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INTRODUCTION

Determining the spatial and temporal (interannual,
seasonal, day-to-day) variability of primary produc -
tivity remains one of the major goals of biological
oceanography (Barber & Hilting 2002). Phytoplankton
productivity underpins pelagic food webs and drives
important biogeochemical transformations in the glo -
bal carbon, nitrogen, phosphorus and sulphur cycles
(Falkowski et al. 1998). Coastal and open ocean phyto-
plankton accounts for about 50% of global primary
productivity (Friend et al. 2009). These calculations
are based on remote sensing data, using models

that have been derived from and calibrated against
ship-based observations. Despite the importance of
these ship-based productivity measurements, the stan-
dard approach, which involves measurement of the
incorporation of 14CO2 into organic matter (Steemann-
Nielsen 1952, Strickland & Parsons 1977, Parsons et al.
1985), is subject to a wide range of methodological
variations (Li & Maestrini 1993). A good case can be
made that the measurement of greatest interest is the
daily rate of primary production, which is typically
determined from dawn-to-dusk or dawn-to-dawn in
situ incubations in bottles distributed throughout the
vertical light gradient of the euphotic zone (Lohrenz et
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al. 1992). In situ incubations help to ensure that the
phytoplankton is exposed to a natural light field (in
terms of spectral quality and vertical attenuation) and
temperature during the incubation. Despite the ubiq-
uity of its use, some questions still remain about
whether 14C assimilation measures net or gross photo-
synthesis (or something in between) and whether the
commonly employed manipulations yield results that
are biased (Li & Maestrini 1993, Furnas 2002).

In a surface mixing layer (SML), vertical mixing 
by turbulence constantly moves phytoplankton cells
through the vertical light gradient (Lewis et al. 1984b),
exposing them to a wide range of light intensities (see
Fig. 1 in Ross et al. 2008) which may result in consider-
able stress for the photosynthetic apparatus. Phyto-
plankton organisms possess a number of mechanisms
to cope with exposure to sub- and supra-optimal light
levels (MacIntyre et al. 2000). They respond to these
changes through the processes of photoacclimation
(changes of cellular pigment content) and photoprotec-
tion (reducing the efficiency of excitation energy trans-
fer from pigments to reaction centres) (Marra 1978,
Lewis et al. 1984a, Geider et al. 1998). Failure to allevi-
ate the stress by excess light may result in photoinhibi-
tion of photosynthesis and, in extreme cases, cell death
(Eilers & Peeters 1988, Long et al. 1994, Behrenfeld et
al. 1998, Ross et al. 2008). These processes are relevant
because the relationship between chlorophyll synthe-
sis, photosynthesis, and cell growth will vary markedly
with the cell’s light history. Fixed-depth bottle incuba-
tions cannot mimic this temporal variability in the cells’
individual light histories and it is thus not clear a priori
whether cells incubated at a fixed depth (and thus at
relatively stable light conditions) will have the same
depth-integrated productivity as cells that are moved
freely through the SML by turbulence. The magnitude
and time course of the light variability depends on the
attenuation coefficient, the turbulence intensity and
the depth of the surface mixing layer.

With our current knowledge and technology it is not
possible to measure routinely the productivity in nat-
ural cells that move freely through the water column
(but see Hendricks et al. 2005 for some open water
methods based on triple isotopes). Alternative ap -
proaches have been devised which aim to alleviate this
problem by simulating the large-scale displacements
due to turbulence using mechanical winches to move
the incubation bottles up and down through the water
column or using on-deck incubators that expose the
samples to random variations in light intensity (Marra
1978, Köhler 1997, Köhler et al. 2001, Gocke & Lenz
2004). While both the yo-yo-technique and the linear
incubator appear to be promising approaches to over-
come part of the limitations associated with fixed-
depth incubations, they both come with the caveat that

the choice of the amplitude and period of the vertical
oscillations/light variations is an ad hoc decision which
is often taken without much prior knowledge of the in
situ mixing conditions.

