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Comparison of surface and depth-integrated composite
samples for estimating algal biomass and phosphorus values
and notes on the vertical distribution of algae and
photosynthetic bacteria in midwestern lakes?
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Abstract

Vertical profiles of temperature, dissolved oxygen and in vivo fluorescence and paired
samples taken 1) at the surface or 2) as a composite from the oxygen saturated part of the
water column, were collected from 48 lakes in Missouri, Iowa, Oklahoma, Kansas, and
Arkansas during summers 1982—1983. Differences between surface and composite samples
in chlorophyll and total phosphorus values were usually small (ca.5%) but increased in water
columns with surface temperature-clines where phytoplankton often formed subsurface
layers. Differences between surface and composite samples were usually much less than
temporal variation and can probably be neglected in large scale surveys intended to estimate
seasonal averages. Fluorescence profiles showed diverse patterns in the vertical distribution of
algal biomass but stable metalimnetic algal maxima were found only in Table Rock Lake,
Missouri. Metalimnetic layers of green sulfur bacteria (Chlorobiaceae) were found in 9 reser-
voirs and seem to be the most common metalimnetic autotrophs in lakes in this region.

Introduction

Temporal and spatial variation in distribution of nutrients and phytoplankton
in lakes complicate sampling programs designed to collect representative water
quality data. Input and internal regeneration of nutrients can vary dramatically
over time as can production and loss of phytoplankton. Point source inputs,
sedimentation gradients, and concentration or dispersal of materials by wind and
currents may also produce large differences among sampling sites in the same water
body (Georce & Epwarps 1976, GEORGE 1981, CaRMACK & Gray 1982,
THORNTON et al. 1982, Kennepy & WALKER, in press). Similar hydrodynamic
processes together with active migration, passive accumulation, and in situ growth
can produce substantial variation in the vertical distribution of algal biomass and
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associated nutrients (REYNOLDs & WALsBY 1975, GEORGE & HEeaNey 1978, GEORGE
1981, VAN DEN AvVYLE et al. 1982, MEFFERT & OVERBECK 1985). The relative
magnitude of variation from these sources is an important consideration in planning
sampling programs to estimate average values for purposes of water quality
monitoring or interlake comparisons (KENNEDY et al. 1982, THORNTON et al. 1982,
TRAUTMANN et al. 1982, KNOWLTON et al. 1984, KwiaTkowskr 1985).

In midwest lakes, temporal variation is often large. In summer, concentrations
of chlorophyll usually vary by >2.5 fold (maximum/minimum) at a given location
and similar variation is often seen in total phosphorus (KNowLTON et al. 1984). In
large reser/oirs, these parameters may vary at a given time by >9 fold along
longitudinal gradients (THORNTON et al. 1982, Jones & Novax 1981, KNowLTOoN
& JonEes 1989). Variation within the water column may be of similar importance,
but we presently know little about vertical heterogeneity in these lakes.

To address this question, we collected in vivo fluorescence profiles from
48 midwest lakes during summer 1982 and 1983, Along with in vitro measurements
of chlorophyll, these data provide an initial view of the vertical structure of photo-
synthetic pigments in these lakes and document metalimnetic peaks in the
abundance of algae and photosynthetic bacteria. Concurrently, we measured total
phosphorus and chlorophyll in surface samples and samples collected as a composite
from the oxygen saturated portion of the water column. Past work in comparing
lakes and developing empirical models has often relied on surface samples because
the ease of their collection makes them amenable to large scale surveys (e.g. DEEVEY
1940, MovYLE 1956, SAKAMOTO 1966, CARLSON 1977, CANFIELD et al. 1984). Our
principal objective here was to evaluate this practice as a potential source of error
by comparing results obtained from surface samples with presumably more
representative data from composites. By comparing the magnitude of differences
berween the two sample types with variation that occurs between sampling sites
and over time we can evaluate, 'preliminarily, the relative importance of these
sources of variation in sampling design. These data also allow us to describe
general features of thermal stratification and vertical distribution of oxygen and
autotrophs in these lakes.

