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Abstract

Cycling of phosphorus (P) at the sediment/water interface is generally considered to be an abiotic

process. Sediment bacteria are assumed to play only an indirect role by accelerating the transfer of

electron from electron donors to electron acceptors, thus providing the necessary conditions for redox-

and pH-dependent, abiotic sorption/desorption or precipitation/dissolution reactions.

Results summarized in this review suggest that

(1) in eutrophic lakes, sediment bacteria contain as much P as settles with organic detritus during one
year,

(2) in oligotrophic lakes, P incorporated in benthic bacterial biomass may exceed the yearly deposition
of bioavailable P several times,

(3) storage and release of P by sediment bacteria are redox-dependent processes,

(4) an appreciable amount of P buried in the sediment is associated with the organic fraction,

(5) sediment bacteria not only regenerate PO,, they also contribute to the production of refractory,
organic P compounds, and

(6) in oligotrophic lakes, a larger fraction of the P settled with organic detritus is converted to refrac-
tory organic compounds by benthic microorganisms than in eutrophic lakes.

From this we conclude that benthic bacteria do more than just mineralize organic P compounds. Es-
pecially in oligotrophic lakes, they also may regulate the flux of P across the sediment/water interface
and contribute to its terminal burial by the production of refractory organic P compounds.

Introduction This paper, critically reviews, reevaluates and

analyzes reported results on the contribution of

While, scattered information indicates that bac-
teria might directly be involved in the control of
P flux across the sediment/water interface, an
overwhelming number of case studies have de-
scribed P cycling at the sediment/water interface
ignoring bacteria or by considering them only as
incorporeal catalyzers of mineralization as
sketched in Fig. la.

bacteria to the phosphorus (P) cycling across the
sediment/water interface. It emphasizes the state
of knowledge, defines gaps, reassesses research
strategies, and addresses the following two ques-
tions:

1. Under what environmental conditions do bac-
teria need to be considered as organisms in
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order to understand P cycling across the
sediment/water interface, and under what
conditions can they be neglected?

2 What environmental conditions favour the
production of refractory organic P com-
pounds, and what conditions favour regener-
ation and recycling of bioavailable P?

Classical view of phosphorus cycling in lakes

According to the classical view of P cycling in
lakes (Fig. 1a), phosphate (PO,) flushed into a
lake by its tributaries or released from the sedi-
ments is taken up from the water by living and
non-living suspended particles and lost to the lake
bottom in proportion to the settling velocities of
the particles. In the sediment, organic P is liber-
ated as soluble PO, to solution during decom-
position by bacteria, or it becomes buried as re-
fractory organic P. The liberated PO, may be
adsorbed to inorganic surfaces, complexed by re-
fractory organic materials, or precipitated as ap-
atite or vivianite. Part of it may remain in solution
or be recycled into the overlying water. In many
cases, the flux of PO, from the sediment to the
water is largely controlled by the prevailing redox
conditions at the sediment/water interface. An
oxidized sediment surface often prevents or
strongly diminishes release of PO, from the sedi-
ment to the water. It forms an efficient trap for
dissolved iron (Fe), manganese (Mn) and PO,
moving the interstitial water from reduced sedi-
ments to the oxic surface. When the hypolimnion
and, hence, the sediment surface become anoxic,
this barrier disappears and release rates of Fe,
Mn and PO, often increase markedly, indicating
reduction of ferric hydroxide complexes and sub-
sequent release of ferric iron and adsorbed PO,
(Mortimer, 1941, 1942, 1971; Einsele, 1936; Ein-
sele & Vetter, 1938). In lakes with too low a Fe:P
ratio or with too high a pH, release and binding
of inorganic P cannot be controlled exclusively by
iron. Bostrom et al. (1982) discussed additional
chemical, biological and physical mechanisms
(e.g., sorption of P to clay minerals and humic
substances, bacterial activity, bioturbation by

benthic organisms, mobilization of P by rooted
macrophytes, wind-induced turbulence in the
sediment overlying water, resuspension, gas eb-
ullition and temperature) controlling the cycling
of P at the sediment/water interface.

Can bacteria be neglected as a transient P pool?

In the scenario described above, bacteria are
treated only as ‘catalysts’ that accelerate solubi-
lization of PO,, by oxidation of organic detritus
and reduction of various oxidants. Consuming
0,, NO5 and SOj -, they provide the necessary
conditions for abiotic or biotic reduction of ferric
iron (Fe®*), subsequent release of PO, and pre-
cipitation of iron sulfide (FeS). The concentration
of dissolved PO, in the interstitial water is as-
sumed to be controlled by mineralization, by abi-
otic physical/chemical equilibria of precipitation/
dissolution or sorption/desorption, and by
diffusion.

By definition, catalysts are neither produced
nor consumed during a chemical reaction, and
their composition and pool size are constant.
Thus, it is assumed that the amount of P bound
to bacteria does not vary (i.e., uptake is always
compensated by release, independent of varying
environmental conditions). As a consequence,
uptake and release of PO, by bacteria and, hence,
their potential role in accelerating or retarding P
exchange across the sediment/water interface,
often is disregarded or considered to be negligi-
ble in comparison to mineralization rate and
chemical equilibria.

Bacteria are not, however, only incorporeal
sites of enzyme production (Fig. 1b). More likely,
as other organisms, they depend on P as a nutri-
ent; hence, they are able to take it up from the
organic substrate or from the water. Net release
seems to be controlled by their demand for P. For
example, Gichter & Mares (1985) and others
(cited in their paper) observed that during decom-
position of settling detritus, no PO, was released.
They suggested that heterotrophic organisms col-
onizing and decomposing P-deficient settling or-
ganic material may be a sink, rather than a source,
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for PO,. Stockli (1985) showed experimentally
that microorganisms isolated from lakewater did
not release but rather took up PO, while decom-
posing dissolved organic matter produced by
Chlamydomonas rheinhardii; half of the organic P
excreted by bacteria was unavailable to algae. Ac-
cording to Jewell & McCarty (1968), regeneration
of P from decaying algae with low P content can
be subdivided into three phases: In the first phase,
soluble reactive P (SRP) is taken up by the algae
or by their decomposers; in the second phase, the
apparent nutrient regeneration is zero; and finally,
in the third phase, active regeneration of P takes
place. When this nutrient regeneration ceases,
some of the initial P remains in the particulate
refractory organic material.

