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Chapterr  1 

Generall  Introduction 



Introductio n 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 turbi d 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 durin g 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 limi t 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. 

Outlin ee 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 
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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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Abstract. . 
Thee macrophytic vegetation of 28 shallow, eutrophic lakes with clear water was sampled: 
tenn in The Netherlands and 18 in the Norfolk and Suffolk Broads of eastern England. 
Theirr environments were characterized by determinations of physical and chemical 
propertiess of the water and bottom sediments. Relationships between the distribution and 
abundancee of species and the environmental variables were examined using two analytical 
approaches. . 

Canonicall  ordination (CANOCO) suggested that the abundance of the 31 taxa 
andd the structure of their communities were significantly influenced by nine of the 
individuall  environmental variables. These included sediment cohesion (shear-stress) and 
organicc content, the total concentrations of nitrate and phosphorus in the interstitial 
sedimentt water, and the concentrations of calcium, magnesium, chloride and iron in the 
lakee water. 

Factorr analysis of the highly correlated environmental variables produced nine 
orthogonall  environmental factors, representing 82% of the variance in the original data. 
Thee loadings of variables on these factors suggested that they represented salinity, water 
hardness,, nutrients, magnesium, potassium, redox potential, sediment density, sulphide 
andd previous management, respectively. Logistic regression was used to examine the 
dependencee of the more frequent species of aquatic macrophyte on these factors, using 
sigmoidall  and Gaussian models. The presence of Ceratophyllum demersum, 
MyriophyllumMyriophyllum spicatum, Nitellopsis obtusa, Nuphar lutea, Potamogeton crispus and P. 
perfoliatusperfoliatus could be predicted from species-specific combinations of factors. The use of 
factorr analysis followed by logistic regression enables inferences to be drawn on the 
potentiall  of a site of known characteristics to support particular species. 

Keyy Words: 
biomanipulation,, CANOCO, logistic regression, eutrophic lakes, factor analysis, sediment 
cohesion,, salinity, water hardness 

Nomenclature: : 
Tracheophytes,, Stace (1997); Charophytes, Moore (1986). 
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Introductio n n 
Aquaticc vegetation is widely regarded as a key factor in stabilising relatively eutrophic, 
clearr lakes (Scheffer 1998). The physical structure of the vegetation provides shelter from 
predationn and attachment surfaces for sessile organisms; it also reduces currents so that 
suspendedd particles can sediment and inhibits resuspension. Furthermore, the shoots 
providee food for herbivorous fish and birds (Blindow et al., 1993; James & Barko, 1990; 
Mosss 1990; Ozimek et al., 1990; Van den Berg et al, 1998; Van Donk et al, 1993). 

Itt has long been recognised that the distribution and abundance of aquatic plants 
cann be strongly determined by the physical and chemical environment (Pond 1903; 
Pearsalll  1920). In natural communities the distribution of species and community 
structuree results from interactions between species as well as the physico-chemical 
environmentt of the lake (e.g. Palmer et al., 1992; Bloemendaal & Roelofs, 1988b; 
Ellenbergg et al., 1992; Preston & Croft, 1997). Recently restored or created lakes provide 
experimentall  systems in which environmental controls may predominate over biotic 
interactions,, such as competition, which are typically more important in later stages of 
succession.. The colonisation and succession of aquatic macrophytes in newly created, 
Northwestt European reservoirs showed that a number of rooted and free-floating aquatic 
macrophytess are capable of colonising large areas very rapidly (Kuflikowski, 1986; 
Krahulec,, 1987; Schutten et al, 1994). Environmental limitations on colonisation and 
establishmentt are not well understood and recently rehabilitated lakes provide an 
opportunityy to quantify their effects. Although disemminule availability and dispersal may 
alsoo be important, Kuflikowski (1986) and Schutten et al. (1994) have reported that 
dispersall  of aquatic macrophytes from dykes or neighbouring lakes may be rapid, and 
propaguless are often able to germinate from long-lived seed or spore banks. Duarte & 
Kalff  f (1990) highlight the importance of light, nutrients and slope in predicting of biomass 
off  aquatic macrophytes, whereas Schutten et al. (1997) provide evidence that physical 
factorss related to exposure may be important. 

Thee objectives of the work described in this paper were (1) to examine the effects 
off  chemical and physical properties of the water and sediment on macrophyte community 
structuree in shallow, eutrophic lakes that have been managed for water clarity; (2) to 
investigatee the extent to which such environmental variables determine the distribution of 
particularr macrophyte species; (3) to test analytical techniques that would allow prediction 
off  the ability of lakes to support individual species on the basis of directly measurable 
environmentall  variables. 

Methods s 
Sites Sites 
Thee plant communities and physical and chemical characteristics of their environment 
weree sampled in 21 lakes in 1995 and 12 lakes in 1996, situated in the Netherlands and 
easternn England (Fig 1) The lakes had all been rehabilitated and were shallow (<2m 
depth),, with clear (Secchi-depth > water depth), or were deeper lakes with extensive 
shalloww margins meeting these criteria. In each lake two or three locations were chosen 
thatt differed in wind exposure. 
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Thee Broads (United Kingdom) 

Figuree 1. ' 
Mapp of the Broads (UK) and the Netherlands showing the sample sites. The insert shows the relative 
positionn of the sample areas in North-western Europe. The year and number of samples per lake are 
indicatedd in parentheses. 
11 = Blickling (1996,2), 2 = Belaugh Broad (1995, 2; 1996, 1), 3 = Hoveton Great Broad (1995, 2), 4 
== Pound End broad (1995, 3; 1996, 2), 5 = Woodbastwick turf-pond (1996, 1), 6 = Cockshoot Broad 
(1995,, 3; 1996, 2), 7 = Upton Broad (1995, 2), 8 = Alderfen Broad (1995, 2; 1996, 2), 9 = Catfield 
turf-pondd (96, 2), 10 = Cromes broad (1995, 2; 1996, 1), 11 = How-Hill (1996, 1), 12 = Hickling 
Broadd (1995, 2), 13 = Horsey mere (1995, 2), 14 = Martham-north Broad (1995, 3), 15 = Ormesby 
Broadd (1995, 3), 16 = Whitlingham-little Broad (1996, 2), 17 = Strumpshaw Broad (1996, 2), 18 = 
Rocklandd Broad (1996, 1), 19 = Binnenschelde (1995, 2), 20 = Volkerakmeer (1995, 2), 21 = 
Breukeleveensee plas (1995, 2), 22 = Botshol (1995, 2), 23 = Stichtse-Ankeveense plas (1995, 2), 24 
== Naardermeer (1995, 2), 25 = Gouwzee (1995, 1), 26 = Bovenwater (1995, 2), 27 = Veluwemeer 
(1995,, 2), 28 = Oude Venen (1995, 2). 
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MacrophyteMacrophyte sampling 
Thee abundance of each of the macrophyte taxa (higher plants and macro-algae) was 
visuallyy estimated as vertically projected bottom coverage in a 10 x 10 m quadrat at each 
locationn of each site by snorkel diving. Abundance was recorded using the 7-point 
Tansleyy scale (Schutten et al., 1994). The genus Chara and filamentous macro-algae were 
nott identified further. 

EnvironmentalEnvironmental measurements 
Fieldd sampling and measurement was by snorkel diving from a small boat. Sediment 
redoxx potential (Hanna HI 9025 meter and electrode system) was measured in situ. Water 
depthh and Secchi depth were determined and the light available in the water column was 
definedd as the Secchi depth / total depth. Fetch (distance from the shore in eighth compass 
directions)) was estimated in the field. The potential wind-induced current near the 
sedimentt surface was estimated using hydrological models of shallow water (Van Rijn, 
1990)) at a wind speed of 20 m s"1 using fetch in the direction of the prevailing wind 
(Brown,, 1992; Wieringa & Rijkoort, 1983) and water depth. The sediment pore water (5-
155 cm depth) and lake water (0.5m depth) were sampled anaerobically using Rhizon 
samplerss (VanWalt Ltd) with 10-cm long microporous (pore diameter 2 îm) teflon filter 
tubes,, connected to evacuated sampling containers. Sediment cohesion was taken as the 
forcee needed to perturb the top layer of sediment, or shear force. Five replicate 
measurementss were made in situ at each location using a pocket shear meter (Torvane, 
ELE-international)) with vanes extended to 5 cm diameter; duplicate sets of measurements 
weree made with vanes that penetrated to a depth of 0.5 and 5 cm respectively. The upper 
355 cm of the sediment was sampled using a perspex manual corer (diameter 7 cm); water 
contentt (after drying at 40 °C) and organic content (as loss on ignition at 550 °C after 2 h) 
weree determined on a compound sample of 3 cores from each location. 

Chemicall  analysis was carried out on three compounded samples (Rhizon 
samplers)) of pore water and two of lake water per location. Metals (Fe, Mn, Mg, Ca, K 
andd Na) were determined by atomic absorption spectrometer (Philips PU9100X) and 
dissolvedd anions (Cl~, N03, P04

3, S04
2") by ion chromatography (Dionex DX100 with 

AS4A-4mmm columns and bicarbonate eluent). Sulphide ions were preserved with an anti-
oxidantt buffer (Smolders et al., 1996); ammonium ions were preserved with 0.1 M lithium 
acetate.. Both ions were determined within one week using ion-selective electrodes 
(Sentexx Ltd.) and a Hanna HI9025 mV meter. 

DataData analysis 
First,, the variation structure of the vegetation data and its canonical relationships with the 
environmentall  data were examined using canonical ordination methods (Jongman et al., 
1995).. There was considerable intercorrelation among the environmental variables and so 
initiallyy the full set of variables was reduced to a subset of uncorrected ones on the basis 
off  their Variation Inflation Factors (VIF). Subsequently we performed stepwise Canonical 
Correspondencee Analysis (CANOCO 4; Ter Braak & Smilauer, 1998) with the reduced 
sett of variables. Their significance in the analysis was assessed with a Monte Carlo test. 
Raree species were down-weighted to reduce disproportionate effects on the analysis. 

Thee second approach involved Factor Analysis. Again, this was to reduce the 
largee number of highly correlated environmental variables, in this case to a smaller 
numberr of orthogonal synthetic factors which are linear combinations of the original 
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variables.. We used principal components extraction and equamax rotation with Kaiser 
normalisationn (SPSS 8.0). Rotation simplifies the identification of the factors, whilst 
maintainingg orthogonality. The standardised factor scores for each sample location were 
calculatedd according to the Anderson-Rubins adaptation of Bartlett's rules (SPSS 8.0). 

Subsequentlyy we examined the dependence of the presence or absence of each 
individuall  macrophyte species on the extracted environmental factors. In the range of 
lakess studied the ability to predict the presence or absence of species is more important 
thann their abundance, because recent colonisation has generally been the dominant 
process.. We employed logistic regression (SPSS 8.0; Jongman et al., 1995) which uses 
sigmoidd or Gaussian (optimum) response models that are analogous with linear or 
quadraticc models in least-squares regression. The forward conditional mode adds only 
variabless that contribute to the equation significantly. The probability functions are: 

SigmoidSigmoid probability function (for a single-factor logistic model; Jongman et al., 1995): 
PP = [exp (A + B x factor)] / [ 1 + [exp (A + B x factor)] (1) 

GaussianGaussian probability function (for a single-factor logistic model; Jongman et al., 1995): 
PP = [exp (A + C x factor2)] / [1 + [exp (A + C x factor2)) (2) 

Thesee two probability functions can be combined in one equation: 
MixedMixed Sigmoid and Gaussian probability function for a single-factor. 
PP = [exp (A + B x factor 1 + C x factor22)] / [1 + [exp (A + B x factorl + C x factor22)] 

(3) ) 
Wheree A is the constant (or intercept) and B and C are regression coefficients. The 
significancee of the sigmoid and Gaussian regression coefficients was assessed using the 
log-likelihoodd method (SPSS 8.0). 

Results s 
Tablee 1. Range and units of the environmental variables used in the Canonical and Factor analysis. 

Minimumm Median Maximum 
Ammoniumm concentration in the lake water (u.M) 
Ammoniumm concentration in the pore water (u.M) 
Calciumm concentration in the lake water (mM) 
Calciumm concentration in the pore water (mM) 
Chloridee concentration in the lake water (u.M) 
Chloridee concentration in the pore water (uM) 
Ironn concentration in the lake water (|iM) 
Ironn concentration in the pore water (uM) 
Lightt availability 
Magnesiumm concentration in the lake water (mM) 
Magnesiumm concentration in the pore water (mM) 
Manganesee concentration in the lake water (|iM) 
Manganesee concentration in the pore water (u.M) 
Nitratee concentration in the lake water (|xM) 
Nitratee concentration in the pore water (uM) 
Phosphatee concentration in the lake water (uM) 
Phosphatee concentration in the pore water (u.M) 

2. 0 0 
2. 0 0 
0.0 2 2 
0.6 8 8 
140 0 
140 0 
1.0 0 
1.0 0 
0.3 3 3 
0.0 0 
0.4 4 
0.9 9 
3.6 6 
4. 0 0 
3.9 9 
0.1 1 
2. 0 0 

200. 5 5 
337. 5 5 
1.3 6 6 
2.0 9 9 
237 3 3 
225 2 2 
1.0 0 
3.1 1 
1.0 0 0 
0.9 9 
0.9 9 
1.1 1 
16. 2 2 
6.1 1 
10. 2 2 
2. 0 0 
8.2 2 

481. 0 0 
976. 1 1 
14.1 6 6 
10.4 3 3 
9388 1 1 
9068 2 2 
4.0 0 
207. 2 2 
1.0 0 0 
17. 8 8 
15. 0 0 
11. 8 8 
163. 9 9 
225. 7 7 
166. 7 7 
32. 0 0 
265. 3 3 
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Potassiumm concentration in the lake water (mM) 
Potassiumm concentration in the pore water (mM) 
Redoxx potential in the sediment (mV) 
Sedimentt water content (dry-mass/wet-mass, %) 
Sedimentt organic-C content (% of dry-mass) 
Cohesionn of the sediment top 5 cm (kPa xlO"1) 
Cohesionn of the sediment top 5 mm (kPa xlO"1) 
Sodiumm concentration in the lake water (mM) 
Sodiumm concentration in the pore water (mM) 
Sulphatee concentration in the lake water (\iM) 
Sulphatee concentration in the pore water (jiM) 
Sulphidee concentration in the pore water (uM) 
Windd induced water current (m/s) 
Biomanipulationn (yes / no) 
Suctionn dredging (yes / no) 

0.03 3 
0.07 7 
-386 6 
1.9 9 
0.3 3 
0.0 0 
0.0 0 
1.2 2 
1.2 2 
5 5 
5 5 
0.0 0 
0.00 0 
No o 
No o 

0.23 3 
0.37 7 
-275 5 
12.2 2 
22.2 2 
2.0 0 
0.2 2 
5.5 5 
5.6 6 
684 4 
149 9 
10.0 0 
0.08 8 

3.95 5 
3.71 1 
166 6 
82.8 8 
79.0 0 
9.8 8 
4.8 8 
216.0 216.0 
216.0 0 
5641 1 
5608 8 
912.3 3 
0.69 9 
Yes s 
Yes s 

CanonicalCanonical Correspondence Analysis 
Reductionn of the original set of 30 environmental variables, on the basis of inflation 
factors,, resulted in nine variables: five related to the sediment (physical cohesion, organic 
content,, interstitial nitrate concentration and interstitial phosphorus concentration); four 
otherss related to the lake water (concentrations of calcium, magnesium, chloride and iron). 
Stepwisee CCA showed that all of these were each significantly correlated (P<0.05) with 
thee observed pattern of aquatic macrophyte presence and abundance. This pattern (Fig. 2) 
wass significantly different from random for the first axis (Monte Carlo permutation test, 
n=99;; P<0.01) and for the analysis as a whole (P<0.01). Detrending did not result in 
increasedd significance or understanding of the observed pattern and was thus not used. 
Thee eigenvalues for the first four axes were 0.38; 0.22; 0.18 and 0.16, respectively, and 
thee species-environment correlations for the first four axes were high (0.84; 0.75; 0.74 and 
0.688 respectively), accounting for 68 percent of the species- environment variance 
(27.3%;; 16%; 13.3% and 11.6% respectively). The total variability or inertia (sum of the 
eigenvalues)) in the species data was 5.16, of which the analysis could explain 1.70. 

Fig.. 2 shows the ordination diagram with the thirty-one macrophyte species or 
groupss and the nine significant environmental variables. Locations with soft, phosphate 
andd organic rich sediments are on the left of Fig 2. These locations have high proportions 
off  species free floating in or on the water layer (Ceratophyllum demersum, Lemna minor, 
StratoidesStratoides aloides), or rooted species with leaves floating on the water layer as the water-
liliess Nuphar lutea, Nymphaea alba, Nymphoides peltata. The locations with firmer, more 
nitratee rich sediment with a higher ionic strength (water hardness or salinity) are in the 
rightright half of the figure. These locations have high proportions of rooted submerged 
species.. Species close to the origin are not strongly correlated to either of the two species 
axiss and their distribution is not strongly correlated to either one of these environmental 
gradients. . 
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Figuree 2 
CANOCOO ordination diagram, showing the relative position of the significant environmental 
variabless and the aquatic-plant species. Species floating in or on the water surface are identified by 
°,, rooted species with floating leaves are identified as • and rooted submerged species are identified 
ass •. (s) = sediment parameter; (w) = water parameter. 

FactorFactor analysis 
Rotatedd factor analysis condensed the 30 highly correlated environmental variables into 
ninee significant and orthogonal environmental factors (Table 2). The significance of the 
analysiss is high (Sample adequacy - Kaiser-Meyer-Olkin: 0.61; Bartlett test of sphericity: 
P<0.001),, and the resulting factors accounted for 82% of the variance present in the 
originall variables. Table 2 is the rotated component matrix which displays for each of the 
factorss the loading (or correlation coefficient) for each environmental variable. The 
factorss extracted represent environmental variation as follows: 
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Tablee 2. 
Rotatedd factor matrix showing the nine extracted environmental factors and the correlation between 
thee factors and the individual environmental variables of lake-water (w) or sediment pore-water (s). 
Thee second row displays the percentage of the total variance in the environmental variables 
explainedd by that factor. The major contributing variables per factor are highlighted. 

Factor Factor 

PercentagePercentage variance explained 
Variable e 
CYCY (w) 
Na++ (s) 

crr  (s) 
Na++ (w) 
N03-- (s) 
Light t 
S04

22 (s) 
Waterr content (s) 
Cohesionn top 5cm 
Cohesionn top 5mm 
Windd induced current (m/s1) 
Organicc C (s) 
Mn++ (s) 
Fe2++ (s) 
Ca2++ (s) 
Ca2+(w) ) 
S2""  (s) 
S04

2"(w) ) 
Mg++ (w) 
Mg++ (s) 
K+(s) ) 
K +(w) ) 
NH4

2"(w ) ) 
Suctionn dredged 
Biomanipulated d 
P 044

 3" (w) 
P04

3<s) ) 
NH4

2""  (s) 
Redoxx (s) 
N O// (w) 

1 1 
12.9 9 

0.76 6 
0.73 3 
0.71 1 
0.70 0 
0.62 2 
0.61 1 
0.41 1 
-0.06 6 
0.14 4 
0.16 6 
-0.01 1 
0.14 4 
0.06 6 
-0.09 9 
0.33 3 
0.50 0 
-0.07 7 
0.34 4 
0.03 3 
0.04 4 
0.03 3 
0.10 0 
0.32 2 
0.01 1 
-0.32 2 
0.07 7 
-0.16 6 
0.06 6 
-0.19 9 
0.11 1 

2 2 
12.7 7 

0.09 9 
0.06 6 
0.19 9 
-0.07 7 
0.08 8 
-0.07 7 
0.16 6 
0.90 0 
0.90 0 
0.88 8 
0.80 0 
-0.65 5 
-0.04 4 
0.11 1 
0.01 1 
-0.06 6 
-0.07 7 
0.15 5 
0.01 1 
0.09 9 
-0.07 7 
-0.13 3 
-0.04 4 
0.04 4 
-0.35 5 
-0.03 3 
-0.12 2 
-0.15 5 
0.13 3 
0.14 4 

3 3 
10.4 4 

0.15 5 
0.43 3 
0.08 8 
0.39 9 
0.54 4 
0.01 1 
0.28 8 
-0.01 1 
0.02 2 
0.07 7 
0.01 1 
-0.06 6 
0.85 5 
0.79 9 
0.69 9 
0.58 8 
0.03 3 
0.09 9 
0.09 9 
0.06 6 
-0.05 5 
-0.01 1 
0.15 5 
0.07 7 
-0.17 7 
0.02 2 
-0.12 2 
-0.05 5 
-0.27 7 
0.2! ! 

4 4 
9.1 1 

0.44 4 
0.20 0 
0.42 2 
0.28 8 
0.34 4 
-0.03 3 
0.17 7 
-0.02 2 
-0.03 3 
-0.03 3 
0.14 4 
-0.17 7 
0.23 3 
-0.25 5 
0.46 6 
0.45 5 
0.89 9 
0.71 1 
0.06 6 
0.05 5 
-0.05 5 
-0.06 6 
0.09 9 
-0.08 8 
0.03 3 
0.01 1 
-0.03 3 
0.02 2 
-0.26 6 
0.35 5 

5 5 
8.6 6 

0.08 8 
0.24 4 
-0.02 2 
0.27 7 
0.12 2 
0.35 5 
0.40 0 
0.09 9 
0.08 8 
-0.02 2 
-0.07 7 
-0.16 6 
0.09 9 
0.05 5 
0.11 1 
0.20 0 
-0.02 2 
0.26 6 
0.92 2 
0.91 1 
0.29 9 
0.28 8 
0.13 3 
0.19 9 
0.19 9 
-0.14 4 
0.14 4 
0.03 3 
-0.06 6 
0.01 1 

6 6 
8.6 6 

-0.02 2 
-0.08 8 
0.04 4 
-0.11 1 
-0.12 2 
-0.12 2 
0.03 3 
0.04 4 
0.07 7 
-0.12 2 
-0.16 6 
-0.01 1 
-0.09 9 
0.09 9 
-0.25 5 
-0.18 8 
-0.21 1 
0.14 4 
0.16 6 
0.27 7 
0.89 9 
0.85 5 
-0.60 0 
0.25 5 
-0.15 5 
-0.06 6 
0.21 1 
-0.44 4 
0.03 3 
0.10 0 

7 7 
7.2 2 

0.17 7 
0.17 7 
0.16 6 
0.16 6 
0.21 1 
0.33 3 
-0.20 0 
0.07 7 
0.11 1 
0.01 1 
0.07 7 
-0.43 3 
0.08 8 
-0.18 8 
0.24 4 
0.15 5 
0.04 4 
0.01 1 
-0.14 4 
-0.06 6 
-0.01 1 
-0.05 5 
0.30 0 
-0.84 4 
-0.58 8 
-0.37 7 
0.06 6 
0.41 1 
-0.10 0 
0.26 6 

8 8 
6.8 8 

-0.08 8 
-0.09 9 
-0.11 1 
-0.08 8 
-0.04 4 
0.08 8 
-0.28 8 
-0.16 6 
-0.10 0 
-0.16 6 
-0.04 4 
0.20 0 
-0.02 2 
-0.14 4 
-0.06 6 
-0.06 6 
0.04 4 
-0.09 9 
0.02 2 
0.01 1 
-0.01 1 
0.10 0 
0.10 0 
0.10 0 
-0.04 4 
0.81 1 
0.78 8 
0.64 4 
-0.04 4 
0.28 8 

9 9 
5.5 5 

-0.02 2 
0.18 8 
0.03 3 
0.17 7 
0.17 7 
0.15 5 
0.38 8 
0.22 2 
0.16 6 
0.13 3 
0.09 9 
-0.17 7 
-0.05 5 
-0.01 1 
0.07 7 
0.20 0 
-0.07 7 
0.26 6 
0.01 1 
0.03 3 
0.07 7 
0.10 0 
0.08 8 
-0.04 4 
-0.01 1 
-0.02 2 
0.03 3 
0.14 4 
0.79 9 
0.69 9 

Factorr 1 represents Salinity and is strongly positively correlated with the chloride and 
sodiumm concentration of sediment pore water and lake water, the nitrate and sulphate 
concentrationn of the pore water and the fraction of light reaching the sediment (depth / 
Secchii  depth). 
Factorr 2 represents Sediment cohesion/exposure and is strongly positively correlated with 
thee physical characteristics of the sediment (cohesion, and water content) and the wind-
inducedd currents, and negatively with the sediment organic matter content. 
Factorr 3 represents Water hardness and is strongly positively correlated with the calcium 
concentrationn of the lake water, and the calcium, manganese and iron concentration of the 
sedimentt pore water. 
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Factorr 4 represents Sulphide and is strongly positively correlated with the sediment 
sulphidee and water sulphate concentration. 
Factorr 5 represents Magnesium and is strongly positively correlated with the magnesium 
concentrationn of sediment and water. 
Factorr 6 represents Potassium/ammonium and is strongly positively correlated with the 
potassiumm concentration in the sediment pore water and lake water, and negatively 
correlatedd with the ammonium concentration in the lake water. 
Factorr 7 represents Management and is strongly negatively correlated with the 
managementt history of the lake in the form of the variables 'mudpumping' and 
'biomanipulation'. . 
Factorr 8 represents Nutrients and is strongly positively correlated with the phosphate 
concentrationn in the lake water and sediment pore water, and ammonium concentration in 
thee sediment). 
FactorFactor 9 represents Redox/nitrate and is strongly positively correlated with the oxidative 
conditionn in the sediment and nitrate concentration in the water. 

LogisticLogistic regression 
Tablee 3 shows multiple logistic regression models for 18 taxa whose presence or absence 
couldd be predicted significantly from one or more of the environmental factors using 
sigmoidd or Gaussian responses. The table only shows those factors that significantly 
contributee to the model. Fig. 3 compares the regression models with field data for the six 
speciess that had two factors contributing significantly to their occurrences. The probability 
off  occurrence is defined by a response surface that is a combination of two sigmoid 
responsess (Ceratophyllum demersum and Nuphar lutea), two Gaussian responses 
(Nitellopsis(Nitellopsis obtusa and Potamogeton crispus), or of sigmoid and Gaussian responses 
(Myriophyilum(Myriophyilum spicatum and Potamogeton perfoliatus). The columns display the observed 
probabilityy of occurrence within a grid of 16 cells (4 categories per axis), calculated as 
numberr of locations with the species present / total number of samples in the grid cell; the 
totall  number of samples per cell is also shown (in a white circle) as an indication of the 
reliabilityy of the probability estimates. Potamogeton perfoliatus (Fig. 3A) and 
MyriophyilumMyriophyilum spicatum (Fig. 3C) occurred more often in exposed locations with firmer 
sediment.. An exposed location with firm sediment and hard water results in a prediction 
off  occurrence of nearly 100 % for Potamogeton perfoliatus. Low salinity in combination 
withh an exposed location and firm sediment predicts a 75% chance of Myriophyilum 
spicatumspicatum occurring. Nuphar lutea (Fig. 3B) is strongly indicated by nutrient-rich, 
unmanagedd lakes. Potamogeton crispus (Fig. 3D) is mainly associated with magnesium-
richh and hard water. The combined effects of the two factors results in a prediction of 
100%% probability of occurrence for Ceratophyllum demersum at low sediment 
cohesion/exposuree and high magnesium (Fig. 3E). The chance of observing Nitellopis 
obtusaobtusa (Fig. 3F) increases with increasing water hardness and sulphide concentration. 
Tablee 3 shows other significant relationships: the floating-leaved Nymphaea alba with 
loww salinity; likewise, the submerged, rooted Potamogeton pusillus, Zannichellia palustris 
andand Potamogeton pectinatus. P. pectinatus was also associated with exposed locations 
/firmerr sediments, the genus Callitriche with hard water, Najas marina and the genus 
CharaChara with high sulphide or sulphate concentrations. Filamentous algae were found 
mainlymainly at low potassium and high ammonium concentrations, whereas the opposite 
conditionss pertained for Hydrocharis morsus-ranae and Hottonia palustris. The presence 
off  Fontinalis antipyretica, Hippuris vulgaris, Hydrocharis morsus-ranea, Lemna trisulca, 
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MyriophyllumMyriophyllum verticillatum, Nymphoides peltata, Potamogeton lucens, P. natans, P. 
obtusifolius,obtusifolius, Ruppia maritima, Stratiotes aloides and Utricularia vulgaris apparently were 
nott significantly influenced by any of the environmental factors. This may have been due 
too their overall low occurrence in the survey. The presence of invasive Elodea nuttallii 
wass not significantly influenced by the environmental factors, despite its occurrence at 
ninee locations. 
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A.A. Potamogeton perfoliatus D.. Potamogeton crispus 

Figuree 3 
Probabilityy of occurrence for six species expressed as the fitted probability plane resulting from the 
logisticc regression on the two most significant factors. The bars represent the observed proportional 
occurrencee per grid cell. The figures on each bar represent the number of observations per grid cell. 
Thee S on the factor axis denotes a Sigmoid fit, G denotes a Gaussian fit. 
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Discussion n 
EnvironmentalEnvironmental influences on the distribution ofmacrophytes. 
Evidencee for environmental influences on the occurrence and abundance of aquatic 
macrophytess is extensive and sometimes contradictory (Wiegleb, 1989; Duarte & Kalff, 
1990).. The overall continuum is from oligotrophic, clear-water lakes that have few, 
specializedd macrophytes, though mesotrophic clear-water lakes that are rich in 
macrophytes,, to eutrophic, turbid, phytoplankton-dominated lakes, with very few 
submergedd macrophytes. The importance of individual factors may depend on the spatial 
andd temporal scale of the analysis. Factors that discriminate between lakes (such as size, 
alkalinity,, salinity and nutrient levels) usually do not vary greatly within lakes, whereas 
location-specificc factors (such as exposure and edge slope) control the within-lake 
distributionn of vegetation. Biotic constraints on species distribution , such as competition 
andd grazing also tend to operate locally (van Donk, 1993; Perrow et al., 1997). The nine 
factorss variables identified by CANOCO in this study can be partitioned between the two 
scales:: most vary mainly between lakes (salinity, water hardness, sulphide, magnesium, 
potassium/ammonium,, nutrients, redox/nitrate and management history); only 
exposure/sedimentt cohesion is important within lakes, being strongly modified by internal 
geomorphologicall  processes. This work was focused on biomanipulated lakes, which 
generallyy combine clear water with relatively nutrient-rich conditions. Consequently, 
certainn factors that would normally be expected to dominate the correlates of macrophyte 
distributionn or biomass across the full spectrum of shallow lakes, particularly light 
penetrationn and nutrient concentrations (Barko et al., 1986; Duarte et al., 1986; Ozimek et 
al.,al., 1990), appear to be less important in our data. 

