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Abstract. For a lake-wide investigation of littoral sur-
face sediments, we collected approximately 800 samples
from Lake Constance along 235 parallel transects of 1 km
distance along the shore at water depths of 1, 2, 4 and
8 m. Sediment samples were analyzed for the presence of
spatial patterns in mineralogical and granulometric com-
position and contents of carbon and sulphur, with the pur-
pose of identifying general and lake specific processes
that contribute to the observed patterns. In particular, we
wanted to test if the general factors known for contribut-
ing to littoral sediment composition could be revealed by
spatial modeling of a dataset based on a systematic sam-
pling scheme. Explanatory variables for a regression
model were derived from GIS-analyses of the dataset, and
also from other available data on Lake Constance. High-
est levels of variance explained by the model (30—40%)
were reached for the parameters calcite, clay minerals,
sulphur and inorganic carbon content. Regional patterns
in sediment composition, described by the proportion of
explained between-transect variance (VE,) in the model,

are explained by up to 70%. The observed east-west gra-
dient of mineralogical sediment composition is ascribed
to the respective regional patterns of allogenic and endo-
genic sources. Allogenic minerals such as clay, dolomite
and quartz dominate the littoral surface sediments of the
eastern part of the lake and the areas near river mouths.
Endogenic minerals like calcite dominate the littoral sed-
iments of the western parts of the lake, reflecting internal
process of biogenic carbonate precipitation that corre-
sponds to the distribution patterns of submersed macro-
phytes (particularly Charophytes).

This study confirms the major factors contributing to
littoral sediment composition found in previous studies.
However, their explanatory power for spatial patterns of a
specific lake will be weak if respective spatial patterns of
influence are neglected. The present study provides a
guide to future sampling schemes and corresponding spa-
tial statistics for lake specific application of general mod-
els. It also provides a basis to support engineering deci-
sions for specific lake development.
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Introduction

Littoral sediment composition is determined by the geo-
logical composition of the drainage area, morphological
features of the shoreline and biological, physical as well as
chemical processes in lakes. According to the source, min-
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erals can be classified as allogenic, endogenic and authi-
genic (Jones and Bowser, 1978). Littoral surface sediments
are influenced by external processes such as river transport
from the catchment (Miiller, 1966a). Effect of river input
may differ substantially depending upon both the rate of
discharge and the relative quantities of bed and suspended
load (Sly, 1978). Non-clay clastic minerals consisting
principally of quartz and feldspar reflect sediment source
and transport, and contribute mainly to the allogenic sed-
iment fraction. These minerals are particularly useful for
determination of source and the evaluation of physical
processes within a lake (Jones and Bowser, 1978).

Carbonate minerals constitute another important frac-
tion of many lake sediments. They can derive in signifi-
cant quantities from all three sediment sources (Jones and
Bowser, 1978; Kelts and Hsti, 1978). Limestone detritus
in Alpine alluvial fans and in the Molasse beds of adja-
cent regions, can account in large part for the carbonate
sediments of prealpine lakes (Miiller, 1966a). Internal
lake processes such as accumulation of mollusc shells
(Brown et al., 1992), calcite precipitation from pelagic
algae (Kiichler-Krischun, 1989) or littoral macrophytes
(Schottle, 1969; Jones and Bowser, 1978; Kelts and
Hsii, 1978; Schroder, 1982) contribute to the endogenic
sediment fraction. Littoral macrophytes also contribute to
the organic fraction of littoral sediments indicated by or-
ganic carbon and sulphur content. Anaerobic conditions
associated with organic decay, promote the development
of H,S as well as iron reduction, and facilitate the genesis
of pyrite minerals (Jones and Bowser, 1978).

The spatial distribution of littoral sediment compo-
nents is modified by shore erosion and transport by wave
action (Sly, 1978; Jones and Bowser, 1978; Petticrew and
Kalff, 1991). For instance, the decay of organic matter
produced in the littoral zone only takes place in protected
littoral areas; in exposed areas, it is transported onshore
or to deeper parts of a lake. Influence of waves is deter-
mined by the effects of fetch, duration, incidence, and ba-
thymetry. Sediment response to the imposed shear stress
is itself controlled by grain size, cohesive strength, and
bed form (Sly, 1978). The occurrence of sorted course
sands and gravels is largely confined to shallow water
areas (Sly, 1978). Beaches and other areas subject to
strong current action favor the resistant minerals, chiefly
quartz; whereas the accumulation of organic material,
clay or precipitate minerals takes place under relatively
static conditions (Jones and Bowser, 1978). Macrophytes
affect granulometric composition by reducing currents
and wave action during the growing season, thereby fa-
cilitating particle sedimentation (Schroder, 1988; James
and Barko, 1990) and the protection of shore areas from
erosion (Schroder, 1982; Vermaat et al., 2000). The rela-
tive importance of endogenic and allogenic processes
might be estimated by the quantitative mineralogy of sed-
iments (Jones and Bowser, 1978).

