, ammonium, or simple organic compounds

such as amino acid and urea are the major sources of inorganic nitrogen taken up by

the roots of higher plants and thus are decisive factors for plant growth (Janiesch,

(991). Uptake of ammonium and nitrate requires physiological adaptations in order to

prevent acidification or alkalinisation of the cell environment (Janiesch, 1991).

Hydrological patterns can determine the vegetation in natural and man-made

wetlands, since the vegetation is dependant on ecophysiological adaptations of species

(Jackson and Colmer, 2005).

Wetland vegetation can be effective at immobilizing, storing and transforming

chemical inputs from uplands (Schultz et al., 1994; Huang and Pant, 2009). Increased

use of inorganic fertilizers associated with agricultural activities is known to increase

both particulate and dissolved nutrients particularly phosphorus, in sediments and

surface water and overland flow (Qualls and Richardson, 1995; Gathumbi et al.,

2005). In agricultural areas where wetlands are an important feature of the landscape,

fertilizer applied to field crops or pastures may enter adjacent wetlands via inadvertent

overspreading of fertilizer or as particulate runoff or ground water (Huang and Pant,

2009). Nutrients could move into depressional wetlands either through dissolved or

particulate form in underground water seepage or overland flow, and to a lesser

extent, through grazing cattle (Steinman et aI., 2003). Any modification in land use
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activities within and in areas adjacent to the wetlands may alter the amount and rates

of nutrient transformations within the wetlands (Qualls and Richardson, 1995).

The rate at which nutrients are released from litter is generally governed by the

rate of decomposition, various nutrients may be released at different rates and may

exhibit differential immobilisation and release patterns. Supply and discharge of

nitrogen in coastal wetlands consists mainly of the tidal transport of water. The length

of hydroperiod and intermittent periods of dry-wet conditions can significantly

influence the abundance and diversity of soil biota in the seasonal wetlands, which are

responsible for most nutrient transformations (Gathumbi et al., 2005). Quality and

quantity of organic matter substrates and timing of nutrient release through

mineralization and subsequent uptake by plants determines the extent of nutrient

cycling in wetland ecosystems (Verhoeven et al., 2001). Atmospheric nitrogen

deposition and the influx of a mixture of nutrients can drastically change the

characteristics of wetlands (Huang and Pant, 2009). To maintain the typical species

composition of these wetlands and their rare species, all influences resulting in

eutrophication should be minimized (Pauli et al., 2002).

Changes in pasture land use practices also leads to alteration in wetland plant

community composition and structure and seasonal net primary productivity, which

has a direct impact on within-stand nutrient cycling (Gathumbi et al., 2005). The

nutrient assimilative and storage capacity of seasonal wetlands embedded within

agricultural landscapes determines their role as nutrient sinks, but also as potential

nutrient sources within the landscapes. Nitrogen is one example of the chemical non-

point source pollutants (Huang and Pant, 2009). Increased atmospheric nitrogen (N)

deposition has altered the species composition and functioning of most natural or

seminatural plant communities in temperate regions (Bobbink et al., 1998; Kanmegne

et al., 1999). If P is limiting, increased N deposition does not stimulate plant growth

but rather reduces it (Gotelli and Ellison, 2002). Negative responses may reflect N

toxicity (Lucassen et al., 2002) or increased P deficiency (Brouwer et aI., 2001).

These effects may vary among species within a community, so that some species are

still stimulated by N, while others are reduced by competition, P-deficiency or N

toxicity (Limpens et al., 2003; Tomassen et al., 2004). The resulting competition

modifies the species composition and often reduces the species richness of the

vegetation (Roem and Berendse, 2000).

18

o



Physiological responses of wetland plants to excess nitrogen have been

investigated extensively, but only a few studies have considered the specific effects of

P deficiency as opposed to N deficiency (Brouwer et al ., 2001; GoteUi and Ellison,

2002). In short-term experiments, P deficiency reduces the growth of young plants

less than N deficiency (Keddy et al., 2000), probably because these plants can adjust

to P deficiency through a reduction in internal P concentrations (Gusewell and

Bollens, 2003). Field studies have suggested that P deficiency induced by N

enrichment increases root turnover and decreases nutrient retention by the vegetation

(Gusewell et al., 2002). Likewise in a growth experiment with 16 wetland species,

plants receiving high N supply retained a smaller fraction of the supplied nutrients in

their biomass over a two year period than those receiving high P supply (Gusewell et

al ; 2003).

Nutrient retention by wetland plants depends on the type of nutrient limitation;

however, rigorous testing of this hypothesis requires growth experiments that vary N:

P supply ratios (N vs P limitation) independently from variation in the total supply of

Nand P (Gusewell and Bollens, 2003; Gusewell et aI., 2003). The observation that

different species dominate N- and P-limited wetlands (Verhoeven and Schmitz, 1991),

and that some species can expand in P-poor wetlands under high N deposition

(Tomassen et al., 2004), suggests that plant species respond differently to N: P supply

ratios (Tomassen et al., 2003) .. Short-term experiments failed to demonstrate

relationships between physiological responses of species to N deficiency vs P

deficiency and their occurrence at N or P-Iimited field sites (Gusewell, 2005), but the

long-term responses to N : P supply ratios, which might be more decisive for species

distributions in the field, have not yet been investigated. Knowledge about species-

specific responses to Nand P deficiency would help in evaluating whether under

certain circumstances the negative impacts of high N deposition on species diversity

inwetlands might be mitigated by P fertilisation.

Changes in species composition may alter ecosystem processes, such as nutrient

cycling, productivity and decomposition. For example, species composition

influences nutrient retention of ecosystems because individual species differ in their

tissue nutrient concentration (Tilman et al., 1997; Evans and Poorter, 2001). In

wetlands, human activities can have profound effects on plant community

composition and ultimately ecosystem function. Developing an understanding of how

species respond to those activities is essential to predicting the impacts of human
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influence on both species composition and ecosystem function (Huang and Pant,

2009).

Studies have examined environmental impacts on species establishment

(Dittmar and Neely, 1999; Casanova and Brock, 2000), and competitive dynamics

(Tilman, 1987; Keddy et ai., 2000), but few studies have combined the effects of

environmental conditions on both attributes to predict species composition. Recent

attention has focused on species composition models based on interacting biotic and

abiotic factors (Zobel, 1997; Zobel et al., 1998), but the understanding of community

development is further complicated by the human alteration of both of these factors

(Huang and Pant, 2009).

Human disturbances to wetlands are frequently the result of agricultural

practices and urban development (Freeland et a!., 1999; Galatowitsch et ai., 2000),

and their impacts can be divided into individual stressors that may have physical,

chemical, and/or biological effects on wetlands. Sedimentation is an important

stressor in wetlands because it affects the ability of seeds to germinate and establish

(Jurik et al., 1994) by altering light availability, temperature, and oxygen levels in the

soil (Dittmar and Neely, 1999) and thereby change species richness (Titus and Leps,

2000). Increased fertilizer use, particularly N, in modern agriculture has increased

their concentrations in both ground and surface waters (Gathumbi et al., 2005).

Nutrient enrichment increases plant available nutrients, potentially shifting

competitive advantages to different species and altering species composition

(McJannet et al., 1995). Aggressive species, such as Lythrum salicaria, Phragmites

australis and Phalaris arundinacea tend to be favoured under these conditions

(Galatowitsch et al., 1999). A shift in composition to more productive, aggressive

species may alter the nutrient cycling and productivity of the ecosystem.

Previous studies have indicated that increased atmospheric nitrogen deposition

alters the species composition and functioning of most natural and semi-natural plant

communities (Bobbink et al., 1998). Many changes are typical of nutrient enrichment,

including increased biomass production, dominance of faster growing plant species,

accelerated N cycling and reduced N retention (Fenn et al., 1998; Aerts and Chapin,

2000; Rochette et al., 2004; Gusewell, 2005). However, on soils with low availability

of phosphorus (P) or potassium (K), continued enrichment with N may induce or

reinforce deficiencies of the other nutrients (Fluckiger and Braun, 1998; Johnson et

al., 1999). In wetlands, heath lands and grasslands, limitation by P has been revealed
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by responses to P fertilisation (Verhoeven and Schmitz, 1991; Marschner et al., 1996;

Carroll et al., 2003), high N: P ratios in plant biomass (Verhoeven et al., 1996), and

high root phosphatase activity (Johnson et al., 1999; Phoenix et al., 2003). Croplands

contribute 43% of the annual nitrogen input to surface waters while pasture and

rangelands contribute 25% (Schultz et al., 1994). Despite the magnitude of these

experimental estimates, there is paucity of knowledge on the growth and physiology

of wetland plants in Kenya to nutrient enrichment.

Plants are an integral part of wetland processes (Hoagland et al., 2001). Plants

can assimilate and immobilize nutrients such as nitrogen and phosphorus (Bolan and

Adriano, 2001) as well as heavy metals (Sadik et al., 1987; Schultz et al., 1994;

Prasad, 2004). Microbial processes are important in reducing NPS pollution in the

landscape. Microbes will assimilate and immobilize non-point source pollutants but

their rapid turnover and relatively small biomass may make this a minor sink (Schultz

et al., 1994). Nitrogen and other nutrient dynamics during decomposition of litter is

complex, as the nutrients often occur in different forms and are subject to various

transformations (Hall et al., 2006). Bross et al. (1995) observed a temporary increase

in N concentration during decomposition, because of N immobilization during early

biomass loss. Generally the concentration of nutrients is found to decrease with depth,

the highest levels in the litter and a sharp decrease down the mineral horizon (Gupta

and Rorison, 1975). It is especially important to understand the dynamics of wetlands

processes and develop predictive methods to determine optimal widths and

management intensities needed to increase nutrient recycling and reduce negative

effects on the wetland's ecosystem.

The amount of phosphorus in wetlands has greatly increased as a result of

discharge of phosphates from rivers. In an experimental study where application of

sewage sludge to the Great Sippe Wisset salt marsh in Northern America was done,

plant biomass increased significantly in the upper and lower parts of the salt marsh

(Rozema and Leendertse, 1991). The vegetative height of Spartina alterniflora in the

lower parts of the salt marsh increased with nutrient enrichment (Rozema and

Leendertse, 1991). In addition, eco logical processes and biogeochemical cycles

(especially the N cycle) are currently disturbed by human activities. Consequently, it

has become necessary to improve the scientific knowledge concerning the

characteristics of mineral N uptake by the major species of the wetland community.

For instance, research is going on worldwide to evaluate nutrient cycling of common
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ditch plants and their effectiveness as accumulators of nutrients in constructed

wetlands (Beadle et al., 2004; Pierce et al., 2007). Wetland studies show strong

supporting evidence for both direct and indirect effects of plants in nutrient removal,

especially for N; however, the temporal relationship among plant biomass and

nutrient accumulation has not been well documented, particularly for wetlands

receiving agricultural runoff (Hoagland et al., 200 I).

2.2 Abiotic environment related to wetland plant adaptations

Concerns about the rising atmospheric CO2 levels have prompted considerable

interest in recent years regarding the sink potential of soil organic carbon (SOC).

Elevated CO2 increases biomass production in water stressed plants (Centritto et al.,

2002). The carbon gas flux technique integrates processes that occur within and

between above ground and below ground compartments (turnover and translocation)

and therefore provides a more reliable estimate of total production than harvest

methods (Neubauer et al., 2000). The increase of atmospheric CO2 concentration is

expected to enhance photosynthesis, thus resulting in increased growth and yield of

many plants. Past research has found that elevated CO2 increases the growth of most

plants, due primarily to increased rates of photosynthesis, altered carbon partitioning

and increased water and nutrient use efficiencies (Smith et al., 2008).

Photosynthesis depends on the absorption of light and the diffusion of CO2 from

the atmosphere to the sites of photosynthesis within leaves. To take up CO2, plants

must open their stomata; this generally results in considerable water loss. Increases in

atmospheric CO2 concentration can reduce water loss and increase photosynthetic

carbon gain of most plants. Plant growth is only possible if temperatures are between

some lower and upper thresholds; plant growth at most locations is likely to increase

with moderate increases in annual mean temperature, mainly due to lengthening of the

growing season.

Increased atmospheric concentrations of CO2 and other greenhouse gases will

cause an increase in mean global temperature by 1-3.5 °C and is likely to increase

evapotranspiration and changes in regional precipitation (Tans, 1993). Vegetation

function is strongly influenced by increases in atmospheric CO2 concentrations at

sites with limiting water and nutrient availability, and that the structure of regional

vegetation mosaics are being modified by changing frequencies in natural and

anthropogenic disturbance regimes (Tans, 1993), heterogeneity as well as shifts in
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wetland ecosystem functions. Exchange of water vapour and C02 between the

atmosphere and the forest ecosystems are affected by the successional stage of the

vegetation and by the growth activity as related to site quality or influenced by the

atmospheric nitrogen deposition (Schultz et al., 1994; Jackson et al., 2000).

The pattern and frequency of stomata on any leaf surface are under tight genetic

control, but. may be modified by climatic factors such as the availability of C02

(Croxdale, 2000). Climatic factors affect stomatal density and this has implications

for plant development (Malone et al., 1993). Stomata in many species progressively

close as the atmospheric CO2 concentration increases, thus reducing water loss

relative to carbon gain (Poorter et aI., 1992). This gain may be offset to some extent

by increased leaf temperature. It has also been argued that C02 will alter respiratory

activity. Experimental evidence demonstrates both increases and decreases in

response to increasing atmospheric CO2 concentration (Amthor, 1991; Poorter et al.,

1992). Collection of data on stomatal densities from sites which have experienced

environmental pollution can provide a baseline against which to assess anthropogenic

impacts on these species (Zarinkamar, 2007). This has potential to facilitate

appropriate monitoring and analysis of environmental changes, using stomatal

characteristics as an indicator of physiological and genetic response (Zarinkamar,

2007). Stomatal conductance depends on the density of stomata on the leaf and on

their aperture opening, which controls diffusion through individual stomata (Smith

and Osmond, 1987; Malone et al., 1993). Stomata are sensitive to environmental

stress and will usually close during times of stress (Maricle et al., 2007). Higher CO2

concentration generally leads to lower stomatal conductance (Kimball and Idso, 1983)

and higher leaf photosynthetic rates (Eamus and Jarvis, 1989; Arp, 1991). This

improves water-use efficiency, so carbon gain for plants with limited water supply

should increase with increasing CO2 concentration (Rogers et al., 1983; Idso and

Brazel, 1984; Tolley and Strain, 1985). A decrease in stomatal conductance reduces

incoming C02 and thus can reduce photosynthesis rates (Maricle et al., 2007).

