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Sub-micron picoplankton shape, orientation and 
internal structure combine to preferentially amplify 
forward scatter 
T. J. SMYTH,1,* G. A. TARRAN,1 AND S. SATHYENDRANATH1 
1Plymouth Marine Laboratory, Prospect Place, Plymouth, Devon, PL1 3DH, UK 
*tjsm@pml.ac.uk 

Abstract: Compelling evidence is presented that sub-micron picoplankton shape, internal structure and 
orientation in combination leads to a disproportionate enhancement of differential forward scatter 
compared with differential side scatter when analyzed with a flow cytometer.  Theoretical evidence is 
provided which results in an order of magnitude amplification in the forward scatter direction, with 
little or no change in the side scatter: this discounts the possibility of “doublets” caused by multiple 
particles simultaneously present in the laser beam.  Observational evidence from progressively finer 
filtered seawater samples shows up to three orders of magnitude enhancement in the forward scatter 
direction and sizes of Prochlorococcus close to that reported in the literature (0.61±0.17µm).  It 
therefore seems likely that flow cytometrically observed “bi-modal size distributions” of 
Prochlorococcus are instead the manifestation of intra-population differences in shape (spherical – 
prolate with preferential alignment) and internal structure (homogenous – heterogenous).   

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 
In our recent extensive flow cytometric analysis [1] of the variability of natural assemblages of marine 
picoplankton, in particular Prochlorococcus [2] and Synechococcus [3, 4], we demonstrated that 
Prochlorococcus frequently showed double size distribution peaks, on average (N~104 samples) 
centred on 0.75±0.25 and 1.75±0.25 µm; smallest peak diameters were ≤0.65 µm in the equatorial 
upwelling with larger cells (~0.95 µm) in the surface layers of the tropical gyres.  We also put forward 
the idea of “opto-types” where different parts of the double size distribution peaks in Prochlorococcus 
dominated at different depths and in different provinces of the Atlantic Ocean.  The term “opto-type” 
was coined as the two populations had distinctive side- and forward- scatter characteristics which when 
inverted using Mie scattering calculations resulted in the smaller having a higher refractive index than 
the larger sized cells.  These observations were qualitatively consistent with previously-known 
ecotypes [5-7] of Prochlorococcus with distinct adaptions to environmental factors such as light 
intensity, temperature and nutrient concentrations [8], as well as remarkable genetic and physiological 
diversity [5].   

On a subsequent Atlantic Meridional Transect cruise (AMT29) we put these ideas to further 
scrutiny by taking successively finer filtered samples, and analysing them using a flow cytometer, so 
that we could manually, as well as automatically, control the size distribution in order to validate our 
automatically determined size distribution results and methodology.  However, we have found a 
discrepancy between the size fractionated and the flow cytometrically derived sizes.  When the samples 
were filtered through filters with pore sizes ≤ 2µm, the scattering inversion calculations which depend 
on Mie theory [9, 10], were “detecting” a sizeable fraction of particles (~50% of the total) in excess of 
4 µm.  In this article we look at two potential sources of the artefact: (1) inadequacies in the particle 
scattering calculation assumptions and (2) possible issues caused by sub-micron particles within the 
flow cytometer itself. 
 

2. Method 
 

2.1 Size fractionated in situ measurements 

Seawater samples were collected at 24 stations on the Atlantic Meridional Transect research cruise 
(AMT29) between 20 October and 18 November 2019 for successive size fractionated analyses.  The 
individual samples were collected from Niskin bottles attached to a Sea-bird Electronics (Washington, 
USA) oceanographic rosette sampler into clean 250 mL polycarbonate bottles (Nalge Company, USA) 
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at a single depth within the top mixed layer or close to the deep chlorophyll maximum.  These were 
then stored at 4°C in the dark and analysed within two hours.   

Size fractionated samples were prepared by gravity filtering 4 mL seawater samples through 47 mm 
diameter WhatmanTM NucleporeTM polycarbonate membrane filters within Sartorius in-line 
polycarbonate filter housings held vertically in a burette stand, with flow cytometry tubes below to 
retain the filtrates.  Filters of pore sizes 0.2, 0.4, 0.6, 0.8, 1, 2, 3, 5, 8 and 10 µm were used to produce 
the filtrates which were then analysed, along with an unfiltered sample using a Becton Dickinson 
FACSortTM flow cytometer.   

