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Influence of storage mode and duration on the 
microscopic enumeration of Synechococcus 

from a cold coastal ocean environment 
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ABSTRACT: Photosynthetic picoplankton of the genus Synechococcus can represent a substantial pro- 
portion of planktonic community biomass and production in many oceanic provinces. These cells are 
typically enumerated by visualizing the autofluorescence of phycoerythrin using epifluorescence 
microscopy. Detailed studies of bacterioplankton and preliminary studies with photosynthetic pico- and 
nanoplankton suggest that the number of cells which can be visualized changes with mode and dura- 
tion of sample storage. Inaccurate estimates of Synechococcus abundance may bias the interpretation 
of the distribution and turnover of microbial stocks. We carried out a comprehensive, long-term 
(-0.9 yr) time-course study to determine if storage mode and duration influence microscopic estimates 
of Synechococcus abundance. Seawater samples preserved with gluteraldehyde were either stored at 
4°C untd counting (i.e. RS-refrigerated in suspension) or slides were prepared and stored at -20°C 
until counting (i.e. FF-filtered and frozen). Over time, both methods converged on an apparent cell 
loss (ACL; i.e. loss of epifluorescence-detectable cells) of ca 45%. Significant (p 2 0.05) ACL occurred 
within 1 mo for the RS method, whereas cell numbers were unchanged for the first 2 mo for the FF 
method. Apparent cell loss was hyperbolic for both storage modes and the rate constants for decay 
were similar. Our results are consistent with the suggestion in the literature that ACL may have been 
due to persistence of intracellular autolytic enzymes in the preserved cells. We also examined the influ- 
ence of the excitation wavebands on the estimation of Synechococcus abundances. About twice as 
many Synechococcus were observed using green (490 to 545 nm) compared to blue (450 to 490 nm) 
excitation epifluorescence microscopy and this increase was significant (p < 0.001). Based on our 
results, we recommend that samples for the enumeration of Synechococcus be immediately preserved, 
filtered, frozen, and counted using green excitation within 2 mo. 
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INTRODUCTION 

Photosynthetic picoplankton (i.e. autotrophs 0.2 to 
2 pm in diameter) are an important component of 
marine (Joint 1986, Fenchel 1988, Stockner 1988) and 
freshwater (Caron et al. 1985, Fahnenstiel & Carrick 
1991, Nagata et al. 1994) ecosystems. Like hetero- 
trophic bacteria (Fuhrman et al. 1989, Cho & Azam 
1990, Li et al. 1992), photosynthetic picoplankton can 
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represent a substantial proportion of con~munity bio- 
mass and production (e .g .  up to 80% of phytop!a-kts:: 
biomass and production; Li et al. 1983, Platt et al. 1983, 
Herbland et al. 1985, Nagata et  al. 1994, Magazzu & 
Decembrini 1995). Chroococcoid cyanobacteria 
belonging to the genus Synechococcus are a dominant 
constituent of photosynthetic picoplankton (Stockner & 
Antia 1986, Stockner 1988). Photosynthetic picoplank- 
ton are generally observed using epifluorescence 
rnicroscopy (Caron et al. 1985, Booth 1988, Glover et 
al. 1988, Fuhrman et al. 1989) and Synechococcus is 
distinguished from eucaryotic picoplankton based 
upon the autofluorescence of its accessory pigment, 
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phycoerythrin. Inaccurate estimates of Synechococcus We carried out a comprehensive, -1 yr time-course 
abundance may bias the interpretation of the distribu- study comparing the RS and FF methods of storing 
tion and turnover of microbial stocks. Moreover, pre- Synechococcus. Our results show that the FF method is 
dictive models, which derive flows from stock esti- effective at preventing ACL for ca 2 mo. However, both 
mates (e.g. inverse modelling; Vezina & Platt 1988, storage modes result in the same ACL (ca 45%) after 
Jackson & Eldridge 1992), can be highly sensitive to 4 mo. 
systematic error in the estimate of biomass. Several of 
the factors which can lead to inaccurate estimates of 
Synechococcus abundance include environmental het- MATERIALS AND METHODS 
erogeneity, sample storage and duration, type and 
concentration of preservative used to fix the sample, Time-course experiment. Seawater collected on 12 
cell identification, and counting precision (Hasle 1978, October 1995 at a depth of 5 m from Logy Bay, New- 
Throndsen 1978, Venrick 1978a, b, Hall 1991). This foundland, Eastern Canada (47"38'14" N, 52'39' 
study examines the influence of the mode and duration 36" W) using a PVC Niskin bottle was immediately 
of storage on the enumeration of the procaryotic transferred into a darkened polycarbonate carboy. 
picoplankton Synechococcus. Within an hour of collection, 4 1 of the seawater was 

