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ABSTRACT: The main water exchange between the Arctic and the Atlantic oceans takes place at the
Fram Strait. Humic substances (HS), derived from the whole Arctic, are included within the water
entering the Atlantic. Batch experiments were set up to investigate the bioavailability of the Arctic HS
to bacteria and to characterize any controlling factors. HS were extracted with XAD resins 2 and 4 , and
served as the sole carbon source for bacteria. Leucine incorporation rate, oxygen consumption, bacterial cell counts and dissolved organic carbon (DOC) concentrations were monitored for the experiments.
Overall. 11% of the initial carbon was consumed and a turnover time of 220 d was extrapolated for
marine HS in polar surface waters and a profound temperature dependence was observed (Qlo = 2.9 to
4.8). Comparing the bioavailabihty of HS from surface water with that of sea water-DOC revealed no
significant differences, with both showing the same quality as a bacterial carbon source. Additionally,
the bioavailabhty of HS from surface water was compared with that of HS from deep water. This comparison revealed that surface HS are of significantly better bacterial food quality than deep water HS.
The experiments indicated that marine HS play an active role in bacterial carbon cycling in the Arctic
Ocean.
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INTRODUCTION

Humic substances (HS)constitute the largest fraction
of dissolved organic matter (DOM) in most natural
waters (Thurman 1985) and for a long time have been
considered biologically inert. This assumption originates mainly from freshwater and soil studies, where
HS may even have inhibitory effects on bacterial
growth (Kontchou & Blondeau 1990). Recent studies
from the marine environment, however, show that HS
can be used as a carbon source by bacteria, with all
the associated biogeochemical implications (Moran &
Hodson 1994, Bano et al. 1997). Most studies on the
bioavailability of HS have focused on estuaries or
coastal areas with high allochthonous input of HS. Less
attention has been paid to areas with low terrestrial
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input and correspondingly autochthonous marine HS.
In contrast to terrestrial-derived HS with high phenol
and lignin content (Opsahl & Benner 1995), seawater
HS are essentially aliphatic and considered to be of
phytoplankton origin (Ishiwatari 1992).
The Fram Strait, located between Greenland and
Svalbard, is an area of intensive exchange of water
masses between the Polar Ocean and the North
Atlantic. The upper layer of the Arctic Ocean is characterized by cold, low salinity water (polar mixed surface water). The polar mixed surface water of the Fram
Strait is composed of water masses of different origin,
e.g. returning Atlantic water and Pacific water (Rudels
1989, Jones et al. 1998),superimposed with strong local
influences such as melting ice floes and an enhanced
primary production (Smith et al. 1985, Thomas et al.
1995). Therefore the terrestrial influence of the large
Siberian rivers is considered to be minor in the surface
waters of the Fram Strait. A well-developed halocline
separates the surface layer from the large body of Arctic Ocean deep water. The outflow of the saline Arctic
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Ocean deep water to the Greenland Sea, through the
western Fram Strait, provides a direct connection between the deep thermohaline circulation of the Arctic
Ocean and the seas to the south (Aagaard et al. 1991).
As DOM is also encompassed in this water mass
exchange, it is therefore important to know more about
the characteristics and the bioavailability of the Arcticderived DOM entering the Atlantic.
This study focuses especially on the bacterial utilization of HS, as a presumably stable part of Arctic
DOM being exported into the Atlantic. Batch experiments were set up to investigate the mechanisms
regulating the bioavailability of HS in a polar marine
system with low concentrations of total DOM and low
temperatures.

MATERIAL AND METHODS

From August to September 1997, RV 'Polarstern'
crossed the Fram Strait from Greenland to Svalbard
(Krause 1998) at about 80" N (Table 1).Water samples
(20 1) were taken with Niskin bottles from a rosette and
transferred immediately to a dark, constant-temperature room (O°C), where the samples were processed.
All experiments were carried out on board.
Bacteria were extracted from 20 1 of seawater using
2 stirred ultrafiltration cells (Amicon 8400). The autoclaved cells were connected with Teflon tubing. The
first cell served as a prefilter (0.8 pm) to remove most
grazers, with the second filter (0.2 pm) concentrating
bacterial cells. The filtration was gravity driven by
placing the sample container and the filtration cells on
different levels, ca 1 m apart. To prevent the filters
from clogging, the water was stirred slowly all the
time. Filtration was done at 0°C in the dark with a flow
rate of ca 1 1h-'. The first 4 to 5 1were discarded. At the
end of the extraction process, the supernatant of the
0.2 pm filter (generally 200 ml) was taken as inoculum.
Bacterial concentration in the experiments was ca 10%
of the naturally occurring concentration.

