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Summary
The small size and slow movement of aquatic, microscopic organisms means that the

viscosity of water has a predominant influence on their motion. Temperature, through its
effects on physiological processes, also influences motion. Because water viscosity is
physically coupled to temperature, changes in temperature can influence the activity of
microscopic organisms through both physiological and physical means. To partition
these effects, we artificially altered seawater viscosity and, at two temperatures, we
measured swimming speed and water movement by larvae of the sand dollar Dendraster
excentricus. Over an environmentally relevant, 10-degree drop in water temperature (22
to 12˚C), swimming speed was reduced by approximately 40% and water movement was
reduced by 35%. 40% of the decrease in swimming speed and 55% of the decrease in
water movement were accounted for by increases in viscosity alone. The physical effects
of viscosity can therefore make up a large component of the effect of temperature on
activity of microscopic organisms. If uncorrected for effects of viscosity, temperature
coefficients such as Q10 values can overestimate the influence of temperature on the
physiological processes that underlie the generation of motion at small spatial scales.
These changes in viscosity may cause substantial reductions or increases in swimming
and feeding rates that are biologically relevant. Environmental variation in viscosity due
to temperature fluctuations could lead to temperature responses or adaptations that are
nonphysiological.

Introduction

Most microscopic organisms live in aqueous media. For these organisms, motility
depends both on internal, physiological processes and on the physical properties of the



fluid environment. Forces generated by reciprocating structures (flagella, cilia, setae or
the whole body) produce movement which is fueled by biochemical processes, by energy
stored in phosphate bonds. However, the translation of force into motion depends on how
these structures interact with the fluid. Because of the small size and slow movement of
microscopic organisms, the physical properties of water (e.g. density and dynamic
viscosity) have a predominant influence on an organism’s motion and are considered to
be a major force in the evolution of their various modes of locomotion and feeding
(LaBarbera, 1984; Strickler, 1984; Emlet and Strathmann, 1985; Power, 1989; Denny,
1990).

Both the physiological and physical components of aquatic locomotion are strongly
influenced by temperature. Temperature affects physiological function mainly through its
effect on rates of biochemical reaction (Hochachka and Somero, 1984). Although
temperature only weakly affects the density of water, it has a strong effect on water’s
dynamic viscosity (hereafter, viscosity, m), which more than doubles between tropical
and arctic ocean temperatures (at a salinity of 30‰, m=0.863cP at 30˚C and m=1.875cP
at 0˚C; Dorsey, 1968). Although the inverse temperature–viscosity relationship is a
universal feature of aquatic systems, little research has been done to partition the
biological consequences of simultaneous changes in temperature and viscosity.

Because individuals often experience a broad range of environmental temperatures,
and because temperature is the environmental variable strongly associated with
geographical variation within and among species, temperature effects have been studied
more extensively than other abiotic influences (Wieser, 1973; Cossins and Bowler, 1987).
Given that both the physiological and physical components of temperature change can
modify performance in aquatic environments, each may serve as a selective agent.
Organisms have evolved adaptations to temperature that help maintain physiological
function through various adjustments in enzyme systems (Hochachka and Somero,
1984). In contrast, adaptations to environmental changes in viscosity associated with
temperature have not been explored.

The effects of temperature on activity are traditionally summarized by the Q10, a
coefficient that gives the relative change in a rate over a specified 10˚C change in
temperature (Schmidt-Nielsen, 1990). Often Q10 is used to infer the temperature-
dependence of physiological processes underlying activity (Cossins and Bowler, 1987).
For small-scale processes (e.g. water movement by cilia) where viscosity of the fluid
affects rates of movement, measurements of the effect of temperature on activity include
both physiological and physical components. Temperature coefficients that do not
consider the effects of viscosity may therefore overestimate the physiological effects of
temperature.

To partition the effects of temperature and viscosity, we used a simple technique for
artificially altering seawater viscosity. We measured swimming activity and water
movement in larvae of the sand dollar Dendraster excentricus (Eschscholtz). Small
ciliated larvae of Dendraster provide a useful model organism for studying the interactive
effects of temperature and viscosity because: (1) mechanisms of ciliary propulsion
involve viscous forces (Sleigh and Blake, 1977), (2) larvae can be tethered in place for
measurements of water movement (Emlet, 1990), (3) metabolic responses to temperature
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change have been examined (McEdward, 1984, 1985), (4) effects of temperature on water
movement are likely to have consequences for feeding and life-history characteristics
related to feeding development (Strathmann, 1971, 1985), and (5) these effects can be
quantified and easily related to body form (Hart, 1991). By adjusting the viscosity of sea
water at high temperature to match that at low temperature, we examined the effects of
temperature, with and without changes in viscosity, on larval swimming speed and water
movement. This comparison allowed us to estimate the relative contributions of
physiology and viscosity to changes in activity within a range of temperatures and
viscosities to which larvae are normally exposed.

