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Chapterr 1 

Generall  Introduction 



Introduction n 
"The"The centrality of freshwater in our lives cannot be overestimated. Water has been a 
majormajor factor in the rise and fall of civilisations. It has been the source of tensions and 
fiercefierce competition between nations that could become even worse if the present trends 
continue.continue. Lack of access to water for meeting basic needs such as health, hygiene and 
foodfood security undermines development and inflicts enormous hardship on more than a 
billionbillion members of the human family. And its quality reveals everything, right or wrong, 
thatthat we do in safeguarding the global environment. " 

Thiss introduction by Kofi Annan to UNESCO's 'Water for people Water for Life 
(UNESCO,, 2003) clearly outlines the crucial role that freshwater fulfil s in our global 
societyy and, with particular relevance to this thesis, identifies water quality as a mirror of 
thee state of our environment. This central role has been translated in the United Nations 
Environmentt Programme 6: 'Protecting Ecosystems for People and Planet'. 

Nobell  Prize Winner Professor Eric Chivian, in his recent Darwin lecture 
(Chivian,, 2004) stressed the link between human well being and nature. On one hand he 
outlinedd the link between the medical uses of nature, for example in the development of 
neww drugs and therapies, and recreational activities, and on the other hand he highlighted 
thee positive effect that nature has in lifting the human psyche during stress and relaxing 
thee mind during recreational activities. This direct effect that nature or even pictures of 
naturee has on the speed of recovery after operations, has been proven in several studies, 
particularlyy in Sweden (Behrman, 1997). Interestingly has the British government recently 
includedd the role of nature for human wellbeing during active recreation as an integral part 
off  the governments' policy on health (Department of Health, 2005). 

Furthermore,, a recent European-wide survey concluded (Eurobarometer, 2005) 
thatt "For Europeans, a healthy environment is as important to their quality of life as the 
statee of the economy and social factors". The findings from this first Eurobarometer 
surveyy that aimed to examine attitudes towards the environment since the EU expanded to 
255 nations indicated that 88% of respondents said that policymakers should take account 
off  environmental concerns when developing policy on the economy and employment and 
thatt this was the strongest in the new member states. When interviewees were asked to 
ratee the influence of economic, environmental and social factors on their lives: 72% said 
thatt environmental factors influenced their lives very much or quite a lot; 72% responded 
withh Social and 78% with Economic. 

Thesee three independent facts clearly identify that the wellbeing of the human 
populationn is strongly interlinked with the availability of sufficient clean water and a 
healthyy nature and wider environment. It is obvious that for water-dependent nature, such 
ass lakes, rivers and wetlands, water quality and quantity fulfil s an absolutely crucial role. 

Thee quality of our freshwater resources has declined with the rise of the 
industrialisedd society in North Western Europe. The governments of the Netherlands and 
Greatt Britain, who have been sponsoring the work that has resulted in this thesis, are 
involvedd in a large effort to reduce the antagonistic human influence on lakes and rivers. 
Thiss is partly driven by European legislation such as the Birds Directive (Council 
Directivee 79/409/EEC) and the Habitats Directive (Council Directive 92/43/EEC). The 
implementationn of this program has resulted in considerable action, aimed at reducing the 
impactt of abstractions and discharges on particular valuable examples of water-dependent 
environmentss (Special Areas of Conservation and Special Protected Areas) to such a level 
thatt no adverse effect on the functioning and integrity of the system can be demonstrated. 
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Neww European legislation (Water Framework Directive, Council Directive 2000/60/EC) 
wil ll  bring the management of water quality and quantity on a much larger, catchment or 
riverr basin wide scale, where holistic and long term sustainable water management will be 
muchh more effective. The spirit of the Water Framework Directive recognises the multiple 
usess of our water resources and identifies the presence of the sometimes conflicting 
demandss of its users. However by placing the state of ecology at the heart of its criteria for 
success,, it wil l direct the partitioning of the water resources such that the state of the 
naturall  ecology in the systems should not be compromised. 

Al ll  these major programs are aimed at restoring long-term sustainable 
managementt of resources. Ecosystems will thus be provided with the right chemical and 
physicall  environment. However, practical experience has shown that re-establishment of 
thosee chemical and physical conditions do not mean that the damaged water dependent 
ecosystemss will therefore return automatically to their desired state. A concerted 
scientificc effort in particularly North-west Europe (e.g. Moss etal., 1996a; Scheffer, 1998; 
Hosperr et al., 2005) aimed to understand the functioning of shallow lakes has shown that 
additionall  short term measures will be needed to speed up the recovery process. However 
thee resultant ecosystems have often not been stable and reverted frequently back to the 
turbid,, non-desired state, particularly where a macrophyte community has not recovered. 

