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ABSTRACT 

The Holocene record of Lake Lugano (southern basin: surface area 20.3 km 2, maximum depth 87 m) 
comprising organic carbon-rich sediments (sapropels), is divided into eight intervals based on 
radiocarbon- and varve-dating. The content of organic carbon, inorganic carbon, and biogenic silica, 
as well as the benthic remains of ostracods and oligochaetes, are converted into accumulation rates 
and benthic abundances in order to assess past production rates and bottom water oxygen status, 
respectively. The results suggest three periods of distinct palaeolimnological character: (i) low 
primary production combined with shifts between aerobic and anaerobic profundal conditions (prior 
to ca. 3000 BC), (ii) moderate rates of production combined with a relatively high profundal oxygen 
content (after ca. 1500 BC), and (iii), high production rates (460 g C m -2 a -1) combined with 
anaerobic profundal conditions (present eutrophic state). Corresponding organic carbon contents in 
the sediments are: up to 5 % (i), 4 % (ii), and 8 % (iii). Until the beginning of this century, the flux of 
autochthonous sediments to the lake floor correlated with the fluctuations in the allochthonous 
sediment accumulation rate, indicating that catchment erosion largely controlled lacustrine 
production during the Holocene history of Lake Lugano. Pollen data show catchment-vegetational 
transformations at ca. 3500 BC (change from fir to beech forests), at 1400 BC (onset of cereal 
vegetation) and at ca. A.D. 450 (strong increase in various cultural plants). The first two changes had 
a relatively large imprint on lacustrine sedimentation. At ca. 3500 BP, erosion increase in the 
catchment was triggered by vegetation changes in the mountain zone above ca. 1000 m a. s. 1., which 
may have been induced by climatic and human alteration (drop in the treeline altitude). Maximum 
catchment erosion occurred at ca. 1400 BC which was clearly dominated by human cultivation 
during the Bronze Age. More oxygenated profundal conditions in the lake after ca. 3000 BC are 
possibly related to a better mixing of the lake waters during the winter season by increased wind 
activity. 
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1. Introduction 

The reconstructions of primary production and bottom-water oxygen conditions 
from organic carbon-rich lake sediments provide information about the effects of 
anthropogenic and climatic impacts on lacustrine ecosystems, which can then be used 
to model the formation of organic rich sediments widely found in the geologic record. 
Black laminated sapropels are commonly associated with anaerobic or dysaerobic 
(0.1 to 1.0 mlO2/1) bottom water conditions, which can in turn be related to high 
primary production rates and/or sluggish deep water mixing rates (Demaisson & 
Moore, 1980). However, Pedersen & Calvert (1990) argue that the formation of 
organic carbon-rich marine sediments is not restricted to anoxic deep water because 
decomposition of organic matter under anaerobic conditions may be as efficient as 
under aerobic conditions. They suggest that burial rates of organic carbon is largely a 
function of productivity. Thus the understanding of palaeoenvironments for basins 
accumulating organic matter requires an assessment of both past production rates 
and bottom water oxygen contents. Here we present such a case study for the 
Holocene history of the southern basin of Lake Lugano, a deep, 0ord-like lake 
located at the Swiss-Italian border (Fig. 1). 

During the last few decades Lake Lugano has been significantly affected by 
eutrophication (Barbieri & Mosello, Polli & Simona, this issue). Today the deep 
water environment in the southern basin is seasonally anoxic (Lazaretti et al., this 
issue). As a result, laminated organic rich sediments (varves) were deposited during 
the last few decades (Niessen, 1987). In addition, the entire Holocene record of the 
basin is characterized by black, in parts distinctly laminated muds with organic 
carbon contents ranging between 2 and 12 % (Niessen, 1987; Niessen & Kelts, 1989). 
Based on qualitative evidence such as content of organic carbon and calcite/dolomite 
ratios, the authors conclude that Lake Lugano had variable production rates during 
the Holocene. Production was particularly low during the early Holocene" climatic 
optimum" then increased around 4000 years BP. This paper provides a more 
quantitative assessment by using accumulation rates of organic carbon, autochthon- 
ous calcite and biogenic silica as measures of past production rates. 

Our working hypothesis is that high lacustrine production rates should be 
accompanied by increased accumulation rates of autochthonous sediments, as is the 
case today for eutrophic lake conditions. In addition, if decreased bottom water 
oxygen contents for the past are indicated by lack of benthic fossils and/or 
preservation of laminae, the associated accumulation rates may indicate whether the 
oxygen deficiency is due to high production or sluggish deep water circulation. The 
aim of this study is: (i) to understand the formation of organic rich sediments in the 
southern basin of Lake Lugano for the last 10000 years and, (ii), to analyze how 
palaeolimnological shifts may be related to climatic or human induced changes in 
catchment vegetation and erosion. The latter should be indicated by pollen evidence 
and accumulation of detrital sediments. 
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Figure 1. Geographic situation and sampling sites (southern basin, Lake Lugano; isobaths 20 m 
intervals, maximum water depth 87 m). LU = short cores up to 1 m length (after Geologisches 
Institut, ETHZ, 1984). LG = piston cores up to 13 m length (after Niessen, 1987). 

