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Abstract 
Settling fluxes measured by means of sediment traps were 887 g dry wt m-2 yr- I, 113 g POC 

m-2 yr-I, and 2.6 g PP m-2 yr-I in 1982-1983 at a central station in eutrophic Lake Hallwil, 
Switzerland. Nearshore settling rates were higher by a factor of 1.4-3.4. Since particulate organic 
carbon (POC), particulate phosphorus (PP), and biomass concentration in the lake water showed 
vertical rather than horizontal differences, this result was attributed to permanent bottom sediment 
resuspension and redeposition in the littoral zone. Horizontal sediment transport (sediment fo- 
cusing) and sediment resuspension in the profundal zone in winter, when wind and turbulence are 
increased, accounted for only about 20% of the sedimentation rates. Because 70-80% of the total 
sedimentation for the year occurred during summer, such processes are of minor importance in 
Lake Hallwil, although a “nepheloid” layer with increased POC and PP concentrations 5-8 m 
above the bottom was present. It is stressed that the mechanisms of sediment transport must be 
known to permit interpretation of trap results and to understand lake metabolism. 

Sedimentation is one of the fundamental 
processes governing lake metabolism by in- 
fluencing epilimnetic nutrient regeneration, 
removing particulate matter to the bottom, 
and controlling nutrient supply to benthic 
animals. Although the theoretical aspects of 
sinking mechanisms of particles (Hutchin- 
son 1967; Lerman 1979) are complex and 
poorly understood, data on bulk particle flux 
provide insight into the lake ecosystem. 
Moreover, the sedimentation of seston is of 
practical interest as a parameter in models 
used for lake restoration, be it inserted as 
settling flux (g m-2 d- l), sinking velocity (m 
d-l), or removal rate (d-l) (Imboden and 
Lerman 1978). 

Different methods have been used to de- 
termine the sedimentation of particulate 
material. The calculation of sedimentation 
rates by mass balance has many problems 
(Golterman 1975). Sediment coring and 
several dating methods (Krishnaswami and 
La1 1978) are used to estimate sediment ac- 
cumulation rates. A third approach consists 
of measuring sedimentation rates directly 
with sediment traps (Bloesch and Burns 
1980). The advantage of the last is that it 
provides information on the sedimentation 
process itself. 

If traps are used, sedimentation is usually 
measured at the deepest place in the lake. 
Although seasonal fluctuations and vertical 
variations in settling rate are recognized to 
be important, horizontal differences have 

rarely been taken into account (Chambers 
and Eadie 198 1; Bloesch 1982). Moreover, 
we must be aware that traps measure gross 
sedimentation flux if sediment focusing and 
resuspension interfere, rather than provid- 
ing the desired net sedimentation flux. 

Our aim here is to investigate whether 
sedimentation rates measured at a midlake 
station actually represent a mean net sedi- 
mentation rate for the whole lake and may 
be used as such in modeling attempts for 
lake restoration (EAWAG Auftrag 45 59). 
Differences between nearshore and offshore 
sedimentation of Lake Hallwil, Switzer- 
land, were compared with horizontal dif- 
ferences in particulate matter concentra- 
tion, phytoplankton biomass, and primary 
production rates. The influence of river in- 
put and littoral sediment resuspension at 
nearshore stations was considered. In ad- 
dition to horizontal differences, we present 
vertical and seasonal differences to further 
elucidate the process of sedimentation. 

Lake Hallwil is a long (8.4 km) and rather 
narrow (max width, 1.6 km) eutrophic lake 
in the Swiss lowland with a surface area of 
10.2 km2, a mean depth of 28.6 m, and a 
maximum depth of 48 m (Marki and Schmid 
1983). Its shores are quite steep along the 
sides but shallow at both ends. There is one 
main river (inflow, N 1.3 m3 s-l) at the south 
end, connecting Lake Baldegg with Lake 
Hallwil; eight small rivers along the side, 
with substantially diminished discharge 
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during summer, contribute only about 25% 
of the total water input. 
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Gardner for reviewing the manuscript. 