Thiss thesis aims to explain the lack of macrophyte recovery in particular lakes, 
andd helps to define additional management to overcome these problems. 

Thee effect of eutrophication on shallow lake ecosystems 
Increasedd nutrient loading, especially of phosphorus, has been partly responsible for a 
processs called eutrophication in shallow lakes. The high P concentrations in the water 
columnn originate in particular from sewage discharges and agricultural runoff. However 
theree is also considerable evidence that consistently high nutrient loadings and associated 
changess in the lake ecosystems have charged the sediment, creating a huge sediment 
phosphoruss load. This phosphorus could be released under certain conditions in the water 
column,, such as reduced siltation on the sediment surface or increased resuspension of 
sediment,, resulting from either water movement or feeding fish (Phillips, 2005). 

Thee resultant high nutrient concentrations give a competitive edge to the most 
fast-growingg and opportunistic species. In practice, firstly we see the macrophyte 
communityy change to rapidly growing species, such as broad-leaved pond weeds. 
Subsequentlyy the water gets cloudy and green, because of the presence of huge densities 
off  suspended algae, and the macrophyte population disappears. A good overview and 
exampless of this process are given in Phillips (2005) and Hosper et al (2005). 

Thiss process of eutrophication and the resultant loss of submerged aquatic 
vegetationn in our lakes have been spontaneous. However, instigating the converse 
transitionn has proven to be much more difficult and it has only been observed under 
naturall  conditions in a few lakes such as Sewekowersee in Germany, Hickling, Hoveton 
Greatt Broad and Hudson's Bay in the UK and Takern and Krankesjon in Sweden (Hosper 
era/.,, 2005). 

AA large volume of scientific research towards the end of the last century has been 
dedicatedd trying to understand the causes of this apparent difficulty. The scientific 
publicationss resulting from this work, have been effectively summarised and 
conceptualised,, especially in the work of Scheffer (1998), Jeppesen & Sammalkorpi 
(2002),, Hosper et al (2005) and Phillips (2005). This large body of recent shallow lake 
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researchh has now well established that the chance of a lake having a clear water ecosystem 
increasess when the nutrient concentration, and especially the phosphorus concentration, 
decreases.. Cloudy waters dominate at high nutrient concentrations and clear waters 
dominatee at low nutrient concentrations. 

Thee state of the lake at the intermediate nutrient concentrations is less clear. 
Ecologicall  modelling has proven very useful in helping to understand this process 
(Scheffer,, 1998; Van Nes, 2002). The proposed simple models helped to understand why 
bothh the clear and turbid states are possible at intermediate nutrient concentrations. 
Althoughh phosphorus concentrations can be reduced sufficiently to limit algal growth and 
thuss produce a condition in which the clear-water state can potentially exist, the switch 
fromm turbid to clear water is inhibited by a number of biological feed-back mechanisms 
thatt can stabilize either state. 

Thesee mechanisms can be described as (see also Fig 1): 

1.. The clear water state is stabilized by the presence of sufficient gazing pressure on the 
limneticc phytoplankton throughout the season, and in particular during spring, ensuring 
thatt sufficient light is available for submerged macrophytes at the light critical phase in 
theirr life-cycle. 
2.. The grazing on the limnetic phytoplankton is in spring mainly related to the huge 
grazingg potential of limnetic zooplankton, such as Daphnia magma. 
3.. However the presence of inedible food particles, such as multi-cellular cyanobacteria 
andd large suspensed sediment particles (as a result of sediment resuspension either by 
windd or fish) can seriously hamper the ability of the Daphnia to clear the water (Hosper et 
a/.,, 2005). 
4.. The density of other grazers upon the plankton is related to the physical division of the 
waterr column, such as attachment surface for sessile zooplankton and filter feeding 
molluscss (Dreissena, Anadonta spp,) and invertebrates (midge larvae). 
5.. The quantity of zooplankton is strongly correlated to the predation pressure upon the 
zooplanktonn by either zooplanktivorous fish (such as Bream) or invertebrate predators as 
NeomysisNeomysis integer and Leptodora kindtii. 
6.. The predation pressure upon the zooplankton predators is mainly controlled by 
piscivorouss fish, such as Perch, Pike Perch and Pike. Their densities are strongly 
influencedd by available habitat, especially in the littoral, during various life stages (Hosper 
etet ai, 2005. Jeppesen & Sammalkorpi, 2002 and Phillips, 2005). 
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Figg 1.1 Main interactions in shallow eutrophic lakes. (After Hosper et al, 2005 ) 