Littoral sediments of Lake Constance

The scope of this study was to provide a detailed
overview of littoral surface sediment composition of Lake
Constance on a regional scale and to identify general and
lake specific factors and processes that contribute to the
observed patterns. Littoral sediment composition was
modeled previously (e.g. Petticrew and Kalff, 1991), so
that general factors contributing to sediment composition
are known. However, the authors selected a relatively
small number of spatially independent sample sites with
a wide range of proposed variables for the model. The rel-
ative contribution of different factors to littoral sediment
composition is strongly dependent on lake specific and
site specific variation. Thus, lake specific applicability of
these models is limited.

The present study employed a more comprehensive
sampling scheme with systematic coverage of the shore-
line and the respective spatial patterns in sediment com-
position. This scheme allows a neutral assessment of the
explanatory power of different environmental variables
relative to environmental variability. Moreover, we as-
sessed the importance of different variables accounting
for spatial autocorrelation, thus yielding valid signifi-
cance tests. In particular, we wanted to test if the general
factors known for contributing to littoral sediment com-
position could be revealed on the basis of a systematic
sampling scheme. Furthermore, the contribution of major
variables to the observed variance in sediment composi-
tion was evaluated, thus providing a better understanding
of the processes in the littoral zone of Lake Constance.
By including spatial variables in the models and allowing
for spatial autocorrelation, the regional differences in the
influence of sediment constituting variables can be de-
tected. In addition, this study served as a basis to investi-
gate factors explaining the spatial distribution of sub-
mersed macropyhtes done by Schmieder and Lehmann
(2004).

Study area

Lake Constance is the second largest prealpine European
lake next to Lake Geneva. The lake is traditionally di-
vided into an Upper Lake and a Lower Lake (Fig. 1). The
water body is strongly affected by wind-action, with
strong winds mainly coming from the southwest (Miih-
leisen, 1977). This pattern contributes to the presence of
extended littoral areas exposed to this wind direction.
Lake Constance is a phosphorus-limited, mesotrophic
hard water lake with biogenically induced calcite precip-
itation. The total catchment area of 11,500 km? is ap-
proximately 20 times the size of its lake surface area and
is distributed over three countries: Switzerland with
Liechtenstein (48% of the area), Germany (28 %) and
Austria (24%). Over 90% of the water flow originates
from the Alps and reaches the eastern part of the Upper
Lake through three inflows: the Rhine River (“Alpen-
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Figure 1. Map of Lake Constance with country borders (D = Germany, CH = Switzerland, A= Austria), cities and main tributaries.

rhein”), “Bregenzerach” and the “Dornbirnerach”. Geo-
logically, the lake basin is situated in the molasse basin
of the northern alpine foothills and was mainly formed
by water and ice activity during the last Quaternary
glaciation period more than 15,000 years ago. After the
withdrawal of the ice, eroded material from the alpine
and subalpine catchment area entered Lake Constance
through the Rhine River and smaller tributaries. Major
lake deposits are gravel and suspended matter from
the Mesozoic carbonates and metamorphic layers as
well as tertiary sandstones from the northern alpine re-
gion.

Materials and methods

Sediment sampling

From July to September 1993, samples of the surficial
sediment were taken with an Ekman-Birge sampler on
235 parallel littoral transects 1 km apart along the shore
at water depths of 1, 2, 4 and 8 m. In cases where pene-
tration of the sampler was not possible due to dense sub-
mersed macrophytes or coarse gravel, collection of sedi-
ments was attempted by snorkeling. Failure of the sam-
pler led to missing values in the data set. Missing values
also arose from shore depositions and shore constructions
that, in particular, covered several sample locations at 1 m
water depth. Samples were stored in sealed plastic cases

in a cool box and transported to the laboratory where they
were frozen until further processing.

Sediment analysis

Grain size analysis of the sand and gravel fraction were
performed by gravimetrical sieve analysis with a RETSCH
VE 1000 sieving machine (RETSCH, Haan, Germany)
filled with 200 x 50 mm sieves according to the German
laboratory standard DIN ISO-3310/1. The silt and clay
fractions were identified by laser optical particle counter
analysis with a GALAI CIS 1 (LOT ORIEL, Darmstadt,
Germany). For detailed description of the procedure see
Schmieder et al. (2004). Determination of carbon and sul-
phur was performed from the dried silt-clay fraction (dry-
ing temperature: 60 °C). Samples were pulverized and
homogenized in a mortar mill (FRITSCH Pulverisette
2, FRITSCH, Idar-Oberstein, Germany). Mineralogical
powder analysis after Debye-Scherrer (described in Miiller,
1966b) was performed with a SIEMENS Kristalloflex D
500 x-ray diffractometer using an angle range of 4 to 70
degrees. By referring to the precisely measured contents
of inorganic carbon, the proportion of the carbonate min-
erals, calcite and dolomite, could be quantitatively deter-
mined from the height of the measured reflection peaks.
The amount of silicate minerals (quartz, clay minerals
etc.) was semi-quantitatively described by comparing
their peak heights with those of carbonate minerals.
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GIS procedures

