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Abstract: We investigated the abundance distribution, via flow cytometry, of total, high nucleic acid 

content (HNA), and low nucleic acid content (LNA) bacteria in the upwelling ecosystem off the coast of 

Oregon. HNA bacterial cells are considered to be the actively growing component of bacterial 

assemblages, while LNA cells are thought to be less active, dormant, or dead. Samples were collected in 

the upper 150 m of the water column from the coast to 127 nautical miles offshore during 14 cruises from 

March 2001 to September 2003. During this period, a wide range of ecosystem trophic states was 

encountered, from dense diatom blooms (chlorophyll-a concentrations of 10 to 43 µg l-1) at shelf stations 

during upwelling season (March – September) to lower chlorophyll-a concentrations (0.1 – 5 µg l-1) 

during winter (November – February) and at basin stations (> 1700 m depth). We found only weakly 

positive relations of log total bacterial abundance to log chlorophyll-a concentration (as a proxy for 

availability of organic substrate), and of HNA bacteria as a fraction of total bacteria to log chlorophyll-a. 

Similar average bacterial abundances of 1.5 ± 0.7 cells ml-1 occurred both in high biomass shelf diatom 

blooms and in lower biomass blooms of < 5 µm sized phytoplankton (coccoid cyanobacteria plus small 

eukaryotic phototrophs) offshore. Abundance of HNA and LNA bacteria covaried positively in all 

regions; at high phytoplankton biomass, LNA bacteria had less covariance with HNA bacteria in shelf 

waters, but greater covariance in offshore regions. During a cruise in September 2004, we carried out 

experiments to evaluate growth response of HNA versus LNA bacteria in shelf, slope, and basin regions, 

and to test the idea that upwelling diatom blooms inhibited the development of high bacterial biomass. 

Low side scatter-HNA bacteria grew up in the shelf experiment, LNA bacteria in the slope experiment, 

and high side scatter-HNA bacteria in the basin experiment. Diatoms had a negative effect on the 

abundance of both heterotrophic bacteria and of small phytoplankton, indicating potential allelopathic 

inhibition of cell growth by bloom-forming phytoplankton. Our data confirm that HNA cells cannot be 

considered as the sole active component of marine bacterioplankton; LNA bacteria appear to be actively 

growing as well, especially for open ocean habitats in which small sized, slower growing bacteria are 

expected to predominate.  

 

Keywords: Bacterioplankton, Cell-specific nucleic acid content, Chlorophyll, Flow cytometry, Upwelling 

system 

Regional index terms: Northeast Pacific Ocean, Oregon Coast, California Current System 



 3

1. Introduction 

 Since marine bacteria are responsible for the bulk of utilization of organic carbon in the sea, 

understanding how bacterial activity varies in time and space is vitally important to understanding the 

marine carbon cycle. Central to this effort is elucidating the causes underlying the observation that the 

abundance and biomass of bacterioplankton in the sea is much less variable than that of phytoplankton, 

the major source of bacterial substrates (Cole et al. 1988, Ducklow 2000, Li et al. 2004). An explanation 

for why bacterial abundances do not decline to very low values is that, unlike phytoplankton, bacterial 

cells can persist for long periods in a state of metabolic arrest, or starvation-survival (Morita 1997). Also, 

a portion of bacterioplankton cells enumerated with standard methods may in fact be dead or empty 

‘ghost’ cells (Zweifel and Hagstrom 1995, Heissenberger et al 1996, Williams et al. 1998). In the marine 

pelagial, both within and across ecosystems, there is a 3-order-of-magnitude variability in bacterial cell-

specific metabolic activity, while bacterial abundance ranges over only about 1 order of magnitude 

(Ducklow and Carlson 1992, Ducklow 2000, Sherr et al. 2001). This large degree of variability in 

bacterial specific activity is thought to result from variation in the proportion and/or specific metabolic 

rates of actively growing cells against a backdrop of much less active, dormant or even dead bacterial 

cells (Jellet et al. 1996, Gasol et al. 1999, Seymour et al. 2004). 

An additional puzzle regarding the abundance range of marine bacteria is an apparent ‘cap’ on 

maximum bacterial abundance at high phytoplankton biomass (Li et al. 2004). In the open ocean, 

bacterial cell abundances are rarely greater than several x 106 ml-1 even in dense phytoplankton blooms 

(Jochem 2001, Li et al. 2004, this study). In an analysis of a large consolidated data set comparing the 

relation between bacterial abundance and chlorophyll concentrations in various regions of the world 

ocean, Li et al. (2004) noted that at chlorophyll concentrations > 1 µg l-1, bacterial abundances decreased 

with increasing phytoplankton biomass. The mechanisms underlying this apparent deficit in oceanic 

bacterioplankton abundance when bottom-up resources (phytoplankton biomass) appear to be non-

limiting are not well understood, although enhanced top-down control, e.g. protist grazing (del Giorgio et 

al. 1996, Strom 2000, Sherr and Sherr 2002) or viral lysis (Bratbak et al. 1990, Fuhrman and Noble 1995, 

Fuhrman 2000) at high bacterial abundance is a possibility. 

 Flow cytometry (FCM) has provided new information that can be used to address these questions. 

FCM is a powerful research tool for determining cell-specific properties of marine bacteria, e.g the 

relative amount of DNA- and RNA-content via staining cells with nucleic acid (NA)-specific 

fluorochromes. A common observation in flow cytometric enumeration of marine bacterioplankton has 

been that the bacterial cells segregate into two distinct clusters: lower nucleic acid content (LNA) bacteria 

and higher nucleic acid content (HNA) bacteria (Li et al. 1995, Jellett et al. 1996, Marie et al. 1997, Gasol 

et al. 1999, Troussellier et al. 1999, Gasol and del Giorgio 2000, Button and Robertson 2001, Lebaron et 
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al. 2001). In several studies, the basis of these two clusters of bacterial cells has been explored, including 

use of the sorting capability of flow cytometers to determine the relation between cell-specific nucleic 

acid content and cell-specific metabolic activity for pelagic bacteria. Two apparently contradictory views 

have emerged from these reports: 1) that most of the bacterial activity is due to HNA cells, and that LNA 

cells are either slow-growing or dead; or 2) both HNA and LNA cells have similar biomass-specific rates 

of activity.  

To date, results of most studies have supported the idea that HNA cells are the actively growing 

component of bacterial assemblages, while LNA cells are less active or not growing. Gasol et al. (1999) 

reported that in mesocosm experiments, the abundance of HNA bacteria increased with time and 

correlated closely with the abundances of live-stained bacteria and of nucleoid-containing bacteria, while 

the abundance of LNA bacteria did not change. Lebaron et al. (2001) incubated bacterioplankton in fresh 

and estuarine waters with tritiated leucine, after which HNA and LNA bacterial cells were separated by 

flow cytometric sorting. Rates of cell-specific leucine uptake were determined for sorted cells and for the 

intact bacterioplankton community. These authors found that HNA cells were responsible for up to 100% 

of total bacterial production; conversely, LNA cells were responsible for, at most, 25% of overall 

production. In a subsequent study, Lebaron et al. (2002) sorted 3H-leucine labeled marine bacterial cells 

in sub-regions of the HNA cluster, and compared cell-specific leucine incorporation rates with side-

scatter and nucleic acid-staining characteristics of the bacterial sub-groups. Their results showed a strong 

positive relationship between cell-specific activity and bacterial cell size as assessed by side-scatter, and 

also between activity and nucleic acid content as assessed by cell-specific fluorescence intensity. Lebaron 

et al. (2002) reported that LNA cells had much lower cell-specific activities compared to HNA cells, and 

that in growth cultures of bacterial isolates, the distinctive LNA cluster seen in cytograms of in situ 

bacteria only appeared when cultures were in a late stationary phase of growth. They inferred that for 

marine bacterioplankton, the LNA bacteria are ‘dead or dying cells’. More recently Wetz and Wheeler 

(2004) observed that during bacterial growth following the decline of diatom blooms in mesocosm 

experiments, virtually all of the increase in bacterial cell abundance was due to HNA cells, with little 

change in LNA cell abundance. These results support the earlier contention of Li et al. (1995) and Jellett 

et al. (1996) that the HNA cells (their Group II) cells are metabolically active, while LNA cells (their 

Group I) are inactive, dormant or dead.  

