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ABSTRACT: Treatment and splitting of samples for bacteria 
and meiofauna biomass determinations by means of a low cost 
semi-automatic image analysis system is described. The 
technique allows enumeration, size measurement and bio- 
mass calculation of stained bacteria and rneiofauna from the 
same sample. An example of size spectra and b~ornass of 
bacteria and meiofauna around a macrofauna organism tube 
inhabited by Echiurus echiurus from the German Bight is 
presented. These results demonstrate enhanced biomass and 
a shift of size-class distribution of these microorganisms Inside 
the tube as compared to the ambient sediment. 

The determination of abundance, size-classes and 
organic carbon content of marine microorganisms is of 
interest to a wide range of marine scientists. The dis- 
covery and analysis of biomass spectra characteristics 
of benthic communities have led to considerable new 
insight into dynamics of these communities which are 
characterized by a gradient of biomass according to 
logarithmic size-classes (Schwinghammer 1983). 
Marine microbiologists expend much effort in deter- 
mining numbers and biomass of marine bacteria 
(Meyer-Reil 1983, Bratbak 1985). Meiofauna ecologists 
are concerned with sizes, total counts and biomass of 
natural samples (Gerlach 1978, Jensen 1984). 

Foraminiferal population dynamicists, for example, 
are concerned with foraminiferal sizes in relation to 
physiological and physical conditions and growth rates 
(Lutze 1965, Altenbach 1985, Linke 1986). Following 
the equation of allometric growth (Bertalanffy 1960), a 
double logarithmic graph of test length compared to 
organic carbon content shows an adequate correlation, 
so the relation between test length and biomass can be 
computed (Altenbach 1987). Despite the importance of 
this information there is no reliable method for its rapid 
estimation. In the case of nematodes and foraminifera, 
accurate data can be obtained using an eyepiece 
micrometer but these measurements are time consum- 
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ing. In the case of smaller bacteria, accurate estimation 
of size, biovolume and biomass is hampered by their 
small size (Meyer-Reil 1983, Bratbak 1985). Automated 
image analysis has been used since the 1950's for 
counting and sizing of a wide variety of objects (Pet- 
tipher & Rodriques 1982, Caldwell & Germida 1985, 
Siereacki et  al. 1985, Bjarnsen 1986, Estep et  al. 1986). 
However, the accurate estimation of biovolume and 
biomass of extremely small objects like sediment bac- 
teria is prevented by limitations in both hardware and 
software. The smallest bacteria are represented by only 
a few screen picture elements (pixels), making their 
volume estimation inprecise. Systems running fully 
automatically are unable to differ between fluorescent 
stained detritus and bacteria. Image analysis systems 
developed by Bj~rnsen  (1986) and Estep e t  al. (1986) 
included several important hardware and software 
improvements, like additional magnification lenses, 
useful for the analysis of bacterioplankton. These sys- 
tems are composed of a powerful array-processor (Ibas, 
Artec) with an  additional host computer, a moonlight 
camera and an  epifluorescence microscope. 

In this article a method for the treatment and splitting 
of samples is presented which enables the rapid size- 
determination of bacteria and meiofauna from the 
same sediment sample with a new low-cost image- 
analysis system. The cost of the entire system is below 
that for a single component of the systems mentioned 
above. 

Treatment and splitting of samples. For bacteria and 
meiofauna biomass determinations, 1 cm3 of sample 
was preserved on board ship in 10 cm3 of buffered 2 % 
formalin (filter-sterilized using 0.2 Km cellulose-nitrate 
membranes). A flow diagram for processing the sam- 
ples is given in Fig. 1. 

Bacteria. In the laboratory a 1 cm3 subsample was 
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SBdiment Sample in 2 "10 buffered 0.2 pm filtered tormalin 

Replace formalin with Rose Bengal methanol solution. 
v 

Nematodes 

n Bacteria 

Replaca Rose Bengal methanol solution with Ludox. 
[Ludox Qnsity separation 3x1 
Wash through 20 pn gauze. 

<;<: 
......._ ..... ................@% S<< .... >..... ..........,... ...................... 

Stain with Aaidine Orange (small nematodes). 
Moupl onto microscope slide. 

Ultrasonicate Icc subsample 2x5 S 
Dilute1 :l 0 000. 
Stain wim Auidine Orange. 
Take the remaining dilution samples 
back to the onginal sample. 

Wash the sediment with alcohol. and dry 11. 
[CaBrp density separation 3x1 
Wash and dry extracted foraminifera. 

