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Abstract

The primary producer community of Lake Apopka, a large (125 km?), shallow (mean depth, 1.7 m),
polymictic Florida lake, shifted from macrophyte dominance to phytoplankton dominance in the 1940s.
Today, frequent wind resuspension of highly organic, unconsolidated sediments supports a meroplanktonic
community that is predominantly diatoms, but during calm periods the algal community is dominated by
planktonic cyanobacteria. Sedimentary algal pigments (chlorophyll derivatives and carotenoids) and
chemical proxies for nutrient enrichment (polyphosphate, total phosphorus and biogenic silica) in three
sediment cores were used to investigate historic changes in primary producers. Sediments were separated
into three stratigraphic zones using multivariate statistical techniques. Stratigraphic zonation was estab-
lished in each core although sediment deposition at one site was insufficient to adequately resolve temporal
changes. These results show the importance of selecting suitable sites for paleolimnological studies. The
oldest zone represents macrophyte-derived sediments, and the two overlying zones represent phytoplank-
ton-derived sediments deposited since the 1940s. Algal pigments in the most recent sediment zone show
little degradation, which might be due to the presence of viable meroplankton in the sediment. After the
initial primary producer shift from macrophytes to phytoplankton, the lake experienced a short period of
cyanobacterial dominance followed by a period of benthic diatom abundance before being replaced by the
present algal community consisting of cyanobacteria and meroplanktonic diatoms. Chlorophyll derivatives
and carotenoids were highly correlated with total phosphorus. Historic trends inferred from the data
include algal and cyanobacterial productivity that increased with increased phosphorus loading. The study
demonstrates that valid paleolimnological proxies for historic eutrophication are available in loosely
consolidated sediments of shallow, subtropical lakes.

Introduction Hodgson 2001). Pigments have been used suc-
cessfully to infer changes in trophic state, cyano-
Sedimentary algal pigments provide information bacterial abundance, hypolimnetic oxygen

about historic algal communities (Leavitt and concentrations and lake primary productivity



54

(Engstrom et al. 1985). Although pigments have
proven to be an important paleolimnological tool,
interpretation of raw data is often complicated by
post-depositional environmental factors (Leavitt
and Hodgson 2001). Sedimentary pigments in-
clude chlorophyll derivatives (CD), a proxy for
algal chlorophyll, and total carotenoids (TC), a
proxy for algal biomass. The CD/TC ratio has
been used to evaluate aerobic degradation (Rybak
1988) and relative changes in cyanobacterial
abundance in the algal community (Wetzel 1970).
Specific cyanobacterial carotenoids such as oscil-
laxanthin (OSC) and myxoxanthophyll (MYX)
can be used to infer changes in cyanobacterial
populations. OSC occurs in the genera Oscillatoria
and Arthrospira (Feuillade et al. 1995) and has
been used to infer eutrophication associated with
blooms of Oscillatoria spp. (Griffiths and Ed-
mondson 1975). Oscillatoria species are among the
first cyanobacteria to occur in newly eutrophic
lakes (Swain 1985). MYX is a mixture of MYX
and aphanizophyll and is widespread among cy-
anobacteria. MY X and OSC can provide sediment
records of water-column cyanobacterial shifts
(Engstrom et al. 1985; Sabater and Haworth
1995).

Sedimentary pigments have been used primarily
to infer lake eutrophication histories and algal
community shifts in deep, northern temperate
lakes (Engstrom et al. 1985; Lami et al. 1994;
Feuillade et al. 1995). Very little research has uti-
lized this paleolimnological technique to investi-
gate the eutrophication of shallow, subtropical
lakes characteristic of Florida. The primary pro-
ducer community in this lake shifted from mac-
rophytes to phytoplankton in the 1940s (Schelske
and Brezonik 1992). The shift in primary producer
community structure has been investigated in
several paleolimnological studies. Physical char-
acteristics, total carbon/total nitrogen (TC/TN)
ratio of organic matter (Schelske et al. 1999),
diatom and sponge spicule biogenic silica (BSi)
concentrations (Schelske 1997, Kenney et al.
2002), polyphosphate (PolyP) (Kenney et al. 2001),
and total phosphorus (TP) accumulation (Schelske
1997) changed with the shift in the primary pro-
ducer community from macrophytes to phyto-
plankton. Three microfossil diatom assemblages
have been identified in sediments deposited in
Lake Apopka during the 20th century (Schelske
et al. 1999), but little is known about changes in

cyanobacteria. In this study, we used sedimentary
pigments and chemical proxies to investigate algal
community changes and eutrophication of Lake
Apopka.

It is generally agreed that the primary producer
community in Lake Apopka shifted rapidly from
macrophyte dominance to phytoplankton domi-
nance in the late 1940s (Schelske and Brezonik
1992). Different viewpoints, however, have been
advanced about causal factors responsible for the
shift and its timing and about development of
hypereutrophy (Schelske et al. 2000). One dis-
agreement is whether a hurricane in 1947 uprooted
dominant submersed macrophytes that were then
replaced by phytoplankton within a few days or
weeks (Bachmann et al. 1999, 2001). Analysis of
hurricane tracks does not support this contention
(Lowe et al. 1999). This contention is also chal-
lenged by questions about why a specific hurricane
and not earlier ones caused the 1947 shift in pri-
mary producers (Lowe et al. 1999). A second dis-
agreement concerns the role of sediments and
sediment resuspension. It has been proposed that
internal nutrient loading from sediment liquefac-
tion and resuspension is the major source of
phosphorus loading to the lake and that external
nutrient sources are relatively unimportant
(Bachmann et al. 1999). Given this scenario, res-
toration of the lake would be highly problematic, a
conclusion that has been challenged (Lowe et al.
2001; Schelske and Kenney 2001). In addition, a
phosphorus budget for the lake in the 1990s shows
that 85% of the external phosphorus loading was
drainage from agricultural sources (muck farms)
that were not present until the 1940s (Lowe et al.
1999). In addition, a large increase in TP loading
has been inferred from paleolimnological studies
(Kenney et al. 2001, 2002). A third disagreement is
whether resuspended sediments provide a source
of organic matter for ‘internal heterotrophy’
(Bachmann et al. 2000). Given high levels of
autotrophic phytoplankton primary production,
diurnal oxygen changes are not adequate to sup-
port the proposed importance of heterotrophic
metabolism (Schelske et al. 2003). Finally, a new
analysis provides a scenario in which the abrupt
shift in primary producer structure is related to
hydrologic and landuse changes in floodplain
wetlands (Schelske et al. accepted). Drainage of
the wetlands for agricultural production increased
phosphorus loading and established phosphorus



concentrations at discharge points in the lake that
exceeded the maximum threshold for macrophyte
dominance in the 1940s (Scheffer et al. 1993).

