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Abstract. To quantify the extent to which biomass and phosphorus in particular is removed from an
aquatic system via sedimentation as well as to identify factors that influence sedimentation of nutrient
elements, various characterizations of suspended and settling particulate matter were made in Trout
Lake, Wisconsin, USA. The proportion of water column phosphorus reaching sediment traps showed a
seasonal component with a minimum during late summer. Biogenic silicon analysis indicated that rela-
tively high rates of phosphorus removal were associated with the sedimentation of siliceous algae (dia-
toms) from the water column. Estimates of the impact of nutrient removal through diatom sedimenta-
tion indicate that this process can reduce primary production by decreasing the amount of nutrient
remineralization in the water column during the stratified period.

Introduction

Sedimentation is a key biogeochemical process in aquatic systems and has received
attention from scientists studying both freshwater and marine environments. Sedi-
mentation limits the supply of material available for regeneration of biologically
available nutrient elements in the water column, the main source of nutrients to
primary producers in many aquatic systems (Bloesch et al. 1977; Caraco et al. 1992;
Poister et al. 1994). Thus, the sedimentation of nutrient elements such as phospho-
rus and nitrogen that limit production are of particular interest. Sedimentation also
initiates the permanent removal of material from aquatic systems via sediment
burial. Thus, sedimentation is important in marine systems where it plays a role in
the global cycling of important elements such as carbon (Slengenthaler and
Sarmiento 1993; Arrigo et al. 1999). In addition, sedimentation can play a role in
the community composition of the food web by influencing phytoplankton succes-
sion (Reynolds et al. 1982; Reynolds and Wiseman 1982).

Researchers have examined various factors that can influence sedimentation.
Variables shown to affect the nature and settling velocity of sedimenting particles
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include: chemical conditions relating to precipitation and coagulation (Boehm and
Grant 1998; Hodell and Schelske 1998; Shafer and Armstrong 1991), the vertical
distribution of primary production (Hurley and Garrison 1993), the creation of dis-
crete fecal pellets by zooplankton (Butler and Dam 1994; Elser et al. 1995; Sar-
nelle 1999), and the size distribution of water column particles (Guy et al. 1994;
Larocque et al. 1996). Phytoplankton community composition may also influence
sedimenting particles. In particular, diatoms have a greater density than most other
phytoplankton and may contribute disproportionally to the pool of sedimenting
particles (Reynolds and Wiseman 1982; Wassman et al. 1996; Tallberg and Heis-
kanen 1998). In addition, certain diatoms have the ability to respond rapidly to tur-
bulence and repopulate the water column with actively growing cells from resting
stages in sediments (Reynolds 1984). Thus, periods of overturn can coincide with
diatom blooms and subsequent sedimentation events.

A variable of particular importance to understanding biogeochemical cycles is
the amount of particles reaching sediments relative to the amount of particulate
matter being created through photosynthesis, often referred to as the export coeffi-
cient. Studies of this aspect of sedimentation have led to conflicting conclusions.
Many models that consider sedimentation calculate the export coefficient based on
primary production and depth (Suess 1980; Pace et al. 1987). The assumption that
sedimentation is a fixed proportion of primary production is supported by research
using sediment traps in both marine and freshwater systems of varying trophic sta-
tus (Baines and Pace 1994; Tartari and Biasci 1997; Heiskanen and Tallberg 1999).
However, other studies indicate that sedimentation is not a constant proportion of
primary production and that the nature of the particles being created and water col-
umn conditions should be considered (Boyd and Newton 1995; Larocque et al.
1996).

Poister et al. (1994) compared the rate of primary production to the sedimenta-
tion rate in three north temperate lakes. In one system, Trout Lake, seasonal changes
in the sedimentation rate were the opposite of changes in the rate of primary pro-
duction, yielding higher export coefficients in spring and fall with more rapid water
column recycling of nutrients in the summer. This paper presents data that supports
the hypothesis that such seasonal sedimentation trends in Trout Lake are due to the
presence of rapidly sinking diatoms. These data suggest that the taxonomic com-
position of the phytoplankton community can have a significant impact on the cy-
cling of nutrient elements in aquatic systems.

