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ABSTRACT: Small-scale spatial and temporal variabiliy
in protistan community composition was investigated at
the USC San Pedro Ocean Time-series (SPOT) station and
contrasted with a 10 yr (2000 to 2010) dataset of samples
collected at approximately monthly intervals from the
same station. Surface seawater samples were collected for
12 consecutive days at the SPOT station, and an addi-
tional 17 stations (16 within a grid surrounding the SPOT
station and 1 outlying station; 2 to 21 km apart) were sam-
pled during 1 of the 12 sampling days, to investigate the
small-scale temporal and spatial variability, respectively.
Terminal restriction fragment length polymorphism
(T-RFLP) analysis of the 18S rRNA gene was used to gen-
erate DNA fingerprints of the protistan community, which
were used for the calculation of pair-wise Bray-Curtis and
Jaccard similarity values at different spatial and temporal
scales. Temperature, salinity, pH, wind, and upwelling
did not appear to have any significant effect on commu-
nity composition, and distance had a weak correlation
with the similarity indices generated from spatial sam-
ples. Communities separated by the smallest spatial
scales (0 to 2 km) had significantly higher average similar-
ity than communities separated by small temporal scales
(1 to 9 d). Comparisons with a 10 yr dataset of monthly
samples revealed significantly lower average similarity
values among communities separated by time periods
> 1 mo (45 to 52%) compared to communities separated
by the smallest spatial (0 to 2 km; 67 to 71 %) and temporal
(1 d; 64 %) scales. Our results indicate that small-scale
spatial and day-to-day variability of protistan communi-
ties was overshadowed by monthly, seasonal, and inter-
annual variabilities.
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Conceptual spatial and temporal variability of protistan
communities: a community collected at the San Pedro Ocean
Time-series (SPOT) station on a specific day is compared to
communities collected up to 10 km away within 9 days using
the Bray-Curtis similarity index. Scale bar: pairwise commu-
nity similarity
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INTRODUCTION

Microbial eukaryotes, primarily protists, are a
diverse group of organisms with major ecological
importance. Photosynthetic protists form the base of
most aquatic food webs as primary producers, and
heterotrophic species participate in nutrient remin-
eralization and the transfer of energy to higher
trophic levels through their role as consumers of
bacteria and other protists (Sherr et al. 2007). More
recently, the use of molecular methods for detecting
protists in the environment has also revealed an
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increasing number of occurrences of protistan para-
sites that prey on both metazoans and other protists
(Moreira & Lépez-Garcia 2003, Guillou et al. 2008,
Mangot et al. 2010). The emergent properties of pro-
tistan assemblages are intimately dependent on the
taxonomic composition of the community. Changes
in phytoplankton composition, for example, can
affect the total primary productivity and food-web
structure of the community (C6té & Platt 1983, Takao
et al. 2012), while changes in microzooplankton com-
munity composition can affect top-down grazing con-
trol of the phytoplankton community, resulting in
blooms of specific phytoplankton taxa (Irigoien et al.
2005). A thorough understanding of the spatial and
temporal dynamics of the protistan assemblage is
necessary to predict community response to environ-
mental perturbations and its impact on ecologically
important rates (Menden-Deuer 2008).

Long-term time-series, such as the Bermuda At-
lantic Time-series and Hawaii Ocean Time-series,
have provided valuable data for understanding mi-
crobial community dynamics and biogeochemistry in
oceanic ecosystems (Steinberg et al. 2001, Dore et al.
2008, Villareal et al. 2012). However, there are fewer
long-term time-series of microbial dynamics from
coastal zones. One is the San Pedro Ocean Time-
series (SPOT) station, where protistan communities
have been collected since 2000 as a component of the
University of Southern California (USC) Microbial
Observatory project (2000 to 2012) and the Dimen-
sions of Biodiversity program (2012 to present). This
extensive collection of data has provided insights into
the monthly-to-interannual changes in protistan com-
munity composition as well as the vertical structure of
this assemblage (Countway et al. 2010, Schnetzer et
al. 2011, Steele et al. 2011).

Protistan communities at the SPOT station have
been collected at approximately monthly intervals to
examine long-term changes in community composi-
tion, but monthly snapshots might not be sufficient
for a thorough understanding of community dynam-
ics. Maximal doubling times of most protists are on
the order of hours to days (Hansen et al. 1997, Rose &
Caron 2007, Caron et al. 2012), allowing them to
respond rapidly to changes in environmental condi-
tions as well as to changes in their prey or predator
abundances (Johansson et al. 2004, Landry & Calbet
2004, Caron & Countway 2009). Rapid changes in
protistan communities have been demonstrated in
field studies, where dramatic shifts in the community
composition have been observed within weeks or
even days (Countway et al. 2005, Xu et al. 2008, Vigil
et al. 2009, Kim et al. 2011).

Another potentially important factor confounding
our understanding of protistan community dynamics
is our poor knowledge of the horizontal spatial het-
erogeneity of these assemblages. Several studies of
the small-scale spatial variations in prokaryote
assemblages in recent decades have demonstrated
significant horizontal spatial variability in bacterio-
plankton composition at micro- (several millimeters
to centimeters; Long & Azam 2001, Seymour et al.
2005) and small-scales (several kilometers; Hewson
et al. 2006). Studies of the small-scale spatial vari-
ability of protistan communities, however, have
focused largely on vertical position in the water col-
umn (e.g. Bark 1981, Rines et al. 2002, Lopes et al.
2005, Behnke et al. 2006). Information on the small-
scale horizontal variability of protistan community
composition is rare.

The objective of the present study was to expand
our knowledge of the small-scale spatial and tempo-
ral variability of protistan community composition at
the SPOT station off southern California. Surface
water samples were collected for 12 consecutive days
at the SPOT station, and from an additional 17
stations on 1 of the 12 consecutive sampling days.
Terminal restriction fragment length polymorphism
(T-RFLP) was employed to characterize protistan
community composition. Small-scale spatial (0 to
2 km) variability was generally significantly lower
than small-scale temporal (1 to 9 d) variability. Com-
parison of the present dataset to a 10 yr T-RFLP data-
set collected at the SPOT station revealed that the
average similarity values of communities separated
by small spatial (0 to 2 km) and temporal (1 d) scales
were significantly higher than communities sepa-
rated over longer time-scales (1 to 36 mo; D. Y. Kim et
al. unpubl.), indicating that small-scale spatial and
temporal variability in protistan community composi-
tion was minor compared to monthly, seasonal, and
interannual variability.

