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ABSTRACT: We tested the performance of 2 types of glass fiber filters (GF/F: 0.7 pm; GF/C: 1.2 pm)
and 2 membrane filters (PC0.2: polycarbonate 0.2 pym; CE0.22: mixed cellulose esters 0.22 um}) in esti-
mating chlorophyll a and primary production with the C technique. Four experiments were carried
out with water samples from the NW Mediterranean, the NE Atlantic and the Antarctic Ocean. The first
experiment compared measurements of particulate organic carbon (POC) production whereas the
other 3 also considered total (TOC) and dissolved (DOC) carbon fixation. No significant differences
among filters were found regarding chlorophyll a retention but large discrepancies existed in the
amount of labelled organic carbon retained in all the experiments. Both types of glass fiber filters, espe-
cially GF/F, yielded higher values of apparent PO'C recovery than the membrane filters. The GF/F-
derived POC production rates were up to twice the PC0.2-derived rates and 63 % higher than CE0.22-
derived ones. Accordingly, the estimated rates of phytoplanktonic DOC production were higher with
the membrane filters in comparison to the GF/F ones. This discrepancy was attributed to a high DO™C
adsorption to the glass fibers of GF filters. Due to uncertainties in the magnitude of this process in other
samples, we conclude that GF filters are not suitable when particulate primary production must be
measured without interference of released dissolved products, and that membrane filters should be
used instead.
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INTRODUCTION

In marine ecology, vacuum filtration is a common
step involved in a variety of techniques aimed at mea-
suring biomass and production. For phytoplankton in
particular, concentration of chlorophyll a (chl a) is com-
monly reported as a surrogate for biomass (Yentsch &
Mentzel 1963, Parsons et al. 1984). Since first proposed
by Steeman-Nielsen (1952}, the “C technique has been
the most widely used method for estimating primary
production. Other methods, such as measuring chan-
ges in O, concentration with the automated Winkler
technique (Williams & Jenkinson 1982} or the stable
isotope “C technique (Hama et al. 1983), need expen-
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sive equipment or might have lower sensitivity when
working in oligotrophic waters, which comprise more
than 75% of the world’s ocean surface. Prior to subse-
quent analyses, both chl g and “C-primary production
measurements usually require the concentration of the
phytoplanktonic cells on a filter of small pore size
(mostly filters of sizes between 0.2 and 0.7 pm).
Although there is quite an abundance of literature on
the retention efficiencies of different filters concerning
small-sized phytoplankters (e.g. L1 & Dickie 1985, Li
1990, Stockner et al. 1990, Lee et al. 1995, Gasol &
Mordn 1999), the potential implications of filter charac-
teristics for determinations of primary production still
remain largely unexplored.

Filters may be made of diverse organic and inorganic
materials. Those of glass fiber (GF), polycarbonate
(PC) and mixed cellulose esters (CE) are the most fre-
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quently used. A bibliographical survey of 20 papers
with data on “C primary production published during
1997 in 'Journal of Plankton Research’, 'Limnology and
Oceanography' and 'Marine Ecology Progress Series’
indicated that, in practice, GF filters (mainly GF/F) are
accepted as a standard for chl a determination (89 % of
the studies). For primary production measurements GF
filters are the most used too, being chosen in 9 papers
(40% GF/F and 5% GF/C), while PC and CE (0.2 or
0.45 pm) were used in only 3 papers each. Filtration
was avoided and total organic carbon production was
directly estimated in 25 % of the papers, mainly in pho-
tosynthesis-irradiance experiments using the Photo-
synthetron described by Lewis & Smith (1983). Overall,
GF filters were used in 60 % of the papers involving fil-
tration. In general, the authors referred generically to
‘primary production’ results, although in a few papers
an explicit mention of ‘particulate primary production’
was made. Filters of the above-mentioned types have
been used for the purpose of separating particulate
from dissolved (i.e. extracellular release of photosyn-
thate) production, for instance GF/F in Witek et al.
(1997), CE 0.45 pm in Milligan & Cosper (1997) and PC
0.2 ym in Maurin et al. (1997). According to the sur-
veyed literature, ~0.2 pm seems to be the most widely
accepted pore size as operational cut-off for the dis-
solved fraction. Although it has been reported that the
adsorption of dissolved organic carbon to GF filters
could lead to incorrect results in particulate primary
production experiments (Maske & Garcia-Mendoza
1994), very few papers have addressed the possible
discrepancies in the estimates of primary production
due to the use of different filter types {e.g. Joint et al.
1993, Chavez et al. 1995). Recently Karl et al. (1998),
using an extended temporal dataset, explicitly ques-
tioned the adequacy of using GF/F filters for the mea-
surement of primary production.