Methods

All samples were collected during the 1993 ice-free season at Trout Lake, a me-
sotrophic, softwater lake located in Vilas County, Wisconsin, USA. The lake has an
average annual mid-lake production based on 14C uptake measurements of 569 mg
C × m−2 × day−1 (Adams et al. 1993), a surface area of 11 km2, a total volume of
0.16 km3, and a maximum depth of 35.7 m. Trout Lake receives surface water in-
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put from four small tributaries and is drained by one outflowing stream. The lake is
divided into two basins. All samples were collected at the deepest point in the
southern basin, the larger and deeper of the two. In 1993, Trout Lake had a com-
pletely mixed water column starting at ice-out in early May until the onset of
stratification at the beginning of June (Figure 1). The lake remained stratified until
fall mixis at the end of October.

Water column samples were collected from 4 depths throughout the water col-
umn at approximately 2 week intervals during the ice-free season. Samples for to-
tal particulate P (PP), particulate biogenic Si (PBSi), and total particulate matter
(TPM) where pumped directly from the lake through opaque tubing onto filters
contained in opaque filter holders to minimize exposure to light and air. TPM and
PBSi samples were collected on a preweighed 0.4 µm pore size, 47 mm diameter
polycarbonate filters. PP samples were collected on 0.45 µm pore size, 47 mm cel-
lulose acetate filters that had been acid washed in 1 N HCl. The filtrate was col-
lected in preweighed plastic bottles to determine the volume of lake water filtered.
Whole water samples were also preserved in Lugol’s solution for future micro-
scopic examination.

Duplicate sediment traps were deployed at the sampling location for approxi-
mately two week intervals to collect sedimenting particles. Each cylindrical trap
was constructed of a clear acrylic tube with a conical bottom which funneled par-
ticles into a detachable plastic bottle. Traps had a collection area of 165 cm2 and
an aspect ratio of 4:1. Each trap contained an ampule of 0.2 g NaN3 poison to re-
tard microbial decomposition during sample collection while minimizing swimmer
poisoning (Lee et al. 1992). Traps were deployed on an anchored line and held up-

Figure 1. Water column temperature (Celsius) during the 1993 ice-free season. Based on temperature
profiles collected every two weeks at 1 m intervals. Also shown, location and duration of sediment trap
deployment. (* = traps not recovered from this interval).
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right by attachment to a buoy positioned 1 m below the water surface. Traps were
deployed approximately 12 m above the sediment surface to minimize the effect of
resuspended benthic sediments on material collected.

Sediment trap samples consisted of all the solid material funneled into the de-
tachable bottle during the deployment interval. Subsamples of material from each
trap were filtered onto a preweighed 0.4 µm pore size polycarbonate filter and sub-
sequently used to determine mass and PBSi. A subsample from each size fraction
was preserved in Lugol’s solution for visual examination. The remaining trap ma-
terial was freeze-dried and used for total P analysis.

The rate of particle sedimentation (mg × m−2 × day−1) was calculated by divid-
ing the total mass of particles collected in a given trap by the collection area (165
cm2) and the duration of trap deployment. The rate of PBSi and PP sedimentation
were calculated by multiplying the concentration of these components in sediment
trap particles (e.g., mg P/mg particles) by the mass sedimentation rate. The deter-
mination of PBSi and PP concentration in sediment trap material and water column
particles is described below.

PBSi analysis was based on the method of DeMaster (1981). Sediment trap and
water column particles collected on polycarbonate filters were digested in 10% ul-
trapure Na2CO3 at 85 °C for two hours. Digested samples were cooled, neutralized
with 2 N HCl, and filtered through a 0.4 µm pore size nylon syringe filter. Reactive
silicon concentration was then measured in an appropriate subsample of the filtrate
(Strickland and Parsons 1972). Samples from duplicate sediment traps were on av-
erage 16% different with respect to PBSi concentration (µg Si/mg particles).

Total P was determined by digestion of 10–20 mg of solid trap material (or the
cellulose acetate filter for water column PP) with perchloric/nitric acid (Sommers
and Nelson 1972). The cellulose acetate filter completely dissolved during the di-
gestion. Phosphate concentration in the digest was determined by molybdate blue
determination of phosphate concentration (Murphy and Riley 1962). The precision
and accuracy of this procedure is described elsewhere (Poister 1992).

