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Abstract: Natural phyto- and bacterioplankton populations of Lake Vechten (the Netherlands) were subjected to darkness under 
oxic and anoxic conditions at in situ temperatures in order to test the stability in time of their photosynthetic pigments. 
Furthermore, sedimentary fluxes and concentrations of pigments were estimated in (respectively) sediment trap catches and at the 
sediment-water interphase in order to measure the pigment breakdown upon burial into the sediment. The chlorophylls and most 
of the xanthophyUs showed substantial losses of 20% to 60% in the incubation experiments as well as in the surficial sediment. 
g-Carotene, okenone and echinenone were most stable (2-10% losses); fucoxanthin and peridinin were degraded extensively; 
alloxanthin and zeaxanthin held an intermediate position as did the bacteriochlorophyUs. Trends in sediment profiles of pigments 
were compared with limnological data obtained during the enhanced eutrophication of the lake. Evidence was provided that the 
0-carotene profile closely followed the increase of phytoplankton biomass. Although susceptible to substantial degradation, several 
profiles of pigments and of pigment ratios could be related in a qualitative way to biomass and to shifts in species composition 
which occurred as a result of the changing ecological conditions in the lake. 
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Introduction 

A great number of studies lend support to the 
use of sedimentary pigments as indices to former 
lake productivity [e.g. 1-11]. The sediment record 
is invariably the only source from which back- 
ground conditions can be assessed [12]. In this 
respect certain carotenoids are useful as they 

* Corresponding author. 

represent taxonomical classes of algae and bacte- 
ria. From the distribution and abundance of indi- 
vidual carotenoids in the layers of the sediment 
the occurrence and biomass of main classes of 
phytoplankton and bacterial plankton can be 
traced back in history, providing clues for former 
ecological characteristics of the lake. However, as 
documented recently, alteration of pigments 
within the water column and upon burial in the 
sediment presents a major problem in the inter- 
pretation of their stratigraphic records [13-18]. 
Other complicating factors which have to be con- 
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sidered are related to disturbances of the sedi- 
ments such as resuspension, bioturbation and 
sediment redistribution. Ideally, stratigraphic 
records should be compared to observed changes 
in a lake's trophic state obtained in a long-term 
monitoring programme [19-20]. The established 
relations can then be applied to sediment cores 
of other lakes of the same type for which no 
historic routine measurements are available. Such 
an approach may offer good possibilities for 
defining pre-disturbance conditions. We tested 
this approach to the non-laminated sediments of 
the monomictic sand-pit, Lake Vechten (the 
Netherlands). The lake has been a study site 
since 1962 and a number of useful data for this 
approach are available. Since the 1980s the lake 
shows many clear symptoms of enhanced eu- 
trophication, such as the occurrence of massive 
blooms of Oscillatoria agardhii in spring and early 
summer and an extended anoxic hypolimnion. It 
has changed from a clear lake with macrophytes 
to a more turbid plankton-dominated system [21]. 
The eutrophication process in Lake Vechten 
could be correlated with several factors, such as 
the increased nitrogen input from precipitation 
since the 1950s [21]. 

In order to be able to discriminate between 
relatively stable and very labile pigments the oxic 
and anoxic degradation from natural populations 
of Lake Vechten was studied and their loss upon 
burial in the profundal sediments was examined. 
The paper addresses the main question: to what 
extent can pigment stratigraphy in non-laminated 
sediment be related to changes in autotrophic 
pelagic biomass and with shifts in species compo- 
sition, and which pigments are most useful as 
biomass indicators. Trends in pigment profiles 
will be discussed in the view of changing ecologi- 
cal characteristics of the lake. 

Materials and Methods 

Site description 
Monomictic Lake Vechten in the centre of the 

Netherlands is classified as eutrophic [11,22]. It is 
a closed waterbody, mean depth 6 m and maxi- 
mum depth 12 m, formed in 1941 as a result of 

sand quarrying. Apart from precipitation, the lake 
is fed by agricultural drainage, surface and 
groundwater run-off mainly from grassland and 
scattered crop fields. At present, the dominant 
phytoplankton are diatoms and cryptomonads 
during winter, dense blooms of the cyanobac- 
terium Oscillatoria agardhii in late-winter and 
spring, followed by the crysophyte Dinobryon di- 
vergens, various green algae and from the 
cyanobacteria group Anabaena flos-aquae; the di- 
noflagellate Ceratium hirundinella usually domi- 
nates in summer and fall. Phototrophic bacteria 
occur in summer at the oxygen-sulphide interface 
[23]. Sediment composition, depositional patterns 
and accumulation rates are described elsewhere 
[11,24,25]. 