Practicall  experience in North-West Europe has shown that perturbing the 
stabilizingg processes of a turbid lake is a good management tool that can create clear 
waterr from turbid water under intermediate nutrient concentrations (Jeppesen & 
Sammalkorpi,, 2002; Hosper et al, 2005; Phillips, 2005). Successful reduction of internal 
(sediment-derived)) and external nutrient loads, in combination with manipulation of the 
fishh populations, has resulted in clear-water conditions. This technique is often called 
biomanipulation,, and its practicalities are clearly described in several handbooks, such as 
Mosss et al. (1996a) and review articles (Hosper et al, 2005). 

Theree is now much practical evidence that shows that those lakes which regained 
aa significant macrophyte population maintain clear water for a longer period, whilst lakes 
wheree macrophytes did not re-grow, show a much less stable state, and tend to return 
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quicklyy to the turbid condition (Moss et al, 1996a; Scheffer 1998; Jeppesen et al, 1999; 
Jeppesenn & Sammalkorpi, 2002; Hosperef al, 2005). 

Thee role of aquatic macrophytes in stabilising shallow lakes 
Thiss crucial role of the aquatic macrophytes can be related to a range of functions that 
macrophytess fulfi l in a clear lake ecosystem. These functions are related to (i) the physical 
effectt of the macrophytes, in diversifying the under-water habitat, (ii) the chemical effect 
off  the macrophytes through a competition for nutrients (and allelopathy), (iii ) the 
provisionn of food for other organisms in the aquatic ecosystem. 

Figuree 2. Interactions in shallow eutrophic lakes, with a key role for macrophytes (after 
Scheffer,, 1998). 

Habitat;Habitat; spatial diversity provides refuge from predation 
Inn clear water, macrophyte-dominated lakes, macrophytes provide habitat heterogeneity 
(Denn Hartog & Van Der Velde, 1988; Lilli e & Budd, 1992). The heterogeneous habitat 
providess shelter from predation for a range of species and groups such as Daphnia spp and 
otherr macro-invertebrates throughout the growing season (Heck & Thoman, 1981; Savino & 
Stein,, 1982; Rozas & Odum, 1988; Lubbers et al, 1990; Beckett & Aartila, 1992; Schriver et 
al,al, 1995 and Stansfield et al, 1995). Within dense vegetation, Daphnia (large bodied 
zooplankton)) can escape from the predatory effects of small planktivorous fish. These 
largee zooplankton are efficient grazers of the algae that create turbid water and they can 
thuss maintain clear water. 

HabitatHabitat for piscivore hunters, favouring abundant zooplankton. 
Clearr water with abundant vegetation is an ideal spawning and hunting habitat for visual-
huntingg piscivorous fish, such as pike (Esox lucius) (Grimm, 1994) and piscivorous perch 
{Perca{Perca fluviatilis) (Persson, 1994). These predators reduce the number of smaller fish, 
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whichh themselves feed preferentially on the larger bodied zooplankton, and thus 
contributee to the maintenance of clear, algal-free water suitable for the growth of 
macrophytes. . 

Habitat;Habitat; surface area for invertebrate grazers. 
Macrophytess are also attachment areas for other species such as sessile zooplankton, 
macroinvertebrates,, snails, Dreissena polymorpha (Lewandowski, 1983), epi- or periphytic 
phytoplanktonn (Rabe & Gibson, 1984; Pandit, 1984; Carpenter & Lodge, 1986 and Den 
Hartogg & Van Der Velde, 1988). All these species can directly interfere with the algae in the 
waterr column either through direct consumption or via competition and thus reinforce the 
clearr water state. 

