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Thin-layer chromatography shows a large number of pigments (chlorophyll derivatives 
and carotenoids) in profundal lake sediments, diversity being somewhat greater in eutrophic 
than in oligotrophic lakes. Sedimentary pigments are much more numerous (24-47) than 
those of upland vegetation (7-8), aquatic macrophytes (12-E), and planktonic algae 
( 10-21). Algal decomposition, which is accompanied by a marked increase in number of 
pigments, seems the most likely cause for the extreme diversity of sedimentary pigments. 

INTJXODUCITON 

In recent years aquatic ecologists have 
been giving much attention to the study of 
sediments, for their fossils can provide clues 
to lake conditions past and present. Both 
carotenoids and chlorophyll derivatives arc 
well known as biochemical fossils and ap- 
pear to be universally present in organic 
freshwater sediments. Much of the knowl- 
edge of both types of pigment was sum- 
marized by Vallentyne ( 1960). 

Investigations in the past decade have 
shown that plant pigments preserved in the 
sediments may follow lake productivity. In 
the English Lake District, concentrations of 
chlorophyll derivatives in the organic mat- 
tcr of surface sediments from a range of 
lakes, some very oligotrophic ( Wastwatcr 
and Ennerdale) and others eutrophic 
(Esthwaite Water and Priest Pot), proved 
to bc sensitive indices to lake fertility 
(Gorham 1960). Pigments throughout the 
sedimentary column have also provided im- 
portant clues to postglacial production and 
lake evolution ( Gorham 1961; Vallentyne 
1954, 1956, 1960). Studies by Fogg and 
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Belcher ( 1961) and Belcher and Fogg 
(1964) suggested that the ratio of chloro- 
phyll derivatives to epiphasic carotenoids 
throughout the sedimentary column might 
reflect changes in lake fertility. They be- 
lieved that the abundance of lutein pointed 
to higher plants, chlorophytes, eugleno- 
phytes, or less probably chrysophytes, as 
major sources of the pigments. 

Vallcntyne (1960) reported at least 20 
different carotenoids in sediments up to 
100,000 years old, noting that only 6 have 
been rigorously identified and shown to 
have counterparts in living cells. At least 
some of these carotenoids could be of im- 
portance in ascertaining past production: 
In one bog lake, Vallcntyne (1956) found 
higher concentrations of a- and p-carotene 
in sediments 6,OOC8,000 years old than in 
sediments deposited before or after, and 
he noted a correspondence between the 
amounts of carotenoids per unit weight of 
organic matter and other possible indicators 
of former productivity. 

A more specific illustration was provided 
by Ziillig ( 196O), who examined near-sur- 
face sediments of several Swiss lakes for 
concentrations of the carotenoid myxoxan- 
thophyll as a function of depth. Increasing 
pollution in these lakes during the past 
several decades has led to the development 
of large populations of the blue-green OS- 
cillatmia rubescens. Since myxoxanthophyll 
is unique to blue-green algae, Ztillig was: 
interested in whether the myxoxanthophyll 
in the sediments would increase propor- 
tionally to the increasing populations in the 
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lake and hence serve as an indicator of past 
changes in the abundance of blue-green 
algae. His results show clearly that conccn- 
trations of sedimentary myxoxanthophyll 
are closely related to known concentrations 
of blue-green algae in the lake during the 
recent past. 

More recently Griffiths, Perrott, and Ed- 
mondson (1969) have examined the vertical 
distribution of oscillaxanthin in the sedi- 
ments of Lake Washington. The pigment 
is known to be produced by 0. rubescens 
and Oscillutoria agardhii, which have oc- 
curred in the lake in abundance since 
sewage enrichment during the early 1950s. 
Changes in the quantity of oscillaxanthin 
in the top few centimeters of sediment seem 
to reflect recent fluctuations in the produc- 
tion of Oscillatoria. 

Another aspect of aquatic ecology in 
which pigment studies have been of value 
concerns the source of sedimentary organic 
matter. Because of the susceptibility of 
autochthonous plankton to decomposition, 
Mackereth (1965, 1966) claimed that the 
organic component of mesotrophic lake sed- 
iments consists largely of more resistant, 
allochthonous material from the drainage 
basin. Evidence from sedimentary pig- 
ments does not, however, verify this in the 
case of biologically productive lakes (Gor- 
ham 1960,196l; Gorham and Sanger 1967), 
since the sedimentary organic matter of 
eutrophic lakes and ponds is generally rich 
in pigments, while upland litter and soil 
humus layers are notably poor (Gorham 
1959; Gorham and Sanger 1964, 1967). 

