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A B S T R A C T

We investigated the effects of pH on movement behaviors of the harmful algal bloom causing

raphidophyte Heterosigma akashiwo. Motility parameters from >8000 swimming tracks of individual

cells were quantified using 3D digital video analysis over a 6-h period in 3 pH treatments reflecting

marine carbonate chemistry during the pre-industrial era, currently, and the year 2100. Movement

behaviors were investigated in two different acclimation-to-target-pH conditions: instantaneous

exposure and acclimation of cells for at least 11 generations. There was no negative impairment of cell

motility when exposed to elevated PCO2 (i.e., low pH) conditions but there were significant behavioral

responses. Irrespective of acclimation condition, lower pH significantly increased downward velocity

and frequency of downward swimming cells (p < 0.001). Rapid exposure to lower pH resulted in 9%

faster downward vertical velocity and up to 19% more cells swimming downwards (p < 0.001).

Compared to pH-shock experiments, pre-acclimation of cells to target pH resulted in �30% faster

swimming speed and up to 46% faster downward velocities (all p < 0.001). The effect of year 2100 PCO2

levels on population diffusivity in pre-acclimated cultures was >2-fold greater than in pH-shock

treatments (2.2 � 105 mm2 s�1 vs. 8.4 � 104 mm2 s�1). Predictions from an advection-diffusion model,

suggest that as PCO2 increased the fraction of the population aggregated at the surface declined, and

moved deeper in the water column. Enhanced downward swimming of H. akashiwo at low pH suggests

that these behavioral responses to elevated PCO2 could reduce the likelihood of dense surface slick

formation of H. akashiwo through reductions in light exposure or growth independent surface

aggregations. We hypothesize that the HAB alga’s response to higher PCO2 may exploit the signaling

function of high PCO2 as indicative of net heterotrophy in the system, thus indicative of high predation

rates or depletion of nutrients.

� 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Over at least the past 250 years, fossil fuel burning and
deforestation have caused an increase in atmospheric carbon
dioxide (CO2) levels (Ruddiman, 2007). Atmospheric CO2 concen-
trations have increased by 40% from an average pre-industrial level
of approximately 280 to 396 ppm in early 2013 (Solomon et al.,
2007; Tans, 2013; Keeling, 2013). By the end of this century, PCO2 is
expected to increase to 750 ppm or even more than 1000 ppm
(Houghton et al., 2001; Orr et al., 2005; Raven et al., 2005; Meehl
et al., 2007; Raupach et al., 2007). Increasing atmospheric CO2 has
resulted in the net uptake of CO2 by surface waters of the oceans
(Quéré et al., 2009; Hofmann et al., 2010). The dissolution of
* Corresponding author. Tel.: +1 401 874 6608; fax: +1 401 874 6728.

E-mail addresses: smenden@gso.uri.edu, smenden@mail.uri.edu

(S. Menden-Deuer).

Please cite this article in press as: Kim, H., et al., pH alters the sw
Implications for bloom formation in an acidified ocean. Harmful Alg

1568-9883/$ – see front matter � 2013 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.hal.2013.03.004
anthropogenic CO2 in the ocean leads to changes in the carbonate
system. Specifically, carbonic acid (H2CO3) increases and carbonate
(CO3

2�) ion and pH decrease (Rost et al., 2008; Hofmann et al.,
2010). This process is termed ocean acidification – the average pH
of the global surface ocean has decreased by 0.1 units since the pre-
industrial era and is expected to drop 0.3–0.4 units more by 2100
(Zeebe and Wolf-Gladrow, 2001; Caldeira and Wickett, 2005;
Orr et al., 2005; Meehl et al., 2007).

A range of impacts of ocean acidification on marine biota have
been investigated. Among them, calcification has been a main
focus and numerous studies demonstrate that calcifying organisms
such as corals, coccolithophores, and coralline algae are affected by
acidification through decreases in the saturation state of various
mineralogical forms of calcium carbonate and calcification rates
(Kleypas et al., 2006). Moreover, other biological processes such as
photosynthesis in corals and some phytoplankton are also affected
(Langdon and Atkinson, 2005; Anthony et al., 2008; Iglesias-
Rodriguez et al., 2008; Crawley et al., 2010): respiration in the
imming behaviors of the raphidophyte Heterosigma akashiwo:
ae (2013), http://dx.doi.org/10.1016/j.hal.2013.03.004
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jumbo squid (Rosa and Seibel, 2008), and uptake rates of trace
metals by phytoplankton (Shi et al., 2010).

CO2 partial pressure also seems to affect phytoplankton
community composition. Shipboard experiments with natural
phytoplankton assemblages showed that at high light intensity,
increasing PCO2 coincided with decreases in the relative abun-
dance of diatoms and primary production but the abundance of
smaller haptophytes increased (Gao et al., 2012). In experiments,
with elevated PCO2, during the North Atlantic spring bloom,
phytoplankton community composition shifted to coccolitho-
phores in response to elevated PCO2 and higher temperatures
(Feng et al., 2009). Fu et al. (2008) showed that in laboratory
experiments, higher PCO2 increased both the growth rates and
cellular carbon and nitrogen quotas of the toxic and harmful
raphidophyte, Heterosigma akashiwo (Y. Hada) Y. Hada ex Y. Hara et
M. Chihara. This species-specific enhancement in growth suggests
that rising PCO2 may enhance H. akashiwo blooms as this HAB alga
may benefit from a fertilization effect of higher PCO2 in the future
ocean.

In addition to a CO2 fertilization effect, lower pH may alter
behaviors of marine organisms. For instance, low pH induced
predator avoidance behavior of marine gastropods (Bibby et al.,
2007) and restrained discriminatory behaviors of olfactory cues of
marine clownfish larvae (Munday et al., 2009). To our knowledge,
however, the impacts of PCO2, and pH, on phytoplankton
movement behaviors are currently unknown.