We compared 4 small pore-sized filters, 2 glass fiber
(GF/F and GF/C) and 2 membrane (CE of 0.22 um pore

size, PC of 0.2 pm pore size) filters, extensively used in
the literature. The effects of these and other filters on
picoplanktonic abundance, community structure and
bacterial activity were discussed in detail in Gasol &
Moran (1999). Here, we tested their performance in
measuring both total biomass-—as chl a and as cell
abundance —and the retention of newly synthesized
organic carbon. This was done in water samples from 3
regions of very different ecological characteristics.
Special attention was paid to the estimates of particu-
late versus dissolved primary production obtained with
the different filters. For that reason, independent mea-
surements of total organic carbon (TOC) production
were made in order to check for biases due to filtration.
To our knowledge, no comprehensive test with the 3
types of filters (GF, PC and CE) and in different areas
has been made with this purpose before. As discussed
further, the choice of membrane or GF filters has
important consequences for the estimated parameters.

MATERIAL AND METHODS

Water samples and filters used. Four experiments
(Table 1) were performed between 1997 and 1998 with
water from 2 localities on the Catalan coast, NW
Mediterranean (Expts 1 and 2); the Atlantic Ocean, off-
shore of the Ria de Vigo estuary in Galicia, NW Spain
(Expt 3) and the Weddell Sea, Antarctica (Expt 4).

For Expts 1 and 2, samples of 1.5 1 of surface water
were collected the day before, introduced in acid-
rinsed 2 | Nalgene jars and left in a controlled-temper-
ature chamber at in situ temperature (+1°C). For pri-
mary production measurements, 2 light and 1 dark
aluminium foil covered jars were incubated under a
12:12 h light-dark cycle with irradiance being approx-
imately 250 pmol m™ s™!, close to the in situ value.
Expts 3 and 4 were done on board RVs ‘Cornide de
Saavedra' and 'Hespérides' respectively, and started

Table 1. Location of the experiments, filters tested and the initial (¢ = 0) concentration ol chlorophyll a (chl «) and heterotrophic
bacteria in the water used for the experiments. The chl a value given was measured on a GF/F filter. Filters— GF/F, GF/C: glass
fiber; PC0.2: 0.2 mm pore size polycarbonate; CE0.22: 0.22 pm pore size mixed cellulose esters

Expt Location Filter types Date Position Temp. Chla Bacteria
(°C)  (mg m™¥) (cells ml™")
1 Masnou, GF/F, GF/C, PC0.2 14 Jan 1997 41°28'N, 02°19'E 14 2.84 2.9 x10°%
NW Mediterranean
2 Blanes, GF/F, GF/C, PC0.2 13 Mar 1997 41°40'N, 02°47'E 14 1.04 2.0x10°
NW Mediterranean
3 Ria de Vigo, GF/F, GF/C, PC0.2, CE0.22 23 May 1997 42°09'N, 08°55'W 17 0.42 59x10°
NW Spain
4 Weddell Sea, GF/F, CE0.22 26 Jan 1998 60°19'S, 40°43'W -14 0.62 1.6 x 10°
Antarctica
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within an hour after water collection. Water was taken
from the surface (5 m) in Expt 3 and from 40 m depth in
Expt 4 with 12 | Niskin bottles, and subsamples (70 ml)
were introduced in sterile polystyrene tissue culture
bottles. Dark bottles were covered with aluminium foil.
Expt 3 was performed under natural light conditions
on deck with circulating surface water. Expt 4 was
made in a controlled-temperature chamber in an incu-
bator kept at in situ temperature under an irradiance of
50 pmol m™%s7L.

The filters compared (see Table 1 for details) were
inorganic GF {(Whatman GF/F 0.7 nm) and organic,
either PC (Millipore GTTP 0.2 nm, hereafter PC0.2) or
mixed CE —acetate and nitrate — (Millipore GSWP
0.22 pm, hereafter CE0.22). Whatman GF/C 1.2 pm fil-
ters were also assayed in 3 experiments, as effective
pore sizes in GF filters are normally much smaller than
nominally stated by the maker (Sheldon 1972), and
they have been, and still are, used as an alternative to
GF/F in chl a or primary production measurements
(e.g. Lindgvist & Lignell 1997, Sciandra et al. 1997). All
filters used were 25 mm in diameter. For all filtrations,
pressure was kept below 80 mm Hg.

Chlorophyll a. In Expts 1 and 2, parallel 1.5 1 water
samples were kept in 2 1 Nalgene jars in the same con-
ditions that the '*C inoculated bottles, and sampled at
the same times for chl a determination. At the end of
both experiments (¢t = 24 h), 2 to 3 replicate measure-
ments of chl a were made for each filter and the
observed coefficient of variation was used for calculat-
ing SDs for the previous sampling times. In the other 2
experiments, chl a was measured once at the begin-
ning of the experiment. Samples of 50 to 100 ml were
filtered and the filters frozen. In Expts 1 and 2, filters
were ground in acetone (90 %) and left to extract for at
least 2 h in the dark at room temperature. In Expts 3
and 4 pigments were extracted in acetone for 24 h in
the dark at 4°C prior to fluorescence measurements. In
all cases, the fluorescence of the chl a extracts was esti-
mated with a Turner Designs fluorometer.

