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Abstract

We compared the stable carbon isotopic composition (d13C) of crustacean zooplankton with that of potential
carbon sources in 15 lakes in northern Sweden with different dissolved organic carbon (DOC) concentrations (2–9
mg L21) to test the hypothesis that zooplankton depended more on allochthonous carbon in humic lakes than in
clear-water lakes. Based on d13C signature, we found that the pool of organic matter in the lakes was dominated
by carbon of allochthonous origin over the whole DOC gradient. Zooplankton were generally depleted in 13C
compared to organic matter in the catchment, particulate organic matter in the lake water, and shallow surface
sediment. However, the isotopic composition of zooplankton could not be explained without a significant contri-
bution from both allochthonous and autochthonous carbon sources in all lakes. The relative importance of these
two carbon sources did not relate to the concentration of, or proportion between, allochthonous and autochthonous
organic carbon in the water. Instead, the proportion between allochthonous and autochthonous carbon in the crus-
tacean zooplankton was consistent with a rather conservative use of the energy mobilized by bacterioplankton and
phytoplankton in the lakes.

Both allochthonous and autochthonous carbon sources can
support secondary production in lakes (Hessen and Tranvik
1998). Photosynthesis is the dominant energy mobilization
process for secondary production in many lakes, where or-
ganic carbon fixed by primary producers is consumed di-
rectly by grazing or recycled via the microbial loop (Wetzel
2001). Zooplankton thus utilize autochthonous carbon by
grazing on phytoplankton or on bacteria and other organisms
depending on phytoplankton production. However, bacteria
can also utilize allochthonous organic matter as a source of
energy (De Haan 1974, 1977; Tranvik 1988). Furthermore,
allochthonous organic matter can enter the food web directly
by zooplankton grazing of detrital particles (Hessen et al.
1990). Consequently, allochthonous sources may contribute
a substantial portion of the zooplankton carbon in the lakes
that have low primary production (Salonen and Hammar
1986; Meili et al. 1993, 1996, 2000; Grey et al. 2001).

The relative importance of allochthonous and autochtho-
nous carbon for pelagic biota can vary among lakes. Jones
(1992) suggested that allochthonous organic carbon should
be relatively more important in supporting planktonic food
webs in humic lakes compared with clear-water lakes. A
similar difference was shown by Jansson et al. (2000) in a
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compilation of data from temperate unproductive lakes,
where an increasing portion of the pelagic energy mobili-
zation was covered by bacterial utilization of allochthonous
organic carbon as the dissolved organic carbon (DOC) con-
centration of the lakes increased. In lakes with food webs
fuelled by energy mobilized from allochthonous carbon (i.e.,
humic lakes), a large part of the zooplankton production
could therefore depend on allochthonous carbon (e.g., Meili
et al. 1993, 1996, 2000). No quantitative cross-lake studies
have, however, been made to clarify the relative importance
of allochthonous carbon versus autochthonous carbon utili-
zation by zooplankton in humic lakes compared with clear-
water lakes.

To test the hypothesis that allochthonous carbon is more
important as a base for zooplankton production in humic
lakes as compared with clear-water lakes, we analyzed the
stable carbon isotopic composition of crustacean zooplank-
ton and their potential carbon sources in 15 subarctic lakes
in northern Sweden with different concentrations of allo-
chthonous DOC.

Materials and methods

Investigated lakes—Fifteen lakes in subarctic northern
Sweden (688N, 188E) were included in the study. The lakes
are situated along an altitudinal gradient (270 to 1,140 m
a.s.l.) from the coniferous forest to the alpine belts (Table 1)
in the Scandinavian mountains. For a more detailed descrip-
tion of the lake catchments, see Karlsson et al. (2001). Ear-
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lier studies have shown that the lakes are ice-free for ap-
proximately 3 to 4 months per year (Karlsson et al. 2001).
During 1999, the lakes varied widely in water temperature
(summer mean values: 4.9–148C), DOC (1.9–9.0 mg L21),
particulate organic carbon (POC, 0.13–1.52 mg L21), and
total nitrogen (TN, 62–420 mg L21). All these variables had
higher values at lower altitudes than at higher altitudes (Ta-
ble 1). The range was also relatively large in total phospho-
rus (TP, 2.9–11.3 mg L21), but there was no consistent trend
with altitude (Table 1). The low nutrient content of the lakes
was reflected in low pelagic net primary production (PP, 0.2–
7.7 mg C L21 d21) and net bacterioplankton production (BP,
0.4–7.7 mg C L21 d21) in the lakes (Table 1). The low PP :
BP ratio (mean 1.1, range 0.1–4.0) in the lakes was ex-
plained by the utilization of allochthonous carbon by bac-
teria (Karlsson et al. 2001) and that N : P ratios of the water
generally favored BP over PP (Karlsson et al. 2002). Thus,
bacterial mobilization of energy from allochthonous carbon
(BPallo) was responsible for a large part of the pelagic energy
mobilization (PEM 5 BPallo 1 PP) in the lakes.