Swimming behaviors of many planktonic organisms are driven
by flagella that rely on a cellular sensory-motor system whose
source of energy originates from transmembrane pH gradients
(Williams, 1988). These intracellular pH gradients are affected by
external pH decreases in several phytoplankton species (Dason
et al., 2004; Suffrian et al., 2011). The heterotrophic dinoflagellate
Crypthecodinium cohnii exhibited more dispersive swimming
behavior characterized by decreased aggregation in CO2-enriched
areas (Hauser et al., 1978). If H. akashiwo is also susceptible to
changes in pH due to changes in seawater carbonate chemistry,
then effects on individual motility capacity and patterns may alter
their swimming behavior.

Individual movement behaviors of motile plankton directly
influence cell encounter rates with nutrients and potential grazers
in the surrounding fluid environment (Visser and Kiørboe, 2006).
They also increase local cell concentrations by enhancing cell
aggregations (Franks, 1997; Bearon et al., 2006) and stimulate
growth by promoting retention of cells in areas favorable for bloom
development (Watanabe et al., 1991; Liu et al., 2001). Recent
investigations of plankton movement behaviors and population
distributions by stereo video analysis (Bearon et al., 2006;
Menden-Deuer and Grünbaum, 2006; Harvey and Menden-Deuer,
2011) showed that microscopic changes in individual behaviors
Table 1
Summary of carbonate chemistry parameters for pH-shock and pre-acclimation treatme

inorganic carbon (DIC, mmol kg�1), total alkalinity (AT, mmol kg�1), measured and target 

Target pH was calculated (see Section 2) and did not differ significantly from measured 

from both the seawater batch and filming chambers. Despite changes in DIC and AT durin

the different PCO2 treatments (p < 0.001).

Treatment Measured DIC (mmol kg�1) M

Before experiment After experiment B

pH-shock 280 ppm 1834 (3) 1833 (7) 1

pH-shock 380 ppm 1916 (3) 1862 (10) 2

pH-shock 750 ppm 1991 (3) 1912 (8) 2

Pre-acclimation 280 ppm 1833 (6) 1828 (6) 1

Pre-acclimation 380 ppm 1924 (1) 1909 (9) 2

Pre-acclimation 750 ppm 1981 (2) 1949 (2) 2
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could subsequently result in changes in population distributions
(Menden-Deuer, 2010). In H. akashiwo changes in individual
motility can promote surface aggregates by effecting changes in
population distribution (Bearon et al., 2006). If H. akashiwo alters
its movements in response to a changed carbonate system, how
might lower pH in a future ocean affect population distributions?

We hypothesize that changes in seawater carbonate chemistry
would alter the movement behaviors of H. akashiwo and
investigated the implications for bloom formation under different
pH conditions. Three nominal pH levels were chosen, correspond-
ing to 280, 380, and 750 ppm PCO2 representing the pre-industrial
era, current (year 2007), and projected conditions in the year 2100
(Solomon et al., 2007). H. akashiwo cultures were acclimated to
target pH values using two treatments: instantaneous pH-shock
and pre-acclimation. We found that lower pH caused enhancement
in downward swimming of H. akashiwo, which can subsequently
alter population distributions, exposure to light and nutrients, and
ultimately reduce HAB formation potential.

2. Materials and methods

2.1. Culture conditions

The raphidophyte H. akashiwo (CCMP 2809) was cultured in
triplicate 0.5–1 L polycarbonate bottles at 15 8C in 0.2 mm sterile-
filtered autoclaved seawater (FSW) collected from Narragansett
Bay, Rhode Island, USA and enriched with f/2 nutrients (Guillard,
1975). All cultures were non-axenic and were grown at a light
intensity of 70–80 mmol photons m�2 s�1 with cool and warm
white lights on a 12:12 h, light:dark cycle. During incubations, the
light and dark cycle commenced at 0600 h and 1800 h, respective-
ly. Cells were grown using the semi-continuous culture method
developed by Hutchins et al. (2007) and Fu et al. (2008). Cell
concentrations were kept at 1000–2000 cells mL�1 in order to
avoid changes in carbonate chemistry triggered by photosynthesis
at high cell densities. Specific growth rates (m, d�1) were calculated
as m (d�1) = (ln Nb � ln Na)/(tb � ta) where Na and Nb is the average
cell density in triplicate incubations, respectively at initial
sampling time ta (directly after a dilution) and tb (directly before
the next day’s dilution) in the semi-continuous cultures. During
growth experiments, cell abundance and equivalent spherical
diameter (ESD, mm) were measured with the Coulter counter after
verifying a 1:1 agreement with microscopy. ESD was subsequently
used for calculating carbon biomass (Menden-Deuer and Lessard,
2000). In preliminary, semi-continuous, growth experiments the
acclimation period required to reach stable growth rates was
dependent on pH. At higher pH, stable growth rates were reached
after 3 days, whereas 7 days were required for stable growth at the
lowest pH treatment. Therefore cultures were acclimated to the
nts measured in triplicate before and after filming experiments including dissolved

pH. Standard errors of the mean (SE) of triplicate samples are shown in parentheses.

pH (p = 0.202). DIC and AT were measured before and after each filming experiment

g the experiment, significant differences in carbonate chemistry were maintained in

easured AT (mmol kg�1) Measured pH Target pH

efore experiment After experiment

996 (1) 1940 (5) 8.26 (0.03) 8.27

029 (2) 1963 (6) 8.13 (0.01) 8.16

040 (3) 1975 (2) 7.86 (0.02) 7.89

992 (2) 1929 (3) 8.23 (0.02) 8.27

036 (1) 1962 (5) 8.10 (0.03) 8.16

041 (2) 1977 (5) 7.84 (0.01) 7.89

imming behaviors of the raphidophyte Heterosigma akashiwo:
ae (2013), http://dx.doi.org/10.1016/j.hal.2013.03.004
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target pH for 7 days prior to filming experiments. During semi-
continuous growth experiments diel fluctuations in pH in all
treatments ranged from 0.01 to 0.16 pH units.

