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ABSTRACT

There is a growing recognition of the roles of marine microenvironments as reservoirs of biodiversity and as sites of enhanced
biological activity and in facilitating biological interactions. Here, we examine the bacterial community inhabiting free-living
and particle-associated seawater microenvironments at the Pivers Island Coastal Observatory (PICO). 16S rRNA gene libraries
from monthly samples (July 2013 to August 2014) were used to identify microbes in seawater in four size fractions: >63 �m
(zooplankton and large particles), 63 to 5 �m (particles), 5 to 1 �m (small particles/dividing cells), and <1 �m (free-living pro-
karyotes). Analyses of microbial community composition highlight the importance of the microhabitat (e.g., particle-associated
versus free-living lifestyle) as communities cluster by size fraction, and the microhabitat explains more of the community vari-
ability than measured environmental parameters, including pH, particle concentration, projected daily insolation, nutrients,
and temperature. While temperature is statistically associated with community changes in the <1-�m and 5- to 1-�m fractions,
none of the measured bulk seawater environmental variables are statistically significant in the larger-particle-associated frac-
tions. These results, combined with high particle-associated community variability, especially in the largest size fraction (i.e.,
>63 �m), suggest that particle composition, including eukaryotes and their associated microbiomes, may be an important fac-
tor in selecting for specific particle-associated bacteria.

IMPORTANCE

By comparing levels of particle-associated and free-living bacterial diversity at a coastal location over the course of 14 months,
we show that bacteria associated with particles are generally more diverse and appear to be less responsive to commonly mea-
sured environmental variables than free-living bacteria. These diverse and highly variable particle-associated communities are
likely driven by differences in particle substrates both within the water column at a single time point and due to seasonal changes
over the course of the year.

There is a growing interest in how microscale features, includ-
ing living phytoplankton cells, phytoplankton exudate, and

detrital particles, affect bacterial diversity and activity (1–3).
Within these microenvironments, particles are relatively well
studied as they can be readily physically separated from free-living
bacteria using filtration. Thus, particles have been identified as an
important habitat for estuarine and coastal bacteria, with up to
60% of water column bacterial cells attached to particles (4, 5),
likely due to the presence of nutrients at levels up to 3 orders of
magnitude higher than those found in bulk seawater (6). These
high-nutrient microenvironments allow elevated bacterial pro-
duction and organic matter degradation in a background of low
levels of bulk nutrient (7–9). Moreover, particles with different
compositions, e.g., living zooplankton versus exopolysaccharides,
may represent a diverse range of microenvironments, all of which
are distinct from the conditions experienced by free-living cells.

Although free-living and particle-associated bacteria are typi-
cally defined operationally based on filtration properties, these
two populations have physiological, genomic, and phylogenetic
differences (10–12). Particle-attached bacteria are more metabol-
ically active, with higher levels of extracellular enzymes, adhesion
proteins, and antagonistic compounds (12–15). Likely to take ad-
vantage of compositionally varied patches of organic matter, par-
ticle-associated bacteria also generally have larger genomes with a
variety of metabolic and regulatory capabilities (1). In contrast,
free-living bacteria usually have smaller genomes with stream-

lined metabolic and regulatory functions that enable efficient
growth under oligotrophic conditions (16). Due to this physiolog-
ical, genomic, and phylogenetic specialization, we might expect
differences in particle-attached and free-living bacterial commu-
nities.

However, whether particles harbor a distinct microbial com-
munity is still controversial, as some researchers have reported a
high degree of microenvironmental specialization (11, 17–20),
while others observed significant overlap of the free-living and
attached bacterial communities (21–23). Taxa found in both en-
vironments could be generalists but potentially exhibit fine-scale
phylogenetic niche partitioning that cannot be resolved at the 16S
rRNA gene level (24). Additionally, associations with specific mi-
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croenvironments exist in a background of seasonally and episod-
ically changing environmental conditions that also select for spe-
cific bacterial communities (25–27). Compared to the conditions
encountered by free-living bacteria, attachment and the high-nu-
trient environment of particles may help to buffer the impacts of
changes in bulk seawater environmental parameters such as tem-
perature or dissolved nutrients (28, 29), potentially resulting in
greater temporal uniformity in the particle-attached microbial
community.