.Mount onto microscope slide 

To image analysis system 

sonicated (2 X 5 S, 40 kHz Branson sonifier 250) and 
diluted to final concentration of l : l 0  000. The samples 
were filtered onto NucIepore filters (0.2 bkm pore size, 
prestained in Sudan black), stained with Acridine 
Orange, and counted by epifluorescence microscopy 
(Zeiss 'Standard' fluorescence microscope). Bacteria in 
each sample were photographed for biovolume estima- 
tions (Kodak Ektachrome film ASA 400, colour slides). 
These pictures were projected onto the computer 
screen of the image analyser with a film-video proces- 
sor (TAMRON-fotovix, 4 X magnification) and the sizes 
of 100 to 200 bacteria from each sample were meas- 
ured. 

Soft meiofauna. The remaining subsamples of the 
dilution series were returned to the original sample. 
The samples were stained with Rose Bengal and 
the soft me~ofauna was extracted from the sed~ment  
by diluted Ludox-TM (b 1.21) density separation 
(described by de Jonge & Bouwmann 1977). The 
extracted meiofauna samples were washed on a 40 pm 
mesh sieve, sorted and taken to the image analyser for 
biomass estimations. 

Fig. 1. Flow diagram of treatment and 
splitting of samples 

Foraminifera. The remaining sediment sample was 
carefully washed with alcohol and dried. Another 
density separation with calcium bromide ( b  1.65) 
(described by Thomsen 1989) was carried out to sepa- 
rate the foraminifera from the sediment by flotation, 
decantation and sieving. The foraminifera samples 
were washed on a 20 pm mesh sieve, dried, sorted and 
taken to the lmage analyser for biomass estimations. 

The image analysis system. The system consists of an 
Atari 1040ST computer (68 000 CPU, lMB RAM, 760kB 
floppy-disk), an  Atari Genlock system and a television 
set (Sony Tnnitron, 14") used as computer monitor. For 
bacteria biomass determinations the system is con- 
nected to a TAMRON film-video processor (colour 
slides of the bacteria). For meiofauna biomass determi- 
nations the system is connected to a dissecting micro- 
scope (Wild M8) with a Panasonic video camera. 
Video-pictures of the images from the microscope or 
the film-video processor are transferred to the compu- 
ter via the Genlock system by creating a high resolu- 
tion camera-like video picture of the sample on the 
computer monitor (Fig. 2). The software developed for 
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the biomass estimations is handled by the pulldown 
menus and mouse commands typical of an Atari appli- 
cation. The basic functions of analysing the objects on 
the computer screen are accomplished using 'push 
buttons' on the monitor with the mouse. The program is 
written in 'C' language and can be purchased commer- 
cially ('Biomass', Softwares finest, Fleethorn 64, W- 
2300 Kiel 1, Germany). 

Measuring. After the image analysis system is 
switched on, the computer program starts with a manu- 
ally entered calibration routine that allows the calcula- 
tion of a given distance in nanometers, micrometers or 
millimeters, a value which is used by the program to 
convert measured scales to absolute distances. The 
Genlock system transfers the video picture of the sam- 

Fig. 2. The image analysis system for 
meiofauna biomass determinations 
showing dissecting microscope with 
video camera (right), Genlock system 
(center) and Atan computer with 
monitor (left). For bacteria biomass 
determinations a film-video processor 
is used instead of the dissecting 
microscope and video camera. Images 
are displayed on the computer 
monitor via the Genlock system. The 
Atari computer processes the meas- 
urement, analyzes the data, stores the 
data on a disk and presents the statis- 

tical graphics 

ple onto the computer screen, where the measurements 
are made by drawing the lines of length and width on 
the image by hand, using the mouse. Based on the 
data, the computer calculates length, width, volume 
and length-to-width ratio of the measured objects. 
Therefore, no additional array processor is needed. The 
analysis of the images is done by the Atari computer. 
Based on the estimation of the volume from body 
length, both wet weight and biomass of the measured 
object are calculated by the computer. A problem arose 
that the smallest bacteria were found to occupy too few 
pixels to allow proper measurement. This was solved 
through magnification by the film-video processor. 
Thus a sphere of 0.5 pm diameter occupied ca 30 pixels 
in length on the computer screen after magnification. 

