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Abstract
Variation in microbial species diversity has typically been explained as the outcome of local ecological factors driving
species coexistence, overlooking the roles of evolutionary constraints. Here, we argue that macro-evolutionary niche
conservatism and unequal diversification rates among phylum-level lineages are strong determinants of diversity–
environment relationships in bacterial systems. That is, apart from stochasticity, environmental effects operate most strongly
on phylum composition, which in turn dictates the species diversity of bacterial communities. This concept is demonstrated
using bacterioplankton in the surface seawaters of the East China Sea. Furthermore, we show that the species richness of a
local bacterioplankton community can generally be estimated based on the relative abundances of phyla and their
contributions of species numbers in the global seawater pool—highlighting the important influence of evolutionary
constraints on local community diversity.

Introduction

The core objective in community ecology is to assess and
explain how species diversity varies along environmental
gradients [1–4]. In studies of plant and animal commu-
nities, some interesting patterns have been recognized [5],

for example, the latitudinal diversity gradient: species
diversity generally increases from the poles towards the
equator, showing a positive relationship with temperature,
precipitation, as well as productivity [6–8]. Many ecolo-
gical theories trying to explain such diversity–environ-
ment relationships consider mainly in situ resource
availability and species interactions [9–11], stressing the
importance of local drivers in shaping the diversity of a
community [12]. However, it is increasingly recognized
that local communities may bear the imprints of macro-
scale effects, such as speciation, long-distance dispersal,
and unique historical events, which have the potential
to explain the differences in local diversity [13–15].
Indeed, as found in plant and animal communities,
species diversity in the continental / regional source pool
exerts a strong influence on the variation in local diversity
[16–19].

Regarding the determinant role of species pools [20], the
diversity of local communities depends upon the structure
of the regional species pool, which in turn, depends upon
the global species pool; importantly, the global species pool
eventually is determined by the outcomes of long-term
diversification dynamics [15]. Thus, for explaining the
variation in species diversity among local communities, in
addition to present-day ecological processes (e.g. species
sorting), one should account for past opportunities for
phylogenetic divergence and adaptation, which determine
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the number of available species associated with each par-
ticular environment at the geological time scale [21–24].

While biogeographical studies on plants and animals
[25–27] have acknowledged that present-day diversity pat-
terns are strongly influenced by species pools structured by
macro-evolutionary mechanisms, studies on microorgan-
isms such as bacteria typically do not consider how long-
term, broad-scale processes influence the current observa-
tions on local community diversity. Since bacteria have
evolved over > 3.5 billion years and occupy a wide variety
of habitats on Earth [28], macro-evolutionary drivers should
be crucial for the contemporary diversity patterns of bac-
teria. For example, diversification rates and habitat asso-
ciations of bacterial lineages likely exert a strong influence
on bacterial community structure [29–31]. However, little
attention has been paid to the importance of bacterial spe-
cies pools, which can constrain bacterial diversity across
environments. In this study, we attempt to emphasize the
effects of long-term, broad-scale processes on local bac-
terial communities, paying particular attention to the
structure of the species source pool and its influence on
observed diversity–environment relationships.

To call attention to the importance of long-term, broad-
scale processes in local bacterial communities, we empha-
size two characteristics of bacterial diversification: (1) niche
conservatism within bacterial lineages and (2) unequal
diversification rates among bacterial lineages. First,
regarding niche conservatism [32], an accumulating volume
of evidence indicates that certain ecological characteristics
(e.g. habitat requirements and functional traits) are con-
served for bacterial taxa within the same lineages, showing
phylogenetic signals [33–35]. Moreover, with respect to a
high-level taxonomic organization, class- or phylum-level
community composition of bacteria can still display spatial
and temporal patterns with environmental heterogeneity
[36–38], suggesting the existence of niche conservatism.
For example, in soil systems, pH and carbon availability
have been shown as good predictors of phylum-level
abundances [39, 40], implying that most members of a
given phylum exhibit similar responses to environmental
gradients [41]. Second, regarding diversification rates [42],
recent studies have explored the evolution and speciation of
prokaryotic life based on time-calibrated phylogenies
[43, 44], of which a substantial variation in diversification
rates has been detected across higher level bacterial lineages
[44]. Considering the aforementioned macro-evolutionary
characteristics of bacteria, we attempt to reveal the deter-
minants of species diversity in bacterial communities.

