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ABSTRACT Two full-scale slow sand filters (SSFs) were sampled periodically from April until November 2011 to study the spatial
and temporal structures of the bacterial communities found in the filters. To monitor global changes in the microbial communi-
ties, DNA from sand samples taken at different depths and locations within the SSFs and at different filters ages was used for
Illumina 16S rRNA gene sequencing. Additionally, 15 water quality parameters were monitored to assess filter performance,
with functionally relevant microbial members being identified by using multivariate statistics. The bacterial diversity in the SSFs
was found to be much larger than previously documented, with community composition being shaped by the characteristics of
the SSFs (filter age and depth) and sampling characteristics (month, side, and distance from the influent and effluent pipes). We
found that several key genera (Acidovorax, Halomonas, Sphingobium, and Sphingomonas) were associated with filter perfor-
mance. In addition, at the whole-community level, a strong positive correlation was found between species evenness and filter
performance. This study is the first to comprehensively characterize the microbial community of SSFs and link specific microbes
to water quality parameters. In doing so, we reveal key patterns in microbial community structure that relate to overall commu-
nity function.

IMPORTANCE The supply of sustainable, energy-efficient, and safe drinking water to an increasing world population is a huge
challenge faced by the water industry. SSFs have been used for hundreds of years to provide a safe and reliable source of potable
drinking water, with minimal energy requirements. However, a lack of knowledge pertaining to the treatment mechanisms, par-
ticularly the biological processes, underpinning SSF operation has meant that SSFs are still operated as “black boxes.” Under-
standing these dynamics alongside performance-induced effects associated with operational differences will promote optimized
SSF design, maintenance, and operation, creating more efficient and environmentally sustainable filters. Through a spatial-
temporal survey of full-scale SSFs at various points of operation, we present the most detailed characterization to date of the
functional microbial communities found in SSFs, linking various taxa and community metrics to optimal water quality produc-
tion.
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The supply of clean and safe drinking water free from any sub-
stances or organisms that pose a danger to human health is a

major objective of the European Union Drinking Water Directive
(1) and the World Health Organization (WHO). For over
200 years, slow sand filtration has been an effective means of treat-
ing water for the control of microbiological and chemical contam-
inants in both small and large community water supplies (2, 3).
This ability to remove various contaminants efficiently has under-
pinned slow sand filter (SSF) deployment in various areas outside
drinking water purification, including aquaculture (4), horticul-
ture (5), storm water purification (6), and food and drink waste
management (7). However, despite their adoption and use in the
energy-efficient production of high-quality water, little is under-

stood about the functional ecology of SSFs, i.e., the biological
mechanisms and organisms responsible for producing the diverse
and efficient functional capacity of SSFs (3). This lack of knowl-
edge has hindered the optimization of the design, management,
and operation of these systems and will continue to do so.

Recently, a number of studies have attempted to characterize
the purification mechanisms and the microbes responsible for
them (5, 7–10). However, such studies have focused on specific
aspects of SSFs (e.g., the Schmutzdecke [11]) or specific purifica-
tion mechanisms (e.g., nitrate removal [10]) and, with the excep-
tion of those reported in references 12 to 13, have been performed
in nonverified laboratory scale SSF microcosms, which may not
accurately reflect the true microbial community found in real
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SSFs. Although all of those studies have provided great insights
into the biological processes occurring within SSFs, a deeper anal-
ysis of the structure and dynamics of the microbial community
underpinning SSFs as a function of performance and operational
conditions is needed. Such a study has the potential to reveal im-
portant and underappreciated structure-function relationships,
which could greatly improve the operation, management, and de-
sign of these systems but also reveal patterns and processes in
microbial communities with more general ecological relevance.
Previous microbial ecology papers on engineered systems with a
biological component have shown that functional stability and
robustness are correlated with several components of biodiversity,
such as species richness and evenness (14–18); however, no such
study of SSFs has ever been performed. These provide ideal sys-
tems for functional ecology research, allowing easily quantifiable
measurement of overall community performance that depends on
a complex microbial ecosystem.

Here we present results from the periodic sampling of two
full-scale SSFs. We determined the spatial and temporal structures
of the bacterial communities found in the filters. This enabled us
to quantify how specific microbial groups and overall community
structure are related to overall filter performance. This study com-
prises the entire life cycle of the filters (drained, scraped, juvenile,
mature, and clogged; Fig. 1) (2). This provides a detailed SSF mi-
crobiome blueprint that can be placed into a functional context.

RESULTS
Water quality. Two full-scale SSFs were sampled routinely from
April 2011 until they were decommissioned in November 2011
(see Fig. S1 in the supplemental material). Both full-scale SSFs
performed extremely well in terms of the Water Supply (Water

Quality) (Scotland) Regulations 2001 part of the Water (Scotland)
Act 1980. For influent, effluent, and percent removal results, see
Fig. S2 to S5 in the supplemental material. Overall, the filters failed
to meet only one drinking water requirement, the coliform levels.
However, it should be noted that these filters are not a single point
of purification, with effluent from the filters being chlorinated
before being distributed, a process that would remove the low
levels of coliforms present in the effluent. In terms of perfor-
mance, there was no statistically significant difference (Wilcoxon
test P value, 0.08) between filters A and B.