Analytical data were entered into the spreadsheet pro-
gram MS Excel and integrated into the data base of a Ge-
ographic Information System (GIS, ARCGIS/ARCVIEW,
ESRI Kranzberg). The Northings and Eastings of the sed-
iment samples were obtained by intersecting the digitised
transect lines with depth contour lines from the digital el-
evation model of the lake (Braun and Schérpf, 1994). The
distance from shore of the sampling locations was auto-
matically calculated by the GIS in the course of a spatial
join operation of the datasets of the sample locations and
the shoreline. The explanatory variable “abundance of
Chara contraria” was added to the dataset by intersecting
the sediment dataset with the dataset of plant distribution
(Schmieder, 1997; 1998). The explanatory variable “ef-
fective fetch distance” (hereafter EFD) was calculated
using an ARCVIEW script (Lehmann, 1998).

Statistical analysis
Data were analysed by multiple linear regression using
sediment parameters as the response variables (Table 1).
Mean total grain size (MEANTOT; see Table 1) was com-
puted as (@16 + @50 + P84)/3, where Pp is the p-per-
centile of the grain weight distribution (Folk and Ward,
1957). We transformed most response variables (Table 1)
to achieve approximate normality, as diagnosed by his-
tograms. For Pyrite, we deleted two outlying observations.
The following variables were used as explanatory
variables in multiple regression:
— Northings (V; km), standardized by subtraction of
mean
— Eastings (£; km), standardized by subtraction of mean
— Depth below mean water surface level (m)
— Distance from shoreline (m)
— Slope = depth/distance
— EFD (Hakanson and Janson, 1983; in m; divided by
1000)
— Abundance of Chara contraria in two classes:
Chara = 0: low abundance, Chara = 1: highly abundant

The explanatory variables were chosen to represent a
suite of processes in the lake connected with sediment
formation. Geographic coordinates are indirect variables
that refer to general spatial trends originating from: 1) ge-
ological differences of the shore areas, 2) the location of
tributaries as allogenic sources of littoral sediments, and
3) the prevailing direction of strong winds. EFD repre-
sents the amplitude of waves affecting the littoral surface
sediments in the respective wind direction. The wave
effect also depends on water depth, the distance from
shore and the slope of the littoral zone. The abundance of
the most common Charophyte Chara contraria in the lit-
toral zone represents the endogenic process of biogenic
carbonate production. The plants grow in dense mead-

Littoral sediments of Lake Constance

Table 1. Description of sediment parameters used as response vari-
ables and statistical transformation used to linearise the data.

Label Description Unit  Transformation
Calcite weight percentage % None
Dolomite % Square root
Calcite/ % Log
Dolomite
Quartz % Square root
Feldspar % Quartic root
(XOvZS)

Clay minerals % Square root
(Claymin)
Pyrite % None
Sulphur (S) % Log
Inorganic % None
Carbon (Can)
Organic % Square root
Carbon (Corg)
PCLT63 weight percentage

of grain size % Quartic root

fraction <63 pm (x9%)
MEANLT63 mean grain size of

the fraction <63 pm  pm  Square root
MEANTOT mean total grain size¢  pm  Log

ows, thus attenuating currents and wave effects during
their growth period and increasing the sedimentation rate.
Observations were modelled by

(M

where 1(x;) is a linear predictor depending on a vector of
explanatory variables (x;), £, is a random effect of the i-th
transect, and e;; is a random error term associated with the
j-th measurement on the i-th transect. To account for the
spatial nature in the data, we allowed for spatial autocor-
relation among all 7, effects according to the models given
in Table 2. All of these models assume that the covari-
ance, and hence the correlation, among two points i and i’
decays with their spatial distance d(i, i’). This pattern is

Y= ’Z(x[j) tite;

Table 2. Different variance-covariance structures for random ef-
fects (¢,) depending on the distance among two sampling locations.
d(i, ") = Euclidean distance among two sampling locations. 0 and
p are covariance parameters.

Name Model for covariance among points i and 7.
Power/ o7 pd 1)
Exponential
Gaussian 0% exp(-[d(i, )] p?)
3d(i, i d(i, )]
Spherical oz |1 —( &5 +Q> with d(i, ) > p
2p 2p}
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typical of spatial data and needs to be accounted for in
statistical analysis to obtain valid inferences.

