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INTRODUCTION

Beam transmissometers are a common instrument on
oceanographic cruises as several important biochemi-
cal parameters, e.g. particulate organic carbon (POC)
(Bishop 1999, Behrenfeld & Boss 2006), and biological
parameters, e.g. chlorophyll a (chl) concentration
(Loisel & Morel 1998), are estimated from the particu-
late beam attenuation coefficient (cp). Since hetero-
trophic marine bacteria (HB) and phytoplankton domi-
nate light scattering in the open ocean (Stramski &
Kiefer 1991), and cp is mainly determined by particu-
late scattering (Bricaud et al. 1988), relationships
between cp and HB could be anticipated. Detritus
(non-living organic and mineral particles) is probably
another important optical constituent contributing to cp

magnitude (30 to >50%) (DuRand & Olson 1996,
Claustre et al. 1999, Stramski et al. 2001, Green et al.
2003, Oubelkheir et al. 2005, Grob et al. 2007). How-
ever, calculation of this contribution is very uncertain
and results in very small (~0) or large (>total cp) esti-
mates. Based on empirical functions between HB
abundance (BA) and chl (Cole et al. 1988), Morel &
Ahn (1990) proposed a power type relationship be-

tween scattering coefficient of HB (bHB = cHB – aHB,
where aHB = particulate absorption coefficient of
HB ≈ 0, Table 1) and chl. A correlation between HB
abundance and cp as a function of depth was evident in
Peruvian coastal waters (Tau correlation coefficient =
0.295 to 0.646) (Spinrad et al. 1989a). Despite this
established linkage between cp and HB, these relation-
ships may not be universal as several studies report a
lack of dependency between BA and chl (Bird & Karl
1999, Duarte et al. 2005). Given this, the question
therefore arises: To what extent can HB concentration
be estimated from cp measurements?

In general, influence of HB on cp magnitude is vari-
able (0.05 to 0.5% of cp) (Chung et al. 1996, DuRand &
Olson 1996, Green et al. 2003, Oubelkheir et al. 2005)
and is inversely related to phytoplankton biomass (e.g.
oligotrophic waters: up to 50%; eutrophic waters: up to
5%) (Stramski & Kiefer 1991, Grob et al. 2007). Based
on bacterial incubations (lab cultures and mesocosms)
or field samples collected in different oceanic environ-
ments, the proportion of cp contributed per bacterial
cell varies by a factor of 20 (1 × 10–14 to 1.8 × 10–13 m–1

cell–1). This large variance in the scattering cross sec-
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tion per spherical bacterium (σHB, Table 1) reported in
the literature is partially related to methodological dif-
ferences in calculating cHB. Approaches to compute
cHB differ regarding assumptions (e.g. constant versus
variable parameterization) about HB cell size (Chung
et al. 1998, Green et al. 2003, Oubelkheir et al. 2005)
and the real part of the refractive index (nHB) (Chung
et al. 1998, Green et al. 2003), trophic status of HB dur-
ing incubation experiments (Stramski & Kiefer 1998)
and theories (e.g. exact versus approximate) used to
derive σHB and scattering efficiencies of HB (QHB)
(DuRand & Olson 1996, Chung et al. 1998, Green et al.
2003, Grob et al. 2007). The wide range of σHB values
between studies may also respond to natural variabil-
ity between oceanic areas with distinct hydrographic
and nutrient regimes. These environmental conditions
are expected to affect σHB by altering bacterial cell
size, shape and chemical composition (Stramski &
Kiefer 1991, 1998).

The aforementioned uncertainties on how HB affect
cp variability and magnitude in marine waters can be
better constrained by standardizing the calculation of
cHB and having a more representative characterization
of bacterial assemblages inhabiting the oceanic
domains. With this in mind, the objective of the present
study was to answer the following questions: (1) Is cp

more sensitive to optical contribution of HB in Antarc-
tic or non-polar waters? (2) To what extent is there spa-
tial covariation of cp, HB and chl when comparing
Antarctic and non-polar surveys? (3) Which attribute of
bacteria (BA, nHB, cell size or shape) dominates cp

response as a function of latitude? We hypothesized

that contribution of HB to cp magnitude and horizontal
variability is larger in non-polar surveys with respect to
those conducted in Antarctic waters due to the greater
abundance of HB at low and mid latitudes.

