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Abstract Shipboard and remote-sensed Chlorophyll

fluorescence were determined in the natural phytoplankton

assemblage above the iron-enriched Kerguelen Plateau and

the adjacent high-nutrient, low-Chlorophyll open Southern

Ocean. The variance between fluorescence yield and pho-

tosynthetic efficiency was determined in combination with

Chlorophyll a concentrations, irradiance and phytoplank-

ton species distribution. A co-variance between the

fluorescence measurements would allow the refinement of

remote-sensing primary production algorithms. Distinct

differences were found in photosynthetic efficiency and

water-leaving fluorescence, with relatively high values for

the Kerguelen Plateau and low values in the open ocean,

reflecting the differences in Chlorophyll a concentrations.

The co-variance of the fluorescence properties suggested

that remote-sensed fluorescence measurements could be

used to infer differences in the physiological state of the

phytoplankton, hence primary production. Fluorescence

yield, however, did not show the differences in the research

area, most likely due to the low signal and the diurnal

variation in water-leaving fluorescence.
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Introduction

Satellite observations have proven to be of great use for

estimating the worldwide oceanic primary production

(Behrenfeld and Falkowski 1997; O’Reilly et al. 1998).

Satellite-derived primary production is commonly related

to the Chlorophyll a (Chl a) concentration. However, two

problems are obvious when using Chl a concentration as an

indicator for primary production. First, the relation

between Chl a concentration and phytoplankton biomass is

not conservative as a result of the following: (a) the ratio

Chl a to carbon is species-specific, (b) senescent cells have

less pigments than young cells, and (c) light intensity and

spectral quality, as well as (micro-)nutrient availability,

affect the pigment composition and concentration. Second,

the phytoplankton biomass alone does not tell us at which

rate the phytoplankton grows. The growth rate of phyto-

plankton in natural waters differs in response to the

environmental conditions and the physiological state of the

phytoplankton. An additional problem in polar regions,

concerning the remote sensing of Chl a, is that the common

algorithms used to calculate chlorophyll concentrations

from remotely sensed blue–green bands, were found to be

inaccurate. The absorptive properties of the phytoplankton

in polar waters differed from the absorptive properties of

the more temperate waters, to which the algorithms are

basically tuned (Mitchell 1992; Dierssen and Smith 2000;

Stramska et al. 2003). The pigment-specific absorption was

found to be significantly smaller, particularly in the blue

region of the spectrum, which was hypothesized to be due
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to pigment-packaging effects and a relatively small amount

of detrital absorption compared to phytoplankton absorp-

tion in polar waters (Mitchell 1992). The magnitude of the

inaccuracy differed (Dierssen and Smith 2000; Mitchell

1992; Stramska et al. 2003; Stramska et al. 2006) and

seemed to be related to the species composition (Stramska

et al. 2003) and the season (Stramska et al. 2006).

Chlorophyll fluorescence, as introduced by Lorenzen

(1966), is commonly used as an indicator for phytoplank-

ton biomass, despite the poor relationship between the Chl

a concentration and the amount of fluorescence emitted.

The amount of fluorescence emitted is, besides on the Chl a

concentration, dependent on the photosynthetic available

radiation (PAR), the absorptive properties of the phyto-

plankton, the extent to which the emitted fluorescence is

reabsorbed, and the fluorescence yield (Babin et al. 1996),

defined as the fraction of light absorbed by phytoplankton

(per unit of Chl a) that is re-emitted as fluorescence. The

other fraction of the absorbed light is used for photosyn-

thesis (photochemical quenching) or is lost as heat (non-

photochemical quenching). Generally speaking, the more

efficiently the phytoplankton utilizes the absorbed light for

photosynthesis, the less of the absorbed light is re-emitted

as fluorescence. Fluorescence, when normalized to PAR, is

found to predict Chl a concentrations with an accuracy of

up to 80% under local conditions (Lorenzen 1966; Kiefer

et al. 1989; Chamberlin et al. 1990), but the overall accu-

racy is found to be about 50% (Parsons et al. 1984). At low

Chl a concentrations (\2 lg l-1) the relation between Chl

a and fluorescence at a certain PAR intensity is almost

linear (Babin et al. 1996; Gower et al. 2004), but the

amount of fluorescence per unit Chl a per unit PAR varied

between phytoplankton species, is dependent on the current

physiological status of the phytoplankton (e.g. affected by

(micro-)nutrient availability), and is influenced by the

intensity of the solar radiation (Falkowski and Kolber

1995). When the photosynthetic reaction centres of Pho-

toSystem II (PS II) close in high light, the fluorescence will

rise because these closed centres do not quench the fluo-

rescence. Hence, the higher the incident PAR intensity, the

more light is re-emitted as fluorescence. In addition: the

faster the phytoplankton is able to process absorbed light in

the PS II, the less of the absorbed light is re-emitted as

fluorescence.

