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ABSTRACT: Employing an in situ fluorometer, distinct chlorophyll maxima were measured within and below a seasonal 
thermocline in the Baltic Sea. At an average thickness of 34 cm, these chlorophyll layers exceeded surface chlorophyll 
concentrations by a factor of between 8 to 10. The average vertical distance between layers which contained four times the 
average concentration was found to be about 3.3 m, horizontal extension some 10 m. The chlorophyll layers are assumed to be a 
dynamic feature formed or maintained locally. A conceptual model is considered that might help to explain the mechanism. 

INTRODUCTION 

The observation of increased phytoplankton concen- 
trations in and near the thermocline is by no means 
new. As long ago as 1948, Gessner reported on the 
vertical distribution of phytoplankton and the thermo- 
cline. With improved techniques for measuring chloro- 
phyll making use of its in vivo fluorescence (Lorenzen, 
1966), chlorophyll maxima were again detected in the 
thermocline (Lorenzen, 1967). Coupling the fluorime- 
ter to a lowered pump (Strickland, 1968) enabled chlo- 
rophyll profiles to be obtained showing very distinct 
discontinuities. Mainly biological processes were con- 
sidered to account for these phenomena. In earlier 
attempts, Steele (1964) and Bernhard and Rampsi 
(1965) had explained midwater chlorophyll maxima in 
biological terms. And still this is felt to be a challenge 
in the ecological puzzle (Fee, 1976). However, it is 
recognized that the structural properties of the habitat 
of plankton may well be more important than its popu- 
lation dynamics. This is, in fact, inherent in the defi- 
nition of plankton. 

Changes in the abundance of numerically dominant 
zoo- and phytoplankton species were measured by Cas- 
sie (1959, 1960) and found to correlate with changes 
in temperature and salinity. More general concepts of 
the organization of plankton were provided by Mar- 
galef (1967). Based on similar ideas, Richerson et. al. 
(1970) explained the paradox of plankton as a "con- 
temporaneous disequilibrium". The existence of many 
patches of water is postulated; as each has different 
properties, competitive advantage is conferred on cer- 

tain plankton species. Platt (1972) actually compared 
the power spectral distribution of the chlorophyll con- 
centration with physical properties of the mixed layer. 
The slope of the chlorophyll spectrum agreed with 
theoretical results published by Ozmidov (1965) for the 
kinetic energy distribution in the ocean over a wave- 
length band from I O - ~  to 106 m. The concluding hypo- 
thesis is that local concentration of phytoplankton is 
largely controlled by turbulence, and not by dynamic 
attributes of the organisms. 

This dominance of physical processes over biologi- 
cal and chemical factors in controlling phytoplankton 
variability could be further confirmed and seems to be 
established for events in the mesoscale range between 
0.1 and 10 km in the ocean (Denman et al., 1977; 
Therriault et al., 1978; Therriault and Platt, 1978. The 
pattern is believed to be associated with the internal 
wave field (Platt and Denman, 1975). At scales below 
100 m turbulent diffusion is thought to control phyto- 
plankton patchiness (Platt and Denman, 1975; Richer- 
son et al . ,  1975; Harris and Smith, 1977). Our measure- 
ments deal with these latter inhomogeneities in the 
vertical on a scale range well below 100 m. 

MATERIAL AND METHODS 

Data were collected from stations in the Bornholm 
Basin (100-200 km NE and E of Bornholm; Baltic Sea) 
during the joint physical, chemical, and biological 
experiment Baltic '75 in May 1975. Cruise reports and 
data were published by Keunecke et al. (1975) and 
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Kielmann et al. (1976). The ecological situation was 
characterized by Smetacek et al. (1978) in a report on 
the sedimentation of particulate matter during the phy- 
toplankton spring bloom. With regard to our measure- 
ments, some additional data were collected in Kiel 
Bight during the summer of 1975 and 1976 in order to 
verify fluorometric results from the Bornholm Basin. 