MATERIALS AND METHODS

Surface measurements (average within 0 to 20 m
depth) of cp (λ = 660 nm), number of bacterial cells per
unit of volume (BA), biovolume per cell (BV) and chl
were obtained from 10 oceanographic cruises con-
ducted during the Joint Global Ocean Flux Study
(JGOFS, www.whoi.edu/) project. The surveys were
representative of low (5° N to 5° S, equatorial Pacific
Ocean, EQP), mid (10° N to 22.5° N, Arabian Sea,
ARAB), and high (50.2° S to 70.4° S, Antarctic Polar
Front, APF; 73.5° N to 78.0° S, Ross Sea, RS) latitude
environments. Overall, the datasets encompassed
waters with different trophic states (chl range 0.01 to
13.02 mg m–3) and ocean conditions (monsoon versus
intermonsoon regime, El Niño warm versus cold
phase), and sites were predominantly oceanic except
in RS surveys where some locations were influenced
by coastal shelf features. For each sampling station, the
average of each variable was calculated along the ver-
tical, and comparisons between cp, chl, and HB para-
meters were performed with data collected less than
4 h apart. For all cruises, the average coefficient of
variation (%CV = 100 × SD/mean) of cp, chl, BV and BA
measurements between 0 and 20 m depth was 7.1, 16,
9.5, and 12.5%, respectively. 

In all cases, cp was derived from light
transmission values (RS, EQP, ARAB:
path length = 0.25 m; APF: path length
= 0.20 m; accuracy ~0.005 m–1, sensitiv-
ity = 0.0012 m–1) (Spinrad et al. 1989b,
Bishop 1999). Raw transmission data
from SeaBird CTD files were averaged
at 1 to 2 dB intervals and spikes were
removed. Sea Tech transmissometers
were calibrated by the manufacturer to
have a total beam attenuation in parti-
cle-free seawater (cw) of 0.364 m–1. A
different transmissometer was used
(WetLabs) only during APF-2, but its
measurements were matched with Sea
Tech using an offset of 0.0151 m–1 fol-
lowing JGOFS protocols (http://usjgofs.
whoi.edu/jg/dir/jgofs). Values of total
beam attenuation (c) were detrended
from the decay of the transmissometer
light-emitting diode (LED) during each
survey. The data were also adjusted for
factory and cruise air calibrations and
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Symbol Definition Units

HB Heterotrophic marine bacteria
pdf Probability distribution function Dimensionless
ADT Anomalous diffraction theory
GRA Gaussian-Ray approximation
d Mean cell diameter of bacteria µm
BA Bacteria abundance per unit of volume cells m–3

BV Average biovolume per cell µm3

λ Light wavelength µm
α Size parameter Dimensionless
ρ Phase shift Dimensionless
cp Particulate beam attenuation coefficient m–1

cHB Particulate beam attenuation due to spherical HB m–1

σHB Scattering cross section per spherical bacterium m2 cell–1

σHB
cylin Scattering cross section per cylindrical bacterium m2 cell–1

QHB Scattering efficiency factor Dimensionless
Qc Attenuation efficiency factor for heterotrophic bacteria Dimensionless
SHB Geometrical cross section of spherical HB m2

SHB
cylin Geometrical cross section of cylindrical HB m2

nHB Real part of refractive index of HB relative Dimensionless
to seawater

nw Real part of refractive index of seawater Dimensionless
PCSA Particle cross-sectional area per m3 m–1

Table 1. Definitions of abbreviations, symbols and terms used throughout the text
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corrected for changing temperature, salinity, pressure
and refractive index of seawater. For each cast, cp was
calculated by subtracting cw and adding an offset value
related to the minimum value of cp measured between
0 and 400 m stations (Chung et al. 1996). This offset is
obtained from the intercept of cp as a function of POC
stations (JGOFS protocols), and provides consistency
between cp profiles since systematic biases are elimi-
nated (e.g. signal drift, incomplete cleaning of optical
windows, change of sensor). For all datasets, bias to cp

due to incomplete correction by light absorption of yel-
low substances is expected to be minimal at a wave-
length of 660 nm since the absorption coefficient of
chromophoric dissolved compounds (ag) at that wave-
length always represented a small fraction of cp (0.05
to 1.5%; SeaBass, NASA, http://seabass.gsfc.nasa.
gov). In Antarctic waters, ag/cp at 660 nm are com-
monly less than 0.3% and corresponded to the lower
range of cHB/cp calculated for RS and APF. 

BA and BV values were estimated using digital
image analysis of video microscopic images of bacter-
ial, cellular perimeter and area (JGOFS cruises) (Bald-
win & Bankston 1988, Knap et al. 1994). Typical preci-
sion of BA and BV measurements using video images
is 5% (Bjørnsen 1986). Based on microscopic sizing of
fluorescent latex beads, accuracy of BV is expected to
be close to 10% (Bjørnsen 1986). In general, most of
the HB estimations represent the bulk community of
HB as a whole; thus, they do not make a distinction
between free-living and particle-attached assem-
blages. However, most of HB are expected to be free-
living bacteria, as underestimation of BA due to parti-
cle-attached bacteria is commonly less than 10% (H.
Ducklow pers. obs.). For all cruises, chl concentrations
were measured in situ using a fluorometer previously
calibrated (sensivity ~0.01 µg l–1) with discrete sam-
ples (JGOFS protocols, W. Gardner pers. comm.).