MATERIALS AND METHODS
Sample collection

Samples for the study of small-scale temporal vari-
ability in protistan community composition were col-
lected at the USC SPOT station in the San Pedro
Channel off the coast of southern California
(33°33'N, 118°24'W; Fig. 1). Samples were collected
from the surface (0 to 1 m) during daytime (between
09:00 and 14:00 h; see Table 1) for 12 consecutive
days (16 to 27 May 2011). Temperature, salinity, and



Lie et al.: Small-scale protistan community composition 95

pH were measured with a YSI 63 portable meter at
the time of sample collection. Triplicate aliquots (200
ml) of surface water were filtered onto GF/F filters
(25 mm, Whatman) for chlorophyll analysis. Chloro-
phyll samples were extracted in 7 ml of 100% ace-
tone for 24 h and analyzed on a TD-700 fluorometer
(Turner Designs) before and after acidification
(Strickland & Parsons 1972). Samples for DNA analy-
sis were prefiltered through 80 pm mesh by gravity to
remove most metazoa, in accordance with other pro-
tistan DNA samples collected and processed from the
SPOT station (Countway et al. 2010, Schnetzer et al.
2011, D. Y. Kim et al. unpubl.). Prefiltered water (2 1)
was then filtered onto a GF/F filter (47 mm, What-
man) by vacuum filtration (<10 mm Hg). Lysis buffer
(100 mM Tris [pH 8], 100 mM NacCl, 1% SDS; 2 ml)
was added to the filters, which were then stored at
—80°C until further processing.

Samples for the study of small-scale spatial vari-
ability in protistan community composition were
collected at 17 stations surrounding and including
the SPOT station on 25 May (Fig. 1; see Table 2 for
coordinates). Adjacent stations differed by 1 longi-
tudinal and/or latitudinal second, and the distance
between stations was rounded to the nearest kilo-
meter (i.e. 2 to 14 km apart). Stations in the inner
sampling grid (i.e. S4, S5, S6, S9, SPOT, S11, S12,
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S14, and S15) were, therefore, 2 km from each
other. An outlying sampling station near a small
island called Bird Rock (BR), located ~200 m from
Santa Catalina Island and 14 km away from the
SPOT station, was also sampled on the same day.
Analyses of the data did not include the sample
from the BR station unless specified because it was
only employed as an outlier for comparison among
the 17 closely spaced stations at and surrounding
the SPOT station. Three true replicate samples
(S10A, S10B, and S10C) were collected at the SPOT
station within minutes of each other on 25 May to
characterize variability in community composition
resulting from replicated sampling and sample pro-
cessing. Sample S10A was used as the 25 May sam-
ple in the analysis of day-to-day temporal variability.
Sampling procedures for samples used to examine
small-scale spatial variability were the same as de-
scribed above, except that chlorophyll samples were
collected in duplicate instead of triplicate.

DNA extraction and amplification

DNA extraction and amplification procedures were
done with slight modifications to those of Countway
et al. (2005). Sample filters were first beaten with
200 pl of 0.5 mm zircon beads on a vortex for 1 min
and then heated in a 70°C water bath for 5 min. The
process was repeated a total of 4 times. The filter and
most of the beads were separated from the lysate by
pushing the entire sample contents through a 10 ml
syringe. NaCl and hexadecyl-trimethyl-ammonium
bromide (CTAB; Sigma) were added to the lysate and
adjusted to a final concentration of 0.7 M NaCl and
1% CTAB. The mixture was incubated in a 70°C
water bath for 10 min and then extracted and

washed with phenol-chloroform-
isoamyl alcohol (25:24:1) and chloro-
form-isoamyl alcohol (24:1). A 2 x

San Pedro ‘
channel 33°30’1

Santa Catalin
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118°30’
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volume of 95 % ethanol and 0.1 x vol-
Nevada ume of 10.5 M ammonium acetate
were added to the extract, and pre-
@ cipitation was allowed to take place
%’6 overnight. The samples were then

washed with 70% ethanol, and then
centrifuged again for 15 min at
20800 x g. The pellet was air-dried

%é | centrifuged for 30 min at 20800 x g,
)

and resuspended in TE buffer

Fig. 1. Coastal southern California and 17 sampling stations at and around the (10 mM Tris, 1 mM EDTA; pH 7.5)

San Pedro Ocean Time-series (SPOT) station. The outlying station near the
small island Bird Rock (BR) is located off the eastern coast of Santa Catalina

Island

and stored at -20°C wuntil further
processing.
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Fragments of ~600 bp were amplified using the
primers D4-Euk-A (5'-D4-AAC CTG GTT GAT CCT
GCC AGT-3') and Euk-570R (5'-GCT ATT GGA
GCT GGA ATT AC-3') (Medlin et al. 1988, Count-
way et al. 2005). The 'D4’ fluorescent dye on the for-
ward primer D4-Euk-A was used to label the frag-
ment for T-RFLP analysis. PCR reagents (50 pl) were
mixed at the following concentrations: 0.5 pM of each
primer, 1 PCR colorless buffer (Promega), 2.5 mM of
MgCl, (Promega), 250 pyM of dNTPs (Promega),
300 ng pl™' of BSA (Sigma-Aldrich), 2.5 U of Taq
(Promega), and 10 ng of sample DNA. The thermal
protocol of the PCR reaction was 1 cycle at 95°C for
2 min and 35 cycles at 95°C for 30 s, followed by 30 s
at 55°C, and then 60 s at 72°C. The reaction ended
with a final extension at 72°C for 5 min. Triplicate
reactions were performed for each sample, and the
resulting amplicons were pooled together for subse-
quent analysis.

T-RFLP analysis

T-RFLP analysis was performed according to
Countway et al. (2005). The amplified samples were
purified and concentrated into 50 pl using a PCR
purification kit (Qiagen) and then digested with
10 U of mung bean nuclease (New England Biolabs)
at 30°C for 1 h to remove single-stranded PCR prod-
ucts (Egert & Friedrich 2003). The digested samples
were purified again (Qiagen PCR purification kit)
and quantified using a Qubit 2.0 fluorometer (Life
technologies). The restriction enzymes, Haelll and
MnlIl (10 U; New England Biolabs), were used sepa-
rately to digest 300 ng of the purified samples for
15 h at 37°C. The digested fragments were precipi-
tated using 1 pl of 20 mg ml~! glycogen (Roche), 2 nl
of 3 M sodium acetate (Sigma), and 2 x ice-cold
95% ethanol. Samples were then centrifuged at
5700 x g and 4°C for 20 min. The supernatant was
removed, and the pellets were washed with 100 nl
of 70 % ice-cold ethanol and centrifuged at 5700 x g
and 4°C again for 10 min. This washing process was
repeated one more time before the pellets were air
dried for 20 min. The pellets were then resuspended
in 40 pl of deionized formamide (Beckman-Coulter).
Aliquots (5 to 10 pl) of the samples were further
diluted with deionized formamide, and 0.5 pl of
600 bp DNA size standard (Beckman-Coulter) was
added to make up a final volume of 40 pl. Samples
were run on a CEQ8000 capillary gel-electrophore-
sis DNA sequencer (Beckman-Coulter), and the T-
RFLP patterns were analyzed using the Fragment

Analysis module of the CEQ8000 Genetic Analysis
software (Beckman-Coulter) as described by Count-
way et al. (2005). The total peak area of the frag-
ments for each sample was normalized to the same
value to allow comparisons between samples. Each
unique fragment length was considered to be an
operational taxonomic unit (OTU) based on the
assumption that DNA from different species will
yield DNA fragments of varying sizes when they are
digested with restriction enzymes (Diez et al.
2001Db).