Previous work investigated the problems associated
with fixed-depth measurements of primary produc -
tivity. Barkmann & Woods (1996) employed a similar
individual based approach to model the physical tra-
jectories of Lagrangian ensembles of cells. Using a
 biological model that was not cell-based, and a treat-
ment of photoacclimation that was more empirical and
specific to Thalassiosira pseudonana, they found that
fixed-depth bottle incubations overestimated primary
productivity (carbon production) by up to 40%. Their
results stand in contrast to the findings by Marra (1978)
who concluded, based on a comparison between oscil-
lating and fixed-depth bottle incubations, that the
fixed-depth incubation could underestimate the depth-
integrated in situ productivity by up to 87%. Gallegos
& Platt (1982) used a linear incubator to test the effect
of vertical mixing on bottle incubations and found sim-
ilar results to Marra (1978). However, in both Marra
(1978) and Gallegos & Platt (1982) the largest under -
estimate in the fixed-bottle incubations relative to the
‘yo-yo’ bottle incubations occurred when the sample
was taken from one depth deep in the euphotic zone.
In an experiment in a tidally energetic and thus highly
turbulent coastal area, with phytoplankton cells that
showed no signs of photoinhibition, Yoder & Bishop
(1985) found no significant differences in production
between fixed-depth incubations and bottles that were
oscillated at various rates through the water column.
Using dimensional arguments, Gallegos & Platt (1985)
concluded that fixed-depth incubations could signifi-
cantly (by 100%) underestimate the depth-integrated
in situ production if the cells show signs of photoinhibi-
tion. Mallin & Paerl (1992) found that in turbid water
columns static in vitro incubations would underesti-
mate the in situ productivity by up to 15%, which they
attributed to the alleviating effect of mixing on pho-
toinhibition.

In the present study, we employ a state-of-the-art
individual-based model of turbulence and phytoplank-
ton growth, acclimation, and inhibition to compare the
primary production in fixed-depth bottle incubations
with the production of cells that are freely mixing in
the SML (see Ross et al. 2011, this volume, for details).

METHOD

The model used here is identical to the one described
in  Ross et al. (2011).

As we examine issues related to the light history and
thus the vertical light variability, our problem can be
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reduced to one dimension. It is thus sufficient to
employ a 1D vertical physical-biological model. The
model consists of 2 main compartments: (1) a Lagran -
gian particle tracking model to describe the vertical
displacement of cells in response to turbulence (Ross &
Sharples 2004), and (2) a biological component which
calculates the primary production and growth rate
based on the individual light histories, taking into
account the effects of photoacclimation and photoinhi-
bition. Table 1 contains a summary of the main model
parameters and their standard values.

The biological model used for the comparison is
based on the RGI model in Ross & Geider (2009) and
the full set of equations and associated parameters is
contained in Ross et al. (2011; their Appendix 1). To

quantify the errors we focus on how primary produc-
tion is affected by the fixed-depth incubation proce-
dure. For each depth bin, we therefore calculate the
carbon production per unit volume during the fixed-
depth incubations, Pincub(z), and compare it with the
production in the freely mixing SML, Pmixed(z). The
 difference is displayed as the percent over- or under -
estimation
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Symbol  Description                                                                                             Value                       Unit

aChl         Chl a specific absorption coefficient                                                    6.56                          m2 gChl−1

CF          Amount of carbon in functional pool                                                   Variable                   gC cell−1

C            Total amount of carbon in cell                                                              Variable                   gC cell−1

Chl         Amount of chlorophyll a in cell                                                            Variable                   gChl cell−1

D            Depth of water column (model domain)                                              Variable                   m
H            Surface mixed layer (SML) thickness                                                  Variable                   m
I              Irradiance                                                                                               Variable                   μmol photons m−2 s−1

Im            Maximum noon irradiance                                                                    Variable                   μmol photons m−2 s−1

k             PAR attenuation coefficient                                                                  Variable                   m−1

kr            Repair rate from photoinhibition                                                          4.5 × 10−5                  s−1

kd            Damage probability for photoinhibition                                              1.4 × 10−7                  –
k             Turbulent diffusivity                                                                              Variable                   m2 s−1

Km           Mid SML turbulent diffusivity                                                              Variable                   m2 s−1

P cell         Cell-based C production                                                                       Variable                   gC cell−1 s−1

P cell
max       Max. cell-based C production                                                              Variable                   gC cell−1 s−1

Pchl
m         Max. Chl-based C production (with inhibition)                                  Pchl

max ϑ                       gC gChl−1 s−1

Pchl
max        Max. Chl-based C production (without inhibition)                            3.3 × 10–3                  gC gChl−1 s−1

PF
max        Max. CF-based production at a given N:C                                          Variable                   s−1

z             Particle position                                                                                     < 0                            m
αChl

max       Initial slope of the P-I curve (without inhibition)                                6.3 × 10−6                 gC m2 (gChl μmol photons)−1

αChl         Initial slope of the P-I curve (with inhibition)                                     αChl
max·ϑ                      gC m2 (gChl μmol photons)−1

Δt            Model time step                                                                                     1–6 a                         s
φm           Achieved quantum yield when inhibited                                            Variable                   gC (μmol photons)−1

φmax        Max. quantum yield of photosynthesis                                                0.96 × 10−6               gC (μmol photons)−1

