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The succession of bacterial communities inhabiting the forefield of the Dammaglacier (Swit-
zerland) was investigated in soils ranging in successional age from 0 to 100 years since degla-
ciation. Overall activity per bacterial cell was estimated by the amount of fluorescein diacetate
(FDA) hydrolyzed per DAPI-stained cell, and an index of “opportunism” was determined from
the ratio of culturable to total cells (C:T ratio). Ribosomal intergenic spacer analysis (RISA) was
used to estimate the richness of dominant phylotypes and to construct rank-abundance plots of
the dominant populations. We observed a biphasic trend in specific cellular activity, which
exhibited minima in the 0- and 100-year-old soils while a maximum activity per cell was reached
in the 70-y soil. On average, the C:T ratio showed the same trend as the specific activity, although
we observed some differences between the two sampling transects. RISA revealed a decrease in
dominant phylotype richness as successional age increased, and rank-abundance plots indicated
that the evenness of the dominant bacterial phylotypes significantly decreased with successional
age. The combination of specific cellular activity and C:T ratio results suggested the presence of
an r-K continuum of bacteria while RISA showed that richness and evenness of dominant
phylotypes decreased with successional age. We conclude that bacterial succession in the glacier
forefield was a dynamic process with adaptation to the differing stages of succession occurring

on both the individual and community levels.
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The forefield of a receding glacier offers the opportunity to
investigate several decades of microbial succession over
the distance of a few hundred meters. The appeal of this
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environment to ecologists is evident in the numerous
studies that have focused on plant succession [6, 12, 16]. It
is understood that the physical, chemical, and biological
gradients characteristic of the forefield soils will have a
great impact on the growth strategy and community
structure of its inhabitants. One often-observed manifes-
tation of these gradients involves the change in growth
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strategy of succession organisms, the r-K continuum [17].
Likewise, it is widely accepted that community structure
and organization will change as succession progresses,
reflecting the response of the populations to the shifting
environmental conditions [34]. Despite the fact that bac-
teria are the pioneer organisms on these sites [44, 45, 46],
few studies have taken advantage of the forefield envi-
ronment to study the primary succession and population
distribution of bacteria.

The use of bacterial populations to study primary suc-
cession appears to have several advantages over the use of
macroorganisms. For example, the large diversity of bac-
teria found in soils [54] might exhibit patterns of diversity
and activity that are useful for characterizing successional
processes. Additionally, sampling is simplified, as many
samples of glacial forefield soil can be easily collected,
transported, and processed in a relatively short period of
time. From each soil sample, a large number of bacteria
may be subject to analysis, which in combination with an
adequate sampling scheme increases the confidence in
achieving a representative sample of the real bacterial
population. Analysis of the dominant soil bacterial com-
munity is facilitated by the use of molecular fingerprinting
methods that have become routine. Moreover, classical
methods such as bacteria isolation and enzyme assays are
also easily applied and are often necessary to provide a
valuable metabolic complement to the largely structure-
based molecular approach [24]. In previous studies, we
demonstrated that the combination of molecular and tra-
ditional methods was useful for characterizing bacterial
populations in two Swiss glacier forefields [44, 45]. Using
genetic fingerprinting, enzyme assays, and direct bacterial
counts, our study showed that the forefield succession was
a dynamic but orderly process that combined replacement
as well as maintenance of dominant phylotypes.

The characterization of organism metabolic status is an
important parameter that helps to define the various
stages of primary succession [38]. It has been predicted
that early succession communities will be characterized by
a life strategy focused on high reproductive capacity of the
species (r-selection), leading to unstable populations of
low metabolic efficiency. On the other hand, organisms
associated with late succession will invest few resources
into reproduction and more into maintenance-related ac-
tivities (K-selection), resulting in a metabolically efficient
population [17, 29]. The theory of r- vs K-selection as an
indicator of microbial succession has been applied by
assessing bacterial culturability as a surrogate for oppor-
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tunism, an attribute of r-strategists [18]. The authors
concluded that the ratio of opportunistic cells (those able
to grow on a nonselective medium) to total cells (detected
by microscopic cell counts) was higher in early than in late
succession environments, indicating a propensity for cel-
lular reproduction (r) over maintenance (K). This obser-
vation reflects the theory of Tilman [52], who suggested
that those organisms able to reproduce and grow fastest
would have a competitive advantage over slower-growing
organisms, but conclusive evidence of bacterial growth
strategy in the glacier forefield succession is, as far as we
know, unavailable.

