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ABSTRACT: A temporal study of the bacterial ut~lisation of allochthonous dissolved organic carbon 
(DOC) was performed in a lake and estuary situated in the same boreal watershed. A greater utilisa- 
tion of allochthonous DOC was observed under estuanne as compared to h ~ n i c  conditions. However, 
the bacterial biomass yleld was not significantly d f e r e n t  between the environments, indicating a 
lower growth efficiency on allochthonous DOC by the estuanne bacterioplankton. The largest fraction 
of the aUochthonous DOC utilised (20%) was observed under estuarine conditions and coincided with 
the spring flood. The utilisation of allochthonous DOC and bacterial biomass yield in the expenmental 
bottles was limited by the availability of nitrogen or phosphorus in both environments. Our results 
showed that the major bacterial transformation of DOC occurred in the estuarine rather than the lirnnic 
environment, due to the shift in physicochemical milieu and bacterial assemblage. However, the estu- 
arine bacteria also respired a greater fraction of the DOC utilised than their limnic counterparts. 
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INTRODUCTION 

Allochthonous dissolved organic carbon (DOC), also 
in the form of humic compounds, supports bacterio- 
plankton growth in limnic and marine environments 
(Moran & Hodson 1990, Carlsson & Graneli 1993). In 
waters with low primary production and a high supply 
of terrigenous material, allochthonous carbon can be a 
major energy source for bacterioplankton (Tranvik 
1988, Kuparinen et al. 1996), in spite of the fact that 
only about 10% of total allochthonous DOC is readily 
available to bacteria (Tranvik 1988, Moran & Hodson 
1990, Hobbie et al. 1996). Bacterial degradation of ter- 
rigenous compounds may, therefore, have pronounced 
effects on the bacterial production and carbon balance 
in lakes and estuaries. Studies on the bioavailability of 
bulk DOC are dominated by investigations from lakes 
or marine water, while investigations focusing on 
stream DOC are few (Leff & Meyer 1991, Buffam et al. 
1996, Hobbie et al. 1996, McKnight & Aiken 1998). In 
most brown water streams and lakes, and in estuaries 
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fed with brown freshwater, the major part of the DOC 
is allochthonous carbon which has been produced in 
and exported from the terrestrial parts of the catch- 
ment. This material is dominated by humic compounds 
(Thwman 1985, Pettersson 1992). 

Stream transport dynamics of allochthonous DOC 
have been studied extensively (Thurman 1985, Ivars- 
son & Jansson 1994b, McKnight & Aiken 1998). Con- 
centrations of allochthonous DOC in streams usually 
increase during high flow events. Studies on chemical 
allochthonous DOC characteristics have indicated that 
high flow DOC is different from base flow DOC (Ivars- 
son & Jansson 19945, McKnight & Aiker, 1998) and 
that the DOC availability to bacterial degradation also 
depends on the hydrological situation (Leff & Meyer 
1991). It is therefore possible that bacterial utilisation 
of allochthonous DOC can vary over season, depend- 
ing on DOC quality. 

Soil export of humic compounds to stream water 
occurs more or less in the entire watershed and bacte- 
rial degradation in streams and lakes may be a contin- 
uous process. In theory, the degree of degradation in 
stream DOC should therefore increase downstream, 
while the portion of DOC which can be bacterially 
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degraded should decrease proportionally (Leff & 
Meyer 1991). The long water retention time in lakes 
compared with stream sections implies that a large 
part of surface water degradation and CO2 production 
takes place in lakes. The potential of stream water 
DOC to promote bacterial growth might therefore be 
higher when entering lakes higher up in a watershed 
compared to at the outlet to the sea. On the other hand, 
estuaries offer a chemical and physical environment 
that is different from freshwater (e.g. higher ionic 
strength), which may influence the bioavailability of 
dissolved terrigenous compounds. It is known that 
organic material aggregates in saline environments 
(Sholkowitz 1976, Forsgren et al. 1996), and that 
organic aggregates can be more susceptible to bacter- 
ial degradation than DOC (Tranvik & Sieburth 1989). 

To study the availability of allochthonous DOC to 
lacustrine and estuarine bacteria we conducted a study 
on how lake and esluarine bacteria consume riverine 
DOC sampled from lake and estuary inlets at different 
times of the year. The main objectives were to see if 
there were differences in bacterial consumption of 
inflowing allochthonous DOC: (1) between a lake and 
an estuary that are parts of the same drainage system, 
and (2) at different times of the year, particularly 
between high flow and low flow conditions. 

The study was carried out in the River Ore catch- 
ment in northern Sweden. The River Ore flows 
through one lake, Lake Ortrasket, and ends in the Ore 
Estuary about 100 km downstream. This enabled a 
comparison of the transformation of DOC in a lake and 
estuary within the same watershed, where temporal 
variations and absolute concentrations of DOC were 
similar. 

MATERIALS AND METHODS 

Field sampling. The River Ore catchment in north- 
ern Sweden is 2940 km2 Approximately 20% of the 
catchment consists of mires and most of the remainder 
is coniferous forest. Mean annual precipitation is 
650 mm and the mean annual total organic carbon con- 
centration at the river mouth is about 800 PM (Ivarsson 
& Jzcss=:: 1994s:. The river is nal-rornilat~rl, - has no 
major sources of industrial or municipal waste water 
and has a natural seasonal flow pattern. The river 
mouth in the Ore Estuary is situated in the northern 
part of the Bothnian Sea (The Baltic Sea). 

