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INTRODUCTION

Phytoplankton contribute substantially to setting
the growth, biomass, and taxonomic composition of
bacterial communities in aquatic systems (Ducklow
2000, Andersson et al. 2010, Yilmaz et al. 2012, Walsh
et al. 2015). Among many possible interactions among
these microbes (Amin et al. 2012), phytoplankton
directly or indirectly provide organic carbon for bac-
teria, which explains why bacterial abundance, pro-
duction, and community composition are usually
coupled with phytoplankton production and bio-

mass, although often only over large spatial and tem-
poral scales (Ducklow 2000, Yilmaz et al. 2012). In
addition to positive effects, phytoplankton may also
have negative effects on some bacteria via the excre-
tion of anti-bacterial compounds (Lebeau & Robert
2003, Amin et al. 2012), competition for limiting nutri-
ents (Wheeler & Kirchman 1986), or grazing by mixo-
trophic members of the phytoplankton community
(Unrein et al. 2014). Whether positive or  negative,
bacteria−phytoplankton interactions likely help to
explain the composition of both communities and
carbon fluxes in aquatic environments.
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The taxonomic composition of the phytoplankton
community is thought to shape the composition of
bacterial communities, a conclusion largely based on
studies conducted during phytoplankton blooms
(Buchan et al. 2014). The implication of these bloom
studies is that bacterial communities are affected by
the dominant phytoplankton class making up the
bloom, although often only the most abundant phyto-
plankton class, usually diatoms, is identified. Among
the few studies reporting sufficient information about
both bacteria and phytoplankton, Liu et al. (2014)
found significant correlations between many abun-
dant bacterial taxa and some phytoplankton classes,
most notably diatoms but also cyanobacteria, which
dominated the phytoplankton communities in a sub-
tropical drinking water reservoir. The dissolved
organic material (DOM) from diatoms can select for a
more diverse bacterial community than the DOM
from cyanobacteria (Landa et al. 2014). It is still un -
clear whether phytoplankton other than the domi-
nant class affect bacterial communities and, more
generally, whether all phytoplankton classes have
similar relationships with all members of bacterial
communities.

Bacteria−phytoplankton relationships in estuaries
are complicated by the input of dissolved compounds
and organisms from land, rivers, and neighboring
coastal oceans. This input from allochthonous
sources is one mechanism to explain why correla-
tions between bacterial and phytoplankton proper-
ties, such as biomass and production, are often low in
estuaries such as the Delaware Estuary, USA (Hoch &
Kirchman 1993), but correlations for these bulk prop-
erties are also often low in other aquatic environ-
ments (Fouilland & Mostajir 2011). The relationship
between the composition of bacterial and phyto-
plankton communities has not been examined exten-
sively in estuaries. Lindh et al. (2015) found signifi-
cant relationships between bacterial community
composition and dinoflagellates in the Baltic Sea, but
not with diatoms or other phytoplankton classes.
Another study in the Baltic Sea, however, found sig-
nificant correlations between a few Bacteroidetes
taxa and genetic clusters within the diatom Skele-
tonema marinoi dominating at the time (Bunse et al.
2016).

Variation in salinity caused by mixing of fresh
and oceanic waters also leads to large changes in
the composition of bacterial communities in estuar-
ies, although perhaps not their diversity. Salinity is
one of the most important properties determining
the taxonomic composition of bacterial communities
in estuaries and other environments (Bouvier & del

Giorgio 2002, Kirchman et al. 2005, Lozupone &
Knight 2007). Mixing of river and marine communi-
ties in estuaries is thought to lead to a diverse bac-
terial community, depending on the resident time
of the estuary (Crump et al. 2004), and may have
larger impacts on bacterial communities than other
estuarine properties that vary seasonally (Fortunato
et al. 2012, 2013). However, one of the few estuar-
ine studies using high throughput sequencing
found that taxon richness did not vary with salinity
in the Baltic Sea (Herlemann et al. 2011). Other
estuaries need to be examined to determine if in
fact microbial diversity does not vary with salinity
in estuaries, in contrast to larger organisms (Hu et
al. 2016).

Here we explored bacteria−phytoplankton inter -
actions in the Delaware Estuary, where microbial
communities and many biogeochemical properties
have been examined extensively (Kirchman et al.
2005, Sharp et al. 2009, Campbell & Kirchman 2013).
We used tag sequencing of 16S rRNA genes to exam-
ine bacterial communities along the full sa linity gradi-
ent of the estuary in August and November of 2011 to
2013. Unlike other bacteria−phytoplankton studies
(see studies cited above), we examined phytoplankton
composition via their accessory pigments assayed by
high performance liquid chromatography (HPLC) and
calculated the abundance of phytoplankton classes
using the Chemtax approach (Mackey et al. 1996),
which has been used extensively in estuaries (Lionard
et al. 2008, Keller et al. 2014, Schlüter et al. 2014). In
this study, cyanobacteria were included in both the
bacterial community as well as the phytoplankton
community because of their potential for photo-
heterotrophy (Béjà & Suzuki 2008). Our 2 goals were
to explore bacteria−phytoplankton interactions when
total phytoplankton biomass was either high (August)
or relatively low (November) and to examine the di-
versity of bacterial and phytoplankton communities in
estuarine waters that differed in many biogeochemical
properties. We hypothesized that the diatoms, often
the most abundant phytoplankton group in the
Delaware (Watling et al. 1979), have the largest im-
pact on structuring bacterial communities. We found
that diatoms were the most abundant phytoplankton
in the Delaware Estuary but that other phytoplankton
classes had many more significant relationships with
bacterial communities. Based on previous studies
(Herlemann et al. 2011, Ladau et al. 2013), we ex-
pected to see differences in diversity between the 2
months but no systematic change with salinity. We
found that bacterial diversity varied much more with
salinity than it did between the 2 months.
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MATERIALS AND METHODS