Stomatal closure causes a decrease in internal CO2 concentration. Subsequently, a

concomitant decline in photosynthesis may result from the diminished availability of

C02 for carbon fixation. Reduction of CO2 concentration increases the amount of

harmful reactive oxygen species (ROS) within the leaf due to ongoing light reaction,

which leads to senescence and even death of the plant (Kuan-Hung et al., 2006).

23

o



Significant variations in soil moisture occur among different soil types and

along elevation gradients. Gupta and Rorison (1975) report that during times of

moisture stress some plants may utilise nutrients from the lower horizons by

extending their root systems. The survival of certain species of plants is enhanced by

an ability to utilise short-term increases in soil nutrients (Gupta and Rorison, 1975).

The exploitation of spatially and lor temporally distinct zones of soil moisture by

plants allows coexistence of different life-forms (Dodd et al., 1998). Distinct soil

water resources can be created by climatic patterns and texture effects on deep

percolation and evaporative losses (Dodd et al., 1998). Most estimates of forest gas

exchange responses to atmospheric shifts do not provide information on the potential

changes in flux partitioning that may occur in wetlands. While previous studies on gas

exchange response have generally defined the relationship between soil water

availability and canopy conductance (Kerstiens et al., 1995), there are few studies

with respect to soil types and wetland vegetation types.

Physiological changes associated with environmental stress in crops and

pastures include reduction in photosynthetic rate. A major constraint resulting from

excess water, especially for poorly adapted species, is an inadequate supply of oxygen

(Jackson and Colmer, 2005). Flood-induced decrease in photosynthetic rate has been

associated with a reduction in ribulose-l,5-bisphosphate carboxylase/oxygenase

(Rubisco) activity. Influences of rising global C02 concentration and increasing

nutrient levels on plant growth and ecosystem function have become major concerns

because vegetations play important role in C02 sequestration. However,

photosynthesis changes with CO2 and excessive nutrition in wetland plant species is

poorly understood.

Nitrous oxide (N20) is formed in soils by denitrification and nitrification. The

atmospheric concentration in N20 is increasing at a rate of 0.25% annually (Hall et

al., 2006). Much of the recent increase of atmospheric concentration of N20 is

attributed to increased use of legumes and N-fertilizers (Bachand and Horne, 2000).

Agricultural sources are estimated to emit approximately 80 mg N20-N yr-I or 60% of

the total anthropogenic emissions (Hall et al., 2006). These N20 emissions are largely

attributed to nitrification and denitrification of N that is added to the soil to sustain

crop productivity (Kamara et al., 1997). Wetlands can provide beneficial functions

and minimize adverse effects such as N20 emissions to the atmosphere (Lee and

Capom, 1998; Bachand and Horne, 2000; Huang and Pant, 2009). Trees and shrubs
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use their extensive root system to absorb substantial quantities of nutrients from lower

soil horizons. Under natural conditions in seasonal environments, nutrient levels may

vary during the growing season and may decline gradually as a result of plant uptake

and leaching (Benner and Bazzaz, 1988).

Plants need inorganic nutrients from the soil, such as nitrate or ammonia and

phosphate, and plant response to environmental variables is modified by the

availability of these soil nutrients. Furthermore, soil-nutrient availability itself can

also be affected by environmental factors. At any site, there are usually many

different plant species that interact with each other and with other organisms in a

multitude of different ways. Accumulation and distribution of carbon and other

elements in the plants can be affected by physiological and morphological constraints

imposed by plant development (Benner and Bazzaz, 1988). Plants enrich the top soil

through litter fall, thus acting as net to trap nutrients which otherwise would be

leached down the profile (Kanmegne et al., 1999). Different patterns of release of

mineral nutrient have been observed. Nitrogen, phosphorus and magnesium parallel

the weight loss, potassium is released more quickly and calcium more slowly than

others (Swift, 1986). Decrease of biomass bound nutrient stocks are due to

disturbance of the internal nutrient cycle with loss of organic litter layer, root mat and

therefore higher nutrient leaching decrease of soil organic matter and decrease in

cation exchange capacity, plant available soil nutrients and decrease of

evapotrans pirat ion.

With increased diversification in industrialization and extensive use of metal-

based fertilizers, the concentrations of metal pollutants in wetlands continue to rise

through natural run off. Presence of metal pollutants in wetland ecosystems is known

to disturb the delicate balance of the ecosystems (lpinmoroti, 1993; Bais et al., 2006).

Differences among plant species to solubilise soil nutrients and to chelate toxic

elements influence the ability of plants to cope with adverse soil conditions (Bolan

and Adriano, 2001; Tesfaye et al., 2003). Decrease in redox potential of the

rhizosphere has important consequences on redox reactions of pollutant metals such

as arsenic, manganese and chromium (Bolan and Adriano, 2001).

Invasive species have invaded many of the world's wetland ecosystems

(Kourtev, 2003), due to a combination of anthropogenic alteration and nutrient

enrichment of wetlands. Increased resource availability either directly through input

(e.g., increased precipitation) or ind irectly through a reduction in resident species
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(e.g., disturbance) may facilitate establishment of exotic populations. As a result,

extreme environments where productivity is commonly limited by resource

availability may be less vulnerable to invasion than those with high resource

availability, providing refuge to native species more adapted to these harsh conditions

(Stohlgren et al., 2001). Invasive plants have higher rates of carbon assimilation

and/or water use efficiency relative to native plant species, which may contribute to

their spread (Casanova and Brock, 2000; McDowell, 2002; Farnsworth and

Meyerson, 2003). For plants, with a high rate of net carbon assimilation can result in

higher biomass accumulation, favouring future growth and reproduction as well as

competitive status (Brock and Galen, 2005).

Climate change may alter the competitive balance between species at a site by

differentially affecting their effectiveness in the capture of resources or their

efficiency in using them. Climate change may also result in the addition or loss of

species from the site, thus changing the outcome of future competitive interactions.

Higher CO2 concentrations usually favour C3 spe-cies over C4 species under increased

nutrient resources (Bazzaz, 1990; Schumacher et al., 2003). Limited experimental

results have shown that, although high CO2 tends to favour C3 over C4 species, there

is a wide range of responses and competitive outcomes even among C3 species

(Bazzaz, 1990; Jiang et al., 2009). The fertilizing effect of widespread nitrogen

deposition from industrial areas is a useful analogy for the impacts of climate change

on the competitive interactions between species. In areas affected by heavy

deposition, rapidly growing species of grasses and forbs are favored over slower

growing, nitrogen efficient shrubs (Chapin, 1980; Field et al., 1992).

Studies indicate that elevated CO2 will stimulate the growth and

competitiveness of invasive plants (Frond-Williams, 1996), perhaps to a greater

degree than other plant species because of their ability to rapidly adapt to new

environments (McDowell, 2002) and their efficient use of available resources such as

nutrients, light and water (McDowell, 2002; Jiang et al., 2009). The invasion of exotic

species will become a bigger problem for lake and stream ecosystems under warmer

conditions. In conjunction with current human activities (e.g., impoundment

construction) the warmer, drier conditions will further threaten natural habitats and

biodiversity. Currently, very little effort has been focused on obtaining empirical data

to determine the extent of wetland nutrient enrichment and how this might impact on

the management of wetland vegetation in a changing global environment. Therefore,
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it is important to understand how wetland plant species will be impacted by excess

nutrients in their natural ecosystems. The growing interest in trees and forests under

the influence of water pollution and changing global climate makes it desirable to

select one or a few plant species to study more intensively (Posthumus, 1991).

As global climate continues to change and as ecological communities are

exposed to anthropogenic factors, the ability of species to respond to changes in the

environment will ultimately determine survival in a particular habitat (Helmuth et al.,

2005). In order to make predictions about ecosystem response, scaling up from

individual physiological responses to the landscape is essential (Helmuth et al., 2005).

In considering the effect of climate change on any ecosystem, it is necessary to

consider not only the direct ecophysiological effects in response to climate change but

also the ways in which these direct effects are modified by soil feedbacks and

biological interactions between different organisms.

2.3 Resource allocation in wetland plant species

Resource allocation is important throughout the life of the plant. This is

because resource distribution at early stages of development affects the ability of a

plant to acquire additional resources during growth (Benner and Bazzaz, 1988). Plants

. ,"have a capacity to co-ordinate the growth of their organs, so that there is generally a

tight balance between the biomass invested in the shoot and that invested in roots

(Poorter and Nagel, 2000; Hernandez et al., 2004), Resources must first be

accumulated in order to be allocated (Evans and Edwards, 2001); this depends on

resource supply and demand upon the physiological capabilities of the organism

(Gutschick and Pushnik, 2005). The allocation of biomass to different plant organs

depends on species, ontogeny and the environment of the plant (Poorter and Nagel,

2000). Plants shift allocation of biomass towards roots under limited nutrient and

water supply. This shift could be seen as adaptive, as it enables the plant to acquire

more of those resources that most strongly limit plant growth (Tanner, 1996; Poorter

and Nagel, 2000). Turnover rates for both above and below-ground tissues vary

depending on the plant species and tissue type (Neubauer et al., 2000). Plant

performance depends on the underlying patterns of resource availabilities (Rochette et

aI., 2004). Resources vary spatially and temporally and species differ in their ability

to tolerate resource scarcity (Hernandez et al., 2004). Thus, more than one resource
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may be limiting simultaneously among microsites or at different times within the

same microsite or for different species grown together (Latham, 1992).

Most plant species show a clear positive correlation between the light

saturated rate of photosynthesis and leaf nitrogen (Pons and Westbeek, 2004).

Variation in the investment of leaf N in light harvesting relative to photosynthetic

capacity and the degree of utilization capacity are important factors in ecophysiology.

Plants grown at low nutrient levels have decreased rate of photosynthesis per unit leaf

mass. However, growth is hampered more than photosynthesis, as judged from the

generally occurring accumulation of starch (Poorter and Nagel, 2000). At low nutrient

and water availability, roots use relatively more of the limiting amounts of

photosynthates, leaving less for the shoots (leaves).

Nutrient limitations affect many aspects of plant physiology including

photosynthesis and hence also plant growth and performance (Ripley et al., 2004).

Phosphorus deficiency has important effect on the regeneration of NADP, starch

synthesis, the transport of sugars across the chloroplast membrane, energy metabo lism

and ATP production. Phosphorus deficiencies also affect the quantum and

carboxylation efficiencies of photosynthesis, rates of electron transport and

regeneration of the primary CO2 acceptor, ribulose biphosphate (RuBP). Phosphorus

supply will affect plant photosynthetic performance, so that phosphorus treatments

may be used to assess techniques for quantifying photosynthetic performance and

growth (Ripley et al., 2004).

C3 plants are expected to have higher leaf nitrogen than C4 plants (Taylor et

al., 2010). Improved efficiency of carboxylation by Rubisco in C4 plants provides the

opportunity for C4 species either to increase photosynthetic capacity for a given

investment in leaf nitrogen or to maintain CO2 assimilation for a reduced investment

in leaf nitrogen. C4 photosynthesis is defined by a suite of fundamental physiological

effects. Saturation of Rubis co with C02 eliminates photorespiration in C4 plants under

most conditions, producing higher rates of CO2 fixation than the C3 type for a given

investment in the enzyme (Taylor et al., 2010). As a consequence, although leaf

Rubisco and leaf nitrogen concentration are usually lower, net CO2 assimilation rates

(A) are typically higher in C4 than in C3 species over a wide range of conditions

(Jiang et al., 2009), thus nitrogen-use efficiency (NUE) is greater. Improved water-

use efficiency (WUE) in C4 compared with C3 species is a result of CO2 uptake in the

C4 pathway being catalysed by a coupled system of carbonic anhydrase (CA) and
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PEP-carboxylase (PEPc), which has higher affinity for CO2 and higher maximum

velocity than Rubisco. Higher uptake of C02 at reduced intercellular C02

concentration in C4 plants allows equivalent or greater assimilation at lower stomatal

conductance than in C3 species (Taylor et al., 2010).

Plant species are differentially adapted to a series of environmental stresses

and exhibit various mitigative strategies (Hall et al., 2006). Plants respond to changes

in nutrient availabilities by altering their phenology, morphology, biochemistry and

relative allocation to roots and shoots (Kochsiek, 2006). Ecophysiological properties

such as gas exchange and nutrient use efficiencies (Kochsiek, 2006; Jiang et al.,

2009), chlorophyll fluorescence (Splapakauskas et al., 2008), provide a mechanism

for predicting the success of species in a community, as they are the first to respond to

changes in resource availability (Jiang et ai., 2009). The ecophysiology of wetland

plant species especially in wetlands in Lake Victoria region, Kenya have not been

studied extensively (Jones and Muthuri, 1985; Jones, 1988). The ecophysiology of

wetland plant species is highly relevant to understanding primary productivity in

wetlands.

2.4 Photosynthetic pigments and chlorophyll fluorescence

In photosynthesis, antenna pigments in leaf chloroplasts absorb so lar radiation,

and through resonance transfer, the resulting excitation is channelled to the reaction

centre pigments, which release electrons and set in motion the photochemical process.

The chlorophyll a concentration (Chi a) and chlorophyll b concentration (Chi b), are

the most important of the pigments, and are thus virtually essential for the oxygenic

conversion of light energy to the stored chemical energy that powers the biosphere

(Richardson et al., 2002). From a physiological perspective, leaf chlorophyll

concentration (for example, how it varies both between and within species) is

therefore a parameter of significant interest to ecophysiologists in its own right.

However, from an applied perspective, leaf pigmentation is important land managers.

Chlorophyll content is one of the indices of photosynthetic activity (Bojovic and

Stojanovic, 2005).

