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ABSTRACT: The distnbutien, abundance, and size speclra of transparent exopelymer parlicles (TEP)
generaled from excretion products of phytoplanklon were investigated. TEP was lound at all stations
studied, but abundance and total quantity ol TEP vaned by 4 orders of magnitude among coastal, slope
and oceanic environments, Abundance and size distributions of TEP appeared lo be related to plank-
ton composition. Abundance tended to be higher in coastal and shallow waters compared 10 o¢eanic
and deep waters respectively. The average size of TEP was appreciably larger at stations where
diatoms dominated phytoplankton. Size distributions of TEP generally followed a power-law function,
except when aggregation dominated interaction of particles. The type of size distribution of TEP may
allow us Lo predict the tendency ol a plankton community Lo aggregate. General differences in the
shape of size spectra of TEP indicate TEP generaled by diatoms to be stickier and more fractal com-
pared to TEP generated by non-diatom plankton. All TEP were colonized by baclera, bul no correla-
ton was found between numbers of attached bacteria on individual TEP and the respective size of TEP.
Bacleria density on TEP, however, decreased with increasing size of TEP exponentially. Between 2 and
25% ol the tolal bacienal population were attached to TEP. Tolal number of bacteria were nol corre-
lated with total quantity of TEP, suggesting that no simple overall relationship exists belween TEP and

hacleria.
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INTRODUCTION matter (Alldredge et al. 1993, Passow et al. 1994), the

A new class of transparent particles, called TEP
(lransparent excpolymer particles), has recently been
discovered to be abundant in the ocean (Alldredge et
al. 1993). TEP can be made visible by staining with
alcian blue, a stain specific for polysaccharides. TEP
are presumaply produced from dissolved carbohydrate
polymers exuded by phytoplanklon and bacleria. In
seawater these polymer molecules align and coalesce
via cation bridging, forming invisible particles ranging
from microns to hundreds of rmucrons in size. While
preliminary studies indicate that TEP are important in
the aggregation of diatom blooms, provide the matrix
of marine snow, serve as a substrate and microhabitat
for attached bacteria, and represent an important path-
way for the transformation of dissolved to particulate
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distribution, abundance, and characteristics of this
new class of particles remain lurgely unknown.

Information on lhe abundance and size distributions
of TEP produced in different oceanographic regimes
and by different species of phyloplankton is necessary
to accurately assess the significance of this new parti-
cle class to the biclogy and chemistry of the pelagic
zone and to identify taxa most likely 1o produce TEP
abundantly. In the present study we compare the
abundance and size distribution of TEP generated by
different phyloplankton species and determine the
size distributions and abundances of TEP in coastal
and oceanic environments in relation to plankion
composition. The role of TEP as a site for bacterial
attachment in different marine environments is also
investigated.
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METHOD

Cultures and sample colleclion, Abundance and
particle size frequency distributions of TEP were in-
vestigated in batch cultures and seawaler. Balch cul-
tures of Chaetoceros gracilis, Nitzschia angularis, Tha-
lassiosira woissflogi and colomial Phaeocystis were
grown in [/2 medium with silica at 12*C and 100 pE
m~2 57! light (12:12 h eycle] in unbubbled Fernbach
flasks. Care was taken to prepare the media free of
precipilates, as sall precipitates Jeneraled duoring
autoclaving produce stainable artefacts which are dif-
ficult to distinguish from TEP. Conlrols lor precipitates
were made for each batch of media.

Seawaler samples were collected on several occa-
sions during June and July 1992 off Sanla Barbara,
Californta, USA (34" 20°N, 119°50' W), by scuba
divers at 5 to 20 m depths. Seawater samples were col-
lected with Niskin bottles in August 1992 from 0 Lo
400 m depths in Monterey Bay, Californla (36° 48' N,
1217 53' W and 36" 46' N, 121° 57' W) and in March
1993 trom 300 to 1500 m depths in the open Allantic off
Bermuda (BATS Sin 54; 317 50° N, 64° 10° W)

Slide preparation and enumeration. Semi-perma-
nent slides of TEP were prepared in duplicate by pass-
ing 1 to 20 ml of seawater onlo a 0.4 pm polycarbonate
filter {Poretics). TEP were stained on damp filters with
an agqueous solution of D.02% alcian blue (8 GX). a
hydrophilic, calonic dye specific for polysaccharides,
and 0.06" acetic acid. The staining solution was pre-
filtered through 0.2 pm belore use, as the stain aggre-
gales with itsell. The {ilter was fully covered with stain
{aboul 400 to 500 pl) which was immedialely sucked
through |as staining is immediate). Since residual stain
reacts with salls in seawaler to creale artefacts, funnels
and base were nnsed with distilled waler before use
Vacuum pressure was kepl low and constant. Filters
were then transferred to slides and prepared accord-
ing to the Filter-Transler-Freeze (FTF) lechnique
(Hewes & Holm-Hansen 1983, Hewes el al 1984)
Blanks were prepared with ‘clean’ seawater ([iltered
repeatedly through 0.2 pm) or by dipping the filter into
seawaler before staining as described above.