Materials and methods

Study organism

In July 1991, we collected adult sand dollars (Dendraster excentricus) from an
intertidal area at Olga on Orcas Island in San Juan County, Washington, USA, and stored
them in flowing seawater tanks at the Friday Harbor Laboratories, San Juan Island. To
induce spawning of gametes, adults were injected with 2ml of 0.55mol l–1 KCl solution.
Before fertilization, eggs were rinsed twice with sea water that had been filtered with a
bag filter with mesh less than 10 mm. Larvae were cultured at room temperature
(approximately 20˚C) and fed every 2–3 days from cultures of the flagellates Dunaliella
tertiolecta and Rhodomonas lens. Experiments were performed with larvae that were
12–19 days old at the six- to eight-arm stage of development (Strathmann, 1987). The
water currents used by larvae in swimming and feeding are generated by a ciliated band
that runs in a convoluted path around the larval arms. Nomenclature for larval arms is
given in Fig. 1 and is according to Mortensen (1921).

Manipulation of seawater viscosity

In the experiments described below, we compared larval activity under three
treatments: 0.22 mm-filtered sea water at 22˚C (T22), at 12˚C (T12) and at 22˚C with
viscosity adjusted to that at 12˚C (T22/m12). Larval development is normal within this
temperature range for populations of D. excentricus in Puget Sound (H. Fujisawa,
unpublished data; McEdward, 1985).

We adjusted seawater viscosity by adding polyvinyl pyrrolidone (PVP; Mr 360000;
Sigma Chemical Co.). PVP has been used to increase longevity of movement in
preparations of demembranated flagellar organelles (Goldstein, 1974) and is commonly
used to increase fluid viscosity for ciliary and flagellar studies (e.g. Baba and Hiramoto,
1970; Belas et al. 1986). PVP is a suitable agent for manipulating viscosity because PVP
solutions (1) show constant viscosity over a wide range of shearing stresses (Baba and
Hiramoto, 1970), and (2) do not affect fertilization rates of sand dollar gametes (R.
Podolsky and C. Lee, unpublished data), a standard assay of chemical toxicity (Dinnell
et al. 1987). Embryos and larvae of Dendraster raised in PVP solutions developed
normally with no apparent increases in mortality. A concentration of 1.44 gl21 PVP was
needed to adjust the viscosity of 22˚C sea water (m=1.02cP for 30‰ sea water; Dorsey,
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1968) to that of 12˚C sea water (m=1.30cP), as determined using a falling ball viscometer
(Gilmont Instruments, GV-2100). To remove low molecular weight impurities and to
make the solutions isosmotic with sea water, untreated filtered sea water and stock PVP
solutions (4 gl21) were held in dialysis tubing in flowing sea water for 24h prior to
experiments. For experiments, dialyzed stock PVP solution was diluted with filtered sea
water to the appropriate concentration.

Measurements of swimming speed

To measure larval swimming speed we took advantage of the tendency for sand dollar
larvae to swim upwards in the water column (Pennington and Emlet, 1986; Mogami et al.
1988). A swimming chamber was constructed from a polystyrene culture flask
(70mm335mm312mm) with horizontal lines etched every 3mm along the front face.
The flask was held upright and submerged to the neck in a constant-temperature bath.
Through a conduit of polyethylene tubing that entered the bottom of the chamber, we
introduced a single larva to the chamber, allowed it to ascend for approximately 30mm,
and then measured its speed over a vertical distance of 9mm near the middle of the
chamber. This area was magnified on a video screen by using a camera with a macro lens
fixed about 10cm from the chamber. A fiber-optic light positioned above the chamber
was used to illuminate the larva. The time to cross the 9mm distance was measured with a
hand-held stopwatch. To reduce variation caused by effects of wall-induced drag (Winet,
1973), we measured larvae that were in the plane of focus at the center of the chamber.
Larvae used in experiments were acclimated to the appropriate treatment temperature for
2–4h before measurements. Individuals that showed unusual or nondirectional
movement in the chamber were rejected (fewer than 5% of the total).