Environmental conditions not only affect the fluores-

cence yield, but also the photosynthetic efficiency or

quantum efficiency of PS II, measured as Fv/Fm using

variable fluorescence (Kolber et al. 1988; Behrenfeld and

Kolber 1999). For example, photosynthetic efficiency was

shown to be a sensitive diagnostic for iron (Fe) limitation

of Southern Ocean phytoplankton (Behrenfeld and Kolber

1999; Holeton et al. 2005; Veldhuis and Timmermans

2007). The link between fluorescence yield and

photosynthetic efficiency is not straightforward because

non-photochemical processes also play a role. The rate of

non-photochemical quenching is variable and primarily

depending on the incident light conditions. Especially in

surface waters, where light intensities are high, non-pho-

tochemical processes might influence both the

photosynthetic efficiency and the fluorescence yield.

Therefore, high-fluorescence values can be caused by both

high-phytoplankton biomass with a high-photosynthetic

efficiency or low biomass with a low-photosynthetic effi-

ciency. To interpret fluorescence values correctly, and to

distinguish between biomass and photosynthetic efficiency,

fluorescence values should be compared with Chl a con-

centrations, PAR data, information on the physiological

state (e.g. nutrient stress as indicated by active fluores-

cence measurements) and the species composition of the

phytoplankton.

The Southern Ocean contains the largest high-nutrient

low-chlorophyll (HNLC) region in the world’s oceans,

where the major nutrients (nitrate, orthophosphate and

silicic acid) are plentiful, but phytoplankton growth is

limited by Fe and light (Martin et al. 1990; de Baar et al.

1995). However, both increased Chl a concentrations and

primary production are occasionally observed, for example

at the Polar Front (de Baar et al. 1995), around islands and

Plateaus (Blain et al. 2001, 2007; Bucciarelli et al. 2001) or

close to melting icebergs and packice (Sedwick and Di-

Tullio 1997). The Kerguelen Plateau typically has been

described as such site where increased dissolved Fe con-

centrations induce phytoplankton blooms (Blain et al.

2001, 2007; Bucciarelli et al. 2001), mainly of the larger-

sized diatom species. The Kerguelen region is regarded as

a natural laboratory (i.e. stabile but contrasting conditions

over a short distance, Blain et al. 2007), with good

opportunities to study the effects of natural Fe enrichment

in a HNLC region.

During the KEOPS expedition (KErguelen: Ocean and

Plateau compared Study) in January-February 2005, the

effects of the natural Fe fertilization above the Kerguelen

Plateau were studied from a broad perspective (Deep Sea

Research: special issue 2008). In this paper, phytoplankton

fluorescence as measured at the sea surface with shipboard

radiance sensors and in situ passive and active fluorescence

measurements on discrete samples, were used to investi-

gate the physiological differences between phytoplankton

in the surface waters above the Kerguelen Plateau and in

the adjacent open HNLC ocean. The main aim was to link

variations in the amount of fluorescence emitted per unit

chlorophyll (i.e. fluorescence yield) to differences in pho-

tosynthetic efficiency (i.e. Fv/Fm). The second goal was to

investigate to which extent satellite remotely sensed

parameters, similar to the parameters measured on board,

could be used to investigate the photosynthetic efficiency
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in a Southern Ocean location. Knowledge on the co-vari-

ance between these fluorescence measurements would

allow the refinement of remote sensing primary production

algorithms.

Materials and methods

The study area was southeast of the Isles Kerguelen in the

Southern Ocean, between -48.5� and -53.5� latitude and

68� and 79� longitude (Fig. 1a) and comprised the Fe and

phytoplankton-enriched Kerguelen Plateau waters and the

adjacent HNLC open ocean. Field campaigns and experi-

ments have given insights into the concentration of

(dissolved) Fe and the phytoplankton community in the

water column above the Kerguelen Plateau (Blain et al.

2001, 2007; Bucciarelli et al. 2001). Moreover, MODIS

satellite data provided an overview of the spatial and

temporal variability of phytoplankton bloom events. For

the present study, satellite data from December 2004 till

February 2005 were analysed (see below). During the

KEOPS cruise (19 January–13 February 2005) aboard R.V.

Marion Dufresne, the effects of natural Fe fertilisation

of the oceanic water of the Kerguelen Plateau on the

Fig. 1 a KEOPS research area

with A, B, and C transects.

Above the Kerguelen Plateau

average water depth was about

500 m, at the open ocean more

than 2,000 m. Main sampling

stations A3 and C11 are

indicated. b Chl a (lg l-1)

distribution at 30 m depth. Chl

a concentrations \0.5 lg l-1

were defined as open ocean

conditions, Chl a concentrations

[0.5 lg l-1 were defined as

Plateau bloom conditions
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biological pump and the cycling of other chemical com-

pounds relevant for climate change were studied and

compared to the adjacent open Southern Ocean (Blain et al.