Methods 
Sedimentation rates were measured from 

May 1982 to May 1983 at seven stations 
and at different depths (13, 30, and 43 m) 
(Fig. 1). The lowest traps were 3 m above 
the bottom; i.e. the lake was 16 m deep at 
nearshore stations 1, 3, 5, and 7, 3 3 m at 
stations 2 and 6, and 46 m at midlake sta- 
tion 4. Two parallel cylindrical traps (70 cm 
high, 7 cm diam) in a frame (figure 8: Bloesch 
and Burns 1980) were exposed with a simple 
mooring system with anchor and subsurface 
buoys. Traps were exchanged biweekly, the 
supernatant water drained, and the two 
samples usually combined to one mixed 
sample for analysis. The two traps yielded 
fluxes within f I 15% (Bloesch and Burns 
1980). 

Dry weight (DW) of sediments was de- 
termined gravimetrically by centrifuging 
about 500 ml of the well shaken sample and 
drying at 50°C for at least 2 days. Particulate 
organic carbon (POC) was analyzed on pre- 
heated (500°C) Whatman GF/F glass-fiber 
filters (0.7 pm) by ignition at 860°C and 
measuring CO, in a Horiba-IR detector; in- 
organic carbon was removed during filtra- 
tion by rinsing the filters with 0.1 N H,SO,. 
Particulate phosphorus (PP) was analyzed 
directly on 0.45~pm Sartorius cellulose ace- 
tate filters (Bloesch and Gavrieli 1984) by 
a digestion procedure (Schmid and Ambuhl 
1965) and the molybdenum blue method of 
Vogler (1965). Ca : K ratios were deter- 
mined directly in the dried sediments by 
X-ray fluorescence spectrometry (Philips 
PW 1450); in 25 selected samples, Ca was 

Fig. 1. Lake Hallwil: Sampling stations l-7 and 
depth for sediment traps and water samples. Inset shows 
location of Lake Hallwil in Switzerland. 

analyzed by plasma-spectrometry (ARL 
34000) and K by atomic absorption spec- 
trometry (Perkin-Elmer 400) after acid 
digestion (Schrader and Hein 1983). 

In addition to the sediment trap program, 
on seven dates chosen at random we took 
water samples at all seven stations. POC 
and PP analyses of proportionally mixed 
samples for the water columns above the 
traps (O-l 3 m, 13-30 m, 30-43 m) were 
performed as above. Primary production 
was measured by the 14C acid-bubbling 
method (Gachter and Mares 1979). Light 
intensity (PAR) was continuously recorded 
during the investigation. Daily production 
rates were calculated by relating the pro- 
ductivity per chlorophyll a (Am. Public 
Health Assoc. 1975, without correction for 
pheophytin) to light intensity (PAR) (Bfihr- 
er et al. unpubl.). 
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Fig. 2. Yearly DW, POC, and PP sedimentation rates in Lake Hallwil, 12-13 May 1982-11 May 1983. 

Phytoplankton was counted in selected 
sediment and water samples by the Uter- 
miihl technique and converted to biomass 
by cell volumes (Bfirgi et al. 1985). 

Results 
The yearly sedimentation rates (Fig. 2) at 

the midlake station amounted to 887 g DW 
m-2 yr-l, 113 g POC m-2 yr-I, and 2.6 g 
PP m-2 yr- l. Horizontal differences are ev- 
ident, with all the nearshore stations show- 
ing increased sedimentation, although dif- 
ferences in vertical sedimentation were 
minor. The horizontal distribution of phy- 
toplankton biomass sedimentation for se- 
lected periods showed the same pattern, but 
less distinctly (Fig. 3). 

The seasonal fluctuations in sedimenta- 
tion (Fig. 4) demonstrate that horizontal 
sedimentation differences can be observed 
throughout the year but especially in sum- 
mer. They were in general identical for DW, 
POC, and PP. Bulk sedimentation from June 
through September 1982 induced by pri- 

mary production (Fig. 5) accounted for about 
78, 74, and 69% of the total sedimentation 
rate for the year. Some small peaks followed 
during late fall. The sedimentation peak of 
summer 198 3 began to develop just at the 
end of the sampling period. Biomass sedi- 
mentation was related to the maximum peak 
of standing crop in June-July 1982 (Fig. 6) 
but did not reflect the smaller biomass fluc- 
tuations in fall and winter. The phytoplank- 
ton peaks consisted mainly of diatoms and 
cryptomonads (March-April), greens (July), 
and blue-greens (September-October) in 
1982. In March-April 1983 the phytoplank- 
ton community was dominated by a bloom 
of flagellates, contributing 90% to the total 
biomass; the contribution of only 43% to 
the sedimentation rates indicates a signifi- 
cant decomposition of these delicate algae 
in the epilimnion. The extremely low stand- 
ing crops in May 1982 and 1983 could be 
attributed to zooplankton grazing (Biirgi et 
al. 1985). 