Sampling and analyses—The stable carbon isotopic com-
position of catchment soil mor layer (Oa 1 Oe horizon; Soil
Survey Staff 1990), dissolved organic matter (DOM), sur-
face sediment, and the 10–30- and 30–50-mm fractions of
particulate organic matter (POM) were analyzed once in
midsummer in each lake. Analyses of all other parameters
were carried out after samplings once a month during the
ice-free period (n 5 3 or 4). Composite water samples were
collected using a tube-sampler (1 or 2 m long, 3.4 cm di-
ameter) at five locations in each lake. Each 1- or 2-m layer
of the water column was sampled in proportion to its relative
volume of the whole lake by using depth–volume curves of
the lakes based on echo-sounding surveys. Because stable
thermal stratification never developed in any of the lakes
(Karlsson et al. 2001), the whole lake volume was treated
as a homogeneous unit, and the water samples from the five
locations and from all depths were mixed to composite sam-
ples of between 15 and 20 liter. Subsamples were then taken
to analyze the concentration of DOC, POC, TP, and TN; the
stable carbon isotopic composition of DOM and POM; the
phytoplankton biomass; and the BP. Water temperature and
PP (POC 1 DOC) was measured along a depth profile, and
concentration and stable isotopic composition of dissolved
inorganic carbon (DIC) and CO2 were determined (measured
or calculated) from surface water samples, all collected over
the deepest part of each lake. Methods for measurements of
PP (14C-method), BP ([3H]-leucine method), nutrients (DOC,
TN, TP), and temperature are reported in Karlsson et al.
(2002).

Particulate material for POC analysis was collected on
preignited GF/F filters by filtering 0.05–1.15 liters of lake
water. Filters were stored frozen prior to analysis at the
Umeå Marine Sciences Centre (Carlo Erba 1106 element
analyzer). Samples for determination of phytoplankton bio-
mass were preserved with Lugol’s solution and counted us-
ing the Utermöhl technique and an inverted microscope. The
concentration of DIC and CO2 were determined using a
headspace equilibration technique (Cole et al. 1994). Water
was collected at 1 m depth using a Ruttner sampler (2 liters)



271Zooplankton dependence on DOC

and transferred to 1-liter bottles without contact with air. Air
(50 ml taken 2 m above the ground against the wind) were
injected into the 1-liter glass bottles and equilibrated by
shaking for 1 min. The concentration of CO2 in the head-
space gas was immediately measured using an infrared gas
analyzer (EGM-3, PP-system). For determination of DIC, the
water was acidified with 5 ml of 3 M HCl prior to equili-
bration. The concentration of DIC and CO2 in the water was
calculated according to Cole et al. (1994) using Henry’s law
and the CO2 fugacity–pressure relationship presented by
Weiss (1974). For isotopic analysis of DIC, water samples
were collected from 0.5 m depth using a tube sampler (0.5
m long, 3.4 cm diameter). Water was transferred into a glass
bottle without air contact, preserved with HgCl2 (final con-
centration 350 mg Hg L21), then sealed in the bottle. The
d13C value of CO2 was calculated from the measured d13C
value of DIC, using data on the concentration of CO2 and
HCO3

