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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2.0 0 
2.0 0 
0.02 2 
0.68 8 
140 0 
140 0 
1.0 0 
1.0 0 
0.33 3 
0.0 0 
0.4 4 
0.9 9 
3.6 6 
4.0 0 
3.9 9 
0.1 1 
2.0 0 

200.5 5 
337.5 5 
1.36 6 
2.09 9 
2373 3 
2252 2 
1.0 0 
3.1 1 
1.00 0 
0.9 9 
0.9 9 
1.1 1 
16.2 2 
6.1 1 
10.2 2 
2.0 0 
8.2 2 

481.0 0 
976.1 1 
14.16 6 
10.43 3 
93881 1 
90682 2 
4.0 0 
207.2 2 
1.00 0 
17.8 8 
15.0 0 
11.8 8 
163.9 9 
225.7 7 
166.7 7 
32.0 0 
265.3 3 
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Potassiumm concentration in the lake water (mM) 
Potassiumm concentration in the pore water (mM) 
Redoxx potential in the sediment (mV) 
Sedimentt water content (dry-mass/wet-mass, %) 
Sedimentt organic-C content (% of dry-mass) 
Cohesionn of the sediment top 5 cm (kPa xlO"1) 
Cohesionn of the sediment top 5 mm (kPa xlO"1) 
Sodiumm concentration in the lake water (mM) 
Sodiumm concentration in the pore water (mM) 
Sulphatee concentration in the lake water (\iM) 
Sulphatee concentration in the pore water (jiM) 
Sulphidee concentration in the pore water (uM) 
Windd induced water current (m/s) 
Biomanipulationn (yes / no) 
Suctionn dredging (yes / no) 

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

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

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

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

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

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

Factor Factor 

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

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

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

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

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

 3" (w) 
P04

3<s) ) 
NH4

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

1 1 
12.9 9 

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

2 2 
12.7 7 

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

3 3 
10.4 4 

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

4 4 
9.1 1 

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

5 5 
8.6 6 

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

6 6 
8.6 6 

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

7 7 
7.2 2 

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

8 8 
6.8 8 

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

9 9 
5.5 5 

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

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

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

Figuree 3 
Probabilityy of occurrence for six species expressed as the fitted probability plane resulting from the 
logisticc regression on the two most significant factors. The bars represent the observed proportional 
occurrencee per grid cell. The figures on each bar represent the number of observations per grid cell. 
Thee S on the factor axis denotes a Sigmoid fit, G denotes a Gaussian fit. 

35 5 



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

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

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

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

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

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

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