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ABSTRACT: Enzymatic activ~tiesand metabolic rates, which play key roles in benthic carbon turnover.
were character~zedw ~ t hrespect to cold adaptation In aphotic Antarctic sediments. Temperature optima
for CO2 dark fixation and mineralization of glucose coincided largely \nth the maximal growth
temperatures of obligate psychrophilic bacteria (at 20°C a n d below). On the other h a n d , predominantly
extracellular enzyme activities involved in the conversion of particulate organic matter (POM) into
dissolved organic matter [DOIVI), such as scleroprotease and chitinase, had considerably higher
temperature ophma (40 to 55°C) This lack of cold adaptation at the activity level was less strongly
expressed in other hydrolases [sulfatase, alkaline phosphatase). Substrate affinihes or a c t ~ v a t ~ o n
energles were often inapplicable or insignificant as a potential measure of temperature adaptation.
Alternative strategies of cold adaptation may be relevant at the level of synthesis of POM-solubilizing
enzymes.

INTRODUCTION
As more than 90 O/O of the marine environment is
permanently exposed to temperatures below 5"C, the
efficiency of biogeochemical cycles is affected by the
extent of cold adaptation of their key processes. To
understand the enzymatic control of carbon turnover at
permanently low temperatures, it is important to know
whether different biogeochemical pathways are
dependent on different degrees of cold adaptation.
Numerous investigations have dealt with autecological aspects of cold adaptation (e.g. Arnaud 1977,
George 1977, Baross & Morita 1978, Somero et al.
1983). However, little is known about the temperature
characteristics of key biogeochemical processes in
stable cold marine environments such as the Antarctic
Ocean (Pomeroy et al. 1969, Holm-Hansen et al. 1977,
Morita et al. 1977).
Utilization of dissolved organic matter (DOM) by
Antarctic manne microheterotrophs exhibits a temperature dependence similar to growth rates of psychrophilic bacteria (Gillespie et al. 1976, Baross & Morita
1978, Hodson et al. 1981). An even more effective
temperature acclimation seems to apply to photosynthetic processes (Neori & Holm-Hansen 1982, Li et
al. 1984). Although the input of detrital particulate
organic matter (POM) is extremely important for car.#
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bon budgets of aphotic sediments, information on
temperature characteristics of the prlmary enzymatic
processes involved in POM degradation is largely lacking. Investigations in freshwater environments seem to
indicate that conversion of organic detritus particles to
DOM is primanly a temperature-controlled process
(Godshalk & Wetzel 1977).
It is conceivable that benthic carbon budgets are
severely affected and controlled by different temperature adaptation on subsequent biogeochemical pathways. Lack of temperature compensation at the level of
primary decomposition processes could turn m a n n e
sediments into sinks for POM. The permanently cold
Antarctic benthic environment offered a n ideal study
site to determine the extent of physiologically extreme
temperature adaptation for major pathways of the carbon cycle.
Parameters selected to characterize pertinent
catabolic and anabolic processes of the sediment biota
included POM-solubilizing and hydrolyzing enzyme
activities in sediment extracts as well as in vivo rates of
glucose mineralization and dark fixation of carbon
dioxlde. Temperature effects were studied with respect
to both temperature optima and kinetic constants.
Poor cold adaptation was noted for the activities of
hydrolytic enzymes related to key pnmary decomposition processes. Hence, decomposition of organic matter
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in the permanently cold benthic environments is likely
to be restricted ('temperature-controlled') at its initial
steps, unless the lack of enzymatic adaptation is compensated for by an increased production or accumulation of the pertinent enzymes.

MATERIAL AND METHODS
Sampling area. Sediment samples were obtained
with a modified Reineck box core sampler on 2 cruises
of RV 'Polarstern' in the Bransfield Strait and NW
Weddell Sea, Antarctica, from 28 Nov to 18 Dec 1983,
and from 18 Nov to 4 Dec 1984 (Table 1).
Experiments. Subsamples were punched out with
plexiglass tubes (6 cm inner diameter) for shipboard
experiments in a refrigerated (0°C) laboratory container. To obtain vertical activity profiles, sediment
slices of 1 cm thickness were incubated at in situ temperatures (0"). Material from the surface layers (0 to
2 cm) was used in temperature gradient experiments.
These were carried out in triplicate with duplicate
blanks using a series of temperature-controlled water
baths. These were run over both a narrow (-0.5 to
20°C) and a wide (0 to 65°C) temperature range at
intervals of 3 to 4 CO and 5 to 10 C",respectively. For
comparison with environments that are only seasonally
cold, late winter samples from Kiel Bay sediment (1 to
2 "C) were used in similar experiments.
Enzyme activities. Enzymatic activities were measured after cold extraction (30 min at 0°C on a shaking
machine) of 20 cm3 of sediment with 80 m1 of 2 %
triton-X100 containing 2 g 1-I of polyvinylpyrrolidone
in tris-HC1 (10 mM, pH 7.5)-buffered artificial seawater. The following enzyme assays were selected
because of the significance of these enzymes in the
Table 1. Survey of box core stations
28 Nov-18 Dec, 1983
Station
Water depth
number
(m)
270
249
264

