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a b s t r a c t

In comparison to other groups of planktonic microorganisms, relatively little is known about the role of
amoeboid protists (amebas) in planktonic ecosystems. This study describes the first geographic survey of
the abundance and biomass of amebas in an estuarine water column. Samples collected in the lower
Hudson River Estuary were used to investigate relationships between ameba abundance and biomass
and hydrographic variables (temperature, salinity, and turbidity), water depth (surface and near bottom),
distance from mid-channel to shore, phytoplankton biomass (chlorophyll fluorescence) and the occur-
rence of other heterotrophic microbial groups (heterotrophic bacteria, nanoflagellates, and ciliates) in the
plankton. Although salinity increased significantly towards the mouth of the estuary, there were no
significant differences in the abundance or biomass of any microbial group in surface samples collected
at three stations separated by 44 km along the estuary's mid-channel. Peak biomass values for all mi-
crobial groups were found at the station closest to shore, however, cross-channel trends in microbial
abundance and biomass were not statistically significant. Although ameba abundance and biomass in
most samples were low compared to other microbial groups, clear patterns in ameba distribution were
nevertheless found. Unlike other microbial groups examined, ameba numbers and biomass greatly
increased in near bottomwater compared to surface samples. Ameba abundance and biomass (in surface
samples) were also strongly related to increasing turbidity. The different relationships of ameba abun-
dance and biomass with turbidity suggest a rising contribution of large amebas in microbial communities
of the Hudson estuary when turbidity increases. These results, emphasizing the importance of particle
concentration as attachment and feeding surfaces for amebas, will help identify the environmental
conditions when amebas are most likely to contribute significantly to estuarine bacterivory and C-flux.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Amoeboid protists are single-celled eukaryotes characterized by
amoeboid motion and the presence of one or more locomotory
pseudopods (Page, 1983, 1988). This is a functional and morpho-
logical definition, representing many groups of organisms that are
not necessarily closely related. Here, we will use the term ‘ameba’
specifically to mean naked (non-testate), amoeboid protists, and
our focus is free-living amebas, more typically found in aquatic
environments, exclusive of the “slime molds” and their relatives.

Amebas are considered the most important group of bacterial
grazers in soils (e.g., Clarholm, 1981; Bonkowski, 2004; Anderson,

2012). In contrast, although ubiquitous in aquatic environments,
amebas are often thought of as having only a minor role in plank-
tonic ecological fluxes because their natural abundance is thought
to be low compared to other heterotrophic protists, such as ciliates
and nanoflagellates (e.g., Laybourn-Parry, 1992; Strom, 2000).
While natural ameba abundance in the water column is often
observed to be comparatively low, there have been numerous re-
ports of high abundance and biomass (summarized in Lesen et al.,
2010). For example, Murzov and Caron (1996) found high abun-
dances of naked amebas in Black Sea plankton, peaking at
4 ! 105 cells l"1, when amebas dominated the biomass of hetero-
trophic nanoplankton (<20 mm). Other studies have also occa-
sionally found planktonic ameba abundances as high as
105e106 cells l"1 in diverse near-shore environments (Anderson,
1997; Rogerson and Gwaltney, 2000; Rogerson and Hauer, 2002;
Anderson, 2007). However, ameba abundance in offshore waters
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generally appears to be much lower; Davis et al. (1978) reported
finding only 0.4 l"1 in subsurface water sampled from the North
Atlantic. The localized abundance of amebas in particulates may
nevertheless be high, even in the open ocean. For example, high
ameba abundances were noted in association with pelagic Tricho-
desmium colonies in the Sargasso Sea (Anderson, 1997). Similarly,
Caron et al. (1982) reported concentrations of planktonic protists
(including amebas) in Sargasso Sea macroaggregates (marine snow,
Trichodesmium tufts, and Rhizosolenia mats) that were four orders
of magnitude greater than in samples of the surrounding water.
Nonetheless, research on the distribution, abundance and biomass
of naked amebas in open ocean and coastal waters is much less
prevalent than research on other planktonic protists.

The relative rareness of such reports may be partly related to
methodological biases. Amebas are usually destroyed by
commonly-used field collection and preservation methods, and
they are difficult to visualize and identify microscopically. Genomic
tools have been used to track particular ameba species of interest
(e.g., Mullen et al., 2005). However, the taxonomic diversity of
amebas is too broad, and the sequence database remains too sparse,
to currently apply genomic techniques to detect and enumerate all
amebas in field samples (Nikolaev et al., 2004, 2006; Smirnov et al.,
2011). Therefore, amebas must currently be enumerated separately
from other planktonic microorganisms using specialized and labor-
intensive, directmicroscopic observational methods (e.g., Anderson
and Rogerson, 1995).