This study was undertaken to investigate 
further the sources of organic matter in 
lake sediments, by examining the diversity 
of plant pigments in lake sediments of 
widely differing tro,phic, morphological, 
and chemical characteristics, and in terres- 
trial and aquatic plant material in varying 
stages of decomposition. 

METHODS 

Choice of lakes 
Lakes were chosen to include those 

whose primary productivity and water and 
sediment chemistry are now being studied. 

t 
k--l00 km--( 

FIG. 1. Minnesota lakes for which diversity of 
sedimentary pigments was determined. Open cir- 
cles indicate group 1, solid circles group 2, circle 
within circle group 3. Areas of circles are propor- 
tional to total cation concentrations ($40 in group 
3). Crosses mark lakes not analyzed for total 
cations. 

Eighteen lakes in Minnesota were selected 
for analysis ( Fig. 1) , as well as six in the 
English Lake District for which samples 
were on hand from another study (Table 
1). Group 1 represented oligotrophic to 
mesotrophic lakes in northeastern Mirme- 
sota, situated in an area of exposed igneous 
rocks (granite, gabbro, basalt, and rhyohte) 
with thin patches of infertile, noncalcarc- 
ous glacial till. Only a few of these lakes 
are subject to evident blue-green algal 
blooms, most notably Shagawa-heavily 
polluted by sewage from the town of Ely. 
Group 2 represented cutrophic lakes from 
central, southern, and western Minnesota 
located in fertile, calcareous moraines, tills, 
and outwash plains of Wisconsin age. 
These lakes frequently exhibit heavy 
blooms of blue-green algae. An example 
of a southwestern saline lake (Salt Lake) 
rich in sodium sulfate was included as 
group 3. Group 4 comprised six of the 
English Lakes that range from oligotrophic 
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TABLE 1. Diversity of profundal sedimentary pigments (total pigments, epiphmic carotenoids, hypo- 
phasic carotenoids, fluorescent pigments) in relution to other chemical and physical attributes of lakes 

in Minnesota (groups 1-3) and the English Lake District (group 4) 

Lake County te a 

Max 
a;“‘: 

m 

Total 
cations Ca 

(meq/liter ) 

No. of spots on chromatogram 

(total) (epi) (hypo) (fluor) 

Big St. Louis 688 
Iron Cook 42 
Mountain Cook 845 
Clear-water Cook 538 
Wilson Lake 247 
Kimball Cook 32, 
Crane St. Louis 1,250 
Loon Cook 415 
Shagawa St. Louis 959 

Cedar Bog Anoka 
Spectacle Isanti 
Stanchfield Lsanti 
Green Isanti 
Christmas Hennepin 
Lotus Carver 
Itasca Clear-water 
Mina Douglas 

Salt LacQuiParle 

Crummock 252 
Haweswatcr 391 
Coniston Water 491 
Derwentwater 535 
Lowes Water 64 
Ullswater 894 

1.4 
97 

223 
325 
105 

4:: 
172 

Group 1 

2: 
0.255 

64’ 
0.361 
0.379 

40, 0.406 
14 0.470 

5.5 0.555 
24 I 0.610 
62 
15 

Group 2 
1.2 1.879 

14 1.898 
3.5 
8.5 2.231 

30 3.120 
11 3.188 
14 3.530 
38 6.660 

Group 3 
1 271 

Group 4 

z? 
0.340 
0.436 

56 0.568 
22 0.487 
16 0.569 
63 0.507 

0.122 
0.186 
0.184 
0.200 
0.250 
0.270 
0.358 

1.250 
0.956 

1.084 
1.201 
1.461 
1.388 
2.950 

17.84 33 

0.105 31 
0.239 30 
0.291 30 
0.222 31 
0.224 37 
0.283 26 

24 
31 
35 
25 
41 
25 
25 
30 
39 

35 
39 
41 
39 
47 
34 
34 
36 

11 6 

14 7 
18 8 
15 11 

15 8 

2 
1 
2 

: 
1 
0 
2 
2 

1 
2 
0 
3 
5 
2 
1 
1 

1 

5 
4 

7 
3 
6 

(Crummock) to mesotrophic (Ullswater ) 
and do not show dense algal blooms. 