Results

Water column particulates

Trends in the concentration of total particulate matter (TPM) are typical for me-
sotrophic lakes in the region (Figure 2). An initial peak in particulate matter in
mid-May reflects the spring bloom of phytoplankton, typically indicating the re-
sponse of primary producers to increased light and nutrient levels in the recently
thawed and mixed lake. The spring TPM maximum consists largely of autochtho-
nous particles as reflected by a corresponding peak in chlorophyll concentration at
the same time and depth (Poister et al. 1999). A second increase in particulate mat-
ter occurs in the epilimnion of the lake in August. These two periods of high TPM
concentration are separated by a minimum in June, a period when zooplankton
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grazing likely diminished the standing stock of particulate matter. Pigment concen-
trations indicate that water column particles in the spring maximum consisted
mostly of chrysophytes while the particles formed during the stratified period con-
tained more cryptophytes and chlorophytes (Poister 1995).

PBSi analysis was performed to assess the relative abundance and distribution
of siliceous algae such as diatoms in the water column (Figure 3). With the excep-
tion of the clear-water phase in June, PBSi concentrations were highest in the spring
and first half of the summer. Again, this result is typical for lakes of this type where
diatoms tend to flourish in the nutrient rich and turbulent environment early in the
season. A comparison of Figures 2 and 3 indicates that the May TPM peak had a
higher proportion of diatoms relative to the summer TPM peak in August and Sep-
tember. This interpretation is confirmed by similar trends in the concentration of
the diatom pigment fucoxanthin measured at the same time (Poister 1995). Inter-
estingly, PBSi concentrations return to spring levels during the final sampling day
in November following the fall mixis that occurred at the end of October (Figure 1).
Increased diatom production at fall overturn may be related to resuspension and
subsequent rejuvenation of previously sedimented meroplanktonic diatom cells
from near the sediment – water interface (Schelske et al. 1995).

Sedimentation

Figure 4 shows the rate of particle deposition into sediment traps deployed in Trout
Lake. The mass sedimentation rate gradually decreases from a spring high and
reaches a minimum prior to the fall overturn of the water column. The final sedi-

Figure 2. Total particulate matter (TPM) concentration (mg/L) in Trout Lake during the 1993 ice-free
season. * = sampling point.
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ment trap deployment interval showed a marked increase in the sedimentation rate
and corresponds to the fall overturn of the water column (Figure 1).

Various factors influence the sedimentation rate as measured by sediment traps
under certain conditions. These factors can compromise the use of sediment traps
as a tool for measuring the sedimentation of autochthonous particles. Resuspension
of deposited sediments and the influx of allochthonous particles into the water col-

Figure 3. Particulate biogenic silica (PBSi) concentration (µg/L) in Trout Lake during the 1993 ice-free
season. * = sampling point.

Figure 4. Mass sedimentation rate in Trout Lake during the 1993 ice-free season. Average of duplicate
sediment traps.
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umn have been shown to increase the sedimentation rate in lakes (Bloesch 1995;
Effler et al. 2001). In Trout Lake, these processes may influence sediment trap
measurements when the water column is mixed and in the spring when surface wa-
ter input is greatest. Since water column TPM concentrations did not increase uni-
formly throughout the water column or preferentially closer to the sediment water
interface during spring mixis (Figure 2) it is unlikely that these processes had a
significant impact on sediment trap measurements in the spring. However, given
the gradual increase in TPM concentration throughout the stratified period at the 31
m sampling point relative to other depths and the increase in TPM and PBSi
throughout the water column during fall mixis, it is possible that the increase in
sedimentation during the final trap deployment interval in the fall is partially at-
tributable to redeposition of previously deposited sediments.

Sediment traps can overestimate the sedimentation rate when deployed in tur-
bulent environments (Kozerski 1994). If energy from wind-induced turbulence was
transferred from the lake surface to the depth of trap deployment, sediment traps in
Trout Lake could have overtrapped particles. Since this scenario is most likely dur-
ing the spring and fall mixed periods, the influence of overtrapping may have in-
creased estimates on the sedimentation rates during the initial and final trap de-
ployment intervals.

A comparison of the mass sedimentation rate (Figure 4) to the concentration of
particles available for sedimentation in the water column (Figure 2) indicates that
sedimentation is not a constant proportion of water column particles in Trout Lake.
In fact, the minimum in the rate of particle sedimentation (August through Octo-
ber) corresponds to a period of relatively high concentration of particles in the wa-
ter column.