2.2. Experimental design

To test the effect of pH on swimming behavior, filming
experiments were performed in triplicate with seawater manip-
ulated to reflect 3 target nominal PCO2 levels of 280, 350, 750 ppm
(Table 1). Altering PCO2 in the medium in this manner predictably
altered the pH and achieved desired pH (Table 1). To examine the
effect of prior acclimation to pH, experiments were run with two
different pH acclimation conditions: (1) an instantaneous
exposure to the target pH and (2) a 7-day acclimation to the
target pH reflecting an acclimation period for 11–12 generations.
Through the rest of this paper, we refer to the instantaneous
change in pH as ‘‘pH-shock’’ and experiments where cultures were
acclimated to target pH for 7 days as ‘‘pre-acclimation’’,
respectively.

2.3. Seawater acidification and carbonate chemistry measurements

Seawater manipulation to achieve target pH was performed
by aeration with custom air mixtures that had been pre-mixed
to CO2 concentrations of 280, 380, and 750 ppm purchased from
a commercial supplier (AirGas, �10% blend tolerance). Gas
mixtures were bubbled through a 2 mm ultra-fine stone gas
sparger. Generally, cultures were grown and maintained in
autoclaved FSW enriched with nutrients. Since seawater autoclav-
ing results in degassing of the medium, thus significantly changing
carbonate chemistry (Gattuso et al., in press), seawater used for
PCO2 manipulation was not autoclaved but was gravity filtered
twice with a 0.2 mm filter capsule before PCO2 manipulation was
performed. Carbonate chemistry parameters measured included
pH, total alkalinity (AT), and dissolved inorganic carbon (DIC)
determined by using a pH meter (Radiometer analytical HANNA
HI98150, precision: �0.01, accuracy: �0.01) calibrated with pH
7.00 and 10.00 NBS buffers, a Gran titration method using a
Metrohm 809 Titrando and a gas analyzer (AIRICA with LI-Cor 7000
CO2/H2O Analyzer), respectively. Certified reference materials for
DIC calibration were purchased from the Dickson laboratory
(University of California, San Diego; http://andrew.ucsd.edu/
co2qc/index.html). For seawater manipulation, AT of FSW and
target PCO2 concentrations were entered into the program CO2SYS
(Lewis and Wallace, 1998) at measured salinity and temperature to
calculate target pH values (i.e., calculated target pH). The NBS
(National Bureau of Standards) scale of seawater pH, constants K1,
K2 from Mehrbach et al. (1973) as refit by Dickson and Millero
(1987), and the KSO4 source from Dickson (1990) are used in this
software. Sparging was performed until measured seawater pH
indicated equilibrium with PCO2 of the gas mixtures without
further changes in pH (i.e., measured pH). Measured pH and
calculated target pH corresponding to target PCO2 were subse-
quently compared (Table 1). Before and after all experiments, pH,
AT, and DIC were measured in triplicate. Water samples for
carbonate chemistry were always collected at the same time of day
in order to minimize the potential effect of diel variability.
All carbonate chemistry determinations were performed within 30
days after experiments were completed. Samples for DIC determi-
nation were kept in 40 mL glass vials and were stored at 4 8C
and in the dark after fixing with HgCl2 with no head-space to
minimize gas exchange. Samples for AT measurements were kept
in 60 mL plastic vials. The calculated PCO2 values (Lewis and
Wallace, 1998), based on measured pH and alkalinity, were
299 � 20, 426 � 30, 857 � 60 ppm, in the 3 PCO2 treatments,
respectively.
Please cite this article in press as: Kim, H., et al., pH alters the sw
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2.4. Stereo video camera capture and analysis

H. akashiwo were filmed in triplicate in both pH-acclimation
conditions for each of the 3 PCO2 treatments in an experimental
acrylic chamber (30 cm-tall, 5.5 cm-wide, 1 L-volume). The filming
procedure used followed the method described in Harvey and
Menden-Deuer (2011). Briefly, the filming chamber was filled with
CO2-modified FSW using peristaltic pumps. To minimize convec-
tion the water column in the chamber was stabilized by a linear
salinity gradient ranging from 27 psu at the top to 30 psu at the
bottom. The top of the filming chamber was covered with a low
permeability sealing plastic film (Parafilm M1) to minimize gas
exchange and disturbance to the water column. H. akashiwo

cultures were condensed with a 5 mm mesh condenser and
injected at the bottom of the chamber at a rate of 10 mL min�1

through chemically inert silicon tubing (1 mm diameter) to
achieve a nominal cell density of 540 cells mL�1. Prior to filming,
cells were acclimated for 15 min in the chamber. All filming
experiments started at 1700 h, 1 h before the onset of the dark
phase of the light cycle during culturing. Replicates were filmed on
consecutive days. Filming was conducted with 2 infrared-sensitive
cameras (Pixelink equipped with Nikon 60 mm Micro Nikkor
lenses) mounted at a 458 angle to monitor a two-dimensional (2D)
field of view of 1.5 cm � 1.3 cm. Six separate horizons were filmed,
each vertically distributed 3–6 cm apart, and filmed for 2.5 min at
15 frames per second (fps) every hour for a 6-h period in the dark to
account for organismal responses to the light and changes in
carbonate chemistry of the water column due to photosynthesis.
Movement behaviors were extracted from videos using calibrated,
automated procedures (Menden-Deuer and Grünbaum, 2006).
Movement statistics were extracted from all trajectories observed
for a minimum duration of 3-s, subsampled at 0.1-s intervals.
Identical analysis and tracking parameters were applied to all
videos from all treatments and conditions.