Sample collection and biogeochemical properties

Surface water samples were taken at 0.5 m depth
along the entire salinity gradient of the Delaware
Estuary, from about 39.8° N, 75.42°W to just outside
the estuary at 38.8° N, 75.11°W. The cruises were
conducted in August and November 2011 to 2013
(6 cruises in total), each sampling about 25 stations
separated by about 20 km along the full salinity gra-
dient; a map showing the locations of the standard
stations has been published (Sharp et al. 2009). Light
attenuation was estimated from the intensity of
photo synthetically active radiance (PAR) measured
with a Biospherical PNF-210 radiometer over a depth
profile. Ammonium, nitrate, phosphate, and silicate
concentrations were measured with a SEAL Analy -
tical AA3 Continuous Segmented Flow Analyzer,
while concentrations of dissolved organic carbon
(DOC) were measured by the high-temperature com-
bustion technique using standard procedures (Sharp
et al. 2009). The concentration of total chlorophyll a
(chl a) was estimated in acetone extracts by fluoro -
metry. Bacterial abundance was determined by the
di rect count method after staining with 4’,6-dia -
midino-2-phenylindole. The microcentrifuge approach
was used to estimate leucine incorporation (added
concentration of 20 nM) (Kirchman 2001).

Sequencing and initial analysis of 
16S rRNA genes

The composition of the bacterial community was
explored by tag sequencing of 16S rRNA genes ex -
tracted from DNA collected by passing water sam-
ples (1−2 l, depending on location and suspended
material load) through 0.22 µm pore size Durapore
filters using previously described methods (Camp-
bell & Kirchman 2013). The filters were placed in
buffer and stored at −80°C until DNA extraction by
a modified protocol using 2 chloroform extractions
(Dempster et al. 1999). DNA was quantified via a pico -
green assay following the manufacturer’s in struc -
tions (Invitrogen). The V1-V3 region of the 16S rRNA
genes was amplified by PCR using previously de -
scribed primers and barcodes (Cottrell et al. 2015)
and sequenced on a Roche 454 platform with tita-
nium chemistry by Molecular Research LP (www.
MrDNAlab.com). Sequences were deposited in the
NCBI Short Read Archive, under accession PRJNA
338249.

Sequences were analyzed using the QIIME pipe line
(Caporaso et al. 2010). In brief, sequences were
trimmed, de-noised, and assigned to operational taxo-
nomic units (OTUs) having >97% similarity using de-
fault settings in QIIME. ChimeraSlayer was used to
identify chimeras which were then removed. The tax-
onomy of the OTUs was determined in QIIME using
uclust and the Greengenes database. Any OTUs rep-
resented by less than 5 reads among all samples were
removed from further analyses to mini mize the impact
of sequencing errors. Fourteen samples were removed
because of low numbers of reads (<1034 reads). The se -
quences in the remaining 115 samples were rarified in
QIIME so that each sample had 1034 reads. The rari-
fied samples were used in all subsequent analyses.

We examined bacterial communities either at the
OTU level or in groups organized at different phylo-
genetic levels, ranging from phylum (e.g. Actino -
bacteria and Bacteroidetes ) to subclades of the
SAR11 clade (see ‘Results’). The taxonomy was taken
from the QIIME analysis except for the SAR11 sub-
clades. The SAR11 clade was divided into previously
defined subclades (Vergin et al. 2013). All sequences
identified as belonging to the Pelagibacteraceae by
QIIME were compared to the SAR11 subclade data-
base from Vergin et al. (2013) using a local BLAST
analysis with an e-value cutoff of 10−3.

The diversity of phytoplankton communities was
examined in more detail using 16S rRNA gene se -
quences (Milici et al. 2016, Needham & Fuhrman
2016). All OTUs identified as from chloroplasts by
QIIME were analyzed separately by local BLASTn
against the PhytoREF database (Decelle et al. 2015),
downloaded in March 2016. These algal sequences
were combined with the cyanobacterial sequences
and used to calculate diversity indices of the entire
phytoplankton community.