Study area and methods

Collections were made from 14 reservoirs in Missouri in 1982, These waterbodies
(Vandalia and Taneycomo Lakes excluded) and an additional 29 reservoirs and 5 natural
lakes in Missouri, Iowa, Kansas, Oklahoma, and Arkansas were sampled in 1983. Profiles
were taken at from 1—16 locations on the Missouri reservoirs and at 2 locations on the other
lakes on from 1-5 dates during May through September. Morphological characteristics, the
number of profiles per lake, and the depth range of sampling sites on each lake are presented
in Table 1. Selected darta from more recent sampling of Table Rock Lake, Missouri-Arkansas
are also included in some examples (Knowrron & JonEs 1989).
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Temperature (Montedoro—Whimey Model TC-5C resistance thermometer), dissolved
oxygen concentration (Yellow Springs Instrument Model 51) and in vivo chlorophyll
fluorescence (IVF) were measured at 1 m intervals from the surface into the hypolimnion
(to the bottom in unstratified lakes). In 1982, in situ measurements and discrete water samples
were also taken at the Secchi depth. Fluorescence measurements were made using a Turner
Designs Model 10 fluorometer equipped with a blue lamp (Turner Designs model 10-045), a
Corning 5-60 excitation filter, Corning 3-66 reference filter, Kodak Wratten 70 and 16
emission filters, a red-sensitive photometer (Turner Designs, 1981) and a flow-through cell
attached to a hose and submersible pump.

Surface samples were taken from about 10 cm. Composite and discrete-depth samples
were collected from the outflow of the fluorometer. Composite samples were taken by
quickly raising and lowering the sampling pump between the surface and oxycline (composite
zone) while collecting the outflow. Care was taken to insure approximately equal sampling
of all depths in this stratum. When no distinct oxycline was present or we were unable to take
oxygen profiles, composite samples were taken from the mixed layer as determined from the
temperature profile.

Surface and composite samples were analyzed for total phosphorus (Prepas & RIGLER
1982) and chlorophyll 4. Chlorophyll 4 was also measured at the Secchi depth (1982 only)
and at some IVF peaks. Chlorophyll z (CHL) was measured fluorometrically using dimethyl-
sulfoxide-acetone extracts of plankton concentrated on Gelman A-E filters (Burnison 1980).
Fluorescence of extracts (Turner Designs Model 10 fluorometer) was measured before and
after acidification with HCl (Knowrron 1984). The fluorometer was calibrated using
standards prepared from purified CHL (Sigma Chemical Co., St. Louis, Missouri). Spectral
analysis of selected extracts was made using a Beckman Model 25 spectrophotometer. Selected
surface samples were also analyzed for non-volatile suspended solids (Hover & Jongs 1983)
and short-term biochemical oxygen demand (Boyp 1975). The short-term B.O.D. samples
were incubated in an insulated box for 8—32 hours before analysis by a colorimetric version
of the Winkler method (A.P.H.A. 1976).

Results
Physical characteristics and lake trophic state

Waterbodies sampled in this survey represent a broad range in size, depth and
hydrology (Table 1). Surface area ranged from 6 ha (Cold Springs Lake, Iowa;
Gopher Lake, Missouri) to 33863 ha (Eufala Lake, Oklahoma) and mean depth
ranged from 1.2 m (Cottontail Lake, Missouri) to 18.9 m (Table Rock Lake,
Missouri). All but 5 of these waterbodies are artificial impoundments (Table 1);
several of which flush rapidly. Large reservoirs (>2000 ha) in this group had
theoretical retention times ranging from about 15 days (Lake Hudson, Oklahoma)
to about 1.7 years (Beaver Lake, Arkansas). For smaller reservoirs and natural
lakes, retention times ranged from about 4 days (Taneycomo Lake, Missouri) to
20 years (Lake West Okoboji, lowa). Water regimes in the larger reservoirs are
managed through regulation of cutflows and, in several cases, through control of
inflows from other reservoirs upstream (Table Rock, Taneycomo, Truman, Lake of
the Ozarks, Hudson, Fort Gibson, Spavinaw). Three lakes, Stanley Draper,
Hefner, and Overholser, are water supply impoundments that receive substantial
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inputs via pumping or canals from waterbodies outside their catchment. Cold
Springs Lake, Iowa, receives substantial inputs from springs.

Most of these waterbodies are productive with average CHL exceeding 30 pg/L
and Secchi depth less than 1.2 m (Table 2). Only Beaver Lake and Stanley Draper
Reservoir, had average CHL less than 5 pg/L. Excluding Beaver Lake, which was
visited only once, no lake had an average transparency greater than 3.6 m. Several
of these lakes are affected by high concentrations of abiogenic turbidity resulting
from resuspension of bottom deposits or mixing of turbid inflows which
contributed to their low average transparencies (CARPER & BACHMANN 1984,
NoLEN et al. 1985). Overall, Secchi depths were more highly correlated to con-
centrations of non-volatile suspended solids (r = —0.89, with double log transforma-
tion) than to CHL (r=—.56: Table 2) suggesting a pervasive influence of abiogenic
turbidity on the light regimes of many lakes in this region (Hover & Jones 1983,
Ki1rk 1985).