There were substantial correlations between the water quality
parameters, all of them significantly correlated with at least six
other parameters, with the dissolved organic carbon (DOC) cor-
relating the least and NH4 and dissolved oxygen (DO) correlating
with every parameter (see Fig. S5 in the supplemental material).
Additionally, several parameters (Table 1) showed various
strengths of correlation with the age of the filters, with coliform
removal showing the strongest positive correlation and optimum
coliform removal occurring after 7 weeks. This is consistent with
operators’ verbal reports of SSF performance increasing with filter
age or maturity.

Distinct community compositions of sand and water sam-
ples. A total of 26,163,232 sequences were generated by Illumina
sequencing, with an average number of 38,566 � 503 reads for
each sample. In order to account for differences in read number
and therefore diversity, samples were rarefied to the lowest read
number within the data set (5,909). Rarefied samples were classi-
fied below the domain level, being affiliated with 36 phyla, 82
classes, 126 orders, 239 families, 688 genera, and 11,026 opera-
tional taxonomic units (OTUs). Proteobacteria was the dominant
phylum in all of the samples, accounting for, on average, 51% of
the community. Overall, sand from operational SSFs contained
the greatest number of OTUs (8,319, of which 2,312 were unique
to sand), which was almost double that found in drained SSF sand
(4,482, with three unique OTUs) and both influent (4,504) and
effluent (3,947) samples. This coincided with significant differ-
ences in species diversity and evenness, with operational SSF sand
having the greater species diversity and evenness and drained sand
samples having the lowest (Wilcoxon test P values, 0.0021 and
0.0004, respectively). Influent water samples possessed more
OTUs than effluent samples did, along with a significantly higher
species diversity index (P value, 0.001); however, there was no
difference between Pielou’s evenness values (0.65 and 0.63, re-
spectively).

Sand samples from operational filters had only 55 and 73% of

FIG 1 Life cycle of SSFs. The size of each ring segment corresponds to the
proportion of time SSFs are at that stage. The black outer lines provide
performance-related information.

TABLE 1 Significant correlations of filter age with percent removal of
water quality parameters, based on 470 samples

Water quality parameter Correlation P value

Ammonia �0.283 3.89 � 10�10

Coliforms 0.537 1.89 � 10�4

DOC �0.285 3.11 � 10�10

Nitrate �0.606 2.20 � 10�16

Nitrite �0.171 1.90 � 10�4

Orthophosphate �0.411 2.20 � 10�16

Performance metricp 0.475 4.00 � 10�4

Total viable bacteria at:
30°C 0.243 1.90 � 10�3

13°C 0.117 1.09 � 10�3
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their OTUs in common with influent and effluent water samples,
respectively. This may suggest that some of the microbiota is being
acquired from other sources, for example, through aerosol depo-
sition or transmission by wildlife. However, this does not account
for sampling effects; some OTUs may be present in the influent
but undetected at these sampling levels. It also does not account
for errors; some OTUs in the SSFs may be sequencing or PCR
artifacts. To determine the accuracy of OTU diversity prediction,
we also sequenced two positive controls found in mock commu-
nities of known diversity (12); this revealed a substantial overesti-
mation of diversity, so absolute OTU richness values must be
treated with caution (see Fig. S6 in the supplemental material).
The reasons for this overestimation are unknown, but one recent
study (19) has shown that library preparation, bar code choice,
and sample complexity all impact sequencing results. However, it
is reassuring that we correctly determined that one of the mock
communities was more diverse than the other; therefore, even if
we cannot be confident of the absolute diversities determined, the
relative differences in diversity obtained should be correct.

Visualization in two dimensions of the 97% similarity OTU

community structures by nonmetric multidimensional scaling
(NMDS) with Bray-Curtis dissimilarities (Fig. 2A) revealed that
the samples clustered into the following four groups: influent wa-
ter, effluent water, sand from operational filters, and drained sand
from two SSFs. Multivariate analysis of variance (MANOVA)
confirmed that the four groups were significantly different
(P value � 0.001). The similarity percentage (SIMPER) procedure
was used to identify the top 10 OTUs responsible for the dissimi-
larities between water and sand samples (Fig. 2B). As shown in
Fig. 2, a difference in the community compositions of drained
SSFs and operational SSFs is apparent; members of the family
Bacillaceae of the Firmicutes phylum, appear to be responsible for
the greatest proportion of the difference, being 16,000 times as
abundant in drained samples as in operational SSFs.