Two types of numerical analysis were carried out: (i) manually gated enumerated abundances [11] 
of Prochlorococcus and Synechococcus (as well as nanophytoplankton) for successively smaller filter 
pore sizes were used to determine the size at which 50% (median) of the original unfiltered population 
abundance remained; (ii) the automatic clustering technique of Smyth, et al. [1] was applied to the flow 
cytometry data from the different filter pore sizes for each sample to simultaneously calculate cell size 
and abundance.  In brief the calculation of size and refractive index is achieved by using the calibrated 
forward and side scatter flow cytometric measurements [12] to calculate the differential forward scatter 
(dCsca/dΩ3) and differential side scatter (dCsca/dΩ4) [10].  This scattering pair is then used within a 
look-up-table [1] to determine size and refractive index.  

2.2 Scattering calculations  

For the purposes of scattering calculations it is widely assumed that the smallest phytoplankton are well 
described as homogenous spheres [1, 12-14] and therefore adhere closely to Mie theory [9, 10].  
Observed departures from Mie scattering theory may be caused by changes in particle shape [15] and 
internal structure [16]; additionally, once a particle is no longer spherical, its orientation [17] within the 
flow cytometer laser beam may significantly change the received scattering signal pair (dCsca/dΩ3; 
dCsca/dΩ4).  Taken in isolation, each of these factors have been previously considered to be relatively 
small [1] or amplify the backscatter cf. forward scatter [16].  Here, for the first time, we consider all 
these factors in combination using scattering calculations based on the Extended Boundary Condition 
Method (EBCM) made available in the Python programming language as the package ScattPy [18].  
We assumed that the particles were all prolate spheroids (oblate spheroids are “…a rather unlikely 
shape for phytoplankton” [19]) and that they were simplistically made up of two layers [16] of different 
refractive index (n), comprising of a thin outer shell, of refractive index n1, and larger inner core of 
refractive index n2 such that n1 > n2 (shell > core).  The orientation angle (α) is defined as being parallel 
to the major axis of the prolate spheroid [15]. 

In order to determine the general enhancement of scattering by particles of different shapes, sizes, 
compositions and orientations, the scattering efficiency (Qsca[10]), which is defined as the ratio of the 
scattering cross section (Csca) to the geometric cross section (A), was calculated using the Scattpy [18] 
code.  The experiments, all as a function of axial ratio (1.0, 1.5, 2.0, 3.0) and particle size, were as 
follows: (1) homogenous prolate spheroids with fixed n (1.06) and orientation (α=0°); (2) coated 
prolate spheroids with the default values for n2, n1 and outer shell volume being 1.06, 1.13 and 17% 
respectively [16] and fixed orientation (α=0°); (3) as for (2) but orientation fixed at α=45°; (4) as for 
(2) but orientation fixed at α=90°.  The particle width (minor axis dimension) range maximum of 0.6 
µm was selected on the basis that cells of this size would represent the maximum size permitted 
through 0.6 µm filter pores: 0.6 µm was the size closest to that determined (see Table 1) by the 
manually gated analysis (0.61 µm) and is also consistent with previous literature values for the size of 
Prochlorococcus (0.5 – 0.7 µm [8]). 

A similar approach was taken in order for the modelled scattering patterns to have direct 
applicability to the flow cytometer observation pairs of (dCsca/dΩ3; dCsca/dΩ4).  Four scattering 
calculation experiments were carried out at three different particle orientation angles (α=0, 45, 90°) 
with the default values for n2, n1 and outer shell volume being 1.06, 1.13 and 17% respectively at a 
default axial ratio of 1.5 and minor axis width of 0.6 µm.  The experiments were: (1) variable axial 
ratio (range: 1.0 – 2.5); (2) variable n1 (range: 1.10 – 1.20); (3) variable n2 (range: 1.02 – 1.08) and; (4) 
variable shell volume (range: 1 – 20% of the whole particle). 