2. Stratigraphic setting and data-base 

The sedimentary record of the eutrophication of Lake Lugano during this century is 
known from several short-core studies (Ziillig, 1982; Geologisches Institut ETHZ, 
1984; Niessen 1987; Fig. 1). The latest Glacial and Holocene sedimentary record from 
the southern basin was studied using several tong cores (78/3, LG 83/15,/16,/17; 
Fig. 1 and 2) as part of the first author's PhD-thesis (Niessen, 1987). 

The thickness of the Holocene fill is relatively uniform over large areas in the 
lake's southern basin (Fig. 2). The record, except for the deposits of this century, is 
generally dominated by allochthonous sediments, mostly silicates such as quartz, 
feldspars and layer silicates (Niessen, 1987). The core LG 83/17, also used for this 
study (Fig. 3), is one of the best dated sections for large lakes in the peri-Alpine area 
and includes a radiocarbon/geomagnetic chronology (Niessen & Kelts, 1989) and a 
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Figure 2. Correlation of unit 1 sediments in the southern basin of Lake Lugano. The larger thickness 
in core LG 78/3 relative to other Holocene sections is related to a higher proportion of turbidite beds 
(T) in the deepest part of the basin. Core locations are given in Fig. 1 (redrawn after Niessen, 1987; 
14C ages from Niessen, 1987, and Niessen&Kelts, 1989). 

pollen stratigraphy from 14600 to 2500 BP (Wick, 1989; Fig. 4). Niessen & Kelts 
(1989) describe 4 lithological units (L 1 to L 4) for the last 15 000 years. The differences 
between the Holocene (unit L 1, which is used in this study) and the latest Pleistocene 
(unit L2) are distinct: L2 is light in colour and low in organic carbon (0 -1%)  
whereas L 1 is dark-gray to black in colour and high in organic carbon (up to 8 %, 
Fig. 3). The definition of 5 Holocene lithological sub-units (L 1 a to L 1 e) is based on 
sedimentary fabric: Generally, L 1 a, c, and e are well laminated, whereas b and d 
show indistinct or, in places, no laminations (Fig. 3 and 6). The top of the section 
(L 1 a) is varved and comprises 60 calcite/diatom laminae couplets (Tab. 1). 

Several sedimentary parameters, originally determined and discussed by Niessen 
(1987), form the data-base for this study (Fig. 5, 6, 7, Tab. 1). These include organic 
and inorganic carbon, biogenic silica (opal); calcite/dolomite ratios; counts of macro- 
benthic fossils, and the stable carbon isotope signatures (613C) in benthic ostracod 
valves. Inorganic carbon is related to calcite (CaCO3), mostly autochthonous, and 
dolomite (Ca, Mg(CO3)), which is entirely allochthonous. The trends for organic and 
inorganic carbon, biogenic silica, calcite/dolomite ratios, and benthic fossils in core 
LG 83/17 are also present in core LG 83/15. Thus the trends in core LG 83/17 used 
for this study can be expected to have had a basin-wide presence (see Fig. 1 and 2 for 
core location and stratigraphic correlation). 

3. Materials and methods 

The data presented here were obtained from core LG 83/17 and from several short 
cores (Fig. 1). Calender-year calibration was done according to Linik et al. (1986) for 



Aquatic system response of Lake Lugano to climatic and human changes 261 

Table 1. Summary of cited data, calculations and results. (14C-results are from Niessen & Kelts, 
1989; sediment components are expressed as mean values in time intervals after Niessen, 1987, and 
Niessen, 1990). For methodological details with respect to the original data the readers are referred to 
the mentioned publications. Core LG 85/6 is a short core taken at the same site as LG 83/17 in 1985 
(Fig. 1). 

core~LGinterval deptll 
no. (cm) 

85/6 0 
83/17, 85/6 I 2.3 

85/6 4.5 
83/17, 85/6 7.4 
83/17, 85/6 9.4 
83/17, 85/6 II 14.2 

85/6 16.5 
83/17, 85/6 21.3 

83117 II I  24 
83/17 IV 179 
83/17 V 309 
83/17 VI 432.5 
83/1'7 VII 485 
83/17 VIII 633 
83/17 68(] 

CHRONOLOGY CITED CORE DATA 
14-C [ 14-C A.D. total water opal carbon carbon C inorg[ C org C.candida S.ferox 
age error age error content inorg, org. mean [ mean valves cocoons 

(a BP )  (a) (a) (a) (%) (%) (%) (%) (%) (%) no/10cc no/100cc 
• carve-> 1985 +/-1 89 15.3 4.4 8.9 
varve -> 1980 +/-1 89 7.8 4.8, 3.8 8.2, 6.7 
v a rv e ->  1975 +/-1 88 10.4 4.8 7.6 
varve -> 1970 +/-1 87.5 3.8, 3.8 5.2, 6.2 
varve-> 1965 +/-1 87.5 8.9 3.2 4.9 
varve -> 1955 +/-2 85 7.7 3.2, 3.0 5.4, 3.9 
varve -> 1950 +/-2 88 2.9 4.3 
varve -> 1940 +/-3 85 2.3, 1.8 3.5, 2.5 
varve -> 1930 +/-4 74 7.5 1.8 2.7 

2085 +/-95 -133 +]-123 72 10.5 1.5 2.9 
2655 ~/-100 -808 +/-143 70 9.2 1.6 3 
3615 ~/-105 -2002 +/-149 71 10.9 1.2 3.4 
442• ~/-130 -3115 +/- 179 72 2.8 1.2 3.7 
775C ~/-135 .6632 +/- 184 68 1.4 1 2.1 
898C ~/-130 -7982 +/- 145 

