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Abstract 

Vertical fluxes of particulate organic matter were measured with sediment traps above and below 
the chcmocline of Big Soda Lake to dcfinc the seasonality of sinking losses from the mixolimnion 
and dctcrmine the effectiveness of the chcmocline (pycnocline) as a barrier to the sinking of biogenic 
particles. Seasonality of sedimentation rates reflected seasonal changes in the community of au- 
totrophs. During summer-autumn, when production is dominated by autotrophic bacteria, vertical 
fluxes were small: z 100 mg C m-* d-l and ~0.5 mg Chl a m-* d-r. Following the winter diatom 
bloom, vertical fluxes increased markedly: ~570 mg C m-* d-l and 23 mg Chl a m-* d-r. The 
bulk of the seston (> 80%) and particulate carbon (= 65%) sinking to the chemocline passed through 
it, showing that this very sharp density discontinuity dots not effectively retard the sinking of 
particulate matter. However sinking losses of particulate carbon were generally small (= 10%) 
relative to previous measures of primary productivity, indicating that the mixolimnion is a zone 
of efficient carbon cycling. Exceptions occurred following the winter bloom when sinking losses 
were a larger fraction (= 40%) of productivity. 

Because density discontinuities inhibit 
vertical mixing, a potential function of the 
chemocline (pycnocline) in meromictic lakes 
is to cause the vertical flux of particulate 
organic matter (POM) to be unidirectional 
and downward. Particles sinking to the low- 
er layer (monimolimnion) will be trapped 
and either buried in the sediments or de- 
composed. The only mechanisms for rc-en- 
try into the upper layer (mixolimnion) are 
through bubble ebullition of gaseous de- 
composition products (e.g. methane) or very 
slow diffusion across the chemocline. Under 
this circumstance, a significant fraction of 
primary production in the trophogenic mix- 
olimnion may be lost to the monimolim- 
nion, and an important mechanism of nu- 
trient regeneration is absent from the surface 
layer. 

The chemocline may also be the site of 
localized accumulations of seston (Culver 
and Brunskill 1969; Hamner et al. 1982; 
Cloern et al. 1983a), suggesting that it re- 
tards the sinking of biogenic particles. If the 
chemocline is a perfectly efficient “filter” for 
sinking POM, then it may be an active site 
of nutrient regeneration and decomposition 
for POM produced in the trophogcnic zone 
(Culver and Brunskill 1969). Hence, the ef- 
ficiency of the chemocline as a filter for sink- 
ing seston influences the fate of organic mat- 
ter produced autotrophically in meromictic 

lakes. If the chcmocline is an inefficient fil- 
ter, then the monimolimnion can be a sink 
for nutrients and organic matter; if the che- 
mocline is an efficient filter, then nutrient 
cycling in the mixolimnion is similar to that 
in holomictic lakes. 

The first objective of this study was to 
estimate the filtering efficiency of the che- 
mocline in Big Soda Lake. It was done by 
measuring sinking fluxes of POM just above 
and below the chemocline, which is an cx- 
treme density discontinuity (42 kg m-3: 
Kimmel et al. 1978) that allows a robust 
test of the hypothesis that density differ- 
ences retard the sinking of biogenic parti- 
cles. A second objective was to determine 
the seasonality of vertical fluxes to the che- 
mocline and relate them to seasonal changes 
in the pelagic autotrophs. During summer- 
autumn when the mixolimnion is thermally 
stratified, phytoplankton biomass is low and 
autotrophic production is dominated by 
photosynthetic and chemosynthetic bacte- 
ria localized in a layer near the oxycline (see 
figure 2: Zehr et al. 1987). During winter 
mixing the bacterial layer is disrupted but 
ammonia is brought to the surface and stim- 
ulates a phytoplankton bloom dominated 
by the pennate diatom Nitzschia palea. Our 
study was designed around this annual cycle 
and included measurements during the an- 
ticipated period of the winter diatom bloom, 
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the spring transition period, and the sum- 
mer-autumn period of low phytoplankton 
biomass. 