PhysicalPhysical Factors: Exposure and Sediment Cohesion 
Thee potential role of sediment cohesion and exposure in influencing plant distribution is 
thee most important finding of this work. Previously there has been some stress on the 
significancee of lake size and edge slope to aquatic macrophyte presence and abundance, 
mainlyy in large lakes (Barko et al., 1986; Canfield & Duarte, 1988). There has also been 
interestt in the effects of velocity in flowing waters (Dawson, 1988; Chambers & Prepas, 
1991).. Effects of exposure or water movement may be beneficial or detrimental, 
dependingg on the magnitude of the forces or currents generated. Plant growth can be 
facilitatedd by low currents (up to 0.1 m s"1), which reduce boundary-layer resistances to 
diffusivee exchange and reduce accumulation of detritus on photosynthetic surfaces 
(Schefferr et al., 1992; Strand & Weisner, 1996). Calculated currents for the lakes in this 
study,, for a wind speed of 20 m s"1, range from 0 to 0.69 m.s ' (median 0.08). Those at 
higherr end of the range, at least, could be sufficient to restrict species presence. The 
quantitativee association of the rooted species Myriophyllum spicatum, Potamogeton 
pectinatuspectinatus and P. perfoliatus with cohesive sediment, evident both from the logistic 
regressionss (LR) and the Canonical Correspondence Analysis (CCA), is consistent with 
theirr association with more exposed locations (LR). It also agrees with previous 
suggestionss that M. spicatum is generally more frequent on sandy substrates than on fine 
siltt or clay; M. spicatum and P. pectinatus are both regarded as tolerant of exposed 
conditionss (Preston & Croft, 1997). Indeed, Potamogeton perfoliatus was described by 
Prestonn & Croft (1997) as frequently present in large open waters. In contrast, the non-
rootedd Ceratophyllum demersum had negative associations with the sediment cohesion 
(LRR and CCA) and exposure. Although it clearly would be independent of the soft, 
organicc sediments that may affect other species adversely, the wind and currents 
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associatedd with exposure would tend to dislodge C. demersum and wash it ashore. It is not 
regardedd as tolerant of exposure (Preston & Croft, 1997). 

ChemicalChemical Factors 
Thee importance of water and sediment chemistry has emerged from a series of extensive 
surveys,, particularly those of Palmer et al. (1992) for the UK, Bloemendaal, Lyon & 
Roelofss (Bloemendaal & Roelofs, 1988; De Lyon & Roelofs, 1986) for the Netherlands 
andd Ellenberg et al. (1992) for Germany, which also sought to use macrophytes as 
indicatorss of water quality. In the current range of lakes from The Netherlands and 
Britain,, salinity proved to have a significant influence on macrophyte distribution, even 
thoughthough the most saline lakes were only slightly brackish. Potamogeton pectinatus, P. 
pusilluspusillus and Zannichellia palustris are recorded as having some tolerance of brackish 
conditionss (Preston & Croft ,1997; Bloemendaal et al., 1988b) and this is consistent with 
thee salinity factor in LR being a significant predictor of distribution. The association of 
NymphaeaNymphaea alba with salinity appears not to have been recorded previously, despite its 
tolerancetolerance of a wide range of water chemistry. Myriophyllum spicatum, in contrast, was not 
significantlyy affected by salinity over the range in this survey, although it has a preference 
forr more saline conditions (Bloemendaal et al., 1986b) in Dutch lakes and Grillas (1990) 
associatedd it with lower salinities in the generally more saline Camargue of France. 

ElodeaElodea canadensis (Bloemendaal et al., 1988b) and charophytes such as 
NitellopsisNitellopsis obtusa (Moore, 1986) are often found in calcareous waters, which agrees with 
thee finding here that water hardness is a significant predictor of their distributions. 
PotamogetonPotamogeton perfoliatus, Potamogeton crispus and Zannichellia palustris were also 
associatedd with the water hardness factor, in general conformity with the findings of 
Bloemendaall  et al. (1988b). The occurrence of Naj'as marina and Chara sp., Callitriche 
sp.. and Nitellopsis obtusa was significantly greater in locations with a high sulphide factor 
(LR);; Weeda et al. (1991) also describe these species as characteristic of sulphide-rich and 
calcareouss waters. Furthermore, Preston & Croft (1997) associate these species with deep 
substratess of silt and mud, which are likely have relatively high sulphide levels in the 
sediment. . 

Thee predictive value of the magnesium factor for the occurrence of Potamogeton 
crispus,crispus, Ceratophyllum demersum and filamentous algae in these lakes is not immediately 
explicablee and clearly requires further investigation. Likewise the significance of the 
potassium/ammoniumm factor for Utricularia vulgaris, Lemna trisulca and filamentous 
algaee appears not to have been reported previously. U. vulgaris is capable of absorbing 
nutrientss form small invertebrates in its digestive traps; as it is not rooted, it should not be 
directlyy influenced by nutritional characteristics of the water or sediment, although there 
couldd be indirect effects. The influence of recent rehabilitation management on the 
distributionn of Potamogeton pectinatus, Nuphar lutea, Zannichellia palustris, 
PotamogetonPotamogeton pusillus and Callitriche sp. is perhaps not surprising in a set of lakes 
selectedd to examine the consequences of management. The tolerance of Nuphar lutea and 
thee preference of Lemna minor for nutrient-rich locations are well described in literature 
(Prestonn & Croft, 1997; Palmer et al., 1992); floating leaves would be littl e affected by 
turbid,, phytoplankton-dominated waters. However the distribution of the rooted species 
Callitriche,Callitriche, Potamogeton pectinatus and P. pusillus did not accord with their wider 
preferencess as tolerant of, or even indicative of, nutrient-rich lakes (Preston & Croft, 
1997;; Roelofs & Bloemendaal, 1988). 
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Wheree relationships between individual species and the chemical environment 
differr from conventional wisdom, there are at least two possible reasons that arise from 
thee management history of these lakes. First, indirect, biotic effects would be less 
importantt in structuring the communities and thus modifying responses. Second, the lakes 
alll  had relatively clear water, despite relatively high nutritional status. This tends to 
uncouplee the common inverse relationship between nutrient and light availabilities to 
submergedd macrophytes that is mediated by phytoplankton blooms. 

ComparisonComparison ofCANOCO with a Factor Analysis followed by Logistic Regression 
Ass might be expected, the results of the C ANOCO and Factor analyses were broadly very 
similar.. The majority of the nine environmental factors corresponded with environmental 
variabless identified as significant by CANOCO (salinity factor v. chloride concentration 
inn CANOCO; sediment cohesion/exposure factor v. sediment cohesion and organic C; 
waterr hardness factor v. calcium concentration; magnesium factor v. magnesium 
concentrationss in sediment and water; nutrient factor v. phosphate and nitrate 
concentrations).. However in CANOCO, only the first two axes were extracted 
(accountingg for 43% of the total variation in species and environment) whereas the nine 
factorss accounted for 82 % of the environmental variation. Hence the factors sulphide, 
potassium/ammonium,, management and redox potential had no equivalent in the 
CANOCOO analysis, because they were not generally sufficiently correlated with species. 

CANOCOO is a convenient and efficient method relating complex vegetational 
andd environmental data. However, because logistic regression is based on presence or 
absencee data, its use in this work enabled prediction of the probability of occurrence of 
individuall  species from the factors, which themselves represent a high proportion of 
environmentall  variation. For practical purposes this means that factor scores can be 
calculatedd for a particular site as a simple summation of the products of measured 
environmentall  variables with their factor loadings. With these factor scores, the logistic 
regressionss can be used to estimate the likelihood of occurrence, or establishment, of 
certainn species in shallow lakes. 
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Abstract t 

Grazingg by herbivorous birds is often cited as an important factor in suppressing 
macrophytee development in shallow lakes undergoing restoration, thus delaying the 
attainmentt of the stable clear water state. Development and succession of macrophyte 
communitiess and size, diet and grazing pressure of coot {Fulica atra) populations upon 
macrophytes,, were monitored over the seasonal cycle at ten shallow lakes of varying 
nutrientt status, in the Norfolk Broads in eastern England. In spring, territorial breeding 
birdss were at relatively low density and included only a small proportion of macrophytes 
inn their diet, resulting in low grazing pressure on macrophytes. In summer, there was a 
significantt relationship between macrophyte cover and bird density, illustrating the 
importancee of macrophytes in the dispersion phase for birds following breeding. 
Macrophytess comprised the bulk of bird diet where they were available and the 
consumptionn of macrophytes was up to 76 fold higher than in spring. However, losses to 
grazingg in both periods were negligible when compared to potential growth rates 
documentedd in the literature. Grazing experiments at two biomanipulated lakes confirmed 
thatt birds were not responsible for limiting macrophytes during the spring colonisation 
phasee or in the summer growth period. During the period of autumnal senescence and 
overr the winter months where some macrophyte species remain available, e.g. as 
developedd individuals or dormant buds, grazing by birds may conceivably have an impact 
onn the development and structure of macrophyte populations in subsequent growing 
seasons. . 

Thee relative importance of bird grazing compared to other factors limiting the 
developmentt of macrophytes in shallow lakes is discussed in the light of other 
experimentall  studies. 

Keyy words 

herbivory,, bird grazing, bird diet, macrophyte colonisation, macrophyte growth, seasonal 
populationn trends, shallow lakes 

Introductio n n 

Muchh scientific and technical effort has recently been directed at the restoration of 
shalloww lakes in temperate Europe and North America as a consequence of their huge 
ecologicall  and sociological importance (National Research Council, US, 1992; Broads 
Authority,, 1994; National Environmental Research Institute, Denmark, 1994). In most 
cases,, the reversal of anthropogenic eutrophication is the target of this investment (Ryding 
&&  Rast, 1990). In simple terms, clear water dominated by submerged macrophytes is 
preferredd over turbid, phytoplankton-dominated water (Moss, 1990). Further, the simple 
reductionn of nutrient loading has rarely been successful as a single measure (Sas, 1989). It 
iss widely accepted that restructuring the biological community of shallow lakes, usually 
throughh bio manipulation of the fish community (Lammens et al, 1990) is important in 
counteractingg buffering mechanisms tending to preserve algal domination even where the 
nutrientt concentration is suitable for stable macrophyte populations (Irvine et al., 1989; 
Schefferetfa/.,, 1993). 
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Oncee clear water, the essential prerequisite for a submerged macrophyte 
community,, is attained, there are two scenarios. The first is the spontaneous development 
off  an extensive and dense macrophyte community (Meijer et al, 1994). However, even 
wheree this has occurred, it may prove to be unstable in the long term (Blindlow et al, 
1993;; Perrow et al, 1994) with a concurrent increase in algal populations. Alternatively, 
macrophytess may be slow to colonise (Lauridsen et al, 1994; Moss et al, 1996; Strand, 
unpubl.. data). 

Thee impact of grazing birds, principally coot {Fulica atra) and swans (especially 
mutee swan Cygnus color) has been widely discussed as the limiting factor in the 
colonisation,, development and subsequent stability of macrophytes (Jupp & Spence, 1977; 
Lauridsenn et al, 1993, 1994; Perrow et al, 1994; Moss et al, 1996; S0ndergaard et al, in 
press).. However, information relating to the impact of grazing by birds frequently relies 
onn experiments using macrophytes transplanted into the site (Lauridsen et al, 1993; Moss 
etet al, 1996; S0ndergaard et al, in press), rather than the impact on naturally occurring 
macrophytess (Anderson & Low, 1976; Esler, 1989). Alternatively, a measure of 
macrophytee production is compared with losses due to grazing often derived by 
multiplyingg the number of bird days against some estimate of dietary input derived from 
thee literature (Ki0rboe, 1980; Schutten et al, 1994). In addition, there is often littl e attempt 
too determine macrophyte/bird interactions in relation to population parameters, including 
seasonall  fluctuation, macrophyte phenology or actual bird diet. 

Thiss paper reports on a two-pronged study of macrophyte/bird interactions. First, 
detailedd monitoring over the seasonal cycle was undertaken on macrophyte and coot 
populations,, including dietary selection and consumption of macrophytes, at a range of 
sitess in an attempt to assess likely grazing effects according to seasonal patterns of 
macrophytee development and bird populations and dietary intake. Second, short- term 
exclosuree experiments were conducted at two biomanipulated sites, both of which had 
shownn a lag in the development of macrophyte populations under apparently suitable 
conditions.. These tested hypotheses developed during the monitoring phase. 

Backgroundd information and site descriptions 

Thee Norfolk Broads in eastern England, is an internationally important wetland complex 
off  around 50 shallow (<2 m) lakes (broads) many of which are connected by rivers and 
interspersedd by areas of fen and marsh. As a result of intense anthropogenic 
eutrophication,, principally through P-rich sewage effluent, many of the lakes are now 
classedd as hypertrophic and only 4 retain their original macrophyte populations (Broads 
Authority,, 1994). Restoration attempts have been undertaken involving (a) reduction of 
externall  nutrient supply through installation of works at sewage treatment plants, (b) 
isolationn (Moss et al, 1986, 1990; Perrow et al, 1994), (c) control of internal loading 
primarilyy through suction dredging (Moss et al, 1986, 1996) and (d) biomanipulation 
(Perrow,, 1990; Phillips et al, 1996; Moss et al, 1996). Clear water conditions have been 
attainedd in many cases. Development of stable macrophyte populations in lakes with a 
suitablee light climate has been retarded however, and grazing by birds, particularly coot, 
hass been cited as a possible negative factor (Moss et al, 1986; Perrow et al, 1994, Moss et 
al,al, 1996). Experiences in attempting to establish macrophyte inocula over the last ten 
yearss by the water managers, the Broads Authority, also implicated bird grazing (unpubl. 
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data).. The management need to understand the role of bird grazing led the Broads 
Authorityy to commission the current project. 

Cootss are a common, widespread species in the UK with the resident population 
beingg supplemented by continental birds on autumnal passage (e.g. in 1990/91 peak 
numberss of over 85000 birds were recorded in September, Ferns & Kirby, 1992) and 
throughoutt winter (Cramp & Simmons, 1980). The Norfolk Broads are known to harbour 
considerablee populations e.g. the wintering population in the 1960's at Hickling Broad 
alonee was estimated at 2500 birds (Seago, 1967). Coots occurred at all broads studied in 
alll  seasons (Howes & Perrow, 1994) and frequently outnumbered other waterfowl 
(Perrow,, Howes & Holzer, unpubl. data), particularly during the breeding season. With a 
knownn high dietary intake of macrophytes (see Cramp & Simmons, 1980, for review), 
cootss were considered to be the principal herbivorous bird in the Broads. 

Cootss exhibit considerable flexibility in their foraging behaviour (Cramp & 
Simmons,, 1980; Draulans & Vanherck, 1987; Howes & Perrow, 1994); upending in 
shalloww water or diving in deeper water (generally 1- 2 m but to 6.5 m) to forage on 
macrophytes,, algae, detritus and benthic invertebrates; cropping emergent or bankside 
vegetationn from on the water or on land; gleaning insects, seeds and fruits from the water 
surfacee or vegetation; or taking handouts or leftovers from human visitors. Such 
behaviourall  plasticity and ability to take a wide range or plant and animal material 
enabledd coots to persist at all broads studied, even where macrophytes were absent. The 
continuouss presence of coots was thought to restrict the colonisation and establishment of 
macrophytess at low density (Howes & Perrow, 1994). 

Thee primary monitoring phase of the study was undertaken at ten sites, which 
rangedd from phytoplankton to macrophyte dominated and encompassed those lakes 
subjectedd to recent restoration measures. Characteristics of the study lakes are shown in 
Tablee 1. During the subsequent experimental phase, two small biomanipulated sites, 
Poundd End and Cockshoot Broad were selected (Table 1). 

Tablee 1. Characteristics of the study sites.. Macrophyte data is taken from Kennison (1993). The 
numberr of species and the maximum percentage cover of the dominant species are shown. 

Lake e Area a 
(ha) ) 

Direct t 
Riverine e 
connection n 

Management t Submerged d 
macrophytess '92 

Alderfenn 5.1 None 

Belaughh 1.9 River Bure 

Cockshoott 5.5 None 

Isolatedd 1979, Suction-
dredgedd 1992/93 
Biomanipulatedd 1993-

Dredgedd 1987 

Isolatedd 1981 Suction-
dredgedd 1981 
Biomanipulatedd 1989-

22 species 
50%% C. 
demersum demersum 

44 species<5% C. 
demersum demersum 
99 species 
25%% C. 
demersum demersum 

Cromess 2.0 None Suction-dredgedd 1988 11 species, 50% 
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Hickling g 

Hoveton n 
Great t 

Martham m 
North h 

Ormesby y 

Poundd End 

Upton n 

129.8 8 

36.2 2 

6.7 7 

56.4 4 

5.5 5 

5.6 6 

None e 

Riverr Bure 

Riverr Thurne 

None e 

Riverr Bure 

viaa Hoveton 
Littl e e 

None e 

Methodss and materials 

Monitoring Monitoring study study 

Birdd monitoring 

Isolatedd 1992 

None e 

11 ha Exclosure 

Biomanipulated d 

None e 

1992--

None e 

Suction-dredgedd 1990 
Biomanipulatedd 1990-

None e 

C.C. demersum 

111 species 
75%% M. 
spicatum spicatum 
55 species 
25%% P crispus 

166 species 
75%% N. marina 

100 species 
<5%% C. 
globularis globularis 
55 species 
<5%% C. 
demersum demersum 

33 species 
75%% N. marina 

Coott populations were monitored monthly at all sites from July 1993—June 1994. The 
preliminaryy study of Howes & Perrow (1994) recorded foraging activity throughout the 
hourss of daylight with birds feeding in bouts interspersed by preening and resting (Brown, 
unpubl.. data). Birds then roosted at night (Draulans & Vanherck, 1987; Brown, unpubl. 
data). . 

Tablee 2. Mean (+ 1 SE.) wet weight (g) per coot bill length of the submerged plant taxa consumed. 

Taxon n Wett weight (g) 

CallitricheCallitriche spp. 0.37  0.02 

CeratophyllumCeratophyllum demersum 1.14  0.19 

CeratophyllumCeratophyllum submersum 0.13  0.01 

CharChar a spp. 

ElodeaElodea canadensis 

HippurusHippurus vulgaris 

MyriophyllumMyriophyllum spicatum 

NajasNajas marina 

NitellopsisNitellopsis obtusa 

0.577  0.06 

0.400  0.03 

1.000 3 

0.233  0.03 

0.855 3 

0.500  0.03 
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PotamogetonPotamogeton pectinatus 0.26  0.02 

PotamogetonPotamogeton crispus 0.80  0.03 

ZannichelliaZannichellia palustris 0.25  0.01 

Filamentouss algae 1.44 + 0.12 

Observationss conducted at any time of day were thus thought to be representative 
off  foraging activity and grazing pressure on macrophytes at the site, particularly as bird 
numberss fluctuated littl e over the course of the day. Two sites a day were monitored and 
observationss were made over the entire lake, except at Ormesby and Hoveton Great 
Broad,, where observations were restricted to a 12 ha section and the 1 ha fish exclosure 
respectively.. Bird numbers in the latter area could not be related directly to macrophyte 
abundancee in the main broad and this site was therefore excluded from that part of the 
analysis. . 

Observationss were made from land (usually bird hides) or from a boat using a 30 
magnificationn x 80mm Optolyth telescope or 8 x 20 Leica binoculars. If birds were 
disturbedd by the observers taking position, monitoring was delayed for at least twenty 
minutess until birds had repositioned and resumed natural activity. Birds were counted at 
intervalss to determine peak numbers. Food intake and selection was determined through 
continuouss observation for fifteen minutes each on a minimum of four randomly selected 
individuall  birds. When foraging underwater, coots bring items to the surface to handle and 
swallow.. This allowed the majority of dietary items to be identified and their size to be 
estimatedd relative to bill length before they were consumed. 

Dailyy consumption of each dietary item at each site was calculated by 
extrapolatingg the consumption in fifteen minutes to one hour and then multiplying by the 
numberr of daylight hours and the number of birds present. 

Forr macrophytes and filamentous algae, the mean wet weight (g) per bill length 
wass measured by taking ten replicate one bill-length equivalent samples of each species 
andd weighing them to the nearest 0.1 g (Table 2). The consumption per occasion in bill 
lengthss at each location of known size was then converted to wet weight (g.m '") for each 
species. . 

Macrophytee monitoring 

Macrophytee densities were monitored at all sites at bimonthly intervals from April to 
Octoberr 1993. At each site, 3 permanent transects (25-50 m in length) were sampled by a 
snorkell  diver. The vertical projected sediment coverage of each macrophyte species (all 
vascularr plants and Chara spp.) and filamentous algae as well as total community cover 
alongg the line and in the area up to 2 m (depending on visibility) on either side of the line 
weree estimated using an adapted Tansley scale (see Schutten et al (1994) for details). 

GrazingGrazing experiments 

Thee impact of coot grazing on a natural communities of macrophytes and filamentous 
algaee at Cockshoot and Pound End was tested using ten replicate pairs of cylindrical 
exclosuress (1 m height, 113cm diameter enclosing a total surface area of 1 m"2 made of 
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black,, plastic 'Netlon Tensar SS3' mesh (71 x 51 mm). Lids of the same mesh were fitted 
too exclude birds from the treatment exclosures, whereas controls had no lids. Each 
exclosuree was pushed into the sediment, leaving 75 cm above the sediment surface, but 
stilll  under water, and anchored in place with a 2.5 m wooden stake. 

Thee ten pairs, one treatment and its control, were placed within the known 
territoryy of a pair of coots at each of the sites, in early May 1994, the season after the 
monitoringg study. The members of each pair of exclosures were within 2 m of each other, 
whilstt pairs were at least 7 m apart. Macrophytes were monitored every 2-3 weeks from 
latee June to mid September. The % cover of each macrophyte species and/or filamentous 
algaee was estimated visually through a perspex-bottomed bucket from a stationary boat. In 
latee September, the plants in five randomly-selected pairs were harvested using a long-
handledd rake. Species were separated and wet weighed to the nearest 0.5 g. 

Differencess between treatments and controls on each occasion (total cover and 
coverr of common plant species, were tested using Wilcoxon signed ranks tests. 

Att each broad, coot diet and macrophyte intake were monitored using the 
methodss described above, within a few days of the macrophyte sampling. 

Results s 

MonitoringMonitoring study 

Macrophytee populations 

Thee seasonal changes in macrophyte and filamentous algae density are variable (Figure 
1).. Turbid lakes known to be dominated by phytoplankton (Broads Authority, 1994), 
includingg Hoveton Great, Ormes by and Belaugh Broads, were characterised by low cover 
off  macrophytes (<5%) with representation of only a few species, typically Zannichellia 
palustrispalustris L. and several Potamogeton species in spring to summer, and Ceratophyllum 
demersumdemersum L. in late summer and autumn. Filamentous algal cover was typically an early 
seasonn phenomenon, with densities up to 25%. 

Thee clear-water biomanipulated sites, Alderfen and Pound End (Table 1) had 
veryy few macrophytes with the same pattern as above. In contrast, Cockshoot had more 
macrophytee species with a combined cover of up to 30%, and some seasonal succession 
fromm Zannichellia/Potamogeton spp.lo C. demersum and Lemna trisulca L. Filamentous 
algall  cover was high (to 45%) at both Cockshoot and Pound End with a peak in mid 
summer. . 

Cromes,, Upton and Hickling and Martham North were all dominated by 
macrophytes.. The former three were characterised by slow spring development, with a 
peakk in macrophyte cover (>50%) in late summer and autumn by only a few species; C. 
demersumdemersum at Cromes, Chara spp. and Myriophyllum spicatum L. at Hickling and Najas 
marinamarina L. at Upton. Martham North, on the other hand, had a large number of 
species/generaa of macrophytes (12), with pronounced seasonal shifts in abundance, 
startingg with Hippuris vulgaris L. and M. spicatum, to Chara spp. and finally to N. marina 
inn late season. Macrophyte cover was always high, increasing from 40% in spring to 80% 
inn late summer. 

Hydrobiologiaa (1997) 342/343: 241-255 © 1997 Kluwer Academic Publishers 
Withh kind permission of Springer Science and Business Media 49 



Interactionss between coot (Fulica atra) and submerged macrophytes: the role of birds in the 
restorationn process. M.R. Perrow, J. Schutten , J.R. Howes,T. Holzer, J. Madgwick & A. J. D. Jowitt 

Aprr Jiin Aug Oc' Aprr Jun Aug 

ALDERFEN N 
600 -

POUNDD END 

11 ^ 
300 - ^k 

QQ 4—^B M 
Aprr Jiiti Aug Oct Aprr Jun Aug g 

MARTHAM M 
NORTH H (33 1'nlamngcfon cnspits 

EÜÜ !'. fKCtinattts 

•• P piistlhis 

DD unidentified Potamogctoti spp 

00 Elodea canadensis 

QQ Ceratopiwllwn sirfvnersum 

E99 C, demer.surn 

II filamentous algae 

Aprr Jun Aug Oct 

Aprr Jun Aug Oct 

80 --

6 0 --

40--

20--

n--

UPTON N 

// : \ , 

HII Nymphaea alba 

SS Lemna trisulca 

QQ Hippwis vulgaris 

CDD Chara spp 

•• Najas marma 

•• Callitriche spp 

QQ Myrlophyllum spicatum 

G33 Zatwicbellia palustrts 

Junn Auy 

Figuree 1. Seasonal changes in the cover (%) of macrophytes and filamentous algae during 1993, in 
thee ten study sites. 

Birdd populations 

Inn general, birds were at relatively low density in spring (mean + S.E. density in April= 
1.588  0.30 individuals ha (Figure 2), as a result of the intense territoriality of breeding 
pairss (Cramp & Simmons, 1980). At Broads with little plant cover, such as Alderfen, 
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Belaughh and Hoveton Great Broad, the population consisted almost solely of breeding 
pairss and their offspring resulting, although with some decline over winter, in relatively 
stablee densities. In contrast, bird density fluctuated markedly (the pattern is damped at 
Hicklingg on account of its large size) at broads with significant plant cover (with the 
exceptionn of Ormesby), with the incursion of juvenile and non-breeding/post- breeding 
birdss to supplement the resident population. The timing of this immigration was usually 
betweenn July and September possibly related to the attainment of peak abundance of the 
dominantt plant(s). For example, high densities of birds corresponded to the peak 
occurrencee of Z palustris/Potamogeton spp. in Ormesby in July, maximum cover of N. 
marinamarina and Chara spp. in Martham North in August and high coverage of filamentous 
algaee in Pound End in August and Cockshoot in September. Only Cromes and Upton 
receivedd an incursion of birds in winter, where the late developing C. demersum and N. 
marinamarina dominated respectively. In the increase phase, bird numbers peaked between 8 ha"1 

(Cromes)) and 18 ha"'(Martham North). Breeding densities were resumed between January 
andd March. 

BirdBird diet 

Thee diet of birds varied considerably between site and season, although several general 
trendss were identified (Figure 3). In spring (March to May) the diet was dominated by 
invertebratesinvertebrates and filamentous algae. This is explained by these 'soft' foods being fed to 
chickss (Howes & Perrow, 1994). Consequently, macrophytes made up a low proportion of 
thee diet at this time, even where they were present. In contrast, in summer (June-August) 
andd autumn (September-November) where present, macrophytes formed the bulk of the 
diet,, although filamentous algae was often also important. In autumn and especially winter 
(December-February)) the diet of birds was generally more variable with invertebrates, 
emergentt plants, detritus and filamentous algae all dominant at different sites. However, 
inn lakes with a peak macrophyte cover of >50%, macrophytes were still the major dietary 
item. . 

InteractionsInteractions between birds and macrophytes 

Iff  all sites on all occasions are included, there is no relationship between coot density 
(birdss ha"1) and % total plant cover (Spearman rank correlation, r = 0.04, n = 23, p = 0.87). 
However,, if this is teased apart in separate analyses, coot density is not related to % 
macrophytee cover (rs=0.19,n = 23, p=0.38) but is significantly positively related to % 
coverr of filamentous algae (r = 0.58, n = 23, p<0.01). 

Takingg the population fluctuations in late summer and autumn into account, by expressing 
thee densities in August and October as a % of the breeding density in June, the 
relationshipss between bird density and plant cover change markedly. There was a 
significantt positive relationship between % total cover and birds (rs = 0.55 n = 14, 
p<0.05),, and it is macrophyte cover (rs=0.67, n=14, p<0.01) and not algae (rs=0.08, n = 
14,, p = 0.79) that is the important factor. 

Furthermore,, there were significant positive relationships between the proportion of 
macrophytess or filamentous algae in the diet of birds and % cover (rs=0.73, n=23, p<0.001 
andd rs=0.72, n=23, p<0.001 respectively). In lakes with macrophytes, an increase in the 
numberr of birds with an increasing proportion of macrophytes in the diet, results in an 
increasee in grazing pressure (g.m.day"1 consumed) (rs = 0.34, n = 80, p<0.01). 
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Figuree 2. Seasonal changes in density (birds ha"1) of coot populations during 1993/1994 in the ten 
studyy sites. 
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Figuree 3. Seasonal dietary composition of coot populations at all study sites where: HG = Hoveton 
Great,, OR = Ormesby, BE = Belaugh, AL = Alderfen, PE = Pound End, CO = Cockshoot, CR = 
Cromes,, HI = Hickling, UP = Upton, MN = Martham North. The size of circle is proportional to the 
contributionn (%) made by each group to the total bill lengths consumed in each season (spring 
March-May,, summer June-August, autumn September-November, winter December-February). 
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GrazingGrazing experiments 

Cockshoot Cockshoot 

Thee total plant cover and cover of the seven different species in both protected treatments 
andd grazed controls over the experimental period are illustrated in Figure 4. P berchtoldii 
&&  Z. palustris made an important contribution to early season cover, whereas C. 
demersumdemersum tended to dominate later in the summer and into autumn. At peak, macrophyte 
coverr (with some filamentous algae) approached 100%. 