In addition to metabolic status, bacterial community
structure is also affected by successional stage [9, 14, 36].
Indeed, for plant [41, 56] and mycorrhizae [22] commu-
nities, it has been shown that species evenness will in-
crease with succession age. The authors attributed the shift
to the rapid colonization of open niches by opportunistic
species and to the lack of organic inputs in early succes-
sion. Also of particular interest is the biofilm succession
study of Jackson et al. [25], which revealed that early
succession habitats supported an unorganized community
with low species evenness and richness. Late succession
was defined by increased habitat variation and resource
availability, which consequently led to increased bacterial
community evenness and richness, a pattern often ob-
served in forefield plant succession [30].

It is apparent that both opportunistic growth and
community structure can be useful indicators of the suc-
cessional state of a bacterial population. Despite this, a
combination of these parameters has remained unapplied
in the natural environment. In the present study, we were
interested in showing how microbial succession in the
glacier forefield environment could serve as a model for
the study of evolving bacterial assemblages. Specifically,
we tested two hypotheses: first, that the bacterial popula-
tions would exhibit a shift from r- to K-strategy as suc-
cessional age increased; and second, that the species
evenness of the most abundant bacteria would follow a
trend similar to forefield plant populations, and increase
as succession age increased.

Materials and Methods
Site and Soil Description

Soils were harvested from the forefield of the Dammaglacier (8° E
27’ 30”, 46° N 38’ 00”) in the Canton of Uri, Switzerland (Fig. 1).
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Fig. 1. Maps of the Dammaglacier region in Goscheneralp,

Switzerland. (A) General overview of the Dammaglacier and
forefield with the sampling area denoted by the dotted rectangle.
(B) Close-up of the sampling transect positions with respect to
the glacier terminus. Legend; X, 0-year soil location; @, Transect-
1 sites; O, Transect-2 sites.

Two-500 m sampling transects that ran parallel to the forefield
were established beginning at the glacier terminus. Approxi-
mately 2-kg of soil was collected from each of five sites ([45],
Table 1) along each transect by pooling at least six subsamples
harvested from a roughly 10 m diameter circle surrounding the
given sampling point. To avoid the vertical heterogeneity im-
parted by soil horizon development, only surface soils (to ap-
proximately 5 cm deep) were harvested. The soils were sieved on
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site (<2 mm) and processed immediately upon return to the la-
boratory.

For pH measurement, approximately 5 g of fresh soil was
suspended in 15 mL of 0.01 M CacCl,, stirred for 20 min, and then
measured for pH. Total carbon and nitrogen content (%) of the
soil was assessed with a LECO 932 CHNS analyzer according to
the manufacturer’s instructions (LECO, Krefeld, Germany) and
total phosphorus (%) was determined with an X-lab 2000 X-ray
fluorescence analyzer (Spectro AG, Kleve, Germany, Table 1).

For each soil, the time since deglaciation was inferred from
data compiled by the Laboratory of Hydraulics, Hydrology and
Glaciology at the Swiss Federal Institute of Technology (Zurich,
Switzerland). The elevation of the individual harvest sites and
distance from the glacier terminus were determined by baro-
metric pressure (error unknown) and global positioning (£3 m),
respectively.

Estimation of Microbial Number and Activity

Subsamples of soil from each harvest site were treated in tripli-
cate with 4% paraformaldehyde solution in phosphate-buffered
saline (pH 7.0) to fix bacterial cells. The total number of bacteria
in each soil was estimated following DAPI (4,6-diamidino-2-
phenylindole) staining and microscopic counting [57]. Bacterial
activity was estimated in triplicate soil samples by monitoring the
hydrolysis of fluorescein diacetate (FDA) according to the spec-
trophotometric method of Adam and Duncan [1] and expressed
as pg fluorescein produced g' dry soil and also cell ™. For each
soil assayed, a non-FDA-inoculated soil sample was analyzed in
order to account for background coloration as well as a no-soil
negative control.