Samples collected at sea for the enumeration of transferred into a polycarbonate bottle and preserved 
Synechococcus ideally should be preserved, filtered, with glutaraldehyde (1.5 % final concentration). After a 
and counted immediately (Booth 1987, 1988, Hall 20 min fixation period (Booth 1987, Macisaac & Stock- 
1991). However, time constraints and sea conditions ner 1993), eighteen 50 m1 samples were collected onto 
often preclude either filtering or counting samples on 0.4 pm polycarbonate filters and immediately counted 
board. Hence, preserved samples are either filtered and stored at -20°C (see details below). The remaining 
and frozen (FF method) or refrigerated in suspension 2 1 of preserved seawater was stored in darkness at 4°C 
(RS method) until slides can be prepared and counted in a 2 l polycarbonate bottle. All sample handling and 
on shore days, weeks, even years after collection. slide preparation was carried out in subdued light. 
Recent studies for bacteria show that the storage mode Initially (n = 18) and at about 30 to 60 d intervals for 
and duration may significantly diminish the abihty to 315 d (n = 4 at each time point), Synechococcus was 
visualize fluorochrome-stained cells. For example, RS- counted from a subset of the slides prepared and 
stored bacteria showed a substantial (31 to 46%) frozen on 12 October 1995. We refer to the samples 
apparent cell loss (ACL; reduction in epifluorescence- counted from Days -30 to 315 as the 'filtered and 
detectable cells) within 40 d of sample collection. In frozen' (FF) storage method. A second set of slides (n = 
contrast, FF-stored bacteria showed negligible ACL 4 at each time point) were prepared from the pre- 
within 70 d of sample collection (Turley & Hughes served seawater on the date of collection and initial 
1992, 1994, Turley 1993, Troussellier et al. 1995, Gun- counting. We refer to these samples as the 'refriger- 
dersen et al. 1996). There are fewer studies on the ated in suspension' (RS) storage method. 
effect of storage on the ACL of Synechococcus. Hall Samples for epifluorescent enumeration of Syne- 
(1991) showed that there was no ACL for -105 d when chococcus were prepared following the method of 
eucaryotic picoplankton were preserved in para- Booth (1987). Preserved seawater (50 ml) was gently 
formaldehyde and slides stored at -20 or -70°C. filtered (under low vacuum; <l27 mm Hg) onto 25 mm 
Although this author implied that there was little loss prestained black 0.4 pm Poretics filters until the filters 
of phycoerythrin autofluorescence when procaryotic were just dry. The filters were mounted onto a glass 
picoplankton were preserved in glutaraldehyde and slide over a drop of Cargille Type A immersion oil. A 
slides stored at -2O0C, this effect was not quantified. second drop of oil was placed on the filter and a glass 
Booth (1987) reported no significant ACL for up to 2 yr cover slip was placed on top of that. Gentle pressure 
C-- ,,, SyA~cc.40ccccus cn!!ected in thp sllharctic Pacific, was applied to the cover slip to evenly distribute the 
preserved with glutaraldehyde and slides stored at oil. 
-20°C. However a reexamination of Booth's data Cells were counted using a BH2-RFC Olympus epi- 
(Booth 1987; Table 111) shows the large coefficient of fluorescence microscope equipped with a 100 W mer- 
variation (CV) for both the initial (mean = 26 %, range = cury lamp (HBO 100 W) and configured for green exci- 
15 to 44 %) and final (mean = 41 %, range = 25 to 60%) tation (BP545, DM570, 0590). This filter combination 
counts may have obscured detection of a significant resulted in a wide excitation waveband (490 to 
ACL. 545 nm). Synechococcus was counted using a 60x 

