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Rl. D. Biology 

carlos M. OJarte 

Biomass am distri.J:ution of sul:lnerged macrqilytes in lakes 

Am'!RAcr 

'Ihe area covered by sul::marged macrophytes in any lake is a function of 

the urrlen:water light regime. Biamass variability within a lake can be 

explained by differences in the slope of the littoral, whereas differences 

am:>rg lakes are best e:xplaine:i by both the slope arrl the water chemistJ:y. 

Nutrient limitation of sul::marged biomass is IrDSt inportant in shallow 

littoral areas exposed to ice scourirg early in sprirg arrl to wave action 

in the ~, whereas the deeper growirg biamass appears to be oost 

influenced by light arrl wave exposure. 
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REBtJio2 

la superficies ocuverte par les mac::::rophytes su1:mn'g!s dans les lacs 

est fcn:::tion du ntgime d • illumination soos la surface de 1 1 eau. la 

distril::ution de la bianasse est rel.ide cl la pente de la zooe littorale pour 

un lac donrl!, mais les dif~ entre les lacs sont mieux d:!crites en 

tenant carpte 4gales:rent de la CCIIp:lSition chi.mique de 1 1eau. Iss tllE!ments 

nutritifs limi.tent la biarasse des macrophytes ~ dans la partie 

sup!rieure du littoral sujette cl 1 'abrasion par les qlaces au printenpts, 

et cl !'action des vagues en et::e. la bianasse en eau plus profon:le semble 

principalement relide cl la p!netration de la 1\lll\U!:re et cl 1 'exposition aux 

vagues. 
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'Dle thesis is presented as a series of four related papers in 

plblication format as permitted un:1er the re;;JUlations of the Graduate 

Faculty of M::::Gill university. All the papers are c:x:8utho:red by llf.i 

supe:r:visor, Dr. J. Ralff, so that plural form ''we" is used tl'lr.'tnghout the 

thesis. <llapter 1 is also c:x:8uthored by Dr. R. H. Peters, who contributed 

to the initial idea through d:i scussions ani whose criticisms inproved the 

different manuscript versions of the dlapter. Because these chapters are 

nt::M plblished (<llapter I: can. J. Fish. AqUat. SCi. 43: 190o-1908; <llapter 

II: Limnol. Ocea.nogr.31: 1072-1080) or sutrni:tted for plblicatioo (Cl:laptei:s 

III and IV) , sane of the int:roductioo and di S'OlSSion of the different 

chapters is sanewhat repetitive. 

Faculty regulations J:eqUi.re that the followin;J statement oo the 

elements of the thesis that are CXlllSide:red to be a contribl:tioo to 

original knowledge be included. 'Ihese elements are: 

(1) Equations allowin;J the p:redictioo of the cover ani bianass of subnerged 

ani ~ ~ytes in lakes f:ran sinple ~ic and clima.tic 

data. 

(2) Dem:>nst.ratioo of the st.rorg relationship between' su1::merged macrqilyte 

bianass ani littoral oorph.anetzy, and the use of this relationship 

predictively. 

(3) Quantification of the contri.l::uti.on of littoral oorph.anetzy and water 

characteristics to explain the variability of su1::merged bianass in 

lakes, ani examinatioo of the relative contri.tutions at different 

scales. 

X 
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( 4) Deroonstration of the link between sediment nutrients am sul:me.rqed 

bianass th:ra1gh the first in situ fertilization of natural macrqilyte 

ccmmmities in lakes. 
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GENERAL INI'ROWCl'ION 

'Ihe study of lakes has been facilitated by their partition into two 

CCil'l'p)lleilt, the pelagic zone ani the littoral zone. 'Ihese two zones differ, 

by definition, in the presence of macrophytic veg-etation in the littoral 

zone ani its absence in the pelagic zone (eg-. Ruttner 1953, Welch 1952). 

'!his definition of the littoral zone identifies aquatic macrophytes as the 

IOOSt conspicuous, arrl pertlaps lOClSt inportant, biological constituents. '!he 

physical extent of the influence of aquatic macrophytes on their 

environment deperrls on the area they oover, whereas the intensity of these 

influences appears to be a function of their biomass ( eg-. canfield et al. 

1983, Smith ani Mams 1987) • 

SUbmerged macrophytes influence the biological arrl physico­

chemical characteristics of the littoral zone in different ways: 

( 1) they are inportant sources of new production to the ecosystem 

(Hutchinson 1975) , (2) they influence phytoplankton biomass and 

production by trapping nutrients ani shading the planktonic algae 

(Goulder 1969, canfield et al. 1983), (3) their surfaces provide 

support for epiphytic algae (cattaneo ani Kalff 1979), which are 

inportant CCIIl'p:)Ilents of the diet of littoral invertebrates arrl 

fish (Sozska 1975) , and ( 4) they introduce physical heterogeneity 

into the littoral zone of lakes arrl provide nesting sites and 

refuge from predation for fish (Wiley et al. 1984) • 

A quantification of the factors that influence the biomass of 

submerged macrophytes will, therefore, provide valuable knowledge 

of the envirornnental influence on the littoral zone as a whole. 

Nevertheless, the relative inportance of different envirornnental 

constraints on the biomass of macrophytes is unknown ( eg-. Barko et al. 
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1986), ani the factors rontrollin;J macrophyte cover are i.nc:xlmpletely 

un:lerstood. 

I.aborato:cy studies of aquatic macrophyte growth have identified light 

intensity ani teJ:tperature (eg. Barko ani Smart 1981, Ikusima 1965), 

sed.inent characteristics (eg. I.angelani 1982, Barko ani Smart 1986), ani 

inorganic ca.ibon (eg. Black et al. 1981) as potential detenninants of plant 

bianass. In addition, the influence of sediment nutrients (Anderson 1985}, 

sed.inent granulOJ.l'et:cy (Olambers ani Kalff 1985), wave action (Jupp ani 

Spence 1977) ani light intensity (Clambers arrl I<alff 1985) have been 

examined in a limited number of field experiments. Although laborato:cy 

studies can dem:>nstrate the plausibility of some mechanisms of macrophyte 

biomass control they cannot establish their relative role in the field, 

because only a few of the factors involved can be studied simultaneously. 

Instead, correlational analysis based on field data may prove more useful 

to establish the relative inq;x:>rtance of SOJ.l'e factors to the detennination 

of macrophyte biomass in lakes (eg. Arrlerson 1978). 

I began by describing the association between the cover ani biomass 

of eoorgent ani submerged macrophytes on the one hard, arrl global climatic 

ani :tilysical characteristics of the lakes on the other (<llapter I). 'Ibis 

analysis did not consider the variability in macrophyte bianass within 

lakes nor the important roles postulated for water characteristics in 

det.erminirg submerged biomass ( eg. Hutchinson 1975, Wetzel and Grace 1983) . 

It is possible that the variability in submerged macrophytes within a 

lake stems from the diversity of sediment ani :tilysical conditions found 

there. Given the considerable variability of submerged biomass within lakes 

(eg. Nichols 1982), it is possible that the factors that generate within­

lake variability (i.e. sedi.Irent ani :tilysical co:rrlitions) are as important 

2 
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as water characteristics. since water properties remain relatively constant 

within a lake, they shoold be toore important contributors to the between­

lakes differences than to the within-lakes differences .in macrophyte 

bianass. 'lhese hypotheses 'Were tested by first identifyirg the components 

of the within-lake habitat heterogeneity that best explain the variability 

.in macrophyte biamass (Clapter II), am then comparirg their importance 

relative to water characteristics .in a study of the variability .in 

submerged biaroass .in a nUl1.1ber of lakes ra:n:Jirg widely .in both habitat 

heterogeneity am water characteristics (Clapter III). 

To draw trustworthy conclusions from the above correlational studies 

require that the irrlependent variables measure1 accurately reflect the 

factors they are supposed to represent. Whereas this is possible for most 

of these factors, accurately measurirg the fraction of the sediment 

nutrients available for plant groY1th appears to be a difficult task (a:J. 

carignan 1982). Consequently, the weak relationship between submerged 

bianass am sediment nutrient concentrations often reported ( ElCJ. Anderson 

1978, I.arg'elam 1982, Anderson 1985) may sinply be a consequence of the 

difficulties .in neasurirg seciitoont nutrients. ALternatively, it may be that 

the stro11CJ .influence of the littoral toorphamet:ry and the associated wave 

exposure upon both submerged macrophytes am sediment con:litons masks the 

relationship between sediment nutrients and submerged biaroass. To answer 

these questions I examined the growth response of submerged macrophytes to 

direct sediment fertilization am the effect of the physical conditions of 

the littoral zone on this response (Clapter IV). 
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CHAPl'ER I 

Pat:teJ:::ns in bianass and CXNer of aquatic 

maCJ:q:ilytes in lakes 
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A quantitative analysis of bianass am caver of bath sul:J.nel:ged am 

emergent macrophytes in 139 lakes reported in t:lle literature revealed that 

bianass am cover of emergent mac:t"OJ;ilytes are, on average, pxcportional to 

the lake area, but that the bianass am CCNer of sub.neJ::'ged plants is 

proportionally :reduoed with increasirg lake size. underwater light was 

fCA.ll'rl to be the best descriptor of the CCNer am bianass of sub.neJ::'ged 

plants. cawersely, emergent macrophytes are IOOSt strorgly affected by lake 

IOC>qilanetry, am in particular by its average slope. '!he predictability of 

the al::Junda:nce of emergent am sub.nerged macrq:hytes fran these 

environmental factors stresses the predallinant role that they play in 

mac:t"OJ;ilyte ecx>logy am confil::ns the existence of strorg patterns in the 

ablrrlance of aquatic plants worldwide. 
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INTROWCTION 

Ab.lOOance of submeJ:ged macrophytes in lakes has been the subject of 

many regional studies (see Magnin 1893, Pearsall 1920, Maristo 1941, Spence 

1967) • 'lhese arrl other studies (reviewed by Hutchinson 1975) suggest a 

large number of factors that rould bring about the wide variation in 

macrophyte cover arrl biomass in lakes. Unfortunately, these regional 

studies were not designed to assess quantitatively the relative influence 

of each of the proposed factors on the cover arrl biomass of aquatic 

macrophytes. rata have now become available to allov..r a quantitative 

assessment of the influence of envi.rornoontal factors on the abur:rlance of 

lake macrophytes. 

We base this a.ssessJTM:mt on two cammuni.ty attributes: the surface area 

of lakes covered by submeJ:ged arrl emergent macrophytes arrl the total 

biomass of these plants. SUrface area covered arrl biomass reflect different 

aspects of the ways macrophytes affect their enviromoo:nt. Macrophyte cover 

influences the littoral phytoplankton arrl zooplankton (Hasler arrl Jones 

1949, Goulder 1969) , epiphytes (Cattaneo arrl Kalff 1979) , littoral 

invertebrates (Soszca 1975) arrl the abur:rlance arrl composition of fish 

(Wiley et al. 1984, Whitfield 1984). In contrast, macrophyte biomass is 

nore closely linked to ecosystem processes such as nutrient dynamics 

(Carpenter 1983, canfield et al. 1983) arrl o2 balance {Buscemi 1958, 

Edwa:rds 1978). 

Previous research identified light availability (Spence 1975, <llambe.rs 

arrl Kalff 1985, canfield et al. 1985), substrate characteristics (J?earsall 

1920), lake trophic status (Hutchinson 1975) arrl lake morphometcy (J?earsall 

1917, Spence 1982, DJ.arte and Kalff 1986) as the nost important 

B 
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na:b.D:e. 

It is presently presumd that oligotroprlc lakes terd to have lower 

~ bianass arrl cover than mre productive cnes (e.q. Hutchi.nson 

1975), illplyirq that irx::reases in lake productivity sh.culd result in higher 

mac:t'O);ilyte a1.JuOOaix::e. However, this increase shoold also result in 

decreased light penetration in the water (e.q. canfield et al. 1983), arrl 

subsequently, in the reduction of mac:t'O);ilyte cover (Blillips et al. 1978, 

canfield et al. 1985). consequently, altha.lgh there is qenera1 aqreement 

about the nature of the daninant factors influencirq macr:q;ilyte cover arrl 

bianass, the effect of siiuul.taneous charges in these variables remains 

unclear. 'lherefore, -we examined available data on maC'.t.'qlhyte cover arrl 

biana.ss to (1) qather errpirical evidence for the relative .importance of the 

major factors on the distri.bltion am biana.ss of lake mac:t'O);ilytes, am (2) 

to develop preliminary IOCXlels to predict mac:t'O);ilyte distri.bltion arrl 

bianass un:ier a wide variety of cxmditions. 
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Data on ma.crophyte bianass ard cover were abta.ined fran the 

literature1. Macr:qtlyte bianass is expressed in metric tals of chy weight. 

When other units were reported, bianass was transfoxmed to chy weight by 

a.ssumirr;J chy weight to be 10% of fresh weight {Westlake 1965), ash free chy 

weight to be 80% of dry weight ard organic carbon to be 37% of chy weight 

{Westlake 1974). In the two cases (lakes Marion ard Kal.gaa:rd) 'Where only 

productivity values were provided for subnerged l'IBCl."'CJ};tlytes, bianass was 

assumed to c::orrespcliXi to 2/3 of production (Rich et al. 1971). SUrface area 

covered by ma.cr'O);ilytes is expressed in hectares. When only vegetation maps 

were provided, ma.crophyte cover was determine by planilnetry, usi:rg a Hi-Pad 

digitizer (Houston Instruments) • 

EnYinnDental variable select:i.al 

Light availability, sediment characteristics, lake t:l:qlhy ard lake 

m~ are believed to be the major determinants of macr:qilyte cover 

ard bianass. lfar.Never, no si:rgle paper cxmtai.ns ~of all the 

environmental data needed for a given lake. we, therefore, used an estimate 

of the underwater light climate to reflect both ~cally, 

available radiation ard lake t:rqily. nte un:let:water light climate is 

partially a function of geographic location of the lake, because location 

detenni.nes both the i.n:.:ident radiation ard whether it is redllced by a 

winter ice cover. Iake trophic status ard water color in tum dete:rmine 

light extinction in the water column. nte annual irradi.arx:e at the lake 

l. A c::a:rplete data set ard rteference list are available, at a ncminal 
cost, fran the Depository of Unp.lblished. D:Lta, CISTI, National Research 
COUncil of canada, ottawa, canada KlA OS2. 
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surface (Ia, kcal an-2 yr-1) was cbtained fran climatic maps (I..a.n:lsberg et 

al. 1966) • Ir¥:x::IDirq irra.diarx::e penetrates open water ard ice differently. 

'lherefo:r:e, a con:ecticn for this is necessary. talen the length of ice c:x::~Ver 

in days (Lie) was not specified, we used the equatioo developed by stniter 

et al. (1983): 

ln (Lie) = 360 - 0.06 T + 0.073 ln (Z) + 5.0 

where T is the mean annual temperature (C) ard z is the Dean depth of the 

lake (m) • '!he mean annual temperature was calculated fran the equaticn 

(straskraba. 1980): 

T = 25.9 + 4.89 10-1 Lat'- 2.74 10-2 tat•2 + 1.78 10-4 tat• 3 

talen ally the maxinum. depth of the lake was available, the Dean depth 

of the lake was calculated :frau an equaticn we developed for lakes for 

which both we:r:e reported: 

z = 0.4 Zmax - 0.54 

fil= 0.89~ N = 102, P<0.0001 

'Ibis estima.ticn of Dean depth was used ally to calculate the length of ice 

caver. ~ the Lie was estimated, we took the ~ reflect:arx::es of an 

ice caver surface ard open water to be 90% ard 10% respectively (Margalef 

1984). Consequently, the total irradiance just 'lJl'X:Ier the water surtace (Io) 

can be approximated as: 

Io = 0.9 Is + 0.1 Ii 

where Is is the irradiance during the ice f:r:ee seascm ard Ii that :reaching the 

ice covered lake~ o. 9 an::l 0.1 represent the p:roporticn of incident light 

which is not :reflected by water an:i ice, respectively. '!he irradiance 

:r:eachir.g the lake while ice covered {Ii) ard ice free (Is) we:r:e obtained 

fran the total annual irradiance (Ia) an::l the calculated len:fth of the ice 
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cover (Lie; Shuter et al. 1983), ~that 1/3 of the Lie cx:x::urs before 

the winter solstice arxi 2/3 thereafter. 'nle relation describin.:J the 

percentage of the annual irradiance (%I= 100*Ii/Ia) received on each 

Julian day (D) at different latitudes (Iat) was developed from data in the 

Smithsonian tables (Smithsonian Institute 1939): 

%I =19.3 + 26 10-4 of - 0.24 Lat - 15 10-4 Lat2 

~= 0.96; N=120; p <0.0001 

'!he equation was used with the value of Ia for each lake to calculate 

Is, Ii and finally Io. 

Additional climatic infonna.tion such as the mean annual precipitation 

(P, in mm yr-1 ) was obtained from a hydrological atlas (Kouzoun et al. 

1977). 

'Ihe proportion of the surface irradiance available to Sl.lbnerged 

macrophytes deperrls on the depths at which the plants g:r::ow arxi the 

absorption of light in the water column. To represent this, we developed 

composite variables to describe an average urrlerwater irradiance. '!he 

a:nx:JUnt I 0 remainirg at depth z in the water column (Iz) depems on the 

coefficient of attenuation, k, as defined by the Beer-Lambert law: 

I= I e-kz z 0 

'Ihe irradiance received by rooted plants is deperrlent on the 

irradiance received at the lake bottom. 'Ibis was estimated by calculati.nl;::r 

the annual irradiance received down to the mean depth of the lake (Iz). 

However, as macrophytes grow towards the lake surface they deperrl more on 

the average light intensity in the water column (Iz) than on the light 

received at the bottom. 'Ihe average irradiance within the mean depth of the 

lake was calculated usin.:J Riley's (1957) integration of the Beer-lambert 

law: 

Iz = Io (1 - e-k*z)/{k*z) 

12 



-
When k was not provided, it was awroximat.ed fran the mean sunmer Seoc:trl 

depth (Sd, m) assumirg k= 1.46/Sd (Walker 1982). Mean sunmer secxni depth 

was obtained fran the same source as the macr:qilyte data or fran the 

literature there mentioned, but only if the :measurel'lel'l were made within 1 

year of the macrq:tlyte suxvey. water CX>lour (as ng Pt.fl) for the F.innish 

lakes in the data set was transformed to Secdl.i depth by usi.rg the equation 

developed by Eloranta (1978): 

Sd = 17.54 COlour-o·57 

'lbese calculations idealize the lake as a straight sided water body with 

the same surface as the real lake but with a constant depth, z. 'lhe two 

variables representi.rg underwater i.rra.diaooe (Iz and Iz) reflect the major 

factors affecti.rg the underwater light climate by canbini.rg the theoretical 

effects of lake IID~b.y (Z) , trq:hlc status and water colour (1:hralgh 

the attenuation coefficients, k) and geographical position (tl'u::'cu;Jh. its 

effect on the surface i.rradial'Da) into si.rgle variables. 

Si.Ix::e seiimpnt cbaracteristics and wave action depend on lake 

~ (Hakanson 1981) , we used nm:phanetric factors as indexes of the 

seiimpnt type and the enei:9Y environment of the li~ zone. lake area 

(A, ha) was used to scale the lakes with respect to their total cover and 

bianass of sul::lne:rged plants and as an index of wave actioo. '1he steepness 

of the lake basin was cbaracterized by the imex: s = VA/z (Hakanson 1981) , 

and the shape of the basin represented by the ratio of mean to maxircum 

depth (Z I Zmax, carpenter 1983). 

statistical analysis 

Relationships between macrq:tlyte caver or bianass and the various 

measures of light, ttq:hlc status and IIDrphanet:ty were descr:ibed by 

regression analysis. 'lhese variables were transformed, if necessary to ~t 
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statistical requirements of linear :t:eg:teSSial, following Box and Ti.dwell 

(1962) and a stepwise procedure was used to select the best in1ependent 

variables for each lOOdel. '!he relative contril::utions of the different 

regz:essors in Dllltivariate lOOdels were determined by AN:NA (M:e;teller ani 

Tukey 1977) • '!he stamard error of the estimates were calculated to 

:iniicate the error involved in the liXXiels. 'lhe pn!!dictive power of the 

lOOdels was assessed by cross-validation (Draper and Smith 1981) • For this 

pw::pose 10% of the observations in the data set were randanly selected and 

the predictions for these obtained fran the regression built with the rest 

of the data set. '!he procedure was iterated until the mnnber of 

observations tested equaled approximately 50% of the total data set. '!he 

accuracy of the predictions can then be judged by plott.irg the observed 

values for the ramanl.y selected data against the values predicted by the 

regressions built with the remai.nirg observations. '!he results can be 

assessed by OCIIJ?arllg them to statistics used for evalua~ the fit (~ 

and stan::Jard error of the estimate). 

IBta set 

'!he data set included 139 lakes and covet:ed a wide rarge of values for 

all variables (Table 1) • However, not all variables were measu:red ~ all 

lakes, ani therefore the number of observations d.eCl:eased significantly 

'When lllll.tivariate liXXiels were attenpted. '1he majority of the lakes were 

lcx::ated in Eurq:e (58) or North America (62) 1 but lakes in Africa (6) 1 

South Africa (4) 1 Asia (6) and Australia (1) were included. '!he lakes 

rarged in latitude :frau lake OJrua-una, Brazil (Iatibde 3° S) to 

subantartic lakes Sanbre, f.b3s ani Qwgiig (Iatibde 61° S). '1he size 

varied fran 2.5 106 ha (lake Olad) to small porrls such as Borax lake, 

California (0.038 ha) 1 maximum depth rarged fran 310 m in Ia:::h Morar, 
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Scotlan::l, to 1 m in saoe oxbow lakes, Alberta. secx:trl. depths varied :t::etween 

0.3 m in extremely turbid lakes like Lake adlwa, Malawi, to 16 m in clear 

Lake I.eman (FraD:::e-SWitzerlan::l) • IJ:M Seochi read..i.rgs were generally 

attrib.rt:able to high algal bianass, hat.Jever it cannot be taken strictly as 

an in::lex of trcp:ly because coloured lakes, generally oligotr:qtrlc, also 

have high extinction coefficients, ard because low secx:trl. depths my also 

be attrib.rt:able to sed.in'ent resuspension as in sate laJ::ge shallow lakes 

(i.e. Neusiedlersee, Austria). Salinity varied fran freshwater to sea water 

in sane coastal lakes, ard the data set in::luded 11 lakes with 

conductivities alxNe 1000 pS cm - 1 • 
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Table 1.1 Mean, rar:w;;;e am nt.:mlber of observations for the different measures 

of macrophyte cover am bianass am the environmental parameters 

correlated to them. 

Variable Mean Maximum Minimum N 

A (ha) 7900 2.48 106 0.038 141 

Zmax (m) 21.8 310.0 1.0 130 

z (m) 7.7 152.0 0.2 116 

Sd (m) 2.8 16.0 0.3 102 

I a (kcal an-2 yr-1) 109 200 70 139 

Iat (degrees) 46.0 69.0 1.0 139 

P {mm yr-1) 1150 3200 420 139 

Lie (days) 93 288 0 139 

%Am (percent) 44.1 100.0 0 104 

%As (percent) 35.0 100.0 0 82 

%Ae (percent) 12.3 100.0 0 77 

Rbs (t dry wt. ha -l) 3.1 24.6 0.021 51 

Rbe (t dry wt. ha-1) 15.1 120.0 0.13 28 

A = I..ake area: z = Mean depth; Zmax = Maximum depth; Sd = secch.i 
depth; Ia =Annual surface irradiance; Iat =latitude; P =Annual 
precipitation; Lie= length of ice cover; %Am= Percent lake area 
covered by macrophytes; %As = Percent lake area covered by 
submel:ged plants; %Ae = Percent lake area covered by emergent 
macrophytes: Rbs = Biomass of submel:ged plants per unit area 
colonized; Rbe = Biomass of emergent plants per unit area 
colonized. 
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RESUIJI'S AND DISCUSSION 

'!he climatic and m::>J::'};hc:metric variables that were correlated with 

macrqilyte bianass and oover were not I."E!dtlrxiant, in that the correlation 

coefficients a:mong them were not very high (Table 2). 

Both total area covered and total bianass will terrl to be greater in 

larger lakes, but there is no .s. priori reason to expect that arr:J given 

stamarization (for exanple division by lake area) will stabilize this 

effect. Consequently, the effect of lake size must be considered before any 

other factor can be effectively analyzed. 

'Ihe analysis showed that the surface area covered by submerged 

macrqbytes <As> is not a constant proportion of the lake Area (A) (Fig. 

1), but terrls to be a smaller proportion in bigger lakes (!\,: exponent= 1, 

P<0.05; Eq. 1, Table 3). 'Ihe equation for submerged biomass (Bs, Eq. 2, 

Table 3), indicates that, per unit area, it too is smaller in bigger lakes 

(H0 : exponent = 1, P<O .10: Fig. 2) • 'Ihus the relative i.np:>rtance of 

submerged na.crq:hytes will be, on average, higher in smaller lakes. '!he 

reason for the relative reduction of submerged na.crophytes in larger lakes 

is partially related to the positive correlation between lake size· and mean 

depth (R2= 0.41, P<O.Ol), resulting in larger areas belCM the depth of 

maximum penetration of submerged plants. 

'Ihe analysis in:llcates that cover is not merely a function of lake 

area, but that submerged plant cover is relatively greater in lakes with 

higher unien~ater irradiance (Eq. 3, Table 3) • 'Ihe underwater irradiance is 

the single most significant correlate of submerged plant cover. cross­

validation of the IOOdel shCMS that the equation has considerably predictive 
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Table 1. 2 Correlation matrix between the climatic arrl l.imnological factors 

used as regressors of macrq:hyte al::lurXJance. Only values with 

P<0.05 shown. S =slq;:e; Iz = annual irradia:.nce at the nean depth. other 

symbols as in Table 1. 

Variables A* z Zmax s Sd I a rat p Lie Iz 

A 0.41 0.37 0.70 0.22 0.28 -0.29 0.22 -0.22 0.49 

z 0.94 0.20 0.58 

0.20 0.60 

s 0.28 -0.32 0.25 - -0.31 

Sd 0.35 

I a - -o.88 0.45 -o.8o o.83 

rat - -0.58 0.80 -0.78 

p -0.62 0.45 

Lie 0.80 

Iz 

* Variable log transfonned before correlations were calculated 
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Figure 1.1 'lhe :relationship between the surface area cx.:wered by su1:merged 

( • ) a:rxi emergent ma.cJ:qtlytes ( 1::. ) a:rxi lake area (in ha) • 

Regression lines for sul:lrerged (Eq. 1, Table 3) a:rxi emergent (Eq. 

8 1 Table 4) macx:ophytes are shown as continuous a:rxi broken lines 1 

respectively. 
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Table 1.3 Reg:tessiat mcdels describirg the total (As) am the percent lake 

surface (%As) oolatiZErl by' sul::menJed mac:rq:hyt:es, their total bianass 

(Bs) am their bianass per unit area colonized (Rbs) as a function of 

envi.roomental factors. 1he relationship between bianass am area 

oolatiZErl is also shown. 1he variable Sal takes values 1 or o deperding 

cm 'Whether the lake has a c:xn:luctivity above or below 1000 J.lS au-1. 

other syntJols am units as in Table 1. 

Equation N p S.E.ln est 

(1) ln As = 0.91 ln A - 1.1 0.80 76 <0.0001 

(2) ln Bs = 0.89 ln A - 1.42 0.59 70 <0.0001 

(3) ln As = 0.94 ln A+ 0.85 ln Iz- 3.7 0.89 51 <0.0001 

(4) ln Bs = 0.95 ln A+ 1.12 ln Ii - 4.6 0.66 56 <0.0001 

(5) ln Bs = 0.99 ln As + 0.37 0.84 51 <0.0001 

(6) v'Rbs= o.o6~ +O.o5 Iz -5.6 1o-4 1z2-1.3 0.51 39 <0.0001 

(7) %As= 1.4 !z + o.o1 Lie - 24 Bal-o.9o 0.60 55 <0.0001 

* S.E. est for Rbs is the st:an:lard error of the sqtl8J'e root of the 

predicted value. 

** S. E. est for %As is the standard error of the Wltransfonned 

percentage. 
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Figure 1. 2 'lbe relatiooshi.p bet:ween lake size am the bianass of suboerqed. 

c • > am emergent c 1::. > '1l1aCt'Of;i1yt c in 1:a1s cb:y wt. ha - 1> • 'lbe 

regression lines for sul:lrerged (Eq. 2, Table 3} am emergent (Eq. 

11, Table 4) mac:::a:q;hytes are shown as a continuous am broken 

line, respectively. 
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power (~ = 0.81, s.E.ln est = 0.99) .. '!he magnitude of the deviations f:ran 

the calculated values (Fig. 3) shc:M that the uncertainity aroun:l the 

prediction for the area covered is approximately an o:rder of magnitude. 

Although this is not veey precise, the precision is conpara.ble to that of 

};ilytoplankton no:iels widely used in lake eoology an:i management (Dillon am 

Rigler 1974, Vollenweider an:i Kerekes 1982) an:i should, therefore, be of 

equivalent value. It is, in arr:1 case, the only such relationship available. 

