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Abstract

We used stable carbon (d13C) and nitrogen (d15N) isotopes to assess the energy sources supporting the top con-
sumer (Arctic char, Salvelinus alpinus) in nine subarctic lakes in northern Sweden. The d13C of littoral (epipelic
algae) and pelagic (bacterioplankton and phytoplankton) energy sources were clearly separated in the lakes, as
reflected in habitat-specific consumers (zoobenthos, zooplankton). Char were enriched in 13C compared with pelagic
energy sources and prey and isotopically more similar to littoral energy sources and prey. The contribution of littoral
energy sources to char body carbon was estimated to range between 62% and 94% among the lakes. The reliance
on littoral energy sources was independent of char size and did not change when char coexisted with a small-sized
prey fish (nine-spined stickleback, Pungitus pungitus). The strong reliance of top consumers in subarctic lakes on
littoral energy sources may be due to the higher energy mobilization and larger sizes of primary consumers in
littoral than in pelagic habitats.

The energy flow through the ecosystem, i.e., from the en-
ergy mobilizers at the base of the food web to top energy
consumers, is of fundamental importance for the function of
lake ecosystems. Mobilization and transfer of energy within
the food web sets the limit for production at higher trophic
levels, and the presence of several diverse energy-flow path-
ways may affect ecosystem properties such as food-web dy-
namics and nutrient cycling (Polis et al. 1997). Still, energy
flow between benthic and pelagic compartments has received
little attention, reflecting both methodological constraints
and a scarcity of whole-lake studies (Vadeboncoeur et al.
2002).

Research into lake energy flow has largely focused on
pelagic food webs. Pelagic energy mobilization derives from
photosynthesis and from bacterioplankton growing on allo-
chthonous organic carbon (Tranvik 1989; Jones 1992; Karls-
son et al. 2002). The energy mobilization at the base of the
food web is consumed, redistributed in the food web, and
subsequently transferred to top consumers such as fish. How-
ever, recent studies have shown that benthic resources are of
great importance for lake food webs, since fish communities
may make considerable use of zoobenthos (Schindler and
Scheuerell 2002). In the profundal zone, exploitation of ben-
thic resources can be regarded as mainly comprising the re-
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cycling of energy mobilized in the pelagic zone. However,
photosynthesis by benthic algae may constitute a large part
of lake energy mobilization in small unproductive lakes
(Björk-Ramberg and Ånell 1985; Vadeboncoeur et al. 2002).
Owing to distinct separation in isotopic signatures of mo-
bilized organic carbon, it is possible to determine the fraction
of littoral and pelagic energy sources supporting food webs,
and littoral energy mobilization has been suggested to be of
considerable importance for top consumers in unproductive
lakes (Hecky and Hesslein 1995; Hobson and Welch 1995;
Vander Zanden and Vadeboncoeur 2002).

Ecosystem energy flow also depends on the ability of con-
sumers to exploit and grow on different resources. The pres-
ence of size structure in the top consumers, such as fish, in
lake ecosystems evidently permits fish to use different re-
sources over their ontogeny (Werner and Gilliam 1984; Pers-
son 1988). As a consequence, energy sources and trophic
position may vary between individuals of different size in
fish populations. Despite their fundamental importance for
the function of lake ecosystems, there exist very few esti-
mates of the relative importance of littoral versus pelagic
energy sources for ecosystem energy flow in unproductive
lakes.

This study aims to determine the basic energy sources
supporting top consumers in unproductive subarctic lakes.
The study was performed by analyzing the stable isotopic
composition of Arctic char (Salvelinus alpinus) and its po-
tential food and energy sources in nine small subarctic lakes
in northern Sweden. Char is the dominant fish species in
subarctic lakes, commonly the sole fish species (allopatric
lakes), but also found together with other species (sympatric
lakes) such as nine-spined sticklebacks (Pungitus pungitus).
Char is known to feed on both benthic and pelagic organ-
isms, and large char may also feed on smaller conspecifics



539Energy flow in subarctic lakes

Ta
bl

e
1.

L
im

no
lo

gi
ca

l
ch

ar
ac

te
ri

st
ic

s
(s

um
m

er
m

ea
n

6
1

S
D

)
of

ni
ne

la
ke

s
in

su
ba

rc
ti

c
S

w
ed

en
.