These models were also tested for correlations among
residual error terms (e;) on the same transect. The best-
fitting covariance structure was selected based on the
Akaike Information Criterion (AIC). The AIC involves a
penalty term for the number of parameters that avoids
overfitting. A model with a small AIC-value is preferable
in terms of model fit (Wolfinger, 1996). All models were
fitted using the REML method (Littell et al., 1996). As a
first step, we assumed that 1(x;) comprised all explana-
tory variables, regarded ¢, as a fixed effect and selected
the best fitting model for e;. As a second step, we re-
garded ¢, as random and selected the best fitting structure
for #, assuming the structure selected for e; in the first
step. As a third step, we fitted and tested regression terms
based on the selected variance-covariance structures for
and e; using approximate Wald-tests (Wolfinger, 1996).
All regression terms were tested individually by t-tests,
except for the coordinates N and E which were tested si-
multaneously by an F-test with two denominator degrees
of freedom. We retained a term when it was significant at
the 5% level. In a few cases, a term was retained when the
p-value was just beyond the significance level, but the
term was deemed important based on subject matter
knowledge.

A multiple linear regression of a response y on east-
ings (£) and northings (N) defines a response-surface
(plane) in two-dimensional space. The direction of a ma-
jor trend in the response corresponds to the direction of
steepest ascent on the surface in the N-E-plane. If the
coordinate system is rotated to the right by an angle of
so that the axis for rotated eastings (E”) coincides with the
direction of the major trend direction, then the rotation
angle can be shown to be

By
-— 2
Be
where f; and B, are the regression coefficients corre-
sponding to £ and N, respectively. Thus, we regressed the
response on N and £ and then computed the axis of

major trend direction from (1). The rotated eastings and
northings are given by:

a=tan’!

E"=E cos(a) — Nsin(a) 3)
N = E sin(a) + N cos(a) 4)

Similarly, the regression coefficients for the rotated axis
Eis
Br = B cos(a) — By sin(a) (5)

The regression coefficient for the rotated northings is
zero, when rotation is according to (1):

By = B sin(a) + By cos(a) =0 (6)
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The fit of a multiple linear regression model is often
assessed by the coefficient of determination (R?). This
measure is not available in REML-based mixed model
analysis, which involves no sum-of-squares. We assessed
model fit by the reduction in the variance due to fitting
the regressor variables, i.e. we compute the “variance
explained” (VE) for random terms #; and e; as

2 _ 2
Oithour — Owith

VE = x 100% )

(o

without

where o2 is either o? (between-transect variance) or o2
(within-transect variance) or o2 + o2 (total variance). The
subscript indicates whether the variance is computed
based on a mixed model with or without the regressors.
Variance components were estimated by REML (Littell
et al.,, 1996). When the estimate for the numerator was
negative, it was set to zero.

Results

There was little if any autocorrelation among error terms
e; from the same transect. We therefore assumed inde-
pendent error terms throughout. In contrast, the sharp de-
crease for all traits in AIC of all spatial models relative
to the independent model provided strong evidence of
autocorrelation for the between-transect effect ¢, (Table 3).
Hence, autocorrelated models for ¢, were used for all
traits, the particular choice depending on the value of
AIC. Either the power or spherical model fared best, i.e.,
they showed the smallest AIC. Accounting for the spatial
correlation structure is important to obtain valid tests for
the explanatory variables.

The p-values of the Wald-statistics for explanatory
variables showed a diverse pattern (Table 4). The Depth
variable was significant for all parameters except Feld-
spar. EFD was irrelevant for mineralogical parameters
with the exception of clay minerals (Claymin) and quartz,
but significant for organic compounds (Corg, S) and
granulometric variables (PCLT63, MEANTOT). In addi-
tion to the mineral component, clay minerals also repre-
sent the fine grain (<2 pm) fraction. The Distance vari-
able significantly explained the values of the mineralogi-
cal parameters Calcite, Dolomite, log (C/D), Claymin and
Pyrite, and the inorganic carbon content (Can) and
MEANTOT. The Slope variable significantly explained
only the contents of Calcite, Quartz, Can and S. Chara was
found significant for the parameters Calcite, Claymin,
Can and the granulometric parameters MEANLT63 and
MEANTOT. The spatial variables N (northings) and E
(eastings) were significant in explaining the contents of
Can, Corg and S, and also the mineralogical composition,
except Feldspar. N and E did not significantly explain
granulometric parameters.
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Littoral sediments of Lake Constance

Table 3. AIC values of variance-covariance model for 7;, assuming errors e are independent (selected model underlined). AIC = LL —g¢,
where LLj is the REML log-likelihood and ¢ is the number of parameters in the variance-covariance model. If a parameter was estimated
to be zero, ¢ was reduced accordingly. The smaller the AIC, the better the fit of a model.