However, two studies have concluded that, when scaled to unit biomass, LNA cells in 

bacterioplankton assemblages may in fact be as active as HNA cells. Button and Robertson (2000) 

reported that for bacterioplankton in an Arctic lake, sorted low-DNA cells had the same biomass-specific 

rate of incorporation of 14C-mixed amino acids as did larger sized, high-DNA cells. This finding was 

corroborated by a study of Zubkov et al. (2001) based on flow cytometric sorting of Celtic Sea 
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bacterioplankton labeled with 3H-leucine or with 35S-methionine. These authors reported that, although 

HNA cells were responsible for the largest share of total bacterial activity, when activity was scaled to 

cell protein content, LNA cells had similar rates of substrate incorporate as did HNA cells. In addition, 

Jochem et al. (2004) reported that LNA cells grew up in dilution experiments using surface water from 

the Gulf of Mexico. It is obvious that additional investigation is needed to reconcile these opposing views 

of the relative activities of HNA versus LNA bacterial cells.  

 We investigated the variation in bacterial abundance, and in proportion of HNA and LNA 

bacteria, with a large data set (> 1700 discrete samples) based on flow cytometric analysis of bacteria in 

the California Current System off the coast of Oregon, U.S.A., obtained during seasonal cruises over a 

three year period as part of the GLOBEC North East Pacific-Long Term Oceanographic Program (NEP-

LTOP).  This coastal upwelling system provides a wide range of trophic states, from very high 

phytoplankton biomass in recently upwelled water on the shelf, to low phytoplankton biomass in 

oligotrophic basin waters offshore, within relatively short geographic distances (Chavez et al. 2002, 

Huyer et al. 2002, Peterson et al. 2002). Bacterial parameters were analyzed in the context of 

environmental parameters: temperature, nutrient concentrations, chlorophyll-a concentration as a proxy 

for total phytoplankton biomass, and flow cytometric analysis of the abundances of < 5 µm sized 

phytoplankton: coccoid cyanobacteria and small eukaryotic phototrophs. If HNA cells were the active 

bacteria, we predicted that HNA cell abundances, and HNA cells as a fraction of total bacteria, would be 

more responsive than LNA cells to bottom up control, i.e. to be more closely correlated to phytoplankton 

biomass. In fact, we found that both HNA and LNA cells co-varied over an order of magnitude of 

bacterial abundances, with little difference in the ratio of HNA cells: total bacteria across ecosystem 

trophic state, or with season. In addition, LNA cells grew up in a slope water growth experiment. Our 

results indicate that, especially in oligotrophic offshore systems where phytoplankton is dominated by 

small sized cells, LNA bacteria may be as active as HNA bacteria. We also found experimentally that 

upwelling diatom blooms may inhibit the growth of prokaryotic cells, which could explain in part why in 

this region bacterioplankton never attain very high abundance even at high chlorophyll-a concentrations.  

2. Methods 

2.1 Sample collection 

During 13 GLOBEC NEP-LTOP survey cruises, from March 2001 to September 2003, 4 to 8 

stations were sampled along a transect line off Newport, Oregon to 85 nautical miles (nm) offshore. In 

March and September 2001, and in April, July and September 2002 and 2003, three to four additional 

transect lines to the south were also sampled. Station locations for these survey cruises were reported in 

Sherr et al. (2005). At each station sampled, water was collected for analysis of bacteria and 

phytoplankton stocks via flow cytometry from 4 to 6 depths in the upper 100 to 150 m using 5-liter 
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Niskin bottles mounted on a CTD rosette. We analyzed a total of 1728 discrete water samples over the 

three year sampling program. Samples were also collected from the same Niskin bottles as part of the 

LTOP service program for determination of concentrations of inorganic nutrients and of chlorophyll. 

Sensors on the CTD provided profiles of salinity, temperature, and in situ fluorescence at each station.  

In addition to the GLOBEC sampling program, data on bacterioplankton distribution and 

metabolic activity were collected during two additional cruises. During April-May 2002, samples in the 

upper water column were collected along the Newport Hydroline to a deep basin station 127 nm from 

shore. In September 2004, experiments were carried out using water collected at three stations: shelf 

(Heceta Head 1, 44o N 124.2 oW, bottom depth of 54 m), slope (Heceta Head 4, 44o N 124.8 oW, bottom 

depth of 110 m), and open basin (Heceta Head 127, 44o N 127.1oW, bottom depth of 2940 m), along the 

Heceta Head Hydroline. 

 For flow cytometry samples, 3 ml aliquots were pipetted into 4 ml cryovials and preserved with 

0.2% (w/v) final concentration of freshly made paraformaldehyde. The samples were gently mixed and let 

sit in the dark at room temperature for 10 minutes before quick-freezing and storage in liquid nitrogen. On 

return of samples to the lab, the cryovials were stored at -80 oC until flow cytometric analysis was 

performed. Duplicate subsamples of seawater for nutrient analyses were collected in acid-washed 

NalgeneTM 60 ml polyethylene HDPE bottles and immediately frozen at -20 oC for nutrient analysis. For 

determination of chlorophyll stocks, subsamples of whole seawater were vacuum filtered onto 25 mm 

Whatman GF/F filters, and the filters stored frozen stored in glass VacutainerTM tubes (-20 oC) until 

processed on shore. 

2.2 Sample analysis  

 Nutrient and chlorophyll analyses: Analyses for concentration of nitrate plus nitrite, phosphate 

and silicic acid (silicate) were performed using a hybrid Technicon AutoAnalyzerII™ and Alpkem 

RFA300™ system following protocols modified from Gordon et al. (1995). Standard curves with four 

different concentrations were run daily at the beginning and end of each run. Fresh standards were made 

prior to each run by diluting a primary standard with low-nutrient surface seawater. DiW was used as a 

blank, and triplicate DiW blanks were run at the beginning and end of each run, to correct for any 

baseline shifts. In this protocol, the coefficients of variation for duplicates at low nutrient concentrations 

are typically < 1% (Fleischbein et al., 1999); while at high nutrient concentrations, coefficients of 

variation are 2-3 % for nitrate and silicate (Corwith and Wheeler 2002). Chlorophyll was extracted for > 

12 h in the dark at -20 oC (Parsons et al., 1984) using 95% methanol as the solvent. Fluorescence was 

measured with a Turner DesignsTM 10-AU fluorometer that had been calibrated with purified 

Chlorophyll-a (Sigma Co.). A carbon conversion factor of 30 µgC per µg chlorophyll-a was used to 

estimate total phytoplankton biomass at shelf and slope stations, and 90 µgC per µg chlorophyll-a for 
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basin stations, as proposed by Worden et al. (2004) for high nutrient and low nutrient habitats in the 

California Current System off California.   

Flow cytometric analysis of cell abundances: In the laboratory, samples for FCM were thawed 

and kept on ice in a dark container until run on a Becton-Dickinson FACSCaliber flow cytometer with a 

488 nm laser. For enumeration of small sized phytoplankton, 500 µl subsamples were processed as 

described in Sherr et al. (2005). Populations of coccoid cyanobacteria (Synechococcus or SYN) and of 

photosynthetic eukaryotes (PEUK) were distinguished by differences in fluorescence in orange 

(cyanobacteria) and in red (eukaryotic phytoplankton) wavelengths. We have previously determined that 

75% to 85% of the red-fluorescing cells in the PEUK region of our cytograms are < 5 µm in size (Sherr et 

al. 2005). Prochlorococcus appears on the red-fluorescence-axis of the flow cytograms to the left of the 

PEUK region, which was confirmed by observation of Prochlorococcus in cytograms of samples 

collected at a basin station in September 2001.  

For heterotrophic bacteria, 250 µl subsamples were diluted with 250 µl of DiW, and stained with 

5 µl of SYBR Green I (10,000x stock solution) with 25 mM final concentration of potassium citrate for 

15 min, following a protocol modified from Marie et al. (1997). Bacterial counts were made during a 

three minute sample run at low flow rate. Regions were established in cytograms of side scatter and green 

fluorescence to define bacterial cells with high nucleic acid content (HNA) and low nucleic content 

(LNA). (1997). Mean cell-specific SYBR fluorescence was obtained for total bacteria and for HNA and 

LNA cells, along with abundance of cells within each group. Logical gating in Becton-Dickinson Cell 

Quest software was used to exclude coccoid cyanobacteria, based on orange fluorescence, from the 

abundance counts of heterotrophic bacteria.  