A
lt

it
ud

e
(A

lt
)

in
m

et
er

s
ab

ov
e

se
a

le
ve

l
(a

sl
);

la
ke

su
rf

ac
e

ar
ea

(A
re

a)
;

m
ax

im
um

la
ke

de
pt

h
(Z

m
ax

);
m

ea
n

la
ke

de
pt

h
(Z

m
ea

n)
;

di
ss

ol
ve

d
or

ga
ni

c
ca

rb
on

(D
O

C
);

to
ta

l
ni

tr
og

en
(T

N
);

to
ta

l
ph

os
ph

or
us

(T
P

);
d13

C
of

cl
ad

oc
er

an
an

d
co

pe
po

d
zo

op
la

nk
to

n
(Z

oo
);

d13
C

of
sh

al
lo

w
su

rf
ac

e
se

di
m

en
t

(S
ed

);
si

ze
ra

ng
e,

d13
C

an
d

d15
N

of
A

rc
ti

c
ch

ar
;

es
ti

m
at

ed
li

tt
or

al
co

nt
ri

bu
ti

on
to

ch
ar

bo
dy

ca
rb

on
(L

F
ch

ar
);

an
d

th
e

tr
op

hi
c

po
si

ti
on

of
ch

ar
(T

P
ch

ar
).

In
cl

ud
ed

ar
e

th
e

to
ta

l
ra

ng
e

ob
ta

in
ed

by
as

su
m

in
g

di
ff

er
en

t
va

lu
es

of
D

C
an

d
D

N
in

th
e

es
ti

m
at

io
n

of
L

F
ch

ar
an

d
T

P
ch

ar
.

S
ym

pa
tr

ic
la

ke
s;

6,
G

,
S

;
al

lo
pa

tr
ic

la
ke

s;
7–

9,
1–

13
.

L
ak

e
A

lt
(m

as
l)

A
re

a
(k

m
2 )

Z
m

ax

(m
)

Z
m

ea
n

(m
)

D
O

C
(m

g
L

2
1 )

T
N

(m
g

L
2

1 )
T

P
(m

g
L

2
1 )

Z
oo

(d
13

C
)

S
ed

(d
13

C
)

A
rc

ti
c

ch
ar

L
en

gt
h

(m
m

)
n

d13
C

d15
N

L
F

ch
ar

(%
)

T
P

ch
ar

6 G S 7 8

44
5

57
0

48
7

51
0

71
0

0.
05

0.
30

0.
35

0.
04

0.
04

4.
4

6.
5

23 4.
2

8.
2

1.
7

2.
2

10
.1 1.
9

2.
8

4.
76

0.
8

4.
9 6

0.
9

3.
8 6

0.
3

5.
0 6

0.
7

3.
2 6

0.
5

23
06

0
23

3 6
15

12
7 6

29
24

4 6
17

9
11

3 6
35

5.
86

1.
6

7.
6 6

1.
6

4.
4 6

1.
2

4.
8 6

1.
9

7.
9 6

1.
1

2
32

.4
6

0.
2

2
31

.2
6

1.
6

2
34

.4
6

2.
0

2
34

.7
6

0.
6

2
32

.6
6

0.
5

2
22

.3
6

0.
3

2
21

.5
6

1.
8

2
20

.8
6

0.
4

2
23

.4
6

0.
4

2
24

.6
6

0.
2

10
5–

46
0

91
–5

35
29

4
–5

75
23

5–
41

1
59

–
40

0

7 25 5 7 26

2
23

.3
6

1.
0

2
24

.2
6

1.
3

2
24

.5
6

3.
0

2
25

.8
6

0.
7

2
25

.0
6

0.
8

7.
56

1.
0

8.
9 6

0.
5

8.
6 6

0.
7

7.
6 6

0.
5

8.
1 6

0.
5

78
(6

6–
85

)
62

(5
1–

68
)

64
(5

4
–6

9)
69

(5
9

–7
5)

80
(6

6–
89

)

3.
8

(3
.7

–3
.9

)
3.

6
(3

.5
–3

.7
)

4.
1

(3
.9

–
4.

3)
3.