This study was specifically designed to quantify the objective (S Plan Apo 60, 1.40), a 1 . 2 5 ~  column magni- 
effects of both storage mode and duration on the ACL, fier, and 10x WHK eyepiece. Cells were identified as 
and hence abundance estimates, of Synechococcus. -1 pm in diameter fluorescing yellow-orange coccoid 
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cells. During enumeration, the field 25 l 
diaphragm was partially closed so as to 
minimize quenching and maximize image - 1 

y 20 6 
contrast. For each filter, 10 random fields J 

were viewed (Kirchman 1993), which $ ' 
resulted in a total count of 200 to 400 cells 15 ., 

per filter. To avoid recounting areas of the % 
filter, cells were counted on sequential, g 
non overlapping transects. Each field of E 10 - 
view was 0.008 mm2 and a total of 0.07 % P U .  

of each filter was enumerated. 
Comparison of blue excitation (Zeiss) 

and green excitation (Olympus) to enu- 
merate Synechococcus. The waveband "'I o 
used to excite phycoerythrin may also o 
influence the detection of cells and hence 
the abundance estimate. To evaluate this 
effect, we compared Synechococcus F i g . l . S y  

frozen at 
counts using blue (Zeiss) and green exci- 
tation (Olympus). On 24 July 1996, we 
recounted the 18 filters that were pre- 
pared on 12 October 1995 using a Zeiss Axiovert and 
an Olympus epifluorescence microscope. The Zeiss 
Axiovert was equipped with a 50 W mercury lamp and 
configured with the standard filter combination for 
blue excitation (filter set 48 77 09, reflector 510, excita- 
tion 450 to 490 nm, barrier filter 520). Synechococcus 
were counted using a 63x oil immersion objective 
(Plan Apo 63, 1.40) and 10x eyepieces (PI 10W25) and 
cells were visualized as ca 1 pm diameter yellow auto- 
fluorescing coccoids. The Olympus BH2-RFC was 
equipped as described above. The same counting pro- 
cedures were used with both epifluorescence micro- 
scopes. 

RESULTS 

Apparent change in the abundance of Synechococ- 
cus over the 10.5 mo of the study for the FF and RS 
methods is shown in Fig. 1. For the FF method, Syne- 
chococcus abundance was not statistically different 
for the first 54 d (Student-Newman-Keuls [SNK] test, 
p > 0.05). Counts from Days 105 to 315 were also not 
significantly different (SNK test, p > 0.05), but were 
significantly lower than counts made on Days 0 to 54 
(SNK test, p < 0.05). For the RS method, Synechococcus 
abundances were significantly lower on Days 34 to 315 
than on Day 0 when the seawater was collected (SNK 
test, p < 0.05). The counts made from Days 34 to 315 
were not significantly different (SNK test, p > 0.05). 

The decline (after Days 0 and 54 for the RS and FF 
methods, respectively) in Synechococcus counts (i.e. 

FF method 
o RS method 

Days after seawater collectlon 

~nechococcus. Mean (iSD) abundance detected for samples stored 
-20°C on filters (FF method) and refrigerated at 4OC in suspension 

(RS method) 

ACL) was hyperbolic and described by the following 
equation: 

where y = Synechococcus count (cells 1-l) at time X 
(days), and a and b (k standard error) are constants. 
For the FF method, a = 1.906 X 107 (+ 1.795 X 106), b = 

2.668 X 102 (+ 68.35), and r2 = 0.87. For the RS method, 
a = 1.683 X 107 (+ 1.472 X 106), b = 2.803 X 102 (-+ 86.88), 
and r2 = 0.71. The coefficients a and b did not signifi- 
cantly differ for the 2 storage modes. 