In order to examine variation in particle-attached and free-
living marine bacteria over an annual cycle, we sampled microbial
communities at the Pivers Island Coastal Observatory (PICO), a
temperate, coastal time series with strong annual patterns in en-
vironmental parameters (30). We measured a suite of environ-
mental variables and collected three sizes of particles as well as
free-living bacteria monthly for over a year. We then assessed the
microbial communities in these samples using 16S rRNA gene
fragment libraries. This repeated sampling enables us to link bac-
terial communities and environmental variables to investigate
drivers of the observed diversity patterns.

MATERIALS AND METHODS
Sample collection. Water samples were collected as part of the Pivers
Island Coastal Observatory (PICO) time series adjacent to the Beaufort
Inlet, Beaufort, NC, USA (34°71.81=N, 76°67.08=W). Three years of
weekly samples were collected from January 2011 to December 2013,
while size-fractionated samples were collected monthly from 3 July 2013
to 6 August 2014. Time-series measurements were conducted using water
collected with a Niskin bottle centered at 1 m (30, 31). Methods for deter-
mination of water temperature, pH, salinity, dissolved inorganic nutrient
concentrations, and chlorophyll a concentrations as well as bacterio-
plankton and phytoplankton abundances were described previously (30,
32). All field measurements consisted of at least two replicate samples. The
particle size distribution (1 to 30 �m) was measured using a Coulter
Counter (Beckman Coulter MultiSizer III). To characterize particle-asso-
ciated and free-living microbial communities, the large-particle-associ-
ated bacterial communities (�63 �m), small-particle-associated bacterial
communities (63 to 5 �m), ambiguous bacterial communities (5 to 1
�m), and free-living bacterial communities (�1 �m) were separated by
sequential gravity filtration using a 63-�m-pore-size plankton net fol-
lowed by 5-�m-pore-size (Advantec MFS), 1-�m-pore-size (GE Water &
Process Technologies), and 0.2-�m-pore-size (Pall Supor-200) filters.
Large particles collected on the 63-�m-pore-size plankton net from 10
liters of seawater were resuspended in autoclaved artificial seawater and
concentrated on 0.22-�m-pore-size filters. Filtered volumes were chosen
such that the filtration rate did not become visibly lower during collection,
and filters were rinsed with autoclaved artificial seawater to remove addi-
tional material smaller than the filter pore size (see Table S1 in the sup-
plemental material). All filters were stored at �80°C until DNA extrac-
tion.

DNA extraction and library preparation. We extracted DNA from
the size-fractionated samples using a Puregene Yeast/Bacteria kit (Qia-
gen) according to the manufacturer’s instructions supplemented with
three rounds (60 s each) of bead beating. Microbial communities were
characterized using a dual index sequencing approach (33) with the fol-
lowing portions of the primers targeting the V3-to-V4 region of the bac-
terial and archaeal 16S rRNA genes: for 16S F V3, CCTACGGGNGGCW
SCAG; and for 16S R V4, GGACTACNVGGGTWTCTAAT (34). PCR
mixtures contained 0.4 U of Q5 DNA polymerase (NEB) as well as a final
concentration of 200 �M deoxynucleoside triphosphates (dNTPs), 2 mM
MgCl2, and 0.5 �M primers. PCRs were performed using thermocycling
with the following protocol: 98°C for 30 s followed by 35 cycles at 98°C for
10 s, 55°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 2
min. Triplicate reaction mixtures per sample were pooled and gel purified.

Paired-end 250-bp sequencing of barcoded amplicons was performed on
an Illumina MiSeq running v2 chemistry at the Duke Center for Genomic
and Computational Biology.

Sequence processing. We used USEARCH v7 for quality control of
sequence reads and to merge paired-end reads and then performed oper-
ational taxonomic unit (OTU) clustering using the UPARSE algorithm
(35). We first trimmed low-quality bases from the sequences using a 10-
nucleotide (nt) window with a Q30 running-quality threshold. Paired-
end sequences with a �10-nt overlap and no mismatches were then
merged. We performed a final filtering step to discard low-quality merged
sequences with a length of �400 bp and/or a maximum expected error of
�1, which resulted in 2,358,138 reads. Merged sequences were clustered
into OTUs of 98.5% pairwise identity to the centroid, resulting in OTUs in
which all members were at least 97% similar. Taxonomies were assigned
to the most abundant sequence in each OTU with a confidence threshold
score of 0.8 using RDP Classifier (36). Rare OTUs (�5 total observations)
and OTUs matching mitochondrial or plastid sequences based on RDP
Classifier assignment were excluded, resulting in 1,479,742 total se-
quences and 12,373 OTUs. Libraries contained between 10,941 and
42,618 sequences; to control for uneven sequencing effort, we normalized
the data by rarefaction to 10,941 sequences per sample.