2, and the water temperature to account for chemical
fractionation according to Mook et al. (1974). POM and
DOM samples for isotope analysis were extracted from the
lake water by tangential flow filtration (0.2 mm). Both the
concentrate (POM, 0.2–0.4 liter) and the filtrates (DOM,
2.5–5 liters, acidified to pH 2) were freeze-dried before iso-
topic analysis. Horizontal hauling using several plankton
nets connected in a series collected POM of 10–30 and 30–
50 mm. The fractions from the different nets were collected
on GF/F filters and dried (658C). Crustacean zooplankton
were collected by vertical hauling using a plankton net with
a mesh size of 100 mm and were stored in filtered lake water
(12–24 h) for gut evacuation. The most abundant species
were later separated and washed with MQ-water before dry-
ing (658C). Surface sediment (0–1 cm sediment depth) was
collected from a shallow and the deepest part of each lake.
Soil humus from the mor layer of different vegetation belts
(n 5 5–7 per vegetation belt, Table 1) was also sampled
after removing the uppermost undecomposed layer (Oi ho-
rizon). Sediments and soil matter were dried (658C) and ho-
mogenized. Analyses of stable carbon isotopes in solid sam-
ples were carried out at the Institute of Applied
Environmental Research, Stockholm University (Carlo Erba
EA 1108 elemental analyzer connected to a Fison Optima
isotope ratio mass spectrometer at continuous flow), and at
the Department of Forest Ecology, Swedish University of
Agricultural Sciences, Umeå (Europa Scientific carbon and
nitrogen analyzer connected to a Europa 20–20 stable iso-
tope analyzer). Isotopic analysis of DIC was performed at
the Jozef Stefan Institute in Ljubljana, Slovenia (Europa 20–
20 stable isotope analyzer with an ANCA TG trace gas sep-
aration module). Results are expressed by the d13C notation
in per mil (‰) as d13C 5 (Rsample/Rstandard 2 1) 3 1,000, where
R 5 13C/12C. The analytical precision was 0.1‰ in all lab-
oratories.

Assumptions and calculations—A major shortcoming in
plankton research is the difficulty of obtaining isotopic sig-
natures on the autotrophic phytoplankton community, as
phytoplankton is difficult to separate from the POM of the
lake water. Moreover, the fractionation can vary among sys-
tems and species, and caution is required when estimating
the d13C values of phytoplankton from the inorganic carbon

source. Often the d13C values of phytoplankton are approx-
imated from values found in pelagic consumers. However,
the carbon isotope fractionation in phytoplankton is increas-
ingly well understood and can for some systems be estimated
from the CO2 concentration ([CO2]) of the water and the
specific growth rate (m) of the phytoplankton (Goericke et
al. 1994; Laws et al. 1997). In order to obtain realistic es-
timates of the d13C values of organic carbon from pelagic
primary production, we combined the two approaches by
using d13C values of pelagic consumers to construct an algal
fractionation model. In the model, we estimated the d13C of
autotrophic phytoplankton for the ice-free period by using
the d13C values of CO2 and a fractionation factor («p) varying
with m and the [CO2] in the lakes. The m was calculated
using data on PP and phytoplankton biomass. Because PP
in our study lakes were nutrient limited (Jonsson et al. un-
publ. data), the fractionation should depend on m (Burkhardt
et al. 1999). Also, considering the high [CO2] (Table 1) rel-
ative to the low m (mean 0.13 d21, range 0.01–0.45 d21) in
the lakes, we assumed that CO2 was the only carbon source.
Thus, the conditions in the lakes seem suitable for estimating
d13C values of phytoplankton by using a fractionation model
of the type reported by Laws et al. (1995) and Popp et al.
(1998), even though it was developed from studies of lab-
oratory systems. The «p was estimated by assuming a linear
dependence on the ratio between m and [CO2] (Laws et al.
1995; Popp et al. 1998). The maximum «p during CO2 fix-
ation by ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) and b-carboxylase carboxylation can be obtained
when m/[CO2] approaches zero and is likely to be ;25.4–
28.3‰ (Goericke et al. 1994); we adopted a midrange value
of 26.85‰. The minimum «p was set equal to the «p nec-
essary to obtain the lowest zooplankton d13C value in the
lake with the highest m/[CO2] in the absence of any allo-
chthonous contribution (18.8‰, Fig. 1).

The allochthonous fraction of carbon assimilated by zoo-
plankton (Zooallo) was estimated by assuming that zooplank-
ton (d13Czoo) is a mixture of phytoplankton carbon (d13Cphyto)
consumed directly and of allochthonous carbon (d13Cmor)
having passed bacteria (fractionation assumed to be negli-
gible, Coffin et al. 1994), taking into consideration a trophic
fractionation (F) between zooplankton and its diet.

