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ABSTRACT: Through the use of mesocosm experiments, we show that an unusually early spring
phytoplankton bloom can be induced by intermittent high-light periods. We performed mesocosm
experiments where plankton assemblages from Kiel Bight (Western Baltic Sea) received a light
regime based on the natural seasonal irradiance dimmed to 43% of surface irradiance of cloudless
days, starting with irradiance levels of mid-January (6 mesocosms) and mid-February (6 mesocosms). After 6 d, half of the mesocosms received a ca. 2-fold increase in irradiance. In the January
mesocosms, a phytoplankton bloom developed only in the treatments with the high-light episode,
whereas in the February mesocosms a phytoplankton bloom also developed in the controls. Phytoplankton net growth rates, production:biomass ratios and biomass at the end of the high irradiance episodes were positively correlated to the daily light dose. The relative biomass of diatoms
increased with increasing light, whereas the relative biomass of cryptophytes decreased. A bottom-up transmission to mesozooplankton (mainly copepods of the genera Acartia and Oithona)
was evident by increased densities of copepod nauplii and egg production under higher light conditions, whereas copepodids and adults showed no responses during the experimental period. The
taxonomic composition of the nauplii was shifted to the advantage of Acartia/Centropages (not
distinguished at the naupliar stage) under higher light conditions.
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Although the importance of light for photoautotrophic processes is beyond doubt, light has
received little attention in the climate change literature on plankton systems. In the majority of
correlative studies on the impact of climate change
on plankton phenology, properties of the seasonal
plankton cycle are related to temperature or to
climate indices (Weyhenmeyer et al. 1999, Straile &
Adrian 2000, Gerten & Adrian 2001, Edwards et al.
2002, Wiltshire et al. 2008). An exception are those
studies that relate an earlier onset of the ice-free
period or of thermal stratification with an improved
light climate earlier in the year and thus an earlier
onset of the phytoplankton spring bloom (Winder &

Schindler 2004, Peeters et al. 2007). The studies
concentrating on stratification as the trigger of seasonal phytoplankton growth echo Sverdrup’s (1953)
critical depth concept, according to which mixing
depth has to drop below a critical level in order to
permit a sufficiently long residence of phytoplankton
cells in the well-illuminated surface layer. This concept has been superseded by the critical turbulence
concept (Huisman & Sommeijer 2002) because below
a critical limit of turbulence, phytoplankton cells may
remain long enough in the surface layer even when
the depth of the isopycnal surface layer exceeds the
critical depth.
An earlier onset of the spring bloom under warmer
conditions is in agreement with the common expectation that biological spring events should be ad-

*Email: usommer@geomar.de

© Inter-Research 2012 · www.int-res.com

INTRODUCTION

62

Mar Ecol Prog Ser 446: 61–71, 2012

vanced temporally by warming (Walther et al. 2002,
Cleland et al. 2007). However, data are far less clear
for the plankton spring bloom (for an overview, see Ji
et al. 2010), which is one of the most prominent features in the seasonal growth patterns of phytoplankton in temperate and cold oceans and lakes. At high
latitudes and in nutrient-poor waters it is usually the
single seasonal maximum of primary production,
providing most of the energy and matter supply for
zooplankton and fish production. A temporal advancement of the spring bloom under warming conditions has been reported in some cases (Weyhenmeyer et al. 1999, Gerten & Adrian 2001, Edwards et
al. 2002), but there are also studies that found no
warming effect (diatoms, Edwards & Richardson
2004; the entire phytoplankton community, Wiltshire
et al. 2008) or even a retardation of the spring bloom
under warmer conditions (Wiltshire & Manly 2004).
Experimental studies with temperature-controlled
mesocosms (Sommer et al. 2007, Sommer & Lengfellner 2008) have shown a slight advancement of the
phytoplankton spring peak by ca. 1 d °C−1, a shift that
would remain unnoticed with the usual weekly sampling scheme. Wiltshire’s et al. (2008) analysis of the
Helgoland Straits time series (North Sea) is remarkable, because it showed both an insensitivity of the
timing of the spring bloom to temperature and a
strong interannual variability of up to 1.5 mo. Interannual differences in grazing pressure by overwintering zooplankton (mainly copepods) have been
offered as a hypothetical explanation for the interannual variability, but an experimental study with a
factorial combination of warming and a 7-fold gradient in the density of overwintering copepods showed
no effect of copepod density on the timing of the
phytoplankton spring bloom, whereas maximal biomass, size structure and taxonomic composition were
significantly influenced by both temperature and
copepod density (Sommer & Lewandowska 2011).
Obviously, also light should be considered when explaining the interannual variability in the timing of
the spring bloom. Siegel et al. (2002) found evidence
that a compensation irradiance (calculated for the
mixed water layer) of 1.3 mol photons m−2 d−1 (range
0.96 to 1.75 mol photons m–2 d–1) had to be exceeded
to initiate the spring bloom without apparent latitudinal variation. This compensation light level was also
supported in the experimental study of Sommer &
Lengfellner (2008). Although the onset of mixing is
the dominant factor in deep water bodies, in more
shallow ones, variability of surface irradiance at
weekly time scales might be equally important. Dayto-day variability might be less important because it

usually takes 1 to 2 wk to build up a phytoplankton
bloom (Sommer et al. 1986). Therefore, we used natural phytoplankton from the Baltic Sea subjected to
simulated high-light episodes (2-fold increase over
controls) of 10 d in mesocosms (operated in total for
5 wk) to answer the following questions: (1) Can a
mid-latitudinal (Kiel Fjord, Northern Germany,
55° 33’ N) spring bloom be induced as early as January, a period when it usually does not occur? (2) Will
such a high-light period further increase the biomass
attained in a spring bloom later in the year? (3) How
does light during the growth period of the spring
bloom affect growth rates, primary production and
biomass of phytoplankton and the performance of
individual taxa? (4) Are light effects on phytoplankton transmitted to mesozooplankton, the most important trophic link between phytoplankton and fish
production?