Enumeration of Cultured Cells

The number of cells culturable from each of the forefield soils
was estimated by suspending 0.5 g of soil in 5 mL of sterile

Table 1. Site and soil characteristics of the Dammaglacier forefield
Distance from Time since Elevation
Site glacier (m) deglaciation (y) (m.a.m.sl)®  Soil texture %C (SE)© %N (SE) %P pH
Transect-1
12 0 0-1 2053 Coarse sand  0.017 (0.001) ND? 0.052 6.1 (0.06)
2 60 10 2052 Sand 0.047 (0.002) 0.004 (0.004) 0.040 5.4 (0.03)
3 100 46 2058 Fine sand 0.375 (0.009) ND 0.071 4.2 (0.46)
4 350 70 1985 Fine sand 0.457 (0.001) 0.048 (0.023) 0.078 4.6 (0.01)
5 500 100 1979 Coarse sand  0.558 (0.041) ND 0.048 4.6 (0.16)
Transect-2
1? 0 0-1 2053 Coarse sand  0.017 (0.001) ND 0.052 6.1 (0.06)
2 60 10 2050 Sand 0.082 (0.001) 0.006 (0.001) 0.058 4.9 (0.02)
3 100 46 2052 Sand 0.376 (0.002)  0.036 (0.001)  0.034 4.9 (0.42)
4 350 70 1985 Sand 0.799 (0.009)  0.059 (0.001)  0.048 4.3 (0.01)
5 500 100 1978 Loamy sand  1.384 (0.044)  0.109 (0.002)  0.090 4.5 (0.18)

# Site 1 is the origin of both transects.

> (m.a.m.s.L.), Meters above mean sea level.
¢ (SE), Standard error of three replications.
4 ND, None detected.
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distilled water, vortexing for 1 min, then diluting the soil sus-
pension to 10~* and plating 50 pL of each dilution in triplicate.
The media contained, per liter, 1 g carbon (10% from casein
hydrolysate, 90% from cellulose), 0.5 g MgSO,-7 H,0, 0.5 g KNOs,
1.0 g K,HPO,, 0.06 g Ca(NOs),4 H,0, 11.0 g agar, and 100 ppm
cycloheximide to prevent fungal growth [23]. Plates containing
between 30 and 300 colonies of bacteria were counted following 7
days of growth in the dark at room temperature.

Soil DNA Extraction and Genetic Fingerprinting of Forefield
Communities

Approximately 0.6 g of each pooled soil was extracted for DNA in
at least triplicate as described previously [44]. The concentration
of the extracted DNA was determined by measuring absorbance
at 260 nm and purity was estimated from the ratio of A,g0:A,s0-
For ribosomal intergenic spacer analysis (RISA), the spacer re-
gion between the small- and large-subunit rRNA and large-sub-
unit rRNA genes was amplified and equally loaded (according to
densitometric screening of PCR products on agarose gels) and
separated on 5% acrylamide gels according to the method of
Borneman and Triplett [5]. Following electrophoresis, staining
was performed by gently agitating the gel for 15 min in 50 mL of
1x TAE containing a 1:10,000 dilution of SYBR Green dye (Mo-
lecular Probes Inc., Eugene, OR). RISA banding patterns were
visualized with UV transillumination and photographed using
the Gel Doc 2000 gel documentation system (Bio-Rad Labora-
tories, Hercules, CA).