An analysis of the effect of the various environmental factors on 

submerged bianass again revealed bianass to increase with increasirq 

urrlerwater irradiance (Eq. 4, Table 3) • '!he relationship between sul::rrerged 

bioma.ss an:i irradiance was, hc:MeVer, weaker than that for cover an:i was not 

improved by the consideration of other factors. While the lc:M resolution of 

the equation prevents its use for predictin;J macrophyte bioma.ss, it does 

shCM a pattem, providing additional evidence for the :inportant role of 

light availability on the eoology of submerged macrophytes. However, 

submerged bianass can be estimated with greater precision (cross validation 

~ = 0.88, ln S.E. est= 1.49) if the area covered by submerged plants is 

known (Eq. 5, Table 3} • 

'!he importance of urxie:rwater light availability in determi.nirg the 

cover an:i bianass of submerged macrophytes (Eqs. 3 and 4, Table 3) implies 

that C'.hanJes in urxlerwater irradiance should lead to parallel C'.hanJes in 

submerged cover an:i bioma.ss at any one site. SUch C'.hanJes can result from 

C'.hanJes on 1) climate (that determines the i.ncomin;J irradiance), 2) the 

transparency of the water ( determin.in:_; the attenuation of irradiance on the 

water column) an:i, 3) the depth of the lake (which determines the extent of 

the attenuation of irradiance before reachirq the bottan} • From our 

approximation of the urxie:rwater irradiance (Iz= I
0 

e-Z*1•46/Sd) it is 
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Figu:r:e 1. 3 cross-validation of the m:x3el. predictirq sutmerged cover (Eq. 3, 

Table 3) , shc7.vi.rv:J the relationship between the values predicted 

fran the m:xiel ani OOsel:ved values for i.rx:ieperrlent sets of data. 
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evident that charx]es in i..nc:xJnin;J i.nadiance will produce a smaller response 

of the sul:marged macrophyte cover than if the water transparency (Sd) or 

mean depth of the lake (Z) changes. 'Ihis may well account for the absence 

of literature evidence for the effect of latitude on cover ard biomass of 

sul:marged plants ard explain, in contrast, why reductions in water 

transparency have long been associated with a decline in the sul:marged 

vegetation (Rlillips et al. 1978, Ozimek 1984) • 

'!he scatter in the relationship between sul:marged biomass ard the area 

the plants cover is relatively large (Eq. 5, Table 3) reflecting the great 

variability in the bianass of sul:marged plants per unit area colonized. 'Ihe 

i.nadiance received by the su'blrerged plants has been postulated to 

detennine their maximtnn bianass (tuarte ard Kalff 1987). We therefore 

tested whether differences in urrlerwater irradiance account for the 

observed variability in su'blrerged bianass per unit area colonized. 

Regression analysis supported this (Eq. 6, Table 3), irrlicating that well 

i.nadiated lakes support a greater mean submerged biomass per unit area 

colonized than those with reduced urrle:rwater i.nadiance. However, the 

relationship is not linear, sul:marged bianass increasing oore slowly at 

higher light levels, as reflected in the negative Iz2 tenn (Eq. 6, Table 

3). In addition to irradiance submerged bianass was also positively related 

to the annual precipitation. 'Ihis pattern is similar to the positive 

relationship proposed for phytoplankton (Goldman ard Amezaga 1984), ard 

suggests that while the precipitation may represent a small proportion of 

the total nutrient loading, the fact that it is evenly distributed 

throughout the lake surface may make it oore amenable to enhance plant 

growth. 

'!he large effect of lake size on cover could overshadow the 
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relationships between CXNer am environmental factors other than 

i:rradiance. 'lbese factors might, therefore, be better examined by usirq the 

percent lake area CXNered by sul:roerged macrqhytes as the apprq>iate 

depenient variable (Eq. 7, Table 3) • 'lbe results confirm the st::1'aY:J 

positive relatioosh.ip between cover (%As) am the uean i:rradiance within 

the Ean depth of the lake (Iz). An analysis of covariance with a dunmy 

variable that discriminates lakes with salinities alxwe am below 1000 pS 

an -l further suggests that sul:roerged macrc:>J;ilyt.es CXNer a smaller prqx>rtion 

of the area of J.OOre saline lakes (Fig. 4) , a finiirg su;r;p:>rted by l"1Ulrel:''US 

observatia'IS. Williams (1978) noted that sul:roerged macrophyte develcpoont 

in lakes is severely affected by salinity, am Ham:rer (1981) -mntia'IS that 

S\.ll:mm:ged macrq;:hyt.es are less aburdant in saline lakes. Since scme of 

these observations refer to non-coastal saline lakes, the significant 

factor ~ to be salinity, not vicinity to the sea. 

'lbe relationship between lake size on the one ha:r¥i am area am 

bianass of emergent macror;ilytes on the other also needs to be examined 

before assesirq the effect of environmental factors ?11 cover am biauass. 

'lbe relationship betweeen the area colonized (Ae) am lake size cq:paars 

linear (Ho: exponent= 1, P = o. 74; Eq. 8, Table 4). 'lhis inllcateS that 

emergent macrq::byt.es colonize, on average, 7% of the lake area regardless 

of the size of the lake am, because submerged plants CXNer a smaller area 

in larger lakes, emergent CXNer will gain illportance with increasirq lake 

size (Fig. 1). 'lbe constancy of the fraction of lake area CXNered by 

emergent plants was also noted for Polish lakes (Planter 1973) , where the 

area covered by emergent plants varied between 9.3 - 12%. In oontrast, 

Spence (1982) postulated that the area colonized by the emergent plants 
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Figure 1. 4 'lbe percent lake area oovered by su1::lnerged ma.crq:bytes as a 

:fur¥±ion of the mean ir:radiance within the mean depth of the lake. 

Highly saline lakes ( > 1000 )lS an-1) are represented by cpn 

cit:cles. 
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Table 1.4 Mcxiels relatirq the total area (Ae) arrl percent area (%Ae) 

colonized. by eroorgent macrq;:hytes arrl the total bianass (Be) arrl 

bianass per unit area (Rbe) colonized. by eroorgent macrophytes to 

enviromnental factors. Probability for all regressions < 0.0001. 

Symbols arrl units as in Table 1. 

Equation 

(8) ln (Ae) = 1.0 ln (A) - 2.6 

(9) ln (Ae) = 0.72 ln (A) + 0.69 ln S + 0.72 

(10) %Ae = 2.81 ln {A) - 0.21 Iz - 6.58 1n Zmax 

(11) ln (Be) = 1.1 ln (A) - 1.4 

(12) ln (Be) = 0.57 ln (A) + ln 1.34 S + 4.77 

(13) ln (Be) = 1.17 1n (Ae) + 0.89 

(14) Rbe = 4.93 ln (A) + 0. 75 I.at + 62.5 (Z/Zmax) 

- 10 1n z - 6 

* S.E. est of %Ae in percentage. 

** S.E. est of Rbe in t dry wt. ha-1. 
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~ N S.E.ln est 

0.87 60 1.33 

0.90 60 1.28 

0.41 53 11.59* 

0.70 36 2.53 

0.76 32 2.47 

0.91 28 1.45 

0.52 26 17.0** 
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should decline with increasin:J lake area as a consequence of increased wave 

action in the littoral. '!he absence of sudl a decline here is probably 

attributable to the increased number of sheltered bays ani floodplains in 

larger lakes, which C'lC.Impel'lSate for the increased wave effect postulated.. 

'lhe relationship between energent CXNer ani lake area was improved by 

considering also the steepness of the basin (Eq. 9, Table 4), probably 

because steep sided lakes have a smaller area suitable for ene:rgent grcMth. 

Furthernore, the percent lake area CXNered by the plants (%Ae) is not 

constant, but is greater in larger lakes ani smaller in deep lakes am 

lakes receiving high irradiance (Eq. 10, Table 4). 

'lhe biOlllC:lSS of emergent plants seeJ1'lS to increase linearly with lake 

size (Ho: exp:>nent = 1, P = 0.57; Eq. 11, Table 4) ani, again as a rough 

approximation, our analysis inlicates that this bianass is about 0.25 t 

dry wt. ha-l of lake area, the variability in the relationship between 

energent biOlllC:lSS ani lake size bein:J smaller than that in the analog-ous one 

for submerged plants. Bianass of e:oorgent ma.crophytes also increases mre 

rapidly with lake size than the bianass of submerged ones ani is 

consequently nonnally greater in larger lakes (Fig. 2). Equation 12 (Table 

4) suggests that e:merc.:Jent bianass also declines with increased steepness of 

the lake basin. 'lhe equation relati.rg emergent ma.crophytes bianass to the 

surface they CO'I/er (Equation 13, Table 4) has a particularly good fit (R2 = 

0.91, In s.E.est=l.4), arrl can be used to estimate the biomass of emergent 

ma.crophytes with better than an order of ma.gnitude resolution (cross­

validation~= 0.93, In s.E.est= 1.4; Fig 5). When the variation in biomass 

of energent plants per unit area colonized was analyzed, we fourrl it to be 

greater in larger ani in shallaver lakes ard to be positively related. to 

latitude ani the depth ratio (Z/Zlnax), inlicating that pan shaped lakes 
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Figure 1. 5 Agreement between the predict:e::t cover of emerqent macrqilytes 

(Eq. 9, Table 4) arxl in:ieperdent values of observed a::Ner 

d::ltained by cross-validation. 
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support higher bianass of emergent plants than cone shaped ones, with 

steeper slcpes (Eq. 14, Table 4). 

OUr m::xiels show that the bianass and area colonized by sul:lnexged 

plants are prinarily affected by the urrlerwater light regime, as det:enninei 

by lake ~try, the extinction coefficient and by latitude. In 

contrast the total biamass and cover of erre:rgent plants appears unaffected 

by the available irradiance, but is affected by lake lOClrphamet:cy, since 

both biomass and cover are related to the steepness and fonn of the basin 

and the lake area. 

While we considered sul::lnerged and erre:rgent macrophytes as separate 

entities in the analysis, it is clear that they are highly i.ntegrated, 

fonning a continuous cover in the littoral zone. COnceivably the surface 

area covered by erre:rgent and submerged plants to:Jether may be mre 

precisely related to envirornoontal. variables than erre:rgent or submerged 

cover separately. '1hi.s was irrleed the case, because the total cover of 

macrophytes {Am, in ha) is positively related to the annual irradiance at 

the surface {Ia, kcal cm-2 y-1), the annual irradiance at the IOOan depth of 

the lake (Iz, kcal cm-2 y-1) and the period of ice cover {Lie, days), the 

equation bein:j: 

ln Am= 0.97 ln Area+ 0.98 ln Iz + 0.009 Lie+ 1.02 ln Ia (15) 

~= 0.93, N = 71, P < 0.0001, S.E.ln est= 0.86 

'Ihe lOCldel is lOClre precise than either the ones describi.:rg the emergent 

or the sul:merged cover (Cross-validation, ·~ = 0.94; S.E.ln est= o. 71). 'Ihe 

scatter arourxi the predicted cover in:li.cates that predictions fran this 

equation are, within half an order of magnitude fran the obse:r:ved values 

(Fig. 6) • 'Ihis in:li.cates that although sul:merged and erre:rgent mac:rc::p-tytes 

affected by different factors in the environment, their separation 

30 



0 

c 

c 

Figure 1. 6 Cross-validation of the lOOdel predictirq total maCI'C.(ilyte c::aver 

(Eq. 15) , showi.rq the values predicted for .iniependent 

ci::lsetvatiaJS. 
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entails a significant loss of information because they fonn a continuum in 

the littoral zone. 'lbe relationship obtained. suggests that the total 

macrq;:hyte cover as a whole is largely detennined by the urrlerwater light 

regime arrl the annual surface irradiance, the later provid.irq a better 

irrlica.tion of the light available for growth of enve:rgent plants. 'lbe 

observed relationship between the lerqth of ice cover arrl the total area 

covered by macrophytes suggests that, once the effect of reduced irradiance 

(Iz) has been corrected for, the stable co:rxlltions provided by an 

erwironment devoided of wave action may enable plants to remain overwinter, 

without necessarily resultirg in iroreased prcxiuctivity. In contrast to 

cover, a consideration of both ene:rgent arrl sul:&nerged macrophytes as a 

whole did not result in oore precise estimates of the total macrophyte 

bianass, probably because the biana.ss per unit area is on average one o:rder 

of magnitude higher on enve:rgents than on sul:&nerged macrq;:hytes. 

'!he IOCX:iels d.escribirg mac:rqilyte cover are oore precise than those for 

bianass. '!his may imply a stronger link between surface cover arrl the 

factors we studied, but could equally well be the result of the grea;ter 

patchiness of macrophyte biomass within lakes resultirg fran the physical 

hetercqeneity of the littoral zone. '1he latter W'O\lld result in a large 

uncertainty arourXi the mean lake values used in our analysis, which may 

contribute to the greater uncertainty associated with the estimation of the 

sul:&nerged bianass. Nevertheless, the present analysis reveals consistent 

patterns in macrophyte cover arrl biomass, arrl provides the first empirical 

nx:xiels for (1) the prediction of the total surface area covered by 

macrophytes, (2) the area covered by sul:&nerged arrl emergent plants from 

simple erwiror:m:ental factors, arrl. (3) the prediction of the macrophyte 

biamass fran the oore easily estimated area cover. 
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'!he hypothesis that the JOC):q;ilanetric characteristics of the littoral 

zone of lakes are a llBjor detenninant of sul::merged macrq;:hyte bianass was 

tested in Lake Memphremagog (QlEbec-Venront) by studying the relationship 

between maximum bianass of suJ::merged macrophytes arrl physical ani chemical 

characteristics of the littoral zone. '!he slope of the littoral zone 

accounted for 72% of the cbserved variability in maximum subnerged 

macrq;:hyte bianass (MSMB) • By also i.rx::orporating sediment organic matter 

the variance explained was raised to 76%. A toodel based on only slope as . 
predictor of MSMB was improved by considering slopes higher and lower than 

5.3%: 

slope > 5.3% MSMB (g. fresh wt m-2) = -29.8 + 1403 slope-0•81; 

slope< 5.3% MSMB (g. fresh wt. m2) = 13.2. + 3434 slope-o.81. 

'!he power of these two equations to predict the MSMB in a variety of 

teJ:rperate lakes was high (r = 0.87, P<O.OOOl). Hc:Mever, the ~te zone 

toodel overestimates the MSMB in highly tu:r:bid lakes where irradiance rather 

than slope is pre-eminent arrl ur.derestimates the bianass in semitrcpical 

arrl trcpical lakes. 
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SUbmerged aquatic macrophytes play a major role in the dynamics of 

shallOW' lakes arrl the littoral zone of many large lakes • 'lbeir aburrlance 

influences the trophic status (carpenter 1983} am phytoplankton bianass 

levels {I.arrlers 1982) of shallOW' lakes. 'lbeir surfaces provide a substrate 

for readily grazeable epi}ilytes (cattaneo am Kalff 1980) am their 

aburrlan.ce affects fish populations (Wiley et al. 1984). When their g:rowth 

is excessive, it affects the economic potential of lakes (Holm et al. 

1969). Consequently, there is growing interest in the identification of the 

factors that control macrophyte developroont am the extent of their impact 

on lake ecosystems (e.g. Adams arrl P:rentki 1982). 

Since the successful develc:;p:te'lt of nutrient-based models for 

predict.in;J phytoplankton bianass (VollemJeider 1968; Dillon am Rigler 

197 4) , studies have focused on nutrients as the principal d.ete:nninants of 

macrophyte grcMth am bianass. l!oweVer, the results have been inconclusive, 

sorre studies reporting nutrient limitation of sul:merged macrophyte biamass 

(e.g. Schlott et al. 1984; Lin1 am Cottam 1969) and a positive effect of 

nutrients on bianass (Ozimek 1978) arrl others repo~ing that macrophyte 

populations are unlikely to be limited by nutrient levels (carpenter arrl 

Adams 1.977) • In contrast to the clear couplin;J of nutrient levels an:I 

phytoplankton bianass, the link between nutrient levels am su1::lnersed 

macrophytes is ~lear {Devol ani Wissma.r 1978) ani macrophyte oontrol 

remains an elusive goal. While other research has shown the effect of light 

(e.g. Jupp and Spence 1977a; Barko et al. 1982) and wave action (Jupp 

am Spence 1977b) on macrophyte biamass, this infonna.tion appears 

insufficient to explain the broad differences in submersed macrophyte 

bianass often obsetved within lakes. 

40 



0 

0 

It may be that the relative weakness of such relationships for 

macrophytes derives fran the P'lysical heterogeneity of the littoral area. 

Topograpuc arrlll'OJ:lilanetric differences result in differences in littoral 

dynamics caused by associated variations in slope, wave action, arrl the 

input of allochtonous materials. Littoral slope in particular can be a 

major factor controllirg the P'lysical characteristics of the sed.i.:m:mt 

because it affects sed.i.:m:mt stability an:i the deposition of fine nutrient­

rich materials (Hakanson 1977). Variation in slope can also m:rlulate wave 

action in the littoral. '!he influence of littoral slope on aquatic 

macrophyte biomass has been suggested by several investigators (e.g. 
l 

Pearsall 1917; Margalef 1984), who noted that subroorged macrophyte 

biomass decreases where the slope nearshore is steep. However, no 

quantitative relationship describirg this trerrl has yet been produced. 

we will first examine arrl quantify the relationship between littoral 

slope a.rrl mac:t:'C.IlilYte biomass in a sirgle lake to detennine the strength of 

the relationship suggested relative to the influence of other factors that 

contribute to habitat heterogeneity, such as exp:::lSUre to waves arrl sediment 

type. we will then test the hypothesis that lake ll'Orphanet:r:y is the prine 

detenninant of the maximum subroorged macrophyte bianlass (MSMB) arrl show 

that a IOOdel developed in lake Me.nphremagog, with its highly vari~le 

contours arrl exposures, is a good predictor of the biomass elsewhere in the 

temperate zone. 

41 



c 

c 

MATERIAlS AND MEIHOOO 

'lhe study was carried out in dimi.ctic an1 oligo- to mesotrophic 

Lake Memphremagog (Qllfuec-Venront), which differs greatly in littoral 

morphoroot:J::y an1 wave exposure along its 45-km length (see Pace 1984). 

We chose sites by dividing a map of the littoral zone into 500 

unifonnily spaced sections, us.i.D:J to,pograpuc an1 bathymetric infonna.tion 

to infer slope an1 fetch for all the sections. Ward's clustering criterion 

(SAS inst. 1982) was then applied to groop the sites into 44 clusters 

covering the widest combination of slope ani fetch. For each cluster the 

site with the smallest Euclidian distance (Orloci 1975) to the centroid of 

the cluster was selected for ma.crophyte an1 sediment sampling. 

'lhe "weighted effective fetch" was calculated by a modification of the 

Beach Erosion Board (1972) met:hcrl. 'lhe distance from each sarrpling station 

to the farthest point visible on the shore was determined for the eight 

CXJITpaSS bearings (N, NW, W, SW, S, SE, E, NE) an1 for angles of plus or 

minus 11.25 an1 22.5 de:]rees of each bearing. 'lhe distances measured for a 

given bearing were combined according to the fonnula: 

F= I Di * cosi/5 

where F is the effective fetch (km), an1 Di is the distance for i degrees 

of the bearing (i=i:o, 1::.11.25, 1::.22.5-). 'lhe effective fetch for each of the 

eight CXJITpaSS bearings an1 the wirrl frequencies fran the sane bearing 

obtained fran records of the past 3 years by a metereological station at 

the north errl of the lake were combined to yield a single value of fetch 
4 

with the fonnula: 

WEF = I Fiwfi 

where WEF is weighted effective fetch, Fi is fetch for bearing i, an1 wfi 

is wirrl frequenc:y for bearing i. 'lhese calculations provide corrections for 
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wave m:x:ti.fications due to lake nol:];ilatetry ard also take into ac:x::a.mt the 

particular wirrl regime of the area studied, ard thus provide reliable 

estimations of wave exposure at particular sites alon:J the lake. 

We got a more accurate estinate of the littoral slope for each site by 

m=asuring the angle between water and sediment surfaces along- a transect 

perpendicular to the shore, using- an echosourrler (Si-Tex Honda). Littoral 

slope estinates for these sites calculated from the 10-m-depth isopleth of 

a bathymetric map (1:31,650) were used to compare data from other lakes for 

which slopes were also taken fran bathymetric maps. 

Early in August the depth of maxinum stil::lrerged macrq>hyte bianass 

(MSMB) was estimated for each site in Lake Memphrerragog by sampling the 

biomass along- two transects perpen:licular to the shore and sampled at this 

depth 3-5 times between mid-August and mid-September, the period of maximum 

submerged macrophyte biomass. All plants within a quadrat (0. 78 m2) were 

harvested by Scuba divers and kept refrigerated until prcx:::essed. Plant 

material was washed free of aninals arrl detritus a:rrl the fresh weight 

detennined after rerrovin:] excess 'Water by spinnin::J the plants for 3 min in 

a salad spin-dryer. 

We measured sediment characteristics from two cores (4-cm i.d.) taken 

within the quadrats on each sanpling date arrl kept refrigerated until 

prcx:::essed (within 24 h) . 'Ihe upper 5-cm stratum was extruded, and, for each 

core, sediment 'Water content was calculated from the decrease in weight 

after cb:ying overnight at 110 c. Organic matter was detennined from mass 

loss after oxidizirg the sedi.ments overnight at 550 c. Total };tlos.(i:lorus w4s 

measured accordirg to Andersen (1976) • We measured the secchi disk depth 

early in september at 30 of the 44 stations as an i.rrlex of the possible 

limitation of macrophyte biomass by light. 
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'lb allow comparison of our data with those from the literature, we 

determined the littoral slopes of the data obtained from the literature 

from :bathymetric maps, usirg the slope between the shoreline and the 5- or 

1o-m depth contour, where the MSMB was neasured at the tilre of maxiirn.Im 

biomass (August to mid-september for temperate lakes). All literature data 

were transformed to grams fresh weight per square zreter by a.ss1.IITlirg dry 

weight to be 10% of fresh weight, and dry weight to have an ash content of 

20% and an organic carbon content of 37% {Westlake 1963) • 

Linear regression was useci to m::x:lel the relationships between variables 

unless we found an increase precision or a significant improvement in the 

distribution of residuals by usirg non-linear m::x:lels. A stepvise linear 

regresssion procedure was useci to select the in:ieperrlent variables for each 

m::x:lel. Irrlepen:ient variables were, 'When necessary, transformed (Box and 

Tidwell 1962) to neet statistical req:uirenents of linear regression. When 

the relationship between the deperrlent and i.nt:ieperrlent variables changed 

for different ranges of the in:ieperrlent variable, the data set was split 

for additional analysis at the midpoint between those two adjacent values 

of the in:ieperrlent variable 'Where the following expresion was maximal (see 

Brei.nan et al. 1984) : 

RSS= ll3S - ( DlSS + D2SS) 

'Where RSS is the remainirg sum of squares about the zrean, nss the sum of 

squares about the zrean for the entire data set, and DlSS and D2SS the sum 

of squares about the zreans of the resulting groups. Linear regressions were 

then determined between the deperrlent and the in:iependent variables for • 

each group and the slopes of the two regressions carpared with .at-test. 

When the slopes for the two groups were significantly different (P <0.01), 

the separate equations were useci to no:iel the relationship between the 
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'!he rarge oovered by the variables studied is given in Table 1. '!he 

slOJ?e of the littoral was best oorrelated with MSMB (Table 2). other 

variables significantly oorrelated with MSMB 'Were fetch arrl se:liment 

organic matter. '!he relationship between slOJ?e of the littoral arrl MSMB was 

further explored by regression analysis. A power transformation of -0.81 

was fCRJI"rl to be the best transformation to linearize the relationship 

between MSMB arrl slope of the littoral. 'lhe 11¥Xlel cbtained explained 72% of 

the variance (Fig. 1). 'lhe equation predictilq MSMB fran slOJ?e was: 

MSMB =122 + 986 slope-o· 81 (1) 

~=0. 72 ; N=44 ; F-=110; P<O. 0001 

S.E.tnt= 62, S.E.slope= 94 

'lhe relationship between MSMB arrl slope has an uneven distrilxltion of 

:r:esiduals, with lOClSt higher slopes havilq negative :r:esiduals. 'Ibis 

suggested that the relationship between littoral slope arrl mac:rq;ilyte 

bianass may differ for gentle ani steep slopes. FUrt:her analysis oonfinned . 
that a littoral slope of 2. 2% provided the best division of the data 

set,- reducilq the variance in MSMB by 47% upon divid.irg the data between 

sites with slope higher or lower than 2.2%. When the two data sets 'Were 

analyzed separately, the slopes of the two resultilq regression equations 

irrl.eed differed significantly (P<0.01), i.rrlicatilq a different relationship 

between MSMB ani. littoral slope for high ani low slopes. 'lhe equations 

obtained for the two cate:.;Jories 'Were 

slope < 2.2% 

MSMB = 103.7 + 885 slope-0.81 (2) 

~.67; N = 13; F = 80; P<0.001 
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Table 2.1 Rarge an:i means for the variables measured at 44 stations in lake 

,....., Me:mphremagog durin:] August 1984. 

'--' 
Variable Minimum Maximum Mean 

Sed. Water content {%) 18.6 97.0 47.1 

MSMB -2 (g. fresh wt. m ) 0.0 2614.4 553.8 

Littoral slope (%) 0.3 30.3 8.3 

Fetdl {Km) 0.18 9.9 3.4 

org. matter (%) 1.0 45.4 7.5 

Total p (ng g-1) 0.04 2.1 0.6 

• 

0 
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Table 2. 2 Cbrrelation coefficients between the measura::i variables in Lake 

MenPrremagog (TF44, 'Ibtal P n = 32). Units given in Table 1. 

Variable Water MSMB Slope Fetch Org. matter 'Ibtal p 
oontent 

Water oontent 0.37* -0.12 -0.35* 0.81** 0.28 

MSMB -0.62** -0.36* 0.22 -0.01 

Slope 0.05 0.06 0.05 

Fetch -0.31* -o.14 

Org. matter 0.17 

'Ibtal p 

* Significant (P<0.05); ** Highly significant (P<0.005). 
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Figure 2.1 Maximum submerged rna.crophyte bionass (g. fresh wt. m-2) versus 
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the slope of the littoral zone for the lake Memphrernagog stations. 

'Ih.e line represents the regression equation (Eq. 1). 
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Slope >2.2% 

MSMB = -26.34 + 1517 slope-0 ·81 

R2=0.47; N = 31; F = 80.9; P<O.OOl 

(3) 

'!he variance in MSMB explained by littoral slope is greater at gently 

sloped sites (<2.2%) than at steep sites. Furthenrore the relationship 

between the different variables measured differs for the two slope 

categories (Table 3), with fetdl having a significant correlation with MSMB 

only at gentle slopes arrl sedht~nt characteristics being highly correlated 

with each other in steep sites. 

'!he proportion of the variance of MSMB explained was significantly 

(P<O. 01) increased by considering not only slope {Eq. 1) but also the 

percent sediment organic matter. A IOCdel predicting MSMB with both 

predictors was: 

MSMB = 34 + 12.3 Org. matter + 979 slope-0·81 (4) 

~= 0.76; n=44; F=67; P<O.OOOl 

S.E.int= 25.7, S.E.org. matter=3.9, 5Eslope= 80.8 

other in:iepen:ient variables did not significantly ilrprovei the relationship 

to :maximum submerged macrophyte biomass. 

When, for cx::mparison with the literature, we detennine::i slopes from a 

bathyn:etric map, the critical value separating the relationship for steep 

arrl gentle slopes was 5. 3%. '!he equations predicting MSMB from these slopes 

Slope > 5.3% 

MSMB = -29.8 + 1403 slope-Q.81 

~=0.60, n=28, F=40.08 (P<0.001) 

S.E.int=18.4, S.E.slope= 221 

50 
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Table 2. 3 Differences in correlation between the variables neasured. in lake 

Menphremagog sites with slope >2.2% and <2.2%. Synibols and units 

given in Table 1. NS = Not significant (P>0.05). 

MSMB sed. water Org. 
Variable Fresh Dry content matter 

sed. water content 

>2.2% NS ** *** 

<2.2% * NS ** 

Slope 

>2.2% ** ** NS NS 

<2.2% * * NS NS 

Fetd:1 

>2.2% NS NS NS NS 

<2.2% ** * NS NS 

'Ibtal p 

>2.2% NS NS *** *** 

<2.2% NS NS NS NS 

Org. matter 

>2.2% NS * *** 
~ 

<2.2% NS NS ** 

* P < 0.05; ** P<O.Ol; *** P<0.005 
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Slope < 5.3% (6) 

MSMB = 13.2 + 3434 slope-o.S1 

~=0.79, n=16, F=37.66 (P<.001) 

S.E.int= 11.4, S.E.slope= 354 

To test the power of these relatioru;hips for other lakes, we cxmpared 

values fonn the literature with predictions made from equations 5 and 6 

(Fig. 2, Table 4) . 'Ihe high coefficient of determination (R2=0. 76) shows 

that our m::xiels are able to make reasonably good predictions of MSMB in 

~te lakes with mean 5ecchi disk depths > 2 m. 'Ihe slope of the linear 

regession between the obsexved an:l prerlicted values does not differ fran 1 

an:l the intercept is not different fran 0 [slope 1.105, Ho: slope = 1 (P = 

0.49); intercept = 48.7, Ho: intercept = o (P = 0.39)], so predictions are 

not obviously biasecl. However, the IOOdel underestimates the observed 

biamass slightly (sign test, P < 0.05) by, on average 15%. 
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Table 2.4 Observed su1::1ne.rged max.i.n'un bianass (g fresh wt m-2), its 

associated slcp! (%), dani.nant species in the carm.mi.ty, sanpli.rg 

method used, and the bianass predicted for tenperate lakes by the Lake 

Meinphremagog m::xiel (Eqs. 5 and 6). 