We measured swimming speeds of 40 larvae in each of the three treatments described
above. This procedure was replicated over 3 days (at larval ages 12, 13 and 15 days), with
the order of treatments varied among days to conform to a Latin square (total N=360
larvae). The chamber was flushed and filled with new solution after every 20 larvae; we
treated the average speed of each group of 20 larvae as a replicate. We performed a two-
way analysis of variance (ANOVA) on swimming speed with day and treatment as the
two factors. To test for an effect of time of day, at the end of each day’s treatments we
repeated measurements for the first treatment of that day on 20 additional larvae. Using a
t-test before proceeding with the ANOVA, we compared each of these ‘control’ groups
with the respective first treatment groups. Because we predicted the order of treatment
effects a priori (T22>T22/m12>T12), we used the Tukey test with an adjusted
alpha=0.025 (Zar, 1984) and compared the means of adjacent treatments.

Measurements of water movement

High-speed video recordings (200frames s21, NAC camera and recorder) of water
movement created by tethered echinoplutei were made with a photomicroscope. The
same treatment conditions were used as those in swimming studies (i.e. T22, T22/m12,
T12). By repeating the treatment of filtered sea water at 22˚C (T22 no. 2 after the PVP
treatment, we tested whether the effects of exposure to PVP were immediately reversible.
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Larvae were filmed in a chamber (volume approximately 1ml) consisting of a
polyethylene ring 19mm in diameter and 3mm high sealed to the upper surface of a
cooling slide. The cooling slide consisted of two coverslips sealed to a hollowed-out and
plumbed brass plate (a modified version of the cooling slide described by Stephens,
1973). The cooling slide was connected to a refrigerated, circulating water bath which
controlled the temperature of the water in the filming chamber by conduction through the
chamber’s coverslip bottom. Prior to filming and between treatments the temperature of
the water bath and filming chamber were monitored to the nearest 0.1˚C with thermistor
probes (Yellow Springs Instruments Co.).

Each larva was held in place by drawing one of its posterodorsal arms into a suction
pipette with a diameter of approximately 30 mm (Fig. 1). The larval arm fitted snugly into
the pipette and suction retained the larva in place during filming. The larva was positioned
with the dorsal surface up, in the center of the chamber, approximately 0.5mm from the
chamber bottom. Polystyrene beads (2 mm diameter, Duke Scientific, Inc.) were used as
fluid markers. After filming the larva in one solution, the chamber was gently flushed four
or five times with 1ml volumes of the next treatment solution. The chamber was then
refilled with test solution and allowed to equilibrate to the test temperature. The tethered
larva was often moved during the flushing of the chamber and usually had to be
reoriented prior to filming. However, no larvae included in the analysis were lost from the
suction pipette during changes of chamber fluid. The order of treatments for all larvae was
T22 no. 1 followed by T22/m12. Four of the larvae then had T22 no. 2 followed by T12,
whereas two larvae had T12 followed by T22 no. 2.
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Fig. 1. Digitized video image of a tethered larva of Dendraster excentricus. Lines are paths of
2 mm beads, moving from top to bottom of the figure. Particle velocities were determined from
particles crossing the transect line, 50 mm upstream of the postoral (PO), anterolateral (AL) or
preoral (PR) arms. The larva is held in a horizontal viewing plane by a suction pipette over the
left posterodorsal arm (PD).



Data analysis

High-speed video images of water movement by six tethered larvae were analyzed with
Expert Vision software (Motion Analysis Inc.). One to two minutes of recorded images
were processed to determine particle paths (x,y coordinates at each 0.01s, Fig. 1). The
data on particle paths were processed by our own computer program, which computed
particle velocities from the positions of particles before and after they crossed a transect
line and from the time elapsed. The transect line was oriented orthogonally to the
direction of water current and was 50mm upstream of the anteriormost arm tip. For a
given larva, the same arm tip (either a postoral or anterolateral arm tip) was used across
treatments. The maximum length of the transect line was the distance between the
postoral arm tips (Fig. 1). Because a larva often varied in position in the video fields of
different treatments, particle paths were analyzed only for the part of the transect line that
was common to all four treatments.

