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Photoacclimation of four marine phytoplankton
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ABSTRACT: Photoacclimation to different light and nutrient regimes was studied in 4 common
marine phytoplankton species from northern European coastal waters. Significant changes were
observed for all species in their cellular nutrient content, pigment packaging and composition, and
chl a-specific in vivo light absorption (a*chla (λ)). From exponential to stationary growth, the C:N and
carotenoid:chl a ratios increased, while the cellular chl a content decreased. All phytoplankton species acclimated to increasing irradiance by reducing their cellular chl a content and increasing the
carotenoid:chl a ratio, resulting in higher chl a-specific absorption coefficients (a*chla). Similar results
were observed for N-depleted cultures. Although acclimation to different irradiance and nutrient
conditions introduced a substantial variability in pigment composition and intracellular pigment concentration, significant interspecies differences in a*chla were still apparent. The interspecies differences were primarily due to differences in cell size, which covaried with pigment packaging and
composition. On this basis, we suggest that optical acclimation (i.e. changes in pigment composition
and packaging) to the prevailing growth conditions (light, temperature and nutrient availability) is
less important than differences in phytoplankton composition (dominant cell size and pigment composition) for the variation in a*chla (λ) of natural phytoplankton communities.
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INTRODUCTION
Light absorption by photosynthetic pigments of
phytoplankton cells can have a profound effect on the
optical characteristics of a water column and may contribute significantly to the attenuation of light with
depth. Light absorption by natural phytoplankton populations also constitutes an important component in
models estimating algal biomass from remote sensing
(Gordon & Morel 1983) and in models of primary production in the ocean (Platt & Sathyendranath 1988,
Morel & André 1991, Platt et al. 1995, Sathyendranath
et al. 1995). The significant spatial and temporal variability commonly found in light absorption by phytoplankton must be understood if these models are to be
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optimized for a particular region or season (Stuart et
al. 1998).
The spectral chl a-specific in vivo light absorption
(a*chla (λ)) provides an estimate of the amount of light
absorbed by intact phytoplankton cells from knowledge of ambient irradiance and chl a concentration.
Significant variability in a*chla (λ) has been found over
regional scales (Hoepffner & Sathyendranath 1992,
Lutz et al. 1996, Staehr et al. unpubl.). This variability
has been explained by changes in the abundance of
accessory pigments relative to chl a (Bricaud et al.
1983, Sathyendranath et al. 1987, Berner et al. 1989,
Sosik & Mitchell 1991) as well as changes in cell size
and pigment concentration, also known as the package
effect (Morel & Bricaud 1981, Sathyendranath et al.
1987, Mitchell & Kiefer 1988, Sosik & Mitchell 1991,
Kirk 1994). The chl a-specific absorption coefficient
(a*chla) has been found to decrease from oligotrophic,
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Table 1. Vitamin and trace element solutions for culture medium
over mesotrophic to eutrophic waters (e.g. Yentsch
& Phinney 1989, Bricaud et al. 1995, Cleveland
1995, Staehr et al. unpubl.). Yentsch & Phinney
Vitamin solution
Trace element solution
(1989) suggested that this pattern results from the
In 1 l demineralized H2O: In 500 ml demineralized H2O:
presence of small cells with high a*chla in oligo178 mg
Thiamine
HCL 200 mg
MnCl2
trophic waters shifting to larger cells with lower
Biotin
1
mg
ZnCl
23 mg
2
a*chla in more nutrient-rich environments. This
B12
1 mg
CoCl2·6H2O
119 mg
pattern, formulated as the ‘trophic regime’
CuSO4·5H2O
5 ml 0.025% w/v
hypothesis, was supported by Cleveland (1995)
Na2MoO3·2H2O 5 ml 0.146% w/v
and Staehr et al. (unpubl.).
However, there could be other potential sources
of variation in the a*chla. Several studies with phytoat 3 levels of irradiance ranging from 40 to 300 µmol
plankton monocultures have shown that composition
photons m–2 s–1 in a 16:8 h light:dark cycle. Irradiance
and intracellular concentration of pigments, along with
was measured using a 4π sensor from Biospherical
placed inside a culture flask without water. Cultures
the a*chla, respond relatively quickly to changes in
were grown in an artificial medium based on Sea Salt
growth irradiance (e.g. Sathyendranath et al. 1987,
(Sigma, product no. S 9883) at salinities of 20 to 30 ppt.
Falkowski & LaRoche 1991) and availability of inorSea Salt was dissolved in demineralized water, sterilganic N (e.g. Berner et al. 1989, Herzig & Falkowski
ized at 90°C for 2 h and cooled prior to aseptical addi1989, Chalup & Laws 1990, Sosik & Mitchell 1991). It is
tion of 0.5 ml l–1 NaFeEDTA solution (0.3% w/v), 25 µl