In line with the previous findings, our analysis focusing
on 16S rDNA reference sequences in the SILVA database
[45] indicates that different bacterial phyla contain extre-
mely unequal numbers of species-level units, with over a
thousandfold difference between species-rich and species-

poor lineages (Supplementary Table S1). Moreover, we
calculated net diversification rates [42] for phylum-level
lineages and detected up to a sixfold difference in diversi-
fication rates across bacterial phyla (Supplementary
Table S2), with a significant positive relationship between
species richness and diversification rates (r2= 0.79–0.88,
p < 0.001; based on log-transformed richness). Thus, we
anticipate that the species-level diversity of bacterial com-
munities might be constrained by phylum-level composi-
tion, as higher taxonomic units preserve the imprint of
evolutionary diversification events.

Here, we propose a conceptual model integrating processes
at short term, local scale and long term, broad scale for the
interpretation of diversity–environment relationships (Fig. 1).
For short-term, local-scale processes to operate, we assume
that contemporary species are independent units, and local
environmental conditions (here only abiotic factors are

Fig. 1 A conceptual model for explaining diversity–environment
relationships. a Under short-term, local-scale processes, the variation
in species diversity among local communities is regulated by changes
in abiotic environmental factors, e.g. temperature. Particular diversity–
environment relationships are driven by in situ resource allocations
and species interactions. b Under long-term broad-scale processes, the
environmental effects operate most strongly on phylum composition,
which in turn dictates species diversities of local communities. The
observed diversity–environment relationships reflect dual macro-
evolutionary consequences: distinct phylogenetic lineages (1) have
different diversification rates and (2) exhibit unique environmental
affiliations. Here, the potential confines of past phylogenetic diver-
gence and adaptation on present-day patterns are illustrated as three
hypothetical cases. Notably, the specific diversity–environment rela-
tionship may differ depending on the taxonomic groups and envir-
onmental variables of consideration in each case
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considered) strongly affect species sorting and local com-
munity assembly, resulting in particular diversity–environ-
ment relationships. In contrast, for long-term, broad-scale
processes, we assume that species are coherent groups
according to phylogenetic relatedness, and local environ-
mental factors operate most strongly on phylum composition,
which in turn dictates the species diversity of local commu-
nities. Of this path, a specific diversity–environment rela-
tionship can be observed when phylogenetic groups have
different diversification rates and exhibit distinct (but phylo-
genetically conserved) environmental preferences. As shown
in Fig. 1, we argue that in addition to short-term, local-scale
processes, phylogenetic divergence and adaptation in the past
likely lead to certain relationships between species richness
and environmental variables. For example, in communities
dominated by two lineages, if one lineage has adapted to
high-pH areas and shows a high diversification rate, and the
other has adapted to low-pH areas and shows a low diversi-
fication rate, we would expect to detect a positive diversity–
pH relationship when both lineages retain their pH-related
traits through speciation events (Case 1 of Fig. 1).

To demonstrate this concept, we used bacterioplankton
communities in the surface seawaters of the East China Sea
(ECS) as a case study. A previous work in this system has
documented substantial heterogeneity in both environmental
conditions and bacterial community structure [37, 46, 47]. In
the ECS ecosystem, in addition to the unequal intra-clade
species richness among the bacterial phyla (Supplementary
Table S1), we do detect specific environmental responses of
phylum-level abundances (Supplementary Table S3) and sig-
nificant phylogenetic signals in environmental niche pre-
ferences (Supplementary Table S4). Accordingly, we
anticipate strong relationships among an environment, its
phylum-level composition, and its species-level diversity in
the ECS ecosystem. Moreover, in line with the species-pool
hypothesis, we anticipate that predictors of a local commu-
nity’s species richness will include the relative abundances of
phyla and their contributions of species numbers to the source
pool. In relation to the sampling scale, we define a hierarchical
series of species source pools (Supplementary Figure S1 and
Supplementary Table S1) for the prediction of species richness
in a local ECS bacterioplankton community. We expect to
detect a high consistency between observed and predicted
values of species richness, if the structure of the species source
pool has a strong influence on local community diversity.