Pincub       Depth dependent productivity from incubations                                Variable                   gC m−3 h−1

Pmixed      Depth dependent productivity in turbulent water                             Variable                   gC m−3 h−1

Π             Error between Pincub and Pmixed                                                             Variable                   %
3Π             Error between depth integrated Pincub and Pmixed                               Variable                   %
θChl         Chl:C ratio                                                                                              Variable                   gChl (gC)−1

ϑ             Proportion of functional PSII reaction centres                                    0 ≤ ϑ ≤ 1                   –
σPSII         Absorption cross-section of PSII                                                           1.5                            m2 (μmol photons−1)
ξ              Optical depth within water column                                                     Variable                   –
ξSML        Optical depth of the surface mixing layer                                           H·k                           –
τm            Mixing time scale of surface mixing layer                                          H2/Km                      s

aDepending on the value of Km

Table 1. List of commonly used symbols thoughout the text. A list of the remaining model parameters for the biological model 
can be found in Table 2 in Ross et al. (2011) and Table 1 in Ross & Geider (2009). Data based on experiments with 
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Pincub(z) represents the production per unit volume 
of all cells present within a certain depth bin during
the 24 h incubation period on the last day of those
model runs where the turbulence had been switched
off. Pmixed(z) is the reference production from those
experiments where the turbulence had been kept
switched on during the 5th day of the simulations
and is thus the production per unit volume of all cells
passing through a particular depth bin during the
24 h incubation period. Both production values have
units (gC m−3 d−1). As we are not interested in
absolute magnitudes but only in differences between
the mixed and fixed-depth scenarios, we display
those units as ‘arbitrary’ in the plots. As most 
experimentalists use the 14C incubation method at a
range of depths throughout the SML, we focus
mainly on the error in the depth-integrated produc-
tion 3Π.

RESULTS

Fig. 1 shows a comparison of the 2 productivities for
a range of environmental conditions. In agreement
with our findings regarding the growth rates (Ross et
al. 2011), the error in the productivity scales with both
τm and ξSML (Fig. 1a–d), in the sense that the vertical
distribution of Π and the depth-integrated error  3Π do
not depend on factors such as SML depth, turbulence
intensity, or light attenuation per se, but rather on the
derived parameters τm and ξSML. The results in Fig. 1a,b
were obtained for a shallow (H = 6 m) and relatively
turbid (k = 0.9 m−1) SML which might be representative
of an estuary or coastal lagoon. The optical depth of
this SML is ξSML = 5.4 and the mixing time scale τm =
100 h. The same trends and magnitudes in the associ-
ated error are obtained for an open ocean setting (H =
60 m and k = 0.09 m−1), as long as both ξSML and τm are
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Fig. 1. Comparing the productivities and associated errors for 4 different scenarios. The 2 sets of results, (a,b) and (c,d), are for a
shallow and deep surface mising layer (SML) respectively and the parameters are chosen such that the optical depth ξSML = 5.4
and the mixing time scale τm = 100 h are the same for both set-ups. In scenario (e,f) the mixing time scale is larger by a factor 100,
while in (g,h) the optical depth of the SML, ξSML, has been increased. The vertical resolution for model output was always 1 m,
but for better readability we used vertical bin sizes of 3 m for the graphical output in the deep (H = 60 m) scenarios. See 

Table 1 for abbreviations
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unchanged (Fig. 1c,d). Compared to Fig. 1a, we ob -
serve a depression in Pincub at the surface in Fig. 1c. In
the shallow but turbid water column of Fig. 1a, the par-
ticles in the top 1 m bin receive a lower light dose com-
pared to the particles in the top 1 m bin of the deep but
less turbid water column of Fig. 1c. As a result, the lat-
ter cells show more pronounced signs of photoinhibi-
tion, which leads to the observed depression in Pincub

and a slightly lower 3Π. The total productivity in the 10
times deeper SML is of course 10 times higher as in the
shallow water column, mainly because we have 10
times as many model particles in the deep SML (80 000
in the deep vs 8000 in the shallow). The consistency
between both scenarios in terms of the governing
parameters ξSML and τm is further illustrated by the con-
sistency in the Chl:C ratios (Fig. 5 in Ross et al. 2011),
which shows the same vertical heterogeneity within
and between depth bins for the same values of ξSML

and τm. In this experiment, the systematic error due to
keeping the bottles at fixed depths is about 10%,
which is of the same order of magnitude as the typical
uncertainty in calculating productivity (Pemberton et
al. 2006). If we decrease the turbulence intensity
(increase τm), 3Π almost disappears (Fig. 1e,f). Larger
depth-integrated errors are possible, however, if we
have a more turbid water column (Fig. 1g,h). We never
observed 3Π > 25% for the range of environmental con-
ditions we tested (cf. Fig. 2). The total variation of 3Π
throughout the parameter space is relatively small with
a maximum of 25% and a minimum of 2%.