HabitatHabitat modification, creating better conditions for their own growth 
Macrophytess can enhance the light conditions critical for their own growth by restricting the 
waterr flow. The reduced flow creates a calm area where suspended materials, such as limnetic 
algae,, can sediment and can reduce the chance of sediment erosion (Gregg & Rose, 1982; 
Kempp et a/., 1984; Sand-Jensen & Borum, 1991). The physical presence of the plant roots 
cann increase sediment stability and thus reduce erosion (Schiemer & Prosser, 1976). 
Macrophytess shoots can dissipate potentially eroding wave-energy in the littoral zone, and 
thuss reduce bank erosion (Coops et ai, 1996.). Finally, macrophytes can improve their own 
roott environment which is often highly anaerobic and thus potentially toxic, through oxygen 
releasee by the roots (Blindow et ai, 1993). 

NutrientNutrient competition with algae 
Macrophytess can directly compete with limnetic algae for nutrients (Jorga & Weise, 1979; 
Blindoww et ai, 1993) and thus limit limnetic algal production. There is some evidence that 
somee plant species excrete substances that are toxic to algae (Van Donk & Van de Bund, 
2002;; Mulderij et ai, 2003). 

FoodFood source; diversifying the aquatic community and thus providing more stability 
Macrophytess will also increase the diversity of the ecosystem by acting as a food-source for a 
rangee of organisms including macroinvertebrates, fish (Prejs, 1984) and birds (Jupp & 
Spence,, 1977; Kiorboe, 1980; Carpenter & Lodge, 1986). 

Thee above long list of roles that macrophytes can fulfi l within the shallow lakes 
clearlyy indicates the many different ways in which aquatic macrophytes may reinforce 
theirr own preferred habitat of clear water. However, experimental evidence of the 
enactmentt of these roles in whole lake studies is mainly lacking (Hosper et ai, 2005). 

Factorss stabilizing turbid water 
Inn turbid waters, macrophytes find it difficult to survive the lack of light and can no longer 
providee the cover necessary for significant numbers of large bodied zooplankton to avoid 
thee zooplanktivorous fish such as roach (Rutilus rutilus) which prey on them. Turbid 
waterss also create a highly favourable habitat for zooplanktivorous fish by protecting them 
visuallyy from predation by piscivorous fish. The piscivorous fish in turbid waters can thus 
nott grow big enough to become effective predators on the zooplanktivorous fish and thus 
thee food web tends to maintain the turbid-water state. Furthermore, fish species typical of 
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turbidd waters (such as bream (Abramis brama) and tench {Tinea tinea) will feed upon 
invertebratess in the sediment and in the process resuspend sediment. This suspended 
sedimentt will significantly contribute to turbid water; the enhanced chance for nutrient 
releasee from this sediment can lead to increased algal growth and thus contribute to turbid 
waterr (Hosper et al, 2005). 

Finally,, experience has shown that benthic, multi-cellular algae, such as 
SpirogyraSpirogyra can develop in cleared waters, cutting out the supply of light and dissolved 
gassess to the macrophytes and subsequently forcing the return to the turbid state (Hosper 
etet al., 2005) 

Experiencee with macrophyte recovery during lake restoration. 
Aquaticc macrophytes are restricted to the photic zone, where sufficient light is available 
forr their life processes and, usually, where sediment is available for rooting. This photic 
zonee with sediment availability can potentially cover a large proportion of the area of a 
clearr shallow lake. However the available area in deep lakes is likely to be confined to the 
marginss (Phillips, 2005; Hosper et al, 2005). 

Generallyy macrophytes have responded to nutrient enrichment by initially 
increasingg their biomass and shifting towards species that are effective in utilising this 
greaterr quantity of available nutrient to exert dominance over species less effective in 
usingg this nutrient resource. Ultimately, as nutrient levels further increase macrophytes 
disappear,, apparently out-competed by algal growth. Experience with the reversal of this 
processs has been patchy. The macrophytes have returned abundantly in most lakes in the 
Netherlandss (Hosper et al, 2005), but recovery was very patchy in other countries such as 
thee UK (Moss et al, 1996 a,b). There is some indication that this lack of macrophyte 
recoveryy could be attributable to grazing pressures by birds or fish (Phillips, 2005; Hosper 
etet al, 2005). Furthermore is there an apparent link with lake size (Hosper et al, 2005), 
withh large lakes having a smaller chance of a successful return of the macrophytes. 

However,, the reasons for unsuccessful macrophyte development in shallow lakes 
afterr biomanipulation, is not well understood, This lack of understanding, with its large 
riskk for the long-term, sustained restoration of clear lakes, is the motivation for the 
researchh discussed in this thesis. 