Calcite Dolomite log(C/D) Quartz Feldspar Claymin Pyrite
Power/exp. 5727.7 1286.2 1752.7 1317.6 308.0 1993.5 —1221.6
Gaussian 5740.3 1291.3 1763.8 1330.8 3222 1997.5 —1220.0
Spherical 5729.1 1285.3 1752.1 1315.6 308.5 1993.2 —1216.2
Independent 5784.9 1406.0 1859.7 1372.4 377.8 2033.5 —1214.5
S Can Corg PCLT63 MEANLT63 MEANTOT

Power/exp. 1272.1 507.7 470.2 1479.6 1631.2 1395.1
Gaussian 1273.1 519.8 471.8 1482.0 1639.7 1397.8
Spherical 1271.5 516.3 470.9 1542.6 1631.1 1402.6
Independent 1298.1 545.4 479.3 1540.7 1647.3 1412.8
Table 4. p-values of F-statistics for explanatory variables for variance-covariance models selected for #, in Table 3.

dfs Calcite Dolomite log(C/D) Quartz Feldspar Claymin Pyrite
EFD 1 0.1857 0.1047 0.0697 0.0213 0.6835 0.0144 0.5669
Depth 1 <0.0001 0.0160 0.0001 0.0020 0.8482 <0.0001 <0.0001
Distance 1 0.0196 0.0164 0.0010 0.0376 0.7334 0.0171 0.0196
Slope 1 0.0238 0.8173 0.3603 0.0008 0.3231 0.0512 0.2221
Chara 1 0.0154 0.5726 0.5914 0.1936 0.5812 0.0030 0.7185
N+ ES 2 0.0003 0.0264 0.0103 0.0001 0.5631 <0.0001 0.0210

dfs S Can Corg PCLT63 MEANLT63 MEANTOT
EFD 1 0.0125 0.3590 0.0013 0.0028 0.0548 0.0011
Depth 1 <0.0001 <0.0001 0.0001 <0.0001 <0.0001 <0.0001
Distance 1 0.2131 0.0338 0.6770 0.3429 0.1440 0.0156
Slope 1 0.0003 0.0070 0.7948 0.7833 0.9550 0.1448
Chara 1 0.1771 0.0053 0.8151 0.1092 0.0340 0.0317
N+ ES 2 <0.0001 <0.0001 0.0099 0.7166 0.4437 0.1215

$ df = degrees of freedom. § Joint test of northings and eastings.

Parameter estimates for fixed effects in selected mod-
els are given in Table 5. Between the estimated parame-
ters, some common patterns could be detected concern-
ing the composition of significant explanatory variables.
For example, Calcite corresponded to Can, the Corg con-
tent corresponded to S except for the variable of Slope,
and Claymin corresponded to MEANTOT, with the ex-
ception of Slope and E’. Considering the total variance
explained by the model (Table 6), the parameters were
grouped into 3 classes:

(1) Parameters with less than 10% VE, such as Dolomite,
Feldspar, Corg, PCLT63, and MEANLT63 were not
represented well by the model and were not described
in detail.

(2) Parameters reaching VE 10-30% were partly repre-
sented by the model, but major explanatory variables
seem to be lacking in the model, e.g., for the response
variables log(C/D), Quartz, Pyrite, and MEANTOT.

(3) Parameters reaching VE > 30 %, such as Calcite, Clay-
min, S, and Can were represented best by the model.

Calcite content increased with depth, distance from shore
and Chara density, and decreased with sediment slope
(Table 5). Spatial trends were given by the terms o and E’.
The rotation angle was o = —0.77, which is close to zero,
and the slope for E” was negative so the major trend of cal-
cite content was upward from east to west. Thus, the geo-
graphical trend basically followed the flow of water, as the
main tributaries enter the lake in the eastern part and the
outflow is located in the west part of the lake. The east-
west trend, with higher calcite contents in the west, is
clearly shown at 4 m water depth and below (Fig. 2),
whereas in more shallow sites this trend is not obvious. Al-
though the content of calcite increased with depth and dis-
tance from shore, EF'D was not significant in contributing
to the explained variance. The model predicted the calcite
content by the following equation (Table 4):

Calcite (%) = 42.48 + 1.18 Depth (m)
+ 0.82 Distance (m) — 0.21 Slope
+5.61 Chara — 0.5482 E’
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Table 5. Parameter estimates for fixed effects in selected model for variance-covariance models selected for 7, in Table 3.

Term Calcite Dolomite log(C/D) Quartz Feldspar Claymin Pyrite
Intercept 42.48 2.536 1.814 3.046 1.611 5.275 0.2409
EFD - - - 0.006251 - 0.04800 -

Depth 1.180 —0.02329 0.0457 —0.03185 - —0.07621 0.007138
Distance (m) 0.8203 —-0.03014 0.07120 —0.02673 - —0.05893 —0.00403
Slope -0.2173 - - 0.01319 - 0.01262 -

Chara 5.6076 - - - - —0.4582 -

E —0.5482 —-0.03503 —0.03926 0.02544 - 0.02777 —0.002134
a 11.66 -76.17 81.96 11.57 - 41.54 83.42
Term S Can Corg PCLT63 MEANLT63 MEANTOT

Intercept —-1.840 2.415 1.379 1.703 3.948 5.763

EFD —0.02958 - 0.01831 —0.04077 —0.02841 0.02348

Depth 0.03147 0.02684 —0.02576 0.05406 —0.03508 —0.07763

Distance (m) - 0.01720 - - 0.2359 —0.04296

Slope —-0.01259 —0.00600 - - - -

Chara - 0.1449 - - - —0.1761

E —-0.01560 —0.01447 -0.005517 - - -

a 51.25 -1.513 -11.98 - - -

Table 6. Variance component estimates in selected model with regressors and model without regressors (intercept only model) for variance-

covariance models selected for 7, in Table 3.