Phytoplankton pigment analysis and 
community composition

Samples for phytoplankton pigments were collec -
ted in Niskin bottles using the same method as for
total chl a. After filtration of 1 to 2 l (depending on
location and suspended material loads), the GF/F fil-
ters were stored at −80°C until analysis. The pig-
ments were extracted in 90% acetone at −20°C and
analyzed using a Hewlett-Packard 1100 HPLC sys-
tem equipped with an autosampler, photodiode
array, and fluorescence detection. The HPLC condi-
tions and method are described elsewhere in detail
(DiTullio et al. 2005).
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The abundance of phytoplankton classes was esti-
mated by the Chemtax iterative matrix-factorization
approach using the 12 phytoplankton pigments we
measured (Mackey et al. 1996). The initial pigment
ratio matrix (Table S1 in the Supplement at www. int-
res. com/ articles/ suppl/ a078 p093 _ supp. pdf) was based
mainly on data from Schlüter et al. (2000), aug-
mented with data from other estuaries, including the
nearby Chesapeake Bay (see Table S1 for referen -
ces). The pigment ratios were randomly varied 80
times within a 35% window, and the 8 ratios with the
lowest residual root mean square were averaged and
used for the final calculation (Higgins et al. 2011).
This procedure was applied to samples binned
according to the attenuation coefficient because of
the known effect of light on algal pigment ratios
(Schlüter et al. 2000). The 6 attenuation coefficient
bins were selected to yield about 30 samples per bin
through the salinity gradient. Attenuation correlated
with salinity (r = −0.56, p < 0.001, n = 141), nutrients
(for example, for nitrate: r = 0.72, p < 0.001, n = 140),
and other properties likely to affect pigment ratios
and the Chemtax analyses.

Statistical analyses

Variation in bulk bacterial and biogeochemical
properties with salinity, month, and year was exam-
ined by multivariate analysis of variance (ANOVA).
The data for chl a, DOC, leucine incorporation, and
bacterial abundance were log-transformed before
the ANOVA whereas a log(X + 0.05) transformation
was used for the nitrate data. ANOVA was also used
to examine variation in the phytoplankton classes
after a log(X + 0.01) transformation and bacterial
OTU abundance after a log(X + 1) transformation.
These analyses were done in R (https://www. r-
project.org) as were 2 nonparametric tests, Spear -
man rank correlation and the Mann-Whitney test.
The p-values for all correlations were adjusted for
multiple comparisons using the Benjamini-Hochberg
false discovery rate approach.

Several multivariate statistical approaches were
used to explore relationships among bacterial and
phytoplankton communities and biogeochemical pro -
perties. Nonmetric multidimensional scaling (NMDS)
plots were constructed using Bray-Curtis distances,
and vectors for salinity and temperature were fit to
the NMDS plot using the envfit function in the vegan
package (version 2.4-0) in R (Oksanen et al. 2016).
Variation in bacterial community composition as a
function of salinity, month, and year was examined

using a permutational multivariate analysis of vari-
ance (PERMANOVA, the adonis function in vegan)
with Bray-Curtis distance matrices. We used redun-
dancy analysis with forward selection of select
 environmental parameters (see ‘Results’) and the 9
phytoplankton classes via the ordistep function (999
permutations) to explore the contribution of these
properties to explaining the composition of bacterial
communities in the estuary. The best model was
picked by maximizing the adjusted R2 as each pa ra -
meter was added.

Richness (number of OTUs) and the Shannon di -
versity index were calculated with the vegan pack-
age. Two indices of evenness, Simpson and Pielou
(Smith & Wilson 1996), were calculated using proper-
ties generated by the vegan package. Variation in
the Shannon index as a function of several parame-
ters was examined by multivariate regression analy-
sis using the leaps package (version 2.9) in R (James
et al. 2013). The variables were chosen by exhaustive
search (both forward and backward inclusion of the
variables), and the best model was selected based on
the adjusted R2. The best model was then examined
to ensure the assumptions (e.g. normality and homo-
geneity) of the regression analysis were met. The
variables remaining in the model were judged not to
be co-linear based on variance inflation factors calcu-
lated using the car package (2.1-3) in R (Fox & Weis-
berg 2011). Standardized beta coefficients for the
best model were calculated using the QuantPsyc
package (1.5) (Fletcher 2012).

RESULTS

We examined the community composition of phyto -
plankton and bacteria along with several biogeo-
chemical properties of the Delaware Estuary in
 August and November of 2011 to 2013. Nearly all
 biogeochemical properties varied significantly be -
tween the 2 months and with salinity, whereas only a
few varied significantly among the 3 years (Table 1).
In general, properties differed more clearly between
the 2 months than with salinity. For example, chl a,
leucine incorporation, and bacterial abundance were
significantly higher by approximately 2- to 7-fold in
August than in November, whereas these properties
varied with salinity but not in any clear pattern. The
differences between the 2 months are likely due to
temperature (over 2-fold decrease from August to No-
vember) and the light environment; PAR de creased
by 2-fold while the attenuation coefficient increased
by nearly 50% from August to November (Table 1).
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Variation in bacterial and phytoplankton
 communities in the estuary

Bacterial community structure varied significantly
and substantially with salinity (R2 = 0.19, p < 0.001,
n = 115, PERMANOVA). Communities from low salin-
ity waters separated from the high-salinity communi-
ties along the first dimension of the NMDS plot
(Fig. 1A). The abundance of bacterial groups also
varied with salinity as expected based on previous
studies in the Delaware and other estuaries. For

example, Actino bacteria, Burkholde-
riales, and other Betaproteo bacteria
were most abundant in low-salinity
waters while most of the alphaproteo -
bacterial clades were most abundant
in high-salinity waters (Table 2).