Each subsample was spiked immediately before processing with a known amount of either 3.0 

µm (for phytoplankton) or 1.0 µm (for bacteria) Polysciences Fluoresbrite yellow-green beads from 

respective stock solutions of beads that had been precalibrated with Becton-Dickinson True-Count beads. 

The numbers of beads enumerated in each sample run was used to accurately determine the sample 

volume processed and thus the abundances of SYN, PEUK, and bacteria.  

Cell abundances were converted to biomass using carbon per cell conversion factors based on 

literature values. Conversion factors for coccoid cyanobacteria are in the range of 100 to 250 fgC per cell 

(Zubkov et al. 2000, Mackey et al. 2002); we used 100 fgC per cell in this study. For small photosynthetic 

eukaryotes, Zubkov et al. (2000) assumed an average cell size of 2.5 µm, and an average biomass per cell 

of 1500 fgC, along a broad transect in the Atlantic Ocean. Mackey et al. (2002) empirically determined 

average biomasses for picoeukaryotes in the equatorial Pacific Ocean of 1360 and 1630 fgC per cell, 

depending on region. Based on these previous estimates, in this study we assumed an average carbon 

biomass for PEUK of 1500 fg C per cell. Bacterial biomass was estimated using 12 fgC per cell for 
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bacteria collected at slope and basin stations, and 30 fgC per cell for bacteria collected at shelf stations 

(Fukuda et al. 1998). 

Analysis of bacterial metabolic activity: Bacterial cell-specific activity was assessed via rate of 

incorporation of 3H-leucine into macromolecules. For each water sample, 1.5 ml aliquots were pipetted 

into four 2-ml plastic microcentrifuge tubes (Fisher Porex brand) containing 3H-leucine (Perkin Elmer 

Life Science Products, specific activity 170 Ci mmol-1) to yield 20 nM final concentration. One of the 

four aliquots served as a killed control, with 5% (final concentration) of trichloroacetic acid (TCA) 

immediately added to the tube. The aliquots were incubated for one hour in the dark at the in situ water 

temperature. 3H-leucine labeled samples were then killed with 5% TCA (final concentration) and stored 

frozen at -20ºC. Samples were returned to shore and processed via the Smith and Azam (1992) 

centrifugation method no more than three weeks after the sampling date. Prior experiments with 

radioactively-labeled samples frozen for up to one month showed no difference in leucine incorporation 

rates compared to unfrozen samples processed immediately (data not shown). Activity was determined 

using a Wallac 1141 liquid scintillation counter (LSC). The activity of the killed control was subtracted 

from the values for the three live aliquots. Values of cell-specific activity for the bacterial assemblage in 

each sample were calculated by dividing the volumetric rate of leucine incorporation by the number of 

total heterotrophic bacteria per unit volume determined via flow cytometry. 

2.3 Experiments 

Two types of incubation experiments were carried out during the September 2004 cruise off the 

Oregon coast. Dilution growth experiments were set up at a shelf station (Heceta Head-1, 44 oN, 124.2 
oW, bottom depth 54 m), slope station (Heceta Head-4, 44 oN, 124.8 oW, bottom depth 110 m), and basin 

station (Heceta Head-127, 44 oN, 124. oW, bottom depth 2940 m). At each station we filled pre-acid 

soaked and DiW rinsed, 2.5 gallon plastic cubitainers with a 1:10 dilution of whole surface water with 0.2 

µm filtered water, Each cubitainer was wrapped in dark plastic and incubated at in situ temperature in an 

on-deck incubator. Experimental temperatures ranged from 16.5 – 17.5 oC for the shelf growth 

experiment, 18 – 20.5 oC for the slope growth experiment, and 19.5 – 20 oC for the basin growth 

experiment. Water samples were collected from a spigot at the bottom of each cubitainer approximately 

every 6-8 hours over a 4 day period. For each time sample, one set of subsamples were preserved for flow 

cytometry and one set of subsamples was assayed for 3H-leucine incorporation rate. At the end of each 

incubation, subsamples were processed for epifluorescence microscopy to determine whether 

bacterivorous flagellates had grown up during the incubations. 

A separate experiment was designed to demonstrate the potential for negative effect of upwelling 

diatom blooms on the growth of small phytoplankton (SYN and PEUK) and of heterotrophic 

bacterioplankton. Aliquots of slope water collected at station Heceta Head 4 from a depth of 5 m were 
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filtered either through a 3.0 µm membrane filter or through a presoaked and DiW rinsed 0.2 µm Pall 

cartridge filter. At shelf station Heceta Head-1, large sized diatoms present in 30 liters of sea water 

collected at a depth of 5 m were concentrated in a 5 µm mesh size Nitex fabric pouch attached to the end 

of a silicon tube used to drain the Niskin bottles. The diatom concentrate was suspended in 1 liter of 0.2 

µm filtered slope water. Twenty ml aliquots of 3 µm screened water were used to fill four 20-cm lengths 

of DiW washed and soaked 100,000 MW pore size dialysis tubing, which were then clamped at both 

ends. A filled dialysis tubing was placed in each of two 1 liter jars filled with only 0.2 µm filtered slope 

water, and of two 1 liter jars with 0.2 µm slope water and 250 ml of the diatom concentrate. 

Macronutrients were added to each jar to final concentrations of approximately 3 µM phosphate, 30 µM 

nitrate and 40 µM silicate. The jars were incubated 3.8 days at sea surface temperature (18 – 20 oC) in an 

on-deck incubator with the natural day/night light cycle. At the end of the incubation period, subsamples 

were carefully taken from each dialysis tubing for flow cytometric analysis of cell abundance of small 

phytoplankton and bacteria and for analysis of bacterial 3H-leucine incorporation rates. Samples were also 

taken from the seawater in the experimental jars for time final determination of chlorophyll-a and nutrient 

concentration. 

2.3 Statistical analyses Statistical analyses were performed using Matlab computer programs.  Model II 

regressions were used to compare log-transformed bacterial abundance and chlorophyll concentrations. In 

addition, simple covariance values were calculated to determine the strength of correlation between 

abundances of HNA and LNA cells in shelf, slope, and basin regions. The covariance calculation is based 

on the product of differences of each of a pair of variables from their mean values. A positive product 

means that the values of HNA and LNA abundances varied together in the same direction from their 

means; a negative product indicates they varied in opposite directions. The larger the magnitude of the 

covariance product, the stronger the strength of the relationship. 

3. Results 

3.1 Environmental parameters 

In our previous analysis of distribution of phytoplankton in the Oregon upwelling ecosystem, we 

found a spatial shift in the structure of phytoplankton communities, from shelf upwelling blooms of large 

diatoms, to slope and basin communities dominated by < 5 µm-sized phototrophic cells (Sherr et al. 

2005). In order to address variation in bacterioplankton abundance and proportion of HNA of total 

bacterial cells with respect to differences in phytoplankton composition, we binned the data into three 

regions: shelf stations with bottom depths to 150 m, slope stations with bottom depths between 150 and 

1000 m, and basin stations with bottom depths of 1700 to 3300 m. During the 3 year sampling period, we 

encountered a wide range in phytoplankton stocks, based on chl-a concentrations, from a high chl-a value 

of 43 µg l -1 found in July 2003 at shelf station Heceta Head 3, to chl-a values < 0.2 µg l -1 in the upper 50 
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m of the water column at basin stations. There was also a large range in concentration of macronutrients, 

from nitrate concentrations > 20 µM at shelf stations during upwelling season, to values below detection 

in the upper 20 m of slope and basin stations during summer.  

Average values in the upper 50 m for temperature, nitrate, and phytoplankton for the three 

regions in winter and summer (Table 1) reflect the differences in phytoplankton abundance and 

composition from shelf to basin, driven in large part by development of dense diatom blooms over the 

shelf as a result of upwelling of high nutrient subsurface water during spring and summer. Despite low 

nutrient concentrations found in surface waters at outer stations, the average nitrate concentrations in the 

upper 50 m for all regions were > 3 µM during both winter and summer (Table 1). Average 

concentrations of phosphate and silicate were also high (data not shown).  