also known that the a*chla can vary significantly
between different phytoplanton species (e.g. Bricaud
Se solution (SeO2, 11.1% w/v), 1 ml vitamin solution
et al. 1983, Falkowski et al. 1985, Geider et al. 1986,
(Table 1) and 1 ml trace element solution (Table 1).
Nitrogen (NaNO3 solution, 7.5% w/v) and phosphorus
Bricaud et al. 1988). The a*chla is, thus, basically dependent on cellular pigmentation and cell size/morphol(NaH2PO4·H2O solution, 0.5% w/v) were supplied
ogy. These characteristics exhibit interspecies differaseptically to give the following final N:P concentrations (µM): 25:5 (N-depleted), 85:5 (Redfield ratio) and
ences as well as intraspecies differences resulting from
physiological acclimation to varying growth conditions
85:1 (N-repleted). This experimental design allowed us
(light, temperature and nutrient availability). An
to examine the combined effect of nutrient availability
essential question is, therefore, what is the relative
along with the effect of different irradiance levels on
influence of short-term acclimation versus long-term
changes in different optical properties of the selected
phytoplankton species.
adaption of the phytoplankton community structure for
the naturally observed variability in the a*chla (λ)?
Sampling. Samples for pigment analysis, phytoIn the present study, we investigated the optical
plankton in vivo light absorption, cell size, and particacclimation of different phytoplankton monocultures
ulate C and N were collected for duplicate cultures
once during exponential and once during stationary
to a realistic range of growth conditions. The experiments were performed with batch cultures of 4 species
growth phase. The growth was determined from cell
of marine phytoplankton belonging to classes differing
counts by microscopic enumeration of cells in 1 ml
in cell size and pigmentation.
Sedgwick-Rafter chambers Ditylum brightwellii and
a hemocytometer for Pseudoscourfieldia marina. The
growth of Brachiomonas sp. and Pyramimonas disoMATERIALS AND METHODS
mata was determined from cell counts using a particle
counter (El-zone 180XY, Micromeritcs). Growth rate
Algal cultures and culture conditions. Phytoplank(µ) during exponential growth was calculated accordton cultures, isolated from northern European waters,
ing to Eq. (1):
were obtained from the Scandinavian Culture Centre
µ = (lnB2 – lnB0)/2
(1)
for Algae & Protozoa, University of Copenhagen, and
from the Marine Biological Laboratory, University of
where B2 represents the cell concentration (counts
Copenhagen. Four species, Ditylum brightwellii (Baml–1) 1 d after sampling and B0 the cell concentration
cillariophyceae), Brachiomonas sp. (Chlorophyceae),
1 d before sampling.
Pyramimonas disomata (Prasinophyceae) and PseudoPigment analysis. For pigment analysis, 25 to 150 ml
scourfieldia marina (Prasinophyceae), differing with
of culture were filtered onto 25 mm Advantec GF 75
respect to pigmentation and size, were used in the
glass fiber filters and immediately stored in liquid N.
study. The algae were grown as batch cultures in 2 l
Filters were, subsequently, transferred to 3 ml 99.8%
flasks with magnetic stirring and gentle aeration at
acetone, sonicated on ice for 15 min and left to extract
15°C. For each species, duplicate cultures were grown
for 24 h at 4°C prior to filtering (0.2 µm) into HPLC vials
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containing 1 ml water. HPLC analyses were performed
on a Shimadzu LC 10A system with a Supercosil C18
column (250 × 4.6 mm, 5 µm) using a slight modification of the Wright et al. (1991) method as described in
Schlüter & Havskum (1997). This method does not provide full baseline-separation of lutein and zeaxanthin,
so these pigments were manually separated based
on their absorption spectra recorded by photodiode
array detection. In Pseudoscourfeldia marina, Mg-2, 4divinyl pheoporphyrin a5 monomethyl ester (Mg DVP)
was tentatively quantified using the HPLC response
factor for chl c 1+ 2. All other pigments were identified
by retention times and absorption spectra identical to
those of authentic standards, and quantified against
standards purchased from the International Agency for
14
C Determination, Hørsholm, Denmark.
Phytoplankton absorption. Spectral absorption (300
to 800 nm by 0.5 nm) of particulate material was determined by using the quantitative filtering technique
described by Kishino et al. (1985) using a Shimadzu UV-2401PC UV-Vis recording spectrophotometer equipped with an integrating sphere. Samples
were either measured immediately or preserved in liquid nitrogen until analysis within 2 mo. No significant
effect of this storage was observed on the absorption
measurements. Optical density spectra were smoothed
using a 10 nm running average and corrected for background absorption by subtracting the average optical
density measured between 750 and 800 nm. The corrected optical densities were converted into particulate
absorption coefficients (a par) using the β-correction
factor given by Bricaud & Stramski (1990):
apar (λ ) = 2.3 × OD(λ ) ×