2007). The study area was sampled over three transects; the

cruise stations were divided over the Chl a gradient from

the open Southern Ocean towards the Kerguelen Plateau

(Fig. 1a, b). Especially station A3 (position 50�38 S, 72�05

E) situated above the Kerguelen Plateau, and open ocean

surface water (HNLC) sampling station C11 (position

51�39 S, 78�00 E) were sampled several times and served

as example stations for the Plateau versus the open ocean,

respectively. With a few exceptions, most other stations

were sampled once. A full overview of the parameters

investigated during the KEOPS cruise can be found at:

http://www.obsvlfr.fr.proof/vt/op/ec/keops/keo.htm

Using discrete samples, F0 (Chl a autofluorescence) and

the photosynthetic efficiency, Fv/Fm (variable fluorescence

Fv over maximum fluorescence Fm, where Fv = Fm - F0)

were measured using Pulse Amplitude Modulated (PAM)

fluorometry (PHYTOPAM, Walz, Germany) on freshly

collected, dark-adapted samples from the upper 200 m of

the water column (Schreiber et al. 1993; Kromkamp and

Forster 2003). Because the phytoplankton was dominated

by diatoms, we used the data obtained with the PHYTO-

PAM blue light as these gave the strongest fluorescence

signals. The results for the other measuring light colours

did not differ however, suggesting that cyanobacteria were

a negligible fraction of the population. The latter was

confirmed by flow cytometer analyses and microscope

observations (Timmermans et al. 2008; Armand et al.

2008). The samples were dark-adapted for 20–40 min

including the time spent on the NISKIN bottles during

sampling before the PHYTOPAM measurements were

made. Filtered seawater (Sartorius Sartobran, 0.2 lm) was

used for blank measurements.

Two RAMSES ARC hyper-spectral radiance sensors

(field of view of 7� in air) were positioned on the top of the

bridge of the R.V. Marion Dufresne and looked at a nadir

angle of 35� to the water surface to measure the upwelling

radiance above the sea surface (Lsfc). Because of the high

seas in the Southern Ocean, accurate measurements of the

incident sky radiance (e.g. Mobley 1999) at exactly the

right angle were difficult to obtain from a fixed position on

the bridge. Therefore we decided to place the two sensors

90� apart in the horizontal plane (one at starboard, the other

at port side) to avoid sun glint and apply an approximate

correction for specular reflection of sky radiance, based on

irradiance measurements. An additional RAMSES ACC

radiometer (cosine) was mounted in the mast to measure

the incident solar irradiance ES. PAR was calculated from

the sum of Es(k) between the wavelengths (k) 400 and

700 nm. The optical sensors were manufactured by TriOS

Mess- und Datentechnik GmbH, Germany (Heuermann

et al. 1999), and in this paper fluorescence data derived

from above-water spectra are indicated as TRIOS–FLH.

The spectral range of the radiometers was between 350 and

1,000 nm over a maximum of 200 channels. Measurements

were taken over the whole spectral range every 3.2 nm.

Spectra were collected every 15 min. An automatic quality

control procedure was applied to check for precipitation

and for minimal solar incoming radiation level, dusk and

dawn conditions (red colouring of the sky). From each

duplo of above-water radiance spectra, the spectrum with

the least sky glint contamination was selected, according to

Wernand (2002). As no measurements were made of the

sky radiance (Lsky), it was assumed that any above-water

radiance measured near 940 nm could be attributed to

specular reflection of skylight. From the simultaneously

measured radiance spectra (Lsfc) and irradiance spectra Es

the fraction F at 940 nm was calculated,

F940 ¼
Lsfc940

ES940

ð1Þ

Subsequently all Lsfc were spectrally corrected for sky

radiance by subtracting the product F940*Es, in order to the

derive the quasi water-leaving radiance Lqw(k) given by

LqwðkÞ ¼ LsfcðkÞ � F940 � ESðkÞ ð2Þ

In the further analysis of the spectra it was found that the

FLH method was not very sensitive to the value of F940.

This was mainly due to the robustness of the baseline

method and choice of the reference wavelengths (Letelier

and Abbott 1996).

The MODIS sensor on the AQUA satellite provided

images with a spatial resolution of typically 1 km in 9

spectral bands between 400 and 900 nm. Spectral bands in

the blue–green part of the spectrum (e.g. MODIS at 443

and 551 nm) allowed calculation of Chl a concentrations

(OC3 algorithm)(O’Reilly et al. 1998). MODIS bands 13,

14 and 15 (centred at 665.5, 676.8 and 746.4 nm, respec-

tively) were used to assess the fluorescence (MODIS–FLH)

emitted by Chl a. The time of image acquisition varied

between 9.05 and 9.55 h local time. Most images of the

Kerguelen region had cloud cover close to 90% or more.