The mean POC and PP content for all 
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Fig. 3. Phytoplankton biomass sedimentation in Lake Hallwil during selected periods of summer 1982 and 
spring 1983. 

stations and depths was 13.85% and 0.34% 
of the sedimented dry matter (DW). These 
values were markedly exceeded only in May- 
June 1982 and May 1983 (sta. 2,4, and 6, 
offshore) and in November-December 1982 
in the upper trap at sta. 4 (Fig. 7). The sea-’ 
sonal differences (mean of POC and PP win- 
ter values = 1.17 x mean of POC and PP 
summer values) were smaller than the near- 
shore to offshore differences (mean of POC 

and PP offshore = 1.49 x mean of POC and 
PP nearshore). The lower POC content in 
the material entrapped nearshore, especially 
at sta. 7, indicates some influence of alloch- 
thonous input or sediment resuspension. 

The C: P ratios in sedimented seston 
showed negligible vertical differences off- 
shore and were higher in summer than in 
winter (Fig. 8a) as a result of phosphorus 
depletion (GBchter and Bloesch 1985). Hor- 



1098 Bloesch and Uehlinger 

gmo2d-’ 
25 

DW sta.4-13m sta. 2 - 13 m sta 1 - 13 m 
---- 30m ----- 30m sta 3 ---- 13 m 
.___*-..___ 43m -- sta. 5 -------- 13 m 

--- 30 m sta 7 -.-- 13 m 

15 - 

g me2 d” 
2.5 

POC sta.4- 13m 
2.65 fl2.8 

sta.2 - 13m sta. 1 - 13 m 
----mm ---- 30m sta. 3 ---- 13m 
-.-.---.. 43m -- sta.6 -- ------- 13 m sta. 5 ------- 13m 

-.-.- 3Om sta. 7 -.-’ 13m 

2.0 

1.5 

1.0 

0.5 

0 I I 

~JIJ~AIS~OINICI JIFIMIAIM IJ~J~AISIOINID JIFIMIAIM IJIJIAISIOINID JIFIMIAI 
1982 1983 I 1982 t983 1 1982 1983 

mg me2d-’ 
I- 5c 

40 

30 

20 

10 

C 

/ - 

‘1 

pp sta.4- 13m 
---- 30m 
.____.-- - 43m 

IJIJIAISIOINID JIFIMIA~ 
1982 1983 

sta. 2 - 13 m sta. 1 - 13m 
sta. 3 ---- 13 m 

sta.6 -------- 13 m sta. 5 ------- t3m 
sta. 7 --- 13 m 

M 

Fig. 4. Seasonal fluctuations in DW, POC, and PP sedimentation in Lake Hallwil, May 1982-May 1983. 
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Fig. 7. POC and PP content (in % of DW) of sedimented material in Lake Hallwil, May 1982-May 1983. 

izontal differences were rather small; how- 
ever, sta. 7 had the smallest values through- 
out the season, again indicating either 
allochthonous input of inorganic P-rich ma- 
terial by the main tributary or sediment re- 
suspension. 

The Ca : K ratios were also lowest at sta. 
7, apparently influencing sta. 6 (Fig. 8b). In 
summer, when autochthonous calcite pre- 

cipitation is dominating due to high pri- 
mary productivity, Ca : K ratios at offshore 
stations 2 and 4 were higher than at the 
nearshore stations; in winter, when produc- 
tivity was low, horizontal differences were 
smaller and the relative sizes of ratios in- 
shore and offshore were reversed. Some 
quantitative analyses performed at random 
showed that while the nearshore Ca and K 
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fluxes were higher than the offshore fluxes, 
seasonal differences were considerably larg- 
er (Table 1). 