The SAR11 clade was quite abun-
dant in the estuary and was domi-
nated by 2 subclades which varied
differently along the salinity gradient
(Fig. 2). The relative abundance of
subclade SAR11 IIIa increased with
salinity from detection limits to about
40 and 80% of the community in
August and November, respectively.
In contrast, the relative abundance of
SAR11 IIIb, the ‘freshwater clade’
(Vergin et al. 2013), was low in low-
salinity waters (<5 salinity) and high-

est in 10 salinity waters, where it was as much as
70% of the total community, and then it decreased to
as low as 5% in high-salinity waters near the mouth
of the estuary (Fig. 2). Other SAR11 subclades abun-
dant in oceanic waters, such as the 1a subclade
 (Vergin et al. 2013), were barely detected (data not
shown).

Bacterial communities also differed between the 2
months, but this temporal effect was less than that
observed for salinity, according to PERMANOVA
(R2 = 0.10, p < 0.001 for the 2 months, nearly half the
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Property August November Variation due to:
Mean SD Mean SD Month Salinity Year

Temperature (°C) 26.1 2.3 10.9 1.8 *** Varied*** NS
PAR (mol m−2) 34.7 12.1 15.5 5.7 *** NS NS
Nitrate (µM) 52 53 63 51 *** Negative*** *
Atten (m−1) 1.6 1.1 2.4 2.1 *** Negative*** NS
Chlorophyll a (µg l−1) 8.3 4.1 3.5 4.0 ** Max at 23** NS
Leu incorp (nM h−1) 377 160 52 22 ** Max at 23** NS
Abundance (106 cells ml−1) 3.8 1.9 1.6 0.8 *** NS NS

Table 1. Biogeochemical properties of the Delaware Estuary in 2011−2013.
Means and SD were calculated for August and November using data from all
locations in the estuary during the 3 years (n = 143). Significance was deter-
mined by ANOVA (*p < 0.05; **p < 0.01; ***p < 0.001; NS: not significant). The
relationship between a property and salinity either varied inconsistently
 (‘Varied’), was negatively correlated, or was not significant. Two properties
were highest at salinity 23 (‘Max at 23’). PAR: photosynthetically active
 radiance, integrated over a day; Atten: attenuation coefficient; Leu incorp: 

leucine incorporation; Abundance: bacterial abundance 
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value for salinity) and NMDS analysis. Communities
from August formed a cluster separate from Novem-
ber communities along the second dimension of the
NMDS plot (Fig. 1A). There was a small but signi -
ficant difference in overall composition among the
3 years (R2 = 0.03; p < 0.001). The relative abundance
of nearly all bacterial groups also varied signifi-
cantly between the 2 months, and several groups also

varied significantly among the 3 years
(Table 2).

The 9 phytoplankton classes de -
fined by the Chemtax analyses varied
substantially in the estuary, but this
variation differed greatly from that of
the bacterial communities. In contrast
to the bacteria, phytoplankton com-
munities separated by month rather
than by salinity along the first NMDS
axis; separation along the second axis
was associated with salinity and the
light environment, evident from the
attenuation coefficient vector (Fig. 1B).
Six of the 9 phytoplankton classes
were significantly more abundant in
August than in November while the
other 3 did not differ significantly
between the 2 months (Table 3). In
both months and all salinities, dia -
toms were most abundant, making up
about half of the total phytoplankton
community. The 2 least abundant
phytoplankton classes were usually
prasinophytes and dinoflagellates
(Table 3).

Relationship between bacterial taxon abundance
and phytoplankton

To explore relationships between the abundance of
the bacterial taxa and the phytoplankton, we did par-
tial correlation analysis of the 2 parameters control-
ling for salinity. We used the relative abundance
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Group August November Significance
Mean SD Mean SD Month Salinity Year

Actinobacteria 10.1 12.9 6.5 10.9 ** Neg*** ***
Bacteroidetes 0.8 0.7 1.5 1.3 ** Neg*** NS
Burkholderiales 1.1 1.8 2.1 4.0 ** Neg*** ***
Other Beta 1.1 0.9 2.2 1.6 *** Neg*** ***
Cyanobacteria 10.7 8.6 0.5 0.6 *** Max at 24* **
Deltaproteobacteria 0.6 0.6 0.9 3.7 ** NS ***
Oceanospirillales 1.6 1.2 1.9 1.8 NS Pos*** **
Other Gamma 1.1 1.0 1.3 0.9 NS Neg*** ***
Planctomycetes 3.4 3.9 0.5 0.7 *** Neg*** ***
Rhodobacterales 4.5 8.3 3.2 2.6 *** Pos*** NS
SAR11 IIIa 27.9 20.9 43.2 25.2 ** Pos*** NS
SAR11 IIIb 28.8 18.3 25.9 20.9 NS Max at 10*** NS
SAR11 other 0.8 0.7 0.7 0.5 NS Pos*** NS
Other Alpha 2.8 1.8 4.0 2.3 *** NS **
Other known 1.8 2.4 1.4 3.4 *** Neg*** *
Unknown Bacteria 2.8 3.6 4.0 2.7 ** Varied* NS

Table 2. Relative abundance (% of total) of bacterial taxa in the Delaware Es-
tuary 2011−2013. Means and SD were calculated for August and November
using data from all locations in the estuary during the 3 years (n = 115). Signif-
icance was determined by ANOVA (*p < 0.05; **p < 0.01; ***p < 0.001; NS: not
significant). The relationship with salinity was either positively or negatively
correlated (‘Pos,’ ‘Neg’), was maximal (‘Max’) at 10 or 24 salinity, or was not
significant. Other Beta: Betaproteobacteria other than Burkholderiales; Other
Gamma: Gammaproteobacteria other than Oceanospirillales; Other Alpha:
Alpha proteobacteria other than Rhodobacterales and the SAR11 subclades. 