Algal and bacterial abundance. In Expts 1 and 2
samples of 100 m] were taken at the beginning and the
end of the incubation from the non-labelled Nalgene
jars to determine the composition of the phytoplankton
assemblages. In Expts 3 and 4 100 ml samples were
taken simultaneously with the water for the incuba-
tions. The samples were fixed with formalin-hexamine
(0.4 % final concentration) and counted by means of
inverse microscopy following the Utermohl (1958)
technique.

Flow cytometric determination of algae and bacteria
was performed at all sampling times in Expts 1 and 2
and with initial samples in the other 2 experiments,
using a FACScalibur (Becton & Dickinson) with a laser
emitting at 488 nm. 1.2 ml samples were fixed with a

1% paraformaldehyde + 0.05% glutaraldehyde solu-
tion, frozen in liquid N, and kept at —80°C. Total abun-
dance and the effect of filtration was investigated for
heterotrophic bacteria and 3 picoautotrophic groups
(Synecchococcus, Prochlorococcus and picoeukary-
otes) or ‘ultraphytoplankton’ as used by Li (1997). For
further methodological details and results see Gasol &
Moran (1999).

Measurements of organic carbon production. The
experimental jars and bottles were spiked with '*C-
bicarbonate (VKI, Denmark): 68.8 pCi (2.55 x 10° Bq) in
Expt 1; 66.5 pCi (2.46 x 10° Bq) in Expt 2; 10 uCi (3.70
x 10° Bq) in Expt 3 and 7.88 pCi (2.91 x 10° Bq) in Expt
4. Time-zero samples were processed immediately at
the beginning of each experiment. Thereafter, samples
were taken at 4 to 5 time intervals to characterize the
time-course of *C uptake in the particulate, dissolved
and total organic fractions. At each sampling time, 2
light jars and 1 dark jar were sampled in Expts 1 and 2,
and 2 clear and 2 dark bottles in Expts 3 and 4.

In all experiments, subsamples (60 to 70 ml) were fil-
tered onto the filters specified in Table 1 for determi-
nation of particulate primary production (POYC). Fil-
ters placed into vials were exposed to concentrated
HCI fumes for 12 h to remove inorganic C before the
addition of 4.5 ml of liquid scintillation cocktail (Beck-
man Ready Safe or Packard Ultima Gold XR). Exceptin
Expt 1, where only PO!C was measured, 5 ml aliquots
were taken from each jar or replicate bottle for deter-
mination of total (TO'C) and dissolved (DO™C) pri-
mary production. GF/F, PC0.2 and CEO0.22 filters were
used to separate the dissolved fraction. In the latter
case, 5 ml were gently filtered (by gravity or <80 mm
Hg vacuum pressure) and the filtrate collected in scin-
tillation vials. TO*C and DOMC samples were acidi-
fied with 1 ml HCI (6M or 1M) and either left open in
an orbital shaker for 12 h or bubbled with air for
approximately half an hour (Riemann & Jensen 1991)
for eliminating inorganic *C. Subsequently, 10 to 17 ml
of scintillation cocktail was added to the vials.

Radioactivity was measured in a Beckman LS
6000LL liquid scintillation counter and disintegrations
per minute (dpm) were calculated with the external
standard method. The time-zero PO'C values were
substracted from subsequent samples for correction of
non-photosynthetic incorporation. The mean dark bot-
tle dpm's of TOC and DOC at each experiment
(which were on average 49 % of the light bottle dpm's)
were also substracted from the light bottle ones. The
radioactivity of the 'C-bicarbonate solution added to
the incubation bottles was determined in 20 pl
aliquots.

The carbon production rates were obtained after
fitting the time-series data to simple compartmental
carbon models. For Expt 1, where only PO14C was
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measured, we used a 2-compartment model: DIC (dis-
solved inorganic carbon) and POC, which accounted
for the respiration of recently synthesized POC. In the
rest of the experiments, a DOC compartment was also
included, taking into account the possible removal of
phytoplankton-released DOC by heterotrophic bacte-
ria. For TO'"C data a 2-compartment model analogous
to that of Expt 1 was used. Least-squares fitting was
made with the SAAMII software (SAAM Institute,
Washington). Data were weighed by the inverse of the
standard deviation (SD) of replicates (Smith 1974). A
SD of 10% of the value was used when replicates were
absent, based on the average SD of previous experi-
ments. The program provided fractional rates (in units
h™!) of flux of C between compartments, which were in
turn converted to carbon production rates using a con-
centration of DIC in the water of 25000 mg C m™? for
the 4 experiments. The percent extracellular release
(PER) was calculated as the ratio of the production rate
of DOC to the sum of the production rates of POC and
DOC. Further details of the compartmental models will
be given elsewhere (Mordn & Estrada unpubl.). Statis-
tical procedures other than time-course data fitting
were made with Statistica software.