Many bacteria are able to store PO, in the form
of polyphosphates (poly-P), if PO, is available in
excess (Kulaev, 1979). For example, poly-P can
constitute up to about 209 of the dry weight in
Acinetobacter spp. (Deinema et al., 1980). This
phenomenon has been studied extensively be-
cause it offers a possibility to remove PO, from
wastewater (see e.g., Van Groenestijn, 1988).
These bacteria are also common in aquifers, sur-
face waters and soils. According to Wentzel et al.
(1986), they are not able to gain energy by fer-
mentation of glucose under anaerobic conditions.
However, if sufficient organic carbon and PO, are
available, under aerobic conditions these organ-
isms polymerize excess PO, and store energy in
the resulting energy rich poly-P. Under subse-
quent anaerobic conditions, poly-P can be hydro-
lyzed and the resulting high-energy PO, can be
used to synthesize ATP from ADP. In this pro-
cess, inorganic P is released intracellularly and
eventually diffuses along the concentration gradi-
ent into the surrounding medium.

Gichter etal. (1988) observed that bacteria
isolated from eutrophic lakes sediments re-
sponded in a similar way as sewage sludge bac-
teria, when exposed to alternating aerobic/
anaerobic conditions. Thus, there is no reason to
assume a priori that the size of the P pool in
sediment bacteria would be constant under
changing environmental conditions (e.g., chang-
ing redox potential, or changing supply and com-

position of organic material). However, it remains
to be seen whether variation in their pool size
could significantly affect PO, concentrations in
the pore water and, hence, the exchange of PO,
across the sediment/water interface.

From a thermodynamic perspective, all organic
material is eventually decomposable if redox con-
ditions are favourable. However, concentration
profiles of organic material in sediments suggest
that part of the settled organic material is decom-
posed so slowly that it can be considered to be
refractory on a time scale of some hundred years.
As bacteria decompose settled organic material,
bacterial biomass is produced in the sediment. It
seems unlikely that all bacterial biomass produced
would be easily degradable. Hence, bacterial pro-
duction may eventually increase the amount of
refractory debris that becomes buried in the sedi-
ment.

Recruitment of benthic colonies of cyanobac-
teria to the water column is another biological
mechanism that might increase the flux of P from
sediments to lake water, as suggested by Bostrém
(1985) for Microcystis and observed by Osgood
(1988) for Aphanizomenon and by Wolf (1986) for
Oscillatoria.

In summary, bacteria at the sediment/water in-
terface may perform the following functions:
~ catalyze the mineralization of organic P;

— take up and transiently store P in their bio-
mass;

— release P if redox conditions are not favour-
able;

— release P when they die and thus, themselves,
become decomposed;

- convert bioavailable SRP into dissolved or
particulate refractory P; and

— transfer P in particulate form from the sedi-
ment to the water column or vice versa.

Estimation of P bound transiently by sediment
bacteria

The P/biovolume ratio in bacteria

In addition to bacterial P, sediments contain
many other sorts of detrital organic and inorganic
P compounds. Since most bacteria are closely



associated with such abiotic solid phases, deter-
mination of the bacterial P pool size requires a
quantitative physical separation of bacteria from
other solids. To our knowledge, no such tech-
nique is currently available. Hence, P bound to
bacteria cannot be measured directly. Indirect es-
timations require information about bacterial bio-
volume and the P content of bacterial cells.

The biovolume can be obtained from direct mi-
croscopic inspection of stained bacteria, yielding
number of cells and average cell volume.

Determination of bacterial P content requires a
bacterial culture that contains no particulate
phosphorus (PP) other than bacteria. In addition,
environmental conditions of the culture should
mimic those of the investigated sediment as
closely as possible. Cultivation of bacteria in in-
terstitial water might be a suitable method, espe-
cially if a technique could be found to dissolve
(e.g., by blending, grinding or ultrasonifying) at
least part of the decomposable particulate organic
material into the interstitial water before separat-
ing interstitial water from the sediment. Forma-
tion of iron oxyhydroxides sorbing P could be
prevented by keeping the culture anoxic or by
adding a chelator, that is not easily biologically
degradable (e.g. EDTA).

As an alternative, Gichter et al. (1988) sam-
pled bacteria grown in a benthic chamber in an-
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oxic water overlying the sediment of eutrophic
Lake Sempach; that water contained no settling
detritus and no particulate Fe. Assuming that all
PP was incorporated in bacteria, they estimated
that bacterial biomass contained 15 yg P mm ~?
of cell volume. This value lies only slightly above
the range of 3 to 12 ug P mm ~ ? that Shuter (1978)
and Vadstein et al. (1988) reported as a minimum
cell quota of P. Despite the large variability of the
results gathered in Table 1, we estimate that bac-
teria not limited by P might accumulate about
11 u g mm ™7, even under anoxic conditions. In
sediments where bacteria accumulate poly-P (e.g.,
Uhlmann & Bauer, 1988), 11 ug mm ~? likely is
a conservative estimate for the bacterial P con-
tent.

The C/P ratio in bacteria

The particulate organic carbon (POC): bacterial
volume ratio is affected by nutritional status and
community structure (Bratbak & Dundas, 1984).
According to Riemann & Bell (1990), values vary
from 0.12-0.58 mg POC mm > If we accept
0.22 mg POC mm~? as an average value (Brat-
bak, 1985), assume that POC is 50%, of the dry
weight of the particulate organic matter and add
some weight for inorganic salts, then the ratio of
dry weight/biovolume must be close to 0.5 mg
mm ~°. Bornsheim etal. (1990) report a dry

Table I. Estimated P content of microbial biomass reported in literature. ' Converted from %, P of dry weight (DW), assuming

a DW/biovolume ratio of 0.5 g m~? (s. page 8).

Microbes P content Reference

(ng P mm~?)
Mixed hypolimnic bacteria 15 Gichter er al. (1988)
Mixed limnetic bacteia 6-17 Vadstein et al. (1988)
Acinetobacter calcoaceticus 16-33Y Hoffmeister et al. (1990)
Acinetobacter wolffii 32-370 Hoffmeister et al. (1990)
Sewage bacteria 4-429 Kampfer et al. (1990)
Planktonic bacteria 13 Borsheim et al. (1990)
Minimum cell quota
Bacillus subtilis 12 Shuter (1978)
Pseudomonas aeruginosa 7 Shuter (1978)
Corynebacterium bovis 8 Shuter (1978)
Nitrosomonas europea 4 Shuter (1978)
Escherichia coli 6 Shuter (1978)
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weight/biovolume ratio of 0.6 mg mm ~>. Hence,
this ratio is much larger for bacteria than for phy-
toplankton, where often a ratio of 0.2 mg mm ~>
is reported (Vollenweider, 1974).