Totall  cover Ceratophyllum demersum 
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PotamogetonPotamogeton berchtoldii 
<££ Zannichellia palustris 

U__ * 
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i. . 
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Figuree 4. Mean (+/- 1SE. n =10) total plant cover and cover of different species in both grazed 
controlss (open bars) and protected treatments (shaded bars) over the experimental period at 
Cockshoott Broad. Statistical tests were only conducted on total cover, C. demersum, P. 
brechtoldii/Z.brechtoldii/Z. palustris and N. marina. Significant differences at the p<0.005 level are indicated 
withh (*) 
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Figuree 5. The relative daily consumption (g m' WW) of different macrophyte species by coot at 
Cockshoott Broad from April-September 1994, covering the period of the grazing experiment. 

Overall,, there were few significant differences between treatments and controls 
illustratingg potential positive and negative effects of bird grazing. Any differences were 
onlyy apparent after at least two months of the experiment had elapsed and never occurred 
inn a consistent fashion. That no differences occurred in the early stages of the experiment 
iss consistent with the negligible consumption of macrophytes by the coot population in 
thiss period (Figure 5). Even though consumption by coots increased markedly during the 
experimentall period, this did not lead to any significant differences in the biomass of any 
macrophytee taxon at the end of the experiment (Table 3). 

PoundPound End 

Inn contrast to Cockshoot, Pound End was dominated by filamentous algae, particularly 
EnteromorphaEnteromorpha spp. This gradually declined over the course of the experiment (Figure 6) 
untill only a small biomass was present in early October (Table 3). Only two macrophyte 
speciess were found, Elodea canadensis Michaux and C. demersum, in two separate 
treatmentt exclosures and C. demersum in one control on one occasion (Figure 6). There 
weree no significant differences in the cover of algae or macrophytes on any occasion. 
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Figuree 6. Mean (  S.E.. n = 10) cover of filamentous algae and macrophyte species in both grazed 
controlss (open bars) and protected treatments (shaded bars) over the experimental period at Pound 
End. . 
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Discussion n 

Too critically evaluate the potential impact of grazing coots upon submerged macrophyte 
populationss it is necessary to divide the cycle of seasons into distinct phases according to 
macrophytee ecology and coot behaviour and ecology. In simple terms, these are the spring 
germinationn or initial growth phase for macrophytes and the nesting season for birds; the 
summerr growing and reproduction (for sexually reproducing species such as Potamogeton 
spp.)) phase for macrophytes and the recruitment and dispersal phase for birds; the autumn 
periodd of senescence for most species of macrophytes and the peak passage of birds at 
manyy sites; and the winter period in which macrophytes are either unavailable, coinciding 
withh the lowest bird populations, or occur either as senescent material or as overwintering 
stagess (most notably in the case of a few asexually reproducing species such as 
CeratophyllumCeratophyllum and Elodea) where high coot populations are maintained. 

IsIs colonisation of macrophytes in spring affected by bird grazing? 

Germinationn of macrophyte seedlings from seed or overwintering buds/turions takes place 
inn spring. Limitation during this establishment phase (sensu Harper, 1977) determines 
successfull  colonisation. A number of factors are prerequisites for the establishment of 
macrophytes,, prior to any possible limiting effect of bird grazing. These include the 
presencee of a viable seed bank; suitable conditions for germination e.g. the presence of 
reducingg sediments and consequent high production of sulphides and ammonia may 
inhibitt seeds germinating (Perrow et al, 1994); and suitable conditions for subsequent 
growthh and survival e.g. Jupp & Spence (1977) and Lauridsen et al (1993) illustrated the 
importancee of sediment structure and organic content. 

Whatt of the impact of birds? Sandsten (1995), in Lake Krankesjon, showed that 
weree there was a viable seed bank, under suitable conditions for germination and growth, 
macrophytess colonised successfully in the presence of birds. In contrast, Lauridsen et al 
(1993),, S0ndergaard et al (in press) and Moss et al (1996) concluded that bird grazing was 
responsiblee for limiting colonisation and establishment. These studies used transplanted 
macrophytess and therefore we suggest it is inappropriate to draw conclusions from these 
studiess on the response of naturally occurring macrophyte populations. In addition, 
transplantss represent unusual concentrations of food which may attract birds and induce 
unnaturallyy high estimates of grazing pressure. 

Inn the current study, the density of breeding birds was considerably lower than 
peakk populations. Birds are strictly territorial, with factors such as shoreline length (as 
habitatt for nesting) and food resource avail ability determining territory size and 
consequentlyy the density of breeding pairs at a site (Cramp & Simmons, 1980). The diet 
off  birds at this time, even where macrophytes are available, was dominated by 
invertebratess and filamentous algae. This seems largely due to the requirements of chicks 
forr such foods, invertebrates in particular, dominating in the first ten days of life (Cramp 
&&  Simmons, 1980). The presence of filamentous algae in the diet in spring, as well as 
throughoutt the summer may explain the overall relationship between coot density and 
filamentouss algal cover. 

Hydrobiologiaa (1997) 342/343: 241-255 © 1997 Kluwer Academic Publishers 
Withh kind permission of Springer Science and Business Media 57 



Interactionss between coot (Fulica atra) and submerged macrophytes: the role of birds in the 
restorationn process. M.R. Perrow, J. Schutten , J.R. Howes.T. Holzer, J. Madgwick & A. J. D. Jowitt 

Tablee 3. The mean (+ 1 SE.) plant biomass (g m"2 WW) in exclosures in Cockshoot and Pound End 
att the end of the experimental period. No significant differences were recorded between ungrazed 
treatmentss and grazed controls (each n=5) for any taxon. 

Taxon n 

Totall  macrophytes 

C.C. demersum 

E.E. canadensis 

L.L. trisulca 

N.N. marina 

PP berchtoldii/ Z. palustris 

Filamentouss algae 

Cockshoot t 

—— Grazing 

600.66 7 

371.0371.0 0 

0.11 1 

1.22 8 

222.33 8 

6.00 5 

103.66 2 

++ Grazing 

461.55 7 

348.0348.0 9 

1.2  1.0 

0.55 3 

101.44 8 

10.44 8 

138.44 0 

Poundd End 

—— Grazing 

0.33 2 

0.22 2 

0.11 1 

0.88 5 

AA combination of a low number of birds, with a low proportion of macrophytes 
inn the diet resulted in a low consumption of macrophytes. When compared to the 
publishedd growth rates of selected macrophyte species, it is clear that consumption by 
birdss was typically only a fraction of the potential growth rate during spring (Table 4). 
Thee negligible impact of birds upon colonisation by macrophytes is also supported by the 
virtuall  lack of macrophyte consumption by the coot population in Cockshoot in the spring 
(April/May)) period (Figure 5). Moreover, in Pound End, few macrophytes colonised even 
wheree they were protected from birds (Figure 6). Here, as in some other biomanipulated 
sites,, filamentous algae was prevalent. Phillips et al (1978) suggested that mats of benthic 
andd epiphytic algae were the principal cause of the decline of macrophyte populations in 
thee Broads. 

Inn the current study, there was a significant negative relationship between the 
abundancee of macrophytes (expressed as % cover) and filamentous algae (Spear-
mann rank correlation, rs = 0.57, n = 18-those occasions and sites >10% cover, p =0.01). 
However,, the extent to which this is the result of an interaction between the two groups or 
simplyy the tendency of filamentous algae to colonise clear water sites before macrophytes 
(re:: Cockshoot between 1993 and 1994) is unknown. 

TheThe effects of bird grazing in summer and autumn 

Macrophytess are clearly important to coots in late summer and autumn, as populations 
increasedd dramatically at sites with significant macrophyte cover. The proportion of 
macrophytess in the diet was also high, including that of young birds which switch to an 
adultt diet with in 5 weeks of birth (Cramp & Simmons, 1980; Howes & Perrow, 1994). 
Thee apparent preference for macrophytes late in the season may be linked to improved 

++ Grazing 

0.00  0.0 

0.00  0.0 

0.0++ 0.0 
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nutritionall  content (e.g. carbohydrates) at this time (Best & Dassen, 1987; Best & Visser, 
1987).. But does bird grazing have an impact? 

Ass above, the potential growth rate of macrophytes should typically easily 
outstripp any losses to grazing birds during the summer period (Table 4). The only 
exceptionn to this being Potamogeton spp./Z palustris in Ormesby in July when up to 30% 
off  potential net growth was consumed. 

Thee lack of impact was confirmed by the experiments at Cockshoot, where 
macrophytee cover or bio mass were not greatly influenced by bird grazing, effects being 
species-specificc and creating positive and negative consequences perhaps as a result of 
changingg interspecific competitive interactions (Lodge, 1991). Similar results were 
reportedd by Sandsten (1995), with Chara spp. apparently benefiting from an impact of 
grazingg on Potamogeton spp. and Ki0rboe (1980) who found no statistical differences in 
thee biomass of sev eral species including Chara spp. and Potamogeton spp. 

Tablee 4. Removal (g m" d WW) by birds of selected macrophyte species expressed as a % of 
publishedd growth rates from similar water bodies in north western Europe. 

Species s Marchh April May June July 

C.C. demersum 

C.C. demersum 

C.C. demersum' 

E.E. Canadensis 

N.N. marina 

mean n 

max. . 

min. . 

n n 

mean n 

max. . 

min. . 

n n 

mean n 

max. . 

min. . 

n n 

mean n 

max. . 

min. . 

n n 

mean n 

max. . 

0.51 1 

3.02 2 

0.00 0 

6 6 

0.29 9 

1.53 3 

0.00 0 

6 6 

0.29 9 

1.53 3 

0.00 0 

6 6 

0.00 0 

0.00 0 

0.00 0 

5 5 

--

_ _ 

0.10 0 

0.51 1 

0.00 0 

6 6 

0.05 5 

0.26 6 

0.00 0 

6 6 

0.05 5 

0.26 6 

0.00 0 

6 6 

0.09 9 

0.47 7 

0.00 0 

5 5 

--

_ _ 

0.48 8 

2.77 7 

0.00 0 

6 6 

0.25 5 

1.40 0 

0.00 0 

6 6 

0.25 5 

1.40 0 

0.00 0 

6 6 

0.01 1 

0.06 6 

0.00 0 

5 5 

--

_ _ 

0.83 3 

2.91 1 

0.00 0 

6 6 

1.03 3 

3.23 3 

0.00 0 

6 6 

0.38 8 

1.32 2 

0.00 0 

6 6 

0.06 6 

0.29 9 

0.00 0 

5 5 

0.00 0 

0.00 0 

0.37 7 

0.99 9 

0.00 0 

8 8 

0.41 1 

1.10 0 

0.00 0 

8 8 

0.17 7 

1.32 2 

0.00 0 

8 8 

0.13 3 

0.56 6 

0.00 0 

7 7 

0.07 7 

0.35 5 
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PotamgetonPotamgeton spp. /Z. palustris 

PotamgetonPotamgeton spp. /Z. palustris 

P.P. crispus 

P.P. pectinatus 10.11.12 10.11.12 

min. . 

n n 

mean n 

max. . 

min. . 

n n 

mean n 

max. . 

min. . 

n n 

mean n 

max. . 

min. . 

n n 

mean n 

max. . 

min. . 

n n 

mean n 

max. . 

min. . 

n n 

--

--

<0.01 1 

0.03 3 

0.00 0 

8 8 

0.02 2 

0.17 7 

0.00 0 

8 8 

0.11 1 

0.85 5 

0.00 0 

8 8 

0.00 0 

0.00 0 

0.00 0 

2 2 

0.00 0 

0.00 0 

0.00 0 

5 5 

--

--

<0.01 1 

0.04 4 

0.00 0 

8 8 

0.03 3 

0.26 6 

0.0 0 

8 8 

0.16 6 

1.30 0 

0.00 0 

8 8 

0.00 0 

0.00 0 

0.00 0 

2 2 

0.00 0 

0.00 0 

0.00 0 

5 5 

--

--

<0.01 1 

0.05 5 

0.00 0 

8 8 

0.04 4 

0.33 3 

0.00 0 

8 8 

0.20 0 

0.73 3 

0.00 0 

8 8 

0.00 0 

0.00 0 

0.00 0 

2 2 

0.00 0 

0.00 0 

0.00 0 

5 5 

0.00 0 

4 4 

0.03 3 

0.22 2 

0.00 0 

8 8 

0.13 3 

1.03 3 

0.00 0 

8 8 

0.10 0 

0.73 3 

0.00 0 

8 8 

0.00 0 

0.00 0 

0.00 0 

2 2 

0.00 0 

0.00 0 

0.00 0 

5 5 

0.00 0 

5 5 

0.92 2 

6.50 0 

0.00 0 

9 9 

4.29 9 

30.33 3 

<0.01 1 

9 9 

3.06 6 

21.66 6 

0.00 0 

9 9 

0.20 0 

0.41 1 

0.00 0 

2 2 

0.01 1 

<0.01 1 

0.00 0 

5 5 

References:: ' 2 Best & Visser (1987); X5 Phillips (1976); 4y Lauridsen et at (1994); 61° Schutten et al 
(1994);; 7-8-,u2Doef et al (1994). 

Inn contrast, many authors (e.g. Anderson & Low, 1976; Jupp & Spence, 1977; 
Esler,, 1989; Lauridsen et ah 1993, 1994; Moss et a!., 1996); S0ndergaard et al, in press) 
havee described effects on growth and/or biomass of macrophytes in protected exclosures 
versuss unprotected controls. There were many differences in experimental technique 
betweenn the studies; such as the use of transplanted inocula (see above), variable numbers 
off  replicates, comparison of treatments with true controls or adjacent areas, measurements 
off  different variables including cover, biomass, growth (e.g. shoot length) and shoot 
number;; but also in the abundance and type of herbivorous birds and macrophytes. 

Onee element was relatively consistent. That is, any effect on macrophytes was 
onlyy apparent from summer onwards when macrophytes reached a maximum standing 
cropp or began to senesce, i.e. Lauridsen et al (1993); mid July onwards; S0ndergaard et al 
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(inn press) early July and late July onwards; Moss et al (1996) August; Anderson & Low 
(1976)) August and September; Esler (1989) beginning in November with a consistent 
patternn by December. 

Thee timing of any effect is likely to be critical. For example, for sexually 
reproducingg flowering species, if grazing removes whole plants or sexual parts (seeds, 
fruits)) before reproduction is complete, then grazing may be a limiting factor. Although 
thiss must be tempered against the fact that some species have shown improved seed 
germinationn after consumption by birds (Agami & Waisel, 1986). 

Inn the Broads, as in other temperate European and North American shallow lakes 
PotamogetonPotamogeton spp. are widespread and common and an important component of 
macrophytee communities. They tend to dominate in early season, flower followed by 
vegetativee reproduction and tuber formation in July/August and senesce in autumn. In 
Cockshoott at least, the peak in grazing pressure coincided with the decay of the above 
sedimentt biomass (Figure 5), birds never inducing a negative impact throughout the 
growingg and flowering period (Figure 4, Table 3). In support of Ki0rboe (1980), we 
suggestt that significant removal of macrophytes tends to occur in autumn during the 
periodd of senescence of many species, during the peak passage period for waterfowl on 
migrationn and therefore any impacts on growth, biomass etc. are of littl e consequence for 
manyy of the macrophyte populations concerned. Rather, it is the abundance of birds that is 
controlledd by the abundance/biomass of macrophytes (Mitchell et al, 1988; Giles, 1992; 
Hargebyy etal 1994; Lilli e & Evrard, 1994; McKinnon & Mitchell, 1994). 

Tablee 5. Maximum summer (August) standing crop (g DW m"2 of Ceratophyllum demersum in 
waterbodiess in the Norfolk Broads, compared with the maximum recorded consumption by a coot 
populationn (0.114 g DW m"2 d"1 in Cromes Broad), expressed as % of standing crop consumed/day. 

Site e 

Alderfenn Broad (1982) 

Alderfenn Broad (1983) 

Alderfenn Broad (1984) 

Alderfenn Broad (1985) 

Alderfenn Broad (1987) 

Alderfenn Broad (1988) 

Alderfenn Broad (1989) 

Alderfenn Broad (1990) 

Alderfenn Broad (1991) 

Belaughh Broad (1993) 

Cockshoott Broad (1993) 

Cockshoott Dyke (1993) 

Poundd End-bird exclosure (1993) 

gg DW m 2 

60.0 0 

38.0 0 

25.0 0 

1.5 5 

2.1 1 

16.5 5 

22.5 5 

54.0 0 

24.0 0 

1.4 4 

12.1 1 

2.9 9 

2.5 5 

Source e 

Perroww etal( 1994) 

Perroww et al (1994) 

Perroww et al (1994) 

Perroww et al (1994) 

Perroww et al (1994) 

Perroww ef al (1994) 

Perroww et al (1994) 

Perroww etal (1994) 

Perroww etal (1994) 

Stansfield(1994) ) 

Stanstield(1994) ) 

Stansfield(1994) ) 

Stansfieldd (1994) 

%day y 

0.19 9 

0.30 0 

0.46 6 

7.60 0 

5.43 3 

0.69 9 

0.51 1 

0.21 1 

0.48 8 

8.14 4 

0.94 4 

3.93 3 

4.56 6 
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Woodbastwickk Fen Dyke (1972) 248.0 Phillips (1976) 0.05 

Woodbastwickk Fen Dyke (1974) 338.0 Phillips (1976) 0.03 

TheThe effects on subsequent macrophyte development 

Theree is a lack of compelling evidence to show that bird grazing limits macrophyte 
populationss within a season, but it is possible that any impact is only manifested in 
subsequentt seasons (Lodge, 1991). This is relevant for species such as Elodea or 
CeratophyllumCeratophyllum that may overwinter as developed plants or buds respectively (Van Donk 
etet al, 1994) and perhaps even for tuber-forming species such as P pectinatus (Anderson & 
Low,, 1976), all of which may be available throughout the autumn and winter months. 

ElodeaElodea and Ceratophyllum are an important component of the flora in restored 
lakess (Lauridsen et ah 1994; Perrow et al, 1994, Van Donk et al, 1994, Moss et al 1996). 
Thiss is probably a consequence of their rapid colonising ability, aided by dispersion from 
fragmentationn (Best & Dassen, 1987; Best & Visser, 1987) and their tolerance to 
relativelyy eutrophic conditions (Palmer, 1992). However, they are also prone to rapid die-
backk (Krzy et al, 1986; Perrow et al, 1994; Moss et al, 1996) with bird grazing being 
implicatedd in some studies (Perrow et al, 1994; Moss et al, 1996). In support of this, Van 
Donkk et al (1994) demonstrated that herbivory by birds in the winter months was partly 
responsiblee for the decline of the Elodea population and restructuring of the macrophyte 
communityy in favour of Ceratophyllum. 

Anyy impact of birds is obviously determined by the size of the initial standing 
crop.. For example, the standing crop of C. demersum recorded in the broads is highly 
variablee between sites and years (Table 5). Using the maximum recorded grazing pressure 
byy a coot population, simple calculations reveal that the time taken for a coot population 
too remove the standing crop of C, demersum may be as littl e as 12 days or as long as the 
equivalentt of 9 years. For sites with a low standing crops at the end of the growing season, 
itt is conceivable that birds may quickly remove the entire overwintering stock, thereby 
havingg a major impact on the population in subsequent seasons. 

Thee reliance on monocultures of potentially vulnerable species such as Elodea 
andd Ceratophyllum in lake restoration programmes, underlines the need to establish a 
diversee macrophyte community, which may buffer any effect from bird grazing or other 
factors.. This may only be possible where nutrient levels are reduced significantly, aiding 
stabilityy (Hosper & Jagtman, 1990). 

Conclusions s 

Theree is littl e evidence that grazing by coots birds limits colonisation and establishment of 
macrophytess in spring in the shallow lakes of the Norfolk Broads. This is related to the 
loww grazing pressure from a low density of territorial breeding birds and the low 
prevalencee of macrophytes in their diet. There is littl e conclusive experimental evidence 
inn the literature to support the hypothesis that birds directly influence colonisation and 
establishmentt of naturally occurring macrophytes. Indeed, in shallow lakes undergoing 
restoration,, any lag in the response of macrophytes is likely to be caused by a number of 
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factorss other than bird grazing. How ever, losses to birds may contribute to a low 
abundancee of macrophytes. 

Inn general, grazing by birds tends to peak in late summer and autumn after the 
principall  growing season and after reproduction, i.e. flowering and setting of seed has 
occurred.. Any impact of grazing may therefore be considered to be unimportant for many 
existingg macrophyte populations. However, grazing at this time and into the winter 
months,, where some species of macrophytes remain available as developed plants, 
dormantt buds or even tubers, may be important in determining macrophyte abundance and 
communityy structure in subsequent growing seasons. 

Overall,, it is clear that further long-term replicated exclosure experiments are 
requiredd in a variety of circumstances (e.g. with different start-up inocula of macrophytes 
andd different species of macrophytes and herbivorous birds) to reach a consensus of 
opinionn on the impact of bird grazing. If limiting, additional measures controlling bird 
grazingg (e.g. through supplementary feeding, scaring or culling) or enhancing macrophyte 
populationss (e.g. transplantation and initial protection) may be needed to accelerate 
macrophytee colonisation and development in lakes undergoing restoration. 
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Abstract t 
Aquaticc macrophytes are important in stabilising moderately eutrophic, shallow 
freshwaterr lakes in the clear-water state. The failure of macrophyte recovery in lakes with 
veryy soft, highly organic sediments that have been restored to clear water by 
biomanipulationn (e.g. in the Norfolk Broads, UK) has suggested that the physical stability 
off  the sediment may limit plant establishment. Hydraulic forces from water currents may 
bee sufficient to break or remove plants. Our aim was to develop a simple model that could 
predictt these forces from plant biomass, current velocity and plant form. We used an 
experimentall  flume to measure the hydraulic forces acting on shoots of 18 species of 
aquaticc macrophyte of varying size and morphology. The hydraulic drag on the shoots 
wass regressed on a theoretically derived predictor (shoot biomass x current velocity ). 
Suchh linear regressions proved to be highly significant for most species. The slopes of 
thesee lines represent species-specific, hydraulic roughness factors that are analogous to 
classicall  drag coefficients. Shoot architecture parameters describing leaf and shoot shape 
hadd significant effects on the hydraulic roughness factor. Leaf width and shoot stiffness 
individuallyy did not have a significant influence, but in combination with shoot shape they 
weree significant. This hydraulic model was validated for a subset of species using 
measurementss from an independent set of shoots. When measured and predicted hydraulic 
forcess were compared, the fit was generally very good, except for two species with 
morphologicall  variations. This simple model, together with the plant-specific factors, 
providess a basis for predicting the hydraulic forces acting on the root systems of 
macrophytess under field conditions. This information should allow prediction of the 
physicall  stability of individual plants, as an aid to shallow-lake management. 

Keyy words: 
Aquaticc plants, Hydraulic drag , Model, Shallow lake restoration 
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Introductio n n 
Theree are mechanical constraints on the ability of organisms to occupy environments with 
flowingg water (currents and waves) because the hydraulic forces engendered tend to 
dislodgee or break them (Denny 1988; Vogel 1994; Wainwright et al. 1976). 
Eutrophicationn of shallow freshwaters over the last century has in many places converted 
clear,, macrophyte-dominated lakes into turbid, phytoplankton-dominated lakes. Water 
clarityy may often be restored by a reduction in nutrient loading, provided that this is 
combinedd with biomanipulation to increase grazing pressure on phytoplankton (Hosper & 
Meijerr 1993). However, such clear water has not always been accompanied by 
spontaneouss recovery of macrophyte populations. There is increasing evidence that clear 
andd turbid water are alternative stable states at moderately high nutrient loading (Scheffer 
1998)) and that aquatic macrophytes can promote stability of the clear-water state by 
providingproviding physical protection for grazers on the algae, by competing with the algae for 
nutrientss and by reducing water currents and allowing suspended material to settle 
(Blindoww et al. 1993; James & Barko 1990; Moss 1990; Ozimek et al. 1990; Van den 
Bergg et al 1998; Van Donk et al 1993). 

Re-establishmentt of aquatic vegetation is an important objective in the 
restorationn of shallow, nutrient-rich lakes to self-sustaining clear-water systems that 
requiree minimal management. The contrast in composition of macrophytes between lakes 
withh a soft, loose sediment and those with a firm bottom, in a survey of 20 lakes in the UK 
andd The Netherlands, has suggested that the physical forces exerted on macrophytes by 
waterr currents may be an important factor (Schutten et al. 1997). This leads to the 
hypothesiss that restoration may be prevented when plants and their propagules are too 
readilyy uprooted and carried away by currents. 
Theree is littl e quantitative information on the forces experienced by submerged plants in 
slowlyy flowing water, although extensive work has been done on macro-algae in marine 
systemss (Denny 1988; Denny et al. 1985, 1998; Dudgeon & Johnson 1992). The 
interactionss between hydraulic forces (waves and currents) and emergent vegetation have 
recentlyy been investigated by Groeneveld & French (1995) and Coops et al. (1996). On a 
largerr scale, the overall resistance to water flow associated with submerged macrophyte 
growthh in river channels (expressed as Manning's coefficient of friction) is known to be 
ann important determinant of discharge capacity for drainage or irrigation (Brooker et al. 
1978;; Ree 1949; Watson 1987). However, this applies to large stands of vegetation and is 
dependentt on channel morphology. In contrast, recolonization of lakes by macrophytes 
inevitablyy involves an initial stage with very sparse vegetation. Consequently, an 
understandingg of the forces on individual plants is necessary. Only Dawson & Robinson 
(1984),, Usherwood et al. (1997) and Biehle et al. (1998) appear to have made direct 
measurementss of the forces on individual submerged plants. 

Thee aims of the work described in this paper were: (1) to determine the pulling 
forcess on root systems induced by the frictional effects of currents on their shoots, for a 
rangee of macrophytes of varying morphology; (2) to establish simple models for 
predictingg such forces from current velocity and shoot biomass in these species, and (3) to 
examinee the predictive value of growth form (morphological roughness) in affecting the 
pullingg forces. 
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Theory y 
Thee drag on a plant in moving water can potentially result from three sources: skin 
friction,, pressure drag and lif t (Vogel 1994). The relative importance of these processes 
dependss on current velocity, the size of the shoot and streamlining effects that depend on 
thee orientation and flexibilit y of the plant. We consider that the frictional force would be 
dominantt in the circumstances described by this proposed model, because current 
velocitiess generated in lakes are generally low (<0.35 m s"1) and the macrophytes are 
relativelyy small and streamlined. In particular, the plants would not present a significant 
frontall  area to the current flows, compared with large areas aligned approximately parallel 
too current flow. Consequently, the inclusion of pressure drag and lif t components is 
unnecessaryy for estimating drag. 

Thee frictional force on an object in a moving fluid depends on the size and 
roughnesss of the object, and on the viscosity and velocity of the fluid. However, for a 
nonsphericall  object, its shape and orientation in relation to the flow are also important. 
Furthermore,, this dependence on shape will not be linear with the area unless the 
length/widthh ratio remains constant. Leyton (1975) provides an exact solution for laminar 
floww over a flat plate. 
Forr two sides: 

FF = (1.328 x viscosity °5 x roughness os) x length °5 x width x velocity '5 (1) 

Thiss may be simplified to: 

FF = A x (area/length °5) x velocity '" (2) 

wheree A is a constant that incorporates fluid viscosity (assumed constant) and 
characteristicc roughness. In practice, measuring the dimensions of relatively complex 
structuress is time consuming. Hence we propose that Eq. 2 can be reduced to: 

FF = A' x plan-form area x velocity '" (3) 

wheree A' is a species-specific factor incorporating roughness arising from surface 
characteristicss and shape, and plan-form area is the projected area of a shoot when laid on 
aa flat surface and viewed from above (Vogel 1994). Similarly, projected shoot area is not 
readilyy measurable in the field without specialized equipment. If it could be shown to be 
linearlyy related to biomass, then the biomass measurements should serve as a surrogate for 
thee purposes of prediction and Eq. 3 takes the form: 

FF = A " x biomass x velocity " (4) 

wheree A" is a species-specific factor incorporating roughness arising from shoot 
geometryy and surface characteristics. Although it is approximative in nature, we use this 
finall  Eq. 4, derived from the ideal flat-plate equation, as a semi-quantitative description of 
ourr experimental results. 
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Material ss and methods 
Measurementss of forces induced by currents were made in an experimental flume (5 m 
longg x 0.30 m wide x 0.25 m deep) in the Environmental Sciences soil laboratory at the 
Universityy of East Anglia. Three unidirectional current velocities (0.20, 0.25 and 0.35 m 
s_1)) were used. Currents lower than 0.2 m s~' resulted in forces lower than could be 
measuredd with our apparatus; estimates of wave-induced current velocities derived from 
hydrologicall  models of shallow waters (Van Rijn 1990) indicate that currents greater than 
0.355 m s~' would not be realistic under field conditions. 

Shootss of Alisma lanceolatum With., Callitriche sp., Ceratophyllum demersum 
L.,, Chara sp., Eleogiton fluitans L., Elodea canadensis Michaux, Hippuris vulgaris L., 
HottoniaHottonia palustris L., Myriophyllum spicatum L., Najas marina L., Potamogeton 
coloratuscoloratus Hornem., P. crispus L., P. natans L., P. obtusifolius Mert. & Koch, P. 
pectinatuspectinatus L., P. pusillus L., Utricularia vulgaris L. and Zannichellia palustris L. were 
investigated.. Each individual shoot was attached to a spring balance using a clamp of 
neutrall  buoyancy, with a known and very small resistance, before being submerged in the 
flumee current (Fig. 1). The resulting tension was read from the spring balance and 
correctedd for the resistance arising from the clamp. Forces measured with the spring 
balancee could potentially have included a vertical component, because of the angle (ca 9°) 
betweenn the current and the plane of measurement; however, any such component would 
havee been transferred to the tension only as the sine of this small angle. The numbers of 
replicatee shoots varied between species, depending on the availability of material (mean 
16,, range 3^43). Two independent sets of 446 plant shoots were used. One set, including 
alll  the species except E. fluitans, was collected from the field during a 20-lake survey in 
thee Norfolk Broads, UK in 1996 (Schutten et al. 1997; referred to as dataset F). The other 
sett comprised plants of C. demersum, E. canadensis, P. obtusifolius, P. natans, M. 
spicatumspicatum and E. fluitans that had been grown in a glasshouse during 1996 (Schutten et al 
1997;; referred to as dataset G). The shoots were stored after collection for a maximum of 
11 week at 4°C until used. The projected (plan-form) shoot area was measured with an area 
meterr (Li-Cor portable area meter Li 3000) and shoots were weighed after drying (48 h, 
105°C). . 