Given the relatively sparse data on planktonic amebas in estu-
arine waters, Lesen et al. (2010) documented the temporal vari-
ability in abundance and biomass of amebas at a single, near-shore
location in the Hudson River Estuary (HRE) in relation to other
major groups of heterotrophic protists in the water column at that
site. Mean ameba biomass exceeded that of ciliates, but was more
variable than ciliate or heterotrophic nanoflagellate biomasses.
Earlier work had also found that ameba biomass within the HRE,
and in some highly productive freshwater habitats, often exceeded
that of ciliates (Anderson, 2007). While in-situ growth and bac-
terivory rates for amebas are difficult to quantify, available evidence
suggested that mean rates for amebas were comparable to those of
other heterotrophic protists (Lesen et al., 2010), consistent with
prior reports of surface grazing rates of some marine benthic
amebas (e.g., Rogerson et al., 1996). Thus, at times when ameba
biomass is a significant fraction of the total for heterotrophic pro-
tists, they likely contribute significantly to total bacterivory,
phytoplankton grazing, and carbon fluxes. Nevertheless, ameba
abundance and biomass seem to be characterized by much higher
spatial and temporal variability than other heterotrophic protists in
the plankton (Murzov and Caron, 1996; Lesen et al., 2010).

Given sporadic high ameba biomass coupled to high variability
in estuarine environments, understanding the factors driving
variability in planktonic ameba biomass would be valuable. In
particular, predicting the conditions that most favor high ameba
biomass would help in determining when the extra effort to
enumerate this group would be most useful. In the few temperate
locations that have been studied, ameba biomass varied seasonally,
with peaks occurring in spring and summer (Anderson and
Rogerson, 1995; Lesen et al., 2010), possibly related to more suit-
able temperatures for growth. Lower abundance and activity in
colder conditions, as during winter in temperate regions, is
consistent with observations from Antarctic waters (Mayes et al.,
1997, 1998).

Because amebas attach to, move, and feed on surfaces (Pickup
et al., 2007), they are associated with particles (Rogerson et al.,
2003) and it is likely that particle characteristics are a major
determinate of their abundance and biomass. For example, mean
size, carbon biomass, and the diversity of ameba morphospecies

increase with increasing particle size (Anderson, 2011), and high
ameba abundance has been found in aquatic environments with
high particulate load, such as ponds and mangroves (Rogerson
et al., 2003; Anderson, 2007). Similarly, Murzov and Caron (1996)
noted that the highest ameba counts in the Black Sea were from
locations with abundant water-column particulates. However,
quantitative relationships between ameba abundance and biomass
with turbidity, or other direct estimates of particle load, have not
been derived for any aquatic ecosystem.

In this study, ameba concentrations and biomass were esti-
mated in multiple locations within the HRE. The objectives were to
assess whether ameba abundance and biomass varied in relation
to: 1) the estuarine salinity gradient; 2) water depth; 3) hydro-
graphic variables such as temperature, salinity, and turbidity; and
4) other planktonic microbial groups within the estuary. In general,
we hypothesized finding significant relationships between het-
erotrophic protists (including amebas) and their likely prey, het-
erotrophic bacteria or phytoplankton. With respect to amebas,
given observations of high ameba abundance and biomass in water
columns with high particle load (Murzov and Caron, 1996;
Rogerson et al., 2003; Anderson, 2007) we hypothesized that
ameba abundance and biomass would increase with turbidity. In
addition, also due to their particle-associated lifestyle, we hy-
pothesized finding higher ameba abundance near the bottom,
compared to surface water samples.

2. Materials and methods

2.1. Sample collection and location

Surface water samples were collected at 5 locations within the
salinity-stratified portion of the lower HRE on three dates:
September 24, 2008, October 20, 2008, and May 12, 2009. This
portion of the estuary has high particulate load from suspended
sediments. In general, phytoplankton production in the HRE is
strongly light limited due to high turbidity and vertical mixing, and
by short residence time (Cole and Caraco, 2006; Howarth et al.,
2006; Landeck-Miller and St. John, 2006). Surface station loca-
tions were chosen to allow several specific comparisons. Three
mid-channel stations (1, 2, and 3, Fig. 1A) were chosen to provide
data on potential trends along the estuarine salinity gradient.
Northernmost station 1, in the Tappan Zee region of the estuary, is
always the freshest of the three, while station 3, near the southern
tip of Manhattan Island, is the most saline. Stations 1 and 3 are
separated by approximately 44 km.

Station 1, together with two additional stations 4 and 5, repre-
sent a mid-channel to near shore transect (Fig. 1B). Data from these
three stations were used to study potential cross channel trends.
Station 5 has been the focus of several previous investigations of
microbial abundance and activity in the HRE (Anderson and
Rogerson, 1995; Anderson, 2007; Lesen et al., 2010). In addition
to the surface sampling, on several dates, near bottom water sam-
ples were collected at mid-channel stations 1 and 2. These data
were used to examine potential trends with depth.