We thank A. Alpine and C. Culbertson 
for their assistance, and J. Zehr and R. Smith 
for manuscript reviews. 

Methods 

Sampling was done over the deepest part 
of the lake in July and October 1984 and in 
February and May 1985. Vertical profiles 
(to 30 m) of temperature and dissolved oxy- 
gen (DO) were obtained with an Orbisphere 
Laboratories thermistor and DO sensor. 
Water samples were collected at 1 O-l 5 
depths with a 2.2-liter PVC Kemmerer bot- 
tle; sample depths were chosen on the basis 
of temperature and DO profiles to ensure 
sampling around the thermocline and oxy- 
Cline. Samples were always taken at the 
depths of sediment trap deployment (30 m, 
40 m) and at the chemocline (34.5 m). Water 
samples were placed in opaque containers, 
chilled on ice, and processed within 12 h of 
collection. 

After sampling, replicate sediment traps 
were placed above (30 m) and below (40 m) 
the chemocline. The traps were PVC tubes 
(65 cm long, 7.5-cm diam) suspended from 
a buoyed and anchored line. Rates of POM 
decomposition were measured with repli- 
cate 150-ml BOD bottles that were filled 
with 30- or 40-m water and attached to the 
line at the depth of collection. After 6-10 
d, sediment traps and BOD bottles were re- 
covered, and their contents were drained 
into containers and processed immediately. 

Concentrations of particulate carbon (PC) 
and particulate nitrogen (PN) were mea- 
sured in water samples collected with the 
Kemmerer bottle as well as those from the 
sediment traps and BOD incubations. Ali- 
quots were filtered on precombusted 13-mm 
GF/AE filters that were loaded into nickel 
capsules and dried in a desiccator. They 
were later analyzed for PC and PN with an 
elemental analyzer (Perkin-Elmer model 
240B) with acetanilide as a standard. Rep- 
licate aliquots were analyzed from the scd- 
iment traps and BOD bottles. Particulate 
carbon collected in the sediment traps was 
size-fractionated by analyzing aliquots of 

unscreened sample and aliquots after 
screening with a 60-pm Nitex mesh. 

The contents of the BOD bottles, water 
samples, and material from sediment traps 
were also analyzed for photosynthetic pig- 
ments (Chl a and Bchl a). Replicate aliquots 
were collected on 47-mm GF/AE filters and 
frozen. In the laboratory they were ground 
with 90% acetone and extracted overnight 
in a refrigerator. Concentrations were dc- 
termined spcctrophotometrically with the 
pheopigment correction of Lorenzen (1967) 
for Chl a and the equation of Takahashi and 
Ichimura (1970) for Bchl a. Figure 1 com- 
pares absorption spectra of pigment extracts 
taken in the aerobic epilimnion (phyto- 
plankton) and in the photosynthetic bacte- 
rial (PSB) layer. Since Bchl a is calculated 
only from the absorbance peak at 772 nm 
and algal pigments do not absorb at this 
wavelength (see Fig. In), calculation of Bchl 
a was straightforward even for water sam- 
ples containing both phytoplankton and 
thcsc photosynthetic bacteria. 

However, Bchl a interferes with the de- 
termination of algal Chl a. Calculation of 
Chl a includes subtraction of a turbidity 
blank at 750 nm, typically with very small 
values (Strickland and Parsons 1972). Ace- 
tone extracts of PSB from Big Soda Lake 
absorb strongly at 750 nm (Fig. IB), and the 
Lorenzen (1967) equation could not be ap- 
plied directly to samples containing PSB. 
To calculate Chl a in anoxic waters, we sub- 
tracted the value 0.69 X A772 from the mea- 
sured absorbance at 750 nm, where A,,, is 
the absorbance at 772 nm. The constant 
0.69 defines the PSB contribution to absor- 
bance at 750 nm and was determined from 
the mean value of the ratio A750 : A772 for 
all samples collected in anoxic waters. 

Aliquots of each sediment trap were pre- 
served in Lugol’s solution for microscopic 
examination. The remaining contents of 
each trap wcrc used to measure the total 
mass of seston collected during the deploy- 
ment period. We did this gravimetrically by 
collecting sediment on Nuclepore filters (0.2 
pm) and then reweighing them after air- 
drying. 

