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Differences in soil bacterial diversity:
driven by contemporary disturbances
or historical contingencies?
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Contemporary environmental disturbances and historical contingencies are considered to be major
factors driving current differences in microbial diversity. However, little was known about their
relative importance. This study combines culture-independent molecular techniques and advanced
statistical analyses to examine quantitatively the relative importance of contemporary disturbances
and historical contingencies in influencing large-scale soil bacterial diversity using a large set of
manipulated field-based molecular data (212 samples). Contemporary disturbances were repre-
sented by applications of different fertilizers N, P, K and organic manure (OM) and historical
contingencies by distinct geographic sampling locations and soil profiles. Multivariate regression
tree (MRT) analysis showed that diversity estimates were mainly distinguished by sampling
locations, which explained 40.8% of the variation in bacterial diversity, followed by soil profiles
(19.5%), sampling time (13.1%), OM (3.7%) and P (1.8%). Aggregated boosted tree (ABT) analysis
showed that the relative importance of different categorical factors on soil bacterial diversity
variation was ranked as sampling locations, soil profiles, sampling time, OM and P. Both MRT and
ABT analyses showed that historical contingencies were the dominant factor driving variation in
bacterial diversity across a regional scale (about 1000km), whereas some contemporary
disturbances also caused variation in bacterial diversity at a local scale. This study demonstrated
that past events and contemporary disturbances had similar influence on soil bacterial diversity to
that documented for macroorganisms, indicating that there might be some common aspects of
biogeography to all organisms.
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Introduction

For centuries, biologists have studied patterns of
plant and animal diversity at different spatial scales.
However similar studies were impossible for micro-
organisms for a long time because of the limitation
of techniques that the spatial variation of soil
microbial diversity has long been considered as
‘noise’ in microbiological studies (Ettema and
Wardle, 2002; Finlay, 2002), although the composition

and diversity of microbial communities are
thought to have a direct influence on a wide range
of ecosystem processes (Naeem and Li, 1997;
Bell et al., 2005b; Madsen, 2005; Balvanera et al.,
2006). Culture-independent molecular techniques
now make it possible to explore microbial diversity
more deeply and widely than ever before. As a
result, a large body of studies has revealed the vast
diversity of microorganisms missed by past culture-
dependent studies (Torsvik et al., 1990; Gans et al.,
2005) and distinguished a wide range of biotic and
abiotic factors influencing microbial diversity and
community such as vegetation (McArthur et al.,
1988; He et al., 2005, 2006), trophic status (Lefranc
et al., 2005), spatial distance (Cho and Tiedje, 2000),
salinity (Crump et al., 2004; Lozupone and Knight,
2007), profile depth (Øvreås et al., 1997; Fierer et al.,
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2003), soil pH (Fierer and Jackson, 2006; He et al.,
2007) and heavy metals (Sandaa et al., 1999; Gans
et al., 2005). However, almost all of such studies just
documented the variation and potential patterns of
microbial diversity alone and certain ecological
variation or gradient cannot be interpreted within
a theory framework to explore the mechanisms
that generate the patterns, as such studies failed
to simultaneously consider two types of factors—
contemporary environmental variations and histor-
ical contingencies—that were thought to be the
major factors driving the current diversity variation
by the current theory of prokaryotic biogeography
and diversification (Martiny et al., 2006).

The relative contribution of contemporary envir-
onmental factors and the legacies of historical
events on the present community composition and
diversity is a long-standing theme of traditional
biogeography (Willis and Whittaker, 2002; Ricklefs,
2004; Rajaniemi et al., 2006; Qian et al., 2007). The
simultaneous consideration of contemporary dis-
turbances and historical contingencies could struc-
ture a meaningful theory framework for exploring
the four alternative hypotheses of the biogeography
of microorganisms (Martiny et al., 2006). The first
hypothesis is that microbial composition and diver-
sity are randomly distributed over space. In this
case, microbial composition and diversity cannot be
distinguished by any of the two factors. The second
hypothesis is that the differences in microbial
composition and diversity merely reflect the influ-
ence of contemporary environmental variation. This
would imply that different contemporary environ-
ments maintain distinctive microbial assemblages
and that the effects of past evolutionary and
ecological events can be rapidly erased because of
the enormous dispersal capabilities of microorgan-
isms. The third hypothesis is that the differences in
microbial composition and diversity are merely due
to the lingering effects of past evolutionary and
ecological events (for example, distance isolation,
physical barrier, dispersal history and past environ-
mental heterogeneity (EH)), which can result in
genetic divergence of microbial assemblages. The
final hypothesis is that the differences in microbial
composition and diversity, similar to those of
macroorganisms, reflect the influences of both past
events and contemporary environmental variations
(Martiny et al., 2006).