Lakes of group 1 are characterized by 
total cation concentrations between 0.2 and 
0.4 meq/liter, compared to concentrations 
between 0.9 and 3.0 meq/liter for lakes of 
group 2. Salt Lake is much more concen- 
trated-271 meq/liter. The English lakes 
in group 4 are similar chemically to those 
of group 1 in Minnesota, ranging from 0.1 
to 0.3 meq/liter. 

Choice of plants 

diversity was measured in oak (Qzcercus 
ellipsoidali.~) , hazel ( Coylus americanu) , 
and aspen ( Populus tremuloides ) leaves 
before, during, and after the period of 
senescence and autumn coloration ( Sanger 
1968). In addition a mixture of upland 
plant materials, including grasses, sedges, 
forbs, and shrub and tree leaves, was exam- 
ined for pigment diversity in both summer 
and autumn. Pigment diversity was also 
recorded for L (litter), F (fermentation), 
and H (humification) horizons in the 
humus layers of upland forest soils. 

Pigmented plant tissues in varying stages Because green leaves from the surround- 
of development and decomposition were ing landscape undoubtedly reach the sur- 
collected from both terrestrial and aquatic face of lake sediments during high winds 
sites that represent potential sources of or- and summer thunderstorms, we felt that 
ganic matter to the sediments. Pigment green leaves may make a substantial, if not 
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major, contribution of terrestrial pigments 
to lake sediments. Therefore, measurements 
were made of pigment diversity in green 
leaves left to decay in the intact condition 
for up to 1 yr on and in the sediments of 
a small pond, Cedar Bog Lake (Sanger 
1968). In addition, oak leaf fragments from 
about 20-cm depth in the sediments of 
nearby Green Lake were examined. 

Several aquatic macrophytes character- 
istic of Minnesota lakes were examined 
fresh, singly and as mixtures. In addition, 
living samples of Ceratophyllum demersum 
and Potamogeton richurdsonii were placed 
in clay pots with screened tops and left to 
decay from mid-August to early November 
in an open washtub on the bottom of the 
deepest part of nearby Stanchfield Lake. 
This shallow lake is highly eutrophic; it is 
situated in an area of intensive agriculture 
and receives drainage from a number of 
croplands, as well as barnyard manure from 
three dairy farms along the west shore. It 
has three small inlet streams, and one major 
outlet that normally flows year-round. 

Pigment diversity was measured in algal 
blooms from several lakes, beginning in 
spring and continuing throughout the sea- 
son as they reached and passed their peaks. 
The bmluc-green algal bloom in Stan&field 
Lake was followed closely from its initia- 
tion in early spring through summer to its 
decline in early autumn, and the samples 
included decaying, floating clumps of algae 
collected at the height of the bloolm in 
August. Sediment traps were placed in the 
lake during mid-August to collect sinking 
algae. The containers were elevated to 
avoid trapping mud stirred up from the 
sediment surface during violent wind- 
sto,rms. Several traps were set out to be 
harvested at intervals during late summer 
and autumn. 

In addition to studies of algal decay 
under natural conditions, algal soups were 
collected from Stanchfield Lake and al- 
lowed to decay for varying periods of time 
in beakers at room temperature and in a 
cold room. 

Pigments from old mixed cultures of 
the photosynthetic bacteria RhodospiriL?um 

FIG. 2. Chromatogram for profundal sediment 
from Lake Itasca. Grades of stippling represent 
depth of pigmentation. Colors as follows: b = 
brown, gn = green, gy = gray, o = orange, pe 
= purple, pk = pink, r = red, UV = fluorescent, 
y = yellow. 

rubrum and Rhodopseudomonas palustris 
were also examined. 

Sediment sampling and analysis 

Mud samples were collected with a Jen- 
kin surface sampler (Mortimer 19141, 1942, 
Fig. 22) from near the deepest spot in each 
lake. For Minnesota lakes, the top 10 cm 
of sediment (representing approximately 
the past 30 yr in some of the mesotrophic 
sites, H. E. Wright, Jr., personal communi- 
cation) was placed in a polyethylene bag 
and refrigerated until extracted within a 
week of collection. The English sediments 
are not wholly comparable, having been 
taken to whatever depth the Jenkin corer 
would penetrate (range from 9 to 27 cm), 
after which the top 5 cm of core was re- 
moved to avoid including the oxidized sur- 
face microzone. The samples were frozen 
in Dry Ice and shipped by air to Minne- 
apolis fo,r analysis. 