Assignment of putative identifications to T-RFLP
fragments

Full-length 18S rRNA gene sequences from Kim et
al. (2012) were used to assign putative identifications
(IDs) to the fragments generated by T-RFLP analysis
in the present study. The full-length 18S rRNA gene
sequences originated from a sample collected from
5 m at the SPOT station in October 2001. Sample
processing and analyses are described by Kim et
al. (2012). Briefly, 663 18S rRNA gene sequences were
grouped into OTUs using the Microbial Eukaryote
Species Assignment program (MESA) at 95% se-
quence similarity (Caron et al. 2009), and each of
these OTUs was assigned a taxonomic identification
based on the best BLAST+ match to the SILVA (v108)
database. The sequences were also subjected to in
silico Haelll restriction digestion that resulted in 98
fragments with unique sizes. These reference frag-
ments were compared to the fragments generated in
the present study to provide taxonomies for some of
the latter fragments.

Data analysis

The software package PRIMER (v6) was used to
analyze the community fingerprints resulting from
the T-RFLP procedure (Clarke & Warwick 2001).
Normalized peak area values from the T-RFLP
analysis were square-root transformed and then
used to generate a matrix of pair-wise Bray-Curtis
(BC) and Jaccard similarity values. The BC similar-
ity value is an estimation of the percent similarity
between a pair of communities based on the com-
position and relative abundances of OTUs, while
the Jaccard similarity value estimates percent simi-
larity between 2 communities based on the pres-
ence/absence of OTUs alone. The similarity values
were used as inputs for both CLUSTER (using the
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group average mode and the SIMPROF test for sig-
nificance) and nonmetric multidimensional scaling
(nMDS) analyses for further analysis of the commu-
nity composition variability. The group-average
similarity values for clusters that were significantly
different (SIMPROF; p < 0.05) in the CLUSTER
analysis were overlaid on the nMDS plot to inte-
grate the results of both analyses.

Daily variability in protistan community composi-
tion in relation to changes in environmental parame-
ters was examined by both Spearman’s correlation
and BIO-ENV analysis (PRIMER v6). The environ-
mental parameters included temperature, salinity,
and pH as well as chlorophyll concentration. Addi-
tional daily hydrological data, including sea surface
temperature (SST), wind direction, wind speed, and
upwelling index, were obtained from online public
databases and included in the analyses. All addi-
tional hydrological data were obtained from the
National Oceanic and Atmospheric Administration
(NOAA) CoastWatch database for the West Coast
Regional Node (http://coastwatch.pfel.noaa.gov/),
except for the upwelling index that was obtained
from the NOAA Pacific Fisheries Environmental
Laboratory website (www.pfeg.noaa.gov/products/
PFEL/modeled/indices/upwelling/NA/data_download.
html), for a station close to the SPOT station (33°N,
119°W) from 16 to 27 May 2011 (Table 1). Correla-
tion between the pair-wise community composition
similarity values for adjacent days was tested against
the differences in each environmental parameter
between the adjacent days using Spearman's corre-
lation analysis. These environmental parameters
were also used in a BIO-ENV analysis that examined
which parameter, or combination of them, best corre-
lated with the variability observed among the com-
munities in the daily samples.

Spatial variability in relation to environmental
parameters was also investigated using BIO-ENV.
The relationship between spatial variability and
physical distance between stations was investigated
through the RELATE analysis in PRIMER (v6). Con-
tour maps were plotted in SigmaPlot (v11), with val-
ues between stations generated through linear inter-
polation.

The average similarity values of communities sepa-
rated by different distances or time periods were
compared using a multiple comparison procedure.
Community similarity values were divided into
groups depending on the distance (spatial samples)
or time (temporal samples) between collections.
Comparisons of the average similarity values of each
group were then made using Dunnett's multiple

comparison test (20 % trimmed average) through the
R statistical software (Wilcox 2012). Groups with few
observations (i.e. n < 3; communities separated by
11 km, 14 km, and >9 d) were not included in the
comparisons and figures. Emphasis was placed on
comparisons among groups with the smallest spatial
or temporal scales (i.e. communities separated by
0 km [replicates], 2 km, and 1 d), and only the BC
similarity index was used for comparisons as it is a
more holistic estimate (i.e. abundance-based) of
community similarity.

Comparison with a 10 yr T-RFLP dataset
collected at the SPOT station

A long-term time-series of T-RFLP data collected at
approximately monthly intervals from the SPOT sta-
tion (2000 to 2010; D. Y. Kim et al. unpubl.) was used
to compare the small-scale spatial and temporal vari-
ability investigated in the present study to commu-
nity variability over longer time scales. Collection of
the long-term time-series samples began in Septem-
ber 2000, with occasional gaps of up to several
months and a hiatus from September 2006 to March
2008. Samples were collected from a depth of 5 m
using 101 Niskin bottles (General Oceanics) mounted
to a CTD rosette and processed and analyzed as
described in the present study.

RESULTS
Environmental parameters

Average (+1 standard deviation) temperature,
salinity, pH, and chlorophyll a concentration during
the 12 d of the small-scale temporal variability
study were 17.0°C (£0.1°C), 33.2 (+0.2), 8.13
(£0.09), and 0.74 ng 17! (£0.23 ng 1Y), respectively
(Table 1). Average (1 SD) temperature, salinity,
pH, and chlorophyll a concentration among the 17
closely spaced stations surrounding and including
the SPOT station on 25 May were 17.6°C (£0.5°C),
33.4 (+0.2), 8.18 (+0.03), and 0.72 pg 1! (= 0.34 pg
171, respectively (Table 2). The temperature, salin-
ity, and pH at the outlying station BR were within
the range of those measured at the 17 closely
spaced stations, but the chlorophyll a concentration
at the BR station was 1.86 ng 17!, ~1.5-fold higher
than the highest chlorophyll a concentration meas-
ured among the 17 closely spaced stations (1.12 pg
1" at Stn S6).
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Table 1. Date, time of day, physical and chemical parameters, and chlorophyll a (chl a) concentrations at the time of collection

of the samples used to examine small-scale temporal variability in protistan community composition. Additional hydrological

data were downloaded from the NOAA CoastWatch database for the West Coast Regional Node (http://coastwatch.pfel.noaa.