Thee hydraulic resistance model was parameterised for each species by regressing 
thee measured force on the product (biomass x velocity'5), allowing determination of the 
species-specificc friction coefficient (A"). For species included in both datasets, the model 
wass constructed using the G series of data and then validated against the independent 
measurementss of force from the F series of data. Theoretical considerations (Vogel 1994) 
indicatedd that shoot architecture (leaf width, leaf shape, and shoot shape and flexibility ) 
wouldd be important influences on the species-specific friction coefficient (A") . 
Consequently,, an a priori classification of species was made on the basis of these 
characteristics:: leaf width (<2 mm, 2-10 mm or >10 mm), leaf shape (flat or round in 
cross-section),, shoot shape (two- or three-dimensional) and relative shoot flexibilit y 
(flexiblee or rigid) were taken from Stace (1997) and field observations. This resulted in 
sevenn possible combinations (Table 3). The influence of the shoot characteristics on the 
species-specificc friction coefficients was assessed for the all species in the F dataset using 
analysiss of co-variance; the analysis of variance was adjusted for the linear relationship 
betweenn the hydraulic resistance and the product of shoot biomass and current velocity' 5 

(SPSSS release 8.0). Bonferroni's adjustment was used to correct the significance level for 
multiplee comparisons. 
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Springg balance 

Flow w 

Water r 

Sediment t 

Fig.. 1 Experimental arrangement for measuring hydraulic force on submerged aquatic macrophyte 
shootss in an experimental flume, 5 m long x 0.30 m wide x 0.25 m deep 

Results s 
RelationshipRelationship between projected area and biomass 
Highlyy significant linear relationships between projected shoot area and dry mass were 
foundd for all 12 species investigated over the ranges examined (Table 1). There was a 
consistentt deviation from the linear models at very low biomass (<0.1 g) for P. 
obtusifoliusobtusifolius and Chara sp., but these individual plants were probably too small for 
significantt forces to be detected in our experimental system. These results suggest that 
biomasss is an appropriate basis for the hydraulic forces model. 
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Tablee 1 Linear regression analysis of relationships between projected shoot area (m2) and shoot dry 
masss (kg) for aquatic macrophyte species. Regressions are presented for species with more than 
threee observations in any dataset (G glasshouse, F field). Intercept and regression coefficient are 
shownn E (significance levels: *P<Q.05, **P<0.01) 

Species s 

Ceratophyllum Ceratophyllum 
demersum demersum 
Ceratophyllum Ceratophyllum 
demersum demersum 
ElodeaElodea canadensis 

ElodeaElodea canadensis 

Potamogeton Potamogeton 
obtusifolius obtusifolius 
Potamogeton Potamogeton 
obtusifolius obtusifolius 
PotamogetonPotamogeton natans 

Myriophyllum Myriophyllum 
spicatum spicatum 
CharChar a sp. 

UtriculariaUtricularia  vulgaris 

CallitricheCallitriche sp. 

NajasNajas marina 

Potamogeton Potamogeton 
pectinatus pectinatus 
PotamogetonPotamogeton pusillus 

ZannichelliaZannichellia palustris 

Dataset t 

G G 

F F 

G G 

F F 

G G 

F F 

G G 

G G 

F F 

F F 

F F 

F F 

F F 

F F 

F F 

R2--
adjusted d 
0.83 3 

0.93 3 

0.73 3 

0.98 8 

0.82 2 

0.82 2 

0.87 7 

0.76 6 

0.92 2 

0.99 9 

0.99 9 

0.99 9 

0.97 7 

0.93 3 

0.73 3 

Df f 

40 0 

17 7 

93 3 

9 9 

79 9 

8 8 

19 9 

50 0 

31 1 

5 5 

4 4 

5 5 

8 8 

27 7 

23 3 

Intercept t 

0.000433

0.000877

0.00113 3 
* * 

0.00044 ) 

0.000644 ) 

0.00144 ) 

-0.000199 2 

0.0002 2 
* * 

0.0011 1 
* * 

0.00266

0.0013 3 
* * 

0.00055 ) 

0.00055 ) 

0.0004 4 
* * 

-0.00007 7 
) ) 

Slope e 

19.811 ) 
** * 
12.800 ) 
## # 
19.011 ) 
** * 
15.911 ) 

28.711 ) 
** * 
21.066 ) 
** * 
44.588 ) 

21.2021.20 ) 
** * 
3.700 ) 
** * 

17.922 ) 

12.744 ) 

15.599 ) 
** * 
14.288 ) 
** * 
13.255 ) 

21.299 ) 

ForcesForces induced by water currents 
Thee model derived previously (Eq. 4) was fitted by regressing the measured force on 
biomasss x current velocity ''5 separately for each of the sets of plants (glasshouse and 
field)) for each species. For most species, these relationships were highly significant (Table 
2),, although there was variation between the two plant sets for some species; results for C. 
demersum,demersum, E. canadensis, P. obtusifolius and M. spicatum are shown in Fig. 2. In each 
case,, the slope is the species-specific factor that describes the hydrological roughness of 
thee shoot. These were highly significantly different from zero for all species except E. 
fluitans,fluitans, P. natans and P. pusillus. 
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Tablee 2 Linear regression analysis of relationships between hydraulic force (N) and the product of 
shoott biomass and current velocity '5 (kg m ' ? s "'5) for aquatic macrophyte species. Regressions 
aree presented for species with more than three observations in any dataset (G glasshouse, F field). 
Interceptt and regression coefficient (A" species-specific hydraulic resistance) are shown  SE 
(significancee levels: *P<0.05, **P<0.01) 

Species s Datasett R Dff  Intercept A" " 
adjuste d d 

Ceratophyllum Ceratophyllum 
demersum demersum 
Ceratophyllum Ceratophyllum 
demersum demersum 
ElodeaElodea canadensis 

ElodeaElodea canadensis 

Potamogeton Potamogeton 
obtusifolius obtusifolius 
Potamogeton Potamogeton 
obtusifolius obtusifolius 
PotamogetonPotamogeton natans 

PotamogetonPotamogeton natans 
Myriophyllum Myriophyllum 
spicatum spicatum 
Myriophyllum Myriophyllum 
spicatum spicatum 
EleogitonEleogiton fluitans 

CharChar a sp. 
HippurisHippuris vulgaris 
UtriculariaUtricularia  vulgaris 
CallitricheCallitriche sp. 
NajasNajas marina 

Potamogeton Potamogeton 
coloratus coloratus 
PotamogetonPotamogeton crisp us 
Potamogeton Potamogeton 
pectinatus pectinatus 
ZannichelliaZannichellia pa lust ris 

PotamogetonPotamogeton pusillus 

AlismaAlisma lanceolatum 

G G 

F F 

G G 

F F 

G G 

F F 

G G 

F F 
G G 

F F 

G G 

F F 
F F 
F F 
F F 
F F 

F F 

F F 
F F 

F F 

F F 

F F 

0.67 7 

0.69 9 

0.77 7 

0.84 4 

0.62 2 

0.67 7 

0.17 7 

0.10 0 
0.40 0 

0.81 1 

0.10 0 

0.62 2 
0.82 2 
0.94 4 
0.74 4 
0.87 7 

0.71 1 

0.87 7 
0.81 1 

0.27 7 

0.01 1 

0.74 4 

1222 0.01 6 (±0.003 ) 

344 0.00 1 (±0.014 ) 

1299 0.01 4 (±0.003 ) 

299 0.00 4 (±0.005 ) 

1044 0.00 5 
(±0.002) * * 

200 0.00 6 (±0.005 ) 

177 0.01 5 (±0.004 ) 

155 0.00 2 (±0.009 ) 
233 0.01 3 

(±0.005) * * 
111 0.00 1 (±0.005 ) 

200 0.01 3 
(±0.006) * * 

777 0.00 3 (±0.003 ) 
77 -0.00 5 (±0.044 ) 
200 0.00 3 (±0.018 ) 

122 0.00 7 (±0.007 ) 
133 0.01 9 (±0.012 ) 

88 0.00 4 (±0.009 ) 

144 0.00 1 (±0.009 ) 
255 0.02 5 (±0.005 ) 

444 0.00 2 (±0.004 ) 

499 0.0 1 
(±0.003)* * * 

88 -0.0 4 (±0.01) * 

12177 (±77)* * 

1021(±117 ) ) 

12622 (±61)* * 

13622 (±110 ) 

7977 (±61)* * 

4911 (±76)* * 

8900 (±420 ) 

223(±139 ) ) 
25644 (±638 ) 
* * * 

9699 (±138)* * 

2072(±1138 ) ) 

1544 (±14)* * 
8877 (±155)* * 
7299 (±42)* * 
487(±83)* * * 
12466 (±132 ) 

3244 (±72 )  * * 

6566 (±67 )  * * 
5111 (±49)* * 

13111 (±313 ) 

1155 (±97 ) 

507(±105)* * * 
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Examinationn of the results for the seven a priori architectural groups of species by analysis 
off  co-variance (Table 3, Fig. 3) indicated that these could be reduced to three significantly 
differentt groups. To determine whether the observed significant difference could be 
explainedd by the morphological characteristics of leaves and shoot (see Table 3), we 
calculatedd the significance of each characteristic separately and in combination using 
analysiss of co-variance for all the higher plants. We omitted Chara from this analysis, as 
itss morphology is so distinct from the higher plants. The individual characteristics leaf 
shapee (flat or round) and shoot shape (two- or three-dimensional) had significant (Fx -3|3 = 
9.70,, fkO.01; FX^\T, = 9.67, P<0.01, respectively) influences on the species- specific 
factor.. Species with flat leaves had a significant lower hydraulic roughness than species 
withh round leaves, and species with two-dimensional architecture (flat shoots) had 
significantt lower hydraulic roughness than species with a more extended three-
dimensionall  architecture. Leaf width and shoot flexibilit y individually had no significant 
effects.. However, both yielded significant interactions (FK313 = 5.26, P<0.05; F1-313 = 4.89, 
P<0.01,P<0.01, respectively) with shoot shape; within the two and three-dimensional plant 
groups,, wide leaves had a lower roughness than species with narrow leaves, and flexible 
shootss had a lower hydraulic roughness than stiff shoots. 

Thee species for which we measured two independent sets of data (G and F) 
allowedd us to test and validate the model. Comparison of measured forces with the forces 
predictedd from a model derived from the independent data (Fig. 4) show striking 
correspondencess for four of the five species (C demersum, E. canadensis, M. spicatum 
andd P. obtusifolius). However, M. spicatum shoots from the field showed consistently 
lowerr resistances than those from the glasshouse, probably as a result of morphological 
differences.. P. natans showed no significant relationship between observed and predicted 
valuess but this is not surprising, as the F set of plants of this species did not fit the original 
hydraulicc forces model significantly. 
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Fig.. 2 The relationship between the measured hydraulic force on shoots of Ceratophyllum 
demersum,demersum, Elodea canadensis, Potamogeton obtusifolius and Myriophyllum spicatum in an 
experimentall  flume and the product of individual shoot biomass and current velocity15. Two 
independentt datasets are shown for each species, one from the glasshouse dataset (open circles) and 
thee other from the field dataset {filled circles) 
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Tablee 3 Shoot architectural characteristics of aquatic macrophyte species. For each species, the 
numberr of observations used in the analysis of co-variance, leaf width, leaf shape, shoot shape {2D 
two-dimensional,, 3D three-dimensional) and shoot flexibilit y are shown. Also presented are the 
sevenn architectural groups of individual species based on shoot morphology, and the three 
significantlyy different groups of species resulting from the analysis of co-variance 

Species s 

CharaChara sp. . 

Alisma Alisma 
lanceolatum lanceolatum 
Potamogeton Potamogeton 
natans natans 
Potamogeton Potamogeton 
coloratus coloratus 
Zannichellia Zannichellia 
palustris palustris 
Potamogeton Potamogeton 
obtusifolius obtusifolius 
Potamogeton Potamogeton 
pusillus pusillus 
CallitricheCallitriche sp. 

Potamogeton Potamogeton 
pectinatus pectinatus 
Myriophyllum Myriophyllum 
spicatum spicatum 
Potamogeton Potamogeton 
crispus crispus 
Elodea Elodea 
canadensis canadensis 
Hippuris Hippuris 
vulgaris vulgaris 
Ceratophyllum Ceratophyllum 
demersum demersum 
NajasNajas marina 

Utricularia Utricularia 
vulgaris vulgaris 

N N 

63 3 

8 8 

11 1 

8 8 

28 8 

15 5 

29 9 

11 1 

22 2 

11 1 

13 3 

15 5 

8 8 

33 3 

11 1 

21 1 

Leaf f 
width h 
(mm) ) 
1 1 

10 0 

50 0 

60 0 

2 2 

4 4 

3 3 

3 3 

3 3 

2 2 

15 5 

3 3 

4 4 

2 2 

6 6 

2 2 

Leaf f 
shape e 

Round d 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Round d 

Round d 

Round d 

Shoot t 
shape e 

3 3 
dimensional l 
2--
dimensional l 
2--
dimensional l 
2--
dimensional l 
2--
dimensional l 
2--
dimensional l 
2--
dimensional l 
3 3 
dimensional l 
3 3 
dimensional l 
3 3 
dimensional l 
3 3 
dimensional l 
3 3 
dimensional l 
3 3 
dimensional l 
3 3 
dimensional l 
3 3 
dimensional l 
3 3 
dimensional l 

Shoot t 
flexibilit y y 

Rigid d 

Flexible e 

Flexible e 

Flexible e 

Flexible e 

Flexible e 

Flexible e 

Flexible e 

Rigid d 

Rigid d 

Rigid d 

Rigid d 

Rigid d 

Rigid d 

Rigid d 

Rigid d 

Architectura l l 
group p 

1 1 

6 6 

6 6 

6 6 

2 2 

2 2 

2 2 

3 3 

2 2 

4 4 

7 7 

4 4 

3 3 

5 5 

5 5 

5 5 

Statistical l 
group p 

A A 

B B 

B B 

B B 

B B 

B B 

B B 

B B 

B B 

B B 

B B 

B B 

B B 

C C 

C C 

C C 
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Fig.. 3 The mean species-specific hydraulic resistance factor {A") for each species derived from the 
modell  for the glasshouse (G) and field (F) dataset. Vertical bars represent . The sequence is in 
ascendingg order of the estimated marginal means of species-specific hydraulic roughness. Only 
speciesspecies with a significant regression and a coefficient of determination greater than 0.4 are shown 
(open(open symbols round leaves, filled symbols flat leaves, circles two-dimensional shoot architecture, 
squaressquares three-dimensional shoot architecture) 
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Fig.. 4 Relationship between observed and predicted hydraulic forces of Ceratophyllum demersum 
(r"=0.69),, Elodea canadensis (r'=0.84), Potamogeton obtusifolius (r~=0.67), and Myriophyllum 
spicatumspicatum (r2=0.81). Equations were fitted to the glasshouse dataset and the independent observed 
valuess are from the field dataset. All regressions are highly significant (P<0.001). The dotted line 
indicatess equality between observed and expected values 
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Discussion n 
Thiss work addresses a need to quantify the hydraulic forces experienced by individual 
aquaticc plants in sparsely populated shallow lakes, particularly those recovering from 
eutrophication.. Currents arising from wind and wave action may apply forces to 
individuall  stems that can cause breakage or uproot whole plants. The relative magnitudes 
off  the stem tensile strength and the anchorage strength determine whether any individual 
plantt remains in position, breaks or is uprooted. We have shown (unpublished data) that 
forcess in the range measured here can be sufficient to uproot or break plants, depending 
onn the circumstances. The current model was derived in order to understand the 
determinantss of such forces and to predict their magnitudes in the field. 

Plantt plan-form area was obviously important as the shoot area defines the 
domainn of the frictional interaction with the water current. The highly significant linear 
relationshipss between biomass and projected shoot area found in 12 aquatic plant species 
off  varying morphology (Table 1) validated the substitution of biomass for area in the 
model,, at least for values of shoot dry mass >0.1 g. Dudgeon & Johnson (1992) also 
reportedd a linear relationship between thallus surface area and biomass in two species of 
marine,, red macroalgae {Chondrus crispus and Mastocarpus stellatus); they demonstrated 
aa linear relationship between the drag force and thallus biomass at constant current 
velocity,, as predicted by our model. The use of biomass enhances the general applicability 
off  the model, because such data are more readily obtained without specialized equipment. 
Inn addition, as Dudgeon & Johnson (1992) have pointed out, biomass is more 
representativee of energetic investment and therefore of the potential energetic loss after 
breakagee or uprooting. 

Thee relationship between the force induced and current velocity to a constant 
powerr of 1.5, predicted from theoretical considerations (Eq. 4), proved to be remarkably 
robustt for a range of species. This may be judged from the good linear relationships 
betweenn measured force and the product of biomass and current velocity' \ The disparity 
off  fi t between plants of M. spicatum collected from the field and those from glasshouse 
culturee represents clear morphological differences between them, discussed below. The 
poorr fi t of the model to P. natans is similarly explained by the variable production of 
submergedd and floating leaves with entirely different morphologies. 

Theree has been considerable variation in the treatment of current velocity in 
previouss work. Dudgeon & Johnson (1992) assumed a theoretical relationship between 
hydraulicc drag and flow velocity', but all their measurements were in fact made at a 
constantt velocity of 0.21 m s_1. Dawson & Robinson (1984) measured forces on several 
aquaticc plant species in a nutrient-rich, lowland river in England. A power-function 
relationshipp between force and velocity derived for Ranunculus penicillatus ssp. 
pseudofluitanspseudofluitans empirically fitted powers of velocity ranging from 0.88 in autumn to 1.30 
orr 1.43 in summer; these were associated with variable, fitted powers for biomass of 0.67 
andd 0.57, respectively. Values for combinations of hydraulic force, biomass and current 
velocityy represented by each end of the fitted lines shown for Ranunculus (summer and 
autumn)) and a mixture of P. crispus and P. x zizii have been extracted from Fig. 3 of 
Dawsonn & Robinson (1984). When these values were fitted to our model, highly 
significantt linear relationships were obtained between force and the product of biomass 
andd velocity1 5 in all three cases, for current velocities that ranged between 0.2 and 2 m s ' 
(Fig.. 5A-D). Usherwood et al. (1997) presented measurements of the resistance of R. 
fluitansfluitans in an experimental flume. Their linear relationship between shoot size and drag at 
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aa current velocity of 1.3 m s"1 is equivalent to a linear relationship in our model because 
currentt velocity was constant. However, their linear relationship between current velocity 
andd drag (at a constant shoot size of 1.48 m plant length) shows systematic variation in the 
residualss with velocity and can be better fitted by our theoretically derived power function 
(Fig.. 5E). An exponent of 1.5 for velocity has also been cited by Vogel (1984) as typical 
off  streamlined objects and flat plates oriented parallel to flow. Biehle et al. (1998) have 
recentlyy made a very detailed study of the hydrodynamics of the aquatic bryophyte 
FontinalisFontinalis antipyretica. They found that the drag force depended on the square of velocity 
forr a plant of constant length, up to a velocity of 0.45 m s~'. Vogel (1984) regards a 
velocityy exponent of 2 as characteristic of non-streamlined objects and this may reflect the 
resistancee of Fontinalis to deformation. Biehle et al. (1998) also reported that drag was 
linearlyy rated to plant length at a constant velocity of 0.29 m s_1, which is consistent with 
ourr model. 
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Fig.. 5 Application of the model to data of Dawson and Robinson (1984) on Ranunculus pencillatus 
(A,, B), Potamogeton crispuslP. x zizii (C) and P. pectinatus (D) from a lowland chalk stream in 
England,, and to those Usherwood et al. (1997) on Ranunculus fluitans (E) in an experimental flume. 
Dataa were retrieved from each end of the lines relating force to current velocity for individuals of 
specifiedd biomass in the original figures of Dawson & Robinson (1984). Dry mass was assumed to 
bee 12% of the fresh mass (J. Schutten, unpublished data). The six data points of Usherwood et al. 
(1997)) relating force to current velocity refer to a single specimen of R. fluitans of unknown 
biomass;; for purposes of modelling it has been assigned unit biomass 
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Thee linear nature of the relationship between measured force and the product of biomass 
andd current velocity15 in our model allows ready comparison between species and it is 
clearr that the slope of the regression represents a species-specific factor, as predicted by 
theory.. The species-specific factor was predicted to depend on shoot morphology and in 
particularr on the structure, orientation and flexibilit y of the individual leaves. The 
relativelyy crude a priori classification of shoot and leaf characteristics allowed useful 
comparisonss between morphological types. In our data, species with three-dimensional 
shootss had a significantly higher resistance than those with essentially two-dimensional 
shoots.. Similarly, very flexible and thin marine red algae both had low specific resistances 
(Dudgeonn & Johnson 1992) but C. crispus, which had the higher resistance, had a greater 
surfacee area/ biomass ratio and was more bushy than the flat M. stellatus. Thus, increased 
three-dimensionall  structure increased the specific resistance of the algae. Likewise, Biehle 
etet al. (1998) also found that individuals of F. antipyretica adapted to an environment with 
aa slow current had a greater branching angle and a correspondingly higher friction drag 
coefficientt than the individuals from a habitat with a faster current. 

Flexibilityy is the ability of the shoot structure to deform with increasing current 
velocity,, thus reducing its roughness and frontal area (Vogel 1984, 1994; Wainwright et 
al.al. 1976). At low current velocities, the spread of leaves would present a maximal area for 
interceptingg light. When exposed to faster currents, the resulting flexing reduces 
resistancee and minimises mechanical damage but would also gives less efficient light 
interception.. As expected, species with relatively inflexible shoots had significantly higher 
resistancess than those with flexible shoots. The importance of shoot flexibilit y and the 
streamliningg it confers, as compared with individual leaf configuration, has been 
demonstratedd by Dawson & Robinson (1984) who found a higher resistance of the 451 
relativelyy stiff E. canadensis, P. pectinatus and P, crispus/ zizii than the very flexible R. 
penicillatus. penicillatus. 

Thee model has been validated with independent measurements on material for 
fourr species that had been collected for an unrelated purpose. In each case, the force 
predictedd from biomass and current velocity was linearly related to the force measured 
experimentally;; in C. demersum, E. canadensis and P. obtusifolius, the correspondence 
betweenn observed and predicted values was extremely close, whereas the model 
noticeablyy overestimated the forces on M. spicatum. The Myriophyllum plants grown in 
thee greenhouse were smaller and stiffer that the large flexible shoots harvested in the field 
andd this difference probably accounts for the systematic discrepancy. The effects of 
environmentallyy induced variations in morphology within species, also found by Biele et 
al.al. (1998), clearly require more detailed investigation. 

Thee hydraulic forces on aquatic macrophytes induced by water currents can be 
explainedd satisfactorily in terms of three factors: shoot size, current velocity and an 
arbitraryy but species-specific factor describing roughness, flexibilit y and shape. The 
species-specificc parameter can clearly vary, depending on responses to the environment, 
butt its range represents an objective way of ranking aquatic macrophyte species according 
too severity of hydraulic drag that they may experience. This information is important to 
ourr understanding of the mechanical constraints on the distribution of plant species with 
particularr architectures in slowly flowing water. 
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Summary y 
BackgroundBackground and Aims 
Hydraulicc pulling forces arising from wave action are likely to limit the presence of 
freshwaterr macrophytes in shallow lakes, particularly those with soft sediments. The aim 
off  this study was to develop and test experimentally simple models, based on linear wave 
theoryy for deep water, to predict such forces on individual shoots. 

Methods Methods 
Modelss were derived theoretically from the action of the vertical component of the orbital 
velocityy of the waves on shoot size. Alternative shoot-size descriptors (plan-form area or 
dryy mass) and alternative distributions of the shoot material along its length (cylinder or 
invertedd cone) were examined. Models were tested experimentally in a flume that 
generatedd sinusoidal waves which lasted 1 s and were up to 0.2 m high. Hydraulic pulling 
forcess were measured on plastic replicas of Elodea sp. and on six species of real plants 
withh varying morphology {Ceratophyllum demersum, Chara intermedia, Elodea 
canadensis,canadensis, Myriophyllum spicatum, Potamogeton natans and Potamogeton obtusifolius). 

KeyKey Results 
Measurementss on the plastic replicas confirmed predicted relationships between force and 
wavee phase, wave height and plant submergence depth. Predicted and measured forces 
weree linearly related over all combinations of wave height and submergence depth. 
Measuredd forces on real plants were linearly related to theoretically derived predictors of 
thee hydraulic forces (integrals of the products of the vertical orbital velocity raised to the 
powerr 1.5 and shoot size). 

Conclusions Conclusions 
Thee general applicability of the simplified wave equations used was confirmed. Overall, 
dryy mass and plan-form area performed similarly well as shoot-size descriptors, as did the 
conicall  or cylindrical models of shoot distribution. The utility of the modelling approach 
inn predicting hydraulic pulling forces from relatively simple plant and environmental 
measurementss was validated over a wide range of forces, plant sizes and species. 

Key-words: : 
Hydraulicc force, orbital velocity, shallow lake restoration, submerged macrophyte, wave 
flume,, wave theory, Ceratophyllum demersum, Chara intermedia, Elodea canadensis, 
MyriophyllumMyriophyllum spicatum, Potamogeton natans, Potamogeton obtusifolius. 
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Introductio n n 
Thee distribution of aquatic macrophytes in shallow lakes is related in various ways to the 
physicall  characteristics of the lakes and their bottom sediments (Chambers, 1987; 
Kautsky,Kautsky, 1987; Vestergaard & Sand-Jensen, 2000). The ability of the wind to induce 
wavess and currents in a lake depends on the fetch (i.e. the continuous length of open 
water)) in a particular direction and therefore is influenced by the size, shape and 
orientationn relative to wind direction of the lake. Fetch and wind speed, in combination 
withh the depth profile, determine the potential for the development of waves. It is likely 
thatt the physical (hydraulic) forces arising from waves and currents and the varying 
responsess of plants to such forces represent important determinants of plant establishment 
andd survival in shallow lakes. Schutten & Davy (2000) have examined and modelled the 
hydraulicc forces exerted on submerged plants by laminar currents. The hydraulic effects 
off  wave action on submerged plants in shallow lakes have been largely ignored 
previously,, although the effects of waves on emergent shoreline plants and their 
interactionss with bank erosion have been studied by Coops et al. (1996) and Coops & van 
derr Velde (1996). 

Inn contrast, the relationships between organisms and the much more energetic 
wavess of the shallow coastal zone have been studied extensively (Denny et al ., 1985, 
1998;; Gaylord et al., 1994; Blanchette, 1997; Koehl, 1998; Denny & Gaylord, 2002). 
However,, waves generated in deep offshore waters that eventually overtop in shallower 
waterr and break on the coast, creating a surf-zone with reversing undercurrents, are 
fundamentallyy different from the waves in shallow lakes. Nevertheless, the forces 
resultingg from breaking waves might be important for explaining, at least partially, the 
generallyy observed absence of freshwater aquatic plants in the very shallow water 2 
mm depth) near exposed beaches (Scheffer et al., 1992). 

Shalloww lakes support relatively diverse communities of submerged macrophytes 
thatt are rooted in the bottom sediments; potentially they can extend over the entire areas 
off  the lakes (e.g. Kennison et al., 1998). These communities are important for the trophic 
structuree and functioning of shallow-lake ecosystems. Many such lakes have become 
eutrophic,, as a result of excessive nutrient loading, and the associated phytoplankton 
bloomss have eliminated their macrophytes. Restoration requires the re-establishment of 
clearr water and normally involves a reduction in nutrient loading and the biomanipulation 
off  fish populations to remove predation on zooplankton, which in turn consume the 
phytoplanktonn (Jeppesen & Sammalkorpi, 2002). Clear and turbid water thus become 
alternativee stable states and the re-establishment of macrophyte communities can also help 
too stabilize the clear-water state, by providing refugia for zooplankton. Consequently, the 
re-introductionn and management of submerged macrophytes have become crucial in 
developingg strategies for the restoration of degraded shallow-lake ecosystems (Weisner & 
Strand,, 2002). 

Ann examination of the magnitude and effects of wave induced hydraulic forces is 
importantt both for a fundamental understanding of the limitations on the distribution of 
submergedd aquatic plants and also for lake restoration. Such forces will be likely to 
contributee to those resulting in uprooting, breakage or other damage, depending on the 
mechanicall  properties of the plants and bottom sediments (Schutten & Davy, 2000; 
Handleyy & Davy, 2002; Sand-Jensen, 2003). The work described here aimed to: (a) 
quantifyy the forces experienced by a range of submerged plants as a result of wave action 
inn shallow water; (b) develop and test mechanistic models for the prediction of these 
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forcess from shoot size and architecture; and (c) compare the magnitudes of forces likely to 
bee experienced with those arising from unidirectional currents in shallow waters. 