Bacterial Community Analysis

RISA banding patterns were used to visually distinguish the
amplified spacer region sequences. A single band of DNA served
as an indicator for a specific spacer region sequence and thus, a
specific soil bacterial population (phylotype). Likewise, the
band’s relative intensity provided information concerning the
relative abundance of the particular sequence [20, 33]. For each
lane, the banding pattern and average band intensity were ana-
lyzed using Quantity One image analysis software (version 4.0,
Bio-Rad Laboratories). The average intensity of each band was
calculated and compared to the cumulative intensity of all de-
tected bands in the given lane to give an estimate of the relative
abundance of the detected sequence types. Evidence of bacterial
community changes during the differing stages of succession was
visualized by comparing the presence and/or absence of bands
between different samples. The maintenance of phylotypes was
detected as bands common to two or more adjacent lanes (i.e.,
soils). Likewise, phylotype replacement was identified by the
presence of a band followed by its disappearance from the lane
representing the next older soil. The genetic fingerprints of each
soil were compared for similarity by calculating a band-based
Dice coefficient (Sp),

2N,

Sp=
P~ (Ng+Np)
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where Nq represented the number of bands detected in the query
soil, Ny represented the number of bands detected in the test soil,
and N represented the number of bands common to both soils.
Following Sp calculation, fingerprints were clustered with the
Quantity One software using the unweighted pair group method
with average linkages (UPGMA) [47].

Rank-abundance plots were constructed by plotting, in de-
creasing order of rank (from the most abundant organism to the
least abundant), the log;, of the relative abundance (intensity) of
each detected phylotype (band). Each plot was fitted with a linear
model so that relative changes in plot slope with succession age
could be determined.

Statistics

The results of direct cell counts, culturable cell enumeration, and
FDA hydrolysis assays were reported as averages and standard
errors over the replications described above. For the rank-
abundance plots, the significance in correlation (p < 0.001) was
calculated and the plots within each transect were tested for
significant differences (p < 0.05) by applying an analysis of
covariance (ANCOVA) to the resultant slopes.

Results

Estimation of Bacterial Number and Activity

Although soils were collected in two transects that were
spatially separated by approximately 50 m, soils of similar
age were comparable in terms of overall microbial number
and activity. Microscopic counts of bacteria revealed that
the cell number g~" dry soil increased from a minimum of
3.69 x 107 (£7.95 x 10°) in 0-y soil to 1.78 x 10° (£1.00 x
10%) and 2.94 x 10° (*¥1.49 x 10°) in the 100-y soils of
Transect-1 and -2, respectively (Fig. 2A).

Patterns of FDA hydrolysis showed that in general,
microbial activity increased with succession age (Fig. 2B).
Specifically, 1.21 (+0.17) pg fluorescein was produced g~
dry soil in the 0-y soil, while 100-y samples yielded 135.00
(£7.31) and 201.00 (+5.15) g fluorescein g~' dry soil for
Transects-1 and -2, respectively. In both transects, activity
increased consistently until the 70-y sample, but stabilized
(Transect-2) or even decreased (Transect-1) after 70 y.

When calculated on a per-cell basis, we observed an
increase in cellular activity from 3.28 x 10~° in the 0-y soil
to 1.31 x 1077 and 2.15 x 107 pg fluor cell”! in the 70-y
soils of Transects-1 and -2, respectively. Following this
increase, a distinct decrease in specific activity occurred
between the 70- and 100-y soils (Fig. 2C), dropping to
approximately 7.2 x 10~ pg fluor cell™ (average of both
transects).
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Enumeration of Cultured Cells

In both transects, culturable cell numbers increased
steadily from 1.89 x 10° CFU g' dry soil in the 0-y soil to
3.78 x 107 (Transect-1) and 8.35 x 10’ (Transect-2) in
the 46-y soil (Fig. 2D). Beyond this site, in Transect-1,
CFUs decreased in the 70-y soil to 2.00 x 10’ CFU g~ dry
soil, then increased again in the 100-y soil to 5.41 x 107
CFU g dry soil. In Transect-2, the number of CFUs
decreased slightly between 46- and 70-y soils (from 8.35 X
107 to 8.24 x 10” CFU g_1 dry soil), then decreased further
in the 100-y soil to a final value of 3.93 x 10’ CFUs g~'
dry soil.