The amount of solar radiation absorbed by a leaf is largely a function of the

concentrations of photosynthetic pigments, and therefore low concentrations of

chlorophyll can directly limit photosynthetic potential and hence primary production

(Richardson et al., 2002). Much of leaf nitrogen is incorporated in chlorophyll, so
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quantifying chlorophyll content gives an indirect measure of nutrient status (Moran et

al., 2000). Pigmentation can be directly related to stress physiology, as concentrations

of carotenoids increase and chlorophylls generally decrease under stress and during

senescence (Pefiuelas and Filella, 1998). The relative concentration of pigments is

known to change with abiotic factors such as light (e.g. sun leaves have a higher ChI

a: ChI b ratio) (Larcher, 1995), and so quantifying these proportions can provide

important information about relationships between plants and their environment.

Photosynthetic pigments are essential for plant development. Quantifying

these pigments in wetland vegetation could provide accurate estimation of the

physiological state of the vegetation, for species discrimination and productivity

estimation (Stobart et al., 1985; Beadle, 1993). Some mechanisms for protecting

plants against photodamage consist of chlorophyll concentration changes in order to

reduce the extent of the absorbed light, chloroplast movements, reducing the organelle

and photosynthetic complexes exposure to light (Pastenes et al., 2004).

The synthesis or degradation of chlorophyll occurs naturally with the presence

of light. Nonetheless, the excess of light can cause greater degradation and

consequently, a reduction in the levels of total chlorophyll. An increase in chlorophyll

concentration may potentially raise irradiance harvesting and increase the

photosynthetic potential of plants (Steinke and Stier, 2003). Increase of photo-

oxidation of chlorophyll depends upon the concentration of carotenoids, which can

prevent photoxidative action (Bartley and Scolnik, 1995). Reduction in light

harvesting chlorophyll proteins (LHCPs) content is an adaptive defence mechanism of

chloroplast (Singh et al., 2008).

The efficiency by which light is harvested by photosystem II (PS II) reaction

centers of the electron transport system can be assessed using chlorophyll

fluorescence techniques (Genty et al., 1989). PSII is highly sensitive and easily

damaged by environmental stresses (Ball et al., 1994; Krause and Weis, 1991,

Maxwell and Johnson, 2000), including extreme temperatures, light, nutrient and

water limitations (Bown et al., 2009). Chlorophyll fluorescence measurements show

the quantitative relationship between the fluorescence and efficiency of

photosynthetic energy conversion (Sfapakauskas, 2008). Chlorophyll is located in the

pigment-protein complexes that are embedded in the thylakoid membrane, where

excitation energy is funneled into the reaction centers (P680 and P700) and converted

into chemical energy (NADPH and ATP), which is required to drive the
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photosynthetic carbon reduction (Calvin) cycle (Bown et al., 2009). Light energy

absorbed by chlorophyll molecules can be used to drive photosynthesis

(photochemistry), be dissipated as heat or be re-emitted as chlorophyll fluorescence

(Krause and Weis, 1991). As these processes are mutually exclusive, changes in the

efficiency of photochemistry and heat dissipation can be determined by measuring

chlorophyll fluorescence (Maxwell and Johnson, 2000). At room temperature,

variable fluorescence originates almost exclusively from PSII. Therefore,

fluorescence changes primarily reflect the state of PSII (Bown et al., 2009). Steady-

state fluorescence (Fs) and other light-adapted parameters are easily applied to field

situations and are possible to use at the canopy scale (Dobrowski et aI., 2005).

In light-adapted leaves, the quantum efficiency of open PSII centers (<DPSII)

represents the efficiency with which excitation energy captured by the light-

harvesting antennae is passed to PSII centres and used for photochemistry (Demmig-

Adams et al., 1995). Values of <DPSII can be reduced by non-photochemical

processes, mainly through the dissipation of excitation energy as heat before it

reaches the PSII reaction centers; this process is termed non-photochemical quenching

(Krause and Weis, 1991). Xanthophyll cycle dependent energy dissipation has been

shown to be the predominant mechanism by which leaves adapt to high irradiance

(Demmig-Adams et al., 1995).

Because light-harvesting . reactions occur essentially independently of

temperature, an increase in light will result in an increase in energy absorbed by the

photosystems, regardless of ambient temperature (Hughes et al., 2005). However, the

rates of biochemical reactions in the Calvin cycle are retarded by low temperatures,

and as temperature decreases, so will the rate of carbon fixation. This imbalance

between energy capture and assimilation may lead ultimately to a decline in available

open reaction centers and, subsequently, increasing amount of absorbed energy that is

transferred to nonchlorophyllic molecules such as xanthophyll pigments and, more

deleteriously, oxygen in the surrounding tissue (Demmig-Adams and Adams, I996a;

Logan et al., 1998). The transfer of energy to molecular O2 may then drive the

formation of biologically damaging reactive oxygen intermediates (ROIs) including

singlet oxygen (102); superoxide (02-); hydrogen peroxide (H202);and hydroxyl (air)

radicals (Mittler, 2002). Such an increase in ROIs may lead to tissue damage and even

cell death, as the reactive mo lecules oxidize proteins, peroxidize lipids, inhibit

enzymes and damage DNA and RNA (Mittler, 2002).
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Photoinhibition, resulting from down-regulation or damage, depends mainly

on the proportion of light energy being absorbed in excess of the capacity of the

photosynthetic organisms to use that energy in photochemistry. Therefore, not only

high intensity light per se, but also any environmental constraint directly or indirectly

limiting the capacity for C02 assimilation is likely to induce photo inhibition (Pastenes

et al., 2004). Many deleterious environmental influences that inhibit plant growth,

ranging from nutrient deficiencies to anthropogenic pollution can result in decreased

leaf chlorophyll concentration (Odjegbra and Fasidi, 2006).

Photoinhibition is accompanied by a reduction in the photochemical capacity,

an increase in the non-photochemical dissipation of energy and the de-epoxidation of

the xanthophylls (Dernmig-Adams and Adams, 1996b). The latter is one of the

mechanisms whereby excess energy is channelled away from the photochemical

processes and dissipated non-photochemically as heat (Gilmore et al., 1996; Dernmig-

Adams et al., 1988). In addition there is evidence to suggest that there is a relationship

between the size of the de-epoxidated xanthophyll pool (which varies between

species) and the reduction in midday photochemical efficiency (Dernmig-Adams and

Adams, 1996b). Furthermore, one acclimation to the light environment in which a

plant is grown can occur by the alteration of the size of the xanthophyll pool

(Niinemets et al., 1998). Xanthophyll conversions are by no means the only

mechanism whereby plants can cope with high light levels.

Damage caused by photoinhibition may be assessed by determining

fluorescence and emission through chlorophyll a concentration in plants treated with

strong irradiation pulses. Fluorometer provides a measure of chlorophyll a

fluorescence from photo system II which is then used to determine electron transport

rates (ETR) of plant tissues. The ETR is used as a quantitative measure of

photosynthetic rates of plant tissues (Uku and Bjork, 2005). Chlorophyll fluorescence

is a sensitive indicator of the status of photochemical reactions. At physiological

temperatures, fluorescence mainly originates from PSII chlorophyll (Vassilev et al.,

1995). Understanding the physiological mechanisms of various environmental

stressors is critical in predicting how disturbances will influence future plant

community patterns and distributions. The physiological condition of plants is

indicative of plant productivity, adaptability to stress, and a general indication of the

environment in which they grow (Zarco-Tejada et al., 2002). Plant growth depends

on photosynthesis, which is affected by environmental factors such as nutrients,
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drought, temperature, and light. Stress may be apparent in morpho logical and

physiological characteristics, which represent integrated responses to multiple

environmental factors.

Suppression of photosynthetic rate is accompanied by structural and functional

changes in photosynthetic apparatus of stressed plants (Vassilev et al., 1995). That is

why the chlorophyll fluorescence parameters could be an indicator of the status of

photochemical processes in PSII (Belkhodja et al., 1999). Substantial changes in the

characteristics of the fluorescence curves can serve as easy and rapid indicators of

stress conditions in plants (Netondo et al., 2004), and readily quantify the response of

different species or genotypes of the same species towards environmental stresses,

and hence rank them according to their relative stress tolerance.
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CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 Plant material

Small rhizome sections (approximately 5 g each and 6cm long) of Cyperus

escuientus L. var. escuientus and Phragmites australis (Cav.) Trin. ex Steud. were

randomly collected from five lxlm plots in pure stands of each species from

Nyamasaria swamp (Latitude 0050'S-0045'N and longitude 33°20'-35°20'E, and 1503

metres above sea level) and from Maseno University botanic garden swamp (latitude

0°1'N- 0012'S and longitude 34°25'E - 47'E, and 1500 metres above sea level)

respectively. Seeds of Aframomum angustifolium (Sonn.) K. Schum. (cardamon) were

collected from Maseno University botanic garden swamp and germinated within the

glasshouse in 1.5 litre plastic containers (10 x 15 x 4 ern), containing river sand

without any pre-treatment.

After germination the seedlings were transplanted at the age of three weeks

into polythene bags containing a 1:3 mixture of soil and river sand and were irrigated

with water in a nursery for seven months. The rhizome sections were transplanted into

3.5 litre pots, one plant per pot containing a 1:3 mixture of soil and river sand

(McJannet et ai., \995). This growing medium was used because roots are easily

cleaned from it. The pots were irrigated with tap water for three weeks till the first

shooting took place. Potted plants were allowed to recover for three weeks after

transplanting before initiating experimental treatments. When the cuttings were seven

weeks old they were assigned to various NPK fertilizer treatments.

Maseno area receives an average annual rainfall of 1800mm in two rainy

seasons; 'long rains' (March to July), and 'short rains' (September to January). Mean

monthly temperature ranges between 14.6 °C and 30.7 -c The soil is classified as

Kandiudalfic Eutrodox (USDA, \992; Gathumbi et al., 2004).

Nyamasaria area receives mean annual rainfall ranging from 1298 to 1800 mm

(Oloko, 2009). Most of the rain is received during the long rain season which is from

March to late May. The short rains season is from August to December (Ongeri,

2008). Mean monthly temperature ranges between 16°C and 31"C. The area is

dominated by vertisols and clay soils associated with swamps and temporary wetlands

(F AO, 1965; Ongor, 2007).
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3.2 Experimental Design and Growth conditions

The study was carried out under out-door conditions in the Botanic garden at

Maseno University. The plants were grown outdoors to simulate field conditions

(McJannet et al., 1995; Wu et al., 2011). The experiment involved two factors (NPK

fertilizer levels and plant species) in a 4x3 completely randomised factorial design

with five replications. Plants were provided with three NPK fertilizer dosage levels of

50 mg, 100 mg, 150 mg and zero [control] per pot according to Pons and Westbeek

(2004). The chemical composition of the fertilizer was 10% N, 26% P, 10% K, 4% S,

10% Cao, 4% Mgo and micronutrients which include Bo, Zn, Mn and Mo, making

36% (Athi river mining limited, Nairobi, Kenya). The plants were irrigated daily with

tap water for eight weeks. Photosynthetically active radiation (PAR) measured by

infrared gas analyser during the study period ranged from 500 and 2020 umol photon

m·2s-J, day temperatures monitored us ing min imum and maximum thermometer

ranged from 22°C to 33°C and relative humidity recorded by use of a hair hygrometer

(Abbeon, CA) ranged from 30% to 50%.

3.3 Plant Growth Parameters

3.3.1 Shoot height

Shoot height was determined at the end of the experiment (56 days after

initiation of treatments). Measurements were made from the first internode of the

stem above the soil surface to the top most internode of the shoot by use of a metre

rule.

3.3.2 Stem diameter

Stem diameter was measured at the base of the stem (10 em from the soil

level) using a vernier calliper. This was done before terminating the experiment (56

days after initiation of treatments).

3.3.3 Leaf number

Number of leaves on each shoot was recorded at the end of the experiment.

35

MASENO UNIVERSITY
S.G. S. LIBRARY



3.3.4 Leaflength and leaf width

Length of the leaf blades and maximal width of the largest leaf from each

plant were measured at the end of the study using a micrometer and a ruler according

to Addai and Scott (2011).

3.3.5 Leaf area

Leaf area was determined according to Jose et al. (2000) by measuring the

length and maximum width of the leaf using a metric rule. The area was then

calculated using the equation: AL = 0.73 (LL X Wd where AL is the leaf area, LL is

the length of the leaf blade and WL is the maximum width measured for each leaf The

measurements were done at the end of the experiment.

3.3.6 Root and shoot fresh and dry weights

Weights of fresh roots and shoot and their dry weights were measured after

careful removal of the entire seedlings and rooted cuttings from wet soil at the end of

growth period. All shoots (entirely consisting of leaves) were clipped above the soil:

sand mixture media surface. Subsequently, the media (soil: sand mixture) was gently

washed from the below ground parts, and roots were separated from rhizomes and

other debris using the sieve method, and blotted dry on paper towels. Harvested plants

were grouped in envelopes by pot.

Shoot and root fresh weights of the three plant species were determined using

a weighing balance (Denver Instrument Model XL-3100D) immediately after

harvesting. Plant components were labelled and oven dried for 48 hours at 80°C to

constant weight according to Otusanya et al. (2007) to determine the dry weight so

that biomass could be calculated per stem per species. To derive average individual

biomass, total pot biomass was divided by number of individuals (number of tillers)

per pot. Dry weight of each organ part was represented as a measure of photosynthate

partitioning and allocation.

3.3.7 Root-shoot ratio

Root-shoot ratio was determined using the method of Jimenez and Lao (2005)

by use of dry weight of roots and shoots from each pot.
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3.3.8 Number of tillers

Number of tillers in each pot were counted and recorded at the end of the

experiment.

3.4 Gas exchange parameters

Leaf gas exchange parameters [net C02 assimilation, stomatal conductance

and transpiration rate] were determined on day 36, 46 and 56 after the initiation of the

treatments, by use of a portable infrared gas analyser system connected to a plant leaf

assimilation chamber (CIRAS-I, PP Systems Ltd., Herts, U. K.) on 2.5 crrr' of leaf

surface. To make the results comparable and to avoid the possible effects of leaf age,

all measurements were made with the second fully expanded leaf from the top of the

plant (Jiang et al., 2009) which was inserted inside the leaf cuvette. Measurements

were recorded after an equilibration time of 60-90s, as soon as steady-state

assimilation was reached on every measurement. Five measurements were taken for a

total of five replications. Data was collected between 0930 and 1300 hours at light

intensity (Photosynthetically active radiation, PAR) between 500 and 2000 urno I

photons m·2s·l measured using a portable infrared gas analyser mounted with a LED

light source. Leaf temperatures recorded by the infrared gas analyser during

measurements ranged between 29 and 32°C, internal CO2 concentration of 350 ppm

and a flow of 150 urno l S·l. Vapour pressure deficit recorded by the infrared gas

analyser was between 1.7 and 2.1 kPa, and air relative humidity measured using a hair

hygrometer (Abbeon, CA) was about 30%.

