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ABSTRACT 

Successional dcvclopmcnts jn the postglacial ecology and limnology of Kirchner Marsh 
rcvcalcd by concentration and diversity of sedimentary plant pigments include a peak 
of aquatic production (indicated by maximum pigment concentrations in sedimentary 
organic matter) reached during the early postglacial warm, humid interval at about 
10,000 B.P. Production levels then declined. Very low lcvcls of aquatic production 
(indicated by 1 ow pigment concentrations) seem jndicated by about 6,000 B.P., in the 
middle part of a warm, dry interval following which pigment concentrations remained low 
(cxccpt for a brief interval about 5,000 B-P.), but with a mnrkcd rise in the ratio of 
chlorophyll derivatives to carotenoids, indicating an increase in allochthonous organic 
input accompanying the return of cooler moister conditions. These resulted in an 
encroachment of oak forest on the prairie, followed by the succession to reed-swamp on 
the lake. 

A return to more truly aquatic conditions was reflected by an increase in scdimcntary 
pigments from about 3,000 B.P. to a peak at 1,700 B.P., accompanied by a decline 
in the ratio of chlorophyll derivatives to carotenoids. Subsequently pigment concentrations 
fell, and their ratio incrcascd sharply, as emergent aquatics became well established and 
caused a rapid evolution of pond to grass-sedge meadow. 

The pigment data are gcncrally in harmony with the ecological conclusions from pollen 
and macrofossils, but they provide much more information on changes in aquatic pro- 
ductivity at the site. Ratios of chlorophyll derivatives to carotenoids, along with measurc- 
mcnts of pigment diversity, revcal changes in the balance between autochthonous and 
allochthonous organic contributions to the sediment and provide substantial evidence 
for the prcscncc or abscncc of open-water conditions. 

INTRODUCTION 

Kirchner Marsh, a small ice-block dc- 
pression in east-central Minnesota, has 
been the site of an intensive study of post- 
glacial ecology by analysts of pollen, plant 
macro-fossils, and diatoms in sediment 
cores (Wright ct al. 1963; Watts and Win- 
tcr 1966; Florin 1970). This site is in the 
boundary region between prairie and de- 
ciduous forest and has undergone consid- 
erablc fluctuation in climate and vegcta- 
tion during postglacial time. Formerly a 
lake, it is now a wetland dominated by 
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cattails ( Typha latifolia), sedges (particu- 
larly Cclrex strictu), and blue-joint grass 
( Cnlamngrostis canndensis ) . This lake- 
marsh succession provides an opportunity 
to test the validity of fossil pigments as 
indices of postglacial ccosystcm develop- 
ment and to compare the data obtained 
with those from more traditional pollen 
and macrofossil s tudics. 

Sedimentary plant pigments have been 
studied for many years (Vallentync 1957, 
1960; Brown 1969). Concentrations of fos- 
sil chlorophyll derivatives in the organic 
matter of profundal surface sediments have 
proved to bc rather sensitive indices to 
present-day trophic conditions in the En- 
glish Lake District (Gorham 1960), where 
a highly significant correIation exists be- 
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twecn algal standing crops and conccntra- 
tions of both chlorophyll dcrivativcs and 
carotenoids in sedimentary organic matter 
(Gorham ct al., in prep.). In the highly 
productive lakes of Minnesota, where al- 
gal blooms far surpass those of the English 
lakes, concentrations of sedimentary pig- 
ments are much higher (Gorham and 
Sangcr 1967, and unpublished). Postgla- 
cial pigments, bccausc of their stability in 
a cool, dark anoxic environment, have also 
provided clues to past production and lake 
evolution (Bclcher and Fog 1964; Cze- 
czuga 1965; Fogg and Belchcr 1961; Gor- 
ham 1961; Vallentync 1954, 1956; Wctzcl 
1970). In detailed studies of surface scdi- 
mcnts, Ziillig (1961) and Griffiths et al. 
(1969) were able to demonstrate large 
increases in concentrations of myxoxantho- 
phyll and oscillaxanthin respectively, ow- 
ing to recent increases in blue-green algal 
populations responding to the changing 
trophic conditions of polluted waters. 

Sedimentary pigments have also pro- 
vided information concerning the balance 
bctwecn allochthonous and autochthonous 
sources of organic matter in lake scdi- 
merits. Highly productive lakes exhibit 
concentrations of sedimentary pigments 
far greater than those of upland litter and 
humus layers, and so must derive most of 
their sedimentary organic matter from au- 
tochthonous phytoplankton remains ( Gor- 
h am and Sangcr 1967). Unproductive 
lakes exhibit much lower pigment concen- 
trations, almost as low as those of falling 
leaves and leaf litter. Moreover, acetone 
extracts of sediments from unproductive 
lakes show absorption spectra in the vis- 
ible range which greatly resemble those of 
woodland humus layers ( Gorham 1959) 
and are unlike those of sediments from 
productive lakes and dead phytoplankton 
(Gorham 1960). Even in the unproduc- 
tive lakes, however, the diversity of fossil 
pigments is such as to indicate that the 
contribution from planktonic sources is not 
ncgligiblc ( Sangcr and Gorham 1970). 

