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ABSTRACT

The area covered by submerged macrophytes in any lake is a function of
the underwater light regime. Biomass variability within a lake can be
explained by differences in the slope of the littoral, whereas differences
among lakes are best explained by both the slope and the water chemistry.
Nutrient limitation of submerged biomass is most important in shallow
littoral areas exposed to ice scouring early in spring and to wave action
in the summer, whereas the deeper growing biomass appears to be most
influenced by light and wave exposure.
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RESUME

1a superficies couverte par les macrophytes sulmergds dans les lacs
est fonction du rgime d'illumination sous la surface de l'eau. la
distribution de la bicmasse est relide d la pente de la zone littorale pour
un lac donrd, mais les diffdrences entre les lacs sont mieux ddcrites en
tenant compte dgalement de la composition chimique de 1'eau. lLes dldments
nutritifs limitent la biomasse des macrophytes submergds dans la partie
supdrieure du littoral sujette & l'“abrasim par les glaces au printenmpts,
et 4 1'action des vagues en étd. 1a biamasse en eau plus profonde senble
principalement relide 4 la pdnetration de la lumidre et 4 1'exposition aux

vagues.
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PREFACE '

The thesis is presented as a series of four related papers in
publication format as permitted under the regulations of the Graduate
Faculty of McGill University. All the papers are coauthored by my
supervisor, Dr. J. Kalff, so that plural form "we" is used throughout the
thesis. Chapter 1 is also coauthored by Dr. R. H. Peters, who contributed
to the initial idea through discussions and whose criticisms improved the
different mamiscript versions of the chapter. Because these chapters are
now published (Chapter I: Can. J. Fish. Aquat. Sci. 43: 1900-1908; Chapter
II: Limnol. Oceanogr.31: 1072-1080) or submitted for publication (Chapters
III and IV), same of the introduction and discussion of the different
chapters is somewhat repetitive.

Faculty requlations require that the following statement on the
elements of the thesis that are considered to be a contribution to
original knowledge be included. These elements are:

(1) Equations allowing the prediction of the cover and biamass of sulbmerged
and emergent macrophytes in lakes from simple morphametric and climatic
data.

(2) Demonstration of the strong relationship between subtmerged macrophyte
biomass and littoral morphametry, and the use of this relationship
predictively.

(3) Quantification of the contribution of littoral morphametry and water
characteristics to explain the variability of submerged bicmass in
lakes, and examination of the relative contributions at different
scales.
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(4) Demonstration of the link between sediment nutrients and submerged
biomass through the first in situ fertilization of natural macrophyte

cammnities in lakes.
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GENERAL INTRODUCTION

The study of lakes has been facilitated by their partition into two
camponents, the pelagic zone and the littoral zone. These two zones differ,
by definition, in the presence of macrophytic vegetation in the littoral
zone and its absence in the pelagic zone (eg. Ruttner 1953, Welch 1952).
'Ihls definition of the littoral zone identifies aquatic macrophytes as the
most conspicuous, and perhaps most important, biological constituents. The
physical extent of the influence of aquatic macrophytes on their
enviromment depends on the area they cover, whereas the intensity of these
influences appears to be a function of their biomass (eg. Canfield et al.
1983, Smith and Adams 1987).

Submerged macrophytes influence the biological and physico~
chemical characteristics of the littoral zone in different ways:

(1) they are important sources of new production to the ecosystem
(Hutchinson 1975), (2) they influence phytoplankton biomass and
production by trapping nutrients and shading the planktonic algae
(Goulder 1969, Canfield et al. 1983), (3) their surfaces provide
support for epiphytic algae (Cattaneo and Kalff 1979), which are
important components of the diet of littoral invertebrates and
fish (Sozska 1975), and (4) they introduce physical heterogeneity
into the littoral zone of lakes and 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 environmental influence on the littoral zone as a whole.
Nevertheless, the relative importance of different erw1rormental

constraints on the biomass of macrophytes is unknown (eg. Barko et al.
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1986) , and the factors controlling macrophyte cover are incompletely
understood.

Laboratory studies of aquatic macrophyte growth have identified light
intensity and temperature (eg. Barko and Smart 1981, Ikusima 1965),
sediment characteristics (eg. Iangeland 1982, Barko and Smart 1986), and
inorganic carbon (eg. Black et al. 1981) as potential determinants of plant
biomass. In addition, the influence of sediment nutrients (Anderson 1985),
sediment granulometry (Chambers and Kalff 1985), wave action (Jupp and
Spence 1977) and light intensity (Chambers and Kalff 1985) have been
examined in a limited number of field experiments. Although laboratory
studies can demonstrate 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 simultaneocusly.
Instead, correlational analysis based on field data may prove more useful
to establish the relative importance of some factors to the determination
of macrophyte biomass in lakes (eg. Anderson 1978).

I began by describing the association between the cover and biomass
of emergent and submerged macrophytes on the one hand, and global climatic
and physical characteristics of the lakes on the other (Chapter I). This
analysis did not consider the variability in macrophyte biomass within
lakes nor the important roles postulated for water characteristics in
determining 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 and physical 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. sediment and physical conditions) are as important
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as water characteristics. Since water properties remain relatively constant
within a lake, they should be more important contributors to the between-
lakes differences than to the within-lakes differences in macrophyte
biomass. These hypotheses were tested by first identifying the components
of the within-lake habitat heterogeneity that best explain the variability
in macrophyte biomass (Chapter II), and then comparing their importance
relative to water characteristics in a study of the variability in
submerged biomass in a number of lakes ranging widely in both habitat
heterogeneity and water characteristics (Chapter III).

To draw trustworthy conclusions from the above correlational studies
require that the independent variables measured accurately reflect the
factors they are supposed to represent. Whereas this is possible for most
of these factors, accurately measuring the fraction of the sediment
nutrients available for plant growth appears to be a difficult task (eg.
Carignan 1982). Consegquently, the weak relationship between submerged
biomass and sediment nutrient concentrations often reported (eg. Anderson
1978, langeland 1982, Anderson 1985) may simply be a consequence of the
difficulties in measuring sediment mnutrients. ALternatively, it may be that
the strong influence of the littoral morphometry and the associated wave
exposure upon both submerged macrophytes and sediment conditons masks the
relationship between sediment nutrients and submerged bicmass. To answer
these questions I examined the growth response of submerged macrophytes to
direct sediment fertilization and the effect of the physical conditions of

the littoral zone on this response (Chapter IV).
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CHAPTER I

Patterns in biamass and cover of aquatic
macrophytes in lakes



ABSTRACT

A quantitative analysis of biamass and cover of both submerged and
emergent macrophytes in 139 lakes reported in the literature revealed that
biomass and cover of emergent macrophytes are, on average, proportional to
the lake area, but that the biomass ard cover of submerged plants is
proportionally reduced with 1ncreas1rg lake size. Underwater light was
faund to be the best descriptor of the cover and biomass of sulmerged
plants. Conversely, emergent macrophytes are most strongly affected by lake
morphametry, and in particular by its average slope. The predictability of
the abundance of emergent and submerged macrophytes from these
enviromental factors stresses the predaminant role that they play in
macrophyte ecology arnd confirms the existence of strong patterns in the
abundance of aquatic plants worldwide.



INTRODUCTION

Abundance of submerged macrophytes in lakes has been the subject of
many regional studies (see Magnin 1893, Pearsall 1920, Maristo 1941, Spence
1967). These and other studies (reviewed by Hutchinson 1975) suggest a
large nunber of factors that could bring about the wide variation in
macrophyte cover and 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 and biocmass of aquatic
macrophytes. Data have now become available to allow a quantitative
assessment of the influence of envirormental factors on the abundance of
lake macrophytes.

We base this assessment on two caomunity attributes: the surface area
of lakes covered by submerged and emergent macrophytes and the total
biomass of these plants. Surface area covered and biocmass reflect different
aspects of the ways macrophytes affect fheir environment. Macrophyte cover
influences the littoral phytoplankton and zooplankton (Hasler and Jones
1949, Goulder 1969), epiphytes (Cattaneo and Kalff 1979), littoral
invertebrates (Soszca 1975) and the abundance and composition of fish
(Wiley et al. 1984, whitfield 1984). In contrast, macrophyte biomass is
more closely linked to ecosystem processes such as nutrient dynamics
(Carpenter 1983, Canfield et al. 1983) and O, balance (Buscemi 1958,
Edwards 1978). |

Previous research identified light availability (Spence 1975, Chambers
and Kalff 1985, Canfield et al. 1985), substrate characteristics (Pearsall
1920), lake trophic status (Hutchinson 1975) and lake morghometry (Pearsall

1917, Spence 1982, Duarte and Kalff 1986) as the most important
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nature.

It is presently presumed that oligotrophic lakes tend to have lower
macrophyte biamass and cover than more productive ones (e.g. Hutchinson
1975), implying that increases in lake productivity should result in higher
macrophyte abundance. However, this increase should also result in
decreased light penetration in the water (e.g. Canfield et al. 1983), and
subsequently, in the reduction of macrophyte cover (Phillips et al. 1978,
Canfield et al. 1985). Consequently, although there is general agreement
about the nature of the dominant factors influencing macrophyte cover and
biamass, the effect of simultaneous changes in these variables remains
unclear. Therefore, we examined available data on macrophyte cover and
biamass to (1) gather empirical evidence for the relative importance of the
major factors on the distribution and biamass of lake macrophytes, and (2)
to develop preliminary models to predict macrophyte distribution and
biomass under a wide variety of conditions.



MATERIAIS AND METHODS

Macrophyte characteristics

Data on macrophyte bicmass and cover were dbtained from the
literaturel. Macrophyte biomass is expressed in metric tons of dry weight.
When other units were reported, bicmasswastransformedtodxyweightby
assuming dry weight to be 10% of fresh weight (Westlake 1965), ash free dry
weight to be 80% of dry weight and organic carbon to be 37% of dry weight
(Westlake 1974). In the two cases (lakes Marion and Kalgaard) where only
productivity values were provided for submerged macrophytes, biamass was
assumed to correspond to 2/3 of production (Rich et al. 1971). Surface area
covered by macrophytes is expressed in hectares. When only vegetation maps
were provided, macrophyte cover was determine by planimetry, using a Hi-Pad

digitizer (Houston Instruments).

Light availability, sediment characteristics, lake trophy and lake
morphametry are believed to be the major determinants of macrophyte cover
and biamass. However, no single paper contains measures of all the
envirommental data needed for a given lake. We, therefore, used an estimate
of the underwater light climate to reflect both photosynthetically
available radiation and lake trophy. The underwater light climate is
partially a function of geographic location of the lake, because location
determines both the incident radiation and whether it is reduced by a
winter ice cover. lake trophic status and water color in turn determine
light extinction in the water column. The anmual irradiance at the lake
1. A caplete data set and rteference list are available, at a nominal

cost, from the Depository of Unpublished Data, CISTI, National Research
Council of Canada, Ottawa, Canada K1A 0S2.

10
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surface (I,, kcal can~2 yr~1) was cbtained fram climatic maps (Landsberg et
al. 1966). Incoming irradiance penetrates open water and ice differently.
Therefore, a correction for this is necessary. When the length of ice cover
in days (Lic) was not specified, we used the eguation developed by Shuter
et al. (1983):

1n (Lic) = 360 - 0.06 T + 0.073 1n (Z) + 5.0

where T is the mean annual temperature (C) and Z is the mean depth of the
lake (m). The mean annual temperature was calculated from the equation
(Straskraba 1980) :
T =25.9 + 4.89 101 Lat'- 2.74 1072 Lat'2 + 1.78 1074 1at'3
When only the maximum depth of the lake was available, the mean depth
of the lake was calculated from an equation we developed for lakes for
which both were reported:
| Z2=0,4 Zmax - 0,54
R%= 0.89; N = 102, P<0.0001
This estimation of mean depth was used only to calculate the length of ice
cover. Once the Lic was estimated, we took the average reflectances of an
ice cover surface ard open water to be 90% and 10% respectively (Margalef
1984). Consequently, the total irradiance just under the water surface (Io)
can be approximated as:
Io= 0.9 Is + 0.1 Ii
where Is is the irradiance during the ice free season and Ii that reaching the
ice covered lake; 0.9 and 0.1 represent the proportion of incident light
which is not reflected by water and ice, respectively. The irradiance
reaching the lake while ice covered (Ii) and ice free (Is) were cbtained

from the total annual irradiance (Ia) and the calculated length of the ice

11
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cover (Lic; Shuter et al. 1983), assuming that 1/3 of the Lic occurs before
the winter solstice and 2/3 thereafter. The relation describing the
percentage of the annual irradiance (%I = 100*Ii/Ia) received on each
Julian day (D) at different latitudes (lat) was developed from data in the
Smithsonian tables (Smithsonian Institute 1939):
$I =19.3 + 26 10°% D% - 0.24 Iat - 15 1074 1at?
R%= 0.96; N=120; P <0.0001
The equation was used with the value of Ia for each lake to calculate
Is, Ii and finally To.

Additional climatic information such as the mean annual precipitation
(P, in mm yr_l) was obtained from a hydrological atlas (Kouzoun et al.
1977).

The proportion of the surface irradiance available to submerged
macrophytes depends on the depths at which the plants grow and the
absorption of light in the water column. To represent this, we developed
camposite variables to describe an average underwater irradiance. The
amount I remaining at depth z in the water column (I,) depends on the
coefficient of attenuation, k, as defined by the Beer-lambert law:

I= 1, eK?
The irradiance received by rooted plants is dependent on the

irradiance received at the lake bottom. This was estimated by calculating
the annual irradiance received down to the mean depth of the lake (I,).
However, as macrophytes grow towards the lake surface they deperd more on
the average light intensity in the water column (Iz) than on the light
received at the bottom. The average irradiance within the mean depth of the
lake was calculated using Riley's (1957) integration of the Beer-lambert
law: |

Iz = To (1 - e K*2) /(kxz)

12



When k was not provided, it was approximated fram the mean summer Secchi
depth (S4, m) assuming k= 1.46/Sd (Walker 1982). Mean summer Secchi depth
was ocbtained from the same source as the macrophyte data or from the
literature there mentioned, but only if the measurements were made within 1
year of the macrophyte survey. Water colour (as mg Pt/1) for the Finnish
lakes in the data set was transformed to Secchi depth by using the equation
developed by Eloranta (1978):

sd = 17.54 Colour™0-57
These calculations idealize the lake as a straight sided water body with
the same surface as the real lake but with a constant depth, Z. The two
variables representing underwater irradiance (I; and I;) reflect the major
factors affecting the underwater light climate by cambining the theoretical
effects of lake morphametry (Z), trophic status and water colour (through
the attenuation coefficients, k) and geographical position (through its
effect on the surface irradiance) into single variables.

Since sediment characteristics and wave action depend on lake
morphometry (Hakanson 1981), we used morphametric factors as indexes of the
sediment type and the energy envirorment of the littoral zone. Lake area
(A, ha) was used to scale the lakes with respect to their total cover and
biomass of submerged plants and as an index of wave actian. The steepness
of the lake basin was characterized by the index: S =\/A/_Z' (Hakanson 1981),
and the shape of the basin represented by the ratio of mean to maximm
depth (2 / Z,,, Carpenter 1983).

Relationships between macrophyte cover or biamass and the variocus

measures of light, trophic status and morphometry were described by

regression analysis. These variables were transformed, if necessary to meet

13
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statistical requirements of linear regression, following Box and Tidwell
(1962) and a stepwise procedure was used to select the best independent
variables for each model. The relative contritutions of the different
regressors in miltivariate models were determined by ANOVA (Moesteller and
Tukey 1977). The standard error of the estimates were calculated to "
indicate the error involved in the models. The predictive power of the
models was assessed by cross-validation (Draper and Smith 1981). For this
purpose 10% of the cbservations inwthedatasetwererandanlyselectedam
the predictions for these cbtained fram the regression built with the rest
of the data set. The procedure was iterated until the mumber of
cbservations tested equaled approximately 50% of the total data set. The
accuracy of the predictions can then be judged by plotting the observed
values for the randamly selected data against the values predicted by the
regressions built with the remaining cbservations. The results can be
assessed by camparing them to statistics used for evaluating the fit (R
and standard error of the estimate).