Table 2. Average limnological conditions of lakes in the surveyl,

mean range
surface area (ha) 4025 6.0 — 33683
mean depth (m) 5.8 1.2 — 1941
secchi depth? (m) 1.2 03 - 55
chlorophyll a4 (ug/L) 32.2 33 - 957
total phosphorus (ug/L) 71.8 5.0 — 389.3
short-term B.O.D. (mg/L/day) 1.2 03— 42
non-volatile suspended solids (mg/L) 7.1 0.8 — 374

' Averages for individual lakes were not weighted for differences in sampling frequency
among individual sites.

2 Secchi depth regressions:
log (Secchi depth) = —0.48%log (chlorophyll) + 0.66 r=-0.56 n=312
log (Secchi depth) = —0.65+log (non-volatile suspended solids) + 0.41 r=—0.89 n=312

Thermal stratification

About two thirds of these lakes were thermally stratified at one or more
locations for at least a month during the study (Table 1). Of the lakes that did not
stably stratify, most exhibited some degree of stratification on at least one sampling
date. Over 96% of individual water columns sampled exhibited temperature
gradients of at least 0.2 C/m at one or more depths. Of these, about 80% were
strongly stratified with maximum temperature gradients 0.8—6.4 C/m. In about
two thirds of the water columns with marked thermal stratification, temperature
gradients near the surface were small and the epilimnion and metalimnion could
be distinguished as a “knee” in the temperature-depth curve (e.g. Fig. 1c—e, g).
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Fig. 1. Temperature profile examples. a - Longbranch, 17 June 1982; b — Kaw, 10 August

1983: ¢ - Stockton, near dam, 29 August 1983; d - Longbranch, 2 July 1982; ¢ - Table Rock,

headwaters, 10 August 1986; f — Taneycomo, 10 August 1982; g — Vandalia, 2 July 1982;
h - Stockton, headwaters, 28 June 1983.

The rest had moderate to large temperature gradients near the surface. Such profiles
were usually encountered on hot, windless days when local heating produced high
surface temperatures (e.g. Fig. 1a). In Lake Taneycomo, however, temperature
gradients near the surface were a persistent feature (e.g. Fig. 1f) as the result
of a cold (ca. 11 C) underflow from the hypolimnetic discharge of Table Rock
Lake immediately upstream. Table Rock Lake also receives a hypolimnetic
discharge from Beaver Lake which causes extreme temperature gradients (>>14 C/m)
in profiles taken in headwaters of the White River arm (Fig.1e — data from more
recent survey — KNowrTON & JONEs 1989). Advective water movements are
probably also responsible for the indistinct stratification we observed in some
rapidly flushed reservoirs (e.g. Kaw Lake — Fig. 1b), and the continuous surface
to bottom temperature gradients we occasionally found in the headwater reaches
of several others (e.g. Stockton Lake — Fig.1h). We lack detailed information on
volume and temperatures of inflows and discharge for most of these lakes but
assume these factors play an important role in the development and maintenance
of thermal stratification in many waterbodies in this region (WunpERLICH 1971,
Forp, in press).
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Oxygen profiles

In 90% of the profiles oxygen declined at depths below the epilimnion or
euphotic zone and two thirds of the lakes developed hypolimnetic anoxia at one or
more locations. Sites with little or no thermal stratification usually had homo-
geneous oxygen concentrations or showed a steady decline in oxygen with depth
(e.g. Fig. 2a). Abrupt oxyclines, however, were sometimes observed under near
homothermal conditions (e.g. Fig. 2b). Short-term B.O.D. measurements on
surface waters showed high average rates of oxygen consumption (mean = 1.2 mg/
L/day — Table 2) so oxyclines could develop rapidly in unmixed and unilluminated
layers. Sharp oxyclines were a regular feature of stably stratified lakes (e. g. Fig.2¢c),
and occurred at depths ranging from 1 to 13 m (mean 3.2 m; n=498 profiles).
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Fig. 2. Temperature and DO profile examples. a - Spirit, 23 August 1983; b — Anita, 21 August
1983; ¢ — Paho, 3 August 1983.

In most profiles, the depth of the metalimnion was 2—4 times the Secchi trans-
parency (mean = 3.2) and, as a result, we rarely observed metalimnetic dissolved
oxygen maxima (HuTcHINsON 1957, EBerLy 1964). Only 13 of 620 oxygen profiles
had dissolved oxygen peaks >10% above saturation at depths greater than 2 m.
Ten of these occurred in Table Rock Lake in association with metalimnetic phyto-

plankton maxima.