Parameter/ Calcite Dolomite log(C/D) Quartz Feldspar Claymin Pyrite
Statistic

o? (with) 97.79 0.2189 0.04609 0.2209 - 0.2438 0.001203
o2 (with) 182.51 0.2801 0.05508 0.2884 - 0.8685 0.008125
o? (without) 213.55 0.2312 0.05764 0.3769 0.04184 0.7710 0.002144
o? (without) 206.62 0.2894 0.06028 0.3065 0.06694 0.9422 0.008441
VE, 54.20 5.32 20.04 41.39 - 68.38 43.89

VE, 11.67 3.21 8.63 5.905 - 7.82 3.74

VE 33.29 4.15 14.20 25.48 0 35.07 11.88
Parameter/ S Can Corg PCLT63 MEANLT63 MEANTOT

Statistic

o? (with) 0.07634 0.04534 0.02027 0.1229 0.1011 0.09448

o2 (with) 0.2929 0.08901 0.09022 0.3368 0.4409 0.2875

o? (without) 0.2404 0.1151 0.02600 0.1508 0.1331 0.09376

o2 (without) 0.3045 0.1046 0.09627 0.3529 0.4522 0.3572

VE, 68.24 60.61 22.04 18.50 24.04 0

VE, 3.81 14.90 6.28 4.56 2.50 19.51

VE 32.24 38.85 9.63 8.74 7.40 15.30

The regression model explained 33 % of the total variance
(Table 5), indicating that 67 % of the variance remained
unexplained. The VE, value (54.2%) was much higher
than the VE, value (11.7%), thus the model explained
much better the between-transect variance than the
within-transect variance. A plot of observed versus pre-
dicted values for calcite (Fig. 3) showed numerous “out-
liers”, for which the observed values were much less than
the predicted. A map of the residuals that differed more
than 20% from the observed values suggested that these

sample sites were situated in close proximity to shore
constructions. This finding indicates that some distur-
bance of sediments occurred due to construction works in
shore areas.

The log (C/D) is a combined parameter of Calcite and
Dolomite; the VE value of the model was in between the
values of these parameters. Because of the very low VE
value of Dolomite, it was much less than that of Calcite.
The model of quartz retained all variables except Chara.
Explaining 25.5 % of the total variance, quartz content in-
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Calcite content in surface sediments at 4 m water depth
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Figure 2. Spatial pattern of calcite content at 4 m water depth in littoral surface sediments of Lake Constance.
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Figure 3. A. Plot of observed versus predicted values for calcite content with the 3-variable model (n = 762).

B. Map indicating the location of sample points where the difference between predicted and observed values constitutes more than 20 %.

creased with EFD and Slope, but decreased with water
depth and distance from shore. The spatial trend in quartz
content was opposite to that of calcite, showing concen-
trations decreasing from east to west. Clay mineral con-
tent (Claymin) increased with £FD, Slope and from west
to east, but decreased with water depth, distance from

shore and Chara abundance. The spatial trend is therefore
similar to that of Quartz. The model explained more than
35% of the variance in Claymin. The VE, value of 68.4%
was the highest found for all models used. Pyrite content
increased with water depth and decreased with distance
from shore and from north to south. The spatial trend is
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similar to that of log (C/D) and opposite to that of
Dolomite. Sulphur (S) content increased with water depth
and decreased with all other variables retained in the
model, such as EFD, Slope and E’. The rotation angle was
51°, indicating that the spatial trend in S content was
downward in a northwest — southeast direction. Sulphur
belongs to the group of four variables best explained by
the model. The VE, value was the second highest obtained
in this study. The content of inorganic carbon (Can) in-
creased with water depth, distance from shore and Chara
abundance, but decreased with slope and from west to
east. The rotation angle was —2°, which means a down-
ward trend from west to east. With approximately 39 % of
the total variance explained, Can was the sediment con-
stituent that was best described by the model. Similar to
calcite content, the V'E, value of inorganic carbon content
was relatively high compared to other parameters,
whereas the VE, value was lower than that of other para-
meters, for which a higher percentage of variance was ex-
plained by the model, e.g. Claymin and S. Mean total
grain size (MEANTOT) was the granulometric parameter
best explained by the model. MEANTOT increased with
EFD, but decreased with water depth, distance from
shore and Chara abundance. MEANTOT was the only
parameter for which the VE, value contributed more to
VE than VE,. The variance within transects was therefore
better explained by the model than the variance between
transects. However, with a VE value of 15.3%, the ex-
plained variance of the data was relatively low. For all
other parameters VE, values were much higher than the
VE,, approaching 70 % in the case of Claymin and S. This
result indicates that the model represents the spatial
trends much better than the vertical trends.

