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ABSTRACT: Glass fiber filters are widely used to concentrate and collect a variety of particles sus- 
pended in seawater. The filters are particularly useful for chemical analyses of the filter-retained parti- 
cles, because of the physico-chemical stabihty of the matenal the filters are made of. Despite this use- 
fulness, very small particles, e.g. many planktonic bacteria, are known to pass the glass fiber filters, and 
little information is currently available on the fraction passing the filters. In this study, natural bacterio- 
plankton cells were filtered through Whatman GF/F filters, and apparent cell size-frequency distribu- 
tions were obtained by epifluorescence photomicrography before and after the filtration. Seawater 
samples were from a northwest Atlantic coast and an Antarctic sea. Filtrate contained 35 to 43 % of the 
total bacterial cell count, equivalent to 22 to 38 % of the total bacterial biomass. Size-frequency distrib- 
utions showed that cells larger than 0.8 pm diameter (volume-equivalent spherical diameter, VESD) did 
not pass the filters, however the filters retained substantial numbers of small (VESD <0.8 pm) bacteria. 
In comparisons of the different types of glass fiber filters, retention efficiency (fraction of the cells 
retained by a filter) ranged from ca 13 to 51 %, i.e. 49 to 87 % of the natural bacterioplankton cells 
passed through the tested filters. Interpretations of data obtained via filtrations through glass fiber fil- 
ters must properly consider the fraction not retained by the filters. 

KEY WORDS: Bacterioplankton . GF/F filtration . Retention efficiency . Size distribution . Particulate 
organic matter 

INTRODUCTION 

Particles suspended in seawater often need to be 
concentrated prior to an analysis, because the parti- 
cles are present in a very diluted form. Filtration is 
one of the most commonly used methods for concen- 
tration, and glass fiber filters are widely used be- 
cause of chemical inertness and non-interference of 
the filter material (glass fiber) for chemical assays. In 
addition, the matrix structure of the glass fibers pro- 
vides a large filtering capacity, i.e. fast filtration and 
less clogging. These features of glass fiber filters are 
of particular advantage for the collection and chem- 
ical assays of suspended particles such as particulate 
organic matter (Griffith et al. 1990, Malone & Duck- 
low 1990, Hecky et al. 1993), photosynthetic pig- 
ments (Bricaud & Stramski 1990, Joint & Pomroy 
1993), or bacteria (Nagata 1986, Lee & Fuhrman 
1987). Glass fiber filters are also used in order to re- 
move particles from Liquid for the subsequent analy- 

sis of the dissolved materials in the liquid (Nagata & 
Watanabe 1990). 

However, submicron-size particles are known to 
pass glass fiber filters (Nagata 1986, Lee & Fuhrman 
1987, Taguchi & Laws 1988, Stramski 1990), and 
Nagata (1986) reported that different types of glass 
fiber filters (e.g. Whatman GF/C and GF/F) retain par- 
ticles with different retention efficiencies (fraction of 
the cells retained by a filter). Nevertheless, little is 
known about the exact particle-retention properties of 
the glass fiber filters. In a study using natural marine 
planktonic bacteria cultured in filter-sterilized unsup- 
plemented seawater, Lee & Fuhrman (1987) reported 
that about 47 % of bacterial cells passed Whatman 
GF/F filters. These retention efficiency values, al- 
though not from truly natural cells, were remotely 
cited for field studies (e.g. Malone & Ducklow 1990). 
Field samples, i.e. natural bacteria, may have size- 
frequency distributions that are different from those of 
the cultures. 
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It is currently unclear whether glass fiber filters re- 
tain submicron particles simply by random trapping, or 
the filters positively retain particles larger than a cer- 
tain size class, and if so, at what size the filters cut off. 
Understanding of the particle-retention properties of 
filters will help assess the extent of possible errors 
caused by imperfect retention. For instance, a size-fre- 
quency distribution of the particles that pass a glass 
fiber filter urlll be directly linked to the quantity ob- 
tained via either concentration or removal by the filter. 