Models to estimate partial contribution of HB to cp.
Non-pigmented bacteria have only a minimal absorp-
tion of photons in the spectral range of 406 to 415 nm,
which is probably due to the Soret band of respiratory
cytochromes (Stramski & Kiefer 1998). Therefore, at a
wavelength of 660 nm, aHB approximates 0 (~10–4 m–1)
and cHB is approximately equal to bHB (Morel & Ahn
1990) (Table 1) as follows:

cHB =  bHB = BA × SHB × QHB (1)

where BA is bacterial abundance per unit of volume,
SHB is the geometric cross section (π/4 × d2, where d is
diameter of the cell in m, d = 2 × [(3/4) BV/π]1/3), QHB is
the dimensionless scattering efficiency factor (Van de
Hulst 1957), and SHB × QHB is the scattering cross sec-
tion (σHB). Note that BA, SHB, QHB, and σHB represent
averaged values for each location and are calculated
for a community of spherical HB composed of organ-

isms with different refractive indices m (m = n – i × n’,
where i2 = –1 and n and n’ are the real and imaginary
parts, respectively). The term m is relative with respect
to the refractive index of pure seawater (nW), and for
HB, m ≅ n ≅ 1 and n’ is close to 0. Based on this simpli-
fication, the anomalous diffraction theory (ADT, Van
de Hulst 1957) can be applied to estimate QHB of homo-
geneous and non-absorbing microspheres as follows:

QHB (ρ)  =  Qc (ρ) = 2 – (4/ρ) sin ρ + (4/ρ2) (1 – cos ρ) (2)

ρ =  2 α (nHB – 1) (3) 

and α =  (π d/λO) nW (4)

where α is a dimensionless size parameter, λO is the
wavelength in vacuo (0.66 × 10–6 m), nW depends on
sea surface temperature and salinity (Quan & Fry
1995) and ρ (phase lag) is another dimensionless para-
meter. Note that Eqs. (3) & (4) are valid for a single size
class of particles or particles with a very narrow range
of diameters like HB. For all surveys, the real part of
the refractive index of HB (nHB) was derived empiri-
cally as a function of HB diameter (µm) (Stramski &
Kiefer 1990) according to the relationship:

nHB =  1 + 0.025 d –1.2 (r2 = 0.99) (5)

This relationship is based on cellular water content
(by vol.) between 55 and 75% and cell volume mea-
surements obtained from 3 bacterial cultures (Simon &
Azam 1989). In general, smaller bacterial cells (high
nHB values) are more dehydrated and have a larger
proportion of volume occupied by proteins than bigger
bacterial cells (low nHB values). Based on bacterial
intracellular carbon content (CCELL), nHB can also be
inversely related to water content per cell (Vw, Morel &
Ahn 1990).

Given that CCELL is generally more variable (>5-fold)
than C/N (~1.5-fold), nHB can be modeled as a linear
function of CCELL (nHB = 1 + 0.233 × 10–3 CCELL, Morel &
Ahn 1990). Likewise, and assuming a constant density
of dry organic matter (ρO), CCELL is inversely related to
Vw [CCELL = (1 – Vw) ρO] (Morel & Ahn 1990). Since Vw

is directly related to BV and d (assuming a spherical
shape) (Vw = 1.0515d 0.6104, r2 = 0.92, n = 7, Simon &
Azam 1989), it is deduced that smaller bacterial cells
will be, on average, more efficient at scattering light
(high nHB, low Vw) due to a higher CCELL. Characteris-
tic relative errors for lab determinations of nW and nHB

are 0.02 (Quan & Fry 1995) and 0.1% (Jonasz et al.
1997), respectively.

In general, calculation of optical parameters of HB
derived from the above equations assumes a commu-
nity of unattached and free-floating HB. Field studies
across different oceanic regions support this view
(Wiebe & Pomeroy 1972, Sieburth et al. 1974). Eventu-
ally, a violation of this assumption may occur during
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senescent phytoplankton blooms or events character-
ized by waters with an abundant concentration of
detritus and formation of aggregates (Abell & Bowman
2005). Assuming a minimum breakage of micro-aggre-
gates (~5 to 500 µm) during counting, a larger fraction
of aggregate-attached HB may decrease cHB/cp due to
underestimation of particle-attached BA (i.e. free-
living HB are easier to count). On the contrary, if
breakage of micro-aggregates is major, a greater pro-
portion of bacteria bound to aggregates would be
counted, and cHB/cp would increase due to a greater
mean cell size of particle-attached HB compared to
free-living HB (Grossart et al. 2003).

Total error in SHB, QHB, σHB, nHB and cHB calculations
was determined based on error propagation theory. To
obtain mean relative bias of each HB optical parame-
ter, random absolute bias was generated for BA and d
(Monte Carlo simulations, Matlab 7.5). Uncertainty on
BA (dBA) was allowed to change, i.e. (BA – 0.05BA) ≤
d BA ≤ (BA + 0.05BA). Bias on d depends on bacterial
cell size and was obtained from the absolute difference
between specified and measured BV (Bjørnsen 1986).
To compute nHB, 2 errors were added: one randomly
derived from d and the other inherited from the rela-
tionship of nHB as a function of d (~0.2238% of nHB)
(Stramski & Kiefer 1990).