Sampling 
For the in vitro pigment degradation experi- 

ments water was pumped from the deep chloro- 
phyll fluorescence maximum between 5-6 m 
depth, which was monitored with a Turner 10- 
005R fluorometer as described by Steenbergen et 
al. [26]. Large herbivores are rare at these depths 
and were removed by filtration through a 104-/zm 
gauze. The water was stored in 0.5-1 bottles stop- 
pered either with a cottonwool plug allowing an 
air space or in the case of anaerobic degradation 
with a screwcap allowing no air bubble [23]. The 
samples were transported to the laboratory and 
incubated in the dark in a cupboard at a constant, 
similar temperature to that at the depth of collec- 
tion (12-15°C). During the course of the experi- 
ments replicate bottles were removed for pigment 
analyses. Average first-order decay constants 
(k,d-1) were calculated according to Leavitt and 
Carpenter [17] as: 

k = E[In e t / e i / o t ] / n  (1) 

where Pt and Pi are respectively the pigment 
concentration (/xg 1-1) at time t and the initial 
pigment concentration, O t the time elapsed in 
incubation (in days), and n the number of inde- 
pendent estimates. 

Sedimenting particulate matter was collected 
with cylindrical sediment traps, 6 cm in diameter, 
with a 5:1 aspect ratio [24]. The traps were 
suspended centrally in the deepest part of the 
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lake at 1 m above the sediment and retrieved 
each week; during the winter these intervals were 
longer. Sediment cores were taken in the same 
area with a modified Jenkins mud sampler. The 
cores were subsampled at 0 and 1 cm and, on a 
number of occasions, at 4 cm depth. The samples 
from 0 and 1 cm depth were averaged and re- 
garded as the depositional layer of the surface 
sediment; the data from 4 cm depth functioned as 
a reference. Sediment cores for stratigraphic 
studies were taken by hand in Plexiglas tubes (60 
cm length, 4 cm internal diameter) during scuba 
diving. They were sectioned in 1 cm slices, which 
were subsampled for pigment analyses. Pigment 
fluxes were calculated by multiplying the pigment 
concentrations of each sediment core interval by 
the dry mass density of that interval. No correc- 
tions were made for sediment compaction [11,24], 
so pigment fluxes in the upcore slices are slightly 
underestimated. 

A comparison was made of the downward 
fluxes of pigments and the accumulative fluxes in 
the surficial sediment (0-1 cm), From this the 
degree of diagenesis during incorporation into 
surficial sediment could be obtained. Degrada- 
tion percentages of pigments (Pag) were assessed 
by simple comparison of average pigment concen- 
trations for sediment trap material and surface 
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sediments calculated over the entire sampling 
period. For this the following equation was used: 

Pag( % ) = Pt - PsW- ,)/P,* 100 (2) 

where Pt is the average pigment concentration 
for the sediment trap material and P~¢o-1) for the 
surface (0-1 cm) sediments in/zg g-1 dry weight. 

Pigment analyses 
Water samples were concentrated onto What- 

man G F / F  filters; sediment samples were placed 
in plastic vials with pierced caps (5 ml capacity). 
Filters and vials were lyophilized overnight at 
-60°C, extracted with acetone and subsequent 
sonication. Pigments were separated by straight- 
phase high-performance liquid chromatography 
(HPLC) according to Korthals and Steenbergen 
[27]. A linear gradient was used, phase A (hexane 
with 0.02% H20) and phase B (acetone with 
0.5% methanol) were mixed from an initial value 
of 20% B to 30% B in 12 min, the flow rate was 
1.5 ml per min. Detection was carried out with a 
diode array detector (Hewlett Packard 1040A) 
equipped with a computer (Hewlett Packard 9000 
series 300), allowing detection within the wave- 
length range 350-600 nm. All manipulations of 
samples were carried out in very dim light, at 

Table 1 

Taxonomically diagnostic features of individual pigments from Lake Vechten 

Pigment Class Species 

Chlorophyll a algae, cyanobacteria 
Phaeophytin a ibid 
Phaeophorbide a ibid 
Bacteriochlorophyll d green Chlorobiaceae Chloronema 
Bacteriophaeophytin d ibid ibid 
Bacteriochlorophyll e brown Chlorobiaceae C. phaeobacteroides 
Bacteriophaeophytin e ibid ibid 
0-carotene algae, cyanobacteria 
Echinenone cyanobacteria O. agardhii 
Okenone Chromatiaceae Chromatium, Thiopedia 
Lutein green algae 
Zeaxanthin cyanobacteria Synechococcus 
Alloxanthin Cryptophyceae Cryptomonas, ~ o m o n a s  
Cryptoxanthin green algae, cyanobacteria 
Diadinoxanthin algae 
Fucoxanthin diatoms, crysophytes D. divergens, M. caudata 
Peridinin dinoflagellates C. hirundinella 
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room temperature and under nitrogen. Since no 
extinction coefficients are available, the amounts 
of bacteriophaeophytins d and e were estimated 
via the detector response ratios of bacteriochloro- 
phylls versus their phaeophytins measured at their 
respective maximal absorption wavelengths (Amax) 
in the range 400-450 rim, based on the observa- 
tion that these ratios were very similar to the 

ratio obtained for chlorophyll a (Chl a) versus 
phaeophytin a (Phph a). The main signature 
pigments of the various planktonic phototrophic 
species occurring in Lake Vechten are listed in 
Table 1; examples of chromatograms and pigment 
characteristics have been presented previously by 
Steenbergen et al. [26] and Korthals and Steen- 
bergen [27]. 
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Fig. 1. Changes in carotenoid, Chl a and Chl a derivative concentrations in oxic incubations of phytoplankton from the deep 
epilimnetic maximum in Lake Vechten. 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/13/4/335/439789 by guest on 18 M
ay 2023