Data set

The data set included 139 lakes and covered a wide range of values for
all variables (Table 1). However, not all variables were measured in all
lakes, and therefore the mumber of observations decreased significantly
when multivariate models were attempted. The majority of the lakes were
located in Europe (58) or North America (62), but lakes in Africa (6),
South Africa (4), Asia (6) and Australia (1) were included. The lakes
ranged in latitude from lake Curua-Una, Brazil (ILatitude 3° S) to
subantartic lakes Sambre, Moss and Changing (Latitude 61° S). The size
varied from 2.5 10° ha (Lake Chad) to small ponds such as Borax lake,

California (0.038 ha), maximum depth ranged from 310 m in Loch Morar,

14



Scotlard, tolminsanecocbmlas(as, Alberta. Secchi depths varied between
0.3 m in extremely turbid lakes like lLake Chilwa, Malawi, to 16 m in clear
lLake ILeman (France-Switzerland). Low Secchi readings were generally
attributable to high algal bicmass, however it cannot be taken strictly as
an index of trophy because coloured lakes, generally oligotrophic, also
have high extinction coefficients, and because low Secchi depths may also
be attributable to sediment resuspension as in some large shallow lakes
(i.e. Neusiedlersee, Austria). Salinity varied from freshwater to sea water
in some coastal lakes, and the data set included 11 lakes with

conductivities above 1000 pS cm™l.

15



C Table 1.1 Mean, range and number of dbservations for the different measures
of macrophyte cover and biamass and the envirommental parameters

correlated to them.

Variable Mean Maximum Minimum N

A (ha) 7900 2,48 10° 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

Ia (kcal au? yr'1) 109 200 70 139

Iat (degrees) 46.0 69.0 1.0 139

P (m yr 1) 1150 3200 420 139

Lic (days) 93 288 0 139

~ $Am (percent) 44.1  100.0 0 104
-’

$As (percent) 35.0  100.0 0 82

$Ae (perocent) 12.3  100.0 0 77

Rbs (t dry wt. ha™1) 3.1 24.6 0.021 51

Rbe (t dry wt. ha™l)  15.1  120.0 0.13 28

A = Iake area; Z = Mean depth; Zmax = Maximum depth; Sd = Secchi
depth; Ta = Annual surface irradiance; Iat = Latitude; P = Annual
precipitation; Lic = Length of ice cover; %Am = Percent lake area
covered by macrophytes; %As = Percent lake area covered by
submerged plants; %Ae = Percent lake area covered by emergent
macrophytes; Rbs = Biomass of submerged plants per unit area
colonized; Rbe = Biomass of emergent plants per unit area
colonized.

16
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RESULTS AND DISCUSSION
The climatic and morphametric variables that were correlated with
macrophyte biomass and cover were not redundant, in that the correlation
coefficients among them were not very high (Table 2).

Submerged macrophytes
Both total area covered and total biomass will tend to be greater in

larger lakes, but there is no a priori reason to expect that any given
standarization (for example 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.

The analysis showed that the surface area covered by submerged
macrophytes (Ag) is not a constant proportion of the lake Area (A) (Fig.
1), but tends to be a smaller proportion in bigger lakes (H,: exponent = 1,
P<0.05; Eq. 1, Table 3). The equation for submerged biomass (Bg, Eq. 2,
Table 3), indicates that, per unit area, it too is smaller in bigger lakes
(H,: exponent = 1, P<0.10; Fig. 2). Thus the relative importance of
submerged macrophytes will be, on average, higher in smaller lakes. The
reason for the relative reduction of submerged macrophytes in larger lakes
is partially related to the positive correlation between lake size and mean
depth (R®= 0.41, P<0.01), resulting in larger areas below the depth of
maximum penetration of submerged plants.

The analysis indicates that cover is not merely a function of lake
area, but that sulmerged plant cover is relatively greater in lakes with
higher underwater irradiance (Eq. 3, Table 3). The underwater irradiance is
the single most significant correlate of submerged plant cover. Cross-
validation of the model shows that the eguation has considerably predictive

17
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Table 1.2 Correlation matrix between the climatic and limnological factors

used as regressors of macrophyte abundance. Only values with

P<0.05 shown. S =slope; Iz = annual irradiance at the mean depth. Other

symbols as in Table 1.

Variables A¥* Z Zmax S sd Ia Iat P Lic 1Iz
A - 0.4 0.37 0.70 0.22 0.28 ~0.29 0.22 -0.22 0.49
/ - 0.94 0.20 0.58 - - - - -
Zmax - 0.20 0.60 - - - - -
s - 0.28 -0.32 0.25 - - -0.31
sd - - ~  0.35 - -
Ia - -0.88 0.45 -0.80 0.83
Lat - -0.58 0.80 -0.78
P - ~0.62 0.45
Lic - 0.80
Iz -

* Variable log transformed before correlations were calculated

18
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Figure 1.1 The relationship between the surface area covered by submerged

Area colonized (ha)

(@) and emergent macrophytes (A) and lake area (in ha).

Regression lines for submerged (Eq. 1, Table 3) and emergent (Eq.

8, Table 4) macrophytes are shown as contimious and broken lines,
respectively.

— 2 3 3
10 1 10 100 10 10 10  1¢
Lake area (ha)
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Table 1.3 Regression models describing the total (As) and the percent lake
surface (%As) colonized by submerged macrophytes, their total bidmass

(Bs) and their biamass per unit area colonized (Rbs) as a function of

environmental factors. The relationship between biamass and area

colonized is also shown. The variable Sal takes values 1 or 0 deperding

on whether the lake has a conductivity above or below 1000 pS am 1.

Other symbols and units as in Table 1.

Equation 2 N P S.E.q est
(1) 1n As =0.911lnA-1.1 0.80 76 <0.0001 1.47
(2) 1n Bs=0.89 lnA - 1.42 0.59 70 <0.0001 3.04
(3) 1In As =0.941nA+0.851n1Z-3.7 0.8 51 <0.0001 1.05
(4) 1n Bs =0.95 InA+1.12 In I5 - 4.6 0.66 56 <0.0001 2.14
(5 1n Bs = 0.99 1n As + 0.37 0.84 51 <0.0001 1.26
(6) \/Rbs= 0.06\'{’ +0.05 IZ -5.6 10~% 17%-1.3 0.51 39 <0.0001 O0.77%
(7) l 55 <0.0001 11.2%*

$As= 1.4 IZ + 0.07 Lic - 24 Sal-0.90 0.60

*S.E.wtfoersisthestandardermrofthesquarerootofthe

predicted value.

*% S.E. oot for iAs is the standard error of the untransformed

percentage.
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Figure 1.2 The relationship between lake size and the bicmass of submerged
(@) and emergent (A) macrophytes (in tons dry wt. ha™l). The
regression lines for submerged (Eq. 2, Table 3) and emergent (Eqg.
11, Table 4) macrophytes are shown as a continuous and broken
line, respectively.
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power (R = 0.81, S.E.q, get = 0.99). The magnitude of the deviations from
the calculated values (Fig. 3) show that the uncertainity around the
prediction for the area covered is approximately an order of magnitude.
Although this is not very precise, the precision is comparable to that of
phytoplankton models widely used in lake ecology and management (Dillon and
Rigler 1974, Vollenweider and Kerekes 1982) and should, therefore, be of
equivalent value. It is, in any case,the only such relationship available.

An analysis of the effect of the various envirommental factors on
submerged biomass again revealed biomass to increase with increasing
underwater irradiance (Eg. 4, Table 3). The relationship between submerged
biomass and irradiance was, however, weaker than that for cover and was not
improved by the consideration of other factors. While the low resolution of
the equation prevents its use for predicting macrophyte biomass, it does
show a pattern, providing additional evidence for the important role of
light availability on the ecology of submerged macrophytes. However,
submerged biomass can be estimated with greater precision (cross validation
R? = 0.88, 1n S.E. o= 1.49) if the area covered by submerged plants is
known (Eg. 5, Table 3).

The importance of underwater light availability in determining the
cover and biomass of submerged macrophytes (Egs. 3 and 4, Table 3) implies
that changes in underwater irradiance should lead to parallel changes in
submerged cover and bicmass at any one site. Such changes can result fram
changes on 1) climate (that determines the incoming irradiance), 2) the
transparency of the water (determining the attenuation of irradiance on the
water column) and, 3) the depth of the lake (which determines the extent of
the attenuation of irradiance before reaching the bottom). From our

approximation of the underwater irradiance (I = I e"Z*1.46/ Sd) it is
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evident that changes in incoming irradiance will produce a smaller response
of the submerged macrophyte cover than if the water transparency (Sd) or

 mean depth of the lake (2Z) changes. This may well account for the absence

of literature evidence for the effect of latitude on cover and biomass of
submerged plants and explain, in contrast, why reductions in water
transparency have long been associated with a decline in the submerged
vegetation (Phillips et al. 1978, Ozimek 1984). '

The scatter in the relationship between submerged biomass and the area
the plants cover is relatively large (Eq. 5, Table 3) reflecting the great
variability in the biomass of submerged plants per unit area colonized. The
irradiance received by the submerged plants has been postulated to
determine their maximum biomass (Duarte and Kalff 1987). We therefore
tested whether differences in underwater irradiance account for the
observed variability in submerged biomass per unit area colonized.
Regression analysis supported this (Eg. 6, Table 3), indicating that well
irradiated lakes support a greater mean submerged bicmass per unit area
colonized than those with reduced underwater irradiance. However, the
relationship is not linear, submerged biomass increasing more slowly at
higher light levels, as reflected in the negative Iz2 term (Eq. 6, Table
3). In addition to irradiance submerged biomass was also positively related
to the annual precipitation. This pattern is similar to the positive
relationship proposed for phytoplankton (Goldman and Amezaga 1984), and
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 more amenable to enhance plant
growth.

The large effect of lake size on cover could overshadow the

24



relationships between cover and envirommental factors other than
irradiance. These factors might, therefore, be better examined by using the
percent lake area covered by submerged macrophytes as the appropiate
deperndent variable (Eq. 7, Table 3). The results confirm the strong
positive relationship between cover (%As) and the mean irradiance within
the mean depth of the lake (IZ). An analysis Qfdcvariarxcewithadxmmy
variable that discriminates lakes with salinities above and below 1000 pS
cn~l further suggests that submerged macrophytes cover a smaller proportion
of the area of more saline lakes (Fig. 4), a finding supported by mmercus
cbservations. Williams (1978) noted that submerged macrophyte development
in lakes is severely affected by salinity, and Hammer (1981) mentions that
submerged macrophytes are less abundant in saline lakes. Since same of
these observations refer to non-coastal saline lakes, the significant

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

Emergent macrophytes

The relationship between lake size on the one hand and area and
biomass of emergent macrophytes on the other also needs to be examined
before assesing the effect of envirommental factors on cover and biamass.
The relationship betweeen the area colonized (Ae) and lake size appears
linear (Ho: exponent = 1, P = 0.74; Eq. 8, Table 4). This indicates that
emergent macrophytes colonize, on average, 7% of the lake area regardless
of the size of the lake and, because submerged plants cover a smaller area
in larger lakes, emergent cover will gain importance with increasing lake
size (Fig. 1). The constancy of the fraction of lake area covered by
emergent plants was also noted for Polish lakes (Planter 1973), where the
area covered by emergent plants varied between 9.3 - 12%. In contrast,
Spence (1982) postulated that the area colonized by the emergent plants
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Figure 1.4 The percent lake area covered by submerged macrophytes as a

Percent lake surface
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function of the mean irradiance within the mean depth of the lake.
Highly saline lakes ( > 1000 pS cm 1) are represented by open

circles.

0 20 40 60 1 80
7z (Kcal cm 2year V)

26



Table 1.4 Models relating the total area (Ae) and percent area (%Ae)

colonized by emergent macrophytes and the total biomass (Be) and

biomass per unit area (Rbe) colonized by emergent macrophytes to

envirormental factors. Prabability for all regressions < 0.0001.

Symbols and units as in Table 1.

Equation R2 N S.E.y est

(8) 1n (Ae) = 1.0 1n () - 2.6 0.87 60 1.33
(9) 1n (Ae) = 0.72 1n (A) + 0.69 1n S + 0.72 0.90 60 1.28
(10) %2e = 2.81 1n (A) - 0.21 Iz - 6.58 1n Zmax 0.41 53 11.50%
(11) 1n (Be) = 1.1 1n (B) - 1.4 0.70 36 2.53
(12) 1n (Be) = 0.57 1n (A) + 1n 1.34 S + 4.77 0.76 32 2.47
(13) 1n (Be) = 1.17 1n (2e) + 0.89 0.91 28 1.45
(14) Roe = 4.93 1In (A) + 0.75 lat + 62.5 (Z/Zmax)

-101lnz-6 0.52 26 17.0%*

* S.E. gt Of %Ae in percentage.

** S.E. o

+ of Rbe in t dry wt. ha™l.
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should decline with increasing lake area as a consequence of increased wave
action in the littoral. The absence of such a decline here is probably
attributable to the increased number of sheltered bays and floodplains in
larger lakes, which compensate for the increased wave effect postulated.
The relationship between emergent cover and 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 emergent growth.
Furthermore, the percent lake area covered by the plants (¥Ae) is not
constant, but is greater in larger lakes and smaller in deep lakes and
lakes receiving high irradiance (Eg. 10, Table 4).

The biomass of emergent plants seems to increase linearly with lake
size (Ho: exponent = 1, P = 0.57; Eq. 11, Table 4) and, again as a rough
approximation, our analysis indicates that this biomass is about 0.25 t
dry wt. ha™l of lake area, the variability in the relationship between
emergent biomass and lake size being smaller than that in the analogous one
for submerged plants. Biomass of emergent macrophytes also increases more
rapidly with lake size than the biamass of sulmerged ones and is
consequently normally greater in larger lakes (Fig. 2). Equation 12 (Table
4) suggests that emergent biomass also declines with increased steepness of
the lake basin. The equation relating emergent macrophytes biomass to the
surface they cover (Equation 13, Table 4) has a particularly good fit (R® =
0.91, In S.E.g+=1.4), and can be used to estimate the biomass of emergent
macrophytes with better than an order of magnitude resolution (cross-
validation R%= 0.93, In S.E. = 1.4; Fig 5). When the variation in biomass
of emergent plants per unit area colonized was analyzed, we found it to be
greater in larger and in shallower lakes and to be positively related to

latitude and the depth ratio (2/2max), indicating that pan shaped lakes
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support higher bicmass of emergent plants than cone shaped ones, with
steeper slopes (Eq. 14, Table 4).

Our models show that the biomass and area colonized by submerged
plants are primarily affected by the underwater light regime, as determined
by lake morphometry, the extinction coefficient and by latitude. In
contrast the total biamass and cover of emergent plants appears unaffected
by the available irradiance, but is affected by lake morphometry, since
both biomass and cover are related to the steepness and form of the basin
and the lake area.