In general, we found that 3Π is positive, which means
that the productivity in the fixed-depth incubations is
typically higher than the in situ value. Locally, Π(z) can
become negative near the very surface if photoinhibi-
tion leads to a reduction in Pincub(z). While the absolute

error generally decreases with depth, the relative error
increases because the productivity Pmixed(z) itself de -
creases and approaches zero. When the optical depth
of the SML is large (Fig. 1g,h) we obtain a peak in Π in
the depth bin containing the 1% light level. Π then
decreases for greater depths as the productivity in the
fixed-bottle incubations (and thus the absolute error)
also decreases.

Sensitivity to parameter values

For most scenarios, the depth-integrated error is
small (< 15%) and remains small even if we change the
environmental conditions or the physiological parame-
ters. Only for high values of ξSML, in combination with
low values of τm, did we observe a sensitivity to changes
in some parameter values. This is illustrated in Fig. 3a,b
which shows the results for a scenario from Region II in
Fig. 2 where we observed relatively large errors. Due to
the high eddy diffusivity (τm = 1 h), we have Pincub <
Pmixed at the surface because the level of photoinhibition
is higher in the stationary bottles (Fig. 4a). The euphotic
depth is at about ξ ≈ 4.4 where Pmixed turns negative (the
1% light depth is at ξ = 4.6). The reason why Pmixed turns
negative while Pincub remains at, or slightly above, zero
is that in the mixed case, turbulence brings cells with a
relatively high carbon content from the well lit euphotic
zone near the surface to these greater depths, where
respiration exceeds photo synthesis, leading to a rapid
reduction of reserve carbon pools and hence to Pmixed <
0. In the fixed-depth incubations, the cells in the lower
SML have already depleted their carbon reserves
 (having come through the night) and a further reduc-
tion is therefore not possible, as they are at the sub -
sistence threshold.

If we triple the probability of photodamage (model
parameter kd) and increase the maximum noon irradi-
ance, Im, from 650 to 850 W m−2, the productivity in the
stationary bottles is strongly affected (Fig. 3c vs a).
While Pmixed is only slightly lower near the surface, Pin-

cub is significantly reduced and Π almost reaches –70%
in the surface bin (Fig. 3d). As a result, the error for the
depth-integrated productivity 3Π has also become neg-
ative. This is caused by the increased levels of photo -
inhibition reached in the fixed-depth bottles (Fig. 4b)
where ϑ reaches as low as 0.17 near the surface com-
pared to 0.45 with the ‘standard’ inhibition and irradi-
ance (Fig. 4a).

A reduction in the initial slope of the P-I curve, αChl
max,

leads to a reduction in 3Π (Fig. 3e,f) and also affects the
level of photoinhibition (Fig. 3c), because the photo-
damage probability, kd, depends on the rate of photon
absorption (Eq. 3). In addition, a lower value for αChl

max

produced a different Chl:C distribution: by reducing
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αChl
max in such a turbid water column, we have reduced

the cells’ capability to take up carbon, hence the Chl:C
ratio of most cells is at their maximum (not shown).
Even during the fixed-depth incubations, the surface
bottle does not reach the same low values in Chl as our
reference experiment from Fig. 3a. As a result, the rel-
ative difference in productivity at the surface changes
and 3Π decreases.

Scenarios from Region I in Fig. 2 did not exhibit any
noticeable sensitivity to changes in the parameter val-
ues. If we use the scenario from Fig. 1e and again triple
the probability of photoinhibition (kd) while increasing
the maximum noon irradiance to 850 W m−2, we find
that the productivity maximum shifts away from the
surface to greater depths, but the overall error is unaf-
fected (Fig. 3g,h). Due to the high mixing time scale,
the distributions of Chl:C (not shown) and also the ver-
tical structure of ϑ (Fig. 4d) do not exhibit any signifi-
cant differences between the mixed and stationary
scenario.

Sensitivity to incubation time

The results shown in Fig. 1 & Table 2 were ob tained
for an incubation time of 24 h extending from midnight
until midnight on the last day of the simulations.
Although the depth-integrated errors are relatively
small, they can be further reduced by shortening the
incubation time. If the bottles are incubated for only 
4 h from 10:00 to 14:00 h, for instance (cf. Marra 1978),
the depth-integrated error is approximately halved
(Fig. 5).