339  

Results 

Sediment record 
The general characteristics of the profundal 

sediment of Lake Vechten have been described 
by Verdouw et al. [25]. The sediment consists of a 
26-28 cm thick layer of gyttja, i.e. soft, black-col- 
oured, sulfide-containing ooze deposited on a 
grey-coloured mixture of clay and sand, which 

forms the remnants of the original top layer 
dumped back into the lake after the sand quarry- 
ing. The clay/sand horizon provides a precise 
time marker. In the sediment cores from Lake 
Vechten no microlaminae could be detected [11]. 
From 137Cs and 21°pb profiles [11], it was con- 
cluded that the profundal sediment of Lake 
Vechten was fairly undisturbed, but unsuitable 
for analysis of very short-term trends. This is in 
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Fig .  2. Changes in carotenoid, Chl a and Bch d and e and derivative concentrations in anoxic 
bacterioplankton from the metalimnetic maximum in Lake Vechten. 
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Table,2 

Annual average rates of mass flux ( F  t in kg dry  weight 
m-2y -~) measured with sediment traps suspended centrally 
at 1 m above the sediment in Lake Vechten 

Year F t Reference 

1977 2.1 Verdouw and Dekkers (1982) 
1978 3.7 ibid 
1979 2.9 ibid 
1982/1983 3.0 Verdouw, Steenbergen and Gons 

(unpublished data) 
1987/1988 2.8 this study 
Average 2.9 _+ 0.6 

values of the 21°Pb flux rate from atmospheric 
fallout, i.e. 74-333 Bq m-2y -1 [29-31; cf. 16]. 

Sediment accumulation rates have not changed 
from 1977 onwards and amount to 2.9 + 0.6 kg 
dry weight m-2 year-1 (Table 2); the accumula- 
tion rate measured during this study lies well 
within the range of previous years. The 2t°pb 
activity curve plotted against sediment depth ex- 
hibits a exponential decrease (P<0.001, r =  
-0.96, n = 12) so there are no indications that 
sediment accumulation rates have changed drasti- 
cally in the history of the lake [11]. 

contrast to annually laminated sediments, which 
can be dated to a very fine scale [10,20]. The 
approximate time resolution of Lake Vechten 
sediment cores is 5-10 years as calculated accord- 
ing to Miller and Heit [28]. There are no indica- 
tions of major sediment redistribution. The un- 
supported 21°pb inventory of the cores was calcu- 
lated to be 6000 Bq m -E, representing a constant 
2l°pb flux to the sediments of 187 Bq m-Ey -1. 
This is well within the range of average global 

Bottle degradation experiments 
For the first in vitro pigment degradation ex- 

periment, which was carried out under aerobic 
incubation conditions, water from the boundary 
layer of epi- and metalimnion (5.0 m depth) was 
collected on 21 May 1992. The community was 
composed largely of diatoms (Asterionella for- 
mosa), green algae (Scenedesmus spp.) and rem- 
nants of the spring bloom of Oscillatoria agardhii. 
Furthermore, small amounts of various flagellates 

Table 3 

Per cent losses of pigments after 5 and 7 days oxic incubation or 7 days anoxic incubation and average degradation constants, (k, 
d-1) calculated according to Eqn. (2) 

Pigment Oxic loss (%) Anoxic loss (%) 

5d  7d  k ,d  -1 7d  k ,d  -1 

Chlorophyll a 21 40 0.130 35 0.083 
Phaeophytin a 3 25 0.030 + 105 +0.083 
Phaeophorbide a + 300 + 0.300 
Bacteriochlorophyll d 9 0.064 
Bacteriophaeophytin d + 87 + 0.120 
fl-carotene 2 33 0.115 10 0.029 
Echinenone 2 13 0.088 10 0.010 
Okenone 9 0.018 
Lutein 20 27 0.148 
Zeaxanthin 27 0.040 
Alloxanthin 17 25 0.050 30 0.040 
Cryptoxanthin 32 0.100 
Diadinoxanthin 16 27 0.075 
Fucoxanthin 58 63 0.152 
Peridinin 64 64 0.290 
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were present, including Cryptomonas spp. and 
Ceratium hirundinella. The initial oxygen concen- 
tration was 10 ppm. The second bottle experi- 
ment started on 19 August 1992 with water Col- 
lected from the deep chlorophyll maximum in the 
anaerobic zone at 5.5 m depth. The community at 
this depth consisted largely of Chloronema spp., a 
small species of Chromatium and Thiopedia 
platelets. In addition, small amounts of the species 
encountered in the samples of 21 May were pre- 
sent except diatoms and cells of C. hirundinella. 