While we considered submerged and emergent macrophytes as separate
entities in the analysis, it is clear that they are highly integrated,
forming a continuous cover in the littoral zone. Conceivably the surface
area covered by emergent and submerged plants together may be more
precisely related to er1v1ronmenta1 variables than emergent or submerged
cover separately. This was indeed 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'l) , the annual irradiance at the mean depth of
the lake (Iz, kcal cm 2 y'l) and the period of ice cover (Lic, days), the
equation being:

ln Am = 0.97 1ln Area + 0.98 1n Iz + 0.009 Lic + 1.02 1ln Ia (15)

R%= 0.93, N =71, P < 0.0001, S.E.; ggt= 0-86

The model is more precise than either the ones describing the emergent
or the submerged cover (Cross-validation, R? = 0.94; S.E.1n est= 0-71). The
scatter around the predicted cover indicates that predictions from this
equation are, within half an order of magnitude from the cbserved values
(Fig. 6). This indicates that although submerged and emergént macrophytes

affected by different factors in the envirorment, their separation
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Figure 1.6 Cross-validation of the model predicting total macrophyte cover

(Eq. 15), showing the values predicted for independent
cbservations.
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entails a significant loss of information because they form a continuum in
the littoral zone. The relationship obtained suggests that the total
macrophyte cover as a whole is largely determined by the underwater light
regime and the annual surface irradiance, the later providing a better
indication of the light available for growth of emergent plants. The
cbserved relationship between the length of ice cover and the total area
covered by macrophytes suggests that, once the effect of reduced irradiance
(Iz) has been corrected for, the stable corditions provided by an '
enviromment devoided of wave action may enable plants to remain overwinter,
without necessarily resulting in increased productivity. In contrast to
cover, a consideration of both emergent and submerged macrophytes as a
whole did not result in more precise estimates of the total macrophyte
bicmass, probably because the biomass per unit area is on average one order
of magnitude higher on emergents than on submerged macrophytes.

The models describing macrophyte cover are more precise than those for
biomass. This may imply a stronger link between surface cover and the
factors we studied, but could equally well be the result of the greater
patchiness of macrophyte biomass within lakes resulting from the physical
heterogeneity of the littoral zone. The latter would result in a large
uncertainty around the mean lake values used in our analysis, which may
contribute to the greater uncertainty associated with the estimation of the
submerged biomass. Nevertheless, the present analysis reveals consistent
patterns in macrophyte cover and biomass, and provides the first empirical
models for (1) the prediction of the total surface area covered by
macrophytes, (2) the area covered by submerged and emergent plants from
simple envirommental factors, and (3) the prediction of the macrophyte

biomass from the more easily estimated area cover.
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Chapter IT

Littoral slope as a predictor of the maximm bicmass
of submerged macrophyte cammmities
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ABSTRACT

The hypothesis that the morphametric characteristics of the littoral
zone of lakes are a major determinant of submerged macrophyte biomass was
tested in Lake Memphremagog (Qudbec-Vermont) by studying the relationship
between maximum biomass of submerged macrophytes and physical and chemical
characteristics of the littoral zone. The slope of the littoral zone
accounted for 72% of the cbserved variability in maximm submerged
macrophyte biamass (MSMB). By also incorporating sediment organic matter
the variance explained was raised to 76%. A model 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% MMB (g. fresh wt. m?) = 13.2. + 3434 slope 0-81,

The power of these two equations to predict the MSMB in a variety of

temperate lakes was high (r = 0.87, P<0.0001). However, the temperate zone

model overestimates the MSMB in highly turbid lakes where irradiance rather

than slope is pre-eminent and underestimates the biomass in semitropical

and tropical lakes. )
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INTRODUCTTION

Submerged aquatic macrophytes play a major role in the dynamics of
shallow lakes and the littoral zone of many large lakes . Their abundance
influences the trophic status (Carpenter 1983) and phytoplankton biomass
levels (lLanders 1982) of shallow lakes. Their surfaces provide a substrate
for readily grazeable epiphytes (Cattaneo and Kalff 1980) ard their
abundance affects fish populations (Wiley et al. 1984). When their growth
is excessive, it affects the econdmic potential of lakes (Holm et al.
1969) . Consequently, there is growing interest in the identification of the
factors that control macrophyte development and the extent of their impact
6n lake ecosystems (e.g. Adams and Prentki 1982).

Since the successful development of nutrient-based models for
predicting phytoplankton bioma§s (Vollerweider 1968; Dillon and Rigler
1974), studies have focused on nutrients as the principal determinants of
macrophyte growth and biomass. However, the results have been inconclusive,
some studies reporting nutrient limitation of submerged macmphyte biomass
(e.g. Schlott et al. 1984; Lind and Cottam 1969) and a positive effect of
nutrients on biomass (Ozimek 1978) and others reporting that macrophyte
populations are unlikely to be limited by nutrient levels (Carpenter and
Adams 1977). In contrast to the clear coupling of nutrient levels and
phytoplankton biomass, the link between rutrient levels and submersed
macrophytes is unclear (Devol and Wissmar 1978) and macrophyte control
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
and Spence 1977b) on macrophyte biomass, this information appears
insufficient to explain the broad differences in submersed macrophyte
biomass often cbserved within lakes.
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It may be that the relative weakness of such relationships for
macrophytes derives from the physical heterogeneity of the littoral area.
Topographic and morphometric differences result in differences in littoral
dynamics caused by associated variations in slope, wave action, and the
input of allochtonous materials. Littoral slope in particular can be a
major factor controlling the physical characteristics of the sediment
because it affects sediment stability and the deposition of fine nutrient-
rich materials (Hakanson 1977). Variation in slope can also modulate wave
action in the littoral. The influence of littoral slope on aquatic
macrophyte bicmass has been suggested by several investigators (e.g.
Pearsall 1917; Margalef 1984), who noted that submerged macrophyte
biomass decreases where the slope nearshore is steep. However, no
quantitative relationship describing this trend has yet been produced.

We will first examine and quantify the relationship between littoral
slope and macrophyte biomass in a single lake to determine the strength of
the relationship suggested relative to the influence of other factors that
contribute to habitat heterogeneity, such as exposure to waves and sediment
type. We will then test the hypothesis that lake morphometry is the prime
determinant of the maximum sukmerged macrophyte bicmass (MSMB) and show
that a model developed in Lake Memphremagog, with its highly variable
contours and exposures, is a good predictor of the biomass elsewhere in the
temperate zone.
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MATERTAIS AND METHODS
The study was carried out in dimictic and oligo- to mesotrophic
lake Menphremagog (Qudbec-Vermont), which differs greatly in littoral
morphometry and wave exposure along its 45-km length (see Pace 1984).

We chose sites by dividing a map of the littoral zone into 500
uniformily spaced sections, using topographic and bathymetric information
to infer slope and fetch for all the sections. Ward's clustering criterion
(SAS inst. 1982) was then applied to group the sites into 44 clusters
covering the widest combination of slope and fetch. For each cluster the
site with the smallest Fuclidian distance (Orloci 1975) to the centroid of
the cluster was selected for macrophyte and sediment sampling.

The "weighted effective fetch" was calculated by a modification of the
Beach Erosion Board (1972) method. The distance from each sampling station
to the farthest point visible on the shore was determined for the eight
compass bearings (N, NW, W, SW, S, SE, E, NE) and for angles of plus or
minus 11.25 and 22.5 degrees of each bearing. The distances measured for a
given bearing were cambined according to the formula:

F= ¥ D;* cos;/5

vhere F is the effective fetch (km), and D; is the distance for i degrees
of the bearing (i=*0, ¥11.25, $22.5 ). The effective fetch for each of the
eight compass béarings and the wind frequencies from the same bearing
obtained from records of the past 3 years by a metereological station at
the north end of the lake were cambined to yield a single value of fetch .
with the formula:

WEF = Y F.wf;
where WEF is weighted effective fetch, F; is fetch for bearing i, and wEj

is wind frequency for bearing i. These calculations provide corrections for
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wave modifications due to lake morphametry and also take into account the
particular wind regime of the area studied, and thus provide reliable
estimations of wave exposure at particular sites along the lake.

We got a more accurate estimate of the littoral slope for each site by
measuring the angle between water and sediment surfaces along a transect
perpendicular to the shore, using an echosounder (Si-Tex Honda). Littoral
slope estimates for these sites calculated from the 10-m-~depth isopleth of
a bathymetric map (1:31,650) were used to caompare data from other lakes for
which slopes were also taken fram bathymetric maps.

Early in August the depth of maximum submerged macrophyte biamass
(MSMB) was estimated for each site in lake Memphremagog by sampling the
biomass along two transects perpendicular to the shore and sampled at this
depth 3-5 times between mid-August and mid-September, the period of maximm
submerged macrophyte biomass. All plants within a quadrat (0.78 m2) were
harvested by Scuba divers and kept refrigerated until processed. Plant
material was washed free of animals and detritus and the fresh weight
determined after removing excess water by spinning 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 sampling date and kept refrigerated until
processed (within 24 h). The upper 5-cm stratum was extruded, and, for each
core, sediment water content was calculated from the decrease in weight
after drying overnight at 110 C. Organic matter was determined from mass
loss after oxidizing the sediments overnight at 550 C. Total phosphorus wis
measured according to Arndersen (1976). We measured the Secchi disk depth
early in September at 30 of the 44 stations as an index of the possible
limitation of macrophyte biomass by light.
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To allow comparison of our data with those from the literature, we
determined the littoral slopes of the data cbtained from the literature
fram bathymetric maps, using the slope between the shoreline and the 5~ or
10-m depth contour, where the MSMB was measured at the time of maximum
biomass (August to mid-September for temperate lakes). All literature data
were transformed to grams fresh weight per square meter by assuming 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 used to model the relationships between variables
unless we found an increase precision or a significant improvement in the
distribution of residuals by using non-linear models. A stepwise linear
regresssion procedure was used to select the independent variables for each
model. Independent variables were, when necessary, transformed (Box and
Tidwell 1962) to meet statistical requirements of linear regression. When
the relationship between the dependent and independent variables changed
for different ranges of the independent variable, the data set was split
for additional analysis at the midpoint between those two adjacent values
of the independent variable where the following expresion was maximal (see
Breiman et al. 1984): |

RSS= DSS - ( DI1SS + D2SS)
where RSS is the remaining sum of squares about the mean, DSS the sum of
squares about the mean for the entire data set, and D1SS and D2SS the sum
of squares about the means of the resulting groups. Linear regressions were
then determined between the dependent and the independent variables for *
each group and the slopes of the two regressions campared with a t-test.
When the slopes for the two groups were significantly different (P <0.01),

the separate equations were used to model the relationship between the
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variables.
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RESULTS

The range covered by the variables studied is given in Table 1. The
slope of the littoral was best correlated with MSMB (Table 2). Other
variables significantly correlated with MSMB were fetch and sediment
organic matter. The relationship between slope of the littoral and MSMB was
further explored by regression analysis. A power transformation of -0.81
was found to be the best transformation to linearize the relationship
between MSMB and slope of the littoral. The model dbtained explained 72% of

the variance (Fig. 1). The equation predicting MSMB from slope was:

MSMB =122 + 986 slope 0-81 (1)
R%=0.72; N=44; F=110; P<0.0001

S.E.ijt= 62, S.E. 94

slope™

The relationship between MSMB and slope has an uneven distribution of
residuals, with most higher slopes having negative residuals. This
suggested that the relationship between littoral slope and macrophyte
biomass may differ for gentle and steep slopes. Further analysis confirmed
that a littoral slope of 2.2% provided the best division of the data
set, reducing the variance in MSMB by 47% upon dividing 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 resulting regression equations
indeed differed significantly (P<0.0l), indicating a different relationship
between MSMB and littoral slope for high and low slopes. The equations
obtained for the two categories were

slope < 2.2%
MSMB = 103.7 + 885 slope 0-81 (2)

R?=0.67; N = 13; F = 80; P<0.001
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Table 2.1 Range and means for the variables measured at 44 stations in lake

Memphremagog during August 1984.

Variable Minimum Maximum Mean
Sed. Water content (%)  18.6 97.0 47.1
MSMB (g. fresh wt. m™ %) 0.0 2614.4 553.8
Littoral slope (%) 0.3 30.3 8.3
Fetch (Km) 0.18 9.9 3.4
Org. matter (%) 1.0 45.4 7.5
Total P (mg g™%) 0.04 2.1 0.6
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Table 2.2 Correlation coefficients between the measured variables in lake

Memphremagog (=44, Total P n = 32). Units given in Table 1.

Variable Water MSMB Slope Fetch Org. matter Total P
content

Water content - 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% -0.14
Org. matter - 0.17
Total P -

* Significant (P<0.05); ** Highly significant (P<0.005).
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Figure 2.1 Maximum submerged macrophyte biomass (g. fresh wt. mfz) versus
the slope of the littoral zone for the Lake Memphremagog stations.

The line represents the regression equation (Egq. 1).

Biomass (kg. fresh wt m=2)

— 8T8
16 20 24 28 32

littoral slope (percent)
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Slope >2.2%
MSMB = -26.34 + 1517 slope 0-81 (3)
R?=0.47; N = 31; F = 80.9; P<0.001

The variance in MSMB explained by littoral slope is greater at gently
sloped sites (<2.2%) than at steep sites. Furthermore the relationship
between the different variables measured differs for the two slope
categories (Table 3), with fetch having a significant correlation with MSMB
only at gentle slopes and sediment characteristics being highly correlated
with each other in steep sites. )

The proportion of the variance of MSMB explained was significantly
(P<0.01) increased by considering not only slope (Eq. 1) but also the
percent sediment organic matter. A model predicting MSMB with both
predictors was:

MSMB = 34 + 12.3 Org. matter + 979 slope 0-81 (4)
R?= 0.76; n=44; F=67; P<0.0001
S.E.jnt= 25.7, S.E.org. matter=3-9 SEg)gpe= 80.8
oOther independent variables did not significantly improved the relationship
to maximm submerged macrophyte biomass.

When, for comparison with the literature, we determined slopes from a
bathymetric map, the critical value separating the relationship for steep
and gentle slopes was 5.3%. The eqt;ations predicting MSMB from these slopes
were

Slope > 5.3% (5)
MSMB = -29.8 + 1403 slope 0-81 s
R°=0.60, 1=28, F=40.08 (P<0.001)

S.E.{nt=18.4, S.E. 221

slope™
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Table 2.3 Differences in correlation between the variables measured in lake
Memphremagog sites with slope >2.2% and <2.2%. Symbols 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 *k - *kk

<2.2% * NS - *k
Slope

>2.2% *k *k NS NS

<2.2% * * NS NS
Fetch

>2.2% NS NS NS NS

<2.2% *x * NS NS
Total P

>2.2% NS NS *kk *kk

<2.2% NS NS NS NS
Org. matter

>2.2% NS * hkk -

<2.2% NS NS ) *k -

* P < 0.05; %% P<0.01; *** P<0.005
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Slope < 5.3% (6)
MSMB = 13.2 + 3434 slope 0-81
R%=0.79, r=16, F=37.66 (P<.001)

S.E.{nt= 11.4, S.E. 354

slope™

To test the power of these relationships for other lakes, we compared
values form the literature with predictions made from equations 5 and 6
(Fig. 2, Table 4). The high coefficient of determination (R?=0.76) shows
that our models are able to make reasonably good predictions of MSMB in
temperate lakes with mean Secchi disk depths > 2 m. The slope of the linéar
regession between the ocbserved and predicted values does not differ from 1
and the intercept is not different from 0 [slope 1.105, Ho: slope =1 (P =
0.49); intercept = 48.7, Ho: intercept = 0 (P = 0.39)], so predictions are
not cbviously biased. However, the model underestimates the cbserved

biomass slightly (sign test, P < 0.05) by, on average 15%.
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Table 2.4 Observed submerged maximm biomass (g fresh wt m’z), its

associated slope (%), daminant species in the cammnity, sampling

method used, and the biomass predicted for temperate lakes by the Lake

Memphremagog model (Egs. 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
Lovering " 738 3.9 1152 Mixed comm, SCUBA Chambers and Kalff
- 1985 -
Massawippi " 3627 1.2 2882 M, spicatum SCUBA  Chambers and Kalff
1985
Bowker " 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
Orford " 41, 23,0 80 P, crispus SCUBA Chambers and Kalff
' I. lacustris 1985
Waterloo " 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 Polland 540 5.4 328 P, perfoliatus SCUBA Ozimek 1978
Cox Hollow Wisconsin 3500 1.7 2185 €, demersum Dredge Richardson 1974
T. Valley Wisconsin 6000 1.2 3563 C. demersum  Dredge Richardson 1974
Wingra Wiscomsin 4000 1.0¥ 3447 M, spicatum  SCUBA Nichols 1971
Llyn Gwynant England 600 6.8 267 L. uniflora SCUBA Wode and
Beresford 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 Comparison of the maximum submerged biomass (kg fresh wt m"z)

Biomass (Kg fresh wt. m~2)

for lakes in the literature with the biomass predicted from their

littoral slopes. The different lake types are temperate lakes for

which the model was designed (m ), subtropical lakes (o), and

highly turbid lakes (A). The lines represents values predicted from

Bgs. 5 and 6.
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DISCUSSION

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 show the strong relationship between
the slope of the littoral and the biomass of submerged macrophyte
cammmnities. The reason for this strong correlation cannot be inferred from
the results presented, but the data suggests same explanations as more )
probable than others. The first and most cbvious difference between steep
and gently sloped littorals is the difference in physical stability of the
sediments. A gently sloped littoral allows the deposition of fine
materials, while steep slopes are mainly areas of erosion and sediment
transport (Hakanson 1977). The observed differences in the correlation
coefficients between macrophyte biamass, fetch, and sediment
characteristics for sites with slopes above and below 2.2% further
suggests that the differences are the result of a mechanism linked to
slope. The absence of a correlation between fetch and MSMB at high slopes
(Table 3) indicates 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 which the relationship between sediment
characteristics and MSMB changes, strongly points to slope and the
assoclated differences in water content of the sediment (Selby 1982) as
factors that allow sediment slumping or debris flow on steep slopes but n?t
on shallow ones. Hakanson (1977, p. 406) was the first to note a threshold
value when he reported that "the physical character of the surficial
sediments is, as given by the water content, practically independent of the

slope for inclinations less than 3.8%". His critical value is very close to
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our threshold value between MSMB and slope (2.24 %). Threshold values
related to slopes are an indication of slumping, with slumping by gravity
alone having been reported for urnderwater slopes as low as 0.5% (Prior and
Suhayda 1979).