Dependence on the mixing time scale

In general, we found that the in vitro production was
higher than in the in situ value. The productivity only
shows small variations with changing turbulence in -
tensity (Table 3), but only in the presence of convective
overturning at night. The values in Table 3 for τm >
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100 h were obtained from scenarios where the mixing
time scale was so high that we considered it to be unre-
alistic that such a stable SML could be maintained for
5 d without restratifying and shallowing. In order to
avoid experimental artefacts, we therefore applied a

higher diffusivity value at night to simulate convective
overturning due to density instabilities. In the absence
of such nocturnal mixing, we would have obtained
much higher productivity values for τm > 100 h, as the
lack of vertical mixing would allow for a buildup of bio-
mass near the surface and thus higher production val-
ues on Day 5 of the simulations.

DISCUSSION

The ability to reliably determine the in situ produc-
tivity of phytoplankton is important to furthering our
understanding of aquatic ecosystems, for accurate cli-
mate predictions, and for the management of water
quality. Using a modelling approach we found that the
depth-integrated productivity from fixed-depth incu-
bations tends to overestimate the net depth-integrated
primary productivity (carbon fixation) in the freely
mixing water column by up to 25%, but in the majority
of cases by less than 15%. This overestimation can be
turned into an underestimation of the same order of
magnitude if the cells become easily inhibited, i.e.
if they have a high probability of photodamage (kd)
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Fig. 4. Photoinhibition parameter ϑ for the scenarios from Fig. 3. The left panels in each subplot show the amount of inhibition in
the stationary incubation bottles while the right panels are for the freely mixing water column. ϑ describes the proportion of still
functional PSII reaction centres (0 ≤ ϑ ≤ 1) with the extremes of ϑ = 1 corresponding to zero inhibition (i.e. all centres are func-

tional) and the theoretical value of ϑ = 0 corresponding to 100% inhibition (with no functional centres remaining)

                Environmental parameters                     Error
               H        Km          k               τm        ξSML               3Π

Fig. 1
a              6        10−4        0.9            100        5.4             11.1
c             60       10−2        0.09            1          5.4               9.2
e             60       10−4        0.09          104         5.4               0.4
g              6        10−4        1.9            100      11.4             21.7

Fig. 3                                                                                    
a              6        10−2        1.9              1        11.4             16.5

Using triple kd and Im = 850 W m−2

c              6        10−2        1.9              1        11.4           –13.7
g             60       10−4        0.09          104         5.4               0.4

Using one third of αChl
max

e              6        10−2        1.9              1        11.4             –1.7

Table 2. Results for the depth-averaged errors for the scenar-
ios shown in Figs. 1 & 3. τm is given in h; units for the remain-

ing environmental parameters can be found in Table 1
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(Fig. 3c). This underestimation was also observed in a
turbid estuary by Mallin & Paerl (1992) who found that
high photoinhibition in static incubations could lead to
an underestimation in productivity of up to 15%.

Compared with other errors these magnitudes are
relatively small. Other source of error include those
associated with patchy distributions of phytoplankton
(Harris & Smith 1977, Tokarev et al. 1998) (affecting
the initial biomass in the bottles), other incubation arti-
facts (e.g. removal of UV radiation by glass bottles,
exclusion of copepods which can impact phytoplank-
ton mortality and nutrient regeneration, inadvertent
introduction of toxic contaminants), and uncertainty
about just exactly what 14C uptake measures (net vs.
gross photosynthesis, cf. Richardson et al. 1984). We
did not evaluate whether the 14C incubation technique
provides correct values of net primary productivity
under the imposed incubation conditions (e.g. Moigis
2000) but only whether productivity estimates from
fixed-depth incubation bottles provide a good repre-
sentation of mixed conditions. We also did not concern

ourselves with other sources of error such as bottle
effects, which have already been addressed elsewhere
(see Furnas 2002).

