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A bstrac t— This paper describes the design and developm ent o f  a solid sta te  sensor for the m easure­
m ent, in situ , o f  stim ulable biolum inescence o f  m arine organism s. It can be towed in the Undulating 
O ceanographic Recorder o r used in vertical profiling m ode from  a sta tionary  research vessel. The 
sensor can detect signals from  IO9 quan ta s-1, from  a single dinoflagellate flash, up to IO13 quanta 
s-1, a t cell densities of IO6 to 10s m -3. M easurem ents o f biolum inescence and associated environ­
mental conditions are  presented from  a variety o f  deploym ents o f the sensor in the Undulating 
O ceanographic Recorder.

T h e  U ndulating O ceanographic R ecorder (U O R ) M ark 2  and its use as a multi-role 
oceanographic sam pler for m onitoring and m apping a num ber o f  m arine environm ental 
param eters have been described by A i k e n  (1981a). The standard  instrum ent suite carried by 
U O R  M ark 2 com prises a  plankton sam pler and sensors for salinity (or conductivity), 
tem peratu re , depth, chlorophyll ( A i k e n ,  1981b), and so lar rad ian t energy (broad band 
sensors, 400 to  700 nm or narrow  band, 460  ±  10 nm and 550 ±  10 nm). Sensor m easure­
m ents are logged in situ  by a m iniature analogue or digital tape recorder (M A T R  or M D T R ; 
O xford M edical System s, A i k e n ,  1980). F o r particular research  objectives, a num ber o f 
specially developed sensors can be added to  the standard  instrum entation  suite. This paper 
describes the developm ent o f a solid sta te  sensor for the m easurem ent of stim ulable 
biolum inescence; tha t is, biolum inescence stim ulated by physical agitation, rather than 
em itted spontaneously.

Q uantitative m easurem ents o f biolum inescence were first m ade by bathyphotom eters 
using unshielded photom ultiplier system s ( C l a r k e  and W e r t h e i m ,  1956; B o d e n  and K a m p a ,  

1957) which could m easure biolum inescence th a t was strong com pared to  background  light; 
day tim e m easurem ents near the surface were im possible. C l a r k e  and K e l l y  (1965) enclosed 
a photom ultiplier in a light tight housing, and pum ped the seaw ater through this detection 
cham ber, introducing a  constan t stim ulation level and excluding am bient light. L o s e e  and 
L a p o t a  (1981) have developed m ore sophisticated  vertical profiling system s based on the 
above principle.

S tudies o f the spatial distribution o f biolum inescence have been m ade using tow able b a th y ­
photom eters ( B i t y u k o v  et a l., 1969; S e l i g e r  et a i ,  1969). W ith a bathyphotom eter in the
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U O R , the  vertical structure o f biolum inescence could be determ ined sim ultaneously with 
m easurem ents o f the  associated physical and biological conditions.

System  specification

T he general design requirem ents for a ba thypho tom eter for the U O R  M ark  2, capable o f 
m easuring biolum inescence both  by day and by night c a n  be sum m arized as follows : (a) The 
instrum ent should provide adequate flow to the sensor, provide adequate stim ulation o f  the 
organism s and exclude am bient light, (b) The sensor should  be small, lightweight, robustly 
constructed , have low electrical pow er consum ption, o p era te  stably and  provide an output 
signal com patible w ith a  simple recording device such as the M A T R  or M D T R .

D ue to  the  wide range o f biolum inescent phenom ena to  be studied (from  single cell flashes 
to  large-scale visible m anifestations a t densities up to  IO6 to  IO8 cell n r 3) it w as anticipated 
tha t a  range o f com plem entary  recording techniques w ould be required; a.c. d irect recording, 
for individual flashes a t low frequency (0.1 to  20 H z); d.c. continuous recording a t inter­
m ediate densities and  frequencies (20 Hz and above) w here the individual flashes m erge into 
a continuous signal; digital recording (a t 5 o r 15 s sam pling period w ith the  M D T R ) for 
large-area surveys o f  biolum inescent phenom ena a t in term ediate  to  highest intensity, no r­
mally observable by  the hum an eye a t night.