7
(3

.6
–3

.9
)

3.
8

(3
.7

–3
.9

)
9 11 12 13

71
2

85
0

86
5

99
3

0.
04

0.
02

0.
11

0.
17

8.
5

8.
2

10
.7

15
.8

2.
8

2.
2

4.
5

4.
7

3.
6 6

0.
6

3.
3 6

0.
5

3.
5 6

0.
5

2.
7 6

0.
4

20
76

13
6

24
8 6

10
3

18
7 6

17
14

2 6
34

7.
96

4.
3

5.
9 6

0.
8

6.
8 6

2.
4

5.
5 6

1.
0

2
31

.3
6

0.
9

2
32

.4
6

0.
4

2
33

.9
6

0.
2

2
31

.0
6

0.
7

2
23

.6
6

0.
3

2
24

.3
2

24
.2

6
0.

5
2

22
.5

6
0.

4

94
–2

39
14

7–
34

5
88

–2
20

80
–

48
8

22 5 9 15

2
23

.9
6

1.
2

2
25

.1
6

1.
0

2
26

.6
6

0.
7

2
21

.9
6

0.
5

7.
46

0.
6

7.
1 6

0.
4

8.
6 6

0.
3

7.
9 6

0.
6

83
(6

9
–9

1)
67

(5
8–

72
)

66
(5

7–
72

)
94

(8
1–

10
0)

3.
3

(3
.2

–3
.5

)
3.

2
(3

.1
–3

.3
)

3.
3

(3
.3

–3
.5

)
3.

4
(3

.3
–3

.5
)or other small prey fish (Klemetsen et al. 2003). In contrast

to many fish top consumers where small individuals feed on
zooplankton (Persson 1988; Post et al. 1999), a recent study
has suggested that small char feed mainly on benthic near-
shore prey (Byström et al. 2004). Sticklebacks are small
sized and a more efficient forager on zooplankton than are
char and have been shown to have strong effects on zoo-
plankton resources (Hansson et al. 1990; Olofsson 2002; P.
Byström unpubl. data).

Hence, we hypothesize that allopatric char populations in
small unproductive lakes, irrespective of size structure and
whether cannibalism is significant, should be supported
mainly by littoral energy mobilization. On the other hand,
in the presence of sympatric planktivorous prey fish such as
sticklebacks, the main energy source for char may change
over the course of char ontogeny as a result of the size de-
pendency in consumption of sticklebacks by char.

Materials and methods

Nine small lakes (Table 1), situated in the Scandinavian
mountains on weathering-resistant bedrock (i.e., granite,
gneiss, amphibolite) in subarctic northern Sweden (688N,
188E), were studied. Lakes 6 to 13 (following the nomen-
clature in Karlsson et al. 2002) have previously been studied
regarding energy mobilization and transfer within the plank-
tonic community (Karlsson et al. 2002, 2003), and lakes 8,
9, and 13 are currently under study regarding char popula-
tion dynamics (Byström et al. 2004). The lakes are ice free
for approximately 3 to 4 months per year and can be clas-
sified as discontinuous or continuous cold polymictic. The
lakes all have a similar nutrient content during the ice-free
season (Table 1, see Karlsson et al. 2002 for methods). All
lakes contain Arctic char, and in three of the lakes (lake 6,
Stuor Guossasjavri [G] and Stuor Soahkejavri [S]) char co-
exist with nine-spined sticklebacks. In the littoral zone (i.e.,
the benthic communities down to the water depth where light
permits photosynthesis) of lakes in the area, energy mobi-
lization has been shown to be dominated by photosynthetic
epipelic algae (blue-green algae, diatoms) on soft sediments
(Björk-Ramberg and Ånell 1985).

Sampling all variables except fish was performed monthly
during the ice-free season, while fish sampling was per-
formed in late summer and/or in winter under ice, 1 or 2
times per lake. Crustacean zooplankton were sampled 3 or
4 times per lake by vertically sampling the entire water col-
umn using a plankton net with a mesh size of 100 mm; the
zooplankton were stored in filtered lake water for gut evac-
uation. Zooplankton were separated manually into cladoc-
erans (Daphnia longispina and Bosmina coregoni, except in
lakes 9, 11, and 12) and copepods (Eudiaptomus gracilo-
ides). Soft surface sediment was collected from shallow (1-
to 2-m deep) parts of the lakes, one to three times per lake,
using a sediment core sampler and gently scraping the sur-
face organic layer of the sediment core into a container.
Zoobenthos were collected at the same place as was the sur-
face sediment in lake 6, G, and S by using a Ekman grab
sampler (three times per lake). The dominant groups (Am-
phipoda—Gammarus sp., Bivalvia—Pisidium sp., Chiron-
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Fig. 1. Stable carbon (d13C) and nitrogen (d15N) isotopic com-
position (mean 6 1 SD) of shallow surface sediment (Sed) and of
consumers in pelagic and shallow littoral habitats in lakes 6, G, and
S in northern Sweden. Sticklebacks are from lake 6 and represents
the mean value (61 SD) of small (S-Sti) and large (L-Sti) sized
fishes. Included is also typical isotopic composition of pelagic total
particulate matter (TPM) (lakes 6 to 13, from Karlsson et al. 2004).
Abbreviations: Amphipoda (Amp); Chironomidae (Chi); Macroin-
vertebrates (Mac 5 Ephemeroptera and Trichoptera); Copepoda
(Cop); and Cladocera (Cla).