It seems rcasonablc to conclude that 
surface concentrations of scdimcntary pig- 
mcnts are directly related to aquatic pro- 

ductivity, and that it is now possible to 
extrapolate these studies backward to in- 
cludc the late-glacial and postglacial pe- 
riod. Our investigation was designed to 
test whcthcr data on fossil pigments would 
substantiate conclusions, previously drawn 
from pollen and macrofossil studies, about 
the ecological and limnological changes 
that occurred during postglacial time in 
the Kirchner Marsh site. 

A complete description of Kirchner 
Marsh, including location, site description, 
stratigraphy, and phytogeographic setting 
is found in Watts and Winter (1966) and 
Wright et al. ( 1963). 

We arc grateful to I-I. E. Wright, Jr., 
for supplying the section of sediment core 
and for much helpful advice and criticism, 
and we thank R. J. Hay for assistance with 
the analytical work, 

METIIODS 

A core (K-7) was taken from Kirchner 
Marsh with a piston sampler, 10 cm in 
diamctcr ( Cushing and Wright 1965)) 
close to the site of the one cxamincd for 
pollen (K-l) and macrofossils (K-2). Pol- 
len counts by D, Amundson indicate that 
the zone R/B boundary is located less than 
10 cm above the same boundary in core 
K-l. The depth cquivalcncc of this bound- 
ary in the two cores is also indicated by 
the sharp rise of sedimentary organic mat- 
tcr in both cores at this level. Pollen 
counts also show that the zone C-b/C-c 
boundary in core K-7 occurs at about 475 
cm, or 20 cm above the same bomldary 
in core K-2. The uppermost reed-swamp 
peats wcrc omitted from core K-7, so an- 
other core near to it was taken to cover 
the top 160 cm of the deposit. Core K-7 
was extruded in the field, wrapped in 
plastic and aluminum foil, transported to 
the laboratory, and cut longitudinally into 
quarters. The quarter for pigment studies 
was cut into 2-cm lengths, wrapped in 
plastic foil, and frozen immediately for 
storage. 

In preparation for analysis, 2-cm sec- 
tions at lo-cm intervals were thawed in 
cold distilled water and centrifuged to 
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remove excess water, Pigments were cx- 
tracted from a subsample of mud (l-5 g 
depending on organic content) in aqueous 
90% acetone; at least 300 ml of acetone 
was required to extract all the pigments. 
A lo-ml portion of the extract was set 
aside to measure concentrations of chloro- 
phyll derivatives. For isolation of carot- 
enoids, a 25-1111 sample of the acetone 
extract was added to an equal volume of 
20% (w/v) methanolic potassium hydrox- 
ide and saponified on a shaker for 2 hr. 
Epiphasic and hypophasic carotenoids 
were separated by partition in a separatory 
funnel with petroleum ether (30”-60”) and 
aqueous 90% methanol respectively. Mca- 
surcments of absorbance were made with 
a Beckman DU spectrophotometer at the 
red maximum at or near 667 nm for chlo- 
rophyll derivatives, at 750 nm for bacterio- 
chlorophyll derivatives, and at 450 nm for 
the carotenoids. Because extraneous com- 
pounds may also contribute to absorbance 
at the red peak for chlorophyll derivatives 
( see Gorham 1960, his Figs. 1, 2; cf. Orr 
and Grady 1957), a correction for back- 
ground absorbance was subtracted from 
the chlorophyll peaks by drawing a free- 
hand baseline curve between 520 and 800 
nm. Pigment concentrations are expressed 
as units per gram of organic matter, one 
unit being equivalent to an absorbance of 
1.0 in a lo-cm cell when dissolved in 100 
ml of the appropriate solvent. Organic 
matter was measured by loss on ignition 
at about 550C. 

The remaining amount of the original 
90% acetone-pigment solution was trans- 
fcrrcd to ethyl ether in a scparatory funnel 
by washing away the acetone with at least 
2 liters of distilled water. The pigment- 
ether solution was concentrated by con- 
tinued swirling in a fume hood to about 
2 ml. Thin-layer chromatography plates 
wcrc coated with silica-gel 7G (Baker 
Chem. Co,) and spotted with about 50 ~1 
of the pigment solution, after which two- 
dimensional chromatograms were devel- 
oped with 3 : 1 benzene : acctonc an d 
200 : 8 : 4 : 1 hexane : propanol : acetone : meth- 
anol, chosen by Sanger and Gorham (1970) 

as revealing maximum pigment diversity, 
Spot numbers were recorded for each sam- 
ple, and the shapes of spots noted after 
developing the first dimension so that ir- 
regularly shaped spots would not be con- 
strued as more than one after development 
of the second dimension. The p-carotene 
and lutcin spots were then scraped from 
two plates, elutcd with 90% acetone, and 
brought up to a constant volume of 5 ml. 
Similarly the entire remaining epiphase 
and hypophase components were removed 
separately, eluted, and brought up to 5 
ml as above. Light absorbance was then 
measured spectrophotometrically at 450 
nm. Individual carotenoid components (,8- 
carotene, lutein, remaining epiphasc, and 
remaining hypophase) were measured by 
factoring from concentrations of cpiphasic 
and hypophasic carotenoid obtained by 
partition. A comparison of the ratio of 
cpiphasic to hypophasic carotenoids in the 
partition and the thin-layer techniques 
indicated very similar depth profiles. 

INTERPRETATION OF THE DATA 

Chlorophyll derivatives and carotenoids 

Based on earlier work already cited, the 
assumption has been made that concen- 
trations of both chlorophyll derivatives and 
carotenoids in sedimentary organic matter 
reflect changing production in situ. The 
higher the concentration of pigments, the 
greater the assumed production rate at a 
given time as indicated in the pigment 
profiles. 