2.5. Motility parameters

Motility parameters to describe swimming behaviors of
individual H. akashiwo cells in this study included swimming
speed (mm s�1), vertical velocity (mm s�1), turning rates (degrees
s�1), declination (degrees), and diffusivity (mm2 s�1). Swimming
speed is calculated from each x, y, and z velocity vector. Vertical
velocity indicates the up and down movement of cells; positive
values represent upward and negative values downward swim-
ming. Due to the bimodal distribution of vertical velocities, we
calculate a net vertical velocity, equal to the mean of the bimodal
distribution as well as the respective mean upward and downward
vertical velocities. The latter were calculated by taking the mean
velocity of only the positive and negative values respectively.
Turning rate was calculated as the change in direction over time.
Declination indicates the net direction of individual and is
calculated from the distance between the initial and end point
of each 3D swimming track. Declination is expressed as the angle of
vertical deviation from swimming straight up. The total range of
declination runs from 08 (up) to 1808 (down). Diffusivity provides
an estimate of how rapidly cells disperse in 3D space. Taylor’s
(1921) random walk was used to calculate diffusivity and diffusion
length scale: effective diffusivity of motility D = v2t/n where D is
the diffusivity in n dimensions (n = 3), v the effective swimming
speed representing the speed of propagation along a swimming
track in 3D space, and t the correlation time scale, the time over
which cells have directional persistence in motility (Visser and
Kiørboe, 2006). In order to calculate D, variables v and t were
calculated using Taylor’s equation for the non-linear regression of l

and t (all r2 > 0.99); l2 ¼ 2v2tðt � tð1 � e�t=tÞÞ, where l is the net
distance traveled of swimming tracks, and t is time elapsed. These
imming behaviors of the raphidophyte Heterosigma akashiwo:
ae (2013), http://dx.doi.org/10.1016/j.hal.2013.03.004
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Fig. 1. Elevated PCO2 had a significant fertilization effect on growth rates (m, d�1) of

H. akashiwo in semi-continuous incubations (p = 0.044). Stable growth rates were

observed after 3 days in lower PCO2 and after 7 days in 750 ppm. Error bars show

the standard error of triplicate measurements.
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analyses were performed separately for vertical and horizontal
motion (Schuech and Menden-Deuer, submitted for publication).
All analyses were performed using Matlab 7.13.

2.6. Statistical analysis

Differences between calculated target pH and measured pH
values were compared using a paired t-test. Changes in specific
growth rate (m, d�1), ESD (mm), and carbon biomass (pgC cell�1) as
a function of PCO2 were compared using a one-way Repeated
Measures Analysis of Variance (ANOVAR) to account for changes
over time. Carbonate chemistry parameters were compared using
a 4 way-ANOVA with factors of timing of sampling (i.e., before and
after experiments), replicates, pH-acclimation conditions, and
pCO2 treatments. The Kolmogorov–Smirnov test (K–S test) was
used to determine differences in frequency distributions of
swimming speed, turning rates, and vertical velocity in different
PCO2 treatments as well as the 2 different pH-acclimation
conditions. For all statistical analyses, differences were termed
significant if p < 0.05.

3. Results

3.1. Carbonate chemistry

Seawater manipulation was successful, yielding no significant
differences between target and measured pH values (p = 0.257,
paired t-test) (Table 1). The uncertainty of the mean pH for each
sample is 0.02, based on the pooled standard deviation, and the
measured pH values are on average 0.036 lower than the target
values. As expected, manipulation of seawater chemistry resulted
in significant differences in DIC values of the 3 PCO2 treatments
(p = 0.005, F = 572.73, df = 2, ANOVA) and pH values (p < 0.001,
F = 274.5, df = 2) but not in total alkalinity (p = 0.149, F = 2.03,
df = 2). In preliminary experiments, no significant changes in
alkalinity or DIC occurred during the seawater filling process and
within the water column in the filming chamber over the filming
duration of 6 h (p = 0.202, ANOVAR, data not shown). Over the
course of the filming experiments, DIC significantly but slightly
decreased (2.3%) (p < 0.001, F = 52.78, df = 1, CV = 0.89, SE = 1.21).
Despite these changes, DIC values of the 3 PCO2 treatments
remained significantly different from each other (p < 0.001,
F = 104.88, df = 2). Total alkalinity also decreased slightly during
the experiments, on average 5.7% (p = 0.03, F = 5.21, df = 1,
CV = 1.87, SE = 0.03). The carbonate chemistry of seawater used
for pH-shock and pre-acclimation treatments were identical. There
were no significant differences between pH-shock and pre-
acclimation in DIC (p = 0.911, F = 0.01, df = 1), total alkalinity
(p = 0.290, F = 1.16, df = 1), and manipulated pH (p = 0.214, F = 1.70,
df = 1), respectively.

3.2. Growth rates and carbon biomass

Growth rates were significantly higher in the semi-continuous
growth experiments with higher PCO2 (Fig. 1). Average growth
Table 2
Specific growth rates (m, d�1) and carbon biomass (pgC cell�1) in the semi-continuous

triplicates are shown in parentheses. Significant changes in specific growth rates in all 

observed.

Treatment Specific growth rates (m, d�1) 

PCO2 1–2 days 3–4 days 5–7 day

280 ppm 0.31 (0.16) 0.50 (0.05) 0.46 (0.0

380 ppm 0.39 (0.10) 0.55 (0.01) 0.52 (0.0

750 ppm 0.31 (0.08) 0.50 (0.07) 0.61 (0.0

Please cite this article in press as: Kim, H., et al., pH alters the sw
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rates of H. akashiwo at 280 ppm PCO2 (m = 0.43 d�1, CV = 0.30,
SE = 0.05) were 15% lower than at 380 ppm (m = 0.49 d�1,
CV = 0.19, SE = 0.04) and 750 ppm PCO2 (m = 0.49 d�1, CV = 0.32,
SE = 0.06). Growth rates varied significantly with time in all PCO2

treatments (p = 0.044, F = 3.12, df = 6, ANOVAR). However, the
change in growth rates over time depended on PCO2 treatment. In
the lower PCO2 experiments, maximum growth rates were
observed earlier, whereas in the highest PCO2 experiments,
maximum growth rates were observed only after 7 days
acclimation (in a 9 day incubation). Cell size and carbon biomass
showed no significant differences as a function of PCO2 treatment
(Table 2, p = 0.453, F = 0.91, df = 2). The ESD ranged from 12.1 to
14.7 mm (average 12.8 mm, CV = 2.9%, SE = 0.05) and cell volume
calculated from ESD ranged from 927 to 1657 mm3 (average
1098 mm3, CV = 9.26%, SE = 12.91).

