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Annual average abundance of heterotrophic bacteria and Synechococcus in surface 
ocean waters 

Abstract-Global abundance of marine bacteria was inves- 
tigated at the annual climatological scale. In surface waters of 
diverse marine habitats, the annual average abundances of het- 
erotrophic bacteria and the photosynthetic cyanobacterium Sy- 
nechococcus are directly related to annual average temperature 
below 14°C. Notably, average nitrate concentrations at the sur- 
face are never high where the temperature is above 14°C. 
These results suggest that, over the course of a year, temper- 
ature is the dominant factor affecting bacterial growth and loss 
in colder waters. Other factors, such as substrate supply, may 
be important in warmer waters. 

Heterotrophic bacteria and the photosynthetic cyanobac- 
terium Synechococcus are found almost everywhere in the 
upper ocean. In temperate waters, the annual cycle of their 
abundance may be quite regular. Generally, both groups are 
most abundant in summer and least so in winter. More par- 
ticularly, cell abundance at individual locations can evidently 
track water temperature throughout the year. A broader issue, 
however, is whether temperature exerts a significant influ- 
ence on cell abundance across a biogeographical range. In 
other words, is there a relationship between climatological 
averages of abundance and temperature in diverse marine 
habitats? If so, the large-scale distribution of these cells 
could conceivably be mapped by temperature. I addressed 
this question by compiling annual average abundances of 
bacteria and Synechococcus from seasonal cycles with wide 
geographic coverage reported in the literature, combined 
with new observations made in Bedford Basin, Canada. 

My aim was to establish the annual average abundances 
of heterotrophic bacteria and Synechococcus, together with 
annual average temperature, from as many locations as pos- 
sible using the published literature. For this purpose, the ide- 
al data sets were multiyear records of frequently sampled 

sea surface temperature and cell abundance. Some data sets 
extended to slightly less than a full year; in these cases, I 
assumed that the annual cycle was symmetrical about the 
peak at mid-year. Studies in freshwater or hypereutrophic 
systems and those in which bacteria were assessed as colo- 
ny-forming units were not included. 

Where authors did not directly report average values from 
their time series data, they were computed as follows: Pub- 
lished figures of seasonal cycles were image-scanned and 
stored as bitmap files. Images were analyzed by Scion 
ImagePC software to compute annual areas representing the 
number of degree-days for temperature and the number of 
cells per milliliter-day for abundance. Annual averages were 
calculated by dividing the annual areas by 365 d. Where 
abundance was expressed in logarithmic units, the data were 
digitized, expressed as antilogarithms, and then replotted to 
calculate arithmetic averages. Where the results were pre- 
sented as three-dimensional surface plots (i.e., abundance 
versus time versus depth), the data could not be extracted; 
such studies were left out of consideration. Data from the 
U.S. Joint Global Ocean Flux Study (JGOFS) were down- 
loaded from the agency’s World Wide Web site (http:// 
usjgofs.whoi.edu). 

Where temperatures were not reported, annual averages 
were taken from one of three sources: (1) a database from 
the Bedford Institute of Oceanography (http://dfomr.dfo.ca/ 
science/ocean/ocean-data.html#oceansst); (2) the World 
Ocean Atlas (U.S. Department of Commerce et al. 1994) 
maintained by the International Research Institute for Cli- 
mate Prediction and the Lamont-Doherty Earth Observatory 
at Columbia University (http://ingrid.ldgo.columbia.edu/ 
sources/.levitus94/); and (3) other published papers describ- 
ing areas such as Narragansett Bay (Karentz and Smayda 
1984) and Villefranche Bay (Buecher et al. 1997). 



In each study, where applicable, data were compiled sep- 
arately for each 12.month period and for each station man- 
itored. These sets were then combined to give a grand mean 
representing the study area. Only data from the shallowest 
depth were considered. For this reason, the ensuing analyses 
are not as robust as they would be if the entire population 
in the upper mixed layer were considered, especially where 
subsurface maxima occur. In some cases, 12.month time se- 
ries were not available. Most notably, these are oceanic lo- 
cations such as the Labrador Sea (Li unpubl.), the Equatorial 
Pacific (Ducklow et al. 1995; Kirchman et al. 1995; Landry 
et al. 1996), the Arabian Sea (http://usjgofs.whoi.edufjg/dir/ 
jgofs/arabian& and the noahwest Indian Ocean (Veldhuis et 
al. 1997; Wiebinga et al. 1997). Annual averages for such 
areas were based on data much less highly resolved over a 
complete cycle. 