Spatial and temporal community diversity in sand samples.
To resolve the factors shaping the microbial community in the
SSFs, we used canonical correspondence analysis (CCA). The en-
vironmental and sampling parameters used in the CCA were
month, filter age (time in weeks since filter scraping), side, dis-
tances from both the influent and effluent pipes, depth, and filter

FIG 2 (A) NMDS ordination of the microbial community structures of all of the samples at the 97% OTU level. Ellipses designate the 95% confidence intervals
of the four groups. (B) SIMPER analysis identified the top 10 taxa (at the 97% OTU level) that account for most of the dissimilarities among the four water groups.
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identity (Table 2). All of these factors except the filter identity
significantly impacted the community structure. This suggests
that, with these environmental factors accounted for, there were
no further differences between the filters. Of the characteristics
evaluated, filter age, the side of the filter, and the month when the
sample was collected were the major drivers of the bacterial com-
munity structure, with filter age being the most significant factor.
To determine how filter age impacts the community structure, we
divided the samples into three filter age categories (early, 0 to
4 weeks; mid, 5 to 8 weeks; late, �9 weeks). We observed differ-
ences in the abundance of the top 18 families between these cate-
gories; most notably, there were differences among Flavobacteri-
aceae, Micrococcaceae, Nitrospiraceae, and Oxalobacteraceae (see
Fig. S7 in the supplemental material). Further analysis revealed
that there is a strong positive correlation with the total number of
OTUs and the age of the filters (early, 4,790 OTUs; mid, 5,234
OTUs; late, 6,798 OTUs). As the filters age, the number and di-
versity of OTUs increase, which is consistent with previous studies
(7). SIMPER analysis confirmed that significant differences in the
community compositions of the various filter age categories were
due mainly to members of the Flavobacteriaceae, Micrococcaceae,
Nitrospiraceae, and Oxalobacteraceae families. However, Rumino-
coccaceae, a less abundant family, was also found to explain a sig-
nificant amount of the community variation, with percent abun-
dances of this family being significantly higher in older filters
(early, �0.001%; mid, 0.0013%; late, 0.268%). Furthermore,
there were nine families (see Table S1 in the supplemental mate-
rial), ranging in relative percent abundance from �0.0001 to
0.027%, that were present only in the oldest filters.

Surprisingly, depth was only a marginally significant parame-
ter (P value, 0.05) in explaining differences between sand samples.
We might have expected that significant gradients would exist
across depths within SSFs and that this would drive depth-
dependent community differences. In contrast, the side of the
filter did significantly impact community structure (explaining
3.5% of the variance; P value, 0.01), suggesting the existence of
lateral gradients within the SSFs. SIMPER analysis revealed that
side 1 was most similar to side 2 (47% similarity) but less similar to
side 3 (41% similarity) and that side 2 was 43% similar to side 3
(see Fig. S1 in the supplemental material). The majority of the
differences between the microbial community compositions at
the different sides was due to Acidobacteria and various orders of
Proteobacteria. Furthermore, ANOVA showed that the microbial
communities in both filters A and B were statistically equivalent
(P value � 0.093); the microbial communities in the two filters
were indistinguishable.

Impact of draining and chlorination on the microbial com-
munity. In addition to the increase in diversity, we found that as
the filters matured, their microbial communities became more
even (P value, 1.245 � 10�7), and this was observed consistently
throughout all depths of the sand bed. In contrast, perturbation of
the filters typically reduced evenness, as seen during the decom-
missioning of the site when chlorine was added, resulting in sig-
nificantly lower species evenness (P value, 2.2 � 10�16) in both
filters (filter A, 0.558 � 0.090 before chlorination and 0.502 �
0.077 after chlorination; filter B, 0.556 � 0.070 before chlorina-
tion and 0.448 � 0.090 after chlorination) (see Fig. S8 in the sup-
plemental material); an equivalent effect of chlorine was observed
in a study by Wang et al. (20). Interestingly, this change in even-
ness was due to the large increase in the abundance of Deltapro-
teobacteria (average abundance change from 24.87 to 63.50%;
P value, 1.076 � 10�5). However, the size of the impact was de-
pendent on the side of the filter, with side 1 (the side of the filter
where the influent pipe is located) being the first and most severely
affected. This is not surprising, as it is the closest location to where
chlorine delivery occurs. Similarly, when the filters were drained
and scraped, a reduction in evenness was observed (P value,
1.276 � 10�11), with a larger effect on the top depths than on the
lower depths (P value, 0.0197). This change in evenness was due to
a large increase in the proportion of Chloroflexi, Planctomycetes,
and Verrucomicrobia, which coincides with a decrease in Acido-
bacteria, Bacteroidetes, and Deltaproteobacteria (see Fig. S9 in the
supplemental material).

Mesoscale spatial variation. We discuss above the importance
of the side and distances from the influent and effluent pipes in
explaining the differences seen in microbial communities. In or-
der to resolve these patterns at a higher resolution, six cores at each
side of both full-scale SSFs were taken on a single sampling occa-
sion, 21 June 2011 (see Fig. S1 in the supplemental material).
Using CCA to perform constrained ordination (Fig. 3), we ob-
served that the sand samples from the mesoscale experiment
formed three distinct clusters: distance from the influent pipe
(side 1), distance from effluent pipe (side 3), and distance from
effluent corner (side 2). The depth and distance from the influent
pipe correlated with CA1 and explained 33.97% of the variation,
and the distances from the effluent pipe and effluent corner cor-
related with CA2 and explained 16.89% of the variation. Adonis
analysis confirmed that there were significant differences in the
microbial community within and between groups (between
groups, P value � 0.009; within distance from the influent pipe,
P value � 0.034; within distance from the effluent pipe, P value �
0.018; within distance from the effluent corner, P value � 0.053).