MATERIALS AND METHODS
Experimental design
Twelve mesocosms, each with a volume of 1400 l,
were set up in temperature-controlled rooms (4.5°C,
typical of moderately mild late winter seasons) and
filled with natural, late-winter plankton communities
from Kiel Fjord, Western Baltic Sea, on 23 January
2010 without sieving the water. Mesozooplankton
was added from net catches at overwintering concentrations near the upper end of in situ interannual variation (Behrends 1996), targeted at ca. 15 to 20 ind. l−1.
The zooplankton community consisted mainly of the
copepods Acartia and Oithona, with minor contributions of Temora, Centropages and Pseudocalanus /
Paracalanus. Other mesozooplankton (mainly meroplanktonic larvae of polychaetes) were approximately
half as abundant as copepods. Gentle stirring by a
propeller assured homogeneous distribution of the
plankton without harming them, as shown in previous
experiments using the same system (Sommer et al.
2007, Sommer & Lengfellner 2008).
Each mesocosm had a separate, programmable
light unit (for details see Sommer et al. 2007). The
surface irradiance for cloudless days (E0) was programmed according to the astronomic model by
Brock (1981), taking into account geographic latitude, season and daytime. The irradiance calculated
according to this model was dimmed to 43% in order
to make it similar to the mean mixed water irradiance
(EM; calculated according to Riley 1957) for sunny
days at a halocline depth (z) of 10 m and a vertical
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attenuation coefficient (k) of 0.2 m−1, a value typical
of late winter at the study site. For 6 of the mesocosms, the light program was started with the irradiance level of 13 January (‘January mesocosms’); for
the other 6 mesocosms, the start was set to 13 February (‘February mesocosms’). The term ‘day of year’ in
the subsequent text will refer to the light program,
not the actual date. Five days after the start, light was
doubled in half of the January and February mesocosms, while it remained at 43% E0 in the control
mesocosms (Fig. 1). The doubled light intensities
were maintained for 10 d; thereafter they were
reduced to the control levels again. In order to determine whether phytoplankton prevented from blooming by sustained low light levels could be stimulated
to bloom without delay by an increase in light intensity, the January control mesocosms received a 10 d
period of doubled light intensity starting at day of
year (DOY) 33 (Fig. 1). In the following, the abbreviations JC (January control), JH (January high light),
FC (February control) and FH (February high light)
will be used for the mesocosms. For simplicity, the
periods of doubled light will be called ‘switch-on
periods’ in the following text (‘switch-on period I’ for
JH and FH; ‘switch-on period II’ for JC).
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Fig 1. Time course of mesocosm light supply (daily light
dose; mol photons photosynthetically active radiation [PAR]
m−2 d−1). Solid lines: high-light treatments; dashed lines:
controls. (A) January mesocosms; (B) February mesocosms
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Sampling
Phytoplankton were sampled 3 times per week
(Monday, Wednesday and Friday). Phytoplankton
> 5 µm were counted by the inverted microscope
method (Utermöhl 1958) and distinguished at the
genus level in most cases. If possible, 100 individuals
per taxonomic unit were counted in order to obtain
95% confidence limits of ± 20%, but this was not
possible with rare species. Small phytoplankton
were counted using a flow cytometer (FACScalibur,
Becton Dickinson) and distinguished by size and
fluorescence of chlorophyll a and phycoerythrin.
When flow-cytometer categories could be matched to
phytoplankton in the microscopic counts (Teleaulax
and Plagioselmis), we used the flow-cytometer data.
Phytoplankton cell volumes were calculated from linear measurements after approximation to the nearest
geometric standard solid (Hillebrand et al. 1999).
Cell volume was converted to carbon after MendenDeuer & Lessard (2000). However, for cells smaller
than 180 µm3 fixed carbon, volume conversion factors
were used (0.108 pg C µm−3 for diatoms, 0.157 pg C
µm−3 for the other species) because 180 µm3 was the
size of the smallest alga in the database of MendenDeuer & Lessard (2000) and their non-linear models
predict an unrealistically high carbon content for the
smallest cells.
We sampled mesozooplankton for taxonomic analysis at weekly intervals by taking 3 vertical hauls
with a small Apstein net (mesh size 64 µm, diameter
12 cm; Hydrobios). One additional haul served for
egg production experiments. In total, this corresponds to an imposed artificial loss of 3% of the
standing stock per week and was regarded as an appropriate sample size to avoid overfishing. Samples
for taxonomic composition were fixed with Lugol’s iodine solution or industrial alcohol and one subsample
per mesocosm was analyzed under a stereo microscope (Zeiss Stereo Discovery V8 and Leica MZ 12.5).
We distinguished meroplanktonic mesozooplankton
larvae at the phylum or class level (e.g. Polychaeta,
Bryozoa and Cirripedia) and copepods, the most
abundant mesozooplankton component, at the genus
level. However, young copepodids of Paracalanus
and Pseudocalanus look very similar and were therefore merged into one group, though among older
stages Pseudocalanus clearly dominated. Copepodids
were staged (CIV to CVI were not distinguished) and
nauplii were taxonomically identified 3 times during
the experiment (start, middle and end). Because of
morphological similarity, Acartia and Centropages
nauplii had to be merged for analysis. For egg pro-
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duction, adult females from the additional unfixed
sample were sorted and individually kept for ~48 h in
6-well cell culture plates (filled with filtered seawater). Cell wells were checked every 8 to 14 h and
freshly spawned eggs were counted and removed.
Because of the small sample size we had to confine
our egg production experiments to the dominant
copepod genus Acartia. As egg production measurements are time consuming, we also had to confine
measurements to one mesocosm per light treatment
instead of measuring reproduction for all 3 replicate
mesocosms per treatment block.

