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External control of bacterial community structure in lakes

Abstract—We investigated the importance of aregional fac-
tor for bacterial communities in lakes. Externa factors domi-
nated the control of community structures in lakes with reten-
tion times up to 200 d, most likely as a result of bacteria
import. Because these lakes are numerous in the boreal zone,
regional processes can be of great importance for bacterial
communities in general. Consequently, we propose that lakes
function more like flow through systems, as opposed to the
classical ‘‘lake as microcosm’” concept.

During the last decade, our knowledge about the diversity
of bacteria in nature has increased enormously; however, lit-
tle is understood about which factors are shaping bacterial
communities (DeLong and Pace 2001; Zwart et a. 2002).
Central to understanding patterns in community structure is
knowledge about the relative importance of local versus re-
gional processes (Chase 2003; Cottenie and De Meester
2004). It can be assumed that the degree of isolation, and
thereby the rate of exchange of cells and genes between
communities, should have consequences for which forces
shape local microbial communities (Curtis and Sloan 2004;
Papke and Ward 2004). In nature, a gradient in isolation of
communities should exist from endosymbionts to those ex-
hibiting a cosmopolitan distribution (Papke and Ward 2004).

Early on, lakes and their ecosystems were assigned as iso-
lated unitsin the ““lake as microcosm’” concept (Forbes 1887).
This view of the lake was later revised, for instance, because
of the discovery of the importance of alochthonous carbon
for lake ecosystem function (Hessen and Tranvik 1998; Pace
et a. 2004). Thus, lakes today are more often ecologically
regarded as a part of a larger unit, i.e, the drainage basin
(Soranno et al. 1999). Still, efforts in lake microbia ecology
and diversity have largely focused on within-lake selective
forces, rather than external influences on community structure
and diversity, athough it has been shown that lake (Crump
et a. 2003; Masin et a. 2003; Lindstrom and Bergstrom
2004) and estuarine (Crump et a. 2004) community compo-
sitions can be largely influenced by inflowing bacteria. It can
be assumed that the degree of isolation a lake bacterioplank-
ton community experiences, and thereby the degree of influ-
ence by inflowing bacteria on local community structure, de-
pends on the hydrological retention time of the lakes.
Therefore, we used a range of lakes of different hydrological
retention times to determine the magnitude of externa influ-
ence on bacterial community structure in lakes. Our hypoth-
esis was that lakes with short hydrological retention time
should have bacterial communities that are more similar to
those of the inflowing water than lakes with longer hydrolog-
ical retention times because of the larger amount of imported
bacteria to the former type of lake. Twelve relatively unpro-
ductive Swedish lakes with different hydrological retention
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times were studied (Table 1). We used denaturing gel electro-
phoresis (DGGE) of polymerase chain reaction (PCR)—am-
plified 16S ribosomal deoxyribonucleic acid (rDNA) to char-
acterize bacterial communities in inlets and lakes.

Materials and methods—Study sites and sampling:
Twelve lakes were included in the study (Table 1). The lakes
differ in theoretical hydrological retention time from 1 d to
10 yr. All the lakes have one inlet or one major inlet.

Four lakes are situated in Lappland, northern Sweden
(Lindstrom and Bergstrom 2004, 2005), and were sampled
in summer 2001 (6—7 June) and 2002 (1-2 June). The eight
other lakes are located in Uppland, central Sweden, and were
sampled 2028 May 2003. All lakes were sampled once, in
spring, approximately 25-50 d after the start of the latest
high-flow event, when flow had subsided.

Temperature, pH, water color, total organic carbon, total
nitrogen, total phosphorus, bacterial community composi-
tion, bacterial production, bacterial numbers, and abundance
of potential bacterivores were determined in lakes and inlets
(Lindstrom and Bergstrom 2004). In stratified lakes, com-
posite samples of the epilimnion were taken, whereas in un-
stratified lakes, composite samples of the whole water col-
umn were taken.