omidae, Ephemeroptera, Isopoda, and noncarnivorous Tri-
choptera) were separated and washed with distilled water.
For bivalves, only the soft body tissue was used for analysis.
In lake G, surface sediment and zoobenthos were collected
at three depths (1, 3, and 6 m). Char and sticklebacks were
sampled using Ella traps (mesh size, 6 mm,
www.ellafishing.com) and gillnets (Nordic 12) distributed in
the pelagic, littoral, and profundal habitats of the lakes. Part
of the fish dorsal muscle was used for analysis. Material for
isotopic analysis was dried at 658C, homogenized when nec-
essary, and stored frozen until analysis. Analysis of stable
isotopes was carried out using a Carlo Erba EA 1108 ele-
mental analyzer connected to a Fison Optima isotope ratio
mass spectrometer at continuous flow. Results are expressed
by the d notation in per mil (‰) as d 5 (Rsample/Rstandard 2 1)
3 1,000 where R 5 13C/12C or 15N/14N. The analytical pre-
cision was 0.2‰.

The littoral contribution to char body carbon (LFchar) and
the trophic position of char (TPchar) were estimated using a
two-source mixing model including both the isotopic sig-
natures of littoral and pelagic base energy sources and the
trophic isotopic fractionation (Vander Zanden and Rasmus-
sen 2001) of C (DC 5 0.47‰) and N (DN 5 3.46‰) between
consumer and diet in the food web. The isotopic signal of
the pelagic baseline (d13Cpel, d15Npel ) was estimated from the
isotopic signal of zooplankton, assuming that zooplankton
body carbon (mean of cladocerans and copepods, d13C) are
derived from pelagic energy mobilization by phytoplankton
and bacterioplankton (Karlsson et al. 2003) and that cladoc-
erans and copepods act as primary and secondary consum-
ers, respectively (Matthews and Mazumder 2003; Karlsson
et al. 2004; J. Karlsson unpubl. data). The d13C of the littoral
baseline (d13Clit) was approximated by the isotopic signal of
the shallow surface sediment (Fig. 1). The d15N of the littoral
baseline (d15Nlit) used in the model was estimated by assum-
ing a DN of 3.46‰ between epipelic algae and zoobenthos.
This DN between epipelic algae and zoobenthos is higher
than the DN observed in the lakes (2.0‰, see results) but is
used for the sake of simplicity to enable the use of a constant
DN in the estimation of LFchar and TPchar. Thus LFchar can be
calculated as

13 13 15 15LF 5 [d C 2 d C 2 (d N 2 d N ) 3 TS]char char pel char pel

13 134 (1 2 TS 3 BS)/(d C 2 d C ) (1)lit pel

where TS is the slope of the trophic fractionation of C and
N in the food web (DC/DN, 0.47/3.46‰) and BS is the slope
of the linear relationship between the pelagic and littoral
baselines in each lake according to Meili et al. (1996). TPchar

can then be calculated as
15 15 13 13TP 5 1 1 ([d N 2 d N 2 (d C 2 d C )char char pel lit pel

3 BS 3 LF ]/D ) (2)char N

The various assumptions made contained uncertainties, and
the influence of these on the estimation of LFchar and TPchar

was tested by including minimum and maximum values of
DC (0.2 to 1‰, del Giorgio and France 1996) and DN (3.46
6 0.23‰, Vander Zanden and Rasmussen 2001). Estimating
LFchar and TPchar using the isotopic composition of clams
(profundal) and snails (only found in lake G) as the isotopic

baselines of primary consumers (e.g., Post 2002) revealed
only small differences between results obtained by the two
methods (mean difference: LFchar 5 4‰, TPchar 5 0.1). As-
sumptions in isotopic baseline estimates produce the greatest
uncertainties for cross-system comparisons of LFchar and
TPchar (Post 2002). Thus, the extent of the influence of fish
size on LFchar and TPchar was assessed by comparatively an-
alyzing data comprising (1) values obtained from all lakes
and (2) values obtained within individual lakes characterized
by a large range in char size (,100 to .400 mm).