Microbial community analysis. For each sample, all alpha diversity
calculations and error estimates were averaged over five rarefactions using
the “vegan” package in R, including estimates of Shannon’s diversity (37).
Community compositions were compared for each pair of samples using
weighted Bray-Curtis dissimilarity in MacQIIME 1.8.0 (38) and visualized
using nonmetric multidimensional scaling (NMDS) ordination using the
“ggplot2” R package. Analysis of similarity (ANOSIM) was used to deter-
mine the dissimilarity between the bacterial communities from each size
fraction (39). Variance partitioning analysis (VPA) assessed the contribu-
tions of environmental variables (projected daily insolation, chlorophyll
a, turbidity, salinity, temperature, silicate, ammonia, phosphate, and pH)
and microhabitats (�63 �m, 63 to 5 �m, 5 to 1 �m, and �1 �m) to the
microbial community variability (37). Canonical correspondence analy-
sis (CCA) was then used to identify the environmental factors associated
with community composition changes (40). Prior to the CCA, the “step”
function in vegan (37) was used to automatically select constraints in the
model using forward stepwise selection and Akaike’s information crite-
rion with 999 permutation tests at each step. We repeated the forward
stepwise selection with the bacterial community from each size fraction.
As no terms were statistically significant in the stepwise selection for the
�63-�m and 63- to 5-�m communities, we applied the variable set for
the �1-�m fraction (temperature, projected no-sky daily insolation, sil-
icate, pH, and particle number) to all four size fractions using the “cca”
function in vegan (37). To evaluate the significance of the canonical axes,
we used a Monte Carlo test with 999 permutations. Statistical significance
of the individual environmental variables was assessed using the marginal
effect of the terms. We then used the R package “indicspecies” to deter-
mine the strength of the association between taxa and the different size
fractions (41). To focus on key indicator taxa, OTUs were identified that
were significantly associated with a particular size fraction (P � 0.01) and
had an average relative abundance of at least 0.05% across all samples in
that size fraction.

Accession numbers. 16S rRNA gene sequences were deposited in the
NCBI Sequence Read Archive under accession numbers SRP068349 and
PRJNA309156. Environmental metadata are available as part of the Pivers
Island Coastal Observatory (PICO) database through BCO-DMO project
2281.

RESULTS AND DISCUSSION

Here, we examined particle-associated and free-living microbial
communities from coastal seawater as part of the Pivers Island
Coastal Observatory (PICO) time series. We sampled monthly for
over 1 year (July 2013 to August 2014) in order to understand the
temporal dynamics of particulate and free-living bacterial com-
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munities in relation to environmental variables. We sequentially
filtered seawater to produce size fractions which corresponded
roughly to zooplankton, large particles, and debris (�63 �m); to
particles and phytoplankton (63 to 5 �m); to small particles and
large/dividing cells (5 to 1 �m); and to free-living bacteria (�1
�m) (24). Although the 5-to-1-�m size fraction is somewhat am-
biguous, it serves to clearly separate truly particle-attached (�5
�m) and free-living bacteria. To identify the microbial commu-
nities present, we sequenced the V3-to-V4 region of the 16S rRNA
gene and clustered OTUs at 97% similarity using UPARSE (35)
and rarefied each library to 10,941 reads using QIIME (38).