RESULTS
Chlorophyll a

Selected initial characteristics of the water samples
are presented in Table 1. The amount of chl a retained
by the different filters is given in Table 2. The 3 filter
types (GF/F, GF/C and PC0.2) showed no significant
differences regarding chl a retention during Expts 1

Table 2. Average (SD) and coefficient of vanation (CV) of

chlorophyll a measurements after filtration through different

filter types. Expt 1 & 2: final (¢ = 24) values. Expt 3°: test made

in the Ria de Vigo at the same station as Expt 3 on 23 April,
1997. Expt 4: initial (¢ = 0} values

Expt Filter type Chl a (Y n
(mg m™?) (%)

1 GF/F 5.00 (0.22) 8.9 3

GF/C 5.62 (0.50) 4.4 3

PCO.2 5.77 (0.49) 8.5 3

2 GF/F 1 86 (0.09) 4.7 2

GF/C 82 (0.11) 6.1 2

PCO0.2 8 (0.04) 2.0 2

3° GF/F 1.18 (0.18) 15.4 2

GF/C 1.49 (0.52) 34.7 2

CE0.22 1.06 (0.04) 4.0 2

4 GF/F 0.62 (0.01) 2.1 2

CE0.22 0.39 {0.03) 7.2 2

and 2 (Fig. 1 and 2; 1-way ANOVA, p = 0.14 and 0.30,
respectively), despite the different initial content in
chl a of both experiments: 2.84 mg m™ in Expt 1 and
1.04 mg m™? in Expt 2. After an initial lag period of
approximately 6 h, in which chl a remained constant or
slightly decreased, it increased during the rest of the
light period and also in the dark for both experiments.
At the beginning of the following day, values were
close to double (5.00 mg m~? in Expt 1 and 1.86 mg m™®
in Expt 2 as measured on GF/F). In the experiment
done with Atlantic water (Expt 37), no differences in
chl a retention were found (1-way ANOVA, p = 0.55)
while GF/F filters retained significantly more chl a
than CEO0.22 in Expt 4 (t-test, p = 0.008). The regres-
sions between chl a estimates using GF/F and GF/C
versus PCO0.2 filters for all individual data available
(Expts 1 and 2) were:

chl AgE/F = 0.40 + 0.82 chl dpcg i
r’=0.92; p=0.00004; n=9

chl Agr/c = 0.13 + 0.97 chl Aapco.2i
r’=0.98; p <0.000001;n=9

Intercepts were not significantly different from O,
and the regression slopes were not significantly differ-
ent from 1 (p = 0.09 and p = 0.61, respectively).
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Fig. 1. Chlorophyll a and POMC dynamics in Expt 1. Data

obtained after filtration with 3 filter types. Error bars are stan-
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Fig. 2. Chlorophyll a, PO¥C, DOC and TO™C dynamics in

Expt 2 obtained after filtration with 3 filter types. Error bars

are standard deviations of replicates. DOC <GF/F and DOC

<PC0.2 represents measured DO'C after filtration through

GF/F and PC 0.2 pm filters, respectively. Shaded area and |, d
as in Fig. 1

Algal and bacterial abundance

In the first 2 experiments diatoms were dominant,
with initial concentrations of 3.99 x 10° cells I"! in Expt 1
and 1.81 x 10° cells I'! in Expt 2. The next most abun-
dant groups were coccolithophorids in Expt 1 (2.0 x
10* cells I'Y) and flagellates in Expt 2 (1.16 x 10° cells
I"!). An increase in the abundance of almost all phyto-
planktonic groups was observed at the end of the ex-
periments in parallel to the increase in chl a. Thus, in
Expt 1 diatoms reached 6.22 x 10° cells I"! and cocco-
lithophorids 7.65 x 10* cells I"!. In Expt 2 the increase in
diatom cell numbers was less marked, with a final
abundance of 2.41 x 10° cells I"!. In Expt 3, the most
abundant group was small flagellates (1.62 x 10° cells
1Y), followed by dinoflagellates {4.46 x 10% cells 1"!)

35

Table 3. Percentage of heterotrophic bacteria in the filtrates

assessed by flow cytometry (SE of 5 replicates [Expt 1], 4

[Expt 3°*]or 2 [Expts 2 & 3]). Expt 3" *: test made in the Ria de

Vigo at the same station as Expt 3, but 2 d before. — not
determined

Treatment 1 2 3 3 4
% Bacteria

100

Unfiltered 100 100 100

< GF/C 52.0(3.8) 44.5(5.7) 89.9 (10.2) 79.9(2.8) -
< GF/F 10.3(1.4) 6.5(1.8) - 22.9 (0.8) 25.6
< CEO0.22 - - - 0.7 (0.1) 4.1
< PCO0.2 2.7(0.5) 4.6(1.6) - 2.20.2) -

while diatoms were only 1.25 x 10* cells 1"}, Similarly,
flagellates dominated in Expt 4 (2.66 x 10° cells I},
with dinoflagellate and diatom abundances of 3.14 x
10% cells I'! and 2.71 x 10% cells 17!, respectively.

