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ABSTRACT: A new instrument  for environmental  monitoring, called a 1-Hz fluorometer, provides 
two modes of application. First, it enables a quantitative determinat ion of algal concentrations down 
to 20 ng/1. Second, it can be used as a biosensor for changes  in environmental  conditions. The 
distinction be tween  the signals from living chlorophyll-containing algae and other fluorescent 
material is achieved by using two modulated light-sources resulting in a mean  fluence rate of 200 ~E. 
The measuring light induces changes in chlorophyll fluorescence (yield) with a frequency of 1 kHz, 
and the actinic light modulates the redox state of the quenchers  of PS II with a frequency of 1 Hz. 
This leads to a modulation of the yield which is detected by two phase-sensi t ive rectifiers (double 
correlation). Measurements  from different sites in a river, and in the Baltic and North Seas, show that 
correction by the built-in simultaneously-measured at tenuation is necessary in order to obtain values 
which are identical with those determined by a photometric analysis (Uvikon 860). This applies if the 
transmission becomes less than about 95 %. Suspensions of Dunaliella safina exposed to ammonia  
and phosphate  were used for illustrating the usage for environmental  monitoring. It is shown that 
this system can measure  changes  in the chlorophyll fluorescence of hving algae caused by changes  
in concentration of ammonia  down to 1 ~g/1 and of phosphate  down to l0 ~g/1. 

I N T R O D U C T I O N  

C h l o r o p h y l l  f l u o r e s c e n c e  h a s  b e c o m e  a c o n v e n i e n t  s i g n a l  for m o n i t o r i n g  t h e  p h o t o -  

s y n t h e t i c  a p p a r a t u s  of p l a n t s  ( H a n s e n  et  al., 1991; P a s d a  e t  al.. 1992; S c h r e i b e r  & 

Sch l iwa ,  1987; S c h r e i b e r  et  al., 1986; S c h r o e t e r  et  al., 1991). S i m p l e  d e v i c e s  c a n n o t  

d i s t i n g u i s h  b e t w e e n  l i v ing  p l a n t  cei ls  a n d  o t h e r  m a t e r i a l  w h i c h  h a p p e n s  to e m i t  r ed  

f l u o r e s c e n c e .  O t h e r s  c a n  g ive  v e r y  d e t a i l e d  i n f o r m a t i o n  a b o u t  t h e  f u n c t i o n  of t he  

p h o t o s y n t h e t i c  a p p a r a t u s .  

S c h r e i b e r ' s  m e t h o d ,  e m p l o y e d  in  t h e  P A M - f l u o r o m e t e r ,  is a v e r y  s o p h i s t i c a t e d  

a p p r o a c h  ( S c h r e i b e r  e t  al., 1986). It e n a b l e s  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  of p h o t o -  

c h e m i c a l  a n d  n o n - p h o t o c h e m i c a l  q u e n c h i n g  m e c h a n i s m s .  T h e s e  r e s u l t s  c a n  b e  sup -  

p l e m e n t e d  b y  t h e  a n a l y s i s  u n d e r  l i n e a r i z i n g  cond i t i ons ,  w h i c h  f ac ih t a t e  e v a l u a t i o n  b y  

c u r v e - f i t t i n g  p r o c e d u r e s  a n d  e n a b l e  t h e  m o n i t o r i n g  of 7 d i f f e r e n t  p r o c e s s e s  of t he  

p h o t o s y n t h e t i c  r e a c t i o n  s c h e m e  ( H a n s e n  e t  al., 1991, 1993). 

For  f ie ld  a p p h c a t i o n ,  v e r y  o f t en  a n  i n s t r u m e n t  is r e q u i r e d  w h i c h  p r o v i d e s  a com-  

p r o m i s e  b e t w e e n  s imp l i c i t y  a n d  a m o u n t  of a v a i l a b l e  i n fo rma t ion .  S u c h  a d ~ v i c e  is the  
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1-Hz fluorometer here described. It can be used for determining concentrat ions of active 
chlorophyll and for monitor ing envi ronmenta l  influences (Schroeter et ai., 1991; Van- 
selow et al., I992). 