The muds were centrifuged first to re- 
move excess water; pigments were then 
extracted with 90% acetone and transferred 
to diethyl ether in a separatory funnel by 
washing away the acetone with at least 2 
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liters of distilled water. The pigment-ether 
solution was concentrated by continued 
swirling in a fume hood and then dried 
with anhydrous sodium sulfate. 

Thin-layer chromatography plates (20 X 
20 cm) [previously coated with a 0.3-mm 
layer of silica-gel G (act. Stahl) and dried 
at 120C for 2 hr in a forced-air oven] were 
spotted in the lo’wer left corner. The first 
dimension was developed in the dark with 
25 ml of acetone and 75 ml of benzene. 
When the solvent front reached about % 
to the top of the plate, a second dimension 
was developed similarly with 100 ml of 
hexane (practical grade from Eastman Ko- 
dak), 2 ml of acetone, 4 ml of propanol, 
and 0.5 ml of methanol. The total time for 
development was generally from 2 to 2.5 hr, 
with nearly equal time for each dimension. 
Since chromatograms of green plants re- 
vealed no signs of pigment artifacts, it was 
assumed not critical to carry out all extrac- 
tions under an inert atmosphere. The de- 
veloped plate was examined for spots in 
both normal and ultraviolet light. Spots 
were counted immediately on removal frolm 
the second-dimension tank to avoid loss 
from fading, and a facsimile of the chro- 
matogram was drawn on paper with col- 
ored pencils. An example is given for Lake 
Itasca (Fig. 2). Reproducibility of the 
chromatograms was checked frequently by 
making repeats of the same mud samples 
on the same day and after refrigeration for 
several weeks. Little or no change in spot 
number or position was evident. In addi- 
tion mud samples from Stanchfield, Green, 
and Cedar Bog Lakes were collected and 
processed at different times of year with 
only minor changes in spot number. 

Epiphasic and hypophasic carotenoids 
were separated for some samples according 
to the technique of Gorham and Sanger 
(1967), and the separated components were 
run two-dimensionally as above. 

Plant sampling and analysis 

Phytoplankton was collected with a lo- 
inch (25.4 cm) net and carried to the lab- 
oratory in polyethylene bags for immediate 
processing. Samples collected more than 

an hour away from, the laboratory were 
stored in an icebox. Algal as well as bacte- 
rial and sediment-trap materials were cen- 
trifuged to remove as much water as 
possible. Pigments were then extracted by 
grinding the material with ignited coarse 
sand in 90% acetone with a small amount 
of added MgCOs. The acetone extract was 
filtered, transferred to ethyl ether, and dc- 
veloped as above. 

Pigments were extracted from fresh, 
green plant tissue, both terrestrial and 
aquatic, as well as from green leaves buried 
in Cedar Bog Pond, by grinding with 90% 
acetone and a small amount of MgCOs in 
a blender. Thin-layer chromatography fol- 
lowed as above. 

For extraction of dry autumn leaves and 
soil humus layers it was necessary first to 
air-dry the material in a forced-air oven. 
To facilitate pigment extraction the mate- 
rial was ground briefly in a mill with a 
40-mesh screen, then extracted with 90% 
acetone, filtered, and developed as above. 

RESULTS AND DISCUSSION 

The number of pigments in Minnesota 
lake sediments, as shown by thin-layer 
chromatography, ranged from 24 to, 47 
(Table 1). Sediments from the relatively 
infertile lakes of group 1 (excluding pol- 
luted Shagawa ) average 30 pigments, com- 
pared to 38 in sediments from the very 
fertile lakes of group 2 (and 39 in Shagawa). 
No explanation can yet be given for the 
large number of spots (41) in unpolluted 
Wilson Lake. Sediments from the English 
lakes in group 4 average 31 pigments, so 
they resemble the Minnesota lakes of group 
1 in this characteristic as well as in their 
water chemistry and general trophic level. 

The difference between lakes of groups 
1 and 2 in number of sedimentary pig- 
ments, although significant at the 0.01 level, 
is much less than the difference in total 
concentration of pigments per unit of 
sedimentary organic matter ( Gorham and 
Sanger 1967, and in prep. ). Ratios for 
group 2:group 1 are: pigment number 1.3, 
concentration of chlorophyll derivatives 2.4, 
of epiphasic carotenoids 4.8, and of hypo- 
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TABLE 2. Pigment diversity in organic matter de- 
rived from terrestrial organ&w 

No. of spots on 
chromatogram* 

Material (total) led) (hype) 

I. 