The data from the degradation experiments in 
the presence and absence of oxygen are pre- 
sented in Figs. 1 and 2. Degradation generally 
follows first-order kinetics. Except for/3-carotene 
and echinenone, per cent losses of carotenoids in 
the first week of the incubation period were 
similar between aerobic and anaerobic bottles 
(Table 3). Under  anaerobic conditions, phaeo- 
phytin a and phaeophorbide a accumulated stoi- 
chiometrically with the decrease of Chl a (Fig. 2); 
in the aerobic bottles production of phaeopig- 
ments was less clear (Fig. 1). Apparently the 
breakdown of Bchl d was only minimally com- 
pensated for by the production of its phaeopig- 
ments. The different structure of the photosyn- 
thetic apparatus of the Chlorobiaceae as com- 
pared to the algal chloroplasts may play a role in 
this respect. The small chlorobium vesicles may 
not be efficiently retained upon filtration [32]. 

The pigments characteristic of green algae 
(lutein), diatoms (fucoxanthin) and dinoflagel- 
lates (peridinin) showed rapid losses with average 
decay constants of -0.148,  -0 .152  and -0 .290  
d -  1. Relatively low rates of change were observed 
for fl-carotene, the cyanobacterial signature pig- 
ments echinenon and zeaxanthin and for the 
Cryptophycean pigment alloxanthin. The taxo- 
nomically less specific cryptoxanthin and diadi- 
noxanthin take an intermediate position with re- 
gard to loss rates in the bottle experiments. 
Chlorophyll a decay was, on average, very similar 
in aerobic and anaerobic bottles (Table 3). 

Pigment sedimentation fluxes and losses upon burial 
Sediment trap collections at 1 m above the 

sediment contain the material which will be de- 
posited at the surface of the sediment. The pig- 
ment content of the surficial sediment (0-1 cm) 
reflects the initial stages of accumulation and 
represents about one year of sedimentation. The 
pigment content at 4 cm depth in the sediment 
may indicate a baseline of preserved compounds 
and, as such, additionally forms an index for the 
variability of the successive core samples. Repre- 
sentative data of the series are presented in Fig. 
3; they illustrate the seasonal dynamics of sedi- 
mentation and accumulation in the sediment. The 
samples were taken weekly or biweekly from June 
1987 until March 1988; longer time intervals oc- 

Table 4 

Average pigment concentrations (values in gg g dry weight -1) in sediment traps (Pt), at the sediment surface (Ps~o-1)) and at the 
depth of 4 cm Pst4)) with standard deviations (S.D.) (n = 15-17); in addition, per cent calculated losses by Eqn. (2) between trap 
catches and surface sediment (Pdg~O-1)) and between surface sediment and at 4 cm depth (Pagt4)); mass flux in kg dry weight 
m-2y-1 

Pigment Pt Psto - 1 Pst4) SD Pagfo - 1) Page4) 
Chlorophyll a 99 46.7 26 5.7 53 44 
Phaeophytin a 175 139 104 20 20 25 
Bacteriochlorophyll d 71.7 52 28.5 13 27 45 
Bacteriochlorophyll e 12.7 9.6 4.7 2.2 24 51 
/3-carotene 29 28.1 23.2 4.9 3.1 17 
Okenone 6.1 7.4 6.6 1.3 + 21 11 
Zeaxanthin 22.3 20.7 18.4 4.2 7.2 11 
Alloxanthin 23.7 17.3 15.5 3.2 27 13 
Fucoxanthin 26.6 9.1 6.3 1.7 66 31 
Mass flux 2.8 2.3 * 18 

* Average annual accumulation rate in the period 1963-1986 [11]. 
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Fig. 4. Pigment stratigraphy in core from Lake Vechten; accumulation rates of carotenoids, phaeophytin a and Bchl d and e for 1 
cm core intervals; note that not every core interval was sampled. 
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curred in December (week numbers 48-50) and 
in January (week numbers 1-4). Peridinin was 
present in trace amounts and left out of consider- 
ation. The differences in pigment concentrations 
between the sediment traps and the surface sedi- 
ment (Fig. 3) are the result of pigment diagenesis 
during initial stages of incorporation into the 
sediment and of dilution effects of the sediment 
[15]. The data obtained in the period February- 
March were characterized by a high flux of fucox- 
anthin originating from sedimenting centric di- 
atoms (Stephanodiscus astraea, S. hantzschii, Cy- 
clotella comta), which bloom during the winter. 
The occurrence of fucoxanthin during early sum- 
mer could be attributed to the crysophyte Dino- 
bryon divergens and to the pennate diatom A. 
formosa. The flux of pigments characteristic of 
green Chlorobiaceae (Chloronema filaments), 
Chromatiaceae (Chromatium, Thiopedia) and 
brown Chlorobiaceae (C. phaeobacteroides), re- 
spectively Bchl d, okenone and Bchl e reflected 
the typical summer succession of species ob- 
served earlier [33,34] with maximum concentra- 
tions of Bchl e in July-August and maximum 
concentrations of Bchl d during September. High 
zeaxanthin catches in July reflect sedimentation 
of the remains of the spring and early summer 
bloom of O. agardhii. 