Water samples were taken from the River Ore, 2 km 
upstream from the river mouth and from the inlet to 
Lake Ortrasket (64" 10' N, 18'55' E). Lake Ortrasket is 
situated in the main channel, halfway along the river 
course and approximately 100 km upstream from the 
estuary. The area of Lake Ortrasket is 7 km2, the mean 
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Fig. 1. Discharge in the Ore River during the investigation 
period. Arrows denote sampling dates in accordance with 

data presented in Figs. 2, 3,  4 & 5 

depth 22 m and the theoretical residence time 100 d. 
For the Lake Ortrasket dilution cultures, the inoculum 
was taken from the epilimnion using a 2 m long, 50 mm 
i.d. Plexiglas tube. 

The Ore Estuary is surrounded by an archipelago, 
has an area of 50 km2 and a mean depth of 16 m. The 
theoretical residence time is 10 d. For the Ore Estuary 
dilution cultures the inoculum was collected at a depth 
of 4 m from coastal station NB1 (63"301N, 1g049'E), 
which has a central position in the estuary. 

The sampling dates and the flow regime during the 
investigation period are shown in Fig. 1. Only 1 clear 
spring flood event occurred during the study, partly 
due to an unusually low water flow during spring 1996. 
Each arrow in the graph indicates samplings taken the 
same week from the inlets of the lake and estuary. 

An experiment to test if the difference in utilisable 
DOC (UDOC) between the environments was an effect 
of increased ionic strength and bacterial inoculum, 
rather than a difference in DOC quality, was per- 
formed separately. Four true replicate samples from 
2 km upstream from the river mouth were inoculated 
with limnic and estuarine bacteria, respectively. The 
estuarine treatment also included addition of brackish 
water salt medium to 4 psu as described below. Enrich- 
ment, incubation and measurements of DOC and bac- 
terial biomass were also similar to the seasonal study. 

Experimental design. Utilisation of DOC was mea- 
sured by recording net change in DOC at the plateau 
phase in dilution cultures with a bacterial inoculum 
(Tranvik 1988). One unenriched and one nutrient- 
enriched bottle were used. Samplings were performed 
dur~ng different seasons on 12 occasions between 
April 1994 and May 1996 from the 2 different environ- 
ments. 
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The coefficient of variation for 4 true replicates (i.e. 4 
parallel batch cultures) was estimated from a separate 
spatial survey at 13 stations from the headwater to the 
river mouth in the River Ore watershed. 

All polycarbonate bottles, filters, filtration equip- 
ment, etc. used during the sample processing were 
carefully washed with 10% HC1 and rinsed with copi- 
ous amounts of Millipore@ Milli-Q water before each 
experiment. For sterile filtration, the water was filtered 
through a 0.2 pm polysulphone membrane filter Supor 
200 (Gelman@) at <200 mm Hg. These filters caused no 
change in the DOC concentration (Norrman 1993). 

During 0.2 pm filtration a few bacteria and most bac- 
teriophages can pass through the filters (Tranvik 1988, 
Stockner et al. 1989, Moran & Hodson 1990, authors' 
unpubl. obs.). To increase the reduction of micro- 
organisms, water samples were serially filtered 3 times 
through fresh 0.2 pm Gelman Supor@ filters. This pro- 
cess generally took 2 to 4 h. DOC measurements dur- 
ing the preparation of sterile filtered water showed 
that the difference in DOC concentration between 
each filtration was not statistically significant (p  < 0.05, 
t-test). 

Water sampled (1 1) from the River Ore was adjusted 
to the salinity of the Ore estuary (4%") with 40 m1 
'Brackish water medium' ( l00 X). A 100 X concentration 
of this medium contained: 7.9 g of NaC1, 0.22 g of KCl, 
0.99 g of Na2S0, per 100 m1 (autoclaved at  121°C for 
30 min). To 79 m1 of this solution 18 m1 of an  autoclaved 
solution containing 94 g 1-' of MgC12 and 30 m1 of a 
solution containing 109 g l-' of CaC1, was added. 

The inoculum was prepared by gentle gravity filtra- 
tion 3 times through 3 different 0.6 pm polycarbonate 
filters (MSI@) and added to the cultures to give a 10- 
fold dilution of the in situ concentration (sampling sites 
given above). Cultures prepared by single filtrations 
(as commonly used in DOC studies) frequently re- 
sulted in infections by flagellates, and an earlier plat- 
eau phase after about 100 h (data not shown). Cultures 
of 1 to 1.5 l were incubated in polycarbonate bottles in 
the dark at 15°C for all samples. The length of the incu- 
bation experiments varied between 6 and 15 d,  de- 
pending on the time period necessary to reach the 
plateau phase. The cultures were monitored every 2nd 
day for bacterial numbers, and the DOC concentration 
was determined in the beginning and at the maximum 
of the plateau phase in each culture. 

As the DOC concentrations did not differ signifi- 
cantly before and after the filtration procedure (data 
not shown), the multiple filtrations did not significantly 
contaminate the samples with exogenous DOC or sig- 
nificantly reduce the natural DOC concentration. The 
DOC samples before and after filtration were therefore 
pooled (n = 4)  to estimate the initial DOC concentration 
in the bioassays. 