II. 

III. 

Living material 
Green oak leaves 
Mixed upland flora 

7 
8 

Decomposing material 
Mixed upland flora at 

autumn color change 10 
Autumn oak leaves 10 
Freshly fallen oak leaves 10 
Dry autumn leaves 3 
Mixed freshly fallen 

leaves floating on 
Stanchfield Lake 11 

Mixed L and F humus 
layers from oak forest 7 

Oak leaves buried in 
lake sediments 

Green oak leaves buried 
24 days in Cedar Bog 
Pond sediments 
(Sanger 1968) 10 

Green oak leaves buried 
1 yr in Cedar Bog 
Pond sediments 8 

Oak leaf fragments found 
at 20-cm depth in 
Green Lake mud 3 

1 3 

1 3 

1 1 

1 1 

* Fluorescent spots absent. 

phasic carotenoids 4.4. The sediments of 
the English lakes have distinctly lower 
pigment concentrations than sediments of 
Minnesota lakes in group 1. 

The lower number of pigments in lake 
sediments of group I as compared with 
group 2 is not a result of lower initial pig- 
ment concentration in the extracts, because 
total pigment concentrations were brought 
to approximately comparable levels by 
evaporation before the chromatograms 
were spotted. Certainly better conditions 
for pigment decomposition exist in the 
lakes of group 1, where initial production 
is low and where the water column is 
often long. In these lakes, pigments are 
exposed to aerobic conditions throughout 
their descent to the mud surface, which for 
the most part remains in contact with oxy- 
genated water all year. This is in contrast 

to the fertile lakes of group 2, many of 
which develop anoxic hypolimnia because 
of the heavy annual rains of pigmented al- 
gae and aquatic macrophytes that sedim,ent 
to the mud surface. This material, which 
often passes through only a short water 
column, is in contact with anoxic hypolim- 
netic water during much of summer be- 
cause of thermal stratification, and prob- 
ably also during much of winter because 
of ice cover. Algal diversity in oligotrophic 
lakes is generally equal to or greater than 
that in eutrophic lakes, so it is conceivable 
that if conditions for pigment preservation 
were equal, sediments from lakes in group 
1 and group 2 would exhibit much the same 
pigment diversity. It is likely, however, 
that certain pigments are more sensitive to 
oxidative decomposition than others, and 
that these are destroyed in the lakes of 
group 1 during the longer exposure to 
oxidizing conditions. 

To explain the origin of sedimentary pig- 
ments, we must consider the sources of 
organic matter to the sediments. Alloch- 
thonous organic matter is derived from 
terrestrial vegetatio,n, either green or in the 
colorful autumn condition, and from detri- 
tus on upland soil surfaces. Autochthonous 
organic matter is derived from decaying 
aquatic vegetation, including both algae 
and macrophytes. 

Table 2 presents pigment characteristics 
of living, dead, and decaying terrestrial 
organisms. Goodwin (1960, 1965) found 
that leaves of all green plants examined 
contain the same four major carotenoids, 
p-carotene, lutein, violaxanthin, and neo- 
xanthin; p-carotene can be accompanied 
sometimes by small amounts of a-carotene, 
and zeaxanthin and cryptoxanthin occasion- 
ally are present as minor components of 
the xanthophyll fraction. Sanger (1968) has 
followed pigments in oak, aspen, and hazel 
from initiation in buds in spring through 
to decomposition in autumn. From, the 
bud stage up to autumn coloration, leaves 
contained chlorophyll a and b, p-carotene, 
lutein, violaxanthin, neoxanthin, and oc- 
casionally faint traces of pheophytin a, 
producing a total of seven spots on a 
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two-dimensional chromatogram ( Table 2) l 

During autumn coloration both chloro- 
phylls and carotenoids decay and pheophy- 
tin a appears with occasional faint traces 
of pheophytin b, pheophorbide a, and chlo- 
rophyllide a. An unidentified carotenoid 
also appears tailing close behind lutein. At 
the same time violaxanthin disappears rap- 
idly, followed by neoxanthin. As many as 
10 or 11 spots can be found during the 
most colorful part of autumn. By the time 
the leaves dry and fall from the trees, hazel 
and aspen have lost all their pigments while 
oak leaves still contain appreciable quanti- 
ties of lutein, p-carotene, and pheophytin a. 