Material and methods

Environmental sampling

A total of 96 surface seawater samples (from 2- to 5-m
depth) of ECS were collected from nine cruises during hot

and cold seasons of 2010–2012 (Supporting List S1), using
a rosette sampler equipped with 20-L Go-Flo bottles
(General Oceanics, Miami, FL, USA). These samples
spanned ~6° of latitude and ~7° of longitude (Supplemen-
tary Figure S2), covering the spatiotemporal variation of
environmental conditions and bacterial communities in the
ECS ecosystem.

Bacterioplankton cells in each water sample (~18L) were
pre-filtered through a 1.2-μm pore-size polycarbonate
membrane and then collected on a 0.2-μm pore-size poly-
carbonate membrane (Millipore, Bedford, MA, USA)
onboard [48]. These membranes were frozen in liquid
nitrogen onboard and stored at −20°C after each cruise.

Temperature and salinity were recorded by a CTD pro-
filer (Sea-Bird, Bellevue, WA, USA). Nutrients (including
phosphate, nitrite, nitrate, and silicate) and chlorophyll a
were measured according to standard methods [49, 50].

Sequencing of bacterial communities

Total genomic DNA was extracted with the Meta-G-
Nome™ DNA Isolation Kit (Epicentre, Madison, WI,
USA), according to the manufacturer’s instructions. To
determine the structure of bacterial communities, the hyper-
variable V6 region of the 16S rRNA gene was amplified
using bacterial universal primers (967F and 1064R) [51]
and sequenced on a Roche 454 GS FLX Sequencing System
(Branford, CT, USA). The specific details regarding PCR
amplification and sequencing preparation have been
described previously [47]. Raw sequence data have been
deposited in the NCBI Sequence Read Archive under the
accession number SRX183038.

Sequence processing

Sequences were processed using the Quantitative Insights
Into Microbial Ecology (QIIME v. 1.9.1) platform [52]. To
minimize the effects of random-sequencing errors, we
eliminated 1) sequences that did not perfectly match with
the primers and barcodes; 2) sequences that contained > 1
undetermined nucleotides; and 3) sequences with an aver-
age quality score < 25. After removing low-quality
sequences, OTU (operational taxonomic unit) picking and
taxonomic assignment against the SILVA.v123 reference
set [45] was carried out using Usearch61 [53] with chimera
checking. Sequences affiliated to archaea and chloroplasts
were removed. We obtained > 4,000,000 qualified and
annotated sequences across 96 sampling sites, with max-
imum and minimum sequencing depths of ~86,000 and
~10,000. To fairly compare the community structure across
the sites, all community analyses were performed based on
100 rarefied OTU tables with equal number of sequences
(i.e. 10,000) per site through random sampling (without
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replacement) of the original OTU table in the QIIME plat-
form [52].

Bacterial community structure

To represent the community variation across the sampling
sites, both diversity and composition of bacterial taxa were
calculated. For diversity analysis, we grouped sequences
into 99, 97, and 94% OTUs (roughly referring to sub-
species-, species-, and genus-level taxa) [54] against the
SILVA.v123 reference set [45]. The observed OTU richness
of each local community was calculated as the average
number of OTUs detected in the 100 randomly rarefied
OTU tables. Considering numerous rare taxa in microbial
communities, in addition to the observed OTU richness,
Chao1 [55] and ACE [56] indices were calculated as the
richness estimators. For composition analysis, the phylum-
level composition was summarized based on the taxonomic
assignment of each OTU, which was retrieved according to
consensus taxonomy given by the SILVA database [57].