Burial losses for main pigments were calcu- 
lated using Eqn. (2) from the average pigment 
concentrations in the trap catches and in the 
surface sediment during the entire sampling pe- 
riod (Table 4). Chlorophyll a loss during the 
initial stages of burial exceeded 50% and was 
apparently not compensated by a commensurate 
increase of pheophytin [cf. 15]. The bacteri- 
ochlorophylls showed similar initial losses exceed- 
ing 25%. Initial losses of fl-carotene, and zeaxan- 
thin are rather low; these pigments may be well 
preserved as compared to alloxanthin and fucox- 
anthin. In the case of okenone the average con- 
centration in the surface sediment exceeds the 
sedimentation rate. 

Standard deviations in the data series of the 
carotenoids sampled at 4 cm depth in the sedi- 
ment generally range from 19% to 26% and those 
of the chlorophylls between 30% and 47% (Table 
4). The same trend can be found in the decrease 

of chlorophylls and carotenoids between the sur- 
face and at 4 cm depth i.e. the most labile chloro- 
phylls show the greatest loss percentage (Table 
4). These data suggest that, in the sediment top 
layer, the chlorophylls are rapidly transformed 
into their respective phaeopigments. Accordingly, 
since below the stratigraphic level of approxi- 
mately 6 cm Bchl d and e are only present in 
trace amounts, their respective bacteriophaeopig- 
ments were chosen to illustrate biomass trends in 
the sediment profiles (see Fig. 4). Once buried 
into anoxic sediment pigments are still liable to 
degradation although the rate of degradation may 
be greatly retarded; carotenoids appear to be 
rather stable for up to at least 150 years [2,38]. 

Finally, comparing the average mass flux of 2.9 
kg dry weight m-2y -1 (Table 2)with an average 
estimate for annual accumulation rates in the 
sediment over the time span 1963-1986 using 
137Cs profiles, which amounted to 2.3 kg dry 
weight m-2y -1 [11], showed an average loss of 
18% (Table 4). For Lake Mendota sediment a 
loss rate for mass flux of 53% was recorded [15]. 

Pigment stratigraphy 
The cores for stratigraphic studies were taken 

in December 1988. In general, the pigment record 
suggests that the sedimentation history in Lake 
Vechten may be divided into at least four peri- 
ods. These are represented by the four zones in 
the pigment diagrams (Figs. 4 and 5). They cover 
roughly the following respective periods: zone I 
1941-1960, zone II 1960-1970, zone III 1970- 
1978 and zone IV 1978-1988. In zone I, up to the 
early 1960s, the pigment fluxes displayed a low 
variability. Zone II is distinguished by a doubling 
of the flux rate of /J-carotene and most of the 
other phytoplanktonic carotenoids. In zone III 
the accumulation rate of/3-carotene reaches max- 
imal values, followed by a gradual decrease in the 
late 1970s and a stabilization up to the surface of 
the core. This gradual increase of /3-carotene, 
covering roughly the period 1960-1980, coincides 
with the first visible signs of enhanced eutrophi- 
cation in the lake (see Discussion). The individual 
carotenoids of the phytoplankton groups follow a 
similar trend as the/3-carotene, only echinenone 
and fucoxanthin in a less clear fashion as shown 
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by the average, standard deviation and range of 
the respective ratios of /3-carotene and phyto- 
plankton carotenoids (Table 5). 

In this study, per cent native chlorophyll a and 
the ratio of chlorophyll derivatives to total 
carotenoids ( C D / T C )  are significantly negatively 
correlated ( P  < 0.001, r = 0.70, n = 21). This 
forms a strong indication that both parameters 
are controlled by conditions in the lake which 
favour pigment preservation such as an extended 
anoxic hypolimnion as discussed by Swain [8] 
[cf. 7]. 

Pigments originating from phototrophic sul- 
phur bacteria have been present in the sediment 
of Lake Vechten in low quantities from the early 
years of its history (Fig. 4) [11]. Here  three signa- 
ture pigments are considered to be representative 
of three classes: okenone for the Chromatiaceae, 
Bph d for the green-coloured Chlorobiaceae and 
Bph e representing brown-coloured Chlorobi- 
aceae (see Table 1). The flux rates of these pig- 
ments increased upcore which may indicate that 
the representatives of these groups were rather 
successful, particularly in zone III i.e. in the 
1970s. 