Nutrient additions. Nitrogen (final conc. NH4Cl, 
300 pM) and phosphorus (final conc. Na,PO,, 1.2 mM) 
were added to the cultures in order to obtain nutrient 
replete conditions in the enriched treatment. This 
would ensure that the bacteria were carbon limited. 
The high Pod3-  concentration chosen was therefore 
also aimed to account for the potential binding to 
abundant Fe3+and other interfering cations in the river 
water. 

Bacterial abundance. Samples for determination of 
bacterial abundance were preserved with particle-free 
formaldehyde at a final concentration of 4 % and stored 
at 4°C until slide preparation. Within 1 wk preserved 
sanlples of 2 to 5 m1 were stained for 5 min with acri- 
dine orange, filtered onto black 0.2 pm polycarbonate 
MSI@ filters, and mounted in paraffin oil on a micro- 
scope slide (Hobbie et  al. 1977). Cells were counted in 
an  epifluorescence microscope (Zeiss Universal) with a 
Neofluar lOOx oil immersion objective and 1.25 ocular. 
At least 30 fields and 300 cells were counted for each 
sample. 

Biomass calculation. Cell sizes were determined by 
image-analysed fluorescence microscopy using a 
cooled, slow-scan charge-coupled device camera, 
CCD (C4742 Hamamatsu) (Blackburn et  al. 1998) . An 
Axioplan microscope was used with a Neofluar lOOx 
objective. Images were acquired by focusing an  image 
and exposing the CCD chips. Images were calibrated 
in the camera controller and transmitted to a digital 
frame grabber program (IQBase ver. 1.20). Image 
analysis was initiated from processing and analysis 
software (LabView ver. 2.0). 

The length (l) and area (A) of 70 to 500 focused cells 
were recorded. Cell volumes (V) were calculated ac- 
cording to the formula V = 47tr3/3 + (1 - 2r)7tr2 which 
approximates the form of each cell by assuming it is a 
cylinder with 2 hemispherical caps. Biovolumes were 
converted to bacterial carbon biomass using data by 
a carbon-to-volume function (Norland 1993): mb = 

0.12 where m,, is the carbon content of the bacter- 
ial cell (pg cell-'), and V is the bacterial volume (pm3), 
taking into account that the carbon density increased 
with decreasing cell volume (Simon & Azam 1989). 

The coefficient of variatior. for the bacteria! 5iomass 
yield (Y,) was determined from the spatial survey of 
the watershed described above to be 30% (*SD 10). 
Similarily, as discussed above, the corresponding 95 % 
confidence interval amounted to +47 % (n = 4). There- 
fore, in the present study only the whole study period, 
or high versus low flow periods, could be compared 
with sufficient confidence. 

Bacterial growth efficiency. The bacterial growth 
efficiency (BCE) was calculated by the formula: 

BGE = - yb x l00  
aDOC 
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where Yb is the bacterial biomass maximum yield in 
the plateau phase of the growth curve and aDOCis the 
net change in the concentration of DOC in the experi- 
mental bottles during the same time period. 

Bacterial growth rates. The bacterial growth rate (p) 
was calculated as the slope of the In transformed bacte- 
rial numbers versus time during the exponential growth 
phase. The lag portion of the curves was omitted and 
the end of logarithmic growth was defined by the high- 
est value before the curve reached the plateau phase. 

Nutrient analyses. Determination of nutrient con- 
centrations was carried out in the field samples at each 
sampling. No nutrient measurements were done in the 
dilution cultures. NH4-N, NO2-N, NO3-N, total nitro- 
gen, PO4-P and total phosphorus were analysed with 
an autoanalyser (Technicon TRAACS 800) according 
to standard operating procedures at the Dept of 
Marine Chemistry, Umed Marine Sciences Centre. 
Original methods were as described by Grasshoff et al. 
(1983). From the samples 50 m1 was transferred to 
acid-rinsed polypropylene test tubes (Nunca) and kept 
at +4"C until further analysis (less than 24 h). Dis- 
solved organic nitrogen (DON) was determined by the 
difference between measurements of total nitrogen in 
samples filtered through 0.2 pm cellulose acetate fil- 
ters (Sartoriusm) and the sum of inorganic nitrogen. 
Dissolved organic phosphorus (DOP) was calculated 
by subtraction as total phosphorus in a 0.2 pm filtered 
sample minus the phosphate concentration. The sam- 
ples for total nutrients were autoclaved (30 min, 130°C) 
in an oxidation solution of 10 g K2S2O8 and 6 g 
in 200 m1 of 0.375 M NaOH prior to analysis of nitrogen 
oxides. The detection limits for PO4-P, NH4-N and 
NO3-N were 0.01, 0.07, and 0.05 pM respectively. 