3.3. Swimming speed

Swimming speed of H. akashiwo increased with increasing PCO2

(Table 3). The highest swimming speed was observed at 750 ppm
PCO2 (119 � 0.06 mm s�1) and was 8.2% higher than at 280 ppm
PCO2. Swimming speed was slowest at 280 ppm (110 � 0.04 mm s�1)
and was intermediate at 380 ppm PCO2 (112 � 0.03 mm s�1).
Swimming speeds of organisms pre-acclimated to target PCO2 did
not differ significantly with PCO2 (Table 3). H. akashiwo from pre-
acclimated cultures swam fastest at 380 ppm PCO2

(150 � 0.04 mm s�1) and swimming speed in the other PCO2

treatments were similar to the 380 ppm PCO2 treatment
(144 � 0.04 mm s�1 at 280 ppm and 146 � 0.03 mm s�1 at
750 ppm). Notably, organisms swam significantly faster on average
when pre-acclimated to target PCO2 compared to pH-shock condition
 growth experiment during pre-acclimation. Standard errors of the mean (SE) of

PCO2 were observed over time (p = 0.044) but no changes in carbon biomass were

Carbon biomass (pgC cell�1)

s 1–2 days 3–4 days 5–7 days

2) 146.2 (1.9) 154.7 (2.7) 152.5 (1.4)

2) 153.1 (4.7) 157.5 (3.3) 160.7 (2.4)

5) 139.2 (2.6) 157.9 (2.3) 164.2 (8.8)

imming behaviors of the raphidophyte Heterosigma akashiwo:
ae (2013), http://dx.doi.org/10.1016/j.hal.2013.03.004
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Table 3
Average swimming speed (mm s�1) of H. akashiwo cells in the 3 different PCO2

treatments and 2 acclimation conditions. Standard errors of the mean (SE) are

shown in parentheses.

Treatment pH-shock Pre-acclimation

Swimming

speed (mm s�1)

Swimming

speed (mm s�1)

280 ppm 110 (0.04) 144 (0.04)

380 ppm 112 (0.03) 150 (0.04)

750 ppm 119 (0.06) 146 (0.03)
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at all PCO2 treatments (all p < 0.001, K–S test). Swimming speed was
31%, 34%, and 23% faster compared to pH-shock conditions at 280,
380, and 750 ppm PCO2, respectively.

3.4. Turning rates

Changes in PCO2 had no remarkable effect on turning rates of H.

akashiwo (Table 4). Minimum turning rates were measured at
750 ppm (38.7 � 0.098 s�1) and maximum turning rates were
measured at 380 ppm (42.4 � 0.078 s�1), which is nearly identical
to intermediate turning rates at 280 ppm PCO2 (39.8 � 0.078 s�1).
Pre-acclimation also had no significant effects on turning rates.
Although the slowest turning rates were at 750 ppm
(42.2 � 0.058 s�1) and the fastest turning rats at 380 ppm
(44.8 � 0.078 s�1) with intermediate turning rates at 280 ppm PCO2

(42.0 � 0.068 s�1), the effective variations were small and within the
experimental variation.

3.5. Vertical velocity

PCO2 altered vertical velocity of H. akashiwo. The PCO2

treatments had two effects: (1) a change in the magnitude of
vertical velocity and (2) a shift in the proportion of the upward and
downward swimming cells. In all cases, the net vertical velocity
was characterized by a bimodal distribution representing both
upward motility (vertical velocity > 0) and downward motility
(vertical velocity < 0) (Fig. 2). The net vertical velocity decreased
significantly with increasing PCO2 (all p < 0.001, K–S test, Table 4).
The overall net vertical velocity of the bimodal frequency
distribution was negative in all treatments. In pH-shock experi-
ments, the magnitude of upward vertical velocity decreased with
increasing PCO2. The fastest mean upward vertical velocity was
observed at 280 ppm (68 � 0.05 mm s�1) and the slowest mean
upward vertical velocity at 750 ppm (52 � 0.14 mm s�1) with the
intermediate value observed at 380 ppm pCO2 (63 � 0.06 mm s�1).
The fastest mean downward vertical velocity was observed at
750 ppm (�83 � 0.13 mm s�1) and the slowest mean downward
vertical velocity observed at 380 ppm (�76 � 0.06 mm s�1) with the
intermediate value at 280 ppm pCO2 (�78 � 0.06 mm s�1).

Significant changes were also observed in the relative propor-
tion of upward and downward swimming cells in response to PCO2
Table 4
Turning rate (8 s�1), mean upward and downward as well as net vertical velocity (mm s�1

and 2 pH-acclimation conditions. Standard errors of the mean (SE) for movement me

abundance in H. akashiwo swimming upwards and downward, respectively.

Treatment Turning rate (8 s�1) Mean upward vertical

velocity (mm s�1)

M

ve

pH-shock 280 ppm 39.8 (0.07) 68 (0.05) �
pH-shock 380 ppm 42.4 (0.07) 63 (0.06) �
pH-shock 750 ppm 38.7 (0.09) 52 (0.14) �
Pre-acclimation 280 ppm 42.0 (0.06) 104 (0.04) �
Pre-acclimation 380 ppm 44.8 (0.07) 113 (0.05) �
Pre-acclimation 750 ppm 42.2 (0.05) 109 (0.05) �
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treatments (all p < 0.001, K–S test). The fraction of upward
swimming cells significantly decreased, and conversely the
fraction of downward moving cells significantly increased with
increasing PCO2 (Fig. 3, all p < 0.001, K–S test). Pre-acclimation had
a noticeable effect on vertical velocity in two respects: pre-
acclimation significantly increased the magnitude of vertical
velocity in both the up and down direction (all p < 0.001, K–S
test). The net vertical velocity of the entire population was negative
at all PCO2. Pre-acclimation significantly increased the upward
swimming fractions and decreased downward swimming fractions
at all PCO2 compared to the greater number of downward
swimming cells in instantaneously exposed cultures (Fig. 3, all
p < 0.001, K–S test).