3.5 Chlorophyll fluorescence parameters

Chlorophyll fluorescence measurements were taken four days prior to

harvesting (52 days after initiation of treatments) using a portable non-modulated

fluorometer (Hansatech, PEA, U.K.). Measurements were done on leaves (second

fully expanded leaves from the top of the plants), which had been dark-adapted using

leaf clips for 15 minutes. An actinic light pulse was used to saturate the photosystems.

The parameters of fast chlorophyll fluorescence: maximum fluorescence yield from

PSII following a saturating pulse of photons in a light-adapted plant (FM'), steady

state yield of PSII fluorescence in the light (Fs), electron transport rate through PSII

(ETR), actual efficiency of PSII [quantum yield of PSII electron transport, (<DPSII);

(Belkhodja et al., 1999), were determined during the day between 1100 and 1400
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hours. Quantum yield of PSII electron transport, (<I>PSII)was calculated as [Fm'-

Fs]/Fm' (Maricle et al., 2007).

3.6 Photosynthetic pigment concentration

Chlorophyll was extracted from the third mature leaf (from the shoot apex) of

each of the five replicates for each treatment (Singh et al., 2009) in order to make the

results comparable and to ensure that the leaves were at the same physiological age

(Jiang et ai., 2009). The third mature leaf instead of the second mature leaf was used

to avoid some of the damages that had occurred on the second mature leaf during the

measurement of gas exchange and chlorophyll fluorescence in order to get uniform

results. Exactly 0.1 gram fresh material was ground in 20 ml Of 80% (v/v) acetone

using a mortar. The suspension was filtered and absorbance read against an 80%

acetone blank at 480 nm (carotenoids), 645 nm (chlorophyll b concentration) and 663

nm (chlorophyll a concentration) using a Spectronic 20 spectrophotometer (Model

Novaspec II, Pharmacia Biotech, Cambridge, England). Chlorophylls a and b

concentrations were calculated according to Adelusi et al. (2006). Carotenoids were

measured according to the methods described by Hendry and Grime (1993) and

modified by Yadegari et ai. (2007).

The concentration was then calculated using the following formulae:

Chi a = [13.19 x A663]-[2.57 x A645](rng g'1 fresh weight)

Chi b = [22.1 x A645]-[5.26 x ~63] (mg g'l fresh weight)

Cx+c = [1000 x A480]-[2.270 x Chi a] - [81.4 x Chi b] /227 (mg g' fresh weight)

Where ChI a and Chi bare chlorophylls a and b concentration respectively, Cx+c are

carotenoids concentrations (x = xanthophylls and c = carotenes), A663, A645 and

A480 is the absorbance at 663nm, 645nm and 480nm respectively.

3.7 Foliar Nand P determination

3.7.1 Nitrogen concentration

Leaves were dried in an oven at 60°C and were then subsequently ground

into a homogenous powder with a ball mill. Two grams of the powder was weighed

into a Kjedahl flask. A small amount of digestion mixture which consisted of

mercuric oxide as a catalyst plus potassium sulphate was added to raise the boiling

point and then 30 ml of concentrated H2S04 was added. The mixture was digested for

two hours at 380°C by slowly raising the temperature from room temperature using a
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block digester (Technicon BD-40, Technicon instrument Corp, USA) and then

allowed to cool to room temperature (Parkinson and Allen, 1975).

After the digestion was complete, 150 ml of distilled water was then added to

the mixture and then transferred into a 500 ml Erlenmeyer flask. One hundred

millilitres (100 ml) of 4% NaOH was then carefully added to the flask followed by 2

pieces of -rnoss zinc and then heated at 50°C. The Erlenmeyer flask was then

immediately connected to a distillation unit. Distillation was carried out until the

contents in the Erlenmeyer flask were about 250 m\. Distillation was done as

described by Buresh et al. (1982). The distillate was collected in a solution ofH3B03

(plus methyl orange indicator), and was titrated with standard HCI until the blue

colour disappeared. The titration volume of the acid was recorded. Each batch of

distillations contained at least two standards and two control blanks (reagent blanks).

Blank determination was carried out according to Okalebo et al. (2002).

N concentration in plant tissue (N %) was then calculated using the

formula below as described by Okalebo et al. (2002).

(N %) = (N conc-N blnk) (v) 0.0001/ v

where N cone = N concentration in plant digest (mg/l)

N blnk = N concentration in blank digest (mg/l)

v = Total volume of diluted digest (m!)

w = Plant sample weight (g)

3.7.2 Phosphorus concentration

Two grams of the air dried sample was placed in a 125 ml Erlenmeyer flask. A

little phosphorus free Darco-G-60 was added. Fifty ml of sodium bicarbonate so lution

at 25°C was then added (Olsen et al., 1954). The contents were then rotary shaken for

30 minutes on an orbital shaker at 200 rpm. A blank without sample was then

prepared. The extract was then filtered using What man filter paper No. 42. About 10

ml of the extract was pipetted into a 50 ml volumetric flask, and then 10 ml deionised

water and one drop of p-nitrophenol indicator added. About 2.5M sulphuric acid was

added drop wise, with shaking untill the colour disappeared. Eight millilitres of

Murphy-Riley solution was then added and brought to 50 ml with deionised water,

mixed well and then stoppered. The intensity of the blue colour was then read after 15

minutes on a spectronic 301 spectrophotometer (Milton Roy Company, USA) at 730

nm as described in Okalebo et al. (2002).
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P concentration in plant tissue (P %) was then calculated using the formula

below:

(P %) = (P conc-P blnk) (v) 0.0001 /w

where P cone = P concentration in plant digest (mgll)

P blnk = P concentration in blank digest (mg/I)

v = Total volume of diluted digest (ml)

w = Plant sample weight (g)

4.0 Data analysis

Analysis of variance (ANOYA) was carried out on the data collected during

the study period to test for differences between the treatments and of plant species by

use of SAS statistical computer package. Treatment means were separated using the

least significant difference (LSD) test at 5% probability level. Correlation analysis

was conducted to determine the relationships between the parameters measured using

Pearson's moment correlation procedure.
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4.0 RESULTS

CHAPTER FOUR

4.1 Plant growth parameters

4.1.1 Shoot height

Shoot height slightly increased in A. angustifolium and P. australis with

increasing NPK fertilizer application level, but reduced in C. esculentus (Fig. 4.l.1).

There was a significant difference in shoot height incre~se among the three plant

species (P ::s 0.05). The various levels ofNPK fertilizer application had no-significant

effect (P > 0.05) on shoot height (Appendix 1). Variations in shoot height were not

significant due to species and NPK fertilizer application interactions (Appendix 1).

•.....•
100 "~.,--==~~:::~~I-=--=--=--=--=-"",,_,,=,_,o;.:.'::~i:';;';;'----__ '~"~"::"~'!l?

,1----.-1

200

150

50

o

- A.angustifolium II III P.australis ~ Cesculentus

o 50 100
NPK fertilizer application level (mg)

150

Fig. 4.1.1: Shoot height for three wetland plant species presented as a percentage of

control plants of the respective species. (Means of five replicates ±SE), [LSD (0.05):

treatments = 15.109, species = 13.085].
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4.1.2 Stem diameter

Stem diameter of A. angustifolium and P. australis steadily increased with

increase in NPK fertilizer level from 0 to 100 mg, and then decreased between 100

and 150 mg NPK fertilizer application level (Fig. 4.1.2). While that of C. esculentus

slightly increased from 0 to 100 mg, and then slightlydecreased between 100 and 150

mg NPK' fertilizer application level. There were significant differences (P :S 0.05)

between NPK fertilizer application levels and among species in this parameter.

Furthermore, there was a highly significant interaction between NPK fertilizer

application levels and species (Appendix 1). '

I - A.angustifolium -- --- P.australis ----- Cesculentus I
525
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150
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Fig. 4.1.2: Stem diameter for three wetland plant species presented as a percentage

of control plants of the respective species. (Means of five replicates ± SE), (LSD

(0.05): treatments = 0.2619, species = 0.2268].
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4.1.3 Number of leaves

Higher NPK fertilizer levels increased the number of leaves per plant in P.

australis and C. esculentus (Fig. 4.1.3). Phragmites australis had a remarkable

increase in number of leaves especially at 150 mg NPK fertilizer level. Number of

leaves in A. angustifolium slightly increased between 0 and 50 mg NPK fertilizer

application levels then decreased between 50 and 150 mg. Phragmites australis had

significantly (P ~ 0.05) more leaves per plant compared to A. angustifolium and C.

esculentus.The interactions between the NPK fertilizer application levels and species

werealso significant (Appendix I).
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NPK fertilizer application level (mg)

Fig. 4.1.3: Number of leaves per plant for three wetland plant species presented as

a percentage of control plants of the respective species. (Means of five replicates ±

SE),[LSD (0.05): treatments = 3.4924, species = 3.0245].
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4.1.4 Leaflength

Leaf length in C. esculentus steadily increased between 0 and 100 mg NPK

fertilizer application level then decreased between 100 and 150 mg NPK fertilizer

application levels, while that for A. angustifolium steadily increased up to 50 mg then

decreased between 50 mg and 150 mg NPK fertilizer application level (Fig. 4.1.4).

Leaf length per plant slightly increased with increase in NPK fertilizer level in P.

australis with a remarkable increase between 100 mg and 150 mg NPK fertilizer

application level. Cyperus esculentus had significantly (P S 0.05) the highest leaf

length increment compared to A. angustifolium and P. australis. There were

significant (P :::::0.05) interactions between NPK fertilizer application levels and

species for this parameter (Appendix 1).
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--+- A.angustifolium ---..,--- P.australis -- C.esculentus

~---.--;~~-----:::.:::-----==-----=------------...

o +---------------~------------~---------------
o 50 100 150

NPK fertilizer application level (mg)

Fig. 4.1.4: Leaf length for three wetland plant species presented as a percentage of

control plants of the respective species. (Means of five replicates ± SE), [LSD

(0.05): treatments = 2.0722, species = 1.795].
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4.1.5Leafwidth
Leaf width steadily increased in C. esculentus up to 100 mg fertilizer

application level then steadily decreased between 100 mg and 150 mg NPK fertilizer

application level, while that of P. australis and A. angustifolium increased with

increasing NPK fertilizer levels (Fig. 4.1.5). Leaf width increase was more in A.

angustifolium as compared to P. australis and C. esculentus. There were significant

differences (P ~ 0.05) in leaf width growth among the NPK fertilizer application

levels and species. Interaction effect of fertilizer application and species was also

statistically significant (Appendix I).

--..- A.angustifolium --~-- P.australis --- Cesculentus
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NPK fertilizer application level (mg)

Fig. 4.1.5: Leafwidth for three wetland plant species presented as a percentage of

control plants of the respective species. (Means of five replicates ± SE), [LSD

(0.05): treatments = 0.2455, species = 0.2126].
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4.1.6 Leaf area

The fertilizer application treatments had significant effects (P ~ 0.05) on leaf

area increments in all the three species (Fig. 4.1.6). There was a steady increase in

leaf area with increasing NPK fertilizer level in P. australis and C. esculentus. Leaf

area slightly increased in A. angustifolium between 0 and 100 mg treatment then

decreased thereafter. Analysis of leaf area revealed significant interactions between

nutrient treatments and species (Appendix 1).
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Fig. 4.1.6: Leaf area for three wetland plant species presented as a percentage of

control plants of the respective species. (Means of five replicates ± SE), [LSD

(0.05): treatments = 6.5397, species = 5.663].
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4.1.7 Shoot fresh weight

Shoot fresh weight increased significantly (P :s 0.05) with increasing NPK

fertilizer levels (Fig. 4.1.7). There were significant differences between the NPK

fertilizer application levels and among the species (Table 4.1). The most pronounced

effect of NPK fertilizer application occurred in C. esculentus and A. angustifolium

while the effect in P. australis was less remarkable. Furthermore, there was a highly

significant (P :s 0.05) interaction between NPK fertilizer application levels and

species(Appendix 1).
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Fig. 4.1.7: Shoot fresh weight for three wetland plant species presented as a

percentage of control plants of the respective species. (Means of five replicates ±

SE), [LSD (0.05): treatments = 15.978, species = 13.8375].
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4.1.8 Shoot dry weight
Shoot dry weight increased significantly (P :s 0.05) with NPK fertilizer

application level in all the species (Fig. 4.1.8). Cyperus esculentus had the highest

shoot dry weight compared to P. australis and A. angustifolium. There were

significant (P :s 0.05) interactions between NPK fertilizer application levels and

species (Appendix 1).
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Fig. 4.1.8: Shoot dry weight for three wetland plant species presented as a

percentage of control plants of the respective species. (Means of five replicates

± SE), [LSD (0.05): treatments = 3.8782, species = 3.3586]
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4.1.9 Root fresh weight

Root fresh weight increased with increasing NPK fertilizer application level

among the species (Fig. 4.1.9) however the increase was not consistent in all the three

species. Plants under NPK fertilizer application had significantly (P ::; 0.05) higher

root fresh weight compared to control plants. Cyperus esculentus had the highest root

fresh weight compared to other two species. In P. australis and A. angustifolium,

there was a slight increase in root fresh weight from (0) control to 50 mg NPK

fertilizer application level, and then was followed by some slight decrease at higher

NPK fertilizer levels. There were significant interactions between the NPK fertilizer

application levels and species for this parameter (Appendix 1).
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Fig. 4.1.9: Root fresh weight for three wetland plant species presented as a

percentage of control plants of the respective species. (Means of five replicates ±

SE), [LSD (0.05): treatments = 15.52, species = 13.441].
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4.1.10Root dry weight
Root dry weight increased with increasing NPK fertilizer level among the

species (Fig. 4.1.10): Cyperus esculentus showed the most remarkable response to

NPK fertilizer treatments between 50 mg and 100 mg, while the other two species bad

minimal response between 50 mg and 150 mg NPK fertilizer application levels. There

were significant (P :::;0.05) differences in root dry weight between the fertilizer

application levels and among the species. Root dry weight of plants without fertilizer

(control treatment) was significantly lower than that of other treatments. There were

also significant (P :::;0.05) interactions between the fertilizer application levels and

species for this parameter (Appendix 1).
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Fig. 4.1.1 0: Root dry weight for three wetland plant species presented as a

percentage of control plants of the respective species. (Means of five replicates

+SE), [LSD (0.05): treatments = 4.667, species = 4.0416].
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4.1.11 Root-shoot ratio
Root-shoot ratio was significantly (P ::s 0.05) affected by NPK fertilizer application.