The C:P ratio of bacteria is affected by the
redox condition and the C:P ratio of the sub-
strate. Fenchel & Blackburn (1979) and Géchter
et al. (1988) reported C:P (weight) ratios for bac-
teria of 18.4 and 14.9, respectively. Vadstein et al.
(1988) observed values varying between 3 and 29,
with a median value of 11. Combination of the
widely accepted conversion factor of 220 ug C
mm ~ > (Bratbak, 1985) and a assumed average of
C:P ratio of 20 yields an average P content of
11 ug mm ™ cell volume. This value lies at the
lower end of the values gathered for bacteria not
limited by P (Table 1), indicating that for bacte-
ria not limited by P, the C:P ratio might even be
<20. Definitely, the C:P ratio of bacteria is lower
than the C:P ratio of settling seston which was
reported to vary between 40 in eutrophic and 200
in oligotrophic lakes (G#chter et al., 1985).

P in sediment bacteria of lakes of different trophic
states

The number of bacteria generally increases about
3 to 5 orders of magnitude from the water to the
sediment surface and then decreases rapidly
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Fig. 2. Areal primary production (curve), benthic bacterial P
content (circles) and areal P content of the water column for
average depths of 10 and 100 m (dashed lines) as a function
of P concentration at spring overturn. Primary produc-
tion = 456 [P]/([P] + 40) (Fricker, 1980); data for P content
of benthic bacteria from Table 2.
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within the sediment at greater depth. It also seems
to vary horizontally over the lake basin, with
higher numbers in the littoral zone covered by
macrophytes and lower numbers in profundal
sediments (Wetzel, 1983).

Figure 2 shows the relationship between yearly
primary production rate (Prod) and a lake’s P
concentration at spring overturn, as suggested by
Fricker (1980). It also includes data on P fixed in
benthic bacteria (Py,.) (derived from Table 2)
and on the P content of lakes, both related to the
lakes’ P concentrations. Comparison of the two
axes for Prod and P, suggests, as a first ap-
proximation a linear relationship between average
benthic bacterial P content and primary produc-
tion:

Pyt = k-Prod. 0]

with
k = 0.005 yr gP/gC

Applying a C:P ratio of 20, equation 1 suggests
that organic C incorporated in benthic bacteria is
equivalent to about 109 of the yearly primary
production. Since a large fraction (normally
>80%,) of C assimilated by primary production
is recycled in the water column and since part of
the organic material reaching the sediment sur-
face is refractory, only about 109, of the assim-
ilated organic C might be mineralized in the sedi-
ment. Hence, the amount of organic C fixed in the
benthic bacterial biomass is approximately equal
to the amount of organic C that it dissimilates per
year. This high ratio between standing crop of
bacterial C and metabolized organic C suggests a
very low metabolic activity of benthic bacteria.
This conclusion is supported by Bostrom &
Toérnblom (1990), who showed that at low tem-
peratures average bacterial doubling times were
as high as 2000-3000 days in marine sediments
and higher than 1000 days in the sediment of the
highly eutrophic Lake Vallentunasjon. Such low
average growth rates indicate that a large fraction
of sediment bacteria might be in a ‘dormant’ stage,
not growing at all.

At steady state, bacterial production (BP), par-
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Table 2. Estimated biomass and P content of benthic bacteia in various lakes. BM = biomass, BV = biovolume, CN = cell num-
ber, DW = dry weight, POC = particulate organic carbon, WW = wet weight.

Lake Bacterial Biomass P content P conc. Sediment
numbers @Cm™? (mg P m~3?) (ug P liter 1) layer (cm)
(10% cells g™ 1)
Beloe (Kosino) 2326 12.8-25.6° 640-1280° 0-5
B. Medvezh’e 19052 10.5-21.0° 525-1050° 0-5
Chernoe (Kosino) 12852 7.1-14.1° 355-705¢ 0-5
M. Medvezh'e 16243 8.9-17.9% 445-875° 0-5
Sviatoe (Kosino) 9228 5.1-10.1° 255-505°¢ 0-5
Krugloe 11108 6.1-12.2° 305-610° 0-5
Gab (Karelian region) 1883* 10.4-20.7° 520-1035¢ 0-5
Lake Sempach® 25.5 1770 130 0-5
Mirror Lake® 4.0 200° 6 0-10
Vallentunasjén’ 34.0 1720° 200 0-10
Lake Luzern® 7.5-25.41 375-1270° 20 0-5
Wastwater” 6.8-9.3! 340-465° 2 0-10%
Ennerdale” 7.6-10.2" 380-510° 2 0-10%
Buttermere" 4.2-5.9' 210-295¢ 5 0-10k
Crummock¥ 5.1-9.0" 255-450° 3 0-10k
Coniston” 10.2-16.9' 510-845° 3 0-10%
Thirimere® 11.0-13.5' 550-675° 3 0-10%
Windermere (N)" 12.7-15.2' 635-785° 13 0-10%
Ullswater" 7.7-15.7" 330-770° 7 0-10%
Derwentwater” 6.8-8.5! 385-425¢ 6 0-10*
Bassenthwaite” 5.9-6.8! 295-340° 21 0-10%
Windermere (S)" 9.3-24.5' 465-1225° 20 0-10*
Loweswater" 10.2-11.0" 510-550° 7 0-10%
Rydal Water® 13.1-13.5' 655-675° 11 0-10%
Grasmere” 6.8-11.8" 340-590¢ 19 0-10%
Esthwaite Water" 11.8-17.8' 590-890° 31 0-10%
Blelham Tarn" 16.1-34.3' 805-1720° 29 0-10k

a Wetzel (1983: 595).

® BM=[CNg~ ! WW]-[1.05g WW cm ~>]-[5.10* cm® m ~2]-[0.5 to 1 pm? cell = '):[10~? mm? pm ~3]-[0.22 mg C mm ~*]-[10~?
gmg™'].

¢ mg Pm~2=[POCin BM]-50 mg P g~ 'C.

4 Gichter et al. (1988).

¢ Jordan er al. (1985).

f Bostrom ez al. (1985).

& Laczko (1988).

h Jones et al. (1979).

i BM=[BVg~! DW]-[0.1 g DW cm~!]-[0.22 mg C mm 3 BV]-[10* em® m~2].