Discussion 

Pigment degradation characteristics 
The usefulness of Chl a and its derivatives as 

indicators of biomass in sediments has been ques- 
tioned for a long time [6,13]. Recent work con- 
firmed the rapid degradation of these compounds 
both in the waterphase and in the sediment, 
which seriously limits their biomass indicator 
function [18,35]. Our results confirmed these ear- 
lier observations (see Tables 3 and 4). 

Our data on the breakdown of carotenoids in 
the waterphase were in accordance with results of 
Leavitt [14] and Leavitt and Carpenter [17]; aver- 
age decay constants were very variable and break- 
down losses may be rather substantial. In this 
respect a distinction can be made between 
carotenes, a class of hydrocarbons and their oxy- 
genated derivatives, the xanthophylls [36]. In both 
bottle experiments, xanthophyll loss was greater 
than carotene loss [cf. 17]. For this reason /3- 
carotene may be a superior indicator of phyto- 
plankton sedimentation. Among the xanthophylls 
a series can be distinguished which ranges from 
relatively stable echinenone and okenone, through 
more labile compounds e.g. zeaxanthin, lutein 
and alloxanthin to very poorly preserved com- 
pounds such as fucoxanthin and per±din±n, which 
are rapidly degraded to colourless products [37]. 
Molecular structure likely accounts for the differ- 
ential preservation of carotenoids. This subject 
has been dealt with by a number of authors e.g. 
Watts and Maxwell [38]; EI-Tinay and Chichester 
[39] and also Repeta and Gagosian [37]; Leavitt 
[14] and Hurley and Armstrong [16]. 

In the waterphase, extensive transformation 
and degradation of pigments may occur at the 
sediment surface as reported by e.g. Repeta and 
Gagosian [37]; Furlong and Carpenter  [35] and 
Hurley and Armstrong [15,16]. Our data for Lake 
Vechten confirmed substantial losses, which are 
the result of pigment breakdown modified by 
dilution effects with nonpigmented organic mat- 
ter (Table 4). Per cent losses upon burial of Chl a 
were quite similar to those found in Lake Men- 
dota sediments by Hurley and Armstrong [15]. 
Bchl d breakdown in the sediment was relatively 
low compared to Chl a in accordance with its 
relative stability as shown in the anoxic bottle 

Table 5 

Averages, standard deviations and ranges of ratios/3-carotene versus individual carotenoids and phaeophytin a calculated from the 
sediment profile data; n = 21-23 

CAR/ECH CAR/LUT CAR/ZEA CAR/FUC CAR/ALL CAR/PHA 

8.7±3.7 2.1±0.4 1.0±0.2 7.6±2.1 1.6±0.3 0.15±0.03 
4.9-14.2 1.4-3.6 0.7-1.5 3.6-12.3 1.2-2.0 0.09-0.20 
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experiment (Table 3). The apparent accumulation 
of okenone in the sediment surface may be ex- 
plained by an underestimation of sediment trap 
catches; the motile Chromatium cells may avoid 
the traps and show migratory behaviour. Further- 
more, from routine microscopic observations 
there are strong indications that Chromatium cells 
survive in the sediment-water interphase, which 
contributes also to the okenone concentration. 

Pigment profiles and former algal productivity and 
species shifts 

Besides carotenes, the relatively stable xantho- 
phylls echinenone and okenone seem to be 
promising indicators of biomass of their respec- 
tive taxonomical groups in a semi-quantitative 
way; zeaxanthin and alloxanthin may be less use- 
ful. The very labile phytoplankton carotenoids 
e.g. fucoxanthin, can probably be used for a qual- 
itative evaluation of biomass changes of phyto- 
plankton classes. In the case of Lake Vechten 
another restriction has to be made. Since the 
sediment shows no annual laminae and its time 
resolution is rather poor, only common trends in 
pigment fluxes in the sediment profile and cell 
counts or Chl a and production measurements 
can be distinguished. 

Steenbergen et al. [21,22] considered the in- 
crease of inorganic nitrogen concentrations, 
mainly derived from precipitation, in Lake 
Vechten as the initial trigger for enhanced eu- 
trophication. It resulted in a gradual increase in 
average annual algal biomass routinely measured 
since 1969 as Chl a concentration [11,21,41]. In a 
previous study [21] the/3-carotene sediment pro- 
file was compared with this Chl a record. Both 
variables showed a significant (P < 0.001, r =  
0.83, n = 14) upward trend over the approximate 
period 1969-1990 increasing respectively from 10 
to 30/~g fl-carotene g dry weight sediment-1 and 
from 20 to 60 mg Chl a m -2. In addition, the dip 
in the flux rate of fl-carotene at the boundary of 
zones III and IV (Fig. 4) i.e. the late 1970s and 
early 1980s corresponded to a decrease in in situ 
primary production rates from an average of 342 
+_ 74 mgC m-2d -1 (range 50-1307 mgC m-Ed -1) 
for the period 1969-1974 to an average of 202 + 
42 mgC m-2d -1 (range 10-500 mgC m-2d -1) for 

the period 1977-1980 as measured by De Kloet 
[41] [see also 11]. Apparently, the trend in the 
/3-carotene sediment profile roughly follows the 
phytoplankton productivity and could be related 
significantly to the trend in biomass e.g. Chl a [cf. 
8,40]. 