254
225
233

113

244
468
4455
1948
2297

18 N O V ADec, 1984
A
1977
B
504
G
460
I
92
H

70

Coordinates
62"47 S
60°43S
61" 57 S
63" 57 S
62" 16 S
61°38 S

55'24 W
45"48 W
45" 60 W
44" 04 W
57"38 W
54'47 W

62" 20 S
62" 14 S
6ZQO9S
63'12s
63'15s

57-50 W
58' 18 W
58'24 W
58'47 W
56"51W

decomposition of organic detritus as well as for their
feasibility under shipboard conditions.
Activities of POM-solubilizing proteolytic, chitinolytic, and agarolytic enzymes were determined using dye
release techniques described elsewhere (Reichardt
1986). Following incubation for up to 20 h of 10 mg
amounts of the solid substrates that were labelled with
'reactive' dyes, in 3 m1 aliquots of the enzyme extract,
the assay mixture was centrifuged (15 min at 6000 g)
and the absorbance (660 nm) of the dissolved dyelabelled depolymerization products in the supernatant
measured photometrically. Blanks were treated with
1 m1 of 16 % formaldehyde.
Activities of alkaline phosphatase and sulfatase in
the triton-X100 extracts were derived from the hydrolysis of 2 mM of p-nitrophenylphosphate and p-nitrophenylsulfate, respectively, (Morita & Howe 1957,
Reichardt et al. 1967, King & Klug 1980) after incubation periods of 0.5 to 12 h. After the addition of 1 m1 of
1 N NaOH the absorbance of p-nitrophenol was determined spectrophotometrically at 410 nm. Blanks contained 4 % formaldehyde.
In vivo rates. Mineralization rates for '"C (U)-glucose
or equimolar amounts of glucose labelled in positions
C - l or C-3 in other experiments were determined in
50 m1 serum flasks with 2 m1 aliquots of sediment
slurry, i.e. suspension of 20 cm3 of sediment in 80 m1 of
0.1 pm membrane filtered Antarctic seawater. The
flasks were sealed with rubber serum bottle caps fitted
with plastic rod and cup assemblies containing a fluted
strip of Schleicher & Schiill chromatography paper
(Hobbie & Crawford 1969, Morita et al. 1977). The
slurries were incubated with 200 p1 (9.3 kBq) of I4C-(U)glucose (New England Nuclear, 144 kBq pmole-l) for
1 to 2 h (depending on the water depth). Samples
treated with 4 % of formaldehyde served as blanks.
The incubation was terminated by acidification, i.e.
injection of 1 N H2S04 to reach a final pH of 2.0,
followed by injection onto the paper strips of 0.15 m1 of
phenethylamine as CO2 absorbent. Flasks were put on
a rotary shaker for 20 min and left for at least 6 h ,
before the paper strips were removed and placed in a
toluene based scintillation fluid (Omnifluor, New England Nuclear). Radioactivity of the trapped 14C02was
measured in Beckman LS 100 and LS 1800 liquid scintillation counters. Quench corrections were based on
external standards and channels' ratios.
Dark fixation rates of carbon dioxide were determined in 2 m1 of sediment slurry, i.e. suspension of
20 cm3 of sediment in 80 m1 of filter-stenhzed Antarctic
seawater, using capped l 0 m1 polypropylene centrifuge tubes. From ampoules containing 370 kBq per
m1 of NaH14C03 (specific activity = 2183 kBq I.~mole-l)
in 1.5 mM of non-radioactive NaHCO, adjusted to
pH 10.2 with NaOH, 0.25 m1 aliquots were mixed with
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scleroprotease, largely parallel trends were noted for
both catabolic and anabolic reactions. According to this
distribution pattern which recurred basically at all
sampling stations, the 0 to 2 cm surface layers were
chosen to collect the presumably most active material
for experiments in temperature gradients.
High thresholds of detection for POM-solubihzing
enzymes at ambient temperatures were closely related
to their temperature characteristics (Fig. 2 & 3 ) .
Scleroprotease showed the steepest increase before
reaching its temperature optimum between 40 and
55 "C (Fig. 2). Similar temperature characteristics were
noted for chitinase (Fig. 3) a n d agarase (not shown),
although increments of activity at suboptimal temperatures were here less pronounced.
Cold adaptation of potentially extracellular hydrolases from Stn 264 was most pronounced for
alkaline phosphatase with a temperature optimum
around 30°C (Fig. 4) compared with 45 "C for sulfatase
(Fig. 5). Arrhenius constants for phosphatase a n d sulfatase amounted to 91.7 and 52.8 k J mole-', respectively.
Carbon dioxide evolution, representing mineralization as the final process of organic matter decomposition, was characterized by temperature optima around
20°C or lower (Fig. 6). This is far below the optimal
temperature range of primary decomposition processes.
Even stronger cold adaptation with temperature
optima around 10°C was noted for dark fixation of CO2.
In contrast to mineralization, temperature characteristics of this anabolic process showed considerable variations between different stations (Fig. 7 ) .
When incubated at 2 and 20°C in a gradient of
suboptimal substrate concentrations, none of the