3. Results 
3.1 In-situ size fractionated 
  

Date Lat (°N) Lat (°E) Depth 
(m) 

Pro Auto 
(N) 

Pro gated 
(N) 

Pro 
diameter 

(µm) 
20/10/19 42.24 -19.20 20 30513 33555 0.63 



21/10/19 40.18 -21.93 55 44381 54110 0.60 

23/10/19 35.89 -26.88 20 5490 13127 0.52 

24/10/19 33.18 -29.33 92 9627 11459 0.71 

26/10/19 28.76 -33.03 30 1760 11444 0.43 

27/10/19 26.14 -35.19 115 11428 13644 0.63 

28/10/19 23.42 -37.53 124 9417 13307 0.73 

30/10/19 18.06 -32.97 75 83962 90264 0.54 

31/10/19 15.59 -30.43 27 75959 96805 0.53 

02/11/19 9.88 -26.79 46 37821 23719 0.88 

03/11/19 6.75 -25.00 21 1323 10944 0.50 

04/11/19 2.88 -24.99 70 52690 57627 0.54 

06/11/19 -4.30 -25.00 40 2446 10930 0.52 

07/11/19 -7.39 -25.01 90 34834 41956 0.70 

08/11/19 -10.67 -25.00 43 1777 10291 0.70 

09/11/19 -14.27 -24.99 150 66633 71157 0.53 

11/11/19 -20.25 -25.00 92 7358 21575 0.71 

12/11/19 -23.73 -24.92 168 56011 60776 0.54 

13/11/19 -26.76 -25.81 51 9939 26760 0.51 

14/11/19 -30.03 -26.79 110 45484 51022 0.58 

15/11/19 -33.60 -27.89 25 429 5096 0.50 

16/11/19 -37.08 -29.02 55 2547 9224 0.58 

17/11/19 -40.36 -31.04 40 104 483 0.94 

      0.61±0.17 

Table 1. Size fractionated determined median size Prochlorococcus (Pro) for 23 (out of 24) experiments along the AMT29 
transect.  Abundances for gated (Pro gated) results are shown as well as the automated clustering approach (Pro auto).  Depths in 
bold are situated in or just above the sub-surface chlorophyll maximum.  Bold italicized automated clustering abundances are 
where there is more than 30% deviation from the gated results. 

Table 1 shows the size fractionated results for the manually gated and automated enumeration (for 
Prochlorococcus only, see Table A1 for full results): the average median size for Prochlorococcus is 
0.61±0.17µm.  These values for Prochlorococcus are closer to the literature values of 0.5 – 0.7 µm in 
diameter [8] than those reported in Smyth, et al. [1] where the typical peak sizes for Prochlorococcus 
varied between 0.65 (equatorial upwelling, ~120 m) and 0.95 µm (centre of the north and south 
Atlantic gyres).  What is also not apparent in the manually gated size fractionated data is a bi-modal 
distribution. 
 

3.2 Automated size classification 

This lack of a bi-modal distribution, or double peak, caused us to look in more detail at the automated 
classification data.  It is important to note that the automated classification of type (Prochlorococcus) 
and hence abundance is reliant only upon differential side scatter (dCsca/dΩ4) and red fluorescence (Fig. 
1A. and B.).  The pairing of (dCsca/dΩ3; dCsca/dΩ4) is as a result of this set determined by the automated 
classifier i.e. dCsca/dΩ3 does not determine the type, once the type is determined, the size (and 
refractive index) is retrievable from the observed (dCsca/dΩ3; dCsca/dΩ4) pair.  Although the automated 
cluster enumerated abundance flow cytometer data is generally within 30% of the manual gating (Table 
1), when the differential forward scatter, (dCsca/dΩ3), is plotted against the differential side scatter, 
(dCsca/dΩ4) for the same sample but unfiltered (Fig. 1A,C) and 0.6 µm filtered (Fig. 1B,D), it becomes 
clear that the scattering inversion to derive size and refractive index has become compromised for these 
sub-micron phytoplankton (Fig. 1D).   