PC, PN, and pigment profiles of the water 
column were used to calculate total standing 
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stocks by depth integration (O-30 m) with 
trapezoidal quadrature. Vertical fluxes of 
PC, seston, and pigments were calculated 
from measured concentration changes in the 
sediment traps and BOD bottles. We as- 
sumed that two processes determine the ac- 
cumulation rate of biogenic seston in sedi- 
ment traps: decomposition (or production) 
of POM during the deployment period, and 
sedimentation. These processes are defined 

bY 

dC/dt = rC + G, (1) 

where C is the concentration of a seston 
constituent (PC, Bchl a, Chl a), t is time, r 
is the specific rate constant of decomposi- 
tion for constituent C, and G is the accu- 
mulation rate from sinking of constituent 
C. The solution to Eq. 1 yields a measure 
of the sedimentation rate (mg m-3 d--l) cor- 
rected for decomposition (see Ducklow et 
al. 1982): 

G = r[C,. - C,exp(rT)]l[exp(rT)-- 11, (2) 

where r is the specific rate of decomposition 
(d-l), C,. is the mean final concentration in 
sediment traps (mg m-3), C, is the mean 
initial concentration (mg m-3), and Tis de- 
ployment time (d). Vertical fluxes were 
then calculated as 

F (mg m-2 d-l) = VGL4, (3) 

where Vis the volume of the sediment traps 
and A is the surface area of the sediment 
trap opening. 

We determined values of the coefficient r 
from in situ incubations using the rclation- 
ship: 

r = ln(Cp/C,)IT, 

where Cr is the final concentration in the 
BOD bottles following recovery of the sed- 
imcnt traps. Mean values of r were 0.006 
d-l for PC (i .e. there was a small net pro- 
duction of particulate carbon in the BOD 
bottles) and -0.007 d -I for Bchl a. We as- 
sumed that the anaerobic decomposition 
rate for Chl a was equal to that for Bchl a. 
This correction for in situ decomposition/ 
production was small; vertical fluxes cal- 
culated with and without the correction 
agreed within 1 O-20%. 

Photosynthetic Bacteria 
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Fig. 1. Typical absorption spectra of acetone ex- 
tracts taken from samples collected (A) in the cpilim- 
nion of Big Soda Lake (showing the algal Chl a peak 
at 665 nm), and (B) in the PSB layer (showing the Bchl 
a peak at 772 nm). 

Results 

Seston composition and standing stocks- 
Vertical distributions of oxygen, tempera- 
ture, and photosynthetic pigments were 
similar in July and October 1984 (Fig. 2) to 
those observed in July and November 198 1 
(Cloern et al. 1983a). These sampling dates 
were representative of the summer-autumn 
period of thermal stratification. Oxygen dis- 
appeared at a depth of 18-20 m, phyto- 
plankton biomass was low (< 1.5 mg,Chl a 
m-3), and there was a layer of purple pho- 
tosynthetic bacteria just below the depth of 
oxygen disappearance (max Bchl a = 130 
mg m-3). Depth distributions of PC and PN 
paralleled those of pigments: concentrations 
were low in the epilimnion and peaked at 
the depth of the Bchl a maximum. A second 
peak in PC and PN, at the chemoclinc (see 
October), was not associated with Bchl a. 
During the period of thermal stratification, 
there wcrc variations in the ratio of partic- 
ulate carbon to nitrogen across the oxycline. 
For example during July, PC : PN ratios were 
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Fig. 2. Vertical profiles of the Big Soda Lake mix- 
olimnion. Left-depth distributions of temperature and 
dissolved oxygen; center-distributions of particulate 
carbon and particulate nitrogen; right-distributions 
of photosynthetic pigments: Chl a in the aerobic zone 
and Bchl a in the anaerobic zone. 

high (13) in the epilimnion but low (5) in 
the PSB layer. These differences presumably 
reflect nitrogen limitation in the epilimnion, 
consistent with DIN profiles obtained in 
previous studies (Cloern et al. 1983a). 