The incubation medium was artificial seawater
and contained the following salts (g I-'): 24 NaC1;
5.3 MgC12. 6 H,O; 7 MgS04 . 7 H 2 0 ;0.7 KC!; 0.1 CaC12
2 H 2 0 . Trace element solution was added at a
concentration of 1 m1 1-l (Pfennig et al. 1981). KN03
(400 PM) served as a nitrogen source and the medium
was buffered with 200 pM PO4 (Na2HP0,/KH2P04)and
200 pM NaHC03 (all final concentrations) to a pH of
7.3 to 7.5.
HS were extracted with XAD 2 and 4 resins (Serva),
with pore sizes of 9 and 5 nm respectively. The resins
had been cleaned intensively by Soxlett distillation
according to Malcolm (1989). Each resin (30 ml) was
packed into a liquid chromatography column. The filtrate from the bacteria concentration was used for HS
extraction after adjusting the pH to 2 with HC1. Within
24 h, the filtrate ran through the XAD columns-first
XAD 2 followed by XAD 4. Thereafter, the columns
were rinsed with 200 m1 of 0.01 N HC1 to remove salts.
The HS were finally eluted with 200 m1 of 0.1 M
NaOH for the acid fraction (Hb A), followed by 200 m1
methanol for the neutral fraction (Hb N). To eliminate
MeOH, the sample was processed 3 times in a rotary
evaporator with Milli-Q water. The hydrophilic fraction (H I) was the effluent of the resins, taken after
approximately 10 1 had passed through the columns.
For the experiments, the buffers were added immediately to the eluate and the pH was adjusted to pH 7.
Preliminary experiments with Arctic surface water had
shown that about 40% of the DOC was retained and
could be eluted from the resins. Blanks with Milli-Q
water showed no increase of DOC in neither the effluent nor in the eluate (author's unpubl. data).
Five experiments were set up to assess the bioavailability of Arctic HS (Table 1). In Expt 1, to assess the
influence of carbon concentration (HS concentration)
on carbon consumption rate (HS consumption), the
concentration of HS ranged from 18 to 168 pM C. Temperature dependence of the HS degradation was
investigated in Expt 2, with temperatures ranging from
-1 to 10°C. Expt 3 compared the different HS fractions

Table 1 The d ~ f e r e n experiments,
t
location of the sample stations and the natural concentrations of DOC and hurmc substances (HS)
(n = 3)

l

Position

Expt
1 Substrate concentration
2 Temperature"
3 Different HS fractions
4 Deep water
5 Surface water

Water depth

HS fraction

(PMC)

/usbof
total DOC

Hb A

110+5

18r5

16

122 z 8
47t2
83rO

27 i- 3
17r4
22r1

22
36

77" 55' N, 5" 18' W

26 m

80" 53' N, 2" 34' W
81" 05' N, 2" 02' W
81" 02' N, 7" 47' W

Surface

Hb A, Hb N, H I , Seawater

3394 m

Hb A

20 m

Hb A

'For Expt 2 the same material was taken as for Expt 1
bFor Hb A only

DOC
(PMC)