Chinese Ecosystem Research Network (CERN) is a
long-term research project established in 1988 by the
Chinese Academy of Sciences (CAS) to carry out
comprehensive ecological monitoring and research
on diverse ecosystems. We collected 212 soil
samples that had been solely applied with chemical
fertilizer N (N), P, K or in combination with organic
manure (OM) for about 18 years from three CERN
stations across the Northern and Southern China
(at about 1000 km distance). Here, the applications
of different fertilizers were considered as contempor-
ary environmental disturbances, and the sampling

locations and soil profiles could be seen as proxy
assemblage of past evolutionary and ecological
events whose legacies had been maintained because
of the spatial dissimilarity. We explored the relative
influence of contemporary environmental distur-
bances and historical contingencies on soil bacterial
diversity by culture-independent molecular ap-
proaches and advanced statistical analyses. The
objectives of this study were to test the hypotheses
that were similar to those documented for macro-
organisms (Willis and Whittaker, 2002; Ricklefs,
2004; Qian et al., 2007), the differences in soil
bacterial diversity are driven by both contemporary
disturbances and historical contingencies, and their
relative importance differs depending on the differ-
ent spatial scales over which diversity is measured
and compared.

Materials and methods

Description of the experimental site and sampling
In total, 212 soil samples associated with different
fertilization treatments, soil profiles and sampling
times (January and July 2006) were collected from
Fengqiu (FQ), Taoyuan (TY) and Qiyang (QY), three
CERN stations across the Northern and Southern
China (Supplementary Table S1). FQ (35 1000N,
114 1240E), TY (28 1550N, 111 1270E) and QY
(26 1450N, 111 1530E) sites are located along a latitude
gradient with distinct temperature, annual rainfall
and soil types. In detail, FQ had a temperate
monsoon climate, with a mean annual temperature
of 13.9 1C and a mean annual rainfall of 605 mm; TY
and QY were subtropical monsoon climate, with
mean annual temperature of 16.5 and 18.1 1C, and
mean annual rainfall of 1437 and 1288 mm, respec-
tively. The soil of FQ, derived from alluvial
sediments of the Yellow River and classified as
aquic inceptisols with a sandy loam texture, was
distinctly different from the soils of TY and QY. Both
of the soils of TY and QY were derived from
Quaternary red earth but developed with different
soil types of paddy soil and red soil (agri-udic
ferrosols with silty clay texture) due to different
agricultural practices.

These sampling stations with distinct character-
istics, as well as soil profiles, may thus be seen as
proxy assemblage of past evolutionary and ecologi-
cal events such as spatial isolation, physical barrier,
dispersal history and past EH. Despite the distinct
characteristics between different experimental sta-
tions, the climate and soil characteristics of different
experimental plots were generally the same at the
same station before the experiments of fertilization
with chemical fertilizer N, P, K or in combination
with OM in a randomized block design for about 18
years, making the fertilization treatments (generally
three or four replicates in each treatment) an
appropriate variable to represent the contemporary
environmental disturbances. Therefore, the exam-
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ination of the responses of soil microbial diversity to
the different fertilization treatments among the
sampling locations and profile depths offers an
appropriate opportunity to explore the relative
importance of contemporary disturbances and his-
torical contingencies on soil bacterial diversity.
Furthermore, to examine whether seasonal variation
was an important factor for bacterial diversity
variation, an additional set of soil samples was
collected 6 months after the initial collection.

Soil samples were collected by taking 10 soil cores
(approximately 5 cm in diameter) from each plot and
mixing them to form one composite sample for each
replicate. Each sample was placed in a sterile plastic
bag, sealed and transported to the laboratory on ice.
All samples were passed through a 2.0 mm sieve and
stored at �80 1C.