Mixed vs. mixing layer

In order to explore a wide range of habitats, we also
examined ‘mixing’ layers which may be physically
unrealistic. For instance, a 60 m SML that is only mixed
at Km = 10−4 m2 s−1 has a high mixing time scale of more
than 1 yr and is likely to re-stratify which would auto-
matically lead to a shoaling of the SML and thus a low-
ering of the mixing time scale. The choice to expand
our parameter space to such regions was based on data
reported in the literature. In Table 1 of Gallegos & Platt
(1985), for instance, the daytime diffusivity value at a
station in the oligotrophic ocean was reported as
10−5 m2 s−1. While nothing is said about the depth of the
SML, even for a shallow layer of only 10 m we obtain a
mixing time scale of 2500 h, which is one quarter of the
maximum used in our experiments (Fig. 2). Such a low
daytime turbulence value can only be observed if the
SML is mixed more rapidly at night by convective
overturning, induced by instabilities due to surface
cooling. To increase the realism of our simulations, we
therefore incorporated this into our model by tem-
porarily increasing the eddy diffusivity at night for all
scenarios with τm > 100 h. By invoking convective over-
turning at night, particles always start the next day
randomly distributed through the SML, i.e. nocturnal
mixing can bring cells from near the surface, which are
high in carbon, to greater depths, where they will
reduce their carbon due to maintenance respiration.
This downward flux of carbon to the less productive
parts of the water column, where it is used for mainte-
nance respiration and therefore no longer available for
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Fig. 5. Corresponding results to panels (a,b) and (g,h) in Fig. 1 except that the incubation time was only 4 h from 10:00 to 14:00 h

τm (h)                         Freely mixed            Incubated

1                                        100                        111.1
10                                      95.4                        105.1
100                                   106.1                       117.9
1000                               106.7a                    107.8a

10000                             108.3a                    108.2a

aMixing time scale was τm > 100 h and the water column
was mixed rapidly at night using Km = 10−2 m2 s−1 for 5 h
to simulate convective overturning

Table 3. Normalised productivities on Day 5 of the experiment
for a range of turbulence intensities using H = 6 m and k = 
0.9 m−1. The results are normalised to τm = 1 h (freely mixed)
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cell division, is responsible for the slightly lower pro-
ductivity values in Table 3.

To further elaborate on the differences between a
mixed and a mixing layer, we can compare the vertical
heterogeneity of some physiological indicators for a
range of mixing time scales and optical depths. Fig. 6
shows that it becomes difficult to speak of a mixed
layer already for mixing time scales of τm ≥ 100 h,
despite the convective overturning at night. The verti-
cal movement during the day is so small that the verti-
cal heterogeneity in the physiology starts to exceed
50%, i.e. the values for both Chl:C and ϑ can be more
than 50% higher at the base of the SML compared to
the surface (Figs. 4d & 6). It should be noted that Fig. 6
shows the maximal difference that we observed over
the course of a day. For the Chl:C ratio this typically
occurs in the late afternoon, a few hours before sunset,
while for the inhibition parameter ϑ the maximal dif-
ference is observed during the early afternoon (cf.
Fig. 4). During other times of the day, the SML is more
homogeneous than shown in Fig. 6.

Conclusions

(1) For SMLs that are optically shallow and only low
to moderately turbulent, the depth-integrated produc-
tivity measurements from fixed-depth incubations pro-
vide a good estimate (error < 10%) of the true in situ
productivity (Figs. 1e & 2), irrespective of the photo-
physiology of the cells (provided that a sufficiently
large number of depths are sampled). Most coastal and
oceanic SMLs should fall into this category (Region I in
Fig. 2).

(2) For highly turbid SMLs, where the SML depth
exceeds the euphotic depth by a factor 2 or more, the
fixed-depth incubations can overestimate the depth-
integrated in situ productivity by up to 25% (Figs. 1g
& 3a). This value is highly variable, however, and
depends on the environmental conditions, the photo-
physiology of the cells, and the incubation time, in par-
ticular:

(a) an increase in the photodamage probability (kd)
in combination with a higher irradiance maximum
leads to a reduction in the overall productivity but
more so in the near-surface fixed-depth incubations
(Fig. 3c). The effect is more pronounced in the sta-
tionary incubations as the freely mixing cells only
experience the supra-optimal (and thus damaging)
near-surface light intensities for a short period and
are thus less inhibited. The result is a reversal in the
depth-integrated error which changes from a 16.5%
over- to a 14% underestimation (Fig. 3a–d).

(b) an increase in turbulence has a seemingly para-
doxical effect: in the scenario of Fig. 1g the error 3Π is
essentially the same or even slightly larger than in
Fig. 3a, although the mixing time scale in the latter
scenario is 100 times lower. This seems paradoxical,
since we would expect a higher turbulence intensity
to always result in higher errors, as it amplifies the
contrast between the fixed-depth incubations and
the highly dynamic conditions in a freely mixing
water column. The issue is more complex, however,
as an increase in mixing intensity has several effects
which may not be immediately apparent. Higher tur-
bulence leads to (i) an increase in Pmixed near the sur-
face because higher mixing intensities lead to
shorter residence times near the surface and thus
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lower levels of inhibition. This leads to a negative Π
at the surface, and a reduction of 3Π. But we have an
additional factor which counteracts the reduction in
3Π, namely (ii) Pmixed turning negative below the 1%
light depth (ζ ≥ 4.6) while Pincub simply stays at zero
(Fig. 3a–f). The reason for this discrepancy is that the
cells which are rapidly mixed through the SML accu-
mulate carbon reserves (see the carbon allocation
model in Ross & Geider 2009) while they are in the
well-lit euphotic part of the SML, and when turbu -
lence mixes them to greater optical depths, they
draw on these reserves for maintenance, thereby re -
ducing the amount of carbon per cell; this results in
negative productivity values. When the turbulence is
low, the cells are moved more slowly to these depths,
which means that they already use up most of their
reserves on the way down, so that Pmixed is only
slightly negative at greater depths, since the cells
there are already at their subsistence threshold
(Fig. 1g).