Mixed tree leaves and grasses, sedges, 
and forbs have essentially the same group 
of pigments as the tree leaves. Seven spots 
are consistently present throughout sum- 
mer, increasing to 10 or 11 during autumn 
(Table 2). 

Soil humus layers from the oak forest, 
spruce-cedar woodland, and prairie (Sanger 
1968) contain the same three pigments com- 
mon to dry, autumn oak leaves: p-caro- 
tene, lutein, and pheophytin a. Two other 
chlorophyll derivatives, chlorophyllide a 
and pheophorbide a, also appear consist- 
ently in small amounts from the oak forest, 
yielding five known spots on the chromato- 
grams, sometimes accompanied by one or 
two unidentified spots (Table 2). Pigment 
concentrations in falling autumn leaves and 
soil humus are low (Gorham 1959; Gorham 
and Sanger 1964, 1967), so only small 
amounts of pigmented organic matter can 
reach the sediments from these terrestrial 
sources. 

Another possible source is green leaves 
blown into lakes by summer winds and 
thunderstorms. Sanger (1968) has shown 
that the decay of green oak leaves in scdi- 
ments, although much slower, is quite simi- 
lar to the decay of autumn oak leaves, with 
two general exceptions. First, neoxanthin, 
which disappears rapidly during autumn 
leaf coloration, is still present in relatively 
high concentrations after a year in the sedi- 
ments. Second, pheophorbide a becomes 
the dominant chlorophyll derivative rather 
than pheophytin a, the former being still 

prcscnt in relatively large quantities after 
a year in the pond mud. 

Regardless of the type of terrestrial plant 
examined or its state of decay, no more 
than 11 spots appear on chromatograms of 
terrestrial vegetation. The three pigments 
common to dry, falling oak leaves and soil 
humus layers are lutein, p-carotene, and 
pheomphytin a. If the sediments are receiv- 
ing large quantities of allochthonous mate- 
rial, then these three pigments are the most 
likely candidates for preservation, along 
with small amounts of pheophorbidc a and 
chlorophyllide a from the soil humus layers. 

Data on pigment diversity in organic 
matter derived from aquatic orgCanisms are 
presented in Table 3. The development of 
a mixed algal bloom (blue-greens predom- 
inating) was followed in Stanchfield Lake. 
Sixteen spots were found in early June. As 
the bloom matured by mid-June, and some 
of the aIgae began to die, the spot num- 
ber increased to 20 or 21. This number 
remained fairly constant in the surface 
plankton except when heavy rains in mid- 
July flushed the lake, allowing a new bloom 
to develop that resembled the initial spring 
bloom ( 17 spots). By early August the 
bloom of late July had matured, and 20-21 
spots appeared consistently fr0.m then on. 

In general, algae sink to the sediments 
soon after death, Sediment traps were in- 
stalled in Stanchfield Lake so that the pig;- 
ment diversity of algae in a more advanced 
state of decomposition-about to settle on 
the mud surface-could be measured. The 
number of pigments (3&39) is close to the 
average (38) found in surface sediments 
of eutrophic lakes in group 2 and in Stanch- 
field Lake sediments (41). Essentially the 
same picture is found for Chnra, which 
yielded 19 spots when green and fresh, 
and 27 spots when yellow and partly de- 
cayed. One may conclude that pigment 
diversification takes place mainly during 
sedimentation, in the course of decomposi- 
tion. In material caught in sediment traps 
set out before stratification in Esthwaite 
Water, a good deal of chlorophyll had de- 
composed before the dead plant material 
fell to the sediment surface (Gorham 1960), 
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TABLE 3. Pigment diversity in organic matter derived from aquatic organisms 

No. of spots on chromatogram 

Material ( total ) (ai) ( hype 1 ( fluor ) 

I. Living material 
A. Algae 

1. Mixed blue-greens from Stanchfield Lake 
6 Jun 

12 Jun 
26 Jun 

2 Jul 
Heavy rains flushed the lake 15 Jul 

25 Jul 
10 Aug 
25 Aug 
10 Sep 

2 act 
2. Mixed Anabaena and Microcystis from Mora Pond 
3. Stuurastrum and Melosira from Green Lake 
4. Staurastrum from Green Lake 
5. Aphanixomenon from Allie Lake 
6. Charu from Spectacle Lake 