Another important  feature is also the measurement  of cells adapted to physiological 
fluence rates. The mean  fluence rate of 200 ~tE apphed in the 1-Hz fluorometer provides 
an estimate of the photosynthetic efficiency prevail ing under  common light conditions. 

PRINCIPLE OF OPERATION 

As with many  other fluorometers (Schreiber et al., 1986; Hansen  et al., 1991, 1993), 
the 1-Hz fluorometer employs two different light-sources: the measur ing light and  the 
actinic light (Table 1). The response to the measur ing light is called yield. As the 
ampli tude of the measur ing  light is constant, the yield f is a measure of the fluorescence F 
per irradiance I. 

F d F  
f - I d I (1) 

Equation 1 holds for fluorescence induced by measur ing lights of high frequency 
(usually 1 to 100 kHz). The yield is used preferentially because it provides a more 
sensitive measure  of the changes  in the photosynthetic apparatus than the fluorescence 
itself does. 

Table 1. Comparison of the properties of measuring and actinic light 

Measuring light Actinic light 

high-frequency I1 kHz-lMHz} 
periodic signals 
acting as a probe 

without influence on kinetics 
response is called yield 

low frequency 
different time-courses allowed 
acting as input signal 
evoking kinetic responses 
response is called kinetics 

Figure 1 shows the set-up. The body of water to be investigated is p u m p e d  into a 
stainless steel cyhnder,  which is 4 cm long, with an inner  diameter of 2.4 cm. The 
measur ing hght  is provided by three LEDs (TLRA 190P. Toshiba) on the r igh t -hand  side 
of the cylinder, the actinic hght  by two LEDs on the left-hand side. A photodiode (S-3590, 
HamamatsuJ records the induced  fluorescence. It is located behind  a filter {RG 9, Schott, 
Germany) on the wall, in the middle of the cyhnder.  This location, and the filter, prevent  
the photodiode being exposed to direct i l lumination by the hght-sources - which  would 
cause overload of the current-voltage converter. 

The i rradiance of both light-sources is subject  to modulation: periodic high-fre- 
quency (1 kHz to 1 MHz) changes  for the measur ing  hght  (Fig. 2A), slower t ime-courses 
for the actinic hght  (Fig. 2B). The measur ing  light induces  periodical changes  of 
chlorophyll fluorescence. This yield is constant, if the sample does not show photosynthe-  
tic activity (similar to Fig. 2A). The actinic hght  influences the physiological status of the 
photosynthetic reaction chain, and  evokes kinetic responses. This leads to a modula t ion  
of the ampli tude (Fig. 2C) of the response to the m e a s u n n g  hght  (yield). Because of this, 
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Fig. 1. Block-diagram of the 1-Hz fluorometer showing actinic- and measuring-light sources (LED 
TLRA 190P, Toshiba) located at opposite sides of the measuring-ceU and the detector on a side wall  
The light-sources are controlled by the computer. The signal from the detector (S-3590, Hamamatsu) 
is evaluated by double correlation, and the output is corrected for attenuation and evaluated by the 
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Fig. 2. Time-courses of the fluence rates of the measuring-hght (A), the actinic light (B), the 
theoretical modulation of the yield (C) by the actinic light (B), the induced chlorophyll fluorescence 

(D) 



788 C. Moldaenke,  K. H. Vanselow & U.-P. Hansen  

the electronic apparatus has to extract the curve form of Figure 2C from the signal 
recorded by the photodiode (Fig. 2D), i.e. it has to ignore the component  related to the 
direct effect of the actinic light. 

This is achieved by the principle of double correlation. The two correlators in Figure 
1 are phase-sensi t ive rectifiers with subsequen t  low-pass-filters. Rectification in the first 
correlator is done by switching the amplification factor of the correlator b e t w e e n  + 1 and 
- 1 ,  as controlled by the positive and the negat ive  phase of the measur ing  s igna l  Thus, 
only the response to the measur ing  light adds up in the low-pass filter - whereas  the 
direct response to the actinic light is e l iminated by averaging.  

The important  feature is the indirect effect of the actinic light, i.e. the modula t ion  of 
the ampli tude of the yield (Fig. 2C) due to induced changes in the status of the 
photosynthetic apparatus (Fig. 3). This results in a modulat ion of the dc-component  at the 
output  of the first correlator. 

