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The Role of Surface Chemistry in Filter

Feeding by Zooplankton

Abstract. Surface chemistry of both particles and animals is important in filter
feéding at low Reynolds number. Daphnia magna, fed mixtures of three sizes of
polystyrene particles, retained particles that were smaller than the mesh size of the
animals (1.0 micrometer) at greater efficiencies than predicted by a sieving model.
Retention efficiency of the smallest particles (0.5 micrometer) was increased when
negative surface charge on the particles was neutralized, and retention was
decreased when a nonionic surfactant was added to reduce wettability.

Filter feeding is the dominant process and is strongly influenced by surface

of primary consumption in freshwater
and marine environments. It is often
described as sieving, in which particles
too large to pass through an animal’s
filtering mesh are captured. Capture effi-
ciency of various sized particles is
thought to be related to the array of mesh
sizes on the filtering appendages (I);
however, it appears that sieving is not
the mechanism by which fine particles
are captured by small filter feeders.
Films of copepod feeding show little or
no movement of water through the filter-
ing meshes (2). Brittle stars are able to
catch particles smaller than the spaces
between their mucus-covered tube feet,
and the surface charge on particles deter-
mines their affinity for retention (3). Our
observations of Daphnia indicate that
the majority of water movement is over,
not through, the meshes of the filtering
combs. Also, there is no evidence of
mucus enhancement of filtering in Daph-
nia (4).

We report that particle capture in
these animals occurs at low Reynolds
number (Re), is not a sieving process,
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chemistry, such as surface charge and
wettability of the particles. The findings
suggest that differential or selective feed-
ing on natural particles may occur on the

cles, as well as on their size and shape.
This can explain the ability of filter feed-
ers to capture ultrafine particles such as
bacteria, clays, and colloids that are
much smaller than the minimum mesh
size of the filtering appendages.

Filter feeding by small invertebrates
occurs at low Re, where fluid flow is
slow and laminar and all motion is domi-
nated by viscous rather than inertial
forces (2, 5). The Re for the filtetring
combs on the third and fourth appen-
dages of Daphnia magna (Fig. 1, A to C)
is in the range 0.4 to 2.0; for a single seta
itis 1072 to 1073; and for a single setule it
is 1073 to 1074 (6). The boundary layer,
or the region of reduced flow around a
single setule, extends approximately 10
pm under these conditions, which is far
beyond the next setule (7). Therefore,
little or no flow occurs between setules,
and the appendage functions as a solid
wall, analogous to the hirsute wings of
small insects (8). Observations of a
scaled-up model of a Daphnia appen-
dage, made with 110-wm mesh plankton
netting oscillated in glycerin, support
this since no fluid was observed to pass
through the mesh of the model (9).

A capture mechanism that may func-
tion under these conditions is electro-
static or ionic attraction. It operates over
shorter distances in water than in air but
nevertheless can be important in particle
capture and retention, especially in slow
laminar flow regimes (10). We expand
and redefine this mechanism to include
all surface cHemical interactions be-
tween particle and filter, such as ionic or
hydrophobic-hydrophilic interactions.

We tested the sieving model and the
role of surface chemistry in filtering by

basis of surface properties of the parti- feeding suspensions of polystyrene

Table 1. Relative ingestion of three particle sizes of unmodified polystyrene by Daphnia magna.
Particles were presented at equal densities by volume, with total densities similar to those found
in nature (10* em™ for alga-sized particles and 10° to 107 cm~3 for bacteria-sized particles).
Data reported are proportions transformed with an arcsin-square root transformation, and are
thus shown as degrees. Numbers in parentheses are percent feeding efficiencies expressed as
the ratio of observed to expected proportions of the 0.5-um particles. Relative ingestion of all
three particle sizes were compared by ¢-tests adjusted for multiple comparisons (12). Expected
proportions, based on concentrations in feeding suspensions (/1), were compared with the
control test (treatment 1), Deionized (0.5-wm particles) and surfactant treatments (treatments 2
and 3, respectively) were compared to the control treatment. In all treatments where ¢ was
significant, 0.5-um particles were ingested in a significantly lower proportion than expected.
When 0.5-pum particles were dropped from the analysis and proportions of the larger particles
were recalculated, no statistically significant differences were observed in the relative ingestion
of 1.1- and 5.7-um particles, indicating that both of the larger particles were collected in the
same proportions at which they were present in suspension.