AF
× (1.63 × OD(λ)−0.22 )
V

(2)

where V is filter volume, AF is effective filter area, OD
is optical density of the particulate material and λ is the
measured wavelength. Samples were measured before
and after methanol extraction in order to correct for absorption by detritus (adet). Samples of Brachiomonas sp.
and Pyramimonas disomata were, however, corrected
for detritus absorption by use of the numerical method
developed by Bricaud & Stramski (1990). Absorption
spectra were studied per unit concentration of chl a
(chl a + pheopigments) and per unit concentration of
total pigment content (sum of all HPLC measured
pigments). a*chla (λ) was calculated according to:
a*chla (λ) m2 mg–1 chl a = aph (λ) m–1mg chl a m– 3

(3)

where the absorption by phytoplankton pigments (aph)
was determined as:
aph (λ) = apar (λ) – adet (λ)

(4)

Spectrally averaged chl a specific absorption coefficient (â*chla) was calculated by summing a*chla over all

measured wavelengths (400 to 700 nm × 0.5 nm) and
dividing by the number of wavelengths measured
(n = 601; Markager & Vincent 2001).
700

aˆ *chl a =

∑ a*chl a (λ )

400

(5)
n
By replacing chl a with the sum of all pigments (mg
Tpig m– 3) in Eq. (3), a*Tpig (λ) was calculated.
Cell size. Measurements of phytoplankton cell
dimensions were used to determine phytoplankton
biovolume and cell size of each treatment. For Ditulum
brightwellii, cell dimensions were calculated into biovolume (BV) assuming cells to be shaped as a cylinder
with a spherical cross-section, while the shape of a
sphere was applied for all other species to calculate the
BV. Finally, assuming cells to be spherical, the average
equivalent spherical diameter (ESD) of each water
sample was calculated:
ESD = 2 × 


3 × BV  31
4π 

(6)

Parameterization of the specific absorption coefficient. The specific absorption coefficient for spherical
particles a* can be described as:
a * = (3 / 2)

Qa
ci × d

(7)

where Q a represents the dimensionless absorption efficiency and can be defined as the fraction of the photons incident on the geometric cross-section of the cell
that is absorbed by the cell, c i represents the intracellular chl a concentration (mg chl a m– 3 cell) and d is
the cell diameter (m) (Morel & Bricaud 1981). The
absorption efficiency, Q a, can be calculated from the
absorption coefficient for phytoplankton aph(λ):
Qa (λ ) =

aph (λ ) × V

( πd 2 / 4) × N

(8)

Here, N is the number of cells in a volume (V ) of the suspension and cells are assumed to be spherical and homogeneous (Morel & Bricaud 1981) allowing the use of
ESD as a measure of cell size (d). Substituting aph(λ) with
the spectrally averaged phytoplankton absorption (â ph)
in Eq. (7) provides a measure of the spectrally averaged
absorption efficiency, which can be used to evaluate the
variation in â*chla. According to Morel & Bricaud (1981),
the variation of a* at a given wavelength results mainly
from the combined variations of c i and d, and less from
variations in Q a. Therefore, to further evaluate the variation in â*chla , we calculated the ‘relative optical length’
of the phytoplankton community, defined as the product
of c i and d having the units mg chl a m–2 cell. In our
calculations, the calculated ESD was used for estimating
d and c i.
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RESULTS
Cellular acclimation to different growth conditions
Four phytoplankton monocultures were sampled
during exponential and stationary growth (Fig. 1). During exponential growth, cellular C:N ratios were rather
similar both within and between the different phytoplankton species, except for Brachiomonas sp. which
had a significantly higher C:N ratio in N-depleted cultures (Fig. 2). This result suggests that these cultures
were already in the transition to the stationary growth
phase at the time of sampling. A significant increase in
the overall C:N ratio, as well as an increase in the variation of the C:N ratios, was observed when cultures
reached the stationary growth phase. Thus, the average C:N ratio for all species increased from 12.3 ± 0.8
to 22.4 ± 1.6 (mean ± SE). This was mainly due to a
decrease in cellular N content (Table 2), which on
average for all 4 phytoplankton species decreased
3-fold (89 ± 19 to 27 ± 6 pg N cell–1) whereas cellular
carbon content increased by 17% (592 ± 246 to 692 ±
311 pg C cell–1). The decrease in cellular N content
from exponential to stationary growth phase of Redfield and N-repleted cultures indicates that the applied
N concentration of the Redfield and N-repleted cultures (85 µM nitrate) was not sufficient to prevent N
starvation of these cultures, which therefore may actu-

ally not have grown under Redfield or N-replete conditions at the time of sampling. Another possibility for
the increased C:N ratio under Redfield and N-replete
conditions is that C accumulated in the cells because C
fixation exceeded the growth rate, possibly restricted
by low phosphorus availability.
Two-way ANOVA evaluating the effect of species
and dissolved inorganic nitrogen (DIN) availability
confirmed that increasing DIN availability reduced the
C:N ratio in both the exponential (p = 0.009) and stationary growth phases (p < 0.0001). A similar test of the
effect of species and irradiance level gave no significant effect of irradiance (p > 0.05), irrespective of
growth phase. Therefore, nutrient availability significantly affected the C:N ratios, while growth irradiance
had no significant impact (Fig. 2) on the ratio.
The relative optical length of the phytoplankton
cultures was significantly (2-way ANOVA, p < 0.0001)
dependent on the particular phytoplankton species,
the growth phase and the growth conditions, especially irradiance (Fig. 3) of the phytoplankton. The
relative optical length of the phytoplankton increased
with increasing phytoplankton cell size in both growth
phases. The relative optical length significantly decreased (Student-Newman-Keuls pairwise comparison, p < 0.05) from the exponential (75.7 ± 7.3 mg chl a
m–2) to the stationary growth phase (32.8 ± 4.5; Fig. 3).
The observed decrease was caused by a 2-fold de-

