
Abstract The use of microalgae suspensions in PAM-

fluorometers such as the Water-PAM (Walz GmbH,

Germany) presents the problem of maintaining a

homogeneous sample. The Water-PAM is marketed

with an optional accessory for stirring the sample

within the cuvette while in the emitter–detector (ED)

unit. This stirring device can help to prevent cells from

settling out of suspension over the time-course of

chlorophyll-a fluorescence measurements. The ED unit

was found to provide a vertically heterogeneous light

environment and, therefore, cells within a single sam-

ple can exist in different quenched states. Enhancing

cell movement by stirring was found to substantially

influence measured fluorescence yield while perform-

ing induction curve and rapid light curve analyses. This

is likely to result from relatively unquenched cells

outside the main light-path moving into a higher light

region and thus emitting disproportionately more flu-

orescence than quenched cells. Samples containing

cells with high sinking rates or motile species may

encounter similar (but reduced) problems. This effect

can be mitigated by: (a) reducing analysis time to

minimise the distance cells can sink/swim during the

measurement procedure and avoiding the necessity of

stirring; (b) limiting the proportion of sample outside

the light path by minimising sample volume or; (c) by

activating the stirrer only for short periods between

saturation pulses and allowing enough time after stir-

ring for quenching to stabilise before activation of the

saturation pulse. Alternatively, modifications to the

instrument providing a vertical dimension to the LED-

array could resolve the issue by providing a more

homogeneous light environment for the sample.
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Abbreviations

ED unit emitter–detector unit

F fluorescence yield

Fm maximum fluorescence yield in the dark-

adapted state

F¢m maximum fluorescence yield in the light-

adapted state

F¢m m maximum F¢m value

Fv/Fm maximum photochemical yield in the dark-

adapted state

LED light-emitting diode

NPQ non-photochemical quenching

PSII photosystem II

PAM pulse amplitude modulation

rETR relative electron transport rate

rETRmax maximum relative electron transport rate

RLC rapid light curve

Introduction

Chlorophyll-a fluorescence serves as a valuable probe

of the primary biophysical events in photosynthesis

(Falkowski et al. 1986; Hill and Ralph 2005; Lazár

et al. 2005), including the efficiency of PSII photo-

chemistry (Beardall et al. 2001). The development of
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highly sensitive Pulse Amplitude Modulation (PAM)

fluorometers in the early 1990s (Schreiber et al. 1993),

and further refinement of the electronics since then,

has resulted in a recent surge in the application of Chl-

a fluorescence in scientific research (Samson et al.

1999; Villareal 2004; Jakob et al. 2005). Instruments

with sufficient sensitivity to measure variable Chl-a

fluorescence of marine phytoplankton in coastal waters

are now available (Schreiber et al. 1993; McMinn and

Hegseth 2004).

The Water-PAM (Walz GmbH, Germany) was de-

signed for the assessment of phytoplankton in natural

surface waters. Light-emitting diodes (LEDs) provide

non-actinic measuring light (3 LEDs, spectral peak at

650 nm), actinic light/saturation pulses (12 LEDs,

spectral peak at 660 nm) and far-red light (3 LEDs,

spectral peak at 730 nm). These LEDs are contained in

the ED unit and are arranged in a ring which circles the

15 mm Ø quartz sample cuvette. When in place, the

base of the sample cuvette rests upon the detector

(Fig. 1a).

Accurate and precise fluorescence measurement

with the Water-PAM requires cell distribution to

remain homogenous during sampling and that all cells

experience the same irradiance. This basic principle

also applies to other PAM-fluorometers of similar

design, such as the PHYTO-PAM (System II PHYTO-

ED configuration) and Toxy-PAM (Walz GmbH,

Germany). The Water-S stirring device (supplied as an

optional accessory) is aimed at maintaining sample

homogeneity and preventing cells from settling to the

bottom of the cuvette (Fig. 1a). Observations during

use of the Water-PAM fluorometer have indicated that

the act of stirring the sample can, however, have a

profound effect on fluorescence readings and the

derived parameters. This paper presents evidence for

this and suggests a design modification that the authors

feel could negate this effect.