3.2 Variation in bacterial parameters 

 While there was a two-order of magnitude range in chl-a concentration in discrete samples (0.2 to 

> 20 µg l -1), bacterial abundance varied by only about one order of magnitude, from highest abundance of 

6.5 x 106 ml-1 observed in at a shelf station, NH-15 in May 2002, to routinely low abundances of < 0.5 x 

106 ml-1 at depths of > 50 m, at basin stations and in winter. The range of bacterial abundance in this study 

spans the range of abundances typically found in marine pelagic habitats (Ducklow 2000, Li et al. 2004). 

Highest bacterial abundances, 4.3 to 6.5 x 106 ml-1, were found in May 2002 in the upper 10 m of shelf 

stations NH-10 and NH-15, although chlorophyll values in these samples were not especially high, 

ranging from 1.1 to 8.6 µg liter-1. In our study, lowest values for bacterial abundance, 0.1 to 0.3 x 106 ml-1, 

were in the same range as lowest values found in other marine pelagic systems (Ducklow 2000, Li et al. 

2005). 

Despite the more than one order of magnitude range of bacterial abundances, and higher average 

nutrient and phytoplankton stocks in shelf compared to slope and basin regions, we found amazingly little 

variability in mean cell abundance across the three regions (Table 2). In spring and summer, average 

bacterial abundances in the upper 50 m for all three regions were on the order of 1.04 x 106 cells ml-1. In 

winter, average abundances were somewhat lower: 0.74 ± 0.25 x 106 cells ml-1 in shelf waters to 0.90- 

0.96 ± 0.4 x 106 cells ml-1 in slope and basin waters. For all samples collected in the depth zone of 50 – 

150 m, including all seasons, average abundances were also quite uniform 0.5 ± 0.2 x 106 cells ml-1 in 

each of the three regions (Table 2). Average bacterial biomass in the upper 50 m was higher in shelf 

regions than in slope and basin regions. This difference was due in large part to use of a higher cell-

specific carbon content for shelf bacteria (30 fgC per cell) than for slope and basin bacteria (12 fgC per 

cell) based on empirically determined specific carbon contents of bacteria in coastal versus open ocean 

systems (Fukuda et al. 1998). Even so, average bacterial biomass as a fraction of total bacterial + 

phytoplankton biomass had a narrow range (0.31 to 0.42, Table 2). Other average bacterial parameters, 
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the fraction of HNA : total bacterial abundance, and the ratio HNA : LNA SYBR Green fluorescence, 

were also surprisingly uniform across the three regions in the two seasonal data sets, and in the lower 50-

150 m samples (Table 2).  

 Because we found such low variability in bacterial parameters for the regional data sets, we 

further analyzed the relation of bacterial parameters to phytoplankton stocks for high value subsets of the 

data for each region (Table 3). For both the subset of highest bacterial abundance values (> 1.5 x 106 ml-1) 

and the subset of highest chlorophyll concentrations ( > 10 µgChl-a l -1) in shelf waters, the average ratio 

of HNA cells : total bacteria was higher (0.76 and 0.84) than found for other data groupings presented in 

Tables 2 and 3. Remarkably, the average bacterial abundance was the same, 1.5 x 106 ml-1, in the densest 

shelf diatom blooms (average of 16.4 µgChl-a l -1 and biomass of 490 µgC l -1), and in the slope and shelf 

samples with the greatest abundances of small phytoplankton, although in these latter two data subsets the 

average chlorophyll was only ~ 1 µgChl-a l -1 and average phytoplankton biomass was much lower, 37 – 

55 µgC l -1 than obtained for diatom blooms (Table 3). The other interesting outcome was that 

heterotrophic bacterial biomass appeared to be, on average, about one third of the sum of bacteria + 

phytoplankton biomass in all three regions (Tables 2 and 3). Only for the sample subset of highest 

chlorophyll-a concentration in shelf waters was bacterial biomass a small fraction (average of 0.08) of the 

total (Table 3). 

3.3 Relation of bacterial abundance and fraction of HNA bacteria to chl-a concentration 

 Evaluation of the relation of bacterial abundance and of the ratio HNA bacteria : total bacteria to 

chlorophyll concentration was made for all samples in the upper 50 m collected during spring and 

summer cruises. Point to point comparison for spring-summer 0-50 m data of bacterial abundance to 

phytoplankton stock based on chlorophyll concentrations (Figure 1) and of HNA bacteria as a fraction of 

total bacterial abundance to chlorophyll concentration (Figure 2) supported the finding of low variability 

in average bacterial parameters across regions. In this analysis, log bacterial abundance as a function of 

log chlorophyll concentration was separately plotted for the shelf spring-summer data set, and for 

combined slope and basin spring-summer data sets. The rationale for this division was based on our 

previous finding that shelf phytoplankton communities are dominated by large diatoms while slope and 

basin communities have a large proportion of coccoid cyanobacteria and < 5 µm sized phototrophic 

eukaryotes (Sherr et al. 2005). However, there was little difference between shelf data and slope + basin 

data with respect to the relation of either log bacterial abundance or of HNA bacteria as a fraction of total 

bacterial abundance to log chlorophyll. Slopes from Model II, geometric mean, regressions of log 

bacterial abundance versus log chlorophyll-a concentration for both shelf (0.39) and slope + basin data 

(0.57) were weakly positive, with r values of 0.24 and 0.37 (Figure 1). Slopes of regressions of HNA 

bacteria as a fraction of total bacterial abundance versus log chlorophyll were lower (0.24 and 0.34, for 
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shelf and slope + basin regions, respectively).  In both shelf and slope + basin data sets, there were 

instances in which 100% of cells were classed in the HNA cluster, but cases in which 100% of cells were 

classed in the LNA cluster only occurred in slope and basin samples (Figure 2). 

3.4 Regional variation of HNA bacteria and LNA bacteria abundances 

 A comparison of the mean abundance values for HNA and LNA bacteria for the total spring-

summer data set in each region, and for data subsets of highest phytoplankton biomass as defined in Table 

3, is shown in Figure 3-A. In the shelf region, the average abundance of HNA bacteria was substantially 

higher (1.25 ± 0.68 x 106 cells ml-1) in samples where chlorophyll concentrations were > 10 µgChl-a l-1 

compared to the average HNA abundance for the entire shelf data set ( 0.76 ± 0.69 x 106 cells ml-1), while 

the average abundance of LNA bacteria showed little variation. However, for slope and basin data sets, 

both HNA and LNA bacteria showed an increase in average abundance in the subset of samples with high 

biomass (> 20 µgC l-1) of small phytoplankton compared to the average abundances of HNA and LNA 

bacteria in those data sets (Figure 3-A).  

We calculated values of covariance for paired HNA and LNA sample abundances for each of the 

data sets shown in Figure 3-A. The results (Figure 3-B) clearly demonstrated that HNA and LNA 

bacterial abundance showed positive covariance when based on the total data set for spring-summer 

cruises in each region (clear columns). For the high phytoplankton biomass data subsets (hatched 

columns), covariance between HNA and LNA bacterial abundance decreased in the shelf region, but 

increased in slope and basin regions, compared to covariance for all paired values in each region (clear 

columns). 

3.5 Results of growth experiments 

 Contour plot cytograms of the distribution of bacteria with respect to cell-specific SYBR Green 

fluorescence (nucleic acid content) and side scatter (cell size and shape) for bacterial assemblages present 

at the beginning and end of each of the growth experiments are shown in Figure 4. Three different growth 

patterns were apparent (Figure 5). In the shelf growth experiment (Figure 5-A), bacterial cells had a 

uniform distribution of properties initially, but by time final, most bacteria grouped in the low side scatter, 

HNA portion of the contour plot. For the slope experiment (Figure 5-B), LNA bacteria dominated 

abundance (60% to 80% of cell number) throughout the time course, although there was also an increase 

in abundance of HNA bacteria. In the basin experiment (Figure 5-C), a population of high side-scatter, 

very-HNA (V-HNA) bacteria not apparent at time zero grew up during the incubation. Based on 

microscopic analysis, by the end of the experiments heterotrophic flagellates were present at very low 

concentration, < 15 cells ml-1. 