There have been many, largely unsuccessful, attempté to link
macrophyte biomass to sediment and underwater light conditions (e.g. Barko
et al. 1982; Barko and Smart 1983; Chambers and Kalff 1985). It is now
apparent that the principal reason for the lack of success was no that
biomass is unrelated to sediment variables, but rather that biomass is *
strongly related to slope, whereas 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 echosounder transects at the
sampling sites results form the lack of precision and a scale-dependent
bias in estimating slopes fram bathymetric maps. This difference in the
precision of the maps used probably is responsible for the tendency of the
Memphremagog models to underestimate the MSMB in other lakes, since the
Memphremagog bathymetric data had the largest scale of those included.

Sediment organic matter has been shown to influence macrophyte growth,
at least under laboratory conditions, but whether the influence is positive
or negative appears to depend on both the nature and concentration of the
organic matter (Barko and Smart 1953) . We found an increase in MSMB with
increasing sediment organic matter over the range encountered in L.
Memphremagog (Table 1), but whether this correlation reflects a direct
effect of organic matter content, an indirect effect of the energy climate
in the littoral, or is simply the conseguence of heavier macrophyte growth
remains to be solved.

" The good correlation between the predicted biomass and cbserved MSMB
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values from the literature (Table 4, Fig.2), makes it evident that the two
Lake Memphremagog equations (Eg. 5,6) can be used to predict the biamass of
submerged macrophytes over a wide range of conditions (Table 4). The models
also correctly predict the direction of change in a shallow lake in which
the mean depth, and consequently the slope, was increased as the result of
dredging. When the mean depth of Lilly lake, Wisconsin, was increased from
1.4 to 2.3 meters, the mean biomass decreased from 421 to 235 g dry wt. m_
2 petween 2.5 and 4 m (Nichols 1984) as would be predicted from the change
in slope associated with the increased mean depth. Unfortunately, Nichol“s
(1984) did not give sufficient information to apply our model directly to
the data of Lilly lake. Slope also has an effect on plant abundance above
the waterline (Sain et al. 1984), suggesting that the relationship observed
between slope and submerged plant biamass extends to different plant
communities as well.

That models developed in one lake are useful in making a first
prediction of MSMB in a wide variety of lakes is an affirmation of the
great importance of slope and associated sediment conditions on macrophyte
biomass. That our model, on average, underestimates the literature biamass
by 15% is a minor flaw, probably attributable to the exceptionally wide
contour intervals (10 m) available for Lake Memphremagog. These wide
intervals overlook the normally gently sloped shelf present before the
slope steepens tward the sublittoral; as a consequence wide intervals
overestimate the average slope and underestimate the biomass. This is
evident from the fact that the contour maps overestimated the littoral .
slope, as measured with an echosourder, at 80% of the sites. This error is
probably responsible for the modest 15% underestimate of tarperate zone
biomass with the Lake Memphremagog model.

Oour model was developed and tested for temperate lakes ranging from
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oligotrophic to eutrophic and is, therefore, not expected to be appropiate
for either hypereutrophic lakes with Secchi disk readings of less than < 2
m or tropical lakes. Thus, highly turbid Neusiedlersee (Austria: Schiemer
and Prosser 1976) and lochlosa (Florida, Canfield et al. unpubl. data) .
with Secchi disk readings of 0.5 and 0.7 meters had biomasses a 47- and
3.6~fold lower than predicted, supporting the cbservation (Ozimek and
Kowalczewski 1984) that highly turbid lakes support little biomass because
of light limitation. In contrast, tropical and subtropical lakes Swartvlei
(South Africa, Howard-Williams and Allanson 1981), Fairview, and 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 during the long growing season (CHAPTER 1). The relatively small
reduction of biamass in highly turbid subtropical L. Lochlosa compared to
turbid but temperate Neusiedlersee may well reflect the general tendency
for subtropical lakes to support a higher biomass.

The correlation between cbserved and predicted biomass in temperate
lakes (Fig. 2) is certainly lowered as the result of the widely varying
sampling techniques used in the literature. For example, our model
urnderestimates the MSMB where dredges rather than SCUBA divers were used to
collect the plants (Table 4). The error was significantly higher for the
former (t-test, P<0.05), suggesting a possible overestimate of biomass
obtained with dredges. Forsberg (1959) too reported that samplers
consistently overestimate the biomass of submerged macrophytes when
compared with hand-cutting techniques. Richardson (1974), who used a
surface operated device to estimate macrophyte biomass, acknowledges that

he probably overestimated the biomass because Elodea canadensis formed a

thick mat that could hardly be discriminated from the biamass enclosed in
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the sampling area.

The influence of mutrient concentrations on MSMB appears to be small
campared to their role in determining phytoplankton biomass. This is
further evident fm&enodestmpons%ofmquﬂuytato_ip_gi_tu
fertilization in Lake Memphremagog (Anderson 1985), pointing to the
stronger relationship between morphometry and biomass of submerged
macrophytes.

We have demonstrated and quantified the importance of littoral slope to
the maximm biomass of submerged macrophytes in a wide variety of lakes, .
that differed greatly in their macrophyte species composition (Table 4).
The models produced are not applicable to highly turbid temperate lakes and
subtropical and tropical lakes; the influence of large differences in light
levels is shown by the poor estimations of MSMB based on slope of the
littoral alone in such lakes. Further research on the interaction of slope
and light levels on MSMB is needed if more universal models are desired.
Following a period in which much attention has been focussed on nutrient
supply rates to lakes, the demonstration of the relevance of lake
morphometry to macrophyte as well as to phytoplankton biomass (Sakamoto
1966) and fish catches is an appropiate reminder that lake morphometry
should not be overlooked in the characterization of lake productivity.

-
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CHAPTER III

The distribution of submerged macrophyte biomass in lakes:

the contribution of littoral morphometry and water characteristics
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ABSTRACT

The biamass distribution of submerged macrophytes in 25 Northeastern
American lakes was studied to establish the relative contributions of lake
characteristics (i.e. alkalinity, chlorophyll-a, total phosphorus,
conductivity, and morphametry) and site specific characteristics (i.e.
littoral slope, exposure to waves, and light levels) to the variability in
submerged biomass. Lake characteristics (i.e. alkalinity) had their
greatest influence over the lake average bicmass of sulbmerged macrophytes,
whereas the site-specific biomass was largely a function of site
corditions. Submerged macrophyte bicmass decreased with increasing littoral
slope and wave exposure, arnd increased with increasing alkalinity and light
levels. The great habitat heterogeneity characteristic of the littoral zone

explains the considerable variation of submerged biomass within lakes.
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INTRODUCTION

Since the influence of submerged vegetation is proportional to its
biomass (eg. Whitfield 1984, Canfield et al. 1983a, Smith and Adams 1986),
the study of the factors that affect macrophyte biomass is an important
aspect of limnology. However, the description of patterﬁé in the biomass
of submerged macrophytes is made difficult by their extreme variability
within lakes (cf. Nichols 1982, Duarte and Kalff 1986) that results in
large uncertainties around the average lake biamass. Furthermore, the
analysis of the relationship between envirommental conditions and the mean
lake biomass would necessarily underepresent the influence of any factors
that influence the biomass variability within lakes, such as the littoral
slope. Nevertheless, the great variability of submerged biomass from lake
to lake (cf. Duarte et al. 1986) suggests that whole-lake characteristics
should have an important influence on submerged biomass.

The decrease in submerged biomass with increasing eutrophy and the
associated reduction in water transparency (Twilley et al. 1985, Moss 1976,
Ozimek and Kolwaczewski 1984) suggests trophic status and light absorption
as important factors. Conversely, the ability of macrophytes to cbtain
their nitrogen and phosphorus requirements from the sediments (Carignan and
Kalff 1980, Denny 1980, Huelbert and Gorham 1983), and the weak association
between sediment levels of phosphox:us and nitrogen and submerged biomass
(Anderson 1978, Langeland 1982, Anderson 1985, Duarte and Kalff 1986), all
suggest that the levels of these nutrients should be poorly related to
submerged biomass. In contrast, the influence of the major ion chemistry *
of the water, particularly inorganic carbon, on the species composition
(Moyle 1945, Hutchinson 1975) and biamass (Spence 1967, Wetzel and Grace

1983, Adams 1985) of submerged macrophyte communities suggests major ion
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chemistry as an important determinant of submerged biomass.

The relative contribution of water characteristics and littoral
morphametry to the variation in submerged biomass should be a function of
the level of analysis. The importance of water charateristics should be
greater when the lake-average submerged biomass is studied, whereas
littoral morphometry should be more important in site-specific analysis of
submerged macrophyte biomass.

Here we examine the relationship between submerged biomass, lake
trophic status, water chemistry, light climate, and littoral morphametry ‘in
25 lakes. To examine the relative importance of these factors at different
scales, this analysis will be done both for the lake-average biomass and
for site-specific biomass estimates. Because the influence of submerged
macrophytes on the littoral zone should be greatest during the period of
maximum biomass, we tested our hypothesis in August. Water chemistry was
represented by the total alkalinity, and electrical conductivity; lake
trophic status was represented by the epilimnetic concentrations of
chlorophyll-a and total phosphorus; and light levels as the percent surface

irradiance received at the depth of macrophyte growth. Littoral morphometry
was represented by its slope and exposure to waves.
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MATERTAIS AND METHODS

Macrophyte sampling

The study involved 25 lakes in Qudbec, New York, and Vermont, selected
to cover the widest possible range in the factors studied. A method based
in a relationship between plant bicmass and vegetation héight, derived
from echosounder tracings and plant growth form (Duarte 1987) was used to
measure the biamass of submerged macrophytes in August 1985. In brief, a
recording echosounder (Si-tex Honda, model HE-356) was used to run six
echosounding transects perpendicular to shore between a depth of ¢. 0.7 1
and the vegetation limit, and the dominant gowth form recorded, for 187
sites. The number of sites per lake varied from 4 to 38, depending on lake
size, and the range of littoral slope and exposure to wave action. The
sites were selected to dbtain a representation of the dominant conditions
in the lake while covering the widest possible range of littoral
morphametries. Lake area and mean depth were obtained from bathymetric
maps, while wave exposure was estimated fram the area (kmz) of open water
visible at each site studied (Duarte and Kalff submitted). The height of
vegetation in each transect was measured every 7-9 m from the echograms,
and submerged biomass was determined from the equations in Duarte (1987).
The slope of the littoral between the beginning and end of each transect
was also measured fromthetracingsw. This process resulted in more than
8000 individual estimates. To reduce this to managable proportions they
were averaged over 0.5 m depth categories to yield 1400 cbservations,
obtained from the mean of 3 to 15 individual estimates. ¢

Limmological parameters
Epilimnetic water samples were collected with a sampling tube extended

to the thermocline in the pelagic zone of each lake, or to 0.5 m of the
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bottom of unstratified lakes. The water was analyzed for total phosphorus
following persulfate digestion (modified fram Johnson 1971), and for
chlorphyll-a, uncorrected for pheophytin, after filtering between 0.5 to 1
liters of water through 0.4 um Gelman membrane filters, followed by ethanol
extraction (Sartory and Grobbelaar 1984) and spectrophotaometric
determination. Electric conductivity was measured in surface waters with a
model POM1 Cole-Parmer meter. Water transparency was measured with a 20 am
diameter Secchi disc, and the percent surface irradiance, Si, reaching the
depth of growth, z, calculated as Si = 100 €2 X, where k is estimated as
1.47/Secchi (Walker 1982). The major ion chemistry of the water was
obtained from published reports (Service qualite des eaux 1978, Provencher
and Belanger 1979, Henson and Gruendling 1977, Lafond 1985, Long et al.

1981).

Statistical analysis

Linear regression was used to model the relationship between the
envirommental factors and submerged biomass. The dependent and independent
variables were transformed when necessary to meet requirements of linear
regression, and the reduction in mean square error (MSE) used to choose
between alternative models. Where needed, the data were split into groups

to minimize the MSE (Breiman et al. 1984, Duarte and Kalff 1986).
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RESULTS AND DISCUSSION

The lakes are of glacial origin, with the exception of a single
reservoir (L. Boivin). Their catchments vary from totally forested and
unaffected by human influence (e.g. L. Cramwell, L. Montjoie), to lakes that
support scme recreational use (e.g. L. George, L. Memphremagog), and lakes
heavily influenced by sewage inputs (e.g. L. Boivin, L. Waterloo). The lakes
covered wide ranges in morphametric and envirommental conditions (Table 1),
ranging in size from the large Missisquoi Bay (L. Champlain), to lakes less
than a hectare in surface (L. Cramwell). The lakes also varied from highly
oligotrophic (e.g. L. George, L. Bowker), to highly eutrophic (e.g. L.
Boivin, L. Waterloo, Table 1). The smallest ranges were those for total
alkalinity and electrical conductivity (Table 1), reflecting the dominance
of igneous and metamorphic geologies in Northeastern North America. The
lakes also differed in their light absorption characteristics from lakes
where light extinction is largely a function of algal biomass (e.g. L.
Memphremagog), to highly coloured lakes (e.g. L. Cramwell); this is
reflected in the relatively poor relationship between chlorophyll-a
concentration and Secchi depth in these data (r?=0.51). A wide range of
taxonamic compositions (Table 1) was also represented in the submerged
vegetation of the lakes studied.

The littoral of the lakes ranged from very steep (eg. L. Bowker, L.
Brompton, Table 2), to very gentle (e.g. L. Selby, Roxton Pond, Table 2),
same lakes presenting a wide diversity of slopes (e.g. L. George, Table 2).
Given the differences in littoral slope among lakes (Table 2), littoral *
slope appears to be as much a characteristic of the lakes as it is a
property of specific sites. The exposure to waves covered a wide range, but

had little variation within lakes (Table 2) because it is largely a function
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Table 3.1 Limnological characteristics of the lakes studied, range of
macrophyte biamass, and daminant 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 73 58 129,.4 21.9 7.72
Croche 45 54 73 10 9.1 10.5 845
Cronwell 45 59 73 09 4.8 18 3.04
D Argent 4518 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
Lovering 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
Mont joie 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 4522 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, maximm (Zmax) and mean depth (Zmean) in m,
conductivity (C) in pS an™l, alkalinity (Alk) in mgy Caco; 171,
Secchi depth in m, total phosphorus (TP) innlgm"3, and
chlorophyll-a in mg m™3. P. = M@@, M. = Myriophyllum, E. =
Elodea, V. = Vallisneria, I. = Isoetes.
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Table 3.1 (Cont.)