(c) a shorter incubation time typically leads to a
reduction in the depth-integrated error (Fig. 5).
However, short incubation times are difficult to inter-
pret in terms of the daily production, as the extrapo-
lation is not trivial. Shortening the incubation time is
advisable only if the water column in question is
likely to produce large errors (Fig. 2). When the error
is expected to be low, a reduced incubation time has
no effect on the already low errors (compare 3Π in
Fig. 7c,d).
(3) If the turbulence is low to moderate, an increase

ξSML leads to an increase in the depth-integrated error
(compare Fig. 1h vs. b), which is mainly due to the fact
that the overall productivity is reduced while the
absolute error remains fairly constant in the euphotic
zone, and thus the relative error Π increases.

(4) While a reduction in the photosynthetic efficiency
αChl

max (Fig. 3e,f) does not affect the main shape of Π (i.e.
the signs of Π at various depths remains almost un -
affected), the depth-integrated error has been greatly
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f gives the per-

cent overestimation of the productivity between the yo-yo and fixed-depth incubations. (c) As in (b) but showing also the produc-
tivity in the freely mixing water column and the yo-yo productivity for water samples obtained at different depths. 3Π is the error
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reduced (compare Fig. 3f vs. b). This is mainly a math-
ematical effect: while the absolute error at the surface
remains fairly constant, the productivity has dropped
considerably and thus the same absolute error delivers
a much larger relative error. Although Π < 0 only in the
surface bin, this is sufficient to reduce the overall error
and even turn it negative.

These results, and in particular (1) above, contradict
previous studies, which found a ‘significant’ under-
(Marra 1978, Gallegos & Platt 1982, Gocke & Lenz
2004) or overestimation (Barkmann & Woods 1996) of
in situ productivity by fixed-depth incubations. While
our results tend to qualitatively agree with the overes-
timation (3Π was typically positive for low to moderate
levels of photoinhibition and only turned negative for
high damage probabilities kd), we did not observe the
40% overestimation obtained with the modelling
approach in Barkmann & Woods (1996). The discrep-
ancy might be related to differences in the treatment of
photoinhibition. While our in vitro cells show signifi-
cant signs of inhibition near the surface, due to a con-
stant damage probability kd, the amount of photoinhi-
bition in the Barkmann & Woods (1996) model depends
on the acclimation state and is very low if the cells are
fully adapted to high light. They state: ‘Photoinhibition
can occur close to the surface in the mixed-water col-
umn, but is negligible in the static one, since the light-
adapted cells have a small β.’ (β being their inhibition
parameter). In our case the amount of inhibition was
much higher in the static incubations compared to the
freely mixing cells, as the mobile cells spend much less
time at the high light intensities. We would obtain val-
ues for 3Π that are of the same order of magnitude
(40%) as in Barkmann & Woods (1996), if we reduced
our damage probability kd (not shown).

Evaluation of the accuracy of yo-yo incubations

Marra (1978) found that oscillating bottle incubations
yielded productivity values that were up to 87%
higher, compared to fixed-depth incubations. Fig. 1 of
Marra (1978) shows the results from his 17 Sep experi-
ment that showed the smallest discrepancy between
the oscillating and fixed-depth incubations of 18.6%.
In order to be able to compare our results with Marra’s
vertical profile, we chose this experiment for a model
simulation. The mixing layer was reported to be 10 m,
and irradiance at the bottom of the mixing layer was
reported to be 5% of the surface value. From this, we
calculated an attenuation coefficient of k = 0.3 m−1. The
resulting mixing layer is thus located in Region I in
Fig. 2 and we would expect only very small errors
(< 10%). Marra (1978) filled the bottles for fixed-depth
incubations from samples taken at 0, 2, 4.5, 7 and 9 m