A temporal trend similar to that observed for TPM exists when the concentra-
tion of particulate water column P is compared to the P sedimentation rate. Fig-
ure 5 shows seasonal trends in P flux to sediment traps similar to trends in the mass
sedimentation rate. P sedimentation does not vary in concert with the amount of P
available for sedimentation from the water column expressed as areal particulate P
(PP) concentration. Areal PP concentration is calculated by averaging PP concen-
trations determined at the three water column sampling points above the depth of
trap deployment (see Figure 2). The concentration of PP in the water column rises
in August and September while the sedimentation rate of P is at the lowest point of
the season.

Differential sedimentation of material on a seasonal basis has implications for
the internal nutrient cycles of lakes. Delivering nutrient elements to the sediments
in spring and early summer to some extent limits their availability to phytoplank-
ton in the photic zone during the stratified period, thus limiting productivity.

To examine the impact of seasonal P sedimentation, a P export ratio was calcu-
lated for each trap deployment interval. The export ratio was calculated by dividing
the rate of P sedimentation by the areal concentration of particulate phosphorus
above the trap on the first day of the deployment interval then multiplying this ra-
tio by 100. In several instances, PP was not measured on the same day the trap
deployment interval began. In these cases, the water column concentration of PP
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was estimated for that day assuming a linear change from the two closest data
points. Calculated in this manner, the P export ratio can be used to assess seasonal
trends in the proportion of water column P available for sedimentation that is ac-
tually removed from the water column.

Figure 6 displays the seasonal aspect of nutrient removal in Trout Lake as indi-
cated by the P export ratio. In spring and early summer, when diatoms are abun-
dant, the proportion of P removed via sedimentation is greater than during the re-
mainder of the stratified period. This proportion increases during fall mixis when
diatoms become more abundant once again as evidence by increases in the concen-
tration of PBSi (Figure 2) and fucoxanthin (Poister 1995). Figure 6 also displays
the sedimentation rate of PBSi. The fact that the sedimentation rate of PBSi (an
indicator of diatom abundance) varies in concert with the export coefficient of
phosphorus supports the contention that the sedimentation of siliceous algae can
affect the rate of nutrient sedimentation in lakes. In 1993 the P export ratio and the
PBSi sedimentation rate were positively correlated (r2 = 0.73, p = 0.0004). Visual
examination confirmed that diatoms, particularly a species of Aulacoseira, were a
major component of trap material early in the ice-free season (Poister et al. 1999).
Sediment trap material did not contain any discernable zooplankton fecal pellets, a
component of sedimenting particles that can contribute to seasonal sedimentation
trends.

Figure 5. Areal PP concentration in the water column above the depth of trap deployment (24 meters)
and the P sedimentation rate in Trout Lake.
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Discussion

Possible implications of diatom associated P sedimentation

Diatom sedimentation may reduce primary production in P limited lakes. The po-
tential impact of diatom-associated P sedimentation is elucidated using Trout Lake
data. The average P sedimentation rate in Trout Lake in September, 1993 was 1.2
mg × m−2 × day−1. PBSi sedimentation data suggest that during this period, diatom
sedimentation is at a minimum. Thus, September P sedimentation represents P
sedimentation minimally affected by diatoms. Subtracting non-diatom associated P
sedimentation from the sedimentation rate throughout the remainder of the ice-free
season yields an estimate of diatom associated P sedimentation. Assuming non-dia-
tom associated P sedimentation estimated from September data remains constant
throughout the ice-free season, estimated diatom associated P sedimentation ac-
counts for the removal of 470 mg P × m−2, 72% of the total P flux to sediment
traps during the ice-free season.

Poister (1992) estimated that P incorporation by primary producers occurred at a
rate of 10.6 mg P × m−2 × day−1 during the stratified period and that new soluble
reactive phosphorus added to Trout Lake would be used approximately 7 times be-
fore permanent loss from the system. Thus, if the diatom-associated P had not sedi-
mented out of the photic zone of Trout Lake, P reuse would give an effective in-
crease in P available to primary producers of 3100 mg P/m2. If this extra P were
completely taken up by phytoplankton during the 190 day ice-free season, average

Figure 6. PBSi sedimentation rate and P export ratio (P sedimentation: water column PP × 100) in Trout
Lake.
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P incorporation by primary producers would increase by 16 mg P × m−2 × day−1 to
nearly 27 mg P × m−2 × day−1. If diatom-associated P had not been removed via
sedimentation in Trout Lake 1993, these estimates predict that primary production
could have more than doubled.