B. Aquatic macrophytes 
1. Ceratophyllum 
2. Potamogeton ( mixed ) 
3. Pota.mogeton richardsonii 
4. Mixed pondweeds 

C. Photosynthetic bacteria (old cultures) 
1. Rhodospirillum rubrum 
2. Rhodopseudomonas palustris and R. capsulata 

II. Decomposing material 
A. Algae 

1. Dying algal clumps along shore of Stanchfield Lake 
( 1967) 

2. Dying algal clumps along shore of Stanchfield Lake 
(1968) 

3. Dying’ filamentous algal masses along shore of Salt 
Lake 

4. Chara (yellow) from Spectacle Lake 
5. Blue-green algal soup allowed to decay in a beaker 

in the lab 
a. At room temp 

0 days 
4 days 
7 days 

32 days 
49 days 

b. In cold room 
22 days 

6. Sediment trap material 
7 days 

21 days 
53 days 

B. Mixed algae and aquatic macrophytes decaying along 
shore of Stanchfield Lake 

8 Aug 1967 
21 Aug 1968 

C. Aquatic macrophytes decaying at mud-water interface 
in Stanchfield Lake ( 53 days ) 

Mixed Potamogetons probably with algal con- 
tamination 

Cerutophyllum 

16 0 
21 7 6 0 
20 0 
21 5 9 0 

17 
21 
21 
21 
20 
15 
10 

:; 
19 

12 
12 
15 
15 

11 
11 

24 0 

23 0 

23 0 
27 0 

21 0 
25 0 
22 0 
27 13 11 0 
27 10 12 0 

25 

36 
38 
39 

30 0 
32 1 

26 0 
13 0 

0 
0 
0 

7 10 0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 

1 
1 

1 
1 
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as evidenced by the dual nature of the 
absorption maximum toward the violet end 
of the spectrum. Moreover, J. F. Talling 
(cited in Gorham lQ60) observed, in dying 
Asterionella populations collected belo,w 
the thermocline, a shift of the major chlo- 
rophyll absorption peak at about 435 rnp 
to lower wavelengths, characteristic of 
pheophytin. 

Mixed algal blooms from lakes other than 
Stan&field are also represented in Table 3. 
Diversity ranges from 10 to 15 spots, with 
the lowest numbers coming from relatively 
pure populations of desmids and diatoms 
(with very few blue-greens) from Green 
Lake in Isanti County. 

Although we have identified only a few 
spots, a survey of the literature on algal 
pigmentation suggests at least 4 carotenes 
and 14 xanthophylls that might be expected 
from a mixed bloom of algae common to 
Minnesota lakes. Of the carotenes, a-, p-, 
and y- are the most common, with e-caro- 
tene less likely to be present. Xanthophylls 
include echinenone, oscillaxanthin, myxo- 
xanthophyll, and aphanizophyll, mainly 
from or unique to the blue-green algae; 
fucoxanthin, diatoxanthin, and diadinoxan- 
thin found in chrysophytes; dinoxanthin 
and peridinin in the pyrrophytes; and si- 
phonaxanthin and astaxanthin in the 
chlorophytes. Lutein, violaxanthin, and 
neoxanthin are the most ubiquitous xantho- 
phylls (Nakayama lQ62; Goodwin 1960; 
Vallentyne 1960 ) . 

An assemblage of the major freshwater 
algae would contain chlorophylls a, b, and 
c. Chlorophyll CE is present in all auto- 
trophic organisms except the photosyn- 
thetic bacteria, where it is replaced by 
bacteriochlorophyll and chlorobium chloro- 
phyll (Stanier lQ60). Chlorophyll b is 
present in chlorophytes and euglenophytes, 
and chlorophyll c in the chrysophytes, 
pyrrophytes, and cryptophytes. In the xan- 
thophytes and cyanophytes, the only chlo- 
rophyll present is chlorophyll a. 

The pigment number for aquatic macro- 
phytes, either as individual species or as 
mixtures, ranges from 12 to 15 (Table 3). 
It is not clear why they should have a 

greater diversity of spots than terrestrial 
angiosperms. Although we tried to wash 
the plants free of periphyton, it was virtu- 
ally impossible to get all the attached 
algae o’ff the leaves and stems without to- 
tally destroying the plant, and some of the 
spots may represent periphyton pigments 
rather than those exclusively from the 
aquatic macrophyte. Potamogeton richard- 
so& from Stanchfield Lake showed con- 
siderable quantities of periphyton. 

