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Abstract

Ecosystem metabolism of lakes strongly depends on the relative importance of local vs. allochthonous carbon
sources and on microbial food-web functioning and structure. Over the year ecosystem metabolism varies as a
result of seasonal changes in environmental parameters such as nutrient levels, light, temperature, and variabil-
ity in the food web. This is reflected in isotopic compositions of phytoplankton and bacteria. Here, we present
the results of a 17-month study on carbon dynamics in two basins of Lake Naarden, The Netherlands. One basin
was restored after anthropogenic eutrophication, whereas the other basin remained eutrophic. We analyzed nat-
ural stable carbon isotope abundances (6'*C) of dissolved inorganic carbon, dissolved organic carbon and macro-
phytes, and combined these data with compound-specific 6'*C analyses of phospholipid-derived fatty acids,
produced by phytoplankton and bacteria. Isotopic fractionation (¢) between phytoplankton biomass and
COx(aq) was similar for diatoms and other eukaryotic phytoplankton, and differences between sampling sites
were small. Highest ¢ values were observed in winter with values of 23.5 = 0.69,, for eukaryotic phytoplankton
and 13.6 = 0.39,, for cyanobacteria. Lowest ¢ values were observed in summer: 10.5 = 0.39, for eukaryotic phyto-
plankton and 2.7 + 0.1%, for cyanobacteria. The annual range in 6'*Cp,. was between 6.9%, and 8.2%, for the
restored and eutrophic basin, respectively, while this range was between 11.69,, and 13.19,, for phytoplankton in
the restored and eutrophic basin, respectively. Correlations between §'*Cppyio and 6'*Cp,ee were strong at both
sites. During summer and fall, bacterial biomass derives mainly from locally produced organic matter, with
minor allochthonous contributions. Conversely, during winter, bacterial dependence on allochthonous carbon
was 39-77% at the restored site, and 17-46% at the eutrophic site.

Freshwater systems play an important role in the global car-
bon cycle despite their limited spatial extent. Inland waters
process large amounts of carbon (Cole et al. 2007; Battin et al.
2008; Tranvik et al. 2009) and, compared to oceans, have a dis-
proportionally high storage capacity resulting from high pro-
duction rates and high sedimentation rates. Nevertheless, the
surface waters of lakes are often supersaturated with respect to
CO, (Cole et al., 1994), resulting in emission of CO, to the
atmosphere. Although dissolved inorganic carbon (DIC) load-
ing from the watershed may be a cause (McDonald et al.,
2013), the imbalance between lacustrine and atmospheric
partial pressures of CO, often results from excess respiration
compared to primary production. The carbon supporting
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respiration can be derived from either autochthonous (locally
produced) or allochthonous (external inputs from plants and
soils) sources. Ecosystem metabolism and net impact on the
global carbon cycle strongly depend on the relative impor-
tance of these carbon sources and hence microbial food web
functioning and structure.

The microbial food web is not only affected by input of
allochthonous organic matter but also by environmental
parameters such as nutrient levels, temperature, and light
availability, which influence primary productivity. Even
though all these factors vary strongly throughout the year,
microbial food-web studies are usually snapshots representing
days (Staehr and Sand-Jensen 2007; Staehr et al. 2010; Coloso
et al. 2011) to weeks (Cole et al. 1988; Pace et al. 2004; Cole
et al. 2006; Brett et al. 2009; De Kluijver et al. 2010) because of
limitations in time and resources. Studies on the effects of sea-
sonal variability on carbon processing and the microbial food
web hence are relatively scarce. The few studies of seasonal
changes in phytoplankton carbon isotopic composition gener-
ally show large variability (Finlay 2004; Bontes et al. 2006; Van
Breugel et al. 2006; De Kluijver et al. 2015), resulting from
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changes in growth rate and carbonate chemistry (pH, pCO5,).
Also seasonal variability in the dependence of zooplankton on
allochthonous carbon via microbial links has been reported
(Grey and Jones 2001; Van den Meersche et al. 2009).

In the past, stable carbon isotopes have been applied to
trace energy flow at higher food-web levels (e.g., Peterson
and Fry 1987; Kling et al. 1992; Keough et al. 1996). A major
challenge however, has been to distinguish between organ-
isms at the base of the food web (phytoplankton, bacteria)
and particulate organic carbon (POC) (Middelburg, 2014).
Indirect measurements such as different size classes of POC
and their carbon isotopic compositions have been used to
infer the 6'°C of phytoplankton (Marty and Planas 2008).
However, these size-based approaches are difficult to apply
in turbid, eutrophic systems and estimations from DIC
involve large uncertainties in terms of fractionation and cor-
rection factors (Middelburg 2014; Taipale et al. 2015).
Compound-specific stable isotope analyses nowadays allow
addressing different components of the food web, including
the base (Boschker et al. 1998; Middelburg et al. 2000; Van
den Meersche et al. 2009). Especially phospholipid-derived
fatty acids (PLFAs), components of cell membranes, are
excellently suited for natural abundance isotope studies
since they are hydrolyzed within hours to days after cell
death (White et al. 1979; Harvey et al. 1986) and thus repre-
sent freshly produced biomass. PLFAs are produced by a large
variety of organisms and although they do not represent
unique organisms, they can be used to differentiate between
phytoplankton (eukaryotic algae, prokaryotic cyanobacteria)
and heterotrophic bacteria (Kaneda 1991; Boschker and Mid-
delburg 2002; Gugger et al. 2002; Dijkman and Kromkamp
2006; Taipale et al. 2013). Accordingly, PLFAs have been suc-
cessfully applied to food-web studies (Rutters et al. 2002),
including in lakes (Bontes et al. 2006; Pace et al. 2007; De
Kluijver et al. 2014).