TABLE 2 CCA of the relative abundances of bacterial OTUs and filter parameters and characteristics in 406 sand samples from two SSFs

Parameter Degree(s) of freedom �2 F value No. of permutations Pr(�F)

Month 3 0.1575 6.4583 99 0.01a

Filter age 2 0.1936 11.3858 99 0.01a

Side 1 0.0691 8.5006 99 0.01a

Distance from:
Effluent pipe 1 0.0246 3.0248 99 0.04a

Influent pipe 1 0.0243 2.8756 99 0.01a

Depth 1 0.0131 1.6080 99 0.05a

Filter identity 1 0.0093 1.1394 99 0.64
Residual 190 1.5352
a Significant variable.
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Such differences among communities can be attributed to the
chemical gradients that likely exist within the filters. SIMPER
analysis revealed that the abundance of the Massilia genus in-
creased with distance from the influent pipe (average abundances:
at 0.2 m, 1.36%; at 0.42 m, 14.44%; at 0.68 m, 23.10%). Massilia
species have been isolated from various environmental samples
from many sources, including air, dust, soil, roots, and drinking
water (21); however, the reason for their dominance away from
the influent pipe is unclear.

Correlation between community members and water qual-
ity. The stepwise multivariate regressions in Table 3 show that the
relative proportions of several bacterial families correlate strongly
with the removal of particular water quality parameters. These
correlations are consistent with the findings of other studies (5, 9).
Remarkably, though, we found that the strongest correlation with
water quality performance is given not by a subset of particular
families but with the overall evenness of the community in the
filter; filter age is also important but less so than evenness in a
combined regression (Fig. 4; filter age P value, 0.022; evenness
P value, 1.620 � 10�4). Previous studies (17, 18) have demon-
strated that microbial communities with greater species evenness
perform specific functions better than less even communities.
This is likely because greater species evenness implies greater ro-
bustness and functional stability and therefore a greater ability to
adapt to new and fluctuating parameters.

There was a significant relationship between performance clas-
sification (poor, average, good, and excellent) and the community
composition (MANOVA, P value � 0.01). We determined the
major organisms contributing to these performance differences
through SIMPER analysis (Table 4). It was found that for excellent
performance, an evenly distributed community is required with
no overly abundant organisms and that poor performance is due
to an uneven community structure, notably, an overabundance of
Acidovorax and Sphingobium, and an underabundance of Halo-
monas and Sphingomonas (Fig. 5), as well as the complete absence
of Naxibacter, Streptophyta, and Acinetobacter compared with fil-

ters with good or excellent performance. This confirms the rela-
tionship between performance and evenness discussed above.

DISCUSSION
SSFs host diverse bacterial communities. The first studies to at-
tempt to characterize the microbial ecology of SSFs were per-
formed several decades ago (22, 23). They concluded that the di-
versity of the bacterial communities in these filters was low.
However, that work was carried out with conventional plating and
isolation techniques, which are known to underestimate the true
diversity. Since that initial work, several studies have been pub-
lished (5, 7, 9, 11–13, 24, 25) that have begun to use more modern
molecular methods in order to answer the same questions as Brink
and Lloyd. Those studies have all found that SSF communities are
extremely diverse both metabolically and phylogenetically (24)
However, with the exception of references 12 and 13, all of those
studies were of SSFs used to purify wastewater or storm water
(rather than drinking water, as in this study) or only of samples
from the Schmutzdecke and not from various depths, as in this
study.

We found the microbial diversity in our two SSFs to be far
larger than previously reported, with 36 phyla and 239 families
observed, compared to the 21 phyla and 149 families found by
Wakelin et al. (11) in an Australian SSF. Such differences in diver-
sity might be explained by the contrasting methodological ap-
proaches and primers used, as well as the different water sources
and, perhaps more significantly, the different depths sampled
within the SSF. Wakelin et al. (11) used storm water and sampled
only the Schmutzdecke. However, as in references 11 and 26, Pro-
teobacteria was found to be the dominant phylum. We also ob-
served a significant difference between the sand community and
the influent and effluent water. This is not surprising, given the
differences between these environments and those observed in
other sediment systems (27). More interestingly, the small OTU
overlap between our sand and water samples may suggest that
other sources could be important to the community, with the
caveats of sampling and sequencing noise discussed above.

Reproducibility of filter performance and microbial com-
munity composition. The microbial community compositions of
the SSFs were significantly different, depending upon the status
(operational or drained), filter age, sample location, month of
sample collection, and the distances from the influent and effluent
pipes and the depths at which samples were taken (Table 3). This
is a novel observation. The age of the filter was the most significant
parameter in explaining both changes in the microbial commu-
nity and a water quality variable, which is not surprising, as it is
widely documented by operators that SSF performance improves
with maturity (2). Additionally, the increase in the abundance of
Ruminococcaceae and the presence of the nine other families in
older filters (see Table S1 in the supplemental material) can be
explained by the fact that they are all either facultative or strict
anaerobes commonly found in wastewater and sewage (28). Their
increased abundance is likely due to prolonged exposure to feces
from wildlife (i.e., birds) surrounding the filters and similar expo-
sure at the reservoir feeding the filters.