Methods

Nannochloropsis oculata CS179 (Droop) Hibberd

(Eustigmatophyceae) was chosen as the study organ-

ism as it is considered hardy (not physically impacted

by stirring) and has a slow sinking rate resulting in

little to no cell movement over the duration of a rapid

light curve (RLC) or induction curve. A vertical

flat plate photobioreactor (5.5 l) was used to grow

N. oculata in semi-continuous culture at 25 – 2�C at an

irradiance of 540 lmol quanta m)2 s)1 with a 12 h:12 h

light/dark cycle provided by cool white fluorescent

lamps set along both sides of the reactor. Mixing was

provided by bubbling air at a rate of 1.0 l min)1. The

culture was maintained in logarithmic-phase by daily

dilutions based on cell density. Culture media con-

sisted of double-filtered seawater (charcoal-treated

then filtered through Whatman filter paper followed by

0.45 lm MFS mixed cellulose ester) enriched with

f/2 ) Si nutrients (modified from Guillard and Ryther

1962).

Samples were collected from the photobioreactor

and placed into darkened vials for 10 min dark adap-

tation. Dark adaptation of 10 min had previously been

found to yield the peak Fv/Fm (data not shown).

Samples were then transferred to the sample cuvette

(in a darkened room), which was immediately inserted

into the ED unit and the stirrer unit fitted. Sample

volume was maintained at 2.5 ml unless otherwise

specified. Far-red (FR) light was subsequently applied

for 5 s to ensure full oxidation of QA. Once fluores-

cence had stabilised after applying FR light, either the

Fig. 1 (a) Basic line drawing
(not to scale) of Water-PAM
cuvette with stirring device in
place. Stirring is both in the
horizontal plane and the
vertical plane; (b) Light
distribution measured in the
centre of the cuvette when
mounted within the ED-unit
of the Water-PAM
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induction curve or rapid light curve (RLC) programme

(within WINCONTROL software, Walz GmbH) was

initiated. Two treatments were used: (1) not stirred

and; (2) stirred. For both treatments the stirring device

was in place, however, it was not activated during

treatment 1.

Chlorophyll a content was calculated spectrophoto-

metrically using the equations of Jeffrey and Hum-

phrey (1975) after extraction of filtered samples

(Whatman GF/F) in 90% acetone. All measurements

were performed both at ‘high’ (140.9 – 11.9 lg Chl-a

l)1; mean – se, n = 3) and ‘low’ (6.3 – 0.27 lg Chl-a

l)1; mean – se, n = 3) chlorophyll concentrations.

Light distribution in Water-PAM

The relative distribution of light in the Water-PAM

was measured using the spherical micro-quantum

sensor attachment (US-SQS/WB, Walz GmbH). The

ED-unit actinic light was activated and irradiance

measured at 1 mm intervals from the bottom of the

cuvette. Actinic light was turned off between

measurements to avoid changes in LED temperature.

Rapid light curves

Rapid light curves were performed with 10 s exposure

duration to each of eight incremental irradiances (50,

76, 118, 176, 271, 406, 579 and 806 lmol quanta m)2 s)1

measured at the base of the cuvette with US-SQS/WB

sensor) after an initial quasi-dark measurement

(~1.5 lmol quanta m)2 s)1) to provide estimates of Fo

and Fm.

Rapid light curves were constructed by calculating

relative electron transport rate (rETR, Eq. 1) through

PSII for each level of actinic light:

rETR ¼ F 0m � F

F 0m

� �
� PAR� 0:5 ð1Þ

where (F¢m-F)/F¢m estimates the effective quantum

yield of PSII, PAR is the actinic irradiance in lmol

quanta m)2 s)1, 0.5 is a multiplication factor based on

the assumption that 50% of the absorbed quanta are

distributed to PSII (Beer et al. 1998b).

RLC data were fitted to the model of Platt et al.

(1980) in order to obtain values for the initial slope (a),

inhibition term (b), light saturation parameter (Ik) and

maximum relative electron transport rate (rETRmax).

Ik was derived from rETRmax and a (Eq. 2):

Ik ¼ rETRmax=a ð2Þ

Non-photochemical quenching (NPQ) was calcu-

lated following Serôdio et al. (2005) since F¢m values

were found to be higher than Fm in stirred samples

(Eq. 3):

NPQ ¼ F 0m m � F 0m
� ��

F 0m ð3Þ

where F¢m m is the maximum F¢m value and was re-

placed by Fm when the dark-adapted value was the

highest.