Here, we investigate phytoplankton-bacteria coupling over
a 17-month period in two basins of successfully restored Lake
Naarden (Naardermeer), The Netherlands. Lake Naarden is a
shallow (~ 1 m water depth) wetland lake, lying within the
Naardermeer nature reserve. The lake has a surface area of
1042 ha and consists of five connected basins and canals that
are surrounded by marshy woodland, open reed-marshland,
and meadows (Fig. 1). Until the 1960s, water was supple-
mented by rainfall, groundwater discharge and water levels
were maintained by pumping water to and from the river
Vecht. Water supply from the river Vecht was stopped after
1960 because of eutrophication of this water. Nevertheless,
eutrophication of Naardermeer continued after 1960, with
increasing turbidity and decreasing aquatic vegetation
(mostly charophytes and Najas marina). Original macrophyte
vegetation gave way to species associated with eutrophication
and seasonal algal blooms (Bootsma et al. 1999). A restoration
project started in 1985 aiming at reducing the P-load by sup-
plying phosphate-free water. After a decade turbidity was
reduced and macrophytes had largely recovered in most of
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Fig. 1. Map of Lake Naarden and the surrounding vegetation types.
Samples were taken in two basins: GM and BB. Sampling locations are
indicated by red circles.

the lake (Bootsma et al. 1999). Currently, dephosphorized
water is supplied from the river Vecht in dry periods (sum-
mer), but only reaches the area north of the railway (Fig. 1).
Diatom studies have shown that water quality has recovered
in particular north of the railway. The northern basin Grote
Meer (GM) (Fig. 1) is considered of “very good” quality, with
Secchi depths, ranging from ~ 0.8 m in summer to ~ 1.2 m
in winter (water depth ~ 1.2 m). Chlorophyll a concentra-
tions between 6 ug L' and 31 ug L~ ! suggest meso- to eutro-
phic conditions, while average total phosphorous (TP)
concentration of 29 ug P L' (ranging between < 10 ug P L™!
and 60 ug P L7') are indicative of eutrophic conditions.
Bovenste Blik (BB) south of the railway is still moderately dis-
turbed (Van Ee 2007). This is also reflected in Secchi depths
ranging between 0.4 m and 0.8 m (water depth ~ 1 m). In
this basin, Chl a concentrations between 14 ug L' and 87 ug
L~! are indicative of eutrophic conditions and also TP con-
centrations are higher compared to site GM, ranging between
20 ug P L' and 160 ug P L' (average of 65 ug P L™') during
our sampling year.

This study addresses seasonal changes in phytoplankton
isotopes and carbon transfer to bacteria using stable isotope
analyses of inorganic (DIC) and organic (dissolved organic
carbon [DOC] and aquatic and terrestrial vegetation) carbon
as well as compound-specific stable carbon isotope analyses
of phytoplankton and bacteria via PLFAs. We examine bacte-
rial dependence on autochthonous vs. allochthonous carbon
sources throughout the year. We compare the results from
the two basins of Lake Naarden, aiming to improve under-
standing of the effects of trophic state.
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Material and methods

Sample collection

Between May 2013 and September 2014, water was col-
lected monthly from two basins of Lake Naarden: GM and BB
(Fig. 1). Ten liters of water were transported to the laboratory
and sampled for DIC, DOC, and suspended particulate matter
(SPM). Samples for DIC and DOC carbon isotopic composition
were filtered through 0.45 yum GM/F filters. DIC samples were
collected air-free in 20 mL headspace vials, which were sealed
airtight, poisoned using mercury chloride, and subsequently
stored dark and upside down. After filtering, DOC samples
were stored frozen (—20°C) until analysis. Remaining water
was filtered for SPM using pre-weighed and pre-combusted
GF/F filters (0.7 pum) and frozen (—20°C) until extraction.
Aquatic, littoral, and terrestrial vegetation was collected in
September 2015 and stored frozen until further analyses.

Data on temperatures, Chl a concentrations, pH values,
and concentrations of carbonate species were collected and
kindly provided by water company Waternet and its associ-
ated laboratory Waterproef, commissioned by Natuurmonu-
menten, the Society for preservation of nature monuments
in The Netherlands.

Laboratory analyses

DIC concentrations were measured on a Shimadzu TOC-
5050A carbon analyzer and calibrated using an in-house sea-
water standard. Standard deviations were better than 0.3 mg
L~'. For 6"3C analyses, first a helium headspace was gener-
ated and DIC samples were then acidified using H3POy, cre-
ating CO,-gas of which the 6'3C values were measured using
a gas bench coupled on line to an isotope ratio mass spec-
trometry (IRMS; Thermo Delta V advantage). Values were
calibrated to the Vienna Peedee Belemnite (V-PBD) scale
using Li,CO3 and Na,COs as standards.

DOC samples were treated and analyzed for 6'*C follow-
ing (Boschker et al. 2008), using high-performance liquid
chromatography-isotope ratio mass spectrometry (Thermo
Surveyor system coupled to a Delta V Advantage using the
LC-Isolink interface), using certified reference materials glu-
tamic acid and sucrose for calibration.

POC concentrations and '3Cpoc were measured on small
pieces (eight circles, 5 mm diameter) cut from the filters col-
lected for SPM analyses. POC concentrations were measured
using an elemental analyzer (Fisons Instruments NA1500),
coupled online to an IRMS (Thermo Deltaplus) for 'C anal-
yses. Precision for 6'3C was better than 0.1%, based on an
(in-house) Graphite quartzite standard and 0.29), based on
an (in-house) Nicotinamide standard. Concentrations were
relatively low and hence did not allow for duplicate meas-
urements, still, the observed trends are consistent and con-
firm that the internal precision is representative.

Vegetation samples were freeze dried and ground to a
powder. Carbon isotopic compositions were measured on
the same setup described above for analyses of POC.
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Standard deviations were better than 0.49,, based on an in-
house graphite quartzite standard.

A modified Bligh and Dyer extraction method was used to
extract lipids from freeze-dried SPM samples, which were
then separated based on polarity into simple lipid, glyco-
lipid, and PL fractions (Dickson et al. 2009). Subsequently,
mild alkaline transmethylation converted phospholipid-
derived fatty acids to fatty acid methyl esters (PL-FAMEs)
(White et al. 1979) and C;,.0 and C;9.0 FAMEs were added as
internal standards. Concentrations of PL-FAMEs were ana-
lyzed using a gas chromatograph (HP 6890) with Helium as
carrier gas set at constant pressure and fitted with a flame
ionization detector (FID) and a VF-23ms column (0.25 mm
internal diameter). Compounds were identified based on
retention times and mass spectra following mass spectrome-
try, which was performed using a Thermo Trace GC Ultra,
with Helium set at constant flow. Double-bond positions
were determined after derivatization with dimethyl-disulfide
(DMDS). DMDS was activated with iodine in diethyl ether at
40°C overnight (Buser et al. 1983). Compound-specific '*C
analysis was done using gas chromatography combustion
isotope ratio mass spectrometry (GC-C-IRMS) on a Thermo-
Finnigan Delta Plus XP using the same type of column that
was used during GC-FID analyses. Oven programming of
GC-FID, gas chromatography mass spectrometry (GC-MS)
and GC-C-IRMS followed Middelburg et al. (2000). Carbon
isotopic values of PLFAs are reported in 9, vs. V-PDB. These
were corrected for the carbon atom that was added during
methylation. Carbon isotopic values of the derivatizing
agents were determined offline (Sessions, 2006).