Path modeling

With the notions from phylogeny-based biogeography
[21, 24], we hypothesize that different extents of diversifi-
cation radiations and habitat associations of bacterial
lineages exert strong influences on the contemporary bac-
terial diversity across environments. Specifically, we for-
mulated a causal model integrating the effects from both
short-term, local-scale and long-term, broad-scale processes
on the variation in local community diversity (Fig. 1).
Considering the interconnection among environmental
conditions, phylum-level composition, and species-level
diversity, path modeling was used as a means of analyzing
systems involving multiple causal relationships to provide
directed dependencies among these three components [58].

Focusing on the ECS ecosystem, we evaluated the sig-
nificance of paths among seawater environment, bacter-
ioplankton composition, and bacterioplankton diversity,
with the package “plspm” [59] and the package “sem” [60]
in the R statistical computing platform [61]. Notably,
although path modeling allows to assess the tenability of the
model based on reasonable causal hypotheses, it has
restrictive assumptions such as the linearity between pre-
dictor and criterion variables, and non-collinearity among
predictor variables [62]. Thus, before path modeling, rela-
tionships between community diversity and each environ-
mental variable (including temperature, salinity, phosphate,
nitrite, nitrate, silicate, and chlorophyll a) were examined
using univariate linear regression models. Regressions and
corresponding residuals were checked graphically to screen
for linearity (based on either original or log-transformed
values). In general, bacterial species richness was

negatively correlated with temperature while positively
correlated with log-transformed nutrient concentrations,
such as phosphate (Supplementary Figure S3). Because
measured environmental variables strongly covaried with
each other (Supplementary Figure S4), we reduced the
variables into a set of uncorrelated values through principal
component analysis (PCA). The first principal component
(PC1), accounting for 61% of the total variance, was used as
a proxy for representing the overall environmental hetero-
geneity in path modeling. PC1 is positively correlated with
nutrient concentrations while negatively correlated with
temperature (Supplementary Figure S4). For phylum-level
composition, as Proteobacteria and Cyanobacteria accoun-
ted for over 90% of the total abundance in the ECS com-
munities (Supplementary Figure S5); their relative
dominance would determine the whole compositional var-
iation. Thus, in path modeling, we used the log ratio of
Proteobacteria% to Cyanobacteria% as a proxy for repre-
senting the overall phylum-level compositional variation.
For diversity variation in the path modeling, in addition to
species-level richness (97% OTUs), the path coefficients
were recalculated based on subspecies-level (99% OTUs)
and genus-level (94% OTUs) richness as well as Chao1 and
ACE diversity estimators.

Variation partitioning

In addition to path modeling, we performed variation par-
titioning [63, 64] to assess the relative explanatory power of
environmental factors (E) and phylum composition (P) on
the variation in species richness, with the package “vegan”
[65] in the R statistical computing platform [61]. This
method can provide complementary results to the findings
from path modeling. Specifically, the variation in species
richness is partitioned into four independent components:
pure E, pure P, E+ P, and undetermined. Notably, the
shared component (E+ P; not an interaction term) simply
reflects the variation that could be explained by both the
explanatory matrices. The E matrix contains temperature,
salinity, silicate, phosphate, nitrite, nitrate, and chlorophyll
a. The P matrix contains Actinobacteria, Bacteroidetes,
Cyanobacteria, Firmicutes, Marinimicrobia, Planctomy-
cetes, Proteobacteria, and Verrucomicrobia. Here, collinear
variables in the explanatory tables do not need to be
removed prior to variation partitioning, since collinearity
has no impact on the associated statistics such as R2 and p
values [66].