Soil DNA extraction, PCR and DGGE analyses
Soil DNA was extracted using the UltraClean Soil
DNA Isolation Kits (Mo Bio Laboratories, Solana
Beach, CA, USA) according to the manufacturer’s
instruction. The 16S rRNA gene was PCR amplified
using the extracted DNA as template and uni-
versal bacterial primers 954f (GCACAAGCGGT
GGAGCATGTGG) with a GC clamp and 1369r
(GCCCGGGAACGTATTCACCG) (Yu and Morrison,
2004). Amplicons (about 200 ng) were analyzed by
DGGE using 6% (w/v) acrylamide/bisacrylamide
(37.5:1, mass:mass) gels containing a 35%–60%
linear gradient of formamide and urea (100%
denaturing solution contained 40% (v/v) formamide
and 7 M urea). The electrophoresis was run for 6 h at
120 V and a constant temperature of 60 1C, using
a DCode Universal Mutation Detection System
(Bio-Rad Laboratories, Hercules, CA, USA). The
gels were stained with SYBR Gold Nucleic Acid
Gel Stain (1:10 000; Invitrogen-Molecular Probes,
Eugene, OR, USA) for 30 min, scanned by the Gel
Documentation System (Syngene, Frederick, MD,
USA) and analyzed using the software Quantity One
(Bio-Rad Laboratories).

Operational taxonomic unit definition and diversity
indices calculation
The genotypic diversity of each of the soil bacterial
communities was determined by DGGE profile data.
DGGE can be considered as a high-throughput
method at the cost of relatively low taxonomic
resolution. However, the estimate of the relative
variation trend of the soil bacterial diversity remains
valid if the examined richness proportionally
changes among the samples. Each detected band
was defined as an operational taxonomic unit
(OTU), and the number of bands was defined as
the genotypic richness of each sample (Bell et al.,
2005a; Reche et al., 2005). The pixel intensity for
each band was detected by Quantity One software
and was expressed as the relative abundance (pi)

(Reche et al., 2005). Shannon index (H’) and
Simpson index (D), the most widely used diversity
indices, were calculated using the richness and
relative abundance data based on the following
equation:

H 0 ¼ �
X

pi lnðpiÞ; ð1Þ

D ¼
X

ðpiÞ2; ð2Þ
where pi¼ni/N, ni is the abundance of the ith OTU
and N the total abundance of all OTUs in the
sample. Richness, Shannon index and Simpson
index were selected to reflect the bacterial diversity
properties (Supplementary Table S1).

Multivariate regression tree analysis
It was not possible to sample all potential catego-
rical variable combinations because many combina-
tions did not exist in the field experiment. As a
result our sampling design was not factorial. Despite
the potential for confounding interactions between
incomplete factor levels, the single and combined
responses of bacterial diversity estimates to catego-
rical factors still can be explored by multivariate
regression tree (MRT) analysis, as MRT analysis is
well suited for complex ecological datasets with
missing treatment combinations, missing values and
high-order interactions (De’ath, 2002). In fact, we
compared the results of MRT using whole data and a
partial set of data with extracted symmetrical
variable combinations and achieved similar results
except that unsymmetrical variable was pruned in
the latter (compare Figure 1 and Supplementary
Figure S1). In this study, therefore, we focused on
describing the results of MRT using whole datasets.
For an MRT analysis, dissimilarity among the
response variables is defined as the total sum of
squares of the response variable values (for example,
richness, Shannon index and Simpson index), and
the least sum of squares criterion is used to
repeatedly split data into two groups based on one
of the classification variables (for example, sampling
locations, soil profiles, sampling times and different
fertilization treatments). That is to say, each split
tends to minimize the dissimilarity within the two
resulting groups and maximize the dissimilarity
between the two resulting groups based on a single
environmental classification by comparing all the
potential splits in the data.

Each split in an MRT was represented graphically
as a branch in a tree. Each branch in the tree was
labeled with the levels of the classification variable
that were placed in that branch (for example, TY and
QY versus FQ, Figure 1). The multivariate means of
response variables (for example, richness, Shannon
index and Simpson index) are shown as bar plot
(Figure 1). The number of samples included in that
branch is shown under the bar plot. Diversity
indices were standardized to the same mean before
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performing MRT analysis. A 10 cross-validation
process was used to decrease the structure complex-
ity of MRT to highlight the main relationship
between biological data and environmental vari-
ables while the predictive ability was only margin-
ally worse than that of the whole tree, as the cross-
validated relative error decreased to a plateau in that
split. Cross-validated relative error varies from zero
for a perfect tree to close to one for a poor tree
(De’ath, 2002). MRT analysis was carried out by
using the package ‘mvpart’ within the ‘R’ statistical
programming environment.