Dissolved organic carbon (DOC). Samples for the 
determination of DOC were filtered through a 0.2 pm 
Gelman Supor" filter using a sterile syringe (Plasti- 
pakB) and filterholders (Milliporea) within 4 h of sam- 
pling according to Norrman (1993). Filtered water 
(7.5 ml) was collected in polypropylene test tubes 
(Falcon", 15 ml) and immediately acidified with 100 p1 
of 1.2 M HCl to remove inorganic carbon. The samples 
were stored in a refrigerator (+4'C) until analysis. All 
material coming into contact with the samples was 
carefu!!jr ijcsed with ? ?.",C! z ~ d  wschecj with ljlta- 
pure water (MilliporeB Milli-Q). DOC was m.easured 
by the high temperature catalytic oxidation method 
(HTCO) using a ShirnadzuB TOC-5000 instrument 
with platinum coated Al2O3 granulates as catalyst. The 
instrument has been subjected to international inter- 
calibration (Peltzer et al. 1996). The HTCO analysis 
was done within l wk of sampling in all cases, and 
most frequently within 48 h. Samples of 150 p1 were 
injected in triplicate showing standard deviations of 0 
to 2%. The detection limit of the DOC method was 

17 pM. A Milli-Q blank was run after each 10 samples, 
and a system blank was calculated by averaging these 
Milli-Q results. The system blank was then subtracted 
from each sample result. Calculation of carbon concen- 
trations was made using potassium hydrogen phtalate 
as standard substance. An in-house reference seawa- 
ter (3.8 mg 1-') was run several times during each sam- 
ple batch for quality control. 

aDOC was calculated from the replicates before (n = 
4) and after (n = 2) incubation. The *SD was calculated 
by taking the square root of the sum of the variances. 

From the separate spatial survey of DOC consump- 
tion (aDOC), using quadruplicate true replicate sam- 
ples from 13 stations along the same watershed (N = 

13, n = 4),  we calculated an average coefficient of vari- 
ation of 29 U/o (+SD 23). No dependence on treatment or 
station could be demonstrated. This +SD applied on 
the seasonal study would mean a 95% confidence in- 
terval of +46%, assuming 4 replicates. Reducing the 
confidence interval to half the value would require 16 
true replicates for each treatment, which is not feasible 
with present methodology. Therefore the statistical 
analysis of differences in JDOC between stations and 
treatments was made for the whole study period, or as 
a comparison between high and low flow periods. 

Data processing and statistics. Before parametric 
tests were applied the data series were tested for nor- 
mality by histogram and probability plots. Data clearly 
deviating from normality were tested by methods not 
requiring normal distribution. Pair-wise t-test was the 
main analytical method comparing the environments 
for normal distributed data, while the Wilcoxon signed 
rank test was applied where normal assumptions were 
not met. All statistical analyses in this study were per- 
formed with the software S Y S T A T ~ V ~ ~ .  5.2. 

RESULTS 

Bacterial bioassay 

A typical growth curve of a bacterial bioassay is 
shown in Fig. 2. The initial concentration of bacteria 
was 0.5 to 3 X 105 cells ml-' and the plateau phase more 
than a n  order of magnitude higher in the enriched 
samples was reached after a.bout 1.3 d .  The corre- 
sponding time period for unenriched samples was 
much shorter. The relatively long time period required 
to reach a plateau phase was at least partly associated 
with the 3-fold serial filtration of both the river medium 
and inoculum employed in our study. 

The relatively long incubation times, without appar- 
ent flagellate infection (i.e. as observed during bacter- 
ial counting), also allowed a lower sampling frequency 
(i.e. 48 h sampling intervals). This was, as is shown in 
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Fig. 2. Typical growth curves in bioassay experiments under 
lirnnic and estuarine conditions, respectively (performed May 
1996). Filled symbols: enriched samples; open symbols: un- 
enriched. The yield was operationally determined from a 
clear plateau phase or as the maximum value when a stable 

plateau was not reached 

Fig. 2, sufficient for identification of the plateau phase 
and calculation of the bacterial specific growth rate. 

In separate control cultures without inoculum no sig- 
nificant decrease in DOC could be demonstrated (data 
not shown). Also, in a few cases where POC was deter- 
mined, differences between start and end in the cul- 
tures were too small to explain the observed differ- 
ences in DOC by a transfer of DOC to POC (data not 
shown). Therefore, the interpretation of the JDOCesti- 
mates was based on the assumption that all loss was 
due to bacterial respiration. 

The potential growth by estuarine bacteria on auto- 
chthonous estuarine DOC in the inoculum was investi- 
gated in a control experiment, where an estuarine 
sample was diluted 1:10 with brackish water salt 
medium. The biomass yield on DOC in the inoculum 
was less than 2/10 of the yield on total DOC in a paral- 
lel sample with allochthonous riverine DOC as the 
main DOC source. Therefore allochthonous riverine 
DOC was the major source of carbon and energy 
utilised in our cultures with estuarine inoculum. 

Physical and chemical characteristics 

Average temperature and pH did not clearly differ 
between the upper and lower part of the river 
(Table 1). The C/POrg ratio was slightly higher at the 
river mouth compared to the lake inlet, and was 
dependent on both higher DOC and lower DOP con- 
centrations. The median concentration of dissolved 
inorganic phosphorus (DIP) for the period was about 3 
times higher at the river mouth. Also the dissolved 
inorganic nitrogen (DIN) concentration was about 2- 
fold higher than the value upstream from the lake. 

The data indicated an average molar C:N:P ratio in 
the riverine organic fraction of 3150:94:1. The coeffi- 
cient of variation (*CV) showed that DOP, and conse- 
quently the C/Porg ratio, was the most variable compo- 
nent of the dissolved organic matter. This was 
especially true close to the river mouth. 