Results

We found great differences in d13C value between different
consumers in the lakes, reflecting their use of base energy
sources of clearly different isotopic compositions. Zooplank-
ton had low d13C values (234.7 to 231.0‰) compared both
with other consumers and with the shallow surface sediment
in the lakes (224.6 to 220.8‰; see Fig. 1, Table 1). The
relatively low d13C values for zooplankton in the lakes has
been shown to be a result of their reliance on energy mo-
bilized by phytoplankton and bacterioplankton, which pro-
duce organic carbon of relatively low d13C (Karlsson et al.
2003). The d13C values for bivalves in lake G also reflect a
predominant reliance on pelagic energy mobilization, but
subsidized by benthic carbon sources as indicated by the
increasing d13C of bivalves with decreasing depth (Fig. 2).
In contrast, the d13C values for most zoobenthos were similar
to that of the surface sediment, particularly at shallow depths
(Fig. 1, Fig. 2). The higher d13C values of shallow surface
sediment compared with those of pelagic organic matter
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Fig. 2. Stable carbon isotopic composition (d13C) of surface
sediment and benthic organisms (summer mean 6 1 SD) at 1-, 3-,
and 6-m depths in lake G in northern Sweden. The zooplankton
d13C signal is indicated by the dashed vertical line.

Fig. 3. (A) Littoral contribution to char body carbon (LFchar) in
allopatric (r2 5 0.000, p 5 0.970) and sympatric (LFchar 5 53.64
1 0.039 length, r2 5 0.15, p 5 0.020, n 5 36) lakes in northern
Sweden. (B) Char trophic position (TPchar) in allopatric (TPchar 5
2.34 1 0.52 log length, r2 5 0.144, p , 0.001, n 5 83) and sym-
patric (r2 5 0.100, p 5 0.060) lakes in northern Sweden.

(Fig. 1, Table 1) and deep-water sediments (Fig. 2) in the
lakes are in line with the values found in other lakes of the
area (Karlsson et al. 2003). This reflects the high contribu-
tion of organic carbon by epipelic algae in the shallow sed-
iments. Photosynthesis by epipelic algae is mainly controlled
by light availability, which results in decreasing production
with increasing depth in subarctic lakes (Björk-Ramberg
1983; Hansson 1992). Values of d13C are often relatively
high in benthic algae, where CO2 uptake is diffusion limited
because of the thick boundary layers, resulting in low dis-
crimination against 13C (Hecky and Hesslein 1995). High
rates of photosynthesis in benthic, 13C-enriched algae and the
lower settling rate of pelagic, 13C-depleted organic matter in
shallow than in deep sediments (Björk-Ramberg 1983) result
in a predominance of 13C-enriched organic carbon from ben-
thic photosynthesis in the shallow sediments. Thus, the data
indicate that different base energy sources support zooben-
thos at different depths and that the d13C values for shallow
surface sediments will adequately represent the d13C values
for energy mobilized by benthic algae.

The d15N values for consumers were fairly similar in both
littoral and pelagic habitats (Fig. 1). Still, the zoobenthos
(mean length in mm [61 SD] among lakes: Amphipoda 5
10.7 6 0.4, Chironomidae 5 9.5 6 0.5, Macroinvertebrate
5 14.0 6 5.4) were approximately 1 order of magnitude
larger than the zooplankton (Copepoda 5 1.0 6 0.1, Cla-
docera 5 0.6 6 0.1), implying a great difference in size
structure between primary consumers in benthic and pelagic
habitats. There were relatively small differences between the
d15N values for shallow surface sediment and for zoobenthos
(see Fig. 1; mean difference among lakes: 2.0 6 0.36‰),
indicating a DN in the lower range of reported values (Vander
Zanden and Rasmussen 2001).