Samples from near-shore station 5 were collected bywading out
from shore to where water depth was approximately 0.5 m (3e4 m
from the shoreline). All other samples were collected from the
Riverkeeper survey vessel, R. Ian Fletcher (www.riverkeeper.org).
For each surface sample, an autoclaved 250-ml polypropylene
bottle was held several cm below the water surface until it was full.
On four occasions, when we sampled a mid-channel station at the
surface, we also collected a near bottom sample (from within the
bottom meter). Three of these near bottom samples came from
station 2, one from station 1. For near-bottom samples, a 250-ml
sample bottle was filled from a 2.5-l Niskin bottle (General
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Oceanics) that was tripped <1 m above the bottom. Samples were
then held in a covered, insulated cooler filled with surface water
until returning to the lab for further processing within 6 h after
collection.

Water temperature, salinity, turbidity, and in-vivo chlorophyll
fluorescence corresponding to each surface sample were measured
using a Hydrolab DS-5 datasonde, calibrated prior to each sampling
event according to the manufacturer's recommended procedure.
In-vivo chlorophyll fluorescence (hereafter “chlorophyll fluores-
cence”) is a proxy for phytoplankton biomass, providing an esti-
mate of one possible prey field for the heterotrophic protists
enumerated. For near-bottom water samples, temperature and
salinity only, were measured by inserting a Hach IntelliCAL CDC401
conductivity probe into the Niskin bottle immediately after sample
collection.

2.2. Microbial abundance and biomass

Water samples for planktonic heterotrophic bacteria and het-
erotrophic nanoflagellate (Hflag) abundance were preserved with
electron microscopy-grade glutaraldehyde (2% final concentration)
and prepared for epifluorescence microscopy using the double-
stranded DNA-binding stain SybrGreen (Sigma Aldrich) following
Suter et al. (2011), including treatment to dislodge attached cells
from particles. Bacteria subsamples (0.5 ml) were filtered onto
black, 0.2-mmpore diameter polycarbonatemembrane filters; Hflag
subsamples (0.5e1 ml) were filtered onto 1-mm pore diameter fil-
ters of the same type. Filters mounted on microscope slides were
examined at 1000! magnification using an epifluorescence mi-
croscope with blue light excitation. At least 200 bacterial cells from
at least 20 individual microscope fields per filter were counted.
Autotrophic cyanobacteria could be distinguished from other bac-
teria by pigment fluorescence using this procedure, but they were
not detected, therefore we assume our bacterial counts refer to
heterotrophic bacteria only. Hflag cells were counted by scanning
across two diametrical transects of each filter, arranged in a cross

pattern. All Hflag cells along the scan were counted. The width of
the microscope field and diameter of the filtered area were used to
determine the fraction of the slide counted, which was used to
calculate the original cell concentration. Generally <100 Hflag cells
were counted per slide. During counting, each Hflag cell was
assigned into one of four size and shape categories for the purpose
of estimating total Hflag biovolume. Only Hflag <8 mm in longest
dimension were numerous enough to count by this technique.
Flagellates in the <8 mm size range with red chlorophyll auto-
fluorescence were relatively rare and were considered autotrophic.
Biovolume for the smallest Hflags (#3 mm) was calculated as for a
sphere, while for the 4e8 mm cells, biovolume was estimated as
either a sphere or ovate spheroid, depending on their morphology.

Subsamples for ciliate abundance were preserved using Lugol's
iodine/potassium iodide stain (4% final concentration). Because of
high particle concentration, the common Uterm€ohl counting
method (Uterm€ohl, 1936) could not be applied. Instead, samples
were settled in 50-ml plastic centrifuge tubes for ~24 h. The su-
pernatant was then removed down to ~5 ml and this remaining
volume was resuspended and transferred to a 15 ml centrifuge
tube. After, sedimenting the sample again, the supernatant was
removed down to ~1 ml. This remaining volume was examined
aliquot by aliquot (ca. 20 ml each) using an inverted microscope
(400! magnification). All ciliates were counted and individually
sized; most were naked ciliates, though some may have been tin-
tinnid ciliates that escaped their loricas during the sampling and
fixation steps. Ciliate counts were quite variable, with 10e150 in-
dividuals counted per sample. The volume of ciliates was estimated
by measuring the radius of spherical morphotypes and computing
the volume of the sphere. For spheroidal morphotypes, the major
andminor axes were measured and used to compute the volume of
the spheroid based on solid geometric formulas for spheroid vol-
ume. Ciliate biovolume was then corrected for fixation according to
Montagnes et al. (1994).