Over the 14 months of sampling, Shannon’s diversity (H=) was
generally highest in the two largest size fractions (�63 and 63 to 5
�m; Fig. 1). Unlike the case in smaller size fractions (5 to 1 �m and
�1 �m), rarefaction curves do not show saturation in these larger
size fractions, suggesting that we did not capture the full diversity
of particle-attached communities (see Fig. S1 in the supplemental
material). Nevertheless, the two particulate size fractions (�63
�m and 63 to 5 �m) were consistently more diverse than the
free-living bacterial community (P � 0.05; ANOVA) (Fig. 1). The
�63-�m (mean H=, 5.92; standard deviation [SD], 1.04) and 63-
to 5-�m (mean H=, 6.23; SD, 0.35) bacterial communities were
also more diverse than the whole-seawater bacterial communities
from 3 years of weekly sampling at this study site (mean H=, 4.97;
SD, 0.41). A large portion of the bacterial taxa observed in the
�63-�m (45.5% of OTUs; 29.9% of sequences) and 63-to-5-�m
(34.0% of OTUs; 7.9% of sequences) fractions were never de-
tected in the weekly time series. In contrast, 85.3% of OTUs and
99.4% of sequences observed in the �1-�m fraction were present
in the weekly samples. Thus, even long-term sampling may not
capture the full diversity of relatively rare particle-associated mi-
crobes.

Comparing the bacterial communities using nonmetric multi-
dimensional scaling (NMDS) shows that the samples clustered by
size fraction (Fig. 2A) and that all size fractions were statistically
distinct (see Table S2 in the supplemental material). Thus, al-
though these size divisions are operational, they harbor distinct
microbial communities. As in many coastal sites, the Alphaproteo-
bacteria, Gammaproteobacteria, and Bacteriodetes were the major

phyla in all fractions, representing at least 34.8% of total reads in
each library (Fig. 2B). The free-living communities were domi-
nated by Alphaproteobacteria (23.8% to 55.2% of libraries; Fig.
2B), including Rhodobacterales (6.9% to 17.4%) and “Candidatus
Pelagibacter” (SAR11) (4.1% to 36.2%), while the proteobacteria
in the �63-�m and 63- to 5-�m fractions were largely Gamma-
proteobacteria and Deltaproteobacteria. Thus, despite some overall
similarities, marine microenvironments do contain distinct mi-
crobial communities.

As noted previously, the temporal variability in both the diver-
sity and composition of the largest (�63-�m) size fraction was
much higher than of other microenvironments (Fig. 1 and 2) and
the within-fraction Bray-Curtis dissimilarity was significantly
larger than observed in other size fractions (P � 0.001 [two-tailed
t test]). This increased variability might have been due to changes
in particle abundance or composition (see Fig. S2 in the supple-
mental material) (12, 42). However, we did not find a correlation

FIG 1 Plot of the Shannon’s diversity for 16S rRNA gene libraries from dif-
ferent seawater size fractions (�63 �m, 63 to 5 �m, 5 to 1 �m, and �1 �m) for
14 monthly samples from the Pivers Island Coastal Observatory (PICO) time
series (July 2013 to August 2014). Points represent mean values and error bars
1 standard deviation of Shannon’s diversity computed based on five replicates.
Jan, January; Feb, February; Mar, March; Apr, April; Jun, June; Jul, July; Aug,
August; Sep, September; Oct, October; Nov, November; Dec, December.

FIG 2 (A) Nonmetric multidimensional scaling (NMDS) ordination com-
puted based on weighted Bray-Curtis dissimilarity for 16S rRNA gene libraries
from seawater size fractions of �63 �m, 63 to 5 �m, 5 to 1 �m, and �1 �m
from PICO monthly samples (July 2013 to August 2014). Each symbol corre-
sponds to a distinct time point and size fraction. Samples marked with asterisks
were visual outliers in March and July 2014. Ellipses represent 95% intervals
around centroids for each size fraction. 2D, two dimensional. (B) Bar plot
showing the average phylum-level contribution for each fraction. Phyla that
on average comprised less than 0.05% of the libraries are grouped as “Other
Bacteria.”

High Variability of Particle-Associated Bacteria
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between the number of particles (1 to 30 �m in size) and the
community composition, suggesting that particle composition or
origin may be more important than abundance. We also note that
the 10-liter volumes sampled for the �63-�m libraries were much
larger than those collected for other size fractions (see Table S1);
thus, the �63-�m libraries integrated over a number of discrete
particles and likely different particle types. Although the other size
fractions were sampled at much lower volumes, smaller particles
and free-living bacteria are likely more spatially homogeneous;
thus, smaller volumes may adequately capture the diversity pres-
ent in these size fractions (43). Even though particles within a
single sampling point likely represent a broad spectrum of habi-
tats, their microbial communities are also more variable over time
than free-living bacterial communities.