Mean char d13C values ranged between 226.6 and
221.9‰ among the lakes and were found to be enriched in
13C compared with pelagic energy sources and to be more
isotopically similar to littoral energy sources (Table 1, Fig.
1). The clear separation in d13Clit and d13Cpel enables differ-
entiation between the uses of these energy sources by char
in the lakes. LFchar was estimated at between 62% and 94%

in the lakes (mean: 74%), with no clear difference between
allopatric and sympatric lakes (t-test, p 5 0.275). Including
uncertainties relating to DC and DN resulted in a minimum
estimated mean LFchar of 62% and a maximum of 80%. No
significant correlation was found between LFchar and char
size in the allopatric lakes, either when comparing char be-
tween all lakes (Pearson correlation coefficients, 0.055) or
within individual lakes (Lake 8, 20.178, Lake 13, 0.160).
There were significant correlations between LFchar and char
size in the sympatric lakes, both when comparing char from
all lakes (Fig. 3) and from within lake G (LFchar 5 4.45 1
24.70 log length, r2 5 0.24, p 5 0.014, n 5 25). The slopes
of the relationships imply relatively small changes in LFchar

with char size (e.g., LFchar 5 54% and 68% of 100- to 400-
mm char in lake G). In contrast to char, stickleback d13C
values varied considerably with size (Fig. 1) with higher
values (t-test, p 5 0.05) in small (range: 16 to 31 mm, mean
d13C 6 1 SD 5 223.7 6 1.6‰, n 5 11) than in large (range:
48 to 57 mm, d13C 5 227.8 6 1.3‰, n 5 13) sticklebacks.

Mean char d15N values ranged between 7.1 and 8.9‰
among the lakes and were clearly 15N enriched compared
with both littoral and pelagic resources. Char d15N values
varied only slightly within lakes (Table 1) despite consid-
erable differences in char size. Mean TPchar values were es-
timated at between 3.2 and 4.1 in the lakes (mean, 3.6), with
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a tendency toward a higher TPchar in sympatric lakes (t-test,
p 5 0.065). TPchar values increased with increasing char size
in allopatric lakes, both when comparing char from all the
lakes (Fig. 3) and within lakes 8 (log TPchar 5 0.45 1 0.058
log length, r2 5 0.43, p , 0.001, n 5 25) and 13 (TPchar 5
3.14 1 0.00094 length, r2 5 0.65, p , 0.001, n 5 15). The
slopes of the relationships imply that TPchar increases ap-
proximately 0.3 trophic position units over a 300-mm change
in char size (e.g., 100 to 400 mm). In the sympatric lakes
there was no relationship between char length and TPchar

(Fig. 3).

Discussion

As predicted by our hypothesis, the results suggest that
top consumers in the studied lakes rely heavily on littoral
energy mobilization. LFchar values were estimated at between
62% and 94% in the lakes (Table 1), despite great variation
in both the size structures of the char populations and in lake
morphometry. This high LFchar remained consistent even
when accounting for uncertainties in DC and DN. In accor-
dance with our expectations for char in allopatric lakes,
large-sized individuals also mainly relied on littoral energy
mobilization. However, the data show only a small increase
in TPchar with char size in the lakes (Fig. 3), implying that
zoobenthos was the main resource component for char of all
sizes in the lakes. This is consistent with the results of gut
content analysis of char from three of the lakes (Byström et
al. 2004; P. Byström and J. Andersson unpubl. data). How-
ever, even if the large char were mainly cannibals, their en-
ergy support would still be of littoral origin since their po-
tential victims were supported by littoral energy mobilization
(cf. Hobson and Welch 1995).

In the sympatric lakes, char also consumed nine-spined
sticklebacks (Olofsson 2002; P. Byström and F. Olofsson un-
publ. data). In contrast to char, stickleback carbon sources
varied with fish size: large sticklebacks seemed to rely large-
ly on pelagic energy sources, while small sticklebacks relied
mainly on littoral energy sources (Fig. 1). However, since
char mainly consumed small-sized sticklebacks (stickleback
mean size 6 1 SD in char stomachs; lake G, 29 6 10 mm;
lake 5, 28 6 4 mm, P. Byström and F. Olofsson unpubl.
data), this diet did not change the main energy source sup-
porting char, since small sticklebacks mainly relied on lit-
toral energy mobilization. Neither did it result in any sig-
nificant change in TPchar with char size since small
sticklebacks have relatively low d15N values (5.7 6 0.4‰)
compared with those of small char (Table 1). Thus even in
sympatric lakes containing planktivorous prey fish, the main
energy source for the top consumer was of littoral origin,
even if the top consumer fed on prey fish. With the available
data we can only speculate as to the mechanisms underlying
this result. Stomach contents of large char suggested that
small-sized sticklebacks are the main prey of large char, and
thus that small sticklebacks may restrict their habitat use to
the littoral zone since it offers refuge from predation (cf.
Byström et al. 2004, and references therein). On the other
hand, large sticklebacks may be relatively invulnerable to
char predation and can thus to a larger extent feed on the

relatively unexploited pelagic resource. Still, in lakes with
sticklebacks, pelagic energy mobilization may be indirectly
linked to char, since the great reliance of adult sticklebacks
on pelagic energy mobilization contributes to the production
of new stickleback recruits on which char feed.