 



 

Fig. 1: Automatic clustering technique [1] for Prochlorococcus for unfiltered A] and 0.6 µm filtered B] sample taken on 30 
October 2019 (18.06°N; 32.97°W depth=75m) – see Table 1 row 8.  The equivalent side vs. forward log differential scatter 
(dCsca/dΩ4 vs. dCsca/dΩ3) plots for unfiltered C] and 0.6 µm filtered D] with theoretically calculated [1] contours of equal 
diameter (dashed: 0.4, 0.6, 0.8, 1, 2 and 4µm) and refractive index (solid: 1.01, 1.03, 1.05, 1.07, 1.09).  Regions circled as α, β in 
C] and D] show a bi-modal distribution; in D] both regions should be unpopulated. 

This is shown in regions α and β in Fig. 1D.  Region α is showing Prochlorococcus with an 
apparent (according to scattering inversion calculation [1]) diameter of 2 – 4.5 µm; region β an 
apparent diameter between 0.8 and 1 µm.  Both α and β, for both the unfiltered (Fig. 1C) and filtered 
(Fig. 1D) sample, contain about 50% of the population abundance; the denser distribution in β being a 
function of an apparently smaller size range (0.2 µm cf. 2.5 µm).  However, in region β the instrument 
is simply assigning the limit of detection (LoD) value to dCsca/dΩ3 for cells it can measure no 
meaningful forward scattering for.  The straight-line feature at the LoD is caused by variability in 
dCsca/dΩ4, mainly driven by changes in the cell refractive index. 

This raises the question as to what is causing the data artefact in region α, and indeed the continuum 
linking regions α and β, because of the physical impossibility of getting 0.8 – 4.5 µm diameter 
phytoplankton cells through 0.6 µm filter pores.  It is clear from Fig. 1D that most of the scattering 
amplification is in the forward (x-axis) rather than the side (y-axis) scatter direction.  There are >3 
orders of magnitude difference between the scattering theory predicted (log(dCsca/dΩ3) ~ 3) and what 
should be expected for a spherical, homogenous particle of D=0.6 µm and n=1.06 (log(dCsca/dΩ3) ~ -
0.7). 

3.3 Particle scattering calculations 



 

Fig. 2: Scattering efficiency (Qsca) for particles of variable size, shape, internal structure and orientation. A] Homogenous prolate 
spheroid (n=1.06) for range of axial ratios (a/b) plotted as a function of the particles’ minor axis width [15]; B] Coated prolate 
spheroid with outer shell n1=1.13, inner core n2=1.06 at a beam incident angle α=0° for range of a/b.  Volume of outer shell is 
17% of total [16]; C] as B] but for α=45°; D] as B] but for α=90°. 

Fig. 2 shows that the combination of shape, internal structure and beam incidence angle increases 
the scattering efficiency (Qsca [10]) by up to a factor of six for a particle of minor axis = 0.6 µm and 
axial ratio = 3.0 compared with a spherical homogenous particle with D = 0.6 µm.  The values of n1 
(=1.13) and n2 (=1.06), together with the shell volume (17%) were chosen for consistency with 
previous values in the literature [16].  The greatest scattering amplification is when the incidence angle 
of the beam, α, is 0° (Fig. 2B), i.e. parallel to the long-axis of the particle; this is progressively 
diminished for increasing values of α (Fig. 2C,D). 

The value of Qsca is a measure of the integrated volume scattering function: in this work we are 
interested in the differential forward and side scattering (dCsca/dΩ3; dCsca/dΩ4) in order to calculate the 
signals measured by the flow cytometer detectors [1, 12-14]; the forward scatter detector collects light 
between 1±12.2° and the side detector between 64 - 116° [1]. 



 
Fig. 3: Modelled prolate spheroid results for A] variable axial ratio; B] variable n1; C] variable n2 and D] variable shell volume, 
whilst keeping the remaining variables fixed at different angles of incidence (α=0° (white solid), 45° (white dotted), 90° (white 
dotted)).  All overlaid onto Mie theory modelled values of size (long dashed: range 0.4 µm – 4 µm) and n (solid: range 1.01 – 
1.09) as a function of differential forward (dCsca/dΩ3) and side (dCsca/dΩ4) scatter modelled for a flow cytometer [1] of known 
internal geometry. 