the slurry and incubated in complete darkness for 1 to
4 h, depending on the water depth. Blanks were
poisoned with 20 mM iodoacetamide. Incubation was
terminated by adding 0.1 m1 of concentrated formaldehyde and 1 N & S o 4 sufficient to lower the pH to 2.0.
After 2 rinses with ca 8 m1 of sterilized seawater and
subsequent centrifugation (15 min at 6000 g) the
pellets were dried at 60°C and stored in a freezer.
Weighed amounts were combusted using an automatic Packard 14C-sample oxidizer for liquid scintillation
counting. The radioactivity of the assimilated carbon
was measured in a Beckman LS 100 liquid scintillation
counter. Quench corrections were based on external
standard and channels' ratios. Concentrations of total
carbonate being available during the assay were
derived from carbonate alkalinity according to Gargas
(1980).

RESULTS
Vertical distribution patterns in the sediments indicated that most of the carbon turnover activities tested
were limited to the bioturbated surface layers (1 to
10 cm, Fig. 1). In assays carried out at a n approximate
i n situ temperature of 0 "C, activities of POM-solubilizing enzymes such as scleroprotease and chitinase were
usually at or below their detection limits. Maximal
levels of these enzymes as found at Stn 233 were
correlated with high concentrations of organic matter
(41 mg ash-free dry weight per g dry weight). A turbidite layer containing 20 mg of ash-free dry weight per
g dry weight at 15 cm depth lacked any detectable
activity. Obviously cell-free enzymes had not been
spread beyond their production sites. Except for
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Fig. 1 Vertical profiles of different microbial activities (at 0°C) contributing to carbon turnover in bioturbated s e d m e n t at 2297 m
water depth (Stn 233). Chitinase (0), scleroprotease (O), alkaline phosphatase ( A ) , sulfatase ( A ) , mineralization rates for glucose (0)
and acetate (W), rates of COz dark fixation (0).
Position of turbidite ~ndicatedby small dotted column, redox potential (Eh)

130

Mar. Ecol. Prog. Ser. 40: 127-135, 1987

OC

Fig. 2. Temperature dependence of scleroprotease activity
from Stns 249 (O), H (m), and G (A);further details in Table 1
Fig. 4. Temperature dependence with Arrhenius plot for
alkaline phosphatase from Stn 264; further details in Table 1

Fig. 3. Temperature dependence of chitinase activity from
Stns 249 ( A ) , H (C), and G (m); further d e t d s in Table 1

activities tested exhibited kM values sufficiently different to qualify as potential indicators of temperature
adaptation.
Likewise, calculation of activation energies EA from
Arrhenius plots (In k = -EA / RT + const.) indicated
insigruficant differences between sediments from the
Antarctic and the Baltic Sea, as far as glucose minerali-