4.4[ 8.9 0 C 
42 7.5 0 C 
4.8j 7.6 0 
3.8 5.7 0 C 
3.2 4.9 0 C 
3.1 4.7 6.3 C 
2.9 4.3 11.1 C 
2.1 3.~ 35.1 C 
1.8 2.7 25 4.4 
1.5 2.9 6.7 4.~ 
1.6 3.C 2.7 I..1 
1.2 3.4 2.3 24 
1.2 3.7 0.1 10.( 
1.0 2.1 3.5 

14C ages younger than 8000 years BP and according to Stuiver et al. (1991) for ages 
older than 8000 years BP. The 14C data (Accelerator Mass Spectrometry) published 
by Niessen & Kelts (1989) are used for this purpose. Dating of  the topmost laminated 
section (unit L 1 a) is derived from varve counting as described by Zfillig (1982) and 
Niessen (1987). Average values of  sediment components (carbon, opal) are calculated 
from the original data (Niessen, 1987) using the component  mean between two 14C- 
dated points as summarized in Tab. 1. The pollen analysis is described in detail by 
Wick (1989). Results from PAZ 14 and 15 confirm that the sediment gap in core 
LG 83/17, due to the coring operation (Fig. 3), is of  the order of  20cm. 

Bulk Sediment Accumulation (BSA)  is obtained from equations (1) to (3): 

B S A  = s .  Q~. (1 - ~ )  (1) 

w. ~s 
= = porosity (Berner, 1971) (2) 

w .  + (1 - w ) .  

,02 ~ - 0.047 • co + 2.6 = dry density of  sediments (3) 

with: 

s = average sedimentation rates between two dated points in cored sediments, 

0w = pore-water density (1.0 kg m-3) ,  

w = water content (weight % of  water relative to the total wet sediment weight), 

co = content of  organic carbon (weight %) 

The Component  Sediment Accumulation (CSA)  is defined by: 

c s A  = B S A  . C / 1 0 0  (4) 

with: C = component  in weight percent relative to the total dry weight. 
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The sum of Autochthonous Sediments Compounds (Z ASC) is defined as: 

Z A S C  = CaCO3autoehtho ....  21- Si02diato m -I- CH2Oorganie matter (5) 

Late Glacial sediments from core LG 83/17 (ca. 13 ka BP), consisting of detrital 
muds derived from local catchment runoff, offer the opportunity to estimate the 
allochthonous "contamination" of otherwise autochthonous sediments. These 
detrital sediments have 0.4% Corg, 0.5% Ci,org, 0.2% opal, and calcite/dolomite 
ratios of ca. 0.7 (Niessen, 1987). In comparison, L 1 sediments are strongly enriched 
in the above components (generally by more than one order of magnitude: Tab. 1; 
Niessen, 1987; Niessen & Kelts, 1989), indicating their dominantely autochthonous 
character in these Holocene sediments. Calcite in L 1 is generally more abundant than 
dolomite. Thus, for simplification, the overall low dolomite content (ca. 5 % average; 
Niessen, 1987) is neglected in this study and the measured inorganic carbon is used to 
calculate the autochthonous calcite content. Also, allochthonous organic carbon is 
assumed to be minor and is here neglected (see also chapter 2). Thus all data in this 
paper presented as autochthonous compounds (equation 5) may be slightly 
overestimated due to a minor contamination by allochthonous materials. 

Since abundances of living macro benthos in lakes are generally expressed as 
counts m-  2 (e. g. characteristic for a specific year), we define Abundances of Benthic 
Fossils (ABF) as a flux: 

ABF = CBF. s (6) 

with: CBF = Counts of Benthic Fossils per volume wet sediment 

4. Results 

4.1. Time intervals and pollen stratigraphy 

The 10000 year Holocene record of Lake Lugano is subdivided into eight time 
intervals (I to VIII)as summarized in Table 1 and Figure 3. Intervals II and I (L 1 a) 
cover the periods of initial and strong eutrophication after A.D. 1930 and A.D. 1970, 
respectively. The Intervals III to VIII differentiate the lithological units (L 1 b and e) 
and/or correlate with the Ethological boundaries (except for the boundary between 
L lc and L lb due to lack of datable organic matter). The different stratigraphic 
elements used in this study (lithological units, time intervals and pollen zones) are 
correlated in Figure 3. 

The Holocene pollen record (Fig. 4) is characterized by Quercus and Alnus (the 
latter since the Subboreal, tree location up to an elevation of 1000 m a. s. 1.), Abies and 
Fagus (mountain zone above 1000 m a. s. 1.), and Picea and Larix (subalpine area). At 
the beginning of the Subboreal (PAZ9, L l e - L l d  transition), at about 3000 to 
4000 BC, the fir forests disappeared very quickly from the Lake Lugano area and 
were completely replaced by beech forests. Within the oak forests Alnus became more 
important, and the areas of Carpinus and Ostrya began to expand. 

The first cereal.pollen grains occur after ca. 1400 BC (PAZ12, Bronze Age, 
interval V), accompanied by indicators of pasture and agriculture, e.g. Poaceae, 
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Figure 3. Stratigraphic overview and bulk accumulation of core LG 83/17. 