PLFA assignments

Main PLFAs detected in SPM samples from both sites were
branched PLFAs iC14:0, iC15:0, aC15:0, and polyunsaturated
fatty acids (PUFAs) C16:2w7, C18:3w3, C18:4w3, C20:4w6,
C20:5w3, and C22:6w3. Branched PLFAs iC14:0, iC15:0, and
aC15:0 are predominantly produced by gram-positive bacte-
ria (Kaneda 1991) but have also been detected in some gram-
negative bacteria (Haack et al. 1994). PUFAs are synthesized
by phytoplankton groups, including green and red algae,
diatoms, dinoflagellates, and haptophytes (Brett and Mdller-
Navarra 1997; Dijkman and Kromkamp 2006; Taipale et al.
2013). Detected PUFAs C18:3w3, C18:4w3, C20:4w6, and
C22:6w3 derive from numerous phytoplankton groups while
PUFAs C16:2w7 and C20:5»3 derive more uniquely from dia-
toms (Dijkman and Kromkamp 2006). An overview of cell
counts for phytoplankton phyla during the summer of 2014
is given in Supporting Information Table S4.

PLFA C18:3w6, which can be used to represent cyanobac-
teria (Gugger et al. 2002), was found in very low concentra-
tions and only during 4 months at sampling location GM
and was not included in the results. At location BB however,
C18:3w6 was detected during 11 out of 17 months and con-
centrations allowed for 6'3C analyses. Cyanobacterial species
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identified in BB include, e.g., the genus Anabaena, which is
known to produce PLFA C18:3w6 (Gugger et al. 2002). This
species was not detected in GM (data not shown), although
other cyanobacterial species were found to contribute sub-
stantially to the phytoplankton community (Supporting
Information Table S4). These species apparently did not pro-
duce the specific PLFA C18:3w6.

Data analyses

COz@q and pCO, were calculated from DIC concentra-
tions, pH and water temperatures. The isotopic composition
of COsnq) was calculated from §'*Cpyc with a correction for
temperature (Mook et al. 1974). Isotope discrimination, or
fractionation (¢), between phytoplankton and the carbon
source COp,q) Was calculated as:

8%Cco2 = 8" Cpnyto
1+ 6" Cphyto/1000

£¢CO,—phyto = (1)

Where phyto can mean either phytoplankton PLFA (for
écoz-pLra) OF phytoplankton biomass (for ecoz-phyto). Carbon
isotopic composition of biomass was derived from the 6'*C of
PLFAs by correcting for the isotopic offset between PLFAs and
total cells. We used a correction of +7.1 = 0.99, for eukaryotic
phytoplankton, +4.1 =0.89, for diatoms, +11.4 +0.79, for
cyanobacteria, and +2.2*+0.19%, for bacteria (Taipale et al.
2015). Although depletion of lipid carbon isotopic composi-
tion with respect to biomass can vary widely (Schouten et al.
1998; Hayes 2001; Pel et al. 2004), the correction factors
applied here were derived specifically for w3-PUFAs for phyto-
plankton and branched PLFAs for bacteria (Taipale et al. 2015)
and are the best estimate we can use. However, we do realize
that uncertainty in the applied correction factors is also
reflected in the calculated 6'C of biomass and small
differences between 4'>C values of carbon pools and different
producers/consumers should not be overinterpreted.

Concentrations of detritus (dead POC) were derived from
POC by subtracting values for phytoplankton and bacteria
(living POC):

Caet=Croc— Cphyto — Cpact 2

Where Cppyo is calculated by multiplying the concentration
of Chl a by 44 = 17 (Montagnes et al. 1994) and Cyp, is calcu-
lated using a ratio of C to FA of 50 (Middelburg et al. 2000).
We assumed = 20% variation in the ratio of C to FA of 50 for
bacteria. Since concentrations of terrestrial-derived long-chain
saturated fatty acids (C20:0, C22:0, C24:0, C26:0) were too
low to allow for reliable stable carbon isotope analyses, we cal-
culated the carbon isotopic composition of detritus by mass
balancing. Uncertainties in derived or composite variables
such as §'3C of phytoplankton, bacteria or detrital pools were
calculated using error propagation techniques and uncertain-
ties in measured 6'3C data, isotope fractionation factors and
biomasses of phytoplankton and bacteria. A simple two-end
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member isotope mixing model was used to calculate the
dependence of bacteria on DOC, our proxy for allochthonous
carbon resources.

Results

Sampling year vs. long-term averages
Temperature

Due to their close proximity, water temperatures showed
little variation between sampling locations GM and BB,
hence only temperatures from location GM are shown in
Fig. 2a (black diamonds), with average temperatures over the
period 2003-2014 shown as bars. In general, monthly water
temperatures during the sampling campaign corresponded
well with long-term averages. The average summer tempera-
ture of 2013 was warmer than the long-term average with
temperatures of 21.1°C and 20.2°C, respectively, due to a
warm August. During the winter of 2013-2014, the average
temperature of 5.6°C was also somewhat warmer than the
decadal average of 4.8°C. Conversely, the summer of 2014
was slightly colder than the long-term mean with an average
temperature of 19.9°C. Both the sampling year and the long-
term trend show that lowest temperatures were reached in
December to February and spring warming started in March.

Chl a

Concentrations of Chl a at location GM during the sampling
campaign fell within the range of natural variability (standard
deviations of the long-term averages) (Fig. 2b). Chl a concentra-
tions were relatively stable throughout the year, between 6 ug
L' and 17 ug L™' during most months. Highest concentra-
tions, between 26 ug L~! and 31 ug L™!, were measured from
January to March. At location BB, Chl a concentrations also
matched well with the long-term averages but showed a differ-
ent seasonal trend compared to location GM (Fig. 2¢), with two
maxima observed each year (a smaller maximum in February
and a more pronounced maximum in August-September). Chl
a concentrations at BB were much higher than at GM, generally
between 14 ug L' and 31 ug L' during our sampling year,
with a maximum concentration of 87 ug L™! observed in Sep-
tember 2013. The February maximum was lower with a concen-
tration of 61 ug L™'. In 2014, there was no clear maximum
observed in August/September.