Objectives for this paleolimnological study of
Lake Apopka were to (1) identify stratigraphic
sediment zones using multivariate statistical tech-
niques and (2) investigate the relationship between
historic P loading and changes in the algal com-
munity inferred from sedimentary algal pigments
and nutrients. We studied three sediment cores and
identified three stratigraphic zones in each core.
Differences in stratigraphic depths among cores
show the importance of utilizing multiple cores in
paleolimnological studies. We found that algal and
cyanobacterial productivity increased with in-
creased phosphorus loading, that algal pigments in
recent sediment had undergone little degradation
possibly because viable meroplankton were pres-
ent and that pigments and nutrients were valid
proxies for nutrient enrichment in this shallow,
subtropical lake provided suitable coring sites were
selected.

Methods

Lake Apopka is a large (125 km?), shallow (1.7-m
mean depth), polymictic lake in north central
Florida. The lake’s large area and shallow depth
are characteristics that favor frequent wind resus-
pension of bottom sediments and meroplanktonic
diatoms (Carrick et al. 1993). Meroplanktonic
diatoms resuspended from an aphotic benthic
environment are most abundant during turbulent
periods, whereas the algal community during calm
periods is dominated by cyanobacteria (Carrick
et al. 1993; Carrick and Schelske 1997). A seasonal
cycle in chlorophyll ¢ and primary production is
not apparent because temporal dynamics of algal
communities are influenced by meteorological
factors that affect resuspension of sediments and
meroplankton (Schelske et al. 1995; Schelske et al.
2003). Due to high historic P loading, Lake Apo-
pka has become hypereutrophic (Schelske et al.
2000) with long-term means (1987-1997) for total
phosphorus (TP) and total nitrogen (TN) of
204 ug P/L and 5.14 mg N/L, respectively (Battoe
et al. 1999). Long-term means for phytoplankton
biomass (chlorophyll a, 92 ug/l) and Secchi disc
transparency (23 cm) reflect this high degree of
nutrient enrichment (Battoe et al. 1999). Phyto-
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plankton have become secondarily nitrogen lim-
ited (Aldridge et al. 1993) and store surplus P as
polyphosphate because of excessive P loading
(Newman et al. 1994; Kenney et al. 2001).

Three sediment cores were collected from Lake
Apopka in the spring of 1999 using a piston corer
(Fisher et al. 1992). Stations LA-2H, LA-9, and
LA-25 were chosen to provide spatial coverage in
the lake basin (Figure 1) and a range in sedimen-
tation rates among stations (Schelske 1997). Cores
were sectioned in the field at 4-cm intervals and
returned to the laboratory in Gainesville, Florida.
Each section was subsampled for pigment (chlo-
rophyll a, pheophytin, CD, TC, MYX, and OSC)
and polyphosphate (PolyP) analysis and a sub-
sample of the remaining wet sediment was frozen
and then freeze-dried. Loss on ignition (LOI), total
phosphorus (TP) and diatom biogenic silica (DSi)
were determined on freeze-dried sediment samples.

Loss on ignition was determined by burning dry,
pre-weighed sediment in crucibles at 550 C in a
SYBRON/Thermolyne muffle furnace for 2 h and
reweighing (Hakanson and Jansson 1983).

Total phosphorus was measured as orthophos-
phate after persulfate digestion following Standard
Methods (Schelske et al. 1986; APHA 1989).
Polyphosphate was determined by adding a known
volume of deionized water to weighed, wet sedi-
ment and sequentially measuring water soluble P
(H,O-P) after shaking the samples in a shaker
bath for 20 h and then again after autoclaving
(Kenney et al. 2001). Polyphosphate equals the P
concentration after autoclaving minus H,O-P.
Biogenic silica was extracted following Conley and
Schelske (1993). Phosphorus and silica were mea-
sured using a segmented flow autoanalyzer and an
electronic data acquisition system.

Pigments were measured using the methods in
Swain (1985). All extractions were performed in

Figure 1. Map of Lake Apopka showing locations of three
coring stations.



56

low light. Pigments were extracted sequentially
from approximately 10 g of wet sediment with two
40-ml and one 20-ml aliquots of 90% acetone
(100-ml final volume). Each aliquot was added to
the wet sediment in a 125-ml polypropylene bottle
and shaken in a shaker bath for 15 min at room
temperature. The acetone extract was separated
from the sediment by centrifugation for 20 min
and collected with a pipette. Pigments extracted in
acetone were measured using a Hitachi U-2000
spectrophotometer and Beckman 5 cm quartz cells
except 1 cm quartz cells were used for OSC and
MYX.

Methods for CD, TC, %NC, OSC and MYX
followed those described by Swain (1985). Chlo-
rophyll ¢ and pheophytin were also determined
using absorbance at 665 nm before and after
acidification to 0.003 M with HCI (APHA 1989).
Pigments were normalized to organic matter so
data are not skewed by variable mineral deposition
(Swain 1985).

Sediments from Lake Apopka were not dated
because land-use and hydrologic changes in the
lake basin created conditions that violate
assumptions of 2'°Pb-dating models (Schelske
et al. accepted). Specifically, levees constructed
along the north shore in the 1940s allowed the
drainage of approximately 40% of the original
wetland/lacustrine system. This drainage of wet-
lands reduced the lake surface area. In addition,
the Apopka—Beauclair Canal completed in the late
1890s lowered lake stage approximately 1.0 m and
established a permanent outflow.