Surface and composite samples

A practical concern in this study was to determine whether surface samples
provide estimates of CHL and total phosphorus (TP) comparable to measurements
from depth-integrated composite samples. In all, over 500 pairs of surface and
composite samples were collected at 115 sampling locations in 47 lakes. Differences
between these paired samples, expressed as coefficients of variation (CV) ranged
from 0 to >70% for both CHL and TP (Table 3). As expected, differences between
surface and composite samples generally reflected the degree of heterogeneity in
the temperature profiles. In approximately 120 profiles where the composite zone
was nearly homothermal (temperature gradients less than 0.1 degree/m — e.g.
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Fig. 3a), differences between surface and composite samples averaged 4.9% for
CHL and 5.7% for TP — values similar to the average analytical precision of the
methods used (average C.V. about +5%). Differences greater than 20% were rare,
occurring in only 8 profiles in this group. In contrast, about 70 profiles had large
temperature gradients (e.g. Fig.3b) in the composite zone (>0.5 C/m). For these
profiles, differences between surface and composite samples averaged 22.8% for
CHL and 11.5% for TP (Table 3). For profiles with intermediate temperature
gradients (0.1-0.5 C/m), variation between surface and composite samples fell
between these extremes.

Subsurface accumulations of phytoplankton were a frequent feature of lakes
sampled during calm weather (e.g. Fig. 3b—d) and sometimes resulted in large
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Fig. 3. Temperature, DO and IVF profile examples. a - Longbranch, 13 June 1983; b — Cold

Springs, 21 August 1983; ¢ — Pomme de Terre, 28 August 1983;d ~ Longbranch, 2 July 1982;

¢ — Truman, 5 June 1983; f — Beaver, 17 August 1983. Solid circles — IVF, open circles — DO,

crosses — temperature (C). Depth of composite zone and composite CHL is shown to the

right of the depth scale. Discrete CHL measurements are shown by arrows. Vertical bars
show Secchi depth (SD).
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differences between surface and composite samples. Occasionally phytoplankton
were compressed into thin plates with gradients of CHL with depth >100 pg/L/m
(e.g. Fig. 3d). In a few profiles, CHL declined rapidly below the surface (e.g.
Fig.3e) probably as the result of surface blooms of blue-green algae. Such condi-
tions, however, were rare and CHL usually increased slightly below the surface.
In 1982, when discrete measurements of CHL were often made at the surface and
Secchi depth, CHL increased by an average of about 10% between the two depths
(mean=+10.4%, range =—64% to +189%, n=160). Only 7 of 160 profiles with
both measurements showed >10% decrease between the surface and Secchi depth
while 60 profiles showed >10% increase. This finding agrees with IVF data which
seldom showed fluorescence maxima at the surface.

In most profiles with subsurface phytoplankton peaks, CHL and TP in
composite samples were greater than those at the surface. For example, in those
profiles with temperature gradients in the composite zone >0.5 C/m, subsurface
phytoplankton peaks were common. Chlorophyll and TP in composite samples
from these profiles exceeded those at the surface by an average of 12.1% and
10.2%, respectively (Table 3). In most lakes, however, subsurface CHL maxima
were ephemeral and differences between seasonal means calculated using surface
versus composite samples were small. For the entire data set, differences averaged
10.8% of the seasonal mean for TP and 16% for CHL (Table 4). In comparison,
the range of surface values at individual sites over the entire sampling period
averaged 45% of the seasonal mean for TP and 61.3% for CHL (Table 4). For

Table 4. Average differences between surface and composite samples (absolute values), among

sampling sites and over time expressed as a percent of the seasonal average (surface-composite

and temporal) or the mean of all sampling sites for that date (site-site}. Seasonal and daily
mean values were calculated with surface data.!

surface-composite site-site temporal
CHL
n 171 170 171
mean 15.5 44.8 61.3
S.D. 16.8 43.2 44.4
range 0.0-131.6 0.0-235.2 0.0-275.9
TP
n 172 179 172
mean 10.8 36.7 45.0
S.D. 9.2 41.4 353
range 0.0-61.6 0.0—-237.1 0.0-201.8

! Mean values for site-site and temporal variation calculated using composite, rather than
surface data were: 42.6%40.4% and 56.9£37.9% for CHL and 36.8+41.1% and 43.4
+82.8% for TP. In paired t-tests, average temporal variation of CHL was significantly
less in composite than surface samples (p-0.026). Other differences were not significant
at the 5% level.

13 Archiv {. Hydrobiologie, Suppl.-Bd. 83
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lakes sampled at two or more locations, the range of surface values among sites on
a given day averaged 36.7% of the mean of all sites for TP and 44.8% for CHL.
Temporal variation of CHL was significantly lower if calculated using data from
composite, rather than surface sample (paired t-test, p=0.026), but the average
difference was only 4% of the surface mean (Table 4). Our data are not amenable
to rigorous analysis of variance but these trends suggest that in estimating seasonal
mean values variation over time and among sampling sites is of greater importance
than variation with depth for the lakes considered here. Also, estimates of temporal
and spatial variation are unlikely to differ greatly between surface and composite

samples.