An additional observation was made by plotting the

fluorescence trace of a light curve (LC) with a longer

duration at each actinic irradiance (3 min). Sample

homogeneity was maintained during the extended time

period of this curve by stirring. Stirring was performed

for 10 s, beginning approximately 10 s after each sat-

uration pulse, leaving over 2.5 min for fluorescence to

stabilise before the next saturation pulse.

Induction Curves

Induction curves were measured with a delay of 30 s

between determination of Fv/Fm and onset of actinic

illumination (406 lmol quanta m)2 s)1 measured at the

base of the cuvette). A saturation pulse, measuring

quantum yield and NPQ, was performed immediately

after the onset of actinic illumination and every 20 s

thereafter until deactivation of actinic light 4 min later.

A trace of the fluorescence signal was recorded for

each treatment and changes in NPQ and quantum yield

were calculated as previously described.

Diving-PAM

RLC and induction curve data were also obtained

using a Diving-PAM (Walz, Germany) to use as a

reference against Water-PAM data to assist in dis-

cerning between ‘typical’ and ‘atypical’ fluorescence

patterns. Nannochloropsis oculata was filtered onto a

Whatman GF/C filter paper under low pressure and

left damp. In a darkened room the Diving-PAM’s 8-

mm fibre-optic probe was positioned ~3 mm above the

filter paper and RLC and induction curve programmes

activated. The fibre-optic probe was repositioned to a

fresh, darkened portion of the filter between each

measurement.

Results

The impact of stirring was similar at both chlorophyll

concentrations, however more background noise was
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evident when analysing the ‘low’ chlorophyll samples

(higher photomultiplier gain settings used). For this

reason only results for ‘high’ chlorophyll concentration

samples are presented here.

Light distribution in Water-PAM

Irradiance measurements indicate that the single ring

of LEDs produces a narrow band of light with maxi-

mum irradiance measured just over 3 mm above the

base of the cuvette (Fig. 1b). Just ~2.1 mm further

above or below this point irradiance was 50% of

maximum. The use of the Water-S stirring accessory

promotes mixing of the sample both horizontally and

vertically (Fig. 1a) and, as a consequence, cells move

through different irradiance fields.

Rapid Light Curves

Representative plots of the fluorescence trace for each

treatment are presented in Fig. 2. These fluorescence

data indicate a substantial influence of stirring on the

dynamics of fluorescence measurements. In particular,

F¢m remains high and F increases with each increase in

PAR in stirred samples compared to unstirred samples

(Fig. 2b). This resulted in higher effective quantum

yield values, hence a was significantly higher in the

stirred treatment compared to the unstirred treatment

(Table 1). While rETRmax was significantly higher in

stirred samples (Table 1, Fig. 3a) as a result of en-

hanced F¢m values, the effect was limited by increasing

F at higher PAR (Fig. 2b). NPQ in stirred samples was

severely diminished by artificially high F¢m values

(Table 1, Fig. 3b).

The fluorescence chart from the extended LC (3 min

at each irradiance) clearly illustrates an impact of

stirring on the fluorescence signal (Fig. 4). There is also

an indication that the impact of stirring becomes

greater at higher actinic irradiances, with negligible

impact observed during the first actinic light level

(50 lmol quanta m)2 s)1).

Induction Curves

Induction curve data were adversely impacted by

stirring samples during chlorophyll-a fluorescence

measurements in the Water-PAM. Representative

plots of the fluorescence trace for each treatment are

presented in Fig. 5. Induction curve data obtained from

the unstirred sample follow the typical ‘slow phase’

kinetics of fluorescence induction (Lazár 1999). While

NPQ appeared active in samples that were not stirred,

data from samples that were stirred gave an impression

of severely limited NPQ development (Fig. 6a). NPQ

was significantly lower in stirred sampled compared to

unstirred samples (F0.05(1),138 = 422.29, P < 0.001).

Effective quantum yield data was also impacted by

stirring (Fig. 6b) with stirred samples displaying sig-

nificantly higher measures than unstirred samples

(F0.05(1),138 = 12.582, P = 0.001). This increase in

effective quantum yield resulted in a similar increase

in rETR values (data not shown).

Diving-PAM

Diving-PAM RLC fluorescence trace data (Fig. 7a)

indicated a decline in F¢m compared to Fm similar to

that observed in the unstirred Water-PAM samples.