The February sampling occurred during 
the period of surface cooling and enhanced 
vertical mixing, shown by the nearly iso- 
thermal conditions extending to 24 m (Fig. 
2). Dissolved oxygen was present down to 
24 m and the PSB populations were re- 
duced. Similar conditions were observed in 
February 1982. However in February 1985 
thermocline depth was 4-5 m higher and 
phytoplankton biomass remained lower 

than in February 1982. It appears that the 
deeper mixing into DIN-rich anoxic waters 
is required to initiate the winter bloom. 
Subsequent sampling in May (Fig. 2) showed 
that deeper mixing and a winter bloom did 
occur after February 198 5. Low winter bio- 
mass of the phototrophs was reflected in low 
PC and PN concentrations during February. 

Vertical distributions of temperature and 
Chl a showed that the May sampling oc- 
curred at the end of the winter bloom. Ther- 
mal stratification was re-established with a 
thermocline at 6-7 m, and phytoplankton 
biomass was again low in the surface layer 
but it was high (20 mg Chl a m-3) below the 
thermocline (Fig. 2). We speculate that this 
distribution resulted from the decline of the 
winter phytoplankton bloom in the surface 
layer after the onset of thermal stratification 
in spring. The subsurface Chl a peak indi- 
cates that residual DIN was still sufficient 
to sustain high phytoplankton biomass there, 
but that DIN was depleted in the epilim- 
nion. PC : PN ratios support this interpre- 
tation (PC : PN was 9-l 3 in the epilimnion, 
but 5-7 below 18 m). 

Although we did not sample during the 
peak of the winter bloom, there was con- 
siderable variation in the standing stock and 
nature of seston among the four sampling 
periods. Standing stock of PC varied almost 
threefold (Table 1) and the relative contri- 
butions of phytoplankton and PSB varied 
even more: standing stock of Chl a varied 
by an order of magnitude (maximum in May 
of 145 mg mp2) and PSB biomass varied 
fivefold (maximum in July-October of about 
500 mg Bchl a m-2). 

Vertical fluxes-Vertical fluxes of ses- 
ton, PC, and Chl a were low and stable from 
July to February (Fig. 3). During this period 
fluxes to the chemocline ranged from 336 
to 442 mg dry wt rnh2 d-l, 63 to 113 mg C 
m-2 d-l, and 0.14 to 0.52 mg Chl a rnp2 d-l. 
However during May, fluxes of all three 
constituents were substantially higher- 
about fivefold for seston and PC, and almost 
50-fold for Chl a (Fig. 3). Agreement among 
replicate sediment traps gives an indication 
of the precision of these values: the mean 
deviation among all paired measurements 
averaged 20% for PC and 15% for Chl a 
fluxes. This “variance” is similar in mag- 
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Table 1. Standing stocks of three seston constituents in Big Soda Lake during 1984-l 985; values are depth 
integrals from 0 to 30 m. Shown in parentheses are specific sinking rates (percent lost per day = 100% x vertical 
flux + standing stock). 

Sul act Fcb May 

Particulate C (g m-2) 28.7 (0.4) 25.1 (0.3) 10.7 (0.9) 18.2 (3.1) 
Phytoplankton (mg Chl a m ‘) 42.7 (1.2) 33.7 (1.2) 10.5 (1.4) 145 (15.4) 
Photosynthetic bacteria (mg Bchl a m -‘) 500 (0.1) 530 (0.1) 130 (1.0) 90 (0.1) 

nitude to that of replicate measures of PC 
concentration within individual sediment 
traps, so most of the measurement error is 
associated with sampling and analytical error 
rather than poor agreement among replicate 
traps. Given this level of precision, we con- 
clude that measured vertical fluxes of ses- 
ton, PC, and Chl a did not change signifi- 
cantly between July 1984 and February 
19 8 5, but that the fluxes in May were larger. 
Unlike the other constituents, vertical flux 
of Bchl a was highest in February, following 
the onset of winter mixing (Fig. 3). 

smaller for PC (mean among three sampling 
dates of 67%) and Bchl a (mean of 54%). 