 Cell-specific leucine incorporation rates for total bacterioplankton (Figure 6-A) were highest for 

the basin experiments, in which V-HNA bacteria grew up, and similarly lower in the shelf and slope 
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experiments, despite the fact that HNA bacteria grew up in the shelf experiment, while LNA accounted 

for a large part of the bacterial cell increase in the slope experiment. Maximum cell-specific activities in 

the experiments were 180 x 10-21 mol leucine cell-1 hr-1 for shelf bacteria, 130 x 10-21 mol leucine cell-1 hr-

1 for slope bacteria, and 350 x 10-21 mol leucine cell-1 hr-1 for basin bacteria. Cell-specific SYBR Green 

fluorescence (a proxy for nucleic acid content) increased during the incubations (Figure 6-B), with lowest 

values for bacteria dominated by LNA cells in the slope experiment and highest values for the basin 

experiment in which V-HNA cells grew up. The relative abundance of HNA bacteria (as the sum of 

typical HNA bacteria and high-scatter, very-HNA bacteria) as a fraction of total bacteria increased with 

time during shelf and basin experiments (Figure 6-C, black and grey circles). However, in keeping with 

the observation that LNA bacteria grew up in the slope experiment, the proportion of HNA bacteria in 

that experiment did not increase, and fluctuated within the range of 20% to 40% over the incubation 

period (Figure 6-C, clear circles). 

3.6 Results of diatom inhibition experiment 

 At the end of the 90 hr (3.8 d) inhibition experiment incubation, there was a large difference in 

chlorophyll concentrations in bottles with and without diatoms. In bottles with added concentrated 

diatoms, at time final diatoms had grown up at the expense of added nutrients to yield an average 

concentration of 36 ± 0.2 µgChl-a l-1, lowering nitrate concentrations from an initial 32 µM to 9 µM. In 

bottles with only 0.2 µm slope water plus nutrients, chlorophyll at the end of the experiment averaged 

0.34 ± 0.06 µg l-1, and nitrate concentrations were unchanged from time zero values. Abundances of 

bacteria, SYN and PEUK in the dialysis tubing at time final were all significantly lower in treatments 

with diatoms than in treatments without diatoms (Table 5). However cell-specific leucine incorporation 

rates were about 5-fold higher for bacteria in the treatments with diatoms. The average fraction of HNA : 

total bacterial cells was not different in the two treatments (Table 5).  

4. Discussion 

 As noted by Li et al. (2004) the positive relation between bacterial abundance and phytoplankton 

biomass based on chlorophyll-a concentration is ‘one of the few undisputed patterns in aquatic microbial 

ecology.’ However, a full understanding of the relationship between heterotrophic bacteria and 

phytoplankton as the ultimate bottom-up control on bacteria is hampered by the fact that bacterial 

abundance is not closely related to bacterial activity, due to the large range of bacterial cell-specific 

metabolic rates depending on bacteria growth state (Sherr et al. 1999 a&b, Pernthaler et al. 2001) and to 

the fact that a large and variable fraction of bacterial cells are inactive or even dead (Zweifel and 

Hagstrom 1995, Heissenberger et al. 1996, Williams et al. 1998, Gasol et al. 1999). It is recognized that 

marine bacterioplankton communities are composed of diverse phylotypes (Giovannoni 2000, Rappé and 

Giovannoni 2003), which may exhibit non-synchronous growth and senescence (e.g Pernthaler et al. 
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2001). Variation in metabolic response of bacterioplankton to changing environmental conditions based 

on change in activity level of specific phylotypes is thought to underlie empirical observations that both 

the proportion of actively growing cells, and the cell-specific metabolic activity of growing cells, is much 

more variable than is bacterial abundance per se (Sherr et al. 1999a and b, Sherr et al. 2001, Smith and del 

Giorgio 2003).  

 The suggestion that flow cytometric analysis allows determination of both the abundance and the 

fraction of ‘active’ and ‘inactive’ bacterial cells, via enumeration of distinct cell clusters with high nucleic 

acid content (HNA bacteria) and low nucleic acid content (LNA cells) (Jellet et al. 1996) has excited wide 

interest. Results of several studies have supported the idea that HNA bacteria can be considered the 

actively growing component of bacterial assemblages (Gasol et al. 1999, Troussellier et al. 1999, Gasol 

and del Giorgio 2000, Lebaron et al. 2001, Seymour et al. 2004, Wetz and Wheeler 2004). HNA bacteria 

have been found to grow up in mesocosm experiments, while LNA bacteria did not (Gasol et al. 1999, 

Wetz and Wheeler 2004). Even more compelling are studies using the sorting capacity of flow cytometry 

in which HNA bacteria have been shown to have higher cell-specific activities than LNA bacteria 

(Servais et al. 1999, Lebaron et al. 2001, 2002). 

 We took advantage of a three-year program of seasonal sampling of the California Current 

System off Oregon as part of the GLOBEC NEP-LTOP to examine the distribution of total, HNA, and 

LNA bacterial abundances in the context of distribution of phytoplankton stocks and of physical and 

chemical water properties. Bacterial leucine incorporation rates in this region vary over three orders of 

magnitude (Sherr et al. 2001, Longnecker 2004). We hypothesized that the abundance of HNA cells 

would be more variable than the abundance of LNA cells, and that the fraction of HNA cells : total 

bacteria cells would be positively related to phytoplankton biomass.  We were able to collect a large data 

set of bacterial parameters analyzed via flow cytometry in the context of the abundance of small sized 

phytoplankton, coccoid cyanobacteria (Synechococcus, SYN) and < 5 µm sized eukaryotic algae 

(photosynthetic eukaryotes, PEUK), and of other environmental parameters analyzed by the service group 

during NEP-LTOP cruises. Our sample program included depth profiles down to 150 m, and winter 

months as well as 3 to 4 periods each year in the spring and summer upwelling season. Our results, 

however, showed low variability of both total bacterial abundance, and of HNA cells as a fraction of total 

bacteria, across a wide range of trophic states in this region, and only a weak relation of either parameter 

to chlorophyll concentration. For offshore regions in the study area, LNA bacteria appeared to be as 

responsive to change in conditions as HNA bacteria, suggesting that LNA bacteria in fact can be an active 

component of the heterotrophic bacterioplankton. 
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4.1 Variation in environmental parameters 

The average summer and winter temperatures in the upper 50 m of the water column in shelf, 

slope, and basin regions found in this study varied by only a few degrees during the 3-year study (Table 

1), which is characteristic of coastal upwelling systems off the northwest coast of the U.S. The fact that 

sea surface temperature in this region is relatively uniform year-round minimizes a confounding factor 

(temperature) in elucidating the response of bacterioplankton to bottom-up control (i.e. phytoplankton 

biomass and composition) (Pomeroy and Wiebe, 2001, Li et al. 2004). Average nitrate concentrations 

were also high across the three regions in both winter and summer (Table 1), as were phosphate and 

silicate concentrations (data not shown). Nutrient concentrations were highest and most variable in shelf 

waters during spring-summer, as expected from the frequent periods of upwelling and relaxation during 

this season. However, both slope and basin had significant average nitrate, as well as phosphate, 

concentrations in the upper 50 m during the growing season, implying that bacterioplankton were not 

likely limited by availability of N and P (Kirchman 2000).  

Average phytoplankton stocks, using chlorophyll concentrations as a proxy, declined from shelf 

to basin, and were lower in winter (Table 1). Small sized phytoplankton, SYN and PEUK, were an 

important component of phytoplankton in slope and basin regions, but not of shelf regions, during 

summer, and were present in similar concentrations across the regions during winter (Table 1). Even with 

the relatively high average values for nitrate concentrations and phytoplankton stocks, large excursions 

were observed in these parameters over the 3 year sampling period, in which conditions ranged from 

eutrophic in shelf upwelling blooms, to fairly oligotrophic in the upper 20 m of slope and basin regions 

during periods in the summer. The high variability in bottom-up control of phytoplankton biomass stocks 

and potential for production, i.e. nutrient flux to the euphotic zone, makes this region ideal for examining 

response of heterotrophic bacterial stock parameters to variations in supply of organic substrate for 

growth. 

4.2 Bacterial abundance distribution in relation to phytoplankton stocks 

 The distribution of abundance of total bacteria, HNA bacteria, and LNA bacteria found in this 

study suggested differential bacterial response to phytoplankton stocks in the shelf upwelling region 

dominated by blooms of large sized diatoms, versus slope and basin regions where < 5 µm sized 

phytoplankton are the dominant component of phytoplankton communities (Sherr et al. 2005, Table 1 this 

study). High bacterial abundances in the range of 2-4 x 106 ml-1 were sporadically observed in all three 

regions during the spring and summer upwelling season, despite the fact that the highest phytoplankton 

biomass was found on the shelf. These bacterial abundances are similar to, or somewhat higher than, 

highest abundances reported for other coastal ocean systems (Casotti et al 2000, Barbosa et al. 2001, 

Jochem 2001, Jiao et al. 2002, Moran et al. 2002). Li et al. (2004) derived a theoretical upper limit for 
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bacterial abundance in the sea, assuming no significant source of allochthonous DOC, of ~ 7 x 106 ml-1 

per ~ 1 µgChl-a l -1. One of our summer shelf samples in fact was close to this limit: 5.7 x 106 bacteria ml-

1 and 1.1 µgChl-a l -1, however, it is likely that the high bacterial abundance in this water sample was in 

response to a senescent diatom bloom with a previously much higher chlorophyll value.   