To test the hypothesis that high nearshore 
concentrations in particulate matter and 
biomass could contribute to the increased 
nearshore sedimentation rates, we analyzed 
water samples at random. In contrast to the 
measured sedimentation fluxes (Fig. 2), POC 
and PP concentrations in the shallow north 
and south parts of the lake were only slightly 
increased, whereas nearshore stations 3 and 
5 showed results similar to those at midlake 
sta. 4 (Fig. 9b, c). This was less pronounced 
for primary production (Fig. 9a), and the 
horizontal differences in phytoplankton 
biomass (Fig. 10) were negligible. (We at- 
tribute the few outliers to small-scale patch- 
iness or counting variance rather than in- 
shore-offshore variation.) The vertical 
differences in POC and PP concentrations 
and phytoplankton biomass offshore (Figs. 
9, lo), exceeding the horizontal differences 
considerably, generally decreased with in- 
creasing depth. The increase of POC and PP 
concentrations at depth in the midlake sta- 
tion (see also Fig. 12) is probably the result 
of resuspension of bottom sediment or sed- 
iment focusing. 

Discussion 
Our results clearly show horizontal dif- 

ferences in DW, POC, and PP sedimenta- 
tion (Figs. 2-4, 7; Table 1); nearshore set- 
tling fluxes were 1.4-3.4 times those at the 
midlake station. Vertical sedimentation dif- 
ferences were minor, as the near-bottom 
traps at the offshore stations were not 
strongly influenced by bottom sediment re- 
suspension. On the other hand, there were 
distinct vertical, but no significant horizon- 
tal, differences in primary production, phy- 

Fig. 8. Mean (depth and time averaged) C : P and 
Ca : K ratios in entrapped dry matter in Lake Hallwil 
during the periods of summer stratification May-Oc- 
tober 1982 and winter turnover 1982-1983 (values in 
parentheses). 

toplankton standing crop, and POC and PP 
concentrations (Figs. 9, lo), although there 
were slight increases at the north and south 
ends of the lake. Since in small lakes hori- 
zontal mixing by currents considerably ex- 
ceeds vertical mixing by eddies (Imboden 
et al. 1983), horizontal differences in dis- 
solved and suspended particulate sub- 
stances are small and temporary. This was 
true of separate lake basins in Lake Zug (EA- 
WAG Auftrag 4663), where midlake sedi- 
mentation rates did not show significant dif- 
ferences (Bloesch and Sturm 1986). The 
horizontal sedimentation differences in Lake 
Hallwil must therefore be attributed to the 
influence of the littoral zone, which ac- 
counts for 55% of the surface area in the 
shallow northern and southern parts of the 

Table 1. Mean Ca and K settling fluxes (mg m-2 d-l) in Lake Hallwil, 1982-1983. 

Nearshore Offshore Nearshorc Offshore 

n Ca n Ca n K n K 

Jun 82* 2 38Ok59 - - 2 9.ot-4.7 - 
Jul-Sep 82 4 3,006t- 1,395 11 1,214* 165 4 68.3k83.1 11 
Nov 82-Mar 83 

11.4T12.6 
4 265+ 130 4 81f12 4 6.3k5.6 4 2.3kO.6 

* Zooplankton grazing period. 
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O-10m \ 
mgcass m -2 h-1 mg POC liter-’ - yg PP liter-’ 
Fig. 9. Horizontal and vertical distribution of primary production and POC and PP concentrations in Lake 

Hallwil during selected periods of summer 1982 and spring 1983. Primary production: Heavy numbers-mean 
of four values during stratification from 15 July, 2 August, 8 September, and 20 October 1982; light numbers- 
mean of two values during turnover from 9 March and 9 May 1983; italic numbers-extremely high spring 
production on 11 April 1983 caused by a flagellate bloom. Interpolated value of 9 March shown with an asterisk. 
POC and PP concentration: Mean of all seven values from the same dates. Because of partial ice-cover at the 
north end of the lake, station 1 was not sampled on 9 March and is shown with a double asterisk. 

lake and 20% of the overall lake area. (We 
consider the littoral zone, depth limited by 
the tropholytic layer by definition, to extend 
down to 13 m, the lower border of the epi- 
limnion, for reasons of turbulence and wave 
dynamics: depth 5 wavelength/2; Smith 
1979.) 