Metalimnetic chlorophyll maxima

Subsurface TVF maxima were found in about half the profiles taken from
stratified water columns but many occurred at relatively shallow depths in associa-
tion with ephemeral temperature gradients (e.g. Fig. 3b—d). In profiles with a
distinct epilimnion, the metalimnion was usually 4~5 times the Secchi depth and
at least partly oxygen-depleted. Of these profiles, 127 exhibited metalimnetic IVF
peaks (e. g. Fig. 4a) at depths averaging 4 times the Secchi depth and with dissolved
oxygen concentrations averaging less than 40% the surface concentration. An
additional 98 profiles showed an increase in IVF in the last 1-2 m of the water
column (e. g. Fig. 4b).
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Fig. 4. Temperature, DO and IVF profile examples. a ~ Pony Express, 29 May 1983; b -
Little Dixie, 13 June 1983; ¢ — Smithville, 30 June 1982; d - Pomme de Terre, 24 July 1982.
Solid circles — IVF, open circles — DO, crosses — temperature (C). Depth of composite zone
and composite CHL (TP in “a”) is shown to the right of the depth scale. Discrete CHL
measurements (TP in “a”) are shown by arrows. Vertical bars show Secchi depth (SD).
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Because of the scope of the study we could not measure CHL in all IVF
peaks encountered. Ratios of IVF to CHL (“R” values: HEANEY 1978) can vary
with depth as a result of photoinhibition or changes in the taxonomic or size
composition of the phytoplankton community and sometimes complicate inter-
pretation of IVF profiles (KiErer 1973, HEaNEY 1978, VINCENT 1983, ALPINE &
CLOERN 1985). Values of R measured for metalimnetic IVF peaks in this study were
usually greater than those at the surface (mean difference = 25%) so that IVF
data tended to exaggerate the size of metalimnetic peaks (e.g. Fig. 4c—d).

Most metalimnetic IVF maxima were transient features observed only once at
a given site and most were small with maximum IVF less than 20% larger than at
adjacent depths (e.g. Fig. 4a). Because we took IVF measurements at discrete
intervals our profiles could not resolve the fine structure sometimes seen at scales
of a few centimeters in fluorescence or transmissometry studies of metalimnetic
communities (WHITNEY 1938, BAKER & Brook 1969, FEE 1976). This caveat aside,
it is clear that these lakes rarely support large, metalimnetic phytoplankton
communities.

Of the lakes sampled regularly, only Table Rock Lake developed large,
persistent metalimnetic CHL maxima although the small metalimnetic maximum
observed in Beaver Lake on our single visit (Fig. 3f) may be a persistent
feature (DRURY & GEARHEART 1975) and large peaks of bacterial pigments were
found in several lakes. We found metalimnetic CHL maxima in 58 of 75 profiles
taken from Table Rock Lake. Ten of these profiles also had dissolved oxygen peaks
located 1-2 m above the IVF maximum (e. g. Fig. 5a). In the less productive areas
of the reservoir CHL maxima developed in early summer and were dominated
numerically by Fragilaria and Rbodomonas species. In late summer, peaks at the
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Fig. 5. Temperature, DO and IVF profile examples from Table Rock Lake. a) Long Creek
arm, 26 July 1983; b) James River arm, 30 August 1983. Solid circles —~ IVF, open circles — DO,
crosses — temperature (C). Depth of composite zone and composite CHL is shown to the
right of the depth scale. Discrete CHL measurements are shown by arrows. In “b”, estimated

concentration of bacteriochlorophyll (bCHL) is shown at 7.5 m. Vertical bars show Secchi
depth (SD).
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same locations were dominated by Achnanthes minutissima which comprised up
to 84% of total counts (KNOWLTON & JoONEs 1989). In the productive James
River arm, metalimnetic peaks developed later in summer, often in anoxic water
and sometimes included photosynthetic bacteria (e. g. Fig. 5b). Fluorescence
maxima in all areas of Table Rock Lake usually occurred at depths undersaturated
with oxygen (52 of 58 profiles with metalimnetic peaks).