Discussion

Our results showed that the explanatory variables relating
to geography, lake morphometry and limnology explain
up to 30—40% of the total variance of specific compo-
nents of the littoral surface sediments of Lake Constance.
The proportion of the explained between-transect vari-
ance (VE,) contributed much more to the total variance
explained by the model than the variance within transects
(VE,). Regional patterns in sediment composition, such
as the observed east-west gradient, are therefore much
better represented by model variables than local patterns,
e.g. the gradient along transect depth. Sediment compo-
sition apparently showed no significant continuous gra-
dient with increasing water depth along transects except
for the one in mean total grain size. Even for this para-
meter, the VE, did not exceed 20 %. This result indicates
that the applicability of models, developed under an
ideal framework (e.g. Petticrew and Kalff, 1991), is lim-
ited for the explanation of lake specific spatial patterns.
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Nevertheless, water depth contributed significantly to
most models.

Endogenic processes can explain the pronounced
west-east gradient found in calcite contents. The produc-
tion of endogenic materials, particularly biogenic carbon-
ate, is relatively low in the eastern part of the Upper Lake
because few plants grow in this area, as evidenced by
long-term patterns in macrophyte distribution (Schmie-
der, 1997; 1998). Allogenic detrital sources from tribu-
taries are mainly located in the eastern part of the lake.
However, they do not contribute substantially to a higher
proportion of calcite in littoral sediments of the eastern
part of the lake. The higher calcite concentrations in the
Lower Lake and the western part of the Upper Lake likely
reflect biogenically induced carbonate production. In par-
ticular, Charophytes seem to be a significant internal
source of sediments in the western part of the lake, as
suggested by the significant contribution of the Chara
abundance to the model and its long-term distribution
patterns (Schmieder, 1997; 1998; Schmieder and Leh-
mann, 2004). Similarly, Schroder (1982) found that
Charophytes play a major role in sediment accretion in
the littoral zone of Atter Lake. Particularly in the Lower
Lake, littoral biogenic carbonate sediments can reach a
thickness of several meters (Schoéttle, 1969). Sediment cal-
cite content increased with water depth and distance from
shore, and decreased with sediment slope. This finding
suggests a wave-induced transport of biogenic carbonate
particles from more shallow littoral areas to deeper parts of
the lake. The most abundant Charophyte, Chara contraria,
mainly grows between 1 and 4 m water depth (Schmieder,
1997). A permanent relocation of biogenic carbonates
from the “productive” sublittoral to deeper parts of a lake
has previously been reported (Schroder, 1982). Accumula-
tion of precipitate minerals takes place under relatively
static conditions (Jones and Bowser, 1978). Carbonate par-
ticles are lighter and more fragile than quartz particles of
the same size, and thus are transported alongshore or cross
shore to sites with lower influence of currents and waves.
However, the EFD variable was not significant in our mod-
els, and indicates that the offshore transport of carbonates
is a general process and not dependent on the predominant
strong wind direction from the southwest.

The model of calcite content corresponds closely to
that of inorganic Carbon (Can). This result supports the
assumption that Can is mainly a measurement of CaCO;.
Sulphur (S) content increased with water depth and de-
creased with all other variables retained in the model,
such as EFD, Slope and E’. The spatial trend in S content
was downward in a northwest — southeast direction, and
mainly followed the gradient in macrophyte biomass. The
S content is closely related to inorganic carbon, indicating
that it is of biogenic origin as well. Variables retained in
the model indicate also the sensitivity of organic matter to
wave induced transport, which is higher in the eastern part
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of the lake and promotes organic decay in protected lit-
toral areas or deeper parts of the lake.

The quartz and the clay mineral content of the sedi-
ment decreased with water depth. These two components
apparently constitute most of the surface sediments in
shallow parts of the littoral zone. Quartz and clay parti-
cles seem to be more resistant to erosion (Hjiilstrom,
1935; Jones and Bowser, 1978). The spatial trend of both
quartz and clay mineral content, with decreasing concen-
trations from east to west, is almost opposite to the
pattern found for calcite. Both quartz and clay represent
allogenic minerals and reflect the geology of the catch-
ment area. The main tributaries enter the eastern part of
the Upper Lake. Thus, the load of allogenic components
is high in this part of the lake and causes a “dilution” of
endogenic sediment components (Miiller, 1966a; 1971).
In addition, due to the form of the lake basin, fetch dis-
tances are generally larger in the eastern part, and trans-
port processes therefore exert more influence on littoral
sediment composition.