The flo w  through system

The design o f the flow through system  and its incorporation  in the U O R  is shown in 
Fig. 1. Initial design calculations predicted a flow rate  o f  2.65 dm 3 s-1 (2.65 1 s-1 ) a t a  towing 
speed o f  5 m  s-1 using a sam ple cham ber and connecting pipework o f  26 m m  i.d. A turbine 
flow m eter is incorporated  into the  nose of the U O R  to  m onitor the  flow ra te  through the 
system , provide an  additional source of biolum inescence stim ulation, and increase the light­
tightness o f  the system . The flowmeter reduces the flow  ra te  to  50%  o f the theoretical flow 
rate (to 1.2 to  1.5 d m 3 s-1 a t a  tow speed o f  5 m s-1) as the effective cross-section o f the 
turbine is approxim ately h a lf the cross-sectional area o f  the pipework. The 35 to  40 cm  of 
interconnecting pipew ork between the turbine and the biolum inescence detector, produces a 
theoretical delay o f 140 to  60 ms over the speed ran g e  2.5 to  6 m s-1 (which is possibly 
doubled by the restric ted  flow rate). This corresponds b road ly  to  the  reported  dinoflagellate 
flash characteristics ( H i c k m a n  et al., 1980); la ten t period 0  to  10 m s, risetim e 10 to  20 ms, 
duration  (ÿ w idth) 50 to  100 ms, decaytim e up to  250 m s.

P relim inary m easurem ents with and w ithout the flow m eter showed its im portance for ade­
quate agitation o f  the  cells/organism s and stim ulation o f biolum inescence. W ithout the 
flowmeter, stim ulated bioluminescence was relatively w eak even at tow  speed o f  6 m s-1 but 
m ore than  an order o f m agnitude higher w ith the flow m eter fitted, presum ably due to 
increased agitation. W ith the inlet orifice and flowm eter blocked no biolum inescence signals 
were m easured.

The sensor

The literature on  the biolum inescence o f m arine organism s is extensive and  provides some 
inform ation on the  light levels to  be expected ( H e r r i n g ,  1978; H i c k m a n  and S t a p l e s ,  1979; 
H i c k m a n  et al., 1980; L y n c h ,  1978, 1981; N e a l s o n ,  1981; T a r a s o v ,  1956; T e t t ,  1971; 
T e t t  and  K e l l y ,  1973). D inoflagellate biolum inescent flashes range in intensity from  IO9 
q u an ta  s ' 1 cell-1 for small Peridium  sp. to  IO11 q u an ta  s-1 cell-1 for P yrocystis  sp. and 
N octiluca scintillans  (miliaris) ( L y n c h ,  1978); a  source intensity o f 2.4 x  IO9 quan ta  s-1 , at
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Fig. 1. (a) Schem atic plan (top) and long-section (bottom ) o f  the U O R  M ark 2 (dimensions in m) 
show ing th e  layout o f th e  pipework (26 mm i.d.) connecting the flowmeter (F) to  the 
biolum inescence sensor (B), the tem perature sensor (T), and  the cell o f  the chlorophyll sensor (C); 
(M ) M D T R  logger cylinder, (U) undulation control system , and (A ) alternator, (b) Schem atic 

diagram  of electronic circuit o f  biolum inescence sensor.
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480  nm  is equivalent to  a  source pow er o f IO“9 W , producing an  irrad iance o f 10“"  W  cm-2 
a t a d istance of 2.8 cm. A t a flow rate o f 1.5 dm 3 s“1, low cellular concentra tions will produce 
individual flashes o f ca 25 m s duration , this being the tim e th a t  the flash is visible to  the 
detec to r; a t higher concentrations the  individual flashes will m erge into a  continuous signal. 
A  density o f IO8 ce llm “3 will produce a  steady-state irrad iance o f 5 x IO“8 W  cm-2 a t a 
d istance o f 2.8 cm. Thus the sensor range has to  m easure ligh t em ission over 4 orders o f 
m agnitude from  IO9 to  IO13 q u an ta  s“1 (IO-11 to  IO“7 W  cm“2).