Surprisingly, filter identity did not impact microbial commu-
nity structure. This suggests that the communities at this site are
highly reproducible and that a characteristic microbiota is pres-
ent; the extent to which this is true at other sites is an interesting
open question. We also observed similar water quality production

FIG 3 CCA of mesoscale spatial variability in the microbial community in
sand samples taken from several locations from the influent and effluent pipes
supplying two SSFs.
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TABLE 3 Stepwise multivariate regression of water quality parameters and family abundances

Parameter Model P value Adjusted R2 value Family P value
Relationship
with removal

Ammonium 1.562 � 10�5 0.4133 Clade CL500.29 0.0399 �
Cellulomonadaceae 0.0784 �
Mycobacteriaceae 0.0464 �
Nocardiaceae 0.0635 �
Carnobacteriaceae 0.0040 �
Rhizobiaceae 0.0041 �
Leuconostocaceae 0.0094 �
Pseudomonadaceae 0.0286 �

Coliforms 1.837 � 10�6 0.5265 Erysipelotrichaceae 0.0877 �
Carnobacteriaceae 0.0653 �
Fusobacteriaceae 0.0418 �
“Isosphaeraceae” 8.23 � 10�5 �
Planctomycetaceae 0.0207 �
Desulfobacteraceae 0.0507 �
Sinobacteraceae.1 0.0251 �
Opitutaceae 0.0005 �
Verrucomicrobia subdivision 3 0.0011 �
Enterobacteriaceae 0.0435 �

DOC 2.2 � 10�16 0.8583 Nocardiaceae 0.0140 �
Promicromonosporaceae 3.24 � 10�7 �
Propionibacteriaceae 6.59 � 10�9 �
Bifidobacteriaceae 3.00 � 10�7 �
Solirubrobacteraceae 0.0431 �
Alicyclobacillaceae 0.0029 �
Pasteuriaceae 0.0126 �
Carnobacteriaceae 0.0045 �
Leuconostocaceae 7.80 � 10�5 �
Sphingomonadaceae 1.44 � 10�8 �
Rhodocyclaceae 0.0066 �

Nitrate 1.469 � 10�8 0.5524 Brevibacteriaceae 1.96 � 10�5 �
Dermacoccaceae 0.0030 �
FW 0.0002 �
Rhodobiaceae 0.1071 �
Mycoplasmataceae 0.0006 �

Nitrite 0.008712 0.1952 Nitrospiraceae 0.0699 �
Planctomycetaceae 0.0503 �
Hyphomicrobiaceae 0.0298 �
Phyllobacteriaceae 0.0193 �
Rhodobacteraceae 0.0291 �
Xanthobacteraceae 0.0534 �

Performance (p) 1.726 � 10�9 0.6219 Holophagaceae 0.0171 �
Clade CL500.29 0.0004 �
Kineosporiaceae 0.0034 �
Micrococcaceae 5.78 � 10�8 �
Fusobacteriaceae 0.0001 �
Rhodobiaceae 0.0197 �
Shewanellaceae 0.0001 �
Sphingomonadaceae 0.0875 �

pH 0.000205 0.307 Dietziaceae 0.0143 �
Microbacteriaceae 0.0646 �
Micrococcaceae 0.0002 �
Saprospiraceae 0.0448 �
Moraxellaceae 0.0122 �

Phosphate 9.567 � 10�6 0.3917 Flavobacteriaceae 1.21 � 10�5 �
Sphingobacteriaceae 0.0079 �
Alicyclobacillaceae 0.0717 �
Carnobacteriaceae 0.0025 �
Leuconostocaceae 0.0009 �

Turbidity 2.014 � 10�11 0.6599 Actinomycetaceae 6.55 � 10�6 �
Fusobacteriaceae 1.55 � 10�11 �
“Isosphaeraceae” 0.0020 �
Bradyrhizobiaceae 0.0007 �
Shewanellaceae 0.0076 �
Peptococcaceae 0.0831 �

(Continued on following page)
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by the filters, which may be linked to the similarity of the micro-
biota. Another surprising finding was that depth was of only mar-
ginal significance in explaining differences in community compo-
sition. This contrasts with many other freshwater studies (29),
where depth has been shown to be extremely important, as it is
linked to chemical gradients driving changes in community com-
position. Although it was surprising to find depth a marginally
significant variable, this is not the first study to do so. Recently
Röske et al. (30) showed that depth was not significant in explain-
ing community composition in sediment from the Saidenbach
drinking water reservoir in Germany. Regardless of this, future
work should focus on determining whether such water chemistry
gradients exist and if they affect or shape the microbial commu-
nities of SSFs.

Although vertical (depth) spatial differences in the SSF micro-
bial community were marginal, lateral differences (side and dis-
tances from the influent and effluent pipes) were highly signifi-
cant. Both can be a consequence of habitat heterogeneities
imposed by differences in physicochemical characteristics (31)
such as partially filled or unfilled voids between sand grains that
would disperse nutrients and microbes or the dilution of compo-
nents away from the influent pipe, creating nutritional gradients.
Perhaps such a dispersal of nutrients occurs faster and more easily
along the surface of SSFs rather than vertically, and thus, this may
account for the higher significance of lateral than vertical spatial
differences.