Because amebas do not preserve well, and because they typi-
cally dwell deep inside of particles, they cannot be enumerated

Fig. 1. Images of the lower Hudson River Estuary showing sampling station locations. A) Stations 1, 2 and 3 represent an approximately 44-km long, north to south, mid-channel
transect along the estuarine salinity gradient. B) Image of the region near Station 1, showing the three stations, 1, 4, and 5, representing a cross-channel transect from mid-channel
(1) to near shore (5).
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using microscopic techniques commonly applied to other aquatic
protists. Therefore, abundance of naked amebas was estimated
using the well-established culture observation method (COM) (e.g.
Anderson and Rogerson, 1995; Lesen et al., 2010). A freshly
collected sample of water (0.1e0.9 ml) was pipetted into each well
of a 24-well Falcon tissue culture plate as inoculum. Filtered water
(0.45 mm) from the collection site was added to bring the volume
per well up to 2 ml and a small portion of malt/yeast agar was
added as nutrient to support the growth of heterotrophic bacterial
prey. Triplicate plates were prepared for each sample, each with a
different initial inoculum volume. After 10e14 d incubation at the
in-situ water temperature, the two “most-countable” plates (i.e.
with ameba frequency neither too low nor too high) were selected
in preliminary microscope scans for full enumeration of amebas.
Each well was examined (with a Nikon Diaphot™ inverted com-
pound microscope using phase-contrast optics) to determine the
presence or absence of a given ameba morphospecies, indicating if
present, that at least one individual of that morphospecies had
been in the original sample inoculum. Only presence/absence was
noted for eachwell, not the number within eachwell. The total tally
of wells containing each morphospecies was obtained and con-
verted to the number per liter in the original sample. It should be
pointed out that the COM provides a minimum estimate of ameba
biomass because some ameba species may not grow well in culture
and because somewells may have received >1 individual of a given
type, although there is a Poisson, statistical correction factor in the
computation algorithm to adjust for the likelihood of underesti-
mation, by incorporating an adjustment in the final densities based
on the total counts of each ameba morphotype (see Anderson et al.,
2001 for further details).

Ameba size is relatively constant within a species and is used for
taxonomic identification (e.g., Page, 1983). Therefore, the average
size of each species originally present in a sample can be deter-
mined by measuring (with an ocular reticle) a representative
sample of each ameba type present at the end of the COM incu-
bation. Although ameba shape is plastic, the cell's motile length is
linearly related to the diameter of the sphered-up cell, allowing
calculation of biovolume and biomass from specific length mea-
surements (Anderson, 2006).

Heterotrophic bacterial biomass (expressed as C content), was
estimated using a mean cellular C content of 2 ! 10"14 g C cell"1

(Ducklow, 2000). Protist biomasses were calculated using the
general C:biovolume relationship for taxonomically diverse protist
plankton given in Menden-Deuer and Lessard (2000). Error esti-
mates associated with microscopic enumeration of different mi-
crobial groups have been discussed previously (Juhl, 1991; Lesen
et al., 2010). Expected coefficients of variation for replicate sub-
samples (i.e., samples from the same sample bottle) are in the
following ranges: heterotrophic bacteria 10e15%, Hflag 10e20%,
ciliates and amebas 20e30%.

2.3. Data analyses

Nonparametric statistical tests were used for most analyses.
Friedman's repeated measures test was used to determine whether
patterns of hydrographic and microbial variables varied signifi-
cantly along the mid-channel and cross-channel transects.
Comparing surface and near bottom samples paired by date used
theWilcoxon signed-rank test. Spearman correlations were used to
compare the abundance estimates and biomasses of each of the
four microbial groups counted microscopically (all stations and
depths) relative to the hydrographic variables. In addition, the
abundance and biomasses of the heterotrophic protist groups were
correlated to the biomass of potential heterotrophic bacterial and
phytoplankton prey. The relationships of ameba abundances and

biomass with turbidity were analyzed in more detail using para-
metric regression analyses. Regression analyses were first con-
ducted using only the data from this study. The relationships were
then reanalyzed after adding in four additional data points that
derived from the only samples reported in Lesen et al. (2010) that
had concurrent measurements of ameba abundance and biomass
with turbidity (using the same instrumentation as in this study).
These four additional data points were from station 5. Relationships
between amebas and turbidity were not discussed in Lesen et al.
(2010), nor were the turbidity data shown, because at the time
the number of turbidity observations were too sparse. Given
additional observations, those data can now be included in the
analyses of this study.

3. Results

The results are presented for the two sets of transects beginning
with data from the mid-channel transect, followed by results from
the cross-channel transect. Finally, some synoptic statistical ana-
lyses are made relating microbial variables from all stations with
hydrographic variables, and to each other, to investigate possible
ecological patterns.