 We compared the relation between log bacterial abundance and log chlorophyll using the same 

order of magnitude values (number of bacteria m-3 and mg Chl-a m-3) as did Li et al. (2004) in their 

macroecological analysis of relation of bacterial abundance to chlorophyll in the world ocean, (Table 4). 

The y-intercepts and slopes of the Model II regressions for all data and for subsets of shelf data and slope 

+ basin data (Table 4) were within the range of intercepts and slopes that Li et al. reported for 8 large data 

sets from various provinces of the world ocean. Li et al. (2004) also noted an apparent inflection of the 

log – log plot of these two parameters, with a break at about 1 µg Chl-a l -1: there was a positive slope at 

chlorophyll concentrations below that value, and a negative relation at higher chlorophyll concentrations.  

However, the log-log relation between these parameters in our data set (Figure 1) did not suggest such a 

break. 

Comparison of biomass of heterotrophic bacteria compared to phytoplankton biomass in marine 

pelagic systems has been of long-standing interest to microbial oceanographers (Cole et al. 1988, Simon 

et al. 1992, Li et al. 2005). Various carbon conversion factors for chlorophyll (Laws et al. 2000, Worden 

et al. 2004) and for bacterial cells (Simon and Azam 1989, Fukuda et al. 1998, Sherr et al. 2001, 

Gundersen et al. 2002) have been derived from empirical analyses. Li et al. (2004) used mean values of 

50 mgC mgChl-1 and 7.1 fgC bacterial cell-1 to estimate an upper constraint in the world ocean on 

proportion of bacterial biomass as a fraction of bacterial plus phytoplankton biomass of about 0.5, i.e. 

equivalence of bacterial and phytoplankton biomass. However, there is abundant evidence that carbon 

conversion factors for both chlorophyll and bacterial cells vary depending on the composition of the 

phytoplankton and the average cell size of bacterial assemblages. When phytoplankton are composed of 

large diatoms, the conversion factor is about 30 mgC mgChl-1 (Sherr et al. 2003, Worden et al. 2004), 

while in open ocean systems where most phytoplankton cells are small, the conversion factor tends to be 

larger (Worden et al. 2004, Sherr et al. 2005). In our analysis of the contribution of small phytoplankton 

cells to total phytoplankton biomass in slope and basin regions of the California Current System, we 

independently estimated carbon : chlorophyll ratios that varied from 50 to 150, with a mean value of 80 ± 

32 mgC mgChl-1 (Sherr et al. 2005). In this study, we used the factors of 30 mgC mgChl-1 for shelf 

chlorophyll concentrations and 90 mgC mgChl-1 for slope and basin chlorophyll concentrations suggested 

by Worden et al. (2004). It is well known that bacterial cell-specific carbon contents vary with cell size, 

and that bacterial cells in eutrophic systems are on average larger than cells in oligotrophic systems. Here 
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we used cell-specific carbon contents of 30 pgC cell-1 for bacterioplankton in eutrophic shelf waters, and 

12 pgC cell-1 for bacterioplankton in mesotrophic slope and basin waters after Fukuda et al. (1998).  

The resulting estimates of the fractional composition of bacterial biomass compared to the sum of 

bacterial and phytoplankton biomass across the three regions were surprisingly uniform, on average about 

0.30 in summer and 0.37 to 0.41 in winter (Table 2). Among the high value data sets, the only major 

exception, a low average fractional composition of 0.08, occurred for the shelf data set in which 

chlorophyll was greater than 10 µgChl-a l-1 (Table 3). Otherwise, in our study bacterial biomass was 

typically 30% to 40% of the sum of phytoplankton and bacterial biomass in all regions. 

4.3 Variation in abundance of HNA and LNA bacteria, and of fraction of HNA bacteria : total bacteria, in 

relation to phytoplankton stocks 

 Our data set provided an opportunity to determine the relative responsiveness of HNA cells and 

LNA cells to a large range in chlorophyll concentrations in a single region of the world ocean. We also 

compared the degree of variability of HNA and LNA bacterial abundances, and the extent to which HNA 

and LNA cell abundance covaried, in eutrophic (shelf) and in mesotrophic to oligotrophic (slope and 

basin) pelagic systems. Average values for the fraction of HNA bacteria : total bacteria with respect to 

region and for all data in each region and high value subsets of the regional data (Tables 2 and 3), varied 

in a narrow range between 0.5 and 0.7. The ratio of cell-specific SYBR Green fluorescence of HNA : 

LNA cells also showed little variability, averaging from 3.5 to 4.3 across both regions, season, upper and 

lower depth zones (Table 2) and including high value subsets of the data (Table 3). However, we did find 

higher average proportions of HNA bacteria for the high value subsets of the shelf data set: 0.76 ± 0.13 

for samples in which bacterial abundance was greater than 1.5 x 106 ml-1 and 0.84 ± 0.10 for samples in 

which chlorophyll concentration was greater than 10 µgChl-a l-1 (Table 3). A plot of the fraction of HNA 

bacteria : total bacteria as a function of log chlorophyll also showed little relation between the parameters 

for either shelf or slope + basin data sets. These results suggested that HNA bacteria were in general not 

more responsive than LNA bacteria to variability in phytoplankton stocks. 

 However, comparison of average abundances of HNA and LNA bacteria for total and high 

phytoplankton biomass data sets as defined in Table 3 indicated a difference in shelf versus slope and 

basin regions. In the shelf data sets, average HNA bacterial abundance increased in the high 

phytoplankton data subset, while average LNA abundance did not (Figure 3-A). In slope and basin 

regions, both HNA and LNA average abundances were greater for the high phytoplankton data subsets. 

Calculation of covariance of HNA and LNA bacteria for the data sets of Figure 3-A confirmed that while 

covariance of HNA and LNA decreased substantially for the shelf high phytoplankton data subset 

compared to the total shelf data set, covariance of HNA and LNA bacteria was the same (slope) or 

actually increased (basin) for high phytoplankton biomass data sets in the other two regions (Figure 3-B). 



 18

With respect to regions, then, HNA bacteria appeared to be more responsive to phytoplankton biomass 

extremes than LNA bacteria in eutrophic shelf waters, but not in offshore systems. 

Regional differences in response of HNA and LNA bacteria in dilution growth experiments 

 We found patterns in the dilution growth experiments that supported our other analyses 

suggesting that HNA bacteria were more responsive than LNA bacteria in shelf waters, but not in 

offshore waters. The increase of HNA bacterial abundance, but not of LNA bacterial abundance, in the 

shelf growth experiment (Figure 5-A) matched the findings of Gasol et al. (1999) and Wetz and Wheeler 

(2004) in similar experiments with coastal seawater. The results of the slope and basin growth 

experiments showed different patterns: relatively small increases in HNA bacteria, with growth of LNA 

bacteria in the slope experiment (Figure 5-B) and unexpected growth of a population of high side-scatter, 

very high-NA content (V-HNA) bacteria in the basin experiment (Figure 5-C). Changes in cell-specific 

parameters for total bacteria during the course of the growth experiments (Figure 6 A and B) mirrored the 

patterns of abundance changes in HNA, LNA, and V-HNA cells. While specific leucine incorporation 

rates increased substantially over the first 30 hours in all three experiments, the highest specific 

incorporation rates were observed in the basin experiment, where V-HNA bacteria grew up (Figure 6-A). 

Interestingly, despite differences in average cell-specific SYBR fluorescence for shelf versus slope 

bacteria that were maintained throughout the incubation period (Figure 6-B), the average specific leucine 

incorporation rates of shelf and slope bacteria were similar (Figure 6-A). Increase in the fraction of HNA 

+ V-HNA bacteria : total bacteria in shelf and basin, but not in the slope, experiments (Figure 6-C) also 

reflected significant growth of LNA bacteria in the slope growth experiment. This between-habitat 

difference may be related in part to the dominance of small, slow-growing bacteria such as some 

members of the SAR-11 clade in the open ocean (Morris et al. 2002). 