Scattering cross sections of homogeneous (non-
coated) and non-spherical (cylindrical) HB were calcu-
lated based on the Gaussian Ray approximation (GRA)
(Katz et al. 2003):

σHB
cylin =  32 × (nw × 2π3 ×⏐nHB –1⏐× 2r3l)/(3λO

2) (6)

For randomly oriented bacteria, r and l are the radius
and length of the cylinder, respectively. The length of
the cylinder was equivalent to the diameter of HB con-
sidering a spherical shape (l = d) while the cylinder
radius was calculated as l/2.5 and assuming a cylinder
diameter of 0.8 l (Ulloa et al. 1992). Likewise, the mean
projected area or geometrical cross section of bacterial
rods was computed according to Cauchy’s theorem:
SHB

cylin = πr (r + l)/2 (Brown et al. 2005). The GRA is a
statistical interpretation of ADT that assumes soft par-
ticles (n is close to 1). The influence of the bacterial cell
wall on cHB calculations is assumed to be minor since
most of the bacteria inhabiting marine waters are gram
negative with relatively thin cell walls (~5 to 10 nm)
(Agogué et al. 2005); thus, scattering properties will
depend more on size, shape and refraction index of
cells (Katz et al. 2003).

Statistical analysis. Linear regression (type II model)
was used to quantify the influence of HB on cp variabil-
ity at high, low and mid latitude surveys. Due to the
low degrees of freedom of individual surveys, spatial
dependency of cp on cHB was examined by merging
multiple datasets. Multiple regression analysis with

forward elimination of continuous predictors (Statistica
software v7.1) was applied a posteriori to rank the rel-
ative contribution of nHB, BV and BA to horizontal vari-
ability of cHB. Since nHB and BV are interdependent,
relationships between BV and cHB are also implicitly
influenced by the chemical composition of bacteria.
Latitudinal differences in optical and HB parameters
were examined with Student’s t-test (H0: µAntarctic =
µnon-polar) following analysis of homogeneity of vari-
ances with an F-test (H0: s2

Antarctic = s2
non-polar). Multi-

variate models were constructed using measurements
without distinction by time of day; thus, cHB estima-
tions represented ecological conditions averaged for
day and night. Unlike the high latitude datasets, the
non-polar group included surveys performed during
periods of strong (monsoon season and El Niño cold
phase) and weak (El Niño warm phase) or absent
(intermonsoon) upwelling conditions. The physical
forces triggering intermonsoons (wind reversal) and El
Niño warm phase (Kelvin wave propagation) events
are different, but in both cases produce a general
nutrient depletion in surface layers. Unlike the Ara-
bian Sea, upwelling continues during the warm phase
of El Niño but at depths above the nutricline. These
events have distinct levels of primary production
(Ducklow et al. 1995, 2001a); thus, they are expected to
affect the contribution of HB to cp differently.

RESULTS

Contribution of HB to cp magnitude

As previous studies have suggested, HB was not the
major optical component determining cp magnitude for
any of the regions studied, with a maximum contribu-
tion of 19% in the Ross Sea (Table 2). This is consider-
ably lower than theoretical maximum predictions of up
to 50% (Stramski & Kiefer 1991). Overall, most of the
cHB/cp values were below 10% (polar, 85.3% of sam-
ples, n = 109; non-polar, 77.2% of samples, n = 54). Av-
erage HB contributions to cp were 8.2 ± 0.7% (mean ±
2 SD) in non-polar waters and only 3.7 ± 0.7% in
Antarctic waters (Student’s t-statistic = 1.98, p < 0.01).
Survey-to-survey comparisons also indicated that bac-
teria of Antarctic marine environments may have
cHB/cp values comparable to low and mid latitude envi-
ronments during some periods of the year (e.g. RS-3
versus EQP-1). Further analysis relating particle cross-
sectional area per unit of volume (PCSA) with cp and
cp/PCSA confirmed that contribution of HB to cp in the
Southern Ocean is small compared with other particu-
late components (Appendix 1, Fig. A1). In fact, phyto-
plankton cells explained a larger variability of cp in
Antarctic waters [cp = 0.1903 (±0.007, 1 SE) × chl +
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0.1518 (±0.0184), r2 = 0.89, n = 102] compared with low
and mid latitude surveys [cp = 0.0614 (±0.0106) × chl +
0.0798 (±0.0106), r2 = 0.42, n = 48]. 