For each treatment we constructed a plot of the velocity of particles as a function of
position along the transect line. Plots of all treatments for a given larva were then
superimposed by adjusting for position of the larva. Regression equations were fitted to
the velocity data (e.g. Fig. 3). We used a first-, second- or third-order regression model,
depending on the distribution of particle velocities, but for any given larva the same order
regression consistently fitted the velocity distributions best. Data for each treatment are
presented in two forms. (1) The area enclosed by the regression line and the transect line
is an estimate of flux in the plane of the particle paths over the length of the transect line
(‘area-flux’, mm2 s21) (equivalent to the integral of the fitted regression equation).
(2) This area divided by the length of the transect line gives an average velocity along the
measured line. Because the underlying distribution of averages was expected to
approximate normality, we used a two-way ANOVA without replication to analyze
statistically the average velocities. As in the swimming speed studies, we predicted the
order of treatment effects a priori and carried out paired t-tests between treatments T22
versus T22/m12 and treatments T22/m12 versus T12.

Results

Swimming speed

Larvae swam more slowly both at lower temperature and at higher viscosity (Fig. 2).
On average, swimming speed decreased by 39% when the temperature of untreated sea
water was reduced from 22˚C (439±16mms21) to 12˚C (266±6 mms21, mean ± S.E.
across all replicates). This change in speed presumably reflects the effects of temperature
on both physiology and viscosity. When we adjusted only the viscosity of 22˚C sea water
without a change in temperature (T22/m12), mean swimming speed reduced to
369±11 mms21, a decline of 16%. Thus, about 40% of the decline in speed was
attributable to changes in seawater viscosity and 60% to other effects of temperature. The
ANOVA showed a significant effect of treatment (F2,9=56.9, P<0.0001), with no
significant effects of day or treatment times day. The order of treatment means conformed
to our prediction (T22>T22/m12>T12); in both cases adjacent means were significantly
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Fig. 2. Swimming speed as a function of treatment for populations of larvae of Dendraster
excentricus measured on each of 3 days. For the three treatments the numbered bars show the
mean swimming speed and S.E. for two replicate (20 larvae per replicate) populations.
Numbers below the bars indicate the day of the experiment. The bars labeled with C and a
number represent ‘controls’ for time of day and report the mean and S.E. for 20 additional
larvae. The number associated with C indicates the day to which the ‘control’ corresponds
(see Materials and methods). Treatments: T22, sea water at 22˚C; T22/m12, sea water at
22˚C with viscosity adjusted to that at 12˚C; T12, sea water at 12˚C.
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Fig. 3. Particle velocities for particles crossing the transect line for one larva of Dendraster
excentricus (see Fig. 1). For this particular larva (no. 3 in Table 1), second-order regressions
were fitted to the velocity data. Symbols for the different treatments are identified in the
figure. Treatments: T22 no. 1 and T22 no. 2, replicate treatments of sea water at 22˚C; T12,
sea water at 12˚C; T22/m12, sea water at 22˚C with viscosity adjusted to that at 12˚C.



different (T22 versus T22/m12: q9,2 t=6.09, P<0.005; T22/m12 versus T12: q9,2=8.94,
P<0.001).

The ‘standard’ Q10 value, which incorporates all effects of temperature on swimming
speed, was 1.65 for the temperature interval 12–22˚C. The ‘viscosity-free’ Q10 value,
which is the ratio of swimming speeds in treatments T22/m12 and T12, was 1.39. This
comparison holds seawater viscosity constant and includes only other effects of
temperature. Using the ‘standard’ Q10 value to infer physiological effects of temperature
on larval movement would overestimate the effect of temperature on physiology by 67%.

Water movement

Changes in temperature and viscosity probably affect swimming speed through
changes in the amount of water moved by cilia per unit time. Our measurements of water
movement, both area-flux and average water velocity, decreased substantially with
decreasing temperature and increasing viscosity (Fig. 3, Table 1). The mean velocity in
the region just upstream of the larval arms decreased by 35% over the 10-degree
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Table 1. Water flux and water velocity for different larvae and treatments of tethered
echinoplutei of Dendraster excentricus