Fig. 1. Phytoplankton growth in media with molar N:P ratios of 5 (depleted DIN), 16 (Redfield-ratio) and 85 (repleted DIN) under
different irradiances (40, 100 and 300 µmol photons m–2 s–1). Arrows indicate days of sampling. All data are the average of 2
replicates. See Table 2 for full species names
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Fig. 2. Particulate C:N molar ratio of phytoplankton species sampled in exponential and stationary growth. Phytoplankton
species are presented in order of increasing cell size. All data are average ±1 SE (n = 2). See Table 2 for full species names

crease in the intracellular chl a concentration, from 8.9
± 1.0 to 4.3 ± 0.7 mg chl a m– 3 cell, while the overall
phytoplankton cell size showed a small, but significant
increase from 11.6 ± 1.6 to 13.4 ± 1.8 µm equivalent to
16% (2-way ANOVA, p < 0.0001) corresponding to
the increase in cellular C content. Cultures grown at
high irradiance generally had a lower relative optical
length irrespective of growth phase (Fig. 3). Two-way
ANOVA confirmed the negative effect of irradiance on
the relative optical length in both the exponential and
stationary growth phases (p = 0.0004 and p < 0.0001,
respectively), while increasing N availability had a significant positive effect on the relative optical length
during stationary growth (p = 0.008), but no significant
effect during exponential growth (p = 0.91).
Pigment composition differed significantly (2-way
ANOVA, p < 0.0001) between phytoplankton species
and growth phases (Fig. 4). A significant increase
(2-way ANOVA, p < 0.0001) in the carotenoid:chl a
ratio was observed going from exponential to stationary growth for all species. At 300 µmol photons m–2
s–1, the mean carotenoid:chl a ratio for all species

increased from 0.50 ± 0.02 to 0.69 ± 0.03. Both nutrient availability and irradiance significantly affected
the carotenoid:chl a ratio. These observations were
supported by a 2-way ANOVA confirming the positive effect of irradiance on the ratio during both
exponential (p = 0.0004) and stationary growth (p <
0.0001). Irrespective of growth phase, increasing irradiance reduced both the cellular chl a and carotenoid
content of the species (Table 2). However, since the
cellular chl a content decreased more than the cellular carotenoid content, the carotenoid:chl a ratio increased. A 2-way ANOVA test confirmed that the
carotenoid to chl a ratio of the algae significantly
decreased with increasing availability of DIN during
stationary growth (p < 0.0001). This was, however, not
found during exponential growth (p = 0.16). Overall,
the carotenoid:chl a ratio increased with increasing
irradiance and N-starvation (2-way ANOVA, p <
0.0001). Changes in the carotenoid:chl a ratios were
primarily caused by changes in the cellular chl a
content, while the cellular carotenoid content varied
less (Table 2).

40
Redfield

Exponential growth phase
100
300
Depleted Redfield Replete
Depleted Redfield Replete