In Potamogeton the spot number in- 
creased to 26 in the decayed state (Table 
3). If periphyton remained attached (or 
colonized the detritus) and decayed along 
with the plants, this might be understand- 
able. Ceratqhyllum showed 12 spots in 
the fresh condition and only 13 spots after 
partial decay; it seems to be less attractive 
as a substrate for periphyton than many 
Po-tamogeton species and is also easier to 
clean. 

Data on separated epiphasic and hypo- 
phasic carotenoids parallel those on total 
pigments, with greatest diversity in the 
sediments (monohydroxy compounds can 
be found in both phases). Analysis of 
living plants commonly shows a prepon- 
derance of hypophasic pigments, whereas 
epiphasic pigments predominate in lake 
sediments. Although an epiphasic/hypo- 
phasic separation was not made on pho- 
tosynthetic bacteria, their chromatograms 
suggest mainly epiphasic carotenoids. Bac- 
terial carotenoids may well be important 
components of sedimentary pigments, but 
they have not received much study in this 
connection (see Brown 1968). 

Unidentified fluorescent pigments, num- 
bering up to 7, were observed mainly in 
the sediments. Single spots were noted in 
material from sediment traps, in old cul- 
tures of photosynthetic bacteria, and in 
decomposing shoreline detritus. These pig- 
ments disappear upon saponification and 
are not found following epiphase/hypo- 
phase separations, They are much more 
diverse in the English samples, averaging 
5 per lake as against l-2 per lake in Min- 
nesota. We suspected that freezing the 
English samples in Dry Ice for shipment 
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might have made the difference, but trials 
with Minnesota sediments negated this pos- 
sibility, and no explanation can be given. 

CONCLUSIONS 

Although this study is obviously prelim- 
inary and opens many avenues for further 
investigation, it does demonstrate that 
the great diversity of sedimentary pigments 
is partly a consequence of decomposition. 
Among the factors affecting diversity, 
source material has the most pronounced 
influence, particularly on carotenoids. De- 
caying aquatic organisms yield a large array 
of both epiphasic and hypophasic carote- 
noids (Table 3), while tcrrcstrial detritus 
is low in diversity, with only p-carotene 
(epiphasic) and lutein (hypophasic) reach- 
ing the sediments (Table 2). From these 
data, we might expect that lakes with a 
major allochthonous input could be sepa- 
rated from lakes with a dominant autoch- 
thonous component by the ratio of lutein 
to total hypophasic carotenoids and by the 
ratio of p-carotene to total epiphasic carot- 
enoids in the sediments-high ratios indi- 
cating a large allochthonous input and 
low ratios a greater importance of autoch- 
thonous organic matter. Preliminary data 
from a core from Kirchner Marsh near 
Minneapolis suggest that this is a valid 
assumption. The ratios rise in an appropri- 
ate manner at those intervals along the sed- 
imentary column where changes in pollen 
and macrofossil assemblages are believed 
to indicate periodic drying of the lake. 

Another factor influencing sedimentary 
pigment diversity is the state of decompo- 
sition of the organic matter when it reaches 
the sediments. If well-decomposed alloch- 
thonous materials such as soil humus and 
dried leaves reach the sediments, they will 
carry fewer pigments than would upland 
green leaves. In contrast, decomposing al- 
gae sinking to the bottom exhibit a sharp 
increase in pigment diversity over fresh, 
undecomposed algae. Probably some of the 
added pigments are of bacterial and animal 
origin, while others may be decomposition 
products of the original plant pigments. 
Apparently once organic matter has settled 

into an anoxic environment beneath the 
mud-water interface, little further altera- 
tion of pigments occurs; pigments from the 
Kirchner Marsh core do not exhibit any 
great reduction in diversity downward, ex- 
cept at those levels where drying out is 
indicated. 

Trophic status of the lake also influences 
pigment diversity somewhat. However, 
while the quantity of pigments pe,r gram 
organic matter is much lower in oligo- 
trophic than in eutrophic lakes, the diver- 
sity of pigments is only slightly lower. 
Apparently only a few of the pigments 
most sensitive to oxidation are selectively 
destroyed in the oligotrophic sites. The 
sedimentary organic matter in distinctly 
oligotrophic lakes is probably dominated 
by allochthonous detritus, as indicated by 
the low concentration of sedimentary pig- 
ments and by the nature of the absorption 
spectra of acetone extracts (Gorham 1960). 
However, the diversity of pigments indi- 
cates that some must also have originated 
from aquatic organisms, part of whose 
organic matter has resisted decomposition 
sufficiently to allow burial and preserva- 
tion in the anoxic sediments. 
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