Treatments
Transect

Larva line Regression
number (mm) Measure T22 no. 1 T22 no. 2 T22/m12 T12 order

1 516 Flux 0.436 0.386 0.266 0.224 1
Velocity 845 748 514 434

2 525 Flux 0.382 0.374 0.328 0.285 1
Velocity 726 712 624 542

3 500 Flux 0.414 0.415 0.317 0.272 2
Velocity 828 829 633 544

4 326 Flux 0.265 0.266 0.244 0.200 2
Velocity 811 814 748 613

5 310 Flux 0.233 0.201 0.177 0.133 2
Velocity 751 647 570 429

6 338 Flux − 0.206 0.200 0.142 3
Velocity − 608 592 419

Mean area-flux 0.346 0.308 0.255 0.209
S.E. 0.041 0.039 0.025 0.026
Mean water velocity 759.3* 613.5 496.8
S.E. 32.9† 32.0 32.8

*Value was calculated from (average velocity for five values of T22 no. 1 plus the average velocity for the
six values for T22 no. 2) divided by 2.

†Value was calculated from two means for T22 no. 1 and T22 no. 2.
Different larvae are shown with their own transect line lengths (mm), estimates of the area-flux (flux in

mm2 s−1) and average water velocity (velocity in mms−1).
Also reported is the order of the regression equations fitted to treatments for each larva. Treatments: T22 no. 1

and T22 no. 2, sea water only at 22°C; T12, sea water only at 12°C; T22/m12, sea water at 22°C with viscosity
adjusted to that of sea water at 12 ° C .



temperature change, from 759 mms21 (±33 mms21, S.E.) at 22˚C to 497 mms21

(±33 mms21, S.E.) at 12˚C (Table 1). For larvae at 22˚C in sea water adjusted to the
viscosity of sea water at 12˚C, mean water velocity was 614mms21 (±32 mms21, S.E.), a
drop of 19% relative to sea water at 22˚C (Table 1). Changes in viscosity thus account
for 55% of the overall drop in water velocity over the 22–12˚C temperature range.
Treatments differed significantly in average water velocity (ANOVA, F3,5=31.7,
P<0.001). A paired t-test between treatments T22 no. 1 and T22 no. 2 showed no
significant difference for the five larvae where both values were available (t=1.75, d.f.=4,
P=0.16), indicating no short-term effects of exposure to PVP. Data from the two T22
treatments were pooled for further comparisons. One-tailed, paired t-tests confirmed our
predictions about the order of treatment means (T22 versus T22/m12: t=3.33, d.f.=5,
P<0.01; T22/m12 versus T12: t=7.52, d.f.=5, P<0.0005).

A ‘standard’ Q10 of 1.53 was calculated for average water velocity from data for
seawater treatments alone (12–22˚C). However, if viscosity is held constant, a Q10 of
1.24 is obtained. For water movement, use of the standard Q10 value would overestimate
the effect of temperature on physiology by 120%.

Discussion

Partitioning the effects of temperature and viscosity

For ectothermic animals, environmental temperature can affect performance in
activities such as locomotion, feeding and reproduction. Studies commonly attribute such
effects to the influence of temperature on biochemical processes, particularly the catalytic
and regulatory properties of enzymes (Wieser, 1973; Hochachka and Somero, 1984). Our
results show that, for microscopic organisms, the physical effects of viscosity can also
constitute a large component of the effect of temperature on activity. For larvae of
Dendraster, change in viscosity alone accounted for 40% of the change in swimming
speed and more than 50% of the change in water movement when temperature was
reduced by 10˚C. The disagreement between these two measures may have resulted from
comparing freely swimming with tethered larvae. Holding a larva in place increases the
shear gradient created at the level of individual cilia (Emlet, 1990) and this may result in
the greater apparent contribution of viscosity to changes in water movement. Nearby
walls in the small tethering chamber may also have increased the effects of viscosity
relative to those in the larger swimming chamber. In the only comparable study we could
find, Mitchell et al. (1991) reported that viscosity accounted for about 26% of the change
in swimming speed over a 30˚C change in temperature for the purple sulfur bacterium
Chromatium minus. Although this number is somewhat lower than our values, their study
included a range of higher temperatures (15–45˚C) over which changes in viscosity are
relatively small (Dorsey, 1968).