In general, for non-polar surveys, intra-cruise (up to
3-fold) and inter-cruise (up to 2-fold) maximum vari-
ability of cHB/cp was comparable (Table 2). Interest-
ingly, maximum values of average cHB/cp per survey
(15.1 to 19%) coincided with the lowest average values
of total particulate beam attenuation (e.g. cp < 0.1 m–1

in RS-3 and EQP-1). This pattern suggests that cHB is
relatively constant in magnitude, and that variability in
its percentage contribution is more related to fluctua-
tions in other optical components. Although the data
analyzed seem to indicate that HB comprises a larger
proportion of cp during periods with an oligotrophic
regime and characterized by reduced upwelling inten-
sity (intermonsoon season, ARAB-1, El Niño warm
phase EQP-1) (Table 2), the existence of this pattern
requires further verification since the computation
error of cHB/cp in these waters is approximately 10-fold

greater than the observed differences on cHB/cp due to
distinct upwelling conditions or trophic status. For
individual cruises, a greater contribution of HB to cp

magnitude was either determined by changes on HB
counts (APF), BV (ARAB, EQP) or nHB (RS) (Tables 2 &
3). In general, the low and mid latitude surveys were
characterized by a greater average of nHB (1.073 ±
0.005, mean ± SE), BA (9.68 ± 0.94 × 1011 cells m–3) and
smaller bacterial diameter (d = 0.416 ± 0.013 µm) com-
pared to nHB (1.060 ± 0.005), BA (6.12 ± 0.94 × 1011 cells
m–3) and d (0.491 ± 0.014 µm) of Antarctic surveys (Stu-
dent’s t-statistic = 1.97, p < 0.01; Table 3; Appendix 2,
Fig. A2). In general, and as inferred from BV range,
variability of BV in surface waters was more uniform in
non-polar (0.021 to 0.054 µm3) compared to Antarctic
(0.024 to 0.160 µm3) surveys (F-statistic = 2.94, p < 0.01;
Appendix 2,  Fig. A2). The influence of bacterial cell
shape did not considerably affect the contribution of
bacteria to the magnitude of cp. In general, a microbial
population entirely composed of bacterial rods had
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Cruise no. QHB σHB cHB/cp (%) cp chl n
(Dates)

Ross Sea
RS-1 7.11 1.04 2.1 0.067 0.13 18
Oct–Nov 1996 (6.57–7.41) (0.90–1.20) (0.7–5.2) (0.016–0.200) (0.01–0.43)

RS-2 6.58 1.41 3.1 0.837 3.55 20
Jan–Feb 1997 (5.77–7.03) (1.08–1.65) (0.52–9.8) (0.301–1.720) (0.10–9.66)

RS-3 7.05 1.07 11.4 0.031 0.03 12
Apr–Mar 1997 (6.58–7.50) (0.98–1.26) (6.7–19.0) (0.022–0.064) (0.01–0.05)

RS-4 6.43 1.54 1.9 0.551 1.92 34
Nov–Dec 1997 (5.53–7.23) (0.97–2.07) (0.3–4.1) (0.076–2.442) (0.08–13.02)

Antarctic Polar Front

APF-1 6.78 1.24 2.4 0.394 0.08 11
Dec 1997–Jan 1998 (6.02–7.78) (0.83–1.58) (0.3–7.9) (0.115–0.730) (0.02–0.18)

APF-2 7.07 1.07 6.7 0.140 0.05 16
Feb–Mar 1998 (6.35–7.66) (0.76–1.29) (1.4–1.3) (0.06–0.335) (0.02–0.06)

Arabian Sea

ARAB-1 7.52 0.85 6.7 0.166 0.53 15
Mar–Apr 1995 (6.82–7.93) (0.72–1.14) (2.9–8.7) (0.085–0.260) (0.03–1.60)

ARAB-2 7.59 0.83 6.1 0.177 1.85 7
Jul–Aug 1992 (7.16–7.82) (0.75–0.92) (2.8–7.6) (0.102–0.285) (0.63–3.48)

Equatorial Pacific Ocean

EQP-1 6.93 1.13 10.9 0.074 0.52 17
Mar–Apr 1992 (6.41–7.33) (1.00–1.24) (7.3–15.1) (0.052–0.103) (0.43–0.65)

EQP-2 7.10 1.01 7.8 0.117 0.70 20
Sep–Oct 1992 (6.71–7.61) (0.92–1.12) (4.3–12.6) (0.085–0.168) (0.39–0.89)

Table 2. Contribution of heterotrophic bacteria to cp magnitude in surface waters (0 to 20 m) of different marine regions.. For each
cruise, the average and range (minimum–maximum) of surface values (0 to 20 m depth) are indicated in the first and second row,
respectively; cp values were measured at λ = 660 nm (m–1). chl: chlorophyll a concentration (mg m–3); n: number of observations;
QHB: dimensionless scattering efficiency factor (10–2); σHB: scattering cross section of HB (m2 cell–1) × 10–14, cHB/cp (%): percentage
of cp due to HB. Assuming a spherical shape of bacterial cells, relative biases of SHB, QHB, σHB and cHB in percentage were ±0.9,
±35.7, ±36.8 and ±36.1% (Antarctic surveys) and ±0.8, ±31.3, ±39.4 and ±31.7% (non-polar surveys), respectively. In the Arabian
Sea, June to September and September to March coincided with monsoon (wet months, summer) and inter-monsoon (dry months, 

winter) seasons, respectively. In the equatorial Pacific, August and September 1992 corresponded with the El Niño cold phase
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22.5, 37.2, 3 and 3% higher QHB, σHB, cHB and cHB/cp,
respectively, compared to a typical microbial popula-
tion dominated by coccoid morphotypes.