Lake Location Obs. Slope Pred. Dominant Sampling Reference 
MSMB MSMB species 

Magog Quebec 2115 3.7 1189 Mixed comm. SCUBA Chambers and Kalff 
1985 

Love ring " 738 3.9 1152 Mixed comm. SCUBA Chambers and Kalff 
1985 

Massawippi " 3627 1.2 2882 M. spicatum SCUBA Chambers and Kalff 
1985 

Bowker 11 250 10.6 177 E. canadensis SCUBA Chambers and Kalff 
1985 

Brompton " 314 6.9 262 P. praelongus SCUBA Chambers and Kalff 
P. robinsii 1985 

Or ford 11 41 ! 23.0 80 P. crispus SCUBA Chambers and Kalff 
r. lacustris 1985 

Waterloo 11 2759 1.5 2363 E. canadensis SCUBA Chambers and Kalff 
1985 

G. Langso Denmark 2280 6.0 319 L. uniflora SCUBA Nygaard 1958 

Wabee Indiana 1595 6.2 287 P. illinoensis Dredge Wohlschlag 1950 

Mendota Wisconsin 1482 1.8 2099 M. exalbescens SCUBA Lind and Cottam 
1969 

Mikolajskie Poll and 540 5.4 328 P. perfoliatus SCUBA Ozimek 1978 

Cox Hollow Wisconsin 3500 1.7 2185 c. demersum Dredge Richardson 1974 

T. Valley Wisconsin 6000 1.2 3563 c. demersum Dredge Richardson 1974 

Wingra Wisconsin 4000 1.0* 3447 M. spicatum SCUBA Nichols 1971 

Llyn Gwynant England 600 6 • .8 267 L. uniflora SCUBA Wode and 
Be res ford 1979 

D~Endine Italy 3603 1.7 2226 c. demersum SCUBA Guilizzoni 
and Saraceni 1974 

Opinicon Ontario 5240 0.9 3857 M. spicatum SCUBA Keast 1984 

* Slope from Baumann et al. (1973) 
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Figure 2.2 canparison of the maximum sul:nel::ged bianass (kg fresh wt m-2) 
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DISa.JSSICN 

Although the possible influence of slope on submerged macrophyte 

biomass was suggested by Pearsall (1917) and subsequently reiterated (e.g. 

Margalef 1984) , this is the the first study to quantify ,the relationship 

and use it predictively. OUr results sh.O!N the strong relationship between 

the slope of the littoral and the biomass of submerged macrophyte 

communities. 'lhe reason for this strong correlation cannot be inferred from 

the results presented, rut the data suggests sane explanations as nore 

probable than others. '!he first and nost obvious difference between steep 
. . 

and gently sloped littorals is the difference in physical stability of the 

sediments. A gently sloped littoral allO!NS the deposition of fine 

materials, while steep slopes are mainly areas of erosion and sediment 

transport (Hakanson 1977) • 'lhe ct>seJ:ved differences in the correlation 

coefficients between macrophyte bianass, fetdl, and sediment 

characteristics for sites with slopes al::xwe and belO!N 2.2% further 

suggests that the diff~ are the result of a mec:hanism linked to 

slope. '!he absence of a correlation between fetch and MSMB at high slopes 

(Table 3) irrlicates that waves are unlikely to be the factor responsible 

for the decreased MSMB in steep sites. Instead the existance of a slope 

break point (2. 2 - 5. 3%) , below Y.1hi.ch the relationship between sediment 

characteristics and MSMB c:harges, ~ly points to slope and the 

associated differences in water content of the sedinent (Selby 1982} as 

factors that allow sediment shmpirg or debris flow on steep slopes but not 
4 

on shallow ones. Hakanson (1977, p. 406) was the first to oote a threshold 
' 

value 'When he reported that "the litysical dlaracter of the surti.cial 

sediments is, as given by the water content, practically indepe.rxient of the 

slope for inclinations less than 3. 8%". His critical value is very close to 
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rur threshold value between MSMB ani slope (2.24 %) • 'lbreshold values 

related to slopes are an irrlication of slu:npirq, with slu:npirq by gravity 

alone havi.rg been reported for urderwater slopes as low as 0.5% {Prior ani 

SUhayda 1979) • 

'!here have been many, largely unsuccessful, attempts to link 

macrophyte bicrnass to sedinent ani urrlerwater light corrlitions (e.g. Barko 

et al. 1982; Barko ani Smart 1983; Olairibers arrl Kalff 1985) • It is rr:M 

apparent that the principal reason for the lack of success was no that 

bicrnass is unrelated to sediment variables, but rather that bicrnass is " 

st.rorgly related to slope, ~sediment variables bear no constant 

relationship to slope (Table 3). we believe that the higher threshold value 

(5.3%) obtained when we used maps, rather than echOSOI.lrrler transects at the 

sanpli.rg sites results fonn the lack of precision ani a scale-deperrlent 

bias in estimating slopes fran bath:;;ynetric maps. '!his difference in the 

precision of the maps used prcbably is responsible for the terrle.ncy of the 

Me.nJ;i'lremagog m:rlels to \.U'derestimate the MSMB in other lakes, since the 

MenPu:'emagog bathynetric data had the largest scale of those included. 

Sediment organic natter has been shown to influence mac:r:q;i)yte growth, 

at least urder laboratocy corrlitions, but whether the influence is positive 

or negative a~ to deperrl on both the nature arrl concentration of the 

organic matter (Barko arrl Smart 1983). We foun:i an increase in MSMB with 

i.ncreasirq sediment organic matter over the ran:Je encourrtered in L. 

Menphremagog (Table 1) , but whether this correlation reflects a direct 

effect of organic natter cx:ntent, an i.rdirect effect of the energy climatEt 

in the littoral, or is s.inply the ~ of heavier nacr:q:tlyte growth 

remains to be solved. 

'lhe goc:d oor:rel.ation between the predicted biana.ss and d:>served MSMB 
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values from the literature (Table 4, Fig.2), makes it evident that the two 

lake Memphremagog equations (Eq. 5,6) can be used to pre::iict the bianass of 

suJ:::.merged macrophytes over a wide rarge of corrli. tions (Table 4) . '1he lt'Odels 

also correctly pre::iict the direction of c:harge _in a shallow lake in which 

the mean depth, an::l consequently the slope, was in::reased as the result of 

dredgin;J. When the mean depth of Lilly lake, Wisconsin, was increased from 

1.4 to 2.3 meters, the mean bianass decreased from 421 to 235 g dt:y wt. m-

2 between 2. 5 an::l 4 m (Nichols 1984} as would be pre::iicted from the ~e 

in slope associated with the increased mean depth. Unfortunately, Nichols 
• T 

(1984) did not give sufficient infonnation to apply our lt'Odel directly to 

the data of Lilly lake. Slope also has an effect on plant abtm::iance al:x:rve 

the waterline (sain et al. 1984), Sl..lggestin;J that the relationship d::lsaved 

between slope an::l St.llD;rged plant bianass ext:en:1s to different plant 

cc:mmumities as well. 

'!hat m:xiels developed in one lake are useful in making a first 

pre::iiction of MSMB in a wide variety of lakes is an affinnation · of the 

great inpo~ of slope an::l associated sedinent oorrlitions on macrq:hyte 

bianass. '!hat our m:xiel, on average, urrlerestimates the literature bianass 

by 15% is a minor flaw, p:J::'Ct)ably attriJ:utable to the exceptionally wide 

oontoor intervals (10 m) available for lake~- '1hese wide 

intervals overlook the nonnally gently sloped shelf present before the 

' 
slope steepens toward the sublittoral; as a conse.quence wide inteJ::vals 

overestimate the average slope an::l u:rrlerestimate the bianass. '!his is 

evident from the fact that the contour maps overestimated the littoral 
• 

slope, as measured with an echosourrler, at 80% of the sites. '!his error is 

p:J::'Ct)ably responsible for the :nx:xiest 15% un::lerestimate of tenperate zone 

bianass with the lake~ m:xiel. 

OIJr D¥:del was developed an::l tested for tenperate lakes rargin;J fran 
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oligotrophic to eutrophic arxi is, therefore, not expected to be a];propiate 

for e:i ther hype:reut:rc:pric lakes with secx:td disk readin;;Js of less than < 2 

m or tropical lakes. 'lhus, highly turbid Neusiecllersee (Austria: Sdrlener 

arxi Presser 1976) arxi I..ochlosa (Florida, canfield et al. unp:lbl. data) . 

with secchi disk read.irgs of 0.5 arxi o. 7 neters had biana.sses a 47- arxi 

3. 6-fold lower than predicted, supportirg the observation (Ozi:mek arxi 

l<'oiValczewski 1984) that highly turbid lakes support little bianass because 

of light limitation. In contrast, tropical arxi subtropical lakes swartvlei 

(South Africa, Howard-williams arxi Allanson 1981), Fail:view, arxi Stella 

(Florida, canfield et al. unpubl. data) have a MSMB 4- to 6 fold greater 

than predicted, probably linked to the much greater solar radiation 

received durirg the long growing season (OIAPI'ER 1). 'n)e relatively small 

reduction of bianass in highly turbid subtropical L. I..ochlosa conpared to 

turbid but temperate Neusiedlersee may 'Well reflect the general terxiency 

for subtropical lakes to support a higher biarnass. 

'!he correlation between obse:rved arxi predicted biornass in temperate 

lakes (Fig. 2) is certainly lowered as the result of the widely varyirg 

samplirg techniques used in the literature. For example, our IOOdel 

l.mderestimates the MSHB where dredges rather than Sa.JBA. divers were used to 

collect the plants (Table 4) • 'lhe error was significantly higher for the 

former (t-test, P<0.05), suggesting a possible overestimate of biarnass 

obtained with dre1ges. Forsberg {1959) too reporte1 that samplers 

consistently overestimate the bianass of submerged macrophytes when 

conpared with hand-cutting techniques. Richardson (1974), who used a 

surface operated device to estimate macrophyte biomass, acknowledges that 

he probably overestimated the bianass because Elcxlea canadensis fonned a 

thick mat that could hardly be discriminated from the bianass enclosed in 
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the sanplirg area. 

'Ihe influence of nutrient rol"ll:mtrations on MSMB appears to be small 

carpared to their role in de't:ennirrl:ng Iilytoplankton bianass. 'Ibis is 

further evident fran the nniest responses of macrqilytes to in ~ 

fertilization in Iake ~og (Arrlerson 1985), p::>intirg to the 

strorger relationship between m:>I::plC:metcy ar:d bianass of subterged 

macrqlhytes. 

We have derconstrated am quantified the .i:aportance of littoral slope to 

the maximum bianass of Sl.ll:!oorged macrophytes in a wide variety of lakes, 

that differed greatly in their macrophyte species composition (Table 4). 

'Ihe m:xiels prcduced are not applicable to highly tw:bid t:eJ:rpara.te lakes am 

subtropical and tropical lakes: the influence of large differe:rces in light 

levels is shown by the poor estimations of M3MB based on slope of the 

littoral alone in such lakes. F\1rther research on the interaction of slope 

and light levels on MSMB is needed if m::>re universal :nniels are desli.red. 

Followirg a period in which much attention has been focussed on nutrient 

~ly rates to lakes, the derconstration of the relevance of lake 

m::>rpha:ootcy to macrqilyte as well as to phytoplankton biornass (Sakanoto 

1966) and fish catches is an appropiate remi.rrler that lake m::>rphometcy 

should not be overlooked in the characterization of lake productivity. 
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ClfAPI'ER III 

'Ihe distribution of submerged macrophyte bianass in lakes: 

the contribution of littoralmrphometcy arrl water characteristics 
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ABSTRACT 

'!he bianass distribution of S\lbterged macrq;::hytes in 25 Northeastern 

American lakes was stuiied to establish the relative oontril:utions of lake 

characteristics (i.e. alkalinity, d:llo!"O{tlyll-a, total }ilosphorus, 

oonductivity, and~) and site specific characteristics (i.e. 

littoral slope, exposure to waves, and light levels) to the variability in 

submerged bianass. lake characteristics (i.e. alkalinity) had their 

greatest influence over the lake average biamass of submerged macrophytes, 

whereas the site-specific bianass was largely a function of site 

corditions. su:t:merged mac:r:qilyte biamass decreased with increasin) littoral 

slope and wave exposure, and increased with increasinJ alkalinity and light 

levels. 'lhe great habitat heterogeneity characteristic of the littoral zone 

explains the considerable variation of submerged bianass within lakes. 
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Since the influence of sul:lnerged Ve!Jetation is prOportional to its 

bioma.ss (e!J. Whitfield 1984, canfield et al. 1983a, Smith ar.d Adams 1986), 

the study of the factors that affect macrophyte biomass is an important 
. 

aspect of limnology. However, the description of patterns in the bioma.ss 

of subnerged macrophytes is made difficult by their extrene variability 

within lakes (cf. Nichols 1982, OJart:e ar.d Kal.ff 1986) that results in 

large uncertainties a.rourrl the average lake bianass. F\u::then:rore, the 

analysis of the relationship between env:irornnental con:litions ar.d the meah 

lake bioma.ss would necessarily un:ierepresent the influence of any factors 

that influence the bioma.ss variability within lakes, such as the littoral 

slope. Nevertheless, the great variability of submerged biornass from lake 

to lake (cf. Il.lart.e et al. 1986) suggests that Whole-lake characteristics 

should have an important influence on submerged biomass. 

'!he decrease in Sl.ll::marged bioma.ss with increasing eutrq;hy ar.d the 

associated reduction in water transparency (Twilley et al. 1985, Moss 1976, 

ozi.nek ani Kolwaczewski 1984) ~ trq:hi.c status ani light absorption 

as important factors. Conversely, the ability of macrophytes to obtain 

their nitrcgen and .phosphorus requirements fran the sedi.ments (carignan and 

Kalff 1980, Denny 1980, Huelbert and Gorham 1983) , ani the weak association 

between sediment levels of phosphorus ani nitrc:gen and sul:lnerged biamass 

(Arrlerson 1978, I.angeland 1982, Arrlerson 1985, Il.lart.e and Kal.ff 1986) , all 

suggest that the levels of these nutrients should :be poorly related to 

sut:rrm'ged. bianass. In contrast, the influence of the major ion dlemist:t::y • 

of the water, particularly inorganic carb:m, on the species CX~tpJSition 

(Moyle 1945, Hutdlinson 1975) ani bianass {Spence 1967, Wetzel ani Grace 

1983, Adams 1985) of sut:rrm'ged. macrophyte carmmities suggests major ion 
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chemistry as an inp:>rtant determinant of sub:nerged bianass. 

'lhe relative contribution of water characteristics arrl. littoral 

llDqilc.JtetJ::y to the variation in sub:nerged biarass should be a function of 

the level of analysis. 'lbe inp:>rtance of water ~teristics should be 

greater when the lake-average sub:nerged bianass is studiG!P, whereas 

littoral llDqilc:a:ootJ::y should be ltDre inp:>rtant in site-specific analysis of 

sub:nerged macrophyte bianass. 

Here -we examine the relationship between sub:nerged bianass, lake 

trq;hl.c status, water chemistry, light climate, arrl. littoral llDzphc:a:ootJ::y in 
" 

25 lakes. To examine the relative inportance of these factors at different 
' 

scales, this analysis will be done both for the lake-average bianass arrl. 

for site-specific bianass estimates. Because the influence of subnerged 

macrq:hytes on the littoral zone should be greatest durirg the period of 

maximum biarass, -we tested our hypothesis in August. Water chemistJ::y was 

represented by the total alkalinity, and electrical cor:rluctivity; lake 

trq;hl.c status was represented by the epilimnetic concentrations of 

dllorqlhyll-a arrl. total IilosPhorus; arrl. light levels as the percent surface 

irradi~ received at the depth of macrq:hyte growth. Littoral ltDqilanetJ::y 

was represented by its slq:e arrl. eJqXlSUre to waves. 

• 

,} 
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MacJ:qiiyte sanpl.ing 

'!he study involved 25 lakes in Qll!bec, New York, an::i Verm:>nt, selected 

to cover the widest possible range in the factors studied. A nethod based 

in a relationship between plant biamass an::i vegetation height, derived 

fran echosourrler traci.n;r.; an::i plant growth fonn (ru.arte 1987) was used to 

measure the biamass of sul:lte:rged macrt:P:lytes in August 1985. In brief, a 

recording echosourrler (Si-tex Horrla, IOOdel HE-356) was used to run six 

echOSOl.U'rling transects perpenlicular to shore between a depth of c. 0. 7 Ifl 

an::i the vegetation limit, ail~? the daninant gowth fonn recorded, for 187 

sites. '!he rnmiber of sites per lake varied fran 4 to 38, deperrli.r¥J on lake 

size, an::i the range of littoral slope an:i ~to wave action. '!he 

sites were selected to obtain a :representation of the daninant oorrli.tions 

in the lake \tJhile coverirg the widest possible ra:rge of littoral 

m::>l:];:hanetries. lake area an::i nean depth were obtained fran ba.thynetric 

maps, while wave exposure was estimated fran the area (km2) of open water 

visible at each site studied (Duarte an:i Kalff sub:nitte.d). '!he height of 

vegetation in each transect was nea.sured every 7-9 m fran the echograms, 

an::i sul::roorged biomass was detemined fran the equations in ru.arte (1987). 

'!he slope of the littoral between the beginnirg an::i em of each transect 

was also measured fran the tracirgs. '!his proc:ess resulted in ncre than 

8000 individual estimates. To reduce this to manaqable proportions they 

were averaged aver 0.5 m depth categories to yield 1400 observations, 

obtained fran the nean of 3 to 15 individual estimates. 

Epilimnetic water sanples were collected with a sanplirg tube exterrled 

to the therlrocline in the pelagic zone of each lake, or to o. 5 m of the 
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bottom of unstratifie1 lakes. 'lhe water was ana.lyze1 for total P'lOSJ.Dorus 

follCMi.rg persul.fate digestion (mcdifie1 from Johnson 1971) , and for 

chlol:};ilyll-a, uncorrected. for }ileophytin, after filteri.rg between 0.5 to 1 

liters of water tl."u::'c:ugh 0.4 um Gelman membrane "filters, followed by ethanol 

extraction (sartory and Grabbelaar 1984) and spectroph.otcintric 

determination. Electric corrluctivity was neasured in surface waters with a 

nDdel PCM1 Cole-Panner neter. Water transparency' was neasured with a 20 cm 

diameter Sec:x::hi disc, and the percent surface irradiance, Si, reach.irJ1 the 

depth of gt:'CMth, z, calculated as Si = 100 e-z k, where k is estimated as 

1.47/Secchi (walker 1982). '1lle major ion chemistry of the water was 

obtained from published reports (service qualite des eaux 1978, Provencher 

and Belanger 1979, Henson and Gruen::lli.rg 1977, Iaforrl 1985, lD:rg et al. 

1981). 

statistical analysis 

Linear regression was used to nDdel the relationship between the 

envi:rornnental factors and sul::l:terge1 bianass. 'Ibe deperdent and irrleperrlent 

variables were transfornai ~en ~ to maet requirements of linear 

regression, and the reduction in nean square error (MSE) used to dloose 

between alternative nDdels. Where needed, the data were split into groops 

to minimize the MSE (Breiman et al .. 1984, ruarte arrl Kalff 1986). 

• 
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REStJI..[S AND DISaJSSICN 

'!he lakes are of glacial origin, with the exception of a single 

reservoir (L. Boivin). '!heir catchments vary from totally forested arrl 

unaffected by human influence (e.g. L. C!rl::lt'well, L. Montjoie), to lakes that 
. 

supp:>rt sate recreational use (e.g. L. George, L. Men'phremagog), arrl lakes 

heavily influenced by sewage i.nplts (e.g. L. Boivin1 L. Waterloo). '!he lakes 

covered wide rarqes in ml:J;hcmatric arrl environmental con:litions (Table 1), 

ran:Jing in size frcm the large Missisquoi Bay (L. Qlanplain) , to lakes less 

than a hectare in surface (L. Cl:'a.lJNell). '!he lakes also varied frcm highly 

oligotrophi.c (e.g. L. George, L. Bowker), to highly eutrophic (e.g. L. 

Boivin, L. Waterloo, Table 1). '!he snallest rarqes were those for total 

alkalinity arrl electrical con:iuctivity (Table 1), reflecting the daninance 

of igneous arrl netaml:J;hic geologies in Northeastern North Aloorica. '!he 

lakes also differed in their light absorption characteristics from lakes 

"Where light extinction is largely a function of algal biomass (e.g. L. 

Menph.remagog) 1 to highly coloured lakes (e.g. L. Cranwell); this is 

reflected in the relatively poor relationship between chlo:ro};tlyll-a 

concentration arrl Secchi depth in these data (r-2=0.51). A wide ran:Je of 

taxonanic cacpositions (Table 1) was also represented in the Sl..lbn'erged 

vec;retation of the lakes stutiecl. 

" '!he li~ of the lakes rarged frcm very steep ( eq. L. Bowker 1 L. 

Brarpton, Table 2), to very gentle (e.g. L. Selby, Roxton Porxl1 Table 2), 

saoo lakes presentin] a wide diversity of slopes (e.g. L. George, Table 2). 

Given the differences in littoral slcpa an:org lakes (Table 2), littoral • 

slcpa appears to be as 1tl.lCh a characteristic of the lakes as i1:. is a 

property of specific sites. '!he exposure to waves covered a wide ran:Je, but 

had little variation within lakes (Table 2) because it is largely a function 
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Table 3 .1 I..:i.Itn:>logic:al characteristics of the lakes studied, ra.r:qe of 

JDacrqilyte bianass 1 am daninant species. 

Lake Lat. Long. Area Zmax Zm 

Bleu 45 55 73 56 1.3 6 
Boivin 45 23 72 45 160 6 1.6 
Bowker 45 25 72 13 230 59 25.9 
Brome 45 15 72 30 1452 12.77 5.8 
Brompton 45 26 72 09 1191 42.3 11.5 
Missisquoi Bay 45 03 73 09 7750 4 2.8 
Conneley 45 54 13 58 129.4 21.9 7.72 
Croche 45 5" 73 10 9.1 10.5 s.s 
Cronwell 45 59 73 09 4.8 18 3.04 
D'Argent 45 18 72 18 96 15.5 4.6 
George 43 30 73 40 11000 59 18 
Hertel 45 32 73 09 29 8.3 4.8 
Love ring 45 10 72 09 464 24.9 10.3 
Magog 45 15 72 10 1080 19.2 9.8 
Massawippi 45 13 72 00 1790 85 40.2 
Memphremagog 45 14 72 14 9010 108 18 
Montjoie 45 24 72 05 329 22.2 7.9 
Orford 45 18 72 16 122 48 17.7 
P. Brompton 45 26 72 06 67 19.5 7.5 
Roxton pond 45 28 72 39 179 5.47 3.16 
Selby 45 53 72 47 111 8 2.6 
Silver 45 38 72 48 67.8 61.6 27 
Stukely 45 22 72 15 386 32.2 13.6 
Trousers 45 14 72 20 59.57 13 7.2 
Waterloo 45 20 72 05 150 4.9 2.9 

Area in ha, maxilium {Zmax) am nean depth {Znv:mt) in m, 

cxn:iuctivity (C) in JlS an - 1 , alkalinity (Alk) in ng caco3 1-1, • 

Seo:ili depth in m, total ~rus (TP) in ng m-3 , ani ,. 

chlorophyll-a in ng m-3• P. = Fbtanpgeton, M. = Myrigphyllum, E. = 

Elodea, V. = Vallisneria, I. = Isoetes. 
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Lake c Alk Secchi Chl-a TP D. sp. 

Bleu 35 7.2 4.2 P. foliosus 
Boivin 321 78 0.6 15.2 125 M. spica turn 
Bowker 47.6 18.2 7.8 0.99 9.8 P. robinsii I I. lacustris 
Brome 89 32.3 3.7 2.04 13.1 v. americana 
Brompton 59 21.7 4.2 1.25 2.7 P. praelongus 
Missisquoi Bay 94.3 26.7 1.8 10 65 M. spica turn 
Conneley 95.5 21.6 5.14 1.49 9.21 P. praelongus 
Croche 29 8.53 3.98 1.65 9.92 
Cronwell 35.1 9.83 2.39 8.63 11.47 P. praelongus 
D"'Argent 87 31.1 3.1 3.5 14.5 M. spicatum I P. praelongus 

~ George 90 24 8.5 0.95 8.5 M. spicatum I P. amplifolious 

~ Hertel 86 so 3.8 3 9.8 P. perfoliatus I P. robinsii 
Love ring 56.7 23.6 2.8 2.1 16 M. exalbescens I Nitella sp. 
Magog 165 50.4 2.5 9.3 39.5 M. spicatum I E. canadensis 
Massawippi 140 70 4.5 4.6 16.25 M. spicatum 
Memphremagog 145 45 4 6.8 9 M. spicatum I P. robinsii 
Montjoie 36 18.1 3.2 0.84 8.5 P. foliosus 
Orford 226 39.8 8 o.ss 1.09 P. praelongus 
P. Brompton 63.1 27.7 3.6 1.95 6 v. americana I I. lacustris 
Roxton pond 120 39 2.9 4.1 18 M. spicatum 
Selby 160 49 2.7 7.2 10.8 M. spicatum 
Silver 110 35 5.8 3.51 8.3 E. canadensis 
Stukely 49 24.3 6.5 0.84 2.9 P. perfoliatus 
Trousers 55 14.6 i 1.1 7 P. species 
Waterloo 148.9 44.1 0.77 23.7 34.2 M. spicatum /V. americana 
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Table 2. Mean ani coefficient of variation of the bianass, slope, ani wave 

exposure in the littoral of the different lakes. 

Lake Slope Exposure 

Mean c.v. Mean c.v. 

Bleu 14.93 88.1 o.on 44.2 
Boivin 6.92 166.3 0.36 38.9 
Bowker 41.2 76.0 0.16 87.5 
Brome 2.83. 39.2 11.62 15.6 
Brompton 20.21 48.1 0.21 20.0 
Brompton 5.19 115.6 7.62 36.0 
Conneley 17.61 145.4 0.73 25.8 
Croche 20.78 37.4 0.39 0.3 
Cromwell 9.15 40.4 0.11 1.8 
D'Argent 12.02 101.7 0.86 2.2 
George 7.47 139.0 18.46 84.1 
Hertel 3.58 91.6 0.28 3.2 -· Lovering 4.12 78.4 2.55 80.0 

'-' Magog 2.37 50.6 3.19 44.8 
Massawippi 4.86 110.9 5.44 59.9 
Memphremagog 8.27 76.9 11.17 94.4 
Missisquoi B. 2.56 66.8 42.9 43.1 
Montjoie 9.18 63.2 3.29 0.6 
Orford 5.71 51.5 0.71 64.8 
Roxton P. 1.47 33.3 2.6 o.s 
Selby 2.19 27.8 0.39 o.a 
Silver 13.15 66.1 0.57 33.3 
Stukely 7.96 83.2 1.45 33.6 
Troussers 16.19 56.0 0.085 75.3 
Waterloo 2. 77 13{).3 0.7 34.2 

Slope in %, exposure in Rm, arrl bianass in q. fresh wt. -2 m • 
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Table 3.2 (Cont.) 

c 

Lake Biomass 

Mean c.v. 