Delineation of species source pools

Based on the species-pool concept [20], the species
richness of a local community is expected to be con-
strained by the structure of the species source pool. The
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main difficulty for testing the species-pool hypothesis is
to define a set of species potentially able to occur in
targeted local communities. For the ECS bacterioplankton
communities, we defined four hierarchical species source
pools (Supplementary Figure S1 and Supplementary
Table S1) in relation to the sampling scale: (a) the ECS-
surface-seawater pool containing the set of species
detected in the surface seawaters of ECS in this study; (b)
the global-surface-seawater pool containing the set of
species detected in the surface seawaters of global
oceans; (c) the global-marine-environment pool contain-
ing the set of species detected across the various marine
environments including seawaters, sediments, biofilms,
and host-associated habitats of global oceans; and d) the
whole-contemporary-earth pool containing the set of
species detected in a variety of environments of the
contemporary earth, such as waters, soils, and guts from
both lands and oceans. Since primer pairs would greatly
affect the coverage of species for each taxonomic group
[67], we only collected 16S rDNA sequences generated
by the same pair of primers as the ECS data. For the b
and c pools, data were obtained from the International
Census of Marine Microbes [68]; see Supporting List S2
for the detailed list. For the d pool, data were obtained
from the representative sequences of the Visualization
and Analysis of Microbial Population Structures [69],
which incorporated > 2000 datasets from all online pro-
jects. Those sequence data were assigned OTUs and
taxonomy against the SILVA.v123 reference set as the
ECS data.

Prediction of species richness

According to the species-pool hypothesis, species richness
at a smaller scale is primarily determined by the availability
of the species at a corresponding larger scale called ‘pro-
portional sampling’ [13, 20, 70]. Borrowing this concept,
we assume that ‘proportional sampling’ is phylum-
dependent for bacterial communities, since a bacterial spe-
cies pool typically contains species derived from multiple
phylum-level lineages.

For each species source pool mentioned above
(pools a–d), we estimated the species richness contributed
by each bacterial phylum by rarefaction with the equal
number of sequences (i.e. 10,000) to control the sampling
effect. For simplicity, we assume that all species of a
certain phylum in the species source pool are functionally
equivalent and have an equal chance to occur in a local
community. With these assumptions, we predicted the
species richness of each ECS bacterioplankton commu-
nity using the following formula:

Predicted species richness ¼
Xn

i¼1
phylumPi � phylum Si

where Pi= the proportion of a certain phylum i in a local
community, Si= the species richness of a certain phylum i
in the species source pool, and n= the number of distinct
phyla. That is, the species richness is determined by
multipying the relative abundance of various phyla present
in a local community with the number of species
contributed by those phyla to the species source pool. The
highest or lowest predicted value would be equal to the
rarefied species richness of the most species-rich or species-
poor phylum when the community contains 100% of the
given phylum. Notably, the resolution of this prediction
formula depends on the level of variation in intra-clade
species richness among different phyla as well as on the
variation in phylum composition across local communities.
In the present case, to evaluate the predictions based on the
four hierarchical species source pools, Pearson’s correlation
coefficient was calculated between the observed and
predicted species richness, assuming there is a linear
relationship between the observed and predicted values.

Results

Based on simple correlation analysis, we detected sig-
nificant relationships among seawater environment (PC1),
bacterioplankton phylum composition, and bacter-
ioplankton species diversity (Fig. 2a). In terms of phylum
composition, communities were predominated by Proteo-
bacteria and Cyanobacteria (Supplementary Figure S5).
Importantly, their relative dominance ratio (i.e. the log
(Proteo/Cyano)) increased significantly with environmental
PC1 (Fig. 2a). In terms of species diversity, the number of
97% OTUs (i.e. observed species richness) ranged between
89 and 783 (355 ± 144; mean ± SD) among communities,
showing a positive correlation with environmental PC1
(Fig. 2a). Moreover, a strong relationship between the
phylum dominance ratio and the observed species richness
was detected (Fig. 2a), suggesting a synchronous change in
phylum composition and species diversity in the ECS
bacterioplankton communities. Specifically, the dominance
of Proteobacteria is associated with communities featured
by higher species richness, whereas the dominance of
Cyanobacteria is associated with that by lower species
richness.