Fucoxanthin is the common signature pigment 
of diatoms and chrysophytes. In Lake Vechten 
centric diatoms Stephanodiscus astraea and Cy- 
clotella comta have always been the dominant 
species [42]. They occur during the period of 
complete mixing and have been counted, with 
some interruptions, from 1963 till 1984. The 
record showed that their maximal numbers varied 
between 500 and 1000 × 103 cells 1-1 and no 
clear up or downward trend was visible. Appar- 
ently, their numbers must have been limited by 
the availability of silica, which has not increased 
in Lake Vechten since 1963, the average winter 
values are 386 + 114/xg Si I-1 and range between 
190-630/xg Si 1-1 [cf. 43,44]. Flux rates of fucox- 
anthin in zones II and III and part of zone IV 
were rather variable, but show no clear trend, 
which is in accordance with the diatom counting 
record. The increased fluxes of fucoxanthin up- 
core in zone IV could be explained either by 
massive early summer blooms of Dinobryon diver- 
gens, which have been routinely observed since 
the mid 1980s, but unfortunately were not docu- 
mented, and (or) by increased preservation condi- 
tions for pigments in the lake. Evidence for a 
gradual development of better preservation of 
pigments in Lake Vechten was obtained by the 
profiles of CD/TC and per cent native chloro- 
phyll, which are miror images (Fig. 5). Their 
values changed very similar to those found in 
Harvey's Lake during its latest episode of en- 
hanced eutrophication and increased anoxia, as 
recorded by Engstrom et al. [7]. 

Ratios of cyanobacterial carotenoids have been 
used in stratigraphic studies to indicate shifts in 
species composition such as the relative abun- 
dance of Oscillatoria species using the ratio oscil- 
laxanthin to myxoxanthophyll [7,8,10]. Further- 
more Rybak and Dickman [10] used the ratio 
oscillaxanthin to bacteriochlorophyll in the sedi- 
ment profile to date the species shift between 
purple sulphur bacteria and Oscillatoria species. 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/13/4/335/439789 by guest on 18 M
ay 2023



348 

Use of pigment ratios to identify shift in relative 
proportions of different algae or bacteria is valid 
if both pigments degrade at equal rates in the 
sediment. In this study the sediment profile of 
the ratio zeaxanthin to echinenone (Zeax/Echin) 
may illustrate the relative abundance of represen- 
tatives of Nostocaceae, such as Anabaena flos- 
aquae, A. spiroides and Aphanizomenon flos-aquae 
in relation to species of the Chroococcaceae and 
Oscillatoriaceae such as Microcystis, Synechococ- 
cus and Oscillatoria agardhii. Nostocaceae con- 
tain no zeaxanthin, but echinenone has been 
found in all cyanobacterial species in various 
quantities [45]. The series of high Zeax/Echin 
ratio's in zones I and II point to the relative 
dominance of Microcystis in that period, which 
was confirmed by early phytoplankton studies 
(Leussink 1956, unpublished data) and by 
Blaauboer [42]. A shift to the dominance of fila- 
mentous Nostocaceae occurred in the late 1960s, 
particularly Anabaena species increased (see 
Table 6). This shift in cyanobacterial species and 
the beginning of the lowering of the Zeax/Echin 
ratio in zone II into zone III cover approximately 
the same period and very probably are causaly 
related. Occasional high Zeax/Echin ratio's in 
zone IV, the 1980s, may be attributed to high 
numbers of Synechococcus [33]. Since Oscillatoria 
agardhii contains equal amounts of zeaxanthin 
and echinenone [45] its massive blooms, starting 
in the mid 1980s, did not change the Zeax/Echin 
ratio. 

Pigment profiles and the ecology of phototrophic 
sulphur bacteria 

The occurrence throughout the sediment core 
of signature pigments of phototrophic sulphur 
bacteria provides strong evidence that there has 
been an anoxic hypolimnion in monomictic Lake 
Vechten from its early beginnings. The strati- 
graphic pattern in the sediment of these pig- 
ments, particularly that of Bph e, indicative for 
C. phaeobacteroides, differed somewhat from the 
general pattern of the phytoplankton carotenoids, 
but nonetheless their fluxes increased upcore 
(Fig. 4). 

Apart from the absence of oxygen, the growth 
requirements of purple and green sulphur bacte- 
ria are light and the availability of free sulphide 
as an electron donor for photosynthesis. As de- 
scribed previously, since high amounts of ferrous 
iron occur in the bottom water of Lake Vechten, 
these bacterial populations may have been re- 
stricted initially by the low amount of free sul- 
phide available [33,34,46]. Maximal free suphide 
values in the hypolimnion of the lake have in- 
creased considerably from traces in the 1960s to 
levels of about 6 gM in the 1970s and 15 #M in 
the late 1980s. Nowadays maximal values of 30-40 
gM have been recorded [21]. 