pPH

At sampling location GM, pH values measured during our
sampling campaign did not consistently correspond to the
long-term averages (Fig. 2d). During the last decade, average
pH values generally varied between 8.0 and 8.3, with higher
pH values of 8.6 and 8.9 in June and July. However, during
the 2013-2014 sampling year, pH values were around 7.5 in
September, November, and December, which were lower
than during any other year of the 2003-2014 period and
clearly deviated from the trend. In 2014, pH values in
August and September were higher than usual, around 9.2. It
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Fig. 2. (a) Water temperatures (°C), concentrations of Chl a (ug L") at sites (b) GM and (c) BB, and pH values at sites (d) GM and (e) BB. Values as
measured during the 2013-2014 sampling campaign are shown as black diamonds. Gray-shaded bars represent long-term averages (with error bars)

for data measured between 2003 and 2014.

is notoriously difficult to do correct pH analyses on an abso-
lute scale hence we also looked at bicarbonate concentra-
tions (data not shown), which showed comparable values for
our time series compared to the long-term averages. How-
ever, these values could not be used to calculate pH since
reliability of alkalinity analyses, and hence bicarbonate con-
centrations, tends to be reduced in lake water due to the
buffering capacity of humic substances near the endpoint of
alkalinity titrations (Wilson 1979). At the moment, we can-
not explain the aberrant pH values compared to the long-
term trend since other parameters matched well. Since we
cannot fully exclude analytical errors as a cause for these
deviations, we used long-term averages of pH values in our
calculations of COy(,q) and pCO,. At site BB, the long-term
averages were very similar to site GM, ranging between 8.0
and 8.3 with an average annual maximum of 8.5-8.8 from
June-August (Fig. 2e). At this site, pH values during the
2013-2014 sampling period corresponded well with the
long-term averages.

6'3C of inorganic carbon pools
DIC

At sampling site GM, concentrations of DIC showed con-
siderable variability throughout the year (Fig. 3a, left) with

maximum concentrations around 2.0 mmol L' in late
spring/early summer (May, June) and minimum concentra-
tions in late summer (August, September) around 1.2 mmol
L' and 0.85 mmol L™' in 2013 and 2014, respectively.
Stable carbon isotopes of DIC at site GM showed highest
(more enriched) 6'3C values between —0.9%, and —0.6%, in
June and July and lowest (most depleted) values between
—4.6%, and —3.8%, during winter months November—
January (Fig. 3b, left, Supporting Information Table S2).

DIC concentrations at sampling site BB showed a similar
trend as site GM, but the maximum concentrations were
higher, resulting in a larger annual range (Fig. 3a, right).
Minimum concentrations of 1.5 mmol L' and 1.3 mmol
L~! were observed in July 2013 and 2014. During other
months, DIC concentrations were relatively stable between
2.0 mmol L™! and 2.5 mmol L™, with the exception of May
2013 when a peak concentration of 2.8 mmol L' was
observed. Carbon isotope values of DIC at site BB (Fig. 3b,
right, Supporting Information Table S2) were substantially
lower than at site GM, with §'>C values ranging between
—9.5%, and —3.8%,. Most depleted 4'*>C values were observed
in July, and November to January. The depleted 6'*C value
in July 2013 deviated substantially from the generally more
enriched values during other summer months. During this
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Fig. 3. (a) DIC concentrations (mmol C L™") and (b) DIC carbon isotopic compositions (%, vs. V-PDB), (c) average pCO, concentrations (zatm) with
gray envelopes mean = standard deviations as derived from pH values, (d) fractionation values (¢, in %, vs. V-PDB) of individual PLFAs relative to
COy(aq) as calculated form 5"3Cpyc at location GM (left) and BB (right). Carbon isotopic compositions of individual PLFAs were not corrected for isoto-
pic offset between PLFA and total cells. (e) Fractionation values (7, vs. V-PDB) between CO,,q) and weighted averages of phytoplankton, diatom, and
cyanobacterial 6'3C after correction for the isotopic offset between PLFA and total cells. Location GM is shown left and BB is shown right. Gray shaded
areas correspond to summer months: June-August.

month, the observed combination of a high pH (Fig. 2e) and
low pCO, (Fig. 3c) may have caused chemically enhanced
diffusion (CED). During CED, a major source of DIC in water

is the reaction between atmospheric CO, and OH™, instead
of the more general reaction between CO, and H,O. The lat-
ter reaction results in a fractionation of +89%, compared to a
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Fig. 4. Left: Seasonal variations in carbon isotopic composition (3'3C in %, vs. V-PDB = SD where possible) of carbon pools DOC (black), POC
(orange), and detritus (purple). An outlier in 6'3Cye in February 2014 at site BB (—9.4%,) is not plotted as it is strongly influenced by exceptionally
high Chl a concentrations. Right: Seasonal variations in carbon isotopic composition (3'3C in %, vs. V-PDB = SD) of bacterial biomass (red) and phyto-
plankton biomass (green). The gray hatched areas represent offset of 8"3Cpact from 513Cphyto, likely as a result of enhanced contribution of DOC
(allochthonous carbon) to bacterial biomass. Values for site GM are shown at the top, site BB is plotted at the bottom. Gray shaded areas correspond
to summer months: June-August. Data with uncertainty are presented in Supporting Information Table S2.

fractionation of —159,, during CED, which hence results in a
more depleted 6'°C of DIC (Bade and Cole 2006; Bontes
et al. 2006). This may thus explain the observed more nega-
tive values in July 2013. Overall, most enriched values were
observed in August and September of both sampling years.

pCOZ

At sampling site GM, the calculated pCO, values were rel-
atively low, between minima of 67 patm and 43 patm in July
2013 and 2014, respectively, to maxima around 540 patm in
the winter of 2013-2014 and 670 patm in April 2014 (Fig.
3¢, left). Variability in pCO, values at site BB was similar,
with minimum values around 79 patm and 69 patm in July
2013 and 2014, respectively, and a maximum around 800
watm in October 2013 (Fig. 3¢, right). Given the relatively
high standard deviations on the calculated pCO, values (Fig.
3¢, grey envelopes), we will refrain from discussing the num-
bers in detail. Still these numbers indicate very low contribu-
tions of CO, to the total DIC pool, hence '*C¢o, will not
be biased by uncertainties in pCO, values.

4'3C of biomass and organic carbon pools

Weighted averages of 6'3C values of bacterial biomass
were relatively enriched in 6'*C during summer and rela-
tively depleted in 6'3C during winter (Fig. 4, Supporting
Information Table S1). At site GM, 6'3Cp,« showed an
annual range of 6.99, varying between —32.3+0.19%, and
—25.4 +0.59,. At site BB, 513Cbact values had a higher annual
span of 8.1%, and showed more depleted 6'*Cp,e ranging
between —36.6 £0.19%, and —28.5 = 0.39,.