The east-west gradients in mineralogical parameters
are most obvious at water depths of 4 and 8 m (Schmieder,
1998), whereas sediments are strongly affected by wave
action in more shallow waters. The allogenic fraction can
be considered to reflect primarily physical factors (erosion
and transport), whereas the endogenic and authigenic
fractions reflect principally chemical factors in lake sys-
tems (Jones and Bowser, 1978). Thus, the eastern part of
Lake Constance is dominated by physical factors, whereas
chemical factors contribute mainly to sediment composi-
tion in the western part. Another factor affecting regional
patterns in sediment distribution is disturbance by shore
construction that often introduces foreign materials into
the lake. This effect could be the main reason for the rela-
tively low percentage of explained variance in models for
some of the mineralogical parameters.

For mean total grain size, the high percentage of ex-
plained within-transect variance is related to the strong
influence of EFD, water depth and slope on the sediment
grain size distribution in the littoral zone. Generally, wave
action induces a sorting process of littoral surface sedi-
ments resulting in a typical “offshore fining” (Miiller,
1966a; Sly 1978). However, our model does not explain
any regional patterns in mean total grain size (VE, = 0).
This result indicates that the above sorting effect of waves
occurs under a range of wave action forces, and is not re-
stricted to shore areas exposed to the main direction of
strong winds. The mean total grain size decreases with
Chara abundance. This finding is not surprising because
dense stands of Chara are known to lift the turbulent
shear stress above the sediment surface, thereby trapping
settled material (Vermaat et al., 2000). Furthermore, lake
areas with extensive macrophyte beds retain fine-grained
sediments over long periods of time (Schrdoder, 1988).
Sedimentation within macrophyte beds has been sug-
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gested as an important source of nutrients (Barko et al.,
1991; Petticrew and Kalff, 1992; Barko and James, 1997)
that stimulate macrophyte growth, and in turn increase
sedimentation rates. This positive feedback mechanism
often increases the colonisable surface area for macro-
phytes (Carpenter, 1981). Macrophyte presence or ab-
sence is therefore another factor in the littoral sediment
prediction model proposed by Petticrew and Kalff (1991).
These authors found a high coefficient of determination
(r2=0.67) for a linear regression model with the five ex-
planatory variables fetch, depth, slope, plant presence,
and organic matter when predicting the percentage of
clay content of littoral sediments. This value is consider-
ably higher than the 35% of explained variance in clay
mineral content by our model. One reason for this dis-
crepancy is presumably the design of each study. The
authors above preselected a few spatially independent
sample locations using map criteria of fetch, depth and
bottom slope that represented a wide range in each vari-
able in three categories (low, medium, high), whereas
the present study is based on a large data set including all
local variations of littoral sediment composition, and
allowing for spatial autocorrelation between samples to
reveal spatial characteristics in sediment composition,
and factors and processes of influence.

Furthermore, the relatively low explained variance
compared to Petticrew and Kalff (1991) indicates that
sediments represented in our dataset are additionally af-
fected by other factors not represented in these models,
such as anthropogenic interference in near shore littoral
areas. Another factor not accounted for in our models that
likely affects littoral sediment composition is the influ-
ence of tributaries; the effect of which depends on their
load of suspended solids and the area of distribution in
the littoral zone. The tested variable “distance to river
mouth” revealed no significance in the modelling proce-
dure. Each tributary entering Lake Constance has its own,
specific characteristic that makes it difficult to include
their influence as a single variable in a model.

While the major factors contributing to littoral sedi-
ment composition found in previous studies are con-
firmed here, our results show that their explanatory
power for spatial patterns of a specific lake will be weak
if respective spatial patterns of influencing factors are not
taken into account. An example is the exemption from
most of the general spatial patterns in sediment composi-
tion in the bay of Friedrichshafen where three rivers enter
the lake. The bay is exposed to the highest fetch distances
measured in Lake Constance. Nevertheless, the grain size
means of the bay do not exceed 330 pm even in the shal-
lowest parts. However, the sediment sorting process due
to wave action described above also depends on the con-
tinuous delivery of allogenic sediments and factors that
affect the erosion potential of waves. The tributary
“Schussen” entering the bay of Friedrichshafen contains
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high amounts (100 mg L) of fine sediment particles
(Wagner and Zahner, 1964; Wagner, 1968). Every year
30,000-50,000 t of suspended material are widely dis-
tributed in the littoral area of the bay (Walser, 1995).

The present study confirms the major factors con-
tributing to littoral sediment composition found in previ-
ous studies. However, their explanatory power for spatial
patterns of a specific lake will be weak if respective spa-
tial patterns of influencing factors are neglected. The pre-
sented model provides a solution to this problem and its
application to Lake Constance improves the understand-
ing of spatial patterns of littoral sediment composition
and the contribution of allogenic and endogenic sources
and processes. It provides a guide to future sampling
schemes and corresponding spatial statistics for lake spe-
cific application of general models. Furthermore, it pro-
vides a guide to generating a basis to support engineering
decisions for specific lake development.
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