% Assumption: total areal BM =2-areal BM of top cm.

! BM=2I-[CN g~ ! DW]-[0.1 g DW em~3]-[0.5 um ™3 cell = !]-[0.22 mg C mm ~*]-[10~* mm® pm ~3]-[10* cm® m~2]-[103
gmg™ ']

ticulate organic carbon in bacterial biomass BP = 4-(POC,,.) = Y-(CS). 2)
(POC,,..), substrate consumption (CS), specific

growth rate (4) and growth yield (Y) are related Solving equation (2) for POC,,, allows one to
as follows: estimate bacterial POC as a function of g, Y and
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CS. We estimated that yearly substrate consump-
tion might equal 10%, of primary production. Ac-
cording to Bostrém & Térnblom (1990), growth
yield of bacterial communities varied between
0.17 and 0.4 (average of about 0.3), and average
growth rate of sediment bacteria at temperatures
between 4 °C and 5 °C was about 0.0005 day ~!
or 18 yr~ !, From this it follows that bacterial

biomass can be expressed in g C m 2 as

POC,,.. = Y-(CS)/u
=0.3:0.1-Prod./0.18
= 0.17 yr-Prod.

Assuming again a C:P ratio of 20, the P fixed in
bacterial biomass (P,,.,) can be estimated as

Pbact = Pocbact/ 20
= 0.0085 yr gP/gC-Prod. 3)

Taking into account all uncertainties related to
the various assumptions, equation (3) agrees well
with equation (1). Thus, the two independent ap-
proaches predict a similar relationship between
P,... and primary production.

Py an also be related to P that settled to the
lake bottom with organic detritus (P eq)- If20%,
of organic C assimilated settles to the lake bot-
tom, then P4 can be estimated as

Picttiea = 0.2-Prod.-(1/C:P) )

where C:P is the C to P weight ratio of the set-
tled seston. Combining (1) and (3) with (4) yields

Poact/Psettiea = (0.025 t0 0.043)-(C:P)  (5)

In oligotrophic lakes, the C:P ratio of settling
detritus can be as high as 200; whereas in
eutrophic lakes, it is close to 40 (Géchter & Bloe-
sch, 1985). Thus, in oligotrophic lakes, the P fixed
in benthic bacteria might exceed the annual flux
of P to the sediment 5- to 9-fold; whereas in
eutrophic lakes, Py, is expected to equal 1 to 2
times the annual flux of P to the sediment. Since
bacteria are concentrated in the sediment close to
the surface, these high values suggest that in this

layer a substantial part of the P might be incor-
porated in bacterial biomass.

At spring overturn, the areal P content of a lake
can be obtained by multiplying its average con-
centration times its average depth. As shown in
Fig. 2, in shallow lakes the estimated P incorpo-
rated in sediment bacteria might exceed the
amount present in the water. Thus, a partial re-
lease of P incorporated in benthic bacteria could
lead to a significant increase of the PO, pool
available for primary producers, if the released P
does not become sorbed to abiotic surfaces or is
precipitated in the sediment. On the other hand,
it seems unlikely that seasonal changes in bacte-
rial biomass or changes of its P content could
significantly alter the P content of the water col-
umn in deep lakes.

Evidence for bacterial P from sequential P
extraction

Bostrom et al. (1985) extracted various forms of
sedimentary P from Lake Vallentunasjon. They
distinguished between loosely bound P, Fe and
bound P, Ca bound P and residual P consisting
mainly of organic P but also including the inert
fraction. They classified about 75%, of total P in
surface sediments (0-2cm) of Lake Vallentu-
nasjon as residual P (Fig. 3). About 509 of this
fraction was suddenly released from the sediment
when the O, concentration in the hypolimnion
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Fig. 3. Seasonal variation in concentration of total P and

different P fractions in surface sediments (0~2 cm) of Lake
Vallentunasjdn; redrawn from Bostrdm et al. (1985).



decreased from about 10 mg liter ~! to 2 mg li-
ter ' in July. It increased rapidly to its original
concentration when the O, concentration in-
creased, indicating that release and uptake were
reversible, redox-dependent processes. The re-
dox-dependent dissolution and formation of solid
P could be explained by dissolution and forma-
tion of inorganic phosphate sorbed to iron oxy-
hydroxides. However, in the extraction scheme
applied by these investigators, inorganic P ad-
sorbed to Fe would have been extracted as SRP
in the NaOH-P fraction, a fraction that was rather
constant throughout the observed period. Bos-
trdm et al. (1985) suggested that an increase in
mineralization rate, lysis of bacteria and other
organisms, or release of P from bacteria under
anoxic conditions could have contributed to the
observed loss of P from the sediment.

Recently, Uhlmann et al. (1990) extracted P
from activated sludge according to the extraction
scheme of Psenner et al. (1988) and in a separate
extraction with hot water. They analyzed NaOH
extracts and hot water extracts using NMR spec-
troscopy, a technique that allows poly-P to be
identified. Using the method of Psenner eral.
(1988), the major part of the total P was recov-
ered as non-reactive P (NRP) in the NaOH frac-
tion (‘residual P’ in the terminology of Bostrom
et al., 1985). Most of this P was identified as in-
organic poly-P. These results suggest that the ‘re-
sidual P’ observed in the sediment of Lake Valen-
tunasjon was not necessarily of organic nature.
Changes in the residual P could well be inter-
preted as hydrolysis of inorganic poly-P under
anaerobic conditions and reformation of poly-P
when O, concentrations close to the lake bottom
(4 m) again reached 10 mg liter ™.

Since production and dissolution of poly-P
could be the major processes that contribute to
transient storage of P in a nearly constant micro-
bial benthic biomass, there is an obvious need to
have a method available to quantify poly-P con-
centrations in sediments. As long as poly-P can-
not be measured directly in sediments, the quan-
titative contribution of benthic bacteria to sudden
redox-dependent release and fixation of P remains
speculative and obscure.
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Uhlmann et al. (1990) suggested that the non-
reactive P in the NaOH fraction was a good mea-
sure of poly-P. This conclusion needs to be fur-
ther tested. It might be valid for ‘young’ activated
sludge with a P content as high as 109, of dry
weight. In sediments with a higher content of or-
ganic compounds and a lower P content, a sub-
stantial part of the NRP in the NaOH fraction
might, however, be incorporated in the refractory
organic fraction.