Consumption of allochthonous DOC by lake and 
marine bacteria 

The absolute consumption of riverine DOC was on 
average higher under estuarine conditions in both en- 
riched and unenriched samples (Fig. 3). The median 
DOC consumption by estuarine bacteria was 44 and 
36 PM in enriched and unenriched samples respec- 
tively, while corresponding values for the lake were 
significantly lower (paired t-test, p < 0.01, Tables 2 & 3). 
In fact, the net changes in DOC measured in the lake 

Table 1. Physical and chemical characterishcs of the river water at the entrance to the lake (RiverL) and 2 k m  upstream from the 
estuary (RiverE), respectively. The number of samples was 10 to 12 for all variables, except temperature in the lake, which was 

based on 7 measurements. Medlan ratios were calculated from the ratios at each sampling date 

Temp pH DOC DON DOP C/P0rg C/Norg DIN DIP N/P,,,, 
("C) (PM) (PM) (PM) (PM) (PM) 

RiverL median 6.0 6.76 496 16 0.20 2472 33 1.2 0.055 32 
CV (%) 99 3.0 34 41 64 34 28 100 99 118 

Rivere median 5.0 6.88 575 16 0.14 3618 36 2.1 0.17 37 
CV (?h) 72 4.9 25 18 116 46 14 94 124 59 
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Fig. 3. Annual variation in net change in DOC in the bacter- 
ial dilution cultures in the lake and estuary, respectively. 
Filled symbols: samples enriched with ammonium and phos- 
phate; open symbols: unenriched control cultures. Error bars 
represent the estimated summed i S D  for true replicate dilu- 
tion cultures (n = 4), estimated in a separate experiment 

(N = 13) 

were at the detection level, resulting 
in some samples showing non-signifi- 
cant differences. 

Enrichment resulted in a greater 
utilisation of DOC under both estuar- 
ine and lake conditions (paired t-test, 
p < 0.05). This effect was most marked 
during the period April until October 
1995 in both environments (paired t- 
test, p < 0.05).  No significant differ- 
ences between enriched and unen- 
richzd samp!es !&er? durinr; 
winter season could be demonstrated. 

The 2 samples from the estuarine 

strated as significantly higher as compared with other 
seasons. No similar clear increase in DOC consump- 
tion could be demonstrated under limnic conditions in 
connection with the spring flood in either treatment. 

Fraction of utilisable DOC 

The fraction of UDOC can be calculated as 

a D O c  
UDOC = - 

[ D o c l  

where JDOC is the absolute amount of utilised DOC 
and [DOC] the DOC concentration. UDOC reflects the 
quality of the bulk DOC from the aspect of its bioavail- 
ability in a short-term perspective. 

The associations of UDOC were similar to those of 
aDOC, as the variation and absolute values of the 
in situ DOC concentration did not vary signiiicantiy 
between the sampling locations (Fig. 4). The UDOC 
under estuarine conditions showed significantly 
higher values than in the lake (p < 0.05, Tables 2 & 3).  
Furthermore, the utilisable pool of DOC (UDOC)  
under estuarine conditions was significantly higher in 
enriched samples during the spring flood (average 
18%) than either before (5.3%) or after (6.1%, inde- 
pendent t-test p < 0.02) this high-flow period. The 
UDOC values during the spring flood in the estuary 
were also significantly higher than during the same 
period in the lake (both treatments, p 0.01). Individ- 
ual UDOC values varied between undetectable values 
and 20% under estuarine conditions, the highest 

Table 2. Statistical observations for data (enriched/unenriched cultures) from 
(A) the Ore Estuary and (B) Lake Ortrasket from 1994 to 1996. Net change in 
DOC in dilution cultures (aDOC), the utilised fraction of the DOC (UDOC), bac- 
terial biomass yield (Y,), bacterial growth efficiency (BGE) and bacterial specific 

growth rate (p)  are shown 

I aDOC UDOC BGE yb P 
(PM C) (%l (X) (1.1M C )  (h-') I 

(A) Ore Estuary 
Median 44 / 36 8.0 / 6.3 12 / 11 5.1 / 4 3 0.020 / 0.021 
Maximum 158 / 92 20 / 12 37 / 27 15 / 11 0.04 1 / 0.034 
i v i i ~ l i i i l u ~ i i  -4 : -12 -1 .2  ! -3.5 3.2 :  !.Ed 1.4 ! 5 C) 014 / 0 (?l4 
i SD 47 / 27 6.0 / 4.1 41 / 15 4.1 / 2.6 0.009 / 0.005 
n 12 12 12 12 12 

C) than before (39 pM C) or after Minimum -31 / -75 -9.7 / -18 -53"/ -97 2.1 / 0.11 0.010 / 0.004 

(41 pM C) the peak for the enriched 1 ; SD 2.5;:4 5.2[;.2 132;;7 5.1[:.9 0.008{:.012] 

treatment only (t-test, p < 0.04). Corre- 

sponding unenriched during negative value excluded in each treatment 
the spring flood could not be demon- 

environment taken at the peak of the 
1995 spring flood showed significantly 
higher consumption of DOC (148 pM 

(B) Lake Ortrlsket 
Median 6 / - 1 0  0.8 /-1.8 28 / -11  8.1 / 2.3 0.015 /0.016 
Maximum 50 / 58 9.7 / 11 85 / 24 17 / 8.5 0.035 / 0.040 
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Fig. 4. DOC concentration in situ at the sampling sites in the 
Ore River 2 km upstream from the river mouth (U) and at the 
inflow in Lake Ortrasket (e). Error bars show the + 1 SD 

of the DOC estimates (n = 2) 