mainly analyzed with a focus on the bottom-up transmission to mesozooplankton, which had to be analyzed at this longer time scale because of longer response times than the phytoplankton. The response
of biological variables to experimental conditions was
analyzed by regression analysis according to the
best-fitting models, trying the linear and ln-transformed values of the independent and dependent
variables. Although not being a mechanistic model
like a Michaelis-Menten saturation curve, fitting of a
linear regression with log-transformed y data does
provide good fits of biological responses to light and
robust estimates of threshold values with a minimal
number of model parameters.

Primary production measurements

Data analysis
−1

Net growth rates (r; d ) were calculated as the
slope of a linear regression of ln-transformed abundance or biomass data over time. The analysis of the
phytoplankton response focused mainly on the period
when the light was doubled for the JH (DOY 18−27)
and the FH mesocosms (DOY 39−41, switch-on
period I). If biomass reached a peak before the end of
the switch-on period, biomass data after the peak
were excluded from calculating r. The phytoplankton
response to the light doubling in the JC mesocosms
(DOY 33−42; switch-on period II) was not included in
the statistical analysis, but is shown for comparison in
some of the graphs. The averaged phytoplankton response over the entire duration of the experiment was

RESULTS
Phytoplankton response to high-light period
Phytoplankton biomass started to increase immediately in all mesocosms, but in the JC mesocosms, the
initial increase was very slow until the light supply
for these mesocosms was doubled on DOY 33
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Primary production was measured by the 14C incorporation method (4 µCi 14C-bicarbonate per 30 ml
sample) after Gargas (1975) in samples incubated
inside the mesocosms at mid depth. Duplicate samples
were incubated together with a blank (dark) sample
during 3 to 4 h around noon. After incubation, samples were filtered through cellulose-nitrate membrane
filters (0.2 µm pore size) to estimate the total primary
production and polycarbonate membrane filters
(10 µm pore size) to estimate production of phytoplankton >10 µm volume. The primary production of
the size fraction >10 µm was measured separately, because these algae are grazed preferentially by copepods (Sommer & Sommer 2006). Filters were fumed
with HCl, fixed with scintillation cocktail (Lumagel)
and radio-assayed using a liquid scintillation counter
(Tricarb counter, Packard). Primary production was
calculated as µg C l−1 d−1 by assuming a linear relationship between production and light dose.
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Fig. 2. Time course of phytoplankton biomass (mg C l−1) in the
mesocosms. Solid lines: high-light treatments; dashed lines:
controls. (A) January mesocosms; (B) February mesocosms
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y
r
B
P
P:B

x

a

b

R2

p

lnLD
LD
LD
lnLD

−0.0782
−282.6
−161.9
−0.0362

0.217
171.1
68.4
0.194

0.92
0.80
0.86
0.79

< 0.0001
0.0001
< 0.0001
0.0001

0.5

Growth rate (d –1)

Table 1. Response of phytoplankton net growth rates (r; d−1),
biomass at the end of switch-on period I (B; µg C l−1), mean
daily production (P; µg C l−1 d−1) and mean P:B ratio (d−1) to
the mean daily light dose (LD; mol photons m−2 d−1) during
switch-on period I. Regression analysis was according to the
model y = a + bx or y = a + blnx (n = 12)
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Fig. 3. Phytoplankton net growth rates (d, d−1) during the
switch-on period I (day of year 18−27 in the January mesocosms; day of year 49−58 in the February mesocosms) as a
function of mean daily light dose (mol photons PAR m−2 d−1).
Thick solid line: regression line (linear x, log y); thin solid
lines: 95% confidence limits; broken lines: 95% prediction
limits. January control mesocosm values for switch-on
period II (day of year 33−42) are shown for comparison (s)