Weighted averages of 6'*C values of phytoplankton bio-
mass showed comparable seasonal changes as 13 Chact With
enriched values during summer and depleted values during
winter (Fig. 4, green). However, the annual range was larger
than observed for bacteria. At site GM, 3'*Cppy1o values had an
annual span of 11.6%,, ranging between —36.4*3.79, and
—24.8 +1.89,. At site BB, 513Cphym values had a somewhat
higher annual span of 13.2%, and showed more depleted
513Cphym ranging between —39.8 * 3.69,, and —26.6 = 0.99,,.

POC also showed clear seasonal differences at both sam-
pling sites (Fig. 4, orange, Supporting Information Table S2).
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Table 1. Average 6'3C values (in %, vs. V-PDB + SD; n=2) of
terrestrial and aquatic vegetation from Lake Naarden during fall
2015.

Vegetation 613C (%)
Terrestrial Hair moss (Polytrichaceae) —-29.1+0.1
Terrestrial Reed leaf (P. australis) —-26.9+0.1
Terrestrial Reed stem (P. australis) —26.6 0.4
Terrestrial Marsh fern (T. palustris) —-29.3+0.1
Aquatic Water lily (Nymphaeaceae) —25.5*0.1
Aquatic Common stonewort (Characeae) -16.4+0.5
Aquatic Shining pontweed (P. lucens) —-27.8*x0.4

Lowest, most depleted 6'°C values were observed during
winter and early spring (November to April) with values
around —31.6%, at site GM and —34.49, at site BB. From
April onward, 3'3Cpoc increased until maxima were reached
from July to September, with values around —26.39, at site
GM and —28.5%, at site BB. The annual range of 6"*Cpoc
values was 5.3%, at site GM and 5.79, at site BB. At both
sampling sites, detritus was the dominant component of the
POC pool (Supporting Information Table S3). At site GM,
77% = 8% to 92% * 3% of POC consisted of detritus from
April to October. During winter months (November to
March), detritus contributed a smaller fraction of POC,
between 52% *17% and 71% * 10%, indicating highest liv-
ing biomass contributions during winter, as already shown
by the Chl a data (Fig. 2b). Calculated stable carbon isotopic
compositions of detritus at site GM varied between
—26.4 +1.5%, and —30.5 = 3.5%, (Fig. 4, Supporting Informa-
tion Table S2). At site BB, the relative contributions of detri-
tus and living biomass to the POC pool showed more
variability. During summer months (from April to July in
2013 and until September in 2014), 69% * 11% to 83% * 6%
of POC was detritus. From August 2013 to March 2014, the
fraction of detritus was much lower, ranging between 40% =+
22% and 80% = 7%, with the exception of February 2014. In
this month, an exceptionally large contribution of phyto-
plankton biomass to POC was derived from Chl a data and
hence a low contribution resulted for detritus of ~ 2% * 36%
of the POC pool. At site BB, calculated 0'°Cge varied
between —27.1 £4.29, and —32.1 +4.1%, (Fig. 4), except for
February 2014 during which the calculation was strongly
influenced by the unusually high Chl a concentrations.
Stable carbon isotopic compositions of DOC were stable
throughout the year with §'°C values of —28.8+0.6%,
for GM and —29.5 *=0.49,, for BB (Fig. 4, black, Supporting
Information Table S2).

Carbon isotopic compositions of abundant species of
littoral and terrestrial macrophytes (Table 1) were typical for
vegetation using the C3 photosynthetic pathway with §'3C
values of —29.1+0.1%, for Polytrichaceae (hair moss),
-26.9+0.19%, and —26.6*+0.49, for Phragmites australis
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(reed) leaf and stem, respectively, and —29.3 = 0.19,, for The-
lypteris palustris (marsh fern). Aquatic vegetation had 6'*C
values of —25.5%0.19, for Nymphaeaceae (water lily),
—27.8 £0.49, for Potamogeton lucens (shining pontweed),
and markedly different 6'*C value of —16.4 + 0.59, for Char-
aceae (common stonewort) (Table 1). A potential contamina-
tion with CaCOj; was specifically excluded using multiple
decalcification steps.

Bacterial dependence on allochthonous organic carbon
was calculated from a standard one-isotope-two-sources iso-
tope mixing model using the §'*C of DOC as proxy for ter-
restrial organic matter and the §'*C of phytoplankton as
representative of locally produced organic matter. Bacterial
dependence on DOC varied between 39% and 77% at site
GM and between 17% and 64% in basin BB. This depen-
dence could only be calculated during winter and spring
months because of overlapping 6'3C values during summer
(Fig. 4).

Phytoplankton fractionation

Fractionation values between phytoplankton PLFAs and
the carbon source COj(q) (écoz-pira) are shown in Fig. 3d
(GM left, BB right) and show substantial differences in ecoz.
pLra between individual PLFAs, with the seasonal changes
being similar and in phase for the different PLFAs. At both
sites, lowest fractionation values were observed at the end of
summer and highest fractionation was observed during win-
ter. Although 6'3Cp,c differed appreciably between the two
basins, individual phytoplankton PLFAs displayed similar ¢
values at both sites, with highest fractionation values for
PLFAs C18:3w3 and C18:4w3, ranging between 18.9 £ 0.29,
and 29.3 +0.2%, for C18:3w3 and between 19.0 = 0.3%, and
33.2 +0.69%, for C18:4w3 at site GM. At site BB, ¢ values were
similar, ranging between 18.7 £0.2%, and 30.3 +0.19, for
PLFA C18:3w3 and between 17.9 +0.59, and 31.7 = 1.1%, for
PLFA C18:4w3. Lowest ¢ values at site GM were observed in
PLFAs C20:4w6 and C16:2w7, ranging between 15.2 +0.3%,
and 23.6 =0.19, and between 15.2 =0.19, and 22.8 =0.59%,,
respectively. At site BB, lowest ¢ values were found for PLFA
C20:4mw6, ranging between 12.5 +0.29, and 23.4 = 0.79%,, and
for PLFA C20:5w3, ranging between 14.8*+0.29, and
25.9 £0.79%,. Additionally, cyanobacterial PLFA C18:3w6 at
location BB also showed relatively low ¢ values, ranging
between 14.5 = 0.2%, and 25.6 * 0.69,.