UDOC (%) 

0.01 4 
Salinity (psu) 

Fig. 5. Fraction of utilisable riverine DOC (UDOC) and bacte- 
rial biomass yield (Y,) under estuarine (4 psu) and limnic 
(0.01 psu) conditions. The DOC was collected at the sampling 
site 2 km upstream the river mouth in both treatments. The 
estuarine treatment was inoculated with estuarine bacterio- 
plankton and the limnic treatment with lake bacterioplank- 
ton. Error bars show the 95% confidence interval of the 4 

replicate batch cultures 

with the seasonal study no significant difference in 
bacterial biomass yield could be demonstrated be- 
tween the treatments, suggesting a markedly lower 
growth efficiency under estuarine conditions. 

Bacterial biomass yield 

Enrichment resulted in higher bacterial biomass 
yield (Yb) in both environments, with the positive 
response being twice as large in the lake (Fig. 6, 
Wilcoxon rank test, p < 0.03). As for the consumption 
of DOC, the enrichment effect was most marked dur- 
ing the summer period in the estuarine samples (April 
and October, p < 0.05), while being higher during the 
whole study period under limnic conditions (p < 0.01). 
This indicated that the accumulation of bacterial bio- 
mass from allochthonous DOC was hampered by a 
shortage of phosphorus or nitrogen, and was most 
marked in the lake environment. 

The average bacterial biomass yield was not signifi- 
cantly different between the estuary and the lake, nei- 
ther for enriched nor for unenriched samples (Fig. 6, 
Wilcoxon rank test). Thus, the significantly higher 
DOC consumption under estuarine conditions was not 
accompanied by a higher biomass yield, which indi- 
cated a lower growth efficiency under estuarine condi- 
tions. 

Bacterial growth efficiency 

Calculating the bacterial growth efficiency (BCE) for 
all individual samples from bacterial biomass yield Yb 
and net DOC change suggested higher growth yields 
in enriched samples in the lake (median 28 %) than in 
the estuary (12 %, Table 2). However, the differences 
between either locations or treatments were not signif- 

value during the spring flood (Table 2). 
Under limnic conditions corresponding 
values varied between negative and 
16 %, without clearly higher values dur- 
ing the spring flood. 

Increased salinity and an estuarine in- 
oculum promoted 4 times higher bacterial 
utilisation of DOC (40%, 313 FM) than the 
treatment with riverine inoculum without 
salt addition (Fig. 5, n = 4,  p < 0.05). This 
showed that the difference in UDOC in 
the seasonal study was not just a conse- 
quence of differences in DOC quality 
between the environments (in situ DOC 
concentration 783 FM). Also in agreement 

Table 3. Compilation of statistical results from pair-wise tests for differences 
between the environments or treatments. A paired t-test was performed for 
consumption of DOC (aDOC) and the fraction of utilisable DOC (UDOC). 
Distribution free Wilcoxon's rank test was performed on bacterial biomass 
yie!d (Y,), bacteria! growth efficiency (BGE) and baclaridi specific growth 

rate (p). Significant differences at p < 0.05 (in bold) 

aDOC yb UDOC 1-1 BGE 

Lake vs estuary 
Enriched p = 0.006 p = 0.86 p = 0.001 p = 0.20 p = 0.39 
Unenriched p = 0.002 p = 0.18 p = 0.002 p = 0.53 p = 0.59 

Enriched vs unenriched 
Lake p = o . 0 4  p=0 .004  p=O.O2 p=O.96 p = o 1 1  
Estuary p = 0.03 p = 0.03 p = 0.06 p = 0.75 p 0.25 
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Fig. 6.  Annual variation in bacterial biomass yield in the Ore 
Estuary and Lake Ortrasket. Filled symbols: samples enriched 
with ammonium and phosphate; open symbols: unenriched 
control cultures. Error bars represent the estimated summed 
*SD for true replicate dilution cultures (n = 4), estimated in a 

separate experiment (N = 13) 

icant according to a Wilcoxon rank test (Table 3). This 
was probably due to the high intra-annual variability 
in BGE during the study period, which was found most 
frequently under limnic conditions (cf. kSD, Table 2).  
The lirnnic unenriched samples showed an average 
BGE value below zero. The latter is not realistic and 
may derive from the imprecision of the DOC method, 
occasionally resulting in samples showing net increase 
in DOC, usually under limnic conditions. Given the 
high variance of aDOC and Yb, the estimates of BGE 
based on the ratio of the 2 parameters were poor due to 
high variability in t h e  nnminator and denominator !cf. 
'Materials and methods'). 

Specific bacterial growth rate 

The specific bacterial growth rate, 1-1, calculated from 
the slope of the growth curves indicated about 30% 
higher values in the estuary than in the lake, indepen- 
dent of enrichment or not (Table 2) .  However, this dif- 
ference was not statistically significant (Table 3). The 

median growth rate in the lake corresponded to a gen- 
eration time of 1.4 d, while the maximum rates corre- 
sponded to doublings of less than a day (17 h). Maxi- 
mum values were similar in the 2 environments 
irrespective of treatment, while the minimum values 
observed were lower in the lake. 