Photodiode/operational amplifier com binations or photom ultipliers can  cope equally well 
w ith the expected range o f signals. In  addition photodiodes are sm all, robust, and have low 
electrical power requirem ents. The design adopted uses a silicon photodiode, operating  in 
photovoltaic  m ode into the high-im pedance, non-inverting in p u t o f a low-noise operational 
amplifier. O perating in the  photovoltaic m ode the pn junction  o f  a photodiode is forw ard- 
b iased, and with no leakage curren t the sho t noise is zero, leaving only Johnson  noise; 
Johnson  noise (=  4 k T /R s 1/2) is m inimised in sm all-area, photodiodes having very high shunt 
resistances (R s ).

O ne m ajo r penalty w ith the photovoltaic configuration is th a t shunt resistance is inversely 
proportional to tem perature, although detector responsivity is alm ost independent o f 
tem peratu re (typically 0 .05%  °C ). This m akes Johnson noise, also proportional to  T, very 
tem perature-dependent (noise doubles every 10°C  rise o f tem perature), producing a 
tem peratu re drift o f the dark-voltage signal. A  simple solution o f  using a  differential pair o f 
photodetectors (U .D .T ., P IN  3D P) and  operational amplifiers (A nalogue D evices A D 515K ) 
to  sub trac t out any tem perature drift, is a near-perfect so lu tion; guard-ring protection 
schem es and pow er supply de-coupling are incorporated  in the circuits, to  achieve the 
op tim um  perform ance o f the amplifiers (Fig. lb).

A t a X 10 gain for each am plifier, a signal o f  20 mV (signal to  noise > 20) is obtained for a 
flashing green L.E .D . (565 nm) operating  a t threshold voltage to  be ju s t observable by  the 
dark -adap ted  eye; the L .E .D . produces an  irradiance o f 0 .18  x IO“9 W e m “2 at 2 0 m m  
(equivalent to  a source pow er o f IO“8 W ) m easured by a calibrated irrad iance m eter 
(U .D .T .81). Thus, minim um  detectivity a t a signal to noise ra tio  o f unity is equivalent to  a 
source  pow er of 5 x IO“10 W . The sensor operates over the tem peratu re  range of 0 to  2 5 °C  
w ith a  drift o f dark  signal voltage o f - 5  m V ; the drift o f <  - 2  mV from  8 to  2 2 °C is con­
sidered acceptable.

The biolum inescence sensor, together with stabilised ±5 V pow er supplies (from  ± 9  V 
batteries), flowmeter circuit, pressure and tem perature sensors and interface circuits are 
accom m odated  in a  single alum inium  cylinder (100 m m  i.d. x 150 mm long), and fitted in the 
forw ard instrum ent hold of the U O R  (Fig. 1). F o r vertical profiling independent o f the U O R , 
a subm ersible electrical pum p is fitted to  the system  to pum p w ater past the sensor.

D ata  recording a n d  replay

D a ta  is recorded both digitally (spot m easurem ent, 15 s period, range 0 to  1.023 V, 10 bit 
resolution) and on a  continuous analogue track  (pulse-w idth m odulated, 0 to  8 Hz 
bandw idth , range 120 m V, resolution ± 1 %  full scale) on the sam e cassette in the M D T R . 
T he two recording techniques are com plem entary. The direct analogue system  records 
individual pulses, bursts o f pulses (frequencies 8 to  0 .02 Hz), and  low light signals o f a  few 
m V  w hich might be missed by the  spot, digital recording once every 15 s. A t higher 
intensities and frequencies, the analogue recording continues to  provide inform ation on the 
pulse shapes and on the varia tion  o f  the intensity of the continuum . Above a  certain  intensity
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and  frequency, the individual pulses m erge totally  m aking any d irect or frequency recording 
redundan t; these higher signals (> 1 0 0  mV) can be m onitored effectively by the 15 s digital 
recording, with reduced sensor gain to  extend the overall sensor range.