However, path modeling results showed significant
effects from seawater environment to bacterioplankton
phylum composition and from phylum composition to
bacterioplankton species diversity, whereas the environ-
ment–diversity path was not significant (Fig. 2b). When
removing the environment–diversity path, the model still
showed a good fit to our data, as indicated by the non-
significant χ2 test (N= 96, χ2= 2.23, d.f.= 1, p > 0.1).
These results suggest that the environmental effects operate
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most strongly on phylum composition, which in turn dic-
tates the species diversity of bacterioplankton communities.
This conclusion remains valid for 99 and 94% of OTUs
(subspecies- and genus-level richness; Supplementary Fig-
ures S6, S7) as well as for Chao1 and ACE diversity esti-
mators (Supplementary Figure S8, S9), suggesting that the
fine-level taxonomic diversity is generally dictated by the
phylum composition, and this determinant might remain
when considering the unsampled rare taxa in the
community.

Moreover, variation partitioning results showed that the
pure environmental effect only accounted for a tiny fraction
(3%) of the variation in species richness, whereas the pure
effect of phylum composition contributed over 40% of the
variation (Supplementary Figure S10), with a large amount
of the variation (35%) shared by both the effects. Here, the
shared explanatory power by environmental factors and
phylum composition may be treated as a phylogenetically
constrained component of environmental influence, as the
conceptual model we proposed (Fig. 1). In line with the
findings from path modeling, the results of variation parti-
tioning indicate that phylum composition might be the
primary determinant of species diversity observed in local
communities.

The results from path modeling and variation partitioning
suggest that the species richness of a local ECS bacter-
ioplankton community might be predicted based on the
phylum composition with the known structure of the species
source pool (i.e. our prediction formula). Here, the intra-
clade species richness of each bacterial phylum was esti-
mated based on rarefaction from the four hierarchical spe-
cies source pools (Supplementary Figure S11). We detected
a high correlation between observed and predicted species
richness (Fig. 3), regardless of the species source pools
(Supplementary Figure S12). Notably, while the estimated
numbers of species from distinct phyla vary across the four
pools, their rankings are very similar (Supplementary Fig-
ure S11); thus, we can detect consistent high observation–
prediction correlations based on all the four pools (Sup-
plementary Figure S12). However, in terms of absolute
values, we noted that both the pools a and b can provide

roughly accurate predictions for the local species richness in
the ECS, whereas the predictions are two- and threefold
overestimated with pools c and d (Supplementary Fig-
ure S12). Here, the interesting thing is that the global sea-
water pool can give predictions as good as the ECS
seawater pool, indicating that with respect to species that
potentially occur in our targeted bacterioplankton commu-
nities, the surface seawaters at a regional (i.e. ECS) to
global scale may be considered as a biogeographically
homogeneous space for bacteria to maintain a species pool.

Notably, although the species richness of the whole
communities showed a positive correlation with environ-
mental PC1, the number of species from each individual
phylum (Proteobacteria or Cyanobacteria) did not show a
significant relationship with environmental PC1 (Supple-
mentary Table S5). Specifically, when considering the
whole community diversity (of which unequal numbers of
species are derived from various phylum-level lineages), the
diversity–environment relationships were significant based
on PC1 and most environmental variables (Supplementary
Table S5), whereas these diversity–environment relation-
ships were relatively weak and non-significant when con-
sidering the species richness within a given phylum
(Supplementary Table S5).

Discussion

In this study, we applied the species-pool hypothesis to the
diversity–environment relationship of bacterial commu-
nities. We found that environmental effects on bacter-
ioplankton species diversity might operate most strongly on
phylum composition, which in turn dictates the species
diversity of local communities (Fig. 2). Our results support
the importance of considering intra-clade diversity of dif-
ferent phylogenetic lineages for interpreting the diversity–
environment relationship [22, 23]. Specifically, two domi-
nant bacterial phyla, Proteobacteria and Cyanobacteria, are
involved in the present case, in which the diversity–
environment relationship emerges because of dual circum-
stances, which are as follows: 1) these two phyla exhibit

Environment
PC1 of all variables

Composi�on
Log(Proteo/Cyano)