We compared the initial abundances of Synechococ- 
cus (on 12 October 1995) with those on Days 34 to 315 
for the RS method and Days 105 to 315 for the FF 
method. In the case of the FF method, the Days 105 to 
315 interval was used since Synechococcus abun- 
dances were constant for the first 54 d (Fig. 1) of the 
time-course. The average abundances of Synechococ- 
cus after Days 34 and 105 for the RS and FF methods, 
respectively, were 53 to 55 % of the initial counts 
(Table 1) .  This represents an ACL of 45 to 47% (i.e. 
reduction in the number of Synechococcus cells that 
were initially detected on Day 0). Furthermore, the 
thawing and refreezing of the slide used for the FF 
method was not responsible for the ACL observed for 
this storage mode. We compared Synechococcus abun- 
dances for slides which had been kept frozen for 10 mo 
with those that were thawed and refrozen 7 times over 
the same 10 mo period. The abundance of Syne- 
chococcus and the CV of the count were not signifi- 
cantly different (t-test; t = 1.39, p = 0.18) for the 2 treat- 
ments. The average CV of counts for the RS method 
and initial counts were similar (20 to 23 %) whereas the 
CV was higher (30%) for the FF method. Since the 
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Table 1. Descriptive statistics for Synechococcus (106 cells I-') 
counted on 12 October 1995 (initial) and for samples stored 
frozen on filters (FF) and refrigerated in suspension (RS) and 
subsampled at 30 to 60 d intervals for 315 d. CV: coefficient of 

variation; n: number of filters counted 

Statistic Initial FF RS 
Days 105 to 315 Days 34 to 315 

Maximum 22.6 12.7 11.9 
iclinimum 15.2 8.3 8.8 
Median 19.5 10.8 10.1 
Mean 19.4 10.6 10.2 
CV 20 30 23 
n 18 24 32 

average abundance of Synechococcus was the same 
for the RS and FF methods (Table l), the higher CV 
was not due to a density dependent decrease in the 
precision of counting. 

The precision of the Synechococcus cell counts 
decreased with increasing storage time for both the FF 
and RS methods (Fig. 2). The increase in CV over time 
was linear and the slopes were significantly (p < 0.05) 
different from zero. For the FF method: 

CV = 21.0 (k 2.0) +0.04 (k 0.01) xdays; r2=0.?2, p<0.01 

and for the RS method: 

CV = 12.5 (* 2.6) + 0.06 (* 0.01) X days; r2 = 0.73, p < 0.01 

The implicit null hypothesis that storage mode and 
duration do not affect Synechococcus abundance esti- 
mates was not supported. The initial, FF, and RS counts 
were significantly different (Kruskal-Wallis ANOVA; 
H = 37.6, p < 0.0001). Moreover, a Dunn's Multiple 

FF method 
0 RS method 

Table 2. Descriptive statistics of Synechococcus counts (106 
cells I- ' )  using blue excitation (Zeiss) and green excitation 
(Olympus) epifluorescence microscopes (n = 18). SD: standard 

devlation: CV: coefficient of variation 

Statistic Zeiss Olympus 

Maximum 9.9 17.7 
Minimum 1.6 1.9 
Median 4.4 10.7 
Mean 5.2 11.2 
SD 2.7 4.2 
CV 5 2 3 8 

Comparison Test indicated that after Day 105, counts 
from the FF and RS methods were not significantly (p > 
0.05) different from each other, but were significantly 
(p < 0.05) different from initial counts. 

Comparison of Synechococcus counts for blue and 
green excitation 

Epifluorescence microscopes with different excita- 
tion wavebands are commonly used to enumerate 
Synechococcus. As a subsidiary objective of this study, 
we evaluated if differences in excitation wavebands 
can influence the estimation of Synechococcus abun- 
dances. On 24 July 1996, we recounted the 18 frozen 
filters that were prepared on 12 October 1995 using 
both a Zeiss Axiovert equipped with blue excitation 
and an Olympus BH2-RFC equipped with green exci- 
tation (Table 2). Significantly more (ANOVA; F = 25.5, 
p < 0.001) Synechococcus were detected using the 

green than blue excitation (Fig. 3). The 
maximum, median, and mean for the 
counts made using blue excitation with 
the Zeiss were about half of those made 
using green excitation with the Olympus. 