Ericaceae, Plantago Ianceolata, Rumex and Artemisia (Fig. 4). PAZ 14 is character- 
ized by the cultivation ofJuglans, Castanea and SecaIe, which were introduced during 
Roman settlement (about 100 BC). In PAZ 15 (interval III) cultural plants (Castanea, 
Juglans, cereals and Cannabis sativa) show maximal values. The pollen curves of 
Quercus and Alnus decrease and of herbaceous plants and heliophilous shrubs and 
trees, such as Juniperus, Cytisus scoparius, Erieaceae (mainly Calluna) and Populus, 
increase. The cultivation of Zea mays and Platanus orientalis since the 18th century is 
indicated by pollen in PAZ 16. 

4.2. Lacustrine accumulation rates 

The average bulk sediment accumulation rate (BSA) varied greatly during the 
Holocene (Fig. 3): it was minimal (15 mgcm-Za  -1) prior to ca. 3000 BC (Lle,  
interval VII and VIII, Boreal to early Subboreal), increased gradually during 
intervals VI and V (L I d, c), and peaked around 500 BC at 65 mg cm - 2 a-  1 (L 1 b, 
interval IV). Thereafter, during the Subatlantic period, BSA dropped back to 
20 mg cm- 2 a - 1 (L 1 b, III); a second major increase occurred to 60 mg cm- z a-  1 
during this century (L I a, intervals I and II). 

The Holocene accumulation of the autochthonous components (CSA, including 
organic matter, autochthonous calcite and biogenic silica) followed the trend of BSA, 
showing a maximum in intervals IV and I (Fig. 3 and 5). The largest change is 
recorded for inorganic carbon, with rates below 0.2 mg cm-2 a-~ prior to 3000 BC 
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Figure 4. Major vegetation changes during the Holocene. Pollen results from LG 83/17 (PAZ 8 to 13 
are from Wick, 1989; PAZ 14 to 16 are from this study). 

(intervals VII and VIII) as compared to 2.7 m g c m - 2 a  -1 in interval I. Organic 
carbon has the lowest accumulation rates in L 1 e (ca. 0.5 mg cm- 2 a-  1 in VII and 
VIII) despite the relatively high content in bulk sediments (2-5%, Fig. 3) as 
compared to 4 mg cm-z a-1 or 7 % in interval I. Biogenic silica reached accumula- 
tion rates during interval IV (early Subatlantic) similar to those of today (interval I). 
On the other hand, the increase ofbiogenic silica from interval III to I (eutrophication 
period after A.D. 1930) is relatively small (8 to 12 mgcm -2 a -~) as compared to the 
doubling of the carbon accumulation (Fig. 3). 

The total autochthonous accumulation, calculated by combining equations (4) 
and (5), accounts for about 70 % of the bulk accumulation in sub-unit L 1 a and less 
than 40 % in L 1 b to L 1 e (Fig. 3). By comparing autochthonous accumulation with 
BSA (Fig. 3) it becomes evident that the first peak of BSA during interval IV is related 
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activity. 

to an increase in both allochthonous and autochthonous sedimentation, whereas the 
second maximum (I and II) is entirely derived from an increase in autochthonous 
sedimentation. 

4.3. Abundances of benthic remains 

Fossils of  bot tom dwellers (ostracod valves of  Candona candida, and/or oligochaete 
cocoons typical of  Spirosperma ferox) are present in all of  the Holocene sub- 
units except in the uppermost part of  unit L J a (interval I), which is free of  benthic 
fossils (Fig. 6). Oligochaete remains show generally low abundances (about 1 to 4 
cocoons m -  2 a -  1 equation (6)) or are absent in sediment sections with more distinct 
laminations (sub-units L 1 a, L 1 c and parts of  L 1 e; Fig. 6). In laminated sub-units 
L l a (interval II) and L I c (V) there are no fossils of  Spirospermaferox, but Candona 
candida is present (Fig. 6). The abundance of  ostracod-valves show a generally 
increased trend, together with the autochthonous accumulation rates, particularly 
with respect to inorganic carbon (Fig. 5 and 6). 

5. Discussion and conclusions 

5.1. Primary production 

In lakes, fluxes of  organic carbon (plankton remains) and opal (biogenic silica of  
diatom frustules) may be related to primary production (e.g. Hollander, 1989; 
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Schelske et al., 1987; respectively). Fluxes of inorganic carbon (calcite) are indirectly 
related to productivity. Surface-water CO2 assimilation changes chemical equilibria 
which leads to supersaturation with respect to CaCO3 and subsequently to 
precipitation (e.g. Kelts & Hsii, 1978). 

In order to reconstruct lacustrine primary production from the geological record, 
one has to take into account that the accumulation of autochthonous components, 
particularly organic carbon, is affected by the degree of preservation. In Lake 
Lugano, microbial metabolism is observed in the hypolimnion and in the top 30 cm 
of the sediment column (Lazaretti et al., this issue), so part of the seston is oxidized. 
Under eutrophic conditions, oxygen is commonly consumed within the top few 
millimeters of the sediments or in the water column of the hypolimnion (see 
discussion in Lazaretti et al., this issue). Therefore, if renewal of deep-water oxygen is 
sufficient, decreased sediment deposition (lower production) is generally coupled 
with a reduction in organic matter preservation resulting from longer exposure at the 
oxic sediment/water interface (Bralower & Thierstein, 1987). In many organic rich 
sediments, however, there is an excess of oxidizable organic matter over electron 
acceptors, so microbial metabolism does not destroy the direct relationship between 
production and burial of organic carbon (Pedersen & Calvert, 1990). This is 
particularly important for lacustrine environments because the low SO 4 content of 
freshwater systems limits the organic-matter oxidizing capacity of microbial sulfate 
reduction (Kelts, 1988). 