The satellite data were downloaded from the NASA ocean

colour site (http://www.oceancolor.gsfc.nasa.gov/) and was

processed by the SeaDAS software (Version 4.7). The Chl

a and FLH products were taken from a grid of 5 9 5 pixels

centred at the stations sampled at sea. The data were kept

for analysis only if no pixels were masked as clouds and if

large spatial variation in the products was absent. The

existence of large gradients over 5 pixels (approximately

5 km) was therefore used as an indication of incorrect

recognition of clouds or other atmospheric disturbances.

From the 65 overpasses in December 2004, January and

February 2005, around 4.30 UTC or 9.30 h local time, 16
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images contained measurements of the stations sampled at

sea. However, matches in time, where a satellite-derived

value matched within one hour with a value measured on

board, did not occur.

Seawater samples for HPLC-determined Chl a were

collected from NISKIN bottles attached to a CTD rosette

frame at 10, 20, 30 and 40 m depth (hereafter indicated as

surface waters). Samples were filtered through 25-mm

Whatman GF/F glass-fiber filters with a nominal pore size

of 0.7 lm. Filtration volumes varied between 1.5 and 2.8 l

for the bloom region and the HNLC waters, respectively.

Filters were placed into cryotubes, frozen, and stored in

liquid nitrogen until laboratory analysis. Pigment extraction

and analysis were carried out in the laboratory following a

method derived from that of Van Heukelem and Thomas

(2001) and comprehensively described in Ras et al. (sub-

mitted). Essentially, samples were extracted at -20�C in

3 ml methanol (100%) for 1-h minimum. The extracts were

clarified by vacuum filtration through Whatman GF/F fil-

ters, and injected onto a reversed-phase C8 Zorbax Eclipse

column (dimension: 3 9 150 mm, 3.5 lm pore size).

Instrumentation comprised an Agilent Technologies 1100

series HPLC system, equipped with diode array detection at

450, 667 and 770 nm. Ultimately, the number of HPLC Chl

a analyses determined the number of comparisons that

could be made between active and passive fluorescence

using the PHYTOPAM. Cloudcover and mismatch between

in situ sampling and satellite overpasses further limited the

comparison of in situ and remote-sensed measurements.

Stations A3 (Plateau) and C11 (open Southern Ocean) were

sampled most frequently, but results are presented when-

ever there was a match between the parameters.

Solar-induced fluorescence in case-I waters resulted in a

weak but detectable signal in the water-leaving radiance

near 685 nm. In the Kerguelen region the fluorescence only

contributed in the order of a few percent to the signal near

685 nm, and special care was taken to retrieve this weak

signal. We followed the pioneering work of Neville and

Gower (1977) and Gower (1980), who investigated the

potential of the relatively simple FLH method to measure

fluorescence intensity. This FLH method relies on three

independent measurements: one near the maximum of Chl

a fluorescence emission (683–685 nm) and two readings

(665 and 746 nm) to define a ‘baseline’ below the fluo-

rescence peak. The FLH derived from the TRIOS sensors

above-water radiance measurements was calculated as:

TRIOS� FLH ¼ Lqwðk677Þ � kLqwðk665Þ
� ð1� kÞLqwðk746Þ ð3Þ

where Lqw is the radiance of waveband k calculated

according to Eq. 2 and k is a factor ((746 - 677)/(746 -

665) & 0.85) that corrects for the position of k2 relative to

k1 and k3 (Abbott and Letelier 1999). To enable a

comparison between the shipboard and the satellite-mounted

radiometers we took the three wavelength positions identical

to the mean positions of the MODIS fluorescence bands 13,

14 and 15, respectively, 664.6, 676.7 and 746.3 nm. It should

be noted that MODIS band 14 is well off the wavelength of

maximum emission of fluorescence (685 nm) and very close

to the in situ red absorption maximum of Chl a. So the

negative and variable atmospheric influence due to oxygen

absorption lines, which is high at 687 nm, could be avoided.

The exact procedures and scientific background on the

computation of MODIS–FLH can be found in the algorithm

theoretical basis documents (Abbott and Letelier 1999).

Note that because of the particular band setting of MODIS

the detected FLH is estimated to be between 0.6 (Gower et al.

2004) and 0.7 (Huot et al. 2005) of the actual emission

maximum at 685 nm. Due to the positioning of band 15, at

more than 60 nm from the fluorescence emission maximum,

the baseline is slightly overestimated at small Chl a con-

centrations, which results in negative FLH values (Letelier

and Abbott 1996). It is important to realize that the attenu-

ation by water in the 685-nm wavelength region is large,

such that the depth from which 90% of the fluorescence

signal originates is only the upper 4 m of the sea (Eq. 29 in

Babin et al. 1996). Letelier and Abbott (1996) compared the

FLH with the expected signal to noise of the MODIS satel-

lite. Their work suggested a detection limit of MODIS–FLH

of about 0.012 mW m-2 sr-1 lm-1, corresponding to a

mean value of 0.3 lg Chl a l-1.