Aggregated boosted tree analysis
Aggregated boosted tree (ABT) analysis is a statis-
tical learning method that aims to attain both
accurate prediction and explanation. A major
strongpoint of ABT analysis is that it can increase
the accuracy of prediction relative to other methods
such as boosted trees, bagged trees, random forests
and generalized additive models. Furthermore, the
reasons we use ABT analysis are because (1) it can
deal with many types of response variables (nu-
meric, categorical and censored) and environmental
variables (numeric, categorical) (De’ath, 2007),
which is well suited for our data; (2) it can
quantitatively and visually evaluate the relative
influence of environmental variables on the soil
bacterial diversity variation (Figure 2) and (3)
interactions between predictors (environmental
variables) can also be quantified and visualized
(Figure 3). The optimizing of the ABT model is

necessary to attain accurate prediction and explana-
tion during ABT analysis. A major estimate of how
close model predictions are to their true values on
average is the predictive error (PE) of a statistical
model (De’ath, 2007). A statistical model with lower
PE value means a higher accuracy of prediction. For
an ABT analysis, comparison of PE of trees based on
different interaction levels can determine the level
of interaction influence between the environmental
variables. The single response of each diversity
estimate (for example, richness, Shannon index and
Simpson index) to environmental variables and the
relative influence of different factors on the soil
bacterial diversity variation can be quantitatively
evaluated and visualized as partial dependency
plots and relative importance plot (Figure 2). ABT
analysis was carried out by using the package
‘gbmplus’ within the ‘R’ statistical programming
environment.

Results

Multivariate regression trees
The MRT analysis explains the relationship of
diversity estimates and environmental variables in
a visualized tree with nine splits based on sampling
locations, soil profiles, sampling times and fertili-
zers P and OM (Figure 1). The tree explained 78.9%
of the variance of the standardized diversity indices.
In this tree, diversity estimates were first split by
sampling locations. Data from TY and QY were
placed into one group and data from FQ were placed

Location=QY,TY

Location=TY

OM=ABSE

P=ABSE

OM=PRES

P=PRES

Time=SECO

Time=SECO

Time=FIRS

Time=FIRS

Location=FQ

Location=QY

1.83 : n=44

0.887 : n=27

0.0686 : n=120.437 : n=12
0.524 : n=24

0.197 : n=10

0.525 : n=28

Shannon
Simpson
Richness

Profile=B Profile=A Profile=B Profile=A

1.09 : n=27

0.568 : n=28

Figure 1 Multivariate regression tree of the soil bacterial diversity data associated with different sampling locations (FQ, QY and TY),
fertilization treatments (sole or conjoint application of N, P, K and OM, present (PRES) and absent (ABSE) were used to indicate if certain
fertilizer was applied), soil profile depth (horizon A (0–20 cm) and B (20–40 cm)) and sampling times (first (FIRS) and second (SECO)).
The standardized diversity estimates were used to construct MRT. Bar plots show the multivariate means of diversity estimates at each
branch, and the numbers of samples included in that splits are shown under bar plots. FQ, Fengqiu; MRT, multivariate regression tree;
OM, organic manure; QY, Qiyang; TY, Taoyuan.
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into a separate group. This split produced two
groups of data, each more homogenous than the
original group. This single split in the data

accounted for 29.1% of the variation in the original
dataset. Each of the two groups was split further by
soil profile depth, which explained 17.6% and 1.9%
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(c) by optimized ABT model considering the main effect and two-way interaction effect and using predictors of sampling location, soil profile,
sampling time, OM and P. N and K were not included in the optimized ABT model because their effects on the diversity estimates were negligible
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of the variation, respectively. The diversity esti-
mates of 0–20 cm soils from QY and TY were then
split by sampling location again into two groups of
TY and QY. This split accounted for 11.7% of the
variation in the data. The following left group was
split by sampling time accounting for 11.7% of the
variation and the right group was split one by one
according to OM, P and sampling time, which
explained 3.7%, 1.8% and 1.4% of the variation,
respectively. To summarize, diversity estimates were
mainly distinguished by sampling location with a
total explanation of 40.8% of the variation, followed
by soil profile (19.5%), sampling time (13.1%), OM
(3.7%) and P (1.8%). The contributions of N and K
to the variation were less than 1.4% and were not
used in structuring the MRT.