Where necessary, bacterial carbon (C) was converted to 
bacterial abundance, assuming 20 fg C per bacterium (Lee 
and Fuhrman 1987). Data for Synechococcus in the Indian 
Ocean reported by Veldhuis et al. (1997) in units of red 
fluorescence were converted to cell carbon using the authors‘ 
stated regression equation and then re-expressed as abun- 
dance (cells ml I). assuming 294 fg C cell ’ (Veldhuis et al. 
1993). 

New measurements from Beford Basin are presented here 
for comparison to published datasets from other temperate 
waters, reinforcing the stereotype of high abundances in 
summer and low abundances in winter. Bedford Basin 

Fig. 2. Monthly averages (1992/93%1997) in Bedford Basin. (a) 
Annual progression of bacteria, microzooplankton (Taguchi and 
Platt 1978), and temperature. (b) Annual progression of Syecho- 
coccus and temperature. (c) Bacteria versus temperature. (d) Syne~ 
chococcus versus temperature. Boxed numbers in Cc) and td) mdi~ 
cate months. 

(44”41.3’N, 63”38.3’W) is a semienclosed temperate coastal 
inlet having a surface area of 17 km?, a maximum depth of 
70 m, and a sill depth of 20 m. Plankton was sampled week- 
ly for 6 yr over the deepest point of the basin (Li et al. 1998). 
Bacteria were either stained with 4’6.diamidino-2.phenylin- 
dole (DAPI) and enumerated by epifluorescence microscopy 
or stained with TO-PRO-l, TOTO-I, or SYTO-13 (Molec- 
ular Probes Inc.) and enumerated by flow cytometry (Li et 
al. 1995; de1 Giorgio et al. 1996; Guindulain et al. 1997). 
Synechococcus were detected as orange autofluorescing pi- 
coplankters and enumerated by flow cytometry (Li 1995). 

The time scale at which bacteria and Synechococcus re- 
spond on a mechanistic level to regulating factors (temper- 
ature, light, grazing, substrate supply, and viral lysis) is on 
the order of days or less. Weekly observations in Bedford 
Basin (Fig. 1) show that short-term responses of cell abun- 
dance to presumed shifts in the controlling factors do not 
obscure the underlying annual cycles. From 1992 to 1997, 
temperature ranged from -0.8 to 22.O”C and averaged 
8.7”C. Bacteria counts ranged from 0.32 X 10” to 7.45 X 
10b cells ml-l, averaging 1.95 X lo1 cells ml ‘. Synecho- 
coccus ranged from 7 to 445,000 cells ml-‘, averaging 6,150 
cells ml-‘. An exceptional crash and recovery of Synecho- 
coccus was documented from September to October 1995 
(Fig. lc), but the cause of this event was not investigated. 

High-frequency fluctuations can be smoothed by averag- 
ing over time periods longer than the sampling interval. At 
the seasonal scale, temperature emerges as the dominant in- 
fluence of heterotrophic bacterial processes in winter and 
spring (Hoch and Kirchman 1993; Shiah and Ducklow 
1995). In Bedford Basin, monthly averages of bacteria and 
temperature were tightly correlated from January to June 
(Fig. 2a). The monthly average temperature of 14°C in June 
marked the start of bacterial decline. presumably because of 
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the dominating effects of some other factor. An earlier study 
(Taguchi and Platt 1978) showed that microzooplankton hio- 
mass in Bedford Basin was low through the winter, then 
increased from May to a peak in September (Fig. Za). Bac- 
teria may therefore decline in the summer because of graz- 
ing. The role of substrate supply to bacteria was not inves- 
tigated, hut we can assume its importance increases in the 
summer, when metabolic rates rise with temperature (Shish 
and Ducklow 1994a,b, 1995). 

In contrast to heterotrophic bacteria, Synechococcus de- 
creased in average numbers from January to June (Fig. 2h). 
However, a rapid cell increase of more than 700.fold in 3 
months led to a peak in September. Although Synechococcus 
was most abundant at high temperatures, they were not least 
abundant at low temperatures (Fig. Zh,d). The role of tem- 
perature in setting the net seasonal abundance of Swwcho- 
coccus is therefore less clear than it is for bacteria. 