Fig. 5. Temperature dependence with Arrhenius plot for sulfatase from Stn 264; further details in Table 1

zation and CO2 assimilation were concerned. Yet, for
scleroprotease activity in Antarctic sediments, E,-values were significantly higher, suggesting an unexpected 'negative' cold adaptation (Table 2).
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Another approach to detect cold adaptation was
based on metabolic pathways for glucose mineralization at 2 "C vs 18OC as indicated by the C-3 :C - 1 ratio of
position-labelled glucose contributing to the evolution
of COz. In contrast to Baltic Sea sediments, at the 3
Antarctic stations tested this ratio was slightly
enhanced at the lower temperature. This could indicate
a moderate preference for the glycolytic pathway
(Table 3).
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Table 3. Influence of temperature on molar ratio C 3 : C l of
COz evolved from equimolar quantities of '"-glucose
labelled in C l - and C3-position, respectively
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Fig. 6. Temperature dependence of mineralization rates for
glucose at 7 stations: 225 ( A ) , 249 (0).254 (D), A (W). G (a), H
(e),I ( a ) ; further details in Table 1
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Origin of sediment
Location Station Depth (m)
Antarctic
Antarctic
Antarctic

-'

G e l Bay

225
264
270

Assay temperature:
2 f 2 "C 18 f 2 'C

1948
468
113

0.82
0.52
2.72

0.75
0.40
2.33

18

1.03

1.35

DISCUSSION
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Fig. 7. Temperature dependence of CO2 dark fixation rates at
6 stations: 254 (W), A (A), B (O),G ( A ) . H (D). J (e);further
details in Table 1
Table 2. Temperature optima (T opt.) and activation energies
(EA)for selected catabolic and anabolic activities lnvolved in
carbon turnover in Antarctic sedments. Data from Kiel Bay
sedlrnent for end of winter (in brackets) lncluded for comparison
Scleroprotease
Glucose
CO2-dark
activity
mineralization assimilation

1

Number of
stations
Tapt

an;:

10
(2)

('C)

value

E , (kJ mole-')
Mean value
SD

49
(50
209
(37

+7

9
(2)

8

+ 14)

17f5
(30 f 3)

16 t 7
(20 2 3)

+ 157
+ 18)

44 f 23
(42 t 27)

47 f 10
(50 _+ 9)

Accumulation rates for organic carbon (comprising
both living and dead organic matter) in the Bransfield
Strait and adjacent shelf sediments amount to 17 g C
m-2 yr-' or 9 to 28 % of the primary production in the
surface waters (Wefer, pers, comm.). These are
extremely high compared with other oceanic regions
with oxygenated bottom waters. On the other hand,
earlier suggestions that organic matter in polar waters
accumulates due to inhibited microbial dearadation
.,
(Sorokin 1970), have later been discounted in view of
excellent temperature adaptations reported for the
utilization, viz. uptake, of dissolved organic substrates
by Antarctic microheterotrophs (Gillespie et al. 1976,
Holm-Hansen et al. 1977, Morita et al. 1977, Hodson et
al. 1981).
Nevertheless, uptake of dissolved organic substrates
alone is an insufficient measure of microbial decomposition. Although the input of organic carbon to the Antarctic sea floor depends largely on sedimenting POM, no
data are available concerning the decomposition of
POM into DOM and its temperature characteristics. A
similar lack of previous data was apparent for carbon
IN RUHEineralization and dark fixation of CO2 in
aphotic Antarctic sediments.
Proof whether the carbon budget is balanced is
difficult to obtain. This is also due to the spatial separation of primary production in the euphotic water column and remineralization often taking place at the sea
bottom (Miiller & Suess 1979). In principal, it is important whether equal efficiencies can be taken for
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granted in both biosynthetic and catabolic biogeochemical pathways. To prove this, responses to temperature in particular qualify as an unambiguous indicator
of biological activities (Radmer & Kok 1979).
Compared with temperature characteristics of individual enzymes or single organisms, little is known
about cold adaptation at the holistic level concerning
the major biogeochemical pathways in an ecosystem.
Cold adaptation at this level is usually described by
temperature optima and temperature-dependent increments of rates or enzyme activities which may be
expressed as Qlo values or Arrhenius constants (e.g.
Baross & Morita 1978, Fuhrman & Azam 1983).
As yet, temperature characteristics of anabolic pathways such as dark fixation of CO2have not been reported
for Antarctic sediments. This mainly chemosynthetic
pathway of primary biosynthesis revealed the highest
degree of cold adaptation during the present investigation. Temperature optima usually around 10°C and
below were only slightly higher than those reported for
chlorophyll a-specific COz fixation rates of Antarctic
phytoplankton from the Bransfield Strait (Neon & HolmHansen 1982, Tilzer & Dubinsky 1987).Still lower temperature optima (a plateau formed at temperatures higher
than 0°C) are known for Arctic phytoplankton (Li et al.
1984).
Despite their high degree of cold adaptation, CO:,
dark fixation rates were still suboptimal at ambient
temperatures and far from showing a uniform temperature characteristic in different sediments. Particularly
noteworthy is an extremely high temperature optimum
(ca 55°C) for dark fixation that was recorded for sediment from 1980 m depth in the Bransfield Strait where
submarine volcanism is likely to play a role (Reichardt
unpubl., Suess pers. comm.).
In Antarctic waters photosynthetic CO2 fixation and
microheterotrophic uptake of organic carbon share
similar temperature characteristics (Gillespie et al.
1976, Holm-Hansen et al. 1977, Morita et al. 1977,
Hodson et al. 1981). Corresponding data for carbon
mineralization rates are lacking. With temperature
optima around 20°C, cold adaptation of glucose
mineralization (Fig. 6 ) was only moderately expressed
and less pronounced than previously reported for the
uptake of organic carbon.
In psychrophilic bacterial isolates, key catalysts of
mineralization such as NADH dehydrogenases possessed temperature optima between 20 and 25°C
(Takada et al. 1981). As psychrophilic bacteria may be
considered as the chief microheterotrophs involved in
organic matter mineralization in the investigated
environment, it is noteworthy that their maximal
growth temperatures (Morita 1975) coincide roughly
with the temperature optima found for glucose
mineralization rates.