Assemblage composition of bacteriaz The assemblage
composition of bacteriain lakes and streams was determined
by DGGE of PCR-amplified 16S rDNA (Lindstrom and
Bergstrom 2004). Eubacterial primers GM5F (with GC-
clamp) and DS907-reverse (Teske et al. 1996) were used.
The percent similarity between inlet and lakes in the pres-
ence and absence of DGGE bands was cal culated (Lindstrom
and Bergstrom 2004) as Serensen’s index. DGGE data for
Lake Ortrasketson and Lake Stor-Sandsjon were obtained
from an earlier study (Lindstrom and Bergstrom 2004).

Bacterial cell budgets: Bacterial numbers were determined
in lakes and streams by use of epifluorescence microscopy
and acridine orange staining (Hobbie et al. 1977).

Bacteria cell division rate in the lake waters was mea-
sured by use of the thymidine method (Bell 1993). Tritiated
thymidine (30 or 50 nmol L-*, depending on humic content
of the lake water) was added to triplicates of 10-ml lake
water at the time of arrival at the laboratory. The samples
were incubated in darkness at in situ temperature for 60 min.
The growth rate (cells L=* h—%) was calculated by assuming
a division rate of 2 X 10 cells mol * of incorporated thy-
midine (Bell 1990).

Bacterioplankton cell budgets were constructed with the
use of data on water flow, epilimnion volumes, bacterioplank-
ton abundance, and growth rate (Lindstrom and Bergstrom
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Table 1. Description of the 12 lakes included in the study.

Notes

Theoretical DGGE similarity  Cell import rate/ Total Tota organic
hydrological Lake area inlet and epilimnion cell  phosphorus carbon
Lake Coordinates retention time (d) (km?) epilimnion (%)  divisionrate (%) (ungPL™%) (mgCL™Y
Revelstasjon* 59°49'N, 16°57'E 1 0.10 89 81 98 16
Akerbysjon* 60°22'N, 17°51'E 14 111 97 15 13 27
N Bjorntjarn 64°11'N, 18°47'E 67 0.03 20 12 31 17
Ortrasketsjon 64°10'N, 19°00'E 100 7.30 92 9 18 10
Lumpen* 59°58'N, 17°17'E 164 0.25 60 0.4 26 30
N Gaddtrask 64°24'N, 18°49'E 200 114 83 0.5 12 12
Bysion 59°59'N, 18°25'E 276 0.03 36 0.9 5 23
Holmsjon 59°59'N, 18°25'E 349 0.20 43 0.2 24 23
Bredsjon* 59°54'N, 17°10'E 438 1.38 45 0.04 24 19
Halg6n 59°49'N, 17°15'E 730 0.20 35 0.2 21 13
Skarsion 59°55'N, 18°01'E 1,460 0.31 30 0.09 9 18
Stor-Sandsjon 64°10'N, 19°00'E 3,650 9.20 17 0.02 10 5

* |n unstratified lakes, the whole water column was regarded as the epilimnion.

2004). With this data, the bacterial import could be cal culated
in relation to the bacterial cell production (%) and the bac-
terial cell numbers (% d-*) in the epilimnion of the lakes.

Hydrology: To determine the hydrology of the eight lakes
in Uppland, water flow data from hydrological stations within
the same drainage area as the sampled lakes was obtained from
the Swedish Meteorological and Hydrological Institute
(SMHI). The specific runoff for the drainage area of the lakes
was calculated. On the basis of the size of the drainage area
of the lakes and the epilimnion volume (Brunberg and Blomav-
ist 1998), the water flow and the hydrologica retention time
of the lake water at the time of sampling were calculated.

Hydrology data for the lakes in Lappland were obtained
in a similar manner (Lindstrom and Bergstrom 2004, 2005).