(switch-on period II; Fig. 2). The highest peaks and
the fastest growth were observed in the FH mesocosms, followed by the FC mesocosms. The JH mesocosms reached higher biomass levels than the JC
mesocosms during the first period of light doubling,
whereas the JC mesocosms surpassed them during
the period when light was only doubled in the JC
mesocosms (Fig. 2A). The timing of the biomass peak
was controlled by the timing of the high-light period
sponses of the cryptophytes and of the dinoflagelin the January mesocosms whereas the high-light
lates were very similar to each other (Fig. 4).
period in the February mesocosms had no effect on
Phytoplankton community composition also
the timing of the biomass peak (Fig. 2B).
changed in response to the light treatments, as can
In all cases, increasing the light intensity led to an
be seen from the relative contribution of higher taxa
immediate response of the growth
rates. Phytoplankton net growth rates,
Table 2. Response net growth rates (r ; d−1) of individual phytoplankton taxa to
the mean daily light dose (LD; mol photons m−2 d−1) during switch-on period I.
biomass, mean daily production
Regression analysis was according to the model r = a + blnLD (n = 12)
and production:biomass ratios during
switch-on period I responded signifiTaxon
Cell carbon a
b
R2
p
cantly to the mean daily light dose
−1
(pg
C
cell
)
(Table 1). The phytoplankton in the
JC mesocosms also showed a positive
Centric diatoms
response to the light doubling during
Rhizosolenia setigera
3382
−0.33
0.35
0.74
0.0004
Proboscia alata
1352
−0.38
0.10
0.09
0.35
the period from DOY 33 to DOY 42,
Skeletonema costatum
15.9
−0.17
0.37
0.90 < 0.0001
but this response was weaker than
Pennate diatoms
would have been predicted from the
Thalassionema nitzschioides
126
−0.14
0.14
0.57
0.0043
regressions in Table 1 (shown for the
Pseudonitzschia sp.
5.7
0.04
0.19
0.90 < 0.0001
net growth rate in Fig. 3).
Cryptophytes
The growth rates of individual
Rhodomonas marina
155
0.07
0.07
0.39
0.029
Teleaulax amphioxeia
35
0.09
0.08
0.62
0.0022
phytoplankton taxa also responded
Plagioselmis prolonga
6
0.06
0.06
0.67
0.0011
positively, with a significant (p < 0.05)
Dinoflagellates
response in 11 of 15 cases (Table 2).
Heterocapsa rotundata
64
0.08
0.09
0.30
0.065
The 4 non-significant cases were rare
Gymnodinium sp.
29
0.07
0.09
0.23
0.11
taxa, whereas the taxa with signifiFlow-cytometrically identified categories
F1 & F2a
2.1
0.008
0.121 0.86 < 0.0001
cant responses made up > 95% of
F4
33
−0.135
0.30
0.95 < 0.0001
phytoplankton biomass in all mesoF7
9.2
−0.14
0.046 0.80
0.0001
cosms. The taxon-specific responses
F8
34
−0.16
0.14
0.24
0.13
to light were unrelated to cell size
F9
5.6
−0.22
0.097 0.45
0.017
and showed wide variability in the
a
The initial categories F1 and F2 were lumped because of identical size
diatoms and the categories counted
and demarcation problems of the pigment signal in some samples
by flow cytometer, whereas the re-
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Fig. 5. Relative biomass of phytoplankton groups (calculated
for the end of switch-on period I, i.e. day of year 18−27 in the
January mesocosms, day of year 49−58 in the February
mesocosms) in the different mesocosms. Each mesocosm
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high light; FC: February control; FH: February high light).
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Gy: Gymnodinium sp.; Hr: Heterocapsa rotundata; Pl: Plagioselmis prolonga; Rh: Rhodomonas marina; Ta: Teleaulax
amphioxeia. (C) Categories counted by flow cytometry;
abbreviations as in Table 2

to total biomass (Fig. 5). The proportion of diatoms
(strongly dominated by Skeletonema costatum) increased with light dose whereas the proportion of
cryptophytes (dominated by Rhodomonas marina)
decreased. The proportion of the flow-cytometrically
determined small phytoplankton species showed no
response to the different light treatments.

Phytoplankton response over the entire experiment
The phytoplankton response averaged over the
entire duration of the experiment was less pronounced than the response during the light elevation
periods, but was still significant (p < 0.05; Table 3).
The overall weaker response over the entire duration
of the experiment was expected because total light
supply over the entire experiment varied less (minimum:maximum light supply = 1:1.85) than during the
switch-on periods (minimum:maximum light supply = 1:3.9). Moreover, the high maximal biomasses
in the FH mesocosms were partially offset by a strong
decline after the peak.

Zooplankton response
Densities of adult copepods and copepodids declined gradually at a mean (± SD) rate of r = −0.023 ±
0.08 d−1 (Fig. 6). The negative growth rates showed

Table 3. Response of phytoplankton mean biomass (B; µg
C l−1), mean daily production (P; µg C l−1 d−1) and mean P:B
ratio (d−1) to the light sum over the entire experiment (LS;
mol photons m−2). Regression analysis was according to the
model y = a + bx, y = a + b lnx or lny = a + b lnx (n = 12)
y
lnB
P
P:B

x

a

b

R2

p

lnLS
lnLS
lnLS

3.306
−295.5
−0.483

0.49
69.57
0.128

0.39
0.55
0.37

0.0301
0.006
0.0394
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Table 4. Response of copepod nauplii (N; mean density, no.
l−1) to the light sum over the entire experiment (LS; mol
photons m−2), mean daily primary production (P; µg C l−1 d−1)
and mean daily primary production of phytoplankton
>10 µm (Ph>10; µg C l−1 d−1). Regression analysis was
according to the model y = a + bx or y = a + blnx (n = 12)
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Fig. 6. Time course of copepod (adults + copepodid stages)
abundance. (A) January mesocosms; (B) February mesocosms. Solid lines: high light mesocosms; dashed lines: control mesocosms. n = 3 replicates per treatment

no correlation to the experimental conditions (R2 =
0.06, p = 0.44). Other mesozooplankton (mainly polychaete larvae) were initially approximately half as
abundant as copepods and declined at faster rates.
The copepods were already in advanced stages
(> 90% CIV−CVI) at the beginning of the experiment.
Therefore, no response of maturation to the experimental treatments could be assessed. At the end of
the experiment, newly recruited CI stages were still
too rare to obtain reliable counts. The mean density of
nauplii showed a positive response to the light sum
over the entire experiment, a correlation that became
even tighter when mean primary production or primary production of the size fraction >10 µm were
used as independent variables (Table 4). Mean daily
egg production (Pegg; eggs l−1 d−1) by Acartia was positively correlated to the light sum (LS): Pegg = −1.696 +
0.0225LS (R2 = 0.96, p = 0.0179, n = 4).
Although species composition of copepodids and
adults did not change very much over the experiment
(Acartia and Oithona ca. 40% each, Temora ca. 10%,
Pseudocalanus /Paracalanus ca. 8%, Centropages ca.
2%), there was a pronounced taxonomic response of

nauplii. Nauplii of Acartia and Centropages (not
distinguished) dominated with 63 to 73% in the
February light regimes; they contributed 24 to 40%
to nauplii abundance in the JC mesocosms and 53 to
60% in the JH mesocosms (Fig. 7). Conversely, the
nauplii of Pseudocalanus /Paracalanus and of Oithona had higher relative abundances in the January
mesocosms. The relative abundances of Acartia /
Centropages nauplii were positively correlated to the
light sum of the entire experiment, whereas the relative abundances of Pseudocalanus /Paracalanus and
Oithona nauplii showed the opposite correlation
(Table 5).