Particle Concentration Expected Proportion in gut (degrees)
size in suspension proportion ;
t 1
(pm) (No./cm?) (degrees) Trze]% rzeg)t Trzela\iltn__reg)t 2 Trée\iltzeg)t 3
5.7 10* 8.6 18.0* 16.8 20.4
1.1 1.4 x 10° 16.8 34.6% 39.6 43 47
0.5 1.5 x 107 71.0 49.21 (64) 45.4 (51) 39.1*% (44)
*P < 05, P < .005.
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Table 2. Relative ingestion of three particle sizes by Daphnia magna, with 0.5-um particles
amide modified. Data reported are as described in the legend to Table 1. Treatment 4 is the

control, and treatment 5 has surfactant added.

Particle Concentration Expected Proportion in gut (degrees)
size in suspension proportion
(pm) (No./cm?) (degrees) Trfjﬁ‘;‘fg)‘ 4 Tzf\j":‘i‘(’)‘) 3
5.7 10* 9.4 9.7 19.8
1.1 1.4 x 10° 18.4 18.4 28.5%
0.5 1.2 x 107 69.2 68.9 (100) 51.8% (71)
*P < .05. TP < .01

spheres to D. magna. The sieving model
predicts that all particles smaller than the
mesh size of 1.0 um (range 0.85 to 1.25
pm) will pass through the filter. Other
interception models predict that some
small particles will be captured. Three
sizes of polystyrene spheres [0.5, 1.1,
and 5.7 pm in diameter (Fig. 1D)] were
used, the diameter of the smallest being
about one-half the average intersetular
opening. Animals were allowed to feed
for 30 minutes, killed, and the ingested

particles in their guts were counted (11).

" Equal volume (and weight) concentra-

tions of particles were used at total abun-
dances similar to those of alga- and bac-
teria-sized particles in nature (Table 1).
The abundance of each size class of
particle in the gut was compared with
that in the feeding suspension (treatment
1, Table 1) (I12). Results show that the
0.5-pm particles were collected in a low-
er proportion (64 percent) than that
present in suspension and, therefore, at

a lower efficiency than either of the
larger particles. When the smallest size
class was dropped from analysis, the two
larger size classes were shown to be
ingested in the same proportions at
which they were present in suspension.

These results confirm what we know
from other feeding studies (/3). Natural
bacteria, usually 0.1 to 1.0 pm in diame-
ter, are collected by Daphnia at about 30
to 60 percent of the efficiency of algae
that are 2 to 5 wm or larger, and colloidal
organic matter can be collected and used
as food if it is present in high concentra-
tions.

These results allow us to reject the
sieving model and consider the other
filiration mechanisms. Since there was
no detectable difference in the animals’
capture efficiency on the two larger par-
ticle sizes (1.1 and 5.7 wm), we changed
the surface characteristics of only the
smallest particles. The polystyrene
spheres we used have a net negative
charge due to attached SO,~ groups and
adsorbed SO4>~ ions on the surfaces
(I14). Adsorbed SO~ ions were re-
moved with ion exchange resins (treat-
ment 2, Table 1), and attached SO,
groups were replaced with amide groups
to neutralize the charge (treatments 4
and 5, Table 2) (I4). In treatments 3
and 5 we added small amounts of a
nonionic surfactant to the feeding sus-
pension (I15). _

Removal of adsorbed SO~ ions by
ion exchange (treatment 2, Table 1) did
not significantly change uptake efficien-
cy (51 percent) of the 0.5-um particles,
probably because the charge density was
not sufficiently reduced owing to the

Fig. 1. The filtering chamber of Daphnia
magna (A) showing the rostrum, labrum, first
and second thoracic limbs, and filtering
combs on the third limb (scale bar, 100 pm).
(B) A view from behind the comb on the third
appendage showing knuckle-like reinforce-
ments near the base of the setae and the
continuous and even distribution of setules
(scale bar, 10 pm). Setules are arranged at
angles on the setae (C) so that no gaps occur
on the inward stroke of the filtering comb
(scale bar, 5 um). Setules have an average