DISCUSSION 

During long-term (>3 to 4 mo) storage, 
both the FF and RS storage modes re- 
sulted in the same total ACL; however vis- 
ible Synechococcus were lost at different 

I rates. In samples stored for -4 mo using 
the FF mode or -2 mo using the RS mode, 

0 4 I the ACL was -45 % (i.e. 55 % of the Syne- 
O 30 60 120 150 210 240 "O 300 330 360 chococcuscellsinitially detected were still 

Days after seawater collection visible). Previous studies on eucaryotic or 

Fig. 2. Synechococcus. Mean (+SD) coefficient of variation of counts as a procaryotic picoplankton (Vaulot et al. 

function of storage time for samples stored frozen at -20°C on filters (FP 1989, lggl) patterns 
method) and refrigerated at 4OC in suspension (RS method) in ACL. The absolute loss rates of visible 
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1 n - Blue 

Filter Number 

Fig. 3. Synechococcus (A) abundances and (B) ratio of abun- 
dance made with blue and green excitation on 18 replicate 
slides. The mean (+SD) of the blue and green ratio was 0.46 k 

0.15, n = 18 

cells varied over a period of weeks to months and this 
variability may have been due to the type of preserva- 
tive used to fix the sample or the storage temperature. 
More extensive studies have been done for hetero- 
trophic bacteria than photosynthetic picoplankton. 
Turley & Hughes (1992) and Troussellier et al. (1995) 
did not observe significant differences in bacterial 
counts made at  time of collection and for those made 
70 to 112 d afterwards when stored using the FF 
method. In contrast, Turley & Hughes (1992, 1994), 
Troussellier et al. (1995), and Gundersen et al. (1996) 
reported a 24 to 50% ACL of bacteria 40 d after sea- 
water collection when samples were stored using the 
RS method. Studies with various other taxa of nano- 
and net phytoplankton have also reported that the FF 
method is more effective at preventing short-term ACL 
(Landry et al. 1984, Booth 1987). The sinlilarity in the 
trends observed for our results and those reported for 
the same and different taxa suggests that ACL is a 

general phenomenon and that there may be a common 
cause for ACL. 

What causes ACL and why does ACL occur at differ- 
ent  rates for the FF and RS methods? Factors such as 
viral lysis, adhesion of cells to bottle walls, cell aggre- 
gation, and cell shrinkage have been proposed as con- 
tributing to ACL (Turley & Hughes 1992, 1994, Gun- 
dersen et al. 1996); however, no single factor or 
combination of factors have been shown to account for 
the ACL in preserved samples (Turley & Hughes 1992 
and Gundersen et  al. 1996). Turley & Hughes (1994) 
found that the ACL of bacteria was greater when glu- 
taraldehyde preserved samples were stored at  higher 
(17 to 22 vs 6°C) temperatures. More recently, Gunder- 
sen et  al. (1996) suggested that residual autolytic 
enzyme activity in bacteria preserved with glutaralde- 
hyde was a major cause for the ACL and that ACL 
should be greater at  higher storage temperatures 
(Hoar 1983). The higher rate of ACL for the RS method 
(i.e. by Day 34 at 4°C) relative to the FF method (i.e. by 
Day 105 at  -20°C) is consistent with the mechanism 
proposed by Gundersen et  al. (1996). Although the 
storage temperature was higher in the RS than the FF 
mode, there are  other factors (e.g. quantity of free liq- 
uid surrounding the cells, the type of suspending 
medium, etc.) besides temperature which may have 
contributed to the more rapid ACL for the RS mode of 
storage. 

We did not test for the effect of different fixatives; 
however other studies show similar trends albeit differ- 
ent  ACL for autotrophic and heterotrophic picoplank- 
ton preserved with formalin or paraformaldehyde (Hall 
1991, Turley & Hughes 1992, Troussellier et  al. 1995). 
Troussellier et al. (1995) and Hall (1991) reported that 
cell counts of bacteria and Synechococcus, respec- 
tively, were higher in samples preserved with para- 
formaldehyde than with glutaraldehyde. Since para- 
formaldehyde is more reactive than glutaraldehyde 
(Fessenden & Fessenden 19861, the enzyme activity 
and hence ACL may have been lower in the parafor- 
maldehyde preserved seawater. 