With the exception of the 0-y soil, the ratio of cultur-
able to total cells (C:T) was relatively high in the younger
soils but decreased as succession age increased (Fig. 2E).
Specifically, within the first 10 years following deglacia-
tion, the C:T ratio increased from 0.005 (£0.001) in the 0-y
soil to 0.055 (£0.005) in Transect-1, and 0.087 (+0.006) in
Transect-2. Transect-1 exhibited a maximum C:T ratio in
the 10-y soil (0.055 + .005), while the 46-y soil yielded the
highest C:T ratio in Transect-2 (0.097 + 0.019). As suc-
cession age increased beyond the ages of maximum C:T
ratio, the ratios in both transects decreased to 0.017
(£0.001) (Transect-1, 70-y soil) and 0.013 (%0.001)
(Transect-2, 100-y soil), although the C:T ratio between
the 70- and 100-y soil in Transect-1 increased slightly to
0.030 (£0.002).

Bacterial Community Similarity

RISA fingerprinting indicated that several dominant bac-
terial phylotypes were present in each of the Dammagla-
cier forefield soils (Fig. 3) and that the community
structure changed as successional age increased. The
similarity of banding patterns of the forefield soils as
determined by Sp showed that the 0-y soil was most
similar to the 10-y soil (44% and 45% similar for Tran-
sects-1 and -2, respectively), while the similarity to the
0-y soil of the successively older soils tended to decrease
with successional age to a minimum of 20% similarity
between 100-y and 0-y soil (Transect-1) and 26% for
Transect-2 (Fig. 4). The relationship describing the simi-
larity between adjacent soils was consistent for both
transects.

Phylotype richness (S) was estimated by the number of
detected bands in a given lane and used as an additional
parameter to quantify the differences in genetic finger-
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prints. Overall, S followed a decreasing trend in both
transects as successional age increased (Table 2).

Bacterial Community Evenness

Slopes and coefficients of determination (r*) of the rank-
abundance plots showed that early succession communi-
ties (0-y soil) demonstrated significantly higher evenness
(P < 0.05) than late succession communities (70-y and
100-y soils), although the trend in Transect-2 was not as
consistent as in Transect-1 (Table 2). Specifically, in the
soils of Transect-1, the slopes of the plots increased from a
minimum of 0.006 (0-y soil) to 0.014 (100-y soil) (Fig. 5A).
The rank-abundance slopes of Transect-2 soils increased

50

% similarity

1100
46y 70y 46y 70y 10y 10y Oy 100y 100y
(T2) (T-2) (T1) (T-1) @T-1) (T-2) (origin) (T-1) (T-2)

Fig. 4. Cluster analysis of soil bacterial communities as deter-
mined by RISA band-based Dice coefficient and unweighted pair
group method with average linkages (UPGMA) from Transect-1
(T-1), and Transect-2 (T-2). The successional age of the soil is
labeled as in Fig. 3.

size markers.

overall to 0.012 in the 100-y soil but exhibited some var-
iation with a maximum of 0.019 in the 46-y soil (Fig. 5B).

Discussion

Bacterial Growth Strategy in the Forefield Succession

Based on the relationship between environmental condi-
tions and bacterial growth strategy, ecologists have di-
vided organisms into two broad categories: r-strategists,
and K-strategists. Although defining a single organism in
terms of r- or K-strategy is impossible [17], organisms can
be compared on a relative basis. De Leij et al. [10] pro-
posed that by assessing the differing growth characteristics
of cells on solid media, a relative categorization could be
assigned. An application of this methodology was pro-

Table 2.
(S) of bacteria in the Dammaglacier forefield

Rank-abundance plot statistics and phylotype richness

Site Slope® r S
Transect-1
1# 0.006° 0.98 18
2 0.006° 0.99 17
3 0.009° 0.96 13
4 0.011¢ 0.92 14
5 0.014° 0.82 12
Transect-2
1# 0.006° 0.98 18
2 0.009° 0.83 13
3 0.019° 0.82 11
4 0.008¢ 0.82 16
5 0.012%¢ 0.93 13

# Site 1 is the origin of both transects.

" Values superscripted with the same letter are not significantly different
(p < 0.05) as determined by analysis of covariance. All curves were fitted
with a linear model with highly significant correlations (p < 0.001).
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vided by Garland et al. [18], who suggested that the ratio
of culturable cells to total cells (C:T ratio) described the
differing stages of bacterial succession in a bioreactor and
in the wheat rhizosphere. The general theory behind this
type of approach is that the ability of a bacterium to grow
on a “nonselective” medium represents an opportunistic
growth strategy. Based on the definitions outlined above,
r-strategists inhabiting the glacier forefield would be
highly culturable. Conversely, K-strategists, cells adapted
to high-density sites where high reproductive potential is
not a priority, would be more difficult to culture.