Bleu 5 10.6 
Boivin 300 326 
Bowker 10 22.9 
Brome 42 25 
Brompton 2 3.8 
Brompton 23 230 
Conneley 116 176 
Croche 0 0 
Cromwell 50 117 
n-Argent 138 155 

~~~\ 
George 114 166.8 

'-" 
Hertel 504 494 
Lovering 40 44.1 
Magog 439 323 
Massawippi 514 684 
Memphremagog 206 229 
Missisquoi B. 89.8 86.8 
Montjoie 1 2.02 
Orford 72 47 
Roxton P. 606 168 
Selby 1113 141 
Silver 45 78 
Stukely 10 18.4 
Troussers 8 16 
Waterloo 212 282 
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of lake size (r = 0.90). 'Ihe diversity in littoral arrl lake oorxtitions was 

matdl.ed by the great variation in Sl1l:IIerged bianass both am::>ng arrl within 

lakes (Table 2). 'Ihe variance in bianass in S<Jl'1¥a lakes (e.g. L. Massawippi, 

Table 2) 'is as large as the overall variance, suggesting that the factors 
. 

that determine the variation in bianass within lakes must be at least as 

:i:np:>rtant as those that infll..l.Ellla! the lake averages. '!his idea is supported 

by the p::>ssitive oorrelation between the variability in sut:rrerged bianass 

within lakes (as the ooefficient of variation) arrl the oorresporxting 

variability in littoral slope (r = 0.45, P < 0.01). 

I.ake-a:verage bie&:JSS 

'!he lake-average bianass of submerged macrophytes, approximated as the 

average of all bianass estimates (N = 54 - 280), is :i:np:>rtant to determine 

their :relative influence on the littoral of the lakes. 'Ihese values were 

strongly oor::related with the average littoral slope arrl with water 

alkalinity, \thrlch is an irrlex of the availability of dissolved inorganic 

ca.rl:Jon (Fig. 1). 'Ihe best lOOdel to describe these relationships is: 

biamass0 · 5 = -2.2 - 0.6 slope-0· 81 + o.8 (alkalinity/slope) 0 · 5 (1) 

r2=0.8o; P < o.ooo1; s.E. (estimateo.s) = 3. 7 

Where biamass is neasured in g. fresh wt. m-2, slope as the depth change in 

m per m of horizontal distance, arxl alkalinity in ng 1-1 as earo3 • '!he 

interaction tenn in the lOOdel (Eq. 1) irxticates that the J;XlSitive 

relationship of submerged bianass arrl alkalinity is m:dulated by the 

littoral slope. If the };X'JSitive :relationship to alkalinity is i.ntel:p::reted 

as suggesting ca.rl:Jon limitation of submerged bianass, then the interaction 

tenn SU9=}ests that the stJ::ess that the plants experience in lakBs with 

steep slopes, reduce their ability to J:eSpOIXi to increasing concentrations 

of inorganic cartx::n. 
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Figure 3 .1 'lbe relationship between the lake-average bianass of sul:nerge::i 

ma.crq::hytes arrl that predicted frc.m alkalinity arrl the average 

slcp= (Eq. 1) • 
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SUl::merge:l bianass is positively oorrelated to lake trq:hl.c status (as 

chlorc::p-tyll-a, r = 0.58, P < 0.05). However, this oorrelation is no longer 

significant after littoral slope is oonsidered i.rrlicating that the idea 

that heavy sul:lterged grc:Mt.h is an i.rrlication of cultural eutrophication 

(e.g. Lirrl an:l Cottam 1969) may be the result of eutrophic lakes often 

having gentle slopes, larger se.d.ilrent loactings, an:l hard waters. 'Ihe weak 

oorrelation between littoral slope an::i mean depth (r = 0.39, P < 0.05), 

explains that sul::ln'el:qed biomass is not clearly related to lake depth (e.g. 

D.larte et al. 1986) • 

Total alkalinity often correlates "Well with total J;ilosphorus or 

oonductivity, so that the intel:pretation of the relationship between 

Sl..11:::lrerge macrc::p-tytes an:l alkalinity is often ambiguous (cf. Hutchinson 

1975). Hc7Never, the relationship between bianass an:l alkalinity (r = 0.80, 

P < 0.001) is statistically stron::Jer than those to total ~rus (r = 

0.40 , P < 0.05) or corxiuctivity (r = 0. 72, P < 0.01). Further, the partial 

oorrelation of sul:lterged bianass to alkalinity (after considering littoral 

slope) is highly significant (P < 0.001), whereas those to total };ilosphorus 

an:l corxiuctivity are not {P > 0.05). 'Ihe relatively la..r oorrelation between 

corxiuctivity an:l alkalinity (~= 0.57) in our lakes reflect the influence 

of road salt on five of the 25 lakes studied (Table 3). 1hi.s is evident in 

their high Cl/K ratios (Table 3) cntpared to 5. 71 (by weight), the 

characteristic ratio for North American waters (Livingstone 1963). 

Since the prop:lrtions of DDSt major ions are fairly constant in 

freshwaters (Rodhe 1949), regression analyses are tml.ikely to discriminatE! 

the OOse:rved relationship between bianass arrl alkalinity f:ran ~.·possible 

relationship to ions unaffected by salting, such as potassium or calcium. 
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Table 3. 3 Ratio of dll.oride to potassium by weight for the five 

lakes affecta:i by road sal tirg, an:l the typical ratio for 

North Aioorican waters (Livirgstone 1963) 

CljK 

Brame 16.2 

D'Argent 18.1 

Conneley 26.8 

Orford 49.9 

water loo 16.0 

North Aioorica. 5.7 
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'lhe confourdirg correlations of total alkalinity to these ions have been 

resolved experimentally by Martin et al. (1970), who showed inorganic 

cartx:m to be m:>St directly involved in a similar relationship between 

alkalinity ani the yield of Najas sp. Limitation of submerged biomass by 

potassium or calcium may also be prevented by their ability to obtain both 

these nutrients fran the sed.inv:mts (De.Marte ani H.artman 1974, Martin et al. 

1970, Waisel et al. 1982, Huebert ani Goiham 1983}, although the relative 

contributions of these two elerrents by sediment ani water sources are 

unknown. sedjnent carbon is not widely used by mac:rophytes because this " 

requires specialized root~ only foun:i in a fet~ soft-water rosette 

species (Wium-Arrlersen 1971, sand-Jensen arrl Sorrl.ergaard 1978, Sondergaard 

arrl sand-Jensen 1979, I.oczy et al. 1983), so that m:>St macrophytes species 

obtain cartx:m fran the water. 

'lhe limitation of su1:m:u:ged bianass by cartx:m has been prqx:sed on 

theoretical grourds (~ 1967, Hutchinson 1975, Spence 1982, Wetzel ani 

Grace 1983, Adams 1985, Barko et al. 1986) , based on the very slow 

diffusion of cn2 in water arrl the relatively lar:ge bourrlal::y layers that 

su.rrouni mac:rophyte leaves (Black et al. 1981, Madsen 1984). More irrlirect 

evidence for the role of alkalinity c:x:l1eS f:ran 'WOrk in several Florida 

lakes ~ subme:rged macrophyte reJ.1X:JVal by grass carp was followed by 

highly significant increases in water .alkalinity (canfield et al. 1983b, 

Small et al. 1985). Diurnal depressions of inorganic cartx:m (e.g. Pokomy 

et al. 1984), arrl raise in pH (Gallder 1970) are often dJserved in 

oomexicm to su1:J.nerged plant ~is. Additionally, Goulder (1969) • 

denDnstrated a stroD:J spatial correlation between sul::lnerged mac;rq:tlyte 

cover ani total alkalinity in a porrl. with patdly vegetation. 
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Depth- and site specific plant biauass 

'!he study of the mean bianass of macrophytes across entire lakes 

treats their variability within the lakes as error aroon:i this nean, 

whereas it may be related to habitat het:ercqeneity aroon:i the littoral zone 

(D..larte arrl Yalff 1986). consequently, the relationship between Sl.ll::iterged 

bianass arrl factors that vary aromrl the littoral, such as the light levels 

reac:::hi.rg the plants, the exposure to waves, arrl the littoral slope, would 

be better represented by a site-specific analysis than by the examination 

of the average bianass. 

'!he bianass of su1:J:rerge(;i plants varied regularly with depth, follawing 

a dane-shape profile in all lakes (Figure 2) • 'Ihls distribltion suggests 

limitation by wave exposure at shallaw depths arrl by light limitation belaw 

the depth of IraXinum bianass (Spence 1982). '!he shape of the depthjbiamass 

cu:r:ve is stron;Jly related to the water transparency, since both the depth 

of maximum colonization (Zllc) arrl the depth "Where the maximum bianass 

occurs (Zmb) are functions of the water transparency (Figure 3): 

zm:: (m) = 1.9 + 0.63 Secx::hi. (m) (~= o. 76, P< 0.0001) (2) 

Zlri:> (m) = 1.1 + 0.4 Secx::hi. (m) (~= o. 79, P< 0.0001) (3) 

'lhese relationships are st::rocger than those previo.JSly reported (01aniJers 

am I<alff 1985, canfield et al. 1985), likely because the large I1Ulli:ler of 

transects examined within each lake reduces the uncertainty aroun::i the 

average estimates, which in this case is similar to the error aroun::i the 

regression estimates. '!he dept.h/bianass profile is also determined by the 

shallowest depth "Where Sl.ll::iterged vegetation g:ra..JS (0. 75 - 1.25 m). H'awevet, 

this minim.un depth is not related to slope, exposure or 1:ranspaJency (P > 

0.05), sugqest.in;J that the shallow limit is prc:bably set b:f ice sc::a.tring 

whidl similarly erodes the sediments of the shallowest areas in all these 
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Figure 3. 2 'lhe depth profile of S1.ll::toorged macrqtlyte bianass in the lakes 

studied constructed by poolin;J together the data for all sites. 

(I) 
(I) 

0 
E 
0 m 

5--------------------------------------------~ 

4-

2-

1 -

. : . 

. . . #:.· . . . 
I • •. . . . . .. .. . . . . . . .. . . .. . . . . . . . 

. · .. ··~ ·.: ...... ·-:··!. ..., .. :· 
-:: • ... i......: ...... v • • • • • ' •• :, . • .... ••• ... • ... ·~ . . • • ......... _ ....... _.......~, .......... "--··· ;.:,.Jt.,. ............. .....__._.,_.,. __________ _ 

0~~~~~====~~.==~==~.~~==~.~~==,,====~~.~~~~.~~~ 

0 2 4 6 8 

Depth (m) 

,.' 

82 



c 

r 
\..I 

0 

• 

Figure 3.3 'lhe relationships between the depth of maximum colonization (Znc, 

Eq. 2) an:i the depth of maximum bianass ( Zmb, Eq. 3) of S'l.ll::merged 

macrophytes an:i the water transparency of the lakes studied. 
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lakes. 

We attenpted to describe the precise distribution of bianass in 

the different sites by regression analysis usin:j lake ani site 

characteristics as irrleperrlent variables. HCIW'eVer, this analysis resulted 

in a ll'Odel with C11/er 12 highly significant (P<0.0001) terlns, explainin:j in 

total saoo 40% of the variance. SUCh a lOOdel is unsatisfactory because of 

its CCil'plexi.ty, am because the effect of irrlividual factors is diffia.llt to 

extract fran the cx:>rglarerate of sinultanea.Js chan:Jes ani interactions. 'lhe 

c.orrq;:>lexi ty of the lOOdel ImJSt reflect the chargin:j i:mpo:rta.nc:s of the 

different environmental faC't9rs with depth. '!his is fUrther evident when 

the variation in the partial correlation coefficients between sul:merged 

biomass am the different variables are presented as a function of depth 

(Fig. 4). While the correlations to littoral slope ani alkalinity remain 

relatively c:x:>nstant at all depths, Secx:hl transparerx:y shows strorger 

correlations at greater depths, ani exp:JSUre at shalle7'Ner depths (Fig. 4). 

Because the carplexity of these interactions makes linear regression 

m:dels cumbersate, we dlose to sinplify the lOOdel by explorin:J the data 

further. Since sul::Jroorged bianass is zero wen slopes are steep (Fig. 5), we 

believe that a critical slope exists beyorxl Wich plants will not grrM. 

'!his critical slope was fam::l to be about 14. 8% (Fig. 5) , as calculated by 

the ted:lni.que p+CJPOS9d by Brei.tran et al. ( 1984) . 'lhe division of the data 

into two sets at this critical slope :reduoe:i the C11/erall varia.nc."e by 13% 

(F-test, P<0.0001). In one set the sutmerged bianass 'WOUld be 0 due to 

steep Slc:p!S (N = 302) 1 ani the other could be subjected to further 4 

analysis (N = 1098). '!his sec::ord set could also be divided, cn ~ basis of 

the relationship between the maxinum depth of colonization ani the Secchi 

transparency (Eq. 2, Fig. 3) 1 between locations where plant grcMth is 
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Figure 3.4 '1he c::harge in the partial correlations of slope, exposure, 

transparency, and alkalinity to macrophyte biomass with depth. N 

> 70 for all correlations. Numbers in the left irx:licate 

.Probability levels. 
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Figure 3.5 '1he relationship between littoral slope ani the bianass of 

Sl..ll::lnerged macrophytes shad.rx:J the value of the critical slope 

above "Which plants do oot grow. 
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prevented by light limitation and those where plant growth can oc:x::ur. 

'Ihis separation in:leed explaine:i a further 9% of the total variance (F 

test, P<O. 0001) • 

'!he differences in the .i:np::>rtance of wave exposure and water 

transparency for shallow and deep lcx::ations (Fig. 4), suggests that the 

observations in areas with slopes lower than 14.8 and shallower than the 

maximum depth of colonization (where scrte plant growth nay occur) can be 

divided into two subgroups based on the depth of maximum biamass and the 

Secc:hi transparency (Eq. 3, Fig. 2). In lcx::ations deeper than the depth df 

maximum biamass, light level$ should play an .i:np::>rtant role, whereas in the 

shallower locations the light regime should be less critical, and wave 

exposure should play a significant role. '!he multiple regressions resulting 

fran these data sets confil::med the suspected differences in the 

relationships bet:ween Sl.l1:::llerged bianass and envi.rormental factors OV'er the 

two depth rarges: 

'!he best regression nrdel for the data set containing locations deeper 

than the depth of maximum bianass (calculated fran Eq. 3) is: 

biomass0 •33 = - 13.0 - 1.6 ln slope - 0.45 ln exposure + 2.3 ln alkalinity 

+ 1.2 ln Si (4) 

r2 = 0.31; P < 0.0001, S.E.(estimate0.33)= 3.1 

where Si is the.peroent surface irradiance received at the depth of growth, 

exposure is measured in ~, and the units for other variables are similar 

to those in Eq. 1. 'Ihis equation supports the postulated influence of light 

levels in limitin;J bianass below the depth of maximum bianass. It also 

in:licates that increasin;J slope am exposure, and decreasirg ~inity 

results in lCMer bianass values. 

'!he shallow water IOCdel confinns the .i:np::>rtance of slope, alkalinity 
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ani wave action: 

biamass0· 33 = - 8.4 - 1.6 ln slope - 0.3 ln exposure 

+ 2.0 (alkalinity*depth) 0 · 33 (5) 

z-2= 0.40; P<0.0001; S.E. (esti:mate0.33)= 2.6 

'Ihe coefficients for the littoral slope are similar in both deep ani shallc:M 

water models (slcpe= 1.6, Eqs. 4 ani 5). However, plant bianass appears 

paradoxically less influenced by exposure in the shallc:M model (slope = 

0.3) than in the deep water model (slope = 0.45). At the same tilne, the 

model shc:MS a positive relationship between biamass ani depth, this beirq 
~ 

nore inq:x:>rtant at high alkalinities where biamass is greater. '!his 

" interaction cannot be attributed to the attenuation of wave energy with 

increashg depth, because the interaction term for exposure ani depth was 

not significant (P>0.05). While Duarte ani Kalff (su:t::mitted) fourrl a direct 

negative influence of wave action on the response of Slll:xrerged plants to 

nutrient additions at the depth of maximum biamass (2.5 m), they were 

unable to de!ronstrate this link for shalla-~er (1.0 m) plants. 'Ihey 

concluded that erosion due to ice scc:11rhg may be nore inq:x:>rtant than wave 

action in reduchg the biamass of the shallc:M plants. In lakes with higher 

alkalinity, whose biamass is greater, the increase in biamass with depth 

may also reflect limitation by the urrlerwater space available for grc:Mth in 

shallow sites (Lin:i ani Cottam 1978). Whatever the relative :roles of ice 

scc:11rhg ani space limitation, oor results suggest that the ilrportanoe of 

wave action in oont:rollirq su1:lrerged biamass in shallc:M waters may have 

been exaggerated in the past (Jupp ani Spenoe 1977, Spenoe 1982) • Since the 
• 

relative ilrportanoe of sirqle ext:rene win:i events cx::IIpared to continuated 

wave action, ani the relative influence of win:i events at different stages 

of plant grc:Mth are unknown, the weak relationship between exposure ani 

plant bianass may also Wicate that stan1ard. measures of exposure, such as 
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the ~ area used here or the weighted fetch method (see D.larte arxl 

Kalff 1986), fail to measure the scale of relevance. 

'lbe data reduction steps describe:i can be combined in a "regression 

tree" (sensu Brei.man et al. 1984, Fig. 6), where the predicted. biomass is 

obtained by follCMing the tree until a terminal branch is reached (Fig. 6) • 

'lbe lOOdel is sinpler than a 12 term regression lOOdel, arrl allows for a nDre 

clear stepwise representation of the factors affecting submerged bianass, 

the total model acx::a.mting for al.na;t 60% of the variance in depth- arxl 

site-specific Sl.ll::mel:9ed bianass. 'lbe large unexplained variance in this r 

models is oot unexpected, be9ause submerged 'Weedbeds are very patchy 

(D:Mni.rg arrl Arrlerson 1985), ani suggests that these relationships shoold 

be inproved by considering variables that reflect habitat hetercqeneity and 

differences in camm.mity structure. 

Limnological iDplicati.c:ns 

'lbe st:ran;J relationship of mean submerged biomass to alkalinity arrl 

littoral slope bears sane resemblance to the Morphoedaphic Irrlex (total 

dissolved solids/mean depth) , proposed as a predictor of fish production in 

lakes (Ryder 1964). 'Ibis index sununarizes two basic patterns in c:x:m:parative 

limnology. First, a positive correlation between total dissolved solids 

(ani its correlates) arrl productivity (Gorham et al. 1974, Prepas 1983), 

arrl seconily a negative relationship between lake ItDl:];ilc:r~etry arrl 

productivity proposed many times in the past (Rawson 1955, sakaitDto 1966, 

straskraba 1980) • Altha..¥Jh the na:hanisms that link the nDIJ;iloedaJ;:hlc 

in:lex to the productivity of fish likely differ fran those :resultirg in 

greater macrophyte biomass, the similarity in the patterns for fish ard 

macrophytes is consistent with the positive relationship between submerged 

vegetation ani fish aburrlance in lakes (Whitfield 1984). 
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Figure 3. 6 Regression tree describin;1 the relationship between the site and 

depth specific bia:re.ss of sul::merged macrophytes to enviro:nrrental 

oon:iitians. 

Regression tree 

Slope:~B 

Z > 1.95 + 0.63 Sd Nr-z-a 
Z > 1.13 + 0.39 Sd 

N 
B O.J~ -13.0 -1.6 In S - 0.45 E 

+ 2.3 In A + 1.13 In Si 

0.33 E 9 ( Z)0.33 B = -8.4 -1.6 In S - 0.3 In + 1. A • 
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1he relationship bet'lllleeil subnerged bianass and alkalinity adds to the 

evidence pointing to its influence on the community structure (Mbyle 1945, 

Seddon 1972 1 Hutchinson 1975, Pip 1979 I Hellquist 1980) , species richness 

(cattlin;i et al. 1986), a.nd productivity (Adams et al. 1982) of subnerged 

Ve;Jetation to highlight the major role of ca:rl:xJn on macrophyte ecology. 'Ihe 

aburrlant evidence for carl:x:m limitation of submerged bianass contrasts with 

the scarcity of similar evidence for Ji'lytoplankton (sehln:ner 1977, but see 

Tallirg 1976). '!his differerx:le nay derive fran the mu.dl la:.ver turnover rate 

of maCI'C:Jiilytes, so that ca.r:bon limitation of Ji'lotosynthetic rates {Adams ~et 

al. 1978) can reduce the biapass macrophytes acx::unm:tlate throughout the 

Sl.ll'lli:IE", even if this situation only occurs sporadically. Additionally, 

phytoplankton cells are beirg mixed throughout the epil:imniom, present 

bourrlal:y layers many t.i.nvas smaller than those associated with macrophyte 

tissues {Black et al. 1981), a.nd are nore able to use bica:rlx>nate, hence 

benefitirg fran a lliJCh nore efficient SUf.PlY of dissolved inorganic carl:x:m 

(Spenoe a.nd Maberly 1985). 

We have shown here that the relative contribution of site (slope, 

exposure, light levels a.nd depth) and lake (alkalinity, average slope) 
.,. 

dlaracteristics to the bianass of submerged macrophytes depenjs on the 

scale of analysis. While lake characteristics are nore i.nportant when 

ca:rparirg the lake-average subnerged bianass, the variability within lakes 

is largely a function of site specific dlaracteristics, a.nd ultinately of• 

the OCilplexity of their littorals. '!his e>cplains why general no~tic 

features, such as mean depth, are weaker descriptors of subnerged bianass 

(D.larte et al. 1986) than of the biota inhabiti.rg the nore harogeneous 
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pelagic environment (Rawson 1955, Sakalroto 1966}. Because of the great 

diversity of the littoral zone, we suggests that studies of the 

relationship of S1.ll::lrrerged macrophytes, am their associated biota, am 

their env.ironment shruld be focussed on site specific, rather than on 

whole-lake studies. 
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ABSTRAcr 

'Ihe influence of lake m:>l:}ilaretry on the gruNth of subnerged 

macrqilytes in response to nutrient fertilization of sedinents at sites of 

varyin:j bottan sl~ (steep/gentle), am wave exposure (high/lCM), arrl 

depth ( 1. 0 arrl 2. 5 m) was studied in lake MeJtt:ilremagCXJ (Quebec-Venoont) . 

On average the bic::rnass increases were 2 .1 times greater for 

fertilized macrophytes than for the paired controls. 'Ihe extent of this 

gruNth response was greater in the 1. 0 m sites, where gruNth directly 

related to control biomass. At the 2.5 m sites the response was lCMer, am 

it decreased as exposure to 'Waves arrllx>ttan slope increased. 'Ihe lower 

response at 2. 5 m (depth of maximum bianass) irrli.cates that factors other 

than nutrient levels (such as light levels or littoral sl~) limit 