Extrapolating local studies to wider generalizations, a 
global annual climatology of heterotrophic bacterial abun- 
dance was developed based on 45 separate studies covering 
the full range of prevailing annual temperatures (Table 1). 
Investigations in neritic waters greatly outnumber those in 
oceanic waters, but the two JGOFS oceanic datasets in Ber- 
muda and Hawaii are among the most comprehensive time 
series. Below 14”C, annual average abundance of bacteria is 
directly related to annual average temperature; above 14°C. 
no relationship is discernible (Fig. 3a). In other words, on 
an annual worldwide basis, the abundance of bacteria is pre- 
dicted with reasonable accuracy by temperature in regions 
where the average is less than 14°C. This extends the view. 
developed at shorter time scales, that in cold waters, tcm- 
perature is the dominant factor influencing the processes that 
set bacterial abundance (Hoch and Kirchman 1993; Shish 
and Ducklow 1995). At higher temperatures, other factors 
apparently become dominant and reduce abundance by vary- 
ing degrees in different habitats, giving rise to the wide vti- 
ante of results above 14°C (Fig. 3a). For example, temper- 
atures at Tampa Bay, Hawaii, and Bermuda are very similar, 
but bacterial abundance is about seven times higher in Tam- 
p” Bay, an eutrophic estuary receiving high phosphate loads, 
than in Hawaii and Bermuda, both oligotrophic oceanic qites 
(Table 1). It is a prevailing notion that typical bacterial ahun- 
dances, measured in cells ml-l, in eutrophic lagoons and 
estuaries (lo’), coastal zones (lo”), and the open ocean (103 
are set by the magnitude of the flux of dissolved organic 
matter-a manifestation of the dominance of bottom-up over 
top-down control factors at large scales (Ducklow 1992). 
This notion may now he refined: It appears that at the annual 
scale, the role of substrate supply in setting the net bacterial 
abundance is manifest only where average temperatures ex- 
ceed 14°C. 

The global annual climatology of Synechococcus ahun- 
dance is based on fewer studies. which nevertheless ade- 
quately span the full temperature range (Table 2). For phy- 
toplankton as a whole, the annual average distribution of 
pigment measured by remote sensing of ocean color does 
not match average sea surface temperatures. Explanations for 
this lie in considerations of water-column stability, nutrient 
supply, illumination, and loss processes (Longhurst 1995). 
From an analysis of 2X studies (Table 21. Svnr~hococcus also 

Annual average temperature (“C) 

,“’ 
8” 

-5 0 5 10 15 *o 25 30 

Annual average temperature (“C) 

Fig. 3. Annual average ahundsncc (AAA) versus annual aver 
age temperature (AAT). (a) Bacteria, from Table 1. Linear regres- 
qion for temperatures <14”C is log AAA = 5.46 + 0.090 AAT (6 
= 0.79). (b) Synechococcus, from Table 2. Baltic Sea data are in- 
dicated by open symbols. Linear regression for tempcreture~ 
<14”C, excluding Baltic Sea data, is log AAA = 2.07 + 0.221 
AAT (9 = 0.87). Indicated by solid Imc. Linear regression Ior rem- 
peratures <14”C, includmg Baltic Sea data is log AAA = 2.62 + 
0.181 AAT (12 = 0.53). indicated by dashed line. (c) Nitrate at yea 
surface, from the World Ocean Atlas (U.S. Department of Corn- 
merce et al. 1994). Shading indicatec remperature~ above 14°C 

appear to he directly related to temperatures below, but not 
above, 14°C (Fig. 3h). A conspicuous departure from this 
trend, previously noted by Weisse (1993), occurs in the Bal- 
tic Sea (Kuosa 1991; Andersson et al. 1994), where very 
high abundances were recorded (Table 2). At the high end 
of the temperature range, in the Indian Ocean, the recent 
studies of Veldhuis et al. (1997) and the United States 
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JGOFS Arabian Sea expeditions confirm the extremely high 
abundances of Synechococcus reported earlier by Burkill et 
al. (1993). These findings stand in distinct contrast to the 
low abundances found near Hawaii in the Pacific Ocean 
(Campbell et al. 1997), which has an annual average tem- 
perature only slightly lower than the Indian Ocean sites. 