Our results underscore a problem of using temperature coefficients, such as Q10 values,
to infer effects of temperature on whole-animal physiology (Cossins and Bowler, 1987).
‘Standard’ Q10 values in our study severely overestimated the influence of temperature on
the physiological processes that underlie the generation of force by cilia. In addition, the
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relative importance of viscosity versus physiology may depend on the range of
temperatures considered, as noted above for the study by Mitchell et al. (1991). For
example, it is commonly observed that the magnitude of Q10 for movement of
microscopic organisms decreases at higher temperatures (Gray, 1923; Lee, 1954; Sleigh,
1956). Although this general result is predicted from thermodynamic considerations
(Schmidt-Nielsen, 1990, p. 575), viscosity also declines exponentially with increasing
temperature (Dorsey, 1968), resulting in smaller viscosity changes per degree at higher
temperatures. Furthermore, in a study preliminary to ours, R. D. Podolsky, D. J Mense
and A. B. Kettle (unpublished data) found that a unit change in viscosity had a greater
effect on swimming speed at higher viscosities than at lower viscosities. Thus, the relative
importance of viscosity in modifying activity is likely to increase at lower temperatures.

Environmental changes in viscosity

Why the effects of environmental viscosity have been ignored is unclear, given the
broad base of knowledge that suggests their importance. First, viscosity is widely
recognized as dominating hydrodynamic processes at small scales. Mechanisms of
locomotion and feeding in microorganisms depend primarily on the viscous properties of
water (e.g. Brennen and Winet, 1977; Purcell, 1977; Wu, 1977; Koehl and Strickler,
1981), as does filter-feeding in large and small animals from diverse phyla (Jørgensen,
1983; LaBarbera, 1984; Shimeta and Jumars, 1991). Second, temperature has been
known to influence the motility of microscopic organisms (Lee, 1954; Clayton, 1958;
Castenholz, 1973; Maeda et al. 1976; Hidu and Haskin, 1978). Third, manipulations of
fluid viscosity have been used to elucidate the properties of cilia and flagella under large
viscous loads (Yoneda, 1962; Brokaw, 1966; Baba and Hiramoto, 1970; Berg and Turner,
1979; Gheber and Priel, 1990). In such studies, adjustments to viscosity are normally well
beyond the range found in natural environments. These disciplines, despite their
extensive development, have not explored the biological implications of environmental
viscosity change associated with changes in temperature.

Recently, Jørgensen et al. (1986, 1990) have examined the effect of temperature on
flow rates and ciliary beat frequencies in the filter-pump mechanism of the mussel Mytilus
edulis. They noted a close inverse linear relationship between pumping rate and
kinematic viscosity (=dynamic viscosity/density) and argued that there was little residual
variation to be explained by other factors, such as the temperature-dependence of ciliary
beating. Because the dynamic viscosity of sea water changes much more than its density
as temperature shifts, their results imply that dynamic viscosity was the major factor that
influenced pumping rate. However, kinematic viscosity was manipulated only through
temperature change, and thus the effects of kinematic viscosity may be confounded with
other effects of temperature.

The temperature difference considered in this study (12 versus 22˚C) is within the
natural range that can be experienced by an individual Dendraster larva during the 1–2
months that it spends feeding near the ocean surface (Emlet, 1986). Though we have
begun to explore the effect of environmental viscosities on swimming, we know little
about the ecological consequences of this effect. For a planktonic organism, swimming
speed may be important for regulating vertical position in the water column
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(Mileikovsky, 1973; Chia et al. 1984). Even more important than viscosity’s effect on
swimming is its potential effect on feeding. In many planktonic filter-feeders, the
swimming currents generated by beating cilia or appendages are also used for collecting
food particles. Dendraster larvae concentrate food mainly by reversing cilia locally to
beat towards the mouth when particles are detected (Strathmann, 1971; Hart, 1991).
Thus, any effects of viscosity exhibited in swimming may also affect feeding rate or
efficiency. Viscosity could affect the efficiency of suspension feeding by altering the
rates of water processing (see also Jørgensen et al. 1990) or the distance at which particles
can be detected. High viscosity increases the distance at which objects influence each
other’s flow fields and may potentially aid mechanoreception (Zaret, 1980). Because
larval growth and development can depend on natural food availability (Paulay et al.
1985; Olson and Olson, 1989), these could be slowed by an effective reduction in particle
clearance rates at higher viscosity.