13 13(d C 2 F 2 d C )zoo phytoZoo 5 (1)allo 13 13(d C 2 d C )mor phyto

For the trophic fractionation, we adopted a value of 0.43‰
derived from studies on zooplankton in a low-productivity
lake, Loch Ness (Grey et al. 2001). The influence of differ-
ences in fractionation factors was tested by assuming F val-
ues ranging from 0.2 to 1‰ (Michener and Schell 1994; del
Giorgio and France 1996) and maximum «p values ranging
from 25.4 to 28.3‰ (see above).

The PEM available to zooplankton was calculated as the
sum of BPallo plus the PP fraction available for zooplankton
(PPz). Bacterial carbon demand was calculated using a
growth efficiency (BGE) of 26% (the median of published
values in freshwaters, del Giorgio and Cole 1998) and was
assumed to be primarily covered by PP, with the residual
covered by allochthonous organic carbon. The fraction of PP
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Fig. 1. Model used to compute phytoplankton fractionation («p)
as a function of the ratio between the phytoplankton specific growth
rate and the lake water CO2 concentration (m/[CO2]) in 15 subarctic
lakes in northern Sweden. Included are the regression lines obtained
when using the slope from the models for three marine species
(named at each respective regression line) from Popp et al. (1998).
Numbers denote the cell volume (mm3) for the three species and the
range for the phytoplankton community in the study lakes.
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available to the bacteria (PPb) was set equal to the sum of
the phytoplankton exudate production (assumed to be 30%,
Baines and Pace 1991; Arvola et al. 1996) plus the DOC
released from zooplankton grazing on the phytoplankton (as-
sumed to be 10%, Lampert 1978). Thus, BPallo can be ex-
pressed as Eq. 2.

BPallo 5 ([BP/BGE] 2 PPb) 3 BGE (2)

The PPz was calculated assuming that bacterial respiration
of PPb was not available to the zooplankton (Eq. 3).

PPz 5 PP 2 PPb 3 (1 2 BGE) (3)

Thus, the fraction of PEM available to zooplankton that was
covered by heterotrophic bacterioplankton energy mobiliza-
tion using external carbon sources (PEMhet) can be expressed
as Eq. 4.

PEMhet 5 BPallo/(PPz 1 BPallo) (4)

The influence of uncertainties associated with the assump-
tions was tested by assuming BGE values ranging from 20
to 37% (lower and upper quartiles of published values in
freshwaters, del Giorgio and Cole 1998) and PPb values
ranging from 30 to 50% (Baines and Pace 1991).

For an assessment of zooplankton use of potential carbon
sources, we used data covering a whole ice-free period (Ta-
bles 1, 2), because both the zooplankton food preferences
and diet d13C values can vary seasonally (Meili et al. 2000;
Grey et al. 2001) and because consumer isotopic signals car-
ry a memory of previous diets.
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Results and discussion

Isotopic signals—The lake catchment mor d13C value
ranged from 227.7 to 225.3‰ (Table 2) with less depleted
values at higher altitudes, consistent with findings of terres-
trial plants along altitudinal gradients from other mountain
regions (Körner et al. 1988, 1991). We assumed that the mor
layer d13C values can be used as an adequate proxy for the
d13C value of allochthonous matter draining from the catch-
ments to the lakes. The d13C in shallow sediment (range
227.3 to 219.1‰) in the lakes was higher compared with
that of deep sediment, mor layer (except for Lake No. 2),
and POM (Table 2). The relatively high isotopic signal of
the shallow sediment, where light climate in contrast to the
deep sediment permit significant photosynthesis (Jonsson et
al. unpubl. data), can be attributed to benthic primary pro-
duction, which is known to be significant in arctic and sub-
arctic lakes (Björk-Ramberg and Ånell 1985; Welch and
Kalff 1974). d13C values are often relatively high in benthic
algae, where CO2 uptake is diffusion limited because of the
thick boundary layers, resulting in low discrimination
against 13C (France 1995a). The d13C of DOM (range 229.9
to 227.6‰) was generally close to the catchment mor value
but clearly separated from the d13C of sediment, as well as
pelagic POM and zooplankton, indicating a predominance of
allochthonous matter in the lakes’ DOM pool. The POM
d13C values were clearly depleted compared with the shallow
sediment, and in general, the values were also slightly de-
pleted compared with the mor layer.