Root-shoot ratios reduced with increasing NPK fertilizer level in C. esculentus and A.

angustifolium (Fig. 4.1.11). Root-shoot ratio increased up to 100 mg then slightly

reduced at 150 mg treatment in P. australis. Root-shoot ratio in P. australis was

significantly higher compared to the other two species. There was a significant

interaction between the NPK fertilizer application level and the species (Appendix 1).
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Fig. 4.1.11: Root-shoot ratio for three wetland plant species presented as a

percentage of control plants of the respective species. (Means of five replicates ±

SE), [LSD (0.05): treatments = 0.2214, species = 0.1918].
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4.1.12 Number of tillers
Fertilizer treatments significantly (P :s 0.05) increased the number of tillers per

pot for each species (Fig. 4.1. 12).The most steady and remarkable response to NPK

fertilizerapplication occurred in C esculentus. The responses of A. angustifolium and

P. australis to NPK fertilizer application were only remarkable between 0 (control

treatment) and 50 mg NPK fertilizer treatment, and then levelled of thereafter up to

150 mg treatment. There were significant interactions between fertilizer application

levelsand species (Appendix 1).
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Fig. 4.1.12: Number of tillers per pot for three wetland plant species presented as a

percentage of control plants of the respective species. (Means of five replicates ±

SE), [LSD (0.05): treatments = 0.9758, species = 0.8451].
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4.2 Gas exchange

4.2.1 CO2 assimilation rate

C02 assimilation rate significantly (P :S 0.05) increased with increasing NPK

fertilizer levels in all the species in all the days, with most pronounced effects on C.

esculentus (Fig. 4.2.1 A, B and C). There was a significant difference in C02

assimilation between the species, primarily reflecting somewhat higher photosynthetic

rates in C. esculentus at high NPK fertilizer treatments, 100 and 150 mg. The C02

assimilation rate also depended on the day of measurement as indicated by a

significant species, fertilizer and day interaction term (Appendix 2).

4.2.2 Stomatal conductance

Relative to control plants, NPK fertilization significantly (P :S 0.05) increased

stomatal conductance in all the species, even though the pattern of stomatal increment

was not consistent among all the species in all the days (Fig. 4.2.2 A, B and C).

Stomatal conductance in C. esculentus slightly reduced between day 46 and 56.

Generally, Aframomum angustifolium plants had higher stomatal conductance

compared to P. australis and C. esculentus. Analysis of stomatal conductance

revealed significant species, NPK fertilizer application level and day interactions

(Appendix 2).

4.2.3 Rate of transpiration

The rate of transpiration was significantly (P :S 0.05) increased by NPK

fertilizer application in all the days in A. angustifolium, while that of C. esculentus

and P. australis increased between day 36 and day 46 then decreased thereafter (Fig.

4.2.3 A, B and C). Aframomum angustifolium had slightly higher rates of transpiration

compared to C. esculentus and P. australis. Analysis of rates of transpiration

indicated significant species, NPK fertilizer application level, and day interactions

(Appendix 2).
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4.2.4 Intercellular CO2 concentration

Intercellular CO2 concentration increased significantly (P :s 0.05) with

increasing NPK fertilizer levels in all the days in A. angustifolium but that of C.

esculentus and P. australis increased between day 36 and day 46 then decreased there

after (Fig. 4.2.4 A, B and C). Cyperus esculentus and A. angustifolium had generally

higher intercellular C02 concentration at high NPK fertilizer levels 100 and 150 mg

compared to P. australis. Intercellular CO2 concentration varied also significantly

with the species and NPK fertilizer application interaction (Appendix 2). Intercellular

C02 concentration had also a significant species, fertilizer application and day

interaction (Appendix 2)

A. angustifolium
20

- .•- 0mg

-t-100 mg

.. ,~.. 50 mg

---150 mg
16

<U.•...
0:1 ,-..•.. -
c '"o~..:;: E
0:1 N:;::0 12.5 U
eIl_
ell 00:1 E
"'::1.0'-'

U
8

.'.... "..... ;'...:" ...•
....:"..:;" ...•

l:::::.:.~~~~~~i~'............ -........... :.;:.:-----------

4

o +-----------------,-----------------,------------------
Day 36 Day 46 Day 56

54

o

A



20
C. esculentus

- •• - Omg
-IOOmg

---::1(-- 50 mg
-..-150mg

12

11)~01•...
t::~o '"';::0

8~U

:~]
Ul ::1.01,-"
N

0
U

4

16

12

8

4

o

..................... ~ .......... 'I................. _- ..i----------i
B

Day 56Day 36 Day 46

P. australis

- •• - Omg ... ll( ••• 50mg

~IOOmg -..-150mg

.............................----------

c

o +-----------------r----------------.----------------~
Day 36 Day 46 Day 56

Fig.4.2.1:CO2 assimilation rate for (A) A. angustifolium, (B) C. esculentus and (C) P. australis grown

at four levels of NPK fertilizer application under outdoor conditions for 56 days. (Means of five

replicates± SE), [LSD (0.05): treatments = 0.1089, species = 0.0944 and day = 0.0944].
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Fig. 4.2.2: Stomatal conductance for (A) A. angustifolium, (B) C. esculentus and (C) P. australis grown

at four levels of NPK fertilizer application under outdoor conditions for 56 days. (Means of five

replicates ± SE), [LSD (0.05): treatments = 0.3622, species = 0.3137 and day = 0.3137].
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Fig. 4.2.3: Rate of transpiration for (A) A. angustifolium, (B) C. esculentus and (C) P. australis grown

at four levels of NPK fertilizer application under outdoor conditions for 56 days. (Means of five

replicates ± SE), [LSD (0.05): treatments = 0.0136, species = 0.0118 and day = 0.0118].
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Fig. 4.2.4: Intercellular CO2 concentration for (A) A. angustifolium, (8) C esculentus and (C) P.

australis grown at four levels of fertilizer application under outdoor conditions for 56 days. (Means of

fivereplicates ± SE), [LSD (0.05): treatments = 9.4385, species = 8.174 and day = 8.174].
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4.3 Chlorophyll fluorescence

4.3.1 Electron quantum yield of PSII

Electron quantum yield ofPSII (<DPSII) increased significantly (P .:::;0.05) with

increase in NPK fertilizer application level (Fig. 4.3.1). Average <DPSIIvalues in C.

esculentus remained high in most of the fertilizer application levels compared to P.

australis and A. angustifolium. The pattern of variation in <DPSII among species

differed significantly between NPK fertilizer application levels (species and fertilizer

application level interaction) (Appendix 2) .
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Fig. 4.3.1: Electron quantum yield of photosystem II for three wetland plant species

grown at four levels ofNPK fertilizer application under outdoor conditions for 56

days. (Means of five replicates ± SE), [LSD (0.05): treatment = 0.05128, species =

0.0444].
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4.3.2 Electron transport rate
Electron transport rate (ETR) exhibited significant differences (P ::; 0.05)

between NPK fertilizer application levels and among the species (Fig. 4.3.2). ETR

increased in C. esculentus and A. angustifolium between 0 (control treatment) and 100

mg NPK fertilizer application level, and then decreased thereafter. ETR slightly

increased in P. australis between 0 (control treatment) and 50 mg NPK fertilizer

levels and then decreased between 50 mg and 150 mg NPK fertilizer level. There

were significant (P ::; 0.05) interactions between NPK fertilizer application levels and

species (Appendix 2). The patterns of the changes of ETR across the NPK fertilizer

application levels were not consistent.
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Fig. 4.3.2: Electron transport rate for three wetland plant species grown at four levels

of NPK fertilizer application under outdoor conditions for 56 days. (Means of five

replicates ± SE), [LSD (0.05): treatments = 44. 152, species = 38.2368].
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4.3.3 Steady state yield of PSII fluorescence (Fs)

Steady state yield of photo system II fluorescence decreased with increasing

NPK fertilizer levels among all the species (Fig. 4.3.3). Aframomum angustifolium

had significantly (P :s 0.05) higher Fs values compared to P. australis and C.

esculentus. There were no significant interactions between fertilizer treatments and

species (Appendix 2).
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Fig. 4.3.3: Steady state yield ofPSII for three wetland plant species grown under four

levels of NPK fertilizer application under outdoor conditions for 56 days. (Means of

five replicates ± SE), [LSD (0.05): treatments = 33.645, species = 29.137].
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4.3.4 Maximum fluorescence yield (Fm')

Maximum fluorescence yield increased with increased NPK fertilizer

application between 0 and 100 mg fertilizer levels in P. australis and A.

angustifolium, and then decreased between 100 and 150 mg NPK fertilizer levels (Fig.

4.3.4). In Cyperus esculentus maximum fluorescence yield slightly increased upto 50

mg NPK fertilizer level then decreased at 100 mg, then increased again at 150 mg

NPK fertilizer level. There were no significant differences (P > 0.05) between NPK

fertilizer application levels, although there were significant differences among the

species.The NPK fertilizer application level and species interaction (Appendix 2) was

alsonot significant (P > 0.05).

--+-- A.angustifolium ---'li--- Piaustralis ---- Cesculenius

600

450

300 .'---------------------------+---------------------------l--"-" "_" _
-------- T---I150

o +---------------~~--------------~--------------~

o 50 100
NPK fertilizer application level (mg)

Fig. 4.3.4: Maximum fluorescence yield from PSII for three wetland plant species

grown at four levels of NPK fertilizer application under outdoor conditions for 56

days. (Means of five replicates ± SE), [LSD (0.05): treatments = 85.637, species =
74.164].
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4.4 Photosynthetic pigment concentration

4.4.1 Chlorophyll a concentration

Chlorophyll a concentration increased in all NPK fertilizer levels and among

the species (Fig. 4.4.1). Phragmites australis had significantly higher chlorophyll a

concentration compared to A. angustifolium and C. esculentus. There were significant

differences (P :s 0.05) in leaf chlorophyll a concentration between NPK fertilizer

levels and among species (Appendix 3). Chlorophyll a concentration also exhibited a

significant NPK fertilizer application level and species interaction.

--+- A.angustifolium ---- -- P.australis

25 ..........0-- C.esculentus

20
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o

_----------II ------
I -----T-------
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...--------- I -----1:-J

o 50 100
NPK fertilizer application level (mg)

150

Fig. 4.4.1: Chlorophyll a concentration for three wetland plant species grown at

four levels of NPK fertilizer application under outdoor conditions for 56 days.

(Means of five replicates ± SE), [LSD (0.05): treatments = 0.912, species =
0.7898].
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4.4.2 Chlorophyll b concentration

Chlorophyll b concentration increased in all NPK fertilizer levels (Fig. 4.4.2).

Phragmites australis had significantly higher chlorophyll b concentration compared

toA. angustifolium and C. esculentus. Significant differences (P .:s 0.05) between NPK

fertilizer application levels and among species were observed in this study (Appendix

3). The interactions between NPK fertilizer application levels and species were also

significant (P.:s 0.05).
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---.\\l--- P.australis

150

--+- Aungustifolium

-- Cesculentus

Fig. 4.4.2: Chlorophyll b concentration for three wetland plant species grown at

four levels of NPK fertilizer application under outdoor conditions for 56 days.

(Means of five replicates ± SE), [LSD (0.05): treatments = 0.3235, species =
0.2802].
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4.4.3 Carotenoids concentration

Carotenoid concentration of the leaves increased in all NPK fertilizer levels

(Fig.4.4.3). There were significant differences (P :::::0.05) in carotenoids concentration

between NPK fertilizer levels and among the three species. The pattern of leaf

carotenoids concentration among the three species resembled that of chlorophyll a

concentration (Fig. 4.4.1) and chlorophyll b concentrations (Fig. 4.4.2), respectively.

There were no significant (P > 0.05) NPK fertilizer application levels and species

interactions(Appendix 3).

--+- A.angustifolium ---.iJ--- P.australis -- C.esculentus
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o +---------------.---------------~---------------,

o 50 100
NPK fertilizer application level (mg)

Fig. 4.4.3: Carotenoids concentration for three wetland plant species grown at four

levelsofNPK fertilizer application under outdoor conditions for 56 days. (Means of

fivereplicates +SE), [LSD (0.05): treatments = 0.2062, species = 0.1786].
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4.5 Mineral nutrient concentration

4.5.1. Leaf nitrogen concentration

Nitrogen concentration increased in all nutrient treatments (Fig. 4.S.1). Leaf

nitrogen concentration increased steadily in P. australis up to 100 mg, and then

slightly decreased at ISO mg NPK fertilizer treatment. Phragmites australis had the

higher leaf nitrogen concentration, compared to A. angustifolium and C. esculentus.

There were significant differences (P ::::O.OS) in nitrogen concentration between the

NPK fertilizer application levels and among the species (Appendix 3). There was also

a significant NPK fertilizer application levels and species interaction.

--~~ -- P.australis-.- A.angustifolium

-- C.esculentus3.5
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o 50 100 150

NPK fertilizer application level (mg)

Fig. 4.S.I: Leaf nitrogen concentration for three wetland plant species grown at

four levels of NPK fertilizer application under outdoor conditions for S6 days.