HS-

27
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with total seawater. In this experiment, the seawater,
and the Hb A and Hb N fractions were diluted with
artificial seawater to obtain the same initial DOC concentrations as in the H I fraction. In Expts 4 and 5 the
bioavailability of surface versus deep water HS was
compared.
Incubations were done at O°C (unless otherwise
stated) in 1 1 acid-rinsed glass bottles. Bacteria were
added to the medium immediately after filtration. The
experiments started with the addition of the HS to the
prepared bottles. In general, the concentration of the
HS was set at 2.5 times the natural concentration. Samples for cell counts, dissolved organic carbon (DOC)
concentration, leucine incorporation rate and oxygen
consumption were taken over a time period of up to
400 h. All settings were run in duplicate (a/b).
Negative controls were set up without bacteria or
without HS. Positive controls were prepared and
grown with glucose and acetate (150 pM each) as the
labile carbon source and also with HS added to the
glucose and acetate.
Samples for DOC determination were stored frozen
in precombusted glass ampoules. The samples were
not filtered and therefore included bacterial carbon.
Back in the laboratory, DOC was analyzed by high
temperature combustion, using a Shimadzu TOC 5000
analyzer equipped with an auto sampler. Potassium
hydrogen phthalate was used as the standard substance. Before injection, samples were acidified with
HC1 to pH 2 and sparged for 10 min to remove the inorganic carbon as COz. Samples from 1 time series were
measured on the same day, each series starting with
the lowest concentrations.
Measurements of 3H-leucine incorporation rate
(LEU) were carried out, according to the methods of
Chin-Leo & Kirchman (1988). Leucine with a specific
activity of 58.0 Ci mmol-' (Amersham) was used and
added to a final concentration of 10 nM. To increase
the sensitivity, 20 m1 samples were incubated for 6 h
at 0°C with the incubations done in triplicate. Tests
showed that LEU was still linear over 6 h incubation
time, but with a lower variability. Formalin-killed
samples served as blanks. Incubation was stopped by
filtration onto nucleopore filters and, after extraction
of proteins with ice cold 5 % TCA, the filters were
frozen. In the laboratory, the filters were transferred
into Filter Count Scintillation Cocktail (Packard) and
radio-assayed in a Packard TriCarb liquid scintillation
counter. Quench correction was performed by automatic external standardization. Initial LEU (pm01 1-' h-')
is the rate at the start of the experiment (t = 0).
Cumulative LEU

kh LEU in nmol l-' is the rate inte200h

grated over 200 h (the shortest duration of all experiments).

For oxygen consumption rates, incubations were
done in triplicate 50 and 100 m1 BOD bottles. Oxygen
concentrations were determined by the Winkler
method with a Mettler DL 21 auto-titrator with potentiometric end-point detection (Graneli & Graneli 1991).
Respiration rates were calculated from the slope of a
linear curve of O2 concentration versus incubation
time. The lag phase, before a measurable O2 consumption started, was omitted.
Growth yield was calculated using the formula
GY (%) = prod/(prod + resp) X 100. Prod being the
bacterial carbon produced, based on LEU, which was
converted into bacterial carbon (Sirnon & Azam 1989),
and resp being the bacterial carbon respired, based on
oxygen consumption, which was converted into carbon
consumption with the ratio 1:l (Pomeroy et al. 1995).
Acridine orange direct counts ( A ~ D cof~ bacteria
were determined by epifluorescence microscopy. The
samples were fixed with 1% formaldehyde (final
concentration), filtered onto black 0.2 pm nucleopore
filters (Costar) and subsequently stained with 0.01 %
acridine orange. Microscopic analyses were carried out
with a Zeiss Axioskop 20. Cell counts were further used
to calculate the growth rate ( p = [lnNt2- lnNtl]/t2- t,),
doubling time (to = 1/p) and lag time (tL= t2 - [{lnNt2lnNtl)/p]) according to Schlegel (1985). N being the
number of cells at sampling point tl or t2.
The Qlovalues were determined for the temperature
range -1 to 10°C and calculated from the slope of the
conventional Arrhenius plot (the natural logarithm of
the rate versus the inverse of absolute temperature)
using the expression Qlo = exp(-l0 X m/T-';,) (Raven &
Geider 1988), with T,, being the in situ temperature
(0°C) in Kelvin, and m as the slope of the regression
line of the Arrhenius plot.
Statistical analyses were performed with StatView
4.5 for Macintosh (1994). Regression analysis was performed after log transformation and Student's t-tests
after rank transformation of the data to obtain a normal
distribution (Bortz 1985).