Similarly, induction curve chlorophyll-a fluorescence

data obtained with the Diving-PAM (Fig. 7b) resemble

the Water-PAM data from the unstirred treatment

(Fig. 5a).

Fig. 2 Fluorescence traces of
10 min dark-adapted samples
of N. oculata for the duration
of a RLC. Numbers indicate
actinic irradiance in lmol
quanta m)2 s)1 applied for
each 10 s period between
saturation pulses. (a) Stirrer
not activated, (b) stirrer
activated
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Discussion

PAM-fluorescence measurements have become popu-

lar for assessing the photochemical status of crops

(Schäfer and Björkman 1989), corals (Schreiber et al.

1997; Beer et al. 1998a; Hill et al. 2004), seagrass

(Ralph et al. 2002; Campbell et al. 2003; Durako et al.

2003), macroalgae (Häder et al. 1998; Beach et al. 2003;

Beer and Axelsson 2004) and microalgae (Kromkamp

and Peene 1999; Gilbert et al. 2000; Suggett et al. 2003).

With the advent of sensitive and portable equipment

such as the Water-PAM (Walz GmbH, Germany) the

application of chlorophyll-a fluorescence measure-

ments to assess phytoplankton in natural surface waters

can be expected to further increase in popularity.

Despite the efforts of some to detail methodological

guidelines for PAM-fluorescence studies (Ralph and

Gademann 2005), some points of debate still remain

regarding specific procedures.

When collecting chlorophyll-a fluorescence mea-

surements using the Water-PAM it is important that:

(i) cells do not settle to the bottom of the cuvette

during measurements; (ii) all cells experience the same

light environment and; (iii) the cells are evenly dis-

tributed throughout the sample (homogeneous). To aid

in fulfilling these criteria a stirrer is sold as an optional

accessory with the Water-PAM. We have shown,

however, that stirring samples during RLC or induc-

tion curve measurements may significantly impact

results. The PHYTO-PAM (System II PHYTO-ED

configuration) and Toxy-PAM (Walz GmbH, Ger-

many) ED units have similar geometry and light fields

to that of the Water-PAM ED unit and stirring is likely

to have a similar impact in each of these fluorometers.

Different results may be apparent with units varying in

geometry and light environment.

Table 1 RLC parameters as
measured in the Water-PAM.
* = significant difference
between treatments
(P < 0.05). Values are
mean – se (n = 5)

*rETRmax *a Ik *Max. NPQ

No stirring 42.9 – 2.0 0.270 – 0.005 159.4 – 8.3 0.876 – 0.017
Stirring 52.8 – 1.4 0.331 – 0.011 160.0 – 3.3 0.073 – 0.003
t, P(0.05) )4.082, 0.004 )5.210, 0.001 )0.064, 0.950 46.165, < 0.001

Fig. 3 RLC data illustrating the impact of stirring on (a) rETR
and, (b) NPQ (n = 5, error bars indicate standard error)

Fig. 4 Fluorescence trace of a light curve with 3 min exposure to
each successive irradiance (intensities indicated). Measurements
were performed with dark-adapted N. oculata. Magnified region
details 10 s delay after saturation pulse before stirrer was turned
on (up arrow), fluorescence rise during 10 s stirring, and
transient fluorescence peak before a rapid decline once the
stirrer was turned off (down arrow)
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Stirring samples within the ED-unit during chloro-

phyll-a fluorescence measurements resulted in signifi-

cantly higher RLC parameters rETRmax and a, while

NPQ readings were significantly negatively impacted

(both RLC and induction curve). Artificially high F¢m
values recorded while samples were stirred appear to

be the cause of these changes. Concomitant increases

in F tend to moderate increases in effective quantum

yield and the derived rETR values.

Comparison of fluorescence patterns observed in the

Water-PAM against those obtained using a Diving-

PAM revealed a close similarity between the pattern of

the Diving-PAM fluorescence data and the unstirred

Water-PAM data. This suggests that the unstirred data

were ‘typical’ rather than ‘atypical’. While changes in F

during the course of a RLC recorded with the Diving-

PAM did appear to deviate from that observed with

the Water-PAM, the pattern observed (Fig. 7a) was

very similar to dark-adapted pea leaf RLC fluores-

cence patterns observed by White and Chritchley

(1999) using a MINI-PAM (Walz GmbH, Germany).