Species evenness is critical to performance. Stepwise multi-
variate regression showed that the water quality performance of
SSFs significantly correlates with both the age and species even-
ness of the filters (Table 3), with better-performing filters having
greater evenness (Fig. 4). This is the first study, to our knowledge,
to correlate bacterial species evenness with the differing levels of
performance of water filters (Fig. 4). Greater evenness has been
linked to greater robustness and functional stability and therefore
the ability to adapt to new and fluctuating parameters such as
those brought by weather events (e.g., storms) that would impact
the composition of the influent water feeding the filters (17).
Therefore, the increased species evenness and richness found in
excellently performing filters is additional confirmation of the
“insurance hypothesis” conceived by Yachi and Loreau (32),
which proposes that both functional redundancy and evenness are
necessary for functionally robust ecosystems.

The importance of species evenness is further emphasized by
the dramatic effect seen during draining events compared to op-
erational times, in particular, the overabundance of Firmicutes
and Planctomycetes. This dominance may be directly related to the
fact that Firmicutes bacteria are known to produce endospores
during periods of starvation or stress (i.e., during SSF draining
periods, when organisms in the sand are exposed to temperature,

pH, oxygen, nutrition, and UV fluctuations). The dominance of
Planctomycetes can be explained by the increased exposure to sun-
light (due to reduced water depth), resulting in heightened algal
growth, which has been shown to promote increased growth of
Planctomycetes bacteria (33). Likewise, a similar effect occurs dur-
ing chlorination, with the decline in evenness being attributed to
an increase in Deltaproteobacteria. Deltaproteobacteria are widely
documented as being capable of reductive dechlorination or ha-
lorespiration, the process of using halogenated compounds, such
as sodium hypochlorite, as terminal electron acceptors in anaero-
bic respiration (34). This may explain their dominance after chlo-
rination.

Nonparametric MANOVA revealed that, at different levels of
performance (excellent, average, and poor), the composition of
the microbial community is different. During periods of excellent
performance, there is an increased abundance of Sphingomonas
and Acinetobacter (Table 4), two genera known to be capable of the
biodegradation and metabolism of a wide range of chemicals,
e.g., polycyclic aromatic hydrocarbons (PAHs), cyanotoxins,
endocrine disruptors, and herbicides (35–39), all of which
would likely be present in the reservoir water feeding the SSFs.
Moreover, Innerebner et al. (40) recently showed that Sphin-
gomonas exerts a striking plant-protective effect by suppressing
disease symptoms and diminishing pathogen growth. There-
fore, within SSFs, this recent finding may help to explain why
their abundance is greater in filters with excellent performance,
which typically have no or low pathogen counts. Likewise, the
increased abundance of Halomonas in filters with excellent per-
formance may be explained by the recent discovery that several
members of this genus can produce bioflocculants capable of a
�80% turbidity reduction (41).

Conversely, in filters showing poor performance, the over-
abundance of Acidovorax and Sphingobium may be explained by
niche competition; both of these genera are known to be capable
of processes similar to those of Sphingomonas and Acinetobacter,
which are found in greater abundance in filters displaying excel-
lent performance. The antagonistic effects of such competition
between members of the Sphingomonadaceae family (Sphingomo-
nas, Sphingobium, Novosphingobium, and Sphingopyxis) has been
examined (42) and has been shown to have effects on PAH re-
moval from contaminated soils. However, it is important to note
that it is impossible to determine if differences in filter perfor-
mance are due to the microbial community or if it is the perfor-
mance of the filters that shapes the community. Speculatively, the
former seems most plausible, as SSFs function predominantly via
biological mechanisms. Additionally, little change in the charac-
teristics of the influent water feeding the filters was found (see Fig.
S1 in the supplemental material), and therefore, performance dif-
ferences must be attributed to the microbial community. Overall,

TABLE 3 (Continued)

Parameter Model P value Adjusted R2 value Family P value
Relationship
with removal

Total viable bacteria 2.2 � 10�16 0.8407 Catenulisporaceae 1.88 � 10�9 �
Rivulariaceae 2 � 10�16 �
Nitrospiraceae 0.0014 �
“Gemmataceae” 0.0020 �
“Pirellulaceae” 0.0067 �
“Procabacteriaceae” 0.0331 �
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FIG 4 Scatterplots showing the correlation between sand filter performance (p) and species evenness at different levels of classification. Panels: A, phylum; B,
class; C, order; D, family; E, genus; F, OTU. A higherp value corresponds to better water quality performance. Note the different y-axis scales.
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these findings show that greater species evenness is integral to
excellent SSF performance and for the first time associate specific
genera with differing levels of water quality performance.