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. spicatum

Bowker 47.6 18,2 7.8 0,99 9.8 P, robinsii / 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. spicatum

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 / P, praelongus
- George 90 24 8,5 0.95 8.5 M. spicatum / P, amplifolious
i Hertel 86 50 3.8 3 9.8 P. perfoliatus / P, robinsii
g Lovering 56,7 23.6 2,8 2.1 16 M. exalbescens / Nitella sp.

Magog 165 50,4 2,5 9,3 39.5 M, spicatum / E. canadensis

Massawippi 140 70 4.5 4,6 16.25 M. spicatum

Memphremagog 145 45 4 6,8 9 M. spicatum / P, robinsii

Montjoie 36 18.1 3.2 0.84 8.5 P. foliosus

Orford 226 39.8 8 0.55 1.09 P. praelongus

P. Brompton 63.1 27,7 3.6 1,95 6 V. americana / 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 0.8 2.9 P, perfoliatus

Trousers 55 14,6 2 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 and coefficient of variation of the biomass, slope, and wave

— exposure in the littoral of the different lakes.
Lake Slope Exposure
Mean C.V. Mean C.V.
Bleu 14,93 88.1 0,077 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
P 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
Mont joie 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 0.5
Selby 2,19 27.8 0.39 0.8
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
34,2

Waterloo 2,77 130.3 0.7

Slope in %, exposure in Km, and biamass in g. fresh wt. m™2.
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Table 3.2 (Cont.)

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
D 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
Mont joie 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). The diversity in littoral and lake conditions was
matched by the great variation in submerged biomass both among and within
lakes (Table 2). The variance in biomass in some lakes (e.g. L. Massawippi,
Table 2) is as large as the overall variance, suggesting that the factors
that determine the variation in biomass within lakes must be at least as
important as those that influence the lake averages. This idea is supported
by the possitive correlation between the variability in submerged biamass
within lakes (as the coefficient of variation) and the corresponding

variability in littoral slope (r = 0.45, P < 0.01). v

Lake—-average biomass

The lake-average biomass of submerged macrophytes, approximated as the
average of all biomass estimates (N = 54 - 280), is important to determine
their relative influence on the littoral of the lakes. These values were
strongly correlated with the average littoral slope and with water
alkalinity, which is an index of the availability of dissolved inorganic
carbon (Fig. 1). The best model to describe these relationships is:
biamass®:> = -2.2 - 0.6 slope™0-81 + 0.8 (alkalinity/slope)?:® (1)

r?=0.80; P < 0.0001; S.E. (ogtimate®-5) = 3-7

where biomass is measured in g. fresh wt. m 2, slope as the depth change in
m per m of horizontal distance, and alkalinity in mg 171 as CaC03. The
interaction term in the model (Eq. 1) indicates that the positive
relationship of submerged biamass and alkalinity is modulated by the
littoral slope. If the positive relationship to alkalinity is interpreted‘
as suggesting carbon limitation of sulmerged biomass, then the interaction
term suggests that the stress that the plants experience in lakes with
steep slopes, reduce their ability to respond to increasing concentrations

of inorganic carbon.
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Figure 3.1 The relationship between the lake-average biomass of submerged

Observed biomass (g. fresh wt. m-2)

macrophytes and that predicted from alkalinity and the average
slope (Eq. 1).
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Submerged biamass is positively correlated to lake trophic status (as
chlorophyll-a, r = 0.58, P < 0.05). However, this correlation is no longer
significant after littoral slope is considered indicating that the idea
that heavy submerged growth is an imdication of cultural eutrophication
(e.g. Lind and Cottam 1969) may be the result of eutrophic lakes often
having gentle slopes, larger sediment loadings, and hard waters. The weak
correlation between littoral slope and mean depth (r = 0.39, P < 0.05),
explains that submerged biomass is not clearly related to lake depth (e.g.
Duarte et al. 1986). -

Total alkalinity often gorrelates well with total phosphorus or
conductivity, so that the interpretation of the relationship between
submerged macrophytes and alkalinity is often ambiguous (cf. Hutchinson
1975) . However, the relationship between biomass and alkalinity (r = 0.80,
P < 0.001) is statistically stronger than those to total phosphorus (r =
0.40 , P < 0.05) or conductivity (r = 0.72, P < 0.01). Further, the partial
correlation of submerged biamass to alkalinity (after considering littoral
slope) is highly significant (P < 0.001), whereas those to total phosphorus
and conductivity are not (P > 0.05). The relatively low correlation between
conductivity and alkalinity (r?= 0.57) in our lakes reflect the influence
of road salt on five of the 25 lakes studied (Table 3). This is evident in
their high C1/K ratios (Table 3) compared to 5.71 (by weight), the
characteristic ratio for North American waters (Livingstone 1963).

Since the proportions of most major ions are fairly constant in
freshwaters (Rodhe 1949), regression analyses are unlikely to discriminatd
the observed relationship between biamass and alkalinity from a,possible
relationship to ions unaffected by salting, such as potassium or calcium.
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Table 3.3 Ratio of chloride to potassium by weight for the five
lakes affected by road salting, and the typical ratio for

North American waters (Livingstone 1963)

Lake C1/K
Brome 16.2
D'Argent 18.1
Conneley 26.8
Orford 49.9
Waterloo 16.0 .

North America 5.7
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The confounding correlations of total alkalinity to these ions have been
resolved experimentally by Martin et al. (1970), who showed inorganic
carbon to be most directly involved in a similar relationship between
alkalinity and the yield of Najas sp. Limitation of submerged biamass by
potassium or calcium may also be prevented by their abilfty to obtain both
these nutrients from the sediments (DeMarte and Hartman 1974, Martin et al.
1970, Waisel et al. 1982, Huebert and Gorham 1983), although the relative
contributions of these two elements by sediment and water sources are
unknown. Sediment carbon is not widely used by macrophytes because this *
requires specialized root systems only found in a few soft-water rosette
species (Wium-Andersen 1971, Sand-Jensen and Sondergaard 1978, Sondergaard
and Sand-Jensen 1979, loczy et al. 1983), so that most macrophytes species
obtain carbon fraom the water.

The limitation of suhmerged biamass by carbon has been proposed on
theoretical grounds (Spence 1967, Hutchinson 1975, Spence 1982, Wetzel and
Grace 1983, Adams 1985, Barko et al. 1986), based on the very slow
diffusion of 00, in water and the relatively large boundary layers that
surround macrophyte leaves (Black et al. 1981, Madsen 1984). More indirect
evidence for the role of alkalinity comes from work in several Florida
lakes where submerged macrophyte removal by grass carp was followed by
highly significant increases in wat:er alkalinity (Canfield et al. 1983b,
Small et al. 1985). Diurnal depressions of inorganic carbon (e.g. Pokorny
et al. 1984), ard raise in pH (Goulder 1970) are often cbserved in
connexion to sulmerged plant photosynthesis. Additionally, Goulder (1969) *
demonstrated a strong spatial correlation between submerged macyxophyte
cover ard total alkalinity in a pond with patchy vegetation.

80



O

Depth- and site-specific plant biamass

The study of the mean biomass of macrophytes across entire lakes
treats their variability within the lakes as error around this mean,
whereas it may be related to habitat heterogeneity around the littoral zone
(Duarte and Kalff 1986). Consequently, the relationship between submerged
biomass and factors that vary around the littoral, such as the light levels
reaching the plants, the exposure to waves, and the littoral slope, would
be better represented by a site-specific analysis than by the examination
of the average biamass.

The biomass of submerged plants varied regularly with depth, following
a dame-shape profile in all lakes (Figure 2). This distribution suggests
limitation by wave exposure at shallow depths and by light limitation below
the depth of maximum biomass (Spence 1982). The shape of the depth/biomass
curve is strongly related to the water transparency, since both the depth
of maximum colonization (Zmc) and the depth where the maximum biomass
occurs (Zmb) are functions of the water transparency (Figure 3):

Zmc (m) = 1.9 + 0.63 Secchi (m) (r= 0.76, P< 0.0001) (2)

Zmb (m) = 1.1 + 0.4 Secchi (m) (r2= 0.79, P< 0.0001) (3)
These relationships are stronger than those previously reported (Chambers
and Kalff 1985, Canfield et al. 1985), likely because the large mumber of
transects examined within each lakc; reduces the uncertainty around the
average estimates, which in this case is similar to the error around the
regression estimates. The depth/biamass profile is also determined by the
shallowest depth where submerged vegetation grows (0.75 - 1.25 m). Howeve,
this minimum depth is not related to slope, exposure or transparency (P >
0.05), suggesting that the shallow limit is probably set by ice scouring
which similarly erodes the sediments of the shallowest areas in all these
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Figure 3.2 The depth profile of submerged macrophyte biamass in the lakes
studied constructed by pooling together the data for all sites.
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Figure 3.3 The relationships between the depth of maximm colonization (Zmc,
c Eq. 2) and the depth of maximum biomass (Zmb, Eq. 3) of submerged

macrophytes and the water transparency of the lakes studied.
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lakes.

We attempted to describe the precise distribution of biamass in
the different sites by regression analysis using lake and site
characteristics as independent variables. However, this analysis resulted
in a model with over 12 highly significant (P<0.0001) terms, explaining in
total same 40% of the variance. Such a model is unsatisfactory because of
its complexity, and because the effect of individual factors is difficult to
extract from the conglamerate of simultaneous changes and interactions. The
complexity of the model must reflect the changing importance of the -
different envirormental facters with depth. This is further evident when
the variation in the partial correlation coefficients between submerged
biomass and the different variables are presented as a function of depth
(Fig. 4). While the correlations to littoral slope and alkalinity remain
relatively constant at all depths, Secchi transparency shows stronger
correlations at greater depths, and exposure at shallower depths (Fig. 4).

Because the camplexity of these interactions makes linear regression
models cumbersome, we chose to simplify the model by exploring the data
further. Since submerged biomass is zero when slopes are steep (Fig. 5), we
believe that a critical slope exists beyond which plants will not grow.
This critical slope was found to be about 14.8% (Fig. 5), as calculated by
the technique proposed by Breiman et al. (1984). The division of the data
into two sets at this critical slope reduced the overall variance by 13%
(F-test, P<0.0001). In one set the suhmerged biamass would be 0 due to
steep slopes (N = 302), and the cother could be subjected to further ¢
analysis (N = 1098). This second set could also be divided, on the basis of
the relationship between the maximm depth of colonization and the Secchi

transparency (Eq. 2, Fig. 3), between locations where plant growth is
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Figure 3.4 The change in the partial correlations of slope, exposure,
transparency, and alkalinity to macrophyte biomass with depth. N

> 70 for all correlations. Numbers in the left indicate

probability levels.
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Figure 3.5 The relationship between littoral slope and the biomass of

6 i submerged macrophytes showing the value of the critical slope
above which plants do not grow.
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prevented by light limitation and those where plant growth can occur.
This separation indeed explained a further 9% of the total variance (F
test, P<0.0001).

The differences in the importance of wave exposure and water
transparency for shallow and deep locations (Fig. 4), suggests that the
observations in areas with slopes lower than 14.8 and shallower than the
maximm depth of colonization (where same plant growth may occur) can be
divided into two subgroups based on the depth of maximum biomass and the
Secchi transparency (Eq. 3, Fig. 2). In locations deeper than the depth of
maximum biomass, light levels should play an important role, whereas in the
shallower locations the light regime should be less critical, and wave
exposure should play a significant role. The multiple regressions resulting
from these data sets confirmed the suspected differences in the
relationships between sulmerged biomass and environmental factors over the
two depth ranges:

The best regression model for the data set containing locations deeper
than the depth of maximm biomass (calculated from Eq. 3) is:
biomass? 33 = - 13.0 - 1.6 1n slope - 0.45 In exposure + 2.3 1ln alkalinity

+ 1.2 Insi (4)

x? = 0.31; P < 0.0001, S.E. oqtimate0-33)= 3.1

where Si is the percent surface 1n;ad1ance received at the depth of growth,
exposure is measured insz, and the units for other variables are similar
to those in Eg. 1. This eguation supports the postulated influence of light
levels in limiting biomass below the depth of maximum biomass. It also  *
indicates that increasing slope and exposure, and decreasing alkalinity
results in lower biamass values.

The shallow water model confirms the importance of slope, alkalinity
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and wave action:
biomass®+33 = - 8.4 - 1.6 In slope - 0.3 1ln exposure

+ 2.0 (alkalinity*depth)©-33 (5)

r?= 0.40; P<0.0001; S.E. (astimate0-33)= 2.6

The coefficients for the littoral slope are similar in both deep and shallow
water models (slope= 1.6, Egs. 4 and 5). However, plant biamass appears
paradoxically less influenced by exposure in the shallow model (slope =
0.3) than in the deep water model (slope = 0.45). At the same time, the
model shows a positive relationship between biomass and depth, this bemg
more important at high alkalinities where biomass is greater. This
interaction cannot be attrib:ited to the attenuation of wave energy with
increasing depth, because the interaction term for exposure and depth was
not significant (P>0.05). While Duarte and Kalff (submitted) found a direct
negative influence of wave action on the response of submerged plants to
nutrient additions at the depth of maximum biomass (2.5 m), they were
unable to demonstrate this link for shallower (1.0 m) plants. They
concluded that erosion due to ice scouring may be more important than wave
action in reducing the bicmass of the shallow plants. In lakes with higher
alkalinity, whose bicmass is greater, the increase in bicmass with depth
may also reflect limitation by the underwater space available for growth in
shallow sites (Lind and Cottam 1978). Whatever the relative roles of ice
scouring and space limitation, our results suggest that the importance of
wave action in controlling submerged biomass in shallow waters may have
been exaggerated in the past (Jupp and Spence 1977, Spence 1982). Since the
relative importance of single extreme wind events compared to continuated
wave action, and the relative influence of wind events at diffe;'ent stages
of plant growth are unknown, the weak relationship between exposure and

plant biomass may also indicate that standard measures of exposure, such as
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the exposure area used here or the weighted fetch method (see Duarte and
Kalff 1986), fail to measure the scale of relevance.

The data reduction steps described can be combined in a "regression
tree" (sensu Breiman et al. 1984, Fig. 6), where the predicted bicmass is
cbtained by following the tree until a terminal branch is reached (Fig. 6).
The model is simpler than a 12 term regression model, and allows for a more
clear stepwise representation of the factors affecting submerged biamass,
the total model accounting for almost 60% of the variance in depth~ and
site-specific submerged biamass. The large unexplained variance in this -
models is not unexpected, because submerged weedbeds are very patchy
(Downing and Anderson 1985), and suggests that these relationships should
be improved by considering variables that reflect habitat heterogeneity and

differences in community structure.

