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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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Rectangle Rectangle 

FF = A' 

Triangle Triangle 

FF = A 

v v J J 
- [exp(-6(</- /))-exp(-6d)] ] 
6 6 

(KH (KH 
3/2 2 

\\ T 
a a 

37 7 
/ - -- exp(-6(fif-/)) + -exp(-6rf) 

6;; 6 
Cylinder Cylinder 

[exp(-6(d-/))-exp(-fc/)] ] 

(4a) ) 

(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 

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

-- 0.50 



J.. Schutten, J. Dainty and A.J. Davy Wave-induced hydraulic forces on submerged aquatic plants in 
shalloww lakes 
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 
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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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Productt of orbital velocity15 and mass (kg m1 5s "15) x 10"1 

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). 

1000 Annals of Botany 2004, 93:333-341 By permission of Oxford University Press 



J.. Schutten, J. Dainty and AJ. Davy Wave-induced hydraulic forces on submerged aquatic plants in 
shalloww lakes 
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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