Contribution of HB to horizontal variability of cp

In general, optical light attenuation due to HB was not
the main scattering source affecting cp spatial variability
in surface waters of different tropical, subtropical and
Antarctic oceanic domains (Table 4). cHB accounts for ap-
proximately 35% of observed variability in cp for both
Antarctic and non-polar regions. The regression slopes
confirm that cHB makes a greater contribution to cp mag-
nitude in non-polar waters than in Antarctic waters.
However, the intercept of the cp – cHB regression curve
for the Antarctic group was significantly different from
zero (p < 0.05). As deduced from the magnitude of stan-
dardized multiple regression coefficients (β), BA was the
primary factor dictating horizontal variability of cHB in
Antarctic (βBA = 0.946, βBV = 0.146) and non-polar (βBA =
1.127, βBV = 0.355) surveys (p < 0.01).

DISCUSSION

The main focus of the present study was to calculate
cHB in oceanic regions not investigated before (South-
ern and Indian oceans) and to evaluate, by comparison
with published data, the importance of HB contribu-
tion to cp magnitude and variability in marine waters.
This knowledge is necessary to better understand
marine ecosystem functions by building more realistic
biogeochemical models coupled to optical variables
related to HB ecological processes (respiration and
synthesis of POC, regulation of the ‘biological pump’)
(Fujii et al. 2007, Claustre et al. 2008). Since cp is not
affected by changes in sunlight geometry (inherent
optical property) and is secondarily influenced by the
chemical composition of particulates, cp can be used as
a specific proxy of particle concentration per unit of
volume in surface marine waters. Given this, changes
in bacterial abundance are expected to be reflected in
cp measurements. However, based on transmissome-
try, can the HB signal be discriminated from other par-
ticulate optical targets co-dominating the total beam
attenuation coefficient?

Interpretation of our results is organized into 3
sections describing the variation of cHB/cp due to
(1) methodological differences, (2) latitudinal and sea-
sonal variation of cHB/cp magnitude and (3) cHB – cp

relationships in surface marine waters during Antarc-
tic and non-polar surveys.

Assumptions behind cHB calculations

Analysis of uncertainties associated with cp esti-
mates is fundamental to evaluate the differences in
marine biogeographic zones in terms of HB contribu-
tion to cp and to provide mathematical constraints to
the contribution of other cp components (e.g. detritus)
with even larger uncertainties than cHB (Claustre et al.
1999, Grob et al. 2007). Assumptions regarding bacte-
rial cell shape (spherical versus cylindrical) are not
expected to modify the observed trends in cHB/cp

between Antarctic and non-polar oceanic domains.
Indeed, we calculated that less than 5% change in
cHB/cp was due to variations in bacterial cell shape.
Clavano et al. (2007) suggested that the influence of
particle shape on attenuation or scattering properties
is minor when particles have a mean cell size compara-
ble with the transmissometer wavelength. Our estima-
tions of cHB values included a variable bacterial cell
size and refractive index (real part). Among the cited
references, this d – nHB parameterization is uncommon
since additional optical measurements are usually
required (e.g. spectrophotometric absorption cross sec-
tion) (Green et al. 2003). Most of the published studies
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Cruise nHB BA BV

RS-1 1.069 (1.061–1.074) 0.92 (0.04) 4.24 (0.12)
RS-2 1.055 (1.047–1.064) 16.1 (2.10) 7.53 (0.26)
RS-3 1.067 (1.060–1.071) 2.92 (0.16) 4.47 (0.15)
RS-4 1.052 (1.039–1.069) 4.17 (0.64) 9.04 (0.47)
APF-1 1.061 (1.048–1.084) 5.20 (0.84) 6.14 (0.67)
APF-2 1.068 (1.059–1.087) 6.31 (0.37) 4.47 (0.23)
ARAB-1 1.081 (1.066–1.092) 12.9 (1.56) 2.89 (0.18)
ARAB-2 1.082 (1.079–1.085) 14.1 (0.91) 2.72 (0.08)
EQP-1 1.064 (1.060–1.070) 6.89 (0.22) 4.97 (0.01)
EQP-2 1.070 (1.066–1.075) 8.55 (0.64) 4.05 (0.01)