Statistics: Three lake categories were defined with the use
of similarities in DGGE patterns between inlet and lake. Dis-
criminant analysis was used to determine whether the cate-
gories could statistically best be described by bacterial cell
import or by similarities in the chemical, physical, and bio-
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Fig. 1. Relationship between the similarities in DGGE patterns
between inlet and epilimnion and the theoretical hydrological reten-
tion time of the studied lakes.

logical environments in inlet and lake. Discriminant analysis
tells whether a particular set of variables is useful in discrim-
inating previously delineated groups (ter Braak and Verdon-
schot 1995), which in our case are the three lake categories.
Because the similarities between inlets and lakes in DGGE
patterns showed a nonlinear relationship to several variables,
such as cell import rates and water retention time (Fig. 1;
Table 1), we considered statistical methods such as correlation
anaysis less suitable for our data set. The variables included
were bacterial import (cells d—1); bacterial import as afraction
of cell production (%) and cell numbers (% d=2) in the epi-
limnion; and the difference in absolute values between inlet
and lake in water chemistry, temperature, and number of bac-
terial grazers. pH values were converted to [H*] before any
calculations were made. All data were transformed to z-scores
before analysis. Discriminant analysis was run with CANO-
CO 4.53 software (Biometris-Plant Research International).
The environmental factors best describing the lake categories
were identified by forward selection. Explanatory variables
were added until addition of further variables failed to con-
tribute significant (p < 0.05) improvement to the model’s
explanatory power. This was assessed in permutation tests
with 499 unrestricted Monte Carlo permutations.

Modeling of the theoretical hydrological retention time
for Swedish lakes: Swedish lakes (n = 1,640) were clas-
sified into region-specific morphometry classes (Algesten
et a. 2004). By use of data on lake surface areas and re-
gion-specific runoff obtained from SMHI, the lake volumes
and their theoretical hydrological retention times were es-
timated (Algesten et al. 2004). The lakes included are sit-
uated between latitudes 57°5’'N and 69°0'N and longitudes
12°E and 24°E (i.e., covering approximately 70% of the
land area of Sweden). The lakes were divided into three
groups depending on surface area, and for each group, the
share of lakes having hydrological retentions times of 1—
100, 101-200, and >200 d was calculated. With lake sur-
face area data from SMHI for all Swedish lakes (n =
92,409), the number of lakes in each retention time cate-
gory could be estimated.
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Results and discussion—The banding patterns from
DGGE and similar methods are commonly used as a proxy
for the composition of the numerically dominating popula-
tions in communities (Torsvik et al. 1998; Forney et al.
2004). Therefore, it can be assumed that the similarities in
DGGE banding patterns between inlet and lakes reflect the
influence of the inlets on bacterial communities in the lakes,
i.e., the degree of external control of the community com-
positions. In our study, the degree of similarity in commu-
nity composition between inlet and lakes showed a nonlinear
relationship to the theoretical hydrological retention time of
the lakes (Fig. 1). On the basis of the assumptions and our
results, the lakes were therefore divided into three catego-
ries: (1) external control lakes, which had ~90% similarity
in DGGE banding pattern between lake and inlet (i.e., the
influence of inlet on the composition of the bacterial com-
munities was very high); (2) intermediate control lakes,
which had similarities between inlet and lake lower than for
category 1, but still >50% (i.e., the influence of inlet was
lower but still the dominating force in shaping the bacter-
ioplankton communities); and (3) low external control lakes,
in which the similarities between inlet and lakes were <50%
(i.e., the influence of inlet was low). In contrast to the other
categories, the communities in category 3 lakes should, to a
larger extent, be shaped by internal processes such as food
web interactions and competition.

The theoretical hydrological retention times were 1-100
d for external control lakes, >100 and =200 d for inter-
mediate lakes, and >200 d for the low external control lakes
(Fig. 1). Thus, external control of bacterioplankton com-
munity composition appears dominating in lakes with theo-
retical hydrological retention times up to 200 d.