Table 1. Summary of conversion factors for volume and biomass estimations 

Formula Source 

Bacteria 
A: lengthhmdth > 2 B: lengthhidth < 2  
A: Volume (n/4) X ~ i d t h [ ~ ~ m ] '  X (length[ktm] - width[pm]/3) 
B: Volume (r(/6) X length[ltm] X ~ i d t h [ ~ ~ m ] '  

C(g) = 1.1 x volume X l O - I 3  

Nematoda 
Volume[nl] = length[pm] x w i d t h [ ~ t m ] ~ / 1 6 ~ 1 0 ~  
Wet rveightlpg] = volume[pl] X 1.1 
C[ng] = wet weight[ktg] X 1098 

Foraminifera 
~olume[pm]" n/6 X lengthlpm] X ~ i d t h [ ~ m ] ~  
~ o l u r n e [ p r n ] ~  = n/6 x width[pm] x length[pm12 
V o ~ u m e [ ~ t r n ] ~  = n/12 x length[pm] X ~ i d t h [ ~ m ] ~  
C[ng] = (volume x 0.06) x 1000 Altenbach (1985) 

Allometnc relation between test length and organic carbon content: 
C[lcg] = 0.5456 x I O - ~  x maximum test ~ength[prn] ' .~'  Altenbach (1985) 
(Elphidium excavaturn, Rotaliina, Foraminifera) 

Meyer-Reil (1983) 

Andrassy (1956) 
Wieser (1960) 
Jensen (1984) 

Murray (1967) 
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Table 2. Accuracy of the image analysis system on bacterial 
sized objects. Comparison of manufacturer's stated sizes of 4 
fluroescent microsphere size-classes to their sizes as deter- 
mined using the computer system. Values are given as  a 
percentage of the 'true' values (supplied by the manufacturer) 

Manufacturer's size Image analyser 
Diameter Vol Diameter Vol. 

([PI)  (pm3) ("/.l ("/o) 

The introduced background noise and blooming of the 
objects was suppressed by using 'false colours'. For 
those foraminiferal species for which the allometric 
relation between test length and biomass had already 
been calculated (Altenbach 19853 only the maximum 
test length was measured. The entire data file was 
transferred to a statistical analysis and graphic presen- 
tation program. Table 1 shows the conversion factors 
that were used to calculate volume and biomass data. 
The accuracy of the system was tested by comparing 
the manufacturer's stated sizes of 4 fluorescent micro- 
sphere size-classes to their sizes as  determined using 
the computer system. Some 150 fluorescent spheres of 
each size were analysed with the image analysis sys- 
tem. Results are presented in Table 2. For spheres with 
diameters of 1.73, 0.73 and 0.57 ym, the image analysis 
system estimated diameters and volumes within 6 % of 
the mean values as  stated by the manufacturers. 
Spheres of 0.21 pm diameter were overestimated in 
diameter by 10 %, and in volume by 29 %. A deviation 
of 0.01 ym easily occurs in measuring these smallest 
bacteria owing to the limited optical resolution of the 

light microscope. However the crucial problem to be 
solved is still the differentiation between stained bac- 
teria and particles. 

Case study. During RV 'Poseidon' Cruise 146-4 to the 
German Bight, sediment samples around a macrofauna 
zoobenthos tube inhabited by Echiurus echiurus were 
collected with small cut-off syringes radially outward 
from the tube at 1 cm depth intervals down to a depth 
of 8 cm where the burrow of Echiurus echiurus was 
located. Fig.3 depicts the difference between the 
logarithmic size spectra of bacterial biomass inside the 
tube and that of those in the ambient sediment at a 
depth of 5 cm. In comparison to the surrounding sedi- 
ment the distribution of bacterial biomass inside the 
tube shifts to higher size classes. Inside the tube peak 
biomass occured in the 3.2 to 5.6 X I O - ~  ng ind.-' size 
class. Bacteria of the 1.8 to 3.2 X I O - ~  ng ind.-' size 
class dominated in the ambient sediment. Inside the 
tube bacterial carbon was ca 70 to 80 % of the total 
bacterial and meiofauna biomass with lower values in 
the ambient sediment where the total bacterial biomass 
decreased rapidly (Fig. 4). Foraminifera dominated the 
meiofauna biomass inside the tube (10 to 15 % living 
foraminifera) and in the ambient sediment (5 to 10 O/O 
living foraminifera). Contribution of nematodes to the 
total living carbon was about 1 to 5 O/O. 

Using the system described, the measurement and 
statistical evaluation of e.g. 100 bacteria, 100 foramini- 
fera and 100 nematodes was possible in about 4 h. The 
precision represents a considerable improvement over 
manual procedures. 