All samples, excepl those lrom Bermuda, were pre-
pared fresh Samples {rom Bermuda were preserved in
bullered formahn (0.5 to 1%) and slides prepared
within 2 wk alter lixation. Slides may be stored at room
temperature in the dark for up to 6 mo

Total bactena abundances were enumeraled on
black polycarbonate filters (Poretics, 0.2 pm) after
stavming with acndine orange according 1o Hobbie et
al. |1977). Samples were double-stamed with DAPI
(4°.6-diamidino-2-phenylindole) and alcian blue o
enumerale bacleria altached to TEP. Replicate sea-
water samples were [irst stained in the funnel with

0.5 mi DAPL (25 pm ml-Y) for 5 Lo 10 min, [iltered onta
0.2 pm pulycarbonate filters (Poretics) (Porter & Feig
1980, King & Parker 1888) and then stained with alcian
blue as described above, The FTF lechnigque has been
reporlied Lo yield accurate estimates ol bacterial abun-
dances (King & Parker 1988) which we could confirm
(Alldredge el al. 19923)

Phyloplankion and TEP (>3 pm) were counted i 20
to 150 fields on each slide at 200 = magnilication with a
compound Nght microscope. TEP (V) were assigned to
6 size classes by maximum length, with each size
incremaent (d/) double the length of the previous. The
ares of TEP ws calculated based on measurements of
the actual size of 30 representive TEP in each size class
for each set of samples. Although the shape ol TEP var-
ied and oltan was amorphous, TEP in any one sample
and size class were ol similar shape and the area of
TEP on fillers can be estimated falrly accurately with
this method {(Passow & Alldredge unpubl.},

Total bacterla and bacteria attached to TEP were
counted using a Zelss epifluorescence microscope at a
magnilication of 800>, Ten fields were counted from
each of 2 replicate slides for total bacteria counts, Bac-
teria associated with 20 to 30 TEP per slide were enu-
merated by switching between UV and visible bght
and individual TEP were sized. The average numbers
of bacteria per area of TEP were calculated for each
particle. Estimales of bactenia attached to TEP are
considered conservative because TEP are presumably
J-dimensional. making enumeration on 1 plane diffi-
cult, and thin sheets of TEP were difficult to discern,
TEP concentrations in Bermuda samples were too low
lo enumerate attached bacteria.

Impact of formalin fixation. Controls showed that
formalin itsell does not interfere with the stain. How-
ever, since the binding capacity of alcian blue depends
on the pH (Parker & Diboll 1966, Horobin 1988),
preservation techniques which alter the pH of the
sample are expecled to affect quantitative results. We
found however thal small changes in pH (8.2 to 8.7) did
nol change the size or amoun! of stained particles,

We tested the impact of formalin preservation on
TEF using samples collected during a diatom bloom
and (rom a cullure of colomal Phaeocyslis. Slides from
samples collecled during a diatom bloom in June off
Sanla Barbara were prepared both [rom fresh samples
and [rom aliquots which had been preserved in forma-
lin (0.5 to 1%) lor 6 mo. Comparisons of the particle
size distributions of TEP in preserved and [resh ali-
quols revealed no signilicant difference [-lest, di = 4,
p > 0.1). although formalin-preserved samples ap-
peared to slightly underestimate tolal TEP abundance.

Unpreserved, intact and healthy colonies of Phaeo-
cysiis did not stain wilh our method as stronger con-
centrations and longer slaining Lumes are needed to
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stain the coleny matrix. However, formalin preser-
valion leads to the disruption ol the colony matrix
and shreds of the matrix slain. creating TEP-like
artefacts. Fragile organisms like ciliates or athecale
dinoflagellales often disintegrate in formalin and the
cellular polysaccharides relessed may also create
artefacts.

Calculation of the fraction of hacteria attached to
TEP. We calculated the fraclion of bacteria attached Lo
TEP in 2 different ways from our counts. First, the per-
centage of atlached bacteria was calculaied directly for
each double-stained slide {rom micrescope counts of
[ree versus altached bacleria. Second, because the
magnification needed to count bacleria 15 sometimes
too high 1o simultanecusly count large TEP representa-
lively, we calculaled the {raclicn of bacteria associated
with TEP from (1) the size distribution of TEP [TEP
slides), (2) the counts of total number of bacteria {acri-
dine orange slides) and (3) the general relationship
between bacterial density on TEP (number of bacteria
per area TEP) and TEP size derived from all counts of
double-stained slides. In general, both calculations
gave similar results, although somelimes the first
method gave higher values. All values given in the
present paper are calculated according to the second
method and are considered conservative.

Particle-size distributions. Particle-size spectra of
suspended matier in the ocean can often be fitted o a
power-law distribution derived from a volume distrityu-
Lion histogram that represents the distribution in which
the volume of particles of cach size interval remains
constant (Bader 1970, Sheldon el ol. 1972, Lerman
1979). Deviations from such a distribution may give
indications of physical or biolegical processes, such as
aggregation, fragmentation, dissolution, or consump-
tion by animals, which alter the size distribuiion of
particles.

Particle-size distributions of TEP were delermined
from microscopical enumerations. The mean maximal
length value of each size interval () in pm) and the
ratio between TEP abundance per interval and the size
interval (dN/dE in TEP ml-' pm-~!) were plotted on log-
log coordinale graphs. The best fit lines were calcu-
laled based on a least-squares estimation of parame-
ters A and b in the following power-law relalionship

(1)

where A and b are constants. The slope of the size dis-
tributions plotted in log-log coordinales is given by the
power exponent b and describes the shape of the
curve. A decrease in b signifies a reduction in the per-
centage of small partictes. A value of b = 4 unplies
equal particle volumes in each size ¢lass. A change in
A when b remains constant signifies a change in the
lotal number of particles in all size classes.

dN/dl = Al
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Particle-size distnbutions of TEP arc based ¢n the
maximal length of TEP on filters. The actual size of
TEP when suspended in seawaler i3 presumably
smaller than the size of TEP after they collapse on fil-
ters (Passow & Alldredge unpubl). {t is, however, as-
sumed that lhe shape of the size distributions of TEP,
i.e. the relalive size of TEP, remains the same during
filtration.