Irradiance measurements show that there is a het-

erogeneous light environment within the ED unit

(Fig. 1b). The LED array is located in a ring near the

bottom of the cuvette (Fig. 1a); providing the maxi-

mum PAR irradiance just over 3 mm above the base of

the cuvette and 50% PAR ~2.1 mm above or below

this point. The fluorescence signal received by the

detector is likely to be predominantly from those cells

within this narrow beam. It is suggested that uneven

illumination of the sample within the cuvette may be

the underlying cause of artificially high F¢m and F

values when the sample is stirred. Cells outside the

main light path would experience less quenching of

fluorescence and by activating the stirrer these cells

become vertically mixed and pass into the ‘high light’

zone. The relatively unquenched state of these cells

would then yield an increase in measured fluorescence.

This could potentially also happen (to a lesser extent)

in unstirred samples if cells are motile or sink signifi-

cantly during the course of a RLC or induction curve.

Both of these situations would result in cells moving

across a gradient of light intensities resulting in an

impact on their quenched state. Sinking rate data from

Bienfang (1980) suggest that cells within a sample of

natural phytoplankton may sink 0.34–1.66 mm within

the 87 s it takes to run a RLC with a 10-s exposure at

each irradiance. Our measurements indicate that a cell

sinking 1.66 mm to the point of maximum light

Fig. 5 Fluorescence traces of
10 min dark-adapted samples
for the duration of an
induction curve. (a) Stirrer
not activated, (b) stirrer
activated. Up arrows and
down arrows indicate
activation and deactivation of
actinic light (406 lmol quanta
m)2 s)1) respectively

Fig. 6 (a) NPQ and (b) effective quantum yield measurements,
taken from successive saturation pulse data during the course of
an induction curve (actinic light = 406 lmol quanta m)2 s)1).
Error bars indicate standard error (n = 5)
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intensity would experience a 64% increase in irradi-

ance. Actively swimming cells have the potential to

experience even greater variation in irradiance. Even

the moderately paced cryptophyte, Plagioselmis nan-

noplanctica (Clegg et al. 2003), could swim a distance

of ~7 mm over the duration of a similar RLC. Photo-

tactic responses of motile species could also influence

quenching data simply due to accumulation (or dis-

persion) of cells into (or away from) the narrow beam

of light.

One would expect the rise in F upon activation of

the stirrer to become more substantial as the actinic

irradiance setting is increased. The fluorescence trace

recorded during the course of a LC with 3 min expo-

sure at each irradiance displays both a rise in the stir-

rer-induced fluorescence peak and a greater amplitude

to the recovery-wave with each successive increase in

actinic irradiance. These data indicate that stirring will

have a negligible influence on fluorescence data when

only the measuring light or low irradiance actinic light

(approx. < 150 lmol quanta m)2 s)1) is activated.

Induction curve data obtained from unstirred sam-

ples (Fig. 5a) and filtered samples (Diving-PAM,

Fig. 7b) follow typical fluorescence induction patterns

(Lazár 1999), however, stirred samples are atypical and

experience elevated F and F¢m values (Fig. 5b). This

impact on F and F¢m values is not transient and persists

for the period of the induction curve. Again, the fluo-

rescence parameter most influenced by this change is

NPQ (Fig. 6).

Significant methodological questions still remain

when stirring samples to maintain sample homogeneity

when using the Water-PAM ED-unit and other similar

units. Users should be mindful of the need to stir their

sample (particularly if the cell sinking rate is moderate

to high), the susceptibility of the study organism(s) to

stirrer-generated shear and enhanced ‘noise’ caused by

stirring. Some users stir the sample by placing the en-

tire ED unit on a modified orbital shaker, effectively

eliminating stirrer-generated shear forces and reducing

vertical mixing (P. Ralph, personal communication).

One might suggest that by using minimal sample

volume, thereby reducing the proportion of sample

outside the light path, the impact of stirring on the

fluorescence signal could be reduced. While this ap-

proach does reduce the magnitude of the impact a

substantial change in fluorescence remains (data not

shown). We propose that providing a vertical dimen-

sion to the LED-array, such as the addition of a second

ring of LEDs at a higher level relative to the cuvette,

plus restriction of sample volume to 2 ml, would result

in more even illumination of the whole sample and

significant mitigation of the described fluorescence

artefacts.
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