The sensitivity of organic/inorganic carbon and biogenic silica to changes in 
primary production in Lake Lugano can be tested using the sediments which were 
deposited during the last six decades of eutrophication. Accumulation of inorganic 
and organic carbon, and to a less extent of biogenic silica, increase by a factor of 1.5 to 
2 from interval II (A.D. 1930-1970) to interval I (A.D. 1970-1985, Fig. 5). This 
increase correlated with a doubling of PO4 in the lake water according to 
measurements in 1964 and after 1980 (during winter overturn; Jaag & Mfirki, 1968; 
Barbieri & Martini, 1982; respectively). Primary production has only been measured 
in Lake Lugano since 1980 (Rufli, 1982; 460 gC m -2a -1 ) .  Moreover, sediments 
deposited during this century show an increase of organic carbon which is in positive 
correlation to that of autochthonous calcite. This relationship exists in all profundal 
areas of Lake Lugano regardless of water depth and local sedimentation rates (Fig. 1, 
8). We therefore prefer to explain the gradient of organic carbon by increasing flux 
rates during eutrophication rather than by a down-core trend of degradation. A 
similar conclusion was drawn from an increase in sedimentary pigments in the Lake 
Lugano basin of Ponte Tresa (Ziillig, 1982). 

The accumulation of opal can be expected to behave similarly to that of carbon, as 
the preservation of SiO/di,tom in sediments of pH-buffered systems is also largerly 
controlled by the flux of diatoms (or other silicious algae) through the water column 
and thus production (e. g. Pokras, 1986). Likewise a sediment core from the basin of 
Ponte Tresa (Lake Lugano) revealed a steady increase of diatom frustules parallel to 
that of total pigments between A.D. 1900 and 1978 (Zfillig, 1982). Under conditions 
of very high productivity (e. g. Lake Lugano after A.D. t980), however, formation of 
biogenic silica may be limited by depletion of the dissolved silica reservoir in the water 
(Schelske et al., 1987) or by competition of silicious algae with other species (Polli & 
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Figure 8. Organic carbon versus inorganic carbon and calcite, respectively. Left: Holocene data from 
core LG 83/17 (Fig. 5). Note the high organic carbon to inorganic carbon content in unit L 1 e. Right: 
Last 100 years (eutrophication record), cores from different basins of Lake Lugano (core locations in 
Fig. 1, data from Geologisches Institut, ETHZ, 1984). The correlation coefficients range from 0.71 
(Ponte Tresa) to 0.79 (Morcote). 

Simona, this issue). This could explain the disproportionately low increase in opal 
accumulation in L 1 a compared to the other autothonous compounds (Fig. 5). 

One further argument for combining biogenic silica and carbon is the different 
chemical control on their preservation. For example, the preservation of organic 
carbon could have been different in the past due to very high respiration rates in the 
hypolimnion and subsequently dissolution of calcite due to lower pH values. Low 
carbon accumulation could then be misinterpreted as being related to low primary 
production. Lower pH values, however, would have a positive effect on the 
preservation of biogenic silica. Consequently if changes in preservation controlled 
the record at any time in the past, the accumulation of carbon and opal should shift in 
different directions. This is not observed in the Holocene record of Lake Lug•no; all 
autochthonous compounds show covariant shifts (Fig. 5). Thus the effect of 
preservation on accumulation rates of carbon and biogenic silica is assumed to be 
minor relative to that of production, and the accumulation of their autochthonous 
compounds is used as a proxy for past production. 

The extremely low accumulation rates of opal, organic carbon and inorganic 
carbon in unit L I e would suggest a past production of not more than 10% of the 
present level for the early Holocene (Boreal and Atlantic, VIII and VII, respectively). 
A first significant increase in productivity is indicated for the time interval between 
3000 and 2000 BC by the accumulation of carbon (organic and inorganic) to about 
30 % and ofbiogenic silica of up to 100 % of the rates observed for this century (after 
A.D. 1930-1985). Thereafter the productivity may have dropped back to about 20% 
of the present level until the recent onset of eutrophication. The interpretation of the 
Holocene productivity of Lake Lug•no is summarized in Figure 9. The trend is also 
consistent with that of total pigment accumulation assessed by Niessen (1987) for the 
Holocene sediments of core LG 83/15 (Fig. 1, 2), which increased from ca. 0.3 to 
1.8 lag cm- 2 a-  1 in mid Holoeene time and then to 25 lag cm- 2 a-  1 during the last few 
decades. 
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Figure 9. Left: Flow diagram showing major factors controlling the formation, deposition and 
preservation of autochthonous sediments in Lake Lugano as interpreted in the text (temperature 
effects not considered) 
Right: Interpretation of productivity and bottom-water oxygen status for the Holocene of Lake 
Lugano (southern basin). Productivity assessment is based on accumulation rates of organic carbon, 
inorganic carbon (calcite), and biogenic silica (Fig. 5). Categories (i), (ii), and (iii) for bottom-water 
oxygen are explained in the text. White arrows mark periods with proposed increases in lake 
circulation (oxygen injection into deep water). Black arrows mark times with acceleration of the 
aquatic carbon cycle 

In conclusion, high burial rates of  organic carbon (5 mg cm-  2 a -  1) are clearly 
related to eutrophication (intervals I and II). Therefore, laminated sediment sections 
characterized by minimum accumulation rates of  autothonous sediments (in 
particular L 1 e, VII and VIII) are not related to high primary production. On the 
other hand, the formation of  organic carbon-rich sediments in Lake Lugano is not 
due entirely to high productivity. Apparently an increased organic carbon content 
(above Holocene average of  3 %) characterized periods of both very high (I and II) 
and very low production (intervals VI and VII). The latter indicates that the early 
Holocene deep-water environment of  Lake Lugano (southern basin) might have been 
particularly supportive for organic carbon preservation, despite the low flux rate. 