Ditylum brightwellii
ESD
33.68
31.57
31.48
30.99
30.00
31.11
31.36
Chl a
126.69
88.04
75.22
64.94
46.83
51.79
84.96
Chl c
30.29
23.84
18.45
16.34
12.81
13.83
19.47
Fucoxanthin
52.59
35.16
30.77
26.30
9.71
20.92
33.66
Diadinoxanthin
8.06
9.55
7.63
6.93
3.68
7.32
11.84
β-carotene
3.92
3.57
2.71
2.29
1.99
2.19
3.39
Carotenoid
64.57
48.28
41.11
35.53
28.77
30.43
48.89
C
2039.28
2060.98 2396.03 1576.78
1415.54 1964.88 3162.21
N
365.17
282.31
349.70
231.83
182.74 312.15
508.87
Brachiomonas sp.
ESD
7.70
7.55
7.55
7.65
7.40
8.50
7.75
Chl a
2.88
2.21
2.76
2.42
1.27
2.02
2.83
Chl b
1.13
0.72
0.92
0.82
0.40
0.54
0.83
Neoxanthin
0.13
0.10
0.13
0.11
0.06
0.09
0.12
Violaxanthin
0.23
0.14
0.18
0.16
0.03
0.19
0.23
Lutein
0.36
0.31
0.38
0.35
0.33
0.39
0.53
β-carotene
0.18
0.14
0.18
0.16
0.12
0.16
0.22
Carotenoid
0.90
0.70
0.87
0.77
0.53
0.83
1.11
C
345.73
235.89
186.33
172.36
268.64 194.85
217.01
N
58.62
15.05
22.96
16.66
8.91
60.49
26.64
Pyramimonas disomata
ESD
4.50
4.30
4.60
4.85
4.70
5.15
5.35
Chl a
0.78
1.28
1.18
1.33
0.68
1.08
0.71
Chl b
0.50
0.78
0.73
0.83
0.42
0.58
0.46
Neoxanthin
0.08
0.12
0.12
0.13
0.06
0.08
0.06
Violaxanthin
0.13
0.26
0.24
0.27
0.17
0.27
0.15
Lutein
0.01
0.02
0.01
0.01
0.03
0.04
0.02
Zeaxanthin
0.01
0.01
0.01
0.02
0.04
0.04
0.04
β-carotene
0.07
0.12
0.12
0.14
0.13
0.14
0.10
Carotenoid
0.27
0.53
0.51
0.56
0.41
0.56
0.37
C
68.87
60.30
15.53
45.77
22.16
32.11
28.07
N
7.09
8.88
2.37
6.41
2.63
3.61
3.37
Pseudoscourfieldia marina
ESD
2.58
2.68
2.55
2.92
2.47
2.72
2.95
Chl a
0.022
0.019
0.018
0.038
0.027
0.037
0.010
Chl b
0.018
0.013
0.012
0.025
0.015
0.019
0.006
Mg DVP
0.003
0.002
0.002
0.004
0.002
0.003
0.001
Neoxanthin
0.002
0.001
0.001
0.003
0.002
0.002
0.001
Prasinoxanthin
0.007
0.006
0.006
0.013
0.009
0.012
0.003
Zeaxanthin
0.000
0.001
0.001
0.002
0.004
0.005
0.002
Carotenoid
0.0125
0.0114
0.0114
0.0236
0.0183 0.0242
0.0067
C
6.805
6.176
6.994
12.515
10.093 12.730
4.127
N
0.453
0.590
0.435
1.035
0.788
1.061
0.344

Irradiance:
Nutrients:

4.90
0.45
0.30
0.05
0.11
0.01
0.01
0.08
0.26
38.28
2.14

4.35
.nd
.nd
.nd
.nd
.nd
.nd
.nd
.nd
545.02
35.41

2.55
0.038
0.027
0.005
0.004
0.020
0.009
0.0362
1.402
0.083

4.75
0.53
0.38
0.07
0.14
0.03
0.00
0.10
0.33
40.38
2.30

10.00
0.88
0.32
0.05
0.08
0.21
0.09
0.42
86.97
5.09

2.92
0.044
0.033
0.006
0.005
0.021
0.009
0.0359
4.936
0.583

4.75
0.61
0.48
0.09
0.07
0.01
0.06
0.07
0.30
40.86
3.98

11.30
1.32
0.55
0.09
0.10
0.31
0.11
0.61
182.22
12.48

32.37
36.40
29.97
60.35
11.13
18.19
16.57
30.36
3.12
5.20
1.07
1.67
20.76
37.23
1559.32 3562.36
70.44 156.62

2.68
0.015
0.011
0.002
0.001
0.008
0.004
0.0157
4.184
0.280

10.80
0.60
0.19
0.03
0.06
0.18
0.08
0.36
160.43
5.20

7.10
4.04
1.72
0.20
0.26
0.51
0.22
1.18
116.09
14.14

2.58
0.114
0.094
0.018
0.012
0.055
0.015
0.0885
8.361
0.870

38.70
16.92
5.02
7.85
1.61
0.73
10.19
1875.57
58.95

2.47
0.012
0.006
0.001
0.001
0.006
0.006
0.0149
15.623
1.550

4.60
0.22
0.16
0.02
0.06
0.02
0.01
0.08
0.19
37.11
2.02

11.30
0.30
0.07
0.01
0.01
0.13
0.07
0.23
143.90
3.31

2.72
0.035
0.019
0.002
0.002
0.012
0.010
0.0273
1.495
0.184

4.35
0.30
0.19
0.03
0.08
0.03
0.01
0.07
0.22
37.74
2.13

11.80
0.49
0.15
0.02
0.02
0.06
0.08
0.19
155.79
5.74

35.51
32.96
13.52
31.89
3.96
11.90
6.48
18.82
1.92
3.26
0.83
1.55
9.22
23.63
2335.41 3344.61
70.56
97.35

2.95
0.035
0.022
0.004
0.003
0.017
0.011
0.0337
14.040
1.472

4.80
0.44
0.32
0.04
0.02
0.03
0.11
0.07
0.28
45.59
5.71

11.05
1.09
0.42
0.07
0.08
0.31
0.12
0.59
198.92
20.80

36.79
45.52
13.64
21.12
5.91
1.52
28.55
3405.64
130.21

Stationary growth phase
100
300
Depleted Redfield Replete
Depleted Redfield Replete