From ratios of vertical flux to standing 
stock, we calculated specific sinking rates 
(i.e. turnover rates due to sedimentation) for 
PC and photosynthetic pigments (Table 1). 
During July and October these turnover rates 
wcrc 0.3-0.4% d-l for PC, 1.2% d- I for Chl 
a, and 0.1% d-l for Bchl a (=residence times 
in the mixolimnion of 83 d for phytoplank- 
ton and 1,000 d for PSB). The specific sink- 
ing rate of PSB increased lo-fold in Feb- 
ruary, following winter mixing and 
disruption of the bacterial layer. Similarly, 
the turnover rate of phytoplankton in- 
creased lo-fold (residence time = 6 d) in 
May, after decline of the winter bloom. 

\ ~~ ,I--- --- timate PSB and algal contributions to the 

Measured rates of sedimentation are 
summarized in Fig. 3 (the deep sediment 
traps were lost in July). For all constituents, 
seasonal changes in vertical fluxes below the 
chemocline (at 40 m) paralleled those above 
it (30 m). The ratio of these fluxes (FAO : F,,) 
is an index of the efficiency of the chcmo- 
Cline in trapping sinking particulates. For 
total seston this ratio was high (>86%), 
showing that the chemocline retained only 
a small fraction of sinking particulate mat- 
tcr (this ratio was > 100% in October, but 
the difference between FJO and F30 was less 
than the precision of the measurement). This 
ratio was similar for Chl a (> 80%). but was 

Composition of sinking particles - Sev- 
eral different approaches were used to char- 
acterize the particulate matter collected in 
sediment traps (Table 2). Microscopic ex- 
amination revealed no obvious differences 
in seston collected above or below the che- 
moclinc. However there were seasonal dif- 
ferences. For example, Oocystis colonies and 
cladoceran molts were present in July, fecal 
pellets were prominant in October and Fcb- 
ruary, and N. palea dominated in May. 
These seasonal changes mirrored those in 
the water column: Oocystis is the dominant 
phytoplankton taxon in summer, and the 
cladoceran Moina hutchinsoni is most 
abundant in summer-autumn (Cloern et al. 
1983a); the copepod Diaptomus sicilis is 
abundant in spring and maintains a small 
winter population; and the winter phyto- 
plankton bloom is composed almost cntire- 
ly of the diatom N. palea. Most (~65%) of 
the PC passed a 60-pm mesh (both above 
and below the chemocline), showing that 
large particles (e.g. fecal pellets, crustacean 
carcasses) composed a small fraction of the 
sinking POM (Table 2). In May virtually all 
PC passed the 60-pm mesh, consistent with 
the observation that seston then was dom- 
inated by N. palea. A third characteristic of 
the seston, the organic carbon fraction (PC 
flux/seston flux), was consistently about 20% 
above the chemocline. There was always a 
reduction in this fraction below the che- 
mocline (Table 2), and this depletion of or- 
ganic carbon was the only apparent differ- 
ence in seston composition across the 
chemocline. 

Photosynthetic bacteria or phytoplank- 
ton (depending on season) composed a large 
fraction of POM in the mixolimnion.To es- 
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Fig. 3. Vertical fluxes of seston, PC, Chl a, and Bchl a in Big Soda Lake during 1984-l 985. Values over the 
horizontal lines represent measured fluxes above the chemocline (at 30 m) and values under the horizontal lines 
are fluxes below the chemocline (at 40 m). 

PC flux at the chemocline, we multiplied 
measured vertical fluxes of pigments (Fig. 
3) by a carbon : pigment conversion factor. 
For PSB, the conversion factor was ob- 
tained from linear regression (model 2: Laws 
and Archie 198 1) of PC against Bchl a for 
all data collected around the PSB layers 
(= 19-22 m; Fig. 2). The regression was 
highly significant (Fig. 4), and the slope 
yielded a C : Bchl a ratio of 15.2. Calculated 
vertical fluxes of PSB, in carbon units, were 
a small component (4%) of the total PC flux 
in July when the bacterial layer was well 

defined and maintained by thermal strati- 
fication. In February, however, when the 
bacterial layer had dissipated due to winter 
mixing, the PSB component of PC flux in- 
creased to 2 1% (Table 2). Except during 
winter mixing, then, the vertical flux of pho- 
tosynthetic bacteria was small even though 
this community comprised a large fraction 
(25% in summer-autumn) of the total 
standing stock of PC. 