The phototrophic sulphur bacteria in Lake 
Vechten were well adapted to the ambient light 
intensity at the oxygen-sulphide borderline of 5-8 
gEinst, m-2s -1 i.e. 1-2% of surface light level 
[231. 

Table 6 

Average (X), maximal concentrations (max) and major blooming period of dominant cyanobacterial species in Lake Vechten 
sampled and counted according to Uterm6hl [48] biweekly during the 1960s; values in respectively colonies ml-  1 and total length of 
filaments in mm 1-1 (B.Z. Salom6, unpublished data) 

Year Microcystis (col. m1-1) Anabaena (mm 1-1) Aphanizomenon (mm 1-1) 

X max period X max period X max 

1962 4300 7000 Dec/May + + Aug/Oct  1000 2000 
1963 500 650 Dec/May 36 111 Jul /Sep 2400 8500 
1964 3520 5100 Jan /May 141 415 Jul /Oct  3900 10400 
1965 275 460 Feb /Apr  18 300 74 700 Jul /Oct  700 4 900 
1966 635 680 F e b / A p t  5 200 33 700 Jul /Oct  2 400 29 300 
1967 553 1200 J an / A pr  6900 43300 Jul /Oct  2500 16600 

period 

Sep/Dec 
Jul /Dec 
Jul /Oct  
Jun /Dec  
Jan /Dec  
Jan /Dec  
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The productivity of the phototrophic sulphur 
bacteria throughout the history of Lake Vechten 
as expressed in the flux rates of their pigments 
shows a weak reciprocal relationship between the 
top layer species (Chloronema spp. and the Chro- 
matium-Thiopedia group) and the deep popula- 
tion of C. phaeobacteroides. This has been illus- 
trated in the profile of the ratio okenone + Bph 
d to Bph e; high flux rates of the first pigment 
group correlate with depressed or a constant flux 
rate of the second pigment (Fig. 5) [el. 6]. Besides 
successive fluctuations in the growth factors men- 
tioned earlier, long-term climatic cycles should be 
taken into account to explain this interannual 
variability [cf. 47]. The populat ion of C. 
phaeobacteroides is most vulnerable to light limi- 
tation. Its growth success is most intimately re- 
lated to the densities of the overlaying popula- 
tions of Chloronema and Chromatium, the growth 
rate and subsequent densities of which rely on 
the supply rate of free sulphide from the sedi- 
ment and on the phytoplankton densities in the 
epilimnion [cf. 34]. Apparantly, the abundance of 
epilimnetic phytoplankton, in particular the re- 
cent blooms of O. agardhii, does not limit the 
development of the deeper  populations of 
Chloronema and Chromatium species. One should 
expect deterioration of the underwater light cli- 
mate and a crash of the deep populations. In fact, 
the transparency of Lake Vechten decreased from 
an annual average of 2.70 m in the late 1970s to 
2.00 m in the late 1980s [21]. However, particu- 
larly in the top layer, species have been very 
successful in zone IV, which covered roughly the 
period 1978-1988. In this zone the ratios C a r / O k  
and C a r / B p h d  have gradually decreased indicat- 
ing that, very recently, the share of Chromatium 
and Chloronema species in total phototrophic 
pelagic species in the lake has increased (Fig. 5). 
The enhanced eutrophication of Lake Vechten 
may be largely responsible for their success. Eu- 
trophication resulted in enhanced oxygen con- 
sumption, furthermore in a greater share of the 
anoxic mineralization processes and subsequent 
high free sulphide concentrations in the hy- 
polimnion water. These processes resulted in a 
gradual ascent of the oxygen-sulphide interphase 
during the stratification period, from 6.5-7 m in 

the 1960s to 4 -5  m in the late 1980s (Hogendijk 
and Steenbergen, unpublished data). This en- 
abled the phototrophic sulphur bacteria to de- 
velop more closer to the lake surface e.g. in 
August 1985 Chloronema spp. peaked at a depth 
of 6.5 m, whereas in August 1990 their maximal 
densitie were found at a depth of 5.3 m [22]. The 
shoaling of the chemocline and of the pho- 
totrophic sulphur bacteria may have been largely 
counteracted the light limitation brought about 
by the increased phytoplankton density. 

As reported by Steenbergen et al. [21,22] the 
early summer population of C. phaeobacteroides 
gradually disappeared in the early 1990s. The 
obvious reason for this seems to be light limita- 
tion, initially by the recurrent  spring bloom of O. 
agardhii, which is succeeded by massive popula- 
tions in the epilimnion of D. divergens and by the 
dense top layer of Chloronema and Chromatium 
[6]. As pointed out previously, the summer blooms 
of both Chloronema spp. and Chromatium spp. 
are nowadays rather successful. They peak at a 
favourable depth (5-6 m) with respect to light, 
where sufficient free sulphide is available [22]. 
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