But how important is external control of lakes in genera?
According to our estimates, lakes in the boreal zone of Swe-
den (92,409 lakes) were distributed among the three catego-
ries so that 78% have theoretical hydrological retention times
of 1-100 d, 10% of 101-200 d, and 12% of >200 d. Thus,
if the found relationship between external control and hydro-
logical retention time of the lakes (Fig. 1) is generaly valid,
the vast majority of the Swedish lakes are external control
lakes in which the bacterial composition can be more or less
entirely determined by external forces. In addition, short hy-
drological retention times of lakes are common elsewhere in
the boreal zone. For instance in Québec (Canada), the median
theoretical hydrological retention time is around 290 days (Y.
T. Prairie pers. comm.). Thus, external control of bacterio-
plankton community compositions should be of considerable
importance aso in lakes outside Sweden. To what extent our
results are applicable to lakes with higher productivity or to
lakes outside the boreal zone is an open question. However,
a dependence of bacterioplankton community composition on
the hydrological retention time was recently demonstrated for
estuaries (Crump et a. 2004). These results indicate that bac-
terial external control can be of considerable importance in
widely different aguatic environments.

The nature of the external control was further explored
statistically. In theory, two different mechanisms are possi-
ble. The first is that cells are transported from the drainage
area to the lake and thereby influence the composition of the
community by displacement of other cells. The second pos-

sible explanation is that the water flowing from the drainage
area influences the character of the lake water, e.g., in the
amount and character of the dissolved organic carbon (Sobek
et al. 2003), which in turn, being an important substrate for
the bacteria, selects a certain composition of the bacterial
community. Discriminant analysis was used as a means to
investigate which environmental factors statistically best ex-
plain the lake categories we defined. We found that among
the chemical, physical, and biological variables tested, bac-
terial cell import rate as a fraction of the cell division rate
in the lake (%) was the only factor significantly (p < 0.05,
499 unrestricted Monte Carlo permutations) contributing to
the model (eigenvalue of the first canonical axis 0.876).
These results, therefore, strongly indicate that the external
control observed was, to a large extent, caused by bacterial
import than by influence of habitat character. However, these
results do not rule out the role of selection because growth
of bacteria colonizing via the incoming water could be in-
creasingly successful if the habitat in the lake is similar to
that in the inflow, which would further augment the external
control. That the cells from the inlet establish themselves in
the lake and contribute to lake cell production was earlier
concluded in a study of one of the external control lakes
(Lindstrom and Bergstrom 2004). Also, the statistical model,
with import rate as the single explanatory variable, statisti-
cally explained “only” 43.8% of the variation in DGGE
patterns among categories, indicating that more environmen-
tal variables than cell import could have contributed to the
structures of the bacterial communities in the lakes.

Explaining the exact shape of the curvein Fig. 1 (i.e, the
two *‘ break-off points” identified at water retention times of
100 and 200 d) would need additional data. Contributing
factors could be pulses of water as well as base flow. In this
context, it is interesting to note that in the four external
control lakes, the whole epilimnion volume was replaced
during the spring flood, whereas in all other lakes only frac-
tions of the epilimnion were replaced (unpubl. data).

Our results demonstrate that the degree of isolation a lake
experiences from the surrounding environment, expressed as
hydrological retention time, determines the importance of
externa factors in shaping lake bacterioplankton communi-
ties, as similarly proposed previously for microbial com-
munities in general (Curtis and Sloan 2004; Papke and Ward
2004). The most likely mechanism behind the external con-
trol is cell transport rate, implying that the local community
structure to alarge extent is controlled by regional processes,
i.e., dispersal rates (Chase 2003). On the basis of these re-
sults, we propose that the external control leads to a large
number of lakes that function as flow through systems rather
than as microcosms (Forbes 1887) with respect to bacterial
communities, i.e., that cells and growth media are continu-
ously provided from drainage areas to lakes and thereby in-
fluence the composition of the bacterial communities.
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