5.2. Bottom water oxygen 

Evidence from the Lake Lugano sediment record which can be related to past bottom- 
water oxygen conditions includes fossils of  specific benthic ostracod and oligo- 
chaete species (Candona candida and Spirospermaferox, respectively; Fig. 6) and the 
sedimentary fabric (preservation of  laminae). The use of  oligochaete cocoons in 
particular is a relatively new field in palaeolimnology (Bonacina et al., 1986), whereas 
the latter has repeatedly been used to characterize bioturbation and related bot tom 
water oxygen levels in organic-rich marine environments (Rhoads & Morse, 1971; 
Rosenberg, 1977). Anaerobic marine environments are characterized by well- 
laminated sediments, whereas most sediments within dysaerobic and aerobic realms 
are homogenized by bioturbation (Savrda et al., 1984). 
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There are no comprehensive trace-fossil models for assessing profundal oxygen 
content in lakes. Neither is there a strict rule that anoxic bottom-water conditions 
always lead to laminated lacustrine sediments. However seasonal sedimentation 
pulses of autochthonous calcite and organic matter are often preserved in varves if 
the bottom water is anoxic, as is the case in Lake Lugano today and in many other 
meromictic and/or eutrophic lakes (e. g. Niessen & Sturm, 1987; Lotter, 1989). Thin- 
sections of massive sediments of unit L 1 b show in places nearly homogenized relicts 
of calcite and diatom laminae (Niessen, 1987). This suggests that distinct seasonal 
sediment pulses occurred in the past which would probably be preserved as laminae if 
not largely destroyed after deposition by burrowing organisms. If this assumption is 
valid, laminated sections should have less benthic fossils than massive sections, which 
generally holds true when compared with the abundances of oligochaete cocoons in 
the Holocene units L 1 a to d (Fig. 6). 

The presence of Candona candida and Spirospermaferox-remains is an indication 
of dysaerobic or aerobic conditions at the sediment-water interface. Oligochaetes are 
particularly used as indices of lake pollution (Lauritzen et al., 1985; Probst, 1987). 
Profundal species are disproportionately low in organic-rich sediments if deep-water 
oxygen is depleted (Lang, 1984). For example, in the sediments of Lake Geneva 
abundances of Spirospermaferox decreased to zero during eutrophication between 
A.D. 1982 and 1985 (Lang, 1986). Bonacina et al. (1986) have linked the decrease of 
Spirospermaferox cocoons in the sedimentary record of Lake Orta with an increase in 
pollution. 

In Lake Lugano palaeo-oxygen indicators in the topmost part of core LG 83/17 
can be compared with past oxygen measurements in the lake. Cocoons of 
Spirosperma ferox disappear just below the onset of laminations at the L I a/L 1 b 
boundary (A.D. t 930). Valves of Candona candida are found in sediments deposited 
until about A.D. 1966 (Niessen, 1987; Tab. 1). Accordingly, the hypolimnic oxygen 
content of Lake Lugano has decreased by about 3 mg/1 between 1946 and 1981 as 
shown by a data compilation of Peduzzi (1981). Oxygen contents of below 0.2 mg/1 
were observed since 1964 for the deep water of the southern basin (Jaag & M/irki, 
1968). Thus the observed sedimentary trend correlates with the decrease in bottom 
water oxygen content during eutrophication. It also implies that the benthic remains 
represent in situ profundal conditions and are not transported from shallower areas 
of the lake. Apparently Candona candida is more resistant to low oxygen con- 
centrations than is Spirosperma ferox. 

Based on the above comparison between the sedimentary and the instrumental 
record, three categories are suggested to interpret the bottom water history of Lake 
Lugano (Fig. 9): 

(i) Distinctly laminated sediments and the absence of macrobenthic fossils 
indicate seasonally to perennially anaerobic conditions at the sediment water 
interface. This occurred only under eutrophic conditions after A.D. 1966 (interval I). 

(ii) Laminated sediments, the presence of Candona candida valves and absence of 
Spirosperma ferox cocoons indicate perennially aerobic conditions with relatively 
low oxygen concentrations. This occurred twice in Lake Lugano, in interval II (L 1 a, 
prior to A.D. 1966) and in interval V (Llc,  mid Subboreal), and is in both cases 
associated with indications for increased production. 
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(iii) Homogeneous (most likely bioturbated) sediments, the presence of Candona 
candida valves and relatively high abundances of Spirospermaferox cocoons indicate 
well oxygenated profundal conditions. This occurred during the early Subboreal 
(L I d, interval VI), when production was supposed to be low. It is also characteristic 
for most of the Subatlantic of Lake Lugano (L 1 b, interval IV and III), when we 
believe production increased. 