For the coaslal data, regression lines were only cal-
culaled for samples where TEP occurred in al least
4 different size classes, All regressions of samples for
which caleulalions were possible (28 total) were statis-
tically significant [p << 0.01, in most cases p < 0.001),
except for 2 samples which did not follow a power-law
distribution and were collecled during the aggregation
phase of a diatom bloom. TEP concentrations al the
open acean station off Bermuda [BATS) were low and
regressions were caleulated if TEP was [ound in 3 or
more size classes (9 out of 12 depths). Seven regres-
sions were significant at the 0.05 level.

To assess how aggregation changes the size distnb-
ution of TEP, size distributions were calculated from
a flocculation experiment with a batch cullure of
Chdetoceros gracilis conducted earlier [Passow et al.
1994). For thal experiment the cullure had been
rotated for 20 mun in a cuvetle flocculator {Logan &
Kirchmann 1991} and subsamples had been collected
after 4, 8 and 20 min of rolation at a shear of 30 s~
Calculations were based on counts of TEP 1n 4 size
Cla~~os between 20 and 500 um.

RESULTS
TEP in nature
Abundance, size and vertical distnibution

TEP was found in all naturat seawater samples inves-
tigaled. Tolal number abundance and total area (esti-
mate of quantity) of TEP, however, varied by 4 orders
of magnitude [10% to 10* TEP ml~! and 0.2 1o 2000 mm?
1! respectively) (Table 1). The length of individual
TEP ranged from 3 to several hundred pm. The aver-
age diameter of TEP ranged from 12 pm at the begin-
ning of the diatom bloom to 163 ym during flocculation
of the bloom. At Monterey Bay, the average diameter
of TEP ranged between 8 and 13 pm, except 27 Augusl
1992 at 10 m (where diatoms dominated the phyto-
plankton) when it was 15 um. Al the BATS station the
average diameter ranged between 9 and 12 um, except
at 900 m where the average diameter was 23 um.

Examples ol vertical distribution pauterns of TEP and
cells al several stations are depicted in Fig. 1. TEP con-
centrations were generally higher in (he lrophogenic
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Table 1. Abundance, total area and slope of size spectra of TEP (b, ¢f. Eq. 1) [or some typical samples. MB: Monterey Bay;,
SB: Santa Barbara; BATS: Bermuda. Data from diatom bioom [rom Alldredge el al. (14493)
Samples Environment Dominating plankion TEP b
Abundancea Area
(no. ml™" (mm*1 1)

24 Jul, 10 m Coastal SB Clear 25 1 2.8
27 Aug. 76 m Slope MB Clear 500 S0 3.0
26 Aug, 5m Coastal MB Mixed 4926 500 3.0
26 Aug, 400 m Coastal MB Clear 2448 140 36
BATS, 400 m Oceanic Clear 2 0.2 na
27 Aug, 10 m Coastal MB Diatoms 877 290 2.7
27 Aug. 5 m Coaslal MB [Dinoflagellates 5168 650 3.0
27 Aug, 20 m Coaslal MB Dinoflagellates + Phaeacystis 3741 270 3.4
BATS, 300 m Qceanic Clear 3 0.3 3.7
BATS, 800 m QOceanic Clear 6 0.7 3.4
BATS, 800 m Qceanic Diatoms 7 4.6 2.2
BATS, 1400 m Qceanic Clear 2 0.2 2.8
19 Jun, 10 m Coastal SB Diagtom bloom 357 130 1.7
24 Jun, 10 m Coastal SB Diatom bloom 625 200 2.2
29 Jun, 10 m Coastal SB Diatom bloom 183 2200 -

(plankton-rich) zone than below (for example: Mon-
terey Bay, 26 August 1992; Fig. 1a, b). TEP concen-
trations decreased parallel with concentrations of bac-
lerio-, phyto- and protezooplankton at 20 m. However,
concentrations of TEP varied appreciably below the
trophogenic zone and a relative high abundance was
observed at 300 m. Dialoms were rare at this station,
and microplankion was dominated by dinoflagellates
and ciliates.

Abundance and size of TEP may also vary within
the trophogenic zone, appearing in accordance with
changes in lhe plankton composition (Fig. 1c, d). In
Monterey Bay (27 August 1992), TEP abundance was
lowest at 10 m, the depth of the diatom maximum
(10° diatoms 17", and highest at 50 m, the lower end ol
the trophagenic zone. At 10 m the averagys size of TEP
was, however, very large. Dinoflagellates wcere most
abundant at the surface (10° 17!) and decreased con-
tinuously with depth. A small population of ¢olonial
Phaeocystis was present belween 10 and 20 m depth.
RBacteria concentrations decreased continuously with
dgepth.