3.6. Declination

PCO2 altered the direction of individual movement trajectories
with a bias towards either upward or downward swimming
instead of horizontal swimming directions. Higher PCO2 signifi-
cantly increased the fraction of net downward trajectories (Fig. 4,
all p < 0.001, K–S test). There was no relationship between mean
declination and PCO2 treatments. Mean upward declination ranged
from 22.1 � 1.3 to 45.1 � 3.78 and mean downward declination
ranged from 149.3 � 0.7 to 150.2 � 0.68 in the different PCO2

treatments. Compared to pH-shock, there were significantly fewer
net downward movement trajectories at all PCO2 in pre-acclimated
cultures (Fig. 4, all p < 0.001). Pre-acclimation significantly decreased
mean upward declination ranging from 15.5 � 0.5 to 17.5 � 0.68 and
increased mean downward declination ranging from 150.0 � 0.4 to
156.8 � 0.58 (all p < 0.001, K–S test) in the different PCO2 treatments.

3.7. Diffusivity

Changes in PCO2 altered diffusivity, but the effects were
relatively small compared to acclimation effects. Higher PCO2

slightly increased diffusivity (Fig. 5). Although diffusivity was the
greatest at 750 ppm, the difference from 380 ppm was relatively
small (Table 5). Pre-acclimation also showed a positive relation-
ship between diffusivity and PCO2, but effective variation among
PCO2 treatments were small (Fig. 5). Reflecting the observed
changes in swimming speed, diffusivity increased in pre-acclimat-
ed cultures at all PCO2 compared to pH-shock. Diffusivity was 2.3,
2.5, and 2.5 fold higher at 280, 380, and 750 ppm PCO2 compared to
pH-shock, indicating that the rate of acclimation matters.

4. Discussion

The motility of planktonic organisms is key to their capacity to
access resources, avoid predators and migrate vertically (Smayda,
1997; Visser and Kiørboe, 2006). As a result of anthropogenic CO2

emissions, ocean temperature is increasing (Levitus et al., 2005;
Hoegh-Guldberg and Bruno, 2010) and pH is decreasing (Hofmann
et al., 2010). Although flagella function depends on the ability of
) and respective fractions (%) of H. akashiwo cells in the 3 different PCO2 treatments

ans are shown in parentheses. Upward and downward fraction indicates relative

ean downward vertical

locity (mm s�1)

Net vertical

velocity (mm s�1)

Upward

fraction (%)

Downward

fraction (%)

78 (0.05) �31 (0.08) 32 68

76 (0.06) �46 (0.04) 22 78

83 (0.13) �66 (0.08) 12 88

112 (0.05) �23 (0.10) 41 59

111 (0.05) �12 (0.10) 44 56

98 (0.05) �47 (0.07) 25 75
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Fig. 2. Frequency distributions of vertical velocity (mm s�1) in 3 PCO2 treatments and 2 pH-acclimation conditions. Positive velocity values indicate upward and negative

values downward movement. Solid vertical lines represent mean upward and downward vertical velocity. Circles indicate the mean net vertical velocity with the standard

deviation as a horizontal bar.
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cells to maintain internal pH gradients (Williams, 1988), it is yet
unclear if ocean acidification affects the motility of flagellated
plankton, and thus would alter plankton distributions and
population dynamics. We did not find that the motility of the
toxic raphidophyte H. akashiwo was negatively impaired by lower
pH but did observe that lower pH enhanced the inherent vertical
bias of cells, characterized by both faster swimming of individual
cells and greater numbers of cells moving downwards. Cells
responded to decreased pH with increased downward motility,
Please cite this article in press as: Kim, H., et al., pH alters the sw
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irrespective of acclimation status. Both the magnitude and rate of
pH alterations were important factors in altering H. akashiwo

swimming behaviors. Overall cell motility, particularly speed, was
affected by prior acclimation of cultures to target pH. These results
imply that pH can alter the vertical migration of H. akashiwo and
thus its exposure to resources, and ultimately population
distribution and growth rate.

Cells subjected to lower pH had significantly higher downward
velocity and also swam more frequently downward than in other
imming behaviors of the raphidophyte Heterosigma akashiwo:
ae (2013), http://dx.doi.org/10.1016/j.hal.2013.03.004
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Fig. 3. Relative fractions (%) swimming upward and downward in 3 PCO2

treatments and 2 pH-acclimation conditions.

Fig. 4. Declination (8) of the net swimming trajectories in 3 increasing PCO2

treatments and in 2 pH-acclimation conditions from up (08) to down (1808). Area

covered by the frequency distribution represents number of swimming tracks (n)

and is also indicated through fractions (=a/b, e.g., 0.5), where a is the number of

samples per declination angle bin and b is the total number of data points. Higher

PCO2 (lower pH) significantly increased the fraction of net downward trajectories

(p < 0.001) and there were significantly fewer net downward trajectories at all PCO2

in pre-acclimated cultures (all p < 0.001).
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directions. H. akashiwo are well known to undergo regular diel
vertical migration (DVM), with upward movements in the light and
downwards movement during the dark phase (Yamochi and Abe,
1984; Wada et al., 1985; Watanabe et al., 1988). These behaviors
are hypothesized to optimize alternate exposure to light most
intense at the surface and nutrients frequently more concentrated
at depth. Our experiments were designed to commence at the
onset of the dark-phase of the culturing period to avoid
interference from light on behavior as well as to avoid alterations
of the carbonate system due to photosynthesis. We expected to
observe a downward swimming bias, which was the case in all
treatments, irrespective of pH. However, at lower pH, H. akashiwo

swam downward with greater directional persistence, faster and a
larger fraction of the population expressed this behavior. This
treatment effect significantly exceeded the DVM response
observed in the control. Therefore, the observed downward
swimming is not simply a DVM response but a treatment specific
response to lowered pH conditions.