Sedimentary signals for the 1947 shift from
macrophyte dominance to phytoplankton domi-
nance are well established. Dry weight fraction,
TC/TN ratio, and TP concentration provide
proxies for the shift (Schelske 1997; Schelske et al.
1999). The resulting discontinuities in the sediment
record are time dependent and are used to estab-
lish a 1947 horizon that can be correlated among
cores in the lake basin. Sediment dry mass
deposited above this horizon can be used to model
sedimentation rates if it is assumed to represent
sedimentation since 1947.

Variables for the k-means cluster analysis were
determined using principal component analysis.
The variables, TP-PolyP, PolyP, CD, and DSi
accounted for >97% of the variance in the first
two principal components as determined by a
principal component analysis on the data from all

three cores using the JMP Version 3.2.2, Statistical
package (SAS 1995).

Core data were grouped using k-means cluster
analysis from the JMP Version 3.2.2, Statistical
package (SAS 1995). This cluster analysis uses a
specified number of cluster seed points and repet-
itively groups data to minimize standard devia-
tions of means for each group. Three clusters were
selected because three sediment zones (macro-
phyte-derived sediments and two microfossil dia-
tom communities in phytoplankton-derived
sediments) were identified previously (Schelske
et al. 1999).

Rejuvenation experiments were used to deter-
mine whether viable algae were present in Lake
Apopka sediments and if so whether the species
composition changed with sediment type. Sedi-
ments from 12, 16, 32, 68, and 120 cm in LA-2H-
99 and 12, 16, 24, 48, and 76 cm in LA-25-99 were
used in the experiment. Sample depths were chosen
to represent all sediment types identified with
k-means cluster analysis.

To obtain water for the rejuvenation experi-
ment, Lake Apopka water was filtered through
5-, 1-, and 0.2-um filters to remove particulate
matter including phytoplankton. The 5-um filter
was a TELEDYNE WATER PIK Instapure
IR-20 in an AMETEK filter, and the 1- and 0.2-
um filters were Gelman Sciences Polycaps. A
Gelman Sciences pressure vessel provided a
pressure <80 kPa to minimize lysing. Major
nutrient concentrations in the filtered water were
0.008 mg TP/L, 447 mg TN/L, and 2.95 mg
SiO,/L. No attempt was made to measure soluble
nutrients other than silica that were added to the
water with the sediment.

For the experiments, filtered water (400 ml) and
wet sediment (1-5 g), equivalent to approximately
1 g dry weight, were added to 500-ml Erlenmeyer
flasks. The flasks were incubated in a Percival E-
30B incubator at 26 'C with a 14/10-h light/dark
cycle for 4 weeks. To obtain growth responses, in
vivo fluorescence (IVF) with pheophytin correction
was measured daily on subsamples using a Turner
Designs TD-700 fluorometer and normalized to
dry weight of added sediment. Flasks were mixed
each day prior to subsampling. Subsamples also
were collected weekly and preserved in Lugols
solution for direct counts of algae. No growth
response was obtained from incubation of filtered
water alone.



Results
Stratigraphic clusters

Three zones (C1, C2 and C3) with stratigraphic
continuity were identified from cores LA-9-99,
LA-2H-99, and LA-25-99 using cluster analysis
based on TP-PolyP, PolyP, CD and DSi. Zones C1
and C2 are phytoplankton-derived sediments
deposited over macrophyte-derived sediments in
zone C3. Phytoplankton-derived sediments in LA-
9-99, LA-2H-99 and LA-25-99 extended to 76, 92,
and 16 cm, respectively, and represent the sedi-
ment deposited since the primary producer com-
munity shift in 1947. Phytoplankton-derived
sediments in LA-25-99 found only to a depth of
16 cm minimize the temporal resolution of algal
community shifts since 1947. Results from this
core, therefore, will be used to verify stratigraphic
patterns and will not be utilized extensively for
inferences about historical changes. Differences
among the cores point to the importance of using
lake-basin surveys to identify suitable coring sites
Whitmore et al. 1996; Schelske 1997).

Relative differences in TP-PolyP, PolyP and CD
increased from C3 to Cl1 (Figure 2). Polyphos-
phate concentrations in Cl were eight times
greater than C2 showing that PolyP was deposited
primarily in the most recent zone. Diatom silica
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Figure 2. Relative differences between clusters for the four
variables used in cluster analysis of sediment samples from
Lake Apopka. Cluster means were normalized to the maximum
cluster mean for each variable. Error bars represent one stan-
dard deviation above and below the mean.
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concentrations were not statistically different in C1
and C2 but were smaller in C3.

Relative differences in TC, OSC, MYX, CD/TC
and TP increased from C3 to C1 (Figure 3). Mean
%NC in C2 and C3 was not statistically different
and was three times greater in C1 relative to C2 and
C3. The CD/TC ratio was similar in C1 and C2 but
smaller in C3 much like the pattern for DSi (Fig-
ure 2). Although OSC and MY X increased from C3
to CI, the standard deviations in C1 were extremely
high relative to the other variables in all zones.

Core descriptions and physical characteristics

All three cores were composed of dark organic
sediment with little visible stratigraphy other than
two shell layers in LA-9-99 at 76 and 156 cm.
Dry/wet ratios were <0.05 in the flocculent,
phytoplankton-derived sediments and ranged to as
large as 0.12 in the macrophyte-derived sediments
at LA-9-99 and LA-25-99 (Figure 4). Macrophyte-
derived sediments at LA-2H-99 were less consoli-
dated than at the other stations with a wet/dry ratio
of approximately 0.06. Macrophyte fibers occurred
in samples below 68, 96, and 16 cm in cores
LA-9-99, LA-2H-99 and LA-25-99, respectively.
Loss on ignition increased upcore in the phy-
toplankton-derived sediments from 58 to 72% in
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Normalized Cluster Means
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%NC TC 0OSC MYX CDTC TP
Figure 3. Relative differences between clusters for the six vari-
ables not used in the cluster analysis of sediment samples from
Lake Apopka. Cluster means were normalized to the maximum
cluster mean for each variable. Error bars represent one stan-
dard deviation above and below the mean.
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Figure 4. Zonation of dry/wet ratio (top) and loss on ignition (bottom) vs. depth in sediment cores LA-9-99, LA-2H-99 and LA-25-99
from Lake Apopka. Boundaries for three sediment zones identified by k-means cluster analysis are shown. The dotted line represents
the boundary between zones C1 and C2, and the dashed line represents the boundary between zones C2 and C3. Zones C1 and C2
represent phytoplankton-derived sediments and zone 3 represents macrophyte-derived sediments.