4.4 Inhibition of prokaryotic biomass development by bloom-forming diatoms  

 In our previous analysis of distribution of small sized phytoplankton in the California Current 

System, we noted a consistent pattern of lower abundances of coccoid cyanobacteria and < 5 µm sized 

eukaryotic phototrophic cells in eutrophic shelf regions compared to much higher abundances found in 

mesotrophic slope and basin waters (Sherr et al. 2005). In this analysis of distribution of bacterioplankton 

in the same region, we found an apparent deficit in bacterial abundance in the presence of shelf diatom 

blooms, in analogy with the observation by Li et al. (2004) that the relation of bacterial abundance to 

chlorophyll was negative at concentrations greater than 1 µgChl-a l-1. We tested the idea that diatom 

blooms per se might have an inhibitory effect on the growth of both heterotrophic bacteria and small 

phytoplankton cells with a simple dialysis tubing experiment. At the end of the experimental incubation, 

the final cell concentrations of bacteria, SYN, and PEUK were significantly lower in the presence of 

blooming diatoms, although the magnitude of the difference was greatest for prokaryotes: heterotrophic 
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bacteria and SYN (Table 5). Interestingly, although the proportion of HNA bacteria : total bacteria was 

not different between treatments, the cell-specific leucine incorporation rates of bacteria was 5-fold higher 

in treatments with diatoms (Table 5), showing that while replication of bacterial cells was curtailed in the 

presence of growing diatoms, cell-specific metabolic activity was enhanced. These results demonstrate 

potential for a direct inhibitory effect of bloom-forming diatoms on microbial assemblages. Mortality 

processes in the dialysis tubing, including grazing by phagotrophic protists that passed through the 3.0 µm 

filter, and viral lysis, would be expected to be similar in treatments with and without diatoms. 

 The basis of the apparent inhibitory effect of growing diatoms on heterotrophic bacteria and small 

sized phytoplankton is not known. We note that Wetz and Wheeler (2004) found that during diatom 

growth mesocosm experiments using seawater collected off the Oregon coast, heterotrophic bacteria did 

not grow up until after the diatoms had depleted available nutrients, and had stopped growing. Diatom-

derived aldehydes have been shown to have a negative effect on rates of copepod egg production and 

nauplii hatching success (Miralto et al. 1999, Pohnert et al. 2002). More recently, Adolph et al. (2004) 

reported that diatom-derived oxylipins, which include unsaturated aldehydes such as 2E,4E-decadienal 

and 2E-decenal, had an antibiotic effect on two species of bacteria growing on agar plates. Stewart et al. 

(1998) previously demonstrated that the diatom-derived neurotoxin domoic acid is not utilized as a 

substrate by marine bacteria, and in fact inhibited growth of all bacterial strains tested. Allelopathic 

interactions between bloom forming phytoplankton and heterotrophic bacteria is another potential factor 

that should be considered as a cause of anonymously low bacterial abundance in the presence of high 

phytoplankton biomass. 

4.5 Conclusions 

 Our data on distribution of bacterial abundance in a coastal upwelling ecosystem in general 

support the macroecological analysis of Li et al. (2004) in terms of relation of bacteria to phytoplankton 

stocks (chlorophyll) in the world ocean. A central question underlying such an analysis is to what extent 

bacterial abundance reflects potential bacterial activity. We examined the idea that flow cytometric 

analysis of the abundance and proportion of bacteria with high cell-specific nucleic acid content is a better 

predictor of the activity level of bacterioplankton assemblages than is simple bacterial abundance per se. 

We found that abundance and proportion of HNA bacteria is likely to be a useful indicator of relative 

bacterial activity in eutrophic shelf waters, which confirms similar findings for other coastal marine 

systems. However, cell-specific nucleic acid content did not appear to be a good predictor of activity level 

for bacteria in slope and basin systems. In offshore systems dominated by small phytoplankton, LNA 

bacteria were as responsive as HNA bacteria with respect to change in bacterial abundance and to 

variation in phytoplankton stocks. These results lend credence to the reports of high biomass-specific 

rates of substrate uptake by LNA cells in an Arctic lake (Button and Robertson 2000) and in the Celtic 
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Sea (Zubkov et al. 2001), and to previous observations of LNA bacterial growth and grazing mortality in 

seawater dilution experiments (Jochem et al. 2004). In addition Longnecker (2004) obtained cell-specific 

leucine incorporation rates for sorted LNA cells that were on average only slightly lower than cell-

specific leucine incorporation rates of HNA bacteria in the California Current System off the Oregon 

coast. LNA cells, especially in open ocean systems, cannot routinely be considered to be inactive or dead. 

We also found evidence based on a single experiment that actively growing diatoms may curtail the 

development of bacterial biomass in eutrophic habitats such as upwelling systems. This result indicates 

that allelopathic interactions as well as mortality factors need to be considered as explanations for 

unexpectedly low bacterial abundance at high phytoplankton biomass. 
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Figure captions 

 

Figure 1. Relation of log10 total bacterial abundance (cells ml-1) to log10 chlorophyll-a concentration (µg 

chl-a l-1) in the upper 50 m during spring and summer: dark circles = shelf stations, regression line: log10 

bacteria = 5.76 + 0.39 log10 chl-a, r = 0.37; grey circles = slope and basin stations, regression line: log10 

bacteria = 6.01 + 0.57 log10 chl-a, r = 0.24. 

 

Figure 2. Relation of the fraction of HNA bacterial abundance of total bacterial abundance to log10 

chlorophyll-a concentration (µg chl-a l-1) in the upper 50 m during spring and summer: dark circles = 

shelf stations, regression line: log10 bacteria = 0.63 + 0.24 log10 chl-a, r = 0.43; grey circles = slope and 

basin stations, regression line: log10 bacteria = 0.67 + 0.34 log10 chl-a, r = 0.28.  

 

Figure 3. A. Mean values (106 ml-1) for all HNA bacteria (white bars) and LNA bacteria (black bars) and 

for the subsets of HNA bacteria (stippled bars) and LNA bacteria (grey bars) for water samples with 

highest phytoplankton biomass as indicated in Table 3, for shelf, slope, and basin data sets. One standard 

deviation is shown. B. Covariance of HNA and LNA bacterial abundances for the data sets shown in 

Figure 3A. Open bars are the total data set, shaded bars are the high phytoplankton biomass data subsets. 

 

Figure 4. Contour plot cytograms of distribution of bacterial cell-specific SYBR Green staining (green 

fluorescence, nucleic acid content) for initial and final time points in the growth experiments: A) initial 

bacteria, shelf experiment, B) final bacteria, shelf experiment, C) initial bacteria, slope experiment, D) 

final bacteria, slope experiment, E) initial bacteria, basin experiment, F) final bacteria, basin experiment. 

Darker areas in the contour plots indicate regions of highest bacterial abundance with respect to side 

scatter versus green fluorescence. 

 

Figure 5. Time course of abundance of total bacteria (stars), HNA-bacteria (dark circles), high scatter-

HNA bacteria (grey triangles) and LNA bacteria (clear circles) during dilution growth experiments: A) 

shelf experiment, B) slope experiment, C) basin experiment. 

 

Figure 6. Dilution growth time course of A) cell specific leucine incorporation rates, 10-20 moles leucine 

cell-1 hr-1, B) cell-specific SYBR Green fluorescence of the total bacterial cells, relative units, and C) 

fraction of the sum of HNA and high scatter-HNA bacteria of total bacteria for shelf (dark circles), slope 

(clear circles) and basin (grey circles) experiments.  
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Table 1. Values for selected environmental parameters in the upper 50 m of the water column for shelf, 

slope, and basin regions during the spring summer growing season and during winter, averaged over the 

3-year sampling period. Total phytoplankton biomass was calculated from chlorophyll concentration, 

biomass of SYN + PEUK from abundances of coccoid cyanobacteria and < 5 µm photosynthetic 

eukaryotes determined from flow cytometry. 