Contribution of bacteria to production of
refractory organic P compounds

Theoretical considerations

Although bacteria require a minimum amount of
P and can store it excessively if supply exceeds
their demand and redox conditions are favour-
able, they are only a transient sink for P, When
they die, decay and become decomposed by those
which survive, part of the previously fixed P might
be assimilated by their decomposers, part may be
released as inorganic P, and part might eventually
become dissolved or particulate refractory or-
ganic P compounds.

Generally, in deep lakes about 80% of C as-
similated by primary producers is recycled in the
epilimnion. About 209, settles across the ther-
mocline and reaches the sediment. There, about
half of it becomes mineralized within a few years.
The remaining 109, is buried in the sediment as
refractory organic carbon compounds. Table 3
exemplifies mineralization of settled organic ma-
terial and production of refractory organic mate-
rial in lake sediments. As it illustrates, decompo-
sition of bacterial biomass is always coupled with
production of new biomass and, hence, with the
production of additional refractory organic car-
bon. Thus, after complete mineralization of the
bacterial biomass about 16%, of the initial bacte-
rial C remains as refractory C.

Of course, a 509, mineralization could also be
explained if we had chosen other assumptions
regarding the content of refractory organic POC
in settled seston and benthic bacteria. Possible
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Table 3. Scheme exemplifying production of refractory or-
ganic material in lake sediments. Assumptions: 20%, of C
assimilated by primary producers settles to the sediment. 9%
of C assimilated by primary producers and by bacteria are
refractory. Bacteria mineralize organic C with an efficiency of
50%.

POCtobe  Refractory POCin CO,

mineralized POC bacteria

20 9 5.5 5.5

5.5 0.495 2.5025 2.5025
2.5025 0.22523 1.1386 1.1386
1.1386 0.10248 0.51806 0.51806
0.51806 0.04663 0.23572 0.23572
0.23572 0.021215 0.10725 0.10725
0.10725 0.009653 0.048799 0.048799
0.048799 0.004392 0.022204 0.022204
0.022204 0.001998 0.010103 0.010103

Sum 9.90659 10.08324

extreme, but unrealistic assumptions would be:

- 509, of the settled POC is refractory, and bac-
teria produce no refractory POC; or

- all sestonic POC is decomposable, but bacte-
rial POC is completely refractory.

As more precise information is lacking, how-
ever, it seems reasonable to assume equal per-
centages of refractory organic material in the bio-
mass of all trophic levels.

As long as we are not able to measure produc-
tion of refractory organic material by bacteria,
this discussion is mainly of didactical value.
However, it shows that bacteria contribute to the
production of refractory organic material. Even if
we know that bacterial biomass and activity might
change seasonally, it has to be in cyclic steady
state in a lake of constant trophic state. Accord-
ingly, regardless of the bacterial pool size, on a
yearly basis, uptake rates of all nutrients need to
be compensated by loss rates. Thus, contrary to
mineral sites, bacteria can never act as a terminal
sink for P. However, because they produce some
refractory organic P compounds they contribute
not only to the recycling, but also to the removal
of bioavailable P from aquatic systems. Let us
assume (as sketches in Fig. 4) that at steady state,
bacteria consume per year an amount I of or-
ganic C and an amount of I of P (i.e., the C:P
ratio of its substrate equals 1-/Ip = @). Because at

Settled material
[‘Gegradable pow | [reiractoryPom_]
I
lp=C '
a
|c(1-l‘) co
heterotrophic sediment biota —_— c,.,i
rl
H=|c(%-§) _bc Re= Flg
\ \
——
abiotic sites : PO, refractory POM

Fig. 4. Release of PO, and production of refractory organic P compounds by sediment bacteria (see text for explanation of

symbols).



steady state the pool size of bacteria does not
change, net production of the bacterial commu-
nity equals zero. It transforms bioavailable or-
ganic material into CQ, (CH,), PO, and refrac-
tory organic material. Hence, production of
refractory organic carbon (C,) can be formally
expressed as 7' I~ where r defines the fraction of
the total bioavailable organic C that is trans-
formed by bacteria to refractory organic carbon.
Production of refractory organic P equals - 1/b,
where b is the C:P ratio in the refractory organic
material produced by the bacteria.

At steady state the amount P ‘mineralized’ and
released as inorganic PO, (M) must equal
Ip—r-Ic/b. Relating mineralization to input
yields

M/IP = 1 - ra/b (6)

indicating that bacteria mineralize P more effi-
ciently at lower values of r, lower C:P ratios of the
substrate, and higher C:P ratios of the produced
refractory material. The absolute values of r, a
and b are currently unknown.
For the following reasons, the values of a and
b cannot be determined simply by measuring the
C:P ratio of the settling material and of refractory
organic material in deep sediments, respectively:
(1) settled organic material is an unknown com-
position of degradable and refractory organic
material with unknown C:P ratios, and
(2) refractory organic C pool in deep sediments
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is likely dominated by refractory organic C
originating from settled organic material.

Even if the absolute values of a, » and r are not
known, relative release rates can be predicted
from equation (6). In oligotrophic lakes, sediment
bacteria mineralize organic P compounds less ef-
ficiently than in eutrophic lakes, because in olig-
otrophic lakes a larger fraction of the settled or-
ganic material is decomposed aerobically (causing
a higher growth yield and, hence, larger values of
r and because the settling material has a higher
C:P ratio suggesting a higher value of a than in
eutrophic lakes.

Sediments will release no P when the integrated
rate of bacterial refractory P production plus abi-
otic and biotic immobilization equal the supply
rate of labile P to the sediment surface. Thus, very
likely, release rates of PO, from sediments in oli-
gotrophic lakes are small not only because little
organic material is decomposed and the PO,
sorbed to inorganic sites is small in comparison
to their sorption capacity, but also because bac-
teria mineralize organic P compounds less effi-
ciently than in eutrophic lakes.