Sedimentation in the littoral zone can be 
affected by many factors, such as increased 
productivity, autochthonous input by mac- 
rophytes and water fowl, allochthonous in- 
put, and bottom resuspension, the last being 
dependent on the morphometry of the 

shoreline and the main directions of wind 
action. As shown in Figs. 9 and 10, neither 
primary production nor phytoplankton 
standing crop was significantly increased at 
nearshore stations. For many years macro- 
phyte density has been reduced significantly 
due to eutrophication, and nearshore traps 
could be seen visually not to be contami- 
nated by plant debris or bird excrement. 

Most of the 10 mechanisms accounting 
for sediment distribution in small lakes 
(Hilton et al. 1986) can be excluded as ef- 
fective processes in Lake Hallwil: Riverine 

Fig. 10. Horizontal distribution of phytoplankton standing crop in Lake Hallwil during selected periods of 
summer 1982 and spring 1983. 
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influence (delta and plume formation) is of 
limited local character only. We estimated 
the impact of allochthonous input, as no 
river load data are available, by correlating 
the substitute precipitation (measured by 
SMA 1983a) with sedimentation rates. 
Spearman tests showed good overall lake 
correlation (>95% significance) for DW, 
POC, PP, Ca, and K sedimentation, indi- 
cating some allochthonous influence. How- 
ever, as nearshore stations were not affected 
more than offshore stations, we assumed al- 
lochthonous particle input to be of minor 
importance. The tributary rivers are small, 
except that nearshore station 7 receives the 
discharge of the Aa River, outlet of nearby 
Lake Baldegg, and of a water treatment plant. 
This station is situated in a bay naturally 
separated from the main pelagic zone by a 
rim on the east shore and cannot be con- 
sidered representative for overall lake sedi- 
mentation. In view of the rather small wind 
stress, the depth and morphometry of the 
lake prevent significant effects of intermit- 
tent complete mixing of particulate mate- 
rial. (Continuous complete mixing implies 
even sediment deposition over the lakebed, 
a situation not found in Lake Hallwil.) Cur- 
rent erosion/redeposition is unlikely to take 
place in small lakes with an even bed shape. 
Organic degradation dtgerences in aerobic 
(littoral) and anaerobic (profundal) zones 
may be present but cannot cause significant 
differences in horizontal sediment distri- 
bution because traps were left for only 14 
days and the decay rate of organic C is sup- 
posed to be < 1% per day (Gardner et al. 
1983; Knauer et al. 1984). Slumping and 
sliding may occur occasionally at the broad 
sides of the lake with a slope of 20-30% and 
could account for sediment focusing; how- 
ever, no such event was recorded by the 
traps, which did not show an unusually high 
sedimentation peak during our investiga- 
tion. Of the two remaining mechanisms, pe- 
ripheral wave action seems to outcompete 
random distribution of sediment, according 
to the model of Hilton (1985). 

Peripheral wave action reflects resuspen- 
sion of bottom sediments and implies hor- 
izontal sediment transportation and thus 
sediment focusing (Hilton 1985). However, 

focusing offshore was not prominent during 
summer stratification: vertical differences 
in trap catches (Fig. 2) and in the C : P ratios 
of trapped material (Ggchter and Bloesch 
1985) were not significant. Only during win- 
ter turnover (January-February 1983) did 
hypo traps show a slight increase when com- 
pared to the epi traps, indicating some fo- 
cusing during this period of greater turbu- 
lence. 