Analogous calculation of the phytoplank- 
ton component of PC flux was not possible, 
because there was no correlation between 

Table 2. Characteristics of seston in Big Soda Lake during 1984-1985. 

Jul act Fcb 

Microscopic examination: 

Predominant components Oocystis Organic aggregates Fecal pellets 

Crustacean Crustacean molts Organic aggregates 
molts Fecal pellets Pcnnate diatoms 

Pennatc diatoms 

- 
May 

Nitzschia 
palea 

Size fractionation: 

Percentage of PC passing 65 78 77 99 
a 60-pm mesh 

Organic content (%C) at - 19/15 21/l 1 21/17 
30 m/40 m 

Phytoplankton (PP) or photosynthetic bacterial (PSB) component (%) of vertical PC flux at 30 m: 

PP 12 17 4 Most 
PSI3 4 14 21 1 



Big Soda Lake: Sedimentation 821 

PC and Chl a concentration. In May, the 3000- 

ratio of the PC flux to the Chl a flux at 30 
m was 24.7 mg C (mg Chl a)-‘-near the 
lower limit of expected C : Chl a ratios for _ 
phytoplankton (e.g. Cullen 1982). It implies % 
that most of the PC in May was composed m 2000- 

of phytoplankton cells, consistent with mi- 
E 
8 

croscopic examination of the sediment trap % 
contents (Table 2). Assuming a constant 2 
phytoplankton C : Chl a ratio of 25, we es- $ 
timate that during other times of the year 

g looO- 

the phytoplankton component was a small- ’ / 
er fraction (4-17%) of PC flux (Table 2). I) , 

Discussion 

Seasonality of vertical jluxes -The mix- 
olimnion of Big Soda Lake shows large sea- 
sonal variations in the vertical flux of ses- 
ton, characterized by a relatively constant 
and low sedimentation rate from summer 
to winter, followed by a large increase dur- 
ing spring (Fig. 3). This seasonality does not 
result from temporal variations in the 
standing stock of seston, because PC stand- 
ing stock was highest in summer (Table 1). 
Rather, it results from temporal changes in 
the specific sinking rate of the seston. Dur- 
ing summer and autumn only about 0.4% 
of the PC standing stock is lost to sedimcn- 
tation per day, but this fraction increases 
almost lo-fold in spring (Table 1). This 
change results from differential sinking rates 
of the predominant autotrophs. During 
summer and autumn most (= 85%: Cloern 
et al. 1983b) production is by chcmosyn- 
thetic and photosynthetic bacteria. These 
organisms sink very slowly. Note, for ex- 
ample, that the specific sinking rate of Bchl 
a was only 0.1% d-l during summer-au- 
tumn (Table 1). On the other hand, phy- 
toplankton are the dominant producers af- 
ter winter mixing and their sinking rates are 
much higher, particularly following thermal 
stratification and subsequent nutrient de- 
pletion in the epilimnion during spring (16% 
daily loss in May). Smetacek et al. (1978) 
observed similar rapid sinking losses of 
phytoplankton following blooms in the Bal- 
tic, and in his review Smetacek (1985) 
showed that rapid mass sedimentation of 
diatoms is common in lakes and the ocean 
after nutrients are depicted. An analogous 
event with the PSB layer followed enhanced 

i 
OO VJ I_- -L 

100 150 

Bchl a (mg m-3) 

Fig. 4. Model 2 (gcomctric mean) regression of PC 
against Bchl a for all samples collcctcd at or near the 
bacterial layer of Big Soda Lake. 

mixing in winter; PSB standing stock de- 
creased from 530 to 130 mg Bchl a m-2 
between October and February, and the spe- 
cific sinking rate of PSB increased lo-fold 
in February (Table 1). This accelerated sink- 
ing of PSB could bc a consequence of phys- 
iological stress (exposure to oxygen or de- 
pletion of reduced sulfur compounds) 
resulting from vertical mixing in winter. 