Observation of enhanced downward swimming of H. akashiwo

under decreased pH may reduce the species’ regular and alternate
exposure to light and nutrients (e.g., Smayda, 1997). In a nutrient
limited environment, phytoplankton access to resources is
regulated through DVM (Villarion et al., 1995) including acquisi-
tion of NH4

+ and inorganic phosphate from sediments (Watanabe
et al., 1988; Luettich et al., 2000; Herndon and Cochlan, 2007).
Given the higher light compensation intensities required for H.

akashiwo compared to co-occurring diatoms (Smayda, 1997;
Shikata et al., 2008) H. akashiwo’s downward swimming tendency
at lower pH, if maintained during the light phase, may result in
lower light exposure and could negatively affect the species
growth rate. Furthermore, alterations in DVM may affect
competition with other phytoflagellates (Hall and Parel, 2011)
and exposure to predators (Harvey and Menden-Deuer, 2012).
However, exposure to nutrients may be enhanced due to longer
residence at greater depth. This implies that reductions in pH due
to ocean acidification may alter the pattern of DVM in H. akashiwo.
Therefore, our findings suggest that H. akashiwo exposure to light
and nutrients may change in lower pH environments and thus, that
population dynamics may be altered as a consequence.

It is noteworthy, that overall, only the directional component of
H. akashiwo motility was altered by pH treatments. There were no
significant differences in H. akashiwo swimming speeds and
turning rates among pH treatments, implying that pH variation
did not lead to involuntary motility changes and thus, pH in itself
was not responsible for the change in vertical bias. Moreover,
consistency in swimming speeds and turning rates shows that the
Please cite this article in press as: Kim, H., et al., pH alters the swimming behaviors of the raphidophyte Heterosigma akashiwo:
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Fig. 5. Diffusivity (mm2 s�1) of H. akashiwo in the 3 PCO2 treatments and 2 pH-

acclimation conditions. Increasing PCO2 did not affect diffusivity. Pre-acclimation of

cultures resulted in an up to 2.5 fold higher diffusivity.
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swimming capacity of the species was not negatively impacted by
changes in pH, but rather that the difference arose due to
behavioral responses of cells subjected to rapid or gradual changes
in pH. Thus, the downward bias was not an involuntary or stress
response to pH, but rather pH altered the inherent bias of
directionality in H. akashiwo swimming.

The rates of change in pH had a significant impact on cell
motility. H. akashiwo acclimated to target pH had significantly
higher swimming speeds than cells subjected to instantaneous pH
changes. This difference may be due to decreased swimming
activity of H. akashiwo in response to an abrupt change in pH. There
is considerable variability in previously reported average swim-
ming speeds for H. akashiwo (i.e., 50–120 mm s�1 from Bearon
et al., 2004 and 90–120 mm s�1 from Harvey and Menden-Deuer,
2012). In our study, average swimming speed in pre-acclimated
cultures was 29% faster than in pH-shock treatments. It is
noteworthy that our swimming speeds in pH-shock were
comparable to previously reported speeds for the same strain
(Harvey and Menden-Deuer, 2012). Although the Harvey and
Menden-Deuer (2012) study did not include pH treatments, our pH
shock treatment may be comparable to their filming conditions
because the cultures used in their experiments were dense,
exponentially growing cultures, and thus likely subject to varying
pH. It is possible that pH changes during regular culture
maintenance have a significant effect on H. akashiwo swimming
speed and possibly other physiological or metabolic factors.
Therefore, cells acclimated to pH conditions would have signifi-
cantly higher swimming speeds and dispersal rates. Given the
tremendous differences between shock and acclimation responses,
the acclimation period may be an experimental design factor
deserving consideration. Overall, the rate of change in pH would
influence the magnitude of cell dispersal but the qualitative
response of downward swimming was largely identical irrespec-
tive of the rates of pH change cultures were exposed to.
Table 5
Motility parameters derived from movement tracks using Taylor’s equation including eff

scale (l, mm), and diffusivity (D, mm2 s�1).

Treatment pH-shock 

v (mm s�1) t (s) l (mm) D (mm2 s

280 ppm 102 22.9 2333 8.0 � 104

380 ppm 103 23.6 2426 8.3 � 104

750 ppm 117 19.2 2248 8.7 � 104
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These results suggest that the rate of change in pH is important
to consider in assessing pH effects. pH changes in the coastal ocean
may proceed both very rapidly or gradually and thus could have
different ramifications for the motility of H. akashiwo. Rapid
decreases in pH can be caused by dense phytoplankton assem-
blages with pH increases during daylight hours due to depletion of
CO2 by photosynthesis (Middelboe and Hansen, 2007; Yates et al.,
2007), and pH decreases at night due to release of CO2 by
respiration (Bensoussan and Gattuso, 2007). These variations are
up to at least 0.5 pH units depending on hydrographic and
physicochemical characteristics (i.e., salinity, alkalinity, tempera-
ture) or regions (Hinga, 2002; Yates et al., 2007; Kerrison et al.,
2011). These daily variations in pH are particularly pronounced in
summer (Hires et al., 1963; Pegler and Kempe, 1988; Hansen,
2002). Thus pH variations observed in the coastal ocean are well in
the range of the treatments applied here.

More gradual changes in pH, on the order of days to weeks, are
observed due to seasonal upwelling (Johnson et al., 2001; Feely
et al., 2008), eutrophication due to river run-off (Smith et al., 1999;
Hinga, 2002), hypoxia (Cai et al., 2011), changes in CO2 solubility,
and plankton blooms (Hansen, 2002). An extensive study on pH
changes in Puget Sound recently documented a decline of 0.05–
0.15 pH units since the pre-industrial era (Feely et al., 2010). In
response to gradual changes in pH, pre-acclimated H. akashiwo

swam more rapidly than in the shock treatments but maintained
the downward bias, which was even enhanced in pre-acclimated
cultures. Thus, if our results apply to the coastal ocean, H. akashiwo

would move downward more rapidly in response to gradual than
rapid change in pH.

We hypothesize that H. akashiwo’s response to pH changes may
be indicative of an adaptation. The pH of seawater and the rates of
change therein may hold a signaling function as an indication of
the system’s metabolic state. Rapid decreases in pH may be
indicative of higher respiratory activity by either predatory
heterotrophs or competing phototrophs. In either case, H.

akashiwo’s avoidance would reduce exposure to those predators
or competitors. Elaborate avoidance behaviors have been docu-
mented in H. akashiwo (Harvey and Menden-Deuer, 2012) and it is
tempting to speculate that an avoidance response of low pH (i.e.,
net heterotrophic) waters might provide H. akashiwo with a
selective advantage.