Bar plots at the nine nodes of MRT effectively
illustrated the overall distributions of diversity
estimates throughout the tree. Furthermore, the
single regression tree was also useful to describe
the distribution of single diversity estimate through-
out different groups (Supplementary Figure S2).
Overall, the soil bacterial diversity was higher in FQ
than in QY and TY, higher in surface soil than in
subsurface soil and under some constrained condi-
tions, soil bacterial diversity was higher in first
sampling than in second sampling (for example, TY
surface soils) and higher in soils fertilized with OM
and P than in soils without OM and P application
(for example, QY surface soil). When we compared
paired samples for the same sampling location,
sampling time and fertilization treatment but differ-
ent soil profiles, a strong correlation between soil
bacterial diversity and the sampling depth was
observed (Figure 4).

Because MRT is a form of constrained clustering,
it is possible to explore whether there are still other
unrecorded important environmental factors re-
sponsible for the unexplained diversity variation
by comparing the MRT solution to unconstrained
clustering solution. The unconstrained cluster ana-
lysis accounts for substantially more of the diversity
variation than the MRT analysis (Figure 5).

Aggregated boosted trees
It is necessary to optimize the ABT model by
determining the levels of interaction influences
and which environmental variable should be used
in analysis before using ABT analysis to achieve the
final results. The optimizing of the ABT model of
richness, Shannon index and Simpson index per-
formed the same process. Hence, we considered
Shannon index as an example to show the process of
optimizing the ABT model.

To determine the levels of interaction influences
of environmental variables on Shannon diversity
estimates, seven ABTs were fitted by considering the
interaction effect from one way to seven way and
using all seven predictors. The PE of the ABT model
considering just main effect abruptly reduced from a
main effect of 2.51% to a PE of 1.40% of the ABT
model, considering both main effect and two-way
interaction effect and then leveled off, which
indicates that it is enough to just consider main
effects and two-way interaction effects of seven
environmental variables on the diversity estimates.
Similarly, to determine whether all seven predictors
should be used to evaluate their effects on Shannon
index, seven further ABTs were fitted by considering
the main effect and two-way interaction effect and
dropping out one predictor for every ABT. The PE of
ABT dropping out sampling location, soil profile,
sampling time, OM and P increased, whereas the PE
of ABT dropping out N and K decreased. This result
suggests that, differing from sampling location, soil
profile, sampling time, OM and P, the effects of N
and K on Shannon index were negligible.

As a result, the optimized ABT model, just
considering the main effect and two-way interaction
effect and using predictors of sampling location, soil
profile, sampling time, OM and P, was used to
explore (1) the relative importance of different
environmental variables in influencing the soil
bacterial diversity, (2) the responses of diversity
estimates to different environmental variables and
(3) the 10 possible two-way interaction effects. The
relative importance of environmental variables on

y

f(~
Lo

ca
tio

n*
O

M
)

FQ

QY

TY

-0.2-0.1 0.0 0.1 0.2

ABSENT

-0.2 -0.1 0.0 0.1 0.2

PRESENT

y

f(~
Lo

ca
tio

n*
P

)

FQ

QY

TY

-0.2 -0.1 0.0 0.1 0.2

ABSENT

-0.2 -0.1 0.0 0.1 0.2

PRESENT
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three diversity estimates shows generally the same
trend, with a strong effect for sampling location,
moderate effects for soil profile and sampling time,
and weak effects for the applications of OM and P

(Figure 2). The partial dependency plots of the
single predictor showed a predominant increase in
soil bacterial diversity in FQ, moderate increase in
diversity in surface soil and the first sampling soil,
and relative weak increase in the diversity in the
soils with OM and P applications (Figure 2). The
response of the Simpson index to environmental
variables (Figure 2c) was opposite to the response of
the Shannon index (Figure 2b) and richness
(Figure 2a) to environmental variables. The results
of ABT were consistent with the results of MRT.