The rectifier of the second correlator is controlled by the actinic signal. Because of 
this, only the changes m the yield induced  by the actinic light can pass the second 
correlator. The output of the second correlator is zero. if the fluorescence is not changed 
by the actinic light Idead material}. Otherwise it is a measure of the redox changes  in the 
photosynthetic apparatus  induced  by the actinic light. 

According to the above description, the measur ing light has to act as a probe. 1.e. 
under  steady-state conditions it has to record the status of the photosynthetic apparatus, 
without itself exerting any influence. For kinetic investigations, this postulate can be 
fulfilled, since the frequency of the measur ing  light is much higher than that of the actinic 
light. Thus. it acts like a constant  background  light for the slower reactions [shown in 
Fig. 3 below} stimulated by the actinic light. 

CORRECTION FOR ATTENUATION 

Chlorophyll and debris at tenuate the st imulating hght  and reduce the fluorescence 
on its way to the detector. Thus, a correction has to be applied, which compensates  for the 
effect of the attenuation. For this issue, one of the three LEDs at the r ight -hand side of the 
cylinder in Figure 1 is used as a photodiode. It records the measur ing light which is 
a t tenuated  by the chlorophyll and the debris in the cylinder. The a t tenuat ion  signal has 
the f requency of the m e a s u n n g  light, and  is detected by cross correlation with the 
measur ing signal in the at tenuat ion correlator (see Figure 1: atten, corr.). 

The output of the a t tenuat ion correlator is used to correct the measured  fluorescence 
yield fu as follows: 

f = fuexp (k (100-d) )  (2) 

The transmission d is given m percent  of the una t t enua ted  light. The factor k has to 
be  de te rmined  experimentally.  This is done by adding increasing amounts  of bentoni te  to 
the sample which has to be measured.  As the real chlorophyll content  remains  
u n c h a n g e d  after all the additions of bentonite ,  the measured  transmission and the 
measured  chlorophyll content  can be used  for the calculation of k. This cal ibrat ion routine 
accounts for the a t tenuat ion of the s t imulat ing and  the emitted light. Table  2 gives 
examples of this correction. 
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B I O P H Y S I C A L  B A C K G R O U N D  O F  THE 1-HZ R E S P O N S E  

T h e  i n s e t  of F i g u r e  3 s h o w s  t he  r e s p o n s e  in  c h l o r o p h y l l  f l u o r e s c e n c e  y ie ld  of a p l a n t  

cel l  e v o k e d  b y  a s t ep  in t he  f l u e n c e  ra t e  of t h e  ac t in i c  l igh t  ( s tep  r e sponse ) .  C u r v e - f i t t i n g  

of th i s  s t ep  r e s p o n s e  b y  a s u m  of e x p o n e n t i a l s  

7 ~i f(t) = ~ Ai ( 1 -  exp  ( -  .)) (3) 
i=1 

p r o v i d e s  7 t i m e  c o n s t a n t s  ~i a n d  7 a m p l i t u d e  fac to rs  A,, w h i c h  c a n  b e  a s s i g n e d  to 7 

i n d i v i d u a l  p r o c e s s e s  in  t he  p h o t o s y n t h e t i c  r e a c t i o n  s c h e m e  w h i c h  are  m a r k e d  b y  t he  

,._I Compu .r 

�9 M-L igh f  ,,..(~ 

( 
f 
A- Lighf 

102" ~ H20 ' 2 2H+ 

2H + I~] 
pH - lumen 

5 ~  
I 
I 

I 

i 1 10 100 f /s  
L J 

H + 

_ _ ~ I~2H + 
pH 

NADP++ 2H + sfroma 
e ~-" 2H§ ~ i -  

ADP ~ C02 

J 
y 

ATP 

ENVELOPE 

Fig, 3. Schematic presentat ion of the photosynthetic reactions determining the temporal  behaviour  
of chlorophyll fluorescence in the range of about  1 s to 10 mira The numbers  in the boxes correspond 
to those at the induction curve in the inset and in Eq. 3. The ass ignment  as obtained from previous 
investigations (Hansen et al.. 1991, 1993; Vanselow, 1993; Vanselow & H a n s e n  1989) is as follows: 
1: primary acceptor (Q} of photosystem II (PS II}, 2: plastoquinone pool (PQ); 3: primary PSI  acceptor 
pool X 4: t ransthylakoid pH-gradient.  5a: unknown,  speculation: FNR-reductase, related to Ca2 ~- 
uptake into the chloroplasts. 5b: unknown. 6 : s t a te -1  state-2 transitions via the hgh t  harvest ing 