Some of the observed patterns in energy-flow and trophic
relationships may be attributed to the specific ontogeny of
the studied top consumer (Arctic char). However, there is
reason to believe that the findings of this study may apply
to unproductive lakes in general, because of the greater en-
ergy mobilization and hence resource production in the lit-
toral than in the pelagic habitats of such lakes. The energy
mobilization by phytoplankton and bacterioplankton is very
low in these lakes, presumably because of low nutrient con-
tent that is largely allocated to bacterioplankton production
(Karlsson et al. 2002; Jansson et al. 2003). Moreover, earlier
studies in the region have shown that benthic primary pro-
duction is very significant for total primary production, es-
pecially in shallow lakes where the light climate permits
photosynthesis over a large portion of the lakes’ bottom ar-
eas. Björk-Ramberg and Ånell (1985) estimated that benthic
algae constituted 70%, 78%, and 83% of whole-lake primary
production over three different years in a shallow lake (Zmax

5 4.5 m, Zmean 5 1.2 m). In a deeper lake (Zmax 5 13.7 m,
Zmean 5 6.0 m), the production by epipelic algae and phy-
toplankton was similar (Björk-Ramberg 1983). In contrast,
Bodin and Nauwerck (1968) found that epipelic algae con-
stituted only 15% of whole-lake primary production in a
large, deep lake (Zmax 5 43.5 m, Zmean 5 16.5 m). Thus, based
on the chemistry and morphometry of the studied lakes (Ta-
ble 1), it can be expected that photosynthesis by benthic
algae is the main source of total lake energy mobilization in
a majority of the studied lakes and, as shown in our study,
also the major energy source for top consumers.

Littoral energy sources dominated the energy support of
char, even in the deep lakes studied (Table 1) where, based
on production data from the area, pelagic processes could be
expected to be of greater importance for lake energy mobi-
lization, and hence for the energy support for top consumers
(Vadeboncoeur et al. 2002). However, energy support for top
consumers also depends on the resource availability in the
food web. Data presented in Fig. 1 suggest a small difference
in trophic position between the zooplankton and zoobenthos
in the lakes, even though zoobenthos are approximately one
order of magnitude larger than zooplankton (see results).
This is probably a result of the size differences at the base
of the food web, i.e., benthic algae are concentrated as a
biofilm while bacterioplankton and phytoplankton are dilut-
ed and of small size (Lodge et al. 1988; Hecky and Hesslein
1995). It can be expected that the differences in food-web
size structure should affect the energy support of char, since
the efficiency of feeding on small-sized prey, such as zoo-
plankton, decreases dramatically with the increasing size of
the char, compared with the foraging efficiency on macro-
invertebrates (Jansen et al. 2003; P. Byström and J. Anders-
son unpubl. data). Therefore, owing to differences in food-
web size structure and hence resource availability, a higher
proportion of the energy mobilization is expected to be trans-
ferred to char in littoral- than in pelagic-based food webs,
explaining the strong reliance of char on littoral energy mo-
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bilization even in the relatively deep lakes examined in this
study.

In conclusion, the data from the study indicate that top
consumers greatly rely on littoral energy sources in subarctic
lakes. We suggest that this is an effect of the higher mobi-
lization and transfer of energy in littoral than in pelagic food
webs, causing relatively high littoral energy flow to top con-
sumers. Furthermore, the data suggest that the dominance of
littoral energy-flow pathways influences food-web configu-
ration, i.e., high resource production in littoral habitats re-
sults in a low degree of ontogenetic variation in the base
energy sources used by the top consumer. Since a majority
of world lakes are small and shallow (Wetzel 1990), and
many are also naturally unproductive, recognizing the im-
portance of littoral energy-flow pathways is central to un-
derstanding lake ecosystem function.

References
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