The relative importance, partial influence and
interactions for the five extracted predictors were
used to identify that of the 10 possible two-way
interactions were important. The results showed
that, although two-way interaction effects generally
showed as plus effect and determined by higher
important predictors, still some pair interactions
showed contrasting pattern. For example, the appli-
cations of OM and P had a strong effect on soil
bacterial diversity at QY, but little effect at FQ and
TY (Figure 3).

Discussion

Differences in bacterial diversity
The MRT and optimized ABT showed that the soil
bacterial diversity was substantially higher in FQ
than in QY and TY, which indicated the existence of
horizontal spatial variation of the bacterial diversity.
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Figure 4 Comparison of soil bacterial genotypic richness and the Shannon index of subset of paired samples with same sampling
location, sampling time and fertilization treatment but different soil profiles. Soil bacterial diversity estimates were higher in the surface
soil than in the subsurface soil.
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However, because the number of our sampling
locations to evaluate the spatial variation of bacter-
ial diversity is very limited, we could not definitely
conclude that the bacterial diversity distribution is
along a horizontal spatial gradient (for example, a
latitude or climate gradient represented by the three
sampling locations). Although there was a study
showing that soil microbial diversity decreased with
increasing latitude, and correlated positively with
measures of atmospheric temperature and pH
(Staddon et al., 1998), other studies argued that
bacterial diversity was unrelated to site temperature
and latitude, but differed by ecosystem type, and
these differences could largely be explained by soil
pH (Fierer and Jackson, 2006). In our study, the soil
pH in FQ was also distinctly higher than that in QY
and TY (data not shown). Therefore, although there
are some superficial contradictions among the
studies as mentioned above, a common factor of
soil pH could still be used to explain the results.
Moreover, although a definite horizontal spatial
gradient was not found in our study, at least the
observation that the microbial diversity is substan-
tially different between locations is true but not the
‘noise’ among the three locations that can be easily
considered as the presentation of historical changes
and events.

In our study, another substantial variation was
also observed that the soil bacterial diversity was
higher in surface soil than in subsurface soil, which
indicated the vertical spatial variation of soil
bacterial diversity. Similarly, other research reported
that the surface bacterial communities had diversity
index (reciprocal of Simpson index) values that
were 2–3 orders of magnitude greater than those for
the subsurface communities in low-carbon soils
(Zhou et al., 2002). The same trend of bacterial
diversity was also observed in meromictic lake
ecosystem (Øvreås et al., 1997). All of these studies,
including our work, indicate that the distribution of
bacterial diversity exists with a vertical spatial
pattern that bacterial diversity decreases from the
surface to the subsurface soil.

The soil bacterial diversity also showed seasonal
variation, but the responses to seasonal variation
(sampling time) were different in different sampling
locations. For example, two sets of surface soil
samples collected in January and July 2006 in TY
showed that samples collected in January had an
estimated bacterial richness 30%–86% higher than
the corresponding samples with the same fertiliza-
tion treatments collected in July (Supplementary
Table S1). However, the two sets of surface soil
samples from QY showed no definite variation trend
between the paired samples. Considering the agri-
cultural practice that the TY soil was water
saturated with paddy rice in July but relatively dry
in January, it is not surprising that the soil bacterial
diversity in TY distinctly decreased in July because
of unfavorable anaerobic environment for bacteria.
Despite the distinct variation trend in TY or the

unsystematic variation in QY, the seasonal variation
of soil bacterial diversity seems under the control of
sample location.

The applications of different fertilizers were a
group of the least influencing factors among all the
factors considered in this study. In some constrained
situations, the application of OM and P also showed
distinct influences on soil bacterial diversity. For
example, the application of OM and P can distinctly
increase the soil bacterial diversity in surface soil
in QY (Figures 1 and 3). Here, comparing with
the historical evolution factors, the applications of
different fertilizers were thought to be an appro-
priate proxy of contemporary environmental dis-
turbances. A large body of other studies has also
showed that microbial diversity can be affected by
different environmental disturbances, including
heavy metal (Gans et al., 2005), organic pollutant
(Stephen et al., 1999) and herbicide (el Fantroussi
et al., 1999).

As the DGGE fingerprinting method underesti-
mates the true bacterial richness (Muyzer et al.,
1993), we cannot estimate the absolute bacterial
diversity changes across the environmental vari-
ables. However, the estimate of the relative variation
trend of the soil bacterial diversity remains valid if
the examined richness proportionally changes
among the samples, which is expected especially
when the samples are taken from a common habitat
(Bell et al., 2005a). Similarly, although sampling
effort affects richness estimates, alterations to the
sampling effort are not expected to significantly
alter the relative estimates so long as they remain
constant among the samples.