subnerged bianass here. 'Ihis is partic:lliarly so in sites with relatively 

high biomass. OVerwinterin:j plants showed greater response to fertilization 

than those grc:Ming fran seeds or roots. 

OVerall, the extent of the response of submerged macrophyte gruNth to 

nutrients deperrls on the energy envirornrent (i.e. depth, wave exposure am 

slope) of the littoral. 'Ihe influence of these physical factors explains 

the lack of ~ in abtai.ni.rq stroi"XJ correlations between nutrient 

levels arrl macrt::P'lyte gruNth. 
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INmOWCl'ION 

'lhe inportance of the pri.mal::y productivity of Sl.ll:marged macrophytes 

varies greatly anong lakes (Wetzel ani Hough 1973). Because the biomass of 

Sl.ll:marged plants is frequently lower in oligotrophic than in eutrophic 

lakes am because suntner phytoplankton bianass correlates well with water 

nutrient levels 1 there is a widespread belief that macrophyte biomass 

should be a function of nutrient availability. However, the lower biomass 

of subioorged macrophytes in mst oligotrophic lakes is pri.marily a function 

of lake tool:phametJ::y, rather than of nutrient concentrations (ruarte et al. 

1986) 1 am reflects the greater depth of oligotrophc lakes (Rawson 1955 1 

Sak.annto 1966). Increased nutrient levels may, in fact, reduce macrophyte 

bianass by increasing algal biomass and so reducing urrlerwater irradiance 

{Moss 1976 1 Mulligan et al. 1976, Twilley et al. 1985). 

Rooted submerged macrophytes derive IOOSt of their nutrient supply from 

the sediments (carignan arxi Kalff 1980, Nichols am Keeney 1976, Mantai 

am Newton 1982, Bristaw 1975). However, attempts to derronstrate a 

relationship between submerged bianass arxi sediment nutrient levels have 

been inconclusive (see Arrlerson 1976, t.an:Jelarxi 1982), am sediment 

enrichment experinw.:mts in a canadian lake yielded only IOOdest increases in 

biomass (A:rrlerson arrl Kalff 1986) 1 although toore substantial increases in 

biomass follov.ring sediment fertilization have been shown in an estuacy 

(Orth 1977). Increasingly, the literature points to the inportance of wave 

action (Jupp am Spence 1977) ani littoral slope (ruarte am Kalff 1986) 

in detennining S1.lbJmrged macrophyte biomass. 

'!he objective of this study is to resolve the paradox that submerged. 

macrophytes appear not to be nutrient limited in oligotrophic am 

mesotrophic lakes 1 even though phytoplankton are. At least two explanations 
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are possible: ( l) that submerged. na.crq:hytes in oligotrophic or mesotrophic 

lakes are not nutrient limited. because they can satisfy their nutrient 

demarrl fnxn the sedi.Irents or (2) that the strong influence of the energy 

envi.rorment (such as wave action arrl littoral slope) on submerged 

na.crq:ilytes mask their nutrient deficerv::y. To resolve this, we selected 

sites of different energy envirooment (i.e. differirg in exposure to waves, 

littoral slope arrl depth} in lake~ (Quebec-Venront) arrl 

fertilized. the sediments there to quantify the growth response of the 

natural plant assemblages. 

-· 
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MATERIAI.S AND MEIH::>OO 

'!be experinent was corxiucted in lake Ment:fu:'emagog (~Vernx:mt) I 

a large oligot.r:qhlc to me.sot.rqilic lake 'Which is sufficiently diverse 

noqilanetrically to provide a wide range of wave exposu:r."8S ani littoral 

slopes (Fig. 1). We tested the effect of the energy environment oo the 

response of sul::ltel:ged plants to fertilizatioo in sites exposed ani 

protected fran wave actioo, with steep ani gentle slopes, ani by usi.ng 

experinental plots at 1. o ani 2. 5 m so as to consider the decrease in 

energy with in::reasi.ng depth. 'lhe two depths were selected to represent 

' the 1.JR?er :I:'OX.i.ng depth in the lake (0. 9 m) where wave actioo is JOOSt 

severe, ani the depth of maxinum su'l::l1erged bianass (2.6 m) 1 Wich is 

partially a fun:::tion of light levels (Olambers ani Kal.ff 1985a). To account 

for the n::>rmal 0. 5 m decrease in water level over the Sl.lll.l'ller the plots were 

initially established 0.5 m deeper than the depths here reported. Four 

experinental quadrats were ma.tdled with 4 controls at each of the two 

depths at sixteen sites (Fig. 1) 1 representi.ng four replicated habitats for 

each canbination of sl~ ani exposure (high or low) , yielclin;J a total of 

256 plots. At each site, the littoral sl~ (%) was measured with an 

ed.1.oe!a.trrle (Sitex- Horda, JOOdel. HE-356b) ani the wave exposure calculated 

in two ways: 1) followin:J a modified 'Weighted effective fetch method (see 

Dla.rte ani Kal.ff 1986) with the win:l frequency ani speed obtained fran a 

lakeside meteorological station (Pettic:cew, unp.lbl. data), ani 2) as the 

area of water exposed to each site, or effective area (Earea, Rm2), 

measured £ran a 1:34,130 map with a digitizer (Hi-Pad, Ha.Jstcn 
.: 

Instruments) • 'lhe secxni method was used to ac::cn.mt for the fact that the 

wave directioo in lake ~ may form arqles as high as 60° with the 

directi.oo of the win:l, ani wim measu.nments may not be representative if 
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Figure 4 .1 Map of lake MeJ:rpu:'emagog showir:g the sites of the 4 different 

treatments ani the main IOOl:'];h.cmetric ani water dlaracteristics of 

the lake. 
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not taken at eadl site. '!be water tra.nsparerx:!y at the 16 sites was measured 

three times durirg the oc:urse of the experiment usirg a 20 cm Secdrl. disk. 

Unlike previous .in situ nutrient manip.ll.atioos (Arxlersal and Kalff 

1986 1 01alii::lers and Kalff 1985b) 1 we used the natural plant catm..mity and 

sedi.ments to prevent possibly oonfCillldi.n:j factors like transplant stress, 

differential Sl.lCC:'eSS in nx>tirg depenii.rg on the substrate, or cx:a:upatition 

with the natural plants. F\lrthel:m::):re, results obtained fran transplants of 

a sirgle species may not be extrapolatable to natural ca:mnuni.ties adapted 

to the partiaJ.lar cxntitions in eadl plot. However, the variability in~ 

natural CCill.tl.lllity structure, J:;xJth in terms of initial bianass and species 

c:x:mpositicn, guarantees a larger WleJq)lained varian:e than if mani:pulatai 

plots had been used. We att:enpted to minimize this SCIUl:'Oe of variance by 

usirg paire:i plots to aC'.CX'lUI'lt for sane of the patdrlness within sites. '!he 

foor fertilized plots at eadl depth were placed 9 m apart, and the control 

plots at 3 m fta.n the correspcnlirg fertilized one. 'lhe i.rrli.vidual plots 

were marked with styrofoam floats 0.5 m a1:x:we the sediments. SOJ'BA divers 

fertilized the experimental sites between June 6 and 9 with a 15 cm lcrq 

spike of slow release fertilizer with 200 grans of fertilizer oont:ai.ni.rx;J 

nitrogen, phosJ;iloxus and potasium in the ratio 3 N: 1 P: 1 K. At this tine 

the plants were either still dormant or just startirg to emerge {surface .. 
water te:rperatute 14°C). When possible, the fertilizer spikes were plShed 

to a depth of 15 cm in the sediments, thereby encx::ttpaSSirg the depth of the 

highest root density in lake Mell.'PU:'emagog. A secorrl spike was placed within 

• 10 cm of the first at 15 or 16 of July so as to guarantee abJrx1ant 

nutrients. Nutrient supply to the plants in the plot was not ~ide.red to 

be a problem because, alt:l::lrugh diffusion coefficients in sediments are low, 

the lag vascular nx>t systems of the species involved (rarqirg fran 7-10 
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an. in di.aneter for Najas flexilix to alJJxlst 1 m in M,yriq?hyllum spicaturn> 

have been sh.o'.tm to be very efficient in lag ran:Je (2Q-30 an.) nutrient 

transport (Bottanley am. Bayly 1984, Mantai am Newton 1982). Furthel:'m:lre, 

orth (1977), who used a very similar fertilization tedmique to wrs, 

reported that responses to fertilization were visually evJ.dent at distances 

well beyorxi the 0.25 m.2 area OOV'el:'erl by oor plots. 

Usi.rq S<lJ'I?A., we hal::vested the experi.Irental sites between 7 am 11 

August, abc:ut 10 days before peak bianass to minimize natural plant 

nortality. All the aboveg:roor.d parts of the su1:::lte:rged. plants rooted inside 

a 0.25 nf. quadrat, oenteJ:ed on the location where the first spike had been 

" inserted, were collected am then refrigerated until processed. 'lhe plants 

were rinsed free of detritus arrl animals; those species that do not 

OVeJ:Wi.nt:er above grourrl, here refered to as annuals (ItDStly Vallisneria 

americana, Najas flexilis am. Heteranthera dubia), were separated fran 

"overwinteri.rq plants" (largely M:fricrlwllum spicatum, Potanpgeton 

prael.cJJXros, am l'2tam:xJeton rct>insii) am ooth classes weighed to the 

nearest o. 01 g, after excess water had been renrNl!!d with a lettuce spimler. 

Just prior to hal::vesti.rq a sedinent core was taken with a plexiglass 

corer (5 cm intemal diameter) to a depth of 10 an, to dJta.in a ueasure of 

water cxart:.ent, organic content arrl total ~ of the sediment, am. 

the sedinent depth was JDeaSUl.'ed in ..4 rarrlan locations at eadl quadrat usi.rq 

a metal :rod. Sed.i:nent water CXBrt:.ent was neasured to represent the sediment 

oorditions si.rx:le it is closely related to the sediment granulanetry, bulk 

density, nutrient levels, redox potential, arrl even metal levels (Hakanson 
• 

1977, Hakanson 1981, D.Jart:e arrl Kalff 1986). 'lhe sedinent was extruded into . 
a oon:tainer am frozen within 3 h of collection for subsequent 8nalysis. At 

that time, the secliments were first mixed, the water cx:nt:ent determi.ne1 

after dryi.rq overnight at 110 Oc, followed by the oarpJ.tation of organic 
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OCI1tent fran the mass loss after overnight ignition at 540° c. Analysis of 

total pllosfi'lorus follav.Jed An:3ersen (1976). 

rue to the d.issapearan:le of 24 markers only 241 of the 256 plots 

-were :rec::oVered at the erd of the experiment. Because of the nature of the 

experiment the slc:pe am fetch oc:W.d not be exactly duplicated at the 4 

replicate sites (Table 1). 'lhe paired cx:nt:rols permitted sane correction 

for local differerx::es in the weedbej biaoass am sediment characteristics 

am::::n:J the four replicate plots in each treatment. We used an analysis of 

oova.ri.arx:e to further :renDVe the effects of UI'KX>Jltrolled variables and to' 

ao:::n.mt for variations in the control variables within treatments (steel & 

Torrie 1960) • 
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RESUI.liS AND DISa.JSSICN 

<llaracte:r:i.s of cuJt:r:ol plots. 

'!he man slq:Je, exposure arxi sediment depth values fpr the different 

trea1::1oonts are presentEd in Table 1. 'Ihe marked differences in sedilrent 

characteristics at the t'W'O depths reflect the greater effect of wave action 

in shallower waters. Sediment layers at 1 m were thinner arxi coarser, with 

lower water oontent an:i lower ~rus concentration than those at 2. 5 m, 
<' 

arxi had lower otganic contents, with their assooiated lower nitrogen levels 

' (Brady 1974) than those at 2.5 m (Table 1). No plants were fam::l in 12 of 

the 128 c:::attrol plots at the start of the ex;perhnent, hc7.r.lever only 7 of 

these, all shallcw exposed quad.rats, were bare of vegetation by the erx1 of 

the experhnent. '!he bianass in the c:::attrol plots ranJE!d therefore fran o to 

1745 g fresh wt. m-2 at a deep arxi gently sloped site (Table 1). '!be 

bianass of c:::attrols was higher in the 2.5 m than in the shallcw plots (t 

test, P< 0.0001) 1 arxi, at the greater depth, it was higher on the gently 

sloped sites (t test, P<0.0001). Olreiwinteri.rg plants (i.e. Myrigrhyllwn 

micatl:nn, k!tanp:Jeton praelorgus an:i Potanpgeton rd;>insii) 1 daninated the 

bianass in the deep stan:ls, Whereas annuals (largely Vallisneria americana, 

Najas flexilis, ManPgeton gramineals) were daninant in the shallcw plots 

(Fig. 2, WilOOXCil rank signed test, P <0.001). water transparency decrea.se:i 

slightly fran south to IDrth (r = 0.34), the average Seod1i transpa:ren::ies 

for the 16 sites rargi.rg fran 3.9 to 5.1 m. 
• 

'!he bianass in the fertilized plots was, on average, Jl¥)re than 

two fold greater than that in the paired controls (Wilcoxon rank signed 
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Table 4 .1 Envira'mental characteristics of the experimental sites an:i 

sediment CXJV'ariates, showi.rg the differences between tJ:eatments (high 

an::t low, H an::t L) treatments am the shallow am deep tzeatments (1. o m 

am 2. 5 m) • All variables differ significantly at the two levels (P< 

0.05). 

Variable level Mean S.E. 

Earea (o2) 
H 15.9 1.5 

L 3.0 0.6 
~ 

H 7.5 0.4 
Slcpe (%) 

L 2.0 0.08 

l.Om 0.52 0.04 
T.P. (ng. I g. dJy wt.) 

2.5 m 0.87 0.04 

1.0 m 32.4 0.91 
w. c. (% fresh wt.) 

2.5 m 47.3 1.37 

1.0 m 2.53 0.24 
0. M. (% dJy wt) 

2.5 m 10.33 0.74 

l.Om 21 12 
Sed. Depth (an.) 

2.5 m 132 33 

Secchi. disk (m) All .. 4.5 0.4 

Earea =effective area; w. c. = sedimE?nt water content; 
T.P. = serljnent. total ~rus; O.M. = serliment organic 
matter. 
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Figure 4. 2 'l.be proportional contribution of annual plants to the control 

biana.ss as a f'urx:tion of the oontrol biana.ss for shallCM an:i deep 

plots. 
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test; P < 0.0001; Fig. 3). 'Ibis growth response is greater than reported 

for previcus in situ fertilization e:xperitoonts in this lake (Arrlerson ar:d 

Kalff 1986). 'Ihe strorg responses cbtained may be attributed to (1) the use 

of natural ca:cmmities, preventin:.;J transplant stress ar:d space problems due 

to confi.ne.nelt ar:d (2) the use of large anu.mts of slow-release fertilizer. 

OVel:Winterirq plants respcn:ied mre st:rorgly to nutrient addition 

than annual plants (Wilcoxon rank signed test, P<0.0001; Fig. 3), 

in:licatin;J that established vegetation used the aCHed nutrients mre 

readily than did the annuals. '!he greater response of ovel:Winterin;J plants 

(Fig. 3) , suggests that transplant e:xperitoonts may uOOerestimate the effect 

of fertilization because they force all plants to behave like annuals (see 

Chambers ar:d Kalff 1985b, Arrlerson ar:d Kalff 1986). At deeper sites, the 

annual plants did not respond significantly to fertilization, whereas 

ovel:Winterin;J plants responded in both shallow ar:d deep plots, their 

increase bein;J greater in the shallow sites (Fig 3). 

M:Jq:t.aanet.ri influences at biCJIBSS response to fertil.i.zat:i.c. 

'!here was a significant response to fertilization at all sites (t­

test, P<O.OOl) except the 2.5 m habitats with low fetch and steep ~lope (t­

test, P>0.05). Because the response to fetilizatian varied considerably 

a100ng sites (Fig. 3) we tested~ this variability could be partially 

attributed to differences in littoral slcpe ar:d exposure to waves. We 

examined the influence of these Dm}ilc::lootric factors on the q.rcwt:h response 

usirq regression analysis where the wave exposure of each site was measured 

as the effective area (Earea, Km2), which is better related to sediment 

texture, as reflected in the water content (r = 0.62), than is the 

weighted effective fetch (r = 0.53), and the experimental depth was 
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Figure 4. 3 'lhe average percent bianass in:::rease in the fertilized plots over 

the paired controls: (experimental bianass - oontrol bianass) 1 

oontrol bianass , for all plots, the two experimental depths 

separated, for ovm:winterirg and annual plants and for the 

response of ovm:winterirg and annual plants at the two depths. 'lhe 

bars represent + 1 stardard error. 
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represented as a categorical variable t:ak.irg the values 1 (2. 5 m) an:i o 

(1.0 m). '1he analysis of cx:warianoe of the increase in growth (experinsrt:al 

bianass - CX>I'lt.rol bianass, q. fresh wt 0.25 m-2) shc7.ved that increasin;J 

exposure to wave acticn an:i slope significantly reduced the fertilization 

respcl'lSe: 

Growth increase= 961- 4.8 (14.4) Earea- 711 (7.2) slope 

+ 61.2 (5.3) slope * Earea 

r2=0.28; E.M.S. = 3137.3; N = 105 

(1) 

where the partial F-values are shown in brackets. All non significant 

(P>0.05) treabtv:mt variables (i.e. depth) 1 oovariates (oontrol bianass, 

sediment water oontent, sediment organic content, sediment phosphorus 

content, sediment depth, an:i water transparency) , an:i interaction terms are 

not shown. Evidently, plants in ltDre exposed an:i steep sites 'Were unable to 

use the added nutrients to the same extent as those in protected zones. 

'lhus, plants in protected an:i qently sloped sites are llDre sensitive to 

nutrient changes 1 whereas the stress exerted en plants in steep or exposed 

envi:rot'lnslts limits their capacity to respon:i to nutrient additions. 

Wave exposure may affect plants directly by the, physical stress of 

waves or i.rrlirectly by increasin;J sediment coarseness an:i preve.ntin:J 

extensive root develqnent. 'lhis in:tirect effect appears unlikely, 'since 

differences in sediment characterisitics, such as water content, organic 

content or total ph.osJ;:horus did not covary with the increase in bianass. 

Depth dependef:tt influen::::es of l~Dl.Jilcmetric factors en plant :respcmse to 

fertiliza.ti.al. 

Since the wave acticn is, for a qiven exposure, ltDre severe in the 1.0 

m than in the 2. 5 m depth, the nature of its influence on the response to 

fertilization may differ at the two depths. Besides, the overall influence 
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of initial (oont:rol) bianass on fertilization responses was owosite in 

the two depths (Fig. 4) , ard this difference ten::1s to oonfourd the previous 

analysis. Consequently, the growth responses of deep ard shallCM stams 

were analyzEd separately. 

'lbe analysis for the 2.5 m depth explained 32% of the variation in 

growth increase ard showed that the response dec:reased with increasirg 

exposure ani with increasin;J oontrol bianass: 

Growth increase= 214- 7.7 (10.4) Earea- 0.35 (7.4) control biamass (2) 

x2= 0.32, E.M.S. = 5488; N =49 

'lbe reduced response to fertilization at sites of high control 

bianass (Fig. 4) suggests that the bianass of deep macrq:ilytes may be light 

limitEd. Despite the fact that the experimental depth (2. 5 m) was well 

above the depth of maxim..nn colonization for the lakes ( 6. 2 m) , the 

reduction in the response with increasin:J bianass suggests that as bianass 

increases self-shadiJ'g results in light limitation. '!his may appear 

i.ncx>nsistent with the lack of significant effect of the diff~ in 

water transpare:rcy among sites, however, these diff~ are very small 

(Table 1) ani are prci:lably negligible cx::npared to ~ influence of the 

plants themselves on the light extinction. cancpy species (e.g. 

Myrigphyl1um spicattnn, ard Potanpgeton praelongus), which exterx1 their 

bicmass throughoot the water colUllUl, daninatEd in this depth. 'lb.e specific 

extinction coefficients due to plant material for these species raJ'¥3e 

a:rot11'rl 0.0014 ard 0.0011 rrf. g fresh wt. -l (Westlake 1964). Given the raJ'¥3e 

of the control biamass (2 - 1600 g. fresh wt. m-2) this results in specific 

extinction coefficients for the plants CI<b> rar¥1in;J between 0.0011 - o. 704 

m-1 (assuming that the plant biomass is hOJ:OOgeneously distributed 
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Figure 4. 4 'lbe :relatiooship bebleen the percent bianass increase aver the 

a:>ntrol plots as a function of the a:>ntrol bianass for the 1. o am 

the 2.5 m plots. 
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within the 2.5 m. water column) canpa:red to extinction coefficients due to 

water and its associated particles <Kw> of 0.28 - 0.37 m-1 (assuming Kw= 

1.47 1 Secchi depth, Walker 1982). When these coefficients are combined to 

calculate the average light intensity within the 2. 5 m deep water column 

(Ic, Riley 1956): 

{3) 

it is evident that plants not only contrib.Ite greatly to the extinction of 

the surface i.rra.diance (I
0

) within the water column (2.5 m), but also that 

the great variablility of their extinction coefficients compared to the 

narrow ra.nJe of Kw daninates the variance in the light levels within the 

water column, renlering Secchi depth a poor descriptor of the light regime 

in the vegetated areas. Since the experimental depth of 2.5 m is 

relatively large compared to the wave height (between 0 and 0.5 m in lake 

~gog), the negative effect of exposure on the growth response (Eq. 

2) may be due to a direct physical stress on the plant canopy, since plants 

here often ext:errl close to the surface. Additionally, the increase in 

surface reflection of light with wave action, may have also decreased the 

light available for plant growth. Violent wind. events may also create 

telrporary turbid corrli.tions, which could be missrepresented by our Secchi 

values due to the lOW' sanpling frequency (3 readings in 2 nonths) • Despite 

the strong relationship between littoral slope and control biamass at 2.5 m 

(Dlarte and Kalff 1986) , the response to nutrient additions there is not 

deperrlent on the littoral slope (F test, P>0.05). '.lhis supports evidence 

presented (D.larte and Kalff 1986) that the relationship between slope and 

maximum Stll::tnerged bianass is irrleperrlent of nutrient levels. 

'!be growth response in shallow sites was proportional to the 

control bianass (r2= o. 50) , and no effect of norphorretric factors 
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was noted: 

Growth increase= 33.9 + 0.65 (47.7) control biamass 