The treatment and splitting of samples together with 
image analysis is a promising tool for enumeration and 
size measurement of stained bacteria and meiofauna 
when variations in cell number, size-classes and bio- 
mass are studied. 

kg C sediment 

Bacteria inside tube wall 
Bactena next to tube wall 
Bactena in sediment at distance 5cm 

Fig. 3 Vertical distribution of logar~thmic 
biomass size classes in ng organic carbon 
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Bacteria Foraminifera 

Nematodes 

Fig. 4.  Vertical and horizontal distribution of biomass of bac- 
teria and meiofauna in yg organic carbon cm-3 down to a 
sediment depth of 8 cm (where the burrow of Echiurus 
echiurus was located) inside (A) the tube of Ech~urus echurus 
and in the ambient sediment (B, C, D). A: inside the tube wall; 
B: next to the tube wall; C, D: sediment at a horizontal 

distance from the tube wall of 2 to 5 cm 

Acknowledgements. This study was supported by the 
'Deutsche Forschungsgemeinschaft'. This is publication no. 
123 of the Sonderforschungsbereich 313, Kiel University. I 
thank Drs A. Altenbach and G. Graf and W. Ziebis for helpful 
cntlcism of the manuscript. P. Neumann contributed consulta- 
tions on 'C' 

LITERATURE CITED 

Altenbach, A. V (1985) Die Biomasse von benthischen 
Foraminiferen. Ph D. thesis, IClel University 

Altenbach, A. V. (1987). The measurement of organic carbon 
in Foraminifera. J.  Foram. Res. 17: 106-109 

Andrassy, I. (1956). Die Rauminhalt- und Gewichtsbestim- 
mung der Fadenwiirmer (Nematoden). Acta zool. Hung. 
11: 1-5 

Bertalanffy, L. von (1960). Principles and theory of growth. In: 
Nowinski, W. W. (ed.) Fundamental aspects of normal and 
maligant growth. Elsevier, Amsterdam 

Bjsrnsen, P. K. (1986). Automatic determination of bacterio- 
plankton biomass by lmage analysis. Appl. environ. Micro- 
biol. 51: 1199-1204 

Bratbak. G. (1985). Bacterial biovolume and biomass estima- 
tions. Appl, environ. Microbiol. 48: 755-759 

Caldwell, D. E., Germida, J. J.  (1985). Evaluation of difference 
imagery for visualizing and quantitating microbial growth. 
Can. J .  Microbiol. 31: 3 5 4 4  

De Jonge, V N., Bouwman, L. A. (1977). A simple density 
separation technique for quantitative isolation of rneioben- 
thos using colloidal silica Ludox-TM. Mar. Biol. 42: 
143-148 

Estep, K. W.. MacIntyre, F., Hlorleifsson, E . ,  Sieburth, J. McN. 
(1986). MacImage: a user fnendly image analysis system 
for the accurate mensuration of marine organisms. Mar. 
Ecol. Prog. Ser. 33: 243-253 

Gerlach, S. A. (1978). Food-chain relationships in subtidal slity 
sand marine sediments and the role of meiofauna in 
stimulating bacterial produktivity Oecologia (Berl.) 33: 
55-69 

Jensen, P. (1984). Measuring carbon in nematodes. Helgolan- 
der Meeresunters. 38: 83-86 

Linke. P. (1986). Biomasse und Stoffwechsel-Leistungen 
benthischer Foraminiferen. MSc. thesis, h e 1  University 

Lutze, G. F. (1965). Zur Foraminiferen-Fauna der Ostsee. 
Meyniana 15: 75-142 

Meyer-Reil, L.-A. (1983). Benthic response to sedimentation 
events during autumn to spring at a shallow water station 
in the Western h e 1  Bight. 11. Analysis of benthic bacterial 
populations. Mar. Biol. 77: 247-256 

Murray, J. W. (1967). Production in ben thc  forarniniferids. J. 
nat. Hist. 1: 61-68 

Pettipher, G. L., Rodriques, U.M. (1982). Semi-automated 
counting of bacteria and somatic cells in milk using epi- 
fluorescence microscopy and television image analysis. J. 
appl. Bacteriol. 53: 323-329 

Schwinghammer, P. (1983). Generating ecological hyper- 



Mar Ecol. Prog. Ser 71: 301-306, 1991 

theses from biomass spectra using causal analysis: a Thomsen, L. (1989). Bakterien und Meiofauna in Gangsyste- 
benthic example. Mar Ecol. Prog. Ser 13: 151-166 men der Makrofauna. Berichte aus dem Sonderfor- 

Sierach, M. E., Johnson, P. W., Sieburth, J. McN. (1985) schungsber. 313. fie1 19: 1-155 
Detection, enumeration and sizing of planktonic bacteria Wieser, W (1960) Benthic studies in Buzzard Bay 11. The 
by image-analyzed epifluorescence microscopy. Appl meiofauna. Limnol. Oceanogr. 5: 121-137 
environ. Microbiol. 49: 799-810 

This note was submitted to the edit01 Manuscript first received: November 19, 1990 
Revised version accepted: February 4, 1991 