RESULTS
DOC concentrations in surface seawater in the Fram
Straight varied between 83 to 122 PM, while deep
water had a lower concentration, at 47 pM C (Table 1).
Concentrations of HS for all stations ranged from 17 to
27 pM C. HS therefore accounted for 16 to 27% of
the total surface DOC, and 36% of the 1 deep water
sample (Table 1).
Controls showed that the addition of the HS concentrate (with its high salt concentration) had no effect on
bacterial growth, as there was no significant difference
(Wilcoxon signed rank test, p = 0.92, n = 2 X 6) of LEU
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in the presence or absence of HS (with glucose/acetate
as labile carbon source). Sterile controls showed no
change of DOC over time, indicating no detectable
uptake of DOC out of the surrounding air. Bacterial
cell counts in controls without any added carbon
source were in the range of 4 to 11 % of the counts in
the corresponding sample (data not shown). Samples
were not corrected for these controls.
To investigate the influence of carbon concentration
(HS concentration) on the carbon (HS) consumption
rate, DOC data from Expt 1 (Table 1) and all DOC data
from experiments with surface Hb A at 0°C were
pooled (n = 10). Initial HS concentrations ranged from
18 to 168 pM C, and the corresponding consumption
rates varied between 0.003 and 0.09 pM C h-'. HS
concentrations were far from reaching substrate saturation kinetics, thus a linear relationship was assumed
(Fig. 1). HS consumption rate was linearly dependent
on the carbon concentration (r2 = 0.66, p = 0.004).
Assuming a mean natural concentration of 22 pM C
(Table l ) ,the HS consumption at this natural concentration was calculated to be 0.1 pM d-'.
The initial HS concentration was not always in the
same range in the experiments. To correct for this,
I looked for relationships between initial HS concentration and the other parameters. But, apart from
cumulative LEU, none of the parameters (to, tL,initial
LEU and O2 consumption) showed a significant relationship to the initial HS concentration. The cumulative LEU depended linearly on the initial HS concentration (r2 = 0.32, p = 0.0059, n = 22, log-transformed
data of all experiments). Thus, for the 'Discussion' and
Tables 2 & 3 only 'cumulative LEU' was corrected for
different HS concentrations.

-3

1

l

,

l

12

1.4

1.6

1.0

2

(18 PM)

1

1

2.2

24

(168 PM)

kg (initial HS concentration)

Fig. 1 Dependence of the humic substance (HS) consumption rate on the initial HS concentration, with log-transformed data. The numbers in parentheses show the actual
concentrations

(-1" C )

Fig. 2. Temperature dependence of oxygen consumption, initial leucine incorporation and growth yield. Measurements
were made at -1, 0, 5 and 10°C. The Arrhenius plot shows the
inverse absolute temperature versus the natural logarithm of
the rates as follows: (a)leucine incorporation rate, (m) oxygen
consumption rate and ( A ) growth yield

To assess the influence of temperature on HS degradation (Expt 2), incubations were set up at -1, 0, 5 and
10°C. The Qlo was calculated for the O2 consumption
rate and initial LEU (Fig. 2). Q l o ranged from 2.90 2
1.20 for O2 consumption to 4.81 + 1.72 for initial LEU.
There was also a significant temperature dependence
for growth yield (Fig. 2), but the slope was too steep to
calculate a sensible Qlo. For AODC-based variables,
no temperature dependence could be calculated, as for
the '-l0' and '0"' settings no increase of cell numbers
was detected.
In the third experiment the bioavailability of the
seawater DOC was compared to the different HS fractions (Hb A, Hb N and H I). The experiment started
with an initial cell concentration of 3.4 X 103 cells
ml-l (Fig. 3A). After 400 h the stationary phase was
reached, with cell counts ranging from 6.57 X 104
(Hb Ab) to 1.36X 106(Hb Aa), with a mean of 3.8 X 105.
Growth rates (0.02 h-') were about the same for all
samples (Table 2). Lag time was highest for Hb Aa
(85 h), while H Ia/b and Hb N b grew exponentially
from the beginning of the experiment (Table 2). Initial
LEU differed by 1 order of magnitude between
0.06 and 1.69 pm01 Leu 1-' h-'. After an exponential
increase, a mean value (+ SD) of 200 + 39 pm01 Leu
1-' h-' was reached in all fractions (Fig. 3B). A mean
DOC concentration of 60 + 14 pM was measured at the
beginning of the experiment, excluding Hb Aa, which
started with 135 pM DOC. Except for this sample, no
significant decrease of DOC could be detected over
time (Fig 3C). The main decrease of O2 occurred after
73 h (Fig. 3D) and the O2 consumption rate then varied
between 0.06 and 0.24 p M h-' (Table 2 ) .
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Table 2. Growth parameters for bacteria growing on seatvater DOC (SW) and on different HS fractions ( H b A , Hb N and H I ) for
the 2 repl~catesa/b

SW a/b
Hb A a/b
Hb N a / b
H I a/b

Growth rate

Doubllng time

Lag time

0, consumption'

lnlt~nlLEU'

P (h-')

!D ( h )

t~ (h)

(PM h-')