In the current study, the ratio of culturable cells to total
DAPI-stained cells (C:T) along the Dammaglacier forefield
displayed a trend indicative of a r-K continuum (Fig. 2E).
After an initial increase in C:T ratio during the first 10 years
following deglaciation, the ratio in both transects de-
creased as successional age increased, indicating an ap-
parent shift from r- to K-strategy. Within the first 10 years
after deglaciation, it appeared that microbial populations
experienced rapid increases in opportunistic character.
These cells were able to reproduce in a relatively extreme
environment (in terms of temperature, moisture, and nu-
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trients) resulting in an increase in total cells (Fig. 2A) and
culturable cells relative to total cells. Following this initial
period of r-strategy, stabilization (Transect-2) or even a
decrease (Transect-1) of C:T ratio occurred, as populations
appeared to shift to K-type growth strategy. It is likely that
the observed shift was the result of predictable changes in
the environment that were paralleled by a shift in the
population’s opportunistic attributes. One explanation for
this observation might be that succession selected for or-
ganisms that allocated a greater proportion of resources
into maintenance relative to growth [34], resulting from
the onset of species competition for food and space [17].

Shifts in Bacterial Population Activity

Based on the amount of FDA hydrolysis per cell as an
indicator of general activity, our results showed that the
specific activity of the forefield bacterial community in-
creased during 70 years of succession, then decreased in
the 100-y soil (Fig. 2C), indicating a shift in activity of the
community as a whole. FDA is hydrolyzed by a variety of
enzymes including lipases, esterases, and proteases [21,
39]. The increase in FDA activity over the first 70 years
could have resulted from an increase in the amount or
variety of enzymes released by the bacterial community in
response to an increased diversity of plant species (carbon
sources) in the forefield [48].

Although the relationship between growth strategy and
overall activity was difficult to determine, in both transects
it was apparent that cells were involved in activities be-
yond those required for opportunistic growth. For exam-
ple, overall activity continued to increase for 70 years
following deglaciation while the C:T ratio was relatively
stable between 10- and 70-y soils (Transect-2) or de-
creased (Transect-1), suggesting that the shift in growth
strategy was, in part, independent of overall activity. A
shift in overall activity could result from conditions greatly
differing from those impacting a shift in growth charac-
teristics (r- vs K-strategy), as those actions directly con-
centrated toward resource allocation and growth strategy
comprise a fraction of the total number of metabolic ac-
tivities possible.

We are aware of the diversity of organisms capable of
performing FDA hydrolysis, especially fungi [19], which
could compromise our use of the parameter as a bacterial
activity measurement. However, we are confident that
primarily bacteria accounted for the activity in our assay,
as following both visible-light microscopic examination as
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well as direct FDA staining of soil microorganisms [49], no
fungal hyphae were observed. Furthermore, using fungal-
specific primers in PCR assays of the forefield soil DNA
samples (in addition to positive controls of mixed fungal
assemblage DNA and appropriate negative controls), no
evidence of fungi was detected (data not shown).