Conclusion. In summary, this study is the first to provide a
functionally and operationally relevant spatial and temporal char-
acterization of the microbial community structures of two full-
scale SSFs. We conclude that the microbial diversity of SSFs is far
greater than previously documented and that in terms of commu-
nity composition and performance, the two SSFs sampled were
indistinguishable and highly reproducible. Both filters produced
high-quality drinking water, with quality improving as the filters
matured. The month, filter age, and side and the distances from
the influent and effluent pipes and depths at which the samples
were taken significantly impacted the microbial community in

SSFs, with filter age being the most significant variable. As the
filters aged, both the number and density of OTUs increased, as
did species evenness. Further, Illumina sequencing indicated that
the abundance of various members of the microbial community,
specifically, Acidovorax, Halomonas, Sphingobium, and Sphin-
gomonas, was important for performance. More significantly, it
was found that increased species evenness was critical for excellent
filter performance. Decreased species evenness was found in
drained and early-stage SSFs, coinciding with an increased abun-
dance of Planctomycetes bacteria, likely induced by additional ex-
posure to sunlight. Future work should investigate the impact of
reducing the drainage period or the effects of covering filters dur-
ing draining and scraping events on species evenness and the
abundance of Planctomycetes bacteria. Such work could signifi-

TABLE 4 SIMPER analysis of the top 15 taxa accounting for the majority of the dissimilarities between SSFs producing different levels of water
quality

Taxon Genus Contribution (%)

Avg % with performance rating of:

Poor Avg Excellent

Alphaproteobacteria Sphingobium 12.61 14.96 2.97
Gammaproteobacteria Pseudomonas 4.55 5.72 3.52
Betaproteobacteria Acidovorax 10.27 12.23 4.37
Bacteroidetes Flavobacterium 6.64 6.51 6.07
Alphaproteobacteria Methylobacterium 2.37 1.81 1.14
Gammaproteobacteria Halomonas 5.72 1.62 6.34
Alphaproteobacteria Sphingomonas 3.11 1.89 2.93
Betaproteobacteria Naxibacter 3.63 3.18 2.55
Betaproteobacteria Massilia 1.44 0.7 1.4
Betaproteobacteria Polynucleobacter 0.005 1.88 0.84
Alphaproteobacteria Novosphingobium 2.17 1.98 1.53
Bacteroidetes Arcicella 1.4 0.7 1.02
Gammaproteobacteria Nevskia 0.002 0.13 0.36
Streptophyta Streptophyta 0.19 1.11 0.11
Gammaproteobacteria Acinetobacter 0.86 0.89 0.24
Alphaproteobacteria Sphingobium 17.16 24.33 38.73
Gammaproteobacteria Pseudomonas 12.61 14.96 2.97
Betaproteobacteria Acidovorax 4.55 5.72 3.52
Bacteroidetes Flavobacterium 10.27 12.23 4.37
Alphaproteobacteria Methylobacterium 6.64 6.51 6.07
Gammaproteobacteria Halomonas 2.37 1.81 1.14
Alphaproteobacteria Sphingomonas 5.72 1.62 6.34
Betaproteobacteria Naxibacter 3.11 1.89 2.93
Betaproteobacteria Massilia 3.63 3.18 2.55
Betaproteobacteria Polynucleobacter 1.44 0.7 1.4
Alphaproteobacteria Novosphingobium 0.005 81.8 0.84
Bacteroidetes Arcicella 2.17 1.98 1.53
Gammaproteobacteria Nevskia 1.4 0.7 1.02
Streptophyta Streptophyta 0.002 0.13 0.36
Gammaproteobacteria Acinetobacter 0.19 1.11 0.11
Alphaproteobacteria Sphingobium 4.14 3.11 2.97
Gammaproteobacteria Pseudomonas 6.41 8.68 3.52
Betaproteobacteria Acidovorax 5.5 5.65 4.37
Bacteroidetes Flavobacterium 6.13 5.51 6.07
Alphaproteobacteria Methylobacterium 3.82 4.31 1.14
Gammaproteobacteria Halomonas 5.64 2.75 6.34
Alphaproteobacteria Sphingomonas 4.57 2.83 2.93
Betaproteobacteria Naxibacter 2.82 2.21 2.55
Betaproteobacteria Massilia 2.92 2.85 1.4
Betaproteobacteria Polynucleobacter 1.33 1.26 0.84
Alphaproteobacteria Novosphingobium 1.78 1.12 1.53
Bacteroidetes Arcicella 2.04 1.44 1.02
Gammaproteobacteria Nevskia 1.35 1.71 0.36
Streptophyta Streptophyta 0.85 0.98 0.11
Gammaproteobacteria Acinetobacter 1.32 1.19 0.24
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cantly reduce the period of time SSFs are nonoperational because
of poor performance and hence have economic benefits.

Together, the results of this study provide the most detailed
characterization of the functional microbial community found in
SSFs to date and provide a framework for future ecological and
physiological microbial research on these systems. This study is
the first to provide insight into the importance of specific taxa and
community evenness to performance. However, quantification of
the extent of their importance versus other abiotic and biotic fac-
tors, such as the role played by protozoa and fungi, will require
additional field-based studies, as well as ecophysiological studies
under carefully controlled laboratory conditions.

MATERIALS AND METHODS
Operation and setup of SSFs. Two-dimensionally identical full-scale SSFs
(filters A and B) at Scottish Water’s Fairmilehead Water Treatment Works
in Edinburgh were sampled approximately monthly from April until No-
vember 2011 (see Fig. S1 in the supplemental material), with the filters
being decommissioned by the addition of chlorine in November 2011.