r2= 0.50~ E.M.S. 917.3; N =56 

(4) 

this in::licates that, in contrast to the plants at 2.5 m, where response to 

nutrient additioos was largely a function of the energy environment, 

nutrient limitation gg a controls subnerged growth at 1.0 m. coarser 

sediments, lower levels of total };ilosi:i1orus ani ozganic matter in the 

sedinent (Table 1) , ani higher light in the shallower sites accentuate the 

inportance of rrotrient limitation for growth. '1be marked response of 

shalla.v water plants to nutrient additions (Fig. 3) in::licates the 

inportance of erosion of fine materials by the cc:atbined effects of slope 

ani wave action (Hakanson 1977), which reduce effective nutrient levels in 

these areas. Here, nutrient deficiency beccmes IrOre inportant to the plants 

than the direct thysical stress :resultirg fran exposure to waves ani 

currents. Additionally, ice scourirg in the sprirg may also be responsible 

for sedinent erosion. FUrther, the absence of a direct relationship between 

plant response to fertilization at 1. o m ani exposure to waves suggests 

that ice scourin:j in the sprirg, which is relatively, haoogeneous a.t:'OOI'Xl the 

lake shore, may have a greater influence on sediment erosion than wave 

action. Although the am:JUnt of nutrients suwlied was similar in all sites, 

their dynamics may well have differed deperdi:ng on the wave intensity, 

sediment grain size, ani slope of the different locations. 'lhis lack of 

precise control on the treatment variables may be partially responsible for 

the error remainirg in the analysis. 

In Sl.l1111la.I'Y, rrotrient limitation of sul:mel:ged macrq;ilytes growth in 

this lake can be demonstrated at the two depths studied. HO'.\leV'er, the 

extent of this limitation differs between shalla.v ani deep sites ani varies 
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with the degree of J;tlysical stability of the littoral Za'le. In a::rn:rast to 

the idea that direct P'lysical di.stu:rbalre by wave action controls 

macrophyte bianass in lacustrine littoral regions (Jupp arrl Spence 1977, 

Spence 1982), these results implicate nutrient limitation as the proximal 

regulatirg factor. It a~ that wave action at the shallow sites results 

in the erosion of fine grain particles arrl associated nutrients, enhancing 

nutrient limitation of growth in these sites. on the other harrl, the direct 

physical stress produced by wave action, together with the degree of slope 

arrl light levels appear to contril::IUte to growth regulation at the depth of 

max:i.nun bianass (2.5 m). 

1he field sites in this stu:iy represent wide rar¥JeS of wave exposure, 

littoral slope arrl sediment d:laracterisitics. 'lhus the results presented 

here should be applicable to other oligotroph.ic or mesot::rop:rlc lakes. A 

m::xiel develcp:d fran similar field data in Iake MeiTp:l.remagog ani predicting 

the max:i.nun bianass of sul:Jterged. plants as a function of littoral slope was 

fOlllXi applicable to other tenperate lakes (DJarte ani Kalff 1986). 

Extrapollation fran rur experiment suggests that the mac:t'O};ilytes of large 

lakes with high wave action ani steep slopes should resporrlless to 

sediment nutrient enrichnent at the depth of maxinuin bianass than those in 

smaller lakes or well protected bays with similar light .levels, ~the 

response in shallower zones 'WOO.ld not be influenced by lake size. 1he 

effect of lake water enrichment thrc:u;jh cultural eut:rq:nication will differ 

fran that of sed.iment enrictnnent. All the available evidence indicates that 

subnerged bianass will be severely reduced by the decreased light 

penetration associated. to the higher algal bianass characteristic of lake 

water enrichrrent (Moss 1976, Mulligan et al. 1976, Tw'llley et al. 1985, 

:ruarte et al. 1986). 

'lbe lake littoral is a zone of great catplexity, where physical arrl 
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chemical factors interact to prcxiuoe vexy different responses to the same 

disturbance. '1his experinent: shows that su1:merged mact"qlhytes can be 

nutrient limited in oligot:r:qil.ic or mesottq:hic lakes, ani suggests that 

lack of success in cbtailri.rq significant correlations between nutrient 

levels ani mact"qlhyte growth may be due to the nx:xiulation of this link by 

PJ,ysical factors like slope, wave action ani light. 
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'lbe results in this thesis provide a ntN perspect.ive on the ecology 

of the littoral zone, el1Ji1asizin;J its cx::rrplexity in :relation to the pelagic 

zone. '!his cx::rrplexity is a consequence of greater habitat heterogeneity. 

Littoral organisms live attached to a substrata, am are therefore affected 

by the environmental gradients associated with depth. 'lhese gradients are 

nonnally disrupted in the pelagic zone by vertical mixirr}. Littoral 

c.x::raplexity is manifested in the relatiopsh.ips between sul::m:n:'ged macrqilytes 

arrl environnental oorrlitions. 

Whereas the cover of sul:::loorg'ed or eJ.OOJ:gent macrophytes can be 

estimated from the urderwa.ter light climate or fra:n the climate an::i 

IIDl:phanet:ry of the lake respectively (<llapter I) , the :relationship between 

macrqilyte bianass am environmental oorrlitions is IID:re cc:rrplex. 'lbe 

variability in Sl1l:lte::ged bianass within a lake is primarily a function of 

the littoral slope (<llapter II), while dl.emical properties of the water, in 

particular total alkalinity, assume greater inportance \¥hen the mean 

bianasses of sul:::loorg'ed macrophytes in different lakes are ~ (<llapter 

III) • A1 though oor:relations between sub:nerged bianass am sediJrent 

nutrients are weak, nutrient limitation of sub:nerged biomass can be 

de.nalstrated, at least in oligotrq:hlc or ITeSOtroJ;hlc lakes (<llapter 4). 

'!he m:x:lels produced in this thesis allow the prediction of the area 

covered am the bianass of aquatic macrophytes. However, the main 

contrfr.ution of this work is rot its awlication to prediction, because the 

accuracy achieved is insufficient for nw::st uses of the models in 

management, rut rather the cc:rrplete vier« of the importance of different 

factors to the detennination of macrophyte aburrlance provided by the 

mod.els. In this respect, the importance of littoral slope over sedi:rnent c oor:ditions :remains unexplained, however, I suspect that the strength of the 
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relationship between ~ed bianass a:rrl littoral slope results from the 

role of littoral slope as a integrator of many influences. Littoral slope 

influences the stability of the sediment; it correlates with many sediment 

dlaracteristics; it also influences the mobility of sediment particles in 

the littoral zone; it m::dulates the energy clisdlarge of waves: a:rrl it may 

also be related to the patterns of gram:iwater flow. Consequently, it is 

unlikely that the st:"lDy of the relationships bet.\Yeen ~ed bianass a:rrl 

these processes, considered in isolation, will be as powerful. as the 

relationship to littoral slope, which effectively summarizes all these 

processes a:rrl their interactions. 

'!he new perspective on the eoolcgy of aquatic macrq;:hytes steming from 

these results is a oonsequence of the extensive use of field data. Field 

data allow the identification of :inportant factors (such as littoral 

slope), ~ in.tirect but llllltilevel influence on macrq;:hyte eoolcgy would 

remain hidden in laboratory stu:lies. 

126 

http:macrq;:hyt.es


APPENDIX A. Raw data a1 mac:rq:tlyte, secUnent am site dlaracteristics of 

the sites sanpled in take ~ in 1984 (Q)apter 2) • We is the 

sediment water content in %; orgm is the percent tm;JCUrlc matter in the dry 

sedinents; T.P. is the sedjnent total J;ilosphorus concentratia1 in ng g dry 

wt-1 ; Depth is the water depth of the sanplinJ lcx::atian in m; Bio is the 

maxinDJm bianass of sutmerged macrqnytes in g f:resh. wt. m-2 ; Slope is the 

littoral slope in percent; arrl Fetch is the weighted effective fetch in m. 
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We Bio Slope Fetch Or gm Depth T.P. 

65.50 678.97 3.80 4519.00 12.65 3.00 0.44 
67.43 575.20 11.70 4221.00 10.65 5.00 0.73 
35.15 697.05 3.50 6668.00 2.61 3.00 0.54 
66.09 798.24 4.20 2609.00 8.97 3.00 0.54 
44.04 415.85 1.50 3591.00 5.10 2.40 0.79 
34.85 487.84 6.60 3830.00 2.30 2.30 0.36 
30.96 1111.13 2.28 3835.00 2.39 3.20 0.86 
75.80 2614.41 0.30 714.00 10.59 3.50 0.58 
84.31 846.37 0.90 3147.00 14.57 1.75 2.12 
47.25 401.64 16.40 187 .oo 5.69 5.10 0.79 
60.83 596.52 3.00 2915.00 23.57 2.25 0.74 
47.28 2.95 6.40 3032.00 6.41 3.00 2.02 
44.97 1184.61 2.20 3275.00 5.01 2.61 0.48 
48.64 511.15 3.80 1272.00 3.85 1.50 0.62 
43.91 807.96 2.10 2684.00 4.75 2.50 0.26 
34.64 523.55 4.00 5153.00 2.21 2.40 0.31 
37.34 905.93 1.50 457.00 2.46 2.00 o.57 
32.34 42.60 9.80 8003.00 1.00 2.50 0.40 
26.04 345.72 2.30 9018.00 2.35 2.50 0.33 
30.32 214.17 5.00 3546.00 1.24 2.50 0.35 
31.84 422.60 1.70 5546.00 1.23 2.00 0.27 
27.22 221.85 10.90 2858.00 1.74 3.00 0.47 
37.85 588.94 13.30 2485.00 3.20 3.00 0.72 
44.16 294.79 2.60 2386.00 5.17 2.00 0.38 
40.85 269.40 8.70 2860.00 3.81 2.50 • 
27.24 155.28 16.40 1063.00 2.16 2.00 1.19 
23.24 13.42 19.30 1548.00 2.30 2.00 0.24 
83.67 1981.16 1.80 1902.00 45.43 2.00 0.62 
40.25 439.18 5.40 8533.00 1.99 2.80 0.55 
45.98 1171.82 1.10 1352.00 2.99 2.50 1.10 
89.71 489.11 4.90 932.00 27.30 3.00 • 
64.48 489.95 2.80 1664.00 7.31 3.70 0.31 
49.00 942.11 1.10 1926.00 1.55 2.00 0.30 
51.54 2059.46 0.40 862.00 3.84 2.00 0.34 
55.91 1069.68 1.80 2147.00 9.53 3.00 0.05 
74.38 o.oo 30.30 2300.00 15.40 3.00 • 
18.67 o.oo 18.20 4425.00 1.97 4.50 • 
97.05 o.oo 25.20 511.00 41.99 3.00 • 
35.26 o.oo 14.00 2108.00 2.84 3.50 • 
27.76 o.oo 19.40 6445.00 2.57 3.00 • 
33.06 o.oo 12.00 4435.00 2.60 3.50 • 
64.48 o.oo 13.30 9890.00 8.44 2.00 • 
24.74 o.oo 18.00 5887.00 1.37 2.75 • 
25.99 o.oo 29.70 4724.00 3.61 4.00 • 
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APP.ENDIX B. Raw data for the subnerged bianass, am lake am site 

characteristics of the 25 lakes sanpled in 1985 (Cbapter 3) • Slope is the 

littoral slope in m of vertical c:h.an;Je per horizontal m; Fecth in the 

effective area in R'm2 ; A1k is the total alkalinity in ng caco3 1-1 ; secd:li 

is the secd:li disc depth in m; Depth is the sanplirq depth in m; am Bioo 

is the bianass of suJ::merged macrophytes in g. fresh wt. m - 2 • 
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c Site Slope Ea rea Fetch s. depth We Org. TP 

136 0.056 1.92 5.71 48.13 
0.056 1.92 5. 71 48.13 
0.056 1.92 5.71 48.13 
0.056 1.92 5.71 48.13 

Cove I. 0.011 1.952 8.29 37.71 1.69 2.118 
0.011 1.952 8.29 32.19 1.63 0.706 
0.011 1.952 8.29 32.13 1.51 0.692 
0.011 1.952 8.29 30.7 

486 0.0084 5.09 46.42 
0.0084 5.09 46.42 
0.0084 5.09 46.42 
0.0084 5.09 46.42 

Green P. 0.0264 7.44 2.78 33 2.3 0.6870 
0.0264 7.44 2.78 35.5 2.1 0.6847 
0.0264 7.44 2.78 32.1 2.1 0.6932 
0.0264 7.44 2.78 32.38 

133 0.086 1.16 1.97 32.24 2.51 0.74 
0.086 1.16 1.97 43.83 3.93 o. 72 
0.086 1.16 1.97 37.72 2.96 0.69 
0.086 1.16 1.97 66.64 

406 0.082 1.99 3.05 47.54 6.86 0.72 
,......,. 0.082 1.99 3.05 26.35 1.85 0.75 

'-' 0.082 1.99 3.05 
0.082 1.99 3.05 

414 0.051 2.07 5 
0.051 2.07 5 
0.051 2.07 5 
0.051 2.07 5 

218 0.088 2.62 10.02 27.94 1.56 0.096 
0.088 2.62 10.02 31.43' 1.69 0.092 
0.088 2.62 10.02 28.22 1.49 0.132 
0.088 2.62 10.02 29.75 

176 0.016 18.18 23.31 28.92 1.19 0.25 
0.016 18.18 23.31 28.92 1 0.24 
0.016 18.18 23.31 28.92 1 0.26 
0.016 18.18 23.31 28.92 

168 0.0236 26.15 24.26 24.3 1.6 0.5802 
0.0236 26.15 24.26 24.6 4.4 0.6380 
0.0236 26.15 24.26 24.2 1.3 0.5573 
0.0236 26.15 24.26 22.72 

225 0.0113 11.54 14.75 27.15 
0.0113 11.54 14.75 27.15 
0.0113 11.54 14.75 27.15 
0.0113 11.54 14.75 27.15 

245 0.015 17.48 24.04 26.93 
0.015 17.48 24.04 26.93 

0 
0.015 17.48 24.04 26.93 
0.015 17.48 24.04 26.93 

444 0.057 7.48 8.13 40.36 3.84 0.4689 
0.057 7.48 8.13 43.89 6.07 0.7963 
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0.057 7.48 8.13 42.87 6.11 0.5631 
0.057 7.48 8.13 38.5 

0 95 0.118 12.29 14.04 19.12 1.83 0.5620 
0.118 12.29 14.04 25.41 2.52 0.4394 
0.118 12.29 14.04 17.67 1.86 0.2877 
0.118 12.29 14.04 20.4 

238 0.041 13.96 15.02 25.61 
0.041 13.96 15.02 25.61 
0.041 13.96 15.02 25.61 
0.041 13.96 15.02 25.61 

281 0.078 20.58 3.25 21.37 
0.078 20.58 3.25 21.37 
0.078 20.58 3.25 21.37 
0.078 20.58 3.2.5 21.37 

136 0.056 1.92 5.71 105 69.69 18.33 1.06 
0.056 1.92 5.71 105 71.41 17.94 1.09 
0.056 1.92 5.71 105 65.82 17.37 1.07 
0.056 1.92 5.71 105 75.36 

Cove I. o.ou 1.952 8.29 87 49.06 3.79 0.676 
0.011 1.952 8.29 87 44.81 3.55 0.681 
o.ou 1.952 8.29 87 49.16 3.62 0.663 
o.ou 1.952 8.29 87 69.14 

486 0.0084 5.09 40.81 
0.0084 5.09 40.81 
0.0084 5.09 40.81 
0.0084 5.09 40.81 

Green P. 0.0264 7.44 2.78 1.9 73 15 1.1609 
,,.,-.., 0.0264 7.44 2.78 1.9 60.7 10.8 1.0863 

'-"' 0.0264 7.44 2.78 1.9 59.7 9 1.0863 
0.0264 7.44 2.78 1.9 54.3 8.8 1.1808 

133 0.086 1.16 1.97 1.9 72.46 23.85 0.84 
0.086 1.16 1.97 1.9 64.21 ll.06 0.92 
0.086 1.16 1.97 1.9 70.23 11.25 0.86 
0.086 1.16 1.97 1.9 49.12 6.14 0.85 

406 0.086 1.99 3.05 45.2 
0.086 1.99 3.05 45.2 
0.086 1.99 3.05 45.2 
0.086 1.99 3.05 45.2 

414 0.051 2.07 5 1.75 65.6 14.5 1.5332 ' 
0.051 2.07 5 1.75 63.2 14.9 1.5314 
0.051 2.07 5 1.75 
0.051 2.07 5 1.75 

218 0.088 2.62 10.02 153.7 40.88 
0.088 2.62 10.02 153.7 40.88 
0.088 2.62 10.02 153.7 40.88 
0.088 2.62 10.02 153.7 40.88 

176 0.016 18.18 23.31 2 57.02 8.39 
0.016 18.18 23.31 2 57.02 8.46 
0.016 18.18 23.31 2 57.02 10.22 
0.016 18.18 23.31 2 57.02 

168 0.0236 26.15 24.26 37.5 37.49 
0.0236 26.15 24.26 37.5 37.49 
0.0236 26.15 24.26 37.5 37.49 

0 0.0236 26.15 24.26 37.5 37.49 
225 o.ou3 11.54 14.75 26.8 

0.0113 ll.54 14.75 26.8 
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0.0113 11.54 14.75 26.8 
0.0113 11.54 14.75 26.8 

0 245 0.015 17.48 24.04 66.76 32.77 
0.015 17.48 24.04 66.76 32.77 
0.015 17.48 24.04 66.76 32.77 
0.015 17.48 24.04 66.76 32.77 

444 0.057 7.48 8.13 118.5 65.59 17.78 0.8697 
0.057 7.48 8.13 118.5 68.48 17.38 0.4738 
0.057 7.48 8.13 118.5 66.7 
0.057 7.48 8.13 118.5 66.7 

95 O.ll8 12.29 14.04 1.22 51.56 6 0.9013 
0.118 12.29 14.04 1.22 58.3 6.44 0.9336 
0.118 12.29 14.04 1.22 42.93 7.45 0.8054 
0.118 12.29 14.04 1.22 46.71 

238 0.041 13.96 15.02 96.2 31.4 
0.041 13.96 15.02 96.2 31.4 
0.041 13.96 15.02 96.2 31.4 
0.041 13.96 15.02 96.2 31.4 

281 0.078 20.58 3.25 6.2 29.7 
0.078 20.58 3.25 6.2 29.7 
0.078 20.58 3.25 6.2 29.7 
0.078 20.58 3.25 6.2 29.7 

0 
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c Site St Ft Depth Plot Biomass Bioper Bioann Bioc Biocp Bioca 

136 0 0 1 1 90.47 4.97 85.5 48.23 3.83 44.4 
0 0 1 2 55.08 9.67 45.41 27.11 0.51 31.67 
0 0 1 3 60.44 2.18 58.26 32.18 9.88 10.5 
0 0 1 4 30.25 0 30.25 20.38 3.27 23.84 

Cove I. 0 0 1 1 137.5 0 137.5 91.39 0 91.39 
0 0 1 2 120.55 0 120.5 112.23 0 112.23 
0 0 1 3 264.01 56.87 207.14 87.13 3.83 83.3 
0 0 1 4 331.38 1.85 226.51 150.87 0 150.87 

486 0 0 1 1 
0 0 1 2 
0 0 1 3 
0 0 1 4 

Green P. 0 0 1 1 91.03 3.7 87.33 69.58 0 69.58 
0 0 1 2 64.61 0 64.61 35.41 0 35.41 
0 0 1 3 41.35 0 41.35 20.67 o.s 20.67 
0 0 1 4 

133 1 0 1 1 109.16 0 109.16 78.75 0 78.75 
I 0 1 2 58.6 24.19 34.41 51.97 0 51.97 
1 0 1 3 34.99 13.1 21.89 42.61 6.46 36.15 
1 0 1 4 75.82 0 75.82 29.67 0 29.67 

406 1 0 I 1 0 0 0 1.66 0 1.66 
1 0 1 2 31.51 . 1.34 30.17 16.81 0 16.81 

-~ 1 0 1 3 17.95 0 17.95 6.63 1.32 5.31 A 

f~ 1 0 1 4 127.15 7.3 119.85 46.2 6.92 39.28 
414 1 0 1 1 18.67 0 18.67 19.66 0.37 19.29 

1 0 1 2 40.5 0 40.5 15.37 0 15.37 
1 0 1 3 42.08 24.39 15.08 19.27 0 19.27 
1 0 1 4 39.47 21.84 34.04 0 0 0 

218 1 0 1 1 171.98 0 171.98 130.38 0 130.38 
1 0 1 2 137.04 0 137.04 65.83 0 65.83 
1 0 1 3 104.57 0 104.57 78.2 0 78.2 
1 0 1 4 

176 0 1 1 1 1.15 0 1.15 . 0.76 .0 0.76 
0 1 1 2 30.92 0 30.92 8.32 0 8.32 
0 1 1 3 14.56 0 14.56 23.82 0 23.82 
0 1 1 4 97.54 0 97.54 47.98 0 47.98 

168 0 1 1 1 0 0 0 3.1 0 3.1 
0 1 1 2 0 0 0 0 0 0 
0 1 1 3 16.49 0.27 16.22 0 0 0 
0 1 1 4 15.24 0 15.24 24.86 1.39 23.47 

225 0 1 1 1 2.42 0 2.42 1.75 0 1.75 
0 1 1 2 3.4 0 3.4 1.47 1.2 0.27 
0 1 1 3 20 3.22 16.78 6.04 0 6.04 
0 1 1 4 24.8 0 24.8 3.1 0 3.1 

245 0 1 1 1 1.73 0 1.73 0 0 0 
0 1 1 2 0 0 0 0 0 0 
0 1 1 3 0 0 0 0 0 0 c 0 1 1 4 0 0 0 0 0 0 

444 1 1 1 1 143.81 39 104.8 58.2 2.1 44.6 
1 1 1 2 257.21 74.15 183.06 107.45 0 107.45 
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1 1 1 3 131.12 34.73 96.39 58.2 6 52.2 
1 1 1 4 

c 95 1 1 1 1 10.3 0 10.3 10.09 0 10.09 
1 1 1 2 16.47 0 16.47 14.04 0 14.04 
1 1 1 3 10.11 0 10.11 9.82 0 9.82 
1 1 1 4 6.26 0 6.26 8.53 0 8.53 

238 1 1 1 1 57.46 2.15 55.31 66.52 0 66.52 
1 1 1 2 95.9 2.71 93.12 52.7 0.59 52.7 
1 1 1 3 45.7 0 45.7 26.76 0 26.76 
1 1 1 4 30.15 0 30.15 21.73 0 21.73 

281 1 1 1 1 0 0 0 0 0 0 
1 1 1 2 0 0 0 0 0 0 
1 1 1 3 0 0 0 0 0 0 
1 1 1 4 8.41 0 8.41 10 0 10 

136 0 0 2 1 171.85 146.35 25.5 154.99 57.38 18.13 
0 0 2 2 134.12 107.64 26.48 75.51 171.76 33.45 
0 0 2 3 224.86 219.06 5.8 205.1 139.47 15.52 
0 0 2 4 163.36 125.5 37.86 75.72 59.62 16.1 

Cove I. 0 0 2 1 272.04 212.45 59.59 211.33 159.29 52.04 
0 0 2 2 255.65 212.9 42.75 123.84 107.74 16.1 
0 0 2 3 286.1 209.75 76.35 101.96 77.98 23.98 
0 0 2 4 

486 0 0 2 1 
0 0 2 2 
0 0 2 3 
0 0 2 4 

Green P. 0 0 2 1 192.31 180.2 12.11 115.98 110 5.98 
0 0 2 2 204.94 202.41 2.53 151.66 132.58 19.08 

~ 
0 0 2 3 99.6 96 3.6 101.44 93.42 8.02 

'--' 0 0 2 4 177.9 170.05 7.85 107.17 103.92 3.25 
133 1 0 2 1 214.36 150.41 63.95 185.48 153 32.48 

1 0 2 2 159.16 106.33 52.83 166.44 127.79 38.65 
1 0 2 3 161.54 130.79 30.75 172.07 107.48 64.59 
1 0 2 4 

406 1 0 2 1 324.76 274.88 49.88 
1 0 2 2 139.31 124.03 15 ... 28 190.99 182.01 8.98 
1 0 2 3 314.06 309.93 4.13 77.2 77.2 0 
1 0 2 4 128.63 115.47 13.16 213.24 194.87 18.37 

414 1 0 2 1 336.93 336.51 0.42 94.88 94 .. 88 0 
1 0 2 2 316.63 313.66 2.97 86.31 86.31 0 
1 0 2 3 230.52 230.52 0 114.2 114.2 0 
1 0 2 4 303.05 301.83 1.22 159.98 159.98 0 

218 1 0 2 1 121.74 93.06 28.68 181.21 138.56 42.56 
1 0 2 2 260.88 248.82 12.06 71.2 50.27 20.93 
1 0 2 3 214.43 153.85 60.58 188.12 46.93 141.19 
1 0 2 4 88.69 68.08 20.61 157.91 10.58 147.33 

176 0 1 2 1 234.14 218.5 15.64 245.5 184.5 61 
0 1 2 2 186.19 145.45 40.69 109.6 36.92 72.68 
0 1 2 3 285.57 265 15.34 200.19 197.5 2.69 
0 1 2 4 

168 0 1 2 1 4.47 3.11 1.36 5.28 0 5.28 
0 1 2 2 62.7 6.65 56.05 43.08 1.97 41.11 
0 1 2 3 43.68 22.51 21.17 89.59 32.41 57.18 

0 0 1 2 4 
225 0 1 2 1 

0 1 2 2 
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0 1 2 3 
0 1 2 4 

245 0 1 2 1 122.68 42.67 80.01 82.3 41.2 41.1 

0 0 1 2 2 183.7 91.66 92.04 101.97 31.45 70.52 
0 1 2 3 263.2 226.69 36.51 214.63 186.17 28.46 
0 1 2 4 230.14 208.85 21.29 346.62 339.2 7.42 

444 1 l 2 1 219.34 118.37 22.93 203.71 184.64 19.07 
1 1 2 2 141.3 191.5 43.74 69.16 214.4 26.4 
1 1 2 3 436.39 404.85 31.54 284.19 178.93 105.26 
1 1 2 4 235.24 135.82 63.52 240.8 57.68 11.48 

95 1 1 2 1 165.71 163.51 2.2 84.6 74.1 10.5 
1 1 2 2 389.23 389.13 0.1 395.11 390.71 4.4 
1 1 2 3 96.6 96.6 0 81.77 364.6 2.7 
1 1 2 4 314.56 314.56 0 367.3 67.07 14.7 

238 1 1 2 1 41.23 0 41.23 160.01 0 160.01 
1 1 2 2 254.85 143.05 111.8 257.64 197.44 60.2 
1 1 2 3 335.16 265.16 70 178.23 94.27 83.96 
1 1 2 4 212.77 135.53 77.21 105.18 31.98 73.2 

281 1 1 2 1 64.65 0 64.65 42.67 0 42.67 
1 1 2 2 1.42 0 1.42 0.76 0 0.76 
1 1 2 3 2.23 0 2.23 1.12 0 1.12 
1 1 2 4 

0 

0 
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AP.P.EliDIX c. Raw data for the sediment fertilizaticn eJq:)eri.Irent (Olapter 

4). '!he data represents the values for the 4 replicated plots in each site. 

Site is the site code; Slope is the littoral slope in m of vertical ~e 

per horizontal m; Earea is the effective area in km2; Fecth is the weighted 

effective fetch in km; s. depth is the sediment depth in an; We is the 

percent sediment water content; org. is the percent organic matter of the 

dry sediment; TP is the sediment phosphorus concentraticn in ng 9 dry wt - 1; 

st is the slope treatment ( o, gentle slope; 1, steep slope) ; Ft is the 

wave expJSUre treatment (0, protected; 1, exposed); Depth is the depth 

treatment (0, 1.0 m; 1, 2.5 m): Plot is the replicate l'J.lDtlber; Fert 

in:licates that the plot received fertilizaticn; Bianass is teh total 

sul:lmerged bianass in the fertilized plots; Bioper is the overwinterirg 

biomass in the fertilized plot; Bioann is the annual bianass in the 

fertilized plot; arrl Bioc, Bicx::p an:i Bioca are the total, overwinterirg arrl 

annual bianasses in the paired control plot. All plant biamass in 9· fresh 

-2 wt. 0.25 m • 
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0 Slope Fetch Alk Secchi Depth Bioc 

0.097 14.54 45 4.3 4.25 1864.318 
0.147 2.62 45 3.51 4.25 573.5 
0.066 15.67 45 4.3 5.75 507.3351 
0.097 14.54 45 4.3 5.25 401.5861 
0.042 13.61 32.3 3 3.75 335.7007 

0.0207 2.6 39 2.9 2.75 276.835 
o.o5a 1.22 39.83 8 5.75 144.67 
0.029 1.16 24 8.5 3.75 83.43182 

0.0507 12.61 24 8.5 9.25 80.92679 
0.0287 0.866 24.39 6.5 3.25 80.4104 
0.095 3.03 23.66 2.8 3.25 40.46339 

0.0448 26.15 45 3.51 9.25 29.3 
o.ooa 0.29 50 3.4 5.75 10.9 
0.063 4.8 45 5.8 5.75 0 
0.121 0.867 31.19 3.1 2.25 0 
0.108 18.3 45 3.5 5.25 0 

0.0747 17.14 24 8.5 5.25 0 
0.05 7.1 45 5.8 4.75 0 

o.ou 24 26.7 1.6 3.75 0 
0.155 0.729 45 4.43 3.25 0 

0.0747 17.14 24 8.5 4.75 0 
0.294 0.832 18.23 7.8 8.75 0 

c 0.326 0.636 18.23 7.8 3.25 0 
0.035 8.3 45 s.8 5.75 0 

0.0677 3.13 45 3.5 4.75 0 
0.028 10.21 70 4.5 5.75 0 

0.0962 0.29 50 3.4 7.75 0 
0.093 0.827 39.83 8 4.25 0 

0.0448 26.15 45 3.51 5.25 0 
0.187 0.219 27.7 3.6 7.75 0 
0.155 4.67 70 4.5 6.75 0 ' 

0.0076 0.84 31.19 3.1 2.75 0 
0.025 0.085 14.6 2 7.75 0 
0.042 4.3 45 s.s 5.75 0 
0.286 0.085 14.6 2 5.25 0 
0.206 0.219 27.7 3.6 3.75 0 

0.0346 6.24 23.66 2.8 4.75 0 