(pm01 1-' h-')

0.02/0 02
0.02/0 02
0.02/0.02
0.02/0.01

59/55
60/56
60/73
62/57

41/58
85/44
74/0
O/O

0.10 + 0.06
0.24 + 0.04
0.12 + 0 02
0.06 + 0 02

1 10/1.30
0 14/0.77
- /0.62
1 69/0.06

~

,

2

~

(nmol 1-'j
6/7
4/4
6/4
9/14

h

Growth
~
~
~yleldd
c

("/.l
6/7
5/20
6/9
20/10

"For oxygen consumption rates the replicates a/b were pooled and 3 BOD-bottles were measured at each tlme point. The standard error of the slope of the regression l ~ n eis shown
b~nitialLEU is the leucine incorporation rate at the beginning of the experiment
CCumulativeLEU is the leucine ~ncorporationrate integrated over 200 h. The cumulative LEU of Hb Aa a n d H b Ab at init~al
carbon concentrations of 37 and 135 pM C was corrected to the mean carbon concentration of 64 pM C
dFor the calculation of the growth y ~ e l dLEU
,
was converted into bacterial carbon according to Simon & Azam (1989) 0,consumption was converted into carbon consunlption using a ratio of 1 : l

Table 3 . Growth parameters for bacteria growing on HS from surface and d e e p waters for the 2 rephcates a / b

p

Growth rate

Doubling t ~ m e

V (h-')

to (h)
P

p

Surface a / b
Deep a / b

0.01/0.01
0.01/0 01

Lag time
t~

(h)

p

154/113
158/114

f f o h ~ ~ ~ cGrowth

In~tialLEUb
(pm01 1-' h-')

P

p

11/39
70/56

0.21/0.20
0.02/0.03

yieldd

("/.l

(nmol 1-l)
1.0/3.5
2.8/2.8

P
-

2/5
2/ 1

b , " ~ins Table 2
'The cumulative LEU of d e e p a/b at i n ~ t ~carbon
al
concentrations of 29 and 19 pM C was corrected to a cumulative LEU at
mean surface concentration of 54 pM C

The bioavailability of HS extracted from surface
water was compared with HS from deep water (Expts 4
and 5, Table 1). Starting with the same concentration
of bacteria, the surface HS reached much higher cell
counts with 9 X 106 cells ml-' compared to the 3.8 X 104
cells ml-' reached with the deep water sample
(Fig. 4A). Growth rates (0.01 h-') were the same for all
samples. However, exponential growth in the deep
water sample started later (70/56 h ) , compared to a lag
time of only 11/39 h for the surface samples (Table 3).
Except for the initial LEU with 0.20 pM Leu h-' for surface HS compared to 0.02 for deep water HS (Table 3),
few differences in LEU were found (Fig. 4B). A DOC
decrease of 0.045 pM h-' was detected for surface HS,
but not for deep water HS (Fig. 4C) (as the experiments
were set up on board without the opportunity to measure the DOC concentrations, the carbon concentrations of the deep water settings were lower than the
surface ones, reflecting their real concentrations).

DISCUSSION

This study demonstrates that even under polar conditions marine HS can be used by the natural bacterial

population as their sole carbon source. Averaged over
all experiments, 11 % of the initial HS carbon was consumed, with consun~ptionranging from 4 to 28 % . This
is a higher percentage than the 3 to 11 % reported by
Moran & Hodson (1994), who had a greater terrestrial
influence at their study site. However, Fig. 1 reveals a
hlgh variability in the data. This may have occurred
because DOC measurements were not always sensitive enough to detect a DOC decrease over time,
despite detectable bacterial growth rates. Assuming
the same reactivity for all HS, a n HS consumption rate
of 0 . 1 pM d-' at a mean surface concentration of 22 pM
HS (Table l ) ,a turnover time of 220 d can be extrapolated for marine HS in polar surface waters. However,
under in s i t u conditions, photooxidation may facilitate
the production of labile DOC from refractory material
(Moran & Zepp 1997) a n d , on the other hand, low inorganic nutrient concentrations may slow down the HS
degradation process. Therefore, the calculated results
should be used as a n estimate, additionally influenced
by environmental conditions.
Although both the HS consumption rate and cumulative LEU depended on the initial HS concentration, this
was not the case for other parameters: tD, tL, initial LEU
a n d O2 consumption. Besides substrate concentration,
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Fig. 3. Natural bacterial population, growing on different fractions of HS or seawater DOC as their sole carbon source. Showing
the changes of (A) acridine orange direct counts (AODC) rnl-', (B) leucine incorporation rate, (C) DOC, and (D) oxygen consumption. (Except for the O2 consumption, error bars for the standard deviation were mostly within the symbols size on the
logarithmic scale.) ( 0 )Hb A a/b, (0)Hb N a/b, ( A ) H I a h ,and (a) SW a/b