gov/) and the NOAA Pacific Fisheries Environmental Laboratory website (www.pfeg.noaa.gov/products/PFEL/modeled/

indices/upwelling/NA/data_download.html) for a station located at 33°N, 119°W. SST: sea surface temperature. The up-

welling index is calculated based on the pressure generated by upwelling water mass. A positive value indicates an upward
displacement of water

Date Time of Temperature Salinity pH Chla (ug 1l SST Wind direction Wind speed Upwelling
(2011) day (°C) mean + SD) (°Q) (° true) (ms™) index
16 May 09:45 16.9 32.8 8.01 0.72 + 0.07 16.3 229.2 4.9 86
17 May 08:37 16.4 334 8.23 0.61 +0.06 16.2 229.2 4.5 71
18 May 08:37 16.6 333 8.22 0.70 + 0.14 16.2 228.5 4.4 187
19 May 08:22 15.8 333  8.09 1.08 £0.13 16.2 230.4 4.3 140
20 May 09:05 16.9 32.8  8.07 0.71 £ 0.04 16.2 232.8 4.5 138
21 May 10:25 16.4 33.1  8.17 0.73 +0.06 16.1 235.2 4.8 177
22 May 13:28 18.7 331  8.19 1.12 £ 0.10 16.0 238.0 5.0 264
23 May 08:27 16.0 334 8.19 0.86 + 0.07 15.9 239.1 5.4 272
24 May 09:12 16.2 332 8.14 0.93 +0.04 15.7 240.2 5.3 178
25 May 11:50 17.9 336 8.17 0.63 +0.10 15.7 241.9 5.2 211
26 May 10:14 17.2 333 795 0.47 +0.04 15.7 245.7 5.2 293
27 May 13:10 18.8 334 8.18 0.36 + 0.03 15.6 247.5 5.2 328

T-RFLP analysis of the protistan community
composition

The results generated from the 2 restriction en-
zymes employed in the T-RFLP analysis, Haelll and
MnlI, led to similar conclusions. Only results from the
Haelll analyses are presented since Haelll generated,
on average, more fragments per sample (39) than

Table 2. Station coordinates, physical and chemical parameters, and chlorophyll a
concentrations at the time of collection of the samples used to examine small-scale
spatial variability in protistan community composition on 25 May 2011 (see Fig. 1

for station abbreviations)

MnlIT (37), which provided a greater resolution of the
species composition for subsequent analysis.

A total of 118 fragments with unique sizes (i.e.
OTUs) were generated from all samples (n = 32).
Samples used to examine small-scale spatial variabil-
ity in protistan community composition (n = 20) gen-
erated 103 OTUs, 23 of which occurred only once in
the 17 stations at or around the SPOT station. There
were 2 OTUs that were found only
in the sample collected at the out-
lying station BR. The samples used
to examine small-scale temporal
(daily) variability (n = 12) gener-

ated 106 OTUs, 23 of which were

Stn Coordinates Temperature Salinity pH Chlorophyll a found only on a single sampling
(°C) (ng I'"); mean + SD date. There were 5 OTUs that
s1 33°36'N, 118°21'W  17.4 333 823 0.33 + 0.04 were found only in the spatial
S2 33°30'N, 118°21'W  18.4 335 8.19 0.84 +0.03 samples and 8 OTUs that were
S3 33°31'N, 118°22'W 18.2 334  8.21 0.92 +0.01 found only in the daily samples.
S4 33°32'N, 118°23'W 18.0 33.5 8.18 0.81 £0.11 Commonly occurring OTUs,
S5 33°32'N, 118°24'W  17.3 337 822 0.82 + 0.03 defined as OTUs that were pres-
S6 33°32'N, 118°25°'W  17.6 334 817 1.12+0.30 , han half of th
S7  33°31'N,118°26'W  17.2 332 815  0.71:0.04 ent in more than half of the sam-
S8 33°30'N, 118°27' W 17.3 334 8.12 0.65+0.16 ples of each dataset (i.e. spatial
S9 33°33'N, 118°25'W  17.2 337 815 1.03 +0.15 and daily samples), were com-
SPOT 33°33'N, 118°24'W  17.9 336 8.17 0.63 + 0.10 pared with reference fragments
S11 33°33'N, 118°23'W  17.3 334 820 0.62 + 0.12 ted throuah in silico di
S12  33°34'N,118°23'W 174 33.0 821 0.48 = 0.00 generated through in s11co diges-
S13  33°35'N, 118°22'W  16.7 334 823 0.48 + 0.02 tion of full-length 18S rRNA gene
S14 33°34'N, 118°24'W 18.4 33.6 8.17 0.47 £0.18 sequences from Kim et al. (2012)
S15  33°34'N, 118°25W  17.2 332 8.6 0.40 + 0.41 for the assignment of putative
S16  33°35'N, 118°26'W  17.6 333  8.14 0.36 + 0.29 : ,
S17  33°36'N, 118°27’W  17.6 335 819  0.65+0.08 IDs. Putative IDs were assigned
BR  33°27'N, 118°29W  17.6 336 8.12 1.86 + 0.86 to 19 of 27 commonly occurring
OTUs found in the spatial sam-
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ples (Table S1 in the Supplement at www.int-res.
com/articles/suppl/a070p093_supp.pdf) and 20 of
27 commonly occurring OTUs found in the daily
samples (Table S2 in the Supplement). There were
21 of these commonly occurring OTUs that were
common to both the spatial and daily samples, and
16 of them had matches with the reference frag-
ments (Tables S1 & S2 in the Supplement).

The spatial distributions of commonly occurring
OTUs were patchy, but their relative abundances
were often correlated (Fig. 2). There were 50 signifi-
cant correlations in the relative abundance of com-
monly occurring OTUs with putative IDs found among
the spatial samples, with 24 positives and 26 negatives
(Spearman's correlation, p <0.05; Fig. S2A in the Sup-
plement). Examples of putative IDs of 4 commonly

A Pseudotontonia simplicidens (271) B Phaeocystis cordata (274)
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Fig. 2. Contour maps of the relative abundances of 4 commonly occurring OTUs among samples used to examine small-scale
spatial variability in protistan community composition at 17 stations surrounding and including the SPOT station. Black dots
indicate station positions (see Fig. 1 for station identities). Contour lines have been drawn at the border between the relative
abundances shown in the legend. Relative abundances at the SPOT station were the average of the 3 true replicate samples
(S10A, S10B, and S10C). Putative IDs assigned to these commonly occurring OTUs, based on the fragment sizes predicted
from an in silico T-RFLP analysis of a full-length 18S sequence database from the same locale and the best BLAST+ matches
for those sequences (Kim et al. 2012; see ‘Materials and methods'), were (A) the ciliate Pseudotontonia simplicidens, (B) the
haptophyte Phaeocystis cordata, (C) the telonemid Telonema antarcticum, and (D) the dinoflagellate Pentapharsodinium sp.
The numbers in brackets next to the putative IDs indicate the fragment sizes of the OTUs
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occurring OTUs with correlations in their relative
abundance (Spearman's correlation, p < 0.05) include
the ciliate Pseudotontonia simplicidens (Fig. 2A), the
haptophyte Phaeocystis cordata (Fig. 2B), the telone-
mid Telonema antarcticum (Fig. 2C), and the dinofla-
gellate Pentapharsodinium sp. (Fig. 2D). There were
significant positive correlations between the relative
abundances of P. simplicidens and T. antarcticum
(Fig. 2A,C), and between the relative abundances of