SAR11 other: SAR11 subclades other than IIIa and IIIb
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(normalized sequence numbers) to focus on effects
on the taxonomic composition of the bacterial com-
munities rather than on total abundance. The 2
months were analyzed separately to remove the
effect of temperature; since temperature varied by
only a few degrees along the transects within a
month, it is unlikely to have an effect. In August,
none of the bacterial taxa significantly correlated
with chl a, whereas in November, there were 5 posi-
tive significant relationships and 2 negative ones,
controlling for salinity (Fig. 3). The phyla with the
highest positive partial correlations with chl a were

Bacte roi detes and Planctomycetes
(ρ = 0.644 and 0.545, respectively, ad -
justed p < 0.001, n = 113). Both SAR11
IIIa and IIIb were negatively corre-
lated with chl a, controlling for salin-
ity (ρ = −0.469 and −0.447, respec-
tively, ad justed p < 0.001).

The same analysis was used to
explore relationship between bacter-
ial taxa and the 9 phytoplankton
classes (identified by Chemtax) while
minimizing sa linity and temperature
effects (data not shown, except for the
numbers given here). In August,
there were only 2 significant relation-
ships, both positive, among the 144
possible relationships. The significant
relationships were between Rhodo -
bacterales and haptophytes-6 and

between Deltaproteobacteria and diatoms (ρ = 0.458
and 0.469, respectively, adjusted p = 0.035, n = 113).
In November, there were 5 significant relationships.
Dinoflagellates had significant partial correlations,
controlling for salinity, with Bacteroidetes, Deltapro-
teobacteria, and Planctomycetes (ρ = 0.556, 0.437,
and 0.421; adjusted p = 0.001, 0.019, and 0.023,
respectively). Bacteroidetes also correlated with
pelagophytes in November (ρ = 0.459, adjusted p <
0.012). In contrast, there was a negative partial
 correlation between pelagophy tes and SAR11 IIIa
(ρ = –0.565, adjusted p = 0.001).

Bacterial community composition
explained by biogeochemical and

phytoplankton properties

We next examined the extent to which
the taxonomic composition of the entire
community and of individual bacterial
taxa could be explained by phytoplank-
ton properties. The difference in bac terial
community composition between August
and No vember can be attributed to phy -
toplankton biomass (chl a) and the com-
position of the phytoplankton commu-
nity (Chemtax), along with temperature
(Fig. 1A). PERMANOVA indicated that
the fraction of variation in bacterial com-
position explained by phy toplankton
community composition was higher than
by salinity or temperature (r2 = 0.269,
0.186, and 0.108 respectively), all higher
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Group August November % of total Variation due to:
Mean SD Mean SD Aug Nov Month Salinity Year

Chlorophytes 477 691 78 81 6.0 2.9 *** *** NS
Cryptophytes 1030 1009 732 288 13.0 26.7 NS NS **
Cyanobacteria 521 382 14 28 6.6 0.5 *** *** NS
Diatoms 4637 3023 1330 693 58.5 48.6 *** * NS
Dinoflagellates 257 573 16 43 3.2 0.6 *** *** NS
Haptophytes-6 459 449 229 208 5.8 8.3 NS NS ***
Haptophytes-8 344 1017 159 145 4.3 5.8 *** * ***
Pelagophytes 123 184 152 155 1.6 5.6 NS *** NS
Prasinophytes 74 88 29 37 0.9 1.1 * *** NS

Table 3. Abundance of phytoplankton classes determined by Chemtax in the
Delaware Estuary in 2011−2013 (n = 128). Abundance was expressed as the
concentration (ng l–1) of chlorophyll a allocated to that class. Examples of
 haptophytes-6 and -8 include coccolithophorids and Phaeocystis spp., respec-
tively. Mean and SD were calculated for August and November using data
from all locations in the estuary during the 3 years. Significance was 
determined by ANOVA (*p < 0.05; **p < 0.01; ***p < 0.001; NS: not significant)

−0.50

−0.25

0.00

0.25

0.50

Act
ino

bac
te

ria

Bac
te

ro
idet

es

Bur
kh

old
er

ial
es

Cya
no

bac
te

ria

Delt
ap

ro
te

ob
ac

te
ria

Oce
an

os
piril

lal
es

Plan
ct

om
yc

et
es

Rho
dob

ac
te

ra
les

SAR11
_II

Ia

SAR11
_II

Ib

P
ar

tia
l c

or
re

la
tio

n 
(ρ

)

Aug
Nov

Fig. 3. Partial correlation between indicated bacterial taxa and chlorophyll
a, controlling for salinity. The dashed lines indicate the p < 0.05 

significance level



Aquat Microb Ecol 78: 93–106, 2017

than that for total chl a (0.072; all significant at the p <
0.001 level, n = 113).