0.015 8.19 70 4.5 3.75 0 
0.012 0.25 78 0.4 3.25 0 

0.02 10.3 32.3 3 3.25 0 
0.19 0.84 31.19 3.1 7.75 0 
0.3 0.39 8.53 3.98 6.75 0 

0.0676 o. 7719 45 3.5 4.25 0 
0.063 15.368 45 3.5 5.75 0 
0.095 3.03 23.66 2.8 4.75 0 

0.23 5.7 21.7 4.2 2.75 0 
0.047 4.47 70 4.5 4.25 0 

0 
0.055 2.769 26.7 1.6 2.75 0 

0.0378 11.54 45 3.54 4.75 0 
0.286 0.085 14.6 2 5.75 0 
0.325 0.858 31.19 3.1 3.25 0 
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0.093 29.17 45 5.8 5.25 0 
0.038 0.05 9.83 2.39 3.25 0 

0 0.154 15.616 45 3.5 5.75 0 
0.629 0.9 21.6 5.14 6.75 0 
0.052 4.3 45 5.8 6.25 0 
0.096 0.29 50 3.4 5.25 0 
0.325 0.858 31.19 3.1 3.75 0 

0.0798 3.7 45 5.8 5.75 0 
0.0756 2.064 24.39 6.5 3.75 0 

0.093 29.17 45 5.8 5.75 0 
0.0034 0.32 78 0.4 2.25 0 
0.0751 0.679 35 5.8 5.75 0 

0.294 0.832 18.23 7.8 9.75 0 
0.0414 1.92 45 5 .a 6.25 0 

0.108 o.o8 7.2 4.2 2.75 0 
0.147 2.62 45 3.51 5.25 0 
0.253 1.16 45 4.3 6.75 0 
o.ou 1.826 50.4 2.5 2.75 0 

0.0263 2.49 50.4 2.5 4.75 0 
0.0346 6.24 23.66 2.8 3.75 0 

0.147 23.57 24 8.5 3.75 0 
0.0798 3.7 45 5.8 6.25 0 
0.088 1.8 45 3.51 5.25 0 
0.044 4.6 45 5.8 6.25 0 
0.065 13.96 45 3.54 5.25 0 
0.044 4.6 45 5.8 5.75 0 
0.026 0.48 21.6 5.14 4.75 0 

~ 0.079 3.2 45 5.8 5.75 0 
·'-". 0.0358 5.3 50.4 2.5 3.25 0 

0.032 14.716 45 2.51 4.25 0 
0.0859 2.358 45 3.51 4.75 0 
0.108 18.3 45 3.5 5.75 0 

o.o1 0.157 23.66 2.8 4.25 0 
0.036 1.478 23.66 2.8 3.75 0 
0.057 1.69 24.39 6.5 5.25 0 
0.081 0.05 9.83 2.39 3.25 0 
0.042 4.3 45 5.8 8.75 0 
0.058 1.28 44.16 0.77 1.75 0 

0.0326 24.06 24 8.5 8.25 0 
0.086 0.05 9.83 2.39 2.75 0 

0.0235 17.48 45 3.54 0.25 0 
0.154 6.3 45 4.43 7.75 0 
0.206 0.219 27.7 3.6 3.25 0 
0.052 4.3 45 5.8 5.75 0 
o.os 0.29 so 3.4 6.75 0 

0.0126 2.6 39 2.9 3.75 0 
0.136 0.39 8.53 3.98 6.75 0 

0.0233 4.02 23.66 2.8 4.25 0 
0.198 0.39 8.53 3.98 6.75 0 

O.t2154 5.29 45 5.8 3.25 0 
0.0159 0.729 45 2.51 3.75 0 
0.088 1.8 45 3.51 5.75 0 
0.087 1.35 44.16 0.77 1.75 0 

0 0.0869 21.8 45 3.5 2.25 0 
0.155 0.729 45 4.43 2.75 0 
0.041 0.871 31.19 3.1 3.25 0 
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0.0945 0.08 7.2 4.2 5.75 0 
0.012 1 70 4.5 4.25 0 
0.149 0.085 14.6 2 6.75 0 
0.057 1.69 24.39 6.5 5.75 0 
0.106 0.085 14.6 2 3.25 0 
0.065 13.96 45 3.54 4.75 0 
0.052 5.38 24 8.5 6.75 0 
0.172 12.29 45 4.3 6.25 0 
0.243 0.679 35 5.8 4.25 0 
0.043 36.56 45 4.43 5.75 0 
0.243 0.679 35 5.8 3.75 0 
0.095 3.03 23.66 2.8 3.75 0 
0.026 0.39 49 2 4.75 0 

0.0031 0.05 9.83 2.39 2.75 0 
0.187 0.219 27.7 3.6 8.75 0 

0.0817 11.593 45 3.5 4.25 0 
0.063 13.06 45 3.5 4.25 0 
0.154 6.3 45 4.43 5.75 0 

0.3 0.39 8.53 3.98 5.75 0 
0.198 0.39 8.53 3.98 6.75 0 
0.055 0.708 39.83 8 2.25 0 
0.171 5.7 21.7 4.2 5.75 0 
0.055 0.708 39.83 8 5.75 0 
0.206 0.865 24.39 6.5 8.75 0 
0.042 13.61 32.3 3 4.25 0 
0.004 36.9 24 8.5 8.25 0 
0.105 43 45 3.51 3.25 0 

0.0798 3.7 45 5.8 5.25 0 
0.009 0.108 39.83 8 7.75 0 

0.0326 24.06 24 8.5 7.25 0 
0.043 1.2 45 4.43 6.75 0 
0.122 0.8 21.6 5.14 4.75 0 
0.34 0.08 7.2 4.2 5.75 0 

0.0599 1.92 45 5.8 6.25 0 
0.0177 8.53 24 8.5 7.75 0 

0.3 0.39 8.53 3.98 6.75 0 . 
0.088 1.8 45 3.51 4.25 0 

0.0599 1.92 45 5.8 5.25 0 
0.043 36.56 45 4.43 5.25 0 
0.147 2.62 45 3.51 4.75 0 
0.28 15.46 45 4.3 6.75 0 

0.042 4.3 45 5.8 6.75 0 
0.187 0.219 27.7 3.6 7.25 0 
0.03 8.7 21.7 4.2 2.75 0 

0.1148 43 45 3.51 3.25 0 
0.0711 4.8 45 5.8 6.75 0 
0.107 0.05 9.83 2.39 2.75 0 
0.127 0.39 8.53 3.98 6.75 0 

0.0869 21.8 45 3.5 7.75 0 
o·.o962 0.29 50 3.4 8.75 0 
0.0595 0.9 21.6 5.14 4.75 0 
0.155 0.729 45 4.43 3.75 0 
0.077 0.047 18.23 7.8 4.75 0 

0.0378 11.54 45 4.43 7.75 0 
0.0127 4.79 24 8.5 6.25 0 
0.326 0.263 27.7 3.6 3.75 0 
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0.04 10.3 32.3 3 3.75 0 
0.042 4.3 45 5.8 5.25 0 
0.204 0.022 18.23 7.8 7.75 0 
0.085 0.05 9.83 2.39 3.25 0 

0.0751 0.679 35 5.8 5.25 0 
0.0218 0.29 50 3.4 6.25 0 

0.308 0.116 18.23 7.8 8.75 0 
0.155 4.67 70 4.5 3.75 0 

0.1957 0.085 14.6 2 6.75 0 
0.00177 0.0929 44.16 o. 77 1.25 645.8815 

0.0126 2.6 39 2.9 0.75 420.7867 
0.004 36.9 24 8.5 5.75 86.17312 
0.004 36.9 24 8.5 2.25 401.7861 

0.0031 0.0929 44.16 o. 77 1.25 541.9822 
0.002 0.52 78 0.4 1.75 565.51 

0.0076 0.84 31.19 3.1 1.25 548.5035 
0.096 0.29 50 3.4 1.25 202.3064 

0.0031 0.0929 44.16 0.77 1.75 243.9315 
0.01 1 70 4.5 1.75 1864.318 

0.0066 0.0929 44.16 0.77 1.75 84.53309 
0.01 1 70 4.5 3.25 2973.187 

0.004 36.9 24 8.5 1.75 244.9207 
0.0066 0.0929 44.16 0.77 1.25 32.29090 

0.004 36.9 24 8.5 2.75 500.5719 
0.004 36.9 24 8.5 4.75 287.635 

0.0169 53.67 24 8.5 5.75 119.245 
0.002 0.52 78 0.4 1.25 1022.275 

0.01 1 70 4.5 2.75 3207.34 
0.01 1 70 4.5 2.25 2104.44 

0.004 36.9 24 8.5 6.75 17.28222 
0.0077 2.6 39 2.9 2.75 727.1202 
0.0169 53.67 24 8.5 6.25 44.44 
0.0127 4.79 24 8.5 5.75 20.2317 

0.01 1 70 4.5 3.75 1949.616 
0.015 8.19 70 4.5 1.75 324.9049 

0.0077 2.6 39 2.9 1.75 1533.884 
0.0164 13.61 32.3 3 2.75 0 

0.02 10.3 32.3 3 2.75 14.8 
0.0095 1.28 44.16 0.77 1.25 218.8413 
0.0287 0.866 24.39 6.5 3.75 76.88815 

0.096 0.29 50 3.4 1 • 7 5 7 50. 5131 
0.0146 2.6 39 2.9 3.75 246.0284 
0.0218 0.29 50 3.4 o. 75 611.3854 
0.008 0.29 50 3.4 1.25 231.9716 
0.004 36.9 24 8.5 7.25 0 
0.004 36.9 24 8.5 3.75 379.5677 

0.0077 2.6 39 2.9 2.25 1337.061 
0.01 0.157 23.66 2.8 2.75 119.2348 

0.0126 2.6 39 2.9 1.75 929.7999 
0.015 3.63 21.7 4.2 1.25 180.816 

0.0127 4.79 24 8.5 5.25 468.0894 
0.0169 53.67 24 8.5 1.25 16.10889 
0.0169 53.67 24 8.5 5.25 265.7806 

0.004 36.9 24 8.5 3.25 406.945 
0.0155 24.19 45 5.8 4.25 124.7507 
0.0146 2.6 39 2.9 1.75 664.7877 
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0.052 4.3 45 5.8 1.25 26.64 
0.009448 9.5 21.7 4.2 0.75 17.76 

0.0244 34 26.7 1.6 3.25 0 
0.004 36.9 24 8.5 6.25 0 

0.0095 1.28 44.16 o. 77 1.75 186.5516 
0.0177 8.53 24 8.5 2.25 3.088695 

0.015 8.19 70 4.5 1.25 253.8454 
0.023 0.39 49 2 4.25 0 
0.004 36.9 24 8.5 4.25 26.9756 

0.0076 0.84 31.19 3.1 1. 75 1159.655 
0.0126 2.6 39 2.9 2.25 1689.592 

0.065 0.169 35 5.8 2.75 102.9328 
0.017 3 45 4.3 1.25 100.2673 
0.004 36.9 24 8.5 5.25 282.2458 

0.0164 13.61 32.3 3 2.25 31.99905 
O.Oll 24 26.7 1.6 1.25 197.6164 

0.0169 53.67 24 8.5 6.75 80.92679 
0.004 36.9 24 8.5 7.75 0 
0.023 10.3 32.3 3 3.25 23.68 

0.0077 2.6 39 2.9 1.25 1147 
0.0169 53.67 24 8.5 1.75 96.41711 
0.0127 4.79 24 8.5 0.75 31.42153 
0.0169 53.67 24 8.s 2.25 105.4926 

0.023 10.3 32.3 3 2.75 30.51825 
o.ou 1.826 50.4 2.5 2.25 107.0218 
0.019 62.7 26.7 1.6 2.75 33.09422 

0.0244 34 26.7 1.6 2.75 196.563 
0.012 1.43 23.66 2.8 1.25 23.63873 
0.012 1.43 23.66 2.8 1.75 41.44159 
0.065 0.169 35 5.8 3.25 82.29733 
0.008 0.29 50 3.4 1. 75 711.8061 

0.0076 0.84 31.19 3.1 0.75 0 
0.0127 4.79 24 8.5 2.75 462.6551 
0.0127 4.79 24 8.5 2.25 539.2376 

0.03 8.7 21.7 4.2 3.25 0 
0.096 0.29 50 3.4 2.25 626.9595 . 

0.0178 2.6 39 2.9 2.75 512.8477 
0.0127 4.79 24 8.5 3.25 12ll.291 

0.023 0.29 50 3.4 1.25 157.4765 
0.0113 0.39 49 2 1.25 978.3138 

0.011 24 26.7 1.6 1.75 424.2047 
0.0239 o.o85 14.6 2 1.25 69.55164 
0.026 0.48 21.6 5.14 4.25 271.6516 
0.015 3.63 21.7 4.2 1.75 98.37377 

o.o1 0.157 23.66 2.8 2.25 284.7635 
0.0034 0.32 78 0.4 1.25 926.2276 
0.0129 3.826 50.4 2.5 2.75 52.67581 
0.0244 34 26.7 1.6 2.25 66.33271 
0.0159 0.729 45 2.51 3.25 425.4432 
0.018 31 26.7 1.6 1.75 187.8223 

0.0127 4.79 24 8.5 4.75 914.5393 
o.ou 24 26.7 1.6 2.75 163.3859 

0.0146 2.6 39 2.9 1.25 1002.413 
0.0218 0.29 50 3.4 1.25 532.3162 
0.0798 3.7 45 5.8 1.25 165.47ll 
0.0177 8.53 24 8.5 1.75 0 
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0.0169 53.67 24 8.5 4. 75 1146.033 
0.1211 20.48 24 8.5 4.75 95.46542 
0.016 1.668 50.4 2.5 2.75 291.576 

0.0189 9.5 21.7 4.2 1.25 83.18447 
0.0127 4.79 24 8.5 1.25 62.12405 
0.0215 0.108 39.83 8 1.75 58.40861 
0.0216 0.39 49 2 1.25 866.1019 

0.01 0.157 23.66 2.8 1.75 41.36778 
0.0235 17.48 45 3.54 4.25 598.1256 

0.019 62.7 26.7 1.6 1.25 55.15703 
0.0378 11.54 45 3.54 3.75 291.3354 
0.0169 53.67 24 8.5 2.75 351.097 
0.0034 0.32 78 0.4 1.75 407.4226 
0.0159 0.729 45 2.51 2.75 664.4401 
o.ou 24 26.7 1.6 2.25 382.5744 
0.026 0.48 21.6 5.14 3.75 562.3779 

0.0169 53.67 24 8.5 4.25 2417.752 
o.ou 1.826 50.4 2.5 I. 25 1145.536 

0.0129 3.826 50.4 2.5 1.25 1145.455 
0.0164 13.61 32.3 3 1.75 141.849 
0.0507 12.61 24 8.5 4.25 781.8644 
0.0127 4.79 24 8.5 4.25 862.1928 
0.0169 53.67 24 8.5 9.25 80.92679 
0.0507 12.61 24 8.5 8.75 0 
0.0507 12.61 24 8.5 5.75 44.44 
0.018 31 26.7 1.6 1.25 11.53065 
0.032 14.716 45 2.51 3.75 1038.789 
o.ou 1.826 50.4 2.5 1.75 1585.484 

0.0127 4.79 24 8.5 3.75 1420.841 
0.029 1.16 24 8.5 3.25 265.0983 

0.0448 26.15 45 3.51 4.25 153.1909 
0.0077 2.6 39 2.9 3.25 361.1227 
0.022 0.84 24 8.5 1.75 0.7104 
0.012 1.43 23.66 2.8 2. 25 16.54711 
0.026 0.39 49 2 1.75 1557.532 
'0.015 3.63 21.7 4.2 2.75 50.9764 '\ 
0.058 1.22 39.83 8 2.25 23.47319 
0.015 8.19 70 4.5 2.25 481.449 
0.017 3 45 4.3 1. 75 112.7136 
0.023 6.96 21.7 4.2 2.75 0 
0.022 0.84 24 8.5 3.25 282.158 

0.0378 11.54 45 3.54 4.25 240.7377 
0.017 3 45 4.3 4.75 0 

0.0233 4.02 23.66 2.8 1.25 4.73791 
0.0178 2.6 39 2.9 3.25 335.7262 
0.0127 4.79 24 8.5 1.75 773.0159 

0.017 3 45 4.3 2.25 702.8811 
0.032 14.716 45 2.51 3.25 926.5278 

0.02148 16.5 45 2.51 3.25 535.1303 
0•0216 0.39 49 2 4.25 48.21345 
0.012 1.43 23.66 2.8 3.25 14.81333 

0.0169 53.67 24 8.5 8.75 29.3 
0.0126 2.6 39 2.9 2.75 1225.864 
0.018 31 26.7 1.6 2.25 227.7178 
0.042 13.61 32.3 3 3.25 18.38568 
0.038 0.05 9.83 2.39 1.75 936.681 
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0.0189 9.5 21.7 4.2 1.75 117.4538 
0.0155 24.19 45 5.8 1.25 3.946666 

0.023 0.39 49 2 3.25 645.6657 
0.0235 17.48 45 3.54 3.25 858.6234 
0.018 31 26.7 1.6 3.25 0 
0.015 3.63 21.7 4.2 2.25 27.25202 

0.02148 16.5 45 2.51 2.25 933.0649 
0.096 0.29 50 3.4 2.75 1269.12 
0.019 62.7 26.7 1.6 2.25 82.73555 
0.023 6.96 21.7 4.2 2.25 22.79943 
0.023 10.3 32.3 3 2.25·77.53394 

0.0326 24.06 24 8.5 1.25 163.4366 
0.029 1.16 24 8.5 0.75 24.35149 

0.0239 0.085 14.6 2 3.25 7.269092 
0.0239 o.o8s 14.6 2 1.75 99.36229 

0.277 10.8 45 3.54 4.25 62.43206 
0.0169 53.67 24 8.5 3.25 144.6957 

0.02 10.3 32.3 3 2.25 12.22604 
0.0166 0.39 49 2 1.75 1841.339 
0.0378 11.54 45 3.54 3.25 383.9544 
0.016 1.668 50.4 2.5 0.75 576.1368 

0.0129 3.826 50.4 2.5 1.75 1621.337 
0.0169 53.67 24 4.25 9.75 29.3 
0.0169 53.67 24 8.5 8.25 22.22 
0.0169 53.67 24 8.5 7.75 44.44 
0.0216 0.39 49 2 2.25 908.1686 
0.0164 13.61 32.3 3 1.25 124.133 
0.0235 17.48 45 3.54 3.75 346.4406 

0.023 6.96 21.7 4.2 1.25 0 
0.0216 0.39 49 2 1.75 1331.912 

0.02148 16.5 45 2.51 2.75 387.8549 
0.023 0.39 49 2 3. 75 116.4487 
0.017 3 45 4.3 4.25 325.9444 

0.0589 0.679 35 5.8 1.25 641.6347 
0.0169 53.67 24 8.5 3. 75 532.7136 
0.0448 26.15 45 3.51 3. 7 5 21 • 58048 ' 
0.011 24 26.7 1.6 3.25 32.19500 

0.0235 17.48 45 3.54 2.75 996.2445 
0.0129 3.826 50.4 2.5 2.25 1109.933 
0.0178 2.6 39 2.9 1.75 1267.258 
0.0216 0.39 49 2 0.75 484.3366 
0.046 4.02 23.66 2.8 0.75 71.04 
o.oo8 0.29 50 3.4 2.25 1651.206 

0.0177 8.53 24 8.5 0.75 0 
0.022 0.84 24 8.5 1.25 2.22 
0.032 14.716 45 2.51 2.75 158.9895 

o·.o178 2.6 39 2.9 0.75 507.0095 
0.023 0.29 50 3.4 1.75 122.9955 

0.0155 24.19 45 5.8 3.75 630.4027 
0.02148 16.5 45 2.51 1.75 1215.774 
0.0218 0.29 50 3.4 1.75 888.2958 

0.02 10.3 32.3 3 1.75 40.19854 
0.043 6.96 21.7 4.2 0.75 0 
0.017 3 45 4.3 3.75 2578.683 

0.0177 8.53 24 8.5 2. 75 10.06806 
0.043 36.56 45 4.43 1.25 191.5284 
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0.0159 0.729 45 2.51 1.75 404.4095 
0.023 0.39 49 2 1.75 1451.205 

0.024447 1.478 23.66 2.8 1.25 47.40104 
0.017 3 45 4.3 2.75 1436.757 

0.1211 20.48 24 8.5 4.25 16.18536 
0.0076 0.84 31.19 3.1 2.25 341.1191 
0.0458 2.56 45 5.8 4.75 418.7613 
0.0155 24.19 45 5.8 4.75 250.0454 
0.0178 2.6 39 2.9 1.25 839.7362 
0.0244 34 26.7 1.6 1.75 21.45926 

0.03 8.7 21.7 4.2 2.25 13.32 
0.016 1.668 50.4 2.5 2.25 760.5758 
0.026 0.48 21.6 5.14 3.25 316.879 

0.0507 12.61 24 8.5 5.25 22.22 
0.0235 17.48 45 3.54 2.25 334.0832 
0.0146 2.6 39 2.9 2.75 217.0366 
0.0178 2.6 39 2.9 2.25 1218.882 
0.0282 10.21 70 4.5 2.25 0 
0.0282 10.21 70 4.5 1.75 0 

0.025599 10.21 70 4.5 1.25 0 
0.023 6.96 21.7 4.2 1.75 4.933332 

0.02 10.3 32.3 3 1.25 59.4636 
0.026 0.48 21.6 5.14 2.75 316.4101 
0.019 62.7 26.7 1.6 1.75 105.1345 
0.277 10.8 45 3.54 1.25 10.92923 
0.023 0.39 49 2 2.25 1523.615 

0.0396 4.05 50.4 2.5 3.25 0 
0.0277 18.18 45 3.51 2.25 416.7745 

0.017 3 45 4.3 3.25 2392.749 
0.023 0.39 49 2 2. 7 5 1164. 211 
0.023 10.3 32.3 3 1.75 8.054447 

0.0282 10.21 70 4.5 2.75 0 
0.018 31 26.7 1.6 2.75 63.37682 
0.016 1.668 50.4 2.5 1.75 1340.003 
0.022 0.84 24 8.5 2.75 132.3719 
0.052 5.38 24 8.5 6.25 0 

0.0169 53.67 24 8.5 7.25 8.888 
0.0279 1.69 24.39 6.5 1.75 0 
0.0279 1.69 24.39 6.5 2.25 0 
0.015 3.63 21.7 4.2 3.25 20.13612 
0.277 10.8 45 3.54 2.25 46.8 

0.0346 6.24 23.66 2.8 2.25 35.52000 
0.0146 2.6 39 2.9 2.25 587.8938 
0.0177 8.53 24 8.5 3.25 8.88 
0.093 0.827 39.83 8 1.75 29.42569 
0.096 0.29 50 3.4 3.25 1503.745 
0.277 10.8 45 3.54 2. 75 10.02708 

0.0239 0.085 14.6 2 2.75 13.21078 
0.0166 0.39 49 2 2.25 2753.035 
0;,0279 1.69 24.39 6.5 2.75 0 

0.035 8.3 45 5.8 3.25 113.0115 
0.042 4.3 45 5.8 1.75 60.86763 
0.022 0.84 24 8.5 2.25 34.48337 

0.0282 10.21 70 4.5 4.25 0 
0.0282 10.21 70 4.5 5.25 0 
0.0244 34 26.7 1.6 1.25 44.4 
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0.01 0.157 23.66 2.8 3.25 146.8328 
0.0282 10.21 70 4.5 3.75 0 
0.0282 10.21 70 4.5 4.75 0 
0.0215 0.108 39.83 8 1.25 113.3104 
0.0287 0.866 24.39 6.5 2.75 128.3866 

0.026 0.48 21.6 5.14 1.25 133.3794 
0.0207 2.6 39 2.9 3.25 483.8552 
0.0282 10.21 70 4.5 3.25 0 
0.0159 0.729 45 2.51 1.25 124.32 
0.026 0.48 21.6 5.14 1. 75 272.7225 

0.0235 17.48 45 3.54 1.75 25.07294 
0.0277 18.18 45 3.51 1.75 34.45278 
0.0166 0.39 49 2 2.75 3399.296 
0.0756 2.064 24.39 6.5 2.25 5.92 
0.0277 18.18 45 3.51 1.25 98.58032 
0.0207 2.6 39 2.9 2.25 785.0978 

0.04 10.3 32.3 3 3.25 34.09208 
0.0516 0.679 35 5.8 3.25 5.92 

0.02148 16.5 45 2.51 1.25 551.1365 
0.02148 16.5 45 2.51 3.75 307.7441 

0.0448 26.15 45 3.51 4.75 26.9756 
0.277 10.8 45 3.54 3.25 112.4009 

0.0233 4.02 23.66 2.8 1.75 181.3507 
0.121 0.867 31.19 3.1 1.25 64.0642 
0.029 1.16 24 8.5 2.25 12.39146 
0.058 1.22 39.83 8 3.25 83.90446 

0.0519 1.69 24.39 6.5 1.25 0 
0.0326 24.06 24 8.5 1.75 41.44 
0.0263 2.49 50.4 2.5 1.75 21.312 

0.277 10.8 45 3.54 1.75 21.2 
0.0189 9.5 21.7 4.2 2.25 125.9701 

0.01 0.157 23.66 2.8 3.75 97.88853 
0.038 0.05 9.83 2.39 2.25 500.7469 
0.012 1.43 23.66 2.8 2.75 19.04571 

0.0215 0.108 39.83 8 0.75 129.2505 
0.016 1.668 50.4 2.5 3.25 0 
0.051 0.08 7.2 4.2 2.75 14.8 
0.029 1.16 24 8.5 1.25 78.3457 
0.029 1.16 24 8.5 2. 75 33.89571 

0.0507 12.61 24 8.5 0.75 0 
0.0177 8.53 24 8.5 4.25 44.44 
0.0414 1.92 45 5.8 1.25 97.2178 
0.0277 18.18 45 3.51 2.75 772.3961 
0.035 8.3 45 5.8 3.75 66.82472 
0.05 0.29 50 3.4 1.25 45.08308 

0.042 0.6 21.6 5.14 1.25 23.68 
0.0218 0.29 50 3.4 2.25 1135.008 
0.0263 2.49 50.4 2.5 2.25 21.17694 

0.036 1.478 23.66 2.8 1.75 109.7024 
0~0346 6.24 23.66 2.8 1.75 30.192 
0.0711 4.8 45 5.8 4.25 8.991865 
0.0326 24.06 24 8.5 2.25 55.19885 
0.0507 12.61 24 8.5 4.75 7.406668 
0.0516 0.679 35 5.8 2.75 5.214489 
0.0711 4.8 45 5.8 3.75 13.4878 
0.012 0.25 78 0.4 2.75 0 
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0.008 0.29 50 3.4 2.75 2254.449 
0.0414 1.92 45 5.8 1.75 224.2926 c 0.0277 18.18 45 3.51 3.25 230.5327 

0.016 1.668 50.4 2.5 1.25 931.3834 
0.065 0.169 35 5.8 2.25 82.54717 

0.0507 12.61 24 8.5 3.25 29.36656 
0.032 14.716 45 2.51 2.25 205.3928 

0.0812 1.545 24.39 6.5 3.25 106.0034 
0.0756 2.064 24.39 6.5 1.75 0 
0.0239 0.085 14.6 2 2.25 57.84201 
0.058 1.22 39.83 8 7.25 0 
0.035 8.3 45 5.8 2.25 79.98961 
0.096 0.29 50 3.4 3. 75 1146.465 

0.0277 18.18 45 3.51 3.75 26.9756 
0.277 10.8 45 3.54 3. 75 6.225138 
0.066 15.67 45 4.3 5.25 0 
0.277 10.8 45 3.54 4.75 0 
0.253 1.019 45 2.51 6.25 14.81333 
0.253 1.019 45 2.51 5.75 0 
0.052 11.23 21.7 4.2 2.75 0 
0.052 11.23 21.7 4.2 1.75 82.73555 
0.052 11.23 21.7 4.2 2.25 29.6 
0.029 1.16 24 8.5 1.75 15.04283 
0.023 0.29 50 3.4 2.25 166.06 
0.035 8.3 45 5.8 2.75 225.6695 
0.096 0.29 so 3.4 4.25 546.9573 
o.o4 10.3 32.3 3 2.25 21.312 

c 0.0599 1.92 45 5.8 1.25 62.5808 
0.023 10.3 32.3 3 1.25 35.52 

0.0166 0.39 49 2 3.75 685.0447 
0.036 1.478 23.66 2.8 3.25 310.7197 

0.1067 0.085 14.6 2 0.75 88.88 
0.0177 8.53 24 8.5 1.25 0 
0.0177 8.53 24 8.5 3.75 46.82405 

0.041 0.871 31.19 3.1 1.25 278.1986 
0.085 3.29 19.2 3.2 0.75 0 
0.085 3.29 19.2 3.2 2.75 0 
0.085 3.29 19.2 3.2 2.25 0 
0.085 3.29 19.2 3.2 1.75 0 
o.oss 3.29 19.2 3.2 1.25 0 

0.0378 11.54 45 3.54 2.75 64.60654 
0.052 4.3 45 5.8 1.75 27.84338 

0.0595 0.9 21.6 5.14 1.25 6.038442 
0.022 0.84 24 8.5 0.75 0 

0.0747 17.14 24 8.5 0.75 0 
0.0207 2.6 39 2.9 3.75 46.82405 

o.os 7.1 45 5.8 1.75 69.13872 
0.008 0.29 50 3.4 3.25 2447.067 
0.034 4.13 70 4.5 3.25 1659.835 
6.081 o.os 9.83 2.39 1.25 8.343183 
0.044 4.6 45 5.8 2.75 790.8824 

0.0812 1.545 24.39 6.5 3.75 5.92 
0.04 10.3 32.3 3 2.75 195.4058 c 0.0378 11.54 45 3.54 1.75 10.14857 

0.008 0.29 50 3.4 5.25 0 
0.04 10.3 32.3 3 1.75 10.656 
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0.036 1.478 23.66 2.8 2.25 21.30755 

c 0.0676 0.7719 45 3.5 3.75 211.7146 
0.055 0.708 39.83 8 3.25 26.69687 

0.0751 0.679 35 5.8 1.25 17.76 
0.01 0.157 23.66 2.8 1.25 0 

0.0346 6.24 23.66 2.8 1. 25 10.05609 
0.0166 0.39 49 2 3.25 3116.156 
0.042 4.3 45 5.8 2.25 215.863 
0.036 1.478 23.66 2.8 2.75 5.746337 
0.026 0.39 49 2 2.75 1995.156 
0.035 8.3 45 5.8 1.25 23.68 
0.05 7.1 45 5.8 1.25 11.84 

0.038 0.05 9.83 2.39 2.75 10.42898 
0.066 15.67 45 4.3 4.25 157.4936 
0.044 10.538 45 3.5 3.25 0 

0.0216 0.39 49 2 3.75 754.105 
0.1067 0.085 14.6 2 2.75 0 
0.0458 2.56 45 5.8 5.25 13.4878 
0.055 2.769 26.7 1.6 2.25 21.13953 

0.0448 26.15 45 3.51 2.75 583.4741 
0.044 10.538 45 3.5 2.75 0 

0.0676 0.7719 45 3.5 3.25 173.1685 
0.0507 12.61 24 8.5 3.75 71.15221 
0.0358 5.3 50.4 2.5 2.75 266.5354 
0.057 1.69 24.39 6.5 2.75 23.68 
0.066 15.67 45 4.3 1.25 71.04 

0.0711 4.8 45 5.8 1.25 670.3525 
~ 0.042 4.3 45 5.8 1.25 35.52 
\..f 0.03 5.09 45 s.8 2.25 211.7317 

o.os 7.1 45 5.8 2.75 779.3134 
0.032 14.716 45 2.51 1.25 0 
0.121 0.867 31.19 3.1 1.75 745.6775 

0.0458 2.56 45 5.8 2.25 90.8106 
0.0346 6.24 23.66 2.8 2.75 20.72 
0.0458 2.56 45 5.8 3.25 297.8413 

o.os 0.29 50 3.4 3.75 36.7082 ' 
0.065 0.169 35 5.8 1.25 83.34522 

0.0516 0.679 35 5.8 2.25 33.64831 
0.042 0.6 21.6 5.14 1.75 96.26123 
0.052 4.3 45 5.8 3.75 146.5993 

0.0207 2.6 39 2.9 1.75 1447.473 
0.03 8.7 21.7 4.2 1. 75 11.50635 

0.026 0.39 49 2 2.25 2039.782 
0.0676 0.7719 45 3.5 1.25 5.074284 

0.121 0.867 31.19 3.1 2.75 9.866668 
0.0326 24.06 24 8.5 2.75 51.49848 
0.044 10.538 45 3.5 4.25 0 
0.044 10.538 45 3.5 3.75 0 

0.0287 0.866 24.39 6.5 1.25 24.864 
0;,0326 24.06 24 8.5 4. 75 11.56097 
0.0458 2.56 45 5.8 4.25 313.6038 
0.052 5.38 24 8.5 0.75 10.656 

0 
0.012 0.25 78 0.4 1.25 952.5882 

0.0396 4.05 50.4 2.5 2.75 21.70666 
0.057 1.69 24.39 6.5 3.25 21.85846 

0.0817 11.593 45 3.5 2.75 28.416 

147 



0.051 o.o8 7.2 4.2 2.25 68.91396 
0.012 0.25 78 0.4 2.25 0 

0 0.065 0.169 35 s.8 1.75 176.6761 
0.042 0.6 21.6 5.14 2.25 179.3379 
0.044 4.6 45 5.8 2.25 516.3403 

0.0762 1.633 23.66 2.8 1.25 5.92 
0.0448 26.15 45 3.51 1.25 21.312 
o.oo8 0.29 50 3.4 4.25 2890.234 
o.os 7.1 45 5.8 2.25 825.8263 

0.0378 11.54 45 3.54 2.25 11.84 
0.051 o.o8 7.2 4.2 1.25 21.312 
0.008 0.29 so 3.4 3.75 3046.607 

0.0448 26.15 45 3.51 2.25 488.6692 
0.093 0.827 39.83 8 2.25 29.6 

0.0358 5.3 50.4 2.5 2.25 1232.157 
0.096 0.29 so 3.4 4.75 20.2317 

0.0218 0.29 50 3.4 5.25 116.4 
0.0177 8.53 24 8.5 5.25 14.81333 

0.026 0.48 21.6 5.14 2.25 231.0963 
0.073 1.2 45 4.43 1.25 13.32 
0.052 5.38 24 8.5 1.25 66.90084 

0.0177 8.53 24 8.5 4.75 17.776 
0.0287 0.866 24.39 6.5 2.25 30.75195 

0.03 5.09 45 5.8 1.75 89.04449 
0.0126 2.6 39 2.9 3.25 512.5502 
0.052 5.38 24 8.5 5.75 20.2317 
0.035 8.3 45 5.8 1. 75 10.06806 

/'-, 0.044 4.6 45 5.8 1.75 314.5602 

'-' 0.023 0.29 50 3.4 2.75 429.9627 
0.0326 24.06 24 8.5 4.25 73.4164 

o.os 7.1 45 5.8 3.25 752.4418 
0.015 8.19 70 4.5 2.75 266.7497 

0.0458 2.56 45 5.8 2.75 400.8398 
0.066 15.67 45 4.3 2.25 149.4121 
0.066 15.67 45 4.3 3.75 0· 
0.121 0.867 31.19 3.1 0.75 0 
0.023 0.29 50 3.4 5.25 97.88853 
0.042 0.6 21.6 5.14 4.75 20.2317 
o.os8 1.22 39.83 8 6.75 0 

0.0507 12.61 24 8.5 2.75 114.6449 
0.093 29.17 45 5.8 3.25 700.6174 
0.063 4.8 45 5.8 1.25 0 
0.042 0.6 21.6 5.14 2.75 101.9406 

0.0218 0.29 50 3.4 4.25 905.4103 
0.093 0.827 39.83 8 3.25 0 

0.0751 0.679 35 5.8 1.75 30.44571 
0.0287 0.866 24.39 6.5 1.75 23.088 
0.044 4.6 45 5.8 3.25 638.4902 
0.055 0.708 39.83 8 2.25 4.469374 

0;.0507 12.61 24 8.5 1.25 11.50635 
0.042 13.61 32.3 3 1.25 40.27224 

0.0589 0.679 35 5.8 2.75 722.2453 
0.0762 1.633 23.66 2.8 2.75 0 

0 0.0589 0.679 35 5.8 3.75 160.0037 
0.0216 0.39 49 2 3.25 892.1786 
0.0233 4.02 23.66 2.8 2.25 122.5998 
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0.0177 8.53 24 8.5 5.75 0 
0.0218 0.29 50 3.4 2.75 1025.135 

0 0.063 4.8 45 s.8 2.25 0 
0.063 15.368 45 3.5 3.75 0 
0.121 0.867 31.19 3.1 2.25 415.9162 
0.052 5.38 24 8.5 1.75 131.2217 
o.oss 2.769 26.7 1.6 1.75 65.12 
0.063 4.8 45 5.8 0.75 0 

0.0458 2.56 45 5.8 1.75 20.29714 
0.0414 1.92 45 5.8 2.75 519.5665 
0.0448 26.15 45 3.51 1.75 215.8524 

0.035 8.3 45 5.8 4.25 261.6672 
0.0155 24.19 45 5.8 2.25 354.3262 
0.0676 0.7719 45 3.5 2.75 600.9425 
0.058 1.22 39.83 8 3.75 62.75893 

0.0458 2.56 45 5.8 3.75 217.7422 
0.0155 24.19 45 5.8 3.25 862.1663 

0.05 7.1 45 5.8 3.75 55.57277 
0.063 4.8 45 5.8 2.75 0 

0.0326 24.06 24 8.5 3.75 13.4878 
0.0677 3.13 45 3.5 1.25 4.44 
0.041 0.871 31.19 3.1 1.75 552.6263 
0.102 3.29 19.2 3.2 2.25 0 
0.102 3.29 19.2 3.2 0.75 0 
0.102 3.29 19.2 3.2 1.25 0 
0.102 3.29 19.2 3.2 3.25 0 
0.102 3.29 19.2 3.2 2.75 0 - 0.102 3.29 19.2 3.2 1.75 0 

~ 0.0218 0.29 so 3.4 5.75 50.8 
0.0218 0.29 50 3.4 4.75 2023.292 
0.0507 12.61 24 8.5 2.25 39.072 
0.051 o.o8 7.2 4.2 1. 75 37.46611 

0.0589 0.679 35 5.8 1.75 321.4629 
0.0762 1.633 23.66 2.8 1.75 24.42 