Stable carbon isotopic fractionation between COj@q, and
PLFA-based phytoplankton biomass (¢coz.phyto) are shown in
Fig. 3e. Since the isotopic offset between PLFA and total cells
is different for diatoms compared to other phytoplankton
species (Taipale et al. 2015), the resulting &cozpnyto Were
plotted separately (Fig. 3e). At sampling site GM, there was
little difference between ecozphyto Of diatoms compared to
other eukaryotic phytoplankton (Fig. 3e, left), with mini-
mum values of 11.9 =0.79, and 15.1 = 2.09,, respectively, in
2013 and around 14.2 =0.49,, and 11.5 =0.99,,, respectively,
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in 2014. Maximum &coz.phyto values during winter were
around 23.5 £0.6%, for both diatoms and other eukaryotic
phytoplankton species. At site BB, the difference in ecoz-phyto
between eukaryotic phytoplankton and diatoms was more
apparent, with generally lower ¢ values for diatoms (Fig. 3e,
right). Minimum &coz phyto Of eukaryotic phytoplankton was
10.7 £1.19,, and 11.8 =1.79,, in July 2013 and 2014, respec-
tively, with maximum fractionation values between
19.5 +1.99, and 22.7 +£1.3%, from December 2013 to April
2014. Diatom fractionation decreased to around 10.5 * 0.39%,
from June to October 2013 and was stable around 179, dur-
ing winter and early spring (November to March), reaching a
maximum ¢ value of 22.0 = 0.5%, in June 2013. A minimum
fractionation of 10.5 =0.39, was observed in August 2013.
Substantially lower &tcospnyto Vvalues were observed for
PLFA-based cyanobacterial biomass, with minimum values
of 29+0.1%, and 2.7*+0.1%, in July 2013 and 2014,
respectively, and a maximum fractionation of 13.2 +0.3%,
and 13.6 =0.39%, observed in April 2014 and August 2014,
respectively.

Discussion

Time series

Chl a concentrations, representing phytoplankton bio-
mass, varied considerably between locations GM (Fig. 2b)
and BB (Fig. 2¢). At site GM, Chl a concentrations peak from
January to March, but it is likely that absolute production is
higher during spring (and fall) blooms but this is likely com-
pensated by higher grazing pressures at the same time. At
site BB, Chl a concentrations, or production which escapes
grazing (i.e., net production), is highest during late summer
(August, September), with a smaller peak in February (Fig.
2¢). It seems that net production in BB is higher and more
prone to bloom formation compared to GM.

The 17-month sampling period covered two summers and
a winter, thereby capturing the full range of seasonal vari-
ability in terms of temperatures and light. Overall, variability
during the sampling period from May 2013 to September
2014 is in line with that observed over a longer timescale in
terms of temperatures, phytoplankton biomass, and inor-
ganic carbon chemistry (Fig. 2). We therefore believe that
the obtained results can be interpreted as representing com-
mon conditions. Also the sampling interval used seems to
nicely capture the lake’s variability over the year, based on
the observed gradual changes in the time series.

DIC concentrations and §'3C

In most lakes, DIC concentrations generally vary between
0.1 mmol C L™ ! and 1 mmol C L™! but the naturally occur-
ring range is much larger (<0.02 mM to>5 mM) and con-
centrations within systems can be highly variable (Cole and
Prairie 2009). At site GM, DIC concentrations show a large
range, varying from around 1.3 mmol C L™ ! during summer
to ~2.7 mmol C L' during spring (Fig. 3a, left). DIC
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concentrations at site BB were higher during most months
and were rather stable around 2.3 mmol C L™! from October
to March. DIC isotopic compositions at site GM (Fig. 3b,
left) and BB (Fig. 3b, right) showed different values and sea-
sonality with 5'3Cpyc values 2-79%, lower at site BB compared
to site GM. These lower values can be due to higher respira-
tion at this more eutrophic site and/or input of small
amounts of a relatively depleted source of inorganic carbon
(e.g., methane, §'C around —60%,) adding to the DIC pool
in basin BB. Enhanced respiration would also explain the
somewhat higher DIC concentrations, but some contribution
of groundwater-derived methane to the DIC pool at site BB
cannot be ruled out, since there is groundwater seeping into
this basin (P. Schot pers. comm.).

Both DIC concentrations and §"*Cp;¢ are affected by pro-
duction and respiration, with primary production resulting
in lower DIC concentrations and enriched §'3Cpic due to
isotopic fractionation by phytoplankton: the preferential
uptake of '>C over '*C during photosynthesis. Conversely,
respiration releases relatively light carbon thereby increasing
concentrations and lowering 8'3Cpic. From January until
summer, the balance between production and respiration
shifts and causes increasing d'>Cp;c at both sites (Fig. 3b).
During and after summer, the opposite occurs, when 83Cpic
values decrease. Concentrations of aqueous dissolved CO,
(PCO2q)) as derived from (DIC), pH and water temperatures
are lower at sampling site GM, compared to site BB during
most of the year (Fig. 3c). As expected, pCO, concentrations
decrease to very low values during periods of intense primary
production (June-August), while pCO, maxima are observed
during winter months when respiration rates are relatively
high. The calculated pCO, trends correspond well with vari-
ability in 0'*Cp;c, with minima in pCO, corresponding to
more enriched §'3Cpic and maxima in pCO, co-occurring
with more depleted 33Cpic. Only in July 2013 in basin BB,
when chemical enhanced diffusion might have been
important (see above), lower pCO, does not correspond to
enriched (313Cch.

Phytoplankton 4'*C and fractionation

The stable carbon isotopic composition of PLFAs did not
only vary clearly throughout the year, but 6'*C values of indi-
vidual PLFAs were also different by up to 11.3%, and 10.19, at
locations GM and BB, respectively, within the same month
(Supporting Information Table S1). This variation in §'*C of
individual PLFAs may partly result from species-specific isotopic
offsets between lipids and total cells. The magnitude of this off-
set is not well constrained and the applied correction for this
offset can be highly variable (Schouten et al. 1998; Pel et al.
2004; Taipale et al. 2015). Additionally, the 6'*C of phytoplank-
ton biomass can be influenced by several species-specific factors
resulting in species-specific isotopic discrimination (or fraction-
ation, ¢) between carbon source (COpuq) and consumers.
For example, differences in cell size and permeability (CO,

2781



Lammers et al.

diffusion into or leakage out of cells) (Popp et al. 1998), the
enzymatic pathway used during photosynthesis, the kinetics of
carbon uptake (active vs. diffusion), and the uptake of different
carbon species (see below) all result in different ¢ values for dif-
ferent species (Peterson and Fry 1987; O’Leary 1988; Farquhar
et al. 1989; Laws et al. 1995). The PLFAs found in Lake Naarden
have different ¢ values relative to COy,q (Fig. 3d), which likely
reflects variability in their respective source organisms or the
relative uptake of different carbon species.