Refractory organic P compounds in lake sediments

Refractory organic material includes refractory P
compounds, partly as cell remains but also as

Feettied< Canox Canox < Fettied Cox
Fe2+ P PPFe2+ 3
| $ 4 4
IREE R iR R IRl
§ {P}= Fettied | § {P}= P oriiea E {P} = Canox E {P} = Canox g M! Canox

Fig. 5. Schematic presentation of P sinks and sources in the sediments of oligotrophic and eutrophic lakes under oxic and an-
oxic conditions. {P} is total P concentration (particulate + dissolved).
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high molecular weight organic compounds either
dissolved in interstitial water or adsorbed to solid
surfaces. Lean (1973a, b), Lean & Rigler (1974)
and Rigler (1973) identified in epilimnetic waters
four P compartments: PO,, low molecular weight
organic P (XP), a colloidal high molecular weight
P fraction (HMP) and particulate P incorporated
in seston (PP). XP was excreted by planktonic
microorganisms and, after polycondensation
formed HMP, which was no longer bioavailable
to phytoplankton. Hence, HMP might be called
refractory. Filtration as well as poisoning of the
water with formaldehyde (Jackson & Schindler,
1975; Brassard & Auclair, 1984) prevented label-
ling of XP and HMP when *?P was added as
PO,, indicating that the formation of XP and
HMP was mediated by microorganisms. There is
no reason why sediment bacteria should behave
differently. Thus, they as well probably produce
not only solid refractory P compounds as cell
remains but also HMP compounds, which may
either be dissolved in the interstitial water or ad-
sorbed to organic and inorganic surfaces. How-
ever, it needs to be demonstrated that these com-
pounds are ‘refractory’ on the time scale of years.

In Psenner’s extraction scheme (Psenner et al.,
1984; Psenner & Pucsko, 1988; Psenner et al.,
1988), most organic P compounds are recovered
as NRP in the NaOH fraction. Of course, this
fractionation does not discriminate between de-
gradable and refractory compounds and, as dem-
onstrated by Uhlmann eral. (1990), it may in-
clude inorganic poly-P as well. However, if we
assume that the quality of settling material did
not change during past years, then, with increas-
ing age of the sediment and, hence, with increas-
ing sediment depth, the ratio between degradable
and refractory organic compounds probably de-
creases. In addition, volutin granules (rich in
poly-P) disappear with increasing sediment depth
(Hupfer & Uhlmann, 1990). Thus, the NRP frac-
tion extracted with NaOH from sediments sam-
pled a few centimetres below the sediment surface
might provide a valid estimate of refractory P
compounds buried in sediments.

From results obtained by Williams ez al. (1976)
in Lake Erie, it can be deduced that in sediment

layers that were deposited 23 to 36 years before
sampling, 309, to >509% of the buried P was
organic refractory P, if the allochthonous apa-
tite-P was disregarded. In Lakes Skaha and
Wood, 15 to 32% and 25 to 70% of the non-
apatite P sampled deeper than 10 cm below the
sediment surface was organic P (Williams, 1973).
In Kleiner Montigglersee, 40 to 60, of the P was
of organic nature in the top 10 cm of the sediment
(Psenner et al., 1984); and in the oligotrophic but
meromictic Piburger See, 75 to > 909, of the total
P was organic in the top 8 cm of the sediment.

Obviously, in many cases, after initial mineral-
ization of the autochthonously formed particulate
P, a large fraction is buried as organic P in sedi-
ment. Thus, bacterial mineralization of organic P
is not very efficient, or, as discussed above, bac-
teria may even contribute to the formation of such
compounds.

Experimental evidence of biological control of
phosphorus fluxes across the sediment/water
interface

In order to test whether the transfer of P across
the sediment/water interface is controlled not only
by inorganic chemical equilibria but also by bac-
teria, bacterial activity could be suppressed by
heat, by gamma irradiation or by addition of anti-
biotics or poisons. If bacteria play an important
role, then inactivation of bacteria will markedly
alter P fluxes. However, it must be kept in mind
that such experiments can at best give qualitative
results, because they compare a living sediment
with one that has been poisoned just recently. A
true comparison would require a control with
sterile deposition of settling seston during at least
several years.

Figure 6 shows 10 interacting P compartments
that need to be considered when transfer of P
across the sediment/water interface is discussed.
If PO, is added to the sediment-overlying water,
it eventually will uniformly label all of the mobile
P compartments (i.e., those directly or indirectly
in exchange with the PO, pool). Bacterial activ-
ity controls the labelling of particulate P incorpo-
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Fig. 6. P compartments involved in the exchange of **PO, (PO%) across the sediment/water interface: IPP = inorganic particu-
late P, PO, = ortho-P, BPP = particulate P in biomass, DOP = dissolved organic P, DOPP = detrital organic particulate P.

rated in bacteria (BPP), dissolved organic P
(DOP) and detrital bacterial P (DPP). **P is
transferred to the sediment as PO,, as dissolved
organic P (DOP), as inorganic particulate or col-
loidal P (IPP), as particulate P incorporated in
bacteria (BPP) or in organic detritus (DPP).
Transport of dissolved species (PO,, DOP) is
controlled by molecular diffusion through the dif-
fusive boundary layer, separating the well mixed
water from the sediment. Transport of particulate
species (IPP, BPP and DPP) is controlled by
their settling velocities.

In the sediment, inactivation of bacteria retards
or even prevents the labelling of BPP, DOP and
DPP. As a consequence, the specific activity of
the PO, pool of the pore water increases faster if
sediment bacteria are inactive. Since diffusion of
2P0, from the water to the sediment depends on
its concentration gradient across the interface,

inactivation of sediment bacteria likely results in
a lower uptake rate of **P in a later phase of an
experiment and in a higher steady-state 3?PO,
activity in the sediment-overlying water.

Hayes & Phillips (1958) described results from
various experiments in which they labelled
sediment-overlying water with PO, and com-
pared the transfer of **P to the sediment in pres-
ence and in absence of bacterial activity (bacte-
rial activity in the overlying water was suppressed
with the antibiotics terramycin or tetracycline).
They found that inactivation of suspended bac-
teria increased the initial flux of >’P from the water
to the sediment drastically.

Jackson & Schindler (1975) conducted a sim-
ilar experiment with water from lake 239 and
sediment from Lake 227. They inactivated bac-
teria by addition of 0.489%, formalin at the outset
of the experiment and monitored the loss of ra-
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dioactivity in the filtrate of the sediment-overlying
water. In the system containing only lake water
but no mud, losses of **PO, were due to uptake
by suspended matter (bacteria, planktonic organ-
isms, organic and inorganic detritus) and to pos-
sible adsorption of *?P to the walls of the con-
tainer. In addition to the components mentioned
above, two other systems contained sediment as
an additional solid phase; one was poisoned with
formaldehyde, the other was not. The three treat-
ments can beranked according to decreasing rates
of radioactivity from solution, as follows: plank-
ton with sediment>formalin-treated plankton
with sediment = plankton with no sediment. At
first, these results might seem to contradict those
reported by Hayes & Phillips (1958). Whereas
Hayes & Phillips (1958) concluded that sus-
pended microorganisms retarded the transfer of
32p to the sediment surface, Jackson & Schindler
(1975) concluded that ‘microorganisms acceler-
ated the transfer of dissolved *’P to the mud’.
However, this conclusion is misleading, because
Jackson & Schindler (1975) showed only the re-
moval of dissolved *?P and not of total >’P from
the water.