Photosynthetic bacteria

We found several large IVF peaks in anoxic water, presumably due to photo-
synthetic bacteria, probably green sulfur bacteria (Chlorobiaceae). These peaks had
unusually large R values averaging 5 times those measured concurrently at the
surface (e.g. Fig. 5b). This may have resulted from the small size and extreme
shade adapration of photosynthetic bacteria (PFENNIG 1978, ALPINE & CLOERN
1985). Spectral analysis of samples from these peaks revealed red absorbance
maxima at 651—655 nm (compared to 663 nm for chlorophyll ). In acetone
extracts, bacteriochlorophylls from green sulfur bacteria {bacteriochlorophyll ¢, d,
and e — JENSEN et al. 1964) have absorbance maxima at 647—663 nm (StaniER &
SMITH 1960, GLOE et al. 1975), so these samples may have contained a mixture of
bacteriochlorophylls and perhaps some algal pigment. We did not find absorbance
peaks indicating bacteriochlorophyll 4, a major pigment in purple sulfur bacteria
(JENSEN et al. 1964).

Fluorescence acid ratios (fluorescence — before acidification/after acidification)
in these samples ranged from 0.65—0.88. Pure chlorophyll 4 yields an acid ratio of
1.9 under the same conditions. These unusual acid ratios suggest the presence of
bacteriochlorophyll e, a major pigment of the brown — colored varieties of
Chlorobiaceae. This pigment has a Soret peak at 458 nm which is above the emission
peak of the blue lamp/Corning 560 filter combination we used for fluorescence
excitation (Fig. 6). Soret peaks of chlorophyll 4 and bacteriochlorophyll ¢ and d
lie below the excitation peak and shift further away on acidification causing reduced
fluorescence and acid ratios >1. Acidification of bacteriochlorophyll e increases
fluorescence by shifting the Soret peak nearer the excitation peak. From absorbance
spectra (STANIER & SmiTh 1960, GLOE et al. 1975) we would expect pure bacterio-
chlorophyll e to have an acid ratio of about 0.5. The higher values we found
presumably reflect the presence of other chlorophylls and pheopigments.

Metalimnetic maxima with recognizable bacterial pigments were found in
17 profiles from 9 lakes in 1983 ~ Pomme de Terre, Eucha, Spavinaw, Viking,
Hawthorn, Table Rock, Truman, Stockton, Tenkiller Ferry (examples in Fig. 7).
Bacterial layers were found at depths of from 3.5 to 12 m and from 3.0 to 6.7 times
the Secchi depth. Pigment concentrations could not be determined accurately
because the peaks presumably contained several pigments which we did not attempt
to isolate and measure individually. But based on peak absorbances and the specific
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Fig. 6. Blue-shifts in Soret absorbance maxima caused by acidification of chlorophyll 4 and
bacteriochlorophylls ¢, 4 and e shown in relation to the spectral distribution of light energy
emmited by the lamp and filter used in fluorescence measurements (10-045 blue lamp and
Corning 5-60 filter). Emmission values were calculated from separate Jamp and filter spectral
data provided by the manufacturer (Turner Designs, Mountain View, CA, USA). Soret peaks
and the acid ratio of chlorophyll 2 were determined from purified chlorophyll 4 (Sigma
Chemical Co., St. Louis, MO, USA). Soret peaks for bacteriochlorophylls and pheophytins
were estimated from published spectra (STaNIER 8 SMrTH 1960; GLOE ef al. 1975) with minor
changes to correct for differences between solvents used by original authors and in the present
study. Acid ratios for these pigments were estimated from the overlap of Soret peaks of
chlorophylls and pheophytins with the excitation energy spectrum. This approach provided
accurate estimation of the acid ratio of chlorophyll 2 as measured directly.

absorption coefficient of bacteriochlorophyll d (STANIER & SmrTH 1960) we estimate
total pigment concentrations within these layers varied from roughly 15 to 171 ug/L.
In comparison, CHL in the surface waters ranged from 5.9 to 65.8 ug/L (Table 5).
In Eucha, Spavinaw, and Pomme de Terre lakes, peaks were found at the same
location on visits 4—5 weeks apart. In Table Rock Lake, photosynthetic bacteria
were found in widely separated locations in the Long Creck and James River arms.
At both locations, the bacterial peak lay below a metalimnetic algal layer in
oxygenated water (Figs. 5b, 7c¢).

In addition to profiles where the presence of photosynthetic bacteria was
confirmed by pigment analysis, about 100 IVF profiles exhibited peaks in anoxic
water. Most of these were relatively small and only 5 were sampled for pigments.
Acid ratios from these extracts ranged from 1.1 to 1.5. We would previously have
interpreted these low acid ratios as evidence of pheophytin 4 and concluded that
those peaks contained algal detritus. Instead, it seems that low acid ratios in anoxic
peaks could result from a mixed population of sulfur bacteria or a mixture of
bacteria and algae tolerant of low oxygen concentrations. Photosynthetic bacteria
may have gone undetected in many profiles and may have been more important in
others than suggested by our pigment analysis. Spectral data alone are not sufficient
to distinguish algal from bacterial pigments because of the close similarity of
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Fig. 7. Temperature, DO and IVF profile examples from lakes with photosynthetic bacteria.
a — Hawthorn , 24 August 1983; b — Eucha, 7 August 1983; ¢ — Table Rock, Long Creek
arm, 29 August 1983; d — Tenkiller Ferry, 7 September 1983. Solid circles — IVF, open
circles — DO, crosses — temperature (C). Depth of composite zone and composite CHL is
shown to the right of the depth scale. Discrete CHL measurements are shown by arrows.
Concentrations of bacteriochlorophyll (bCHL) were estimated without correction for inter-
fering pigments from absorbance at the red maximum (STaNiER & SMITH 1960). Vertical
bars show Secchi depth (SD).