Theory y 
Surfacee waves give rise, underwater, to an orbital movement of water with 
exponentiallyy decreasing amplitude with depth. These water movements and, therefore, 
thee resulting forces can be resolved at each point into vertical and horizontal components. 
Thee main concern is with the vertical upward forces which act on the plant, producing an 
uprootingg tendency. The horizontal 'pressure' component acting on the plant is unlikely to 
bee a major factor in uprooting. The vertical component of the water-movement will 
producee a frictional drag on the shoot surface analogous to the forces resulting from 
laminarr flow (Schutten & Davy, 2000). Gaylord et al. (1994) have also shown that the 
dragg coefficients calculated from samples of marine algae in an oscillatory flow were near 
too those measured on the same species in steady flow. Denny (1988) has produced a set of 
practicall  equations describing the two components of the orbital water movement in the 
waterr column when a wave passes. The equations differ for deep and shallow water 
because,, for example, in shallow water friction with the bottom sediment plays a 
significantt part. Water is defined as deep when the water depth is greater than half the 
wavelengthh (d > L/2; Denny, 1988). The water depth in the experimental wave-flume 
used,, which represents northwest European shallow lakes, is slightly less than half the 
wavelengthh (water depth = 0.7 m, wave length = 1.5 m), which implies that these 
conditionss are near the borderline of validity for the deep water equations. However, 
shalloww water has also been defined as a situation in which the water depth is less than 
1/200 of the wavelength (Denny, 1988), which is certainly not true for the flume used, nor 
realisticc in the open water zone of shallow lakes. Consequently, the simpler formulae for 
thee deep-water approximations for linear wave theory were used (Denny, 1988) and these 
providedd a good fit to the data. As explained above, the main concern is with the vertical, 
pullingg component of the wave, resulting from the frictional drag created by the water 
current.. Denny (1988) gives the following equation for the vertical component of the 
orbitall  velocity for deep-water waves: 

ww = [(irH) / T]e(k/) x sin(kx - tot) (1) 

inn which w= orbital velocity (m.s1), H = wave height (m), T = wave period (s), k = wave 
numberr {2 n /L; m"', L = wave length (m), z = depth of observation (negative in the 
columnn (m) and co = radian wave frequency (2JU/T; s"1), X is point or place of observation 
off  the wave (m) in the horizontal direction and t is time of observation (s). 
Thiss formula indicates that the vertical component of the orbital velocity decreases 
exponentiallyy with depth, e k/, and that it has a periodic component [sin(kx - (Ot)]; this 
periodicc component has a (periodic) maximum at values of x equal to 0.25L and 0.75L, 
i.e.. when the elevation of the water surface is zero, between crest and trough. This is 
unlikee the corresponding formula for the horizontal component of the velocity, which 
indicatess that it is in phase with the surface wave, i.e. it peaks at the maximum of the 
surfacee elevation. 
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ForcesForces produced by waves 
Att every depth where shoot material is present, a water current will pass over the surface 
off  the shoot. The resistance or drag on this shoot is theoretically dependent on the ratio of 
thee frontal area over the plan-form area, the size of the shoot, its flexibilit y or 
streamlining,, and the vertical component of the orbital current velocity. As the concern is 
withh the forces which tend to uproot or break plants growing on the bottom of shallow 
lakes,, only the vertical component of the orbital velocity is considered. The drag of the 
horizontall  currents should not contribute significantly to the vertical pulling forces; it is 
consideredd that the horizontal component of the orbital currents tends to bend the shoot, 
andd the residual current moving along its leaves creates a small additional drag which is 
beingg neglected in the treatment. Model calculations (Westphal, 1996) predict that the 
verticall  component of the orbital velocity in shallow lakes with wave-heights up to 0'4 m 
wil ll  be up to 0.4 m s"1, as a maximum. At these relatively low current velocities for 
relativelyy flexible and streamlined plants, surface friction is expected to be the dominant 
processs as compared with pressure drag (for a full discussion of this subject, see Schutten 
&&  Davy, 2000). The following equation (see Schutten & Davy, 2000) is used to describe 
thee basic relationship between force, current velocity, shoot size and shape: 

FF = A'Sv''5 (2) 

Wheree F is the force (N or kg.m.s"2), v is velocity (m s"1), S is an appropriate measure of 
thee shoot size and shape (related to either the plan-form shoot area or the dry mass) and 
A'' is a species-specific factor incorporating the roughness and other surface 
characteristicss and intrinsic properties. The units of S and A' will depend upon whether 
wee are using plan-form area or dry mass. 

Thee force expressed in eqn (2) will vary along the length of the shoot, with depth 
beloww the water surface, and according to the shape of the shoot. Two different 
distributionss of the plant over depth are investigated: (1) equal distribution as a cylinder 
andd (2) a greater proportion of the plant near the surface, as an inverted cone or triangle. 
Thee maximum vertical orbital velocity, w, varies exponentially with depth according to 
eqnn (1). S will be, in general, a function of the depth, z, and it is written as S(z), meaning 
thee surface parameter at depth z, per unit length (m); thus the magnitude of S(z) at the 
pointt z will be S(z).dz. The maximum total force on the plant is given by the sum of all 
thee elements of force, i.e. the integral in the following equation: 

FF = zl Jz2A\(w)'-5s(z).dz 

wheree zrz2 = 1 (the length of the plant), Hence 

F== A' zl IZ2(TI HAT)'5 exp(-1.5kz) S(z).dz (3) 

Thiss integral can be evaluated mathematically for both of the shoot size descriptors and 
masss distribution descriptors as (a) a rectangle (even depth distribution, surface area), (b) 
aa triangle (surface area concentrated near the top of the shoot), (c) a cylinder (even depth 
distribution,, shoot mass) and (d) an inverted cone (shoot mass concentrated near the 
surface).. This will result in the following equations: 
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(4b) ) 

(4c) ) 

exp(-6(üf-/))-- — exp(-6d) 
l o o 

(4d) ) 
wheree a = diameter of the shoot (or surface area/shoot length, if diameter unknown), d = 
waterr depth, 1 = shoot length, sm = shoot dry mass and p = shoot density. For a 
wavelengthh of about 1.5 m, k is approximately equal to 4 (see eqn 1) and so 1.5k is taken 
ass equal to 6. 

Thee 'predictor' of the total force, i.e. the integral in eqn (3) without the factor A', 
hass been calculated for the specimen plants used in the flume experiments for two ways of 
assessingg S, the plan-form area and the dry mass, and for two plant shapes, cylindrical and 
invertedd cone. The details of this calculation are not given here; they are available from 
thee authors. 

Material ss and methods 
Alll  the measurements were performed in a wave-flume (5 m long, 0.6 m wide and 1 m 
deep)) constructed at the University of East Anglia (Fig. 1). The wave generator could 
producee approximately running waves with a sinusoidal profile at a fixed wave period of 1 
ss and with a wavelength of approx. 1.5 m. The wave height was variable, ranging from 
0.055 to 0.20 m with a water depth of 0.7 m. Reflection of the waves against the end of the 
flumee and thus the build-up of a standing wave was nearly completely damped using a 
wavee absorbing slope dressed with coarse cobbles 0 cm in diameter). The heights of 
thee waves and the forces on the individual shoots were directly measured with tension 
transducerss (Washington Transducer Type D; Palmer-Washington BioScience, Sheerness, 
Kent,, UK) interfaced to a Macintosh Quadra 700 computer via A/ D converters 
(MacLab/4;; AD Instruments Pty Ltd, Australia). The plant specimen was clamped for 
thesee measurements near the top of the shoot, and weighted at the bottom with a 50-g 
weightt to assure vertical positioning of the shoot. Each individual shoot was placed so that 
thee base of the shoot, with the weight attached, was 5 cm from the flume bottom. 
Hydraulicc resistance of the clamp and weight were subtracted from the recorded forces to 
obtainn forces generated specifically by the plant specimen. The wave characteristics (wave 
height,, period and length) were measured with a partly submerged 40-cm long aluminium 
cylinder,, with 20 cm below the static water surface. A change in water level resulted in a 
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changee to the length of cylinder submerged and thus a change in force on the tension 
transducer.. The relationships between submerged depth of the aluminium cylinder, force 
andd voltage produced by the transducers was calibrated at the start and end of each 
experiment. . 

Computer r 

Fig.. 1. The experimental wave flume used to measure hydraulic forces on submerged aquatic 
macrophytee shoots (flume dimensions: 5 m long x 0.6 m wide x 1 m deep). The partially submerged 
probee and tension transducer used to measure wave height are not shown, as they were in parallel 
withh (i.e. at the same wave-phase as) the plant probe and tension transducer used to measure 
hydraulicc pulling force. 

Inn each experiment, force and water level data were captured at a rate of 40 measurements 
ss for 30 s, after an initial period of 15 s for stabilization of the waves. The data were 
storedd on the computer for subsequent data analysis. The maximum wave height and the 
maximumm hydraulic force were extracted at three sampling times from each run (approx. 
10,, 15 and 20 s after the start of the measurements) and the averages taken for subsequent 
analysis. . 

MeasurementsMeasurements with plastic replicas of plants 
Plasticc replicas of Elodea sp. with regular whorls of five leaves (Aquascapers; Metaframe 
Corporation,, May wood, NJ, USA) 0.09 m long and with a plan-form surface area of 12 
+/-+/- 1 m x 10" were used as a physical model to examine the validity of the linear wave 
theoryy in the experimental flume. Records of water level and the magnitude of the vertical 
componentt of the hydraulic forces were tested for fit with linear wave theory as sinusoidal 
functionss of time. Theory predicts that wave height and pulling force should be 1/4 period 
outt of phase (see eqn 1) and this was assessed by visual comparison. Measurements were 
madee at depths ranging from 5-40 cm for each of seven wave heights: 5, 6, 9, 10, 13, 17 
andd 20 cm to test the prediction of an exponential decline in pulling force with water 
depth.. Data from all of these combinations were used to test the predictive power of the 
modell  by regressing (predicted orbital velocity raised to the power 1.5 x integral of shoot 
areaa over the shoot length) on measured hydraulic force. Statistical analyses were carried 
outt with SPSS 9. 
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MeasurementsMeasurements with real plants 
Individuall  specimens of Ceratophyllum demersum L., Chara intermedia A. Braun, Elodea 
canadensiscanadensis Michaux, Myriophyllum spicatum L., Potamogeton natans L. and 
PotamogetonPotamogeton obtusifolius Mert. & Koch were placed in the flume and subjected to waves 
off  20 cm height to examine the hydrodynamic characteristics of each species and to 
evaluatee both shoot size and shoot-size distribution descriptors. The number of replicate 
shootss varied between 14 and 27, depending on species. After each plant shoot was 
removedd from the flume, measurements were made of a number of shoot size and 
architecturall  characteristics: length, maximum width, plan-form surface area and dry mass 
afterr drying for 72 h at 70 °C. Plan-form surface area was measured as the projected 
surfacee area using a portable area meter (Li-3000; Li-Cor, Nebraska, USA). The peak 
measuredd force was regressed on predicted force, derived from the model as the product 
off  maximum orbital velocity raised to the power 1.5 and either dry mass or plan-form 
area.. The slope of such a regression is the species-specific factor A' , which describes the 
hydraulicc resistance per shoot-size unit and velocity raised to the power 1.5; it should be 
influencedd by shoot shape and flexibility . 

Results s 
AssessmentAssessment of the wave model 
Figuree 2 shows representative simultaneous records of water level and hydraulic pull on a 
plasticc replica of Elodea over an interval of 2 s. Changes in water level with time are 
describedd well by the fitted sinusoidal function, despite small systematic deviations 
arisingg from slightly sharp peaks to the waves that are probably a consequence of the 
geometryy of the flume. Changes in pulling force with time are similarly well fitted by the 
sinusoidall  vertical orbital velocity function derived from the linear wave theory for deep 
water,, as described under 'Theory' above. Again the peaks are slightly sharper than 
predicted,, because of the wave form. It is striking that the pulling force lags almost 
exactlyy 0.25T behind water height, such that the maximum force on the shoot is at mean 
waterr level, as predicted by the wave theory. 

0.50 0 

"33 3 

J)) 0.25 

CD D 

ra ra 
s s 
CD D > > 

CD D 

ITT 0.00 

99 10 
Timee (s) 

Fig.. 2. 
Representativee record of variation in water level and the hydraulic pulling force on an artificial 
probee in the wave flume over an interval of 2 s (8.5-10.5 s from the start of the run). The probe was 
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aa plastic replica of an Elodea shoot of 12 cm2 plan-form area. Wave height was set to 0.2 m and 
wavelengthh was approx. 1.5 m. Water level (filled circles); sinusoidal regression, y = 0.0922 
sin[(27rx/0.08418)) + 3.753], P < 0.001, r2 = 0.91. Hydraulic pulling force (open circles); sinusoidal 
regression,, y = 0.199 + 0.152 sin[(2;rx/0.846) + 6.178], P < 0.001, r2 = 0.92. 

Thee measured hydraulic pulling forces on artificial Elodea probes at depths from 
55 to 40 cm and with wave heights ranging from 5 to 20 cm are shown in Fig. 3. At all 
wavee heights, the measured force declined with the depth of the artificial Elodea probe. 
Negativee exponential regressions (measured force = aebd) provided significant fits to all of 
thesee declining curves (Table 1), with values of r2 ranging from 0.61 to 0.91. Our artificial 
plantt should obey eqn (4a); for this small probe a simple exponential is a good 
approximationn to this equation and these data clearly demonstrate the predicted 
exponentiall  decline in force with depth (ekz in eqn 1). The maximum pulling force 
increasedd linearly with wave height, as predicted by theory (eqn 1). At a probe depth of 5 
cm,, where measured forces were maximal, the linear regression of hydraulic force on 
wavee height was highly significant but with an intercept not significantly different from 
zeroo (y = 0.00191 + 0.00918 x; P < 0.01; r2 = 0.92). 

Measurementss made at all combinations of wave height and water depth were 
usedd to test their general concordance with model predictions (Fig. 4). A model predictor 
off  force (the product of integrated orbital velocity raised to the power 1.5 and shoot plan-
formm area) was linearly related to the measured force. The linear regression was highly 
significantt and, as the intercept was not significantly different from zero, passed through 
thee origin (see Fig. 4). The difference in magnitude between predicted and measured 
valuess relates to the species-specific constant (A' of eqn 2). 

Tablee 1. The negative-exponential regressions of the measured force (F) as a function of depth (d) 
off  an artificial Elodea probe of 12 cm' plan-form area. 
(Equation:: F = ae (bd), parameters a and b are given +/- standard errors. 

Wave--
height t 
(cm) ) 
5 5 
6 6 
9 9 
10 0 
13 3 
17 7 
20 0 

a a 
(N) ) 

0.0522 8 
0.0733  0.0048 
0.1177 0 
0.0966  0.0060 
0.0900 6 
0.1644 2 
0.2199 4 

b b 
(m"1) ) 

-4.66  0.46 
-6.33  0.45 
-5.55  0.44 
-4.55 1 
-4.44  0.78 
-5.77 3 
-4.66  0.43 

r2 2 

0.85 5 
0.89 9 
0.91 1 
0.88 8 
0.61 1 
0.79 9 
0.87 7 

n n 

24 4 
27 7 
24 4 
23 3 
24 4 
24 4 
24 4 

Thesee very good agreements between the behaviour of the experimental flume system and 
thee predictions made prompted the decision to adhere to the approximations for simple 
linearr wave theory for deep water as the basis for further investigations with real plants. 
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Fig.. 3. The relationships between measured hydraulic pulling force on an artificial Elodea probe (12 
cm22 plan-form area) as a function of depth of the probe in the water column, for a range of wave 

966 Annals of Botany 2004, 93:333-341 By permission of Oxford University Press 



heights.. Fitted curves are negative exponential regressions (see Table 1 for parameters). Wave 
heights:: 5 cm (A); 6 cm (B); 9 cm (C); 10 cm (D); 13 cm E); 17 cm (F); 20 cm (G). 
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Fig.. 4. The relationship between predicted hydraulic pull and measured hydraulic pulling forces on 
ann artificial Elodea probe (12 cm" plan-form area) subjected to waves ranging in height from 0.05 to 
0.22 m and presented at depths ranging from 0.05 to 0.40 m. The wavelength was approx. 1.5 m. The 
predictedd pull was calculated as the integration of the product of plan-form area and orbital velocity 
raisedd to the power 1.5 over the length of the probe. Linear regression: y = -3.0 x 10"6 + 1.32 x 10"3x 
(n== 170, r2 = 0.83, P< 0.001). 

RealReal plants 
Thee theory allowed predictions of the total wave force per individual shoot on the basis of 
twoo different models of shoot distribution with length (cylinder and inverted cone) and 
twoo different plant size descriptors (plan-form area and dry mass), as represented in eqns 
(4a)-(4d).. Table 2 presents the results of linear regressions of measured forces on 
predictedd forces for six submerged macrophyte species of varying form, using all four 
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combinationss of size descriptor and shape, i.e. (1) plan-form area and cylinder, (2) 
planformm area and cone, (3) dry mass and cylinder, and (4) dry mass and cone. Initial 
analysiss indicated that shoots longer than the flume depth, which thus had part of their 
biomasss floating on the water surface during the measurements, behaved completely 
differentlyy from completely submerged shoots. Since it was the quantifying forces on 
submergedd macrophytes which was of interest, only data for completely submerged shoots 
weree included. For theoretical reasons and because no significant intercept had been found 
inn Fig. 4, all regressions were forced through the origin. Table 2 shows that in all cases 
theree was a highly significant linear relationship between predicted and measured forces. 
Inn each case, the slope of the regression represents the species specific coefficient (A') that 
incorporatess surface roughness and other intrinsic properties. Using the coefficient of 
determinationn (r2) as an indicator of the strength of the relationships, there was littl e 
differencee between the cylinder and inverted cone shape models for any species. The 
efficacyy of plan-form area and mass as size descriptors varied between the species: area 
explainedd a higher proportion of the variance in Chara intermedia, Potamogeton natans 
andd P. obtusifolius, and mass was the better predictor in Ceratophyllum demersum, 
ElodeaElodea canadensis and Myriophyllum spicatum; in general they performed similarly well. 

Tablee 2. Linear regressions of the hydraulic pulling forces predicted from four types of 
modell  on the measured forces for six species of submerged macrophyte 

X X Species s Calculationn method Slope e 
CeratophyllumCeratophyllum demersum 

CharaChara intermedia 

ElodeaElodea canadensis 

MyriophyllumMyriophyllum spicatum 

PotamogetonPotamogeton natans 

PotamogetonPotamogeton obtusifolius 

Rectangle,, Area 
Triangle,, Area 
Cylinder,, Dry-mass 
Cone,, Dry-mass 
Rectangle,, Area 
Triangle,, Area 
Cylinder,, Dry-mass 
Cone,, Dry-mass 
Rectangle,, Area 
Triangle,, Area 
Cylinder,, Dry-mass 
Cone,, Dry-mass 
Rectangle,, Area 
Triangle,, Area 
Cylinder,, Dry-mass 
Cone,, Dry-mass 
Rectangle,, Area 
Triangle,, Area 
Cylinder,, Dry-mass 
Cone,, Dry-mass 
Rectangle,, Area 
Triangle,, Area 
Cylinder,, Dry-mass 
Cone,, Dry-mass 

215.22  21.3 
144.99 0 
14622 2 
817.88 2 
1134+172 2 
902.7+138.5 5 
10366 + 207 
728.99 5 
358.66 1 
252.99  17.6 
36866  163 
21844 6 
118.99  12.6 
80.066  8.74 
41600 3 
23744  118 
82.66  10.4 
56.99 6 
102.77 9 
56.22 + 9.19 
250.44 6 
191.11 5 
283.77  24.9 
182.44 9 

0.82 2 
0.81 1 
0.92 2 
0.90 0 
0.77 7 
0.76 6 
0.65 5 
0.64 4 
0.89 9 
0.89 9 
0.95 5 
0.95 5 
0.79 9 
0.78 8 
0.94 4 
0.95 5 
0.82 2 
0.82 2 
0.74 4 
0.72 2 
0.91 1 
0.92 2 
0.84 4 
0.83 3 

23 3 
23 3 
23 3 
23 3 
14 4 
14 4 
14 4 
14 4 
27 7 
27 7 
27 7 
27 7 
24 4 
24 4 
24 4 
24 4 
15 5 
15 5 
15 5 
15 5 
25 5 
25 5 
25 5 
25 5 
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Modelss involved factorial combinations of two shoot shapes (cylinder and inverted cone) and two 
sizee descriptors [plan-form area (m2) and dry mass (kg)]. All regression models and slopes are 
highlyy significant (P < 0.001). 

Ass there was no consistently best combination, a representative series of relationships 
betweenn measured and predicted hydraulic forces on individual plants (based on mass and 
invertedd cone) is shown for all species in Fig. 5. The linear relationships between 
observedd and predicted forces were generally sustained over the wide range of forces 
generatedd by the different shoot sizes and architectures of the six species; for instance, the 
forcess on Myriophyllum spicatum were on average three-fold higher than those on Elodea 
canadensiscanadensis or Ceratophyllum demersum and ten-fold higher than those on Potamogeton 
obtusifolius. obtusifolius. 
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Fig.. 5. The relationship between observed and predicted hydraulic forces, using the inverted cone 
modelmodel to describe shoot vertical distribution and mass as shoot-size descriptor, for Ceratophyllum 
demersumdemersum (A), Chara intermedia (B), Elodea canadensis (C), Myriophyllum spicatum (D), 
PotamogetonPotamogeton natans (E) and Potamogeton obtusifolius (F). 
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Discussion n 
Wave-forcess on aquatic macrophytes in shallow lakes may be complex and change rapidly 
inn both direction and magnitude. The forces are the result of water currents passing along 
leaves,, and thus will change rapidly during the passage of a wave. Wind-induced waves in 
lakess also change frequently with time. However, a pragmatic framework has been 
establishedd that provides the basis for predicting the maximal magnitude of forces 
experiencedd by plants, because such forces are likely to be an important determinant of 
shoott survival in a particular situation. The experimental measurements indicate that the 
usee of the linear wave deep-water theory (Denny, 1988) provides a realistic and relatively 
simplee approach to the complexity of water-wave physics. As expected, the pull on the 
plantss maximizes as the water level is in-between trough and crest; this confirms that the 
verticall  orbital velocity is the main component of the pull measured in the wave-flume, as 
intended,, since the horizontal velocity is in phase with the water level. Here the 
concentrationn is on the vertical components of the forces experienced, because they are 
mostt likely to lead to uprooting or stem breakage in a shallow-lake environment, where 
macrophytess may colonize the entire area of lake floor. However, the horizontal 
componentss may also have ecological significance in some situations. It is clear that 
mathematicall  integration with depth of the velocity measurements resulting from the 
linearr wave theory provides a predictor of force that is linearly related to the actual force, 
measuredd at various depths and at several wave-heights (cf. Fig. 3). It should be pointed 
outt that this simple approach would only work for completely submerged plants in 
relativelyy shallow water and with plant lengths shorter that the wave length. Likewise it 
wouldd only be appropriate for the relatively low-energy wave environment of shallow 
lakes,, where each passing wave creates its own individual vertical pull. This contrasts 
withh the more violent, bi-directional flows of the nearshore coastal environment (Denny, 
1988;; Koehl, 1998; Denny & Gaylord, 2002). 

Schuttenn & Davy (2000) developed a formula to predict the hydraulic force 
resultingg from water passing along a leaf as a function of velocity raised to the power 1.5, 
att low velocity in a unidirectional flume. Application of this formula in the wave 
environmentt also proved to be effective. The relationships between measured pulling 
forcee and the product of mass and velocity raised to the power 1.5 (Fig. 5) were 
remarkablyy linear for Elodea canadensis, Myriophyllum spicatum and Potamogeton 
obtusifolius,obtusifolius, even when regressions were forced through the origin. In the cases of 
CeratophyllumCeratophyllum demersum and Chara intermedia, there was evidence of a more systematic 
scatterr of residuals that could represent a non-linear response associated with greater 
streamliningg and mutual protection at the highest velocities and masses (Sand- Jensen, 
2003).. This could also be true for Potamogeton natans but any non-linearity is heavily 
dependentt on a single experimental observation. The slopes of these regression lines (Fig. 
5)) are theoretically equivalent to the species-specific hydraulic roughness values of 
Schuttenn & Davy (2000) in unidirectional flow. The values from the wave environment, 
usingg both the cylinder and cone plant shapes, are of similar orders of magnitude to the 
previouss ones derived for linear flow (Table 3). 
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Tablee 3. Architectural characteristics of each species (leaf width, leaf shape, shoot shape and shoot 
flexibility )) in relation to the calculated species-specific hydraulic roughness factor (A') for both 
invertedd cone and cylinder models 

Species s Leaff  Leaf Shoot A' for  A' for  A' for  uni-
widthh shape flexibility  cone cylinder  directional 
(mm)) wave wave flow 

modell  model 
Potamogeton Potamogeton 
obtusifolius obtusifolius 
Potamogeton Potamogeton 
natans natans 
Myriophyllum Myriophyllum 
spicatum spicatum 
Elodea Elodea 
canadensis canadensis 
CharChar a sp. 
Ceratophyllum Ceratophyllum 
demersum demersum 

4 4 

50 0 

2 2 

3 3 

1 1 
2 2 

Flat t 

Flat t 

Flat t 

Flat t 

Round d 
Round d 

Flexible e 

Flexible e 

Rigid d 

Rigid d 

Rigid d 
Rigid d 

182 2 

56 6 

2374 4 

2184 4 

729 9 
818 8 

284 4 

103 3 

4160 0 

3686 6 

1036 6 
1462 2 

797/491 1 

25644 / 969 

1262// 1362 

154 4 
1217// 1021 

Equivalentt values for unidirectional flow (from Schutten and Davy, 2000) are also shown. All 
valuess are based on dry mass as size-descriptor for ease of comparison. Only significant values (P < 
0.05)) are shown. 

Theree was no systematic difference between the inverted cone and cylinder models of 
plantt shape, suggesting that species are to varying degrees intermediate between the two 
ideals.. Likewise, there was no systematic difference between the use of mass or plan-form 
areaa as a descriptor of plant size. This is in agreement with earlier observations (Schutten 
&&  Davy, 2000) which demonstrated a similar linear relationship between these two 
variabless for a range of aquatic macrophyte species. It is not possible to generalize about 
thee consequences of shoot architecture and leaf size from studies of only these six species. 
However,, the two relatively flexible Potamogeton species had a much lower resistance 
perr unit shoot than the other four, rather more rigid species examined (Table 3), as would 
bee expected (Vogel, 1984; Sand-Jensen, 2003); this also agreed with results under 
conditionss of unidirectional flow (Schutten & Davy, 2000). Further investigation would 
bee needed to interpret the detailed ecological significance of these findings for different 
species. . 

Thee potential ecological significance of wave action for submerged macrophytes 
inn shallow lakes is considerable. The shear stresses generated may result in resuspension 
off  sediment, resulting in turbidity and higher concentrations of nutrients that would favour 
phytoplanktonn dominance at the expense of macrophytes, especially in eutrophic lakes 
(Hamiltonn et al ., 1997). On the other hand, moderate exposure to wave action may 
removee epiphyton that would otherwise be detrimental to the macrophytes (Strand & 
Weisner,, 1996). Our prime interest was in the more direct effects of the maximum pulling 
forcess experienced. The maximum hydraulic pulling forces on plant shoots, generated by 
relativelyy small waves (0.2 m) acting on shoots of up to about 5 g dry mass in a 0.7 m 
waterr column were approx. 0.2 N. However, the plants may grow substantially bigger, and 
largerr waves are possible at this depth; deeper water, locally or within the fetch, would 
alloww even larger waves to develop. All of these conditions would lead to greater forces 
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onn the plants. The response of a plant shoot to such forces may involve absorption of the 
energyy by the shoot, breakage of the shoot or uprooting. Depending on the species, these 
outcomess will be important determinants of shoot survival in a particular situation and 
thuss of community structure. 
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Summary y 

11 Submerged plants in shallow lakes are subject to pulling forces arising from waves, 
currentss and grazing birds. Such forces can cause anchorage failure (mainly dislodgement 
off  the root system) or breaking failure of the stems. Both lead to loss of fitness but 
uprootingg is more damaging because many perennial species can replace broken shoot 
systems. . 

22 We investigated 12 abundant species (Ceratophyllum demersum, Chara sp., Eleogiton 
fluitans,fluitans, Elodea canadensis, Myriophyllum spicatum, Najas marina, Potamogeton natans, 
P.P. obtusifolius, P. pectinatus, P. pus Mus, Utricularia vulgaris and Zannichellia pa lust ris) 
inn 28 shallow lakes in the UK and the Netherlands. We measured the anchorage and 
breakingg strengths of individual plants of different sizes. 

33 Anchorage strength depends on the cohesive strength of the sediment and the size of the 
roott system. The undrained shear-strength of sediments in shallow lakes varied more than 
50-fold,, but all were substantially weaker than terrestrial soils. Anchorage strength was 
modelledd using the product of sediment cohesive strength and four measures of root-
systemm size. A transformation of plan-form area (raising it to the power 2/3) that 
representedd the hemispherical surface area of the root ball was consistently the best 
predictorr of anchorage strength. 

44 Breaking strength was a linear function of stem cross-sectional area in all species. 
Breakingg stresses were comparable with those of marine algae and non-lignified terrestrial 
plants. . 

55 The results were used, in combination with plant allometric relationships, to predict the 
fatess of four of the species when challenged with the largest waves likely to be 
encounteredd in a 10-year period, and the even greater forces exerted by grazing birds. We 
showw that sediment strength and plant size determine whether plants break or uproot. A 
carefull  balance between investment in anchorage and in breakage resistance is needed to 
survivee in the fluctuating physical environment of lakes. 

66 Pulling forces experienced by aquatic plants are distinct from the mainly bending forces 
onn more rigid land plants. We provide the first theoretical and quantitative framework for 
understandingg their effects. Anchorage failure associated with the soft sediments of 
eutrophicc lakes is likely to be a factor in the loss of macrophyte communities and an 
importantt factor in their restoration. 

Key-words: : 
aquaticc macrophyte, bird grazing, hydraulic force, root anchorage, sediment cohesion, 
sedimentt shear-strength, shallow lake, stem breaking strength, tensile strength, wave 
forces s 
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Introductio n n 
Shalloww lakes can support extensive and relatively diverse communities of submerged 
macrophytess that are rooted in the sediments. Such communities are important in the 
trophicc structure and functioning of shallow-lake ecosystems, as they are crucial in 
stabilizingg the clear-water state (Scheffer, 1998). An aquatic plant in moving water 
experiencess a force more than 25 times greater than that on a terrestrial plant in a wind of 
thee same velocity (Denny & Gaylord, 2002) and much attention has been focused on 
physicall  disturbance to organisms in highly energetic, wave-swept sea shores (Koehl, 
1986;; Denny, 1988; Denny et al, 1989; Gaylord et al, 1994; Denny, 1995; Denny & 
Gaylord,, 2002). However, even within the confines of shallow lakes, water currents and 
wavess could have a greater capacity to disturb and damage submerged plants than is 
generallyy appreciated. The ability of the wind to induce waves and currents depends on 
waterr depth and the fetch (continuous length of open water in a particular direction) and 
thereforee is influenced by the size, shape and orientation of the lake (Keddy, 1982; 
Hamiltonn & Mitchell, 1997). 