Chlorophyll profiles were measured with a modified 
Vanosens fluorometer working at a pulse frequency of 
6 Hz. Properties of the instrument are discussed in 
detail by Herman (1975) and Herman and Denman 
(1977). Together with a diode-type thermometer both 
sensors were fastened 30 cm beneath the bottom of a 
profiler (containing current supply and recording 
units); thus they were assumed to measure undisturbed 
water. The sensors were set 10 cm apart but at  the same 
level. The fluorimeter was focused to measure in vivo 
chlorophyll fluorescence in a volume of approximately 
1 cm". The profiler system was set up after learning of 
the microstructure apparatus used by Woods and Wiley 
(1972), and the same principle was employed to elimi- 
nate ship rolling motion by sliding the probe down a 
guide wire at an average terminal velocity of 
15 cm S-'. However, when comparing temperature 
profiles from the chlorophyll probe with recordings 
from the Bathysonde, we recognized that this terminal 
sinking velocity was not immediately reached after 
starting the probe due to minor ship movements. 

Each of the signals obtained was taken to control 
frequencies of a function generator resulting in fre- 
quency shifts, the attenuated sine wave output being 
stored on a two channel tape recorder. For further 
processing the frequency-analogue signals were 
demodulated, passed through a low-pass filter, and 
digitised at a sampling rate of 128 S - ' .  When plotting 
these raw data, each fluorescence signal appeared as 
maximum at the pulse frequency of 6 Hz. This cyclic 
noise was corrected by selecting the local maxima and 
averaging every 6 neighbouring maxima. These data 
were obtained at one second intervals. When in a 
preliminary test run fluorometer signals were trig- 
gered at frequencies between 0.4 to 6 Hz, the average 
of each 6 following peaks was found to vary by f 18 "/D. 

The in vivo fluorescence signal was calibrated by 
comparing average recordings (from depths between 
4-10 m) with discrete chlorophyll a measurements (v. 
Brockel, unpublished; analysis according to UNESCO, 
1966, and Derenbach, 1969) from water samples at 
different stations taken parallel to our sampling. The 
scattering of these data was to some extent corrected 
for by the assumption that the calibration curve would 
be similar in shape to a calibration curve provided by 
the manufacturer of the fluorometer which was 
obtained using crystalline chlorophyll from spinach 
(Fig. l). 

Fig. 1. Calibration curve of the in-vivo fluorescence signal. 
Averaged in situ fluorometer recordings from surface water in 
different areas are plotted versus single photometric 
chlorophyll a measurements from water bottles. The calibra- 
tion curve is shaped according to measurements obtained 

with crystalline chlorophyll 

RESULTS AND DISCUSSION 

A characteristic chlorophyll-temperature profile is 
given in Figure 2 (Station No. 244). As a general 
feature there is a drastic increase in the variability of 
fluorimetrically measured chlorophyll with depth. In 
the upper layer the average chlorophyll concentration 
is at 1.7 pg dm-3 with a standard deviation of 
f 0.2 pg dm-3. Within the thermocline the standard 
deviation goes up to + 0.9 pg dm-3 at a chlorophyll 
level of 1.5 pg dm-3. The decline in the average 
chlorophyll concentration with depth, as measured by 
our instrument, is not so pronounced as that measured 
with the conventional photometric technique in sam- 
ples taken from water bottles. This is perhaps due to 
physiological changes in the phytoplankton caused by 
changes in environmenta1 parameters resulting in a 
stimulatior, or suppression of chlorophyll fluorescence 
(Kiefer, 1973). With regard to the rather uniform phyto- 
plankton population, in which Skeletonema costaturn 
is by far the most dominant organism (Smetacek et al., 
1978), the order of magnitude for these changes is 
thought to be below a factor of 1.5. 

Some more profiles are given in Figure 3. The 
results from measurements at Stations No. 240, 243, 
245, 246, 247 were in principle similar to those of the 
previous one - all these stations being about 70 to 
110 km NE of Bornholm. The average variability 
(given as standard deviation) of chlorophyll at all sta- 
tions was found to be k 0.2 pg dm-3 (k 12 "!Q) in the 
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Fig. 2. Chlorophyll and temperature profile from Station No. 244. The discrete measurements are photometrically determined 
chlorophyll a concentrations from water bottles 

upper layer and 4 1.1 pg dm-3 (f 71 90) within and 
below the thermocline. The average thickness of dis- 
tinct chlorophyll layers was measured to be 34 cm 
(f 13 cm) with a chlorophyll concentration around 8 to 
10 times the average concentration in the thermocline 
and at times even rising to more than 20 times this 
average value. However, on two occasions only, at 
Stations No. 239 and 259, chlorophyll a concentrations 
in water bottles from greater depths were found to be 
twice the average concentration of the surface layer. 