We then used redundancy analysis (RDA) to find
the smallest set of parameters that could best explain
variation in the composition of the total bacterial
community and of individual bacterial taxa (Table 4).
This approach was used to identify significant rela-
tionships between a phytoplankton class and bac -
terial community composition while also including
temperature and salinity effects. Adding DOC con-
centrations and leucine incorporation did not sub-
stantially improve (1%) models of variation in com-
munity composition, so they were not included in
further analyses. Salinity and temperature were sig-
nificant in nearly all analyses for both the total com-
munity and individual bacterial taxa (Table 4). Along
with total chl a, 5 of the 9 phytoplankton classes sig-
nificantly contributed to explaining the composition
of the total bacterial community (Table 4). The in -
significant classes included the most abundant ones,
diatoms and cryptophytes, as well as chlorophytes
and haptophytes-6.

Several phytoplankton classes contributed signifi-
cantly to explaining the variation in the composition
of several bacterial taxa in the estuary (Table 4). The
2 phytoplankton classes with the lowest abundance
overall in the estuary had significant relationships
with the highest number of bacterial taxa. Dino -
flagellates, which made up about 2% of the phyto -
plankton community overall, had significant relation-

ships with 9 bacterial taxa. Prasinophytes, another
relatively minor phytoplankton class in the estuary
(about 1% of the total), had significant relationships
with 6 bacterial taxa. In contrast, the 2 most abun-
dant phytoplankton classes, dia toms (about 50%)
and cryptophytes (nearly 20%), had no and 1 signifi-
cant relationship with a bacterial group, respectively.

Bacterial and phytoplankton diversity 
along the salinity gradient

The diversity of bacterial and phytoplankton com-
munities in the estuary varied substantially with
salinity and month. Richness of the bacterial commu-
nities significantly decreased with salinity in both
months (Fig. 4A, ANOVA, p < 0.02), but there was no
significant difference in richness between the 2
months (p > 0.05). Two indices of evenness, Simpson
(Fig. 4B) and Pielou (data not shown), decreased sig-
nificantly with salinity and were significantly higher
in August than in November (ANOVA, p < 0.01) by
23 and 11%, respectively. The Shannon index also
decreased substantially along the freshwater to salt-
water gradient (Fig. 4C), more so in November than
in August. The Shannon index for bacterial commu-
nities was slightly but significantly higher in August
than in November (2.5 vs. 2.2, Mann-Whitney test,
p < 0.001, n = 58 and 55, respectively); the difference
was greatest in waters with salinities >20 (Fig. 4C).
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Taxon Chl a Cyano Chloro Prasino Dino Hapto-8 Hapto-6 Pelago

All 0.005 0.045 — 0.01 0.005 0.025 — 0.025
SAR11 IIIa — — — — — 0.02 — —
SAR11 IIIb 0.01 — — — — — — —
Actinobacteria 0.03 0.045 — 0.015 0.005 0.005 — —
Cyanobacteria — — 0.02 — 0.005 — — —
Rhodobacterales — — — — 0.005 — 0.005 0.005
Other Alpha 0.035 — 0.02 0.03 0.01 — — 0.005
Planctomycetes 0.01 — — 0.01 0.05 — 0.03 —
Oceanospirillales — 0.03 — — — 0.01 — —
Other Beta 0.005 — — 0.05 0.015 — — —
Burkholderia 0.015 — — — — — — —
Other Gamma 0.005 — — 0.01 0.025 0.005 — —
Bacteroidetes 0.025 0.015 — 0.02 0.01 — — 0.025
Delta — — — — 0.005 — — —
Other SAR11 — 0.01 0.03 — — 0.035 — 0.005

Table 4. Contribution of salinity, temperature, chlorophyll a (Chl a), and phytoplankton classes to explaining the variation in the
composition of the total community (‘All’) and of individual bacterial taxa. The numbers are p-values from redundancy analyses
of indicated bacterial taxa as a function of salinity, temperature, chl a and phytoplankton classes. Bacterial groups are arranged
from most to least abundant on average. Alpha, Beta, Gamma, Delta: Alpha-, Beta-, Gamma-, Delta proteobacteria. Phytoplank-
ton names were abbreviated by deleting ‘phytes’, except for cyanobacteria (Cyano). Salinity was significant for all (p < 0.005), as
was temperature, except for Oceanospirillales (p > 0.05). Diatoms were not significant for any bacterial group, while 
cryptophytes contributed significantly only for Other Gammaproteobacteria. Insignificant contributions are indicated with —
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Thus far, the Chemtax data have been used to
explore phytoplankton communities, but to examine
the diversity of those communities at a finer taxo-
nomic level, we used 16S rRNA gene sequences. In
contrast to the bacteria, the Shannon index for phyto-
plankton diversity did not vary significantly with
salinity in August, whereas it increased slightly with
salinity in November (Fig 4D). Phytoplankton com-
munities were more diverse in August than in
November, in terms of OTU richness (by 2-fold) and

the Shannon index (23%; Mann-Whitney test, p <
0.001). The Pielou index indicated that the phyto-
plankton community was significantly, albeit only
slightly (9%), more even in August than in Novem-
ber (Mann-Whitney test, p < 0.001), whereas the
Simpson evenness index did not differ significantly
between the 2 months (data not shown).