Fig. 3A clearly shows that an order of magnitude increase in dCsca/dΩ3 can theoretically be achieved 
when comparing a homogenous sphere (D=0.6µm, n=1.06) with a two-layered prolate spheroid (axial 
ratio=2.5; minor axis=0.6µm; n1=1.13; n2=1.06; shell volume=17%), with only a small change in 
dCsca/dΩ4 when α=0°.  In other words, such a two-layered prolate spheroid has near identical scattering 
characteristics (dCsca/dΩ3; dCsca/dΩ4) of a Mie particle (homogenous sphere) with D=1µm, n=1.05.  
Although Fig. 3B-D shows an increase in dCsca/dΩ3 for increasing n1, n2 and shell volume respectively, 
there is also a similar (Fig. 3C) or greater (Fig. 3B,D) increase in dCsca/dΩ4 which is not consistent with 
the scattering patterns shown in Fig. 1D.   
 
4. Discussion 
The scattering calculations present compelling evidence that particle shape, internal structure and 
orientation in combination leads to an enhancement of the differential forward scatter, with a smaller 
change in the differential side scatter.  The changes in axial ratio in particular are key to understanding 
this behavior and the invalidation of the Mie scattering assumptions made for interpreting the flow 
cytometer scattering signal.  However, the scattering calculations carried out in order to explain region 
α in Fig. 1D can only account for an order of magnitude enhancement (O1) in dCsca/dΩ3; whereas an 
O3 increase is required to replicate the observations.   



Sub-micron particles are known to cause issues for flow cytometers in medical applications [20] 
with the generation of “doublets” (see Fig. 1 of Hobson and Sims [20]).  This is caused by aggregation 
of particles and, as a consequence, more than one particle being in the laser beam at any given moment.  
This causes an overestimation in the particle side and forward scatter.  This in turn will cause an 
overestimation in the particle size, and in our application, a different refractive index will result from 
the inversion scheme.  This effect is further exacerbated by the flow cytometer necessarily being 
calibrated against polystyrene beads [20] which have different optical properties (primarily refractive 
index but also size) to the target samples (picoplankton). 

A counter argument to the “doublet” explanation of the data shown in Fig. 1D is there is only an 
increase in dCsca/dΩ3, whereas dCsca/dΩ4 remains relatively unchanged: when doublets are observed 
there is an increase in the signal detected in both directions [20].  The presence of doublets in the data 
would also call into question the ability of flow cytometers to accurately enumerate sub-micron 
phytoplankton such as Prochlorococcus.  A further analysis (not shown here) concluded that the side 
scatter signal was more coherently clustered than the forward scatter signal for the sample shown in 
Fig. 1, and more generally for the samples summarized in Table 1.  This would further lend weight to 
dismissing the doublet explanation and favouring the combination of shape and internal structure of the 
individual cells amplifying the forward scatter signal. 

Although region α in Fig. 1D gives most cause for concern, region β also causes problems: the gain 
setting for the forward scatter channel on the flow cytometer has historically been set too low to 
register the smallest particles’ forward scatter correctly; this is not the case for the side scatter.  This is 
because, up until now, the manually gated enumeration technique did not require forward scatter for 
cell discrimination.  Consequently the extent of dCsca/dΩ3 is registered at the LoD (left-right direction), 
but there is still variability in dCsca/dΩ4 (up-down direction).  This has the effect of showing more 
variability in refractive index than in size because of the relative orientation of the refractive index and 
size contours: size is a stronger function of forward scatter; refractive index is a stronger function of 
side scatter. 

Intriguingly, recent modelling results for the flow cytometric signature of human red blood cells 
[17] have shown that experimentally observed bi-modal distributions can be explained by shape 
elongations caused by hydrodynamic forces within the flow cytometer.  They also concluded that 
biological variations of cell size and intracellular hemoglobin concentration (i. e., variable refractive 
index, n) turn out to have effects of similar magnitude as the change in shape. 