DISCUSSION
The irradiance experienced by phytoplankton in a
vertically mixed water column (EM) was calculated
according to Riley (1957):
EM = ES(1 − e−kz)(kz)−1

1

Relative abundance

Adults + copepodids (ind. l–1)
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O
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Fig. 7. Relative abundance of nauplii (calculated from means
over entire experiment) in the different mesocosms. Each
mesocosm was replicated three times (JC: January control;
JH: January high light; FC: February control; FH: February
high light). A: Acartia/Centropages; O: Oithona; P: Pseudocalanus /Paracalanus; T: Temora; U: unidentified
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Table 5. Response of copepod nauplii genus composition
(relative abundance; pi = Ni /Ntot, calculated for mean abundances over entire experiment) to the light sum over the
entire experiment (LS; mol photons m−2). Regression was
according to the model arcsin√pi = a + blnLS (n = 12)
Taxon

a

R2

b

p

Acartia and Centropages
−40.3 18.24 0.46 0.0151
Pseudocalanus/Paracalanus 108.1 −16.17 0.47 0.0133
Oithona
84.45 −14.47 0.45 0.0171
Temora
No correlation

where ES is the surface light intensity (under any
light conditions, as opposed to E0 for cloudless days),
z is the mixing depth (m) and k is the vertical attenuation coefficient (m−1). We derived 2 characteristic
values of the daily light dose from the saturation
curve in Fig. 3 and the assumption that phytoplankton received 90.6% of the surface irradiance due to
vertical mixing in mesocosms: 1.3 mol photons
photosynthetically active radiation (PAR) m−2 d−1 as a
threshold for positive growth, and 2.8 mol photons
PAR m−2 d−1 as the daily light dose required for a 10fold increase within 2 wk (i.e. r = 0.164 d−1), our
operational definition for ‘bloom’.
For comparison with in situ conditions, we assumed
a mixing depth of 10 m (depth of the halocline at our
study site) and a vertical attenuation coefficient of
0.2 m−1. The following critical dates can be calculated

Daily light dose
(mol photons PAR m–2 d–1)

8

E0

6

EM
0.5 EM

4
6 Feb

Bloom
27 Mar

2

Positive
growth

3 Feb
0
0

30

60

90

120

Day of the year
Fig. 8. Change of irradiance during the first 120 d of the year
(ascending lines) compared with the demand (horizontal
lines) for positive phytoplankton growth and bloom development, defined as a 10-fold increase during 2 wk (both in mol
photons PAR m−2 d−1). E0: surface irradiance on sunny days;
EM: mixed layer irradiance at a depth of 10 m and a vertical
attenuation coefficient of 0.2 d−1; 0.5 EM: mixed layer depth
with a 50% light reduction by clouds. Dates are given for intersections between the horizontal lines for positive growth
and bloom development and the line for EM and 0.5 EM