Further east, 110 to 300 km east of Bornholm, at 
stations with a less developed thermocline (e. g. Sta- 
tions No. 250, 251, 255), hardly any structure in the 
distribution of chlorophyll could be detected. This was 
probably due to the premature state of development of 
the spring phytoplankton bloom and of the thermo- 
cline. Later measurements were repeated in Kiel Bight 
during the summer of 1975 and 1976. Again profiles 
with distinct chlorophyll layers were obtained. Here 
the opportunity was taken to take repeated measure- 

ments in series in order to gain some information on 
horizontal dimensions of chlorophyll layers. During 
scuba dives at Boknis Eck (Kiel Bight) some visual 
observations of layers containing high concentrations 
of particulate matter had already been made (Black, 
Ehrhardt, personal communication). These layers were 
found to have a thickness of some centimetres to a few 
decimetres and extended horizontally for at least some 
10 m. Similar observations had been reported by Lenz 
(1965), when working on sound-scattering layers. 
Measurements with the chlorophyll profiler at horizon- 
tal distances of about 10 to 20 m revealed similar 
patterns in the general chlorophyll distribution, 
whereas individual peaks vanished, or separated into 
two, or merged. Hence the horizontal extension of 
individual layers seems to be in the order of magnitude 
of some 10 m only. 

Summarizing the visual inspection of profiles sam- 
pled, a drastic increase in the variability of chlorophyll 
is observed below the upper mixed layer, that is in and 
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below the thermocline. Here chlorophyll profiles 
resemble temperature microstructure plotted as tem- 
perature gradient as it was found by Woods and Wiley 
(1972) and Kullenberg (1974). When first measuring 
the chlorophyll we had hoped to find some coincidence 
of features between temperature microstructure and 
chlorophyll distribution. However, this striking simi- 
larity came as a surprise, since processes that lead to 
thermal stratification of water masses do not neces- 
sarily also lead to a stratification of particulate matter 
other than perhaps reflecting the origin of layers pre- 
sent in the thermocline. Only when a certain degree of 
stratification is reached, does particulate matter seem 
to be signifi.cantly affected in its tendency to fall 
through the water column once it is lost from the more 
general mixed surface layer and in spite of the struggle 
of its living fraction to remain suspended. 

An initial conclusion is drawn from maximum 
chlorophyll concentrations in some of the more pro- 
nounced chlorophyll layers. Since concentrations here 
were found to exceed surface chlorophyll concentra- 
tions by an order of magnitude, an explanation would 
not be transport of surface water into the thermocline. 
Rather one is led to believe in some accumulating 
processes in certain layers of the thermocline, e.g. 
where differences in intensity of turbulence would 
considerably slow down the sedimentation of phyto- 
plankton (and particles of similar size) below the upper 
surface water. Some effects of turbulence on the sink- 
ing behaviour of phytoplankton are discussed by 
Smayda (1970) and Margalef (1975). 

An indication to support our idea of a delay in the 
sinking of phytoplankton by turbulence is derived 
from size and concentration of chlorophyll in 
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Fig. 3 Temperature proflles from the Bathysonde and temperature and chlorophyll prof~les from the fluorometer 
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chlorophyll layers and their distance to neighbouring 
layers. Taking the observed average thickness of 
chlorophyll layers of 34 cm at a chlorophyll concentra- 
tion of ten times the average value, one would expect 
an average distance of 3.4 m as a 'nonturbulent' inter- 
mediate layer between chlorophyll layers to sample 
phytoplankton from. Actually measured was an  aver- 
age distance of 3.3 ( &  3.2) m between chlorophyll 
layers which contained more than four times the aver- 
age concentration of chlorophyll. This large standard 
deviation may reflect the differences in concentrations 
(4-20fold the average) or indicate different stages of 
the development of chlorophyll layers. 