Compared lo coaslal stations, concentrations ol TEP
were extremely low at all depths (304 (o 1400 m) of the
open ocean stalion (BATS) near Bermuda (Fig. le, f).
At Monterey Bay {26 August 1992), for example, about
2500 TEP ml~! were observed at 400 m whereas only
2 TEP ml~! prevailed at 400 m in the open Atlantic.
Total quantily of TEP (expressed as total area) was also
3 10 4 orders of magnitude lower compared to coastal
waters. Above 800 m and below 1000 m concentrations

were very uniform, but a peak in TEP numbers was
observed at 900 m. Plankton concentrations were low
(<100 cells 171 at all depths, excepl at 900 m. Several
species of mostly Chaetoceros were ohserved at con-
centrations of 1.6 % 10° cells 17! al 300 m.

Size distributions

Although total abundance of TEP was extremely
variable, {he general shapes of the size frequency dis-
tributions were similar (Fig. 2a). All but 2 of the size
frequency spectra of TEP analyzed (n = 33) follow &
Pareto (power-law) distribution (Eq. 1, Fig. Za to d).
However, both at Monterey Bay (27 August) and al
BATS the shapes (b-values| of the power-law distribu-
tions at different depths differ (Fig. 2b, ¢). We classiflied
all frequency distributions inta 2 main groups and 1
transition group according o their b-value. The 2 aver-
age b-values representing the 2 main groups are sig-
nificantly different (Students' £, p < 0.001). Examples of
normalized frequency distnbutions (dN/N) are given
for each group in Fig. 3.

In the first type of distribution (Group 1) over 95 % of
TEP occurred in the first 2 size classes (<25 um) and
more Lhan 60 % were smaller than 10 um. This group
includes all spectra fitting a power-law relationship
with a value of b between 2.9 and 3.9 (average b =
3.3 = 0.3, median b = 3.3). In this group, the fit of the
regression lines lo lhe data was extremely tight, indi-
cating a geed fit to the power-law distnbution, All size
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Fig. 1. Vertuical profiles of micro- and bacterioplankion and of TEP abundance and lotal area at {a, b) a deep station {26 August
1992) and (c, d) a shallower station (27 August 1992) in Monterey Bay, and (e, [) BATS March 1993, SD of TEP abundance often
tao small 1o show

spectra belonging te this group have in common that
they were observed at stations where diatom concen-
trations were very low and never dominating. Dino-
flagellates, ciliates or Phaeocystis were moderately
abundant at some of these stations, whereas micro-
plankton concentrations were extremely low at others.
Samples belonging to this group {16) came from
coastal Santa Barbara, from Monterey Bay (Fig. 2a, b)
and from the open ocean {Fig. 2c). All frequency distri-
butions from samples collected during summer in
Monterey Bay (Fig. 2a, b) except the 10 m depth on
27 August 1992 belong in this group. The size distribu-

tions observed at the BATS station between 300 and
800 m clearly belong to Group 1 as well (b=3.010 3.8),
but at greater depths the values of b were toc low to
qualify.

Group 2 includes all samples (13} with a value of b
between 0.7 and 2.2 (average 1.6 + 0.45, median 1.7).
Although significant, these regressions tended to be
less tight and standard deviations were higher, indicat-
ing deviations from a simple power-law distribution.
Size distributions of this type were generally observed
at stations where diatoms were dominating phyto-
plankton. Distributions collected during the early floc-
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cing stage of a diatom bloom off Santa Barbara
(19 and 24 June 1992; Fig. 2d) both helong to
Group 2 (b= 1.6 and 2.1 respectively). Spectra of
TEP at BATS al 900 m (Fig. 2c¢), where abun-
dance of Chaeloceros spp. was high, belong o
this group as well (b = 1.5). In samples collected
at 2 depths off Santa Barbara in July (after sedi-
mentation of a bloom) and at 1000 m at BATS,
TEP exhibited a size distribution of type 2 (b =
1.4, 1.5, 2.2), elthough no phyloplankion was
present.

Size distributions of TEP observed in the pres-
ence of diatorns did not all belong into Group 2.
Some spectra exhibited b-values too low to qual-
iy for Group 1 and oo high (or Group 2 (transi-
tion group). Samples collected at an early stage
of the diatom bloom (b = 2.7) and the sample
from Monterey Bay from 10 m on 27 August
1992 (b = 2.6; Fig. 2b) where diatoms were
dominating & mixed summer usscinblage, have
spectra of TEP belonging to the transition group.
fn all samples exhibiting spectra belenging to
the transition group diatoms dominated phyto-
plankton, excepl at depths below 1000 m al
BATS, where no phytoplanklon was presenl
(Fig. 2¢).

Size distributions of TEP observed during the
late floccing stage of a diatom bloom off Santa
Barbara (10 m) had a different shape (Fig. 2d).
The size distributions of TEP from 26 and 29
June 1992, when the bloom was fully flocced,
did not follow a power-law distribution and did
not {il 1 either group.