Potential adaptations to changes in viscosity

Given time to acclimatize to temperature changes within a normal range, many marine
organisms show nearly complete physiological compensation that allows maintenance of
function (Hochachka and Somero, 1984; Clarke, 1991). However, viscosity changes
associated with temperature involve consequences that may not be solvable by
physiological adaptation and may require other adaptations, such changes in behavior or
structure. In larvae of the mosquito Culicoides variipennis, the amplitude of body
undulations depended on fluid viscosity (Linley, 1986). This response appeared to be a
behavioral adjustment in swimming mode because changes occurred gradually, not
simultaneously, with movement through a low-to-high viscosity interface. Similarly,
increased viscosity alters the metachronal wavelength of ciliary beating in Paramecium
(Machemer, 1972, 1974); whether this response is active or simply a physical
consequence of the ciliary field interacting with a more viscous medium is not known.
Because higher viscosity may require a greater power output (e.g. cilium power is
proportional to water viscosity, and angular velocity2; Sleigh and Blake, 1977), such
behavioral responses may be more important in conserving energy than in maintaining a
given swimming speed.

Plankton experience less drag and sink more quickly in lower- than in higher-viscosity
water (Smayda, 1970). This has been used to explain the common observation that
plankton from tropical waters have body forms that increase drag (Hardy, 1965). Hebert
(1978) suggested that seasonal changes in Daphnia morphology involved changes in the
size of propulsive muscles in response to seasonal shifts in water viscosity. Nevertheless,
the role of viscosity in determining planktonic body form has not been convincingly
established (Smayda, 1970; Vogel, 1981). For larger organisms that create ciliary
currents through channels or ducts, the results of Jørgensen et al. (1990) suggest that
changes in ciliary beat might be insufficient to overcome increases in viscous resistance
that are experienced at lower temperatures. In this case, adjustments of channel
dimensions may be more effective than changes in propulsive mechanisms (e.g. see
Reiswig, 1975).

Anatomical adaptations to viscosity could include changes in the distribution of
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propulsive structures (Emlet, 1991) or in the contractile elements within these structures
(Sleigh, 1989). A particularly interesting example is the bacterium Vibrio
parahaemolyticus, which can be induced to grow lateral flagella when the viscosity of the
culture medium is increased from 1–40cP (Belas et al. 1986; McCarter et al. 1988). This
very large change in viscosity presumably reflects real or apparent changes in the
viscosity of the aqueous environment as the organism shifts from free living to surface
dwelling (Belas et al. 1986). Polar flagella are sufficient for locomotion in the free-living
state under normal viscosities, while lateral flagella permit enhanced rates of locomotion
under high-viscosity conditions (Atsumi et al. 1992).

McEdward (1985) examined developmental rates and metabolic rates of larvae of
Dendraster excentricus at 12, 17 and 22˚C. He found that rates of development and
growth were strongly temperature-dependent, but that larval form was similar at
equivalent developmental stages regardless of temperature for larvae raised on an
abundant food source. Over the temperature range 12–22˚C, McEdward reported a 93 %
increase in electron transport activity, a measure of potential metabolic rate, and
predicted that larvae would show morphological changes to increase feeding ability at
high temperatures when food was more limited. Our results suggest that reduction in
water viscosity with increase in temperature could effectively increase clearance rates. If,
as a first approximation, we assume that the rate of water movement accurately reflects
the rate at which food is collected (Strathmann, 1971), then feeding rate would increase
53% over the temperature interval 12–22˚C, with about 55% of this change being due to
the decrease in viscosity. This argument suggests that the increase in metabolic demand
could be partially offset by an increased rate of water processing and food capture.
Nevertheless, given McEdward’s measurements, a gap would still exist between energy
supply (food) and energy demand and other means of compensation may be expected.
Larvae of Dendraster and other echinoids respond to low food concentrations by
developing relatively longer arms, thus increasing the length of the ciliated band used in
food collection (Boidron-Metairon, 1988; Hart and Scheibling, 1988; Strathmann et al.
1992). Aside from changes in morphology that may increase feeding rate, a down-
regulation of metabolic rate might be expected under conditions of food limitation and
high temperature.

Further investigation of the effects of viscosity on movement of water and locomotion
of microscopic organisms is needed to show how performance is affected by changes in
this important environmental variable. Future studies examining the effect of temperature
on small-scale processes should also consider the concomitant changes in viscosity.
While these changes in viscosity are not great enough to alter the relative importance of
inertial and viscous forces (i.e. Reynolds number), they may cause substantial changes in
swimming and feeding rates that are biologically relevant.
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