Table 3. Summary of heterotrophic bacteria (HB) parameters
used to estimate cHB. nHB: real part of relative refractive
index of HB; BA: number of bacteria per unit of volume (cells
m–3) × 1011; BV: average biovolume per cell (µm3) × 10–2. Val-
ues are means (min–max) for nHB and means (+1 SE) for BA
and BV. Relative biases in percentage for nHB, BA and BV
were ±0.39, ±5 and ±10, respectively. Cruise details are 

given in Table 2

Polar Non-polar

n 102 57
r2 0.36** 0.36**
M 30.20** 10.94**
I 0.148* 0.022

Table 4. Linear regression models for estimating covariability
between cHB and cp. Polar comprises RS and APF surveys, and
non-polar comprises ARAB and EQP surveys. n: number of
data, r2: coefficient of determination. M and I are slope and
intercept of the model: cp = M cHB + I, respectively. For each
regression parameter, statistical significance is indicated at 

95% (*) and 99% (**) of probability level
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report σHB values based on constant d and nHB values
(Chung et al. 1998, Claustre et al. 1999, Oubelkheir et
al. 2005, Grob et al. 2007). Our observed range of d val-
ues (0.34 and 0.67 µm) is generally lower than the
mean bacterial diameter (0.55 µm) commonly chosen
by other authors for calculations based on field mea-
surements (Claustre et al. 1999) or theoretical models
(Stramski & Kiefer 1990, Oubelkheir et al. 2005).
Therefore, with the only exception being results
obtained from the New England continental shelf
(Green et al. 2003), we suggest that HB geometrical
cross sections have been overestimated in most cHB/cp

calculations reported in the literature (ΔcHB/cp up to
~1.5-fold). Considering a total estimation error of
~0.4%, an uncertainty comparable with that suggested
by Aas (1996), our estimated nHB values (1.039 and
1.092) were within the range (1.077 to >1.10) reported
for shelf waters influenced by sediments (Green et al.
2003), and for bacterial lab cultures with samples col-
lected in the California Coastal Current (1.042 to
1.068) (Stramski & Kiefer 1990) and Bermuda Sea
(1.037 to 1.038) (Jonasz et al. 1997). Note that the
methodological procedure to derive nHB differed
between Green et al. (2003) (flow cytometry and Mie
theory), Stramski & Kiefer (1990) (Mie theory) and
Jonasz et al. (1997) (immersion refractometry and
ADA, 10% accuracy). Considering the sum of uncer-
tainties due to nHB, BA, and d, our calculations of cHB

(cHB/cp) had a relative error of ±36.1% (±36.6%) and
±31.7% (±37.7%) for samples collected in Antarctic
and non-polar waters, respectively.

Contribution of HB to cp magnitude

For the first time and based on 6 Antarctic and 4 non-
polar oceanographic surveys, we present evidence that
HB contribution to cp is smaller at high latitudes (>2-
fold) than at low and mid latitudes. In fact, analysis of
the regression intercept for cp – PCSA curves and
probabilistic distribution of cp/PCSA confirmed the
greater importance of additional optical components
driving cp in Antarctic samples compared with tropical
and sub-tropical waters (Appendix 1, Fig. A1).

In general, the number of bacterial cells per unit of
volume was a major factor, compared with bacterial
cell size spectrum, shape or chemical composition, in
explaining observed cHB/cp differences. These results
agree with the fact that numerical abundance of
microorganisms (d, range 0.2 to 100 µm) is more sensi-
tive (BA ∝ d –4) to d modifications than the geometric
section of the same microorganisms (SHB ∝ d2) (Kiefer
1984). On average, bacterial size and nHB were also
different between Antarctic and non-polar surveys,
but we suggest that this variation was caused by the

anomalous bacterial dynamics of the Ross Sea. The
Ross Sea seems to exhibit a large bacterial bloom (BV
changes ~4-fold) not seen elsewhere in Antarctic
waters (Ducklow et al. 2001b). Our cHB/cp estimations
for the sampling locations were generally below 10%
and were not necessarily affected by trophic status (chl
levels). In the Pacific Ocean (Grob et al. 2007), cHB/cp

values of surface tropical and subtropical waters (8.4 to
34.6° S) were never above 15% (6.3 to 13% range), and
maximum values were observed at lower latitudes.
Likewise, Grob et al. (2007) did not find a clear rela-
tionship between the spatial gradients of vertically
integrated (0 to 50 m) cHB/cp and chl values. Based on
average values per survey, cHB/cp was consistently
lower during ARAB-2 and EQP-2 compared with
ARAB-1 and EQP-1, respectively (Table 2). This effect
was probably caused by a greater proportion of partic-
ulate beam attenuation due to phytoplankton with
respect to HB during periods of surface nutrient
enrichment (El Niño cold phase and summer mon-
soons) (Ducklow et al. 1995, 2001a).