Results

The surface water HPLC Chl a concentrations in the

Kerguelen study area ranged between 0.11 lg l-1 at open

ocean station C11 to 1.45 lg l-1 at Plateau bloom station

A3 (Figs. 1b, 2, 3). We defined Plateau stations by Chl a

concentrations [0.5 lg l-1, and open ocean stations by

Chl a concentrations \0.5 lg l-1. The passive (F0) and

active (Fv/Fm) fluorescence measurements (PHYTOPAM)

revealed similar differences between Plateau and open

ocean stations. F0 in surface waters varied between 11,

typical for the HNLC open ocean stations, and about 1,000,

at bloom station A3 (Fig. 2). This resulted in a positive

correlation between F0 values and Chl a concentrations,

with a R2 of 0.71 (Fig. 2). Over the Plateau, the Fv/Fm

values ranged from about 0.4 to 0.6, whereas in the open

ocean the Fv/Fm values varied between 0.2 and 0.4

(Fig. 3a). In principle, Fv/Fm is not dependent on the bio-

mass present. Nevertheless, we observed that the Fv/Fm

values correlated positively with the HPLC Chl a con-

centrations (Fig. 3a). The R2 of the correlation was 0.53.

Most likely, the low Fe availability in the open ocean

caused both low growth rates and a low photosynthetic
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efficiency, whereas above the Plateau both were enhanced.

Obviously, the phytoplankton above the Plateau was in a

better physiological condition than the phytoplankton in

the open ocean. The phytoplankton bloom above the Pla-

teau, with high Fv/Fm values, and the low Fv/Fm values at

the open ocean, matched well with the findings of Blain

et al. (Blain et al. 2007, 2008), who found during the

KEOPS cruise a relatively high flux of (bioavailable) Fe to

the surface waters above the Kerguelen Plateau and a low

Fe flux towards the surface waters of the open ocean. The

enhanced natural Fe input from subsurface waters triggered

the phytoplankton bloom above the Kerguelen Plateau

(Blain et al. 2007). Photosynthetic efficiency appeared not

only to be dependent on physiological condition of the

phytoplankton, but also varied during the day, with a

gradual decline till 12.00 h, after which it increased again

(Fig. 3b), and over the depth (no data shown).

The solar-induced fluorescence emitted from the sea

surface (TRIOS–FLH), as repeatedly measured with opti-

cal sensors mounted at the ship resulted in multiple

measurements per station. But many stations were sampled

at night or at dusk or dawn, when no reliable optical

measurements of the sea surface could be made. Moreover,

many of the optical spectra were contaminated with a high

amount of reflectance, which was interpreted as an artefact

of the high-wave activity and the resulting high amounts of

foam on the sea surface during the cruise. The TRIOS–

FLH measurements that remained after selection (see

Materials and methods), correlated strongly with the sur-

face Chl a concentration, with an R2 of 0.84 (Fig. 4a). The

TRIOS–FLH values ranged from 0.015 to 0.093 mW m-

2 sr-1 lm-1. Negative FLH values do not in principle

mean that there is no fluorescence. It only indicates that the

height of the fluorescence peak lies below the defined base

line (Fig. 4b). Nevertheless, the TRIOS–FLH values mea-

sured in the cruise area were small and probably hit the

detection limit (&0.012 mW m-2 sr-1 lm-1 for the

MODIS satellite sensor, Letelier and Abbott 1996).

The increased Chl a concentrations and fluorescence

values above the Kerguelen Plateau corresponded with an

increased phytoplankton biomass above the Plateau as

observed by Armand et al. (2008) during the KEOPS

cruise. Armand et al. reported phytoplankton biomass

ranging from 2.5 to 25.7 lg C l-1 in the open ocean,

whereas above the Kerguelen Plateau the phytoplankton

biomass varied between 45.6 and 99.4 lg C l-1. The Chl a

concentrations measured (HPLC) and calculated from

satellite data (MODIS) indicated a decline at station A3

(Fig. 5a) during the KEOPS cruise. Also the photosynthetic

efficiency (Fv/Fm) decreased at station A3 towards the end

of the cruise (Fig. 5b).

Intercomparison of the F0 and shipboard TRIOS–FLH

showed a positive correlation (Fig. 6a, R2 = 0.77). For
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Fig. 3 a Photosynthetic efficiency (Fv/Fm) against HPLC Chl a
concentrations (lg l-1). b Fv/Fm during the day (11–12 February

2005) at Plateau bloom station A3, sampled at 9.15, 11.45, 14.15,

22.15 and 3.15 h (local time) at 10 and 20 m depth
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photosynthetic efficiency (Fv/Fm) and TRIOS–FLH, the

relationship was still present, but weaker than with F0

(Fig. 6b, R2 = 0.49). For Fv/Fm and TRIOS–FLH two clus-

ters of data appeared to be present, one smaller than 0.06 and

one larger than 0.08 mW m-2 sr-1 lm-1, typical for open

ocean and Kerguelen Plateau conditions, respectively.