The question therefore remains: is the scattering pattern shown in Fig. 1D, clearly showing a bi-
modal size distribution, entirely an artefact caused by the flow cytometer itself?  Or is there sufficient 
evidence within the scattering patterns to support our previous assertions regarding “opto-types”[1]?  
Bi-modal size distributions of Prochlorococcus are presented in the literature [21] and the internal 
structural complexity of Prochlorococcus is apparent from transmission electron microscopy imagery 
(e.g. Fig. 2 in Bryant [22]) as well as its departure from sphericity [8].  It is likely therefore that the 
scattering calculations presented here do not replicate the precise patterns observed in Fig. 1D because 
the complexities of shape, orientation and internal structure defy calculation tractability: the number of 
layers, their individual refractive indices, the angular orientation of the particle and even the presence 
of gas vacuoles [23] within the Prochlorococcus cell all in combination would require a large number 
of individual calculations to cover all permutations and combinations.  Although there is a continuum 
of likely cell characteristics (shape, structure, composition) and behaviours (orientation) between 
regions α and β in Fig. 1D it is still the case that there is a stark division between the two – almost as if 
there is a preferred or favoured size, shape, composition and orientation combination.  However, 
because of the computational limitation and indeed the stability of the scattering calculations 
themselves we have not been able to fully explain this. 

We hypothesize therefore that the scattering pattern shown in Fig. 1D is as a result of a bi-modal 
scattering distribution, not necessarily caused by size, but dominated by shape and structure.  Region β 
is populated by cells which can accurately be described using Mie theory as homogenous spheres, the 
retrieval of the precise size and refractive index being stymied by the low gain setting on the flow 
cytometer.  Region α, although giving the forward and side scatter characteristics equivalent to a Mie 
particle (D≈2.5 – 4.5µm; n≈1.03) in reality comprises of prolate cells, of preferred angular orientation 
within the laser beam and have a complex internal structure. 

Finally, the question remains on how we can use these results to improve our flow cytometer 
measurement method [1].  Simply inspecting Fig. 1D it would seem immediately obvious that the LoD 
for log(dCsca/dΩ3) needs to be reduced to around -1.0 (from 0.7) in order to detect the forward scatter 
for such small particles in region β, but there are inherent technical difficulties in achieving this 
including reducing the signal to noise ratio of the instrument.  This paper has also highlighted the vast 
complexity of Prochlorococcus cells in the real-world environment and there is still the need to further 



develop computer code which can stably, accurately and efficiently model their scattering 
characteristics when they depart from sphericity and homogeneity.  As the automated classification 
sub-micron phytoplankton such as Prochlorococcus is relatively robust [1], relying as it does upon side 
scatter and red fluorescence [11], there may be artificial intelligence / machine learning approaches 
[24] which may enable the accurate retrieval of the forward scatter signal, and the subsequent 
determination of the cell size and composition.  

4. Conclusions 
The automated clustering technique described in Smyth, et al. [1] generally works well for the 
enumeration of Prochlorococcus and can detect successively fewer cells passing through successively 
finer filter pore sizes.  This is because the clustering technique uses well characterized fluorescence and 
differential side scatter data.  However, the determination of size and refractive index, which is a 
function of differential forward and differential side scatter, has been called into question for these sub-
micron phytoplankton. 
We have shown that the shape of sub-micron Prochlorococcus cells in concert with their internal 
structure and preferred angular orientation, can lead to substantial changes to the scattering patterns 
measured by a flow cytometer.  Additionally, low sensitivity used in the forward scatter channel of a 
flow cytometer, doesn’t allow these sub-micron particles to be attributed the correct value of 
differential forward scatter.  Instead these particles give a signal in the differential side scatter direction 
and appear at the LoD for the differential forward scatter.  Therefore conclusions reached in Smyth, et 
al. [1] about the size distribution and refractive index of Prochlorococcus will likely need revising in 
the light of these data.  The average peaks in the bi-modal size distribution reported [1] of 0.75±0.25 
and 1.75±0.25 µm are likely an overestimate: the lower peak because the forward scatter signal is 
assigned to the LoD of the flow cytometer and the upper peak because, as we have shown here with 
size fractionated samples, a similar feature exists when the filter pore diameter should preclude cells of 
this size passing through.  We hypothesize therefore, based on the result of this paper, that this apparent 
bi-modality is caused by the simultaneous presence of (1) sub-micron Prochlorococcus cells being well 
characterized by Mie scattering theory (spherical and homogenous) and (2) sub-micron prolate 
spheroid Prochlorococcus cells with complex internal structure, preferentially aligned within the flow 
cytometer. 
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Appendix 
 