Table 5. Characteristics of bacteriochlorophyll extracts and profiles in which bacterial 1VF
maxima were found.

n mean range
extracts (n=14)
fluorescence acid ratio 9 0.75 0.65-0.88
red absorbance maxima (nm) 11 652.3 651.0—654.5
bacteriochlorophyll (ng/L)? 11 51.8 14.7-170.7
profiles (n=17)
surface chlorophyll « (ug/L) 17 19.9 5.9-65.8
depth of IVF peak (m) 17 7.2 3.5-12.0
peak depth / secchi depth 17 4.2 3.0- 6.7

! Bacteriochlorophyll concentrations estimated as red absorbance (1 cm cell) X 10.2 cor-
rected for extract volume and volume of water filtered (after STaNIER & SmrTH 1960). These
calculations will underestimate concentrations of bacteriochlorophyll ¢ and, if algal pigment
is present, will overestimate bacteriochlorophylls 4 and e.
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chlorophyll 4 and bacteriochlorophyll ¢ (JENSEN et al. 1964). The latter is present in
several varieties of Chlorobiaceae and may be mistaken for algal pigment when
extracts are analyzed without previous separation by chromatography (e. g. STEEN-
BERGEN & KoRTHALS 1982). Thus use of absorbance data to calculate concentrations
of algal and bacterial pigments (Caraco & Puccoon 1986) may cause serious
errors unless other evidence rules out the presence of bacteriochlorophyll ¢
(KnowLTON et al. 1989).

Discussion

This study was prompted by our desire to identify major limnological features
of lakes in this region and evaluate our methods for measuring them. Results suggest
that previous use of surface samples for measuring CHL and TP was commensurate
with our goal of estimating seasonal averages for general comparisons. Assuming
the present study has provided a reasonable estimate of vertical structure in these
lakes, it seems that the effort required to collect composite samples would provide
little improvement in resulting seasonal mean values of CHL and phosphorous for
lakes in this region. Precision of these estimates depends more on the large temporal
and spatial variation typically affecting these lakes and the low sampling frequency
in our surveys (KNOwWLTON et al. 1984). For example, in Table Rock Lake, average
CHL and TP in different arms sometimes differ by more than 5 fold due to
differences in nutrient loading from the various tributaries (KnowLTON & JONES
1989). Similar conditions exist in most of the large reservoirs in the region
(Jones & Novak 1981, Univ. Missouri, unpubl. data) and limit the value of data
collected from single stations to characterize conditions in a given lake (GEORGE
1981, THORNTON et al. 1982). Average spatial variation is less in smaller lakes, but
temporal variation is often large. Two fold differences among samples taken at
monthly intervals are common in these lakes and much larger differences often
occur (KNOWLTON et al. 1984). Sampling programs intended to provide reasonable
estimates of seasonal average conditions for these lakes should emphasize adequate
spatial coverage and sampling frequency in preference to controlling for vertical
heterogeneity. Composite samples, however, can be easily collected with pumps
or tube sampling devices (e.g. Boyp 1979) and will sometimes provide more
representative samples when the euphotic zone is not well mixed.

Although the water columns sampled tended to be homogeneous, many
individual profiles showed considerable vertical structure in the distribution of
CHL. Variation of phytoplankton densities with depth could result from depth-
specific differences in growth or mortality, advective displacement from other areas,
or vertical redistribution of existing phytoplankton (REYNoOLDS 1984). Redistribu-
tion is probably the cause of many subsurface peaks found in this study. We would
expect vertical heterogeneity to develop in any water column with too little
turbulence to overcome the directional movements of motile algae and the negative
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or positive buoyancy of others. Flagellated phytoplankton often show marked
vertical zonation in their distribution (e. g. FEE 1976, GEOrGE & HEANEY 1978,
Van DeN AvyLe 1982, MerrerT & OVERBECK 1985) as do buoyant cyanobacteria
(ReyNoLDs & WarLsBy 1975, GEORGE & HEANEY 1978). On calm days many taxa
move away from the surface, by active means or by passive sinking (REyNoLDS
1984). Such movements are the probable cause of most of the near-surface IVF
“bulges” found in this study.