The contribution of PP to different DOM and POM pools
can be assessed from the d13C in organic matter from PP, as
estimated by the algal fractionation model. A problem with
this fractionation model is that differences in the cell size of
phytoplankton can cause differences in fractionation (Popp
et al. 1998; Burkhardt et al. 1999), as illustrated by the slope
from the model for three species from Popp et al. (1998)
applied on our data (Fig. 1). The differences in the slope of
the obtained «p–m/[CO2] relationship between these species
were suggested to result from the large differences in the
ratio of volume to surface area, as reflected by the different
volumes (Phaeodactylum tricornutum, 43 mm3; Emiliania
huxleyi, 77 mm3; Porosira glacialis, 20,410 mm3). The phy-
toplankton communities in our study lakes were dominated
by small species (Jonsson et al. unpubl. data), with a bio-
mass-weighted mean volume of the phytoplankton commu-
nity of 820 mm3 (range 190–2,480 mm3). The minimum frac-
tionation determining the slope of our relationship between
«p and m/[CO2] is constrained by the observed d13C differ-
ence between CO2 and zooplankton in the lake with the high-
est m/[CO2] and is unlikely to be much higher since this
would be inconsistent with the observed phytoplankton com-
munity volume. Thus, we assume that the obtained «p values
(mean 24.8‰, range 18.8–26.8‰, Fig. 1) are valid for the
purpose of this study. The «p and the d13C of CO2 (Table 2)
resulted in a mean d13C of 241‰ (range 246.2 to 233.4‰,
Table 2) in organic matter produced by autotrophic phyto-
plankton. The results agree reasonably well with reports of
phytoplankton fractionation relative to DIC (d13C of CO2 is
;9–11‰ lighter than d13C of HCO3

2) in other unproductive

lakes: Meili et al. (1996) reported a fractionation of between
23 and 27‰ in a humic lake, Rau (1978) found net plankton
d13C values of 246.9‰ in a subarctic lake corresponding to
a fractionation of about 30‰, and Hecky and Hesslein
(1995) suggested a fractionation of 35–37‰ for phytoplank-
ton in three arctic lakes.

Comparisons of the d13C in organic matter from PP in our
lakes to that of other potential sources of organic carbon
show that allochthonous matter clearly dominated both
DOM and POM, even in clear-water lakes. The estimated
allochthonous contribution was, on average, 90% (range 78–
99%) to the DOM pool and 85% (range 65–93%) to the
POM pool (POMallo), which is consistent with the low PP
and autotrophic biomass in the lakes (Table 1). Thus, the
range of organic carbon concentrations found in the lakes
also represents a range in allochthonous organic carbon con-
centrations.

The crustacean zooplankton were divided into cladocerans
and copepods. No data on protozoans and rotifers are in-
cluded in the zooplankton of this study. In each lake, the
species that dominated the crustacean biomass were ana-
lyzed. For cladocerans, this procedure included one to three
species for each lake (Daphnia galeata, Daphnia longispina,
Bosmina coregoni, Holopedium gibberum). For copepods,
either Eudiaptomus graciloides or Cyclops scutifer were an-
alyzed, but in three of the lakes, both species were included.
The d13C values of cladocerans and copepods (Table 2) did
not differ significantly from each other in the lakes (paired
t-test, p 5 0.406), and the two groups were therefore pooled
when evaluating the d13C data.