(Fig. 8). Surface irradiance at cloudless days (E0) and
EM at cloudless days always exceed the threshold
daily light dose for positive phytoplankton growth.
Under 50% light reduction by clouds (ES = 0.5E0), this
threshold is surpassed on 3 February. The daily light
dose required for bloom-like growth is exceeded by
E0 throughout the year, by EM on sunny days on 6
February, and by EM on days with 50% irradiance
reduction by clouds on 27 March. Sverdrup’s (1953)
classic concept of the critical mixing depth assumes
that phytoplankton spring growth would not occur as
long as EM is too low. However, phytoplankton
growth has been observed under conditions of a
pycnocline below the critical mixing depth, if calm,
windless conditions permit a sufficiently long residence of phytoplankton near the well-lit surface, as
shown in a modelling study by Huisman & Sommeijer (2002) and also empirically for deep Lake
Constance (Tirok & Gaedke 2007).
Our experiments have confirmed that solar irradiance in coastal North Central Europe and other
regions of similar latitude can be sufficient to induce
phytoplankton blooms as early as in January under
calm conditions and at the beginning of February
under sunny but vertically mixed conditions if mixing
is restricted to ca. 10 m by the sea bottom or a halocline. Such early blooms have been reported from
coastal seas, e.g. Narragansett Bay (Borkman &
Smayda 2009) and Bay of Biscay (Labry et al. 2001).
However, they are not commonly found in the Baltic
Sea or in the shallow German Bight of the North Sea,
where the first annual bloom does not occur before
mid-February (Wiltshire et al. 2008). Wiltshire et al.
(2008) emphasized the importance of top-down control for the timing of the spring bloom: the more grazing, the higher the light requirements for achieving a
phytoplankton growth rate in excess of the losses.
Similarly, Oviatt et al. (2002) explained the absence
of the winter−spring bloom in Narragansett Bay in a
warm El Niño winter by elevated grazing under
warmer conditions.
However, we argue that the early timing of the
spring bloom in our experiment could not have been
caused by a less stringent top-down control by
zooplankton, because our copepod densities were
10 times higher than the overwintering densities in
the German Bight (0.3 to 1.6 ind. l−1). Our copepod
densities were at the upper end of the range of
variation for the Western Baltic Sea (Behrends 1996)
and thus represent a high-grazing scenario. Thus
we conclude that the frequent absence of mid-latitude phytoplankton blooms in January is not caused
by a lack of solar irradiance above clouds or by
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excessive grazing, but by atmospheric (clouds) and
underwater (mixing depth, attenuation coefficient)
light attenuation.
In the January mesocosms, the timing of a relatively modest high-light period (doubling of light) of
10 d was sufficient to induce a temporal shift of the
spring peak of phytoplankton. In the JC mesocosms,
which received the high-light period 15 d later than
the JH mesocosms, the biomass maximum occurred
ca. 2 wk later. Although positive net growth of
phytoplankton could already be detected before the
doubling of light, both growth rates and biomass
were far below the levels that would usually be
called a bloom (usually a 10-fold increase of biomass
within 2 wk and a biomass peak level > 200 µg C l−1
in the study region). In the February mesocosms,
however, the phytoplankton biomass maximum
occurred almost at the same time in all mesocosms,
independent of an intermittent high-light period.
However, the high-light period led to higher growth
rates, higher production rates and a higher peak
biomass in the FH mesocosms. This means that the
sensitivity of peak timing to intermittent high-light
periods decreases with increasing background light,
i.e. later in the late winter/early spring season. The
decreased sensitivity later in the year agrees with the
results from an experiment in the same mesocosms
system, where the factors light and temperature were
combined in an orthogonal factorial design (Lewandowska & Sommer 2010). In those experiments, the 3
light scenarios (32, 48 and 64% of surface irradiance
on sunny days) started in February. Consequently,
the effect of light on the timing of the spring bloom
was small. In water bodies with stronger light attenuation in late winter, e.g. because of deeper mixing, or
at higher latitudes (Eilertsen & Frantzen 2007), the
sensitive phase should extend further into the spring
season.
It should be noted that our light increases were a
relatively ‘soft’ manipulation compared with the light
increase when thermal stratification starts in a deep
circulating water body. At realistic values of k and z,
the term e−kz becomes almost negligible and EM/ES
becomes inversely proportional to k and z. In deep
water bodies (mixing depth in the order of 102 m), the
onset of stratification leads to an order-of-magnitude
increase in EM. However, a 2-fold increase in light
intensity at this temporal scale is quite substantial, if
it is compared with natural changes in surface
irradiance. We analyzed a 7 yr database (1998−2004;
Meteorology Department, GEOMAR) for sea-surface
irradiance at Kiel and calculated the irradiance ratios
between subsequent calendar weeks during the first
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quarter of the year. The maximal ratio between
‘darker’ and ‘brighter’ weeks following each other
was 2.75, the 90th percentile was 2.11 and the 75th
percentile was 1.68.
Our threshold value for positive phytoplankton
growth of 1.3 mol photons PAR m−2 d−1 agrees with
the threshold values found previously in the same experimental system (1.34 mol photons PAR m−2 d−1,
range = 1.14 to 1.63; Sommer & Lengfellner 2008)
and by an analysis of remote sensing data for the
North Atlantic Ocean (1.3 mol photons PAR m−2 d−1,
range = 0.96 to 1.75; Siegel et al. 2002). This light
threshold is not the compensation point of usual
photosynthesis−irradiance curves, i.e. a compensation point for phytoplankton photosynthesis and respiration. It can be viewed as a ‘community compensation point’ because it is calculated for net growth
rates, i.e. it describes the light requirement for a
growth rate at least in balance with the losses, e.g.
grazing. The same applies to the taxon-specific light
response curves in Table 2 and Fig. 4. We may
assume that losses were relatively similar across
treatments because of similar copepod densities.
Therefore, between-taxon differences would influence parameter a of the regressions (height of the
curves), whereas the exponent b would characterize
their response to limiting light.
Phytoplankton in our experiments was co-dominated by Skeletonema costatum, the cryptophyte
Rhodomonas marina and the small algae (< 5 µm)
counted by flow cytometer. The latter category of
algae often remains unreported or under-reported in
field studies based on microscopic counts alone, in
spite of the generally acknowledged importance of
picoplankton and small nanophytoplankton. Skeletonema ‘costatum’ is a ubiquitous aggregate of several
cryptic species (Kooistra et al. 2008) and is frequently
dominant during winter−spring blooms at mid latitudes (Borkman & Smayda 2009) and during highlatitude blooms (Eilertsen & Degerlund 2010). It is
also a regularly occurring and often dominant component of the Baltic Sea spring bloom, although earlier in the 20th century it was more typical in summer
and fall (Wasmund et al. 2008). Wasmund et al.
(2008) speculated about a taxonomic shift from S.
costatum sensu stricto to S. marinoi. S. costatum
sensu lato was already been one of the dominant species in the inoculums of our experiment, and its
strong response to light (Fig. 5) was driving the positive response of diatoms to light. In the experiment of
Lewandowska & Sommer (2010), S. costatum benefited significantly from cold conditions and showed a
slight though insignificant trend to increase in abun-
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dance with light. However, the light levels in their
experiment were not as low as in the January treatments here. The flow-cytometric categories F1 & F2
and F7 (see Table 2) responded similarly to light, but
were too rare initially to lead to a significant aggregate response of the algae counted by flow cytometer. The flat response of R. marina and the other cryptophytes to light can be explained either by an
unusually early onset of light saturation or by supplementary heterotrophy of these mixotrophic flagellates (Jones 2000) at low light conditions (Sanders et
al. 1990, Gervais 1997).
We could not find a response of copepodids and
adult copepods to the experimental conditions. The
starting copepod populations were obviously too
mature (> 90% CIV to CVI) and the developmental
times at our low temperatures too long to find such an
effect within the duration of the experiment. However, a clear bottom up-transmission of effects was
found at the level of nauplii, which responded positively to phytoplankton production and daily light
dose. The bottom-up transmission occurred in spite
of a rather moderate manipulation of the basal resource light (1.9-fold difference in light sums over the
entire experiment). Because of the positive correlation between total primary production and primary
production of phytoplankton >10 µm, it cannot be
stated with certainty which of the 2 was decisive.
However, the better correlation of naupliar abundance with phytoplankton >10 µm is in line with the
preference of copepods for larger algae (Katechakis
et al. 2002, Sommer & Sommer 2006).
The taxonomic shifts in the copepod nauplii resemble long-term taxonomic trends in Baltic Sea zooplankton (Möllmann et al. 2000, Alheit et al. 2005).
Acartia and Centropages tend to increase, while
Pseudocalanus tends to decrease. In contrast to our
experimental results, the taxonomic shifts in situ
have not been ascribed to changes in food availability but to hydrographic changes, Acartia and Centropages profiting mainly from increased temperatures
and Pseudocalanus suffering from decreased salinity,
whereas in our experiments the shift in favor of Acartia/Centropages was brought about by high light and
thus improved food conditions. However, it should be
kept in mind that surface warming usually decreases
mixing depth and thus increases mean light intensity
in the mixed water layer, if solar irradiance and
underwater light attenuation remain unchanged.
Our results re-focus the attention on light as an
important regulating factor of the spring bloom. Although the focus on light has never been lost in basic
research (e.g. Eilertsen & Frantzen 2007, Álvarez et