The same approach can be made by the 
assumption that, especially during summer 
stratification, the influence of resuspension 
diminishes toward the center of the lake be- 
cause of increasing depth and distance from 
shore so that nearshore sedimentation would 
significantly exceed sedimentation offshore. 
This was found in Lake Hallwil, as DW, 
POC, and PP sedimentation showed an ex- 
ponential relationship to the distance from 
the lake shore by fitting the regression equa- 
tion y = a + b x log x (r2 = 0.88-0.93), 
where y is the measured sedimentation flux 
per exposure time and x is the shortest dis- 
tance from the sampling station to lakeshore 
(Banks and Nighswander 1982). The special 
situation of nearshore station 7 again is 
shown by the drastic decrease of the regres- 
sion coefficient r2 from 0.88-0.93 to 0.40- 
0.62 if this station is included in the data 
sets. This relationship was less distinct in 
winter (r2 = 0.05-0.79), indicating some 
sediment transport from nearshore loca- 
tions toward the center of the lake. How- 
ever, regression calculations including the 
whole data set yielding r2 = 0.8 8-O .9 3 show 
that processes during summer may outcom- 
pete those during winter. 

We considered several approaches to 
quantify bottom sediment resuspension, 
sediment focusing, or both in the profundal 
of the lake. The method of Lastein (1976) 
who took entrapped Chironomus larvae as 
a measure of bottom sediment resuspension 
could not be used, since no significant num- 
bers of benthic animals were found in our 
traps. Simola (198 1) used the percentage of 
littoral diatoms in trap material to deter- 
mine resuspension; this method is very la- 
borious and our limited data were not suf- 
ficient for its application. The suggestion of 
Fuhs (1973) to quantify resuspension by 
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Table 2. Resuspension (in % of bottom trap catch) at the offshore stations in Lake Hallwil 1982-l 983. Mean 
values + SD, n-number of trap exposure periods (14 days); value in parentheses-number of trap exposure 
periods with no resuspension (epi trap catch 2 hypo trap catch). 

27 May-15 Sep 82 
n=8 

12 May-27 May 82 
15 Sep 82-l 1 May 83 

n= 18 
Total year 1982-l 983 

n = 26 

DW 
Sta. 2 
Sta. 4 
Sta. 6 

POC 
Sta. 2 
Sta. 4 
Sta. 6 

PP 
Sta. 2 
Sta. 4 
Sta. 6 

0.8k2.3 (7) 
5.3* 14.6 (6) 
5.3+ 12.7 (6) 

l.lk2.5 (6) 
2.Ok5.5 (7) 
3.2k4.5 (4) 

0.7k2.0 (7) 
3.6k6.6 (6) 
7.428.6 (3) 

20.5 + 10.6 (0) 
26.6f 14.4 (0) 
28.3+ 12.2 (0) 

13.9+ 12.2 (3) 
20.1f19.3 (4) 
16.6-113.2 (3) 

22.2* 14.1 (3) 
29.2k23.4 (5) 
27.1f15.1 (1) 

14.5+ 12.8 (7) 
20.1+ 17.4 (6) 
21.2f 16.3 (6) 

lO.Of 11.8 (9) 
14.5k18.3 (11) 
12.5* 12.8 (7) 

15.6k15.4 (10) 
21.3k23.0 (11) 
21.0f16.1 (4) 

comparing results from trap collections dur- 
ing calm weather and under stormy con- 
ditions has the disadvantage that the pe- 
riods of trap exposure are not the same. No 
resuspension was found during the year by 
using the formula of Gasith (1975), which 
relates the organic content of bottom sedi- 
ments (cores) with that of entrapped ma- 
terial, probably because the organic fraction 
of tripton was not accurately measured. 

The method of Gardner (1977) and 
Bloesch (1982) of comparing epi and hypo 
trap catches yielded resuspension from 0 to 
1.6 g m-2 d-l for DW, 0 to 132 mg m-2 
d-l for POC, and 0 to 7.9 mg m-2 d-l for 
PP. These are maximum values, since pos- 
sible mineralization in the epi traps is not 
considered. Although resuspension varied 
considerably between the 2-week trap ex- 
posures, two distinct periods could be dis- 
tinguished (Table 2). From 27 May to 15 
September almost no resuspension oc- 
curred offshore, whereas a resuspension of 
13.9-29.2% (mean 22.7 & 5.4 for all stations 
and parameters) was calculated for the pe- 
riods of September to May. These periods 
do not exactly coincide with summer strat- 
ification and winter turnover, as mixing oc- 
curs in November rather than in September. 
Resuspension/focusing events are positive- 
ly correlated with wind stress (Fig. 11); strong 
winds during winter are effective because 
the lake was frozen only partially for a short 

period in March 1983. However, little re- 
suspension of profundal sediments is indi- 
cated, as the yearly POC sedimentation at 
the midlake station (Fig. 2) was only 24% 
of the yearly primary production of 48 1 g 
m-2 yr-’ (Hilton 1985). From these find- 
ings we conclude that in Lake Hallwil re- 
suspension and redeposition take place in 
the littoral zone throughout the year and 
that horizontal sediment transportation 
(sediment focusing) occurs only in winter, 
when wind and turbulence are increased. 