Model simulations of the impact of pH-induced changes in
vertical bias on H. akashiwo population distribution predict a
pronounced shift in population distribution towards deeper
waters. We formulated a spatially explicit advection-diffusion
model to predict population distributions as a function of pH and
acclimation status (Fig. 6). The model simulated population
dispersal of H. akashiwo in a 10-m deep water column over a
10-h duration. Vertical ambit crossed by cells and relative
percentage of up- or downward moving fractions was calculated
from the empirically determined mean vertical velocity. Diffusion
length, which is expressed as the width of Gaussian spreading, was
calculated based on diffusivity. The predicted population distribu-
tions of H. akashiwo, after 10 h, predominantly reflect these vertical
biases and to a lesser degree the differences observed between the
pH-shock and acclimated responses. In all treatments and
ective swimming velocity (v, mm s�1), correlation time scale (t, s), correlation length

Pre-acclimation

�1) v (mm s�1) t (s) l (mm) D (mm2 s�1)

134 30.7 4120 1.8 � 105

131 36.3 4761 2.1 � 105

130 38.3 4974 2.2 � 105
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Fig. 6. Predicted population distribution of H. akashiwo, introduced at 4.5 m depth, after 10 h simulated swimming using the empirically determined motility parameters.

Each curve represents the location (depth) and magnitude (height of the peak) of the population. The width of each distribution indicates the relatively small effect of

diffusion. The magnitude of vertical propagation in 2 dimensions represents the distance crossed by H. akashiwo at mean upward and downward vertical velocity. Differences

in movements observed in pH-shock (solid) and pre-acclimated (dashed) were incorporated in separate model simulations.
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acclimation states, model predicted population distributions
showed a clear vertical separation of the population, with a
fraction of the population aggregated towards the surface, and the
remainder found at depth. As pH declines, the fraction of the
population aggregated at the surface declines and the fraction at
depth increases. Pre-acclimated populations had higher vertical
velocities and thus deep and shallow populations are separated
farther than in the pH shock treatment. Irrespective of these
details, a clear bias towards aggregating at depth is evident in all
model predictions. We do not intend these predictions to represent
actual population distributions as the simplified model ignores
many important dynamics, including behavioral heterogeneity
(Menden-Deuer, 2010) and vertical mixing, which in itself is
projected to change as a function of changing stratification (Bopp
et al., 2001; Sarmiento et al., 2004). Nonetheless, these predictions
provide an insight into changes in macroscopic population
distribution resulting from pH induced modulations of microscop-
ic movement behaviors. Such downward shifts would have
important ramifications for the exposure of this species to light.
H. akashiwo’s well documented vertical swimming behavior, and
strain specific differences in swimming behavior have been shown
to affect population distribution and bloom formation potential
(Bearon et al., 2004). Clearly, a greater bias towards downward
swimming would reduce exposure to light as well as the potential
of ‘bloom’ formation due to growth independent surface aggrega-
tions.

The difficulty of controlling carbonate chemistry during the
observations resulted in several shortcomings in the experimental
set-up. Because photosynthesis or excessive respiration would
result in changes in carbonate chemistry, the filming experiments
could only be done in the dark. Currently, we cannot maintain
target pH levels over adequate periods to investigate the species’
response to lowered pH in the light. Repeating similar experiments
in the light could potentially show whether lowered pH in and of
itself would result in a rapid downward swimming during all
phases of the DVM or whether pH possibly enhances the light
Please cite this article in press as: Kim, H., et al., pH alters the sw
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phase dependent directional preference. Thus, during the light
phase, cells may swim upwards more rapidly, in which case,
lowered pH would function to enhance DVM patterns. If lowered
pH does not result in enhanced upward swimming during the light
phase, then the downward swimming tendency at lowered pH
observed in our study could be maladaptive for photosynthetic
organisms. Combined light and pH experiments could reveal
whether enhanced downward swimming at lower pH provides H.

akashiwo with an advantage as photoautotrophs, by examining the
tradeoff between adequate nutrient and light exposure. Cell
density in the experiments had to be kept low, again to reduce pH
alteration due to cellular metabolic activity. As a result, the vertical
distribution of the cells could not accurately be measured using
counting techniques, as the abundance of cells at the vertical
horizons was too low to provide the reliable measure of population
distribution that we have obtained with this method in previous
studies (e.g., Harvey and Menden-Deuer, 2011). Molecular
techniques provide a much greater sensitivity for H. akashiwo

detection at low abundances (Handy et al., 2005) but were not used
in this study. Finally, climate change results in multiple stressors
on marine organisms (reviewed in Doney et al., 2009) and isolation
of pH in a single stressor experiment may miss important
interaction effects. Particularly, ocean warming has resulted in
diverse direct and indirect effects on ocean biota (Pörtner, 2008)
through thermal stratification, reduced vertical mixing (Bopp et al.,
2001; Sarmiento et al., 2004), alteration of salinity regimes
(Mulholland et al., 1997), turbulence (Peñuelas et al., 2009) and
increased intensity of irradiance to phytoplankton (Riebesell et al.,
2009; Boyd et al., 2010). Although we believe that the fundamental
change in the vertical bias alteration of H. akashiwo due to lowered
pH would persist, other factors may mitigate the outcome on
population distribution and population dynamics.

In conclusion, we have shown that pH influences the direction
of H. akashiwo swimming. This implies that ocean acidification
may induce a stronger vertical bias in H. akashiwo motility
resulting in a downward shift of the population as pH declines. We
imming behaviors of the raphidophyte Heterosigma akashiwo:
ae (2013), http://dx.doi.org/10.1016/j.hal.2013.03.004
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found no evidence that cells were negatively impacted by pH in
their motility and also observed, as previously reported, fertiliza-
tion effects at lower pH (Fu et al., 2008). This pH specific response
may be indicative of a signaling function of pH. Sensitivity to net
heterotrophy in the system would allow cells to respond to signals
of high predation risk or competition for nutrients. Downward
vertical migration away from such conditions could hold adaptive
value and improve this species’ capacity to access resources, and
avoid predators.
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