Zooplankton use of different carbon sources—Zooplank-
ton were depleted in 13C by up to 6‰ compared to total
POM (.0.2 mm) when means for the whole season were
compared (paired t-test, p , 0.001), which is similar to val-
ues reported from other lakes (del Giorgio and France 1996;
Jones et al. 1999). Zooplankton were also depleted in 13C
compared to POM (10–30 mm) and POM (30–50 mm)
(paired t-test, p , 0.001, single sampling occasion), which
have size fractions that better represent the preferred food
particle size for the crustaceans (Sterner 1986; Bern 1994).
These results show that the crustacean zooplankton utilized
an isotopically lighter food source than any of the POM
fractions we have analyzed. Both allochthonous and benthic
particulate carbon were always isotopically heavier than zoo-
plankton, suggesting that zooplankton selectively fed on iso-
topically light carbon from PP (Fig. 2). There was no trend
in zooplankton d13C values with the concentration of DOC
or POC or the POMallo in the lakes (Table 3). Instead, zoo-
plankton was generally more depleted in 13C in lakes where
PEMhet was low (Fig. 3A, r2 5 0.50, p 5 0.003, n 5 15).
Also, the 13C depletion in zooplankton relative to total POM
(.0.2mm, r2 5 0.44, p 5 0.01, n 5 14) and mor (r2 5 0.46,
p 5 0.005, n 5 15) generally increased as PEMhet decreased
(Fig. 3B), suggesting that differences in zooplankton 13C de-
pletion is attributable to the relationship between autotrophic
and heterotrophic PEM. The mean contribution of allo-
chthonous carbon to zooplankton (Zooallo) was 53% (range
9–77%). The relative importance of allochthonous carbon
was not related to the concentration of DOC or POC or to
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Fig. 2. d13C values of shallow sediment, catchment mor layer,
zooplankton, and autotrophic phytoplankton (estimated) in 15 sub-
arctic lakes in northern Sweden.

Table 3. Correlation (Pearson product–moment correlation co-
efficients) between different fractions of organic matter and Zooallo

and zooplankton d13C based on summer mean values for 15 sub-
arctic lakes in northern Sweden.

DOC
(mg L21)

POC
(mg L21)

POCallo

(%)
PEMhet

(%)

Zooplankton d13C (‰)
Zooallo (%)

20.475
0.052

20.179
0.202

20.371
0.453

0.705*
0.880**

DOC, POC, and POCallo are log transformed to obtain normality (n 5 13–
15, see Tables 2, 3). The significance levels are * p , 0.01, ** p , 0.001.
No asterisk means that there is no significant (p . 0.01) relationship
between the two variables.

Fig. 3. (A) d13C values of zooplankton and (B) d13C values of
zooplankton relative to that of POM (.0.2mm) and the catchment
mor layer plotted against the PEMhet in 15 subarctic lakes in north-
ern Sweden.

POMallo, but to PEMhet in the lakes (Table 3; Fig. 4, r2 5
0.78, p , 0.001, n 5 14). This trend did not change when
accounting for uncertainties in different parameters (i.e.,
BGE, maximum «p, F, PPb), and introducing possible errors
gave surprisingly small effects on the results (Fig. 4). The
small effect of varying «p and F is expected because of the
large difference in d13C between allochthonous and autoch-
thonous organic matter in the lakes (Vander Zanden and Ras-
mussen 2001).

The lack of correlation between the concentration of DOC
and the relative utilization of allochthonous carbon by zoo-
plankton could have been due to utilization of carbon sourc-
es other than allochthonous carbon and PP. Benthic primary
production could be responsible for a major part of total
primary production in arctic and subarctic lakes (Welch and
Kalff 1974; Björk-Ramberg and Ånell 1985) and also can
be a potentially important carbon source for pelagic consum-
ers. Benthic primary produced carbon can enter pelagic food
chains by zooplankton grazing either in the sediment, on
resuspended particulate matter, or through bacterioplankton
that utilize DOC released from benthic algae. However, our
results do not indicate benthic primary production as a sig-
nificant source of carbon for the zooplankton we have stud-
ied. The crustaceans included are planktonic and were not
found when analyzing the fauna of the surface sediment in
three of the lakes (lake Nos. 7, 8, and 12, Byström pers.
comm.). There were no signs of any significant resuspension
of sediments contributing to the POM pool since POM was
clearly depleted relative to the sediment in all of the lakes
(22.0 to 29.5‰, Table 2), including the shallow wind-ex-
posed lakes most susceptible to resuspension. Other results
from the lakes in this study show that the shallow sediments
probably are net heterotrophic with higher respiration than
carbon fixation (Jonsson et al. in press) and that allochthon-
ous organic carbon rather than benthic primary produced
carbon (in addition to PP) support bacterial growth in the
pelagic zone of the lakes (Karlsson et al. 2002). Finally, the
deviation in d13C values between sediment and zooplankton