Although the difference in photosynthetic efficiency

between the Kerguelen Plateau and the adjacent open ocean

was obvious (Figs. 2, 3a), the amount of fluorescence

(TRIOS–FLH) emitted per unit chlorophyll (fluorescence

yield) did not differ between the open ocean (\0.5 lg Chl a

l-1) and the Plateau ([0.5 lg Chl a l-1) (Fig. 7a). The lack

of a gradient in the fluorescence yield is also shown in

Fig. 7b, where an additional correction for the incident solar

light intensity (PAR, integrated between 400 and 700 nm)

was applied. An important source of uncertainty in the

retrieval of the fluorescence yield estimates was the influ-

ence of the daily irradiation cycle on the FLH. In Fig. 8a the

TRIOS–FLH, normalized to the in situ measured Chl a

value was plotted as a function of the local time. The

amount of fluorescence emitted per unit chlorophyll seemed

to increase during the day, by a factor of about two on

average, between 7:00 and 17:00 h. However, when

normalized for PAR (Fig. 8b), the fluorescence per unit

chlorophyll was relatively high at the beginning and the end

of the day, with a profound depression during the middle of

the day, similar to the Fv/Fm measurements at Plateau

bloom station A3 during the day (Fig. 3b).

No matching within 1 h of the satellite overpass between

MODIS–FLH and HPLC Chl a or TRIOS–FLH data

occurred due to regular heavy cloud cover and because a

large part of the in situ sampling took place at night time or

dawn or dusk, when no reliable spectroscopic measurements

could be obtained. The satellite image (both Chl a and FLH)

with the least cloud cover, made at the 27th of January 2007,

is shown in Fig. 9. The increased Chl a concentrations above

the Kerguelen Plateau and in eddies east of the Kerguelen

Archipelago (Fig. 9a) coincided with increased fluorescence
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levels in the fluorescence image (Fig. 9b). Furthermore,

MODIS–FLH data were plotted against MODIS-derived Chl

a concentrations for the A transect, where relatively high

values (max 0.03 mW m-2 sr-1 lm-1) were measured

(R2 of 0.81, Fig. 10). In the B and C transects MODIS–FLH

values were lower, sometimes even negative (no data

shown).

Discussion

Phytoplankton fluorescence is widely regarded as a pow-

erful tool for understanding phytoplankton biomass

distribution and photosynthesis in the oceans (Falkowski

and Kiefer 1985; Behrenfeld and Falkowski 1997). Phy-

toplankton biomass can nowadays be assessed through the

use of airborne and spaceborne radiometers. High-

resolution measurements in space and time of rates of

photosynthesis are still in development, with passive and

active fluorescence measurements as suitable candidate

methods. Active fluorescence, most notably in the form of

measurements of the photosynthetic efficiency (Fv/Fm), has

been demonstrated as a useful in situ diagnostic for the

physiological state (e.g. nutrient limitation) of phyto-

plankton (Boyd and Abraham 2001; Holeton et al. 2005;

Behrenfeld et al. 2006). Alternatively, water-leaving, sun-

induced fluorescence can be measured using remote sens-

ing (shipboard or from space). In this study we explored the

co-variance of photosynthetic efficiency, indicative of the

physiological condition of the phytoplankton, and water-

leaving fluorescence, thereby exploring the possibility of

making more reliable remote-sensed estimates of primary

production for true oceanic conditions in a similar way as

was pioneered by Forster and Kromkamp (2004) for ben-

thic microalgal mats.

The amount of useful measurements of water-leaving

radiance taken during the KEOPS cruise was smaller than
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we hoped. The wave activity was generally high, with as a

result a lot of foam on the water surface. As foam is white,

many water-leaving radiance spectra contained a high level

of white reflectance that blurred the actual measurement.

Selecting the spectra with the least reflectance left us with a

limited dataset. And because the shipboard-sampled

parameters (Chl a, F0 and Fv/Fm) were often collected at

nighttime or at dusk or dawn, a limited set of matches

remained between the water-leaving fluorescence (TRIOS–

FLH) and the discrete water samples. Cloudcover and

mismatch between sampling times and satellite overpass

further hampered the comparison between in situ mea-

surements and MODIS satellite measurements. We

therefore regarded the TRIOS sensors on board R.V.

Marion Dufresne as satellite sensors mounted on board the

ship, and focused on the co-variance between photosyn-

thetic efficiency and water-leaving fluorescence, in relation

to the sharp differences present in phytoplankton biomass

and primary production in the Kerguelen research area.

Even for the shipboard fluorescence measurements, the

signal was around the detection limit and since the detection

limit or the signal to noise ratio were not exactly known, it

was difficult to tell which measurements were valuable.