Although the observed PLFAs may have been produced by
several source organisms at the same time, the observed suite
of PLFAs allows us to distinguish between, and to calculate,
0'3C (weighted averages) of diatoms compared to other
eukaryotic phytoplankton and cyanobacteria (the latter at
site BB only) (Fig. 3e). Differences in fractionation between
COxq) and eukaryotic phytoplankton and between COj,q)
and diatoms are small. The range in ¢ values found here for
diatoms and other eukaryotic phytoplankton (10.5 = 0.3%, to
23.5+0.6%,) corresponds well with values found in other
studies, e.g., 7-18%, under different light conditions (Rost
et al. 2002), 7-279,, in a tidal freshwater estuary (Van den
Meersche et al. 2009), 8-25%, in lakes along a trophic gradi-
ent (De Kluijver et al. 2014), 7-339%, in a biomanipulation
study (Bontes et al. 2006), and other studies (Brett 2014).
The observed ¢ values of cyanobacteria at site BB are substan-
tially lower than ¢ values for both diatoms and eukaryotic
phytoplankton in general, likely related to morphological
and physiological differences in, e.g., cell walls, and the
combination of photosynthesis and respiration within the
same compartment (Vermaas 2001), and the presence of car-
boxyzomes (microstructures involved in increasing Rubisco
efficiency) in cyanobacteria. Observed fractionation values
for cyanobacterial biomass are in line with an average ¢ value
of 12.29%, reported by Bontes et al. (2006).

The relative uptake of CO, and bicarbonate affects photo-
autotrophs fractionation values not only between species,
but also throughout the year. This is a result of the ~ 109,
isotopic fractionation during the conversion of COyg to
HCOj3 (aq) (MoOK et al. 1974). Rubisco requires CO,, which
can be limiting in lacustrine environments, e.g., during peri-
ods (or at depths) of high productivity, while HCOj3 (5q) is
abundant. To keep up photosynthesis during periods of low
(CO2@q), aquatic photosynthesizers have developed carbon
concentrating mechanisms (Lucas and Berry 1985), e.g.,
using carbonic anhydrase (CA), a family of enzymes that
catalyses interconversion between CO, and bicarbonate. A
relationship between fractionation values and concentrations
of COynq would thus be expected, with higher ¢ when
PCO2aq) is higher. This relationship has been confirmed in
several studies, which have shown the response of ¢ to
changing pCO,,q) to be species-specific (Degens et al. 1968;
Mizutani and Wada 1982; Finlay 2004; Hoins et al. 2015). At
both sampling sites in Lake Naarden, a general seasonal
trend of higher pCO,q) occurring with higher ecoz phyto
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Table 2. Pearson correlations between &coz.phyto/diatom/cyano
and pCO, at both sampling sites, where n.d. means not
detected. R values for diatoms and cyanobacteria were not sta-
tistically significant due to low R value (diatoms) or low n
(cyanobacteria).

Location GM Location BB
£CO2-phyto R=0.518 (p<0.05) R=0.415 (p<0.10)
£CO2-diatomn R=0.491 (p<0.10) R=0.265
£C0O2-cyano n.d. R=0.423

(Fig. 3c,e) is observed. Calculated Pearson correlations how-
ever, showed only weak to moderate positive correlations at
site. GM and no to weak positive correlations at site BB
(Table 2). This probably reflects phytoplankton isotopic dis-
crimination depending on many other factors as well such
as DIC concentrations (Taipale et al. 2016b), or growth rates
(u), with higher growth rates resulting in lower ¢ values. Cor-
respondingly, other studies observed stronger correlations
between ¢ values and p/(COgznq) (Laws et al. 1995; Popp
et al. 1998; Keller and Morel 1999; Bontes et al. 2006; Van
Breugel et al. 2006). Additionally, irradiance and light cycles
have also been shown to have a major influence on ¢cos.
phyto, stronger even than pCO,,q, and growth rates (Bur-
khardt et al. 1999; Rost et al. 2002). As copious factors influ-
ence ecoz-phyto and a large variety in correlations has been
observed (positive and negative, linear and nonlinear), it is
practically impossible to determine which factors exactly
contributed to the annual variability we observed in the nat-
ural system studied here. Nevertheless, a trend can be
observed of highest ¢ at times when pCO, is also highest
(Fig. 3) during periods of typically low production rates.
Additionally, ¢ values decrease during spring and summer
when pCO, decreases and production rates are typically
enhanced. This trend is suggestive of uptake of bicarbonate
as an alternative carbon source during periods when the con-
centration of COx,q) is low (Hoins et al. 2016).

POC

POC contains living biomass of phytoplankton and bacte-
ria as well as dead organic matter (detritus) from these and
other organisms, but it can also contain allochthonous
organic carbon, such as small pieces of terrestrial vegetation.
At site GM, seasonal changes in the carbon isotopic compo-
sition of POC are similar to the seasonality observed in the
0'3C of bacterial and phytoplankton biomass (Fig. 4).
Allochthonous detritus with invariable 6'3C around —27%,
to —299,, (Table 1) dominates the concentration (Supporting
Information Table S$3) and the 6'3C composition of total
POC pool. The moderate seasonal fluctuation in §'3C in total
POC is likely caused by the more pronounced fluctuation in
algal POC that contribute from 5% to 36% to total POC
(Supporting Information Table S3). At site BB, 6'*Cp,e and
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3"3Cpoc are similar during most months, but the amplitude
of variation in 613Cphyto is higher, showing more enriched
values during summer and more depleted values during win-
ter (Fig. 4), which is in line with living biomass making up a
relatively larger part of the POC pool in BB compared to site
GM (Supporting Information Table S3). Overall, the isotopic
composition of the POC pools at BB and GM differ consider-
ably, but both consist mostly of detritus throughout the
year.

Carbon isotopic compositions of terrestrial and aquatic
vegetation from Lake Naarden between —25.59, and
—29.39, are typical for vegetation using the C3 photosyn-
thetic pathway, with aquatic vegetation showing somewhat
more enriched 6'°C compared to terrestrial vegetation (Table
1). Only Characeae, or common stonewort having C3 and C4
pathways (Feeley 1999), has a substantially more enriched
0'3C of —16.49, despite careful decalcification steps during
sample preparation. In general, 5'*>C values of POC are lower
than 6'3C values of the aquatic and terrestrial vegetation
(Fig. 4). Both terrestrial and aquatic vegetation sources likely
contribute to the POC pool, stabilizing values, with the
more negative values resulting from enhanced phytoplank-
ton production.