Ratio of chlorophyll derivatives 
to carotenoids 

The ratio of chlorophyll derivatives to 
total carotenoids provides some indication 
of lake trophic status and also some evi- 
dence for the relative importance of al- 
lochthonous vs. autochthonous detritus in 
sedimentary organic matter. In decaying 
autumn lcavcs and soil organic layers, 
chlorophyll derivatives are ultimately bet- 
tcr prcscrved than carotenoids, even 
though the initial breakdown of chloro- 
phyll is faster (Gorham and Sanger 1967; 
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FIG. 1. An overview of the stratigraphy and ecological interpretation of scdimcnt cores from Kirch- 
ner Marsh, Minnesota. 

Sanger 1972n, b ) , Woodland organic lay- 
ers gcncrally exhibit ratios of chlorophyll 
derivatives to carotenoids of 1.0 or greater 
( Gorham and Sanger 1967)) as do swamp 
and bog peats ( Sanger and Gorham 1972). 
Algal decay in lakes favors preservation of 
carotenoids and, hence, lower ratios. Bc- 
cause the bulk of the organic matter in 
eutrophic lakes is autochthonous, while 
in oligotrophic lakes allochthonous detritus 
from the drainage basin is the major 
source, ratios arc higher in the oligotrophic 
lakes ( Gorham and Sanger, unpublished). 
Those of northeastern Minnesota, on thin 
noncalcareous drift over Precambrian ig- 
neous rocks, have ratios of about 0.5 to 
1.0; eutrophic lakes on calcarcous late- 
Wisconsin till plains and moraines in 
southern and western Minnesota have ra- 
tios of about 0.2 to 0.5. Low ratios in por- 

tions of the Kirchner core arc probably 
indicative of eutrophic conditions with 
autochthonous plankton production prc- 
vailing. High ratios reflect a greater pro- 
portional input of allochthonous detritus 
and possibly a greater degree of aerobic 
decomposition of the autochthonous sedi- 
mentary organic matter, both phenomena 
being compatible with shallowing and 
invasion of the lake site by wetland 
vcgctation. 

Spot number 

Pigment diversity is expressed as total 
spot number from thin-layer chromato- 
grams. It appears that during decom- 
position of terrestrial detritus pigment 
diversity is reduced, but in the initial 
stages of algal decay it increases (S,anger 
and Gorham 1970). For this reason, scdi- 
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FIG. 2. Depth profile of organic matter in the 
Kirchner core. (Surface sample in this and fol- 
lowing figures represented by break in upper 
horizontal scale), 

mentary pigment diversity cannot bc sim- 
ply interpreted as a measure of biotic 
diversity according to the ideas of Mar- 
galef ( 1964). In general, scdimcnts from 
relatively infertile lakes avcragc 30 spots 
compared to 38 in scdimcnts from very fer- 
tile lakes ( Sangcr and Gorham 1970)-a 
diffcrencc probably owing more to condi- 
tions of preservation rather than to phy- 
toplankton diversity. Oligotrophic lakes 
with lower total sedimentary pigment con- 
centrations may well have a diversity of 
organisms equal to or exceeding that of 
cutrophic lakes, but in cutrophic lakes the 
predominantly autochthonous detritus has 
a greater chance to reach an anaerobic 
environment early enough to prcvcnt evcn- 
tual pigment oxidation. 

Spot numbers between about 12 and 24 
(the minimum observed for profundal lake 
sediments) probably rcflcct a considerable 
dcgrce of aerobic decomposition of scdi- 
mcntary organic matter, which may result 
from a combination of factors including 
influx of well oxidized, allochthonous dc- 
tritus, low water levels and consecprcnt 
stirring of the sediment, light penetration 
to the profundal muds, and higher water 
tcmperaturcs. All of these phenomena will 
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FIG. 3. Depth profile of sedimentary chloro- 
phyll derivatives in the Kirchner core. Sections 
subjected to more detailed analysis in Fig. 8 are 
specially marked. 

accompany invasion by wetland vegeta- 
tion, and swamp peats have been observed 
( Sangcr and Gorham 1972) to range in 
spot number bctwcen 4 (for very dry hum- 
mocks) and 23 (for very wet hollows ). 
Pigment numbers below 12 probably sig- 
nify intcnsc drying out of the sediment 
or derivation of the organic matter from 
either dry swamp hummocks or totally 
terrestrial sources. In tcrrcstrial detritus a 
maximum of lo-11 spots can be detected 
in falling leaves and in soil humus lay- 
ers during autumn coloration, but 5 to 6 
spots arc prcscnt more commonly ( Sanger 
1972a ) . 

THE RISLATIONSHIP OF FOSSIL PIGMENTS 

TO VEGETATION HISTORY 

Pollen and macrofossil analyses from 
Kirchner Marsh, as well as numerous ra- 
diocarbon dates (Wright ct al. 1963; Watts 
ancl Winter 1966), show the vcgctational 
scquencc in the arca, beginning shortly 
after the melting of local Wisconsin ice 
bctwccn 13,000 and 14,000 B.P. (Fig. 1). 
The significance of this site in the late 
Quatcrnary vegetational history of North 
America is discussed by Wright ( 1971). 
The relationship of sedimentary pigments 
to regional and local plant succession at 
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FIG. 4. Depth profile of total sedimentary ca- 
rotenoids in the Kirchner core. Sections subjected 
to more dctailcd analysis in Fig. 8 are specially 
marlted. 