This, in combination with the limited data set made it dif-

ficult to distinguish between the different biological and/or

methodological factors that influenced the fluorescence

measurements during the cruise. We did however observe

clear differences in fluorescence parameters above the

Plateau and at the open ocean: photosynthetic efficiency

(Fv/Fm, Fig. 3a), as well as water-leaving fluorescence

(TRIOS–FLH, Fig. 4a) were higher above the Plateau than

at the open ocean. These differences reflected the higher

Chl a concentrations (Fig. 1b) and the higher Chl a auto-

fluorescence F0 (Fig. 2) measurements. Especially the co-

variance of active fluorescence measurements and sun-
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induced fluorescence is regarded as promising, because it

opens up the way to extract information about the photo-

synthetic activity, hence primary production, from FLH

measurements. A difference in fluorescence yield (TRIOS–

FLH per unit Chl a), however, was not apparent from our

data (Fig. 7a), not even when corrected for the amount of

incident light (PAR) (Fig. 7b).

The observed mid-day depressions in both the fluores-

cence emitted by the sea surface (Fig. 8b) and the Fv/Fm

(Fig. 3b) indicated that there were effects of non-photo-

chemical quenching on both fluorescence properties.

Mid-day depressions in fluorescence data (Falkowski and

Kolber 1995) and Fv/Fm data (Boyd and Abraham 2001;

Behrenfeld et al. 2006) have been reported before. The

reduction in Fv/Fm at moderate to high (mid-day) irradi-

ances is also a common phenomenon (Kromkamp and

Forster 2003). In spite of the well-mixed surface waters

during the KEOPS cruise, the decrease is most pronounced

in the samples collected at 10 m depth (Fig. 3b). The fact

that this mid-day depression in the maximum PSII effi-

ciency was still visible after the dark adaptation (a standard

procedure for the PHYTOPAM measurements), suggested

that this decrease was not only due to rapid down regulation

of photosynthesis caused by the xanthophyll cycle (Laney

et al. 2005), but also by damage (‘‘chronic down regula-

tion’’) to PSII reaction centers. This down regulation during

the day occurred on all sampling stations, and this process

decreased the maximum differences in Fv/Fm between the

open ocean and Plateau stations. Based on the diurnal var-

iation in photosynthetic efficiency, the KEOPS area would

fall into Behrenfeld et al.’s (2006) regime IV, polar waters

with limited Fe supply and relative high macronutrient

(nitrate) concentrations. The latter certainly was the case,

especially at the open ocean, but above the Plateau low

silicic acid concentrations (\2 lM) were reported (Mosseri

et al. 2008). In Plateau surface water, the indigenous dia-

toms were still able to grow (Mosseri et al. 2008), in spite of

silicic acid concentrations close to or below their half sat-

uration values (Sarthou et al. 2005). Low silicic acid

concentrations were sometimes reported to result in lower

Fv/Fm values in Thalassiosira weissflogii (Lippemeier et al.

1999), sometimes reported to have no effects on Fv/Fm in

small diatoms (Timmermans et al. 2008).

A relationship between the biomass-independent Fv/Fm

parameter and the Chl a concentration was supposed to be

absent. However, because the low Fv/Fm values in the open

ocean stations strongly suggested Fe-limitation, the

potential phytoplankton biomass, which could be devel-

oped was less than at the Plateau stations. There, the higher

nutrient concentrations allowed a higher biomass and a

clear relationship between the photosynthetic efficiency

and Chl a concentration was observed. The pattern

encountered matched well with the higher Fe availability in

Plateau surface waters during the KEOPS cruise, most

likely originating from the Plateau sediment (Blain et al.

2007), and a general better physiological state of the

phytoplankton (Timmermans et al. 2008). Our findings also

parallel those of Holeton et al. (2005), who reported a

distinct increase in Fv/Fm, which they correlated with

increased total dissolvable Fe concentrations originating

from a benthic Fe source near South Georgia (Southern

Ocean). The horizontal variation in biomass obtained by us

using our various phytoplankton biomass proxies (Chl a

concentrations, F0) confirmed the distribution patterns of

phytoplankton in the Kerguelen region observed micro-

scopically by Armand et al. (2008) during the KEOPS

cruise, including the general decline of the bloom.

Passive fluorescence (F0) and shipboard TRIOS–FLH

correlated well, explaining 77% of the variability (Fig. 6a).

The remaining 23% of variability between F0 and TRIOS–

FLH was probably predominantly the result of the different

nature of the light source by which the fluorescence signal

was induced. The fluorescence emitted by the sea surface

(TRIOS–FLH) was induced by natural solar radiation,

whereas F0 was induced by a very low light source of a

continuous intensity generated by the PHYTOPAM

instrument. However, also non-photochemical processes in

the reaction centers of PSII could have caused variation in

the correlation between F0 and TRIOS–FLH. Similarly, the

correlation between Chl a concentrations in the surface

waters and shipboard TRIOS–FLH was strong, with an R2

of 0.84 (Fig. 4a). The remaining variability of 16% could

have several explanations. For example, during the KEOPS

cruise a substantial shift in diatom species composition was

observed at bloom stations over the Plateau. Armand et al.