Factorss that could limit macrophyte establishment 
Light Light 
Fundamentally,, aquatic plants are primary producers that satisfy their energy needs from 
sunlight.. This means that in lakes with recovering macrophyte populations there should be 
aa minimum of light-absorbing materials such as limnetic or benthic algae, or light-
scatteringg materials such as suspended solids, or deposits on the leaf surface, as these 
factorss would reduce the quantity and quality light before it hits the leaves. Van Nes has 
capturedd these light requirements of macrophytes very well in his aquatic plant growth 
modell  CHARISMA (Van Nes et al., 2003). However this work dealt with the 
establishmentt of macrophytes in shallow lakes under management, where clear water had 
beenn established. We could therefore argue that the light requirements of the plants had 
beenn met and are not likely to be a limiting factor. 
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SedimentSediment and Water Chemistry and Physics 
Secondly,, extensive macrophyte surveys have clearly indicated that the presence of 
particularr macrophyte species is often closely related to the chemical characteristics of 
waterr and sediment, and the physical environment of the location. Nutrients and alkalinity 
aree particularly well researched (Pond, 1903; De Lyon & Roelofs, 1986; Ellenberg et al, 
1992;; Palmer et al, 1992; Preston & Croft, 1997). However, the relationships between the 
abioticc environment and the presence and abundance of certain species in existing 
macrophytee beds is also mediated through processes of competition, succession such as 
facilitationn (e.g. the presence of tall perennials reduces wave exposure and thus may 
enhancee the establishment chances of annuals). In other words, we can hypothesise that 
manyy macrophyte species potentially would tolerate a very wide range of environmental 
conditions.. This is confirmed by Wiegleb (1989) and Duarte & Kalff (1990) who 
reviewedd the extensive and sometimes contradictory literature concerning the factors that 
influencee the distribution of macrophytes. They conclude that while there is a clear 
continuumm from limited macrophyte growth in oligotrophic, clear-water lakes which are 
loww in base status, through to the more luxuriant growth in base rich meso-trophic or 
naturallyy eutrophic lakes, aquatic macrophyte species can potentially tolerate a very wide 
rangee of chemical conditions. Processes such as competition and facilitation determine 
whichh species out of the potential species-pool succeed to establish and persist. 

Thiss means that in lakes under management we would not expect the chemical 
conditionss to influence the presence of macrophytes in general, but affect the presence of 
aa particular suite of species, indicative of a certain type of water and sediment chemistry. 

Howeverr there are indications that the presence of high concentrations of 
potentiallyy phytotoxic reduced ions (particularly ammonium and sulphide) could limit 
macrophytee establishment. Our investigations of the adverse effects of the potentially 
phytotoxicc substances sulphide and ammonia (Schutten et al, 1997), did not detect any 
negativee influence of these two chemical species at concentrations in the sediment up to 
doublee the maxima found in the field. However, this work was carried out on species that 
aree likely to colonize shallow lakes, and therefore these might be less affected by such 
phytotoxins.. This could explain the observed role of the toxins in species distribution, 
excludingg a range of potential species from hostile sediments. However, the long-term 
presencee of aquatic macrophytes could change both water and sediment characteristics, 
eventuallyy enabling the invasion of other species. 

PresencePresence of reproductive material. 
Thee re-establishment of macrophytes and their continued survival requires there to be an 
adequatee source of seeds or other propagules and an environment in which they can 
germinatee and survive. 

Theree are two types of reproductive structures in most aquatic macrophytes: 
seedss resulting from sexual reproduction and vegetative propagules (turions, stem 
fragmentss or bulbils) resulting from non-sexual reproduction or propagation. Seeds and 
vegetativee propagules can be present in a lake as a remnant of the vegetation present 
beforee the degradation of that lake, or may have entered the lake as a result of dispersal 
processes.. Both these processes may result in a propagule bank in the sediment, and the 
relativee abundance of different species it contains could be a significant factor 
determiningg if plants are likely to occur in a restored lake. 
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Seeds s 
Seedss predominantly represent a long-term survival and distribution mechanism. Their 
longevityy varies between species and depends on seed storage conditions, but it can last 
upp to several decades (Ridley, 1930). The main dispersal agents of the small seeds are 
waterr flow or migration of animals (birds and fish). They may be distributed over large 
distancess quickly, especially when transported by waterfowl (Ridley, 1930; Agami et al, 
1986;; Agami & Waisal, 1988). 

