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Temperature and Water Viscosity: Physiological
Versus Mechanical Effects on Suspension Feeding

Robert D. Podolsky

Water viscosity is inversely related to temperature. This simple physical relation couples
two patential influences on organism performance. Seawater viscosity was manipulated,
with and without temperature, to distinguish the physiological and mechanical effects of
temperature on suspension feeding by ciliated echinoderm larvae. Change in viscosity
alone accounted for half of the decline in the feeding rate at lower temperature. High
viscosity shifted ingestion toward larger particles, which suggests that viscosity affects
particle capture as well as rates of water processing. Temperature-induced change in
viscosity, therefore, impacts suspension feeding independently of physiology and has
implications for many small-scale biological processes.

Understanding the effects of temperature
on biological activity and adaptation (I)
requires the discrimination of temperature-
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dependent processes that underlie perfor-
mance. Thermal biology has focused on
physiological (biochemical) processes (2),
but temperature can impact mechanical
processes as well by influencing the viscos-
ity () of the ambient fluid (Fig. 1) (3).



Such effects of temperature are potentially
confounding for processes at a hydrody-
namic scale where viscous forces dominate
motion (4). For example, capture mecha-
nisms involved in suspension. feeding,
which is commonly used by aquatic ani-
mals, depend on the viscous properties of
water (5-7). Cilia, flagella, or setae are
used to generate feeding currents and to
capture particles, processes that may both
be sensitive to temperature-induced vis-
cosity change (8). However, the indepen-
dent effects of temperature and fluid vis-
cosity on feeding performance have not
been measured experimentally.

The viscosity of seawater can be adjusted

independently of temperature through the .

addition of high molecular weight polymers
(9). T used this technique to separate tem-
perature’s mechanical and physiological ef-
fects on suspension feeding by planktonic
larvae of the sand dollar Dendraster excen-
tricus. Larvae generate water currents and
collect food on a ciliated band that borders
the larval arms. Most particles are captured
through the reversal of ciliary beat on lo-
calized regions of the band where particles
are detected (10). Viscous forces dominate
the motion of cilia (4, 11). By manipulat-
ing viscosity, it was possible to estimate the

Fig. 1. Summary of seawater con- 1.9-
ditions in six treatments (A to F). ’
The curved line shows the relation
between temperature and viscos-
ity for 30 per mil seawater (3). The
position of each letter or pair rep-
resents a combination of temper-
ature and viscosity conditions un-
der which feeding was measured.
Arrows show how an intermediate
treatment (B) separates effects of
viscosity (B versus A) from other
effects of temperature (B versus
D). In A to D, 3-hour acclimation

Viscosity (cP)

total effect of temperature on feeding in two
steps: one that measures the effect of the
viscosity change alone and one that mea-
sures the effects of temperature (Fig. 1).
To estimate feeding rates (12), I mea-
sured the accumulation of particles (13) in
the guts of larvae during 10-min feeding
trials. Six treatments were used to test for
the effects of temperature, viscosity, viscos-
ity acclimation, and polymer toxicity (Fig.
1) (14). (i) To measure the effect of viscos-
ity alone, larvae were fed at a common
temperature (22°C), with the viscosity
adjusted from that characteristic of seawater
at 22°C (w = 1.02 cP, treatment A) to
those characteristic of seawater at 12°C (.
= 1.30 cP, treatment B) and at 5°C (n =
1.60 cP, treatment C) (15). (ii) To mea-
sure the combined effects of low tempera-
ture and high viscosity, larvae were fed at
12°C (treatment D). A comparison of treat-
ments A and B delimits the effect of in-
c¢reased viscosity, whereas a comparison of
B and D delimits other effects of tempera-
ture (Fig. 1). (iii) To test for short-term
acclimation to high viscosity, treatment E
differed from B in that the acclimation
conditions included viscosity elevated to
match the feeding conditions. (iv) To test
for toxic effects of exposure to the polymer,

to the feeding temperature was
done in untreated seawater. In E 0
and F, acclimation to the feeding
temperature was done at the vis-

o
)

Temperature (°C)

cosity of 12°C seawater. Viscosities were increased through the addition of dextran (13).

Table 1. Mean number of particles (+1 SE) ingested per 10-min trial under different combinations
of feeding viscosity and temperature. Data are pooled across rearing temperatures (N = 32). For
reference, treatments (in parentheses) are positioned to correspond with those in Fig. 1. Before
each trial, larvae were acclimated for 3 hours to the feeding temperature and to the normal viscosity
for that temperature, except for the treatments listed in the second 22°C column, in which
acclimation was carried out at an elevated viscosity of 1.30 cP. At feeding viscosities of 1.60, 1.30,
and 1.02 cP the temperatures are normally 5°, 12°, and 22°C, respectively. The ANOVA showed a
significant effect of treatment [F 5 155 = 39.0, P < 0.001]. Of the five a priori pair-wise comparisons
(77), three were significant (A > B > C and D, P < 0.01) and two were not (E and B, A and F).

Feeding Feeding temperature (°C)
viscosity
(cP) 12 22 22
1.60 15.3 = 1.6 (C)
1.30 14.0 £ 1.9 (D) 25.3 = 2.2 (B) 229 + 22 (E)
1.02 431 + 42 (F)

42.7 + 4.6 (A)
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REPORTS

in treatment F larvae were held in polymer
solution for 3 hours before feeding in un-
treated seawater as in treatment A. To test
for long-term feeding compensation in re-
sponse to rearing conditions, the procedure
was replicated for 16 cohorts reared at warm
temperatures (20° to 22°C) and for 16
cohorts reared at cold temperatures (11° to
13°C) (16, 17).

Larvae were fed a mixture of particle sizes
(13) to test whether viscosity could influ-
ence the size of particles ingested. Recogniz-
ing the mechanism of ciliary reversal used in
particle capture, I predicted that high vis-
cosity might increase the detéction of small-
er particles that would be less likely to trigger
reversal (18), which would shift the distri-
bution of ingested particles toward smaller
sizes. This hypothesis was prompted by the
observation (19) that polar echinoderm lar-
vae fed on bacteria, whereas related temper-
ate species took only larger phytoplankton.

In untreated seawater, ingestion rate
declined on average by 67% when temper-
ature was reduced by 10°C (Table 1, A and
D); this difference potentially includes both
physiological and mechanical effects. The
viscosity change alone (Table 1, A and B)

“was sufficient to account for 60.6% of this

difference, which leaves 39.4% attributable
to other effects of temperature (Table 1, B
and D) (20). The ingestion rate declined
further when viscosity was increased to that
of seawater at 5°C (Table 1, A to C).
Three-hour exposure to the polymer before
feeding had no positive effect on ingestion,
which would have been consistent with
viscosity acclimation (B and E), nor a
negative effect, which would have indicat-
ed toxicity (A and F).

Particles ingested

Treatment

Fig. 2. Effect of rearing temperature on mean
number of particles ingested per 10-min trial.
Treatments are as indicated in Fig. 1. The

- ANOVA (15) showed that ingestion rates for

cold-reared larvae (solid bars) were significant-
ly higher than those for warm-reared larvae
(hatched bars; t = 1.92, df = 30, P = 0.032; the
rearing temperature by treatment interaction
was not significant). The numbers on bars
indicate groups used in two comparisons de-
scribed in the text. Comparison 1: t 5, = 2.96, P
= 0.006. Comparison 2: t 5, = 1.40, P = 0.17.
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