About twice as many Synechococcus were observed 
using green excitation (i.e. Olympus) compared to blue 
excitation (i.e. Zeiss) epifluorescence microscopy 
(Table 2) .  The differences in the detection of Syne- 
chococcus may be attributed to the different excitation 
wavebands of the Olyn~pus  (490 to 545 nm) and Zeiss 
(450 to 490 nm) n~icroscopes, the pigment conlposition 
of Synechococcus, or the lamp power supply (Olym- 
pus = 100 W; Zeiss = 50 W). Marine Synechococcus 
contain type I or I1 phycoerythrin (Wood et  al. 1985). 
Type I phycoerythrin is composed of phycourobilin 
(excites at 490 to 500 nm) and phycoerythrobilin 
(excites at  540 to 565 nm) chromophores, whereas type 
I1 phycoerythrin is only composed of the phycoerythro- 



196 Aquat Microb Ecol 17: 191-199, 1999 

bilin chromophore (MacIsaac & Stockner 1993). By 
using blue excitation (waveband 450 to 500 nm), 
chlorophyll a and type I phycoerythrin containing cells 
can be simultaneously enumerated (Waterbury et al. 
1979, Booth 1988, Miyazono et al. 1992, Booth et al. 
1993, MacIsaac & Stockner 1993). This waveband is 
suitable for enumerating type I pigment-containing 
Synechococcus which generally predominate in clear 
oceanic habitats (Booth 1987, Campbell & Iturriaga 
1988, Li & Wood 1988, Olson et al. 1988). However, the 
450 to 490 nm waveband excitation of the Zeiss will not 
efficiently excite the type I1 pigment-containing Syne- 
chococcus; hence their abundances may be underesti- 
mated. Type 11 strains of Synechococcus generally pre- 

dominate in near-shore waters (Wood et al. 1985, 
1998). The broad excitation waveband of the Olympus 
microscope would facilitate the enumeration of both 
type I and I1 strains of Synechococcus in our samples. 
We infer from our results that a large fraction of the 
Synechococcus population in Logy Bay were type I1 
phycoerythrin-containing cells, at least when samples 
were collected during October 1995. 

Logy Bay is a coastal site with both low phytoplank- 
ton biomass (<0.2 g chl a 1-l) and diffuse attenuation 
coefficients (0.08 to 0.1 m-') during autumn (Crocker 
1994, Rivkin unpubl.). However, because of its near- 
shore location and terrigenous and fluvial inputs, the 
surface waters would have a type 1 to 3 optical classifi- 

Table 3 .  Studies reporting storage mode, duration of storage (i.e. time between sample collection and counting), excitation wave- 
band and lamp power supply (W) used by various studies to enumerate Synechococcus in various marine environments. FF: fil- 
tered and frozen; RS: refrigerated in suspension; RF: refrigerated filters; FS: frozen in suspension; GJ: glycerine jelly mount; 

DNR: not reported 

Location Storage mode 

Chesapeake Bay RS 
NE Pacific FF 
NE Pacific FF 
NE Pacific FF 
NW Indian FF 
NW Atlantic RS 
Vineyard Sound FF 
Taiwan coast FF 
Southern Ocean FF 
Sargasso Sea FF 
NW Atlantic FF 
Sargasso Sea FF 
New Zealand coast GJ 
Himatangi Beach FF 
Southampton estuary FF 
Skagerrak FS 
Gulf of Finland FF 
California coast FF 
Baltic Sea FF 
Skagerrak FF 
Kaneohe Bay FF 
Tropical Pacific FF 
N. Atlantic RF 
N. Atlantic RF 
Australia and Antarctica FF 
Mediterranean Sea FF 
Iwanai Bay FF 
S c ~ t i a z S h c Z  FE 
N. Atlantic FF 
Mid-Atlantic FF 
NW Atlantic FT: 
York River DNR 
Boothbay Harbor FF 
Bay of Villefranche FF 
Western Pacific RF 
Danish coast FF 
Northern Adriatic FF 
Antarct~ca FF 
Various regions FF 

Storage time 

DNR 
52  mo 
3 mo 
I 1  yr 

Immediately 
2 wk 

Immechately 
Immediately 

2-3 mo 
DNR 

Immediately 
Immediately 

<6 mo 
Variable 
24-30 h 
55  mo 

Immediately 
524 h 

6 h  
524 h 
l wk 

Immediately 
Immediately 
Immediately 
Immediately 
Immediately 
Immehately 

! mr? 
Immedately 
Immediately 
Immediately 

DNR 
Immedately 

1-2 h 
54  d 
l mo 

Immediately 
>3 mo 

Immediately 

Excitation 

Blue 
Blue and green 

Blue 
Blue 

Green 
Blue 
Blue 
Blue 
Blue 
Blue 

Blue and green 
Blue and green 

Green 
Green 
DNR 
Blue 

Green 
Blue 
Blue 
Blue 
Blue 
Blue 

Green 
Blue and green 

Green 
Blue 
Blue 
R~IIF! 