Diversity
Number of OTU97

0.66*

0.12 0.42*

Environment
PC1 of all variables

Composi�on
Log(Proteo/Cyano)

Diversity
Number of OTU97

0.71*

0.40* 0.42*

(a) (b)

Fig. 2 Relationships among environmental variables, phylum-level
composition, and species-level richness (97% OTUs) of the ECS
bacterioplankton communities: a Results of simple correlation;

b results of path modeling. Values along lines or arrows indicate
standardized coefficients (*p < 0.01)
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opposite preferences along environmental gradients and 2)
they contribute unequal numbers of species to the species
source pool. Therefore, as a consequence of evolutionary
constraints, the species richness of a local bacterioplankton
community can generally be estimated with a known phy-
lum composition plus an appropriate species source pool
(Fig. 3). While the influence of long-term, broad-scale
processes on the diversity–environment relationship has
been demonstrated for plants and animals [25–27], here we,
for the first time, show it in bacteria.

Based on the 16S rDNA-based phylogeny, we found that
the contributions of species numbers to the contemporary
species pool vary greatly among bacterial lineages, with
Proteobacteria and Cyanobacteria, respectively, contribut-
ing > 30 and ~ 2% of the species to the species source pools,
regardless of the defined range of the pool (Supplementary
Table S1). Actually, topologically imbalanced phylogenetic
trees (with a few species-rich lineages and many species-
poor lineages) have long been recognized in macro-
organisms [71, 72]. More importantly, since phylogenetic
niche conservatism would largely constrain species source
pools across environments [24], researchers have suggested
that global diversity patterns should be associated with the
diversification and adaptation of lineages; for example, the
well-recognized latitudinal diversity gradient might be
related to old and vigorous lineages in the tropics, and
relatively young and limited lineages might be adapted to
temperate areas [21, 26, 73]. In agreement with the notions
in macro-organisms, our results showing a strong connec-
tion between phylum-level composition and species-level
diversity in marine bacterioplankton stress the importance
of accounting for evolutionary constraints when explaining
modern bacterial diversity patterns.

Regarding the latitudinal diversity gradient of marine
bacterioplankton, we speculate that the relative dominance
of Proteobacteria vs Cyanobacteria may at least partly
determine the variation in species richness in surface sea-
waters since these two phyla are dominant in not only the
ECS ecosystem but also the global oceans [74–76]. Pre-
vious studies have found that, unlike the diversity of macro-
organisms that generally increases from the poles towards
the equator, the diversity of marine bacterioplankton seems
to peak at mid to high latitudes [74, 77]. Here, we suppose
that one possible explanation for the lower diversity in
tropical waters vs higher diversity in temperate waters is
associated with the relative dominance of Proteobacteria vs
Cyanobacteria, as observed in the ECS ecosystem. Indeed,
the abundance of Cyanobacteria has been found to increase
toward the equator [75], with a relatively high proportion of
Proteobacteria in mid-latitudes. In terms of the species-
diversity pattern, since Proteobacteria contributes the
majority of species richness to the global oceans [74, 76],
the latitudinal diversity gradient of marine bacterioplankton

in surface seawaters, to some extent, is accepted as our
conceptual model (Fig. 1). However, general conclusions
require more samples from broad marine regions to span
environmental gradients [78, 79]. Moreover, there is a need
to consider biotic factors (such as interactions with viruses
and eukaryotic microbes), which might have important roles
in determining bacterial community diversity [80, 81].