LA-9-99 and LA-2H-99 (Figure 4). Mean LOI in
these sediments was 64.1% (SD = 3.8). Loss on
ignition in the two shell layers at 76 and 156 cm in
LA-9-99 was 41 and 38%, respectively.

Chemical proxies

Polyphosphate was near the limit of detection in
C3 and increased from this baseline in all three
cores to approximately 0.2 mg/g in C1 (Figure 5).
Polyphosphate increases began at the bottom of
C2 for LA-9-99 and two samples below the C1 and
C2 boundary for LA-2H-99. High values charac-
terized C1 for all cores.

Total phosphorus increased from baseline con-
ditions in C3 of all three cores and then increased
generally in C2 for both LA-9-99 and LA-2H-99
(Figure 5). Maximum values for all three cores
were found in Cl1.

The depth distribution of DSi varied among the
three cores (Figure 5). In LA-9-99 and LA-2H-99,
DSi is largest at depth in C2 with a decrease in the
upper part of C2. Diatom silica then increases
below the C1 and C2 boundary to a larger con-
centration in CI.

Pigment proxies

Percent native chlorophyll was larger in C1 than in
C2 and C3 in all cores (Figure 6). Percent native
chlorophyll was similar in C2 and C3 for all cores
with a mean of 18.5% (SD = 7). In LA-2H-99
%NC increased upcore in Cl1, but in C1 of LA-9—
99 %NC was similar throughout the cluster.
Maximum percentages were 103, 137, and 85% in
C1 of cores LA-9-99, LA-2H-99, and LA-25-99,
respectively. Percentages greater than 100 can be
explained through a sensitivity analysis of the
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Figure 5. Zonation of polyphosphate (PolyP) (top), total phosphorus (TP) (middle) and diatom silica (DSi) (bottom) vs. depth in
sediment cores LA-9-99, LA-2H-99 and LA-25-99 from Lake Apopka. See Figure 4 for additional explanation.

665A measurement. Altering the 665A-absorbance
reading by 0.002 and 0.004 (approximately 2.9 and
7.1%, respectively) reduces the 103 and 137%
below 100%, respectively.

CD and TC levels increased upcore in all cores
from baseline conditions near the top of C3 (Fig-

ure 6). Both pigments varied in C2 with an overall
increase up core. CD and TC increased from the
top two samples of C2 throughout C1 in LA-9-99
and LA-2H-99. Chlorophyll derivatives and TC
correlated with an r? of 0.82. The CD/TC ratio
was lowest in C3 in all three cores (Figure 7). In



60

LA-9-99 LA-2H-99 LA-25-99
0
/ = f,‘( ,,,,,,
£ 50 .
oA
£
g | >
©100 .
150 - 1
0 50 100 O 50 100
% NC % NC
0 LA-9-99 LA-2H-99 LA-25-99
/ ﬁ/ .
'S 50
oA
£
T
©100
150+
1 2 1 2
. CD . CD . CD
(units/g org matter) (units/g org matter) (units/g org matter)
0 LA-9-99 LA-2H-99 LA-25-99
= 50
A
£ Joe-
oy
©100-
150

T

1

TC

TC TC

(units/g org matter) (units/g org matter) (units/g org matter)

Figure 6. Zonation of percent native chlorophyll (%NC) (top), chlorophyll derivatives (CD) (middle) and total carotenoids (TC)
(bottom) vs. depth in sediment cores LA-9-99, LA-2H-99 and LA-25-99 from Lake Apopka. See Figure 4 for additional explanation.

C2 the CD/TC ratio varied with a maximum in the
lower half of the zone in both LA-9-99 and
LA-2H-99. A maximum was also found in C1 of
LA-9-99, but not in LA-2H-99.

Levels of OSC varied throughout all clusters,
but generally increased from C3 to C1 (Figure 7).
Cluster 1 of LA-9-99 was a region of high values

for OSC with maximum values that were two times
greater than the maximum values in the other two
cores.

Like OSC, MYX levels varied throughout all
clusters but increased from C3 to C1 LA-9-99 and
LA-2H-99 (Figure 7). Peaks in MYX occurred in
C2 and C1 of LA-9-99. In LA-2H-99, MYX con-
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Figure 7. Zonation of CD/TC (top), OSC (middle) and MYX (bottom) vs. depth in sediment cores LA-9-99, LA-2H-99 and LA-25-99

from Lake Apopka. See Figure 4 for additional explanation.

centrations in Cl1 were greater than those in
LA-9-99 with the highest concentration in the top
two samples.

Several variables were statistically correlated
with PolyP and TP indicating a strong relationship

between sedimentary algal pigments and P load-
ing. Polyphosphate strongly correlated with %NC
(* = 0.79). Total phosphorus showed a strong
correlation with CD (+* = 0.82) and TC
(r* = 0.88) (Figure 8).
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Figure 8. Linear regression of CD vs. total phosphorus (TP)
and total carotenoids (TC) vs. TP in Lake Apopka sediments.
Combined data from cores LA-9-99, LA-2H-99 and LA-25-99.

Rejuvenation study

The time course of algal response in the rejuve-
nation experiments varied from measurable re-
sponses within 7 days for some samples to
minimal or no response in 28 days for other
samples (Figure 9). Lag times for responses in
both cores increased with sample depth and by
stratigraphic zone. Algal communities from C1 (12
and 16 cm for LA-2H-99, 12 cm for LA-25-99)
responded within the first week of incubation for
both cores. Algal communities from C2 (32 and
68 cm for LA-2H-99, 16 cm for LA-25-99) re-
sponded during the first 3 weeks of incubation.
Algal communities from C3 for LA-2H-99
(120 cm) also responded in 3 weeks, whereas those

from C3 for LA-25-99 (24, 48 and 76 cm) showed
only a relatively small response after 4 weeks.