Blue and green 
Blue 
Blue 

Green 
Blue and green. 

Blue 
Green 

Blue and green 
Blue 
Blue 
Blue 

Power (W) 

100 
50 
50 
50 

100 
100 
100 
100 

DNR 
100 
100 
100 
50 
50 

DNR 
50 
50 

100 
50 
50 
50 

100 
100 
5 0 
50 

100 
50 
50 
50 

100 
100 
50 
50 
50 

DNR 
100 
100 
50 

100 

Source 

Affronti & Marshall (1993) 
Booth (1987) 
Booth (1988) 
Booth et al. (1993) 
Burkill et al. (1993) 
Campbell & Carpenter (1986) 
Caron et al. (1991) 
Chang et al. (1996) 
Detrner & Bathmann (1997) 
Fuhrman et al. (1989) 
Glover et al. (1986) 
Glover et al. (1988) 
Hall & Vincent (1990) 
Ha11 (1991) 
Iriarte & Purdie (1994) 
Karlson & Nilsson (1991) 
Kononen et al. (1996) 
Krempin & Sullivan (1981) 
Kuosa (1991) 
Kuylenstierna & Karlson (1994) 
Landry et al. (1984) 
Li et al. (1983) 
Li & Dickie (1991) 
Li &Wood (1988) 
Marchant et al. (1987) 
Maugeri et al. (1992) 
Miyazono et al. (1992) 
Mousseau et al. (1996) 
Murphy h Haugen (1985) 
Platt et al. (1983) 
Prezelin et al. (1987) 
Ray et al. (1989) 
Shapiro & Haugen (1988) 
Sheldon et al. (1992) 
Shirnada et al. (1993) 
Ssndergaard et al. (1991) 
Vanucci et al. (1994) 
Walker & Marchant (1989) 
Waterbury et al. (197 9) 
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cation (Jerlov 1976, Kirk 1994) with high attenuation of 
blue light (i.e. <450 nm).  Based upon the chromatic 
adaptation theory (Kirk 1994), type I1 phycoerythrin- 
containing Synechococcus should be favored in this 
environment, where green light predominates (Olson 
et al. 1988, Wood et  al. 1998) and type I phycoerythrin- 
containing cells should be  favored in clearer oceanic 
waters where blue light predom~nates.  The observed 
large contribution of type I1 phycoerythrin containing 
cells to the total Synechococcus population in Logy Bay 
is consistent with this prediction. 

Alternatively, the 2-fold difference in lamp power 
silpply may have contributed to the 2-fold difference in 
Synechococcus abundance observed using the Olyrn- 
pus (100 W) and Zeiss (50 W) epifluorescence micro- 
scopes (Table 2) .  However, this variable was not exam- 
ined in this study, nor are we aware of this being 
systematically examined in other published studies. 

We have clearly shown that storage mode and dura- 
tion can significantly influence the accurate enumera- 
tion of Synechococcus from natural samples. The ques- 
tion which follows from this result is whether the ACL 
due to storage may have influenced the interpretation 
of microbial distributions or dynamics. To address this, 
we surveyed published reports on Synechococcus dis- 
tributions and compiled a list of storage mode, dura- 
tion, wavebands used to excite pigments and the lamp 
power supply (Table 3). Most (-75%) of the studies 
stored samples using the FF method and counted them 
< 3  mo after collection. About 1 O n , ,  of the studies stored 
samples using other methods and counted samples 
immediately. Based on our results (Fig. 1, Table l) ,  it is 
unlikely that Synechococcus abundances have been 
underestimated due to storage mode and duration. It is 
important to note however that 80% of the studies 
used blue excitation and 55 % used a 50 W power sup- 
ply (Table 3). Although 1 study specifically tested for 
differences between counts made with blue and green 
excitation (Booth 1987), we are unaware of studies 
which systematically examined the effect of power 
supply on the enumeration of Synechococcus. It is 
therefore likely that studies using blue excitation and a 
50 W power supply may have underestimated Syne- 
chococcus abundance. Consequently, Synechococcus 
may indeed make a greater contribution to microbial 
biomass than has previously been reported. 
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