Bacteria attached to TEP
The number of bacteria attached to individual

TEP was noi correlated to the size of the respec-
tive TEP (Fig. 4a). Mest TEP were smaller than

Fig. 2. Size distribulions of TEP in the field. {a} Total
abundance (sum of N) ranges from 25 te 5000 TEP
m)~'. Three examples from Sanla Barbara (SB) 24 July
al 10 m (& = 2.8) and Monterey Bay (MB) near-shore
26 August at 5 m (b = 3.0) and offshore 27 August at
76 m (b =3.0). {b, ©) The shape of the size distnbulicn
of TEP may vary with depth. Examples from (b) Mon-
terey Bay (MB) 27 August at & 10and 20m (b=3.0,2.6
and 3.4 respectively) and {c) BATS al 300, B0O, 800 and
1400 m (b = 3.6, 3.3, 2.2 and 2.8 respeclively) (d) The
shape of the size distributions of TEP may change dur-
ing the flocculaticn of diatom blooms. Example from
the Santa Barbara channel during a Chaeloceros spp.
bloom at 10 m depth on 19, 24 and 29 June (h = 1.6,
2.1 respectively, 29 June does not follow ¢ power-law
distribution}
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Fig. 3. Normalized size-frequency distributions
of TEP. Examples of the 4 dilferent types of
distributions obsarved. The distribution from
26 August belengs Lo Group 1 (nen-diatoms),
that from 24 June to Group 2 {floccing diatoms),
that (rom 27 August Lo the transition group (non-
floccing diatoms) and that from 29 June does not
lit into any category (flocced diatoms)
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Fig. 4 (a) Total number abundance of bacteria per individual TEP versus
size of the respeclive TEP. [b) Bacteria density per area TEP versus the size

of the respective TEP
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ever, abundance and size of TEP generated
by different species differed appreciably
(Table 2). TEP observed in cultures of
Chaetoceros gracilis were very small (3 to
5 pm, average 4 pm) and comma-shaped
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but slightly larger particles began to appear in late
exponential phase on Day 9 (Fig. 6a). Total TEP con-
centrations were very high {up te 8000 TEP ml ')

1994

duced 3500 TEP ml ' within lhe (irst 2 d
(early exponential phase), bul ne signi-
ficant change was observed thercatter
(Fig. 8b). Most TEP were large (10 to
25 pm) and tolal quantity of TEP was high
compared lo C. gracilis. TEP generated by
Nilzschia angulans belonged mostly to the
smallest size class, but larger particles
were abundant (Fig. 6¢). TEP from N
angularis was circular or square-shaped
and an order of magnitude less abundant
than C. gracilis. The decrease of tolal TEP
abundance on Day 5 (late exponential
phase) was presumably an artefact, as N.
angufaris forms mats which contain TEP
on flask walls. These could not be sampled
quantitatively. As maximal celi density
and cell sizes of these 3 species differ con-
siderably (Fig. 6), the specific quantity of
TEP genersted (lolal area of TEP/ilotal
volume of cells) was calculated (Table 2).
According to those calculations C. gracilis
produced the most TEP per cell volume.
Compared to the large differences in num-
ber abundance of TEP betwecen species,
the specific quantity of TEP produced was,
however, remarkably similar.

Ne TEP was [ound in cultures ol colonial
Phaeocystis even in slationary phase as
long as colonies did not disintegrate. In
senescence when colonies began to dis-
integrate, the {ragments of the disrupted
colonies stained blue. Although formed
differently from diatom TEP, these parti-
cles may be classified as TEP and could
play an important part for the formation of
marine snow after Phaeocystis blooms
(Passow & Wassmann 1994),

Size-lrequency distributions

compared to other dialoms and increased during the

pMoaost of the size frequency spectra of TEP during

whole growth cycle. Thalassiosira weissfiogii pro- the g¢rowth cycle of Chaetoceros gracilis belong

Table 2. Characteristics of TEP generated in cultures of dialoms

Species Maximal abundance Maxinial lalal area Specific preduction

(no ml~") [rm® mi-h (rmm? TEP mm ™ cel) 1)
Chaetoceros gracilis 8000 0.6 1045
Thalassiosira weisstlogii 3500 1.5 847
Nitzschia angularis 800" 0.05 347

“TEP formed mats an flask walls making quantification of TEP after early exponential phase impossible
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to Group 1. [nilially, at the beginning of the
exponential phase (Day 3) the value of bwas
exceptionally high (b = 4.2), decreased dur-
ing exponential growth {to 3.6 on Day 8), but
increased slightly at the beginning of the
stationary phase, before it decreased drasti-
cally (Day 13, b = 2.4} al late stationary
phase (Fig. 7a), TEP produced in the culture
of Nilzschia angularis exhibiled at carly
exponential phase a dislribution belonging
to Group 2 (b = 2.1). Size spectra of TEP
generated by Thalassiosira weissflogu did
not Jollow a power-law distribution.

Flocculation experiment

The change in size specltra of TEP
observed during a flocculation experiment
with Chaetoceros gracilis illustrates bow
aggregalion processes alter the size distrib-
ution of TEP (Fig. 7b). Initially the size spec-
lra of TEP fitted a power-law distribution
with a b-value of Group 1 (b = 3.2), but dur-
ing the aggregation b-values decreased and
the {it to a power-law function began fo
deteriorate (after4 and 8 min 6=2.3 and 0.9
respectively). Alter 20 min rotation the size
distribution ol TEP did not fit 2 power-law
function any more and the highest abun-
dance of TEP was found in the third size
class, at 100 um.

