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Abstract t 
Aquaticc macrophytes are important in stabilising moderately eutrophic, shallow 
freshwaterr lakes in the clear-water state. The failure of macrophyte recovery in lakes with 
veryy soft, highly organic sediments that have been restored to clear water by 
biomanipulationn (e.g. in the Norfolk Broads, UK) has suggested that the physical stability 
off  the sediment may limit plant establishment. Hydraulic forces from water currents may 
bee sufficient to break or remove plants. Our aim was to develop a simple model that could 
predictt these forces from plant biomass, current velocity and plant form. We used an 
experimentall  flume to measure the hydraulic forces acting on shoots of 18 species of 
aquaticc macrophyte of varying size and morphology. The hydraulic drag on the shoots 
wass regressed on a theoretically derived predictor (shoot biomass x current velocity ). 
Suchh linear regressions proved to be highly significant for most species. The slopes of 
thesee lines represent species-specific, hydraulic roughness factors that are analogous to 
classicall  drag coefficients. Shoot architecture parameters describing leaf and shoot shape 
hadd significant effects on the hydraulic roughness factor. Leaf width and shoot stiffness 
individuallyy did not have a significant influence, but in combination with shoot shape they 
weree significant. This hydraulic model was validated for a subset of species using 
measurementss from an independent set of shoots. When measured and predicted hydraulic 
forcess were compared, the fit was generally very good, except for two species with 
morphologicall  variations. This simple model, together with the plant-specific factors, 
providess a basis for predicting the hydraulic forces acting on the root systems of 
macrophytess under field conditions. This information should allow prediction of the 
physicall  stability of individual plants, as an aid to shallow-lake management. 

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

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

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

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

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

Thiss may be simplified to: 

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

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

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

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

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

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

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

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

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

Flow w 

Water r 

Sediment t 

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

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

Species s 

Ceratophyllum Ceratophyllum 
demersum demersum 
Ceratophyllum Ceratophyllum 
demersum demersum 
ElodeaElodea canadensis 

ElodeaElodea canadensis 

Potamogeton Potamogeton 
obtusifolius obtusifolius 
Potamogeton Potamogeton 
obtusifolius obtusifolius 
PotamogetonPotamogeton natans 

Myriophyllum Myriophyllum 
spicatum spicatum 
CharChar a sp. 

UtriculariaUtricularia vulgaris 

CallitricheCallitriche sp. 

NajasNajas marina 

Potamogeton Potamogeton 
pectinatus pectinatus 
PotamogetonPotamogeton pusillus 

ZannichelliaZannichellia palustris 

Dataset t 

G G 

F F 

G G 

F F 

G G 

F F 

G G 

G G 

F F 

F F 

F F 

F F 

F F 

F F 

F F 

R2--
adjusted d 
0.83 3 

0.93 3 

0.73 3 

0.98 8 

0.82 2 

0.82 2 

0.87 7 

0.76 6 

0.92 2 

0.99 9 

0.99 9 

0.99 9 

0.97 7 

0.93 3 

0.73 3 

Df f 

40 0 

17 7 

93 3 

9 9 

79 9 

8 8 

19 9 

50 0 

31 1 

5 5 

4 4 

5 5 

8 8 

27 7 

23 3 

Intercept t 

0.000433

0.000877

0.00113 3 
* * 

0.00044 ) 

0.000644 ) 

0.00144 ) 

-0.000199 2 

0.0002 2 
* * 

0.0011 1 
* * 

0.00266

0.0013 3 
* * 

0.00055 ) 

0.00055 ) 

0.0004 4 
* * 

-0.00007 7 
) ) 

Slope e 

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

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

21.2021.20 ) 
** * 
3.700 ) 
** * 

17.922 ) 

12.744 ) 

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

21.299 ) 

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

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

Ceratophyllum Ceratophyllum 
demersum demersum 
Ceratophyllum Ceratophyllum 
demersum demersum 
ElodeaElodea canadensis 