DISCUSSION 

In the context of the hypothesis that DOC is ageing 
during its passage through a watershed, our results 
suggested that this was not an important factor for 
determining the difference in utilisation of riverine 
DOC between a lake and an estuary in the same 
watershed. This conclusion does not contradict that the 
availability of DOC may vary within the limnic envi- 
ronment as found for the Ogeechee River by Leff & 
Meyer (1991). Instead, the increase in salinity ana/or a 
shift in bacterial species compositions in the estuarine 
environment had a major influence on increasing the 
bioavailability of rivenne DOC. This utilisation was 
however not accompanied with an increased Yb, sug- 
gesting a lower growth efficiency under estuarine con- 
ditions. 

The conclusion above was based on the significantly 
higher DOC utilisation under estuarine rather than 
limnic conditions, whether enriched or not (Fig. 3, 
Tables 2 & 3). A similar higher relative utilisation of 
DOC (UDOC) in nutrient replete samples suggested 
that the higher consumption was not merely a conse- 
quence of a higher DOC concentration (Tables 2 & 3, 
Fig. 4). The complementary experiment, based on 
DOC from the same site in the river mouth (Fig. 5),  
supported the results from the seasonal study. This 
experiment further excluded that a difference in DOC 
quality between the lake and estuary was the main 
cause of the difference in UDOC. The high ionic 
strength in the estuarine samples could have been the 
cause of this increased bioavailability, although the 
presence of different bacterial species cannot be ex- 
cluded as an explanation. Increased ionic strength is 
known to affect coiling of organic polymers and reduce 
their hydrodynamic radius (Stumm & Morgan 1996). 
Increased salinity also promotes flocculation (Shol- 
kowitz 1976), although not common in our cultures, 
which may enhance bacterial degradation (Tranvik & 
Sieburth 1989). In support of our finding, stimulation 
by increased salinity of the bacterial utilisation of lim- 
netic DON has also been observed (R. Stepanauskas, 
University of Lund, pers. comm.). 

Information on differences in species composition 
and enzymology between the bacterial communities in 
the lake and estuary is lacking, and we cannot exclude 
that characteristics of the bacterial assemblages also 
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influenced the observed differences in DOC utilisa- 
tion. To discriminate between a pure salinity or bacte- 
rial effect is a delicate problem. This is because the 
performance of bacteria from marine and limnic envi- 
ronments are expected to be intimately associated with 
the ionic strength of their medium due to physiological 
requirements. 

Despite the higher consumption of DOC under estu- 
arine conditions, Yb did not vary significantly between 
the environments (Fig. 6, Tables 2 & 3). This implied 
that the growth efficiencies of lake bacterioplankton 
(median value 28%) were higher than for estuarine 
bacterioplankton (12%). As the same result was ob- 
tained in the experiment when only riverine DOC from 
the river mouth was used, the increased salinity and/or 
differences in bacterial metabolism were the main 
explanation for the lower growth efficiency, rather 
than a down river ageing of DOC. Whether this was 
due to a lower quality of DOC, made available by 
higher ionic strength, or an evolved feeding strategy of 
estuarine bacteria to produce chemical bound energy, 
cannot be determined from this study. Taken together, 
the results of carbon utilisation and biomass produc- 
tion thereby indicated that the estuarine environment 
was more important for the biological transformation 
of terrigenous DOC to CO2 than the largest lake in the 
watershed. 

The estuarine growth efficiency obtained in this 
study (12 %) was clearly lower than earlier estimates of 
growth on estuarine DOC in the Ore Estuary (27%, 
Zweifel et  al. 1993). One potential cause of this differ- 
ence was that DOC sampled from the estuary contains 
a larger fraction of readily available phytoplankton 
exudes than riverine DOC sampled in this study. The 
growth efficiencies we obtained were also lower than 
the average of estuarine environments reported in the 
literature (34 %, del Giorgio et al. 1997). We suggest 
that the lower BGE observed in our study was partly 
due to the different experimental design offering only 
allochthonous DOC to the estuarine bacterial assem- 
blage. The median BGE in the enriched limnic samples 
in our study (28%) was higher than in the estuary, 
although not significantly different due to high vari- 
ability. The limnic values compared well with values 
used in the literature (20 %, del Giorgio et al. 1997). 

In an ecosystem perspective, it is vital to understand 
how the bioavailability of allochthonous DOC varies 
with season and flow regime. The highest utilisation of 
allochthonous DOC under estuarine conditions coin- 
cided with the spring flood (average 18 %), when about 
half (46%, Forsgren 1994) of the annual riverine DOC 
discharge occurs. An important consequence of this 
observation is that allochthonous DOC discharged 
during the spring flood may be quantitatively and 
qualitatively more important to the marine ecosystem 

than during the rest of the year. The lack of an increase 
in UDOC at the unexpected poor flow rate during 
spring 1996 was still internally consistent with a posi- 
tive association between UDOC and flow rate. In Lake 
Ortrasket no statistically significant increase in bacter- 
ial utilisation of allochthonous DOC was observed dur- 
ing the spring flood. This observation disagrees with 
other results from Lake Ortrasket demonstrating 
increased bacterial production in the lake in connec- 
tion with spring flood events (Jansson et al. 1998). The 
fact that only 1 high flow episode was represented by 1 
experiment in our study make conclusions on the avail- 
ability of spring flood DOC to bacteria uncertain. 