Molecular Assessment of Bacterial Communities

Succession implies a directional change in the organiza-
tion of community members [34]. Thus, changes in the
molecular fingerprint banding patterns were expected to
reflect the succession of the most competitively fit bacte-
rial communities. Analysis of the between-site similarity
was provided by the Dice coefficient (Sp), which showed
not only that the communities of adjacent soils were rel-
atively similar, but also that soils of similar age, but in
differing transects, were similar. This suggests that al-
though the bacterial population distribution in the Dam-
maglacier forefield has been previously characterized as
heterogeneous [44, 45], succession was progressing in a
somewhat orderly manner. In the investigated transects, a
total of 31 bands (Transect-1) and 25 bands (Transect-2)
were in common among the soils from adjacent sites, in-
dicating the survival of several phylotypes from one suc-
cession period to the next. The replacement of phylotypes
was apparent as well, totaling 31 occurrences in Transect-
1, and in Transect-2. Thus, the observation of RISA bands
not only served as a convenient measure of phylotype
maintenance and replacement, it also showed, through the
calculation of Sp, that forefield bacterial succession of
dominant types was an ordered process.

It is important to remember that DNA extraction and
molecular fingerprinting methods are generally biased
toward the most abundant organisms in an ecosystem [28,
32]. Thus, descriptive parameters such as visual analysis of
band patterns, similarity coefficients, and species richness
and evenness must not be viewed as absolute descriptors
of a bacterial population, but as trends describing domi-
nant members of the community. RISA analyzes the length
heterogeneity of the 16S-23S ribosomal intergenic spacer,
and the separation of the resulting PCR products can
provide a useful discrimination of soil bacterial phylotypes
[5]. Although biases are often associated with PCR am-
plification of mixtures of DNA templates [50, 55], band
intensity will often relate to initial population numbers
[20] and has been frequently related to relative phylotype
abundance [11, 27, 31, 33, 44]. Pianka [37] proposed that
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the early succession environment was an “ecologic vacu-
um” in contrast to the organism-“saturated” late succes-
sion environment. In both situations, the number of
bacterial species in minor abundance will be in great ex-
cess over the number of dominant ones [2]. Nevertheless,
it has also been shown that the numerically dominant
bacteria species will often be the most active [13] and thus
might direct many of the biological processes that drive
succession.

Bacterial Evenness Trends in the Forefield Succession

Rank-abundance plots have been used previously to de-
scribe a variety of organism/environment combinations
including slime molds in cold deserts [42], plants in soil
[56], and invertebrates in freshwater streams [48] and rice
fields [43]. The slope of the plot gives an indication of the
evenness of the detected community. A horizontal plot
(slope = 0) suggests that all organisms are detected in
similar abundance, and thus perfect community evenness.
Conversely, a steeply sloping plot results from a commu-
nity exhibiting high, moderate, and low organism abun-
dance, and thus indicates lower relative evenness. The use
of rank-abundance plots to describe bacterial communi-
ties has remained rare, probably because of the complex-
ities involving analysis. A notable exception is the work of
Jackson et al. [25], who generated rank-abundance plots
based on banding patterns of DNA fingerprints of biofilm
succession. They showed, overall, that the evenness of the
bacterial community became greater as succession pro-
gressed. Our observations of forefield succession revealed
the opposite trend. In both transects, the slope of the rank-
abundance plots significantly increased from the 0-y to
100-y soil (p < 0.05) (Fig. 5, Table 2). These data, com-
bined with the band-based estimation of species richness,
suggested that not only did the number of dominant or-
ganism types decrease with succession, so did the com-
munity evenness. Our previous work in this forefield also
indicated decreased diversity of dominant phylotypes with
succession age [44], but the current study improved on the
former by extending the sampling to soils of greater suc-
cessional age, thus encompassing a greater proportion of
the succession sequence. Although this observation is in
disagreement with most theories of succession that pre-
dicted increases in evenness with succession age, we
propose the following explanation. Since bacteria of low
relative abundance and broad niche specialization char-
acterize the early succession environment, a state of low
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spatial competition and nutrient surplus may prevail. This
is because low resource consumption resulting from low
population density can potentially result in adequate to
high nutrient availability [7], Under these conditions, both
dominance and evenness in those dominant populations is
possible, which is reflected in the relatively high estima-
tions of species richness and evenness for the 0-y soil. The
opposite is true for late succession communities, where
high cellular density, competition for space and resources,
and narrow niche specialization create dominance-limit-
ing conditions. For example, the relatively nutrient-rich
late succession soils exhibited an approximately 100-fold
increase in bacterial abundance over the youngest soil but
only a 30-fold (Transect-1) or 80-fold (Transect-2) in-
crease in total carbon, resulting in a decrease in the car-
bon-to-cell ratio. Thus, as exhibited by the 100-y soils, a
decreased number as well as a shift toward an uneven
distribution of dominant types occurred.