It is notable that the species-pool hypothesis is a kind of
“null model” [13, 20, 70], which is complementary, rather
than alternative, to ecological theories based on local-scale
processes. Our findings emphasize that large-scale pro-
cesses acting at the evolutionary time scale should be
considered when interpreting contemporary species-
diversity patterns; nevertheless, local-scale processes may
still have strong effects on the observed diversity variation.
In the present case, despite a high correlation between
observed and predicted species richness, some predicted
values clearly departed from the observed values, with large
mismatches detected when the communities were domi-
nated by Proteobacteria (Fig. 3). Focusing on those com-
munities, the observed species richness varies greatly from
~200 to ~800, whereas this variation is not clearly asso-
ciated with the proportion of Proteobacteria (Supplementary
Figure S13), thereby resulting in bad predictions. Interest-
ingly, some environmental factors are significantly asso-
ciated with the prediction–observation mismatches of
species richness (Supplementary Figure S14), implying the
potential local-scale influence on the observed variation in

Fig. 3 Correlation between observed and predicted species richness of
the ECS bacterioplankton communities. The predicted species richness
is calculated based on the global-surface-seawater pool. For each
community, the pie chart shows the phylum composition. Other pre-
dictions based on a hierarchical series of species pools (cf. Supple-
mentary Figure S1) are shown in Supplementary Figure S8. The gray
line indicates the 1:1 line
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community diversity. Moreover, we acknowledge that the
assumption for predicting species richness (i.e. species of
the same lineage are functionally equivalent and have an
equal chance to occur in a local community) is unrealistic,
especially for Proteobacteria, which contains species with
diverse traits and lifestyles [82, 83]. For Proteobacteria that
have a high diversification rate (Supplementary Table S2), it
may demand a remarkable variation in traits or niches
among species [84, 85]. In fact, compared with other phyla,
most proteobacterial species in the ECS pool have a rela-
tively narrow niche breadth (Supplementary Figure S15),
indicating the high specialization and turnover of proteo-
bacterial species across the sampling sites. Thus, when
investigating Proteobacteria-dominated communities, class-
level (or finer units) relative abundances and species pools
may be required for better predictions of species richness of
a local community. Further research on the precise demar-
cation of evolutionarily and ecologically meaningful units
(i.e. taxa with distinct diversification rates and habitat
associations) would allow us to generalize our hypothesis
regarding macro-evolutionary effects on local community
diversity.

Finally, we explore potential reasons for the unequal
intra-clade species richness in Proteobacteria vs Cyano-
bacteria (Supplementary Table S1). Clade age and diversi-
fication rate have been suggested as the two main
determinants of variation in species richness across phylo-
genetic groups [23, 44, 86]. In bacterial systems, the var-
iation in diversification rates seems to explain the most
variation in species richness among phylum-level lineages,
with Proteobacteria vs Cyanobacteria exhibiting high vs
low diversification rates (Supplementary Table S2). Corre-
sponding to the “flexibility hypothesis” that supposes high
net speciation rates in the lineages with flexible character
traits [87], we speculate that the different net speciation
rates between Proteobacteria and Cyanobacteria are prob-
ably due to their distinct metabolic strategies to acquire
nutrients and energy [88]. Despite noteworthy exceptions,
Proteobacteria and Cyanobacteria, respectively, represent
two primary functional groups, i.e. organic-matter decom-
posers and primary producers, in ecosystems [89]. Com-
pared to proteobacterial species showing a high flexibility in
gene combinations for assimilating environmental organic
matter into biomass, cyanobacterial species are character-
ized by a complex and conserved set of genes to fix inor-
ganic carbon dioxide through oxygenic photosynthesis [34].
Accordingly, the high vs low intra-clade species richness in
Proteobacteria vs Cyanobacteria might reflect different
levels of evolutionary flexibility for genome-wide diver-
gences in these two lineages [88].

In conclusion, our findings suggest that the species
diversity of a local bacterial community is strongly influ-
enced by habitat associations and diversification rates of

deep phylogenetic lineages, highlighting the view of con-
temporary diversity patterns as an epiphenomenon resulting
from long-term evolutionary diversification events [90].
With an understanding of the structure of the seawater
species pool, the species richness of a local ECS bacter-
ioplankton community is generally predictable. These
results do not imply that local-scale ecological processes are
unimportant, but rather that extending the study framework
to account for evolutionary constraints is helpful for inter-
preting the observed diversity–environment patterns. Our
conceptual model may lead to a more comprehensive
understanding of the origin and variation of bacterial
community diversity.
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