Stations 1, 2 and 3 represent a mid-channel transect along the
estuarine salinity gradient, north to south toward the New York
Bight. Surface observations collected along this transect (summa-
rized in Table 1) could be directly compared on the three sampling
dates to determine whether there were significant differences in
hydrographic (temperature, salinity, and turbidity) or microbial
variables (chlorophyll fluorescence, abundance and biomass of
planktonic heterotrophic bacteria, Hflag, ciliates, and amebas)
among stations along the transect. Salinity was significantly
different among the three mid-channel stations (P ¼ 0.03, Fig. 2A).
However, no significant differences were found along the mid-
channel transect for any of the remaining variables: hydrographic
or microbial. Fig. 2B highlights the ameba biomass results for each
day and location.

Stations 1, 4 and 5 represent a transect from mid-channel to
near shore. Similar to the analysis described in the preceding
paragraph, surface observations along this transect (summarized in
Table 2) were compared on three dates to identify significant dif-
ferences in hydrographic water characteristics and microbial vari-
ables. Temperature and salinity did not vary significantly among

Table 1
Summary of environmental variables measured at the surface along Hudson River
Estuary mid-channel stations 1, 2, and 3 on three dates (n ¼ 9 in each case). SD ¼ 1
standard deviation, CV¼ coefficient of variation, Hflag¼ heterotrophic flagellate. An
asterisk indicates significant differences between stations (a ¼ 0.05). See also Fig 2
for more details of mid channel salinity and ameba biomass observations.

Minimum
value

Maximum
value

Mean ± 1 SD CV ! 100

Temperature (%C) 15.4 24.4 18.3 ± 3.3 18.0
Salinity 1.3 25.4 11.7 ± 8.2* 70.1
Turbidity (NTU) 2 22 11.2 ± 7.0 62.5
In-vivo chlorophyll

fluorescence (RFU)
1.3 3.5 1.8 ± 0.7 38.9

Heterotrophic bacteria
abundance (cells l"1)

2.0 ! 109 8.9 ! 109 5.5 ± 2.1 ! 109 38.2

Heterotrophic bacteria
biomass (mg C l"1)

41 177 109 ± 42 38.5

Hflag abundance (cells l"1) 1.0 ! 107 2.5 ! 107 1.6 ± 0.5 ! 107 31.3
Hflag biomass (mg C l"1) 11 35 23 ± 9 39.1
Ciliate abundance (cells l"1) 730 2800 1500 ± 740 49.0
Ciliate biomass (mg C l"1) 1 2 1.3 ± 0.5 38.5
Ameba abundance (cells l"1) 71 325 154 ± 97 63.0
Ameba biomass (ng C l"1) 0.4 13 3.2 ± 4.2 131.3
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stations. However, turbidity did increase significantly from mid-
channel to near shore (P ¼ 0.03, Fig. 3A). None of the microbial
variables varied significantly. Fig. 3B highlights the ameba biomass
results for each day and location. Comparing Tables 1 and 2, the
coefficients of variation (standard deviation divided by the mean)
for microbial variables were generally higher in Table 2. Thus,
variability in microbial variables from near shore to the mid-
channel was often higher than along the mid-channel salinity
gradient over a distance of 44 km.

Comparing surface and near-bottom samples, temperature and
salinity measurements (not shown) showed a salinity-stratified

water column that was nearly isothermal. The increase in salinity
between the surface and bottom sample ranged from 0.6 to 13.4 on
different dates, while temperature decreased by less than 1 %C with
depth. Fig. 4AeD shows the mean (±1 SE) of surface and bottom
biomass for each of the four heterotrophic microbial groups. There
were no significant differences with depth for heterotrophic bac-
teria, Hflag or ciliates, either in terms of the biomass data, or in
terms of abundance. In contrast, there was a significant increase in
ameba abundance and biomass with depth (P ¼ 0.03).

The hydrographic variables and microbial data from this study
were also analyzed to determine environmental correlations
(n ¼ 15 in each case). Abundance and biomass of Hflag and amebas
were positively correlated (P < 0.01) with chlorophyll fluorescence.
Interestingly, ameba abundance and biomass were also highly
significantly (positively) correlated with turbidity (P < 0.001). No
other significant correlations were found between the abundance
and biomass of the heterotrophic microbes and chlorophyll fluo-
rescence, the hydrographic variables, or each other.

Finally, the relationships between turbidity and ameba abun-
dance and biomass were examined in greater detail using regres-
sion analyses. Ameba abundance was found to increase linearly
with turbidity (r2 ¼ 0.75, P < 0.0001, n ¼ 15). Fig. 5A shows the
relationship between ameba abundance and turbidity for the data
from this study (open symbols). Four additional data points (closed
symbols) from Lesen et al. (2010) are also shown. Adding these 4
data points had no significant effect on either the slope or intercept

Fig. 2. Comparison of A) salinity and B) ameba biomass along a mid-channel transect
heading towards the mouth of the Hudson River Estuary. Each bar represents the re-
sults for one of the three stations on the sampling dates shown.