Vegetativee propagules 
Thee main propagation and dispersal agents within each year or between successive years 
forr most aquatic species are vegetative propagules. Their longevity is limited from a few 
weekss or months to a few years. Dispersal of the larger structures is mainly by water flow, 
sincee ingestion by animals generally results in destruction. 

Too get a good picture of the seed and vegetative propagule bank in a particular 
lake,, it may be necessary to examine it directly, although studies by Kautsky (1990) and 
Skoglundd (1990) and Skoglund & Hytteborn (1990) suggest that there is no correlation 
betweenn the seed and vegetative propagule bank and existing vegetation. 

PresencePresence of suitable regeneration niches. 
Althoughh propagules may be present in the sediment, compliance with germination 
requirementss dictates whether a propagule actually germinates. Most reproductive 
structuress are dormant, waiting until chemical or physical conditions are met to initiate the 
germinationn process. The triggering signal is in most cases a rise in temperature or a 
changee in light spectrum or intensity. Many species require vernalization, where a long-
termm requirement for cold treatment must be met before germination is possible. This 
tendss to prevent germination in unfavourable conditions, such as in autumn. A need for 
lightlight implies a position near the sediment surface in clear water. Restoration measures 
suchh as removal of the top layer of the sediment might remove the seed bank, or bring a 
neww part of the seed bank into conditions that favour germination. 

Seedd densities have been determined in recent research in the Broads, shallow 
lakess in East Norfolk (UK). The annual Najas marina is well established in Hickling and 
Uptonn Broads and seeds are present at a density of about 1500 seeds.m"" in the top 10 cm 
off  the sediment, decreasing to about zero at 30 cm depth (Handley and Davy, 2002). 
Smithh (2003) reports Chara oospore densities of 300 to 60000 m"2 in a range of Broads. 
Howeverr the depth of maximum density ranges from 10-20 cm in Hickling Broad, where 
thiss macrophyte has occurred for a number of years to 70 to 80 cm in Heigham Sound 
wheree the species is currently less evident. 

Experiencee of managers in the Broads who report good initial growth of aquatic 
plantss in cleared lakes, combined with my own observations of luxurious establishment 
fromm the reproductive pool of a range of species in sediments from cleared lakes currently 
lackingg a well developed macrophyte population under glasshouse conditions, led to the 
conclusionn that the sediments of shallow lakes in general contain a large pool of 
reproductivee material. Because of the close proximity of lakes and the presence of in- and 
outflow,, and because herbivorous birds migrate between water bodies, there is generally 
sufficientt potential for dispersal of reproductive material, either through water movement 
orr animals (birds or fish). I therefore conclude that a lack of reproductive material is not a 
mainn factor affecting macrophyte establishment in most managed shallow lakes. 
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SurvivalSurvival during the growing season. 
Thee chance of creating a lake with more permanent macrophytic vegetation depends on 
thee survival and reproduction of germinated macrophytes during their first few growing 
seasons.. The sediment in shallow lakes is potentially susceptible to direct stirring by 
waves.. This erosion can not only disperse sediment in the water column and thus attenuate 
lightlight availability, but also dislodge seedlings or young plants rooting in the top layer of the 
sediment.. The processes that govern such erosion (wave energy, water depth and sediment 
cohesion)) are thus also important in determining probabilities of seedling removal. 
Seedlingss in larger lakes with potentially bigger waves, that are particularly shallow, or 
havee soft and easily eroded sediments, are particularly at risk. Fish species common in 
shalloww lakes in North-West Europe, like tench (Tinea tinea), bream (Abramis brama) and 
roachh {Rutilus rutilus) feed on invertebrates that inhabit the top layer of the sediment. 

Thiss feeding could uproot poorly established seedlings, which then would be 
removedd from an establishing macrophyte population. In this thesis I assess a worst-case 
scenarioo with sparse and colonising or introduced plant populations in relatively nutrient-
richh lakes. Hence individual shoots tend to be large. These mature plants are potentially 
underr risk from considerable biomechanical strains that could result in damage to the 
shoot,, or even complete removal of the plant. The resilience to uprooting or dislodgement 
dependss on both the size of the root-system and the physical cohesion of the sediment. 
Plantss may also affect their own physical environment. Macrophyte beds dampen waves 
andd thus reduce the hydraulic forces on neighbouring plants; roots can stabilise sediments 
andd thus enhance sediment cohesion. Thus the conditions during re-colonisation are 
likelyy to be different from those that would be experienced in established vegetation. 