Kirchner Marsh is shown by several pro- 
files ( Figs. 2-6)) in which the surface 
value is shown by a break in the upper 
horizontal scale. 

Zone K 

Spruce parkland vegetation of zone K, 
without cvidcnce of tundra plants, sug- 
gests a cool rather than cold climate at the 
time vegetation began to colonize the lake 
and environs. The prcscnce of only trace 
amounts of sedimentary pigments ( Figs. 3, 
4 and 7) suggests that throughout zone K 
aquatic production was cxtrcmely low. Al- 
though pigment concentrations arc too low 
to mcasurc reliably, it seems reasonable to 
assume a terrestrial origin derived from 
detritus of a superglacial forest, suggested 
by Florin and Wright (1969) because of 
the complete lack of aquatic diatoms from 
that portion of the sedimentary column. 

Zone A-a 

Pigments increase to measurable quan- 
tities at the beginning of zone A-a (Fig. 
l>, which corrclatcs with the climatic 
am&oration that brought about the retreat 
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FIG. 5. Depth profile of the ratio chlorophyll 
derivatives : carotenoids in the Kirchner core. 

of Wisconsin ice and allowed a lake to 
develop on the Kirchner site. Both chlo- 
rophyll derivatives and carotenoids (Figs. 
3, 4, and 7) then incre#ase steadily until 
the middle of the zone, after which they 
decrease somewhat. The maximum con- 
centrations arc similar to those of contem- 
porary profundal sediments from lakes in 
the middle range from oligotrophy to cu- 
trophy (Gorham and Sangcr, unpublished). 
Spot number ( Fig. 6) increases from 25 
to 34 and then decreases again to 25 dur- 
ing this same interval. The maximum num- 
ber is close to the maximum (36) for the 
entire core and is intcrmcdiate between 
oligotrophy and eutrophy in comparison 
with present-day profundal scdimcnts. The 
ratios of chlorophyll derivatives to carot- 
enoids ( Fig. 5) are low (0.3-0.4) and well 
below the ratios for modern oligotrophic 
lakes or for organic matter of upland soils 
and swamps. Taken together, these data 
indicate that autochthonous phytoplankton 
production became important in zone A-a, 
but decreased toward the end of the pc- 
riod it rcprescnts. 

Levels of scdimcntary organic matter 
(Fig. 2) arc, with one cxccption, below 
10% dry weight. If, as indicated above, 
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FIG. 6. Depth profile of the spot number on 
thin-layer chrornatogranx front the Kirchner core. 

the lake occupying the Kirchner site was 
moderately productive, the low levels of 
organic matter must have resulted from a 
relatively high degree of silting. This, 
however, cannot have brought in much al- 
lochthonous organic matter, according to 
the pigment data. In this connection the 
macrofossil evidence (Watts and Winter 
1966) suggests a sparsely vegetated lake 
shore. 

To examine in detail the pigment peak 
in zone A-a at 11.10 m, we made supple- 
mental analysts at 2-cm intervals from 
11.00 to 11.20 m. The results (Fig. 8) 
show high values at several levels in addi: 
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FIG. 7. Depth profile of bacteriochlorophyll 
derivatives in the Kirchner core. 

Zone A-b 

Pollen profiles from zone A-b indicate 
either slightly cooler or drier climatic con- 
ditions ( Wright 1971) . Ash ( Fmxinus ) 
gives way to a more uniform spruce (P&a) 
forest, and sage (Artemisin) increases as 
ragweed (Ambrosia) declines. Sedimen- 
tary chlorophyll dcrivativcs ( Fig. 3) and 
carotenoids ( Fig. 4) rise again from the 
relative low concentrations obscrvcd at the 
top of zone A-a. Their ratio declines at 
the same time to below 0.3 (Fig. 5), but 
spot number rises again to the mid-30s 
( Fig. 6). All thcsc phenomena suggest a 
rise in lake productivity from the end of 
zone A-a times-a trend that is more con- 
sistent with the hypothesis of climatic dry- 
ing than of cooling. 

Zone B 

Pollen zone B marks the beginning of 
postglacial time and a more pronounced 
warming trend. Pollen records show de- 



FOSSIL PIGMENTS IN KIRCHNER MARSH 847 

TOTAL CHLOROPHYLL DERIVATIVES 

TOTAL CAROTENOIDS 

FIG. 8. Fine detail of pigment stratigraphy for 
three peaks in the Kirchner core. 

characteristic of a moderately deep lake 
surrounded by a reed-swamp community. 
During the interval from upper zone A-b 
through most of zone B, pigment concen- 
trations rise sharply to the highest levels 
in the core ( Figs. 3 and 4)) reflecting a 
peak of production at about 10,000 B.P. 
associated with the climatic amelioration 
and probably also with the abundance of 
available nutrients leached from the till. 
Wetzel (1970) observed a distinct pig- 
ment maximum in Pretty Lake, Indiana, 
at about the same time. Spot numbers 
are high ( >30), but not maximal, in this 
zone ( Fig. 6). At this time the lake was 
about 10 m deep, so that sedimentary pig- 
ment preservation would be favored by 
long periods of both summer and winter 
anoxia. During the period of maximum 
pigment concentration about 10,000 B.P. 
( Figs. 3 and 4) both chlorophyll deriva- 
tives and carotenoids are nearly as high 
per unit organic matter as in modern pro- 
fundal sediments from the most productive 
lakes in Minnesota (Gorham and Sanger, 
unpublished). 