 

Date Lat (°N) Lat(°E) Depth 
(m) 

Syn (N) Syn   
diameter 

(µm) 

Pro (N) Pro 
diameter 

(µm) 

Pro 
Auto 
(N) 

Nano 
diameter 

(µm) 
20/10/19 42.24 -19.20 20 442 0.95 33555 0.63 30513 2.70 

21/10/19 40.18 -21.93 55 650 0.97 54110 0.60 44381 3.25 

23/10/19 35.89 -26.88 20 261 0.88 13127 0.52 5490 5.14 

24/10/19 33.18 -29.33 92 22 1.00 11459 0.71 9627 4.00 

26/10/19 28.76 -33.03 30 211 0.78 11444 0.43 1760 6.12 

27/10/19 26.14 -35.19 115 23 0.98 13644 0.63 11428 - 

28/10/19 23.42 -37.53 124 10 - 13307 0.73 9417 - 

30/10/19 18.06 -32.97 75 831 0.93 90264 0.54 83962 2.70 



31/10/19 15.59 -30.43 27 5274 0.88 96805 0.53 75959 5.43 

02/11/19 9.88 -26.79 46 3297 0.93 23719 0.88 37821 3.87 

03/11/19 6.75 -25.00 21 486 0.78 10944 0.50 1323 3.85 

04/11/19 2.88 -24.99 70 942 0.96 57627 0.54 52690 5.23 

06/11/19 -4.30 -25.00 40 70 0.90 10930 0.52 2446 3.90 

07/11/19 -7.39 -25.01 90 121 1.42 41956 0.70 34834 2.70 

08/11/19 -10.67 -25.00 43 166 0.80 10291 0.70 1777 3.90 

09/11/19 -14.27 -24.99 150 95 0.72 71157 0.53 66633 4.00 

11/11/19 -20.25 -25.00 92 228 1.00 21575 0.71 7358 3.95 

12/11/19 -23.73 -24.92 168 109 0.93 60776 0.54 56011 3.95 

13/11/19 -26.76 -25.81 51 377 0.85 26760 0.51 9939 3.95 

14/11/19 -30.03 -26.79 110 153 1.18 51022 0.58 45484 - 

15/11/19 -33.60 -27.89 25 175 0.73 5096 0.50 429 4.84 

16/11/19 -37.08 -29.02 55 11807 0.96 9224 0.58 2547 1.76 

17/11/19 -40.36 -31.04 40 67820 0.90 483 0.94 104 - 

18/11/19 -41.90 -35.43 10 2245 1.25 - - 8 2.10 

     0.94±0.16  0.61±0.17  3.87±1.04 

Table A2. Size fractionated determined median size for Synechococcus (Syn) , Prochlorococcus (Pro) and other nano 
phytoplankton (Nano) [1] for 24 experiments along the AMT29 transect.  Abundances for gated results are shown as well as the 
automated clustering approach for Pro.  Depths in bold are situated in or just above the sub-surface chlorophyll maximum. 

The average median size for Synechococcus (0.94±0.16µm) are close to those previously reported in 
the literature[3], where they have been variously described as coccoid to rod-shaped, 0.7 to 0.9µm in 
diameter and 1.25 – 2.5µm in length.  In Smyth, et al. [1] the sizes reported vary between 1.50 (surface 
South Atlantic Gyre) and 2.75 µm (at depths >150 m).  For the purposes of inter-comparison with the 
automated technique [1] Synechococcus cells are at generally insufficient concentrations (<1000) in 
order to generate meaningful statistics.    
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