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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 
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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)* * 

Journall  of Ecology 2005 93, 556-571 © 2005 British Ecological Society and Blackwell Publishing 115 



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

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,  . 
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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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