Zone B also shows a further increase in 
sedimentary organic matter (Fig. 2) which 
probably reflects increasing phytoplankton 

production, because it is accompanied by 
high pigment concentrations and low ra- 
tios of chlorophyll derivatives to carot- 
enoids. Reed-swamp development may 
have reduced the influence of silting but 
does not appear to have increased appre- 
ciably the supply of allochthonous organic 
matter to the sediments; such an increase 
would normally result in high ratios of 
chlorophyll derivatives to carotenoids, and 
these are not evident (Fig. 5). 

Zone B shows an organic matter peak in 
both pollen and pigment cores, a further 
example of their close concordance in the 
late-glacial and early postglacial periods. 

Even though pigments are generally 
high in zone B there are strong oscilla- 
tions, such as the one at the 10.0-m level 
where pigment concentrations (Figs. 3 and 
4) and spot number ( Fig. 6) decrease. 
These factors suggest a probable decrease 
in autochthonous production, a greater 
input of woodland or reed-swamp detri- 
tus, or both. The oscillations may reflect 
short-term climatic changes which occur 
as a background to the general climatic 
alteration. The climatic changes influence 
erosion rates and influx of allochthonous 
materials to the lake, while the changing 
water levels result in a continual waxing 
and waning of the shoreline reed-swamp. 
Cooler phases probably favor more rain- 
fall, decreased summer epilimnetic tem- 
peratures, and shorter periods of summer 
stagnation-perhaps offset by longer peri- 
ods in winter. 

The peak at 10.20 m has been analyzed 
in detail at 2-cm intervals from 10.10 to 
10.30 m ( Fig, 8). The high pigment con- 
centrations extend for about 5 cm, equiva- 
lent to about 100 years at the prevailing 
rate of sedimentation. This period may 
represent a short interval of intense pro- 
duction coupled with long periods of an- 
aerobiosis at the mud-water interface dur- 
ing both summer and winter. In a pond 
the size of Kirchner at that time (about 
350 m in diameter, with water about 10 
m deep), sheltered by a dense spruce 
forest, it is not inconceivable that periods 
of meromixis could have developed. Very 
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high concentrations of profundal sedimen- 
tary pigments have been observed under 
meromictic conditions (Gorham and San- 
ger 1972). 

Zone C-a 

In zone C-a the climatic warming trend 
is continued, accompanied by a decrease 
in rainfall as evidenced by pollen and mac- 
rofossils (Fig. 1 and Wright et al. 1963; 
Watts and Winter 1966). Elm and oak 
pollen are abundant, with gradually in- 
creasing proportions of herbaceous pollen. 
Macrofossils suggest deep water at the 
onset grading gradually to shallower con- 
ditions, with damp-ground perennials in- 
creasing at the expense of reed-swamp. 
Throughout this period, pigment concen- 
trations ( Figs. 3 and 4) are lower than in 
zone B, though still quite high. Spot num- 
bers (Fig. 6) are also lower, but the ratio 
of chlorophyll derivatives to carotenoids 
remains low and characteristic of eutrophic 
lakes ( Fig. 5). A gradual decrease of 
aquatic production therefore seems likely. 
Concurrent with the decline in pigments 
there is a gradual decrease in sedimentary 
organic matter (Fig. 2)) probably reflect- 
ing the decline in reed-swamp and an 
increase in silting. 

Because the lake has probably always 
had a limited drainage basin, without in- 
lets or outlets, decreasing production is 
most likely related to the gradual deple- 
tion of available nutrients in the local 
soils, which in this general area are de- 
rived from noncalcareous, Superior-lobe 
till with a patchy cap of calcareous loess 
(\Vright et al. 1963). These soils must 
h ave become quite severely leached by the 
time zone C-a sediments were deposited, 
since aquatic production apparently de- 
clined at a time of increased silting. 

Zone C-b 

This zone is believed to represent the 
period of maximum postglacial dryness, 
with pollen and macrofossils indicating 
prairie and oak savanna. Organic matter 
per unit dry weight of sediment decreases 
steadily (probably because of increased 

erosion and inwash of silt), the postglacial 
minimum being reached at 6 m ( Fig. 2) 
in the middle of zone C-b. It then begins 
a gradual rise that continues through zone 
C-c. In the lower part of zone C-b sedi- 
mentary pigments generally decrease along 
with organic matter, but above 6 m, when 
organic matter begins to increase again, 
pigments continue to decrease (Figs. 3 and 
4). They reach a distinct minimum for 
zone C-b at about 4.9-5.6-m depth, at 
which time there is also a slight decline 
in pigment diversity ( Fig. 6)) but a very 
pronounced rise in the ratio of chlorophyll 
derivatives to carotenoids ( Fig. 5). At al- 
most all core levels below 5.6 m this ratio 
is between 0.2 and 0.4, suggesting more 
or less eutrophic lake conditions. Above 
5.6 m the ratio rises as high as 1.0. By 
comparison with the pigment characteris- 
tics of present-day deposits, these data 
could be taken to indicate either a marked 
shift to oligotrophic conditions or alterna- 
tively a shallowing or drying of the site, 
accompanied by reed-swamp advance over 
much or all of the lake and the conse- 
quent influx from the swamp of consid- 
erable allochthonous organic matter low 
in pigments, The pollen and macrofossil 
evidence suggests that the latter interpre- 
tation is correct, although aquatic produc- 
tivity may well have continued to decline 
as a consequence of reed-swamp develop- 
ment isolating the open water from nutri- 
ents brought in by silting. An additional 
factor may have been increased pigment 
oxidation as a result of the lake shallowing 
to a point where summer stratification (and 
hypolimnetic anoxia ) no longer occurred. 
Data from western Ontario (Schindler 
1971, his Table 5) suggest that the critical 
depth lies near 5 m. 