complex (LHO 
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numbers  at the induct ion curve and in the boxes (Dau & Hansen,  1989, 1990; Hansen  et 
al., 1991, 1993; Vanselow 1993; Vanselow & Hansen,  1989; Vanselow et al., 1988, 1989). 

The analysis of the t ime-course shown in Figure 1 requires plenty of time, experience 
and control experiments;  for instance, the comparison with other signals, like absorption 
at 535 nm, or photoacoustically measured  gas exchange (Dau & Hansen,  1989, 1990). This 
effort may be too t ime-consuming just for monitoring the density and physiological state 
of algal cultures. However, the background  knowledge obtained from invest igat ions like 
those which led to the scheme in Figure 1 is utilized in order to construct a reliable easy- 

to-operate instrument.  
The principle of the 1-Hz fluorometer is based on the knowledge that the kinetic 

behaviour  in the range  of 1 sec is mainly  determined by the changes in the redox-state of 
the primary quenchers  QA and QB of photosystem II, the plastoquinone pool and the 
accepter pools of PSI. This is the range  of the t ime-constants rl to ~3 (Fig. 3; Hansen  et al., 
1991, 1993; Vanselow, 1993). These changes  in redox-state occur only in living plant  
cells. Because of this, the fluence rate of the actinic light is modulated with a f requency of 
about 1 Hz. 

CALIBRATION OF THE 1-HZ FLUOROMETER 

As is obvious from Figure 3, the magni tude  of chlorophyll f luorescence and also of 
the yield depends  on many  individual  processes in the photosynthetic apparatus,  which 
change their state whenever  i rradiance is changed (Schreiber et al., 1986; Hansen  et al., 
1991, 1993; Vanselow et al., 1989). 

This also holds for the measurements  with the 1-Hz fluorometer, as il lustrated by 
Figure 4. Cells of Dunaliefla salina were grown in artificial seawater (Guillard & Ryther, 
1962) on the sill of a north-facing window in Bfisum, and were subject to normal  daylight 
conditions. The cells were then sucked into the measurmg vessel shown in Figure 1. The 
exposure to the lights of the 1-Hz fluorometer induced changes in the photosynthetic  
apparatus which led to the t ime-course of the 1-Hz signal, shown in Figure 4. 

The time-course displayed in Figure 4 raises the problem of when  to take  the reading 
of the 1-Hz fluorometer. However, Figure 4 shows that the reading of the 1 Hz fluoro- 
meter reaches a steady-state after the exposure to the fluence rate of the ins t rument  
within 40 sec. In order to allow for even  slower kinetics, the reading of the 1-Hz fluoro- 
meter  is taken 120 sec after exposure to the light of the measur ing  chamber.  

In Figure 5 a calibration curve is given. A sample of cells of Dunaliella salina was 
taken. The concentrat ion of Chl a was de termined to be 90 ~tg/1, according to the method 
of Jeffrey & Humphrey  (1975) by means  of an Uvikon 860. This value was used to 
calibrate the output of the 1-Hz fluorometer. Linearity was then tested. For this purpose, 
the data points to lower concentrat ions be ing  obtained by taking this sample of cells (data 
point  at the r ight -hand side), and di lut ing it (in several steps) down to a concentra t ion of 
19 ng Chl/1. It is obvious that hneari ty  holds over a wide range. However,  the experi- 
menter  has to take care to use the same temporal  range during cahbration a nd  dur ing  the 
experiment.  