Table 2
Summary of environmental variables measured at the surface along Hudson River
Estuary cross-channel stations 1, 4, and 5 on three dates (n ¼ 9 in each case). SD ¼ 1
standard deviation, CV¼ coefficient of variation, Hflag¼ heterotrophic flagellate. An
asterisk indicates significant differences between stations (a ¼ 0.05). See also Fig. 3
for more details of cross channel turbidity and ameba biomass observations.

Minimum
value

Maximum
value

Mean ± 1 SD CV ! 100

Temperature (%C) 15.4 24.4 19.9 ± 2.9 14.6
Salinity 1.3 8.5 5.1 ± 2.8 54.9
Turbidity (NTU) 6 105 38.9 ± 30.2* 77.6
In-vivo chlorophyll

fluorescence (RFU)
1.6 4.6 2.9 ± 1.1 37.9

Heterotrophic bacteria
abundance (cells l"1)

4 ! 109 1.3 ! 1010 7.0 ± 3.2 ! 109 45.7

Heterotrophic bacteria
biomass (mg C l"1)

80 257 140 ± 63 45.0

Hflag abundance (cells l"1) 1.0 ! 107 3.5 ! 107 2.2 ± 0.8 ! 107 36.4
Hflag biomass (mg C l"1) 11 50 32 ± 13 40.6
Ciliate abundance (cells l"1) 750 7400 2740 ± 2040 74.3
Ciliate biomass (mg C l"1) 1 5 3 ± 2 66.7
Ameba abundance (cells l"1) 75 5990 1666 ± 2106 126.4
Ameba biomass (ng C l"1) 0.7 545 130 ± 226 173.8

Fig. 3. Comparison of A) turbidity, and B) ameba biomass along a near shore to mid-
channel transect in the lower Hudson River Estuary. Each bar represents the results for
one of the three stations on the sampling dates shown.
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of the regression line, though the r2 increased to 0.79 (as shown
Fig. 5A). In contrast to ameba abundance, the relationship between
ameba biomass and turbidity was best fit with a non-linear func-
tion (second-order polynomial, r2 ¼ 0.70). Adding the four data
points from Lesen et al. (2010) to the regression, as shown in Fig. 5B,
had no significant effect on any parameters of the regression
equation (P > 0.99), though the r2 increased to 0.89 (as shown
Fig. 5B).

4. Discussion

Although limited in scope because of the labor-intensive
methods needed to quantify amebas, this is the first study to sur-
vey the water column abundance and biomass of planktonic
amoeboid protists at multiple geographic locations in an estuary.
This is also the first geographic survey of planktonic heterotrophic
protists (including amebas) in the water column of the lower HRE.
Most previous work on planktonic protist ecology in the HRE has,
because of logistical constraints, been based on sampling from a
single near-shore station (Station 5 in this study, sampled by
Anderson and Rogerson, 1995; Anderson, 2007, 2011; Lesen et al.,

2010, and other studies). This study, therefore, provides valuable
context for the earlier work. In addition to general observations of
hydrography and microbial groups in the HRE, evidence supported
the two main hypotheses of the study related to variability in
ameba distributions. First, ameba abundance and biomass
increased significantly from surface to near-bottom samples. Sig-
nificant positive correlations between ameba abundance and
biomass with turbidity were also found. Neither of these patterns
were observed for the other protist groups enumerated.

Several strong environmental gradients in the HRE were
demonstrated, particularly the expected north-south down estuary
increase in salinity (Geyer and Chant, 2006) and a cross-channel
gradient in turbidity. Two previous studies have found significant
changes in heterotrophic bacteria counts along the salinity gradient
in the HRE (Saneudo-Wilhelmy and Taylor, 1999; Taylor et al., 2003),
though in one case there was a decrease from north to south, while
in the other study the pattern was reversed. Thus, there is no
consistent down-estuary trend in heterotrophic bacteria abun-
dance in the HRE. In this study, therewere no significant changes in
the abundance or biomass of any planktonic microbial group along
the mid-channel transect. The increase in turbidity from the mid

Fig. 4. Mean biomass (±1 SE, n ¼ 4) of four microbial groups, A) heterotrophic bacteria, B) heterotrophic flagellates (¼Hflag), C) ciliates, and D) amebas, in surface and near bottom-
water samples from the lower Hudson River Estuary. The asterisk denotes a significant difference between surface and near bottom mean biomass. Note the difference in units for
ameba biomass compared to the other microbial groups.
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channel to the shore was consistent with general expectations
related to shoreline inputs and resuspension, and previous obser-
vations of elevated near-shore turbidity (Suter et al., 2011). Some
microbial variables, namely counts of fecal-indicator bacteria (Suter
et al., 2011) and antibiotic-resistant bacteria (Young et al., 2013)
have similarly been shown to increase significantly in near-shore,
compared to mid-channel locations in the HRE. In this study,
peak surface biomasses for all microbial groups were found at the
near-shore station (station 5). However, neither the abundance, nor
biomass of any of the microbial groups measured in this study
varied significantly frommid channel to near shore. Nevertheless, it
is worth pointing out that for many measurements relevant to
aquatic microbes, variability over a few km across the channel
equaled, or exceeded, the variability along the estuarine salinity
gradient over tens of km. Further work on cross-channel variability
of microbial parameters in estuaries may therefore be warranted.
For this study, the high variability in microbial abundance
throughout the estuary, and the relatively small number of samples
examined, may account for the inability to detect statistically sig-
nificant trends in microbial parameters along the two transects
examined.