Loss of bacteria or bacteria-sized particles by glass 
fiber filters may become a substantial error factor, 
depending on the circumstances, i.e. what is being 
measured or where the samples are from. For example, 
submicron particles that pass glass fiber filters will pro- 
duce a relatively large error for a sample from oligo- 
trophic oceanic water, where bacterial biomass con- 
tributes a significant portion of the total particulate 
organic carbon (Cho & Azam 1988, Fuhrman et al. 
1989). Besides, bacterial cells contain relatively high 
nitrogen content (i.e. low cellular C :N  ratio; Lee & 
Fuhrman 1987) as compared to those of algal cells or 
detritus. Therefore, imperfect retention of bacteria 
may result in a differential change of the chemical spe- 
cies, and thus care must be taken in measuring chemi- 
cal compositions or C:N ratios of either the collected 
particles or the seemingly particle-free liquid. 

In this study, natural seawater samples were filtered 
through Whatman GF/F glass fiber filters, and size- 
frequency distributions of the bacterial cells were 
obtained by epifluorescence photomicrography before 
and after filtration. GF/F filtrate contained ca 40% of 
the bacterial cells. This was equivalent to about '/3 of 
the bacterial biomass. Interestingly, cells of 50.8 pm 
diameter (volume-equivalent spherical diameter, 
VESD) were present in both the filtrate and the frac- 
tion retained by the filter. Depending on the filter type, 
49 to 87 % of the cells passed the glass fiber filters. 
Proper application of glass fiber filters requires the 
selection of a correct filter type and calibration for the 
submicron particles passing the filters. 

MATERIALS AND METHODS 

Seawater samples (see Table 1) were collected at a 
beach in Long Island, New York, USA, from the sur- 
face (depth <0.5 m) with a bucket (Long Island Sound 
samples: LIS), and from surface waters (depth < l 0  m) 
near Livingston Island, Antarctica, with Niskin bottles 
(Antarctic samples: ANT). A volume of 1 1 of the col- 
lected seawater was immediately (in < l  h) filtered 
through a Whatman GF/F glass fiber filter (25 mm 
diameter) with a vacuum pressure < l 6  kPa (12 cm Hg). 
After filtration, subsamples of the unfiltered whole sea- 

water and the GF/F filtrate were preserved with 
buffered formalin (v/v ratio 5%), and stored at 4°C in 
the dark until the preparation of microscope slides (in 
c24 h). Bacterial cells were stained with acridine 
orange (AO) and filtered on Irgalan black-stained 
0.2 pm pore-size Nuclepore (Costar, Cambridge, MA, 
USA) filters (Hobbie et al. 1977). 

For the test of retention efficiencies of different filter 
types from Whatman and Gelman (Ann Arbor, MI, 
USA), 100 m1 of the LIS2 sample was filtered through 
the glass fiber filters listed in Table 2, and subsamples 
from the filtrate of each filter type were prepared as 
described above. Filtrations through a filter type were 
repeated 3 to 5 times for the replicate measurement. 
A 0  microscope slides were made with the subsamples 
as described above. 

Cell abundances of the whole seawater and the fil- 
trate were determined by the A 0  direct count (DC! 
method (Hobbie et al. 1977). Cell size was measured 
via A 0  epifluorescence photomicrography. A Zeiss 
Axiophot with an HBO 50 mercury lamp or an Olym- 
pus BH with an HBO 100 mercury lamp was used. A 0  
photomicrography and the size measurements were 
previously described in detail by Lee & Fuhrman 
(1987). In brief, fluorescent cell images were pho- 
tographed on Kodak Ektachrome ASA 400 films, and 
projected onto a screen (final magnification X 104). 
Cells were categorized as spheres, if the lengths of 2 
perpendicular axes of a cell image differed by 10.1 pm; 
otherwise, they were classified as rods (a cylinder with 
2 spherical ends). Cell dimensions of the projected 
images were measured to 1 mm (1 mm of the projected 
image = 0.1 pm of the original scale). We routinely 
used photographic slides of a stage micrometer (10 pm 
spacing) and single-size (0.7 pm diameter) fluorescent 
standard beads for the projector setup and calibrations 
for size measurements. A total of 300 to 700 bacterial 
cells were measured from each subsample, and cell 
volumes (biovolumes) were calculated from the mea- 
sured linear dimensions assuming either a sphere or a 
sphere-capped cylinder. 