0.063 4.8 45 5.8 0.25 0 
0.063 4.8 45 5.8 1.75 0 ' 
0.063 15.368 45 3.5 4.25 0 
0.063 13.06 45 3.5 1.25 0 

0.0458 2.56 45 5.8 1.25 30.51825 
0.032 14.716 45 2.51 1.75 5.074284 

0.0146 2.6 39 2.9 3.25 125.5756 
0.085 o.os 9.83 2.39 1.25 60.384 

0.0812 1.545 24.39 6.5 2.25 0 
0.063 13.06 45 3.5 2.75 0 

0.0589 0.679 35 5.8 3.25 22.22 
0.0817 11.593 45 3.5 3.25 75.78518 
0.097 14.54 45 4.3 4.75 220.4819 
0.063 4.8 45 5.8 4.25 207.9404 

0.0516 0.679 35 5.8 1.75 0 
0.066497 1.633 23.66 2.8 0.75 40.848 

0.095 3.03 23.66 2.8 1.75 29.6 
0.0798 3.7 45 5.8 1. 7 5 119.4446 

0 
0.042 13.61 32.3 3 2.25 40.27224 
0.034 4.13 70 4.5 3.75 657.4429 
0.052 4.3 45 5.8 2.25 341.5621 

0.0177 8.53 24 8.5 6.75 0 
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• 

0.066 15.67 45 4.3 1.75 77.68124 
0.079 3.2 45 5.8 1.75 53.28 c 0.068080 4.13 70 4.5 1.75 477.9618 

0.0859 2.358 45 3.51 2.25 20.13612 
0.034 4.13 70 4.5 2. 75 1180.128 
0.03 5.,09 45 5.8 2.75 948.4214 

0.155 o. 729 45 4.43 2.25 . 0 
0.0396 4.05 50.4 2.5 2.25 66.70853 

' 0.052 5.38 24 8.5 2. 75 317.5178 
. 

0.077 0.047 18.23 7.8 3.25 30.75195 
0.0599 1.92 45 5.8 1.75 359.3933 
0.0396 4.05 50.4 2.5 1.25 96.56666 

0.063 15.368 45 3.5 3.25 0 
0.055 0.708 39.83 8 4.75 338.936 
0.055 0.708 39.83 8 4.25 124.8641 
0.043 36.56 45 4.43 3.25 2119.052 
0.097 14.54 45 4.3 3.25 1046.116 

0.1211 20.48 24 8.5 3.75 4.444 
0.095 3.03 23.66 .. 2.8 1.25 0 
0.057 1.69 24.39 . 6.5 2.25 0 
0.052 5.38 24 8.5 5.25 16.18536 
0.065 13.96 45 3.54 2.25 121.6685 
0.081 0.05 9.83 2.39 2.75 0 
0.012 0.25 78 0.4 1.75 222.3718 
0.065 13.96 45 3.54 1.75 26.64 
0.052 5.38 24 8.5 4.25 20.2317 
0.058 1.22 39.83 8 2.75 11.84 

~· 0.065 13.96 45 3.54 3.25 381.8573 
\...-· 0.052 5.38 24 8.5 2.25 109.5837 

0.063 13.06 45 3.5 1.75 0 
0.055 0.708 39.83 8 2.75 24.42000 
0.052 4.3 45 5.8 2.75 877.4108 

0.0507 12.61 24 8.5 1.75 13.32 
0.0677 3.13 45 3.5 1.75 76.72282 
0.0516 0.679 35 5.8 1.25 13.9053 
0.0326 24.06 24 8.5 3.25 20.2317 
0.0711 4.8 45 5.8 1.75 487.66 
0.057 1.69 24.39 6.5 1.75 0 
0.042 13.61 32.3 3 1.75 99.30644 

0.0218 0.29 50 3 .4,. 3.75 1099.105 
0.03 ' 5.09 45 5.8 4.75 870.0231 

0.063 4.8 45 5.8 5.25 0 
0.0869 21.8 45 3.5 5.25 0 
0.0869 21.8 45 3.5 6.25 0 
0.0869 21.8 45 3.5 7.25 0 

0.063 15.368 45 3.5 2.75 0 
0.0869 21.8 45 3.5 5.75 0 
0.0869 21.8 45 3.5 6.75 0 
0.0155 24.19 45 5.8 2. 75 770.3682 ~· 
0.042 0.6 21.6 5.14 3.75 82.82166 

0.0747 17.14 24 8.5 1.25 0 
0.052 4.3 45 5.8 3.25 310.3512 

0 0.0326 24.06 24 8.5 5.25 26.664 
o.o52 5.38 24 8.5 4.75 16.18536 
0.042 4.3 45 5.8 2.75 1479.416 
0.026 0.39 49 2 4.25 0 
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0.0589 0.679 35 5.8 5.25 0 

0 
0.0346 6.24 23.66 2.8 3.25 0 
0.0589 0.679 35 5.8 4.75 40.46339 
0.0589 0.679 35 5.8 4.25 44.44 
0.0396 4.05 50.4 2.5 1.75 161.2522 

0.097 14.54 45 4.3 2.75 872.3434 
0.052 5.38 24 8.5 3.75 160.7395 
0.088 0.16 27.7 3.6 1.25 35.52000 
0.063 13.06 45 3.5 2.25 0 

0.0711 4.8 45 5.8 4.75 120.3742 
0.0945 0.08 7.2 4.2 1.25 0 
0.079 3.2 45 5.8 2.25 24.35149 
0.03 5.09 45 5.8 5.25 114.7389 

0.042 0.6 21.6 5.14 3.25 101.4704 
0.05 7.1 45 5.8 4.25 8.888 

0.079 3.2 45 5.8 4. 7 5 144. 7119 
0.0747 17.14 24 8.5 1.75 0 
0.0812 1.545 24.39 6.5 1.75 0 
0.0676 0.7719 45 3.5 1.75 28.85999 
0.041 0.871 31.19 3.1 2.25 557.399 

0.0812 1.545 24.39 6.5 2.75 50.47247 
0.0762 1.633 23.66 2.8 2.25 16.18536 
0.0414 1.92 45 5.8 2.25 569.1732 

0.055 0.708 39.83 8 3. 75 116.4903 
0.086 0.05 9.83 2.39 2.25 0 
o.on 0.047 18.23 7.8 2.75 35.34562 
0.043 36.56 45 4.43 2.75 1667.674 -' 0.093 29.17 45 5.8 2.75 431.6918 

t ......... 0.0817 11.593 45 3.5 2.25 41.44 
0.088 0.16 27.7 3.6 3.25 31.72 
0.026 0.39 49 2 3.25 1027.581 
0.008 0.29 50 3.4 4.75 508.4375 

0.1067 0.085 14.6 2 1.25 71.104 
0.0235 17.48 45 3.54 1.25 156.2555 

0.066 15.67 45 4.3 4.75 26.9756 
0.052 11.23 21.7 4.2 1.25 0 . 
0.097 14.54 45 4.3 3.75 1460.759 
0.066 15.67 45 4.3 2.75 293.6565 
o.osa 1.28 44.16 0.77 0.75 0 
0.058 1.28 44.16 0.77 0.25 0 
0.058 1.28 44.16 0.77 1.25 0 
0.077 0.047 18.23 7.8 2.25 46.62548 
0.035 8.3 45 s.8 4. 75 65.07417 

0.0031 0.05 9.83 2.39 2.25 0 
0.0031 0.05 9.83 2.39 1.25 0 
0.0599 1.92 45 5.8 2.25 1069.262 
0.042 0.6 21.6 5.14 4.25 117.4662 
0.079 3.2 45 5.8 2.75 72.66957 
0.121 0.867 31.19 3.1 1.25 32.56 
·0.03 5.09 45 5.8 3.25 1552.963 
0.107 0.05 9.83 2.39 1.25 0 
0.107 0.05 9.83 2.39 2.25 0 

c 0.0945 o.o8 7.2 4.2 4.25 0 
0.0945 o.o8 7.2 4.2 3.25 0 
0.0945 0.08 7.2 4.2 4.75 0 
0.0945 0.08 7.2 4.2 5.25 0 
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0.0945 0.08 7.2 4.2 2.75 0 
0.0945 0.08 7.2 4.2 3.75 0 c 0.1067 0.085 14.6 2 2.25 29.62666 
0.0595 0.9 21.6 5.14 1.75 382.3881 
0.088 0.16 27.7 3.6 2.75 31.96800 
0.052 5.38 24 8.5 3.25 318.6018 
0.155 0.729 45 4.43 1.75 0 
0.079 3.2 45 5.8 3.25 57.74092 

0.0218 0.29 50 3.4 3.25 230.5497 
0.108 0.08 7.2 4.2 1.25 0 
0.108 0.08 7.2 4.2 2.25 0 
0.253 1.16 45 4.3 2.25 0 

0.1148 43 45 3.51 0.25 0 
0.1148 43 45 3.51 2.75 0 
0.066 15.67 45 4.3 3.25 85.6908 

0.0676 0.7719 45 3.5 2.25 35.52 
0.092440 1.69 24.39 6.5 0.25 0 

0.0751 0.679 35 5.8 2.75 0 
0.077 0.047 18.23 7.8 4.25 146.8328 
0.077 0.047 18.23 7.8 3.75 169.1117 

0.0751 0.679 35 s.8 2.25 26.64 
0.085 0.05 9.83 2.39 2.25 26.64 
0.087 1.35 44.16 0.77 0.25 0 
0.087 1.35 44.16 0.77 1.25 0 
0.087 1.35 44.16 0.77 0.75 0 

0.0677 3.13 45 3.5 2.25 666.5685 
0.107 o.o5 9.83 2.39 0.75 0 ,- 0.243 0.679 35 5.8 1.75 8.88 

~~ 0.077 0.047 18.23 7.8 1.25 13.42408 
0.079 3.2 45 5.8 5.25 72.47645 
0.079 3.2 45 s.8 4.25 457.5496 

0.0711 4.8 45 5.8 5.25 146.8328 
0.052 4.3 45 5.8 4.75 0 
0.063 15.368 45 3.5 4.75 0 

0.0414 1.92 45 5.8 5.75 0 
0.108 o.o8 7.2 4.2 0.75 0 

0.0945 0.08 7.2 4.2 2.25 0 
0.057 1.69 24.39 6.5 1.25 0 
0.057 1.69 24.39 6.5 o.75 0 

0.0358 5.3 50.4 2.5 1.75 745.172 
0.108 0.08 7.2 4.2 1.75 0 
0.107 0.05 9.83 2.39 1.75 0 

0.1211 20.48 24 8.5 3.25 0 
0.105 43 45 3.51 0.75 0 
0.105 43 45 3.51 2.75 0 

0.0448 26.15 45 3.51 3.25 421.1797 
0.05 0.29 so 3.4 3.25 16.18536 

0.015 8.19 70 4.5 3.25 0 
0.047 4.47 70 4.5 1.25 60.69509 
0.063 13.06 45 3.5 3.75 0 
0.063 13.06 45 3.5 3.25 0 
0.122 o.8 21.6 5.14 3.75 206.0405 

0 
0.0263 2.49 50.4 2.5 3.25 29.62666 
0.0155 24.19 45 5.8 1.75 58.73312 
0.0945 0.08 7.2 4.2 0.75 0 
0.0812 1.545 24.39 6.5 1.25 0 
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0.0812 1.545 24.39 6.5 0.75 0 
0.065 13.96 45 3.54 2.75 825.7039 

0 0.041 0.871 31.19 3.1 2.75 75.7087 
0.081 0.05 9.83 2.39 1. 75 70.68913 

0.0326 24.06 24 8.5 6.25 0 
0.0326 24.06 24 8.5 7.75 0 

0.108 18.3 45 3.5 4.25 0 
0.108 18.3 45 3.5 2.75 0 
0.097 14.54 45 4.3 1.75 84.84856 

0.0945 0.08 7.2 4.2 1.75 0 
0.0677 3.13 45 3.5 3.25 1909.089 
0.0599 1.92 45 5.8 3.75 1014.717 
0.0677 3.13 45 3.5 4.25 0 

0.063 4.8 45 5.8 4.75 0 
0.108 0.08 7.2 4.2 0.25 0 
0.097 14.54 45 4.3 1.25 0 

0.0817 11.593 45 3.5 1.75 41.44 
0.081 0.05 9.83 2.39 2.25 35.52000 
0.105 43 45 3.51 1.75 0 
0.105 43 45 3.51 0.25 0 
0.108 18.3 45 3.5 3.75 0 
0.034 4.13 70 4.5 2.25 1212.049 
0.122 0.8 21.6 5.14 2.75 169.1117 
0.108 18.3 45 3.5 2.25 0 

0.0677 3.13 45 3.5 2.75 1500.725 
0.0711 4.8 45 5.8 2.75 758.9143 
0.105 43 45 3.51 2.25 0 - 0.093 29.17 45 5.8 2.25 55.15703 

\..._..,, 0.088 1.8 45 3.51 1.25 47.36 
0.108329 1.545 24.39 6.5 0.25 0 

0.065 13.96 45 3.54 3.75 0 
0.093 0.827 39.83 8 2.75 49.06705 

0.0326 24.06 24 8.5 6.75 0 
0.0263 2.49 50.4 2.5 2.75 13.32 
0.0945 0.08 7.2 4.2 0.25 0 
0.088 0.16 27.7 3.6 1.75 60.384 
0.105 43 45 3.51 1.25 0 
0.055 0.708 39.83 8 5.25 303.4368 
0.122 0.8 21.6 5.14 4.25 147.0655 
0.058 1.22 39.83 8 6.25 0 
0.058 1.22 39.83 8 4.25 115.8246 
0.03 5.09 45 5.8 1.25 37.1622 

0.044 4.6 45 5.8 3.75 567.8478 
0.147 23.57 24 8.5 1.25 0 

0.0859 2.358 45 3.51 1.25 0 
0.093 29.17 45 5.8 1.25 35.52 

0.0677 3.13 45 3.5 3.75 729.3863 
0.0817 11.593 45 3.5 3.75 338.9583 
0.0711 4.8 45 5.8 5.75 0 
6.043 1.2 45 4.43 2.75 0 
0.065 13.96 45 3.54 4.25 0 
0.108 18.3 45 3.5 3.25 0 

0 
0.147 23.57 24 8.5 1.75 0 
0.147 23.57 24 8.5 2.75 0 
0.108 18.3 45 3.5 4.75 0 

0.0126 2.6 39 2.9 1.25 53.28 
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0.1148 43 45 3.51 0.75 0 
0.1148 43 45 3.51 1.25 0 

0 0.1148 43 45 3.51 2.25 0 
0.0711 4.8 45 5.8 3.25 78.50728 
0.0859 2.358 45 3.51 1. 75 13.42408 
0.0751 0.679 35 5.8 4.25 26.9756 

0.047 4.47 70 4.5 3.75 0 
0.05 0.29 50 3.4 2.75 97.56503 

0.086 o.os 9.83 2.39 1.25 0 
0.086 o.os 9.83 2.39 0.75 0 
0.086 0.05 9.83 2.39 1.75 0 

0.0216 0.39 49 2 2.75 755.8432 
0.0326 24.06 24 8.5 5.75 0 

0.063 4.8 45 5.8. 3.25 0 
0.043 1.2 45 4.43 1.75 324.0367 
0.326 0.636 18.23 7.8 2.75 0 
0.326 0.636 18.23 7.8 0.75 0 
0.326 0.636 18.23 7.8 1.75 0 
0.183 3.29 19.2 3.2 1.25 0 
0.183 3.29 19.2 3.2 0.75 0 
0.183 3.29 19.2 3.2 2.25 0 
0.183 3.29 19.2 3.2 1.75 0 
0.183 3.29 19.2 3.2 2.75 0 
0.172 12.29 45 4.3 1.75 0 

0.1067 0.085 14.6 2 1.75 64.2846 
0.05 0.29 so 3.4 1.75 14.90694 

0.0747 17.14 24 8.5 2.25 0 ,......, 0.023 0.29 50 3.4 4.75 8.888 
' ~ 0.0751 0.679 35 5.8 3.25 17.76 

0.0798 3.7 45 5.8 3.25 1849.623 
0.0414 1.92 45 5.8 4.75 97.88853 

0.058 1.22 39.83 8 1.75 0 
0.1211 20.48 24 8.5 2.25 0 
0.171 5.7 21.7 4.2 3.25 0 
0.171 5.7 21.7 4.2 4.25 0 

0.0711 4.8 45 5.8 2.25 582.1601 
0.0747 17.14 24 8.5 2.75 0 
0.0233 4.02 23.66 2.8 2.75 305.2076 
0.1211 20.48 24 a.s 1.25 0 
0.0263 2.49 50.4 2.5 3.75 11.11 
0.052 4.3 45 5.8 4.25 11.56097 
0.147 23.57 24 8.5 0.25 0 

0.0859 2.358 45 3.51 3.25 17.76 
0.0751 0.679 35 5.8 4.75 73.4164 

0.127 0.39 8.53 3.98 5.75 0 
0.127 0.39 8.53 3.98 1.75 0 
0.127 0.39 8.53 3.98 4.75 0 
0.127 0.39 8.53 3.98 2.75 0 
0.127 0.39 8.53 3.98 4.25 0 
0.127 0.39 8.53 3.98 5.25 0 
0.127 0.39 8.53 3.98 2.25 0 
0.127 0.39 8.53 3.98 3.25 0 
0.127 0.39 8.53 3.98 3.75 0 c 0.127 0.39 8.53 3.98 1.25 0 
0.127 0.39 8.53 3.98 6.25 0 
0.122 0.8 21.6 5.14 3.25 41.08965 
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0.155 4.67 70 4.5 1.25 0 
0.128671 1.22 39.83 8 1.25 0 c 0.077 0.047 18.23 7.8 1. 75 20.13612 

0.0031 o.os 9.83 2.39 0.75 0 
0.0031 o.os 9.83 2.39 1.75 0 
0.0751 0.679 35 5.8 3.75 26.9756 
0.086 0.05 9.83 2.39 0.25 0 
0.088 0.16 27.7 3.6 2.25 76.96 
0.172 12.29 45 4.3 5.75 0 
0.147 23.57 24 8.5 3.25 0 

0.0599 1.92 45 5.8 2.75 1468.362 
0.0859 2.358 45 3.51 2.75 216.9321 
0.0166 0.39 49 2 1.25 814.8679 
0.253 1.019 45 2.51 1.25 0 

0.0869 21.8 45 3.5 1.25 0 
0.0869 21.8 45 3.5 0.75 0 

0.136 0.39 8.53 3.98 4.75 0 
0.136 0.39 8.53 3.98 2.25 0 
0.136 0.39 8.53 3.98 1.25 0 
0.136 0.39 8.53 3.98 6.25 0 
0.136 0.39 8.53 3.98 0.75 0 
0.136 0.39 8.53 3.98 3.75 0 
0.047 4.47 70 4.5 3.25 0 
0.085 3.29 19.2 3.2 5.75 0 
o.o85 3.29 19.2 3.2 3.75 0 
0.085 3.29 19.2 3.2 3.25 0 
o.o8s 3.29 19.2 3.2 4.75 0 

.r-- o.o85 3.29 19.2 3.2 5.25 0 

'-"" 0.085 3.29 19.2 3.2 4.25 0 
0.044 4.6 45 5.8 4.75 58.73312 
0.043 36.56 45 4.43 1.75 65.28301 
o.085 0.05 9.83 2.39 1.75 66.6 
0.023 0.29 50 3.4 4.25 507.3351 
0.085 o.o5 9.83 2.39 2.75 0 

0.0595 0.9 21.6 5.14 4.25 0 
0.325 0.858 31.19 3.1 0.75 0 '· 

0.047 4.47 70 4.5 1.75 282.3814 
0.154 6.3 45 4.43 0.75 0 
0.154 6.3 45 4.43 3.75 0 
0.088 1.8 45 3.51 4.75 0 
0.079 3.2 45 5.8 3.75 155.3205 
0.093 29.17 45 5.8 1.75 71.04 
0.147 2.62 45 3.51 1.25 20.13612 
0.154 6.3 45 4.43 1.25 0 
0.154 6.3 45 4.43 2.25 0 
0.097 14.54 45 4.3 2.25 708.0592 
0.155 0.729 45 4.43 0.75 0 

0.0599 1.92 45 5.8 4.25 722.2453 
0.0414 1.92 45 5.8 5.25 0 

0.043 1.2 45 4.43 4.25 2912.768 
0.03 5.09 45 5.8 4.25 289.2007 

0.0595 0.9 21.6 5.14 2.25 772.0653 

c 0.171 5.7 21.7 4.2 1.25 0 
0.171 5.7 21.7 4.2 2.25 0 
0.147 23.57 24 8.5 0.75 0 

0.0798 3.7 45 5.8 2.25 814.4979 
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• 

0.3 0.39 8.53 3.98 5.25 0 

0 
0.3 0.39 8.53 3.98 2.75 0 
0.3 0.39 8.53 3.98 1.75 0 
0.3 0.39 8.53 3.98 6.25 0 

0.026 0.39 49 2 3.75 0 
0.326 0.636 18.23 7.8 0.25 0 
0.326 0.636 18.23 7.8 1.25 0 

0.0589 0.679 35 5.8 2.25 0 
0.253 1.16 45 4.3 1.25 0 

0.0599 1.92 45 5.8 3.25 903.0378 
0.03 5.09 45 5.8 3.75 632.0703 

0.044 4.6 45 5.8 4.25 22.22 
0.102 3.29 19.2 3.2 5.25 0 
0.102 3.29 19.2 3.2 3.75 0 
0.102 3.29 19.2 3.2 6.25 0 
0.102 3.29 19.2 3.2 4.25 0 
0.102 3.29 19.2 3.2 4.75 0 
0.102 3.29 19.2 3.2 5.75 0 
0.206 0.219 27.7 ' 3.6 2.25 0 
0.122 0.8 21.6 5.14 1.75 167.9658 
0.172 12.29 45 4.3 2.25 0 
0.227 0.452 35 5.8 5.75 0 

0.1957 0.085 14.6 2 3.75 0 
0.1957 0.085 14.6 2 1.25 0 

0.227 0.452 35 5.8 3.75 0 
0.1957 0.085 14.6 2 2.25 0 
0.1957 0.085 14.6 2 4.75 0 

~- 0.1957 0.085 14.6 2 5.75 0 
\.......· 0.042 4.3 45 5.8 3.25 1714.421 

0.154 15.616 45 3.5 4.75 0 
0.154 15.616 45 3.5 1.75 0 
0.154 15.616 45 3.5 3.75 0 
0.154 15.616 45 3.5 2.75 0 
0.147 2.62 45 3.51 0.25 0 

0.0798 3.7 45 5.8 2.75 ll80.52 
0.047 4.47 70 4.5 2.75 416.9666 
0.149 0.085 14.6 2 5.75 0 
0.227 0.452 35 5.8 2.75 0 
0.227 0.452 35 5.8 1.75 0 

0.0595 0.9 21.6 5.14- 3.25 223.0629 
0.023 ' 0.29 50 3.4 3.25 224.3942 
0.023 0.29 50 3.4 3. 75 1251.077 
0.136 0.39 8.53 3.98 3.25 0 
0.136 0.39 8.53 3.98 5.75 0 
0.136 0.39 8.53 3.98 1.75 0 
0.136 0.39 8.53 3.98 5.25 0 
0.136 0.39 8.53 3.98 2.75 0 
0.035 8.3 45 5.8 5.25 722.2453 
0.172 12.29 45 4.3 5.25 0 .! 

0.0414 1.92 45 5.8 4.25 44.44 
0.052 4.3 45 5.8 5.25 0 
0.044 4.6 45 5.8 5.25 0 

0 
0.147 2.62 45 3.51 2.75 708.8314 
0.171 5.7 21.7 4.2 3.75 0 
0.171 5.7 21.7 4.2 2.75 0 
0.171 5.7 21.7 4.2 4.75 0 
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http:5.14-3.25


• 

0.286 0.085 14.6 2 4.75 0 

0 
0.28 15.46 45 4.3 0.75 0 
0.28 15.46 45 4.3 3.75 0 
0.28 15.46 45 4.3 5.75 0 
0.28 15.46 45 4.3 2.75 0 

0.286 0.085 14.6 2 0.75 0 
0.149 0.085 14.6 2 4.75 0 
0.172 12.29 45 4.3 4.75 0 
0.253 1.019 45 2.51 4.75 0 
0.253 1.019 45 2.51 2.25 0 
0.206 0.219 27.7 3.6 1.25 0 
0.155 4.67 70 4.5 2.75 0 
0.147 23.57 24 8.5 2.25 0 
0.154 6.3 45 4.43 1.75 0 
0.121 0.867 31.19 3.1 1.75 8.88 
0.179 0.39 8.53 3.98 4.75 0 

0.179604 0.39 8.53 3.98 0.75 0 
0.179 0.39 8.53 3.98 5.75 0 
0.179 0.39 8.53' 3.98 5.25 0 
0.179 0.39 8.53 3.98 2.25 0 
0.179 0.39 8.53 3.98 1.75 0 
0.179 0.39 8.53 3.98 3.25 0 
0.179 0.39 8.53 3.98 3.75 0 
0.043 36.56 45 4.43 3.75 0 
0.149 0.085 14.6 2 2.25 0 
0.149 0.085 14.6 2 1.25 0 

0.0595 0.9 21.6 5.14 2.75 313.09 
",.- 0.0595 0.9 21.6 5.14 3.75 0 
~ 0.197 0.679 35 5.8 4.75 0 

0.197 0.679 35 5.8 5.75 0 
0.197 0.679 35 5.8 2.75 0 
0.197 0.679 35 5.8 3.75 0 

0.3 0.39 8.53 3.98 4.75 0 
0.047 4.47 70 4.5 2.25 368.1458 
0.149 0.085 14.6 2 3.75 0 
0.093 29.17 45 5.8 3. 75 112.1258 
0.172 12.29 45 4.3 1.25 0 
0.198 0.39 8.53 3.98 1.25 0 
0.198 0.39 8.53 3.98 3.75 0 
0.198 0.39 8.53 3.9& 2.75 0 
0.198 ' 0.39 8.53 3.98 5.25 0 
0.149 0.085 14.6 2 2.75 0 
0.147 2.62 45 3.51 1.75 599.5818 
0.206 0.219 27.7 3.6 0.25 0 
0.187 0.219 27.7 3.6 5.75 0 
0.187 0.219 21.7 3.6 6.75 0 
0.155 4.67 70 4.5 5.75 0 .. 
0.155 4.67 70 4.5 2.25 0 
0.155 4.67 70 4.5 4.75 0 -· 
0.043 36.56 45 4.43 4.25 293.6656 
0.206 0.219 27.7 3.6 1.75 0 

0.1957 0.085 14.6 2 2.75 0 

0 0.0414 1.92 45 5.8 3.25 525.7474 
0.043 36.56 45 4.43 2.25 145.7272 
0.149 0.085 14.6 2 1.75 0 
0.206 0.219 27.7 3.6 0.75 0 
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http:3.96-2.75


• 

0.154 6.3 45 4.43 3.25 0 

0 
0.326 0.636 18.23 7.8 2.25 0 
0.155 4.67 70 4.5 1.75 53.95119 

0.0233 4.02 23.66 2.8 3.75 0 
0.093 0.827 39.83 8 3.75 0 
0.058 1.22 39.83 8 4.75 188.616 
0.206 0.219 27.7 3.6 2.75 0 
0.204 0.022 18.23 7.8 6.75 0 
0.204 0.022 18.23 7.8 3.25 0 
0.206 0.865 24.39 6.5 3.25 0 
0.206 0.865 24.39 6.5 0.25 0 
0.206 0.865 24.39 6.5 6.25 0 
0.206 0.865 24.39 6.5 7.75 0 
0.206 0.865 24.39 6.5 1.25 0 
0.206 0.865 24.39 6.5 4.25 0 
0.206 0.865 24.39 6.5 5.25 0 
0.206 0.865 24.39 6.5 2.25 0 
0.088 1.8 45 3.51 1.75 16.68637 
0.095 3.03 23.66' 2.8 2.25 53.28 

0.0859 2.358 45 3.51 3.75 0 
0.198 0.39 8.53 3.98 4.25 0 
0.198 0.39 8.53 3.98 2.25 0 
0.198 0.39 8.53 3.98 5.75 0 
0.206 0.865 24.39 6.5 0.75 0 

0.2154 5.29 45 5.8 0.75 0 
0.147 2.62 45 3.51 3.75 73.4164 
0.253 1.16 45 4.3 3.25 0 

.. -, 0.043 1.2 45 4.43 3.25 1700.835 

"-" 0.325 0.858 31.19 3.1 2.75 0 
0.253 1.16 45 4.3 0.15 0 
0.253 1.16 45 4.3 5.25 0 
0.154 6.3 45 4.43 4.75 0 
0.253 1.16 45 4.3 1.75 0 
0.155 4.67 70 4.5 3.25 0 
0.136 0.39 8.53 3.98 4.25 0 
0.286 0.085 14.6 2 1.25 0 
0.286 o.a85 14.6 2 2.25 0 
0.172 12.29 45 4.3 2.75 255.4632 
0.204 0.022 18.23 7.8 4.75 0 
0.204 0.022 18.23 1 .er 5.75 0 
0.147 ' 2.62 45 3.51 2.25 125.2583 
0.253 1.16 45 4.3 4.25 0 
0.206 0.865 24.39 6.5 6.75 0 
0.093 29.17 45 5.8 4.75 0 

0.0599 1.92 45 5.8 4.75 0 
0.209 o.oa5 14.6 2 4.25 0 
0.209 0.085 14.6 2 6.75 0 
0.209 0.085 14.6 2 5.25 0 
0.088 1.8 45 3.51 2.25 106.56 ~· 
0.206 0.865 24.39 6.5 4.75 0 
0.206 0.865 24.39 6.5 5.75 0 
0.206 0.865 24.39 6.5 1.75 0 

0 0.206 0.865 24.39 6.5 3.75 0 
0.206 0.865 24.39 6.5 2.75 0 
0.171 5.7 21.7 4.2 1.75 0 

0.0414 1.92 45 5.8 3.75 381.6037 
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• 

0.198 0.39 8.53 3.98 4.75 0 

0 
0.198 0.39 8.53 3.98 1.75 0 

0.3 0.39 8.53 3.98 1.25 0 
0.198 0.39 8.53 3.98 0.75 0 
0.198 0.39 8.53 3.98 3.25 0 

0.0747 17.14 24 8.5 3.75 0 
0.209 0.085 14.6 2 3.25 0 
0.197 0.679 35 5.8 4.25 0 
0.197 0.679 35 5.8 3.25 0 
0.197 0.679 35 s.s 5.25 0 
0.197 0.679 35 5.8 1.75 0 
0.209 0.085 14.6 2 1.75 0 

0.211418 0.085 14.6 2 0.75 0 
0.227 0.452 35 5.8 4.75 0 

0.0962 0.29 50 3.4 1.25 0 
0.0962 0.29 50 3.4 3.75 0 
0.0962 0.29 50 3.4 6.25 0 
0.0962 0.29 50 3.4 8.25 0 
0.0962 0.29 50" 3.4 5.25 0 
0.0962 0.29 50 3.4 4.75 0 
0.0962 0.29 50 3.4 7.25 0 
0.0962 0.29 50 3.4 2.75 0 

0.043 1.2 45 4.43 2.25 1318.284 
0.2154 5.29 45 5.8 1.75 0 

0.;308 0.116 18.23 7.8 2.75 0 
0.204 0.022 18.23 7.8 2.75 0 

0.1957 0.085 14.6 2 1.75 0 
~ 0.21 o.oss 14.6 2 0.25 0 
~ 0.1957 0.085 14.6 2 4.25 0 

0.1957 0.085 14.6 2 5.25 0 
0.204 0.022 18.23 7.8 1.25 0 
0.28 15.46 45 4.3 1.75 0 

0.122 o.8 21.6 5.14 1.25 0 
0.253 1.16 45 4.3 2.75 0 
0.325 0.858 31.19 3.1 1.75 17.76 

0.3 0.39 8.53 3.98 4.25 0 
0.0159 0.729 45 2.51 2.25 574.321 

0.042 4.3 45 5.8 7.25 0 
0.122 o.a 21.6 5.14 2.25 0 

0.0458 2.56 45 5.&- 0.75 1157.029 
0.204 ,0.022 18.23 7.8 3.75 0 
0.28 15.46 45 4.3 4.75 0 

0.0233 4.02 23.66 2.8 3.25 97.88853 
0.227 0.452 35 5.8 3.25 0 
0.308 0.116 18.23 7.8 0.75 0 
0.204 0.022 18.23 7.8 2.25 0 
0.043 1.2 45 4.43 3.75 620.6516 • 

0.3 0.39 8.53 3.98 4.75 0 
0.3 0.39 8.53 3.98 0.75 0 ~· 
0.3 0.39 8.53 3.98 2.75 0 
0.3 0.39 8.53 3.98 5.75 0 
0.3 0.39 8.53 3.98 1.75 0 

0 0.3 0.39 8.53 3.98 3.75 0 
0.34 0.08 7.2 4.2 2.75 0 
0.34 0.08 7.2 4.2 0.75 0 
0.34 0.08 7.2 4.2 3.75 0 
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http:5.&-0.75


• 

0.34 0.08 7.2 4.2 4.75 0 

0 
0.34 0.08 7.2 4.2 1.75 0 

0.2154 5.29 45 5.8 0.25 0 
0.154 6.3 45 4.43 6.25 0 
0.035 8.3 45 5.8 6.25 0 

0.0798 3.7 45 5.8 4.75 0 
0~0962 0.29 50 3.4 2.25 0 
0.308 0.116 18.23 7.8 7.75 0 

• . 
0.308 0.116 18.23 7.8 5.25 0 

. 
0.326 0.263 27.7 3.6 2.75 0 
0.147 2.62 45 3.51 3.25 0 
0.286 0.085 14.6 2 3.75 0 
0.286 0.085 14.6 2 1.75 0 

0.3 0.39 8.53 3.98 3.75 0 
0.3 0.39 8.53 3.98 3.25 0 

0.095 3.03 23.66 2.8 3.25 0 
0.088 1.8 45 3.51 3.75 0 
0.325 0.858 31.19 3.1 0.25 0 

0.0756 2.064 24.39 11 6.5 2.75 35.52 
0.3 0.39 8.53 3.98 2.25 0 

0.172 12.29 45 4.3 3.25 264.8312 
0.187 0.219 27.7 3.6 4.25 0 
0.058 1.22 39.83 8 5.25 684.9927 
0.183 3.29 19.2 3.2 3.75 0 
0.183 3.29 19.2 3.2 3.25 0 
0.183 3.29 19.2 3.2 4.75 0 
0.183 3.29 19.2 3.2 5.75 0 

c 0.183 3.29 19.2 3.2 4.25 0 
0.183 3.29 19.2 3.2 5.25 0 
0.28 15.46 45 4.3 0.25 0 
0.28 15.46 45 4.3 5.25 0 

0.325 0.858 31.19 3.1 1.25 0 
0.057 1.69 24.39 6.5 4.25 0 
0.052 4.3 45 5.8 0.25 0 
0.308 0.116 18.23 7.8 6.25 0 

0.0962 0.29 50 3.4 3.25 0 
0.0962 0 •. 29 50 3.4 5.75 0 
0.0962 0.29 50 3.4 4.25 0 
0.0962 0.29 50 3.4 6.75 0 

0.28 15.46 45 4.}. 3.25 0 
0.088 , 1.8 45 3.51 3.25 0 
0.204 0.022 18.23 7.8 5.25 0 
0.204 0.022 18.23 7.8 0.75 0 
0.204 0.022 18.23 7.8 6.25 0 
0.042 13.61 32.3 3 2.75 10.656 
0.308 0.116 18.23 7.8 3.75 0 
0.308 0.116 18.23 7.8 2.25 0 
0.308 0.116 18.23 7.8 4.75 0 
0.243 0.679 35 5.8 2.25 23.68 .: 
0.28 15.46 45 4.3 1.25 0 

0.253 1.019 45 2.51 3.25 0 
0.326 0.263 27.7 3.6 0.75 0 

0 
0.253 1.019 45 2.51 1.75 0 
0.093 29.17 45 5.8 4.25 0 

0.0798 3.7 45 5.8 4.25 0 
0.187 0.219 27.7 3.6 2.75 0 
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0.187 0.219 27.7 3.6 6.25 0 

c 0.326 0.263 27.7 3.6 1.25 0 
0.286 0.085 14.6 2 2.75 0 
0.227 0.452 35 5.8 1.25 0 
0.326 0.263 27.7 3.6 1.75 0 
0.172 12.29 45 4.3 3.75 0 
0.043 1.2 45 4.43 5.75 0 
0.057 1.69 24.39 6.5 3.75 0 
0.286 0.085 14.6 2 0.25 0 
0.326 0.263 27.7 3.6 2.25 0 
0.308 0.116 18.23 7.8 1. 75 0 
0.043 1.2 45 4.43 4.75 0 

0.0034 0.32 78 0.4 0.75 0 
0.088 1.8 45 3.51 2.75 17.76 

0.3 0.39 8.53 3.98 0.75 0 
0.308 0.116 18.23 7.8 4.25 0 

0.0798 3.7 45 5.8 3.75 0 
0.0326 24.06 24 8.5 0.25 53.28 

0.042 4.3 45,. 5.8 3.75 0 
0.243 0.679 35 5.8 0.25 0 
0.28 15.46 45 4.3 4.25 0 
0.28 15.46 45 4.3 2.25 0 

0.326 0.263 27.7 3.6 0.25 0 
0.187 0.219 27.7 3.6 3.75 0 
0.19 0.84 31.19 3.1 4.75 0 

0.012 1.43 23.66 2.8 0.25 0 
0.043 1.2 45 4.43 5.25 0 c 0.042 4.3 45 5.8 4.25 0 
0.187 0.219 27.7 3.6 5.25 0 
0.19 0.84 31.19 3.1 6.25 0 
0.19 0.84 31.19 3.1 2.75 0 
0.19 0.84 31.19 3.1 4.25 0 

0.294 0.832 18.23 7.8 7.75 0 
0.294 0.832 18.23 7.8 3.25 0 
0.294 0.832 18.23 7.8 1.25 0 
0.032 14.716 45 2.51 0.25 0 
0.308 0.116 18.23 7.8 6.75 0 
0.19 0.84 31.19 3.1 0.75 0 
0.19 0.84 31.19 3.1 3.25 0 
0.19 0.84 31.19 3.1 ... 3.75 0 
0.19 ' 0.84 31.19 3.1 ,1. 75 0 
0.19 0.84 31.19 3.1 5.75 0 

0.294 0.832 18.23 7.8 5.75 0 
0.155 0.729 45 4.43 0.25 0 

0.3 0.39 8.53 3.98 4.25 0 
0.3 0.39 8.53 3.98 2.25 0 

0.19 0.84 31.19 3.1 5.25 0 
0.187 0.219 27.7 3.6 1.75 0 
0.294 0.832 18.23 7.8 2.75 0 .. 
0.629 0.9 21.6 5.14 4.25 0 
0.629 0.9 21.6 5.14 1.75 0 
0.05 0.29 50 3.4 2.25 17.76 

c 0.294 0.832 18.23 7.8 6.75 0 
0.294 0.832 18.23 7.8 3.75 0 
0.294 0.832 18.23 7.8 0.25 0 
0.389 30.89 24 8.5 6.25 311.08 
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c 

0 

0.389 30.89 24 
0.294 0.832 18.23 
0.294 0.832 18.23 
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8.5 0.75 
7.8 0.75 
7.8 4.75 

,'t 

0 
0 
0 

• 

4 