Thee tendency of more or less flexible plants to streamline in the direction of flow 
(Sand-Jensen,, 2003) means that current velocities exert pulling forces on them (Schutten 
&&  Davy, 2000). Likewise the vertical component of the orbital velocity of waves will also 
exertt a pulling force (Schutten, Dainty & Davy, 2004). Further direct pulling forces can 
resultt from the activities of grazing animals, particularly birds and fish. Such forces, if 
sufficientlyy great, will tend to break the stems or uproot whole plants, depending on the 
breakagee and anchorage strengths of the plants involved. Breakage strength should depend 
onlyy on the size and mechanical properties of a stem. Breakage of the stem implies loss of 
fitnesss (biomass and reproductive potential) but, because many aquatic species store 
reservess in underground parts, they may survive and re-grow shoot systems rapidly. In 
contrast,, anchorage strength should depend on the mechanical (cohesive) strength of the 
lake-bottomm sediment in which the plants are rooted, as well as the size, disposition and 
propertiess of the root system itself. The softness of lake-bottom sediments appears to vary 
greatlyy but there have been few measurements of cohesive strength (Handley & Davy, 
2002).. Unlike those of terrestrial plants (Ennos, 1990; Crook & Ennos, 1998; Goodman & 
Ennos,, 1999), littl e is known about the anchorage strengths of the root systems of aquatic 
plants.. Uprooting, with potential loss of storage organs and buds, would be more likely to 
prejudicee survival and re-growth. Complete dislodgement causes most aquatic plant 
speciess to float to the water surface, where they may be transported by wind and currents 
too perish on a hostile shore. It can, however, be a means of dispersal in certain aquatic 
speciess such as Ceratophyllum demersum (Ridley, 1930). 

Thee physical stability of macrophytes is an important consideration in the 
restorationn of shallow lakes, which in many parts of the world have become eutrophic in 
responsee to increasing nutrient loadings from human activity (Weisner & Strand, 2002). 
Eutrophicationn has led to dominance by phytoplankton, with turbid water and the 
eliminationn of macrophytes. Phytoplankton dominance itself also promotes the 
accumulationn of highly organic, unconsolidated sediments. Restoration normally involves 
aa reduction in nutrient loading, at least until clear and turbid water become alternative 
stablee states. The switch to clear water can be initiated by 'biomanipulation' of fish 
populationss to reduce predation on the zooplankton, whose populations are released to 
consumee the phytoplankton (Jeppeson & Sammalkorpi, 2002). Stabilization of the clear-
waterr state and the restoration of biodiversity can depend crucially on the re-establishment 
off  macrophyte communities, which provide refugia for zooplankton, allowing coexistence 
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withh fish, and an additional sink for nutrients. However, the re-introduction and 
managementt of submerged macrophytes needs to take account of the lower cohesive 
strengthss of sediments that may have been laid down since macrophytes were last 
dominantt (Schutten et al, 1998). 

Thee aim of the work described in this paper is to develop models that predict the 
physicall  limitations on submerged macrophyte persistence in shallow lakes. Specific 
objectivess are: (i) to investigate the cohesive strength of the sediments of a wide range of 
shalloww lakes; (ii) to measure the anchorage strengths of whole plants in a range of 
speciess and examine quantitative models relating this to the cohesive strength of 
sedimentss and the size of their root systems; (iii ) to determine empirically the breaking 
strengthss of stems and establish predictive relationships between breaking strength and 
stemm diameter for a range of species. 

Theoreticall  background 
MechanicalMechanical forces on aquatic macrophytes in lakes. 
Macrophytess growing in lakes are subject to hydraulic forces resulting from the drag of 
waterr passing along the shoot (i.e. currents and waves), and direct forces exerted by 
grazingg animals. The forces arising from linear currents of the magnitude experienced in 
shalloww lakes have been described and modelled as the products of shoot mass and the 
currentt velocity raised to the power 1.5 (Schutten & Davy, 2000). The maximal force 
resultingg from the vertical components of the orbital currents induced by waves has been 
modelledd as an integral over the depth-profile of individual forces similar to those 
resultingg from linear currents, taking into account that the orbital current velocities 
decreasee exponentially with depth (Schutten et al., 2004). Wave induced forces change 
rapidly,, both in direction and magnitude, during the passage of waves but aquatic plants 
tendd to reconfigure themselves rapidly to minimize drag. 

Thee pulling forces resulting from bird grazing are estimated on the assumption 
thatt the pulling force would not exceed the buoyancy of the bird, i.e. a bird would not pull 
moree strongly than the force required to submerge itself. Grazing mechanics are a mixture 
off  pulling and clipping; however, for the purpose of this analysis we are only interested in 
thee pulling forces. Hence, grazing pull is the difference between upward lif t and 
downwardd force 

GG = (Vp-M)9.m (eqnl) 

Wheree G is pulling force (N), Vis bird volume (L),p is the density of water (1 kg l"1), M 
iss bird mass (kg) and 9.81 m s"" is the acceleration due to gravity. 

AnchorageAnchorage strength 
Anchoragee strength is the force at which the roots break or the whole plant, including 
mostt of its root system, is dislodged from the sediment. Ennos (1993) recognized different 
designss of terrestrial anchorage system, depending on the forces they must withstand. In 
rigidd plants that must withstand rotational moments, anchorage may be based on a 
stiffenedd tap-root or a horizontal root plate with sinker roots. The flexible stems of 
climbingg and procumbent plants are subject to tensile forces, which are best resisted by a 
fibrouss system of flexible thin roots. We consider that this model also applies to 
submergedd plants: although they are supported by buoyancy in the water, they are subject 
too the pulling forces of currents and waves and generally have fibrous root systems. 
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Fibrouss anchorage systems could have three different modes of failure: breakage of the 
roots,, failure of soil-root cohesion (slipping) or failure of soil cohesion at the edge of the 
roott ball (Ennos, 1993). Root failure has not been observed in submerged aquatics; either 
thee stem breaks or they are dislodged, which suggests that the tensile strength of roots is 
normallyy greater than that of shoots. We thus concentrate on models of slipping and bulk 
dislodgementt of the root ball. The soil-root matrix is a complex composite structure, the 
mechanicall  failure of which is not readily amenable to theoretical analysis (Niklas, 1992). 
Consequently,, we work with the overall force at which the root system is loosened or 
dislodgedd when the stem is subjected to an increasing tensile force. 

Wee postulate four models based on two different processes (slippage and bulk 
dislodgement).. Slipping occurs when the frictional forces between root surface and 
sedimentt are overcome and should result in a linear relationship between anchorage 
strengthh and the product of root surface area and soil cohesion 

FFaa = {dArCu) (eqn2) 

wheree Fa is anchorage strength (N), Ar is a measure of root area (m2), Cu is sediment 
cohesionn (Pa), d is a dimensionless species-specific root attachment coefficient. In 
practicee we measure plan-form area (i.e. total root area as seen from the side), which is 
approximatelyy 1/TT actual root surface area). We also consider that the presence of root 
hairss in zones near to the root tips might contribute considerably to root-sediment 
cohesion.. Root hairs would not be adequately represented in measurements of total root 
areaa or mass, but the total numbers of root hairs should be linearly correlated with the 
numberr of individual root tips 

FFaa =fn Cu (eqn 3) 

wheree n is the total number of root (tips), ƒ is a species-specific coefficient describing the 
frictionall  effect per root (m2 n]). 

Bulkk dislodgement occurs when frictional forces between a notional surface of 
thee root ball and the bulk sediment are overcome. Field observations indicate that the root 
systemssystems of most aquatic plants extend to occupy approximately hemispherical volumes. 
Thee frictional forces would thus operate on a hemispherical surface, whereas the plan-
formm total surface area of root and the total root mass are both proportional to the volume 
off  the hemisphere. Therefore we propose raising both of these measures of hemispherical 
volumee to the power 2/3 in order to estimate the surface area of the root hemisphere. The 
correspondingg models of anchorage strength are 

FFaa = {hAr
mCu) (eqn 4) 

FFaa = (jMr
2liCu) (eqn 5) 

wheree Mr is root dry mass (g), h andj are species-specific attachment coefficients for the 
surfacee of an hemispherical root ball (m4/3 and m2 g~2/3, based on root area and mass 
respectively). . 

Itt is arguable whether the same sediment cohesion parameter (C„) applies in each 
off  these models (eqns 2-5). As in practice we are only able to measure undrained shear 
strengthh (see below) as an approximation for the cohesion of sediment and its frictional 
effectt on the root surface, we do not distinguish variants of Cu. 
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BreakingBreaking strength 
Breakingg strength is the force at which a material breaks (Niklas, 1992). Stems of aquatic 
plantss bend readily to accommodate forces exerted on them (Usherwood et al, 1997), 
whichh leads to the forces being essentially parallel to the shoot. Stems break when their 
plasticc deformation limit s are exceeded. Niklas (1992) points out that as plant stems are 
composedd of various tissues with different functions, their composite structure renders a 
theoreticall  approach to breaking stress very complex. For our purposes it is sufficient to 
makee measurements in which the stem is subjected to an increasing tensile force until it 
breaks.. We do not measure deformation (bending or stretching) capacity, as only breakage 
wil ll  result in a loss of the shoot system. Breaking strength is dependent on the cross-
sectionall  area of the stem and the disposition of strengthening tissues. We do not attempt 
too measure the disposition of different tissues. Hence, we propose a general breaking 
strengthh formula 

FFhh = b As (eqn 6) 

wheree Fh is breaking strength (N), As is stem cross sectional area (m") and b is the 
breakingg stress (N m"~). 

ConceptualConceptual model 
Thee tolerance of submerged plants to external physical forces depends on the relative 
strengthss of the stem and the soil-root complex. A simple conceptual model (Fig. 1) shows 
thee interrelationships between three possible fates of a plant: dislodgement, breakage or 
noo effect. As anchorage strength is a function of sediment cohesion (equations 2-5), in 
softt sediments plants would be dislodged before the stems could break. At a critical 
sedimentt cohesion, the anchorage strength would exceed shoot breaking strength and 
sufficientlyy great forces would then break and detach the shoots (Fig. 1). 

CriticalCritical cohesion 

--

Sedimentt cohesion 
Fig.. 1 Conceptual model showing the potential fates of a rooted macrophyte subjected to pulling 
forces,, as cohesive strength of the sediment varies. 
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Methods s 
FieldField sites 
Thee cohesive strength of sediments was measured in 28 shallow lakes of varying sizes, 18 
inn the Norfolk Broads area of the UK and 10 in the Netherlands. These sites are 
representativee of the range of lowland shallow lakes around the southern part of the North 
Seaa basin and enjoy similar climatic conditions. The depth at the point of measurement 
wass determined and the maximum wind fetch was determined from the dimensions of the 
lakes.. The 12 plant species investigated were those most widely present in the lakes and 
thuss represent submerged macrophyte communities occurring extensively in shallow lakes 
(Kennisonn et ai, 1998). Measurements of root anchorage strength were made in the field 
onn plants growing in the UK and Dutch lakes. Plants were collected from the same sites 
forr measurements of their breakage strength. Other plants were collected and grown in 
polypropylenee tanks (on an artificial sediment comprising 50% of fine quartz sand and 
50%% of an organic-rich lake sediment from Alderfen Broad, Norfolk) in an unheated 
glasshouse.. These were used for further experimental measurements of anchorage and 
breakagee strengths. 

SedimentSediment cohesion 
Sedimentt cohesion was determined as undrained sediment shear strength (Pa), defined as 
thee force needed to induce shear failure in the upper layer of sediment. Five replicate 
measurementss at each site and in each growth tank were made with a pocket shear vane 
meterr (Torvane, Durham Geo Slope Indicator, Stone Mountain, CA, USA). For each 
measurement,, a disc 9 cm in diameter with eight radial vanes normal to its surface was 
pressedd onto the surface of the sediment such that the vanes protruded into the sediment to 
theirr full depth (5 cm). Then an increasing rotational force was applied to the disc via the 
meterr until the sediment failed, yielding a reading of the maximum torque applied. Shear 
strengthh was calculated from torque using the dimensions of the vanes, according to the 
manufacturer'ss instructions. Surface measurements may underestimate the shear strength 
off  the bulk sediment but the 5-cm vanes would have probed a substantial part of the 
rootingg depth of these macrophytes. 

AnchorageAnchorage strength 
Anchoragee of Ceratophyllum demersum, Chara sp., Eleogiton fluitans, Elodea 
canadensis,canadensis, Myriophyllum spicatum, Potamogeton natans, P. obtusifolius, P. pusillus and 
ZannichelliaZannichellia palustris was investigated. Three series of measurements of the anchorage 
strengthh of the individual plants were made. All of the species except Eleogiton fluitans 
weree examined in the field by snorkel-diving in the summers of 1995 and 1996. In 
additionn Ceratophyllum demersum, Elodea canadensis, Potamogeton obtusifolius, P. 
natans,natans, Myriophyllum spicatum and Eleogiton fluitans were investigated in cultivation in 
largee polypropylene tanks in glasshouses of the University of East Anglia in two series of 
measurements,, in 1995 and 1996. 

Anchoragee organs are referred to subsequently as 'roots' although these were 
actuallyy rhizoids in the case of Chara and modified branches in Ceratophyllum. Each 
shoott was clamped near its base, in situ, just above the sediment surface, taking care not 
too crush the stem. An increasing tensile force, normal to the sediment surface, was applied 
directlyy to the clamp until mechanical failure, such that the anchorage strength could be 
measuredd with a spring balance. The sediment was examined for remaining or broken 
rootss after dislodgement in order to determine whether the roots had broken, slipped 
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throughh the sediment, or whether the whole root hemisphere had been dislodged. Between 
122 and 56 individual shoots were measured for each species. The plan-form root area was 
measuredd with an optical area meter (Li-Cor portable area meter Li 3000; Li-Cor 
Biosciences,, Lincoln, NE, USA), and root and shoot dry mass were determined after 
dryingg {48 hours, 105 C). 

BreakingBreaking strength 
Shootss of Ceralophyllum demersum, Chara sp., Eleogiton fluitans, Elodea canadensis, 
MyriophyllumMyriophyllum spicatum, Najas marina, Potamogeton natans, P. obtusifolius, P. 
pectinatus,pectinatus, P. pusillus, Utricularia vulgaris and Zannichellia palustris were investigated. 
Al ll  of the species except Eleogiton fluitans were examined using material collected 
directlyy from the field by snorkel diving in the summers of 1995 and 1996. Further 
materiall  of Ceratophyllum demersum, Elodea canadensis, Potamogeton obtusifolius, P. 
natans,natans, Myriophyllum spicatum and Eleogiton fluitans was obtained from glasshouse 
cultivationn in 1995 and 1996, as described previously. 

Eachh shoot was clamped near its base to a stand, taking care not to crush the 
stem.. A second small clamp was attached to the stem similarly, 3 cm above the basal one. 
Ann increasing tensile force parallel to the shoot orientation was applied slowly to the 
upperr clamp via a simple pulley, until mechanical failure. The tensile force and thus 
breakingg strength were measured with a spring balance that recorded maximum applied 
forcee under near-static conditions. Between three and 98 individual shoots were measured 
forr each species. Shoots were stored at 4 C for a maximum of 1 week after collection 
untill  they were used. Stem dimensions were measured with callipers to the nearest 0.1 mm 
andd cross-sectional areas were calculated appropriately for approximately cylindrical and 
approximatelyy square-section stems. Shoots were measured, dried and weighed as 
describedd above. 

StatisticalStatistical analysis 
Statisticall  analysis was carried out with SPSS, Release 9 (SPSS, 1998). Anchorage 
strengthh was linearly regressed (for each species with more than five observations) on the 
productt of sediment cohesion and each of four measures of root size: root plan-form area, 
roott planform area2/3, root mass2/3 and number of roots. Breaking strength for each species 
wass regressed on the stem crosssectional area using linear regression. 

Model Model 
Thee hydraulic forces experienced by plants exposed to waves are a function of the shoot 
areaa being acted on, and this is linearly related to shoot mass (Schutten & Davy, 2000). In 
addition,, the breaking strength of a stem depends on its cross-sectional area, which is also 
relatedd to shoot mass. Allometric relationships between root mass and shoot mass require 
thatt root anchorage strength would depend indirectly on shoot mass. Furthermore, in most 
macrophytes,, the number of independently breakable main stems attached to a common 
anchoragee system increases predictably with plant mass. Consequently we used empirical 
relationshipss to compare magnitudes of the forces and strengths associated with individual 
plantss and their multiple stems. To examine whether waves could have damaging effects, 
wee took extreme conditions: large plants (1.5 g dry mass), rooted in soft (0.1 kPa) or firm 
(1.55 kPa) sediments and exposed to a wave amplitude of 60 cm, as would be generated by 
aa wind speed of 25 m s"1 (the maximum wind speed between April and September 1984— 
933 at Hembsby, Norfolk), acting over a fetch of 750 m in a lake of depth 2 m (Westphal 

11 1 2 Journal of Ecology 2005 93, 556-571 © 20O5 British Ecological Society and Blackwell Publishing 



Roott anchorage and its significance for submerged plants in shallow lakes. J. Schutten, A.J. Davy and J. Dainty 

1996).. Such waves have been observed on Hickling Broad, Norfolk. Forces on plants 
weree calculated according to Schutten et al. (2004). This analysis justified construction of 
aa model to predict the alternative fates (breakage or uprooting) of plants stressed to their 
limits,, as shoot mass and sediment cohesive strength vary (Fig. 2). Sufficient allometric 
dataa were available for a comparison of four abundant species {Ceratophyllum demersum, 
ElodeaElodea canadensis, Myriophyllum spicatum and Potamogeton obtusifolius). 
Simplee rules were applied to the anchorage and breaking strengths to predict fate. 

Forr a single-stemmed plant: 
Iff  anchorage strength < breaking strength, then anchorage failure. 
Iff  breaking strength < anchorage strength, then breaking failure. 

Forr a multiple stemmed plant: 
Iff  anchorage strength < breaking strength of an individual stem, then anchorage failure. 
Iff  breaking strength of an individual stem < anchorage strength < combined breakage 
strengthh of all stems, then anchorage failure but with some individual stem breakage. 
Iff  combined breakage strength of all stems < anchorage strength, then breaking failure. 

Sediment t 
cohesion n 

Shoott Mass Wind d 
speed d 

Anchorage e 
Strength h 

Breaking g 
Strength h 

Fig.. 2 Summary of the canonical structure of the models used to predict hydraulic pulling forces on 
submergedd plants, and their anchorage and breaking strengths. Input data are shoot mass, sediment 
cohesivee strength, water depth, fetch and wind speed. 
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Results s 
SedimentSediment cohesive strength 
Thee undrained sediment shear strength of bottom sediments in the rooting zone of 
submergedd macrophytes varied more than 50-fold between lakes (Table 1). The strongest 
sedimentss were found in the Netherlands (1.3-1.4 kPa) and the weakest in the Norfolk 
Broadss area of the UK (0.02-0.11 kPa). Dutch lakes generally had stronger sediments 
thann those in Norfolk (where all values were lower than 1.0 kPa) but both regions showed 
aa wide range of cohesive strengths. The cohesive strength of the rooting sediment in all 
fiv ee experimental tanks was close to 1.2 kPa (Table 1). 

Tablee 1. Measurements of undrained cohesive strength for sediments from a range of shallow lakes 
withh different fetches and depths in the Norfolk Broads, UK and The Netherlands. Values are also 
givenn for synthetic sediments (see text for details) from four tanks in which macrophytes were 
grownn for the glasshouse experiments. 

Location n 

Norfolkk  Broads, UK: 
Strumpshaw w 
Woodbastwickk turfpond 
Cockshoot t 
Alderfen n 
Cromes s 
Poundd End 
Ormesby y 
Howw Hill 
Upton n 
Belaugh h 
Martham m 
Catfieldd turfpond 
Hovetonn Great 
Rockland d 
Horsey y 
Blickling g 
Hickling g 
Whitlingham m 

Thee Netherlands: 
Ankeveensee plassen 
Oudee venen 
Botshol l 
Breukeleveensee plassen 
Bovenwater r 
Naardermeer r 
Veluwemeer r 
Volkerak k 
Binnenschelde e 
Gouwzee e 

Maximall  fetch (m) 

225 5 
50 0 

220 0 
270 0 
200 0 
135 5 
450 0 

10 0 
195 5 
200 0 
275 5 
50 0 

330 0 
220 0 
525 5 
150 0 
700 0 
300 0 

775 5 
265 5 
300 0 

1015 5 
1010 0 
450 0 

10000 0 
4000 0 
2000 0 
3500 0 

Depthh (m) 

1.22 2 
0.66 + 0.2 
0.99 + 0.2 
0.88 + 0.2 
0.910.2 2 
0.99 + 0.2 
0.910.2 2 
0.55 10.2 
0.99 + 0.2 
0.910.2 2 
0.810.2 2 
0.88 + 0.2 
0.810.2 2 
0.910.2 2 
1.11 10.2 
0.710.2 2 
0.910.2 2 
1.010.2 2 

1.22 + 0.2 
0.610.1 1 
1.010.1 1 
0.66 1 0.2 
1.210.2 2 
1.11 10.2 
0.610.2 2 
1.510.2 2 
1.310.2 2 
1.910.2 2 

Sedimentt  cohesion 
(kPa)) . 

0.3410.14 4 
0.0210.01 1 
0.077 10.01 
0.111 10.01 
0.1010.01 1 
0.244 1 0.02 
0.200 1 0.03 
0.2410.01 1 
0.244 1 0.05 
0.7410.15 5 
0.2910.08 8 
0.3210.22 2 
0.3410.01 1 
0.4410.01 1 
0.4610.01 1 
0.7410.15 5 
0.700 + 0.15 
0.966 1 0.09 

0.255 10.17 
0.177 10.04 
0.2210.17 7 
0.488 1 0.22 
0.5610.26 6 
0.600 1 0.42 
1.0510.12 2 
1.1210.07 7 
1.311 10.01 
1.3810.01 1 

(n) ) 

(31) ) 
(3) ) 
(28) ) 
(26) ) 
(28) ) 
(27) ) 
(39) ) 
(16) ) 
(6) ) 
(15) ) 
(37) ) 
(30) ) 
(5) ) 
(5) ) 
(10) ) 
(15) ) 
(16) ) 
(23) ) 

(19) ) 
(21) ) 
(6) ) 
(9) ) 
(10) ) 
(18) ) 

(16) ) 

(15) ) 
(13) ) 

(6) ) 

Experimentall  tanks: 
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Tankk A 
TankB B 
TankC C 
TankD D 
Tankk E 

0.4 4 
0.4 4 
0.4 4 
0.4 4 
0.4 4 

1.177 1 (4) 
1.188 + 0.01 (4) 
1.188 + 0.01 (4) 
1.155 1 (4) 
1.222 + 0.01 (4) 

AnchorageAnchorage strength 
Thee product of sediment cohesion (measured as undrained shear strength) and different 
estimatess of the size of the root system provided significant models for predicting 
anchoragee strength in all of the nine species investigated. Table 2 shows linear regressions 
off  anchorage strength on the product of sediment cohesion and root size, constrained to 
passs through the origin. All four alternative measures of root size yielded significant 
relationshipss for eight of the species; the exception was Zanichellia, with only three 
significant.. Models involving hemispherical root area proved to be the most consistently 
successful,, as they accounted for the greatest amount of variation in Ceratophyllum, 
Chara,Chara, Elodea, Myriophyllum, Potamogeton obtusifolius, P. pusillus and Zanichellia. In 
thee other two species the performance of hemispherical area was only slightly inferior to 
thatt of root hemispherical mass (Eleogiton and Potamogeton natans) and root number (P. 
natans).natans). Figure 3 compares the alternative models for Potamogeton obtusifolius and 
Elodea,Elodea, Ceratophyllum and Myriophyllum, the four species for which there were the 
greatestt numbers of observations in total (137-234). The hemispherical (2/3 power) 
transformationn of area consistently yielded relationships that were more linear than those 
withh plan-form root area. Some models produced relationships with anchorage strength 
thatt were clearly non-linear in certain species (e.g. hemispherical transformation of root 
masss in Myriophyllum). 

Tablee 2. Comparison of regression models of the anchorage strength of nine species on the product 
off  sediment shear strength and four different measures of their root-system size: plan-form area 
(area);; plan-form area m (hemishere area); dry mass m (hemisphere mass); number of roots. Linear 
regressionss constrained to pass through the origin. Significance: * = P < 0.05, **  = P < 0.01, ns = 
nott significant, n = sample size. Units of regression coefficients: area, dimensionless; hemisphere 
area,, m4/3; hemisphere mass, m2 g "2/3; number, m2 number '. 

Species s 
CeratophyllumCeratophyllum demersum 

CharaChara sp. 

ElodeaElodea canadensis 

Roott  model 
area a 
hemispheree (area) 
hemispheree (mass) 
number r 

area a 
hemispheree (area) 
hemispheree (mass) 
number r 

area a 
hemispheree (area) 
hemispheree (mass) 
number r 

n n 
43 3 
43 3 
13 3 
38 8 

14 4 
14 4 
20 0 
6 6 

38 8 
38 8 
49 9 
39 9 

? ? 
0.57 7 
0.85 5 
0.60 0 
0.58 8 

0.66 6 
0.76 6 
0.39 9 
0.63 3 

0.67 7 
0.75 5 
0.75 5 
0.66 6 

Regressionn coefficient  S.E. 
2.822 6 ** 
0.311 2 ** 
1.700 3 ** 
0.0244  0.003 (x lO3)* * 

5.611 9 ** 
0.611 8 ** 
0.633 4 ** 
0.. 077  0.02 ** 

12.44 2 ** 
1.244 * 
8.811 1 ** 
1.177 1 (xl0~3)* * 
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EleogitonEleogiton fluitans 

MyriophyllumMyriophyllum spicatum 

PotamogetonPotamogeton natans 

PotamogetonPotamogeton obtusifolius 

PotamogetonPotamogeton pusillus 

ZannichelliaZannichellia palustris 

areaa 28 
hemispheree (area) 26 
hemispheree (mass) 19 
numberr 32 

areaa 41 
hemispheree (area) 41 
hemispheree (mass) 45 
numberr 47 

areaa 14 
hemispheree (area) 14 
hemispheree (mass) 12 
numberr 18 

areaa 57 
hemispheree (area) 57 
hemispheree (mass) 61 
numberr 59 

areaa 14 
hemispheree (area) 14 
hemispheree (mass) 29 
numberr 17 

areaa 13 
hemispheree (area) 13 
hemispheree (mass) 18 
numberr 13 

0.511 11.4 * 
0.622 0.51+0.08** 
0.688 2.34 * 
0.600 0.17 2 (xlO3)* * 

0.522 9.55+ 1.39 ** 
0.644 0.62 * 
0.211 0.55 * 
0.055 3)* * 

0.511 31.2 * 
0.622 1.85 * 
0.699 9.54 * 
0.700 0.41 6 (xlO"3)* * 

0.800 19.7 * 
0.844 1.41 * 
0.777 10.1 * 
0.833 0.33  0.02 (xlO"3)* * 

0.677 18.4 * 
0.733 1.38 * 
0.500 4.13 * 
0.611 0.27  0.04 (x 10"3) ** 

0.111 2.45 * 
0.133 0.22 * 
0.099 1.04 * 
0.088 0.032  0.017 (xlO-3) 
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C.C. demersum 

(a)) Root area 

E.canadensis E.canadensis 

0.00000 0.0002 0.0004 0.0006 0.0008 0.0010 0.OOOOO 0.0002 0.0004 0.0006 0.0008 0-0010 

Productt of root area (m2) and sediment cohesion (kPa) 

(b)) Root hemisphere (area) 

0.0000 0.001 0.002 0.003 0.004 0.005 0.006 0.000 0.002 0.004 0.006 0.008 0.010 

Productt of root hemisphere (area, m4/3) and sediment cohesion (kPa) 

(c)) Root hemisphere (mass) 

0.000 0.02 0.04 0.06 0.08 0.10 0.12  0 0 2 0.04 0.06 0.08 0.10 0.12 0.14 

Productt of root hemisphere (mass, q2'3) and sediment cohesion (kPa) 

(d)) root number 

100 12 14 100 20 30 40 50 60 

Productt of root number (number) and sediment cohesion (kPa) 

Fig.. 3 Comparison of regression models of anchorage strength on the product of sediment shear 
strengthh and four different measures of root-system size in each of Ceratophyllum demersum, 
ElodeaElodea canadensis, Myriophyllum spicatum and Potamogeton oblusifolius. Models: (a) root plan-
formm area (area); (b) root plan-form area2'3 (hemisphere area); (c) root dry mass273 (hemisphere 
mass);; (d) number of roots. Linear regressions constrained to pass through the origin. For regression 
parameterss see Table 2. 
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M.M. spicatum 

(a)) Root area 

P.obtusifolius P.obtusifolius 

000000 0.0001 0.0002 0.0003 0.0004 0.0005 0.00000 0.0002 0.0004 0.0006 0.0008 

Productt of root area {m2) and sediment cohesion (kPa) 

(b)) Root hemisphere (area) 

0.0000 0.002 0.0000 0.002 0.004 0.006 0.008 0.010 

Productt of root hemisphere (area, m4/3) and sediment cohesion (kPa) 

(c)) Root hemisphere (mass) 

44 5 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 

Productt of root hemisphere (mass, g2/3) and sediment cohesion (kPa) 

5 5 

4 4 

3 3 

2 2 

1 1 

(d)) root number 

 y 

 y^ 

 s 
 ^ * y/* 

10 0 

5 5 

 «
m m 

Fig.. 3 Continued Productt of root number (number) and sediment cohesion (kPa) 
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BreakingBreaking strength 
Thee linear relationship between breaking strength and stem cross-sectional area proved to 
bee highly significant for the majority of species and sources of material (data sets) 
investigatedd (Table 3). The breaking stress (the slope of a regression) varied from c. 3 to 
9.55 MN m-2. The breaking strength of plants from the field was generally more variable 
thann that of plants grown in the glasshouse. Nevertheless, the slopes of regressions for 
field-field- and glasshouse-grown plants were not significantly different in any species except 
PotamogetonPotamogeton natans, where there were only three measurements from the field. 
Consequently,, regressions for combined data are presented in Fig. 4, which shows 
significantt relationships between breaking stress and stem cross-sectional area for eight 
speciess (Ceratophyllum demersum, Chara, Elodea canadensis, Myriophyllum spicatum, 
PotamogetonPotamogeton natans, P. pusillus, Uticularia vulgaris and Zannichellia palustris). 