DISCUSSION
Distribution of TEP

The general distribution pattern of TEP in
Lhe ocean was similar to that of phytoplank-
ton: TEP was found to be more abundant in
coastal areas than in the open ocean and
more abundant in the trophogenic zone than
below. The ranges of concentrations and
sizes of TEP in the ocean were similar {o
those of phyloplankton. Neveritheless, no
simple overall relationship between ambi-
ent phyloplankton and TEP concentration
was observed. Phytoplankton composition,
however, appeared to be an important fac-
tor. Concentrations of TEP tended Lo be low
when diatoms dominated phyloplankton,
but average size and tolal area of TEP were
large compared to stations where diatoms
were scarce.
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Theory of size specira and assumptions

Parlicle size distributions reflect interactions be-
tween particles. Marine particulate matter can gener-
ally be fitted by a power-law distribution. The shape of
size distributions of marine suspended particles be-
tween 1 to 100 pm, or even up to 1000 pm, appear o be
essentially conslant as reflected in a constant value of
the logarithmic slope of the size distributions (b = 4)
(Sheldon et al. 1972, Lal & Lernan 1975, Lerman et al.
1977, Hunt 1980, 1982, McCave 1984). Reasons for
such a constant size distribution ol marine suspended
matter are, however, controversial and it has been sug-
gesled that distributioas ol individual particle types
may not follow a power-law distributions, bult that the
overall dhstributions are made up of log-normal distrib-

® 8 minutes

A 20 minutes

— ., utions of compenent particles (Lambert et

cetls m al. 1981, McCave 1984).

a Under the assumption of corstant pro-
duction of particles into the smallest size
class (to keep the flux of material through
the spectrum constant) coagulation due to
shear and loss of large aggregates due to

\ sedimentation will create sleady-state size

spectra which [it a power-law distribution

L 10" with b = 4 (Lerman 1979, Hunt 1980, 1982,

McCave 1984). The effect of aggregation
on size distributions depends, however, on
the mechanisms (Brownian motion, shear,
differential settling) governing coagulation

10 (Hunt 1980, 1982).

As dissolution is faster for smaller than for
larger particles the slope of the resulting
size distribution would decrease (smaller b)
if only dissolution oceurred (Lerman 1979).

b Frogmentation or disaggregation on the
other hand lead to a residual distribution
with a steeper slope (blarger, more smaller

| particles) (Lerman 1979). Filtration mecha-

nisms, like grazing of zooplankton, may not

change the shape of the curve (if they are

effective over the whole size range), but

reduce the total number of particles
(change in A).

It is not known wiuch processes signifi-

cantly alter abundance and distribution of

4 TEP. The shapes of size distrbutions may

J' ndicate which processes are of primary
importance for TEP. In the following discus-
sion the size spectra of TEP observed in
different environments will be analyzed,
making the following assumptions:

(1) A power-law distribution with b = 4
represents a theoretical steady-state situa-
tion, where production of small TEP is bal-
anced by loss of coagulated TEP. We will use this value
as a reference point in our discussion.

(2) For steady-state conditions to occur particles must
be generated contlinuously inlo the low end of the size
spectra. TEP is formed from dissolved excretion prod-
ucts of phytoplankton via coagulation of microfibrils
(Alldredge et al. 1993, Passow et al. 1994) Newly
formed TEP will accordingly be introduced into the
low end of the size spectrum.

(3) As TEP are relatively large but do not sink appre-
ciably (unpubl. data), it is assumed thal coagulation of
TEP is dominated by shear.

(4) Furthermore, il will be assumed that TEP 1s
primearily generated by phytoplankton and thai pro-
duction of TEP ceases in the absence of phytoplankton.
Presumably TEP is also generated by excretion prod-
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ucts of bacteria, but no relationship between bacteria
and TEP abundance was observed.

(5) It is assumed that TEP generated by difterent spe-
cies have different properties. TEP differed consider-
ably in size, shape and abundance between species.
The role of TEP during aggregation also differs for dif-
ferent species (Crocker & Passow in press). The sticki-
ness of TEP produced by Chaetoceros gracilis is high
(Passow et al. 1994), whereas TEP of Nitzischia angu-
laris and Thalassiosira weissflogil do nol appear to be
sticky (Logan et al. 1894). Kierboe & Hansen {1993)
found TEP from Rhodomonas baitica and Skeletonema
costatum not to be sticky, whereas Coscinodiscus sp.
generated TEP that coagulated easily.

Size spectra of TEP
In culture

Size spectra observed in cultures may help interpret
field data, as batch cultures are relatively simple sys-
tems (no less from sedimentation, consumption). Total
quantity and abundance of TEP increased during the
growth cycle of Chaetoceros gracilis and the system
was far from steady state. Changes in the size spectra
of TEP during growth of C. gracilis may he explained
by the interaction between production and aggrega-
tion of TEP. Initially the b-value was very high {4.2)
and close to the steady-state equilibrium postulated if
introduction of new (small) particles is balanced by
coagulation and loss of large aggregates (Hunt 1980,
1982). During the exponential growth phase the b-
value of the spectra of TEP decreased conlinuously (to
3.6 on Day 9), suggesting that coagulation was slightly
faster than production of TEP. At the onset of the sta-
tionary phase the formalion rate of TEP increased
appreciably, apparently now dominating, as the per-
centage of small particles increased. Although produc-
tion rate of TEP stayed high during the stationary
phase, the b-value dropped drastically, indicating that
aggregation dominated interactions of TEP at this
time. In the flocculator high shear rates made coagu-
lation of TEP important on time scales too short for
production of TEP to be of significance. The iniiial
decrease in b-values as flocculation began and the
subsequent deviation from a power-law distribution
during the floccing phase describe this aggregalion
dominated system.