To identify algal populations associated with
IVF growth responses, cell counts were determined
from preserved subsamples for the maximum re-
sponse periods (Table 1). The major dominant
species varied among periods. The cyanobacterium
Pseudanabaena spp. and diatoms Navicula/Fragi-
laria spp. dominated C3 for both cores. The cya-
nobacterium Planktolyngbya spp. also occurred in
C3. In C2, Navicula/Fragilaria spp. and Plank-
tolyngbya were the dominant species with Pseu-
danabaena spp. and the meroplanktonic diatom,
Aulacoseira spp. occurring as well. Planktolyngbya
spp. and Aulacoseira spp. were the dominant taxa
in C1 for both cores.

Discussion
Stratigraphic zonation of sediments

Three stratigraphic zones in sediment cores from
Lake Apopka, one zone of macrophyte-derived
sediments (C3) and two zones of phytoplankton-
derived sediments (C1 and C2), were identified
with cluster analysis using TP-PolyP, PolyP, DSi,
and CD as variables. Three sediment types were
also described using diatom microfossil commu-
nity structure (Schelske et al. 1999) and TP, sponge
biogenic silica and TC/TN ratios. Kenney et al.
(2002) also found three sediment types in Lake
Apopka in a cross-lake study of Florida lakes. All
the proxies from our study demonstrated strati-
graphic shifts at one or both of the cluster breaks
with TP, CD and TC best describing the three
sediment zones (Figures 5 and 6).

Results from the cluster analysis also demon-
strate the effects of varying sedimentation rates on
the sediment record. Phytoplankton-derived
sediments were found only to a depth of 16 cm in
LA-25-99. This short record of sediments depos-
ited since 1947 limits the possibility of resolving
temporal events. The thickness of the C1 zone is
greater in LA-9-99 than in LA-2H-99, but the
thickness of C2 sediments is greater in LA-2H-99.
The varying thickness for each sediment zone
suggest that sedimentation processes such as
deposition rate and resuspension are site-specific
and may have changed between the periods rep-
resented by C2 and CIl. Sedimentation patterns
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Figure 9. Results of bioassays of sediment samples from Lake Apopka sediment cores LA-2H-99 and LA-25-99. In vivo fluorescence

(IVF)/g dry weight vs. time for samples from selected depths.

vary over the lake basin such that 46 coring sta-
tions could be separated into erosional, transi-
tional and depositional sites (Schelske 1997). This
variability in sedimentation rate of phytoplank-
ton-derived sediments between cores points to the
potential utility for multiple cores in paleolimno-
logical investigations.

Approximate ages were determined for the CI
zone in LA-9-99 and LA-2H-99 using models
based on cumulative dry mass that assumed Cl1
and C2 sediments were deposited from 1947 to
1999. A fourfold annual sedimentation rate
increase  (Schelske 1997) and a constant
sedimentation rate were used in the model. The
range in the age of Cl, the most recent zone of
phytoplankton-derived sediments, was 24 years
for LA-9-99 and 3-6 years for LA-2H-99.

The role of phosphorus enrichment

Effects of increasing P loading on primary pro-
ducer community structure have been documented

in Lake Apopka as well as other shallow lakes
(Scheffer et al. 1993; Schelske et al. 2000). In-
creased P loading from a citrus processing plant
and sewage from the town of Winter Garden be-
gan in the 1920s. Development of muck farm
agriculture in the 1940s greatly increased loading
(Battoe et al. 1999; Schelske et al. 2000). The
primary producer community in the lake shifted
from macrophyte dominance to phytoplankton
dominance in the 1940s and since then has re-
mained phytoplankton dominated (Schelske et al.
2000). Changes in the diatom microfossil record
and increased PolyP sedimentation were related to
increased sedimentary TP concentration to infer
that P loading drove the primary producer com-
munity shift (Schelske et al. 1999; Kenney et al.
2001). Correlations between TP and CD and TP
and TC for our paleolimnological study provide
additional evidence of the influence of P loading
on increased algal abundance and production.
Several lines of evidence show that increased P
loading drove changes in the primary producer
community in Lake Apopka.
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Table 1. Major dominant algal species identified from rejuvenation experiments on Lake Apopka sediments.

Core Depth (cm) Cluster Species
LA-2H-99 12 Cl Planktolyngbya contorta Cyanophyte
Aulacoseira spp. Bacillariophyte
Aphanocapsa spp. Cyanophyte
Scenedesmus spp. Chlorophyte
Pediastrum spp. Chlorophyte
16 Cl Planktolyngbya contorta Cyanophyte
Aulacoseira spp. Bacillariophyte
Planktolyngbya limetica Cyanophyte
Pediastrum spp. Chlorophyte
Aphanocapsa spp. Cyanophyte
32 C2 Navicula Fragilaria spp. Bacillariophyte
Planktolyngbya contorta Cyanophyte
Pseudanabaena moniliformis Cyanophyte
Aphanocapsa spp. Cyanophyte
Merismopedia punctata. Cyanophyte
68 C2 Aphanocapsa cf. delicatissima Cyanophyte
Navicula Fragilaria spp. Bacillariophyte
Planktolyngbya undulata Cyanophyte
Pseudanabaena moniliformis Cyanophyte
Planktolyngbya tallingii Cyanophyte
120 C3 Navicula Fragilaria spp. Bacillariophyte
Pseudanabaena spp. Cyanophyte
Aphanocapsa spp. Cyanophyte
Botryococcus sp. Chrysophyte
Planktolyngbya tallingii Cyanophyte
LA-25-99 12 Cl Planktolyngbya contorta Cyanophyte
Aulacoseira spp. Bacillariophyte
Planktolyngbya tallingii Cyanophyte
Scenedesmus spp. Chlorophyte
Planktolyngbya limetica Cyanophyte
16 C2 Navicula/ Fragilaria spp. Bacillariophyte
Planktolyngbya contorta Cyanophyte
Aulacoseira spp. Bacillariophyte
Starastrum sp. Chlorophyte
Aphanocapsa spp. Cyanophyte
24 C3 Pseudanabaena spp. Cyanophyte
Planktolyngbya circumcreta Cyanophyte
Navicula/ Fragilaria spp. Bacillariophyte
Planktolyngbya tallingii Cyanophyte
Pseudanabaena spp. Cyanophyte
48 C3 Pseudanabaena/ Limnothrix Cyanophyte
Navicula/ Fragilaria spp. Bacillariophyte
Planktolyngbya contorta Cyanophyte
Pseudanabaena spp. Cyanophyte
Planktolyngbya tallingii Cyanophyte
76 C3 Pseudanabaena moniliformis Cyanophyte
Pseudanabaena/ Limnothrix spp. Cyanophyte
Planktolyngbya tallingii Cyanophyte
Pseudanabaena sp. Cyanophyte
Navicula/ Fragilaria spp. Bacillariophyte