34.78
57.36
23.84
30.07
5.43
1.82
37.33
1409.80
52.08

40
Redfield

Table 2. Cellular characteristics of 4 phytoplankton species cultured under different irradiance and nutrient conditions, and sampled in exponential and stationary growth
phases. Irradiance is in µmol photons m2 s–1 and the ratios of nutrients (NO3–:PO4–) are 85:5 µM (Redfield), 25:5 (N-depleted) and 85:1 (N-replete). Equivalent spherical
diameter (ESD; µm), and cellular content of pigments (pg cell–1), carbon (C; pg cell–1) and nitrogen (N; pg cell–1). Data are the average of 2 replicates. nd: not determined
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Fig. 3. Optical thickness (mg chl a m–2 cell) of phytoplankton species sampled in exponential and stationary growth. Phytoplankton species are presented in order of increasing cell size. All data are average ±1 SE (n = 2). See Table 2 for full species names

Effects on chl a-specific in vivo absorption
Differences were found in the in vivo spectral light
absorption of the 4 phytoplankton species when normalized to both chl a and total pigment concentration
(Fig. 5). The differences were most apparent when the
specific absorption coefficient was calculated on the
basis of chl a. Overall, Pseudoscourfieldia marina had
the highest values, followed by Pyramimonas disomata, Brachiomonas sp. and Ditylum brightwellii. This
rank pattern suggests that the a*chla decreased with
increasing phytoplankton cell size. Further, the overall
level of the chl a-specific absorption spectra increased
slightly from exponential to stationary growth (12.4 ±
1.3 to 15.4 ± 1.2 m2 g–1 chl a), while the total pigmentspecific absorption spectra did not change notably
(5.7 ± 0.4 to 6.8 ± 0.5 m2 g–1 chl a). Comparing spectra
at selected wavebands using a 2-way ANOVA, furthermore, documented significant differences in a*chla (λ)
spectra between species and growth phase (p < 0.05)
while a*Tpig(λ) spectra were only significantly different
between species (p < 0.05). For this purpose, we chose
the wavebands applied by the SeaWiFS satellite in the

400 to 700 nm region (412, 443, 490, 555 and 670 nm)
as these wavebands are particularly important for
remote sensing applications.
An analysis of the changes in spectral shape of the
chl a-specific absorption spectra showed that the coefficient of variation (CV) of the entire spectra decreased
from 79 ± 2 in Pseudoscourfieldia marina to 77 ± 3 in
Pyramimonas disomata to 69 ± 4 in Brachiomonas sp.
to 67 ± 4 (mean CV ± 95% CL) in Ditylum brightwelli.
The inverse relationship between the spectral CV and
cell size (ESD) of the algae was further confirmed by
Spearman rank correlation analysis (rs = –0.48, p <
0.0001), thereby confirming that the chl a-specific
absorption spectra became significantly flatter with
increasing cell size of the phytoplankton.
The spectrally averaged â*chla was coefficient significantly (2-way ANOVA, p < 0.001) different depending
on the phytoplankton species, growth phase, N availability and irradiance level (Fig. 6). In addition to the
above-mentioned increase in â*chla from exponential to
stationary growth, irradiance had a positive effect on
the overall level of â*chla. Thus, overall â*chla for all species increased from 9.4 ± 2.2 over 13.1 ± 1.4 to 16.0 ±
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Fig. 4. Carotenoid:chl a weight ratio of phytoplankton species sampled in exponential and stationary growth. Phytoplankton
species are presented in order of increasing cell size. All data are average ± 1 SE (n = 2). See Table 2 for full species names

1.3 m2 g–1 chl a at irradiance levels of 40, 100 and
300 µmol photons m–2 s–1, respectively. Two-way
ANOVA on the effect of species and irradiance level
confirmed the effect of irradiance on the â*chla level in
the stationary growth phase (p < 0.0001) while irradiance had a smaller impact on â*chla in the exponential
growth phase (p = 0.055). Increasing the availability of
DIN lowered â*chla from 16.5 ± 2.1 in N-depleted to
13.5 ± 1.4 m2 g–1 chl a in N-replete cultures. Raising the
availability of DIN from Redfield to a replete level, had
no significant influence on â*chla (Student-NewmanKeuls pairwise comparison, p < 0.05).

Modelling the variation in the spectrally averaged
chl a-specific absorption
Evaluating the effect of factors which directly affect
the spectrally averaged â*chla showed a negative relationship between â*chla and the relative optical length
of the phytoplankton, but a positive correlation with
the carotenoid:chl a ratio (Table 3, Fig. 7). Further-

more, â*chla was weakly negatively correlated to the
absorption efficiency (Qa). An overall gradient in â*chla
from the smallest to the largest phytoplankton species
was evident. The smaller phytoplankton cells, with
high â*chla coefficients, had a low relative optical
length (i.e. low packaging) but high concentrations of
carotenoids relative to chl a.
A similar approach was used to evaluate the effect of
external factors on the variation in â*chla. A multiple linear regression model of â*chla as a function of species,
growth phase, irradiance and DIN level was used to deTable 3. Linear regression models of log (â*chla) as a function
of factors with effect on packaging. All variables were
log-transformed in order to fullfill the requirements of the
parametric analysis. *p < 0.5, ****p < 0.0001
Variables