Vertical movements by phytoplankton are also a likely cause of many of the
metalimnetic peaks encountered. Loss of phytoplankton from the epilimnion is
a continuous but highly variable process in lakes (ForsserG 1985). We would
anticipate finding occasional metalimnetic peaks as result of crashes in epilimnetic
populations (REYNOLDS 1984, MEFFERT & OVERBECK 1985) or accelerated entrain-
ment of cells into the metalimnion during periods of low epilimnetic turbulence
(ReyNoLDs 1984). Active migrations might also be involved. Such peaks should
be quite ephemeral so the stable metalimnetic peaks found in Table Rock Lake, and,
rarely, in other lakes require more complex explanation. In some lakes, persistent
metalimnetic phytoplankton peaks are common (Eserry 1964, Baker & BrOOK
1969, FeE 1976, MoLl. & STOERMER 1982, FAHNENSTIEL & SCAVIA 1987, CoonN
et al. 1987) and are probably created and maintained by several mechanisms. In situ
production certainly plays a role in growth and maintenance of some metalimnetic
peaks (Priscu & GoLpMaN 1983, Konopka 1983, FAHNENSTIEL & Scavia 1987,
Coon et al. 1987) but some are derived from the epilimnetic community and
persist by maintaining low loss rates (Prck & Narewjko 1984), sometimes
involving a reliance on heterotrophic metabolism (Birp & KaLFF 1987). The low
light available to some metalimnetic populations stimulates the proliferation of
CHL (e.g. BRown & RicHarpsoN 1968, Farkowski & OwENs 1980) so that
pigment concentrations may exaggerate the size of metalimnetic biomass peaks
(CurLEN 1982, P1ck et al. 1984).

Of the meralimnetic peaks found in this survey, only those caused by photo-
synthetic bacteria are unequivocably the result of in situ production. The large
peaks found in some areas of Table Rock Lake may result from the entrainment
of cells from above and their subsequent maintenance at near compensatory light
levels. Similar peaks were not seen in other stratified lakes (Beaver Lake excluded)
presumably because light penetration to the metalimnion was too weak to maintain
entrained cells. With our present data, however, this conclusion remains speculative,
More work is needed before reliable prediction of metalimnetic phytoplankton
maxima is possible. It is nonetheless reasonable to assume that stable metalimnetic
peaks will be rare in productive and turbid lakes like most of those in this study
(MoLL & STOERMER 1982).

On the other hand, these lakes frequently support active metalimnetic popula-
tions of photosynthetic bacteria. In thermally stratified lakes, metalimnetic environ-
ments range from well lit and oxygen saturated to aphotic and anoxic depending



Comparison of surface and depth-integrated composite samples 193

largely on the clarity and thickness of the mixed layer. Along this continuum,
photosynthetic bacteria are peculiarly adapted to the last niche available to meta-
limnetic autotrophs, the low light, anoxic environment in the metalimnia of
eutrophic lakes (PFENNIG 1978). In such environments, these organisms probably
contribute relatively little (<10%) to total photosynthesis (PARKIN & Brock
1980), but scavenge the weak and chromatically altered light escaping epilimnetic
algae and contribute to chemical cycling. In lakes of this region, these organisms
may be the only widely distributed metalimnetic autotrophs exhibiting significant
in situ production.

Summary

Chlorophyll and total phosphorus in surface samples from 48 midwestern lakes and
reservoirs differed by averages of 10% and 7%, respectively, from values obtained from
composites of the oxygen saturated portion of the water column (Table 3). Differences
between the two sample types increased with variation in temperature profiles. Average
differences were 2—5 times greater for lakes with secondary thermoclines near the surface
than for sites with homothermal composite zones. Variation between surface and composite
samples, averaged for individual sites, was one forth to one third as great as variation over
time or among different sites in same basin (Table 4). Subsurface peaks of in vivo fluorescence
{chlorophyll) were common in productive lakes on calm days, presumably because of settling
or active migration of phytoplankton away from the surface (e.g. Fig. 3b—d) but some
subsurtace peaks may have occured from suppression of IVF near the surface (Fig. 4c).
Large metalimnetic phytoplankton peaks were rare, occuring most frequently in Table Rock
Lake where metalimnetic chlorophyll maxima persisted throughout the summer (Fig. 5).
Large IVF peaks also occured in 9 reservoirs with metalimnetic populations of green sulfur
bacteria (Fig. 7). High levels of algal and abiogenic turbidity in the epilimnia of these lakes
limit the development of metalimnetic phytoplankton communities.
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