al. 2009), there has been a lack of attention to light in
most of the literature on shifts in plankton seasonality
due to climate change (Gerten & Adrian 2001, Wiltshire et al. 2008). This may just be a minor problem in
deep water bodies (e.g. Peeters et al. 2007), where
early season temperature and effective underwater
light are tightly coupled via the onset of thermal
stratification, but it is a serious omission for studies in
shallow and moderately deep water bodies, where
the start of the spring bloom does not depend on the
onset of stratification. Here, changes in solar irradiance may play an important role, as shown by Nixon
et al. (2009), who explained the long-term decrease
of the spring bloom in Narragansett Bay by an
increase of cloudiness in the course of climate warming. Because of the week-to-week changes in cloud
cover and its effect on surface irradiance, the timing of the spring bloom in shallow or moderately
deep waters might be more influenced by the actual
weather conditions than by long-term climatic
trends.

Acknowledgements. This study is a contribution to the German Research Foundation (DFG) funded priority program
1162 ‘AQUASHIFT’ and to the EU project ‘MESOAQUA’.
Technical assistance by T. Hansen and C. Meyer is gratefully acknowledged.

LITERATURE CITED

➤ Alheit J, Möllmann C, Dutz J, Kornilovs G, Lowe P,

➤

➤

➤
➤
➤
➤

Mohrholz V, Wasmund N (2005) Synchronous ecological
regime shifts in the central Baltic and the north Sea in the
late 1980s. ICES J Mar Sci 62:1205−1215
Álvarez E, Nogueira E, Acuña JL, Lopez-Álvarez M, Sostres
JA (2009) Short-term dynamics of late winter phytoplankton blooms in a temperate ecosystem (Central
Cantabrian Sea, Southeastern Bay of Biscay). J Plankton
Res 31:601−617
Behrends G (1996) Long-term investigations of seasonal
mesozooplankton dynamics in Kiel Bight, Germany. Proceedings of the 13th Symposium on Baltic and Marine
Biology, Jurmala, Latvia. Institute of Aquatic Ecology,
University of Latvia, Riga, p 93−98
Borkman DG, Smayda T (2009) Multidecadal (1959-1997)
changes in Skeletonema abundance and seasonal bloom
patterns in Narragansett Bay, Rhode Island, USA. J Sea
Res 61:84−94
Brock TD (1981) Calculating solar radiation for ecological
models. Ecol Model 14:1−19
Cleland EE, Chuine I, Menzel A, Mooney HA, Schwartz MD
(2007) Shifting plant phenology in response to global
change. Trends Ecol Evol 22:357−365
Edwards M, Richardson AJ (2004) Impact of climate change
on marine pelagic phenology and trophic mismatch.
Nature 430:881−884
Edwards M, Beaugrand G, Reid PC, Rowden AA, Jones MB
(2002) Ocean climate anomalies and the ecology of the