Theree are no published studies which specifically investigate the direct impact of 
fishh on macrophyte survival. Rudd (Scardinius erythrophtalmus) is the only native fish in 
thee UK or the Netherlands that directly grazes plants and this has been implicated in the 
losss of macrophytes following biomanipulation of Lake Zwemlust in the Netherlands 
(Vann Donk et al., 1994). Similarly benthic-feeding species may dislodge mature plants in 
unstablee sediments, although this effect cannot be quantified. I therefore postulate that 
grazingg by birds, particularly coot (Fulica atra) and the mute swan {Cygnus color) could 
bee a significant limiting factor in the development and subsequent stability of macrophyte 
populations. . 

Thee literature summarized in the above section combined with personal 
experiencee in both the Netherlands and the Broads caused me to conclude that the 
physicall  and chemical condition in which submerged aquatic plants grow are likely to be 
thee most important factors that affect the establishment potential of particular lakes for 
macrophytes.. This will therefore be the focus of the present thesis. 
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Aimss and objectives 

Practicall  experience of macrophyte establishment in shallow lakes with clear water has 
shownn that although initial short term germination and growth was observed in several 
instances,, the success of establishment of a self-sustaining plant population was low. This 
thesiss aims to investigate why establishment success is low, through a combination of 
correlativee field work and a quantitative analysis of biomechanical forces on aquatic 
macrophytess and their potential responses to them. 

Thee specific objectives of this thesis are therefore: 
 to determine the chemical and physical differences between lakes with a 

successfull  macrophyte community and those without, 
 to assess whether the grazing capacity of herbivorous birds can be sufficiently 

largee as to significantly limit the production of some macrophytic species under 
fieldd conditions, 

 to quantify the pulling forces acting upon aquatic macrophytes resulting from 
waterr movement, wave action and bird grazing, 

 to quantify the mechanical strength of macrophyte stems and anchorage strength 
underr various sediment conditions, 

 and to establish through a simple model whether the magnitudes of potential 
pullingg forces are sufficiently large as to restrict macrophyte presence in lakes 
withh particularly sediments. 

Outlinee of the thesis 
II surveyed a wide range of shallow lakes with clear water in the UK and Netherlands, to 
establishh relationships between the presence and abundance of macrophyte species and the 
chemicall  and physical environment in which these plants were growing within the lakes 
(Chapterr 2). The results of the field survey indicated that macrophyte presence was 
significantlyy linked to both sediment chemistry in the form of concentrations of 
potentiallyy toxic reduced ions and the physical stability of the sediments. 

Thee chemical factors were researched under laboratory conditions and are 
reportedd elsewhere in Schutten et al, 1997. The results of these experiments clearly 
indicatedd that the presence the potentially phytotoxic ammonium and sulphide ions did not 
significantlyy reduce the growth or survival of young shoots in selected test species at the 
concentrationss experienced in the field. The relationship between macrophyte presence, 
sedimentt cohesion and location within the lake prompted examination of both the physical 
forcess to which the plants were exposed and the potential mechanical response of those 
plantss (Chapter 3). 

Forcess on submerged aquatic macrophytes in shallow lakes can result from either 
waterr moving along the shoot or direct pulling forces from animals. Chapter 3 investigates 
thee relationships between the presence of two common herbivorous birds and aquatic 
macrophytess under field conditions. Chapters 4 and 5 investigate the forces resulting from 
waterr moving past the plant shoots; Chapter 4 focuses on linear currents such as the re-
circulatingg current in lakes, whilst Chapter 5 focuses on forces generated by passing 
waves. . 

Thee potential response of the macrophytes to the physical forces investigated in 
Chapterss 3, 4 and 5 are examined in Chapter 6, where the relative magnitude of the 

18 8 



breakingg strengths of the stems and the anchorage strengths of root/rhizoid systems are 
quantified,, and compared with the magnitude of the forces potentially arising from waves 
orr grazing. 

Chapterr 7 summarises the findings and discusses them in the light of 
managementt of lakes both for nature conservation and societal use. 
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