Often, rank-abundance plots of a succession series will
be fitted to a specific distribution model in order to
demonstrate differences in community organization. We
have avoided this practice, as apparent changes in distri-
bution as described by model fitting might not reflect
significant changes in patterns of abundance [53].

A Call for a New Model

It is apparent that the use of conventional succession
theories that are based upon observation of plant popu-
lations to describe bacterial succession should be ques-
tioned and further examined. In order to accurately
describe the succession of bacterial communities, funda-
mental differences between bacteria and plants developing
in succession environments must be addressed. The
physical attributes of the plants themselves (dispersivity of
individuals, longevity, maturation time, ultimate size) are
often component of many plant succession theories, and
one might expect that these same attributes could be ap-
plied to bacteria succession as well. However, these criteria
appear to be restricted to plant succession and are likely
not pertinent to bacterial communities. For instance, seed
dispersal is a major mechanism for the translocation and
survival of succession plant species [6]. Dispersal of soil
bacteria might not be of significance in the forefield en-
vironment because they are often resistant to transloca-
tion, owing to the production of adhesive exopolymeric
substances, and also to their preferred location in small,
protected pore spaces [35], although wind- and rain
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splash-aided dispersal [26] as well as earthworm-mediated
translocation [8] of bacteria is known to occur. Next, an
increase in plant size (up to several orders of magnitude
for primary vs late succession species) is often associated
with increased succession age [15]. Because bacteria living
in oligotrophic environments will optimize their surface-
to-volume ratio through a decrease in size, one would
expect bacteria present in late succession soils to also
follow this trend and thus exhibit an increased biovolume
relative to bacteria in early succession soils. This hy-
pothesis was rejected by Battin et al. [4], who used flow
cytometry to show that there was no difference in cell size
distribution along a glacial stream chronosequence. Fur-
thermore, our microscopic observations of Dammaglacier
forefield soil bacteria confirmed this finding, as we could
not visually detect differences in cell sizes based on soil
age (data not shown). Finally, the importance of longevity
as a discriminatory characteristic of succession plants has
also been proposed [1]. Again, plants may exhibit up to
two orders of magnitude of age difference along a suc-
cession sequence, but bacterial turnover in soil is most
likely occurring in a period of days and such large varia-
tion in turnover rate has not been observed in soils [3].
Based on this evidence, it is apparent that alternative
criteria are necessary to describe the succession of bacteria
populations. Whereas the visualization, counting, and es-
timation of plant species and individuals can be performed
with relative accuracy, the concept of individuals in mi-
crobial ecology is obscure [57] and necessitates the need
for future research to address methods useful in abun-
dance estimation, especially of low-abundance species.

Conclusions

We have shown that bacterial assemblages in the glacier
forefield environment have the potential to yield valuable
information concerning primary succession. The succes-
sion of dominant bacterial phylotypes was dynamic yet
orderly, exhibiting detectable changes during post-glacia-
tion where noticeable changes in plant populations were
undetected (e.g., 0-y soil vs 10-y soil, plant data unpub-
lished). Based on the results presented here, we accept our
first hypothesis, as there was an apparent shift from r- to
K-strategists with successional age. Although the shift in
C:T ratio could simply indicate a metabolic change at the
cellular level caused by adaptation in resource allocation
strategy, the results of molecular fingerprinting suggested



Bacterial Succession in a Glacier Forefield

that community-level changes were also occurring. In-
creased community evenness was associated with in-
creased successional age and was opposite to the trend
commonly observed in plant populations. Thus, we reject
our second hypothesis. We are aware that the co-occur-
rence of an r- vs K-continuum and a community structure
change does not imply that the two factors are functionally
correlated. However, it does reveal for the first time the
reorganization of succession populations of bacteria from
both a structural and functional perspective.
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