Slope

Intercept

r2

p

Relative optical length
Carotenoid:chl a
Qa

–0.47
–1.01
–0.21

–1.26
–1.72
–2.10

0.57
0.18
0.05

****
****
*
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Fig. 5. Mean chl a and total pigment-specific in vivo absorption spectra of
the investigated phytoplankton species sampled in exponential and
stationary growth (n = 14). See Table 2 for full species names
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termine which parameter had the greatest
impact on â*chla (Table 4). In the model,
species were assigned from 1 to 4 corresponding to increasing size, exponential
and stationary growth phase were denoted
as 1 and 2, the 3 irradiance levels were
assigned their original values (40, 100
and 300), and the numbers 16 and 85
were used as indicators of N-deplete (N:P
ratio = 5), N-Redfield (N:P ratio = 16) and
N-replete (N:P ration = 85) conditions. The
model was run on the entire data set as well
as on data from exponential and stationary
growth considered separately (Table 4).
Values of â*chla were log-transformed in
order to fulfil the requirements of a parametric model. The result of the first model,
which included data from both growth
phases, was highly significant and capable of explaining 85% of the variability in
â*chla. The models that only included data
from either the exponential or stationary

Fig. 6. Spectrally averaged chl a-specific absorption coefficient of phytoplankton species sampled in exponential and stationary
growth. Phytoplankton species are presented in order of increasing cell size. All data are average ± 1 SE (n = 2). See Table 2 for
full species names
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Fig. 7. Spectrally averaged chl a-specific absorption as a function of relative optical length (A), carotenoid:chl a ratio (B) and
absorption effeciency (C) of the phytoplankton species. See Table 2 for full species names

Table 4. Multiple regression analysis of log (â*chla) as a function of species, growth phase, irradiance level and nutrient availability. **p < 0.01, ****p < 0.0001. ns: not significant at the 0.05 level. The significance levels for all of the different models were
p < 0.0001
Model type
Both growth
phases

Exponential
growth phase

Stationary
growth phase

Variable
Constant
Species
Growth phase
Irradiance
Nutrients
Constant
Species
Irradiance
Nutrients
Constant
Species
Irradiance
Nutrients

Overall

Coefficient

R2 = 0.85

–1.65
–0.25
0.14
0.0007
–0.0005
–1.43
–0.28
0.0006
0.0006
–1.47
–0.23
0.0008
0.0001

R2 = 0.84

R2 = 0.87

growth phase gave very similar results (Table 4). According to the sum of squares, associated with the estimated coefficients in the models, the ability of the
model which included both growth phases to explain
the variability in â*chla primarily depended on species
and less on irradiance level and growth phase (Table 4).
Species were similarly most important in the other
model. N availability did not contribute significantly to
explaining the variability in â*chla in any of the models.

DISCUSSION
Cellular acclimation to different growth conditions
The carotenoid:chl a ratio, C:N ratio and relative
optical length differed significantly between the
phytoplankton species studied. However, the same
pattern in acclimation to irradiance, nutrient availability and growth phase was observed for all species. Low
N availability caused a reduction in the cellular N and