Historical contingencies and contemporary
disturbances
This study is the first quantitative examination of
the relative importance of contemporary distur-
bances and historical contingencies in influencing
large-scale soil bacterial diversity using a large set of
manipulated field-based data by the combination of
culture-independent molecular techniques and ad-
vanced statistical analyses. A large body of previous
studies have shown that microbial assemblages can
be affected by different environmental disturbances
(el Fantroussi et al., 1999; Stephen et al., 1999; Gans
et al., 2005). However, almost all of this kind of work
has been site-specific, limiting our understanding of
the factors that structure soil bacterial communities
across regions. At the same time, more and more
evidence supports the idea that free-living micro-
organisms vary in abundance, distribution and
diversity, across various taxonomic and spatial
scales (McArthur et al., 1988; Cho and Tiedje,
2000; Crump et al., 2004; Fierer and Jackson,
2006). Taxa–area relationships have been repeatedly
reported in microbial communities, in both contig-
uous and island habitats (Green et al., 2004; Horner-
Devine et al., 2004; Bell et al., 2005a), which
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provided further evidence for microbial biogeogra-
phy. However, most of such studies just exclude the
hypothesis that microbial assemblages are spatially
random. They still did not answer the question that
how much of the spatial variation in microbial
distributions and assemblages is due to the con-
temporary environmental variations or historical
contingencies. In fact, if studies are not directed
and driven within a theory framework, the field of
microbial biogeography will probably become
merely phenomenological description, instead of
exploring the mechanisms that generate the patterns
(Martiny et al., 2006; Prosser et al., 2007). Some
recent studies intensively explored the relative
importance of historical (spatial) factors and con-
temporary environmental (local) factors to microbial
assemblages in aquatic environment (Yannarell and
Triplett, 2005; Langenheder and Ragnarsson, 2007;
Vyverman et al., 2007), whereas similar research in
soil environment was scarce. A recent study exam-
ined the responses of Burkholderia ambifaria intra-
specific diversity to spatial distance and EH in a
patch soil ecosystem and showed that whole-
genome similarities may reflect the simultaneous
effects of both spatial distance and EH in microbial
populations, whereas the pure effects of each factor
only contributed to o2% of the total genetic
variation (Ramette and Tiedje, 2007). This study
was still performed in a small spatial scale. There-
fore, it is necessary to explore the relative influence
of contemporary disturbances and historical con-
tingencies on the soil bacterial diversity variation in
a large spatial scale (for example, regional scale),
which we have done in this study.

Both MRT and ABT analyses showed that soil
bacterial diversity can be distinguished by most pre-
defined categorical factors and that the relative
importance of different categorical factors on soil
microbial diversity variation was ranked as sam-
pling location, soil profile, sampling time, OM and
P. N and K seemed to have no substantial effect on
the differences in the soil bacterial diversity. The
significance of our results is that the absolutely
stronger driving factor of historical contingencies on
soil bacterial diversity variation was determined.
MRT analysis indicates that 60.3% of the variation
in soil bacterial diversity can be attributed to the
historical contingencies and 5.5% can be explained
by environmental disturbances (OM and P applica-
tion). Whereas, other studies investigating the
influence of environmental and historical para-
meters on bacterial assemblages using multivariate
methods and molecular fingerprinting methods just
achieved low fractions of explanation and were hard
to definitely distinguish a more important factor
(Langenheder and Ragnarsson, 2007; Ramette and
Tiedje, 2007), although we do recognize that it
may be more difficult to distinguish the effect
of historical or spatial factor over relatively
small spatial scale. Furthermore, different from
the previous studies exploring the influence of

environmental and historical factors on bacterial
assemblages, the seasonal variation of soil bacterial
diversity was considered and examined in this
study, which make our examinations to soil bacterial
diversity more comprehensive but not just snapshots.