In the presence of diatoms

In the field, size spectra of TEP observed in the pres-
ence of diatoms belonged either to Group 2, the transi-

lion group or did not follow a power-law distribution.
The sequence of spectra of TEP collected during the
floccing bloom evolved similarly to those observed for
Chaetoceros gracilis in the flocculator, suggesting that
coagulaticn of TEP dominated processes altering size
distributions of TEP in these samples. The inclusion of
a specific spectra in one of the groups also appeared to
correspond to the degree of flocculation of the diatoms.
Size distributions of TEP belonging to the transition
group were obhserved when dialoms were not floccing.
The size distributions of TEP did not follow power-law
distributions when a bloom was fully flocced. Size
spectra belonging to Group 2 indicated that macro-
scopically visible flocs would form within days. This
implies that microscopically visible coagulation of TEP
preceeds the macroscopical flocculation of a bloom,
suggesting that size spectra of TEP may have predic-
tive value.

Diatom assemblages were mostly Chaetoceros spp.
dominated bloom-diatoms. Our experiments as well as
data from others (Kigrboe & Hansen 1993, Kierboe et
al. 1994) indicate that TEP may be less important dur-
ing flocculation of other diatom species.

A size spectrum near equilibrium conditions (be-
longing to Group 1) was never observed in the pres-
ence of diatoms in nature. Processes like dissolution or
selective consumplion of smaller TEP may have caused
the observed deviations from a steady-state situation.
However, as effects of dissolution were not visible in
cultures, we do not assume this to be @ process of major
importance. Size distributions with b-values below 4
would also be expected if TEP were fractal. In fact,
under the assumption of steady state the fractal dimen-
sion of aggregated particles may be calculated {rom
b-values (Jiang & Logan 1991, Logan & Kilps 1994). As
aggregates formed in marine systems generally have
fractal properties (Logan & Wilkinson 1990, Kilps et al.
1994}, we suggest that the low b-values during grow-
ing (non-floccing) diatom blooms may reflect in part
the fractal nature of TEP aggregates.

In the presence of non-diatom phytoplankton

Size spectra of TEP in the presence of non-diatom
phytoplankton belonged to Group 1. These distribu-
tions may represent conditions near steady state,
where coagulation of TEP is balanced by production of
TEP. Large aggregates were never observed at these
stations, making an appreciable loss of TEP due to
sinking unlikely. If loss was low, both production and
coagulation of TEP must have been low. Size spectra of
TEP observed in the presence of non-diatom phyto-
plankton never belonged to Group 2 or the transition
group, which also indicates that coagulation never
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dominated size distributions of TEP in these samples.
Low coagulation raies suggest that TEP from non-
diatom phytoplanklon may be less sticky than diatom-
TEP. The higher b-values may furthermore indicate
that non-diatom TEP is less fractal than TEP generated
by diatoms.

In the absence of phytoplankton

The size distributions of TEP in the absence of
phytoplankton were not predictable and presumably
depend an the phytoplankton assemblage which gen-
erated TEP prior to sampling. In July, after the sedi-
mentation of the diatom bloom, the size distribution of
TEP belonged to Group 2 and probably reflected the
flocced bloom, although phytoplankton (and most
TEP) had sedimented. A TEP size spectra belonging to
Group 2 was also observed at 1000 m at BATS, below
the layer abundant in Chaetoceros spp. Size distribu-
tions of TEP from helow the euphotic zone (oceanic
and coaslal) generally belenged to Group 1. As TEP
are presumably not generated below the euphotic
zone, and as the sinking velocity of individual TEP
must be very small, it may be concluded that processes
changing distributions of non-diatom TEP are slow.

Conclusions from analysis of size spectra

Our field data suggesis that TEP generated by
diatoms differ from non-diatom TEP. Diatom TEP
appear to be more fractal and exhibit a higher sticki-
ness. TEP produced by different dialom species also
differ. The size spectra of TEP generated by diatoms
furthermore differ depending on the degree of fioccu-
lation of the diatoms. Possibly, the spectra of TEP gen-
erated by diatoms may be used to make prediclions
about the degree of flocculation of cells, as the coagu-
lation of TEP appears to precede the macroscopically
visible flocculation of the bloom. Of all processes
potentially altering size distributions of TEP, only coag-
ulation of TEP generated by diatoms was conspicuous.
All other processes seemed comparably slow and size
distributions of non-diatom TEP appeared to remain
unchanged over long periods, thus eccurring even at
great depths.

Bacteria associated with TEP

The abundance of bacteria attached to TEP was nol
directly related to size of TEP. Bacteria densily on TEP,
however, decreased with increasing size of TEP. A sim-
ilar decrease in specific bacterial density with aggre-

gate size (bacteria per aggregate weighl vs aggregate
size) occurs on marine snow (Alldredge & Golschalk
1990). The decrease of bacterial density with TEP size
may be an artefact of tneasuring TEP collapsed on fil-
ters {in 2 dimensions). TEP are presumabty 3-dimen-
sional and often fractal when suspended. Bacteria
themselves may also influence the size of TEP, eilher
by degradation or by generation of alcian blue stain-
able mucous. Bacteria attaching fo surfaces have been
found to excrete extracellular polysaccharides abun-
dantly (Decho 1990, Cowen 1992, Vandevivere &
Kirchman 1993). The high varability of bacterial
attachment within one size class may be caused by dif-
ferences in degree of colonization, age or composition
of TEP.