" diameter of 0.4 um, and intersetular openings

range from 0.85 wm near the base to 1.25 um
at the tip. These dimeénsions are constant over
the filtering comb. On the basis of Re, the
boundary layer around a single setule was
estimated to extend beyond the next six se-
tules, suggesting that the appendage is effec-
tively a solid wall allowing little or no flow of
water through the comb. (D) A mixture of
polystyrene béads (5.7, 1.1, and 0.5 pm) used
in feeding efficiency experiments (scale bar, 5
wm). Beads are clumped in the micrograph
because of drying for scanning electron mi-
croscopy but are dispersed and separate dur-
ing the feeding experiments. [Micrographs by
Y. Feig]
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remaining, bound SO4~ groups. Amide-
modified 0.5-pm particles were ingested
in the same proportion (100 percent effi-
ciency) at which they were in suspension
(treatment 4, Table 2), in contrast to the
0.5-wm unmodified polystyrene particles
(treatment 1, Table 1). Addition of a
surfactant caused a statistically signifi-
cant reduction in capture efficiency of
0.5-pum unmodified particles (treatment
3, Table 1) to 44 percent and of amide-
modified particles (treatment 5, Table 2)
to 71 percent. These experiments indi-
cate that capture efficiencies of the
smallest particles can be affected by
changing surface charge of the particles
and by changing wettability. Neutral par-
ticles were captured more readily than
particles with a net negative charge, and
addition of a surfactant, which increases
the wettability of both particles and ani-
mals, caused more particles to escape
the filtering apparatus of the Daphnia.
Differential particle capture on the ba-

sis of charge and wettability has general
significance for freshwater and marine
filter feeding. Natural particles have a
range of surface properties that affect
their adsorption to surfaces and move-
ment through fluids (/6). Anomalous se-
lective feeding by zooplankton may be
explained on the basis of surface chemis-
try, in that the animals’ filtering appen-
dages may have had greater affinities for
some particles than for others (/7). Se-
lective filter feeding by copepods (/&)
may in fact be due to surface chemistry
interactions rather than size selection or
taste selection. Surface charge is affect-
ed by pH (I6), so we may expect that
environments with extreme pH values
will affect filter-feeding capabilities of
small invertebrates. The elimination of
certain zooplankton species from sys-
tems with elevated pH due to high rates
of photosynthesis, or lowered pH due to
dissolved humic substances or acid rain
(19), may be due to a reduced ability of
certain species to capture food as well as
other effects mediated by pH. Finally,
we may expect surface adaptations of
filter-feeding animals and their prey to
enhance or reduce particle capture. An
example of this might be the nonwetta-
bility of the exoskeleton of cladocerans,
which frequently imprison small individ-
uals in the surface tension of the water,
but may aid in particle capture. The
interactions between surface chemistry
and feeding may change some of our
models in aquatic ecology.
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Deep Oxygenated Ground Water:

Anomaly or Common Occurrence?

Abstract. Contrary to the prevailing notion that oxygen-depleting reactions in the
soil zone and in the aquifer rapidly reduce the dissolved oxygen content of recharge
water to detection limits, 2 to 8 milligrams per liter of dissolved oxygen is present in
water from a variety of deep (100 to 1000 meters) aquifers in Nevada, Arizona, and
the hot springs of the folded Appalachians and Arkansas. Most of the waters
sampled are several thousand to more than 10,000 years old, and some are 80

kilometers from their point of recharge.

The geochemical and hydrogeologic
literature provides a broad spectrum of
notions regarding the occurrence of dis-
solved oxygen (DO) in ground water.
The views range from the idea that DO is
absent below the water table (/, 2) to the
idea that DO is purportedly generated by
the radiolysis of water at depths of 2 to 3
km (3). The prevailing opinion (/, 4, 5) is

0036-8075/82/0611-1227$01.00/  Copyright © 1982 AAAS

that the bulk of DO in recharge water is
consumed in the soil and unsaturated (or
vadose) zones by microbial respiration
and the decomposition of organic matter,
or rapidly thereafter in the aquifer by
various mineral-water and organic oxida-
tive reactions. Despite the multitude of
studies of ground-water geochemistry in
the last decade, measurements of DO in
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