Our results suggest an annual cycle of 
sedimentation. After thermal stratification 
is established in early summer (and for most 
of the year), autotrophic production is dom- 
inated by bacteria localized in a layer at or 
below the oxycline; maintenance of this lay- 
er is facilitated by slow turbulent mixing 
below the thermocline. Phytoplankton bio- 
mass is low because of nutrient limitation 
in the epilimnion, and vertical fluxes (ses- 
ton, PC, pigments) are also low (July, Oc- 
tober-Fig. 3). During the initial stage of 
winter mixing the bacterial layer is dis- 
rupted by turbulent mixing, and there is an 
increased flux rate of PSB to the chemocline 
(February-Fig. 3). After the near-complete 
circulation of the mixolimnion in winter, 
DIN from the hypolimnion is brought to 
the surface, phytoplankton biomass in- 
creases, and primary productivity is dom- 
inated by planktonic diatoms. Vertical flux- 
es were not measured during this stage, but 
it is likely that fluxes of PC and Chl a are 
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higher than measured in our study. During 
the winter bloom of 1982, we measured 
phytoplankton biomass as high as 945 mg 
Chl a m-2, over six times higher than during 
our flux measurements in May 1985. Dur- 
ing the re-establishment of thermal strati- 
fication in spring, the phytoplankton bloom 
collapses, and the vertical flux of senescent 
diatoms is large (May-Fig. 3). The vertical 
flux of POM is therefore controlled by qual- 
itative changes in seston that, in turn, are 
driven by seasonal changes in the physical 
structure of the water column, as in other 
pelagic systems (Hargrave and Taguchi 
1978). 

The chemocline as a localized site of min- 
eralization -Both seston and bacteria ac- 
cumulate at the chemocline of Big Soda Lake 
(Zehr et al. 1987), suggesting that this den- 
sity discontinuity may be an important site 
of POM mineralization. However, sinking 
losses of PC are small relative to produc- 
tivity. For example, autotrophic productiv- 
ity is about 700 mg C m-2 d-’ during sum- 
mer-autumn (Cloern et al. 19833) when 
vertical fluxes ranged from 63 to 113 mg 
C rnp2 d-l. Hence only about 9-l 6% of daily 
productivity sinks to the chemocline during 
summer-autumn. In addition, most partic- 
ulate carbon (~70%) reaching the chcmo- 
Cline passes through it, so only about 3-5% 
of daily productivity accumulates there. Re- 
cent measurements show that ATP and pro- 
tein concentrations are not elevated at the 
chemocline (Oremland et al. 1987), and as- 
similation rates of thymidine are low there 
(Zehr et al. 1987). Hence the large localized 
population of bacteria observed at the che- 
mocline must play a minor role in lake me- 
tabolism and nutrient regeneration. 

Because vertical fluxes of seston below the 
chemoclinc were about 90% of those mea- 
sured above it (Fig. 3), we conclude further 
that the chemocline of the lake is an inef- 
ficient filter for sinking particulate matter. 
In addition, microscopic examination 
showed similar compositions of seston col- 
lected at 30 and 40 m. These observations 
demonstrate that an extreme density dis- 
continuity (42 kg m-3 over < 1 m) does not 
greatly inhibit the sinking of bulk POM or 
pelagic diatoms. Consequently the much 

smaller density gradients characteristic of 
the open ocean and freshwater lakes should 
not greatly influence the vertical flux of sus- 
pended particles. Our observations support 
other mechanisms for the formation of 
chlorophyll peaks in the deep ocean (e.g. 
Cullen 1982). On the other hand, the che- 
mocline of Big Soda Lake does inhi bit more 
strongly the sinking of bacteria, as evi- 
denced by the accumulation of bacterial cells 
there and the reduced vertical fluxes of Bchl 
a across the chemocline (Fig. 3). 