Samples were taken to represent the first period of maximum response. Subsamples from C1 were taken after week one of the study, C2
were taken after week three, and C3 were taken after week four. Subsample times were determined from Figure 9.

Three historic periods of increased P loading that P loading was low throughout most of C3, the
were inferred from cluster analysis of paleolim- period of macrophyte dominance. Increased
nological data. It is inferred from the TP record anthropogenic P loading from Winter Garden



sewage and citrus fruit processing in the 1920s is
reflected by increased TP in the top samples of C3
in both LA-9-99 and LA-2H-99 (Figure 5). The
increase in CD and TC in the same two samples as
those for TP is an indication that the phyto-
plankton community responded to P loading
(Figure 6). Diatom and cladoceran microfossils
also increased in the most recently deposited
macrophyte-derived sediments (Schelske et al.
1999; Shumate et al. 2002). Battoe et al. (1999) and
Schelske et al. (2000) proposed that increased P
loading prior to 1947 resulted in increased epi-
phytic and phytoplankton production and shading
of the macrophyte community. Increases in TP,
CD and TC at the top of C3 support the
hypothesis that the primary producer shift began
before 1947 and was driven by increased P loading.

In C2, TP concentrations are greater than in C3,
and PolyP concentrations increased from baseline
conditions. The PolyP increase in LA-9-99 and
LA-2H-99 (Figure 5) supports the hypothesis of
increasing P loading during the period represented
by C2. Lowe et al. (1999) estimated that TP
loading increased approximately sevenfold com-
pared to pristine levels when the lake was macro-
phyte dominated. Polyphosphate is surplus
available P stored by algae as intercellular PolyP
bodies (Fitzgerald and Nelson 1966; Sakamoto
and Inoue 1996). The increase of PolyP is an
indication of excessive P loading and that some
factor other than P was limiting algal growth
(Kenney et al. 2001).

Maximum TP and PolyP concentrations in the
sediment record characterize the period repre-
sented by CI1. This is the period when P loading
from muck farm agriculture reached the highest
levels. Maximum PolyP concentrations (Figure 5)
indicate that the algal community stored surplus P
during this period (Kenney et al. 2001) and reflects
experimental evidence that algal growth is nitro-
gen-limited (Aldridge et al. 1993). Maximum
PolyP storage and nitrogen limitation of phyto-
plankton assemblages are ecological consequences
of high P loading to Lake Apopka during C1.

Results of rejuvenation experiments can be re-
lated to historic changes in microfossil diatoms.
Schelske et al. (1999) show that Aulacoseira italica
represents approximately 80% of the microfossil
diatoms in zone CIl. This is the only common
genus noted in rejuvenation experiments with
sediments from zone Cl1 in cores LA-2H-99 and
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LA-25-99 (Table 1). It was also found commonly
in the 16-cm sample (zone C2) in LA-25-99, a
sample that was near the boundary between the
two zones. A. italica is meroplanktonic in Lake
Apopka (Carrick et al. 1993). In the remaining
samples from zones C2 and C3, Navicula/Fragi-
laria spp. were the dominant diatoms that were
regenerated. Three species that were formerly in
the genus Fragilaria, Pseudostaurosira brevistriata
(Grun. in Van Heurck) Williams & Round,
Staurosirella pinnata Ehrenb. and Staurosira con-
struens (Ehrenb.) Williams & Round, may be
lumped under Fragilaria in Table 1 (Schelske et al.
1999). These genera are epiphytic or benthic forms
that were dominant when water transparency was
high and were then replaced by A. italica as the
lake became more eutrophic.

Sedimentary pigment preservation

Lack of knowledge about pigment degradation in
sediments may confound using pigments as a
proxy for historic algal communities (Swain 1985;
Leavitt 1993). Hypolimnetic oxygen concentra-
tion, water-column turbulence, light penetration,
bulk sediment accumulation rate and water tem-
perature can be substantially different among lakes
and influence pigment degradation (Leavitt 1993;
Leavitt and Findlay 1994). Moreover, benthic al-
gae are preserved in the sediment to a greater de-
gree than planktonic algae that degrade during
sinking (Steenbergen et al. 1994). Cyanobacterial
pigments correlated positively with benthic algal
production and inversely with lake productivity
(Dickman and Han 1995). Increased pigment
preservation has been attributed to rapid sinking
of the diatom, Aulacoseira spp. (Feuillade et al.
1995). Percent native chlorophyll can be used to
interpret  whether shifts in the pigment
concentrations are due to changes in preservation
or pigment deposition. Zone C1 in Lake Apopka
has high %NC, ranging from 38 to over 100%.
High average %NC (82.5, SD = 23.1) and rela-
tively low levels of pheophytin (Figure 10) in this
region are indicators of lack of diagenesis in the
sediment profile. Below this zone, pigments in C2
and C3 have been degraded as indicated by higher
levels of pheophytin and lower %NC. In C2 and
C3, the average %NC (18.5, SD = 7.4) is rela-
tively constant and comparable to values in the
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Figure 10. Zonation of chlorophyll a (solid line) and pheophytin (dashed line) vs. depth in sediment cores LA-9-99, LA-2H-99 and
LA-25-99 from Lake Apopka. See Figure 4 for additional explanation.

literature (Swain 1985; Steenbergen et al. 1994;
Feuillade et al. 1995).