Despite the advance of reed-swamp, 
conditions must have remained aquatic at 
the core site, where gyttja rather than true 
swamp peat was still being deposited. In 
this connection Cedar Bog Lake (70 km 
N of Kirchner Marsh), surrounded by a 
floating mat and swamp forest and only a 
little more than 1 m deep, exhibits high 
levels of sedimentary pigments (14 units 
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of chlorophyll derivatives and 38 units of 
total carotenoids per g organic matter) 
similar to those of Kirchner zone B. Why 
the Cedar Bog Lake site should be so 
rich in pigments at present is not clear. 
Its surrounding swamp forest is floristi- 
tally rich (see Conway 1949; Gorham and 
Sanger 1964; Sanger and Gorham 1972) 
and quite different from that surrounding 
nearby Beckman Lake, where a sedge mat 
of Cnrex lasiocarpn is succeeded by a for- 
est of tamarack (T,arix laricina) and black 
spruce (Picea mariana) on acid hummocks 
of Sphagnum magellanicum. 

Zone C-c 

During the period represented by zone 
C-c the percentage of organic matter con- 
tinucs to increase at a fairly steady rate 
until finally pcaty reed-swamp conditions 
develop in the upper 1.5 m of the core. 
At the transition from zone C-b to zone 
C-c between 4.6 and 4.8 m there is a sud- 
den rise and fall in sedimentary chloro- 
phyll derivatives and especially carotenoids 
( Figs. 3 and 4)) with a consequent fall 
and subsequent rise in the ratio of chlo- 
rophyll derivatives to carotenoids ( Fig. 5). 
Spot numbers arc slightly higher about 
this time (Fig. 6). A brief return to truly 
aquatic conditions could reasonably be 
inferred for this phase of high pigment 
concentrations, for which analysis at 2cm 
intervals ( Fig, 8) indicates a duration of 
about a century, on the basis of the avail- 
able 14C dates. However, close-interval 
pollen counts place the zone C-b/C-c 
boundary at 4.75 m, and close-interval 
seed counts of core K-2 imply a temporary 
dry condition at the site for at least 10 
cm on either side of this zone boundary, 
The high pigment values at 4.704.76 m 
thus correlate with this dry interval. The 
pigment maximum at 7.8 m at the base 
of zone C-b also correlates with a seed 
maximum of damp-ground weeds and thus 
a short dry interval. A return to more 
truly aquatic conditions during apparently 
dry intervals seems unlikely, and these 
anomalies have yet to be resolved. One 
possibility is that marked fluctuations in 

water level, inferred for this dry interval 
from macrofossil evidence (Watts and 
Winter 1966), would lead to flooding and 
so to burial by silt of the living damp- 
ground annuals that colonized the exposed 
littoral arcas, in this way preserving their 
pigments to an unusual degree. 

Low pigment concentrations and spot 
numbers, along with high ratios of chloro- 
phyll derivatives to carotenoids, supervene 
above 4.6-m depth, marking an apparent 
second phase of reed-swamp invasion. 
There is then a gradual rise in pigments 
an d spot number and a fall in ratio of 
chlorophyll derivatives to carotenoids, up- 
ward to just above 2-m depth, at which 
time it appears that truly aquatic condi- 
tions arc again established. However, nei- 
thcr here nor at the transition from zo,ne 
C-b to C-c do pigment concentrations 
rise as high as in the early postglacial pe- 
riod of high productivity represented by 
zone B. 

Above the aquatic phase from 1.6-1.8 m 
in zone C-c pigment concentrations and 
spot numbers again decline, whcrcas the 
ratio of chlorophyll derivatives to carot- 
cnoids rises very sharply (note change of 
scale in Fig. 5), marking the final reed- 
swamp invasion of the site at about 1,660 
B.F. This time, as true swamp peats are 
deposited, carotenoids dcclinc to by far 
the lowest concentrations observed in the 
whole sediment core. Some of these con- 
centrations are comparable to those ob- 
served in dry woodland soils and in swamp 
hummocks ( Sangcr and Gorham 1972). 
Also, ratios of chlorophyll derivatives to 
carotenoids reach levels higher than any 
observed hitherto in swamp or bog peats, 
Neverthclcss, an important consideration 
at this point is that cvcn though allochtho- 
nous influence becomes substantial during 
the dry period, at no time dots pigment 
diversity fall below 14 spots. Except for 
the interval bctwecn 3 and 4 m, and above 
1.5 m, diversity holds fairly steady between 
20 and 30 spots. This is strong evidcncc 
that .there were no cxtendcd periods of 
drying and that moist conditions suitable 
for algal growth have always been present, 
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Thcrc is no evidence that tcrrcstrial or- 
ganic detritus cvcr exceeds a pigment di- 
versity of 12 spots, the usual number in 
woodland humus layers being about half 
as high (Sanger and Gorham 1970, and 
unpublished). Certainly a continuous di- 
vcrsity of 20 or more spots indicates algal 
influence for at least part of the year. 
The reduced spot number during the peri- 
ods of maximum allochthony above 1.5 m 
and between about 3- and 5-m sediment 
depth dots provide cvidcncc that aerobic 
processes were prevalent then and that 
reed-swamp invasion occurred. However, 
evidence from pigments tends to confirm 
the macrofossil data, strongly suggesting 
that the lake and subsequently the final 
reed-swamp ncvcr dried out completely. 