T he recorded cassettes are replayed a t 25 tim es the recording speed and bo th  analogue 
and  digital recordings (with digital to  analogue conversion) displayed on a chart recorder for 
‘quick-look’ assessm ent o f the  data . Sim ultaneously the digital d a ta  is processed with a 
m icrocom puter, linked to a printing term inal, w hich provides tabu lation  o f the d a ta  in 
calibrated physical units, vertical p lots o f the data , histogram s o f average param eter value in 
selected depth intervals for one undulation  or several undulations (equivalent to  a  vertical 
profile), and calculates derived param eters o r statistics on the data . In  the labora to ry , the 
m icrocom puter is used to  com m unicate the da ta  to  a large m ain-fram e com puter to  provide 
im m ediate com puter-contoured, vertical sections o f the m easured param eters; the  specially 
developed contouring package S A C  A M  (Fig. 3) or S U R F A C E  II (Fig. 5) have been used.

R E S U L T S

Prelim inary results were ob ta ined  on a  cruise o f the U SN S L yn ch  (28 A pril to  17 M ay 
1983). Significant m easurem ents o f biolum inescence w ere recorded  in situ  bo th  in daylight, 
and  in conditions where the visible m anifestations o f biolum inescence were below those 
observable from  the vessel a t night.

F igure 2 shows the m icrocom puter generated vertical profiles o f  tem perature (°C ), chloro­
phyll (mg n r 3), biolum inescence (arb. units; 1 ^  1.2 x  IO9 q u an ta  s '1 s  5 x  1(F10 W), and 
analogue trace  o f biolum inescence (arb. units) from  the recovery  phase o f a  U O R  tow, 
equivalent to  an oblique profile, a t 5 kn (2.5 m s- I )> in Inchm arnock  W ater, F irth  o f  Clyde a t 
20.00 h G M T , 28 April 1983.

T h e  biolum inescent signal, around  the sensor baseline (18 ±  2 mV) in the  deep p art o f the 
tow  before the final recovery, increased in intensity a t 35 to  40 m  depth, ju s t below the base 
o f th e  weak therm ocline, coinciding w ith the increase in the chlorophyll concentration . W hile 
generally m atching the subsurface chlorophyll depth structure , the  biolum inescence depth 
struc tu re  had tw o additional peaks a t ca 25 m and ca  10 m, reaching a m axim um  o f 39 mV, 
21 mV above the baseline, equivalent to a source pow er o f ca IO-8 W (or 2.4 x IO10 quanta 
s-1). The continuous analogue recording showed th a t the tw o peaks had  considerable fine 
structu re  with several large am plitude ‘spikes’, presum ably  due to  individual flashes of 
biolum inescence, and  consistent with the findings o f large num bers o f biolum inescing 
copepod nauplii in the biological sam ples from  the vertical profile a t the conclusion o f the 
tow ; w ater sam ples pum ped th rough  a  vertically profiling bathyphotom eter.

F igure 3 shows the com puter contoured vertical sections o f  tem perature (°C ), con­
ductivity (m S c m -1), chlorophyll concentration (mg n r 3), and biolum inescence (arb. units; 
1 =  1 . 2 x  IO9 quan ta  s-1) fo r repetitive double oblique profiles w ith the U O R  M ark 2 a t 
1.5 m  s-1 from  near-surface to  120 to  150 m in the Barents Sea (ca 7 1 °1 8 'N , 18°55 'E ) at 
02.45 to  06.05 G M T  on 10 M ay  1983. The m easurem ents show  an intrusion o f  cold (< 5 ° C )  
and fresher surface w ater (to 75 m ) a t the end of the course, accom m odating enriched ch loro­
phyll concentrations (over 2.5 m g n r 3) from  concentrations generally <  1 m g n r 3 elsewhere. 
A p art from  tw o sm all patches a t the sta rt o f the tow , stim ulated biolum inescence was 
g rea test in a  band along the vertical and horizontal fron ts o f the cold w ater.