there are other factors controlling bacterial growth, but
there are no simple, non-complex generalisations possible (Moriarty & Bell 1993). Cell count based parameters depend more on the initial cell concentration of an
experiment (Pitter & Chudoba 1990). Low growth efficiencies, as observed in this study, may indicate that
bacterial production was limited by factors other than
DOC (Kirchman et al. 1991). It has also been reported
that, at low temperatures, bacterial production will
respond more slowly and to a lesser extent to the addition of carbon than at higher temperatures (Kirchman
& Rich 1997).Being restricted to macromolecules (HS)
as the sole carbon source may additionally limit growth
due to the rate of polymer hydrolysis (Moriarty & Bell
1993). All this may explain the uncoupling of initial
LEU, tD, tL and O2 consumption from the initial HS carbon concentration. However, integrating LEU over the
whole incubation time, cummulative LEU is in the end
dependent on the amount of carbon available.
The bacterial efficiency of carbon turnover was quite
low in this study. Growth yield ranged from 1 to 20%,
with a mean of 8 %. For oligotrophic oceanic waters

and humic lakes, a range of 2 to 30% is given by Middelboe & Ssndergaard (1993) for the growth yield, with
about 4 % calculated for the Polar Southern Ocean
(Bjornsen & Kuparinen 1991). Middelboe & Ssndergaard (1993) showed a close coupling between growth
yield and the labile part of DOC. Such a relationship
was not detectable in this study, due mainly to the high
variability (CV = 0.82) of the data.
Several studies have discussed the importance of
temperature versus substrate availability. In temperate
regions (<12"C), temperature is thought to be more
important than substrate availability (Hoch & Kirchman 1993, Shiah & Ducklow 1994).In these studies the
Qlovaried between 2.76 and 5.60. A Q,,, of about 3 was
found for the range 8 to 25°C (Barillier & Garnier 1993),
but in contrast with the present study, growth yield
was independent from temperature. Rivkin et al.
(1996) focused on cold environments and reported a
much lower temperature dependence with a Qloof 1.4
to 1.S. As mean specific growth rates in cold and temperate regions were not significantly different, Rivkin
et al. (1996) concluded that bacterial turnover in high
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Fig. 4. Natural bacterial population, growing with HS a s their
sole carbon source. Showing the changes of (A) AODC ml-l,
(B) leucine incorporation rate, and (C) DOC. (Except for LEU,
error bars for the standard deviation were mostly withln the
symbols size on the logarithmic scale). ( 0 , o) Surface HS a/b,
( 0 , W ) deep water HS a/b