In summary, it can be concluded from the re-
sults presented by Hayes & Phillips (1958) and
Jackson & Schindler (1975) that ‘suspended bac-
teria’ retard the transfer of *’PO,, from the water
to the sediment. This effect is due to scavenging
of **PO, in dissolved and particulate compounds,
which move more slowly from the water to the
sediment than does the **PO,. Bacteria were able
to do so because of P content of the compart-
ments BPP and DOP were large compared to the
PO, concentration of the sediment-overlying
water. However, it cannot be decided from such
experiments if ‘sediment bacteria’ contain a sig-
nificant amount of the total P content and if they
significantly and directly control the flux of P
across the sediment/water interface.

Hupfer & Uhlmann (1991) partly inactivated
bacteria in sediment cores by the addition of anti-
biotics to the sediment-overlying water after it
became anoxic. In the presence of active bacteria
(no antibiotics added), the sediment took up
51mg Pm~?day ' and 9.5mg P m~? day~!

when NO,- or O, were available as the oxidant.

When bacteria were inactivated, P uptake

switched to net release of P (12.7 mg Pm ~*day !

and 9.8mg P m~? day~ ' in the presence of

NOjs or O, respectively). This observation sug-

gests that antibiotics

(1) induced release of P from bacteria, or

(2) decreased the ability of the sediment to im-
mobilize P either by chemical/physical ad-
sorption or by biological uptake.

Even if these results do not allow discrimina-
tion between the two potential mechanisms, it
seems unlikely that antibiotics decreased the abi-
otic sorption capacity of the sediment; O, is
known to oxidize Fe?* quickly at neutral pH,
even in the absence of bacterial activity. Bacteria
compete with Fe?* for O, and, in addition, pro-
duce protons while decomposing organic mate-
rial; hence, they lower the abiotic oxidation rate
of Fe?* in the sediment. Therefore, inactivation
of bacteria is expected to increase, rather than
decrease absorption of PO, by iron oxyhydrox-
ides. Yet, the contrary was observed: In the pres-
ence of O, or NOjy , the control sediments took
up P from the overlying water but the sediments
released P when the bacterial activity was sup-
pressed. This indicates that antibiotics either low-
ered the P uptake of bacteria or even induced P
lysis from biota.

Sinke & Cappenberg (1988) gamma-irradiated
sediment cores and compared initial short-term P
release rates of irradiated (sterilized) and non-
irradiated cores at temperatures ranging from 10
to 80 °C. Gamma irradiation killed sediment
biota and likely induced cell lysis and release of
P. P released from organisms equilibrates with
abiotic surfaces in the sediment and diffuses to
the overlying water. Increasing temperature en-
hances mineralization, favour desorption and in-
creases diffusion.

As shown in Fig. 7, release rates of irradiated
cores increased linearly with temperature and
clearly exceeded those of the non-sterilized sed-
iments, except for the highest temperatures (60 to
80 °C). In the lower temperature range, the dif-
ferences in release rates between sterilized and
non-sterilized sediment increased with increasing
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and non-sterilized sediment cores; redrawn from Sinke &
Cappenberg (1988).

temperature, in agreement with the expected in-
crease of equilibrium concentration in the inter-
stitial water and the increased molecular diffu-
sion. If temperature exceeds a critical value, it
gradually causes death of the most sensitive or-
ganisms and, hence, also induces lysis. Thus, re-
lease rates did not differ between irradiated and
non-irradiated samples at 70 to 80 °C, probably
it did not matter whether biota were killed by ir-
radiation or by the high temperature.
Experiments conducted with sediments of Lac
Tantaré, Quebec (Gichter et al., 1991), support
the findings of Sinke & Cappenberg (1988). An-
oxic sediment sampled in the deepest part of the
lake in October 1990 was sterilized with formal-
dehyde (0.16%,), heat (20 minutes at 121 °C) or
gamma irradiation (3 million Rads). Seventeen
days after sterilization, total dissolved P concen-
tration ([TDP]) was measured in the filtered
(0.45 um) interstitial water that was isolated by
centrifugation. [TDP] in the unsterilized control
(17.5 + 7.5 ug liter ~ ') was significantly lower than
in the sterilized samples (heat: 388 + 71 ugliter ™ ';
formaldehyde: 118 +42pu liter™'; radiation:
102 + 7 pg liter ~ ). This significant increase of P
concentration of the interstitial water underesti-
mates the amount of P incorporated in microor-
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ganisms, probably because not all P was released
and part of it was readsorbed to abiotic surfaces.

Such experimental results strongly support the
hypothesis that bacteria incorporate P in their
biomass that otherwise would contribute to in-
creased interstitial water concentrations and,
hence, to increased fluxes of P from the sediment
to the overlying water. However, they do not allow
us to quantify the bacterial contribution. In na-
ture, sediments never become sterile. When bac-
teria die, e.g. due to changing redox conditions,
they will be replaced by other species, better
adapted to the new environment. As a conse-
quence, part of the P released from dead bacte-
ria will be taken up by their successors. Thus,
under natural conditions, P released from biota
always is partly masked by succession.

Interference of bacteria with the coupling of iron
and phosphorus cycling in an aerobic sediment
surface

It is well documented and widely accepted that
aerobic sediment surfaces act as a P trap, which
under reducing conditions release part or all of
the previously trapped P. Since every sediment
surface is eventually buried and becomes anoxic,
it will lose the amount of P that exceeds its an-
oxic retention capacity. Thus, as illustrated in
Fig. 5, the P retention by lake sediments depends
on the settling flux of particulate P to the sediment
(Pyenieas €Xpressed as g P m~2 yr~!) and the P
retention capacity of anoxic sediments (C,,,,, €x-
pressed as g Pm ™ 2yr~'). Aslong as P, .q does
not exceed C,,,,, the sediment will not release P
under either oxic or anoxic conditions, and di-
agenesis of the sediment will not result in an ac-
cumulation of P at the sediment surface. If P_, ;.4
exceeds C,,.. then the sediment surface is sup-
plied with P from two sides: from above by set-
tling particles, and from below by diffusion of
dissolved P species originating from reductive
dissolution of redox-dependent solid species. If
the sediment surface is permanently oxic, it will
accumulate P until its P content reaches its P
binding capacity (C,, ) (Gichter, 1987). Then, the
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sediment starts to release P even under oxic con-
ditions. If the sediment surface becomes period-
ically anoxic, it loses part of the P accumulated
under previously oxic conditions. As a conse-
quence of this ‘anoxic regeneration’, its P content
may never reach C,, and no P would be released
under subsequent transient oxic conditions.