The percentage of picoautotrophs and heterotrophic
bacteria passing the filters was dependent on the filter
type (Table 3 for heterotrophic bacteria). In the Medi-
terranean experiments only Synechococcus and low
numbers of picoeukaryotes were detected by flow
cytometry. GE/C filters let through the highest per-
centage of both planktonic groups: as much as 90%
and a minimum of 45 % of the heterotrophic bacteria,
but less than 15% of the 3 picoautotrophic groups con-
sidered (Synechococcus, Prochlorococcus and picoeu-
karyotes). GF/F filters also let through an appreciable
amount of bacteria (from 7 % to 26 % of the total), but
phytoplanktonic cells were effectively retained. The
amount of heterotrophic bacteria and autotrophic cells
passing through PC0.2 and CE0.22 was below 5%.

Measurements of organic carbon production

Contrary to the chl a estimates, the amount of
labelled organic carbon retained on the filter was
clearly different with GF or with membrane filters
(Figs. 1 to 4). In all cases, albeit to a different extent,
estimates of PO™C on GF/F or GF/C were higher than
on the corresponding membrane filter, either PC or
CE. Table 4 shows the average ratios of GF estimates
to membrane filter estimates for each experiment.
Apparent PO"C retained by PCO0.2 filters was 40 to
45% less than that retained by GF/F in the Mediter-
ranean experiments. This difference was lower in the
Atlantic and the Antarctic experiments, but still 17 %
(Expt 3) and 22% (Expt 4) less organic carbon was
retained on CEO0.22 filters as compared to GF/F ones.
When compared with directly measured TO"C data,
in all experiments, GF/F estimates of PO!*C (and also
GF/C estimates in Expt 2} were much closer to TO!C
than PCO0.2 ones (Figs. 2 to 4).
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Table 4. Comparison between the incorporation of “C (apparent PO'YC)

with different filter types. At each time, the estimate with one filter was

divided by the value with another filter and all the time-course data for the
experiment were averaged (SD). —: not determined

with the highest difference found in Expt 2
(29 % with PC0.2 and 6 % with GF/F). Expt 3
and 4 yielded almost the same value of PER
(19% and 18 %, respectively, with CE0.22).

Expt 1 2 3

GF filters
GF/C - GF/F

GF filters to PC
GF/F + PC0.2
GF/C + PCO0.2

GF iilters to CE
GF/F + CE0.22 - -
GF/C + CE0.22 - -

Each filter to TO"C
GF/F + TO™C - 0.95 (0.05) 0.91 (
GF/C + TOYC - 0.83 (0.13) 0.81 [

( —
- (

1.06 (0.08) 0.87 (0.10) 0.84 (0.14)

1.69 (0.24)
1.78 (0.15)

1.85 (0.24) -
1.60 (0.19) -

PC0.2 + TOMC - 0.52 (0.07)

CE0.22 + TOMC - 0.27)

1.28 (0.07)

0.94 {0.02)

0.73 (0.05)

With GF/F filters, PER was below 11 % in all
experiments.

DISCUSSION

- Although filtration has been routinely
used since the beginning of studies in
plankton ecology, it is far from being a
- simple process (Brock 1983) and some of its
associated problems have not yet been
overcome (e.g. Hilmer & Bate 1989). Apart
from incomplete removal of cells and chan-
ges in community structure of several
picoplankton groups (Gasol & Moran 1999),

When the time course of PO'C during the 24 h was
considered, in Expt 1 the amount of PO'"C recovered
on the 3 filters increased during the whole incubation,
with a slower rate in the dark, in parallel to the
increase in chl a (Fig. 1). On the contrary, in Expt 2,
the increase in chl a observed after the dark period
was not concomitant with an increase in labelled
organic carbon which remained constant or decreased
slightly (Fig. 2), presumably due to phytoplankton
respiration.

The rates of organic C production obtained with the
different filters using the compartmental models are
shown in Table 5. As expected, the rate of particulate
primary production (POC-pr) obtained with GF/F filters
was considerably higher than that obtained with PC0.2
filters (68 % higher in Expt 1 and 101 %
in Expt 2). For Expts 3 and 4, GF/F esti-
mates were 29% and 37 % higher re-

the data presented here confirm serious
problems in the estimates of primary production re-
lated to the type of filter used (Karl et al. 1998).

Chlorophyll a and cell abundance

With regard to chl a retention, no significant differ-
ences were found in 3 out of 4 experiments (Expts 1
to 3) between the membrane filters and the GF filters
assayed, as in previous reports for GF/F (Taguchi &
Laws 1988, Li 1990, Chavez et al. 1995, but see Hilmer
& Bate 1989 for an exception). No differences were
found for GE/C either, and the at times unexpected
higher values of chl a obtained with GF/C filters as
compared to GF/F ones (Table 2; Figs. 1 & 2) were not

Table 5. Comparison of the POC, DOC and TOC production rates (SD) obtained
after fitting time-course data obtained with the different filter types. Units in

spectively than CE0.22 estimates. In mg Cm™h™' - not determined; pr: production rate
the Mediterranean experiments, POC-
pr obtained with GF/C filters was also Expt 1 9 3 4
higher than PCO0.2 estimates. For the - —
GF/F filters, the rates of of total primary POC-pr
production (TOC-pr) were not sig- ggg g-i"; 58-25) 326 [8-23) 282 (g (2);‘) 0.37 {0.01)