Sommer et al.: Spring bloom and high-light episodes

North Sea. Mar Ecol Prog Ser 239:1−10

➤ Peeters F, Straile D, Lorke A, Livingstone DM (2007) Earlier

➤ Eilertsen HC, Degerlund M (2010) Phytoplankton and light
➤

➤
➤
➤

➤

➤
➤
➤

➤

➤

➤

➤
➤
➤

➤

during the northern high-latitude winter. J Plankton Res
32:899−912
Eilertsen HC, Frantzen S (2007) Phytoplankton from two
sub-Arctic fjords in northern Norway 2002−2004: I.
Seasonal variations in bloom dynamics. Mar Biol Res 3:
319−332
Gargas E (ed) (1975) A manual for phytoplankton primary
production studies in the Baltic Sea. BMB Publ No. 2,
Water Quality Institute, Hørsholm
Gerten D, Adrian R (2001) Differences in the persistency of
the North Atlantic Oscillation signal among lakes.
Limnol Oceanogr 46:448−455
Gervais F (1997) Light-dependent growth, dark survival,
and glucose uptake by cryptophytes isolated from a
freshwater chemocline. J Phycol 33:18−25
Hillebrand H, Dürselen CD, Kischtel K, Pollingher U (1999)
Biovolume calculations for pelagic and benthic microalgae. J Phycol 35:403−424
Huisman J, Sommeijer B (2002) Population dynamics of
sinking phytoplankton in light-limited environments:
simulation techniques and critical parameters. J Sea Res
48:83−96
Ji R, Edwards M, Mackas LM, Runge JA, Thomas AC (2010)
Marine plankton phenology and life history in a changing climate. J Plankton Res 32:1355−1368
Jones RI (2000) Mixotrophy in planktonic protists: an
overview. Freshw Biol 45:219−226
Katechakis A, Stibor H, Sommer U, Hansen T (2002)
Changes in the plankton community and microbial food
web of Blanes Bay (Catalan Sea, NW Mediterranean)
under prolonged grazing pressure by doliolids (Tunicata), cladocerans or copepods (Crustacea). Mar Ecol
Prog Ser 234:55−69
Kooistra WHCF, Sarno D, Balzano S, Gu H, Andersen RA,
Zingone A (2008) Global diversity and biogeography
of Skeletonema species (Bacillariophyta). Protist 159:
177−193
Labry C, Herbland A, Delmas D, Laborde P and others
(2001) Initiation of winter phytoplankton blooms within
the Gironde plume waters in the Bay of Biscay. Mar Ecol
Prog Ser 212:117−130
Lewandowska A, Sommer U (2010) Climate change and the
spring bloom: a mesocosm study on the influence of light
and temperature on phytoplankton and mesozooplankton. Mar Ecol Prog Ser 405:101−111
Menden-Deuer S, Lessard EJ (2000) Carbon to volume relationships for dinoflagellates, diatoms, and of the protist
plankton. Limnol Oceanogr 45:569−579
Möllmann C, Kornilovs G, Sidrevicz L (2000) Long-term
dynamics of main mesozooplankton species in the
central Baltic Sea. J Plankton Res 22:2015−2038
Nixon SW, Fulweiler RW, Buckley BA, Granger SL, Nowicki
BL, Henry KM (2009) The impact of changing climate on
phenology, productivity, and benthic−pelagic coupling
in Narragansett Bay. Estuar Coast Shelf Sci 82:1−18
Oviatt C, Keller A, Reed L (2002) Annual primary production
in Narragansett Bay with no bay-wide winter-spring
phytoplankton bloom. Estuar Coast Shelf Sci 54:
1013−1026
Editorial responsibility: Rodney Forster,
Lowestoft, UK

71

➤

➤
➤
➤

➤

➤

➤

➤

➤
➤
➤
➤
➤

➤

onset of the spring phytoplankton bloom in lakes of the
temperate zone in a warmer climate. Glob Change Biol
13:1898−1909
Riley GA (1957) Phytoplankton of the North Central Sargasso Sea. Limnol Oceanogr 2:252−270
Sanders RW, Porter KG, Caron DA (1990) Relationship
between phototrophy and phagotrophy in the mixotrophic chrysophyte Proerioochromonas malhamensis.
Microb Ecol 19:97−109
Siegel DA, Doney SC, Yoder JA (2002) The North Atlantic
spring phytoplankton bloom and Sverdrup’s critical
depth hypothesis. Science 296:730−733
Sommer U, Lengfellner K (2008) Climate change and the
timing, magnitude and composition of the phytoplankton
spring bloom. Glob Change Biol 14:1199−1208
Sommer U, Lewandowska A (2011) Climate change and the
phytoplankton spring bloom: warming and overwintering zooplankton have similar effects on phytoplankton.
Glob Change Biol 17:154−162
Sommer U, Sommer F (2006) Cladocerans versus copepods:
the cause of contrasting top-down controls on freshwater
and marine phytoplankton. Oecologia 147:183−194
Sommer U, Gliwicz ZM, Lampert W, Duncan A (1986) The
PEG-model of seasonal succession of planktonic events
in fresh waters. Arch Hydrobiol 106:433−471
Sommer U, Aberle N, Engel A, Hansen T and others (2007)
An indoor mesocosm system to study the effect of climate
change on the late winter and spring succession of Baltic
Sea phyto- and zooplankton. Oecologia 150:655−667
Straile D, Adrian R (2000) The North Atlantic Oscillation and
plankton dynamics in two European lakes — two variations on a general theme. Glob Change Biol 6:663−670
Sverdrup H (1953) On conditions for the vernal blooming of
phytoplankton. J Cons Int Explor Mer 18:287−295
Tirok K, Gaedke U (2007) The effect of irradiance, vertical
mixing and temperature on spring phytoplankton dynamics under climate change: long-term observations
and model analysis. Oecologia 150:625−642
Utermöhl H (1958) Zur Vervollkommnung der quantitativen
Phytoplankton Methodik. Mitt Int Ver Theor Angew
Limnol 9:1–38
Walther GR, Post E, Convey P, Menzel A and others (2002)
Ecological responses to recent climate change. Nature
416:389−395
Wasmund N, Göbel J, von Bodungen B (2008) 100-yearschanges in the phytoplankton community of Kiel Bight
(Baltic Sea). J Mar Syst 73:300−322
Weyhenmeyer GA, Blenckner T, Pettersson K (1999) Changes
of the plankton spring outburst related to the North Atlantic oscillation. Limnol Oceanogr 44:1788−1792
Wiltshire KH, Manly BFJ (2004) The warming trend at
Helgoland Roads, North Sea: phytoplankton response.
Helgol Mar Res 58:269−273
Wiltshire KH, Malzahn AM, Wirtz K, Greve W and others
(2008) Resilience of North Sea phytoplankton spring
bloom dynamics: an analysis of long-term data at
Helgoland Roads. Limnol Oceanogr 53:1294−1302
Winder M, Schindler DE (2004) Climate effects on the phenology of lake processes. Glob Change Biol 10:
1844−1856
Submitted: May 13, 2011; Accepted: November 11, 2011
Proofs received from author(s): January 23, 2012