(Means of five replicates ± SE), [LSD (O.OS): treatments = 0.1459, species =

0.1264].
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4.5.2 Leaf phosphorus concentration

There were significant differences (P:S 0.05) in leaf phosphorus concentration

between NPK fertilizer application levels and among species (Fig. 4.5.2). Phragmites

australis and C. esculentus exhibited a steady increase in phosphorus concentration

with increased NPK fertilizer application level. A significant decrease in phosphorus

concentration with increasing NPK fertilizer level occurred in A. angustifolium

indicating a reduced phosphorus uptake. There was a significant (P :S 0.05) NPK

fertilizer application level and species interactions (Appendix 3).
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150

Fig. 4.5.2: Leaf phosphorus concentration for three wetland plant species grown at

four levels ofNPK fertilizer application under outdoor conditions for 56 days. (Means

offive replicates ± SE), [LSD (0.05): treatments = 0.02067, species = 0.0179].

69

o



4.6 Correlation among plant attributes

The plant height was significantly and positively correlated (P :::::0.05, Appendix

8) with leaf number (r = 0.46), leaf nitrogen (r = 0.40), leaf phosphorus (r = 0.15),

chlorophyll a concentration (r = 0.55), chlorophyll b concentration (r = 0.41) and

carotenoid concentration (r = 0.31). While shoot height had significant negative

correlation with leaf area (r = - 0.42), leaf length (r = - 0.08), leaf width (r = - 0.16),

stemdiameter (r = - 0.54) and number of tillers per pot (r = - 0.33). Stem diameter was

significantly and positively correlated with leaf area (r = 0.741), leaf length (r =

0.504), number ofleaves (0.616) and leaf width (r = 0.66).

Stem diameter was also negatively correlated with number oftillers per pot (r = -

0.480), leaf nitrogen concentration (r = - 0.35), leaf phosphorus concentration (r = -

0.22), chlorophyll a concentration (r = - 0.54), chlorophyll b concentration (r = - 0.47)

and leaf carotenoid concentration (r = - 0.49).

Number of leaves per plant were positively correlated with leaf nitrogen

concentration (r = 0.71), leaf phosphorus concentration (r = 0.63), chlorophyll a

concentration (r = 0.83), chlorophyll b concentration (r = 0.81) and carotenoid

concentration (r = 0.61). Number of leaves per plant showed significant negative

correlation with individual leaf area (r = - 0.52), leaf length (r = - 0.48), leaf width (r

= - 0.45), stem diameter (r = -0.45) and number of tillers per pot (r = - 0.26).

Leaf area was significant positively correlated with leaf length (r = 0.81), leaf

width (r = 0.82), stem diameter (r= 0.74) and number of tillers per pot (r = 0.71). Leaf

area showed negative correlation with chlorophyll a concentration (r = - 0.50),

chlorophyll b concentration (r = - 0.46), carotenoid concentration (r = - 0.39), number

of leaves per plant (r = 0.52), leaf nitrogen (r = - 0.28), and leaf phosphorus (r = -

0.24). Number of tillers per pot had significant positive correlation with leaf length (r

= 0.47) and leaf width (r = 0.59). Number of tillers per pot was weak and positively

correlated with leaf nitrogen (r = 0.1) and leaf phosphorus concentration (r = 0.1).

Number of tillers per pot ~howed negative correlation with number ofleaves per plant

(r = - 0.26), weak and negative correlation with chlorophyll a concentration (r = -

0.12), chlorophyll b concentration (r = - 0.06), and carotenoids concentration (r = -

0.04) respectively.

There was a good correlation between CO2 assimilation rate and stomatal

conductance (r = 0.512), transpiration rate (r = 0.595) and intercellular CO2
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concentration (r = 0.63). There was a positive correlation between C02 assimilation

rate and chlorophyll a concentration (r = 0.561), chlorophyll b concentration (0.651),

and carotenoid concentration (r = 0.225). CO2 assimilation rate was positively

correlated with electron quantum yield ofPSII (r = 0.156) and maximum fluorescence

yield (r = 0.165) and electron transport rate (r = 0.188). C02 assimilation rate was

negatively correlated with steady state yield ofPSII fluorescence.

Stomatal conductance was positively correlated with transpiration rate (r

0.947), intercellular C02 concentration (r = 0.644) and electron transport rate (r =

0.466). Transpiration rate was positively correlated with intercellular CO2

concentration (r =0.843).

Electron transport rate showed weak and positive correlation with steady state

yield of PSI! fluorescence (r = 0.07). Electron transport rate was negatively correlated

with electron yield of PSI! (r = - 0.18) and maximum fluorescence yield (Fm ') (r = -
0.02). Actual efficiency of PSII (<I>PSII)was positively correlated with maximum

fluorescence yield (r = 0.04) and significant negatively correlated with steady state

yield ofPSII fluorescence (r = - 0.65).

Leaf nitrogen concentration showed significant negative correlation with leaf

area (r = - 0.26), leaf length (r = - 0.32) and leaf width (r = - 0.26). Leaf nitrogen

concentration indicated significant positive correlation with number of leaves per

plant, (r = 0.71), leaf phosphorus concentration (r = 0.65), chlorophyll a concentration

(r = 0.82), chlorophyll b concentration (r = 0.83) and carotenoid concentration (r =

0.69), C02 assimilation rate (r = 0.45), stomatal conductance (0.176) and negatively

and non significantly correlated with transpiration rate (r = - 0.048) and significantly

and negatively correlated with intercellular CO2 concentration (r = - O. 422). Leaf

phosphorus concentration was negatively correlated with leaf area (r = - 0.244), and

leaf width (r = - 0.272).

Leaf phosphorus concentration showed positive correlation with number of

tillers per pot (r = O.l), leaf length (r = 0.097) and significant positive correlation with

chlorophyll a concentration (r = 0.61), chlorophyll b concentration (r = 0.58) and

carotenoids concentration (r = 0.46). Leaf phosphorus showed non significant and

positive correlation between CO2 assimilation rate (r = 0.237), transpiration rate (r =

0.159), electron yield of PSII (r = 0.034), and significant positive correlation with

stomatal conductance (r = 0.300).
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CHAPTER FIVE

5.0 DISCUSSION

5.1 Effect of NPK fertilizer application on growth

Plants require nutrients for growth and survival, but excess nutrients can be

detrimental to plant growth and development (Janiesch, 1991; Wu et al., 2011). Shoot

height significantly increased with increasing NPK fertilizer level in the three species

in agreement with the findings by Naidoo (2009) and Amanullah et al. (2009).

Vitousek and Walker (1989) found that the invasive species Psidium cattleianum

showed stronger growth responses to elevated nutrient availability (shoot height

increment and dry weight accumulation). Increase in shoot height of the three plant

species with increase in NPK fertilizer level may be attributed to increased rates of

photosynthesis as a result of increased leaf chlorophyll synthesis and nutrient uptake.

This is true because positive correlation occurred between number of leaves per plant,

chlorophyll a, chlorophyll b, carotenoids, leaf nitrogen and leaf phosphorus

concentration. These results are in agreement with the previous studies by Bigger and

Oechel (1982) that indicated that high NPK fertilizer levels stimulated photosynthesis

more than at low NPK fertilizer levels. According to studies by Naidoo (2009) and

Lovelock et al. (2009) plants shift resource allocation to shoots, which enhance

growth and productivity with nutrient enrichment. Shoot height showed significant

positive correlation with leaf number, and significant negative correlation with leaf

area and number of tillers per pot which is in agreement with the results reported by

Maqbool et al. (2010). Shoot height was also significantly and positively correlated

with leaf length, leaf width and stem diameter. Th is positive correlation between these

parameters is an indication that NPK fertilization treatments had direct effect on those

parameters. Many tillers were produced by C. esculentus in response to increasing

fertilizer level and this could contribute to the reduction in shoot height in C.

esculentus.

Stem diameter of P. australis steadily increased with increase in NPK

fertilizer levels from 0 to 100 mg and then stabilised between 100 mg and 150 mg,

this shows that growth allocation was diverted to other plant organs of the plant other

than the stems. Increase in stem diameter with increase in NPK fertilizer application

level may suggest an increase in cell size and cell number as a result of higher rates of
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cell division and cell enlargement, respectively. Stem diameter of P. australis, C.

esculentus and A. angustifolium decreased slightly at higher NPK fertilizer application

levels, this may be attributed to the increase in the number of tillers in the pots leading

to inhibition of stem growth as competition for resources set in. Previous studies have

shown that tillers compete for nutrients during their growth, thereby inhibiting the

development of the main shoot (Briggs and Courtney, 1989). In a plant monoculture

that does not self thin, many investigators have shown growth inhibition may occur

when individuals compete for resources (Wang et al., 2005). Stem diameter showed

significant positive correlation with leaf area, leaf length, leaf width and number of

leaves and showed negative correlation with number of tillers per pot.

Leaf number and leaf area are important factors in the estimation of canopy

photosynthesis in plant growth (Amanullah et al., 2009). Number of leaves per plant

for the three species significantly increased with NPK fertilizer level; however the

increase was more in P. australis. Increase in leaf number with increasing NPK

fertilizer level may lead to higher photosynthetic rates, and subsequently to increased

photosynthate allocations to other plant organs. Increase in leaf number especially, in

P. australis may be a physiological characteristic of increasing the invasiveness of

this species (Smith et al., 2008). The number of leaves per plant showed significant

negative correlation with individual leaf area, leaf length, leaf width, stem diameter

and number of tillers per pot. This shows that increased number of leaves per plant

had negative direct effect on these growth parameters. The responsiveness to nutrient

limitation varies between different organs and processes (Evans and Edwards, 2001,

Feller et al., 2007).

According Del Amor (2006) leaf width, leaf length and leaf area are indicators

of leaf expansion. Both leaf width and leaf length increased with increase in NPK

fertilizer levels among the species. Increase in leaf width was most pronounced in A.

angustifolium. Leaf width in C. esculentus increased upto 100 mg then decreased.

This decrease may be linked to the increasing number of tillers per pot hence

competition for available resources. Decrease in leaf width and length at the lowest

NPK fertilizer level (control treatment) may be attributed to reduction in cell

expansion (Del Amor, 2006). Relative impact of nitrogen on cell division and cell

enlargement depends on the developmental stage of the leaf (Del Amor, 2006). It is

also possible that reduction in leaf width and leaf length may have occurred due to

competition for resources by the plants because the number of tillers per pot increased
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with increasing NPK fertilizer level. Overcrowding of plants may lead to their own

inhibition as a result of competition (Wang et al., 2005). Many investigators have

shown that a biomass distribution consisting of a few large plants and many small

plants may develop when individuals compete for resources (Weiner, 1986; Wang et

al., 2005). High planting density treatments with A triplex prostrate indicated declines

in height, leaf area, and biomass of stems, leaves and roots (Wang et al., 2005).

There was an increase in leaf area with increase in NPK fertilizer levels in all

plant species. The results are in agreement with the studies by Oberbauer et al.

(2006), who found that addition of fertilizer caused large increases in leaf area

production in all species tested. The increase in leaf area with increased NPK

fertilization may be a consequence of increased meristematic activities, due to

increased supply of nitrogen to drive shoot growth and photosynthesis as reported

earlier by Del Amor (2006). The observed differences in leaf area among the different

plant species may result from differences in total carbon assimilation or nutrient

uptake. Vos and Van der Putten (1998) reported a decrease in the area of individual

leaves with decreasing N fertility which is in agreement with the current results.

Increased NPK fertilization therefore may likely stimulate growth of these species and

improve their competitiveness for invasion in wetland ecosystems. Leaf area affects

dry matter production and plant growth through its role in light interception (Jones,

1992). Increase in leaf area under NPK fertilization would have increased the total

area of mesophy II cells per unit leaf area thus increasing the capacity of the plants to

absorb more CO2 and photosynthetically active radiation.

Many observations made over a range of nitrogen availability in the

environment (Field, 1983), suggest the existence of a compulsory balance between

nitrogen and carbon nutrition. This explains why plants optirnise their carbon gains in

relation to the" nitrogen available for photosynthesis (Field, 1983), and why a

reduction in leaf photosynthesis leads to a reduction in growth. Low nutrient

availability in the soil usually result in an increase of plant root capacity for nutrient

uptake, an increase of dry matter allocation to roots and a decrease in tissue nutrient

content (Del Amor, 2006).

Both fresh and dry weights of shoots and roots of the three species increased

with increasing NPK fertilizer level in agreement with the findings by Abd El-Aziz

(2007). This effect ofNPK fertilization on both fresh and dry shoot and root weights

occurred in C. esculentus in comparison to P. australis and A. angustifolium,
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indicating a greater ability of C. esculentus to compete for below ground resources.

This may enable C. esculentus to have even greater impacts on wetland ecosystems.

Increase in plant biomass with increase in NPK fertilizer level was because of

increase in the growth of roots.. thus providing more nutrients and moisture, to

increase the leaf area, leaf length and leaf width. The results are in agreement with

findings by Sharoar et al. (2006) who reported that NPK fertilizer increased the fmal

plant weight. Increased biomass production resulting from the NPK fertilization may

be a function of stimulated net photosynthesis or altered patterns of carbon allocation

(Bigger and Oechel, 1982). Increase in biomass accumulation with increase in NPK

fertilizer level is explainable in terms of possible increase in nutrient mining capacity

of plants as a result of better root development. The increased biomass allocation from

shoots to roots under NPK fertilizer application in P. australis was also reflected in

increased root-shoot ratio.

Root-shoot ratio decreased with increasing NPK fertilizer level in A.

angustifolium and C. esculentus. However, in P. australis, root-shoot ratio increased

up to 100 mg, and then slightly reduced at 150 mg. Reduction in root-shoot ratios of

the plants with increasing NPK fertilizer level signifies greater leaf production rates

and leaf area expansion. As nutrient availability increases in the soil, plants invest less

in roots and more in aboveground parts, thereby further enhancing growth rates

(Lovelock et al., 2009). McJannet et al. (1995) argue that even within one habitat,

plants may have different strategies to cope with soil nutrient variables and one

strategy is either to decrease or increase the root: shoot ratio. When nutrients limit

growth, root dry weight increases more relative to shoot dry weight. Perhaps this

maintains a functional equilibrium that results in the balanced acquisition of carbon

and nitrogen (Jimenez and Lao, 2005). An increase in root to shoot ratio as noted in P.

australis, may be attributed to increased allocation of biomass from shoot to root

(Osorio et al., 1998; Masinde et al., 2005). Plants stressed by low nutrient availability

commonly increase their growth allocation to roots (Evans and Edwards, 2001). The

increase in root- shoot ratio observed in P. australis under increasing NPK fertilizer

level may be an adaptive trait to nutrient availability, resulting in more efficient

nutrient uptake as noted from the study. These findings suggest that P. australis

requires high nutrient supply as compared to C esculentus and A. angustifolium and

in this study the NPK fertilizer levels were not optimal for P. australis growth and

development. The study of the root: shoot ratio relationship is essential for analysing
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or simulating the growth pattern of whole plants and for estimating primary

productivity of ecosystems (Jimenez and Lao, 2005).