. . ) - } 37) 261 {0.49) 2.03 (0.02) -
nificantly different from POC-pr esti PCO2 5.54 (0.43) 1.52 (0.14) - -
mates, whereas TOC-pr was always CE0.22 _ _ 207 (0.14) 0.27 (0.01)
higher than POC-pr estimates for the

DOC-pr

membrane filters (Table 5). The esti- GE/F

mates of phytoplanktonically produced PCO.2

DOC were in turn quite different de- CEO0.22
pending on the filter used for sep- TOC-pr
arating the particulate and dissolved directly

fractions (Fig. 5j. Higher values of per-
cent extracellular release (PER) were
always obtained with membrane filters,

GF/F (POC-pr + DOC-pr)
PC0.2 (POC-pr + DOC-pr)
CE0.22 (POC-pr + DOC-pr) -

- 0.18 (0.06) 0.31 (0.02) 0.05 (0.01)
- 0.62 (0.14) 0.37 (0.05) -
0.49 (0.17) 0.06 (0.02)

- 3.11 (0.18) 2.74 (0.23) 0.40 (0.02)
- 3.24 (0.22) 2.97 (0.21) 0.42 (0.01)
- 2.15 (0.20) - -

- 2.56 (0.22) 0.33 (0.02)
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Fig. 3. PO™C, DOC and TO™C dynamics of Expt 3 with 4 filter

types. Error bars are standard deviations of replicates. DOC

<CEQ0.22 represents measured DO'C after filtration through
CE 0.22 pm filters. Remaining code names as in Figs. 1 & 2

significant. The result could have been different if
picoplankton had contributed a large fraction of total
chl a in the samples. Given the relatively high initial
values of chl a in all experiments (>0.4 mg m™~°) and the
results of the flow cytometry analyses, it may be safely
assumed that most phytoplanktonic cells were larger
than ~1 pm in diameter. Thus, it is not surprising that
the results presented here do not agree with those of
Venrick et al. (1987), who observed for 2 areas at 47°N
and 24°N that on average, 4.3 % and 8.9 % respectively
of total chl a (as retained by CE 0.45 pm filters) was lost
after passage through GF/C filters. Most of their data
corresponded to sites with chl a below 0.5 mg m™ and
were collected in open ocean waters, with a suppos-
edly higher contribution of picoplankters.

Due to their larger nominal pore sizes, both GF/F
and GF/C filters were expected to let through a higher
percentage of bacteria and ultraphytoplankton than
PCO0.2 or CE0.22 filters. This was so in the case of GF/C
filters, but for GF/F filters it applied only to bacteria,
whereas they performed better than any other filter
type at retaining small phytoplankton (Expt 3°°,
Table 3; see also Table 3 in Gasol & Moran 1999). The
difference in pore sizes between GF/C and GF/F filters
was reflected in their relative retention efficiencies of
heterotrophic bacteria (Table 3; Nagata 1986). These
results could be related to the different architecture of
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Fig. 4. POYC, DO™C and TO"C dynamics of Expt 4 with 2 filter
types. Error bars are standard deviations of replicates. Code
names as in previous figures

the filters. GF (and to a lesser extent CE) filters repre-
sent a trap-like matrix which effectively retains cells of
a smaller diameter than that stated by the manufac-
turer. Furthermore, in PC filters, despite having 'real’
pores of the stated size, the presence of some much
larger holes may let through cells of considerably
higher size (Stockner et al. 1990). In any case, the dif-
ferent retention efficiencies of ultraphytoplankton in
our experiments were too small to be detected as con-
comitant changes in chl a retention.

Measurements of organic carbon production

The data presented here clearly show that GF filters
may give much higher values of apparent particu-
late organic carbon production than membrane filters
(Tables 4 & 5), contrary to the expectation derived from
their relative pore sizes. In the Mediterranean experi-
ments, the apparent POC-pr was on average 85%
higher with GF/F than with PCO0.2 filters. Higher
apparent POC-pr also held for GF/C filters (71 % more
than PCO0.2). This overestimation of the POC-pr when
GF filters were used is In agreement with the results
obtained by Karl et al. (1998) at the ALOHA station,
an oligotrophic site in the North Pacific, although the
discrepancy shown here is considerably higher. These
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Expt 2 -

Expt3

Rate of organic C production

Expt 4

0.2

TOC GF/F pPCo.2 CEO0.22

Filter used

Fig. 5. TOC, POC and DOC production rates obtained with

different filters after fitting time-course data in Expts 2, 3 and

4. Error bars are standard deviations of the estimates. Notice

the different scale for Expt 4. Filter code names explained in
the text

authors recovered on average 44 % more C activity
onto GF/F filters than onto PCO0.2 ones (30% if water-
column integrated primary production estimates are
compared). Significantly higher values of apparent
POC-pr (on average 33 % higher) were also found with
GF/F filters when compared to CE0.22 ones.