Pigment diversity also drops steadily to 
the lowest spot numbers in the core at 
0.30-m scdimcnt depth. At this time stand- 
ing water must have been reduced to 
ephemeral pools or perhaps to moist peat- 
land with no open water at all. There is 
a return to slightly greater pigment con- 
centrations and diversity in the upper 30 
cm of core, accompanied by a decline in 
the ratio of chlorophyll derivatives to ca- 
rotcnoids. These data may reflect a return 
to moister conditions following the dry pe- 
riod during the 193Os, with more frequent 
periods of standing water especially in 
spring after snowmelt. Again these values 
are comparable to those obtained from 
continuously moist peatland hollows (San- 
ger and Gorham 1972). 

FURTHER CONSIDERATIONS 

Correction factors for chlorophyll 
derivatives 

Acetone extracts from sediments contain 
not only chlorophyll derivatives (mainly 
pheophytins and pheophorbides ) but also 
a variety of other compounds. Although 
these other compounds do not exhibit an 
absorbance peak at or near 667 nm, they 
do show some absorbance in this spectral 
region, For instance, if absorbance at the 
red peak is arbitrarily made equal for a 
sediment extract and an extract either of 

living plants or of pure chlorophyll deriva- 
tives, the scdimcnt extract will show dis- 
tinctly higher a’bsorbance at wavelengths 
on tither side of the red peak (cf. Orr and 
Grady 1957, their Fig. 1; Gorham 1960, his 
Fig. 1). This indicates that sedimentary 
compounds other than chlorophyll and its 
derivatives are contributing to the absorb- 
ance at these nearby wavelengths and prc- 
sumably to the absorbance at the red peak 
as well. Different sediments show diffcr- 
ing degrees of this cxtrancous absorbance 
( cf. Gorham 1960, his Fig. 2). It can, how- 
ever, be corrected approximately by draw- 
ing a freehand baseline absorbance curve 
between 520 and 800 nm and subtracting 
its absorbance at the red peak wavelength 
from the peak absorbance itself. The dif- 
ference then represents the absorbance 
owing to chlorophyll derivatives. 

A point deserving investigation is whether 
the extraneous absorbance is related to the 
absorbance by chlorophyll derivatives. The 
baseline corrections to the concentrations 
of chlorophyll derivatives show a distinct 
inverse relationship with those conccntra- 
tions (Fig, 9). Corrections are less than 
5% of total optical density between 7.5 and 
10 m depth, where chlorophyll derivatives 
are most abundant, and rise to upward of 
5% over most of the rest of the core. A 
slight decline in percent correction is 
evident between 1.3 and 1.7 m, overlap- 
ping but not quite matching a minor peak 
in concentration of chlorophyll derivatives 
at 1.6-1.8-m depth-about the level where 
a return to more aquatic conditions is 
inferred. 

A plot of percent correction vs. concen- 
tration of chlorophyll derivatives shows 
the inverse relationship more directly. Dc- 
spite considerable variation, there is no 
clear trend in the absolute values of the 
correction factors with increasing pigment 
concentration. They average about 0.11 
absorbance units per gram organic matter 
over the whole range of concentration of 
chlorophyll derivatives, suggesting no re- 
lationship bctwcen the pigments and the 
compounds responsible for the extraneous 
absorbance. 
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FIG. 9. Depth profile of correction factors for 
calculation of chlorophyll derivatives. 

Bacteriochlorophyll derivatives 

The pattern of abundance of these pig- 
mcnts (Fig. 7) corresponds gcncrally to 
the pattern for chlorophyll derivatives, ex- 
cept that their early major peak in zone B 
is matched only by a single high value for 
bacteriochlorophyll derivatives, and that is 
not unusually high as compared to the 
more clearly marked peaks at just above 
8- and 2-m depth. Concentrations were 
minima1 during and after the thermal opti- 
mum in zone C-b when reed-swamp in- 
vaded the site, but in contrast arc quite 
high in the final stage of reed-swamp peat 
deposition. No explanation can presently 
be given for this anomaly. 

Corrections for bacteriochlorophyll de- 
rivatives range from 8-62% (Fig. 10) and 
do not appear to relate clearly to the ma- 
jor ecological changes recorded in the pro- 
file. However, plotting correction pcrccnt- 
ages vs. corrected concentrations does re- 
veal, despite considerable variation, that 
only below a concentration of 0.4 units per 
gram organic matter do correction factors 
rise above 30%. Low corrections of about 
10% are, in contrast, recorded at all levels 
of concentration. 
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FIG. 10. Depth profilc of correction factors for 
calculation of bacteriochlorophyll derivatives. 