Tablee 3. Relationships between stem breaking strength and cross-sectional area (linear regressions 
constrainedd to pass through the origin; n = sample size, r2 = coefficient of determination, regression 
coefficientt = breaking stress). Significance: * = P < 0.05, **  = P < 0.01. Samples were from three 
sourcess (Field, F; Glasshouse in 1995, Gl; Glasshouse in 1996, G2). Regressions for all samples 
combinedd for each species are also given. 

Species s 

CeratophyllumCeratophyllum demersum 
CeratophyllumCeratophyllum demersum 
CeratophyllumCeratophyllum demersum 
CharaChara sp. 
EleogitonEleogiton fluitans 
EleogitonEleogiton fluitans 
EleogitonEleogiton fluitans 
ElodeaElodea canadensis 
ElodeaElodea canadensis 
ElodeaElodea canadensis 
ElodeaElodea canadensis 
MyriophyllumMyriophyllum spicatum 
MyriophyllumMyriophyllum spicatum 
MyriophyllumMyriophyllum spicatum 
NajasNajas marina 
PotamogetonPotamogeton natans 
PotamogetonPotamogeton natans 
PotamogetonPotamogeton natans 
PotamogetonPotamogeton obtusifolius 
PotamogetonPotamogeton obtusifolius 
PotamogetonPotamogeton obtusifolius 
PotamogetonPotamogeton obtusifolius 
PotamogetonPotamogeton pectinatus 
PotamogetonPotamogeton pusillus 
UtriculariaUtricularia  vulgaris 
ZannichelliaZannichellia palustris 

Source e 

F F 
Gl l 
Combined d 
F F 
Gl l 
G2 G2 
Combined d 
F F 
Gl l 
G2 2 
Combined d 
Gl l 
G2 2 
Combined d 
F F 
F F 
Gl l 
Combined d 
F F 
Gl l 
G2 2 
Combined d 
F F 
F F 
F F 
F F 

n n 

19 9 
42 2 
63 3 
34 4 
60 0 
6 6 
66 6 
11 1 
98 8 
18 8 
127 7 
54 4 
15 5 
74 4 
6 6 
3 3 
19 9 
22 2 
9 9 
70 0 
16 6 
95 5 
6 6 
28 8 
9 9 
28 8 

r* * 

0.92 2 
0.88 8 
0.90 0 
0.86 6 
0.83 3 
0.90 0 
0.82 2 
0.82 2 
0.83 3 
0.95 5 
0.93 3 
0.93 3 
0.92 2 
0.91 1 
0.96 6 
0.99 9 
0.90 0 
0.93 3 
0.87 7 
0.76 6 
0.88 8 
0.81 1 
0.80 0 
0.66 6 
0.98 8 
0.76 6 

Breakingg stress 
(MNN m2)  S.E 

6.41  0.43 ** 
6.64  0.37 ** 
6.56  0.27 ** 

* * 
* * 
* * 
* * 
* * 
* * 
* * 

33 ** 
11 ** 

* * 
3.25+0.12** * 
6.27  0.63 ** 

22 ** 
* * 
* * 

11 ** 
* * 
* * 

55 ** 
* * 

33 ** 
* * 
* * 
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(a)) Ceratophyllum demersum (e) Elodea canadensis 
88 r 

00 I 1 i 1 1 1 o I 1 1 1 1 1 1 

0000 025 0.50 0.75 1.00 125 0.0 0.5 1.0 1.5 20 25 30 

(b)) Myriophyllum spicatum (f) Potamogeton nalans 
100 r 20 r 

(c)) Potamogeton pusillus (g) Zannichellia palustris 

(d)) Chara sp. (h) Utricularia vulgaris 

Stemm cross-sectional area (m2 x 10"6) 

Fig.. 4. Relationships between shoot breaking strength and stem cross-sectional area in 
CeratophyllumCeratophyllum demersum, Myriophyllum spicatum, Potamogeton pusillus, Chara sp., Elodea 
canadensis,canadensis, Potamogeton natans, Zannichellia palustris and Utricularia vulgaris. Field data, •; 
glasshousee data, o. Linear regressions, constrained to pass through the origin, are shown for the 
combinedd data. For regression parameters, see Table 3 
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Model Model 
Forcess and strengths calculated for large plants of a range of species with differing 
morphologiess (Potamogeton obtusifolius, Elodea, Ceratophyllum and Myriophyllum) are 
givenn in Table 4. 

Underr storm conditions (60-cm waves) hydraulic forces can potentially exceed 
breakingg strength and, when combined with low cohesive strength of the sediment, can 
exceedd anchorage strength. The maximum forces that could be applied by grazing birds 
aree much greater. A coot (Fulica atra) could exert a pull of about 7.5 N (mass 0.75 kg, 
volumee 1.5 L) and a mute swan (Cygnus color) as much as 50 N (10 kg and 1.5 L). For all 
species,, such forces greatly exceed the breakage strengths, as well as anchorage strengths 
underr a wide range of sediment cohesive strength. 

Whenn plants are challenged with waves of sufficient magnitude, their fate 
(breakagee or uprooting) would depend on their mass and the cohesive strength of the 
sediment.. The model allows prediction of the combinations of these factors that would 
resultt in one outcome or the other and these predictions are shown for species of different 
morphologyy (Potamogeton obtusifolius, Elodea, Ceratophyllum and Myriophyllum) in 
Fig.. 5. This displays zones of clear anchorage failure (where the anchorage strength is less 
thann the breaking strength of a single stem), clear breaking failure (where the combined 
breakingg strength of all stems is less than the anchorage strength) and a zone of 
uncertaintyy (where individual stems might break but the combined pull of those remaining 
couldd result in uprooting). In general, anchorage failure is a universal danger for small 
plantss attached to soft sediments but declines rapidly as sediment strength increases, 
particularlyy for larger plants. The model predicts that Myriophyllum is the least 
susceptiblee of the four species to anchorage failure and consequently the most likely to 
breakk (Fig. 5). Susceptibility to uprooting can be ranked Potamogeton obtusifolius > 
CeratophyllumCeratophyllum > Elodea > Myriophyllum. 
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Tablee 4. Comparison of predicted breaking strength, anchorage strength and hydraulic pulling forces 
(N),, assuming plants were subjected to large waves (0.6 m) and growing on soft (0.1 kPa) or firm 
(1.55 kPa) sediments. Values are given for whole large shoots (1.5 g) and individual stems within 
thosee shoots, for Ceratophyllum demersum, Elodea canadensis, MyriophyUum spicatum and 
PotamogetonPotamogeton obtusifolius. 

Breakingg strength 
Anchoragee strength 
Hydraulicc pull 

Breakingg strength 
Anchoragee strength 
Hydraulicc pull 

Breakingg strength 
Anchoragee strength 
Hydraulicc pull 

Breakingg strength 
Anchoragee strength 
Hydraulicc pull 

Wholee shoot 

Soft t 
sediment t 

7.3 3 
0.61 1 
1.33 3 

21.2 2 
1.47 7 
1.63 3 

37.4 4 
11 1 
0.47 7 

19.1 1 
1.26 6 
1.69 9 

Fir m m 
sediment t 

7.3 3 
8.3 3 
1.33 3 

21.2 2 
20.2 2 
1.63 3 

37.4 4 
700 0 
0.47 7 

19.1 1 
17.2 2 
1.69 9 

Individua ll  stem 

Soft t 
sediment t 

1.3 3 
0.61 1 
1.33 3 

2.46 6 
1.47 7 
1.63 3 

6.9 9 
11 1 
0.47 7 

4.5 5 
1.26 6 
1.69 9 

Fir m m 
sediment t 

1.3 3 
8.3 3 
1.33 3 

2.46 6 
20.2 2 
1.63 3 

6.9 9 
700 0 
0.47 7 

4.5 5 
17.2 2 
1.69 9 

C.C. demersum 

E.E. canadensis 

M.M. spicatum 

P.P. obtusifolius 
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C.C. demersum E.E. canadensis 
2.0 0 

1.5 5 

1.0 0 

0.5 5 

0.0 0 

3.0 0 

2.5 5 

2.0 0 

1.5 5 

1.0 0 

0.5 5 

0.0 0 

2.0 0 

1.55 -

1.0 0 

0.5 5 

0.0 0 

0.00 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 

M.M. spicatum P. obtusifolius 

2.0 0 

0.00 0.5 1.0 1.55 2.0 0.0 0.5 

Sedimentt cohesion (kPa) 

1.00 1.5 2.0 

Fig.. 5 Model predictions of the interactions of plant mass and sediment cohesive strength in 
determiningg the fates (anchorage failure or breaking failure) of plants exposed to sufficiently high 
pullingg forces. Examples of four species with a range of morphologies are shown: Ceratophyllum 
demersum,demersum, Elodea canadensis, Myriophyllum spicatum and Potamogeton obtusifolius. The 
canonicall  structures of the models used to determine hydraulic pulling force, anchorage strength and 
breakingg strength are shown in Fig. 2. The rules for determining anchorage or breaking failure are 
presentedd in the text. Domain of stem breakage failure, ; domain of anchorage failure, ; domain 
off  whole-shoot breakage failure, • . 

Journall of Ecology 2005 93, 556-571 © 2005 British Ecological Society and Blackwell Publishing 123 



Roott anchorage and its significance for submerged plants in shallow lakes. J. Schutten. A.J. Davy and J. Dainty 

Discussion n 
Thee cohesive strength of lake sediments is a factor affecting the distribution and 
abundancee of submerged macrophytes that has been largely neglected. Weak sediments 
thatt facilitate root penetration can be important for the establishment of seedlings of the 
aquaticc annual Najas marina (Handley & Davy, 2002). A more general problem, 
addressedd here, is the role of sediment strength in providing anchorage for established 
plants.. This is highlighted by the remarkably wide range of undrained sediment cohesive 
strengthss found in the shallow lakes surveyed in the Norfolk Broads area of the UK and 
thee Netherlands. Particularly low cohesive strengths (< 0.2 kPa) were characteristic of 
eutrophicc lakes that had experienced a history of phytoplankton dominance. Such 
eutrophicationn can result in deep, unconsolidated, organic sediments of almost colloidal 
texturee that represent one of the major obstacles to the restoration of diversity and 
ecologicall  function in the Norfolk Broads. The stronger sediments encountered (> 1.0 
kPa)) comprised mainly clay or peat bottoms of lakes that were in a healthier state. As 
wouldd be expected, all of these saturated sediments are weak in comparison with 
terrestriall  soils. Agricultural loam soils at field capacity have shear strengths of 10-100 
kPaa (Ennos, 2000) and strength increases with decreasing water content (Zimbone et al., 
1996).. There have been few measurements in wetlands but the shear strengths in a 
mangrovee ecosystem ranged from 2.5 to 46 kPa (Cahoon et al., 2003). 

Roott anchorage depends on a combination of soil strength and root size and 
architecture.. Recent rapid advances in our understanding of the mechanics of anchorage 
havee been focused on relatively rigid, selfsupporting terrestrial plants, particularly 
agriculturall  crops and trees (Ennos, 1990; Baker et al., 1998; Ennos, 2000). Such plants 
aree usually subject to overturning and dislodgement by a force that applies a moment to 
thee shoots and thus rotates the root system (e.g. Crook & Ennos, 1993; Goodman et al., 
2001).. The more flexible structures of aquatic plants are usually subject to uprooting by 
pullingg forces and the effects of such forces have only been investigated in land plants 
(Ennos,, 1990; Easson et al., 1995; Bailey et al, 2002). 

Thee general root architecture displayed by most of the aquatic macrophytes used 
inn this study (a large number of thin fibrous roots) is economical in producing a large 
surfacee area. We assume that anchorage is determined mainly by the frictional forces 
betweenn the root surface and the sediment. The surface area of such root systems is 
difficul tt to measure but the model using the plan-form area of the root system, which can 
bee determined readily, gave reasonably good results, with significant regressions for all 
ninee species; only in Zanichellia was the explanatory power rather weak. A feature of this 
modell  is that the dependent and the combined independent variables have the same units 
andd are directly comparable. Measured anchorage strengths were typically up to an order 
off  magnitude greater than the product of plan-form root area and sediment shear strength, 
exceptt for Ceratophyllum, in which they corresponded very closely (Fig. 3). Thus plan-
formm area substantially underestimated the actual area subject to friction in complex root 
systemss but not for the simpler modified stems of Ceratophyllum. Raising plan-form area 
too the power 2/3 yielded more satisfactory models, because it tended to improve both the 
coefficientt of determination and the linearity of the regressions. For Ceratophyllum the 
improvementt in model fit was particularly striking, perhaps because it was found on a 
widee range of sediment strengths. Planform area2/3 provided the best fit for seven of the 
ninee species; this form had been suggested a priori  by the field observation that the root 
systemss of aquatic species tend to occupy approximately hemispherical volumes of 
sedimentt and that anchorage may fail in proportion to the surface area of the hemisphere. 
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Thee same idea underlay the application of models based on root dry mass transformed to 
thee power 2/3 and the number of roots. Mass2/3 was only a marginally better predictor of 
anchoragee strength than area2/3 in Eleogiton and Potamogeton natans and root number 
wass as good as mass2/3 in the latter. It is not clear whether this is a result of some shared 
morphologicall  feature in these two species. Models involving power transformations of 
thee dimensions of root systems have been used previously. Baker et al. (1998) used the 
cubee of the diameter of the root plate in their analysis of the lodging of wheat but this was 
basedd on rotation of the root plate as it is pushed into the soil on the leeward side and 
liftedd on the windward side, rather than the complete dislodgement of the root system 
typicall  in rooted aquatic plants. 

Anchoragee strength showed considerable residual variation around all the 
models.. There is considerable evidence from terrestrial plants that physical and chemical 
characteristicss of the environment influence root architecture (Fitter 1999) and thus 
anchorage.. Moreover, the material properties of plant tissues tend to follow a Weibull 
frequencyy distribution, which has been shown to describe phenomena whose statistical 
behaviourr is responsive to environmental variability (Niklas, 1992, 1998). This has been 
interpretedd in terms of an evolutionary trade-off between investment in strengthening 
materiall  and in other aspects of growth and reproduction, where a few strong but 
relativelyy uncompetitive individuals can survive an unpredictable environmental event 
andd perpetuate the population (Niklas, 1992). The tensile anchorage strength measured 
representss a maximum strength, at which the whole root system came loose. Residual 
anchoragee strength that was due to roots slipping through the soil or the breakage of small 
rootss would be of less ecological relevance. Wetland plants may 'engineer' their own 
environments:: the presence of roots, rhizomes or rhizoids can stabilize and reinforce the 
sedimentt (e.g. Castellanos et ah, 1994). This would tend to increase local cohesion, as 
welll  as cohesion for neighbouring plants and their subsequent generations (Angers & 
Caron,, 1998). 

Thee range of anchorage strengths in plants of varying sizes for nine aquatic 
speciess (0.25-12 N) is difficult to compare with other systems. Biehle et al. (1998) 
reportedd dislodgement resistances, measured parallel to the substrate, in individuals of the 
aquaticc moss Fontinalis anlipyretica of unknown rhizoid area; plants from fast-flowing 
waterss had greater resistance (1.39 N) than those from more slowly flowing ones (0.96 N). 
Thee anchorage strengths of seaweeds have been determined (e.g. Koehl, 1986; Hawes & 
Smith,, 1995) but these are not directly comparable with our data because they represent 
thee attachment of algal holdfasts to solid substrates (mainly rock) and do not involve 
sedimentt cohesion. Likewise, measurements of resistance to rotational moments in 
uprootingg during mechanical harvesting of above-ground parts of crops, or in lodging by 
windd (Crook & Ennos, 1993, 1998; Mesquita & Hanna, 1995) are not comparable with 
tensilee anchorage strength in aquatic plants. 

Thee generally linear dependence of breaking strength on stem cross-sectional 
areaa in a wide range of aquatic species indicates that a simple mechanically based model 
iss appropriate for predicting plant behaviour in the field, despite the approximations 
involvedd in treating composite materials in this way. The linear relationships also suggest 
thatt the proportional representation of reinforcing tissues did not change, on average, with 
cross-sectionall  area. As with anchorage strength, there was considerable variation about 
thee regression models that is likely to be associated with the Weibull effect, as discussed 
previously. . 
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Muchh work on the breaking strength of plants has examined lodging and 
bucklingg in crop species in response to wind-induced forces {Denny, 1988) but there is 
relativelyy littl e information on plant tensile strengths. The range of tensile breaking stress 
inn the nine aquatic species investigated (3-10 MN m-2) was similar to that reported for a 
rangee of submerged macrophytes (Table 5), although the estimates for Myriophyllum 
spicatumspicatum and Elodea canadensis from North American material were distinctly higher 
thann ours. The range of breaking stress in freshwater macrophytes is also very comparable 
withh that found for marine algae from high energy coastal zones (Table 5). 

Tablee 5. Comparison of published values for tensile breaking stresses of the stems or stipes of 
submergedd aquatic plants. 

Species s Breakingg strength Reference 
(M NN m2) 

Freshwaterr  macrophytes 
MyriophyllumMyriophyllum spicatum 
RanunculusRanunculus aquatilis Elodea canadensis 
PotamogetonPotamogeton alpinus 
P.P. richardsonii 
P.P. fdiformis/pectinatus 

RanunculusRanunculus peltatus 
R.R. fluitans 

10.0 0 
9.6 6 

10.0 0 
12.4 4 
1.9 9 

33.8 8 

0.72 2 
1.98 8 

Brewerr & Parker (1990) 

UU sherwood et al. (1997) 

Freshwaterr  bryophyt a 

FontinalisFontinalis antipyretica 20.8-23.44 Bïeh\e etal. (1998) 

Marin ee algae 
Dun'illaeaDun'illaea antarctica 
FucusFucus serratus 
PostelsiaPostelsia palmaeformis 

ChondrusChondrus crispus 
MastocarpusMastocarpus stellatus 

VivaViva lactuca 

0.9 9 
4.2 2 
1.0 0 

10.5 5 
18.7 7 

0.4 4 

Koehl(1986) ) 

Dudgeonn & Johnson (1992) 

Hawes&&  Smith (1995) 

Al ll  of the aquatic species examined have annual shoot systems in north-west Europe, even 
thoughh many have a persistent root stock or turions. Consequently the shoots have very 
littl ee secondary strengthening tissue. The macro alga Chara was surprisingly strong, 
consideringg that it has no specialized strengthening tissue. The enormous tensile strength 
off  cellulose itself at c. 1 GN m-2 in pure form or 20 MN m-2 in the form of collenchyma 
(Niklas,, 1992) is probably sufficient to explain the strength of these aquatic stems and 
shoots.. Furthermore, it is possible that aquatic plants with perennating organs or other 
reservess within the sediment may have evolved a weaker stem section just above the 
sedimentt surface that can act as a 'mechanical fuse' (Koehl, 1986; Usherwood et al., 
1997).. This is the part of the stem on which breaking strength measurements were made. 
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Suchh a fuse would sacrifice the (typically annual) shoot in the event of an exceptional 
pullingg force but would protect the perennating organs against dislodgement. 

Onee aim of this study was to develop a framework that would allow prediction of 
thee fate of individual plants that were subjected to pulling forces from waves or vertebrate 
grazerss in shallow lakes, on the basis of the relatively straightforward mechanical 
measurementss described in this paper and by Schutten et al. (2004). The synoptic model 
(Figss 1 and 5) illustrates the evolved strategies and behaviour of contrasting aquatic 
species.. It is clear that storm conditions in shallow lakes and the activities of grazing birds 
cann generate forces on aquatic plants that result in damage. The wash from boats may also 
producee such forces, although these have not been quantified. Anchorage failure is 
potentiallyy an important source of disturbance and mortality on the weak sediments 
commonlyy found in eutrophic, shallow lakes, particularly for smaller, less well-
establishedd plants. Ceratophyllum demersum, which is anchored by modified branches, 
andd Potamogeton obtusifolius are especially susceptible among the species investigated. 
Inn contrast, Elodea canadensis, with substantial investment in anchorage, and 
MyriophyllumMyriophyllum spicatum, with relatively weak stems, are likely to break on all but the 
weakestt sediments, an outcome that usually allows shoot re-growth. These models suggest 
thatt the trade-off between investment in anchorage and investment in breakage resistance 
iss more or less finely balanced. Over-engineering for either purpose would place plants at 
aa selective disadvantage in the fluctuating physical environment of lakes. 

Biomechanicall  modelling of aquatic plants should be valuable in informing 
effortss to re-establish macrophyte populations as an integral part of the restoration and 
conservationn of ecosystem function to shallow lakes in which reasonable water clarity has 
alreadyy been achieved. It highlights the importance of sediment cohesion as a determinant 
off  plant establishment and persistence, particularly in circumstances where soft, deep 
sedimentss are the cumulative product of previous eutrophic conditions. 
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Chapterr  7 

Applicationn to the management of shallow lakes, and in particular the Norfolk 
Broadss (UK) 

PartiallyPartially based on Crooks and Schutten (2005) 



Mainn scientific findings and their  application 
Thee research in this thesis has for the first time investigated the responses of macrophytes 
too the forces resulting from currents, waves and grazing at a particular location within a 
lake.. Shoots can break or whole plants can uproot (Schutten et al., 2005). I developed a 
calibratedd method of estimating the magnitude of forces on the plants resulting from water 
movementt (Chapter 4), waves (Chapter 5) and grazing (Chapter 6). These methods 
allowedd us to quantify the drag forces exerted by water movements and the rupture or 
uprootingg resulting from grazing by birds. The effect of those forces on the macrophyte 
plantt and population is estimated on basis of the breaking and anchorage strength of 
individuall  plants in Chapter 6, and evaluated in terms of the proportion of biomass that is 
removedd by grazing in Chapter 3. I have shown that the physical forces acting on the 
recoveringg macrophytes due either to grazing by birds or to severe weather conditions 
couldd be sufficient to uproot the plants, particularly at exposed locations with relatively 
non-cohesivee sediments. The effect of the removal of a large part of the vegetation from a 
recoveringg population of a plant species could result in the exhaustion of its propagule or 
seedd bank (Chapter 3), and create an unstable stand of plants, which could severely 
hamperr their successful long-term establishment (Chapter 6). 

Thee knowledge developed has already been applied in various forms such as: 
(a)) Providing scientific underpinning to management decisions of lake 

managerss who are in the process of planning restoration of shallow lakes. I have provided 
aa training workshop and written a manual for the Environment Agency (Schutten & 
Davy,, 2000a), which estimates the chance of success of macrophyte recovery during the 
lakee restoration process on basis of general limiting factors (Chapter 1) and mechanical 
limitationss (Chapters 4,5 and 6), by the use of decision trees. The restrictive role of the 
sedimentt (Chapters 4, 5 and 6) is also included in the online Dutch lake restoration 
manuall  ('Handleiding ecologisch herstel Ondiepe Meren'), on the Dutch lake restoration 
websitee (http://www.shallowlakes.net/handboek/index.html). 

(b)) Design of management scale experiments aimed at facilitating macrophyte 
establishmentt in shallow clear lakes such as Cockshoot Broad. My research has indicated 
thatt in shallow lakes with sufficient light, sediment stability is likely to limit long-term 
macrophytee establishment, particularly in lakes with very soft sediments. Both English 
Naturee and the Broads Authority have used this knowledge in designing management-
scalee experiments, whereby young plants, which were introduced in a lake with very soft 
sediment,, were provided with a cohesive rooting material (coir matting). Although initial 
resultss were successful (low mortality during transplantation and good initial growth), 
longerr term monitoring showed very limited survival during the first growing season. A 
veryy likely cause of the observed mortality is the build-up of excessive amounts (up to 30 
cmm thick mats) of benthic filamentous algae, smothering the plants and depriving them of 
lightt and nutrients (Schutten & Davy, 2000b; Smith & Davy, 2003) 

(c)) Assessment of the effect of selective macrophyte removal on the long term 
survivall  of macrophytes in Hickling Broad. Van Nes et al. (2002) highlighted that 
macrophytess can be both a blessing and a menace. This mixed blessing was also the 
experiencee of the Broads Authority when it was confronted with a case where the very 
exuberantt recovery of Chara in Hickling Broad was adversely affecting the recreational 
usee of the lake. I worked with Egbert van Nes, developer of the individual based aquatic 
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plantt growth model Charisma (Van Nes et al, 2003) to extend the model so that it 
includedd the mechanical limitations on macrophyte presence based upon sediment 
cohesion.. We subsequently used the model to simulate the effect of various scenarios of 
macrophytee harvesting (large areas and narrow lanes at various locations within the lake) 
onn the survival of the whole population, both within and between years. The outcome was 
usedd by the Broads Authority to inform their long-term macrophyte management plan for 
Hicklingg Broad. 

Thee use of the scientific output of this thesis to regenerate shallow lakes and to 
controll  excessive macrophyte growth has already indicated that there are clear societal 
effectss of its application on the various stakeholders that are involved. The benefits that 
aquaticc life can bring to humans have been highlighted in the introduction to this thesis. 
However,, the various human uses of shallow lakes could result in conflicting views on the 
longg term management of shallow lakes. These views are particularly well researched in 
thee following case study: Hickling Broad (UK). 

133 3 



Macrophytee management in Hicklin g Broad: a case study 
(basedd on Crooks &  Schutten, 2005) 

HistoryHistory and geography of Hickling Broad 
Thee Norfolk Broads, or Broadland, is widely recognised to be one of Britain's finest 
lowlandd wetland systems consisting of a rich mosaic of isolated and river-fed shallow 
lakess (known locally as broads), fen and grazing marshes (Figure 1). Broadland is a 
nationall  park in all but name. Around 20 percent of the total area (including built land) is 
recognisedd as being of international importance for nature conservation (designated under 
thee Habitats and Birds Directives). The Broads are listed as a Ramsar site, the Convention 
onn Wetlands of International Importance, and include six National Nature Reserves and 
277 Sites of Special Scientific Interest. 

Figuree 1. Overview of the river Turne and associated Broads and marshland. 
CopyrightCopyright Broads Authority, 2005 
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Althoughh once used extensively for transport and commerce, the rivers and 
connectedd broads are now intensively used for recreational boating, involving around one 
hundredd boatyard operators and attracting more than one million visitors per year. The 
mainn threats to the conservation of the wider Broadland area are water pollution, further 
growthh of water-based tourism, intensification of agricultural use of the drained marshes 
andd neglect of the fens and carr woodland (Madgwick & Phillips, 1996). The need to 
balancee human needs with environmental conservation has been reflected in the creation 
off  the Broads Authority which aims to restore and conserve the wetland system as a 
whole.. The Authority works to encourage and develop sustainable forms of use and 
managementt that further the conservation of the area, increase the quality of public 
enjoymentt and take into account the needs of the local economy (Broads Authority, 
1997).. The Authority has a duty to oversee conservation, recreation and navigation 
interests.. Balancing these interests will be no easy task given long-term human impacts, 
locall  socio-economic concerns and overarching international conservation obligations. 

Geographically,, the Broads extends over the lower valleys of the rivers 
Waveney,, Yare and Bure, together with the two Bure tributaries, the Ant and Thurne 
(Figuree 2). Covering an area of approximately 560 km2 the Broads wetland system 
evolvedd within a lowland coastal plain of what was to become part of the Norfolk and 
Suffolkk counties of East Anglia. While originally a system of lowland rivers, riverine 
freshwaterr and tidal wetlands protected from the sea by a coastal barrier dune ridge, the 
Broadss area has been progressively embanked for flood management though not entirely 
givenn over to agriculture. 
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Figuree 2. Geographical overview of broadland, showing the main rivers and towns and areas 
designatedd for wildlif e conservation under national (SSSI) and European legislation (SAC). 
©© Crown copyright. All rights reserved English Nature 100017954 2005. 

Thee broads, themselves, are not a natural geomorphological feature but the result 
off  late medieval (13th and 14th Century) peat excavations that with rising water tables 
weree eventually abandoned to flood. The extent of the hand-dug excavations was 
enormous.. It has been calculated that some 25 million cubic metres of peat was removed 
andd used for fuel. A considerable amount of turf was used by local people, but much was 
alsoo exported to neighbouring towns. At that time, Norfolk and Suffolk were the most 
denselyy populated counties of England. Peat pits became permanently flooded by periodic 
tidall  surges combined with sea-level rise and a rise in the height of the water table in the 
valleyss caused by greater fluvial flows as a result of changing weather conditions (George, 
1992).. These shallow lakes once left in an unmanaged state reverted quickly back into a 
wett fenland landscape of high ecological richness (figure 3). 
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Figuree 3. Historical picture of Salhouse Broad, "Gathering Waterlilies". Emerson and Goodall, 
1886 1886 

Thee turn of the 20 century was a period of fundamental change for Broadland in 
whichh the agricultural drainage of the area was well underway aided by the wind and 
steam-- powered pumps that characterised the otherwise flat landscape. This drainage, 
whenn combined with flood protection, turned swampy lowlands into profitable pasture. As 
welll  as the commercial prospects of new land uses, Dutt (1906) describes the process of 
ecologicall  succession of open water to drier fen. However, the prevailing view of the 
Broadss marshmen that "the time would never come when spring-fed fen would be as dry 
ass the surrounding marshes" has since proved incorrect. Today, open fen accounts for 
onlyy 7% of the Broad's Authority executive area. Such loss of fenland has resulted in 
widespreadd habitat loss and change from species-rich to species-poor communities 
(George,, 1992) although losses elsewhere mean that this area is still the largest calcareous 
rich-fenn floodplain system in Britain. 

ChangesChanges to the ecology ofHickling Broad 
Byy the mid 20th century the Broads waterways were beginning to exhibit a build up of 
phytoplanktonicc algae and reduced aquatic biodiversity, what later became recognised as 
classicc signs of excessive nutrient loading, leading to eutrophication. In their unpolluted 
statee the broads contained large populations of herbivorous zooplankton whose immense 
grazingg potential kept down many species of phytoplankton. The zooplankton themselves 
aree eaten by fish. However, in the natural state the submerged and emergent macrophyte 
architecturee provided refuge for zooplankton enabling them to keep phytoplankton levels 
inn check. With increasing nutrient loading last century, principally inputs of phosphorus 
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(P)) from sewage effluent and nitrogen (N) from agricultural runoff, there has been a 
switchh from a macrophyte dominated system to a eutrophic phytoplankton system (Moss, 
1983).. This meant that larger aquatic plants, which require sunlight, struggled to survive. 
Thee remaining, fringing, reedswamp became less healthy and more susceptible to boat 
washh erosion. A change in plant community structure has had a direct knock-on effect on 
thee aquatic food web. The lack of aquatic plants led to a reduction in the variety of 
invertebrates,, which in turn meant less food for adult fish. The fishery dwindled and 
becamee dominated by small young fish that fed primarily on grazing waterfleas. These 
weree reduced to such low levels that they were unable to graze the algae sufficiently to 
createe the clear water conditions necessary for plant growth. Once the water plants were 
lost,, the ecosystem collapsed and the algal dominated state became relatively stable. By 
thee 1970's, of the forty broads within the system, only four retained a stable macrophytic 
population.. The fens are also vulnerable to nutrient enrichment, particularly when flooded 
onn a regular basis by N- and P-bearing river waters. 