Mean cell volume (Table 1) was determined by 
dividing the sum of the individual cell volumes by the 
number of cells measured. Total biovolume in 1 1 
(Table 1) was calculated by multiplying the mean cell 
volume by the total cell number in 1 1. Total bacterial 
biomass in 1 1 (Table 1) was estimated from the total 
biovolume in 1 1, using the biovolume-to-biomass con- 
version factors (0.38 g carbon cm-3, 0.10 g nitrogen 
cm-3; Lee & Fuhrman 1987). 

The size-frequency distribution of a measured popu- 
lation (300 to 700 cells) was proportionately scaled up 
to the total bacterial cell count in 1 1 (Fig. 1). The bio- 
volumes of the individual cells in a size class were 
summed, and cumulatively added to the total biovol- 
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Fig. 1. Size-frequency distributions of natural planktonic bacterial cells before and after filtration through GF/F filter. Whole 
seawater (shaded bars) and filtrate (solid bars) denote before and after filtration, respectively. Cell size is presented as volume- 

equivalent spherical diameter (VESD). See Table 1 for the sample names in each panel 

would probably affect the retention efficiency; as the 
filters become clogged, particle trapping would 
become more efficient. We speculate this may partially 
explain the higher retention in Table 1 (1000 rnl fil- 
tered), as compared to that of Table 2 (100 m1 filtered). 
Besides, we observed occasional release of the once- 
retained particles from glass fiber filters, when filtering 
large volumes (liters) of seawater. We suggest that sub- 
samples for the determination of the particle abun- 
dance in the filtrate should be from the entire filtrate at 
the end of the filtration. 

Cells in the filtrate were apparently in the size class 
0.1 to 0.8 pm VESD, while the unfiltered whole seawa- 
ter contained larger cells (0.9 to 1.1 pm VESD; Fig. 1). 
Cells >0.8 pm VESD were not found in the filtrates, 
however substantial numbers of small cells in the 0.1 to 
0.8 pm range were present in both the filter-retained 
fraction and the filtrate (Fig. 1 ;  retained portion = 

shaded bar - solid bar). Separation of the small cells 
(<0.8 pm VESD) by GF/F filters seems to be more by 
chance than by size-dependent segregation. Unlike 
the membrane filters that have relatively strict pore 
size, glass fiber filters seem to have a vague cutoff size 

due to the loose glass fiber matrix. As a result, size dis- 
tributions of the filter-passed population and the 
retained one (shaded - solid bars) are similar instead of 
having 2 separate modes (Fig. 1). 

Different types of glass fiber filters showed different 
retention efficiencies in filtering the bacteria-size par- 
ticles (Table 2). GF/F filters showed the hlghest reten- 
tion efficiency, while Gelman type N E  was the least 
efficient among the tested filters (Table 2). However, 
GF/F is the only one significantly different from the 
other types (p = 0.05). I t  is currently unclear at what 
size (i.e. VESD) the tested filters would cut off, and 
whether the filters would have the same retention 
properties discussed above. One needs to choose a 
correct filter type, depending on the purpose of the 
filtration. 

The fraction of the biovolume passing GF/F filters 
ranged from 22 to 38 % (mean = 29 %), lower than the 
fraction of the cells passing the filters (mean = 39 %; 

Table 1). This is because the mean cell volume of the 
cells passing the filters is smaller than that of the cells 
in the unfiltered whole seawater (Table 1 ) .  Fig. 1 also 
shows that the size-frequency distributions of the fil- 
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Fig. 2.  Cumulat~ve biovolume over the range of cell sizes measured before (shaded bars) and after (solid bars) the filtration 
through GF/F filter. See Table 1 for the sample names in each panel 

trates are skewed to smaller size classes, as compared 
to the distributions of the unfiltered whole seawater. 

Most of the biovolume (and thus, biomass) in filtered 
or unfiltered seawater was contributed by the medium- 
size cells, as shown by a sharp increase of the cumula- 
tive biovolumes mostly over the range of 0.3 to 0.5 pm 
VESD (Fig. 2). In natural seawater, a few large cells did 
sometimes contribute substantially to the total biovol- 
ume (e.g. Fig. 2G),  but their contribution was restricted 
in general by their low abundance. The relative abun- 
dance of small cells in the 0.1 to 0.2 pm range is higher 
in some samples (Fig. ID to G)  than in others (Fig. 1A 
to C). Despite the abundance, these small cells con- 
tributed little to the total biovolume; no difference in 
the pattern of increase was observed between Fig. 2A 
to C and Fig. 2D to G in the 0.1 to 0.2 pm range. 