The early Holocene history of Lake Lugano (L 1 e), however, does not fit exactly 
into one of the above categories. The preservation of distinct laminations in places 
suggests a low abundance or absence of burrowing organisms which, for organic rich 
sediments, one would interpret as indicative of dysaerobic or anaerobic conditions. 
This interpretation is supported by the relatively high ratio of organic to inorganic 
carbon in L 1 e (Fig. 8), suggesting better preservation of organic matter relative to 
calcite during the early Holocene. On the other hand, the presence of Spirosperma 
ferox cocoons in L I e (Fig. 6) does indicate oxygenated bottom water conditions. To 
explain this, we suggest a scenario in which the lake bottom might have been well 
oxygenated over periods of some years or decades, followed by periods with a 
diminished oxygen content at the sediment water interface. Indeed, Niessen (1987) 
described short periods with distinct microlamination in L i e comprising about 20 to 
30 thin couplets (varves?) intercalated with more massive sediments. Since the 
sedimentation rate (and time-resolution) is very low in L I e, sub-samples used for 
counting of benthic remains cover relatively large time windows (e. g. 100 years) and 
thus integrate over several short-term shifts. This could explain why cocoons were 
found in all samples analyzed by Niessen (1987). The L I e sediments may be similar to 
partially bioturbated sediment fabric types observed in marine environments which 
are produced by short-term migration of the dysarobic-anaerobic boundary in the 
water column (Savrda et al., 1984). However, further detailed studies are necessary 
for organic rich lacustrine sediments, both laminated and non-laminated, to test our 
hypotheses. The low abundance of ostracod valves in L 1 e is possibly related to other 
factors besides bottom water oxygen (e.g. insufficient carbonate buffering due to 
extremely low rates of calcite deposition, Fig. 5). 

In conclusion, the org~mic carbon rich Holocene sediments of Lake Lugano were 
generally deposited under aerobic and dysaerobic conditions in which bottom water 
oxygen was apparently not always negatively correlated with productivity: Oxygen 
levels were probably low relative to lake production during the Boreal and Atlantic 
(L I e, VII and VIII), and relatively high during the early Subatlantic (L 1 b, IV). The 
former conditions result in slightly higher (up to 5 %) organic carbon contents as 
compared to the latter (up to 4 %, Fig. 5). Higher organic carbon contents (more than 
8 %) formed only under conditions of high production and seasonal profundal 
anoxia, as has occurred during the eutrophication of this century. 

5.3. The influence of climate and man on Lake Lugano's history 

The processes controlling the oxygen budget at the sediment/water interface are 
oxygenation during lake circulation and oxygen consumption during mineralisation 
of organic matter (Fig. 9). A comparison of the interpreted bottom water oxygen 
content and productivity conditions in Lake Lugano during the Holocene indicates 
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that the intensity of these two processes has varied with time. Prior to about 3000 BC, 
sediment laminations were well preserved and organic carbon content was high 
despite low organic matter flux rates. These characteristics could be explained if the 
supply of oxygen to the lake bottom was lower than that for the last 3500 years. 
Oxygen gradients at the sediment-water interface are influenced by the intensity of 
vertical mixing of water during isothermal (winter) conditions. Mixing can be 
reduced by a salinity stratification in deep water and/or by lack of wind energy at the 
lake surface. The first leads to a self-stabilization of stratification and can result in 
long-term hypolimnic anoxia, as is the case for the northern basin of Lake Lugano 
today (Wriest et al., this issue). Since long-term anoxia is not indicated by the benthic 
fossil record for the southern basin, periodic lack of wind energy is proposed to 
explain the dysaerobic or anaerobic profundal conditions during phases of the early 
Holocene. This may suggest reduced wind intensity on a local or regional scale during 
the "climate optimum", which then increased to conditions similar to the present 
during the Subboreal (Fig. 9). The latter change must have been significant at the 
L i c/d-boundary (ca. 1400 BC) since oligochaete abundances (and possibly biotur- 
bation) increased, despite evidence for a further rise in production at that time. 

If climate had a significant influence on the bottom water oxygen content in Lake 
Lugano, what then controlled the proposed changes in primary production? The 
increase of autochthonous accumulation during the late Holocene is coupled with 
higher input rates of sediments from allochthonous sources, indicating increased 
catchment erosion, because BSA has more than doubled after 3000 BC, but only 
about 30-40% of BSA is related to autochthonous sedimentation (Fig. 3). 
Moreover, Niessen (1987) has shwon in core LG 83/17, that the increase of 
allochthonous sedimentation is positively correlated with the accumulation of the 
cosmogenic isotope 1°Be (half-life 1.5 x 10 6 a) which reached accumulation rates in 
the lake of up to 20-fold the mean atmospheric flux rate of 1°Be. He concluded that 
the rise of allochthonous input was mainly derived from soils since storage and 
release of ~°Be in terrestrial environments is strongly associated with soil formation 
and erosion, respectively (Brown et al., 1981; Pavich et al., 1985). Soil erosion was 
probably minor during the early Holocene, as mirrored by minimum BSA in the lake 
basin (Fig. 3). During this period the catchment was more densely forested than at 
any other time in the Holocene (Wick, 1989; Fig. 4). Higher terrestrial plants are an 
effective "pump" of phosphorus from the lithosphere to the pedosphere (Meybeck, 
1982). We suggest that soil phosphorus was enriched during the early Holocene until 
3000 BC. Nutrient release to the lake was minimal. After 3000 BC, soils and the 
nutrients they contained were eroded at an increased rate into the aquatic system. The 
lake organic matter production subsequently increased (Fig. 9). Allochthonous input 
was most severe between 800 and 100 BC (Fig. 3) when lake productivity may have 
reached 50 % of its present value (Fig. 9). During the last few decades allochthonous 
and autochthonous sedimentation fail to correlate because of an increased input of 
nutrients derived from fertilizers and sewage. 