The strong effects of distinct geographic location
and soil profile on soil bacterial diversity indicate a
strong biogeographic provincialism, in which differ-
ences in bacterial composition and diversity are due
to past evolutionary events (for example, spatial
isolation, physical barrier, dispersal history and past
EH) rather than present attributes of the environ-
ment. In fact, both horizontal distinct location and
vertical soil profile did not directly affect soil
microbial diversity per se. Location and depth are
just related to the possibility that past divergence
and diversification of microbial assemblages,
whether due to neutral genetic drift or adaptation
to the past environments, are inherited by the
genetic isolation because of spatial separation
(Borcard and Legendre, 1994).

Our results also showed that some, not all, of the
fertilization treatments caused soil bacterial diver-
sity variation at a small spatial scale (for example,
the application of OM and P can distinctly increase
the soil bacterial diversity in surface soil in QY).
This result indicates that contemporary environ-
mental disturbances can also influence soil bacterial
diversity under the control of the overall pattern of
provincialism caused by historical contingencies.
That is to say, although present environmental
disturbances cannot rapidly and completely erase
the effects of past evolutionary and ecological
events, they also labeled their effects on soil
bacterial composition and diversity in a local spatial
scale because of the enormous dispersal capabilities
of the microorganisms.

The major novel result of this study is that we
observed distinct scale-dependence of the effect of
historical contingencies and contemporary environ-
mental disturbances on soil bacterial diversity in a
sole well-conducted experiment, which is very
similar to those documented in macroorganisms
(Willis and Whittaker, 2002; Ricklefs, 2004; Qian
et al., 2007). Martiny et al. (2006) also suggested that
the relative influence of historical and environ-
mental factors seems to be related to the scale of
sampling, but their conclusion arrived from the
comparison with several studies over different
spatial scale. For example, in intercontinental-scale
(tens of thousands of kilometers) studies, microbial
assemblages could be significantly distinguished by
distance but did not correlate with many environ-
mental factors measured (Papke et al., 2003;
Whitaker et al., 2003; Vyverman et al., 2007). In
small-scale (a few kilometers) studies, some just
found the significant environmental effects (Kuske
et al., 2002; Horner-Devine et al., 2004) and some
found both the environmental and spatial effects
(Langenheder and Ragnarsson, 2007; Ramette and
Tiedje, 2007). At intermediate scales (10–3000 km),

Driving factors of bacterial diversity change
Y Ge et al

262

The ISME Journal



some studies found a significant distance effect
(Green et al., 2004; Reche et al., 2005; Yannarell
and Triplett, 2005), and environmental conditions
also seemed to influence the composition at
this spatial scale (Rohwer et al., 2002; Green et al.,
2004; Hewson and Fuhrman, 2004; Yannarell and
Triplett, 2005).

Although MRT explained most of the diversity
variation, still 21.1% of the diversity variation
cannot be explained by MRT in this study. The
comparison of the MRT solution to unconstrained
clustering solution showed that the unconstrained
cluster analysis accounts for substantially more of
the diversity variation than MRT analysis. This
indicates that unobserved factors, additional to the
explanatory variables of the tree analysis, are
responsible for the difference in explaining the
diversity variation. These unrecorded factors may
be unmeasured environmental and spatial variabil-
ity, sampling effects and neutral ecological drift
(Ramette and Tiedje, 2007). In fact, the existence of
unexplained variation may more fit into the actual
situation, because it is impossible to record all of the
possible factors. However, it is still a substantial
observation that the effect of historical contingen-
cies on microbial diversity was stronger than that of
contemporary disturbances, as MRT analysis totally
explained 78.9% of the diversity variation and
historical contingencies (both sampling location
and soil profile) can be used to explain 60.3% of
the diversity variation.

This study combined molecular techniques and
advanced statistical analyses to examine the relative
importance of contemporary disturbances and his-
torical contingencies on the soil bacterial diversity
variation based on a large set of manipulated field-
based data at a regional spatial scale. To our
knowledge, no previous study has performed such
work. Our results clearly show that historical
contingencies could be the dominant factor to drive
the bacterial diversity variation across a regional
spatial scale (about 1000 km), whereas some of the
contemporary disturbances also caused soil bacter-
ial diversity variation at a local spatial scale, which
exclusively demonstrated the hypothesis that the
influence patterns of contemporary disturbances
and historical contingencies on soil bacterial diver-
sity are fundamentally similar to the patterns
observed for plants and animals. This observation
indicates that there are some aspects of biogeogra-
phy that might be common to all life, which would
extend our understanding of the biogeography of
organisms.
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