One enigma, however, remains. An al- 
most unchanged suspension of POC and PP 
above the lake bottom, extending usually 
5-8 m and possibly affecting the hypo traps, 
could be observed at the midlake station 
during the entire investigation (Fig. 12). The 
mean increase in concentration from 30-35 
m to 40-45 m was 7.9 mg m-3 for PP and 
120.8 mg m-3 for POC, which corresponds 
to about 90 and 50% of the 30-35-m means. 
It is not clear whether this “boundary layer” 
can be compared with the nepheloid layers 
found in the ocean and in the Great Lakes 
(Gibbs 1974; Biscaye and Eittreim 1977; 
Chambers and Eadie 198 1; Eadie et al. 1984) 
and whether it originates from in situ re- 
suspension or from peripheral wave action 
and subsequent horizontal transport by near- 
bottom currents. Near-bottom currents in 
the profundal of l-2 cm s-l are possible; 
such values have been recorded in nearby 
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Fig. 11. Comparison of maximum wind speed in 
Zurich (fortnight mean of daily maxima, data from 
SMA 1983b) with the relative vertical difference of DW 
sedimentation in Lake Hallwil (midlake station 4). 
Shaded area is period of no resuspension. 

Lake Baldegg which has similar morphom- 
etry (Lemmin et al. 1985; Imboden and 
Lemmin unpubl. data). Terwindt (1977) and 
Rosa et al. (1983) reported that bottom cur- 
rents of a few mm to cm s-l can cause re- 
suspension of flocculent sediments; how- 
ever, our hypo traps did not overtrap to a 
great extent when compared to the epi traps. 
Thus, we assume that particles suspended 
near the bottom are small (slightly above 
the 0.45-0.7~pm range of the filters used) 
and have such a low sinking velocity that 
they do not significantly contaminate the 
hypo traps. In nearby Lake Sempach POC 
fractionation showed an increase of the frac- 
tion < 3 pm with depth from 10 to 30%, but 
a decrease in the traps from 10 to 7% (Ueh- 
linger and Bloesch in prep.; see also Mu- 
droch 1984), supporting this hypothesis. In 
addition, the sinking velocity of small par- 
ticles in the deep hypolimnion may be re- 
duced by the density gradient caused by nu- 
trient release from anaerobic bottom 
sediments. 

Table 3. Yearly DW, POC, and PP sedimentation 
(t yr-I) in Lake Hallwil, 12-l 3 May 1982-l 1 May 1983. 

Calculation based on DW POC PP 

Midlake area (5.1 km2) 
Single Sta. 4 9,052 1,154 26.8 
Corrected for rcsus- 

pension 8,378 1,057 24.1 
Offshore area (6.15 km*) 

Areal mean of Sta. 2, 
4, 6 9,813 1,225 28.2 

Corrected for resus- 
pension 9,076 1,125 25.4 

Arithmetic mean of 
Sta. 2: 4, 6 10,521 1,284 29.9 

Corrected for resus- 
pension 9,737 1,182 26.9 

Total lake arca (10.2 km2) 
Areal mean of Sta. 

l-7 13,209 1,465 33.0 
Arithmetic mean of 

Sta. l-7 18,250 1,792 40.7 

Having checked measured sedimentation 
rates in the lake for resuspension, we can 
calculate net sedimentation to use for a mass 
balance or a lake model. The hypo trap re- 
sults at the offshore stations may be cor- 
rected by 20% during winter, but remain 
uncorrected for the summer period. As the 
latter provides bulk sedimentation, the 
yearly sedimentation rates in Fig. 2 need be 
corrected by only 7-lo%, which is within 
the range of error of the trap method (Bloesch 
and Burns 1980). The sedimentation rate 
measurements for the nearshore stations are 
not representative for the whole lake, as they 
are influenced by peripheral wave action 
(station 7 by allochthonous input as well). 