P. cordata and Pentapharsodinium (Fig. 2B,D). The
relative abundances of P. simplicidens and T. antarc-
ticum were significantly and negatively correlated to
the relative abundances of P. cordata and Pentaphar-
sodinium. The relative abundances of commonly oc-
curring OTUs (with putative IDs) in daily samples had
a lower number of significant correlations, with 14
positives and 13 negatives (Spearman's correlation;
p <0.05, Fig. S2B).
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Fig. 3. Contour maps of the pair-wise Bray-Curtis similarity values of protistan communities collected at 17 stations surround-

ing and including the SPOT station compared to the 3 true replicate samples collected at the SPOT station— (A) S10A, (B)

S10B, and (C) S10C—and (D) the outlying station, BR. Black dots indicate station positions (see Fig. 1 for station identities).

Contour lines have been drawn at the border between the similarity values shown in the legend. The samples S10A, S10B, and

S10C were anchors and compared against themselves in A-C, making the community composition similarity at the SPOT sta-

tion 100 %. The community from sample S10A was used as the representative community for the SPOT station and compared
against the anchor community from BR in D. Stn BR is not present on the contour map
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Similarity of protistan communities over small
spatial and temporal scales

The 2 similarity indices, BC and Jaccard, generated
similar patterns, although the Jaccard similarity val-
ues were lower than the corresponding BC values.
BC similarity values estimated for all samples (spatial
and daily) averaged 59% (n = 435; 37 to 80%). The
average similarity value for the spatial samples was
63% (n = 171; 37 to 80 %), while the average for the
daily samples was 58 % (n = 66; 37 to 78 %). The aver-
age Jaccard similarity values for all samples, spatial
samples alone, and daily samples alone were 43 %
(n =435; 21 to 69%), 48% (n = 171; 23 to 69 %), and
42% (n =66; 21 to 62 %), respectively. Comparison of
the 17 stations to the outlying station, BR, generated
average similarity values of 60 % and 44 % (n =17) for
the BC (Fig. 3D) and Jaccard indices, respectively.

Physical and chemical environmental parameters
were not related to small-scale spatial and temporal
variability for either of the similarity indices. Spear-
man's correlation did not reveal any significant cor-
relations between community similarity and changes
in all environmental parameters (data from the pres-
ent study and additional hydrological data from
NOAA) between adjacent days (p > 0.05). BIO-ENV
analysis also did not reveal any significant correla-
tions between the environmental parameters and
daily variability (p > 0.05). All physical and chemical
environmental parameters were uncorrelated with
spatial variability as well (BIO-ENV; p > 0.05). Only
chlorophyll concentration, a biological parameter,
vielded significant correlations with spatial variabil-
ity (BIO-ENV; BC: p = 0.657, p = 0.001; Jaccard: p =
0.604, p = 0.001; Fig. S1 in the Supplement).

Contour maps plotted using BC similarity values of
spatial samples revealed variations in protistan com-
munity composition over a few kilometers (Fig. 3).
Similar patterns were observed when communities
collected from the 16 closely spaced stations in the
vicinity of the SPOT station were compared to each
of the 3 replicates collected at the SPOT station
(Fig. 3A-C). Small patches with community composi-
tions relatively dissimilar from the SPOT station were
present along the flanks of the sampling grid (light
shades in Fig. 3A-C). The communities collected
from stations within 2 to 3 km of the SPOT station
(the 8 stations surrounding the SPOT station) had
similarity values ranging from 51 to 77 % compared
to the 3 replicate communities collected at the SPOT
station. Results using the Jaccard index revealed
similar heterogeneity among the spatial samples
(data not shown).

CLUSTER and nMDS analyses of individual
communities

CLUSTER and nMDS analyses of all spatial (in-
cluding BR) and daily samples (n = 465) using the BC
index revealed the tendency of communities from the
spatial samples to cluster separately from the daily
samples (Fig. 4). The CLUSTER analysis of these
same samples using the Jaccard index revealed sim-
ilar clusters, but results of the nMDS are not shown
because the stress value of the analysis was high
(0.21), indicating it was not a good representation of
the community composition variability (Clarke &
Warwick 2001).

CLUSTER and nMDS analyses of the spatial sam-
ples (including BR) alone, free from the influence of
the daily samples, revealed no consistent clustering
pattern for either the BC or Jaccard indices (Fig. 5).
The 2 similarity indices produced similar clusters,
which often included samples from stations that were
adjacent. Some samples from adjacent stations, how-
ever, were significantly different to one another (e.g.
S14 and S15; SIMPROF; p < 0.05). The sample from
the outlying station, BR, clustered consistently with
the sample from Stn S8 for both indices, which was
the station physically closest to BR (~6 km).
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Fig. 4. Non-metric multidimensional scaling (nMDS) analy-
sis using pair-wise Bray-Curtis similarity values estimated
for the protistan communities from samples used to examine
small-scale spatial and temporal (daily) variability. Group
average similarity values of clusters with significant differ-
ences from CLUSTER analysis were overlaid on the nMDS
plot (SIMPROF; p < 0.05). Communities within the same
cluster were not significantly different from each other
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have the highest similarity values, and
communities separated by longer peri-
g;‘;‘: ods of time did not necessarily yield the

lowest similarity values. Significant dif-
ferences were observed between some
communities from adjacent days (e.g. 17
vs. 18 May; SIMPROF, p < 0.05).

Relationship between community
similarities and distance or time
separating protistan communities

There was a weak but significant posi-
tive correlation between the similarity
values from the spatial samples and dis-
tance (RELATE; BC: p = 0.303, p = 0.006;
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Fig. 5. Non-metric multidimensional scaling (nMDS) analysis using
pair-wise (A) Bray-Curtis and (B) Jaccard similarity values estimated
for the protistan communities from samples used to examine compo-
sition variability over a small spatial scale. Group average similarity
values of clusters with significant differences from CLUSTER analy-
sis were overlaid on the nMDS plot (SIMPROF; p < 0.05). Communi-
ties within the same cluster were not significantly different from
each other

Jaccard: p = 0.239, p = 0.022). Compari-

son of the average BC similarity of the 3
replicates collected at the SPOT station (71 %;
n = 3) to those of communities separated by var-
ious distances apart revealed that the replicates
had a higher average similarity than communi-
ties separated by 3 to 9 km (average similarities:
52 to 65 %; Dunnett's test; p < 0.05; Fig. 7).