ElodeaElodea canadensis 

Potamogeton Potamogeton 
obtusifolius obtusifolius 
Potamogeton Potamogeton 
obtusifolius obtusifolius 
PotamogetonPotamogeton natans 

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

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

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

PotamogetonPotamogeton pusillus 

AlismaAlisma lanceolatum 

G G 

F F 

G G 

F F 

G G 

F F 

G G 

F F 
G G 

F F 

G G 

F F 
F F 
F F 
F F 
F F 

F F 

F F 
F F 

F F 

F F 

F F 

0.67 7 

0.69 9 

0.77 7 

0.84 4 

0.62 2 

0.67 7 

0.17 7 

0.10 0 
0.40 0 

0.81 1 

0.10 0 

0.62 2 
0.82 2 
0.94 4 
0.74 4 
0.87 7 

0.71 1 

0.87 7 
0.81 1 

0.27 7 

0.01 1 

0.74 4 

1222 0.01 6 (±0.003 ) 

344 0.00 1 (±0.014 ) 

1299 0.01 4 (±0.003 ) 

299 0.00 4 (±0.005 ) 

1044 0.00 5 
(±0.002) * * 

200 0.00 6 (±0.005 ) 

177 0.01 5 (±0.004 ) 

155 0.00 2 (±0.009 ) 
233 0.01 3 

(±0.005) * * 
111 0.00 1 (±0.005 ) 

200 0.01 3 
(±0.006) * * 

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

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

88 0.00 4 (±0.009 ) 

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

444 0.00 2 (±0.004 ) 

499 0.0 1 
(±0.003)* * * 

88 -0.0 4 (±0.01) * 

12177 (±77)* * 

1021(±117 ) ) 

12622 (±61)* * 

13622 (±110 ) 

7977 (±61)* * 

4911 (±76)* * 

8900 (±420 ) 

223(±139 ) ) 
25644 (±638 ) 
* * * 

9699 (±138)* * 

2072(±1138 ) ) 

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

3244 (±72 )  * * 

6566 (±67 )  * * 
5111 (±49)* * 

13111 (±313 ) 

1155 (±97 ) 

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

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

Species s 

CharaChara sp. . 

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

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

Utricularia Utricularia 
vulgaris vulgaris 

N N 

63 3 

8 8 

11 1 

8 8 

28 8 

15 5 

29 9 

11 1 

22 2 

11 1 

13 3 

15 5 

8 8 

33 3 

11 1 

21 1 

Leaf f 
width h 
(mm) ) 
1 1 

10 0 

50 0 

60 0 

2 2 

4 4 

3 3 

3 3 

3 3 

2 2 

15 5 

3 3 

4 4 

2 2 

6 6 

2 2 

Leaf f 
shape e 

Round d 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 

Flat t 
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Discussion n 
Thiss work addresses a need to quantify the hydraulic forces experienced by individual 
aquaticc plants in sparsely populated shallow lakes, particularly those recovering from 
eutrophication.. Currents arising from wind and wave action may apply forces to 
individuall  stems that can cause breakage or uproot whole plants. The relative magnitudes 
off  the stem tensile strength and the anchorage strength determine whether any individual 
plantt remains in position, breaks or is uprooted. We have shown (unpublished data) that 
forcess in the range measured here can be sufficient to uproot or break plants, depending 
onn the circumstances. The current model was derived in order to understand the 
determinantss of such forces and to predict their magnitudes in the field. 

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

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

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

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

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

Thee hydraulic forces on aquatic macrophytes induced by water currents can be 
explainedd satisfactorily in terms of three factors: shoot size, current velocity and an 
arbitraryy but species-specific factor describing roughness, flexibilit y and shape. The 
species-specificc parameter can clearly vary, depending on responses to the environment, 
butt its range represents an objective way of ranking aquatic macrophyte species according 
too severity of hydraulic drag that they may experience. This information is important to 
ourr understanding of the mechanical constraints on the distribution of plant species with 
particularr architectures in slowly flowing water. 
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