Although previous pigment studies have shown
non-degraded chlorophyll in surface sediment, the
sediment record in Lake Apopka contains an
extensive zone of low degradation (C1) that ranges
from 12 to 28 cm and averages 20 cm deep in the
three cores. This zone is reproducible across cores
even at LA-25-99, a station with only 16 cm of C1
and C2 sediment. Swain (1985) stated that ‘noisy
data sets’ could occur because recently deposited
sediments contained variable but high percentages
of NC. Leavitt (1993) describes a ‘zone of degra-
dation’ in the top 1-3 cm of sediment where pig-
ment content rapidly declines as a result of
diagenesis. Shifts in %NC in the sediment record
have been attributed to environmental changes in
the lake basin (Leavitt 1993). In C1 of Lake
Apopka high %NC occurs in recently deposited
sediments with estimated ages ranging from 2 to
6 years for LA-9-99 and LA-2H-99. Because of
their flocculent nature (dry/wet <5%, Figure 4),
the amount of mass may be comparable to the
surficial sediments of the lakes studied by Swain
(1985) and Leavitt (1993). Low pheophytin con-
centrations and high %NC in CI are consistent
with historic water-column data on Lake Apopka.
Annual water-column pheophytin means for
1977, 1978 and 1990 were 21, 2 and
16 ug/l, respectively, yielding %NC of 61, 96 and
80%, respectively, (Tuschall et al. 1979; Aldridge,
unpublished). The %NC average of 82.5% in Cl is
comparable to these water-column measurements.
These data provide additional evidence that C1 is
a zone of limited diagenesis.

High amounts of non-degraded chlorophyll a in
C1 are supported by studies on the meroplank-
tonic community in Lake Apopka. Carrick et al.
(1993) found chlorophyll levels ranging from 2942
and 4227 ug/l in near-bottom water samples, large
enough to double the chlorophyll a concentration
in the water column during resuspension events.
The dominant species in the meroplanktonic
community is the diatom, Aulacoseira italica,
which is also dominant in the diatom microfossil
record from a 1995 LA-9 core (Schelske et al.
1999). Aulacoseira spp. was identified in the reju-
venation experiment for LA-2H-99 and LA-25-99.
This genus remains viable in lake sediment for
periods of years to decades (Lund 1954;
Sicko-Goad et al. 1989). Carrick et al. (1993)
proposed that other algal species in the mero-
planktonic community also remain viable for ex-
tended periods. High %NC and low degradation
would be expected if viable algae were present in
the sediment. In Lake Apopka, high %NC is
associated with flocculent sediments with esti-
mated ages less than 6 years.

Limited pigment degradation in C1 confounds
relative comparisons between sedimentary pig-
ments in C1 with those in C2 and C3. Maximum
levels of CD and TC in Cl1, therefore, cannot be
inferred as representing the highest concentrations
of algae in the lake’s history, but they do confirm
the existence of substantial algal communities. The
lack of degradation in C1 demonstrates one limi-
tation of using algal pigments to infer quantitative
algal community histories from sediment cores.
Additional research is needed to determine factors
involved in establishing these zones with limited



pigment degradation and to establish protocols for
comparing data when these conditions are found.

Inferred algal communities or community changes

The sedimentary record in LA-9-99 and LA-2H-99
showed that pigments could be used to infer algal
community structure changes in three zones iden-
tified from cluster analysis (Figures 11 and 12).
Previous work had identified three zones using the
TC/TN ratio and diatom microfossils (Schelske et
al. 1999), PolyP accumulation (Kenney et al. 2001)
and chemical proxies (Kenney et al. 2002). Two
groups of phytoplankton-derived sediments were
identified in these studies. It was inferred that the
differences resulted from increased phosphorus
loading, primarily from muck farm agriculture.
Our results show that the older phytoplankton-
derived sediments (zone 2) represent three different
algal communities (C2a, C2b, and C2c). The most
recent zone (Cl) represents the period when P
loading from muck farm agriculture increased to
levels approximately sevenfold greater than that
for pre-disturbance period. These phytoplankton-
derived sediments overlay macrophyte-derived
sediments (zone C3) that were deposited before
1947.

The oldest zone (C3) represents the period of
macrophyte dominance and low algal abundance.
CD and TC levels are lowest in this period indi-
cating that algal abundance and cyanobacteria
were relatively small compared to C2 (Figures 11
and 12). Low cyanobacterial levels at this time can
also be inferred from minimum concentrations of
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OSC and MYX pigments (Figure 7). A previous
paleolimnological study (Schelske et al. 1999) also
showed low diatom microfossil abundance at this
time. The occurrence of periphytic diatoms and
sponge spicules that colonize macrophytes indicate
that macrophytes were present (Kenny et al. 2002).
The presence of the meroplanktonic diatom
Aulacoseira italica and other planktonic diatoms
provides evidence for areas of open-water habitat
during the period of macrophyte dominance
(Schelske et al. 2000)

Low CD/TC values suggest that cyanobacteria
were present during the macrophyte period (Fig-
ures 11 and 12). Although the CD sediment record
shows that the algal community was relatively
small during this period (Figure 10), the low CD/
TC values indicate that cyanobacteria were pres-
ent. Algal counts from C3 show that cyanobacteria
(Pseudanabaena spp., Planktolyngbya spp.) were
present, but Navicula and Fragilaria spp., two
benthic diatom species, were the major dominant
algae rejuvenated (Table 1). The low cyanobacte-
ria levels present during the macrophyte period
probably also included epiphytic cyanobacterial
forms including taxa in the Oscillatoriales, such as
Planktolyngbya, Phormidium, Leibleinia and oth-
ers. Therefore, it is inferred that the macrophyte-
dominated period of Lake Apopka supported a
relatively small algal community that included
planktonic cyanobacteria and planktonic, epi-
phytic and benthic diatoms.