Bacterial mineralization of POM requires conversion
to dissolved compounds by extracellular solubilizing
enzymes. Temperature optima between 45 and 55°C
for proteolytic and chitinolytic activities (Fig. 2 & 3)
suggested a striking lack of cold adaptation. This concurs with the poor cold adaptation of extracellular proteases as well as chitinases in pure cultures of psychrophilic bacteria (McDonald et al. 1963, Weimer &
Morita 1974, Helmke & Weyland 1986). As compared
with sediments from the Baltic Sea, no significant
differences were noted with respect to temperature
optima. Increased activation energies for Antarctic
scleroprotease indicated even a higher energy barrier
for scleroprotein degradation in an environment being
otherwise better adapted to cold temperatures
(Table 2). This would strongly support the idea that
conversion of POM to DOM is, more than other pathways of organic matter degradation, limited and controlled by temperature (Godshalk & Wetzel 1977).
Side reactions such as desulfatation of organic compounds (Weigl & Yaphe 1966, Fitzgerald 1976) were
also affected by relatively high temperature optima
(45°C) of sulfatase in Antarctic sediments, although
60°C temperature optima have been reported for sediments from lower latitudes (Oshrain & Wiebe 1979). A
considerably lower optimum (30°C) characterized
alkaline phosphatase from the same source (Fig. 4).
Heat-sensitive alkaline phosphatases have also been
isolated from Antarctic marine bacteria (Koberi et al.
1984).Consequently, there is evidence for mechanisms
of cold adaptation of certain hydrolyzing enzymes from
permanently cold environments that imply a downshift of their temperature optima.
Whereas temperature optima provide most essential
clues to thermal efficiencies of enzymatic reactions,
further aspects of temperature compensation must not
be neglected. Cold adaptation at the kinetic level may
not only affect Qlo values or activation energies, but
also substrate affinities for enzymes and their interactions with allosteric effectors or inhibitors (Hochachka
& Somero 1973).Attempts to compare Michaelis-Menten constants (kM)for alkaline phosphatase, sulfatase
and scleroprotease in sedment extracts incubated at 0
and 20°C proved useless as long as the contribution to
kM of substrates already present in the extracts
remained unknown. In corresponding experiments
with psychrophhc bacterial isolates, cold-induced
increases of the substrate affinities (l/kb,) occurred
occasionally, but increments were smaller than 1 order
of magnitude. Obviously, a more extended kinetic
approach is needed to evaluate the quantitative and
qualitative changes affecting both enzymes and substrates as a result of the in situ physico-chemical conditions in sediments, where sorption plays a predominant
role.
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It has been postulated that temperature compensating changes affecting the enzyme activity are primarily
associated with pathways of energy production (Hazel
& Prosser 1974, Somero 1978). The differences noted
for glucose mineralization in Antarctic and Baltic Sea
sediments (Table 2) support this view.
For decomposition by extracellular enzymes, on the
other hand, alternative pathways of temperature adaptation may be hypothesized. Instead of changing
enzyme activities qualitatively, acclimation may be
achieved by increasing the production of enzymes or
iso-enzymes. Levels of scleroprotease, chitinase,
alkaline phosphatase or sulfatase in sediments from the
Antarctic and the Baltic, however, did not suggest that
accumulation of enzymes was much stronger in the
permanently cold environment (Reichardt 1986,
unpubl.). Nevertheless, considering the inherent
patchiness in these ecosystems, comparing activity
levels in sediments appears to be a n extremely insufficient approach to estimate enzyme production rates.
On the other hand, there is experimental evidence for