Knowing something about average vertical dimen- 
sions of chlorophyll layers, one is tempted to speculate 
on their lifetime. At least a minimum lifetime may be  
calculated from sinking velocities of phytoplankton. 
The time necessary for phytoplankton to accumulate 
from the separating layers into chlorophyll layers to 
reach about the above-mentioned tenfold concentra- 
tion is thought to b e  equal to a minimum lifetime of a 
chlorophyll layer. Calculating from maximum sinking 
velocities of 40 m day-' - reported for some diatoms 
(Smayda and Boleyn, 1965) and for small particulate 
faecal material (Bishop et  al., 1978) - a minimum 
lifetime would not be  shorter than about 2 h. However, 
on the average sinking rates may be  expected to be  
considerably smaller (Margalef, 1961). The sinking 
rates of Skeletonema costatum, the dominant phyto- 
plankton organism at that time in the Bornholm Basin, 
can be expected to range from 0.30 to 1.35 m day-' 
(Smayda and Boleyn, 1966). Thus, the residence time 
of an individual organism within a chlorophyll layer 
could be as much as 2.5 d. This would be  an  order of 
magnitude of much more ecological consequence as  
compared to a lifetime of a few hours only. 

The limited number of m.easurements has hampered 
a more detailed analysis of data. A cross-correlation 
and a spectral analysis did not provide significant 
information. However, we now consider a simple con- 
ceptual model that might help to explain the mecha- 
nism of chlorophyll layer forn~ation. 

As concluded above, it is very unlikely that the 
inhomogeneities in the phytoplankton distribution 
simply indicate water masses of different origin, since 
maximum chlorophyll concentrations observed in the 
thermocline vastly exceed those measured in the sur- 
face water either locally or further afield (e.g. 
Smetacek e t  al., 1978). This would tend to imply that 
the chlorophyll layers are a dynamic feature being 
formed or maintained locally and the concept we 
should consider is a model of the downward flux of the 
phytoplankton. 

In a simple mathematical approach we  will start with 
the continuity equation (Landau and Lifshitz, 1959) 

G = - div (CU)  
b t  

where the left hand side represents the time-rate-of- 
change of density of material and the right hand side 
the divergence of material. The vector u = ( U ,  v, W )  

represents the three dimensional flux of material and 
the scalar c is its concentration. This equation as  it 
appears here also assunles there are no sources or sinks 
of material. In our case, we can for the time being 
reasonably assume there is little phytoplankton being 
formed well down in the thermocline. 

It is now pertinent to consider the relationship be- 
tween the phytoplankton flux and the fluid dynamics 
of the thermocline. In our model we represent only the 
net flux of the plankton and not its explicit motions. 
Crucial to the model is that the net downward flux 
(sedimentation rate, W) of the phytoplankton is non- 
homogeneous as a result of complicated (quasi-two- 
dimensional) flows within the thermocline producing 
layers of increased turbulence activity there (Woods 
and Wiley, 1972). So long as  this activity somehow 
causes W to be a function of z (the vertical co-ordinate), 
then the concentration can also be expected to be a 
function of z. To show formally how this vertically 
variable net  sedimentation rate affects the concentra- 
tion, we consider our ocean to be horizontally uniform 
(blbx = b l b y  - o) and steady state ( b / b t  = 0).  Admit- 
ted] y, in practice these assumptions are not satisfactory 
but in deference to Ockham's principle it is necessary 
to consider the simplest one-dimensional case first. 
Applying these assumptions to the Equation (1) pro- 
duces 

d - (cw) = 0 
dz 

which can be  integrated to give 

cw = constant ( 3 )  
or 

1 
c m -  

W 
(4 

Verbally, the concentration is inversely proportional 
to the net downward flux; where the net sedimentation 
rate is small the concentration is large and vice versa. 
According to this concept the observed layers with 
high chlorophyll concentration correspond to layers in 
which the net downward motion of the phytoplanktion 
is relatively small, a n  order of magnitude smaller 
perhaps, due to turbulent activity. We illustrate our 
model in  Figure 4, where W is taken to be  a simple 
function of z with a minimum at a level, z = o, and 
tending to unity at infinity; c i s  consequently modelled 
so that its value is unity at infinity and maximum at 
z = 0. 

We freely admit that our model is very simple, neg- 
lects many important complicating effects and 



192 Mar. Ecol. Prog. Ser., 1,  187-193, 1979 

Fig. 4. Curves to illustrate the model of phytoplankton down- 
ward flux leading to chlorophyll layers. The concentration (c) 
of plankton is set equal to llw, where W is the net downward 
flux of phytoplankton. The mathematical functions used for 

the curves are arbitrary as are the units 

depends crucially on how the microscale turbulence 
within the thermocline affects the net downward flux 
of the phytoplankton; however, we consider that 
nevertheless the principal physics of the formation of 
the observed chlorophyll layers may possibly be 
explained in this way. 
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