whereas the bottle for cycling through the mixing layer
was collected from a depth of 8 m. Based on the sam-
pling protocol in Marra (1978) we chose a vertical
velocity of 5.4 m h−1 for the oscillating bottle. In our
simulation, we used the parameters for Skeletonema
costatum (Table 1), except that we increased kd to 3 ×
10−7 in order to increase the amount of photoinhibition
at the surface. The result of this simulation (Fig. 7b)
shows good qualitative agreement with Marra’s exper-
imental results (Fig. 7a) in that the extrapolated pro-
ductivity in the oscillating bottle yields a productivity
estimate that is higher than the depth integrated pro-
ductivity from the fixed-depth incubations. The dis-
crepancy between the oscillating and fixed-depth pro-
ductivity can be further increased if we increase the
surface irradiance. In Fig. 7b we used a noon maxi-
mum of 650 W m−2 which resulted in about 1200 μmol
photons m−2 s−1 of PAR. If we increase this value to
850 W m−2 (equivalent to about 1600 μmol photons m−2

s−1 of PAR) the discrepancy increases from 17.1% to
over 30%. We also tried higher and lower values for Km

but found that our error did not change significantly.
We cannot be confident that we have simulated the
‘true’ conditions in the experiments conducted by
Marra (1978) because we lack information on the com-
position of the phytoplankton community, its physiol-
ogy and the in situ turbulence and light environment.

While observational oceanographers are typically
limited by logistic constraints, such as the number of
samples that can be taken (and processed) in a certain
period of time, the modeller is only limited by the sim-
plifying assumptions that went into the construction of
the model. Thus while Marra (1978) used  one oscillat-
ing incubation bottle with a sample population col-
lected from a particular depth, we can simulate a series
of oscillating bottles with sample populations that orig-
inated from different depths as well as the in situ pro-
ductivity in the freely mixing water column (Fig. 7c).
For the oscillating bottles we notice that the choice of
the sampling depth has an effect on the productivity
estimate (dashed line with open squares in Fig. 7c). If
we were to take the sample population from the sur-
face, for instance, and also start the oscillation there,
the productivity in this oscillating bottle would be
about 13% lower compared to the one that started at
8 m depth. A possible explanation for this discrepancy
is that samples near the surface have a lower Chl:C
ratio and therefore show a reduced (short term) pro-
ductivity if exposed to the same light intensity as sam-
ples taken from greater depths that possess more
chlorophyll.

Nevertheless, the question we should really be ask-
ing is: does the yo-yo approach approximate the depth-
integrated in situ productivity estimates better than
fixed-depth incubations? For the results we presented
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here, and in particular for the water column in Fig. 7,
the answer is no. If we compare the freely-mixed with
the fixed-depth productivity (Fig. 7c) the error is negli-
gible (3Π  = −0.8%). Thus by using the yo-yo approach
we have actually increased the error from 0.8% to
17.1%, and even if we would use more than one oscil-
lating bottle, the error would still be larger than from
fixed-depth incubations. The same is true if we in -
crease the sampling period from the 4 h in Marra
(1978) to a full 24 h (Fig. 7d). The effect of photoinhibi-
tion is that the fixed-depth productivity is lower near
the surface and higher at depth. The latter is due to the
fact that in the fixed-depth incubations the cells tend to
have a lower inhibition level at depth than their freely
mixing counterparts (compare the mixed and station-
ary examples in Fig. 4b). The vertical heterogeneity
among different oscillating bottles as well as the dis-
crepancy between the oscillating bottles and the fixed
or mixed productivity can be considerably reduced if
we choose a longer incubation period (Fig. 7d).

In Ross et al. (2011), we found considerable errors (of
the order of 100%) in growth rate estimates from fixed-
depth incubations, whereas in the present study our
errors are considerably smaller. Measurements of
growth rate from Chl increase in bottle incubation
experiments are typically made at only one light level
(one depth) and thus care needs to be taken in choos-
ing the depth to ensure that results are representative
of the entire mixing layer. Failure to choose the correct
depth could produce the large errors reported in Ross
et al. (2011). In contrast, estimates of primary produc-
tion are usually based on 14C in a series of samples that
are incubated at fixed depths throughout the mixing
layer. Here, the concern is not in choosing the correct
light level, but in whether stranding samples at fixed
depth biases the measured CO2 fixation relative to the
in situ mixed conditions. As we could show, the effect
of arresting the cells at fixed depths only introduces a
small systematic error to the results. We would find
equally small errors in the Chl-based growth rate
experiments if we were to use more than one sampling
depth. The growth rates for the entire water column
(3μ in Ross et al. 2011) generally showed a good agree-
ment both between the fixed-depth and freely mixing
scenarios, but also between the Chl- and carbon-
derived equivalents (Ross et al. 2011).
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