Implications for the lake carbon budget - 
Comparison of vertical PC fluxes with our 
previous measures of productivity indicates 
that sinking losses are a minor component 
of the carbon budget in Big Soda Lake, at 
least during summer-autumn, as is illus- 
trated by a simple population model of PSB 
biomass: 

AB/At = P - S - H. (4) 

Here AB/At represents the rate of biomass 
increase (mg C m-2 d-l), P is the produc- 
tivity, S is the sinking loss rate from the 
mixolimnion, and H is the rate of all in situ 
processes that consume PSB (including 
grazing, lysis, and decomposition of senes- 
cent cells). From July to October 1984, PSB 
biomass increased from 500 to 530 mg Bchl 
a m-2 -equal to a daily population growth 
rate of 4.9 mg C m-* d- I. PSB productivity 
ranged from 180 to 2 10 mg C m-2 d-l in 
summer-autumn 198 1 (Cloern et al. 1983b), 
and measured sinking losses ranged from 
0.31 to 0.57 mg Bchl a m-2 d-l (=4.7-8.7 
mg C rnA2 d-l). Using mean values for P and 
S, we calculate that heterotrophic processes 
in the water column (H) are the dominant 
sink for PSB production: 

4.9 = 195 - 6.7 - H, 

or 

H = 183 mg C m-2 d-l. 

For this community, the estimated con- 
sumption rate is 97% of daily productivity. 
Similar calculations for phytoplankton in- 
dicate that H/P = 89% during summer and 
autumn. This consumption must take place 
in the mixolimnion. 

Mechanisms responsible for this high re- 
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cycling efficiency (~90%) are not known. 
Among microbial processes, rates of mcth- 
ane production are negligible (Iverscn et al. 
1987), denitrification has not been detected 
(Oremland et al. 1987), and sulfate reduc- 
tion in the mixolimnion can account for a 
maximum mineralization rate of only 100 
mg C me2 d-l (Smith and Oremland 1987), 
which is ~20% of the difference between 
productivity and PC sedimentation rate. 
Zehr et al. (1987) speculate that fermenta- 
tion processes are the predominant mech- 
anism of decomposition of the anaerobic 
mixolimnion. Zooplankton may also be im- 
portant in recycling PC. Sorokin (1965) 
demonstrated that crustaceans can feed from 
bacterial layers associated with an oxycline. 
Sorokin and Donato (1975) observed cil- 
iates active in the anoxic zone of mero- 
mictic Lake Faro. And there is growing evi- 
dence that microzooplankton grazing can be 
a large sink for production by small auto- 
trophs and bacteria; for example, Sherr et 
al. (1984) showed that heterotrophic nano- 
plankton (microflagellates) graze up to half 
the daily bacterioplankton production in 
Georgia coastal waters. Unfortunately, the 
zooplankton community has been largely 
ignored in Big Soda Lake. 

The fate of POM produced during the 
winter bloom remains an open question be- 
cause vertical PC fluxes were not measured 
during the winter peak in phytoplankton 
biomass and productivity. The high specific 
sinking rate in May (0.16 d-l for Chl a) is 
about 40% of our upper estimate of phy- 
toplankton growth rate (Cloern ct al. 19836). 
Sinking losses of this magnitude (E 30-40% 
of daily productivity) are common during 
winter-spring diatom blooms (Ducklow et 
al. 1982; Forsskahl et al. 1982) when re- 
cycling is slowed by cold temperatures and 
low zooplankton biomass (Smetacek 1980). 

Although Big Soda Lake is unusual in its 
extreme vertical zonation (distinct chemo- 
Cline, thermocline, and oxycline) and its 
community of autotrophs (seasonal alter- 
nation of bacteria and algae), the patterns 
of carbon cycling described here are similar 
to those observed in holomictic lakes and 
the ocean. As a general rule, most produc- 
tion (~90%) is mineralized before sinking 

from the trophogenic zone (e.g. Bloesch et 
al. 1977; Eppley and Peterson 1979; Karl 
and Knauer 1984). Exceptions to this rule 
occur only after the winter diatom bloom, 
when sedimentation losses become a large 
component of the carbon budget. 
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