Even with high month-to-month variability, the �63-�m
fraction exhibited notable outliers in May and July 2014, when the
bacterial community composition diverged in the NMDS (indi-
cated with asterisks in Fig. 2) and also decreased in Shannon’s
diversity (Fig. 1). These time periods did not correspond to any
unusual disturbance as measured by our time series or local
weather stations. In fact, a large storm in August 2014 which pro-
duced high particle loads, decreased salinity, and increased nutri-
ent concentrations did not result in a notably distinct community
(Fig. 2; see also Table S3 in the supplemental material). This lack of

particulate community response to a disturbance such as a storm
suggests that these divergent communities likely represent
changes in particle types (including organisms) rather than the
resuspension of particles from the benthos or export from land.
Examining the bacterial communities of these outliers, the most
abundant OTU in the May 2014 �63-�m sample belonged to the
genus Staphylococcus (10% of total sequence reads). This genus is
best known for containing human pathogens, but Staphylococcus
species have also been found on copepods (3). In contrast, the July
2014 sample contained a dominant OTU from the order Thioha-
lorhabdales which comprised 23% of the total reads; this group is
common on marine particles (43, 44) and has been found in as-
sociation with sponges (45), suggesting a potential association
with a eukaryotic host. As many families present in the �63-�m
fraction, including Vibrionaceae, Alteromonadaceae, and Staphy-
lococcaceae, were previously detected in the copepod microbiome
(3), associations with specific copepods or other marine organ-
isms, which vary in their prevalences, could explain the observed
patterns. In this system, associations with specific particle types,
likely eukaryotic hosts, rather than with particles with distinct
geographic origins may explain some of the dramatic changes in
the particle-associated bacterial community. However, as micro-
bial community changes are often linked to environmental vari-
ables such as chlorophyll, temperature, etc., we wanted to assess

FIG 3 Canonical correspondence analysis (CCA) ordination diagram of the first two axes for size-fractionated bacterial community samples from the PICO time
series. The percentage of the variation in the size-fractionated community explained by each axis is indicated in parentheses after the axis label. The constrained
sets of environmental variables analyzed are indicated as vectors: temperature, projected no-sky daily insolation (Insolation), silicate, pH, and number of particles
1 to 30 �m in diameter (Particles). The size-fractionated community profiles from each time point are represented as circles; the gradient colors of the circles
indicate times of year. Environmental variables marked with asterisks are statistically significant as assessed by the marginal effect of the terms (P � 0.05). (A) �63
�m. (B) 63 to 5 �m. (C) 5 to 1 �m. (D) �1 �m.
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the potential of these variables to influence the community com-
position in different size fractions.

Although bacterial communities cluster by size fraction (Fig.
2A), a microbial community within a given size fraction may re-
spond to environmental variables such as light, temperature, and
nutrients (25, 27, 46). However, across all samples, variance par-
titioning indicates that the microhabitat (�63 �m, 63 to 5 �m, 5
to 1 �m, and �1 �m; 50.4% of variation explained) plays a more
important role than environmental factors (levels of projected
daily insolation, chlorophyll a, turbidity, salinity, temperature,
silicate, ammonia, phosphate, and pH; 11.9% of variation ex-
plained) in structuring size-fractionated bacterial communities.
While measured seawater environmental factors do not have high
explanatory power for the variability in size-fractionated bacterial
communities, we postulate that free-living bacteria are likely more
responsive to bulk-water properties than particle-attached bacte-
ria, due to their exposure to and presumable reliance on these
resources. Indeed, much of the microbial community variation
for free-living bacteria is explained in the first two canonical cor-
respondence analysis (CCA) axes (47.8%; Fig. 3D), but these CCA
axes explain less variability as the size fraction increases (Fig. 3A to
C). For the �1-�m and 5-to-1-�m fractions, temperature is the
strongest environmental driver of bacterial composition (mar-
ginal effect of the terms; P � 0.01). Yet none of the measured
environmental variables was statistically significant for the
�63-�m and 63- to 5-�m fractions. Previous studies have shown
that surface attachment and nutrients may protect bacteria from
environmental variability, including temperature extremes (4, 47,
48). Thus, particle-associated communities may be protected
from some environmental conditions or may respond to factors
not measured here, including physical substrates, refuges from
predation, higher nutrient levels, or unique particulate chemical
constituents/conditions not found in the water column. Since the
particle-attached bacterial community exhibits high temporal
variability despite weakened sensitivity to bulk water environ-
mental parameters, we hypothesize that community composition
is most influenced by temporal changes in particle types.