(2008), described a distinct change from a Chaetoceros

bloom to a remnant Eucampia antarctica assemblage. The

open ocean was dominated by Fragilariopsis species
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throughout the whole cruise. There is not yet much known

about the fluorescence properties (autofluorescence, photo-

synthetic efficiency as well as fluorescence yield) of dif-

ferent phytoplankton assemblages, but the species

composition is expected to be one of the factors to have an

effect on the amount of emitted fluorescence relative to the

Chl a concentration. What these effects exactly are and

how they interact with (changes in) environmental condi-

tions should be further investigated.

The Chl a concentration calculated using the MODIS data

indicated a decline at station A3 to levels of 0.45 lg l-1 in

February (Fig. 5a). This was contradicted by the HPLC Chl a

measurements that remained above the 1 lg l-1 level. An

explanation for this discrepancy could be the change in

specific absorbing properties of the phytoplankton. Under-

estimation of Chl a concentrations in Polar regions by the

globally used satellite algorithms such as the OC3 algorithm

(used for this paper) has been commonly observed, and was

mainly ascribed to the effects of cold water on pigment

packaging (Stramska et al. 2003). Irrespective of the dis-

crepancy in Chl a concentrations from MODIS calculation

and HPLC measurement, also the Fv/Fm measurements

indicated a decline towards the end of the KEOPS cruise

(Fig. 5b).

Our study, confirming earlier work by Stramska et al.

(2003, 2006), has shown that the use of satellite-derived

parameters in Polar regions, such as Chl a concentration and

FLH can be questioned. Until a reliable Chl a algorithm for

Polar regions is developed, it is probably inappropriate to

use the standard Chl a parameters derived from satellite

observations. During our research, a strong correlation

between HPLC Chl a concentrations and the TRIOS–FLH

measured at the sea surface was found. This correlation

indicated that remotely sensed FLH could probably provide

a better estimate of phytoplankton standing stock in Polar

regions than the calculated Chl a concentrations from the

blue–green ratio algorithms. Similar conclusions were

drawn by Hu et al. (2005), who found that the FLH reflected

the actual phytoplankton standing stock better than the Chl

a concentration (MODIS, OC3M; SeaWiFS, OC4) in SW

Florida coastal waters. However, the Chl a concentrations

in the Southern Ocean are generally very low, with the

exception of some bloom events, and probably too low to

obtain reliable FLH measurements at most locations.

To our knowledge this is the first time that active and

passive fluorescence measurements have been combined

with water-leaving, sun-induced fluorescence mea-

surements in the marine environment with natural

phytoplankton in different physiological conditions. Most

importantly, the PHYTOPAM-derived in situ F0 and

shipboard TRIOS–FLH matched reasonably well. In spite

all of the complicating factors listed above, passive fluo-

rescence F0 and the fluorescence emitted by the sea surface

clearly co-vary. The next step is to extract information

about the photosynthetic efficiency from the FLH signal.

Fluorescence yield, however, did not show significant dif-

ferences in the research area. Most likely, this was due to

the low signal and the diurnal variation in water-leaving

fluorescence. Although, the presented results are encour-

aging, we need to do laboratory experiments to relate

changes in photosynthetic efficiency, water-leaving fluo-

rescence, and fluorescence yield, thereby enabling future

establishment of the link between nutritional conditions and

remote sensing properties such as MODIS fluorescence.
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Blain S, Quéguiner B, Armand L, Belviso S, Bombled B, Bopp L,

Bowie A, Brunet C, Brussaard C, Carlotti F, Christaki U,

Corbière A, Durand I, Ebersbach F, Fuda J-L, Garcia N,

Gerringa L, Griffiths B, Guigue C, Guillerm C, Jacquet S,
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Mosseri J, Quéguiner B, Armand, Cornet-Barthaux V (2008) Impact

of iron on silicon utilization by diatoms in the Southern Ocean: a

case study of the Si/N cycle decoupling in a naturally iron-

enriched area. Deep Sea Res II, special KEOPS issue (in press)

Neville RA, Gower JFR (1977) Passive remote sensing of phyto-

plankton via chlorophyll a fluorescence. J Geophys Res

82:3487–3493

O’Reilly JE, Maritorena S, Mitchell BG, Siegel DA, Carder KL,

Garver S, Kahru M, McClain C (1998) Ocean color chlorophyll

algorithms for SeaWiFS. J Geophys Res 103:24937–24953

Parsons TR, Maita Y, Lalli CM (1984) A manual of chemical and

biological methods for seawater analysis. Pergamon, Oxford

Ras J, Claustre H, Uitz J (submitted) Spatial variability of

phytoplankton pigment distributions in the Subtropical South

Pacific Ocean: comparison between in situ and modelled data.

Biogeosciences

Sarthou G, Timmermans KR, Blain S, Tréguer P (2005) Growth
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