Limnological implications

The strong relationship of mean submerged biomass to alkalinity and
littoral slope bears some resemblance to the Morphoedaphic Index (total
dissolved solids/mean depth), proposed as a predictor of fish production in
lakes (Ryder 1964). This index summarizes two basic patterns in comparative
limnology. First, a positive correlation between total dissolved solids
(and its correlates) and productivity (Gorham et al. 1974, Prepas 1983),
and secondly a negative relationship between lake morphometry and
productivity proposed many times in the past (Rawson 1955, Sakamoto 1966,
Straskraba 1980). Although the mechanisms that 1link the morphoedaphic
index to the productivity of fish likely differ from those resulting in
greater macrophyte biamass, the similarity in the patterns for flsh and
macrophytes is consistent with the positive relationship between submerged

vegetation and fish abundance in lakes (Whitfield 1984).
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Figure 3.6 Regression tree describing the relationship between the site and

depth specific biomass of submerged macrophytes to envirormental

corditians.
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The relationship between sukmerged biomass and alkalinity adds to the
evidence pointing to its influence on the community structure (Moyle 1945,
Seddon 1972, Hutchinson 1975, Pip 1979, Hellquist 1980), species richness
(Cattling et al. 1986), and productivity (Adams et al. 1982) of submerged
vegetation to highlight the major role of carbon on macrophyte ecology. The
abundant evidence for carbon limitation of submerged biomass contrasts with
the scarcity of similar evidence for phytoplankton (Schindler 1977, but see
Talling 1976). This difference may derive fram the much lower turnover rate
of macrophytes, so that carbon limitation of photosynthetic rates (Adams ‘et
al. 1978) can reduce the biagass macrophytes accummulate throughout the
sumer, even if this situation only occurs sporadically. Additionally,
phytoplankton cells are being mixed throughout the epilimniom, present
boundary layers many times smaller than those associated with macrophyte
tissues (Black et al. 1981), and are more able to use bicarbonate, hence
benefiting from a much more efficient supply of dissolved inorganic carbon
(Spernce and Maberly 1985).

Oonclusions

We have shown here that the relative contribution of site (slope,
exposure, light levels and depth) ard lake (alkalinity, average slope)
characteristics to the biomass of su}:xnerged macrophytes deperds on the
scale of analysis. While lake characteristics are more important when
camparing the lake-average submerged biamass, the variability within lakes
is largely a function of site specific characteristics, and ultimately of ¢
the camplexity of their littorals. This explains why general morphometic
features, such as mean depth, are weaker descriptors of submerged biomass
(Duarte et al. 1986) than of the biota inhabiting the more homogeneous
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pelagic envirorment (Rawson 1955, Sakamoto 1966) . Because of the great
diversity of the littoral zone, we suggests that studies of the
relationship of submerged macrophytes, and their associated biota, and
their enviromment should be focussed on site specific, rather than on
whole-lake studies.
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CHAPTER 1V

The influence of lake morphometry on the response of
submerged macrophytes to sediment fertilization
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ABSTRACT

The influence of lake morphametry on the growth of submerged
macrophytes in response to nutrient fertilization of sediments at sites of
varying bottan slope (steep/gentle), and wave exposure (Qigh/low) , amd
depth (1.0 and 2.5 m) was studied in Iake Memphremagog (Quebec-Vermont).

On average the biamass increases were 2.1 times greater for
fertilized macrophytes than for the paired controls. The extent of this
growth response was greater in the 1.0 m sites, where growth directly
related to control biomass. At the 2.5 m sites the response was lower, and
it decreased as exposure to waves and bottom slope increased. The lower
response at 2.5 m (depth of maximum biomass) indicates that factors other
than nutrient levels (such as light levels or littoral slope) limit
submerged biamass here. This is particularly so in sites with relatively
high biomass. Overwintering plants showed greater response to fertilization
than those growing from seeds or roots.

Overall, the extent of the response of submerged macrophyte growth to
nutrients depends on the energy envirorment (i.e. depth, wave exposure and
slope) of the littoral. The influence of these physical factors explains
the lack of success in obtaining strong correlations between nutrient

levels and macrophyte growth.

-
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INTRODUCTION

The importance of the primary productivity of submerged macrophytes
varies greatly among lakes (Wetzel and Hough 1973). Because the biomass of
submerged plants is frequently lower in oligotrophic than in eutrophic
lakes and because summer phytoplankton bicmass correlates well with water
nutrient levels, there is a widespread belief that macrophyte biomass
should be a function of nutrient availability. However, the lower biomass
of submerged macrophytes in most oligotrophic lakes is primarily a function
of lake morphametry, rather than of nutrient concentrations (Duarte et al.
1986), and reflects the greater depth of oligotrophc lakes (Rawson 1955,
Sakamoto 1966). Increased nutrient levels may, in fact, reduce macrophyte
biomass by increasing algal biomass and so reducing underwater irradiance
(Moss 1976, Mulligan et al. 1976, Twilley et al. 1985).

Rooted submerged macrophytes derive most of their nutrient supply from
the sediments (Carignan and Kalff 1980, Nichols and Keeney 1976, Mantai
and Newton 1982, Bristow 1975). However, attempts to demonstrate a
relationship between submerged biomass and sediment nutrient levels have
been inconclusive (see Anderson 1976, Largeland 1982), and sediment
enrichment experiments in a Canadian lake yielded only modest increases in
biomass (Anderson and Kalff 1986), although more substantial increases in
biomass following sediment fertilization have been shown in an estuary
(Orth 1977). Increasingly, the literature points to the importance of wave
action (Jupp and Spence 1977) and littoral slope (Duarte and Kalff 1986)
in determining submerged macrophyte bicmass.

The objective of this study is to resolve the paradox that submerged
macrophytes appear not to be nutrient limited in oligotrophic and

mesotrophic lakes, even though phytoplankton are. At least two explanations
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are possible: (1) that submerged macrophytes in oligotrophic or mesotrophic
lakes are not nutrient limited because they can satisfy their nutrient
demand from the sediments or (2) that the strong influence of the energy
enviroment (such as wave action and littoral slope) on submerged
macrophytes mask their nutrient deficency. To fesolve this, we selected
sites of different energy enviromment (i.e. differing in exposure to waves,
littoral slope and depth) in Lake Memphremagog (Quebec-Vermont) and
fertilized the sediments there to quantify the growth response of the
natural plant assemblages.
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MATERTALS AND METHODS

The experiment was conducted in Lake Memphremagog (Qudbec-Vermont),
a large oligotrophic to mesotrophic lake which is sufficiently diverse
morphametrically to provide a wide range of wave exposures and littoral
slopes (Fig. 1). We tested the effect of the energy enviromment on the
response of submerged plants to fertilization in sites exposed and
protected from wave action, with steep and gentle slopes, and by using
experimental plots at 1.0 and 2.5 m so as to consider the decrease in ‘
energy with increasing depth. The two depths were selected to represent
the upper rooting depth in the lake (0.9 m) where wave action is most
severe, and the depth of maximum submerged biamass (2.6 m), which is
partially a function of light levels (Chambers and Kalff 1985a). To account
for the normal 0.5 m decrease in water level over the summer the plots were
initially established 0.5 m deeper than the depths here reported. Four
experimental quadrats were matched with 4 controls at each of the two
depths at sixteen sites (Fig. 1), representing four replicated habitats for
each cambination of slq:;e and exposure (high of low), yielding a total of
256 plots. At each site, the littoral slope (%) was measured with an
echosounder (Sitex- Honda, model HE-356b) and the wave exposure calculated
in two ways: 1) following a modified weighted effective fetch method (see
Duarte and Kalff 1986) with the wind frequency and speed cbtained from a
lakeside meteorological station (Petticrew, unpubl. data), ard 2) as the
area of water exposed to each site, or effective area (Earea, sz),
measured from a 1:34,130 map with a digitizer (Hi-Pad, Houston
Instruments). 'mesecaﬂmethodwasusedtoaccamtforthefacéﬂ:atthe
wave direction in Lake Memphremagog may form angles as high as 60° with the
direction of the wind, and wind measurements may not be representative if
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Figure 4.1 Map of Iake Memphremagog showing the sites of the 4 different
treatments and the main morphametric and water characteristics of

the lake.
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not taken at each site. The water transparency at the 16 sites was measured
three times during the course of the experiment using a 20 am Secchi disk.
Unlike previous in situ nutrient manipulations (Anderson and Kalff
1986, Chambers and Kalff 1985b), we used the natural plant commnity and
sediments to prevent possibly confounding factors like tz;énsplant stress,
differential success in rooting depending on the substrate, or campetition
with the natural plants. Furthermore, results obtained from transplants of
a single species may not be extrapolatable to natural commmities adapted
to the particular conditions in each plot. However, the variability in thé
natural community structure, yoth in terms of initial biamass and species
camposition, guarantees a larger unexplained variance than if manipulated
plots had been used. We attempted to minimize this source of variance by
using paired plots to account for some of the patchiness within sites. The
four fertilized plots at each depth were placed 9 m apart, and the control
plots at 3 m from the corresponding fertilized one. The individual plots
were marked with styrofoam floats 0.5 m above the sediments. SCUBA divers
fertilized the experimental sites between June 6 and 9 with a 15 am long
spike of slow release fertilizer with 200 grams of fertilizer containing
nitrogen, phosphorus and potasium in the ratio 3 N: 1 P: 1 K. At this time
the plants were either still dormant or just starting to emerge (surface
water temperature 14°C). When possible, the fertilizer spikes were pushed
to a depth of 15 cm in the sediments, thereby encompassing the depth of the
highest root density in ILake Memphremagog. A second spike was placed within
10 cm of the first an 15 or 16 of July so as to guarantee abundant ¢
nutrients. Nutrient supply to the plants in the plot was not considered to
be a problem because, although diffusion coefficients in sediments are low,
the long vascular root systems of the species involved (ranging from 7-10
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cm. in diameter for Naias flexilix to almost 1 m in Myriophyllum spicatum)
have been shown to be very efficient in long range (20-30 cm.) nutrient
transport (Bottomley and Bayly 1984, Mantai and Newton 1982). Furthermore,
orth (1977), who used a very similar fertilization technique to ours,
reported that responses to fertilization were visually evident at distances
well beyond the 0.25 m? area covered by our plots.

Using SCUBA, we harvested the experimental sites between 7 and 11
August, about 10 days before peak biamass to minimize natural plant
mortality. All the aboveground parts of the sulmerged plants rooted 1n51de
a 0.25 m® quadrat, centered on the location where the first spike had been
inserted, were collected and then refrigerated until processed. The plants
were rinsed free of detritus and animals; those species that do not
overwinter above ground, here refered to as annuals (mostly Vallisneria
americana, Najas flexilis and Heteranthera dubia), were separated from
"overwintering plants" (largely Myriophyllum spicatum, Potamogeton
praelondqus, and Potamogeton robinsii) and both classes weighed to the
nearest 0.01 g, after excess water had been removed with a lettuce spinner.

Just prior to harvesting a sediment core was taken with a plexiglass
corer (5 am internal diameter) to a depth of 10 am, to obtain a measure of
water content, organic cantent and total phosphorus of the sediment, and
the sediment depth was measured in 4 random locations at each quadrat using
a metal rod. Sediment water content was measured to represent the sediment
conditions since it is closely related to the sediment gramulametry, bulk
density, mutrient levels, redox potential, and even metal levels (I—Iakanson‘
1977, Hakanson 1981, Duarte and Kalff 1986). The sediment was extruded into
a cantainer and frozen within 3 h of collection for subsequent ana1y51s At
that time, the sediments were first mixed, the water content determined
after drying overnight at 110 °c, followed by the camputation of organic
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content from the mass loss after overnight ignition at 540° C. Analysis of
total phosphorus followed Andersen (1976).

Due to the dissapearance of 24 markers only 241 of the 256 plots
were recovered at the end of the experiment. Because of the nature of the
experiment the slope and fetch could not be exactly duplicated at the 4
replicate sites (Table 1). The paired controls permitted some correction
for local differences in the weedbed biamass and sediment characteristics
among the four replicate plots in each treatment. We used an analysis of
covariance to further remove the effects of uncontrolled variables and to’
‘account for variations in the control variables within treatments (Steel &

Torrie 1960).
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RESULTS AND DISCUSSION

Characteristics of control plots.

The mean slope, exposure and sediment depth values for the different
treatments are presented in Table 1. The marked differences in sediment
characteristics at the two depths reflect the greater effect of wave action
in shallower waters. Sediment layers at 1 m were thinner and coarset, with
lower water content and lower phosphorus concentration than those at 2.5 m,
and had lower organic contents, with their associated lower nitrogen levels
(Brady 1974) than those at 2:5 m (Table 1). No plants were found in 12 of
the 128 control plots at the start of the experiment, however only 7 of
these, all shallow exposed quadrats, were bare of vegetation by the end of
the experiment. The biamass in the control plots ranged therefore fram 0 to
1745 g fresh wt. m 2 at a deep and gently sloped site (Table 1). The
biomass of controls was higher in the 2.5 m than in the shallow plots (t
test, P< 0.0001), and, at the greater depth, it was higher on the gently
sloped sites (t test, P<0.0001). Overwintering plants (i.e. i 1lum
spicatum, Potamogeton praelongus and Potamogeton robinsij), dominated the
biomass in the deep stands, whereas anmuals (largely Vallisneria americana,
Najas flexilis, Potamogeton gramineous) were daminant in the shallow plots
(Fig. 2, Wilcoxon rank signed test, P <0.001). Water transparency decreased
slightly fram south to north (r = 0.34), the average Secchi transparencies
for the 16 sites ranging from 3.9 to 5.1 m.

Influence of mitrient additions on biomss.
The biamass in the fertilized plots was, on average, more than
two fold greater than that in the paired controls (Wilcoxon rank signed
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Table 4.1 Envirormental characteristics of the experimental sites and
C sediment covariates, showing the differences between treatments (high
and low, H and 1) treatments and the shallow and deep treatments (1.0 m
and 2.5 m). All variables differ significantly at the two levels (P<

0.05).
Variable Level Mean S.E.
H 15.9 1.5
Earea (hnz)
L 3.0 0.6
H 7.5 0.4
Slope (%)
L 2.0 0.08

1.0 m 0.52 0.04

T.P.(mg. / g. dry wt.)
2.5m 0.87 0.04

1.0 m 32.4 0.91

O

W. C. (% fresh wt.)
2.5 m 47.3 1.37

1.0 m 2.53 0.24

0. M. (% dry wt)
2.5m  10.33  0.74

1.0m 21 12
Sed. Depth (cm.)
2.5m 132 33

Secchi disk (m) All = 4.5 0.4

Earea = effective area; W. C. = sediment water content;
T.P. = sediment total phosphorus; 0.M. = sediment organic
matter.
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Figure 4.2 The proportional contribution of annual plants to the control

biamass as a function of the control biamass for shallow and deep

plots.
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test; P < 0.0001; Fig. 3). This growth response is greater than reported

for previous in situ fertilization experiments in this lake (Anderson and

Kalff 1986). The strong responses obtained may be attributed to (1) the use
of natural cammnities, preventing transplant stress and space problems due
to confinement and (2) the use of large amounts of slow-release fertilizer.
Overwintering plants responded more strongly to nutrient addition
than anmial plants (Wilcoxon rank signed test, P<0.0001; Fig. 3),
indicating that established vegetation used the added nutrients more
readily than did the annuals. The greater response of overwintering plants
(Fig. 3), suggests that transplant experiments may underestimate the effect
of fertilization because they force all plants to behave like annuals (see
Chambers and Kalff 1985b, Anderson and Kalff 1986). At deeper sites, the
annual plants did not respond significantly to fertilization, whereas
overwintering plants responded in both shallow and deep plots, their

increase being greater in the shallow sites (Fig 3).

Morphametric influences on biomass response to fertilization.