According to Sharoar, (2006), in an experiment with rapeseed and turnip, it

was observed that high nitrogen treated plants had lower leaf area and total dry

weight up to 25 days after sowing but after that period leaf area and dry weight

increased significantly by increasing nitrogen levels. Reduced leaf area and leaf N

content should result in lower rates of photosynthesis at a time when reproduction is

becoming a major sink for carbon and nutrients (Benner and Bazzaz, 1988).

Availability of nutrients in the soil can affect photosynthetic or growth rates or both

and thereby influence carbon allocation as well (Benner and Bazzaz, 1988). The

results show that the Nand P elements are distributed independently of each other, as

found in previous studies (Benner and Bazzaz, 1988; Del Amor, 2006). Such

differences may result from variation in the requirements of different plant tissues for

the elements, for example, the requirement for N in leaves is likely to be very high,

especially early in plant growth, because photosynthetic rate is closely related to leaf

N content (Amaya-Carpio et al., 2005; Del Amor, 2006). As the NPK fertilizer level

increased, the accumulation of Nand P increased more in C. esculentus and P.

australis than in A. angustifolium, reflecting the effects of a larger root system in P.

australis and greater leaf area for photosynthesis in C. esculentus and probably

increased nutrient accumulation in roots than in leaves in A. angustifolium.

Number of tillers per pot increased with increase in NPK fertilizer level in

each species, this increase may be associated with increased mineral uptake by the.
plants and hence increased biomass accumulation and growth. Cyperus esculentus had

the highest number of tillers compared to the other two species, and this was

attributed to its high photosynthetic activity as evidenced from the study. Increase in

number of tillers with increase in NPK fertilizer level has been reported before

(Briggs and Courtney, 1989; Chaturvedi, 2005) and has been linked to increased cell

division as a result of increased soil nutrient availability (Chaturvedi, 2005). These

results are in accordance to the fmdings of Rajput et at. (1988).
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5.2 Effect of NPK fertilizer application on gas exchange and chlorophyll

fluorescence

Leaf C02 assimilation rate increased with increasing NPK fertilizer level. This

agrees with the results reported by Oberbauer et al. (2006). However, P. australis

with the highest leaf nitrogen and phosphorus concentration had lower CO2

assimilation rate compared to the other two species, suggesting other factors operating

in the plants rather than leaf Nand P concentrations contributed to the decrease in

photosynthetic rate of P. australis. The results are as expected from the general

knowledge of C4 and C3 photosynthetic pathways (Jiang et al., 2009).1t was observed

that C. esculentus which is a C4 plant had higher CO2 assimilation rates than P.

australis and A. angustifolium which are C3 plants. Similar outcomes were reported

by Pattison et al. 1998) and McDowell (2002 for invasive plant species. Increased

uptake of nutrients results to an increase in photosynthetic activity and ultimately into

more production of dry matter (Asgari et al., 2007). Previous studies (Jiang et al.,

2009) have shown that photosynthetic rates and resource use efficiency are associated

with the plant photosynthetic types. Decreases in CO2 fixation as a result of low soil

nutrients have been reported before (Brooks, (986). Nitrogen limitation leads to a

decrease in CO2 assimilation capacity because CO2 assimilation depends on the

function of many proteins and enzymes.in the photosynthetic systems. Decrease in Pi

activity has been shown to restrict ATP synthesis, which in turn causes deactivation of

Rubisco-activase, and accumulation ofRuBP (De Groot et al., 2003).

A positive correlation was found between leaf nitrogen, leaf phosphorus and

C02 assimilation in accordance to previous studies which have indicated a strong

positive correlation between increased plant nutrient levels, particularly P, and

increased photosynthesis (Amaya-Carpio et al., 2005). This suggests that nutrient

uptake by the plants greatly enhanced the photosynthetic capacity of the plants. A

high rate of net carbon assimilation can lead to higher biomass accumulation,

favouring future growth and reproduction as well as competitive ability of C.

esculentus.

Stomatal conductance increased with increased NPK fertilizer application and

was higher in A. angustifolium and P. australis compared to C. esculentus. These,
results are not consistent with the findings reported by Kochsiek et al. (2006), where

fertilized plants maintained lower stomatal conductance relative to non fertilized

plants. Surprisingly, C. esculentus had the lowest stomatal conductance yet with the
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highest C02 assimilation rate. These findings may be partly linked to the differences

in leaf mesophyll cells' concentration among the three plant species since earlier

studies by Brock and Galen (2005), have shown that thicker leaves efficiently

assimilate internal CO2 while limiting stomatal conductance, and this has been

attributed to the higher concentration of proteins involved in photosynthetic activity

per unit leaf area (Pons and Westbeek, 2004). The effect of fertilizer application on

stomatal conductance was not uniform throughout the study period since the

interaction among fertilizer application level, species and day was significant.

Stomatal conductance was significantly and positively correlated with

transpiration rate, showing that stomatal conductance was equally affected as

transpiration rate. Reduction in stomatal conductance decreases transpiration and

limits CO2 assimilation rate (Tezera et al., 2002; Wang et al., 2005). Reduction in leaf

area as observed in control treatment (no fertilizer application) is likely to reduce

stomatal conductance and transpiration rate as a result of reduced number of stomata,

hence decreasing the rate of mass flow of nutrients into the plant.

The reduction of stomatal conductance was expected to decrease the

intercellular CO2 concentration in C. esculentus, and then the CO2 assimilation rate

(Zhao et al., 2010). However, high CO2 assimilation rate was accompanied by an

increase ill Cj, indicating that higher assimilation capacity was mainly ascribed to

nonstomatal factors, such as the increase of mesophyll cell's photosynthetic activity,

the increase of photochemical activity, the increase of RuBP carboxylation and the

increase of Calvin cycle. This finding is supported by the fact that the electron

quantum yield of PSII in C. esculentus remarkably increased with increase in NPK

fertilizer levels compared to A. angustifolium and P. australis. The ETR values in C.

esculentus were also relatively higher at 50 and 100mg compared to P. australis. The

better photosynthetic performance of C esculentus resulted in a greater ability to

accumulate biomass. Leaf CO2 assimilation rate had significant positive correlation

with stomatal conductance, transpiration rate, intercellular CO2 concentration and

photosynthetic pigments. The positive correlation among these parameters is

indicative that stomata and photosynthetic pigments partly limit C02 assimilation and

transpiration. These findings are in agreement with previous studies by Zhao et al.

(20I0) who found a good correlation between chlorophyll contents and photosynthetic

capacity in birch leaves. Reduction in leaf area, photosynthetic pigments and

78

o



photosynthetic rates for plants grown at low NPK fertilizer levels may be some of the

physiological factors responsible for reductions in biomass production.

The rate of transpiration increased significantly with increasing NPK fertilizer

level among the species, though the increment was not evident in all the days and

among all the species. The results are partly in agreement with the results reported

earlier involving sweet pepper plants, where leaf transpiration was reduced by N

availability (Del Amor, 2006). A low nutrient availability decreases a plant's nutrient

uptake per unit leaf dry mass and usually reduces its transpiration per unit leaf dry

mass(Poorter and Nagel, 2000).

Intercellular C02 concentration was significantly increased with increasing

NPK fertilizer level in C. esculentus and A. angustifolium. This increase in

intercellular CO2 concentration may explain the higher photosynthetic rates in these

two species. High intercellular CO2 results in a high photosynthetic rate at the same

size of the photosynthetic apparatus (Pons and Westbeek, 2004). A slight decrease in

intercellular CO2 concentration with increase in NPK fertilizer levels occurred in P.

australis. Assimilar finding has been reported by Pons and Westbeek (2004), in other

plant species. Low intercellular CO2 concentration and decrease in the quantum

efficiency of PSI! photochemistry in P. australis may explain the low photosynthetic

activity of this species than in other species. Nonstomatal limitations such as

reduction in photosynthetic pigment concentration and reduction in photo system II

activity may partly account for the decreased rates of photosynthesis in control

treatments (Pierce et al., 2007).

Any process that affects the function of photosystem II and associated de-

excitation pathways will have an effect on chlorophyll fluorescence, since the

fluorescence signal is assumed to originate primarily from PSI! (Krause and Weis,

1991). In this study, the actual efficiency of PSII (<I>PSII),also known as electron

quantum yield of PSII showed an increase in A. angustifolium, P. australis and C.

esculentus with increasing NPK fertilizer level. The <I>PSI!values in C4 plants from

this study compare well with those reported by Maricle et al. (2007) in C4 estuarine

grasses. Actual efficiency of PSI! was weak and negatively correlated with electron

transport rate. The negative correlation of <I>PSIIwith ETR predicts a possible direct

dissipation of excitation energy as heat before it reaches the p-sn reaction centres.

These findings are in consistent with previous studies by Fracheboud et al. (1999).
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Estimates of ETR describe the ability of photosystems to use incident light

thereby giving an indication of the overall photosynthetic capacity of the plant (Uku

and Bjork, 2005). ETR increased with increasing NPK fertilizer level upto 100 mg

for A. angustifolium and decreased for P. australis and C. esculentus. These

differences may be attributed to variation in temperatures which might have occurred

during the measurement of chlorophyll fluorescence. Environmental factors such as

increase in temperature have been shown to induce higher ETR in some species, due

to increased enzymatic activity (Vieira and Necchi, 2006).

Under natural conditions, high temperatures and high irradiance result in

photoinhibition of photosynthesis, characterised by a decrease in the PSII

photochemistry efficiency. Certainly PSII is the main target of photo inhibitory

damage (Zanella et al., 2004). Sun plants have been shown to have higher electron

transport rates than shade plants (Zhang et al., 1995). Phragmites australis which is a

sun plant exhibited lower ETR values in comparison to A. angustifolium which is a•
shade plant, probably this was due to influences by light and temperature, since

measurements were done under outdoor conditions with some minutes of cloud cover.

Previous studies by Clemente and Marler (1986) have also indicated that most plants

experience continuous fluctuations in temperature and light under natural conditions

due to few minutes of broken cumulus cloud cover. This could help explain this

observation. Decrease in electron transport along photosystem II may also be due to

the inhibition of energy transfer from carotenoids to chlorophyll.

Generally, A. angustifolium and C. esculentus had higher electron quantum

yield ofPSII (<l>PSII)compared to P. australis, this is also reflected in the higher C02

assimilation rates in A. angustifolium and C. esculentus than in P. australis. Increase

in light intensity may lead to decrease in <l>PSII;and this decrease may be accelerated

at low temperatures (Fracheboud et al., 1999). <l>PSIIis equivalent to the fraction of

radiant energy absorbed by PSII that is utilised in PSII photochemistry (Belkhodja et

al., 1999). Because of the sequential character of the processes of photosynthesis, an

increase in PSII quantum efficiency will cause the quantum efficiency of CO2 fixation

to increase to the same extent. If the quantum efficiency of CO2 fixation decreases

relatively more than the PSII quantum efficiency, this implies that the quantum

efficiency of CO2 fixation is being affected by factors other than or in addition to PSII

quantum efficiency (De Groot et al., 2003).
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Rubisco activation state may regulate downwards to match any electron

transport limitation (Dwyer et ai., 2007). <DPSII is directly related to the rate of

electron transport (Fracheboud et al., 1999). Decrease in nutrients, especially N

reduces the transport and/or utilisation of assimilates, leading to photosynthesis

becoming limited by the lack of direct sink. for photoassimilates produced (Rogers et

al., 1998). An increase in <DPSIIwith increase in NPK fertilizer level is an indication

that more energy was used in the photochemical process (Teng et ai., 2007).

The species difference may be related to adaptation mechanisms induced by

the environmental conditions such as temperature and light intensity. Plants are

known to respond to changes in irradiance by regulating their absorption cross-section

of photosystern PSII and by means of state transition (Kroon, 1994). The durations of

the irradiances during the rapid light curve measurements (l0-30s) per irradiance may

be too short to allow effective quantum yield to be determined from a steady state

level. This means that ETR may be underestimated during rapid light curve

measurements (Uku and Bjork, 2005). Because <DPSII is directly related to the rate of

electron transport, it is a useful tool for selecting for resistance to different types of

stress which inhibit photosynthesis.

Steady state yield of PSII fluorescence (Fs) is a component of yield and has

been shown to be sensitive to stress especially at high temperatures and saturation

light levels (Flexas et ai., 2000; Dobrowski et ai., 2005). Decrease in Fs in this study

suggests an enhancement in thermal dissipation in PSII in such a way as to match the

decrease in photosynthesis in order to avoid photodamage (Qiu et al., 2003). Steady-

state fluorescence has been linked to photosynthetic function of stressed plants

(Flexas et ai., 2000).