Abundances of heterotrophic bacteria, Hflag and ciliates re-
ported here were similar to those reported in earlier studies in the
HRE (Anderson, 2007; Lesen et al., 2010; Suter et al., 2011). For
example, heterotrophic bacterial abundance estimates in this study
all fall within one standard deviation of the average that Suter et al.
(2011) described for surface samples in the lower HRE
(9.2 ± 6.4 ! 109 cell l"1) and were also consistent with mean het-
erotrophic bacterial abundance in the HRE of ~8 ! 109 cells l"1

reported by Findlay (2006). Similarly, abundance estimates of
planktonic Hflag and ciliates in this study overlapped with data in
Lesen et al. (2010). Our mean Hflag abundance of approximately
2 ! 107 l"1 is comparable to expectations for estuarine environ-
ments (Davis et al., 1985; Capriulo, 1990) and also consistent with
cross-system relationships between Hflag abundance and hetero-
trophic bacterial count (Berninger et al., 1991). Ciliate abundance in
estuaries is highly variable, commonly ranging from
102e105 cells l"1 across different systems (Porter et al., 1985). We
found an average ciliate abundance of 2e4 ! 103 l"1 in this study,
consistent with reports by Duecker and Sambrotto (2006) of ciliate
abundances in the range of 103e104 l"1 for HRE samples taken in
June and July.

Previous observations of planktonic ameba abundance and
biomass in the HRE were all based on samples collected from the
location designated in this study as station 5. Data in Lesen et al.
(2010) show that ameba abundances near station 5 have ranged
approximately 103e104 l"1 in SeptembereOctober, and approxi-
mately 103e105 l"1 in May. Lesen et al. (2010) found a mean ameba
biomass over multiple years of observations at this location of
approximately 540 ng C l"1, with a median of 90 ng C l"1. As can be
seen in Fig. 3B, the data in this study from station 5 fall within the
range of those previous observations, although peak ameba abun-
dance and biomass measured in this studywere substantially lower
than peak values described previously (Anderson and Rogerson,
1995; Lesen et al., 2010). Considering previous research and the
observations in this study, near shore station 5 has often had higher
ameba abundance and biomass than most other locations
examined.

Among the 3 heterotrophic protist groups enumerated, Hflag
were the only group whose biomass was comparable to the het-
erotrophic bacteria, suggesting that Hflag are responsible for the
majority of bacterivory in the HRE (Lesen et al., 2010), as has also
been described in other estuaries (e.g., Strom, 2000). Nevertheless,
in this study, Hflag abundance and biomass were correlated with
chlorophyll fluorescence, but not significantly with heterotrophic
bacteria counts. In fact, although each of the protist groups
enumerated likely contribute to bacterivory in the HRE, none of the
groups were significantly correlated with heterotrophic bacteria
concentrations. The evidence of ameba and Hflag correlation with
heterotrophic bacteria in terrestrial environments (e.g., Anderson
and McGuire, 2013; Anderson, 2014) may reflect the more limited
availability of the bacteria in some terrestrial habitats compared to
the highly productive HRE, where organic nutrients may be more
abundant to support heterotrophic bacteria in suspension. The
positive correlations between chlorophyll fluorescence and both
Hflags and amebas could indicate that these groups are using
phytoplankton as prey, even though both groups are generally
considered to rely primarily on bacterivory (e.g., Sherr and Sherr,
1991; Anderson, 2012).

There were several other important relationships evident in the
ameba data. Unlike the other microbial groups, ameba abundance
and biomass increased significantly in near bottom compared to
surface samples. In addition, ameba abundance and biomass also
increased significantly with turbidity (in surface samples), another
pattern that was absent for the other microbial groups. The ameba
depth and turbidity patternsmay be related to each other. Although
we were not able to measure turbidity in the near bottom samples
we collected, other work within this portion of the estuary has
shown that turbidity generally increases with depth below the
pycnocline (Orton and Kineke, 2001). The relationships of amebas
with depth and turbidity could both be connected to resuspension
from the sediment, or may simply be a reflection of the benefit of
increasing particle concentration on density of amebas, because
they are particle-associated, surface-grazing microorganisms.