According to the above scenario, a two-fold acceleration of the aquatic carbon 
cycle should be expected (increase in production, respiration and burial of organic 
matter) during the Subboreal and during this century (Fig. 7 and 9). Indeed shifts are 
mirrored by inorganic carbon produced in the epilimnion (autochthonous calcite) 



Aquatic system response of Lake Lugano to climatic and human changes 273 

and at the lake bottom (ostracod valves) as shown by Niessen (1987). Both transitions 
from intervals VI to V and III to II show evidence for increased production by a sharp 
increase of autochthonous calcite over allochthonous dolomite (Fig. 7). Correspond- 
ingly, the stable isotope composition of benthic ostracod valves shifted to more 
negative 6 13C values. Increased profundal respiration of organic matter (coupled 
with a decrease of dissolved oxygen at the lake bottom, as indicated by the 
disappearance of oligochaete remains as well as the preservation of lamination at the 
onsets of L I c and L 1 a) leads to an enrichment of 12C in the dissolved deep-water 
carbon reservoirs (e.g. McKenzie, 1985) which is used by ostracods to build their 
valves (e.g. Lister, 1988). 

The causes of the mid Holocene increase in erosion and subsequent impact on the 
aquatic system is difficult to assess, however. Erosion can be directly related to 
greater precipitation and/or to a decrease in vegetation cover (Fig. 9). The latter is 
likely to be affected by human changes during the Neolithic period (ca. 4000 BC). In 
pollen diagrams from several small lakes near Lake Lugano, the Neolithic period is 
marked by deforestation and cultivation of cereals at the beginning of the Subboreal 
(Zoller, 1960; Schneider, 1978; Schneider & Tobolski, 1985), whereas human impact 
on the Quercus-Alnus forests at Lake Lugano was probably very limited, and not the 
only reason for the increase in soil erosion. Possibly the vegetation changes in the 
upper regions of the catchment area (1000-2000 m a.s.1.) had an influence on the 
sedimentation in the lake. Abies disappeared from at the beginning of the Subboreat 
and was replaced by Fagus. The reason for this change, which was limited to the 
mountain forests of the Lake Lugano area, are not known (Wick, 1989; Zoller, 1960). 
At the same time the Alpine treeline decreased due to human impact and/or climate 
change (Lang, in press; Wick, 1991). Thus the initial phase of increased soil erosion 
in Lake Lugano is indeed synchronous with vegetation changes. 

During the Bronze Age (PAZ 12) human impact on the vegetation increased. In 
the Iron Age (PAZ 13) the forests (mainly of Alnus) were thinned considerably 
(Fig. 4) in order to develop pastures and grain fields. Thus the marked peak in 
allochthonous sediment accumulation in Lake Lugano after 800 BC (interval IV) can 
also be related to a strong increase in soil erosion caused by human activity. 

The beginning of the most dramatic human impact on the natural vegetation, 
however, dates to the early Middle Ages (ca. A.D. 450-500). Alnus-Quercus forests 
were largely destroyed, and the cultivation of Castanea, Juglans, cereals and 
Cannabis sativa became very important. High percentages of grasses, Plantago 
lanceolata, Juniperus, Calluna and other shrubs (Fig. 4) suggest rather intensive 
grazing (probably also in the forests) from the Middle Ages to recent time. Although 
one would expect another increase in soil erosion resulting from this intensive 
anthropogenic use of the landscape, these hinterland changes are neither reflected by 
the BSA nor by any of the productivity indicators during interval III. Since the exact 
time resolution of interval III is relatively poor (large radiocarbon time window from 
808 BC to A.D. 1930, including a core gap of ca. 20 cm) compared to the drastic 
human-induced vegetation changes at this time, it is too early to draw conclusions 
about the aquatic response to certain points during this period. This will require a 
complete core recovery, a denser net of palaeolimnological data as well as more 
radiocarbon dating for the last two millennia of the record. 
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In  conclusion,  the case s tudy f rom Lake  L u g a n o  suggests tha t  the increased input  
o f  terrestrial part iculate mat ter  (mostly soil) caused an acceleration o f  the aquat ic  
ca rbon  cycle. This suggests that,  under  mid lati tude semi-humid climate condit ions,  
terrestrial environments  m a y  release nutrients roughly  p ropor t iona l  to the total 
detrital discharge f rom soil-covered terrain which in turn controls aquatic productiv- 
ity. Mid-Holocene  changes in ca tchment  erosion are coupled with ma jo r  shifts in the 
vegetation, caused by climatic change and /o r  h u m a n  impact.  Climatic changes may  
also be responsible for  a p roposed  increase o f  winter turn-over  rates injecting more  
oxygen into the deep water  envi ronment  o f  Lake  Lugano  after the end of  the Atlant ic  
chronozone .  
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