Althoughh a clear relationship exists between increased water fertility and reduced 
conservationn value, the introduction of this thesis has clearly explained why a simply 
reducingg the level of nutrient inputs does not lead to a clear increase in biodiversity but 
increasess the probability that the system will once again switch back to being macrophyte 
dominated.. In addition a range of biomanipulation techniques have had enlightening but 
mixedd impacts on ecological restoration. 

Forr the local economy reduced biodiversity was not all bad news. A thriving 
tourismm and boating trade profited from the rivers and broads being free from 
entanglementt by aquatic 'weeds'. Tourism and agriculture have brought many benefits to 
thee people who live and work in the Broads. Of the one million visitors to the area some 
twoo hundred thousand spend holidays on cruisers hired for a week or more. It is estimated 
thatt the boat hire industry, in 1988, generated a total of £25 million of direct benefit to the 
Broadss per annum in terms of public spending (Broads Authority, 1997). In a survey 
carriedd out in 1991, the broads supported 105 boatyards, employing more than 900 full 
timee jobs, 150 part-time jobs and 600 seasonal jobs. 

Visitorr pressure places considerable strain on the area for a number of reasons 
andd entails the risk of impairing those aspects that people come to see and experience in 
thee first place. Large numbers of visitors disturb wildlife, especially during the bird 
breedingg and nesting season. The expansion of boating activity is believed to have 
confinedd wildfowl to less disturbed and non-navigable broads. On broads where there is 
boatt traffic, birds tend to seek quieter refugia. Large numbers of craft, especially motor 
boats,, generate considerable boat wash and induce river bank erosion. Most hire boats are 
designedd to meet comfort requirements of their occupants rather than the specific needs of 
thee environment. 

Motorr propelled boats also inhibit on-going efforts to improve the Broads' 
severelyy impaired water quality and wildlife. To combat eutrophication several restoration 
techniquess have been implemented at specific sites through out the Broads. Examples 
includee suction dredging to reduce nutrient loading from phosphorus-rich bottom 
sedimentss and biomanipulation to temporarily influence the food chain so that grazing 
zooplanktonn are protected from predatory fish. The propellers of motorboats undo the 
resultss of such highly refined restoration techniques by stirring up the mud of shallow 
lakess or disturbing aquatic plant beds. 
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EmergingEmerging management of Hickling Broad 
Thee Broads Authority, Environment Agency, Anglian Water (the major water provider in 
thee area) and a number of other collaborating organisations have all addressed these 
biodiversityy problems through a variety of approaches (Madgwick & Phillips, 1996; 
Holzerr et al., 1997). Key amongst these has been a series of 'bottom up' management 
strategiess wherein nutrient loading from both the catchment and from stores in lake 
sedimentt (Pitt et al, 1997) are reduced or removed. 

Figg 4. Removal of the nutrient-rich top layer of sediment, as part of the nutrient control program in 
thee Broads. Copyright Broads Authority, 2005 

Duringg the 1980s such approaches have been complemented by 'top down' 
biomanipulationn of the relationships between fish, zooplankton, algae and water plants 
involvingg managing community structure artificially starting from the top of food webs 
(Moss,, 1983; Moss et al., 1996). 

Contemporaryy research draws upon both of these approaches to provide insight 
intoo the fragility of Broadland ecosystems under certain scenarios (Scheffer et al, 1993) 
andd combined top-down and bottom-up manipulation experiments have now been 
conductedd at five Broads (Stansfield et al, 1997). Though some evidence of 
environmentall  improvement has been monitored in those systems flushed by flowing 
waterr (e.g. Hickling Broad), less dynamic or hydrologically isolated broads are continuing 
too receive high levels of phosphorus released from sediment storage and it seems that this 
mayy be an ongoing management issue for some time. 
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Figg 5. Electrofishing in the Broads, as part of a biomanipulation program Copyright Broads 
Authority,2005 Authority,2005 

InternationalInternational biodiversity obligations versus local user requirements 
Thee previous section details the current scientific understanding regarding restoration of 
waterr plants in the Broads. Management of the Broadland lakes and waterways is not 
simplyy a matter of controlling water quality but also balancing the needs of stakeholders 
withh an interest in using the waterways. Management is becoming further complicated as 
aa result of recent EU Directives (notably the Birds and Habitats Directive), which, for 
instance,, override local navigation and tourism plans. An example here is the case of 
Hicklingg Broad, where nature conservation and navigation requirements have clashed (see 
alsoo Ledoux et al, 2000). 

Thee Broads Authority has a statutory duty to preserve and enhance the natural 
beautyy of the Broads, to promote its enjoyment by the public and to protect the interests of 
navigationn (as well as levying tolls on boat users). Given Broadland has not been awarded 
fulll  National Park status as yet, the Authority is not subject to the Sandford principle, 
whichh mandates primary status for nature conservation in all the other UK National Park 
areas.. The Authority has therefore to perform a complex balancing task, trying to 
sustainablyy manage nature conservation and appreciation needs, together with recreation 
demandd and to ensure the rights of navigation in its executive area. The navigation duty 
sometimess proves to be directly at odds with the provision of quiet public enjoyment and 
thee conservation of the area's natural beauty. The underlying conflict potential has 
recentlyy come into sharp focus in a controversy over the management of a specific water 
body,, Hickling Broad, and the interpretation of the EU's Birds and Habitat Directives in 
thiss context. In the international context, parts of the Broads are designated as a joint 
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Ramsar-- Special protection Area (SPA) and enjoy protection under the EC directives, as a 
Speciall  area of Conservation. 

Likee other broads, Hickling has over many decades responded to changes in the 
totall  nutrient inflows it has experienced from sources such as changing agricultural 
practicess in the wider catchment and fluctuations in gull populations using the water body. 
Inn general, as nutrient loading has increased, some macrophytic water plants such as 
charophytess have dramatically declined and the water body became dominated by 
phytoplankton.. Historically, boating on Hickling Broad has been inhibited by the summer 
growthh of water plants and weed cutting was an accepted management activity until 1973 
(Mosss & Leah, 1982). 

ThroughThrough most of the 1970's and 1980's, as nutrient loading increased, 
macrophytee populations declined and boating became possible, unhindered even in 
shalloww lake margin areas. In recent years, reduced nutrient loading has fostered a 
sustainedd macrophytic vegetation recovery with resulting detrimental impacts on sailing 
andd boating activities. Under pressure from the boating lobby, action was taken by the 
Authorityy to cutback Myriophyllum spicatum (water milfoil ) and Potamogeton spp. 
(pondweed)) in 1994. Direct conflict with biodiversity objectives resulted when 
Charophytes,Charophytes, including a population of the rare conservationally important plant 
intermediatee stonewort (Chara intermedia), were seen as a particular impediment to 
boatingg and proposals were made for the summer cutting of this species. 

Thee BA began with a series of small-scale cutting trials in 1994, followed by 
moree extensive cutting in 1995. In 1998, a dramatic change occurred when water clarity in 
thee Broad improved significantly and macrophytes grew to an unprecedented height of 1 
m.. The BA then proposed to undertake a more extensive cutting programme, beyond the 
traditionall  navigation channel in the Broad and encompassing around 38 ha of open water. 
However,, English Nature, the statutory nature conservation agency, opposed the cutting 
programmee on the grounds that the cutting of aquatic plants is likely to have a significant 
detrimentall  effect on the conservation interest ("integrity of the ecosystem") of the site 
designatedd to be of European interest, i.e. on the plants themselves and the links to birds 
andd other habitat elements. 

Iff  the site hosts a priority natural habitat type and/or a priority species, which 
Hicklingg does, the Habitats Directive requires the competent authority to carry out an 
appropriatee assessment of the project/action that is thought to be affecting the 
conservationn interest of the site. Unless no significant negative effect (adverse effect on 
thee integrity) can be 'proven', then the project/action should be modified or banned. This 
findingg can only be overturned if public health and safety is compromised. Consideration 
off  issues such as impacts on recreation and related socio-economic activities and any 
visuall  impact is not thought to carry any legal weight under the Habitats Directive as it is 
interpretedd in the UK. The Directive only requires that in seeking to protect natural 
habitatss and their wildlif e species, the competent authority should take into account 
economic,, social and cultural requirements, together with regional and local 
characteristics. . 

Inn the spring of 1999, the BA set up an independent panel of experts to assess the 
ecologicall  significance of the proposed plant cutting programme and to advise the 
Authorityy on a course of action. The panel responded finally in July 1999 and 
unanimouslyy agreed that, given the application of the precautionary principle, the 
extensivee cutting programme originally proposed did pose a threat to the integrity of the 
ecosystem.. The panel therefore recommended a reduced cutting programme, covering 
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onlyy 14.8 ha of the water body in blocks around the navigation channel. The total open 
waterr area available in Hickling Broad is 130 ha, excluding fringe reed swamp which 
coverss 11 ha. The cutting which should still allow plants to grow up to 40 cm above the 
bedd of the Broad, should be completed before August 1999 and should be accompanied by 
aa careful monitoring effort. The panel also recommended the development of a wider 
spatiall  area management plan, encompassing the Upper Thurne river system. 

Thee scale of plant cutting approved by the BA was in line with the panel's 
recommendationss and has meant that boating activity across the traditional area of 80 ha 
off  the Broad was severely curtailed. The wider management plan idea was also accepted 
togetherr with the need to quantify more precisely the socio-economic impacts of curtailed 
sailingg activities in Hickling Broad. The monitoring of cutting operations has resulted in 
thee cut height being increased to 60 cm above the bed of the Broad. 

OvercrowdingOvercrowding and public rights of access 
Inn order to assess public attitudes to waterway management researchers at the CSERGE 
(Centree for Social and Economic Research on the Global Environment, University of East 
Angliaa ) undertook a stakeholder analysis using a case study of overcrowding in the 
Broadss (Brouwer, 1999; Brouwer & Voisey, 1999). The stakeholder analysis involved the 
twoo main user or interest groups of the periodically congested Broads waterways: boat 
hirerss and private boat owners. Both groups consist of local residents and visitors living 
outsidee Norfolk. A combination of quantitative and qualitative social research formats, 
includingg face-to-face interviewing and group discussions, were used to assess the views 
thesee user groups hold. In these interviews and discussions, a variety of issues were 
explored,, all related to the future management of the Broads waterways. 

Sincee the issue of overcrowding touches upon water based recreation, public 
rightright of access, and quality of life aspects such as noise on the Broads waterways, local 
residentss and visitors who own or hire boats are the two main stakeholder groups focused 
on.. However, they are not the only interest groups in the area. Visitors and residents who 
walkk or work in the area may be affected in their enjoyment of the Broads by the volume 
off  boats on the waterways, as may bankside anglers another small group of recreational 
waterr users. Boat yard owners who rent boats to visitors have also been excluded. Besides 
recreation,, the waterways and shallow lakes in the Broads provide other functions, for 
example,, water supply to irrigate agricultural land or for drinking water purposes. Hence, 
althoughh the two main user groups of the Broads waterways responsible for overcrowding 
problemss in the Broads have been targeted in the stakeholder analysis presented here, the 
analysiss does not include all stakeholders. 

Boatss are the best and often only way to access the area of the Norfolk and 
Suffolkk Broads. Sailing on these waterways requires a high level of skill. The alternative 
forr most people is the use of motor boats. For the majority of people who are not able to 
ownn their own boat, the hire boat industry is a convenient alternative. However, there does 
seemm to be the perception amongst many local people and visitors that there are 
overcrowdingg problems that often affect the very reasons why people appreciate and visit 
thee Broads. Large numbers of motor boats at certain times of the year exacerbate a 
numberr of problems associated with inconsiderate or inexperienced users of the 
waterways,, insufficient moorings and speeding. This has a negative effect on the natural 
environmentt and disturbs the peace and quiet that most people come to appreciate. 
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Figuree 6. Recreational pressure on the Broads rivers. Copyright Broads Authority, 2005 

Besidess the effects on the area's peace, quiet and amenity characteristics, three 
additionall  environmental problems have been identified in association with overcrowding 
(Broadss Authority, 1997). First, the large number of visitors to the area disturbs local 
wildlife,, especially during the breeding and nesting season. Secondly, large volumes of 
boatt traffic, especially motorboats, result in considerable boat wash and riverbank erosion. 
Thirdly,, large numbers of motor propelled boats undermine on-going efforts to improve 
thee Broads' severely impaired water quality and threatened aquatic wildlife. The 
propellerss of motorboats are thought to threaten the results of highly refined restoration 
techniquess by stirring up the mud of shallow lakes and disturbing underwater plant beds. 

Sincee the issue of overcrowding, largely involving motor boats, touches upon 
waterr based recreation, public right of access, and amenity impairment issues such as 
noise,, the stakeholder analysis of this problem was carried out focusing on local residents 
andd visitors who own or hire (motor) boats. The main objectives of the research presented 
heree was: (1) to assess these user groups' perceptions of overcrowding in the Broads, and 
(2)) to explore their attitudes to, and preferences for, methods of managing the perceived 
andd experienced problems, including the use of economic instruments. 
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Too address these objectives, small group discussions were organised with local 
motorboatt owners and a questionnaire survey was carried out targeting Broads visitors on 
hiree motor boats. The combination of face-to-face interviews and group discussions were 
expectedd to provide an interesting and relevant blend of qualitative and quantitative 
information.. The survey generated mostly quantitative data, whilst the data from the group 
discussionss are mainly qualitative in nature. 

Althoughh the organisation of the group discussions suffered from a low number 
off  observations, meaning that results have to be interpreted with the necessary care, they 
providedd a rich blend of information exploring stakeholder opinions. Out of this mixed 
approachh a number of findings emerged in relation to attitudes towards the future 
managementt of recreational navigation and conservation interests in the Broads. 

Inn general, the majority of participants spend time on the Broads because of the 
area'ss unique landscape, plant and wildlife, and because of the quietness and relatively 
unspoiltt or undeveloped nature of the area. Strongly linked to this enjoyment of the area 
wass the ability to access it via its waterways. For many participants both their right of 
accesss and the quietness they enjoyed should be protected, however, further examination 
revealedd a range of opinions about the specific issues of overcrowding and management. 
Moree experienced and intense users of the Broads, local residents and boat owners, 
perceivedd overcrowding and congestion as a larger and more complex problem than less 
experiencedd and intense users. Obviously, the former's opinions are shaped by a greater 
knowledgee of the area than is the case for those people who are on holiday in the area for 
shortt periods of time. From the group discussions with local motor boat owners, it became 
clearr that problems associated with overcrowding are not only about the quantity of boats 
andd users in the area at any one time, although this was the main focus of the 
questionnairee survey. How people spend their holidays or day out in the Broads is equally 
important.. Increasing awareness of the unique characteristics of the Broads, such as the 
sloww pace of the narrow rivers and small shallow lakes, and corresponding behavioural 
changess in the way the Broads waterways are used were considered major focus points for 
addressingg overcrowding problems. 

Althoughh a few boat owners still felt a need to address the quantity of boats as 
welll  as the quality side of the problem, half of the boat owners did not trust the 
responsiblee authority to take their recreational navigation interests sufficiently into 
accountt in managing the area. Some strategic behaviour may have played a role here since 
somee boat owners were concerned that discussing ceilings on the number of boats would 
limi tt their own right of access to the Broads waterways. Many were afraid that suggested 
managementt options such as voluntary zoning in time and space of different recreational 
activitiess would result littl e by littl e in a complete shut down of the area for motorised 
navigation.. Although the majority of boat owners believed that recreational navigation 
andd nature conservation were indeed conflicting interests, most do not think that these 
conflictss are irreconcilable. However, they feel under-represented in the Broads Authority 
andd given insufficient opportunity to express their opinions in decisions that affect them 
ass an important stakeholder group in the area. 

Whereass trust in the responsible authority for managing the area played a major 
rolee in the group discussions, public right of access, fairness and possibly again some 
strategicc behaviour significantly influenced the results from the questionnaire survey. 
Contraryy to previous research findings in the Broads (Brouwer 
&&  Voisey, 1999), half of the surveyed sample felt that present boat numbers do not cause 
anyy problems, even though interviewing took place at the busiest time of the year in the 
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mostt crowded parts of the Broads. However, this could be the result of the lack of 
knowledgee of the area in the low tourist season, not providing suitable comparability. The 
otherr half felt that boat numbers should be reduced, a cause to which most were even 
willin gg to contribute financially. The fairness of excluding others from using the Broads 
waterwayss significantly influenced whether or not respondents agreed with the principle 
off  reducing public access by increasing the price of access, that is, a market based 
approach.. Visitors who considered the effects of higher hire prices on others while 
answeringg this question were less likely to agree with the principle of raising hire prices to 
reducee overcrowding than visitors who did not. 

Somee strategic behaviour is suspected to underlie the responses of those 
respondentss who claimed that current boat numbers are not a problem since, in effect, they 
weree asked whether they consider themselves to be part of a problem. Moreover, the 
proposedd changes in the Broads to reduce overcrowding by increasing hire prices may 
havee been perceived as very real or likely, inducing some people to behave strategically 
byy denying that there currently is an overcrowding problem. 

Ann economic, market based approach can be an effective tool for reducing boat 
numberss in the Broads, and therefore congestion and overcrowding. Visitors are very 
sensitivee to suggested increases in hire prices. However, the general acceptability and 
hencee political feasibility of using a market based approach solely to reduce overcrowding 
symptomss in the Broads seems rather low, which is expected to be reinforced when 
consideringg the local and regional economic effects of reduced access to the Broads. 
Moreover,, the important issue of compensation, if stakeholders are going to be worse off, 
althoughh addressed, remained somewhat unresolved in this research. 

AA combination of a variety of policy tools is more likely to be successful as 
indicatedd by the findings of the group discussions. Overcrowding and congestion is as 
muchh about the quality of boat usage as it is about the total number of boats on the 
Broads.. Therefore, policies need to address both these aspects to be successful (Brouwer, 
1999). . 

Anotherr key element to the management of the Broads waterways and the 
implementationn of policies to tackle problems such as overcrowding is the institutional 
frameworkk provided by the BA. It appears from the Research of Brouwer and Voisey that 
theree are missed opportunities to involve stakeholders in decision-making and thereby to 
improvee the effectiveness of management strategies. 

ProspectsProspects for management of the Broads 
Considerablee progress, and learning, has been made on the path to restoring the water 
qualityquality and the biodiversity of the Broadland area. What was once thought to be a simple 
task,, reducing nutrient levels to encourage macrophytic re-establishment, is now known to 
bee a much more complex but not insurmountable challenge. 

Thee Broads, however, has never been a truly natural system and maintenance of 
maximumm biodiversity potential, from open waters to dry woodland, requires constant 
management.. The question may be asked as to what state we want to restore the Broads 
too.. The answer to this question certainly depends on local stakeholder viewpoints. There 
aree many who would gain benefit from improving biodiversity and enjoying peaceful 
relaxationn within a less crowded waterways. Equally, those who have benefited from 
navigablee waters will become disadvantaged by the spreading improvement in water 
qualityy and biodiversity. Ironically, steps by a number of boatyard owners to introduce 
electricallyy powered craft, which are much quieter and cleaner but less powerful than 
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diesell  powered craft, are thwarted by the growth in aquatic macrophytes. Whilst there 
mayy always be a place for powered craft, which perhaps may find shallower reached more 
inaccessible,, management for clear water might result in diversification of recreational 
usagee into 'nature-based' forms, such as canoe trails. 

Finally,, from the larger policy perspective, the way in which national and 
Europeann policies and their requirements are actually interpreted and translated into 
detailedd management actions is particularly important. The UK interpretation of the Wild 
Birdss and Habitats Directives provisions will have a major effect on the success of the BA 
andd other agencies managing multiple use environmental resources whilst trying to 
accommodatee conflicting stakeholder groups and interests within their sustainable 
wetlandss utilisation strategy. Management of areas such as the Broads requires and will 
continuee to require a flexible dynamic approach. Such an approach is necessary in order to 
adaptt to the changing natural environment, conflicting uses, different local interest groups, 
andd emerging policy frameworks at national and European level. The explorative research 
beingg undertaken at CSERGE indicates some potential management options to tackle the 
problemm of overcrowding, but also indicates that this one issue sits within a much more 
complexx and constantly changing situation that also needs to be understood if solutions 
aree going to be effective in the long-term. 
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Conclusions s 
Thee scientific knowledge on the mechanical limitations that I have developed within this 
thesiss help to explain that the patchy and erratic macrophyte recovery experienced in 
particularr in larger lakes with soft sediments, could be due to mechanical limitations. The 
forcess that can be generated by grazing birds and result from waves can be sufficiently 
largee in particular situations, as to uproot or break plants and thus hindering the 
establishmentt of a macrophyte population in previously unvegetated waters. 

Thiss knowledge will be and has already been used to both direct efforts towards 
thosee lakes most likely to achieve clear water without extra measures, and has increased 
thee chance of a successful recovery for lakes with soft sediments. The knowledge has also 
helpedd to estimate the potential effects of various mowing regimes in a lake with such 
successfull  recovering vegetation that established recreation was hindered. 

Thee Hickling case-study showed that a lake in which aquatic vegetation has 
recoveredd will not directly be seen by all stakeholders as a positive development. An 
analysiss of the opinions of various stakeholder groups shows that the rich nature and 
peacefulnesss of our lakes is directly related to the enjoyment of the recreating people. It 
alsoo shows that money spend by those recreants is an important driver in the local 
economy.. These benefits of nature and wildlif e for our human population, expressed in 
Hicklingg as the natural beauty, the recreational usage of the open water and the financial 
gainn from that, tie almost seamlessly in with the views on the role of water quality and the 
valuee of nature expressed in the introduction to this thesis. 
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Summary Summary 
Manyy lakes have lost both their transparency and their water plants, on a very large scale, 
ass a result of eutrophication. This thesis investigates why the re-establishment of 
submergedd macrophytes following restitution of appropriate light and nutrient regimes, as 
partt of lake restoration, is not a straightforward process. A combination of correlative 
fieldfield work and a quantitative analysis of hydraulic forces on aquatic macrophytes was 
usedd to identify and quantify those processes that could significantly limit macrophyte 
establishment. . 

AA survey of 28 lakes (Chapter 2) showed that macrophyte presence and 
abundanceabundance were directly related to the chemical and physical composition of the sediment 
andd the hydrodynamic characteristics of the location. Subsequent research showed that the 
potentiallyy toxic, reduced ions in the root environment were not the cause of the observed 
establishmentt problems and therefore further studies focused on the biomechanical 
limitationss on macrophytes in shallow lakes. 

Lossess to the vegetation from bird-grazing in spring and summer may be 
negligiblee in comparison with potential plant growth rates (Chapter 3). However, grazing 
birdd populations tend to peak in late summer and autumn, when plant growth rates have 
declined.. These relatively large bird numbers later in the season are able to consume a 
substantiall  proportion of the over-wintering reproductive structures, which could endanger 
recoveringg macrophyte vegetation. 

AA framework has been devised for examining the magnitude of forces acting on 
aquaticc macrophytes in running water (Chapter 4) and in wave-swept environments 
(Chapterr 5), and deducing the potential responses of the plant, in terms of breakage or 
uprootingg (Chapter 6). First a simple model predicting drag forces as a function of water 
velocity,, plant shape and biomass was tested in an experimental flume. Subsequently, this 
modell  was expanded to incorporate the forces exerted by the orbital velocities of waves. 
Linearr wave theory for deep water was applied to the individual shoots of plant species 
withh different mechanical properties. The validity of application of these models was 
establishedd in a flume generating sinusoidal waves. The breaking strength of stems and 
thee anchorage strength of whole plants were quantified in a final step. Breaking strength 
wass described as a function of stem cross-sectional area. Anchorage strength was 
modelledd as a function of the size of an hemispherical root ball and the shear strength of 
thee sediment. Comparison of the relative magnitudes of forces that could result from 
wavess and the forces required to break or uproot plants showed that macrophytes are at 
riskk from anchorage failure only when they experience catastrophic events of high winds 
duringg the growing season. Persistence of plants was shown to be particularly sensitive to 
loww sediment cohesive strength. Estimation of the forces likely to be applied by grazing 
birdss indicated that they are also sufficiently large to create a risk of mechanical damage 
too macrophytes. This suggests that plants growing in large lakes with soft sediments, 
inhabitt particularly unstable environments, where the associated biomechanical risk to 
individuall  plants could negatively affect the population size of plant species and reduce 
theirr chance of a establishing a new, persistent population. 

Thee knowledge developed has already been applied in experimental lake 
managementt and has supported the rehabilitation of vegetation in eutrophic waters. 
Nevertheless,, a case study in the English Norfolk and Suffolk Broads (Hickling, Chapter 
7)) showed that a lake in which aquatic vegetation has recovered will not necessarily be 
seenn by all stakeholders as a positive development, since plant growth interferes with 
boatingg and access to the public. The strict protection of the high natural values, including 
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thee re-established aquatic vegetation is partially in conflict with the needs of local 
economy,, which relies greatly on recreation. It is argued that the important benefits of 
naturee and wildlif e for humans can be balanced with nature conservation via stakeholder 
participation. . 
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Samenvatting g 
Velee meren hebben hun doorzicht en waterplantenvegetatie op grote schaal verloren als 
hett gevolg van eutrofiëring. In dit proefschrift heb ik onderzocht waarom het herstel van 
dee waterplantengemeenschap vaak achterwege blijft , nadat het licht en nutriënten regime 
hersteldd . Ik heb een combinatie van correlatief veldonderzoek en een kwantitatieve 
analysee van de hydraulische krachten op waterplanten gebruikt om de processen die het 
herstell  van de waterplanten belemmeren te identificeren en te kwantificeren. 

Veldonderzoekk in 28 meren (Hoofdstuk 2) concludeerde dat de aanwezigheid en 
kwantiteitt van waterplanten direct gerelateerd was aan de chemische en fysische 
samenstellingg van de bodem en de hydrodynamische karakteristieken van de standplaats. 
Verderr onderzoek gaf aan dat het waargenomen verspreidingspatroon niet het gevolg was 
vann de aanwezigheid van potentiële phytotoxische ionen. De rest van het onderzoek 
spitstee zich daarom toe op de biomechanische limitering van waterplanten in ondiepe 
meren. . 

Hett verlies van bovengrondse delen in voorjaar en zomer als gevolg van 
vogelvraatt is waarschijnlijk erg klein in vergelijking met de potentiële groeisnelheid van 
dee planten (Hoofdstuk 3). De maximale dichtheid van waterplantetende vogels piekt 
echterr in de late zomer en in het najaar, wanneer de groeisnelheid van de waterplanten is 
gereduceerd.. De relatief hoge vogeldichtheden later in het seizoen kunnen een relatief 
grotergroter deel van de overwinterende structuren consumeren. Dit kan de zich herstellende 
waterplantenn vegetatie negatief beïnvloeden. 

Eenn methode is ontwikkeld om de grootte van de krachten op de waterplanten als 
hett gevolg van stomend water (Hoofdstuk 4) en golven (Hoofdstuk 5) te vergelijken met 
dee potentiële negatieve reactie van de plant, zoals breken en ontwortelen. Allereerst werd 
eenn simpel model dat de hydraulische krachten op de scheut beschrijft als een functie van 
stroomsnelheid,, plantvorm en biomassa getest in een stroomgoot. Vervolgens werd het 
modell  uitgebreid om de krachten als het gevolg van de orbitale stroomsnelheden onder 
golvenn te berekenen. De lineaire golftheorie werd hiervoor toegepast op individuele 
scheutenn met verschillende mechanische karakteristieken. Deze modellen werden getest in 
eenn golf goot die sinus vormige golven kan produceren. Tenslotte werd de breek- en 
ankerkrachtt van de planten onderzocht. De breekkracht is beschreven als een functie van 
dee oppervlakte van de stengeldwarsdoorsnede. De ankerkracht is gemodelleerd als een 
functiee van de oppervlakte van de wortelbal en de cohesieve sterkte van de bodem. Een 
vergelijkingg van de krachten die op de stengel uitgeoefend kunnen worden en de breek- en 
ankersterktee van de plant bewijst dat de waterplanten alleen beschadigd kunnen worden 
gedurendee extreme windsituaties tijdens het groeiseizoen. De weerstand van de planten 
blijktt sterk afhankelijk te zijn van de cohesieve sterkte van de bodem. Een schatting van 
dee krachten die door grazende vogels uitgeoefend kunnen worden geeft aan dat deze groot 
genoegg zijn om de planten mechanisch te kunnen beschadigen. Daarom concludeer ik dat 
individuelee planten in grotere meren, met een niet-cohesieve bodem een instabiel habitat 
innemen,, waarin ze het risico lopen op mechanische beschadiging. Deze schade kan de 
vitaliteitt en de langdurige overleving van een herstellende waterplantenvegetatie negatief 
beïnvloeden. . 

Dee kennis die voor dit proefschrift werd ontwikkeld is al toegepast in het 
experimentelee beheer van meren, en heeft aan het herstel van vegetatie in geeutrofieërde 
merenn bijgedragen. Een casestudie in de Engelse Broads (Hickling Broad, Hoofdstuk 7) 
geeftt echter aan dat het herstel van de vegetatie niet door alle maatschappelijke 
groeperingenn als positief ervaren wordt, mede doordat waterplanten de watergebonden 
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recreatiee kunnen belemmeren. Als de lokale economie afhankelijk is van deze 
watergebondenn recreactie kan de strikte bescherming van de natuurwaarden van de 
hersteldee vegetatie dus botsen met de lokale economie. Ik bediscussier hoe het mogelijk is 
omm een goede balans te vinden tussen de natuurwaarde van de planten en de sociaal 
economischee functie van het meer. 
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