The average BC similarities of communities
separated by different number of days were
mostly comparable. The average similarity of
communities separated by 1 d (64%, n = 11)
was only significantly different than that of
communities separated by 9 d (54%, n = 3;
Dunnett's test; p < 0.05; Fig. 8A). The average
similarities of communities separated by 1 to
9 d (54 to 64 %) were significantly lower than
the average similarity of the replicate samples
(71%; n = 3; p < 0.05), except for communities
separated by 7 d (61%; n = 5; p > 0.05). Com-
munities separated by these small temporal
scales also had significantly lower average sim-
ilarities compared to communities separated by
2 km (67 %; n=44; p <0.05), except for commu-
nities separated by 6 (55%; n = 6; p > 0.05) and

The 2 similarity indices generated the same clus-
ters for the daily samples (Fig. 6). There were clusters
that included samples from consecutive days, but the
pattern was not without exceptions (e.g. one cluster
contained samples from 22 and 25 May). The trajec-
tory of day-to-day changes in community composi-
tion (indicated by lines in Fig. 6) did not exhibit a
clear, temporally sequential pattern, indicating that
communities did not become progressively more
dissimilar over the course of the 12 sampling days.
Communities from adjacent days did not necessarily

7 d (61%; n = 5; p > 0.05). Spatial variability at the
smallest scales (0 to 2 km apart) was, therefore, gener-
ally lower than small-scale temporal variability.

Comparison with a 10 yr T-RFLP dataset
collected at the SPOT station

Results from the present study (spatial and daily
samples) were compared to a 10 yr T-RFLP dataset
(2000 to 2010; D. Y. Kim et al. unpubl.) investigating
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the community at the SPOT station on a monthly
basis (Fig. 8A). Comparison of the average BC simi-
larity values revealed that communities collected 1 to
36 mo apart were significantly lower than averages
for communities collected 0 km (i.e. replicates), 2 km,
and 1 d apart (Dunnet's test; p < 0.05).

The average BC similarity value of communities
collected during May of different years, an indication
of the interannual variability of community composi-
tion during May, was 47% (n = 8), which was the
median similarity value among communities col-
lected in various months throughout the 10 yr time-
series (39 to 55 %; Fig. 8B). The 47 % average BC sim-
ilarity value of communities collected during May
was comparable to the overall average BC similarity
value of communities collected 12 mo apart (i.e. over-
all interannual variability of community composition;
n = 58; see '12 mo apart’ in Fig. 8A).

A CLUSTER analysis was performed using samples
from the present study and monthly samples collected
from March 2008 to December 2010 to investigate
how individual communities in the present study
compared to those in samples collected monthly over
a period of 3 yr (Fig. 9). Communities collected over
small temporal and spatial scales in the present study
formed a single cluster within the dataset, indicating
that the communities in the present study

taxa of the protistan community in the present study.
Many of the assigned putative IDs were ciliates and
dinoflagellates, and only 3 phytoplankton taxa
besides dinoflagellates (2 chlorophytes and 1 hapto-
phyte) were among the most common taxa (see
Tables S1 & S2 in the Supplement). Ostreococcus
tauri, one of the chlorophytes, occurred in all sam-
ples, in agreement with reports that it is commonly

2D Stress: 0.07
Similarity
49%
62%
7%

were more similar to one another than to
any community collected at monthly inter-
vals over the 3 yr period.

DISCUSSION

The present study investigated protis-
tan community composition over small
spatial and temporal scales at the SPOT
station using T-RFLP. Putative IDs were
assigned to OTUs that occurred in more
than half the samples to provide taxo-
nomic information for these commonly
occurring OTUs. Protistan community
compositions were compared using pair-
wise Bray-Curtis similarity values, and
comparisons with a 10 yr T-RFLP dataset
from the SPOT station were made.

Similarity

32%
48%
61%

2D Stress: 0.09

-
~— —

Commonly occurring taxa in the
protistan community

Putative IDs of the commonly occurring
OTUs provided insights into the dominant

Fig. 6. Non-metric multidimensional scaling (nMDS) analysis using pair-
wise (A) Bray-Curtis and (B) Jaccard similarity values estimated for the
protistan communities from samples collected daily for 12 d. Group aver-
age similarity values of clusters with significant differences from CLUS-
TER analysis were overlaid on the nMDS plot (SIMPROF; p < 0.05). Com-
munities within the same cluster were not significantly different from each
other. Lines between data points connect sampling days sequentially
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present in the surface waters at the SPOT station
(Countway & Caron 2006, Kim et al. 2012). A wide
diversity of taxa was observed among the less com-
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Fig. 7. Average pair-wise Bray-Curtis (BC) similarity values

of protistan communities from samples collected different

distances apart. Distance between stations was rounded to

the nearest kilometer. Numbers in brackets above each data

point indicate the number of samples (n). Error bars are
standard deviations

BC community composition

80

mon OTUs in the present study (not included in
Tables S1 & S2). Previous studies using cloning and
sequencing for the identification of components of
the protistan community at the SPOT station have
revealed a large number of alveolates and stra-
menopiles as well as a number of chlorophytes and
haptophytes in surface waters (Countway et al. 2010,
Schnetzer et al. 2011). D. Y. Kim et al. (unpubl.) used
the same reference fragments used in the present
study to assign putative IDs to the T-RFLP fragments
from the 10 yr dataset collected at the SPOT station,
and the method revealed similar groups of protists in
their 5 m samples.

Diatoms are one of the most common groups of
phytoplankton in aquatic systems and can be often
found in the San Pedro Channel (Schnetzer et al.
2007, Countway et al. 2010). It is therefore surprising
that putative IDs assigned to commonly occurring
OTUs did not include diatoms in the present study.
The only stramenopile among the assigned putative

A @an

5 @
70+ (10)

®)
©
) ©®)

60 3
50
40

30+

20 T T T T T T T T

(71)

(76)
70
) (58) (43)
(64) (36)

(50)

i1 2 3 4 5 6 7 8 9

123 6 12 18 24 36

Days apart
80

Months apart

70

%01 @ ®

50 (i) ) }

40

BC community composition similarity (%)

30

20

(5) @

.