Antarctic (ANT) samples showed relatively small 
mean cell size compared to temperate coastal (LIS) 
samples (Table 1). However, there was no significant 
correlation between mean cell size and retention effi- 
ciency, i.e. large mean cell size did not necessarily lead 
to a higher retention of the cells. The lack of a signifi- 
cant correlation between the 2 parameters indirectly 

supports the previous speculation that cells in the 
medium-size range may play a major role in determin- 
ing both the population's mean cell size and the frac- 
tion passing the filter. Note that these medium-size 
cells are the group contributing most to the bacterial 
biovolume (and thus, biomass), as shown by the rapid 
increase of the cumulative biovolume in the 0.3 to 
0.5 pm range (Fig. 2). 

Bacterial biomass that passes a filter is the loss term, if 
one intends to measure a parameter from the collected 
particles (e.g. Malone & Ducklow 1990). In the current 
study, for instance, the imperfect retention by the GF/F 
filters would have resulted in an underestimation of bac- 
terial biomass by ca 30 %. In order to measure dissolved 
entities, particles are often removed by GF/F filters (e.g. 
Nagata & Watanabe 1990). Depending on the analytical 
method, particles that pass a GF/F filter will contribute 
to some extent to the quantity measured from the GF/F- 
filtered liquid. The relative magnitude of the error due 
to imperfect retention may become smaller or even neg- 
ligible if other biological particles, e.g. phytoplankton 
cells, are counted in together. However, in an oligo- 
trophic ecosystem where most of the water-column bio- 
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mass is from bacterioplankton (Cho & Azam 1988, 
Fuhrman et al. 1989), this error may not be trivial at all. 
Bacterial cells contain relatively high nitrogen content 
(carbon to nitrogen ratio = 3.7; Lee & Fuhrman 1987), 
and, for instance, the nitrogen contributed by the filter- 
passing bacterial cells ranges from 0.06 to 4.1 pg 1'' 
(Table 1). This is equivalent to ca 4 to 290 nM nitrogen. 
Selective loss (or addition) of the nitrogen-rich bacterial 
cells due to imperfect retention could also affect C:N 
ratios obtained with GF/F filtrations. 

Size measurement of natural planktonic bacteria has 
been questioned by many with regard to the reliability 
of the method involved (e.g. Joint & Pomroy 1987, 
Suzuki et al. 1993). Major concerns are directed to the 
discrepancies among the results obtained via different 
techniques (Psenner 1990). Intercomparisons among op- 
erators and methods have been attempted by a group of 
scientists; differences were mostly due to the different 
sizing criteria (M. Sieracki pers. comm.). However, 
strictly following a set of criteria should make the results 
internally consistent within studies. Lee & Fuhrman 
(1987) used the same sizing technique and criteria as we 
used in this study, and reported an underestimation of 
linear dimensions by ca 8 %. Data presented in the cur- 
rent study were not corrected for the potential error. 
Cell size and biovolume may have been underestimated 
in this study. However, sizing error would not affect the 
percentages of the cells or the biovolume that passed the 
filters. 

Bacterioplankton from different marine environments 
may show different filter-retention efficiencies or size- 
frequency distributions. In this study, we used seawater 
samples from a temperate coast and an  Antarctic sea. 
Despite the geographical and climatological differ- 
ences, no outstanding differences were observed be- 
tween the 2 locations in the filter-retention efficiencies 
and the size-frequency distribution patterns. 

This study demonstrated how much of natural bacter- 
ial cells and biovolume could be passing GF/F filters, 
Retention properties of GF/F filters were analyzed via 
comparisons of the size-frequency distributions of the 
bacterial cells before and after filtration. GF/F filters, the 
most efficient among the tested glass fiber filters, re- 
tained only about % of the bacterial biomass. In inter- 
preting data obtained with glass fiber filters, attention 
should be paid to the loss or the extra gain due to irnper- 
feet retention. Definitions of what constitutes dissolved 
or particulate matter could vary depending on the na- 
ture of a study, however a functional group of organisms 
should not be divided into 2 groups, dissolved or partic- 
ulate, as a result of the definition. 
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