Thus, on a short-term basis, P fluxes across the
sediment/water interface may be controlled by
redox-dependent chemical or biological mecha-
nisms, such as precipitation and dissolution of
iron oxyhydroxides which adsorb PO,, or redox-
dependent uptake and release of P by microor-
ganisms. Bacteria are known to be able to effi-
ciently take up PO, from solution, if the substrate
that they decompose does not fulfil their require-
ments (e.g., Barsdate et al., 1974; Planas, 1978;
Fenchel & Blackburn, 1979; Fleischer, 1983;
Lean & White, 1983; Lean, 1984; Currie & Kalff,
1984; Gichter et al., 1988; Stockli, 1985). As a
consequence, bacteria may have to complete with
iron oxyhydroxides for PO,. It was experimen-
tally demonstrated by Fleischer (1986) that they
are able to compete successfully. Their demand
for P increases as the C:P ratio of the settled
organic material increases. As discussed above,
the C:P ratio of bacteria is approximately 20. As-
suming a yield of 50%, for aerobic bacteria, bac-
teria are only expected to release P if the C:P ratio
of their substrate is smaller than 40. According to
Gichter & Bloesch (1985), the C:P ratio of set-
tling seston exceeds this value largely in olig-
otrophic and mesotrophic lakes. Thus, especially
at the sediment surface of oligotrophic lakes, aer-
obic bacteria may have to complete with abiotic
sorption sites for PO,. In eutrophic aerobic lakes,
the C:P ratio of the settled organic matter is closer
to 40 and, hence, might satisfy the needs of bac-
teria for P. As a consequence, in eutrophic aer-
obic lakes, P diffusing to the sediment surface
might to a lager extent be trapped by iron oxyhy-
droxides.

In most cases, retention of P in an oxic sedi-
ment layer is very likely due to adsorption to abi-
otic surfaces as well as to fixation by microorgan-
isms. In eutrophic lakes, aerobic bacteria might
store excess PO, as poly-P. If the sediment sur-

face becomes anoxic, P is released due to reduc-
tive dissolution of iron oxyhydroxides as well as
due to the hydrolysis of poly-P in bacteria.

In oligotrophic lakes, where P, .4 does not
exceed C, ., P does not accumulate in the oxic
sediment surface. A large fraction of the P present
is probably incorporated into not yet degraded
organic material, into refractory compounds and
into bacterial biomass. Since P supply of the bac-
teria is limited, they probably store little or no
poly-P, and if they successfully complete with abi-
otic surface complexation, little PO, is adsorbed
to iron oxyhydroxides. Hence, redox-dependent
solid PO, is probably not an important fraction
of the total P, and reduction of the sediment sur-
face does not result in a sudden release of P. This
could explain why the classical model of the cou-
pled Fe and P cycling was derived in highly
eutrophic lakes, whereas the view that bacteria
might be important in controlling P flux across
the sediment/water interface was first suggested
from investigations of oligotrophic lakes. For ex-
amples, Levine (1975) and Levine & Schindler
(1980) showed that hypolimnetic concentrations
of PO, rarely exceeded 1 pg liter ~ ! in Lakes 227
and 302 S, even under anoxic conditions. Sorp-
tion of PO, to redox-independent surfaces such
as hydrated aluminium oxides or humic com-
plexes could, however, also explain why anoxic
conditions did not result in a sudden release of
PO, in these oligotrophic lakes.

Summary and conclusions

We have demonstrated that

(1) biomass of sediment bacteria is positively re-
lated to primary production or to the flux or
organic matter to the sediment.

(2) most benthic bacteria are accumulated in a
layer close to the sediment surface.

(3) the C:P ratio of bacteria is approximately 20;
hence, it is significantly lower than that of
phytoplankton, whose C:P ratio seems to vary
between 200 and 40, depending on trophic
state. Provided the P supply is sufficient and
redox conditions are appropriate, the C:P



ratio in bacteria can decrease to values as low
as 5, corresponding to a P content that is
109, of dry weight.

(4) in many lakes, a significant proportion of the
permanently buried P is refractory organic P.

(5) comparing results obtained from experiments
with sterilized and unsterilized sediments
does not allow one to quantify directly the
contribution of bacteria to P cycling across
the sediment/water interface.

From this we conclude that

(1) sediment bacteria do not necessarily release P
when they mineralize settled organic detritus.
Depending on the C:P ratio of their organic
substrate and their growth yield, they might
transiently even take up dissolved P from their
environment in order to fulfil their nutritional
requirement.

(2) the ratio between the amount of P fixed in
sediment bacteria and the amount of P being
deposited per year as part of the organic ma-
terial at the sediment surface increases with
decreasing trophic state of a lake. In eutrophic
lakes bacterial P in the sediment equals ap-
proximately 1 to 2 yrs worth of P deposition;
whereas in oligotrophic lakes, it equals 5 to
9 yrs worth of deposition.

(3) seasonal changes of the bacterial P pool size
(changing biomass and/or changing P con-
tent) may affect transport of P across the
sediment/water interface.

(4) sediment bacteria may contribute to the pro-
duction of organic P compounds; in oligo-
trophic lakes, they probably convert a larger
fraction of the assimilated P into refractory
organic P compounds than they do in
eutrophic lakes. This mechanism stabilizes
oligotrophic conditions.

In summary, we believe that, especially in shal-
low, oligotrophic lakes, bacteria may play a much
more important role in P cycling across the
sediment/water interface than has been generally
assumed up to now. However, in order to test
these conclusions unequivocally, techniques need
to be developed to

119

(1) determine the P content of sediment bacteria
as a function of varying environmental con-
ditions,

(2) measure poly-P in sediments,

(3) differentiate between refractory and bioavail-
able P, and

(4) study production and chemical nature of re-
fractory P generated by sediment bacteria.
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