Fig. 5. Relationship between turbidity and A) ameba abundance and B) ameba biomass
in the lower Hudson River Estuary. Four data points from earlier observations made at
station 5 (Lesen et al., 2010) were included in the regression curves shown. In A, the P-
value reflects the probability of a slope of 0. In B, the P-value reflects the probability
that the x2 coefficient is 0.
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Ameba concentrations in aquatic sediments can be relatively high
(Butler and Rogerson, 1996; Rogerson et al., 1996; Butler and
Rogerson, 1997), and resuspended sediment particles could carry
attached amebas into the water column. Murzov and Caron (1996)
similarly proposed that resuspension could explain spatial vari-
ability in ameba concentration observed in the Black Sea. In addi-
tion, amebas only feedwhen associatedwith particles (Pickup et al.,
2007), therefore a positive relationship with particle concentration
is not surprising, even if those particles did not originate in the
sediments. Some species of Hflags and ciliates found in the water
column are also known to be particle associated, feeding prefer-
entially on attached bacteria (e.g., Caron, 1987; W€orner et al., 2000;
Kiorboe et al., 2004). It is possible that these other particle-
associated protists would have similar relationships with
turbidity as amebas, however, we were not able to distinguish the
particle-associated Hflag and ciliate species from the free-living
ones in this study.

With respect to the increase in ameba abundance in deeper
samples, it is worth noting that distance from the bottom, rather
than depth per se, may be the key factor related to the locations we
sampled that had higher ameba abundance and biomass. For
example, both the near-bottom samples collected at mid-channel
stations and the near-shore samples from station 5 were
collected from <1 m above the local bottom. If resuspension from
the bottom was a quantitatively important source of ameba cells,
the distance from the bottom at these two locations may explain
the higher abundance (relative to mid-channel surface) more than
depth or distance from shore. As this was the first study of the
depth distribution of amebas in an estuary, further research will be
needed to determine the consistency and driving factors of these
patterns. Nonetheless, the data suggest that turbidity and sus-
pended particle concentrations are likely important indicators for
ameba abundance and biomass.

Compiling the available surface sample data, different re-
lationships with turbidity were found for ameba abundance and
ameba biomass; ameba abundance increased linearly, while ameba
biomass increased non-linearly with turbidity. This difference in-
dicates that as turbidity increased, larger amebas became dis-
proportionally more abundant, contributing more biomass per cell.
One possibility is that a greater number of larger particles are
present as turbidity increases. Larger particles have been shown to
carry larger amebas, higher ameba morphospecies diversity, and
higher ameba biomass per particle (Anderson, 2011).

The concentration and biomass of amebas was low in most of
the samples collected during this study compared to previous work,
presumably indicating lowered biogeochemical importance than
would be predicted from the shallow, near-shore sampling that was
the basis of previous ameba research within the HRE. Nevertheless,
several important patterns within the estuary were evident. Pre-
vious work demonstrated clear seasonality, despite high variability
in ameba abundance (Anderson and Rogerson, 1995; Lesen et al.,
2010). This study demonstrated that ameba abundance and
biomass were higher near the bottom and in locations where
turbidity increased. Thus, there is evidence that ameba distribution
in the water column, though highly variable, is not random. Given
that amebas can at times make a quantitatively important contri-
bution to local biogeochemical processes and trophic food webs
(e.g., Murzov and Caron, 1996; Lesen et al., 2010; Anderson, 2012)
the increased ability to predict when ameba abundance in the
water column is high will be of value for future research on estu-
arine microbial ecology. The culture-based method we necessarily
used provides a conservative estimate of ameba abundance and
biomass, and future improved methods of enumeration may show
even greater contributions of amebas to ecosystem functions in
other productive and turbid environments, such as the HRE.

5. Conclusions

As hypothesized, ameba abundance and biomass in the HRE
water column were correlated with turbidity, and also increased
near the bottom. These two patterns may be linked, either because
amebas are favored when particle concentrations increase, or
because of resuspension of amebas and particles from the bottom.
Salinity in the HRE varied significantly along the mid-channel sta-
tions, and turbidity varied significantly from mid channel to near
shore. However, neither the abundance nor biomass of any plank-
tonic microbial group measured varied consistently along those
gradients. We found that none of the heterotrophic protist groups
were correlated with heterotrophic bacterial biomass, although all
three groups (amebas, ciliates and Hflag) are known to prey heavily
on bacteria, as well as smaller protists. Positive correlations be-
tween chlorophyll fluorescence and Hflag and ameba biomass
suggested that phytoplankton may also serve as important prey for
these groups in the HRE. By demonstrating strong environmental
correlates of ameba abundance and biomass, the results of this
study will aid future work to assess the biogeochemical and
ecological importance of this diverse group of heterotrophic pro-
tists that are ubiquitous in aquatic habitats.
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