increased production of scleroprotease and, partly,
chitinase at in situ temperatures by psychrophilic bacteria from investigated Antarctic sediments (Reichardt
unpubl.). The existence of such mechanisms, which
counteract a lack of temperature compensation at the
activity level, may also b e postulated for corresponding
extracellular enzymes in the sediment.
Furthermore, acclimation to cold temperatures may
b e acquired by changing the pathways for key
metabolic processes (Hochachka 1967). In particular,
work on psychrophilic bacteria suggests a reduction of
the electron transport system in favor of fermentative
pathways (Riiger 1984). Limited proof of the significance of such mechanisms in permanently cold marine
sediments can be gained from radiorespirometry using
glucose labelled with 14C in different positions (Katz &
Wood 1960, Wang 1967). First results suggested in fact
a slightly increased generation of COz from the C-3
position at the lower temperature when the assays were
carried out with Antarctic sediments (Table 3). Detailed
enzymatic investigations are necessary to corroborate
this indication of metabolic cold adaptation of fermentative pathways. As far a s differences between glucose
respiration in euhaline Antarctic sediments a n d
estuarine Kiel Bay sediments are concerned, an increasing contributionof the Embden-Meyerhof pathway (C-3/
C - l > 1) may be expected at low salinities (Griffiths &
Morita 1973).
Irrespective of thermal characteristics, there were
fundamental differences between single depolymerizing enzyme activities involved in primary decomposition processes and the complex enzymatic machinery
being responsible for COz turnover. The largely membrane-bound functions of the latter required in vivo
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measurements, whereas extracellular enzymes h a d to
b e extracted from the sediment. Extracellular enzymes
can be stabilized a n d survive in sediments over long
time periods (Skujins & McLaren 1968, Nissenbaum &
Serban 1987).
As discussed above, lacking cold adaptation at the
activity level may b e counterbalanced by cold-adapted
enzyme synthesis. Due to various mechanisms of enzymatic regulation, interferences from vanables other
than temperature are likely to be expected in this case
(Somero et al. 1983).
In conclusion, the consequences of the apparent lack
of cold adaptation anlong certain extracellular POMdegrading enzyme activities become less severe, a s the
benthic carbon flow is controlled by temperature-independent mechanisms. This does not preclude, however, that, under certain circumstances, decomposition
of detrital POM becomes a temperature-controlled process as stated by Godshalk & Wetzel (1977).
Four of the Antarctic stations sampled were at water
depths below 1000 m where the impact of deep-sea
hydrostatic pressure has to b e taken into account.
Under these conditions decomposition of POM is
extremely slow, unless mediated by macrofaunal disruption and digestion (Jannasch et al. 1971, Sieburth &
Dietz 1974, Hargrave 1976, Jannasch & Wirsen 1983).
While biochemical adaptations to the hydrostatic
pressure regime in the d e e p sea are well documented
(Yayanos e t al. 1979, Cahet & Sibuet 1986, Helmke &
Weyland 1986), recalcitrance of sedimenting POM
increases with residence time in the water column
(Rice 1982) a n d with increasing water depth
(Wakeham et al. 1984). In any case, solubilization rates
for POM depend on the number of attachment sites for
pertinent enzymes on the surface of their particulate
substrates (Reese 1977). It is therefore conceivable that
in the heavily bioturbated Antarctic seabottom,
reworlung of sediments and their POM load by burrowing infauna may play a n even greater role for the
efficiency of POM degradation than enzymatic cold
adaptation at the activity level.
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