latitudes is as important as in temperate regions, and is
not hampered by low temperatures.
The observed values of Qlo in this study (2.9 and 4.8)
are in the upper range of published data. However,
since these experiments were carried out at low sub-
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strate concentrations, and taking into account reported
reciprocal interactions of temperature and substrate
concentration (Rivkin et al. 1996), the importance of
temperature in this study was probably increased.
Because of this reciprocal interaction, bacteria will
grow only slowly at both low temperature and low substrate concentration (Wiebe et al. 1992),i.e. at low concentration of HS in polar waters.
Natural seawater includes all components of DOC,
while the humic fractions are supposed to be composed of mostly refractory material. Thus the hypothesis was that carbon from seawater would be of better
quality as a bacterial substrate than the carbon from
the humic fractions alone. The better quality should
have been reflected in a shorter lag tinle, a faster
growth rate, higher LEU and O2consumption rates and
a better growth efficiency.
To test the above hypothesis, all independent variables of Table 2 (tL,ID,initial LEU,cumulative LEU and
O2 consumption rate) were included in an analysis.
Oxygen consumption rate was used instead of growth
yield, because it was measured independently from
LEU. Each column was rank transformed in such a way
that the 'best' growing sample received the smallest
number (for example a tL of 0 h was assigned '1' vs
'8' for 85 h; whereas a sample with an initial LEU
0.06 pm01 1-l h-' was assigned '7'vs '1' for 1.69 pm01 1-'
h-l). For missing values, a neutral rank was inserted.
After rank transformation (and thus also normalizing
for the different units) all columns were pooled. The
different fractions were compared with each other
using an unpaired t-test. There was no significant difference between the different fractions as is illustrated
by the mean ranks for each fraction: 4.3 (seawater),
4.8 (Hb A), 5.0 (Hb N) and 3.6 (H I ) , respectively.
The fact that the different HS fractions did not
include more refractory material than the total DOM of
seawater may have several explanations. XAD resins
do not extract all hurnic-like compounds and additional non-humic compounds may have been concentrated on the resins (Aiken 1988). Most of the studies
dealing with marine HS extract them with XAD 8, and
allow for the problem of extreme bleeding from this
particular resin. To circumvent this problem, which is
especially severe in bioavailability studies, XAD resins
2 and 4 were used. Thus, not all HS from the seawater
may have been extracted. However, there are several
studies describing similar extraction characteristics for
resins 2 and 8 in marine waters (for example, Esteves
et al. 1996), without the problem of resin bleeding.
XAD 4 was included in order to also extract small
organic compounds (Aiken et al. 1992).
A more ecological point of view would lead to the
question of the usefulness of XAD resins for the extraction of recalcitrant compounds. Such usefulness has

44

Aquat Microb Ecol 19: 37-45, 1999

also been questioned by Tranvik (1988) with a different methodological approach. The fact that the present
study not only focused on the Hb A fraction, but
included all HS fractions (Hb A, Hb N and H I), supports his p o ~ n tof view that pelagic DOC comprises a
continuum of fractions of varying recalcitrance which
cannot be separated by XAD resins (Tranvik 1992).
Such a continuum of recalcitrance of marine DOM is
also postulated by Amon & Benner (1996), based on
molecular weight classes.
DOM from surface water originates mainly from
recent biological activities and is therefore considered
to be of better food quality for bacteria when compared
with the older material from deep water. Thus, the
hypothesis was tested that surface HS are a better
quality carbon source than deep water HS. As
described above, this should have been reflected in a
shorter lag time, faster growth rate, higher LEU and in
a better growth efliciency. Reflecting the natu-& 1a concentrations, the initial DOC concentrations from the
surface settings were twice as high as in the deep
water settings. However, as described in the 'Results',
only cumulative LEU was influenced by the initial HS
concentration, and thus was corrected (see Table 3).
To test the proposed hypothesis with the use of the
independent variables in Table 3, each column was
rank transformed as previously described. Then all
columns were pooled, and surface HS versus deep
tvater HS were tested (unpaired t-test). This showed
that surface HS are of significantly better food quality
than deep water HS (p = 0.002, n = 16). Surface HS
revealed a mean rank of 1.9 compared to a mean rank
of 3.1 for deep water HS.
Most studies on the bioavailability of marine HS
were conducted with HS originating only from surface
water (Tranvik 1993, Moran & Hodson 1994), but (to
my knowledge) there are no studies on the bioavailability of deep water HS. DOC from deep tvater is
known to be older than that obtained from surface
waters and it is suspected to exhibit a more refractory
humic character (Bauer et al. 1992).As well as the generally lower concentration of DOC in deep water than
in surface waters, the chemical composition also differs. The deeper samples from the Atlantic and Pacif~c
are dominated by humic-type fluorescence (Mopper &
Schultz 1993),with these compounds being chemically
different from surface water HS (Coble 1996). Furthermore, DOC of deep water is known to receive significant input from sedimentary organic carbon (Klinkhammer et al. 1997), probably even older than water
column DOC.
To conclude, it was not surprising that this study
found that HS from d.eep water were of lower quality
as a bacterial carbon source than surface HS. Total
DOC from deep water (including HS) has already been

described as resistant to microbial oxidation (Barber
1968). The different quality of surface DOC versus
deep water DOC is simply reflected in the HS fractions. This supports the previous findings that the different HS fractions have the same lability or recalcitrance as the total seawater DOC.
Organic material extracted from seawater with XAD
resins, and therefore separated by different chemical
characteristics, was shown to have no quality difference as a bacterial carbon source compared with total
seawater DOC. Therefore, HS do play an active role in
bacterial carbon cycling in the Arctic Ocean.
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