SS

8.60
0.51
0.60
0.02
5.22
0.23
0.02
3.43
0.39
0.01

p
****
****
****
****
ns
****
****
**
ns
****
****
****
ns

chl a content during stationary growth, especially evident in N-deplete cultures and furthermore, enhanced
the C:N and carotenoid:chl a ratios. These findings
suggest that chlorophyll synthesis was closely coupled
to the internal N pool, which decreased significantly
during stationary growth. This observation is consistent with the regulatory model of phytoplankton acclimation presented by Geider et al. (1998) stating that
chl a synthesis is dependent on N assimilation and
availability. The decline in cellular chl a content further decreased the relative optical length.
Yentsch & Vaccaro (1958) and Heath et al. (1990)
also found an inverse relationship between the carotenoid:chl a ratio and N content in algal cells. The common explanation for this relationship is that chlorophylls and some of the carotenoids decrease during N
depletion while other carotenoids accumulate in the
cells (Madriaga & Joint 1992, Latasa & Berdalet 1994,
Latasa 1995, Schlüter et al. 1997). Accumulation of
carotenoids has been explained as a photoprotective
response (Demming-Adams 1990, Demers et al. 1991).
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Nutrient limitation can lead to large changes in the
production of non-photosynthetic pigments (Sosik &
Mitchell 1991, Babin et al. 1996), a mechanism which
is used commercially to enhance the production of
carotenoids in microalgal mass cultures (Babin et
al. 1996). In our experiments, reduced chl a content
accounted for a decrease in the relative optical length
of the algae as well as an increase in the carotenoid:
chl a ratios in N-depleted cultures, which did not experience a significant decrease in the cellular carotenoid
content. These experimental data agree well with field
observations, where significantly higher carotenoid:
chl a ratios were found in oligotrophic oceanic waters
than in eutrophic estuarine waters (Staehr et al.
unpubl.). Low N availability, therefore, seems to have a
less profound effect on the synthesis of N-free pigments such as carotenoids than on chl a, which contains N.
Photoacclimation of phytoplankton cells has been
shown to affect the intracellular pigment concentration
and composition. In our study, all species acclimated to
increasing irradiance by reducing their cellular chl a
content within a few days. This result agrees well with
Berner et al. (1989), who found significant changes in
the intracellular pigment concentration of phytoplankton within 2 d. Furthermore, a significant increase in
the carotenoid:chl a ratio was observed with increasing irradiance. This observation agrees well with many
previous studies (e.g. Mitchell & Kiefer 1988, Berner et
al. 1989, Sosik & Mitchell 1991). The reduced cellular
chl a content at high irradiance may account for the
parallel increase in carotenoid:chl a ratio generally
exhibited by the algae. However, an increased ratio
may also reflect a combination of reduced chl a content
and an increase in light protecting carotenoids. Of the
measured pigments in our study (Table 2), zeaxanthin,
β-carotene, diadinoxanthin and lutein can be assumed
to be light-protecting pigments (Niyogi et al. 1997,
Stuart et al. 1998) and the remaining pigments to be
light capturing. Using this definition, we found a significant increase in the ratio of light-protecting: lightcapturing pigments with increasing irradiance (0.07 ±
0.01 over 0.11 ± 0.01 to 0.18 ± 0.01). However, this
increase was only caused by a reduction in lightcapturing pigments (48 ± 21 over 25 ± 7 to 19 ± 5 pg
pigment cell–1) since the content of light-protecting
pigments remained consistently low (2.9 ± 1.2 over
2.1 ± 0.5 to 2.0 ± 0.6 pg pigment cell–1). The changes in
pigmentation observed here reduce the overall light
absorption by the cells, thereby lowering the energy
input at high light. This is probably a protection
against photo-damage resulting from excitation of
pigments. The low levels of production of photoprotecting pigments might be due to the absence of
UV light in the experiments.
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Variations in chl a-specific in vivo absorption
Variability in a*chla between species has been shown
to originate from 3 sources: (1) differences in size and
(2) intracellular chl a concentrations, both affecting the
packaging of pigments; and (3) variations in pigment
composition (e.g. Morel & Bricaud 1981, Bricaud et al.
1983, Kirk 1994). The package effect is most important
for species with either large cells and/or a high intracellular chl a concentration (Bricaud et al. 1988). Our
results showed that the variation in â*chla was mainly
due to changes in pigment packaging, determined as
the product of cell size and intracellular chl a content,
and less to pigment composition (carotenoid:chl a ratio).
As documented by several authors (e.g. Morel &
Bricaud 1981, Ciotti et al. 1997, 2002), the chl a-specific
absorption spectra become flatter with increasing size
of the phytoplankton. However, since pigment packaging and pigment composition covaried with phytoplankton cell size, the flattening effect must be attributed to a combination of the 2 processes.
Under natural conditions, light and nutrient regimes
experienced by the phytoplankton can be important
sources of variability in a*chla (Sosik & Mitchell 1995).
Several experiments have shown that a*chla can vary
significantly as a function of growth irradiance (e.g.
Sathyendranath et al. 1987, Mitchell & Kiefer 1988,
Berner et al. 1989, Moore et al. 1995) and availability
of inorganic N (Herzig & Falkowski 1989, Chalup &
Laws 1990, Sosik & Mitchell 1991). In accordance
with many previous studies (e.g. Falkowski & LaRoche
1991), phytoplankton grown at high irradiances had
low pigment packaging resulting in higher a*chla.
Furthermore, high nutrient availability has been found
to increase the cellular chl a concentration after a few
days, leading to a decrease in the a*chla (Sosik &
Mitchell 1991). Similarly, Sosik & Mitchell (1995) found
that a*chla of natural phytoplankton was significantly
lower for samples collected at the nitracline than for
samples collected above the nitracline. In accordance
with these studies, we found that N starvation decreased the pigment packaging of the phytoplankton
cells and increased the carotenoid:chl a ratio, a combination which logically resulted in higher a*chla.

CONCLUSIONS
Growing 4 phytoplankton species under different
irradiance and nutrient regimes introduced significant
and expected changes in the cellular nutrient content,
pigment packaging and composition, and a*chla.
Despite the introduced variability, differences in the
optical properties between the species were not diminished. The interspecies differences in optical proper-
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ties of the studied phytoplankton were primarily due to
differences in cell size, which has a profound effect on
pigment packaging and composition of the algae. The
results suggest that photoacclimation (i.e. changes in
pigment composition and packaging) to the prevailing
growth conditions (light, temperature and nutrient
availability) is less important than differences in phytoplankton composition (dominant cell size and pigment
composition) for the variability recorded in a*chla in
natural water samples.
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