Maximum fluorescence yield from PSII increased with increase in NPK

fertilizer level from control treatment to 100 mg in A. angustifolium, and then

decreased at 150 mg. The decline in maximum fluorescence yield at 150 mg is a

remarkable characteristic of photosynthetic photo inhibition. Similarly, there was an

increase in maximum fluorescence yield from PSII in C. escuientus with increasing

NPK fertilization upto ISO mg. However, P. australis showed a decline in maximum

fluorescence yield from PSII with increased NPK fertilizer level. The variations in

yield measurements in this study are speculated to have occurred due to light variation

evidenced during the measurement of chlorophyll fluorescence, since the study was

conducted under outdoor conditions. This parameter has been shown to vary due to
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light variation (Dobrowski et al., 2005; Pastenes et al., 2005). Increase in PSII

efficiency under NPK fertilizer treatments may be associated with increased

efficiency of energy transfer from the antenna to the reaction centres and lor

activation ofPSII reaction centres.
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5.3 Effect ofNPK fertilizer application on photosynthetic pigments concentration

Both chlorophyll a and b concentrations increased to a similar extent in all

species. Phragmites australis had significantly higher chlorophyll a and b

concentrations in comparison to A. angustifolium and C. esculentus. The higher

chlorophyll concentrations found in plant leaves at high NPK levels compared to

control treatment, suggests that higher photosynthetic rates could occur, resulting in

greater growth of the plants. Chlorophyll a and b concentrations were significantly

correlated with CO2 assimilation in this study, this agrees well with the fmdings

reported by Zhao (2010), so it is not surprising that photosynthetic pigment

concentration was significantly affected by NPK fertilizer application. According to

Yao et al. (2008), nitrogen is closely related to photosynthetic pigment concentration

and activity of Rubisco. Wright et al. (2001) suggested that photosynthetic enzyme

production increases with higher nitrogen concentration hence permitting the plants to

maintain high rates of CO2 assimilation. Nitrogen limitation in plants may affect

chlorophyll concentration and thus affect the ability of plants to harvest light (De

Groot et al., 2003). Photosynthetic structures such as chlorophyll, the light harvesting

complex and Rubisco are rich in nitrogen (Evans and Poorter, 2001; Del Amor, 2006).

Bokhtiar and Katsutoshi (2005) have also found higher chlorophyll content in

sugarcane plant grown in soil amended with organic fertilizer along with the inorganic

fertilizer.

Increase in chlorophyll concentration could be attributed to increased protein

synthesis, and increased nitrogen metabolism. Since nitrogen is one of the primary

essential nutrients involved as a constituent of biomolecules such as nucleic acids,

nitrogen bases, coenzymes and proteins any alleviation 'of stress affecting these

constituents would promote the growth and yield of plants (Sharma et al., 1995).

There was an increase in carotenoid concentrations of the plant leaves with

increasing NPK fertilizer level in agreement with several studies reported by AbdEl-

Aziz (2007). Kopsell et al. (2005) demonstrated similar increases in carotenoids and

chlorophyll content in barley and wheat plants under increased irradiance levels.

Other factors such as increase in irradiance levels might have also contributed to the

variation in carotenoid concentration among the three species. In chloroplasts, the

carotenoids function as accessory pigments in light harvesting, but also detoxify

various forms of activated oxygen and triplet chlorophyll that are produced as a result

of excitation of the photosynthetic complexes by light (Yadegari et al., 2007).
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Carotenoids protect the plants by scavenging the free radicals generated under stress

(Singh and Agrawal, 2011). Previous studies have shown that carotenoids provide

photoprotective functions in photosynthesis by facilitating the conversion of excess

absorbed light energy to heat (Ustin et al., 2009). Carotenoid concentration was

significantly and positively correlated with chlorophyll a and chlorophyll b

concentration. This is in agreement with previous studies by Kopsell et al. (2005).

Carotenoid pigments of the xanthophyll cycle are tied to photochemical efficiency of

PSII by dissipating light not used in photosynthesis (Demmig-Adams and Adams,

1996).
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S.4 Effects of NPK fertilization on leaf nitrogen and phosphorus concentration

Mean leaf N of the species tested increased slightly with increasing NPK

fertilizer level in the present study. Phragmites australis had significantly higher leaf

N than the two.other species. The results compare well with the fmdings reported by

Oberbauer et al. (2006). In the current study, C. esculentus had the lowest foliar N,

whileP. australis had the highest N, suggesting that the invasion of P. australis into

communities dominated by C. esculentus and A. angustifolium could dramatically

alter the nutrient dynamics of the wetland. Nutrient additions have been shown to

reduce plant species diversity (Tilman, 1987). Nitrogen is an essential component of

all enzymes (Lovelock et al., 2007). Nitrogen accumulation is based on biomass

production and nitrogen concentration of plant tissues. Leaf nitrogen concentration

showed significant positive correlation with chlorophyll a, chlorophyll band

carotenoids concentration. The fmdings are in agreement with previous studies by

Yao et al. (2008). Photosynthetic activity is strongly regulated by leaf nitrogen

concentration (Yao et al., 2008), since nitrogen is a component of the photosynthetic

machinery (Del Amor, 2006). Nitrogen concentration in the roots may be diluted by

increased dry matter (Martinez et aI., 2005), which may impair root growth and as a

result the insufficient N supply depresses the leaf area and thus plants may not

maintain leaf expansion and stem elongation at the expense of roots. Nitrogen

stimulates growth of shoots relative to roots (Lovelock et al., 2009), thereby

enhancing productivity during favourable periods but increasing vulnerability to

stress.

Foliar phosphorus concentration was significantly higher in P. australis than

In the other two species, suggesting that this species acquire phosphorus more

efficiently compared to C. esculentus and A. angustifolium. This fmding is In

agreement with the results reported by Farnsworth and Meyerson (2003) in

comparative studies involving P. australis and three other brackish and fresh water

marsh plant species. Schumacher et al. (2003) have documented that invasive plants

are more efficient in sequestering nutrients for subsequent growth. Aframomum

angustifolium exhibited a decrease in leaf phosphorus concentration with increased

fertilizer level, this suggest that this species does not need a lot of phosphorus for

growth. The explanation lies at the immediate physiological level, in that some

nutrients in excess are toxic such as phosphates (Evans and Edwards, 2001; Gutschick

and Pushnik, 2005). Also some roots have specialised structure and physiology to
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enable them capture a particular nutrient (Evans and Edwards, 2001). Plant species

have different nutrient requirements, exploit nutrients with varying efficiency and

store or convert nutrients to biomass at different rates (Chapin, 1980). Plants regulate

their uptake of nutrients in elaborate patterns according to their environment of

growth and their stage of development (Gutschick and Pushnik, 2005).

Leaf phosphorus concentration showed significant positive correlation with

chlorophyll a, chlorophyll b and carotenoid concentrations. This shows that

phosphorus has a direct effect on photosynthetic pigments as has been shown in

previous studies (Bojovic and Stojanovic, 2005). The influence of phosphorus on

formation of photosynthetic pigments in the leaf depends primarily on its

concentration (Bojovic and Stojanovic, 2005). Phosphorus is required for

photosynthetic energy production and carbohydrate transport (De Groot et al., 2003).

Phosphorus may affect photosynthesis through changes in the activity of Calvin cycle

enzymes and RuBP regeneration or Rubisco activity (De Groot et al., 2003).

Phosphorus affects the stability of chlorophyll in plants especially with the advent of

unfavourable weather conditions (Bojovic and Stojanovic, 2005). Phosphorus is vital

for protein synthesis forming an essential component ofRNA (Lovelock et al., 2009).

The Nand P concentrations in this study compare ~ell with those reported in

the literature for other wetland plant species (McJannet et al., 1995). Leaf Nand P

values of the three wetland plant species studied were within the reported ranges of

pasture wetland plants, between 0.16 and 0.24%, P and mean N concentration of 1.9%

(Gathumbi et al., 2005). Leaf nutrient concentration can vary between species

seasonally (McJannet et al., 1995). The lower nutrient contents at high NPK fertilizer

levels by C. escuientus and A. angustifolium may suggest that as the number of tillers

per pot increased competition for available soil nutrients started to occur among the

individual tillers hence less uptake by the plants.

Results of this study suggest that there may be fundamental differences

between wetland plants species categorised according to ecophysiological

characteristics such as nutrient uptake. Previous studies have observed large

interspecific variation in nutrient concentrations of aquatic plants, even among plant

species with similar ecological growth habits (McJannet et al., 1995; Blom and

Voesenek, 1996). According to McJannet et al. (1995), interspecific variation in

tissue Nand P were observed when plants were grown under standard conditions for

all species. Factors such as root morphology, nitrate transporters and source sink
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relationships for carbohydrate energy may impact Nand P uptake and assimilation by

plants(Jiang and Hull, 1998).

The difference in growth and photosynthetic activity among the three wetland

plant species studied at high NPK fertilizer level could for the largest part be

explained from their difference in electron transport rate and the actual efficiency of

PSII (<I>PSII).Generally, it is evident that C. esculentus and P. australis are fast

growing species and make more efficient use of increased nutrient availability as

compared to A. angustifolium. The results of this study predict that increased NPK

fertilization or nutrient enrichment in wetlands could affect the growth and

physiology of wetland plants.
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CHAPTER SIX

6.0 CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions

The following conclusions can be derived from this study.

• NPK fertilizer application significantly affected the physiology and growth of

the selected wetland plants.

• NPK fertilizer application significantly increased shoot height with increase

in NPK fertilizer level in all the three plant species.

• NPK fertilizer application increased the stem diameter of A. angustifolium and

P. australis between 0 mg and 100 mg NPK fertilizer level then decreased

thereafter, while that of C esculentus increased steadily with increasing NPK

fertilizer .level.

• Higher NPK fertilizer levels increased the number of leaves per plant in P.

australis and C esculentus, while leaf number in A. angustifolium slightly

increased between 0 and 50 mg NPK fertilizer level then decreased between

50 and 150 mg.

• NPK fertilizer level slightly increased leaf length in P. australis while that for

A. angustifolium steadily increased up to 50 mg the decreased thereafter. Leaf

length in C esculentus steadily increased from 0 mg up to -100 mg NPK

fertilizer level then decreased between 100 mg and 150 mg.

• NPK fertilizer application increased leaf width in A. angustifolium and P.

australis, while that of C esculentus increased from 0 mg upto 100 mg then

decreased between 100 mg and 150 mg NPK fertilizer level.

• NPK fertilizer application increased leaf area in all the three plant species.

However, leafarea in A. angustifolium slightly decreased between 100 mgand

150 mg NPK fertilizer application level.

• NPK fertilizer application increased root-shoot ratio of P. australis, while that

of A'. angustifolium and C esculentus decreased with increasing NPK fertilizer

level.
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• NPK fertilizer application increased root fresh weight and root dry weight of

the three plant species however the increase was not consistent in all the three

plant species and at all NPK fertilizer levels.

• NPK fertilizer application increased the number of tillers in each species, but

most steady and remarkable response to NPK fertilizer application occurred in

C. esculentus.

• NPK fertilizer application increased photosynthetic rate in all species. Cyperus

esculentus had the highest CO2 assimilation rate compared to A. angustifolium

and P. australis.

• Generally, NPK fertilizer application increased stomatal conductance in all the

three species, even though it slightly reduced in C. esculentus between day 46

and 56. Aframomum angustifolium and P. australis had higher stomatal

conductances compared to C. esculentus.

• NPK fertilizer application increased the rate of transpiration in all the days in

A. angustifolium, while that of P. australis and C. esculentus increased

between day 36 and day 46 then decreased from day 46. Generally, A.

angustifolium and C. esculentus had significantly higher transpiration rates

compared to P. australis.

• NPK fertilizer application increased intercellular C02 concentration in A.

angustifolium and C. esculentus while P. australis exhibited a slight decrease

in intercellular C02.

• NPK fertilizer levels at 50 and 100 mg increased electron quantum yield of

PSII and ETR values in A. angustifolium, and C. esculentus while that of P.

australis decreased.

• NPK fertilizer application decreased the steady state yield ofPSII fluorescence

in all the species. Aframomum angustifolium had significantly higher Fs values

compared to P. australis and C. esculentus.

• NPK fertilizer levels at 50 and 100 mg caused a slight increase in maximum

fluorescence yield from PSII of the three species. Phragmites australis had

lower values compared to C. esculentus and A. angustifolium.

• NPK fertilization significantly increased photosynthetic pigment concentration

among the three plant species. Phragmites australis had significantly higher
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photosynthetic pigment concentration compared to C. esculentus and A.

angustifolium.

• NPK fertilization significantly increased N uptake among the three plant

species. Phragmites australis had significantly higher foliar N concentrations

compared to C. esculentus and A. angustifolium.

• NPK fertilization significantly increased P uptake in C. esculentus and P.

australis, while the P uptake in A. angustifolium decreased with increasing

NPK fertilizer application.

• Phragmites australis had significantly higher foliar N concentrations

compared to Cyperus esculentus and Aframomum angustifolium.

• The data demonstrate that many growth and physiological characters differ

significantly among the different wetland plant species under NPK fertilizer

application. Cyperus esculentus appear to be more adapted to increased NPK

fertilization than A. angustifolium and P. australis.

• These results suggest that wetland nutrient enrichment may potentially lead to

alteration of the physiology of wetland plant species.

• The ultimate value of this research may be the potential for predicting the

response of plant species to eutrophication.
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.6.2 Recommendations

• Most growth parameters were significantly affected by NPK fertilizer
,

application among the plant species studied. Species such as C. esculentus and

P. australis exhibited faster growth and higher biomass accumulation with

NPK fertilizer treatment. Hence growth measurement is recommended as a

suitable parameter for determining the responses of different wetland plant

species to nutrient enrichment in future field experiments.

• Fertilizer application significantly increased most of the gas exchange and

fluorescence parameters of the three plant species. Significant differences

occurred among the plant species suggesting that gas exchange and

fluorescence parameters are suitable tools for determining physiological

differences among plant species in response fo nutrient enrichment.

• Photosynthetic pigments (chlorophylls a, band carotenoids) concentration

increased with increase in NPK fertilizer level and differed significantly

among the three wetland species. The results suggest that determination of

photosynthetic pigments concentration is an accurate measure of response of

plants to fertilizer application and therefore recommended to be applied In

future phys io logical stud ies.

• -, The plants were able to accumulate significant amount of nitrogen and

phosphorus in their leaves in response to fertilizer application. The three

species should be further evaluated as suitable plant species to reclaim

degraded wetlands and also for use in constructed wetlands to help in removal

of excess nutrients in wetlands where agricultural practices and industries

discharge large quantities of nitrogen and phosphorus.
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6.3 Suggestions for future research

1. Determination of Nand P concentrations in both below ground and

above ground biomass will be necessary because this study only used

above ground biomass. This will give clear information about the

nutrient allocation among the various plant organs of these species.'

2. Determination of the levels of photosynthesis metabolites to

substantiate whether photosynthesis was inhibited by low sink demand

by the growing parts of the plants and hence accumulation of

photosynthetic products in these species.

3. Future studies should evaluate other wetland plant species to determine

their responses to NPK fertilizer application in order to predict the

future of these species in the phase of increasing nutrient enrichments

in wetland areas.
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