R esults from a  com prehensive assessm ent o f the  sensor on a  cruise o f R M A S N ew ton  in 
the Southw est A pproaches, 3 to  7 O ctober 1983 are presented in Figs 4 and 5; the track
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Fig. 2. M icrocom puter-generated vertical profiles o f (a) tem perature (°C ), (b) chlorophyll con­
centration  (mg m -3), (c) biolum inescence (arb . units; 1 ^  1.2 x  IO9 quan ta  s_1), and (d) continuous 
analogue trace  o f  biolum inescence from  an  oblique haul o f  the U O R  M ark  2 a t 2.5 m  s -1 in 

Inchm arnock W ater, F irth  o f  Clyde at 20.00 h  G M T, 28 April 1983.
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Fig. 5. C om puter-contoured, vertical sections from  8 to 63 m of (a) tem peratu re (°C ), (b) chloro­
phyll concentration  (mg n r-3), and (c) biolum inescence (arb. units; 1 £  1 x  IO9 quan ta  s_1) from  the 

U O R  m easurem ents (tow  7) in the Celtic Sea, 6 to 7 O ctober 1983.
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these param eters for the sta tionary  m easurem ents th ro u g h o u t the cruise, confirm ing th a t 
these features were not an artifact o f the U O R  m easurem ents.
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Fig. 3. C om puter-contoured  vertical sections (near-surface to  120 to 150 m) o f  (a) tem perature 
(°C ), (b) conductivity (mS cm -1), (c) chlorophyll concentration  (m g n r 3), and (d) bioluminescence 
(arb. units) for repetitive double oblique profiles o f  the U O R  M ark  2 at 1.5 m s_1 in th e  Barents Sea,

10 M ay 1983.

o f the vessel is show n in Fig. 4 w ith the position o f the ‘U shan t fron t’ as indicated by the 
N O A A 7 infared satellite im age for 6 O ctober. T he increase o f the stim ulated 
biolum inescence around  dusk, from  the very low signals m easured  by  day, to  the high levels 
m easured a t night (in agreem ent with the reported  inhibition o f  lum inescence in daylight), 
show ed th a t the  detector w as virtually im m une to  am bient daylight a t the intensities for 
O ctober (Fig. 4b).

H ighest levels o f biolum inescence activity w ere detected on th e  final tow  (tow 7) in the 
Celtic Sea from  southw est o f the Isles o f S tilly to  ju s t sou th  o f L izard Point, from 21.50 
G M T , 6 O ctober 1983 to  06.13 G M T , 7 O ctober 1983 (Fig. 5). Subsurface stimulated 
biolum inescence (Fig. 5c) increased significantly about 2 h (40 km ) after the s ta rt o f the tow, 
declining to  near zero in the mixed, low-chlorophyll w ater ju s t before the end o f the tow. 
Surface stim ulated biolum inescence, m easured by a  photom ultiplier system  m onitoring near­
surface pum ped w ater on board  the vessel, show ed a sim ilar sharp  rise by a  factor o f 2 
around  m idnight. Interestingly, while chlorophyll concentration  w as, as expected, uniform ly 
distributed  th roughou t the surface mixed layer, stim ulated biolum inescence exhibited a  sub­
surface peak a t ca  20  m. Subsurface w ater sam ples on  station before the s ta rt o f the tow  and 
surface w ater sam ples th roughou t the tow  show ed tha t sm all flagellates (<5 pm  diam eter) 
were the m ain  organism s present, probably responsible for biolum inescence.

The uniform  chlorophyll concentration  in the surface m ixed layer and the subsurface 
m axim um  in the stim ulated biolum inescence signals, were a feature o f  the vertical profiles of
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Fig. 4. (a) C ruise track  o f the research  vessel R M  AS N ew ton , 3 to 7 O ctober 1983, and 
bathym etry  (m) o f  the Celtic Sea and Southw est A pproaches to the British Isles; the position o f the 
stratified/m ixed w ater front as indicated by the N O A A 7 infrared satellite image for 6 O ctober is 
m arked, (b) U O R  M ark 2 m easurem ents around dusk on 4  O ctober 1983 in the Celtic Sea; (i) depth 
(digital to analogue conversion on replay) and (ii) biolum inescence (continuous analogue recording).