From the CD record (Figures 11 and 12), it is
inferred that algal abundance began to increase
during the period represented by the top samples
in C3. Cyanobacterial pigments (TC and MYX)
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Figure 11. Zonation of selected sediment proxies vs. depth for LA-9-99 Lake Apopka sediment core. For proxy units see Figures 5-7.

See Figure 4 and text for additional explanation of sediment zones.



68

a
o
!

L
1

100 1 E

Depth (cm)

150

0 1000 0.204 120 150
%NC Polyp TP CD

35 30 0407 30 60

TC MYX CD/TC DS

Figure 12. Zonation of selected sediment proxies vs. depth for LA-2H-99 Lake Apopka sediment core. For proxy units see Figures 5—
7. See Figure 4 and text for additional explanation of sediment zones.

and the DSi record suggest that the increase in-
cluded cyanobacteria and diatoms, respectively.
Battoe et al. (1999) and Schelske et al. (2000)
proposed that epiphytic and phytoplankton pro-
duction increased prior to 1947 and that their
shading contributed to the replacement of mac-
rophytes by phytoplankton. The CD, TC, MYX
and DSi sediment records indicate an increase in
algal production before the primary producer
community shifted from macrophytes to algae.

The period of phytoplankton dominance repre-
sented by C2 was separated into three subzones
(C2c, C2b, C2a) using sedimentary algal pigments.
A brief period of increased cyanobacterial abun-
dance directly after the primary producer shift for
C2c is inferred from peaks in MYX and TC pig-
ments (Figures 11 and 12). This pulse may reflect
the ability of cyanobacteria to exploit increased
available nutrients in the water column (Reynolds
1984). Large stores of nutrients sequestered in
macrophytes (Canfield et al. 1983) may have
been released by macrophyte decay during the
switch from macrophyte dominance to phyto-
plankton dominance. During this period, the
north-shore wetlands became a significant nutrient
source as the result of agricultural development.
Therefore, an increased supply of nutrients may
have been produced either by macrophyte decay or
from increased external loading of nutrients or
both.

Several proxies provide evidence that C2b is a
period of increased benthic diatom abundance.
Maximum DSi levels, an inference for diatom
abundance, occurred in C2b for both cores (Fig-
ures 11 and 12). Diatom abundance from a core

taken in 1995 at station LA-9 supports this infer-
ence by showing that a period of maximum
abundance occurred after the shift to phyto-
plankton dominance (Schelske et al. 1999). Dia-
tom counts from Schelske et al. (1999) and algal
counts from the rejuvenation experiment show
that diatoms from this period are epiphytic and
meroplanktonic diatoms (Table 1). Schelske et al.
(1999) hypothesized that a benthic community
existed because the photic zone extended to the
bottom of the shallow lake at this time. The high
CD/TC ratio shows that the algal community was
influenced less by cyanobacteria than at other
periods in the lake’s history. The reason for re-
duced cyanobacteria (C2¢) and a larger contribu-
tion from diatoms (C2b) is unclear since such a
change normally means a decrease in available
nutrients in the water column (Reynolds 1980).
The change may show that internal supplies of
nutrients stored in macrophytes became less
important and that external loading from muck
farm agriculture was increasing.

Cluster 2a is inferred to be a period of increased
productivity caused by an increase in cyanobac-
terial abundance. The dramatic decline in the CD/
TC ratio indicates that the algal community shif-
ted to an increased abundance of cyanobacteria, a
shift which began in C2b (Figures 11 and 12).
Cluster 2a possibly marks the period where phy-
toplankton including cyanobacteria shaded the
benthic diatom community, establishing the cy-
anobacterial community that persisted to the top
of the core. A corresponding decrease in DSi
concentrations provides evidence that the abun-
dance of diatoms decreased, a trend that is



confirmed by changes in abundance of diatom
microfossils (Schelske et al. 1999).

Multiple proxies in CI1 reflect the current mer-
oplanktonic/cyanobacterial algal structure of Lake
Apopka (Carrick et al. 1993; Carrick and Schelske
1997). TC, MYX and OSC pigment concentra-
tions in CI1 reflect a productive cyanobacterial
community during this period. Water-column
samples collected since 1966 show that the phy-
toplankton community is dominated by cyano-
bacteria (Brezonik et al. 1977; Tuschall et al. 1979;
Carrick and Schelske 1997; St. Johns River Water
Management District, unpublished). Intermediate
DSi concentrations in C1 for both cores indicate a
smaller diatom community during this period
(Figures 11 and 12). This diatom community is
inferred to represent the meroplanktonic diatom
community dominated by Aulacoseira italica. All
three subsamples from C1 used in the rejuvenation
experiment included Aulacoseira spp. as the most
dominant species (Table 1). In addition, Schelske
et al. (1999) found that benthic diatoms in a 1995
LA-9 core increased after the primary producer
shift but decreased when the epiphytic taxa were
replaced mainly by Aulacoseira italica. An increase
in the CD/TC ratio in C1 indicates a relative de-
crease in cyanobacterial abundance. The relative
decrease in cyanobacterial abundance may indi-
cate the known development of the meroplank-
tonic diatom community (Schelske et al. 1999).
Meroplankton settle to the sediments in calm
periods and do not compete with the planktonic
cyanobacteria in the water column. This separa-
tion of niches likely allowed for the development
of the present, stable cyanobacterial and mero-
planktonic communities.

Pigment and chemical analyses of three sedi-
ment cores from Lake Apopka were used to
investigate proxies for nutrient enrichment in this
hypereutrophic lake with loosely consolidated
sediments. Three stratigraphic zones were identi-
fied with multivariate statistical analyses. Differ-
ences in stratigraphic depths among cores show
the importance of utilizing multiple cores in pa-
leolimnological studies. We found that algal and
cyanobacterial productivity increased with in-
creased phosphorus loading, that algal pigments in
recent sediment had undergone little degradation
possibly because viable meroplankton were pres-
ent and that pigments and nutrients were valid
proxies for nutrient enrichment in this shallow,
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subtropical lake provided suitable coring sites were
selected.
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