Carbon subsidies to bacteria

Bacterial production can be sustained by locally produced
fresh algal biomass, its detritus, macrophytes, and locally
produced or allochthonous DOC. The seasonal trend
observed in the isotopic composition of bacterial carbon
(6"3Cpacp) is similar to the trend observed in POC (Fig. 4) and
phytoplankton biomass (3'°Cpnyo, Fig. 4), albeit with a
smaller amplitude than phytoplankton. Strong positive cor-
relations are observed between 6'°Cppyio and 6'*Cpace at site
GM (R=0.909, p<10~°) and site BB (R=0.935, p<10~3),
indicating that the seasonal variation in 6'3Cp, derives
mostly from variations in 6'*C of autochthonous, fresh
organic matter. However, 5'3Cpace has an annual range of
6.9%, and 8.19, at sites GM and BB, respectively, while this
range is 11.6%, and 13.29,, for phytoplankton, indicative of
contributions from another carbon source. Because the corre-
lation between phytoplankton and bacterial 6'3C is strong
but the effects of seasonal variability in 6'*Cphyo are damp-
ened in bacteria, the supplementary carbon source must
have a stable carbon isotopic signature.

Terrestrial vegetation using atmospheric carbon dioxide
shows limited isotopic variability and bacterial utilization of
terrestrial plants or DOC derived from terrestrial plants
might explain the attenuated seasonality (Fig. 4). The DOC
pool has a constant carbon isotopic composition throughout
the year, with rather low values around —28.8 = 0.6%, at site
GM and —29.5 = 0.49, at site BB (Fig. 4). Stability of 6"*Cpoc
throughout the year and uncoupling between the stable car-
bon isotopic compositions of DOC and POC has previously
been observed and was attributed to rapid mineralization of
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phytoplankton-derived DOC resulting in low contributions
(< 1%) of locally produced DOC to the total DOC pool
(Morana et al. 2015). Similarly, in a productive system such
as Lake Naarden, the stability of 3Cpoc likely also indicates
that concentrations of locally produced phytoplankton-
derived DOC are much lower than allochthonous DOC and
hence too low to affect the isotopic signal of the large total
DOC pool. Although likely very small, we cannot calculate
the exact contribution of phytoplankton-produced DOC to
the total DOC pool, hence we assume the DOC pool in Lake
Naarden to consist of allochthonous carbon (hence repre-
senting DOC) and we use 513Cphyto to represent the autoch-
thonous organic carbon source to bacteria. We realize that
the DOC pool has a highly variable composition (Fry et al.
1998) and that there is likely variability in the 6'3C of the
individual compounds making up the DOC. Since certain
compounds will be preferentially consumed, the carbon iso-
topic composition of the DOC pool as a whole may be some-
what different from the actual food used from that pool by
bacteria. Still, even terrestrially derived DOC, although tradi-
tionally assumed to be aged and refractory, has been shown
to fuel at least parts of the food web (Battin et al. 2008; Cole
et al. 2011) and here 6'3Cpoc represents the best approxima-
tion for allochthonous carbon.

During some months, carbon isotopic compositions of
potential sources (phytoplankton, macrophytes, and DOC)
and bacteria were very similar and thus could not be used to
accurately calculate bacterial dependence on allochthonous
carbon (Fig. 4). Still, it is clear that during most of the year,
0" Cpact closely follows 3'*Cpnyio, especially at site GM (Fig.
4), suggesting that most bacterial carbon derives from phyto-
plankton (autochthonous) production. At site BB, bacterial
biomass is depleted compared to phytoplankton by 1-29,
even during summer months that are characterized by high
phytoplankton productivity, which may indicate that, in
addition to phytoplankton, a more '*C-depleted carbon
sources is used by bacteria. However, given the uncertainty
in the applied correction for the isotopic offset between
PLFA and total cells (section 2.4), this difference seems
minor.

During winter and spring substantial differences were
observed in '*C between bacterial biomass and phytoplank-
ton biomass and DOC (Fig. 4). During these months, bacte-
rial dependence on DOC varied between 39% and 77% at
site GM and between 17% and 46% at site BB. These num-
bers are in line with previous studies (De Kluijver et al.
2015), in which also lower allochthonous contributions were
observed in a more eutrophic lake (Cole et al. 2006), likely
related to greater availability of phytoplankton carbon sour-
ces in eutrophic lakes (Taipale et al. 2016a). Both basins are
eutrophic, have high DOC concentrations (0.8-1.2 mmol C
L™!; Waternet database), and a relatively short water resi-
dence times (~ 2 months, Vink 2013). And DOC availability
is likely high enough to sustain high metabolic rates. The
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period when DOC contributes substantially to bacterial bio-
mass seems to last longer at the more eutrophic site BB
(November to May) compared to the restored site GM
(November to March). Hence, on annual basis, consumption
of allochthonous carbon may be rather similar, possibly as a
result of larger bacterial standing stocks.

Conclusions

In the two sub basins of Lake Naarden, 6'3C values of
individual phytoplankton PLFAs and COgq, differed by up
to 11.3%, within the same month, but showed similar sea-
sonal variation during the sampling period. Differences in
0'3C values between individual PLFAs were likely related to
differences in source organisms and different species-
specific fractionation values. Fractionation values between
phytoplankton biomass and COjyq) were similar for dia-
toms and other eukaryotic phytoplankton and differences
between sampling sites were small. Highest ¢ values were
observed in winter, with values of 23.5 + 0.69,, for eukary-
otic phytoplankton and 13.6+0.3%, for cyanobacteria.
Lowest ¢ values were observed in summer, with values of
10.5 £0.3%, for eukaryotic phytoplankton and 2.7 £0.19,
for cyanobacteria. Many factors (light, growth rates, etc.)
affect phytoplankton fractionation values, but weak posi-
tive Pearson correlations between ¢coz-piomass and pCO, and
general correspondence in trends show highest ¢ values co-
occurring with highest pCO, (during periods of typically
low production rates).

During most months, bacterial biomass derives mainly
from phytoplankton (autochthonous) production and
dependence on allochthonous carbon is very low. During
winter and spring however, bacterial dependence on DOC
was considerable, varying between 39% and 77% at site GM,
and between 17% and 46% at site BB. The period in which
DOC contributed to bacterial biomass however, continued
somewhat longer in BB and hence net consumption of
allochthonous carbon may be similar or even higher than in
GM on an annual basis.
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