The fraction of riverine DOC used (UDOC) in our 
study compared relatively well with average values of 
streams, estuarine and oceanic environments reported 
in a comprehensive review by Snndergaard & Middle- 
boe (1995). However, the specific consumption of allo- 
chthonous riverine DOC by lake and estuarine bacte- 
ria has not often been studied previously in the 
literature (i.e. Hobbie et al. 1996). It is therefore inter- 
esting to compare the size of the utilisable fraction of 
allochthonous riverine carbon with some correspond- 
ing values for autochthonous DOC from different 
aquatic environments. 

The highest utilisation reported in our limited compi- 
lation of DOC studies appeared to coincide with spring 
bloom events, or when challenging estuarine bacteno- 
plankton with riverine DOC (Table 4). These events 
represent situations with marked amounts of pristine 
DOC, not previously exposed to extensive degradation 
in the lake or estuarine environments. High turnover 
rates and utilisation of DOC (23 to 42 %) were reported 
by Kirchman et al. (1991) during a spring bloom in the 
north Atlantic, as well as by Amon & Benner (1994) 
during a diatom bloom in the Gulf of Mexico. These 
were in accordance with the prevailing view that pris- 
tine phytoplankton DOC contains a larger fraction of 
UDOC than the bulk DOC pool. However, the studies 
designed to investigate the consumption of riverine 
DOC by estuarine bacteria (Hobbie et al. 1996, present 
study) showed higher maximum values than a study 
using bulk estuarine DOC (7%, Zweifel et  al. 1993). 
According to our estimates the rnsjor part sf the 
allochthonous DOC entering the marine system should 
be assigned UDOC values of 18 % (average during 
spring flood). Although the insight that bulk DOC con- 
tain sub-fractions with different bioavailability is not 
novel, this comparison suggests that riverine terrestrial 
DOC during the spring flood (with 80% humic con- 
tent), previously considered as a refractive component, 
has a larger bioavailable fraction than the bulk estuar- 
ine DOC. Therefore, estimates of the utilisation of bulk 
estuarine DOC may underestimate the turnover of 
pristine allochthonous DOC entering the marine 
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Table 4. Estimates of the utilised fraction of the DOC pool (UDOC) from different aquatic environments. Sampled seasons and 
origin of DOC are also shown 

Environment Season DOC source UDOC (%) Source 

Stream Winter Autochtonous 1 -ga Leff & Meyer (1991) 
Lake Summer Autochtonous 9.5 Tranvik (1 988) 
Lake Spring-summer Autochtonous 5-9 Ssndergaard et al. (1995) 
Lake All seasons Allochthonous 0- l lb  Present study 
Estuary Spring-summer AllochthonousC 6-17 Hobbie et al. (1996) 
Estuary All seasons Allochthonous 0-20b Present study 
Estuary Summer-Fall Autochthonous 1-7 Zweifel et al. (1993) 
Ocean Spring bloom Autochthonous 23-42 Kirchman et al. (1991) 
Ocean Spring bloom Autochthonous 9-52 Amon & Benner (1994) 
Ocean/coastal Fall ~ u t o c h t h o n o u s ~  3-11 Moran & Hodson (1994) 
Ocean All seasons Autochthonous 7-9 Carlson & Ducklow (1996) 

aValues recalculated with a bacterial carbon content of 20 fg cell-' as the factor in the original paper was 2 orders of magni- 
tude lower 

bZero value is used when estimates where under the detection limit 
CStream DOC was inoculated with estuarine bacteria 

I dIsolated humic fraction used. In some samples humic substance and bacierial inucuiunl were from different sites I 

ecosystem. This result contributes to the emerging evi- 
dence that terrestrial organic matter, containing sub- 
stantial amounts of humic matter, can supply energy 
and materials to aquatic food chains in both limnic and 
coastal marine ecosystems (Tranvik 1988, Moran & 

Hodson 1990, Findlay et al. 1991, Hessen 1992, Carls- 
son & Graneli 1993). 

The utilisation of DOC in the limnic environment 
showed a median value of 0.6% in unenriched sam- 
ples. This was clearly lower than the average for 27 
lakes (median 14 %) reviewed by (Ssndergaard & Mid- 
dleboe 1995). Using a bacterial growth efficiency of 
30% would still give a low UDOC value based on the 
bacterial biomass yield (2.7%, Table 2B). The lower 
values in our study may possibly be due to the use of 
allochthonous DOC instead of the bulk lake DOC and 
the sampling at different seasons. 

Enrichment with nitrogen and phosphorus promoted 
higher consumption of DOC, as well as higher Yb, than 
in unenriched samples (Figs. 3 & 5). Similar results 
were obtained by Zweifel et al. (1993), studying the 
autochthonous DOC of the Ore Estuary, and Jansson et 
al. (1996) in studies on limiting factors for bacterial pro- 
duct:~:: ir, La!<e @rtr&ket. Clr !sn~ & Di~clrlow (1 996) 

also observed nutrient limitation to be of importance 
when studying the consumption of oceanic DOC. In 
the Amazon River carbon rather than nitrogen or phos- 
phorus limitation has been reported (Benner et al. 
1995). As our experimental bottles lacked zooplankton, 
and thus active remineralisation, caution should be 
used to apply our result to natural conditions. How- 
ever, the observed shortage of nitrogen or phosphorus 
imply that the utilisation of DOC, at least periodically, 
was limited by the supply of mineral nutrients. 
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