The relationship between total number of bacteria
and total quantity of TEP does not indicate thal bacte-
ria abundance is increased by the presence of TEP.
The large quantity of TEP during the floccing diatom
bloom was not paralleled by a respective increase in
bacteria for example. From this it may be concluded
that TEP is not always a preferred energy source pro-
moting growth of bacteria and no simple relationship
exists between TEP and bacteria abundance. The per-
centage of bacteria associated with TEP, however,
appear to depend within certain restrictions on the
total area of TEP. This could indicale that bacteria
colonize TEP according to the surface area available,
rather than extensively grow on TEP.

With one exception, less than 253% of all bactena
were associaled with TEP. These values are lower than
thase reported by us earlier (Alldredge et al. 1993, Pas-
sow et al. 1994). This difference is partially due to use
of a different, possibly more accurate, way of calculat-
ing these percenlages. Values given in the present
paper should be viewed as lower estimates, whereas
earlier estimates represented upper limits.

In marine pelagic environments altached bactena
arc generally reported to account for less than 5%, and
rarely more than 10 %, of the total bacteria assemblage
(Hodson et al. 1981, Linley & Field 1982). TEP con-
tributes appreciably to marine snow (macro-aggre-
gates), but as marine snow aggregates are generally
rare, less than 5% of all bacteria are attached to
marine snow (Alldredge el al. 1986, Alldredge &
Gotschalk 1990). Higher percentages (10 to 20%) of
atlached bacleria were only found in river plumes or
estuaries where allochtonous detrital material is abun-
dant and turbidity high {Ducklow & Kirchman 1983,
Painchaud & Therriault 1989).

We believe that previous studies which have not
considered TEP-attached bacteria may have under-
estimated the percentage of attached forms. Bacteria
attached to TEP may have to be added to numbers of
allached bacteria denved by most methods. Many
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melhods rely on size separation with filters (Azam &
Hodson 1977). Preliminary tests showed that TEP is
extremely flexible and that TEP several tens of pm in
size can be passed lhrough a 1 jun filter. Under the
microscope, bacteria attached o TEP would be identi-
fied as free bacleria without our double-staming lech-
nique. Withoul slaining only TEP which are very
densely colonized, and lying in bacteria-poor sur-
roundings, will be recognized as particles. In a detailed
microscopical invesligation Linley & Field (1982)
describe the different kind of bacterial asscciations
they found on the west coast off South Alrica. About
85% of all micro-aggregalions they observed are
described as ‘gelatinous aggregates’ which, according
to the description given, may be identical with large
and heavily colonized TEP. In their study, about 5% of
all bacteria were attached and 4% were attached to
the ‘gelatinous aggregates’. Because of the trans-
parency of TEP, a large fraction of bacteria associaled
with TEP, especially on large webs, may have been
overlooked even in this careful investligation.

Impact of TEP on ecology

The variabilily in abundance, size and type of TEP in
marine systems will result in a high varability in the
relative significance of TEP for aggregalion, as a lood
source for zooplankton, in the carbon cycle, for lhe
microbial community and for c¢hemical adsorption
pracesses. )

All diatoms we investigated generated TEP, and
Skeletonrema coslatumn, Chaetoceros affinis and Cos-
cinodiscus sp. also produce mucous particles, presum-
ably TEP {Kierboe & Hansen 1993). Heterocapsa pyg-
mia (dincflagellate) forms some TEP (unpubl. data)
and TEP or TEP-like mucous particles are also formed
by Rhodomonas baltica (Kierboe & Hansen 1993).
Colonial Phaeoccystis, however, do not generate TEP
except when colonies are disintegrating (Passow &
Wassmann 1994). It Lthus appears that most phyto-
plankton species generate TEP, and TEP were
observed al all stations in natural waters, even in the
absence of abundant phytoplankton.

The role TEP play in the formation of marine snow,
however, varies. The importance of TEP for aggrega-
tion of some diatom species has been shown (Passow et
al. 1894). Cther diatom species, however, like Skele-
tonema costatum (Kigrboe et al. [994) or Nitzschia
angularis (Crocker & Passow in press) form flocs with
little TEP. The data presented here indicate that TEP
generated by non-diatom species may not contribute
significantly to the formation of marine snow.

TEP, especially when covered by bacteria, may be
valuable food for protozoo- and zooplankton. How-

ever, very large, sticky webs of TEP such as observed
aduring floccing blooms are more likely to inhibit feed-
ing by clogging feeding structures. Small TEP, as
observed more commonly in the absence of diatoms,
on the other hand, may be too small for many filter
feeders.

The toial area of TEP was relalively small at slations
where diatoms were rare, although abundances of TEP
were very high. This would suggest that in terms of the
cycling of carbon TEP may be appreciably more impor-
tant in connection with diatom blcoms than at other
times.

By serving as a substrate and presumably an energy
source for bacteria, TEP may alter distribution patterns
of bacteria and their availlability as a food source. The
degree to which TEP may be utilized by the microbial
community will largely depend upon the chemical
composition of TEP. As excretion products of phyto-
plankton vary with species (Decho 1980), it is assumed
thal the composition of TEP may also vary and that the
high variability of bacterial colonization of TEP may
reflect this.
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