Jan  Feb Mar Apr May Jun
Month

Jul Aug Sep  Oct Nov  Dec

Fig. 8. Variability in protistan community composition over a range of temporal scales. Data points are the average pair-wise

Bray-Curtis (BC) similarity values of protistan communities from samples collected (A) different days or months apart and (B)

in the same month of different years. Numbers in brackets above each data point indicate the number of samples (n). Error

bars are standard deviations. Data of a month or more apart are from a 10 yr T-RFLP dataset (2000-2010) collected monthly at
the SPOT station from 5 m depth (D. Y. Kim et al. unpubl.)
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Fig. 9. CLUSTER analysis using pair-wise Bray-Curtis similarity values estimated for protistan communities from samples used

to examine small-scale spatial and temporal (daily) variability and from monthly samples collected from March 2008 to

December 2010 at the SPOT station. Solid lines indicate significant differences between community compositions (SIMPROF,

p < 0.05). Monthly data from 2008 to 2010 were obtained from a 10 yr T-RFLP dataset (2000-2010) collected monthly at the
SPOT station from 5 m depth (D. Y. Kim et al. unpubl.)

IDs was an unspecified stramenopile. Possible rea-
sons explaining the lack of diatoms among the com-
monly occurring taxa in the present study include
technical artifacts (e.g. amplification bias favoring
species with high copy numbers of the 18S rRNA
gene, such as ciliates and dinoflagellates, see Potvin
& Lovejoy 2009; inefficiency of extracting DNA from
diatoms due to their frustules, see Medinger et al.
2010), the lack of taxonomic resolution of the T-RFLP
analysis (i.e. same fragment sizes from multiple taxa,
see Osborn et al. 2000), or high diversity among dia-
toms with unique fragment lengths that singly were
not high enough for detection by T-RFLP, since only
dominant taxa can be detected with this method (Liu
et al. 1997).

The reliability of our putative ID assignments was
enhanced by the use of full-length sequences ob-
tained from the same locale (Kim et al. 2012), rather
than comparing them to large public databases, such
as GenBank or SILVA, that contain sequences from
various locations and types of environments (Diez et
al. 2001a, Ferndandez-Guerra et al. 2010). Kim et al.
(2012) identified OTUs using the same reference
fragments for a dataset of monthly samples collected
at the SPOT over a period of 3 yr. The applicability of
this reference dataset for year-round samples is
attributed in part to the generally oligotrophic condi-
tions at the SPOT station, which leads to a relatively
more stable assemblage of protists (Fuhrman et al.
2006, Kim et al. 2012).
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Variability in protistan community composition
over small spatial and temporal scales

Both sampling and sample-processing variability
was reflected in the similarity among the true repli-
cates. T-RFLP has been shown to be a robust and
reproducible method (Lukow et al. 2000, Osborn et
al. 2000, Dunbar et al. 2001, Rossi et al. 2009), and
pseudo-replicates (replicate profiles from the same
sample) have been shown to have <5% standard
deviation in total peak area in a previous study (Vigil
et al. 2009) as well as in the present study (data not
shown). Variability within replicate samples can be
large at times for protistan assemblages. Dolan &
Stoeck (2011) investigated the variability of true
replicate samples (10 1) using microscopic counts of
tintinnids and reported that the similarity of tintinnid
communities in true replicate samples can range
from 88 to 96 %. Our measures of similarity among
true replicates were lower, perhaps in part due to the
fact that we sampled the entire protistan community.

Our analysis revealed patches of water with differ-
ing protistan assemblages among the 17 closely
spaced stations surrounding and including the SPOT
station (Fig. 2). This finding is not surprising because
it has long been known that the spatial distribution of
plankton is patchy at fine (several meters), small
(several kilometers), and large (over hundreds of
kilometers) scales due to physicochemical and bio-
logical processes, such as heterogeneity in resource
distribution, turbulent eddies, migration, and differ-
ential growth and mortality (Hutchinson 1961, Mc-
Manus et al. 2003, Cloern & Dufford 2005, Mitchell et
al. 2008, Menden-Deuer & Fredrickson 2010, Dolan
& Stoeck 2011). The magnitude of the spatial hetero-
geneity, however, varies greatly among different
studies. Menden-Deuer (2008) reported low variabil-
ity of phytoplankton community composition within a
plankton-rich layer (extending up to several kilome-
ters) in a fjord in Washington, USA, while Vigil et al.
(2009) found high variability among protistan com-
munities along the east coast of the USA. Vigil et al.
(2009) applied the same methodology as the present
study, and samples were collected at multiple sta-
tions >10 km apart. Their results revealed somewhat
low community similarities (all similarity values were
<70%, and only 2% [n = 47] of their pair-wise com-
parisons between communities collected at different
stations on the same day had similarity values of
>60%). By contrast, 48% (n = 31) of the pair-wise
comparisons of communities collected 10 to 21 km
apart (including comparison to the community from
the BR station) on 25 May in our study were >60 %.

The greater community similarities observed in the
present study can be explained, in part, by the fact
that Vigil et al. (2009) examined a series of estuarine
embayments that exhibited distinct chemical or
physical conditions.

While the magnitude of small-scale horizontal spa-
tial variability of protistan community composition
appears to vary considerably, small-scale vertical
spatial variability tends to be high across gradients of
environmental parameters. For example, Behnke et
al. (2006) noted differences in protistan community
composition over a vertical distance of ~30 m with a
steep O,/H,S gradient. The formation of thin plank-
ton-rich layers at the bases of pycnoclines has been
shown to yield community compositions that differed
drastically over a few meters (Rines et al. 2002,
McManus et al. 2003, Menden-Deuer 2008). Studies
of protistan community variability conducted at
the SPOT station have also shown high variability
between communities found at the surface and those
found in deeper layers (>100 m) due to multiple
gradients of environmental factors, including light,
temperature, nutrient, and oxygen concentrations
(Countway et al. 2010, Schnetzer et al. 2011). The
10 yr T-RFLP dataset collected at the SPOT station
revealed that protistan assemblages from within the
euphotic zone (5 m and deep chlorophyll maximum)
and below it (150 and 550 m) clustered into separate
groups regardless of the year or month in which they
were collected, indicating that variability of the com-
munities arising from vertical spatial differences
overshadowed variability from long-term temporal
variations (data not shown; D. Y. Kim et al. unpubl.).
Our small-scale data were collected from the water
surface, while the long-term data used in the present
study (D. Y. Kim et al. unpubl.) were collected from
5 m, but our experience at the SPOT station indicates
that the water surface and 5 m are always within the
surface mixed layer (Countway et al. 2010) and are,
therefore, comparable.