As particle-associated and free-living bacteria communities
appear to differentially respond to bulk seawater changes, we
wanted to better understand similarities and differences in the
microbial community composition in these habitats. We observed
size fraction-based OTU specialization; across our entire time se-
ries, adjacent size fractions have more OTUs in common (10.5%
to 46.6%) than nonadjacent fractions (8.5% to 26.9%; Fig. 4). In
addition, comparing the particle-associated and free-living bacte-
rial fractions, the number of OTUs exclusive to a specific fraction
was higher in the �63-�m fraction (24.3%) and the 63- to 5-�m
fraction (18.7%) than in the �1-�m fraction (2.8%; Fig. 4A).
Thus, free-living bacteria were often found in the larger size frac-
tions but particulate OTUs were not generally found in the small-
est size fraction. In a previous study, a large overlap of particle-
attached and free-living bacteria was observed; 25% of the OTUs,
comprising 94% of sequence reads, were found in both the parti-
cle-attached and the free-living size fractions (22). We similarly
observed that a higher percentage of sequence reads than OTUs
was shared across multiple size fractions, indicating that the most
abundant taxa are shared across different size fractions (Fig. 4; see
also Table S4 in the supplemental material). OTUs found in mul-
tiple size fractions can be explained by several mechanisms: bac-
terial taxa can live in several habitats or habitats that span multiple

size fractions, or closely related taxa can exhibit sub-OTU-level
habitat specialization (1, 24, 31). Although we carefully chose the
filtered volumes to prevent clogging and rinsed the filters with
autoclaved artificial seawater to remove additional material
smaller than the filter pore size, we cannot rule out the possibility
that the sampling process could introduce cells into other size
fractions. Our data obtained here, with limited OTU overlap of
fractions, suggest that particle-associated bacteria are often mi-
croenvironmental specialists but that abundant taxa are often
shared between different size fractions. We also identified indica-
tive taxa using associations between the relative abundance of an
OTU and a particular size fraction (see Table S5). Consistent with
other studies, many of the indicative OTUs in the free-living frac-
tion (�1 �m) belonged to “Ca. Pelagibacter” (SAR11), a group of
small, free-living bacteria. In contrast, the 63- to 5-�m fraction
contains indicative OTUs belonging to the Planctomycetes, Bacte-
roidetes, and Verrucomicrobia, while many of the indicative phy-
lotypes in the �63-�m size fraction belong to the anoxygenic
photosynthetic Chromatiales and sulfate-reducing Desulfobacte-
rales. The presence of these bacteria, which thrive in reduced en-
vironments, suggests the existence of anoxic microzones in larger
particles and zooplankton digestive tracts (49). Thus, although
there is some overlap of the taxa present in each size fraction, there
are specific taxa which define each size fraction over a seasonal
cycle that may offer clues to the lifestyles of organisms in these
marine microenvironments.

Conclusions. Our sequential filtration approach reveals that
over an annual cycle, particle-attached bacteria are on average

FIG 4 Venn diagrams showing comparisons between size fractions �63 �m,
63 to 5 �m, 5 to 1 �m, and �1 �m averaged across all time points. (A) The
percentages of shared and unique operational taxonomic units (OTUs; 97%
similarity) for all size fractions. (B) The percentages of total sequence present
in shared and unique OTUs for all size fractions.

High Variability of Particle-Associated Bacteria
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both more diverse and more variable over time than free-living
bacteria. However, particle-attached bacterial dynamics are not
associated with commonly measured environmental variables,
suggesting there are a number of unknown drivers of particle-
attached bacterial diversity, potentially including associations
with metazoans or other microbes and/or other differences in par-
ticle composition (50). The high bacterial community variability
on large particles (�63 �m) along with taxa that are associated
with anoxic conditions and/or eukaryotes suggests that the spe-
cific particulate substrate is important (42, 51). Due to the impor-
tant role of particle-attached bacteria in biogeochemical cycling of
carbon and other nutrients, it is critical to understand the dynam-
ics and environmental dependence of bacteria associated with
these water column microenvironments.
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