We showed that there was not a substantial loss of
phytoplanktonic cells, measured both as chl a (Table 2)
or ultraphytoplankton abundances, after (filtration
through the assayed membrane filters. If we assume
that the exposure to HCI fumes for eliminating DI"C
worked equally for the different filter types, as both
independent TO!C measurements and equivalent
amounts of residual non-photosynthetic *C retained
on all the filters from the dark bottles seemed to con-
firm, the most likely explanation for the higher appar-
ent PO'C on GF filters is the retention of labelled dis-

solved organic carbon. An alternative possibility, a
higher retention on GF/F filters of bacterial PO'C after
uptake of DOMC during the experiments, was dis-
carded because GF/F filters let through more bacterial
cells than the 2 membrane filters assayed (Table 3).
Furthermore, the possible return during the incuba-
tions of DOC to the particulate pool by the fraction of
bacteria passing GF filters but being retained onto
membrane ones was surely of very low importance.
Had it been noticeable, this higher retention of bacter-
ial PO'*C on membrane filters could have counteracted
the adsorption of DO™C to GF ones, hence decreasing
the discrepancy between organic *C measurements in
both filter types. Bacteria passing GF/F filters are
mostly small-sized bacteria (Gasol & Mordn 1999),
therefore with a comparatively much lower biomass
contribution, and are probably inactive (Bird & Kalff
1993, Gasol et al. 1995).

The adsorption of DO'"C to GF/F and GF/C filters
was first observed by Maske & Garcia-Mendoza
(1994), although it is likely that this phenomenon was
behind the losses of C activity recovered onto PC fil-
ters when compared to GF measurements reported by
Goldman & Dennettt (1985), Lignell (1992) or Joint et
al. (1993). Since the publication of Maske & Garcia-
Mendoza's paper, little consideration has been given to
their warning against the use of GF filters, and Chavez
et al. (1995) were among the few researchers to specif-
ically address that subject. These authors showed a
single primary production profile at the ALOHA sta-
tion in which PC0.2 and GF/F estimates were essen-
tially the same. More recently, Karl et al. (1998) used
data from the same station to show that adsorption of
DOC to GF/F filters was the most likely cause of over-
estimation of POC-pr with that filter type. In the pre-
sent paper, we present further evidence that DOC
adsorption to GF filters appears to apply to very differ-
ent hydrographical and ecological conditions. The
results of Karl et al. (1998) would thus be not only gen-
eral, but could be in the lower part of the range of over-
estimation of ‘true’ POC production rates by using
GF/F filters.

As expected from a higher adsorption of DOMC to
glass than to organic materials (Maske & Garcia-Men-
doza 1994) DOC-pr was in absolute and relative terms
lower with GF/F filters (Table 5); thus, we regard the
values obtained with membrane filters as more reli-
able. PER was below 30 % in the 3 areas, in agreement
with previously published values (e.g. Mague et al.
1980, Baines & Pace 1991). The direct estimation of
TOMC in Expts 2 to 4 allowed for an independent con-
trol of total primary production prior to its separation
into particulate and dissolved. In Expt 3, the sum of the
dissolved and particulate production using both filters
was rather similar (Fig. 5). In Expts 2 and 4, the sum of
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DOC and POC production rates obtained with PCO0.2
and CEO0.22 filters, respectively, was lower than TOC-
pr (Fig. 5, Tables 4 & 5), so the question of the 'true’
DOC release remained unsolved. Unaccounted losses
of label (relative to direct TOC measurements) have
sometimes been reported when using PC (Goldman &
Dennett 1985) and CE filters (Gachter at al. 1984,
Lignell 1990, 1992). Some possible explanations were
suggested by Lignell (1992).