Significant changes in the protistan communities
were observed among some adjacent days during
our study of small-scale temporal variability (Fig. 6).
The community collected on 24 May, for example,
was significantly different than those from 23 May
and 25 May (47 to 48 % pair-wise similarity). These
changes may reflect either advection of patchy com-
munities or rapid responses of the community to subtle
environmental cues. Studies of protistan community
composition have reported changes in composition
during bottle incubations over 1 or a few days.
Countway et al. (2005) and Kim et al. (2011) reported
substantial changes in the composition of natural
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protistan communities in containers after 3 d of incu-
bation even though samples were incubated at ambi-
ent light and temperature. Communities perturbed
by nutrient enrichments differed dramatically (<50 %
community similarity values) from the original com-
munity after only 24 h of incubation (Kim et al. 2011).
A recent study investigating the small-scale temporal
variability of the protistan community using pyrose-
quencing at a lake in France found overall low simi-
larity (average of 34%) between communities of
small eukaryotes collected 2 to 3 d apart (Mangot et
al. 2013). However, the average similarity among the
abundant OTUs (>1% of reads) in their study was
70 %, greater than our average BC similarity of 58 %
for communities separated by 2 or 3 d. High small-
scale temporal variability was also reported by Vigil
et al. (2009), who sampled along the east coast of the
USA. They observed no similarity values > 70 % for
communities collected 5 to 18 d apart, and only 11 %
(n = 44) of these pair-wise comparisons had similarity
values > 60 %.

Overall, we observed that changes in protistan
community composition at small spatial scales (0 to
2 km apart) were lower than changes over small tem-
poral scales (1 to 9 d apart). Studies comparing small-
scale spatial and temporal variability in protistan
community composition are scarce, but Menden-
Deuer (2008) reported findings similar to ours in her
study conducted at East Sound, WA, USA. The
author collected samples from 5 stations <5 km apart
in 2 or 5 d intervals and observed significant changes
in the protistan community composition over time but
not between stations on the same day.

Factors affecting protistan community variability
over small spatial and temporal scales

Environmental factors have often been reported as
important forces shaping planktonic communities
over both spatial and temporal scales (Bark 1981,
Lopes et al. 2005, Martiny et al. 2006), but no signifi-
cant correlations between environmental parameters
and small-scale spatial and temporal variability were
observed in our study. The lack of correlation be-
tween physical and chemical environmental parame-
ters and community similarity in the present study
was not surprising given the low variability of these
parameters (Tables 1 & 2; standard deviation of both
spatial and daily measurement of temperature:
0.77°C; salinity: 0.23; pH: 0.06). Chlorophyll concen-
trations, on the other hand, correlated with small-
scale spatial variability but not temporal variability,

most likely due to the fact that chlorophyll concentra-
tions are affected by many factors, including light,
nutrient status, and community composition (Geider
1987, Kruskopf & Flynn 2006), that were more vari-
able over the 12 sampling days than among the 17
closely spaced stations.

Distance within the small-scale sampling grid did
not have a major impact on community variability.
There was only a weak correlation between distance
and spatial variability, and a number of pair-wise
comparisons (23 % of 171 pair-wise similarity values)
between communities separated by up to 14 km
yielded similarity values as high, or even higher, than
the average BC similarity value among the 3 replicate
samples collected at the SPOT site (71 %). At the same
time, 10 % of all BC similarity values for communities
separated by as little as 3 km (n = 171) yielded similar-
ity values of <50 %. Results of the Jaccard index also
implied a weak correlation between distance and
community similarity. Moreover, the average similar-
ity value obtained by comparing the community at the
outlying station BR and the communities at the 17
closely spaced stations (BC: 60 %; Jaccard: 44 %; n =
19) was comparable to the average similarity value of
the communities from the 17 closely spaced stations
alone (BC: 63%; Jaccard: 48 %; n = 171), indicating
that communities were, overall, as similar to an out-
lying station as they were to one another.

Biologically mediated processes, such as differen-
tial growth and mortality, presumably contributed to
variability in the protistan communities over short
temporal or spatial scales. Protists can respond rap-
idly to biotic and abiotic factors as their high maximal
growth rates allow them the potential to increase
rapidly in abundance (Crumpton & Wetzel 1982,
Cavender-bares et al. 1999, Arzul et al. 2001, Rose &
Caron 2007). A review of the growth rates of cultured
protists by Rose & Caron (2007) revealed that protists
cultured at 16 to 18°C had potential growth rates of
1.32 d~!. Rapid shifts in protistan communities de-
tected among some days (e.g. 23, 24, 25 May) in the
present study may be a result of differential growth
from specific nutritional factors that we did not meas-
ure (Hansen 1992, Riebesell et al. 1993, Sunda &
Huntsman 1995, Buskey 1997, Maldonado et al.
1999, Pedersen & Hansen 2003) or prey selectivity by
predators (Bergquist et al. 1985, Elser & Carpenter
1988). Infections from viruses, bacteria, fungi, and
parasitic protists can also lead to rapid changes in
their host populations and consequently shifts in the
overall community composition (Brussaard 2004,
Park et al. 2004, Kagami et al. 2007, Mangot et al.
2010, Sime-Ngando 2012).
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Our study of the small-scale temporal variability of
protistan communities was conducted in May, but we
are cognizant that variability in community composi-
tion may be different in other months. Given that the
interannual variability for May was the median of the
interannual variability observed for different months
(Fig. 8B), and its standard deviation of the interannual
variability (7 %) was on the lower end of the range (6
to 14 %) compared to other months, we speculate that
the variability reported in the present study is a rea-
sonable representation of the small-scale temporal
variability of protistan communities at the SPOT site.

Comparison of small-scale spatial and temporal
variability to monthly, seasonal, and interannual
variability

Small-scale spatial (0 km and 2 km apart) and day-
to-day variability among the protistan communities
was significantly lower than monthly variability
(Fig. 8A; D. Y. Kim et al. unpubl.), implying that small-
scale spatial and temporal differences in sample col-
lection would not obscure information gleaned from
the monthly study of protistan communities. This
speculation is supported by the observation that com-
munities collected over small spatial or temporal
scales in the present study exhibited greater similarity
to one another than communities collected monthly
from 2008 to 2010 (Fig. 9). The formation of a single
cluster comprising all the communities in the present
study in the CLUSTER analysis indicates that the vari-
ability associated with the communities in the present
study was less than the month-to-month variability for
the period 2008 to 2010. Monthly, seasonal, and inter-
annual patterns generated by the monthly samples
were, therefore, not masked by the small-scale spatial
and daily samples. High monthly variability of protis-
tan communities has also been reported in studies us-
ing pyrosequencing (Nolte et al. 2010, Jones et al. in
press).

CONCLUSIONS

The results of the present study provide new in-
sights into protistan community dynamics. Tempera-
ture, salinity, pH, wind, and upwelling could not ex-
plain the presence of variability among community
composition in the present study, and there was only
a weak correlation between distance and spatial
variability. Variability of true replicates was compa-
rable to communities separated by 2 km, and the

variability generated by these small-scale spatial
(0 to 2 km) differences was significantly lower than
day-to-day variability of protistan communities.
Comparisons with a 10 yr dataset from the same sta-
tion showed that small-scale spatial (0 to 2 km) and
temporal (1 d) community variability was signifi-
cantly lower than the variability of communities
separated by >1 mo. Small-scale spatial and tempo-
ral variability was, therefore, minor compared to
monthly, seasonal, and interannual variability.
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