Resuspension must be taken into account 
when calculating the yearly net total loss (t 
yr-l) of DW, POC, and PP to the lake sed- 
iments (Table 3). Calculations based on all 
seven stations yield losses to the sediments 
23- 102% greater than the true net sedimen- 
tation needed for a lake mass balance and 
must be discarded. When the offshore sta- 
tions are used in the calculations, area- 
weighted sedimentation rates should be used 
instead of simple arithmetic means. Net 
DW, POC, and PP sedimentation rates 
based on these stations exceeded those based 
on midlake station 4 only by 5-8%. On the 
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Fig. 12. Vertical profiles of PP and POC distribution at the midlake station in Lake Hallwil, March 1982- 
May-1 983. 

other hand, the calculated sedimentation 
loss is decreased by 7-10% when winter re- 
suspension of 20% is included. Since these 
differences are within the methodological 
error range of -t- lo%, we conclude that in 
Lake Hallwil the sedimentation rates mea- 
sured at the midlake station are represen- 
tative for the lake and can be used for mass 
balance and modeling. The problems of 
transforming net settling flux to settling ve- 
locity by the equation 

velocity = flux/concentration, 

as used for the dynamic model of Lake Hall- 
wil (EAWAG Auftrag 45 59) will be dis- 
cussed elsewhere (Bloesch and Sturm 1986). 

Conclusions 
Sediment traps are useful for studying the 

process of particle settling and measuring 
sedimentation rates. Trap investigations of 
horizontal sedimentation differences in lakes 
have rarely been performed. However, they 
are needed, because these differences cannot 
be predicted at present. The contradiction 
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of results is demonstrated by a review of the 
sparse literature. Davis (1973) found in- 
creased pollen sedimentation rates in the 
center of the shallow Frains Lake due to 
littoral deposition, resuspension, horizontal 
transport, and redeposition in the profundal 
regions (sediment focusing: Likens and Da- 
vis 1975). The same mechanism was pos- 
tulated for fossil zooplankton remains by 
Mueller (1964). Horizontal transport was 
also found for DW, POC, and PP in Lake 
Erie (Bloesch 1982), but nearshore settling 
fluxes exceeded offshore fluxes, as larger 
particles were repeatedly deposited at the 
site of resuspension. Similar results were re- 
ported by Serruya (1977) for Lake Kinneret. 
On the other hand, Lawacz (1969) found 
almost no horizontal sedimentation differ- 
ences in Lake Mikolajki, except for one sta- 
tion in the immediate vicinity of a port with 
a twofold sedimentation increase; however, 
the traps were only exposed once in Octo- 
ber. No horizontal sedimentation differ- 
ences were reported by Moeller and Likens 
( 1978) for Mirror Lake. 

It is necessary to know the mechanisms 
of bottom sediment transport when mea- 
suring sedimentation rates with traps. The 
model of Hilton (1985) now provides a 
promising scheme to check a lake for the 
importance of these processes. In the cases 
where trap catches overestimate sedimen- 
tation rates, the main reasons are sediment 
resuspension, focusing, sliding, or slump- 
ing. In addition to a single hypo trap, con- 
comitant measurements by a vertical series 
of traps or analysis of cores are recom- 
mended. 

There is evidence that sediment traps at 
a midlake station of a deep lake can be used 
to properly measure the net settling flux of 
particulate material, as shown for Lake 
Hallwil. Bottom sediment resuspension in 
the profundal zone of this lake, although 
present during turnover, can be neglected. 
This is also demonstrated by cores taken at 
the midlake station which show nicely lam- 
inated structure (H. Ambiihl pers. comm.). 
As the deep hypolimnion stays anaerobic 
throughout the year and therefore benthic 
organisms are not abundant (F. St&se1 pers. 
comm.), this is of minor ecological signifi- 
cance. However, resuspension in the littoral 

zones may have a significant effect on the 
overall lake nutrient cycling. 
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