Contribution of HB to horizontal variability of cp

Based on datasets analyzed, HB was not the main
optical component explaining surface horizontal vari-
ability of cp (~35%) measured at 660 nm wave length.
In the eastern South Pacific Ocean, spatial variability
of cp (at 660 nm) is primarily defined by pigmented
particles (Prochlorococcus, Synechococcus and eu-
karyotes), especially in areas with higher trophic status
(Grob et al. 2007). Although HB only represented a
minor fraction of cp magnitude, the influence of bacte-
ria on spatial variability of cp was more important. This
can be attributed to the covariation between cp, HB
and other optical components such as phytoplankton
(Li et al. 2004) and detritus (Abell & Bowman 2005).

CONCLUSION

The magnitude and spatial variability of cp were
weakly modulated by HB in surface oceanic waters
encompassing a broad latitudinal range. In all samples
studied, the contribution of HB to cp was never domi-
nant, and cp response to various HB concentrations
was partially indirect and probably overestimated due
to the existence of other optical particulate compo-
nents (e.g. phytoplankton), which correlated with cp

and HB abundance. This may restrict the use of
beam transmissometers for estimating HB biomass-
dependent parameters over relatively small spatial
scales (0.1 to 100 km). However, we suggest that aver-
aged cHB/cp values weighted over large marine
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domains (>1000 km) may be a useful ecological index
for discriminating biogeographic regions with different
particle dynamics.
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The response of cp with respect to HB was examined by
plotting cp as a function of particle cross-sectional area per
unit of volume (PCSA), and by analyzing the magnitude of
the average attenuation efficiency factor for HB (cp/PCSA)
(Behrenfeld & Boss 2006) (Fig. A1).

Although cp and PCSA of HB were positively related in all
studied areas (Fig. A1a,c), the dispersion of points around
the regression line of south Antarctic (cp = 2.043 PCSA ±
0.256 [1 SE] + 0.141 ± 0.051) and non-polar (cp = 0.78
PCSA ± 0.16 + 0.02 ± 0.02) samples was remarkable. This
variability along the regression line could be attributed to
the influence of additional optical components affecting cp

(e.g. detritus, phytoplankton). Detritus concentration is
minimal in Antarctic waters (Mitchell & Holm-Hansen
1991); thus, phytoplankton is probably the main factor
responsible for the observed poor fit between cp and PCSA

in south Antarctic waters. In low and mid latitudes, detri-
tus and phytoplankton are probably the main particulates
determining residuals between measured and estimated
cp values as a function of PCSA. The coefficient of deter-
mination (r2) of cp – PCSA relationships was not statisti-
cally different between south Antarctic and non-polar
datasets (Fischer’s Z transform test, p = 0.59).

According to Van de Hulst (1957), cp/PCSA should be not
be greater than 3.2 when cp variability is completely
explained by the particle polydispersion under study. In
our case, this premise was only true for cp measurements
of low and mid latitudes (Fig. A1d). Switching to a cylindri-
cal bacterial shape (cylindrical-to-spherical projected area
= 1.12) improved cp – PCSA functionality in south Antarc-
tic samples and decreased cp/PCSA values even though
this improvement was minor (~10%).

Appendix 1. Proportion of particulate beam attenuation explained by marine heterotrophic marine bacteria with a spherical shape
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Fig. A1. Relationships between cp and particle
cross sectional area (PCSA) (a,c) and histograms
of average attenuation efficiency factor (b,d) for
Antarctic (a,b) and non-polar surveys (c,d). Inset
in (a) shows PCSA values on an x-axis scale
between 0 and 0.3 (y-axis scale, 0 to 3). Note that
ranges of cp and PCSA values of non-polar sur-
veys are smaller compared with Antarctic sur-
veys. Linear regression between cp and PCSA
(solid line) suggest that HB was not a major opti-
cal constituent dictating cp variability in surface
marine waters of Antarctic and non-polar surveys
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For low and mid latitude and Antarctic samples, the prob-
ability distribution function (pdf) was computed for each
bin of d (pdfi) by normalizing the number of observations

in each d interval by the total number of observations of
the group (™pdfi = 1).

Appendix 2. Variation of cell size distributions of marine heterotrophic bacteria inhabiting oceanic waters and as a function 
of latitude
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Fig. A2. Probability of finding different bacterial cell size ranges in
oceanic domains situated at different latitudes. The diameter of
heterotrophic bacteria is derived from biovolume measurements
and considers cells with a spherical shape. The mode for Antarctic
samples (APF, RS) is 0.55 µm, and for non-polar samples (EQP,
ARAB) is 0.44 µm. Peakiness of pdf (kurtosis) is greater in Antarc-
tic samples compared with low and mid latitude samples. APF:
Antarctic Polar Front; RS: Ross Sea; EQP: equatorial Pacific; ARAB: 

Arabian Sea


	cite3: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite10: 
	cite11: 
	cite12: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 
	cite26: 
	cite27: 
	cite28: 
	cite29: 
	cite30: 
	cite31: 
	cite32: 