The variable differences found in apparent POMC
retention with GF/F filters relative to membrane ones,
which would range from a 6% excess (Maske & Gar-
cia-Mendoza 1994) to double the POC-pr (Expt 2, this
paper), would depend on many factors, like the filter
type (CE or PC) and pore size, the actual DOC release
rate or the relative polarity of the dissolved molecules
and the fibers. Here, the highest differences between
membrane and GF/F filter estimates of POYC were
observed in the Mediterranean experiments which,
because of being performed in winter and with coastal
water, presented the highest chl a and primary pro-
duction rates. Fig. 6 shows the relationships between
GF/F and PC0.2 retention of chl a and organic '*C with
pooled data from Expts 1 and 2. Notice a slope not sig-
nificantly different from 1 for chl a retention versus a
significantly higher than 1 slope for organic "C reten-
tion. Two possible explanations for this high difference
in apparent PO™C could be high PER and/or high
affinity of released compounds to GF filters in these
experiments. It could be speculated that this fact is
related to the phytoplankton composition. Whereas in
the other 2 experiments small flagellates prevailed,
Expts 1 and 2 showed a marked dominance of diatoms,
which reached 10° cells m I"'. High DOC release rates
have been reported for diatoms in natural samples
under P stress (Myklestad 1977} or in cultures: e.g. Bid-
danda & Benner (1997) obtained a value of 32% PER
for a Skeletonema costatum culture growing actively,
even though GF/F filters were used. High lysis rates of
growing phytoplankton assemblages were recently
reported for the same Mediterranean region {Agusti et
al. 1998). The winter coastal Mediterranean waters
represented in any case a different environment when
compared to the North Pacific waters sampled by Karl
et al. (1998), where Prochlorococcus were responsible
for more than 75 % of total primary production. The dif-
ferential phytoplankton composition of the Pacific and
the Mediterranean samples could help explain the
higher discrepancies found here. Yet another possible
explanation for the higher difference in apparent
POMC retention (relative to GF/F filters) given by
PCO.2 filters when compared to CE filters could be a
different inherent performance of PC and CE filter
types, perhaps related to the 'matrix-like’ structure of
CE versus the track-etched structure of PC filters.
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Fig. 6. Relationships between the chl a and organic "C retai-
ned by GF/F and PC 0.2 pm filters with pooled data from the
Mediterranean (Expts 1 and 2}. Error bars are standard devi-
ations of replicates. Dashed lines represent the 1:1 relation-
ship and solid lines are linear regressions. chl a data regres-
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9. Intercept not significantly different from 0. Slope not signif-
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MCqpr = 763 + 1.60 Org. "Cpegq. 12 = 0.99; p < 0.00001; n = 8.
Intercept not significantly ditferent from 0. Regression slope
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Grande et al. (1989) reported that primary production
estimates obtained with CE 0.45 pm filters were also
25% lower than PC 0.2 pm ones and Karl et al. (1998)
suggested that CE and GF filters behaved similarly
with regard to DO™C adsorption. We could directly
compare estimates of DO"C with CE0.22 and PCO0.2
filters only in Expt 3, with CE0.22 being higher than
PCO0.2 (Table 5, Fig. 5). Nevertheless, the still notice-
able difference between CE0.22- and GF/F-derived
POC production rates in Expts 3 and 4 would not sup-
port the hypothesis of an essentially similar DO™C
adsorption to CE and GF filters as suggested by Karl et
al. (1998), although the adsorption to CE filters could
also depend on the dissolved compounds spectrum.
Adsorption of dissolved compounds onto CE 0.45 pm
filters was reported (Nalewajko & Lean 1972, Jayaku-
mar & Barnes 1983), but it seems to be of considerably
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lower importance when compared to the adsorption
onto GF/F filters. Maske & Garcia-Mendoza (1994}
reported a relative adsorption capacity of 100 for GF/F
filters, 21 for CE 0.45 ym and 1 for PC0.2.

Implications

GF filters appear to be adequate for chl a determina-
tions with the precaution that GE/F filters would be a
safer choice instead of GF/C ones when working in low
biomass waters in order to avoid losses of small phyto-
plankters (Yentsch 1983, Gasol & Moran 1999). The
best choice for the measurement of primary production
with the "C technique would be to avoid filtration.
Hence and strictly, only the report of TOC production
rates (Schindler et al. 1972) could be recommended,
but for practical reasons filtration and filter collection is
still favoured. In oligotrophic sites, the measurement of
TOC production may become an unachievable task
given the usually higher variances found in direct TOC
measurements, due to the necessarily small volumes
(usually not more than 5 ml) imposed by liquid scintil-
lation procedures. Furthermore, filtration is obviously
necessary if we are interested in partitioning the pri-
mary production into dissolved and particulate.

Among the advantages explaining the present
prevalence of GF/F filters are their low cost, high flow
rate, high particle loading capacity and their compati-
bility with other ancillary measurements due to their
physico-chemical stability (Karl et al. 1998). However,
our results clearly showed for 3 very different areas
that GF filters may greatly overestimate particulate
primary production because of adsorption of dissolved
compounds released contemporaneously with the
incubation. Because of the unawareness of the exact
amount of DO'C being adsorbed, we would not rec-
ommend the use of GF/F filters in routine particulate
primary production determinations. In fact, the C
activity recovered onto them may be closer to an esti-
mate of TO'C than of PO"C. In our experiments we
recovered an average of 93 % of the total organic car-
bon produced onto GF/F filters. In a more oligotrophic
area, a mean 85% of the TOC produced by phyto-
plankton was retained by GF/F filters (Table 5 in Karl
et al. 1998).

We conclude that in primary production experiments
with the ""C technique, membrane filters (either PC0.2
or CEO0.22) should be used instead of GF ones if frac-
tionation into particulate and dissolved is required.
The potential errors associated with separating both.
phases of organic carbon with GF/F filters can also
affect other determinations such as those of POC and
DOC pools in the water. In this case, precombusting
GF filters could increase the number of high polarity

sites on the fiber surface and hence the adsorption of
polar dissolved compounds to the filter (R. Simd pers.
comm.). We cannot completely discard a certain
adsorption of DO"C to the cellulose esters fibers of
the CEO0.22 filters used in our incubations. However,
CEO0.22 filters may be preferable to PC0.2 ones be-
cause of fast clogging and longer, sometimes unaf-
fordable, filtering times with the latter type. The high
vacuum pressures needed to avoid this problem would
result in cell breakage and loss of PO™C (Venrick et al.
1987). A trade-off between time needed and accuracy
must be achieved, taking into account that only partic-
ulate and dissolved primary production data obtained
with the same filter type could safely be compared.
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