The overall inverse relationship between 
pcrccnt correction and pigment concentra- 
tion is such as to indicate a rise in the 
absolute magnitude of the correction fac- 
tor with increasing pigment concentration. 
On average the correction rises from about 
0.035 absorbance units per gram organic 
matter when bacteriochlorophyll deriva- 
tives are at their lowest to about 0.15 units 
at the highest, This suggests a relation- 
ship between the pigments and the com- 
pounds responsible for the cxtrancous 
absorbance. 

Carotenoid components 
In present-day profundal sediments of 

Minnesota lakes the ratio of epiphasic to 
hypophasic carotenoids as determined by 
solvent partition ranges between 0.3 and 
1.0, being mostly between 0.4 and 0.6 in 
the more oligotrophic lakes of the north- 
east and between 0.5 and 0.8 elsewhere 
( Gorham and Sanger, unpublished), Ra- 
tios in the Kirchner core are higher (Fig. 
IL), generally between about 0.8 and 1.6, 
except at depths of about 5 and 0.3 m 
where much lower ratios ( down to 0.3) 
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FIG. 11. Depth profile of the ratio epiphasic : 
hypophasic carotenoids in the Kirchner core. 

are associated with pronounced minima 
in carotenoid concentrations during reed- 
swamp invasion. The significance of the 
generally high ratios in the Kirchner cores 
is unknown, but it may be remarked that 
organic soils of woodland and swamp sites 
usually exhibit low ratios between 0.3 and 
0.6, fitting in with the relatively low ratios 
obscrvcd at Kirchner during reed-swamp 
invasion around 5- and 0.3-m depth. 

Epiphase : hypophase ratios determined 
by thin-layer chromatography range from 
0.5-1.8 and show a depth profile similar 
to that of ratios determined by solvent 
partition. 

Further separation of the thin-layer 
chromatograms into ,&carotcnc, remaining 
cpiphasic care tcnoids, lutcin, and remain- 
ing hypophasic carotenoids also reveals 
features of interest (Fig. 12). On average 
throughout the profile, lutein is the most 
abundant carotenoid, with a median of 
30% of total carotenoids. The median for 
p-carotene is 27%, for remaining epiphasic 
pigments 26%, and for remaining hypo- 
phasic pigments only 17%. The only clear 
overall trend is for a rise in percentage 
of p-carotcnc with increasing core depth. 
It seems doubtful that this indicates a 
diagenetic loss of other pigments (cf. Fogg 
and Belcher 1961)) which fluctuate irrcgu- 

larly in abundance from top to bottom of 
the core. 

A notable feature of these carotenoid 
profiles is the sharp peak of lutein abun- 
dance (more than 60% of total carotenoids) 
between 20- and 60-cm depth. At thcsc 
same levels in the core other hypophasic 
carotenoids arc undetectable, and epi- 
phasic carotenoids are rclativcly low. Lu- 
tein is known to be distinctly predominant 
in woodland humus layers ( Sanger 1972a). 
It is at these same depths that total carot- 
enoid concentration is minimal, leading to 
unusually high ratios of chlorophyll dc- 
rivativcs to carotenoids. The conclusion 
stems inescapable that the site, although 
still reed-swamp according to pigment di- 
versity data, was even drier at that time 
than at present, perhaps even dry enough 
to be swept by rccurrcnt fires (cf. Wright 
et al. 1963), which could lead to severe 
pigment degradation. 

In a previous paper WC suggested that 
high ratios of ,+carotcnc to remaining 
epiphasic carotenoids, and of lutcin to 
remaining hypophasic carotenoids, might 
indicate a prcdominancc of allochthonous 
over autochthonous inputs to sedimentary 
organic matter (Sanger and Gorham 1970). 
Consideration of the full body of data 
indicates that these ratios arc not as useful 
as we had thought. Combining them into 
the ratio /?-carotene + lutein : remaining 
epiphasc + remaining hypophase reveals 
a range of from 1.0-2.5 between l- and 
12-m depth, with no clear pattern to the 
variations. Howcvcr, between 20 and 60 
cm, when very dry swamp conditions arc 
inferred and allochthonous inputs must 
have prcdominatcd strongly, the ratio dots 
rise to between 3.4 and 5.0 in agrccmcnt 
with our original hypothesis. 

Sedimentation raLes 

Deposition rates, measured between ra- 
diocarbon dates, indicate the thcrmnl op- 
timum of zone C-b as a time of increased 
soil erosion, Bctwccn 5,450 and 7,120 BP. 
the deposition rate was 1.6 mm/yr, whcrcas 
in late-glacial and early postglacial time 
the rate varied from 0.5-0.7 mm/yr. Dur- 
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ing the late postglacial period represented 
by zone C-c, the deposition rate of rela- 
tively organic sediments was intermcdia tc, 
at 0.9-1.1 mm/yr. 

CONCLUDING REMARKS 

This study provides further strong evi- 
dencc that stratigraphic analysis of sedi- 
mentary pigments can be of fundamental 
value in palcolimnology ( cf. Brown 1969). 
Additional studies are in progress on both 
oligotrophic and eutrophic tcmpcrate lakes 
and on tropical lakes cored by II. A. Liv- 
ingstonc and his students. WC plan to 
include one or two meromictic lakes in 

which fossil pigments arc exceptionally 
well preserved (Gorham and Sanger 1972). 
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