There was a significant response to fertilizaﬁon at all sites (t-
test, P<0.001) except the 2.5 m habitats with low fetch and steep slope (t-
test, P>0.05). Because the response to fetilization varied considerably
among sites (Fig. 3) we tested whether this variability could be partially
attributed to differences in littoral slope and exposure to waves. We
examined the influence of these morphometric factors on the growth response
using regression analysis where the wave exposure of each site was measured
as the effective area (Earea, sz), 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 The average percent biamass increase in the fertilized plots over
the paired controls: (experimental biamass - control biamass) /
control biamass , for all plots, the two experimental depths
separated, for overwintering and annual plants and for the
response of overwintering and anmual plants at the two depths. The
bars represent r 1 standard error.
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represented as a categorical variable taking the values 1 (2.5 m) and 0
(1.0 m). The analysis of covariance of the increase in growth (experimental
biomass - control biamass, g. fresh wt 0.25 m'z) showed that increasing
exposure to wave action and slope significantly reduced the fertilization
response:
Growth increase = 961 - 4.8 (14.4) Earea - 711 (7.2) slope (1)
+ 61.2 (5.3) slope * Earea

r2=0.28; E.M.S. = 3137.3; N = 105
where the partial F-values are shown in brackets. All non significant
(P>0.05) treatment variables (i.e. depth), covariates (control bicmass,
sediment water content, sediment organic content, sediment phosphorus
content, sediment depth, and water transparency), and interaction terms are
not shown. Evidently, plants in more exposed and steep sites were unable to
use the added nutrients to the same extent as those in protected zones.
Thus, plants in protected and gently sloped sites are more sensitive to
nutrient changes, whereas the stress exerted on plants in steep or exposed
enviromments limits their capacity to respond to mutrient additions.

Wave exposure may affect plants directly by the physical stress of
waves or indirectly by increasing sediment coarseness and preventing
extensive root development. This indirect effect appears unlikely, since
differences in sediment characterisitics, such as water content, organic

content or total phosphorus did not covary with the increase in biomass.

Depth dependent influences of morphametric factors on plant response to
fertilization.

Since the wave action is, for a given exposure, more 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 (control) biomass on fertilization responses was opposite in
the two depths (Fig. 4), and this difference tends to confound the previous
analysis. Consequently, the growth responses of deep and shallow stands
were analyzed separately.

The analysis for the 2.5 m depth explained 32% of the variation in
growth increase and showed that the response decreased with increasing
exposure and with increasing control biomass:

Growth increase = 214 - 7.7 (10.4) ‘Farea - 0.35 (7.4) control bicmass
r’= 0.32, E.M.S. = 5488; N =49

The reduced response to fertilization at sites of high control
biomass (Fig. 4) suggests that the biamass of deep macrophytes may be light
limited. Despite the fact that the experimental depth (2.5 m) was well
above the depth of maximm colonization for the lakes (6.2 m), the
reduction in the response with increasing biomass suggests that as biomass
increases self-shading results in light limitation. This may appear
inconsistent with the lack of significant effect of the differences in
water transparency among sites, however, these differences are very small
(Table 1) and are probably negligible compared to the influence of the
plants themselves on the light extinction. Cancpy species (e.g.
Myriophyllun spicatum, and Potamogeton praelongus), which extend their
biomass throughout the water column, dominated in this depth. The specific
extinction coefficients due to plant material for these species range
around 0.0014 and 0.0011 m? g fresh wt.™! (Westlake 1964). Given the range
of the control biomass (2 - 1600 g. fresh wt. m 2) this results in specific
extinction coefficients for the plants (K,) ranging between 0.0011 - 0.704

m 1 (assuming that the plant biamass is homogeneously distributed
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Figure 4.4 The relationship between the percent biamass increase over the
control plots as a function of the control biomass for the 1.0 and

the 2.5 m plots.
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within the 2.5 m. water colum) campared to extinction coefficients due to
water and its associated particles (K,) of 0.28 - 0.37 m 1 (assuming K=

1.47 / Secchi depth, Walker 1982). When these coefficients are combined to
calculate the average light intensity within the 2.5 m deep water column

(I, Riley 1956):

I~ I, (1= 2.5 (Rt K))/(2.5 (K+ K) (3)

it is evident that plants not only contribute greatly to the extinction of
the surface irradiance (I,) within the water colum (2.5 m), but also that
the great variablility of their extinction coefficients compared to the
narrow range of K, daminates the variance in the light levels within the
water colum, rendering 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
Memphremagog) , 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 externd 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
temporary turbid conditions, which could be missrepresented by our Secchi
values due to the low sampling frequency (3 readings in 2 months). Despite
the strong.rvelationship between littoral slope and control biomass at 2.5 m
(Duarte and Kalff 1986), the response to nutrient additions there is not
dependent on the littoral slope (F test, P>0.05). This supports evidence
presented (Duarte and Kalff 1986) that the relationship between slope and
maximm submerged biomass is independent of nutrient levels.

The growth response in shallow sites was proportionél to the

control bicmass (1:2= 0.50), and no effect of morphometric factors
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was noted:

Growth increase = 33.9 + 0.65 (47.7) control biamass (4)

r?= 0.50; E.M.S. 917.3; N = 56
this indicates that, in contrast to the plants at 2.5 m, where response to
nutrient additions was largely a function of the energy enviromment,
mutrient limitation per se controls submerged growth at 1.0 m. Coarser
sediments, lower levels of total phosphorus and organic matter in the
sediment (Table 1), and higher ligl;t in the shallower sites accentuate the
importance of nutrient limitation for growth. The marked response of
shallow water plants to mutrient additions (Fig. 3) indicates the
importance of erosion of fine materials by the combined effects of slope
and wave action (Hakanson 1977), which reduce effective mutrient levels in
these areas. Here, nutrient deficiency becomes more important to the plants
than the direct physical stress resulting from exposure to waves and
currents. Additionally, ice scouring in the spring may also be responsible
for sediment erosion. Further, the absence of a direct relationship between
plant response to fertilization at 1.0 m and exposure to waves suggests
that ice scouring in the spring, which is relatively hamogeneous around the
lake shore, may have a greater influence on sediment erosion than wave
action. Although the amount of nutrients supplied was similar in all sites,
their dynamics may well have differed depending on the wave intensity,
sediment grain size, and slope of the different locations. This lack of
precise control on the treatment variables may be partially responsible for
the error remaining in the analysis.
In sumary, nutrient limitation of submerged macrophytes growth in

this lake'can be demonstrated at the two depths studied. However, the

extent of this limitation differs between shallow and deep sites and varies
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with the degree of physical stability of the littoral zone. In contrast to
the idea that direct physical disturbance by wave action controls
macrophyte bicmass in lacustrine littoral regions (Jupp and Spence 1977,
Spence 1982), these results implicate nutrient limitation as the proximal
regulating factor. It appears that wave action at the shallow sites results
in the erosion of fine grain particles and associated nutrients, enhancing
nutrient limitation of growth in these sites. On the cother hand, the direct
physical stress produced by wave action, together with the degree of slope
and light levels appear to contrilute to growth regulation at the depth of
maximm biomass (2.5 m).

The field sites in this study represent wide ranges of wave exposure,
littoral slope ard sediment characterisitics. Thus the results presented
here should be applicable to other oligotrophic or mesctrophic lakes. A
model developed from similar field data in Iake Memphremagog and predicting
the maximum biomass of submerged plants as a function of littoral slope was
found applicable to other temperate lakes (Duarte and Kalff 1986).
Extrapollation fraom our experiment suggests that the macrophytes of large
lakes with high wave action and steep slopes should respond less to
sediment nutrient enrichment at the depth of maximm biamass than those in
smaller lakes or well protected bays with similar light levels, whereas the
response in shallower zones would not be influenced by lake size. The
effect of lake water enrichment through cultural eutrophication will differ
from that of sediment enrichment. All the available evidence irdicates that
submerged biomass will be severely reduced by the decreased light
penetration associated to the higher algal biomass characteristic of lake
water enrichment (Moss 1976, Mulligan et al. 1976, Twilley et al. 1985,
Duarte et al. 1986).

The lake littoral is a zone of great camplexity, where physical and
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chemical factors interact to produce very different responses to the same
disturbance. This experiment shows that submerged macrophytes can be
nutrient limited in oligotrophic or mesotrophic lakes, and suggests that
lack of success in abtaining significant correlations between nutrient
levels and macrophyte growth may be due to the modulation of this link by

physical factors like slope, wave action and light.
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QONCLIJSTON

The results in this thesis provide a new perspective on the ecology
of the littoral zone, emphasizing its camplexity in relation to the pelagic
zone. This camplexity is a consequence of greater habitat heterogeneity.
Littoral organisms live attached to a substrate, and are therefore affected
by the envirormental gradients associated with depth. These gradients are
normally disrupted in the pelagic zone by vertical mixing. Littoral
complexity is manifested in the relationships between submerged macrophytes
and envirormental conditions.

Whereas the cover of submerged or emergent macrophytes can be
estimated from the underwater light climate or from the climate and
morphometry of the lake respectively (Chapter I), the relationship between
macrophyte bicmass and envirommental conditions is more complex. The |
variability in submerged bicmass within a lake is primarily a function of
the littoral slope (Chapter II), while chemical properties of the water, in
particular total alkalinity, assume greater importance when the mean
biomasses of submerged macrophytes in different lakes are compared (Chapter
III). Although correlations between sulbmerged biomass and sediment
nutrients are weak, nutrient limitation of submerged biomass can be
demonstrated, at least in oligotrophic or mesotrophic lakes (Chapter 4).

The models produced in this thesis allow the prediction of the area
covered and the biaomass of aquatic macrophytes. However, the main
contribution of this work is not its applicatién to prediction, because the
accuracy achieved is insufficient for most uses of the models in
management, but rather the complete view of the importance of different
factors to the determination of macrophyte abundance provided by the
models. In this respect, the importance of littoral slope over sediment
conditions remains unexplained, however, I suspect that the strength of the
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relatiqnship between submerged biamass and littoral slope results fram the
role of littoral slope as a integrator of many influences. Littoral slope
influences the stability of the sediment; it correlates with many sediment
characteristics; it also influences the mobility of sediment particles in
the littoral zone; it modulates the energy discharge of waves; and it may
also be related to the patterns of groundwater flow. Consequently, it is
unlikely that the study of the relationships between submerged biomass and
these processes, considered in isolation, will be as powerful as the
relationship to littoral slope, which effectively summarizes all these
processes and their interactions.

The new perspective on the ecology of aguatic macrophytes steming from
these results is a consequence of the extensive use of field data. Field
data allow the identification of important factors (such as littoral
slope), whose indirect but multilevel influence on macrophyte ecology would

remain hidden in laboratory studies.
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APPENDIX A. Raw data on macrophyte, sediment and site characteristics of
the sites sampled in lLake Memphremagog in 1984 (Chapter 2). Wc is the
sediment water content in %; Orgm is the percent organic matter in the dry
sediments; T.P. is the sediment total phosphorus concentration in mg g dry
wt™1; Depth is the water depth of the sampling location in m; Bio is the
maximm biomass of submerged macrophytes in g fresh wt. m™2; Slope is the

littoral slope in percent; and Fetch is the weighted effective fetch in m.
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Bio Slope Fetch Orgm 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 - 1450 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 16,40 187,00 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 0.57
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 0.00 30,30 2300,00 154,40 3.00 .
18,67 0.00 18,20 4425,00 1.97 4,50 N
97.05 0.00 25,20 511,00 41,99 3.00 .
35,26 0.00 14,00 2108,00 2.84 3.50 .
27.76 0.00 19.40 6445,00 2,57 3.00 .
33,06 0.00 12,00 4435,00 2,60 3.50 .
64,48 0.00 13,30 9890,00 8.44 2,00 .
24,74 0,00 18.00 5887.00 1.37 2.75 .
25,99 0,00 29,70 4724,00 3.61 4,00 .
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APPENDIX B. Raw data for the submerged biamass, and lake and site
characteristics of the 25 lakes sampled in 1985 (Chapter 3). Slope is the
littoral slope in m of vertical change per horizontal m; Fecth in the
effective area in Km?; Alk is the total alkalinity in my Cac0; 171; Secchi
is the Secchi disc depth in m; Depth is the sampling depth in m; and Bioc

is the biomass of submerged macrophytes in g. fresh wt. m 2.
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Slope Earea 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 46442
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 0.72
0.086 1,16 1,97 37.72 2,96  0.69
0,086 1,16 1,97 66464
406 0,082 1,99 3,05 47,54  6.86 0,72
o~ 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
0.015 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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26.15
26.15
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42,87 6,11
38.5
19,12 1.83
25,41 2,52
17,67 1.86
20.4
25,61
25,61
25,61
25,61
21,37
21,37
21,37
21,37
69.69 18,33
Ti.41 17.94
65,82 17.37
75,36
49,06 3,79
44,81 3,55
49,16 3.62
69.14
40,81
40,81
40.81
40,81
73 15
60.7 10.8
59.7 9
54.3 8.8
72,46 23,85
64.21 11,06
70,23 11.25
49,12 6.14
65.6 14,5
63,2 14,9
40,88
40,88
40,88
40,88
57,02 8.39
57.02 8.46
57.02 10,22
57,02
37.49
37,49
37.49
37.49
26.8
26,8

0.5631

0.5620
0.4394
0.2877

1.06
1.09
1,07

0.676
0.681
0.663

1.1609
1,0863
1.0863
1.1808
0,84
0.92
0.86
0.85

1.,5332°
1.5314
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0.0113 11.54 14,75 26,8
0,0113 11,54 14,75 26,8
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 38,13 118,5 66,7
0.057 7.48 8,13 118,5 66.7

95 0.118 12,29 14,04 1422 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 3l.4
0.041 13,96 15,02 96.2 3l.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
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L 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  4b.4
0 0 1 2 55,08 9,67 45,41 27.11 0,51 31.67
0 o0 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 1. 0 o0 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 O 1 4 331,38 1.85 226,51 150.87 0 150,87
486 0 O 1 1

0 0 1 2

0 0 1 3

0 0 1 4
Green P, 0 O 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 0.5 20.67

0 0 1 4
133 1 0 1 1 109.16 0 109.16 78.75 0 78,75
1 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 o0 1 4 75.82 0 75.82 29.67 0 29.67
406 1 O 1 1 0 0 0 1.66 0 1.66
1 0 1 2 31,51 - 1.34 30,17 16.81 0 16,81
g’“ 1 0 1 3 17,95 0 17.95 6.63 1.32 5,31
| — 1 O 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 O 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
0o 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 24,42 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
o~ 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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0
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0
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0
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0

0
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APPENDIX C. Raw data for the sediment fertilization experiment (Chapter
4). The 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 change
per horizontal m; Earea is the effective area in.kmz; Fecth is the weighted
effective fetch in km; S. depth is the sediment depth in am; Wc is the
percent sediment water content; Org. is the percent organic matter of the
dry sediment; TP is the sediment phosphorus concentration in my g dry wt™;
St is the slope treatment (O, gentie slope; 1, steep slope); Ft is the
wave exposure treatment (0, protected; 1, exposed); Depth is the depth
treatment (0, 1.0 m; 1, 2.5 m); Plot is the replicate number; Fert
indicates that the plot received fertilization; Biomass is teh total
submerged biomass in the fertilized plots; Bioper is the overwintering
biomass in the fertilized plot; Bicann is the annual biomass in the
fertilized plot; and Bioc, Biocp and Bioca are the total, overwintering and
annual biomasses in the paired control plot. All plant biomass in g. fresh

wt. 0.25 m 2.
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Slope Fetch Alk Secchi Depth Bioc
0,097 14,54 45 4,3 4,25 1864,318
0.147 2,62 45 51 4,25 573.5
0,066 15,67 45 «3  5.75 507.3351
0.097 14,54 45 «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
0.058 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 .51 9,25 29.3
0.008 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 5425 0

0.0747 17.14 24 8.5 5425 0

0.05 7.1 45 5.8 4,75 0
0.011 24 2647 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
0.326 0.636 18,23 7.8  3.25 0
0,035 8.3 45 5.8 5475 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 7475 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 5.8 5.75 0
0.286 0,085 14.6 2 5,25 0
0,206 0,219 27,7 3.6 3475 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 0.8 31,19 3.1 7.75 0
0.3 0.39 8,53 3,98 6.75 0

0.0676 0.,7719 45 3.5 4425 0
0.063 15,368 45 3.5 5475 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
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0.04 10,3 32,3 3.75 0
0,042 4,3 45 5 5,25 0
0.204 0,022 18,23 7e 7475 0
0.085 0,05 9.83 2.3 3.25 0