The problem of the adequate  selection of the measur ing  protocol is re la ted to the 
general  quest ion of what  is actually recorded by the instrument.  Uncontrol led parameters  
may be involved, resulting from the state of energy quenching  (Schreiber & Neubauer ,  
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Fig. 4. Temporal behaviour of the output of the 1-Hz fluorescence after exposure to the light 
conditions of the instrument 

1990; Dau & Hansen,  1990; Horton et al., 1991; Vanselow et al., 1988), state transitions 
(Dau & Canaani ,  1992) or photoinhibit ion (Demmig & Winter, 1988). 

The state of energy quenching  can be set to a reproducible value, by keeping  the 
cells in the dark for about 120 sec prior to the measurement  and then in the light of the 
experimental  vessel for additional 120 sec, because  the t ime-constant  of the changes  in 
energy quenching  (~4, Fig. 3) is less than 50 sec (Hansen et al.. 1991, 1993). 

Other influences are more difficult to control. Usually, the effect of state transitions 
(Dau & Canaani ,  1992) is not big. However, if a major influence is expected, an 
equil ibration period (exposure to the fluence rate of the 1-Hz fluorometer) longer than ~6 
in Figure 3, e.g. 20 min, should precede the measurement  (Hansen e t a ] ,  1991, 1993). 

Photoinhibition (Demmig & Winter, 1988) or accumulat ion of zeaxanthin (Bilger et 
al., 1989) is a more difficult problem. Recovery from photoinhibit ion or reversion of de- 
epoxidation can last a very long time. Thus, it is recommended  to avoid photoinhibitory 
light regimes. If photoinhibit ion cannot  be  avoided, the experimenter  should be aware of 
the fact that the ins t rument  records only the non-photoinhibi ted  portion of the investi- 
gated sample. This, however, holds for all fluorometers analysing the kinetics of 
chlorophyll fluorescence. 

EXAMPLES OF APPLICATION 

Samples of water were collected at the places listed in Table 2. The chlorophyll 
content  was measured  by  the 1-Hz fluorometer, and the readings were compared with 
the results obtained by an Uvikon 860, according to the method of Jeffrey & Humphrey 
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(19751. In o r d e r  to d e t e r m i n e  t h e  a m o u n t  of p h o t o s y n t h e t i c a l l y  a c t i v e  c h l o r o p h y l l ,  t h e  

v a l u e s  f rom t h e  U v i k o n  860 w e r e  c o r r e c t e d  b y  t h e  G e n t y  p a r a m e t e r  ( G e n t y  et  al., 1989) 

w i t h  fm b e i n g  m e a s u r e d  b y  f l a s he s  of 4000 LtE. T a b l e  2 s h o w s  t h a t  c o r r e c t i o n  for 

a t t e n u a t i o n  is n e c e s s a r y .  C o l u m n  1 g ives  the  r e su l t s  of a c h e m i c a l  a n a l y s i s  ( U v i k o n  860) 

r e g a r d e d  as  " t r u e  v a l u e s " ;  c o l u m n  2, t h e  v a l u e s  o b t a i n e d  w i t h o u t  c o r r e c t i o n  for a t t e n u a -  

t ion.  O b v i o u s l y ,  t h e y  b e c o m e  i n c o r r e c t  if h i g h e r  a l g a l  d e n s i t i e s  (Eider)  or m o o d  (Bfisum) 

Table 2. Density of algal concentrations measured  at different sites with different methods illustra- 
ting the necessity of correcting the fluorescence reading by the simultaneously measured  at tenua-  

tion. Concentrat ions are given in ~g Chl a/1 

Site Chemical Fluorescence Corrected Transmission 
analysis without corr. fluorescence (4 cm) 

Baltic Sea. Kiet 3.4 3.4 3.4 98 % 
River Eider 13.0 12.5 13.2 93 % 
Bfisum Harbour  5.3 2.3 5.4 89 % 
Bfisum North Sea 5.9 2.1 5.9 86 % 
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result in transmissions less than about 95 %. However ,  the values in column 3 show that 

the corrected values come very close to those de te rmined  by the Uvikon 860. 