It is important to note that sedimentation as assessed by sediment trap deploy-
ment does not represent permanent removal of nutrient elements from the system.
P can be remobilized into the water column by recycling at the sediment surface
throughout the stratified period and by resuspension of previously deposited par-
ticles during spring and fall overturn (Roden and Edmonds 1997; Shafer and Arm-
strong 1994). Ultimately, only a percentage of the total P deposited onto sediments
throughout the year is buried. However, any factor that increases the rate of P sedi-
mentation will decrease nutrient availability to primary producers by decreasing the
amount of P available for nutrient regeneration in the water column. This is par-
ticularly true for diatom sedimentation which is most likely to occur in the spring
and early summer and will thus limit P availability to epilemnetic phytoplankton
throughout the stratified period.

Diatom associated P sedimentation may represent an important feedback mech-
anism to buffer the response of a lake to increased phosphorus input. If diatom pro-
duction and consequently, diatom sedimentation, increases with increased nutrient
input, diatoms may mitigate the effects of nutrient input on primary production by
increasing nutrient sedimentation seasonally. Lake Michigan is an example of a
system that may have been influenced by this feedback loop. Silica analysis of
sediment cores from southern Lake Michigan revealed that diatom sedimentation
has been increasing since the 1940s, possibly as a result of increased P loading
(Schelske et al. 1983). Data from Trout Lake suggest that diatom sedimentation
can decrease the availability of nutrients to the photic zone of aquatic systems.
Thus, in Lake Michigan, the increase in production due to nutrient loading was
likely lessened by increased diatom sedimentation. However, as diatoms became
more abundant, dissolved reactive silica became depleted (Schelske and Stoermer
1971) which limited the duration of the summer bloom of diatoms (Conway et al.
1977; Parker et al. 1977). Once Si rather than P limited the growth of diatoms in
Lake Michigan, increased P loading would not have resulted in increased diatom
sedimentation. At that point, the importance of diatom sedimentation in mitigating
effects of increased P loading on primary production would decrease. The point at
which a resource other than P limits diatom production is the break point for the
feedback loop between increased diatom sedimentation and increased P loading. It
is likely that a similar break point has also been reached in the lower Great Lakes
where diatoms are even more severly Si limited those in than Lake Michigan
(Schelske et al. 1986).

Lake Michigan also illustrates the importance of the seasonal aspect of diatom
associated nutrient sedimentation as it relates to nutrient availability and primary
productivity in aquatic systems. In Lake Michigan, much of the nutrient material
removed from the water column via sedimentation is eventually regenerated at the
sediment-water interface (Shafer and Armstrong 1994). However, P released from
sediments is isolated in both space and time from summer nutrient demand created
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by primary production. Availability to the photic zone of P released from the sedi-
ment is limited during the summer months due to thermal stratification of the water
column. In Lake Michigan, regeneration of previously sedimented P is most im-
portant during the winter and spring months when the water column is mixed (Eadie
et al. 1984; Brooks and Edgington 1994). Similar to other freshwater systems, Lake
Michigan experiences diatom blooms and subsequent sedimentation in spring and
early summer (Scavia and Fahnenstiel 1987; Shafer and Armstrong 1991). Thus,
by removing P from the water column early in the season in Lake Michigan, dia-
tom sedimentation limits the amount of P available to primary producers from wa-
ter column regeneration during the remainder of the stratified period.

Conclusion

In Trout Lake in 1993, seasonal changes in the phytoplankton community structure
were related to seasonal trends in nutrient cycles with the potential to significantly
influence the rate of primary production. Specifically, the presence of siliceous dia-
toms in the phytoplankton community increased the proportion of particulate P be-
ing delivered out of the photic zone. Diatom associated P sedimentation removed
the limiting nutrient from the water column and may have effectively cut the rate
of primary production in half. In addition, diatom associated P sedimentation may
serve as a natural feedback loop to mitigate the effects of increased P loading to
aquatic systems on the primary production of that system.
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