Previous comparisons of Synechococcus from different 
latitudes have shown that abundance is generally least at low 
temperatures and greatest at high temperatures (Murphy and 
Haugen 1985), but with notable exceptions (Joint 1986; 
Booth et al. 1993). We can now refine this generalization to 
say that at the annual scale, Synechococcus abundance is 
directly related to temperatures below 14°C; however, even 
within this range, large differences exist between systems 
that differ only slightly in temperature (i.e., Baltic Sea versus 
Labrador Sea). Chisholm (1992) made the insightful sug- 
gestion that the two prokaryotic picoplankters Synechococ- 
cus and Prochlorococcus complement each other: Their rel- 
ative abundance in time and space is different, but their 
combined biomass is rather constant when the two popula- 
tions are considered together. Recent observations in the Pa- 
cific Ocean (Campbell et al. 1997) and the Indian Ocean 
(Veldhuis et al. 1997) seem to confirm Chisholm’s insight. 
Unfortunately, there are not enough seasonal datasets of 
Prochlorococcus suitable for inclusion in the present analysis. 

Finally, I must emphasize that for both heterotrophic bac- 
teria and Synechococcus, the stated relationships between an- 
nual average abundance and annual average temperature do 
not necessarily hold at shorter time scales. For example, Ant- 
arctic bacteria may be extremely abundant at the particular 
moment in the seasonal cycle when, say, primary production 
is high. 

The temperature of 14°C marks a transition in the clima- 
tology of both heterotrophic bacteria (Fig. 3a) and Synecho- 
coccus (Fig. 3b). The same temperature is significant with 
respect to the global distribution of nitrate (Levitus et al. 
1993), as shown by a plot of 42,164 points extracted from 
the surface depth horizon of the recent World Ocean Atlas 
(Fig. 3~). It appears that nitrate concentrations are never high 
where the temperature is above approximately 14°C. This 
intriguing coincidence prompts the question of whether the 
annual regime above 14°C is dominated by the influence of 
nutrient limitation on phytoplankton (Synechococcus includ- 
ed), and that there follows a diminished supply of organic 
substrates to bacteria from phytoplankton. Ri&in and An- 
derson (1997) recently suggested that inorganic phosphate 
may directly limit heterotrophic bacteria. The plot of sea- 
surface phosphate concentrations from the World Ocean At- 
las versus average temperature (data not shown) resembles 
the nitrate plot (Fig 3c), but phosphate concentrations are 
limited above a temperature of approximately 19°C. At the 
global annual scale, it remains an open question as to what 
factor exerts dominant control on bacteria at high tempera- 
tures . 

The importance of temperature as a positive regulator of 
marine bacterial growth rate is well recognized (White et al. 
1991), although the strength of this regulation is perhaps 
uncertain (Ri&in et al. 1996). In their study of the Delaware 
estuary, Hoch and Kirchman (1993) made the intriguing ob- 
servation that as temperature varies over an annual cycle, 

bacterial growth rate is directly related to temperatures be- 
low, but not above, 12°C. In Delaware, bacteria responded 
to the supply of organic substrates associated with the spring 
phytoplankton bloom, which occurs at temperatures below 
12°C. 

Here, though, I turn the focus away from seasonal events 
such as the spring bloom toward broader biogeographic pat- 
terns. In the world oceans, 49% of all 1” latitude-longitude 
grid boxes, representing a global ocean area of 32%, exhibit 
an average surface temperature below 14°C. For these 
regions which extend toward the north and south poles from 
approximately 40” latitude in each hemisphere, it appears 
that marine bacteria may have a surface distribution that 
largely reflects the poleward decrease in temperature. This 
pattern in observable cell abundance is the net manifestation 
of the underlying processes of growth and loss upon which 
the direct physiological effects of temperature are exerted. 
Further progress in the ecological geography of marine bac- 
teria can be expected when climatological averages are com- 
piled for the rates of growth and loss and when due consid- 
eration is given to the entire population in the upper mixed 
layer. 

W. K. W. Li 

Biological Oceanography Section 
Bedford Institute of Oceanography 
PO. Box 1006 
Dartmouth, Nova Scotia B2Y 4A2 
Canada 
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