was highest in the clear-water lakes, suggesting that zoo-
plankton did not rely significantly on benthic primary pro-
duced carbon, even in the clearest lakes where benthic con-
tribution to the overall lake production is expected to be
highest. In this respect, our results agree with data from other
lakes (France 1995b) and indicate that the studied zooplank-
ton mainly utilize allochthonous carbon and pelagic autoch-
thonous carbon.
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Fig. 4. Estimated allochthonous carbon in zooplankton (Zooallo)
plotted against PEMhet in 14 subarctic lakes in northern Sweden.
Lake No. 13 is not included because d13C of DIC is missing. Error
bars for PEMhet show the minimum and maximum values obtained
when using a BGE of 20–37% (del Giorgio and Cole 1998) and a
utilization of PP by bacteria of 30–50% (Baines and Pace 1991) in
the calculation of PEM. Error bars for Zooallo show the minimum
and maximum values when using an F of 0.2–1‰ (Michener and
Schell 1994; del Giorgio and France 1996) and a maximum «p of
25.4–28.3‰ (Goericke et al. 1994).

Our results strongly indicate that zooplankton utilization
of allochthonous versus autochthonous carbon sources was
not related to the proportion of allochthonous to autochtho-
nous carbon in the lake water (Table 3). Allochthonous car-
bon dominated the particulate pool but the investigated zoo-
plankton were generally depleted in 13C compared to POC
(Table 2). We can also conclude that the availability of al-
lochthonous DOC was not reflected in a direct relation be-
tween allochthonous DOC and the relative amount of allo-
chthonous carbon in the investigated zooplankton. Instead,
the share of allochthonous carbon in zooplankton was related
to the proportions between bacterioplankton production
(based on allochthonous carbon) and primary production
available for zooplankton (Fig. 4). Thus, in the lakes where
a large share of the energy mobilization was from bacterial
use of allochthonous carbon we also found a high share of
allochthonous carbon in zooplankton, whereas in lakes
where energy mobilization was dominated by primary pro-
duction, we found a high share of autochthonous carbon in
zooplankton. It was, therefore, not the concentration of al-
lochthonous organic carbon that was critical to the extent in
which allochthonous carbon supported zooplankton growth,
but the use of allochthonous carbon by bacterioplankton in
relation to the generation of autochthonous carbon by phy-
toplankton. It must be pointed out that we cannot say to what
extent bacterioplankton and phytoplankton were consumed
directly or to what extent they were transferred to zooplank-
ton via other organisms in the food web, only that the as-
similation of carbon in zooplankton was proportional to the
energy mobilization from PP and BP. In several of the lakes
in Fig. 4, it seems as if the crustacean zooplankton incor-
porated more autochthonous carbon than its proportion of

the total energy mobilization (points below the 1 : 1 line).
This might have been the result of active selection of au-
tochthonous food sources as well as the loss of bacterial
carbon by the grazing and respiration of other organisms
(e.g., flagellates or ciliates) before entering the crustacean
zooplankton. However, the possible preference for autoch-
thonous carbon by crustacean zooplankton or a difference
between copepods and cladocerans in this respect cannot be
resolved with the data available and is of secondary impor-
tance compared to the general relationship between Zooallo

and PEMhet. Instead, given the large range of uncertainties
taken into account (Fig. 4), the data demonstrate a rather
conservative use by zooplankton of the food sources sup-
ported by heterotrophic and autotrophic energy mobilization.

The results did not support our hypothesis that zooplank-
ton use allochthonous carbon to a higher degree in humic
lakes than in clear-water lakes. Instead, it was in the lakes
where the energy mobilization was based primarily on bac-
terial use of allochthonous carbon that we found the highest
share of allochthonous carbon in zooplankton. Our original
hypothesis failed because the importance of the bacterial en-
ergy mobilization from allochthonous carbon in the study
lakes was not proportional to the concentration of allo-
chthonous DOC as suggested by Jansson et al. (2000). In-
stead, the relationship between BP (based on allochthonous
carbon) and PP appeared to be governed by the availability
of nitrogen and phosphorus (Karlsson et al. 2002). Lakes
with high N : P ratios were thus dominated by PP, whereas
lakes with low N : P ratios were dominated by BP indepen-
dent of the DOC concentration. We can then conclude that
zooplankton is more dependent on allochthonous carbon in
lakes with a large heterotrophic base for the total pelagic
energy mobilization, as was similarly suggested by Jones
(1992), but that this dependence is not necessarily related to
a high content of allochthonous carbon in the lake water.
Even extremely clear lakes can be dominated by heterotro-
phic energy mobilization and have zooplankton populations
that rely on allochthonous carbon.
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