0.0751 0.679 35 5. 5425 0
0.0218 0.29 50 3. 6.25 0
0.308 0,116 18,23 7. 8.75 0
0.155 4,67 70 4, 3.75 0
0.1957 0,085 14,6 6.75 0

0.00177 0,0929 44,16
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1.25 645,8815

0.0126 2.6 39 2. 0.75 420,7867
0.004 36,9 24 8. 5.75 86.,17312
0.004 36.9 24 8, 2,25 401,7861

0.0031 0,0929 44,16 0,7 1.25 541,9822
0.002 0,52 78 0. 1.75 565,51

0.0076 0,84 31.19 3. 1.25 548,.5035
0.096 0,29 50 3. 1.25 202,3064

0.0031 0,0929 44,16 0.7 1.75 243.9315

0.01 1 70 4, 1.75 1864,318
0.0066 0,0929 44,16 0,7 1.75 84,53309
0.01 1 70 . 3.25 2973,.187
0,004 36.9 24 . 1,75 244,9207

0.0066 0,0929 44,16 0,7 1.25 32,29090
0,004 36,9 24 . 2,75 500,5719
0.004 36,9 24 . 4,75 287,635

0.0169 53,67 24 . 5.75 119.245
0,002 0,52 78 . 1.25 1022,275

0.01 1 70 . 2,75 3207,34
0.01 1 70 2.25 2104,.44
0.004 36.9 24 . 6.75 17.28222

0,0077 2,6 39 . 2,75 727,1202

0.0169 53,67 24 N 6.25 44,44

0,0127 4,79 24 . 5.75 20,2317

0,01 1 70 . 3.75 1949,.616
0.015 8,19 70 . 1.75 324,9049

0,0077 2.6 39
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0.0164 13,61 32,3 2,75 0
0.02 10.3 32,3 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 1,75 750,5131
0.,0146 2.6 39 2.9 3.75 246,0284
0.0218  0.29 50 3.4 0,75 611,3854
0,008 0,29 50 3.4 1,25 231,9716
0.004 3649 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 3. 1.25 26,64
0.009448 9.5 21,7 4, 0.75 17.76
0.0244 34 26,7 1. 3.25 0
0.004 36,9 24 8. 6.25 0
0.0095 1.28 44,16 0,7 1.75 186,5516
0.0177 8,53 24 8. 2.25 3,088695
0.015 8,19 70 4, 1425 253,8454
0,023 0.39 49 4¢25 0
0.004 36,9 24 4,25 26,9756
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0.0076 0.84 31,19
0.0126 2,6 39

8

3 1.75 1159.655

2
0.065 0.169 35 Se

4

8

2.25 1689,592
2,75 102,9328

0.017 3 45 . 1,25 100,2673
0.004 36,9 24 . 5.25 282,2458
0.0164 13,61 32,3 2425 31.99905
0.011 24 26,7 1. 1,25 197,6164
0,0169 53,67 24 8, 6.75 80,92679
0.004 36,9 24 8. 7475 0
0,023 10.3 32.3 3.25 23,68
0.0077 2.6 39 1.25 1147

2
0,0169 53.6 24 8
0.0127 4,79 24 8
0.0169 53,67 24 8
0.023 10.3 32.3

1,75 96,41711
0.75 31.42153
2.25 105,4926
2,75 30,51825

0.011 1.826 50,4 2, 2,25 107,0218
0.019 62,7 26,7 1. 2,75 33.09422
0.0244 34 26,7 1. 2,75 196,563
0,012 1,43 23,66 2. 1,25 23,63873
0.012 1.43 23,66 2, 1.75 41,44159
0,065 0,169 35 5. 3.25 82,29733
0.008 0.29 50 3. 1.75 711,8061
0.0076 0.84 31.19 3. 0,75 0
0.0127 4,79 24 8. 2,75 462,6551
0.0127  4.79 24 8, 2.25 539.2376
0,03 8.7 21,7 4, 3.25 0
0.096 0.29 50 3, 2425 626.,9595 °
0.0178 2.6 39 2, 2,75 512,8477
0.0127  4.79 24 8. 3.25 1211.291
0.023 0.29 50 3. 1.25 157,.,4765
0.0113 0.39 49 1.25 978.3138
0,011 24 26,7 1. 1,75 424,2047

1.25 69,55164
4,25 271.6516

0.0239 0,085 14,6
0.026 0,48 21,6 5

—

0.015 3.63 21,7 4, 1,75 98,37377
0.01 0,157 23,66 2. 2,25 284,7635
0.0034  0.32 78 0. 1.25 926.2276
0.0129 3.826 50.4 2. 2.75 52,67581
0.0244 346 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
0.011 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 1425 532,3162
0.0798 3.7 45 5.8 1.25 165,4711
0.,0177 8,53 24 8,5 1,75 0
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4,25
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2,25
3.25
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1146.033
95,46542
291.576
83.18447
62.12405
58.40861
866.1019
41,36778
598.1256
55.15703
291.3354
351,097
407.4226
664,4401
382.5744
562.3779
2417,752
1145.536
1145,455
141,849
781.8644
862.1928
80.92679
0

44,44
11.53065
1038.789
1585484
1420,841
265.0983
153.1909
361,1227
0.7104
16.54711
1557.532
50,9764
23.47319
481,449
112.7136
0
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240,7377
0
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29,3
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0,0189 9.5 21.7 4 1,75 117,4538
0.,0155 24,19 45 Se 1,25 3,946666
0.023 0.39 49 3.25 645.6657
0.,0235 17.48 45 3,5 3.25 858.6234
0.018 31 26,7 1. 3.25 0
0.015 3,63 21,7 4, 2,25 27.25202
0.02148 16,5 45 2,5 2,25 933,0649
0.096 0,29 50 3. 2,75 1269,12
0.019 62,7 26,7 1, 2.25 82.73555
0.023 6,96 21,7 4, 2425 22,79943
0.023 10.3 32,3 2,25-77.,5339%4
0.0326 24,06 24 8. 1.25 163,4366
0,029 1,16 24 8. 0.75 24,35149

0.0239 0,085 14,6
0.,0239 0,085 14,6
0.277 10.8 45 3

3.25 7,269092
1.75 99.36229
4,25 62,43206
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0.0169 53,67 24 8. 3.25 144,6957
0,02 10,3 32.3 2,25 12,22604
0.0166 0,39 49 1,75 1841,.339
0.0378 11,54 45 3,5 3.25 383,9544
0.016 1.668 50,4 2. 0.75 576.1368
0.,0129 3,826 50.4 2. 1.75 1621,337
0.,0169 53,67 24 4, 9.75 29,3
0.0169 53,67 24 8. 8.25 22,22
0.0169 53,67 24 8. 7475 b4 44
0.0216 0,39 49 2,25 908,1686
0.0164 13,61 32,3 1.25 124,133
0.0235 17,48 45 3. 3.75 346,4406
0.023 6.96 21,7 4, 1.25 0
0.0216 0,39 49 1.75 1331.912
0.02148 16,5 45 2.5 2.75 387,.8549
0,023 0,39 49 3.75 116,4487
0.017 3 45 4, 4,25 325,9444
0.0589 0.679 35 5. 1,25 641,6347
0.0169 53,67 24 8. 3.75 532,7136
0.,0448 26,15 45 3,5 3.75 21.58048
0,011 24 26,7 1. 3.25 32.,19500
0.0235 17,48 45 3,5 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
0.008 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
0.,0178 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 2,5 1.75 404,4095
0,023 0,39 49 1,75 1451,205
0.024447 1,478 23,66 2. 1.25 47,40104
0.017 3 45 4, 2,75 1436,757
0.1211 20,48 24 8. 4,25 16,18536
0.0076 0,84 31,19 3. 2,25 341,1191
0.0458 2,56 45 5. 4,75 418,7613
0.0155 24,19 45 S 4,75 250,0454
0.0178 2.6 39 24 1,25 839,7362
0.,0244 34 26,7 1. 1,75 21,45926
0,03 8.7 21,7 b, 2.25 13.32
0.016 1,668 50,4 2, 2,25 760,5758
0.026 0,48 21.6 5.1 3.25 316,879
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0.,0507 12,61 24 5¢25 22,22

0.,0235 17,48 45 3,5 2,25 334,0832
0,0146 2.6 39 2. 2,75 217,0366
0.0178 2.6 39 2. 2,25 1218,.882
0.0282 10,21 70 4, 2.25 0
0.0282 10,21 70 4, 1.75 0
0.025599 10,21 70 4, 1.25 0
0.023 6.96 21.7 be 1.75 4,933332

0.02 10.3 32.3
0.026 0,48 21,6
0.019 62,7 26,7
0.277 10.8 45
0,023 0.39 49

0.0396 4,05 50.4
0.0277 18,18 45
0.017 3 45
0,023 0.39 49
0.023 10,3 32.3
0.0282 10,21 70
0.018 31 2647
0.016 1,668 50,4
0.022 0,84 24

1.25 59,4636
2.75 316,4101
1,75 105,1345
1.25 10,92923
2,25 1523.615
3625 0
2,25 416,7745
3.25 2392,749
2,75 1164,211
1.75 8.054447
2.75 0
2,75 63,37682
1.75 1340,003
2,75 132,3719
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0.052 5,38 24 6425 0
0.0169 53,67 24 . 7.25 8.888
0.0279  1.69 24,39 . 1.75 0
0.0279 1.69 24,39 . 2,25 0

0.015 3,63 21,7 . 3.25 20,13612

0.277 10.8 45 3, 2,25 46,8
0.0346 6,24 23,66 2. 2.25 35,52000
0.0146 2.6 39 2. 2.25 587.8938
0.0177 8,53 24 8. 3.25 8,88

0.093 0.827 39.83 1.75 29.42569

0,096 0.29 50 3. 3.25 1503,745

0.277 10.8 45 3, 2,75 10,02708
0.0239 0,085 14,6 2,75 13,21078
0.,0166 0.39 49 2,25 2753.,035
0.,0279 1,69 24,39 6. 2.75 0

0.035 8.3 45 5. 3.25 113.0115

0.042 4,3 45 5. 1.75 60.86763

0.022 0,84 24 8. 2,25 34,48337
0.0282 10,21 70 4, 4,25 0
0.0282 10,21 70 4, 5,25 0
0.0244 34 26,7 1. 1.25 44 .4
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0.01
0,0282
0.0282
0.0215
0.0287

0.026
0,0207
0.0282
0.0159

0,026
0.0235
0.0277
0.0166
0.0756
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0.0516
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0.,02148

0.0448
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0,206
0,206
0,206
0,206
0.206
0,206
0.206
0.206
0,088
04095
0.0859
0,198
0,198
0.198
0,206
0.2154
0,147
0,253
0.043
0.325
0,253
0,253
0.154
0.253
0,155
0.136
0,286
0.286
0.172
0,204
04204
0.147
0.253
0.206
0,093
0.0599
0.209
0.209
0.209
0.088
0.206
0.206
0.206
0.206
0.206
0.171
0.0414

6.3
0.636
4,67
4,02
0.827
1.22
0,219
0,022
0.022
0.865
0.865
0.865
0,865
0,865
0.865
0.865
0,865
1.8
3.03
2.358
0.39
0.39
0.39
0.865
5.29
2,62
1.16
1.2
0.858
1.16
1.16
6.3
l.16
4,67
0.39
0.085
0.085
12,29
0,022
0.022

» 2462

1.16
0.865
29.17

1,92
0.085
0.085
0,085

1.8
0,865
0.865
0,865
0.865
0.865

5.7

1.92

45
18,23
70
23,66
39.83
39.83
27,7
18,23
18,23
24,39
24,39
24,39
24,39
24,39
24,39
24,39
24,39
45
23,66
45
8,53
8.53
8.53
24,39
45

45

45

45
31.19
45

45

45

45

70
8.53
14,6
14,6
45
18.23
18,23
45

45
24,39
45
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3.25
2,25
1.75
3.75
3.75
4.75
2.75
6.75
3.25
3.25
0.25
6.25
7.75
1.25
4,25
5.25
2.25
1.75
2.25
3.75
4425
2,25
5.75
0.75
0.75
3.75
3.25
3.25
2.75
0,75
5625
4,75
1.75
3425
4,25
1.25
2,25
2475
4,75
5.75
2425
4,25
6.75
4,75
4,75
4,25
6.75
5.25
2,25
4,75
5.75
1.75
3.75
2.75
1.75
3.75

0

0
53.95119
0

0
188,616
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255,4632
0
0
125.2583
0

0
0
0
0
0
0
106.56
0
0
0
0
0
0
7
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0.198
0.198
0.3
0.198
0.198
0.0747
0,209
0,197
0,197
0,197
0.197
0.209
0.211418
0.227
0.0962
0.0962
0.,0962
0.0962
0.,0962
0.0962
0.0962
0.0962
0,043
0.2154
0.308
0.204
0.1957
0,21
0.1957
0.1957
0,204
0.28
0,122
0.253
0,325
0.3
0.0159
0,042
0.122
0,0458
0,204
0.28
0.0233
0,227
0.308
0.204
0.043
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0.39
0.39
0.39
0.39
0.39
17,14
0.085
0,679
0.679
0.679
0.679
0,085
0,085
0.452
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
1.2
5.29
0.116
0,022
0,085
0,085
0,085
0.085
0.022
15,46
0.8
1.16
0.858
0.39
0.729
4.3
0.8
2,56

0,022

15,46
4,02
0.452
0.116
0,022
1,2
0.39
0.39
0.39
0.39
0.39
0.39
0.08
0.08
0.08

8.53
8,53
8,53
8,53
8.53
24
14,6
35
35
35
35
14,6
14,6
35
50
50
50
50
50

50

50
50

45
45
18,23
18,23
14,6
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14,6
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45
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45
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4.75
1.75
1.25
0.75
3.25
3.75
3.25
4.25
3.25
5¢25
1.75
1.75
0.75
4,75
1.25
3.75
6.25
8.25
5425
4,75
7.25
2,75
2,25
1.75
2,75
2.75
1.75
0.25
4425
5425
1.25
1.75
1.25
2,75
1.75
4,25
2,25
7425
2425
0.75

:3.75

4,75
3.25
3.25
0.75
2.25
3.75
4,75
0.75
2,75
5.75
1.75
3.75
2,75
0.75
3.75
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97.88853
0
0
0
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00346 0,08 7.2 4.2 4,75 0
| 00346 0,08 7.2 4.2 1.75 0
g::} 0.2154  5.29 45 5.8 0,25 0
0.154 6.3 45 4,43 6425 0
0.035 8.3 45 5.8 6425 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, 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
0,183  3.29 19.2 3.2 3.25
0,183 3.29 19.2 3.2 4,75
0,183 3.29 19,2 3.2 5,75
— 0,183  3.29 19.2 3.2 4,25
- 0,183 3.29 19,2 3.2 5.25
0.28 15.46 45 4,3 0425
0.28 15.46 45 4.3 5,25
0,325 0.858 31.19 3.1 1.25
0,057 1,69 24.39 6.5 4,25
0,052 4.3 45 5.8 0,25
0,308 0.116 18,23 7.8 6425
0.0962 0.29 50 3.4 3.25
0.0962 0.29 50 3.4 5.75
0.0962 0.29 50 3.4 4,25
0.0962 0429 50 344 6475
0,28 15.46 45 4.3 3,25
0.088 , 1.8 45 3.51 3.25
0,204 0.022 18.23 7.8 5.25
0.204 0,022 18.23 7.8 0.75
0,204 0,022 18,23 7.8 6425
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
0.253 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 4425 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
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
0,062 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 0.8 31,19 3,1 0.75 0
0,19 0.84 31,19 3,1 3,25 0
0.19 0.8 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 0.8 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 5.1&4 4,25 0
0,629 0.9 21.6 5.1&4 1,75 0
0.05 0.29 50 3.4 2,25 17,76
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 26 8.5 6.25 311,08
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0.389 30,89
0.294 0,832
0.294 0,832

24
18,23
18,23
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0.75
0.75
4,75