To explore relationships between bacterial diver-
sity and the phytoplankton classes, we used multi-
variate regression analysis to determine the best
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model (measured by the adjusted R2) that explains
bacterial diversity as a function of the phytoplankton
classes (the Chemtax data), chl a, and salinity. The 2
months were analyzed separately to minimize the
contribution of temperature. In both months, salinity
contributed the most to explaining variation in the
Shannon index for bacterial diversity (standardized
coefficients [β] equal to −0.748 and −0.680 for August
and November, respectively) while only a few phyto-
plankton classes had significant roles (β = 0.10 to
0.197; Fig. 5). The significant phytoplankton classes
were cryptophytes, haptophytes-6, and prasino-
phytes in August and chlorophytes, dinoflagellates,
and pelagophytes in November. Cryptophytes had a
significant but negative relationship with bacterial
diversity (β = −0.125). The relationship between bac-
terial diversity and chl a was significant only in
November (β = 0.221). Diatoms did not have a signif-
icant role in explaining bacterial diversity in either
month.

DISCUSSION

The growth, biomass, and taxonomic composition of
bacterial communities partially depend on phyto-
plankton even in estuaries with extensive terrestrial
inputs and mixing of freshwater and oceanic waters.

Even accounting for strong salinity effects, we found
that the abundance and composition within some bac-
terial taxa and overall bacterial community composi-
tion had significant statistical relationships with chl a
and with the composition of the phytoplankton com-
munity, suggesting substantial connections be tween
the 2 microbial communities. Surprisingly, the most
abundant phytoplankton classes (diatoms and crypto-
phytes) had few significant relationships with overall
bacterial community composition and with the abun-
dance and composition of individual bacterial taxa.

The paucity of significant relationships between
diatoms and bacteria may indicate that coupling be -
tween these microbes is looser than previously hypo -
thesized (Amin et al. 2012). However, caution is
 warranted here because of the usual problems using
correlations to infer causation. Also, perhaps more
relationships would have been detected if the active
bacterial community had been examined (Campbell
& Kirchman 2013). In addition, the lack of a relation-
ship may simply reflect the lack of samples needed to
detect lags in the response of bacteria to phytoplank-
ton over relatively short time scales (days to weeks).
The abundance of Flavobacteria, for example, has
been observed to increase days after a diatom bloom
(Fandino et al. 2005), a relationship that would have
been missed in our study. Rather than focusing on
short time-scale relationships, our study was de -
signed to explore longer-term interactions between
bacteria and phytoplankton using data from 2
months over 3 years. A final problem is that the taxo-
nomic resolution of Chemtax is probably too coarse
to detect highly specific interactions between bacte-
ria and phytoplankton.

Even though its taxonomic resolution is low, we
used the Chemtax approach for nearly all analyses of
the phytoplankton community because it has been
extensively tested in estuaries and other marine
waters (Lionard et al. 2008, Keller et al. 2014, Schlü -
ter et al. 2014). We are not aware of a published study
using 16S rRNA gene sequence data to explore
phytoplankton in estuaries, although it has been
used in other systems (Milici et al. 2016, Needham &
Fuhrman 2016). In any case, these sequence data and
the Chemtax approach share a related problem:
chloroplast numbers and thus 16S rRNA gene se -
quences and pigments can vary due to environmen-
tal properties independent of variation in taxon
abundance. The Chemtax approach, however, was
tuned to minimize variation due to the light environ-
ment and other properties co-varying with salinity. In
contrast, there is no obvious way to correct for
changes in the relative abundance of 16S rRNA gene
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Fig. 5. Standardized coefficients (β) from regression analy-
ses of the Shannon diversity index for bacterial communities
as a function of salinity, chlorophyll a (Chl), and the phyto-
plankton classes. The phytoplankton classes not shown had 

no significant relationship with the index
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sequences within a phytoplankton taxon due to vari-
ation in the number of chloroplasts along the salinity
gradient or between the 2 months. In spite of these
potential problems, however, there was a significant
correlation between the 2 approaches when the 16S
rRNA gene data were aggregated into the phyto-
plankton classes defined by the Chemtax data
(Spearman ρ = 0.575; p < 0.001); the comparison for
each class is discussed in more detail in the Sup -
plement at www. int-res. com/ articles/ suppl/ a078 p093
_ supp. pdf. In addition, both approaches indicated
that phytoplankton community composition consis-
tently varied more between the 2 months than along
the salinity gradient in the estuary.

In spite of methodological limitations, we did find
several significant relationships between bacteria
and phytoplankton taxa. One mechanism leading to
different phytoplankton−bacteria relationships is the
variation in the amount and types of organic com-
pounds produced by different phytoplankton classes
(Biersmith & Benner 1998, Aluwihare & Repeta
1999). One class of organic compounds needed by
some microbes are vitamins, especially the B-vita-
mins (Sañudo-Wilhelmy et al. 2014). It is noteworthy
that the 2 most abundant taxa in the bacterial and
phytoplankton communities, the SAR11 clade and
diatoms (some species), require vitamin B12 (Sañudo-
Wilhelmy et al. 2014). Perhaps competition for this
vitamin accounts for the negative relationships
between SAR11 and the phytoplankton community
observed in the Delaware Estuary.