THE 1-HZ FLUOROMETER AS ENVIRONMENTAL MONITOR FOR NUTRIENTS 

Cells of Duna/ie//a sal ina were  kept  in a vessel  on the window-sill.  The artificial 
seawater  (Guillard & Ruyther, 1962) was not r enew ed  for 4 weeks  in order to induce 

ni t rogen and phosphate  starvation. Then the exper iments  were  done, according to the 

protocol as shown in Figure 4. Cells were  sucked into the exper imenta l  vessel. The 

exposure to the lights of the 1-Hz f luorometer  caused transient changes  in the 1-Hz signal 
as described above. After a calibration phase  of sufficient length (ca 1 h), NH4C1 or 

K2HPO4 was added. The concentrations ranged  from 1 to 100 ~g/1 (0.056 mmol m - 3  to 5.6 
mmol  m -3 )  i n  the case of ammonia,  and from 10 to 1000 ~tg/1 (0.11 mmol m - 3  to 11 mmol  

m -3) in the case of phosphate.  

The addition of the nutrient resulted in a sharp upward peak  and a slow, partially 
reversible downward  deflection (right-hand side of Fig. 4). 

Figure 6A shows some t ime-courses as induced by the addition of NH4C1 of different 
concentrations. Significant changes  in the 1-Hz signal are obtained at concentrat ions 

above 0.56 ~tM. The addition of the nutrient  resulted in a sharp upward peak  and a slow, 
partially reversible, downward  deflection. The difference be tween  the upper  and lower 

maxima was taken as a measure  of the effect of the nutrient. 
From exper iments  of this kind, the dependence  of the change  in f luorescence yield 

on concentrat ion was determined (Fig. 6B). The dose-effect  curves show a nearly-l inear  

dependence  on the logarithm of the nutrient  concentration. 
The origin of the effect is known in the case of ammonia.  Vanselow (1993) has shown 

that ni trogen salts induce a stimulation of electron transfer from P S I  to the ni t rogen 

metabol ism in the chloroplast (related to z3 in Fig. 3). This leads to a photochemical  
quench ing  of chlorophyll f luorescence as indicated by the downward  deflection in Figure 

4. In addition, the electron flow to ni t rogen which is related to a much lower consumption 
of ATP than that to the Calvin cycle causes an increase in the transthylakoid pH-grad ien t  

and thus to additional energy quenching.  The effect of phosphate  is different and still 

under  investigation. 

SUMMARY OF THE BENEFITS AND RESTRICTIONS 
OF THE 1-HZ FLUOROMETER 

Benefits: 
- no flash lamps: that means low power  consumption,  no b leaching  light intensities 

- LEDs as l ight-sources: long life-time 

- high sensitivity (Chl a: 20 ng/1) 
- wide linear range  as shown in Fig. 5 

- distinction b e t w e e n  fluorescence of live and dead  mater ial  
- measu remen t  at naturally occuring l ight intensities 

Restrictions: 
- equil ibrat ion time of 2 or more minutes  for the adaptat ion of the photosynthetic  

apparatus to the measur ing light intensity 
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Fig. 6. Nut r i en t  de tec t ion  by  the  1-Hz f l uo rome t e r  for a m m o n i a .  A: E x a m p l e s  for the  t i m e - c o u r s e  of 
t he  r e s p o n s e s  to t he  addi t ion  of d i f ferent  concen t r a t i ons  of NH4C1. B: Dose-ef fec t  cu rve  as  ob ta ined  
f rom the  a v e r a g e s  of t h ree  to five m e a s u r e m e n t s  at  e a c h  concent ra t ion .  The  1-Hz f l u o r e s c e n c e  is 
g iven  in re la t ive uni t s  (r,u.) as o b t a i n e d  by  d iv id ing  t he  m e a s u r e d  def lect ion ( second  u p p e r  p e a k  - 

lower  p e a k  in  [A]) by  the  s t e a d y - s t a t e  v a / u e  r eco rded  before  the  add i t ion  
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- p h o t o i n h i b i t e d  cells  a re  i g n o r e d  as is all o the r  non- l iv ing  ma te r i a l  

- ca l ib ra t ion  in cell  n u m b e r  r e q u i r e s  ca l ib ra t ion  by  the  s a m e  s p ec i e s  as occu r s  in the  

i n v e s t i g a t e d  b o d y  of wate r .  
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