The filters differed only in age (days since scraped). The Fairmilehead site
has seven SSFs that receive raw water from several reservoirs in southern
Scotland. The filters have a bed depth of 1 m and a surface area of approx-
imately 1,800 m2. Additional to the monthly sampling, an 8-week inten-
sive sampling strategy was used from May to June. The purpose of the
intensive sampling program was to allow the SSF community to be mon-
itored more closely during a time hypothesized to be more microbially
active. In total, 16 sampling sessions were conducted, providing data from
representative points in the life cycle of the filters (scraped, juvenile, ma-
ture, clogged, and drained; Fig 1). It should be noted that drained filters
were sampled 20 h after draining had occurred. Further, the first sampling
points taken during decommissioning were collected 20 h after chlorine
delivery; both filters remained operational, with the water they produced
entering the distribution system until November 2011.

Sampling of SSFs. Sampling entailed the collection of one 50-cm sand
core from each side of both filter beds with a multistage sediment sampler
(AMS, American Falls, ID). Cores were taken at various locations on the
three separate accessible sides of the filters (see Fig. S1 in the supplemental
material). These undisturbed cores were sectioned at eight depths (0, 4,
10, 15, 20, 30, 40, and 50 cm), and 0.5 g of each subsample was used for

FIG 5 Bar graphs of the average percent abundance of four key genera at different levels of water quality. Panels: A, Halomonas; B, Sphingomonas; C, Acidovorax;
D, Sphingobium. Note the different y-axis scales.
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DNA extraction with FastDNA spin kits for soil (MP Bio-Medical, Cam-
bridge, United Kingdom) in accordance with the manufacturer’s instruc-
tions. Furthermore, in order to gain a better understanding of the spatial
variation within the community on a more microbially realistic scale, six
cores were taken at each side of both full-scale SSFs on 21 June 2011 (see
Fig. S1C in the supplemental material).

On each sampling occasion, 2-liter samples of influent and effluent
water were collected from the two filters. Water temperature, dissolved
oxygen, and pH were measured on site with portable meters. Water sam-
ples were processed in triplicate for turbidity, DOC, specific UV absor-
bency, chemical oxygen demand, nitrate, nitrite, ammonia, phosphate,
and total coliforms by the methodology outlined in water industries stan-
dard methods (43); additionally, total viable bacterial counts at 13°C and
30°C were performed as described in reference 9. To evaluate overall filter
performance, the newly created aggregate performance metric p (dis-
cussed in reference 12) was used. This parameter assigned the effluent of
each filter a number from 0 to 10 based on the number of water quality
parameters outlined in reference 1 it fulfilled. The ranking is as follows: 0
to 4 is designated poor performance, 5 or 6 is average, 7 or 8 is good, and
9 or 10 is excellent.

Illumina 16S rRNA amplicon sequencing. The 16S rRNA gene am-
plicons of 674 full-scale SSF samples (56 water and 618 sand samples),
representing different depths, filters, filter ages, and levels of filter perfor-
mance were processed by the Earth Microbiome Project with primers
515F (GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGG
GTWTCTAAT) in accordance with the protocol outlined in reference 44.
Amplified samples were pooled (equimolar concentrations) and se-
quenced on an Illumina HiSeq 2000. Quality filtering of reads was applied
as described previously (44). Reads were assigned to OTUs (cutoff of 97%
sequence identity) by using a closed reference OTU-picking protocol with
QIIME version 5 and the Greengenes database (version 13.5) (49). Addi-
tionally, two mock communities processed in triplicate were included in
order to act as positive controls. Both the raw and processed reads can be
found at http://qiita.microbio.me/study/description/755. Furthermore,
to verify that the pipeline and database used did not bias the results, the
data were additionally processed with Mothur (version 1.36.1) and the
SILVA database (release 119).

Statistics. Correlations between water quality parameters were ex-
plored by using the nonparametric Kendall � procedure. Taxonomic and
OTU tables generated for the samples were used to calculate pairwise
dissimilarities between samples based on the Bray-Curtis dissimilarity
index. The resulting matrices were examined for temporal and spatial
patterns in the bacterial community structure by NMDS as implemented
in the Vegan package (45). Significant differences in the microbial com-
munity compositions of filters, filter ages, depths, locations of the cores,
seasons, and addition of chlorine were determined by nonparametric
MANOVA (46). To determine the contributions of individual taxa to
differences in filter performance, SIMPER analysis (47) was used. SIM-
PER analysis is a useful way to measure the magnitudes of differences;
however, in order to decide whether a taxon differed significantly, pair-
wise t tests (Kendall nonparametric) adjusted for multiple comparisons
by the Benjamini-Hochberg false-discovery method (48) were performed.
Only taxa with a false-discovery rate of �5% were reported. Shannon
diversity indices, Chao’s richness, Pielou’s evenness, and rarefaction
curves were calculated on rarefied samples at a 3% genetic distance. The
relationships between environmental variables and patterns in bacterial
community structure were examined by CCA with significance tested by
ANOVA after reducing the overall suite of environmental variables with a
stepwise Akaike information criterion model. Additionally, the functional
relationships between water quality parameters and bacterial groups were
analyzed by stepwise multivariate forward/reverse regression analysis. All
statistical analysis was performed in R (R Development Core Team, 2011).
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