 

 

 

 

Temp 
oC 

Nitrate  

+ Nitrite 

µM 

 

Chl-a 

µg liter-1 

Total phyto 

biomass 

µgC liter-1  

Biomass  

SYN + Peuk 

µgC liter-1 

Spring – summer 0- 50 m data by region 

 

Shelf  

 

9.4 ± 1.3 

 

15.9 ± 11.5 

 

4.7 ± 5.9 

 

130 ± 170 

 

4.2 ± 6.5 

 

Slope  

 

10.6 ± 1.9 

 

7.6 ± 7.4 

 

1.2 ± 1.8 

 

39 ± 57 

 

12.3 ± 14.9 

 

Basin  

 

11.9 ± 2.5 

 

3.4 ± 4.1 

 

0.8 ± 0.9 

 

41 ± 39 

 

11.7 ± 12.4 

Winter 0 – 50 m data by region 

 

Shelf 

 

11.0 ± 1.0 

 

5.2 ± 3.0 

 

1.6 ± 1.5 

 

41 ± 44 

 

6.3 ± 5 

 

Slope 

 

10.8 ± 1.2 

 

5.2 ± 2.4 

 

0.8 ± 0.5 

 

23 ± 16 

 

7.5 ± 5.3 

 

Basin 

 

11.0 ± 1.8 

 

4.8 ± 3.1 

 

0.6 ± 0.3 

 

18 ± 10 

 

4.5 ± 4.2 
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Table 2. Values for bacterial parameters in the upper 50 m of the water column for shelf, slope, and basin 

regions during the spring summer growing season and during winter, averaged over the 3-year sampling 

period. Lower estimated bacterial biomass per unit abundance for basin samples results from use of a 

lower C:biovolume conversion factor for basin bacteria than for shelf and slope bacteria. NA = no 

chlorophyll measurements. 

 

 

 

Total 

bacteria 

106 ml-1 

Bact 

biomass 

µg C/l 

Fraction HNA 

: total 

bacterial 

abundance 

Ratio 

HNA:LNA 

SYBR 

fluorescence 

Fraction bact 

biomass : total 

bact + phyto 

biomass 

Spring – summer 0- 50 m data by region 

 

Shelf  

 

1.01 ± 0.79 

 

30 ± 24 

 

0.73 ± 0.13 

 

3.7 ± 0.9 

 

0.31 ± 0.23 

 

Slope  

 

1.04 ± 0.62 

 

12.5 ± 8 

 

0.63 ± 0.14 

 

3.6 ± 1.0 

 

0.35 ± 0.18 

 

Basin  

 

1.02 ± 0.59 

 

12.3 ± 7 

 

0.60 ± 0.15 

 

3.6 ± 2.4 

 

0.30 ± 0.17 

Winter 0 – 50 m data by region 

 

Shelf 

 

0.74 ± 0.25 

 

22 ± 7 

 

0.49 ± 0.20 

 

4.1 ± 1.4 

 

0.42 ± 0.20 

 

Slope 

 

0.90 ± 0.41 

 

10.8 ± 5 

 

0.50 ± 0.17 

 

3.9 ± 1.1 

 

0.37 ± 0.16 

 

Basin 

 

0.96 ± 0.42 

 

15 ± 8 

 

0.56 ± 0.22 

 

4.3 ± 1.0 

 

0.41 ± 0.09 

50 – 150 m data by region 

 

Shelf 

 

0.55 ± 0.22 

 

17 ± 6 

 

0.67 ± 0.12 

 

3.4 ± 0.6 

 

NA 

 

Slope 

 

0.48 ± 0.23 

 

13 ± 7 

 

0.62 ± 0.15 

 

3.5 ± 0.8 

 

NA 

 

Basin  

 

0.52 ± 0.25 

 

8 ± 5 

 

0.60 ± 0.16 

 

3.6 ± 1.0 

 

NA 
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Table 3. Values for phytoplankton (chl-a and estimated phytoplankton biomass) and bacterial parameters for shelf samples in which bacterial 

abundances were > 1.5 x 106 ml-1 or chl-a concentrations were > 10 µg l-1, and for slope and basin samples in which the sum of small 

phytoplankton (SYN + PEUK biomass) was > 20 µg l-1.  

 

 

 
Chl-a 
ug /l 

Phyto  
Biomass 
ug C/l 

Total 
bacteria 
106 ml-1 

Bact 
biomass 
ug C/l 

Fraction 
HNA : total 

bacterial 
abundance 

Ratio 
HNA:LNA 

SYBR 
fluorescence 

Fraction bact 
biomass : total 
bact + phyto 

biomass 
Shelf 

bacteria abundance  
 > 1.5 x 106 ml-1 

 

9.74 ± 10.2 

 

290 ± 300 

 

2.55 ± 1.10 

 

76 ± 33 

 

0.76 ± 0.13 

 

4.0 ± 0.9 

 

0.37 ± 0.25 

 
chl-a > 10 µg /l 

 

16.4 ± 6.7 

 

490 ± 200 

 

1.47 ± 0.74 

 

44 ± 23 

 

0.84 ± 0.10 

 

4.2 ± 1.3 

 

0.08 ± 0.03 

Slope 

bacteria abundance  
 > 1.5 x 106 ml-1 

 

1.32 ± 2.0 

 

44 ± 74 

 

2.02 ± 0.49 

 

24 ± 6 

 

0.62 ± 0.13 

 

3.8 ± 0.7 

 

0.35 ± 0.12 

small phyto-
plankton biomass 
 > 20 µgC / l 

 

1.06 ± 0.97 

 

37 ± 30 

 

1.48 ± 0.73 

 

19 ± 9 

 

0.57 ± 0.14 

 

3.6 ± 1.4 

 

0.38 ± 0.17 

Basin 

bacteria abundance  
> 1.5 x 106 ml-1 

 

 

0.92 ± 0.48 

 

60 ± 49 

 

2.13 ± 0.73 

 

26 ± 9 

 

0.54 ± 0.13 

 

3.8 ± 2.0 

 

0.39 ± 0.21 

small phyto-
plankton biomass 
> 20 µgC / l 

 

0.86 ± 0.58 

 

56 ± 38 

 

1.42 ± 0.79 

 

17 ± 9 

 

0.57 ± 0.12 

 

3.4 ± 1.6 

 

0.27 ± 0.12 
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Table 4. Model II linear regression (geometric mean) analysis of the relationship between log bacterial 

abundance (number per cubic meter, Y) and log chlorophyll concentration (mg chl-a per cubic meter, X) 

for all samples (including all depths and seasons sampled), for only shelf samples, and for only slope + 

basin samples collected in the California Current System off the Oregon coast, in comparison to the 

average regression parameters found by Li et al. (2004, Table 3) for the relation between bacterial 

abundance and chlorophyll in the world ocean. 

 

 

Region 

Number 

of data 

points 

 

Y-intercept 

 

Slope 

 

SE of slope 

 

r2 

 

All samples 

 

1424 

 

11.913 

 

0.409 

 

0.013 

 

0.099 

 

Shelf 

 

519 

 

11.787 

 

0.350 

 

0.017 

 

0.157 

 

Slope + Basin 

 

903 

 

12.015 

 

0.510 

 

0.019 

 

0.131 

Average for 

world ocean 

(Li et al. 2004) 

 

13,973 

 

11.939 

± 0.153 

 

0.459 

± 0.086 

 

0.012 

 

0.335 
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Table 5. Results of dialysis tubing experiments to test the effect of a bloom of diatoms characteristic of 

upwelling on heterotrophic bacteria, coccoid cyanobacteria (SYN) and < 5 um eukaryotic phytoplankton 

(PEUK). Time final values for bacterial, SYN, and PEUK abundances, bacterial cell-specific leucine 

incorporation rates, and the fraction of HNA to total bacteria. * = significantly different from without 

diatom treatment at p < 0.01 level. 

 

 

Treat-

ment 

 

Bacteria 

106 ml-1 

Specific 

activity 

10-20 mol leu 

cell-1 hr-1  

 

Fraction 

HNA : total 

bacteria 

 

SYN 

105 ml-1 

 

PEUK 

105 ml-1 

 

Without 

diatoms  

 

9.4 ± 1.3 

 

17 ± 1 

 

0.66 ± 0.03 

 

4.7 ± 1.4 

 

3.2 ± 1.1 

 

With  

diatoms 

 

2.0 ± 0.3* 

 

89 ± 8* 

 

0.65 ± 0.01 

 

0.6 ± 0.1* 

 

1.4 ± 0.4* 
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