Some of the bacterial taxa with significant relation-
ships with phytoplankton were expected while oth-
ers were unexpected. The observed high correlation
between Bacteroidetes and chl a was expected based
on previous work associating this phylum with phyto -
plankton (Fandino et al. 2005, Buchan et al. 2014,
Lucas et al. 2015, Farnelid et al. 2016). However,
unlike studies of phytoplankton blooms, Bacte roi -
detes abundance did not correlate significantly with
diatoms in the Delaware Estuary, but rather with
dinoflagellates and pelagophytes in November when
chl a was lower. Two SAR11 subclades, which are
abundant in the Delaware Estuary and in the Baltic
Sea (Herle mann et al. 2014), were negatively corre-
lated with chl a in November, as previously observed
for the freshwater clade of SAR11 in a lake (Heinrich
et al. 2013). Unexpectedly, we found Planctomycetes
to be highly correlated with chl a and with dinofla-
gellates. The Planctomycetes genus Pirellula was
abundant in a diatom bloom in Oregon coastal
waters (Morris et al. 2006), and recently, these bacte-
ria were implicated in the degradation of complex

polysaccharides in soils (Wang et al. 2015). Perhaps
polymer-degrading capabilities of aquatic Planc-
toymycetes help to explain the strong relationship of
this phylum with phytoplankton biomass in the
Delaware Estuary.

Salinity has a large effect on the taxonomic compo-
sition of bacterial communities in estuaries, but it also
may have a large effect on the richness and evenness
of those communities. Both aspects of diversity de -
clined substantially with salinity in the Delaware
Estuary. The high richness in the freshwater end of
the estuary may be due to the input of bacterial taxa
from the river which then die out as salinity in -
creases. However, there is little evidence that the
activity of taxa such as Betaproteobacteria, which are
most abundant in brackish waters of the estuary
(Kirchman et al. 2005), declines with salinity in the
Delaware Estuary (Cottrell & Kirchman 2004). An -
other possibility is that the diversity of the DOM pool
(Osterholz et al. 2016) or some other bottom-up factor
co-varying with salinity drives the diversity of bacte-
rial communities in the estuary. It is harder to envi-
sion top-down factors varying as consistently with
salinity. Bacterial diversity is low in waters with very
high salinity (Wang et al. 2011), but variation in
diversity due to salinity has not been observed in
estuaries. Previous studies did not detect systematic
variation in taxon richness in estuaries using DNA
fingerprinting methods (Troussellier et al. 2002,
Hewson & Fuhrman 2004). Likewise, studies using a
tag se quencing approach similar to that used here
also did not observe bacterial diversity to vary with
salinity in the Columbia River (calculated with data
provided by Fortunato et al. 2013) nor in the Baltic
Sea (Herlemann et al. 2011, Hu et al. 2016). Perhaps
the diversity−salinity relationship depends on the
residence time of estuaries, which is thought to be
important in shaping estuarine bacterial communi-
ties (Crump et al. 2004). The residence time of the
Delaware Estuary (about 90 d) differs greatly from
that of the Columbia River (2 d) and the Baltic Sea
(3−30 yr). Whatever the mechanism, it differs from
that driving variation in phytoplankton communities
with salinity. In contrast to bacteria, phytoplankton
diversity did not consistently vary with salinity, and
the phytoplankton community composition was
affected more by differences be tween the 2 months
than by salinity.

The diversity of both bacteria and phytoplankton
varied between the 2 months as well as with salinity.
The number of phytoplankton taxa, evenness of bac-
terial communities, and the Shannon index for both
phytoplankton and bacteria were lower in November

http://www.int-res.com/articles/suppl/a078p093_supp.pdf
http://www.int-res.com/articles/suppl/a078p093_supp.pdf
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than in August in the Delaware Estuary. The lower
diversity in November may seem to contradict re -
ports of higher diversity in the winter (Ladau et al.
2013), but the conditions of the Delaware system in
November are far from winter; water temperatures,
for example, are much warmer in November than in
late January (11 versus 2°C). Biomass production,
which was higher in August than November, is
another  factor that potentially affects diversity
(Schab hüttl et al. 2013).

The relationships between bacteria and phyto-
plankton communities found here may help to ex -
plain previous studies of total biomass and produc-
tion by these 2 communities in aquatic systems.
While we found that phytoplankton biomass and
taxo nomic composition played significant roles in
shaping the composition and diversity of bacterial
communities in the Delaware Estuary, perhaps more
noteworthy was the paucity of significant relation-
ships between the most abundant phytoplankton
classes, especially diatoms, and the bacterial commu-
nity. A recent study in the Baltic Sea also noted the
lack of significant relationships between abundant
bacterial taxa and the phytoplankton community
during a diatom-dominated bloom (Bunse et al.
2016). The weak relationships with diatoms help to
explain the low correlation or coupling between bac-
teria and phytoplankton bulk properties frequently
observed in these waters (Hoch & Kirchman 1993)
and elsewhere (Fouilland & Mostajir 2011). Since
total biomass and likely primary production would be
dominated by the most abundant phytoplankton
class, weak relationships between diatoms and the
bacterial community would result in weak correla-
tions between phytoplankton and bacteria viewed at
the total community level. The correlations would be
further weakened by the paucity of significant rela-
tionships between phytoplankton and the most abun-
dant bacterial taxa in the estuary, the SAR11 sub-
clades, even though other bacteria can have strong
connections with members of the phytoplankton
community. Overall, the results illustrate the use of
community composition data to explore the flow of
material and energy between bacteria and phyto-
plankton in aquatic systems.
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