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Abstract Since phytoplankton production is usually

estimated from static incubations (fixed depths or light

levels), a mesocosm study was performed to evaluate

the significance of mixing depth, mixing intensity and

load of humus of natural phytoplankton assemblages.

Vertically rotated (dynamic) incubations usually gave

higher results than static incubations in humus-rich

water. Mixing intensity was of significant importance

in one of 2 years tested, but strong interaction effects

with humus complicated the explanation. Differences

in primary production between dynamic incubations

did not fully reflect the received PAR dose, and

increased humus and increased mixing depth

increased the photo-assimilation efficiency. Different

single-depth incubations did not provide a shortcut

method to measure water-column primary production

with high accuracy. Results diverged from theoretical

estimates based on recent combined photo-biological

and physical environmental models. The large vari-

ability in responses to mixing is supposed to reflect

species-specific adaptations and pre-history regarding

quantity (photons) and quality (spectral distribution)

of the optical environment in an assemblage of

different species. The proportional abundance of each

species with its specific characters will therefore

strongly influence bulk primary production. Due to

such variable responses, clear guidelines for a ‘‘best

practice’’ in primary production measurements cannot

be given, based on the present results.

Keywords Primary production � Dynamic

incubation � Static incubation � Mixing depth �
Euphotic zone � Photoadaptation

Introduction

Measuring primary production in the field includes

trapping a bulk sample of the phytoplankton commu-

nity in transparent bottles and incubating for a given

time, using a series of fixed depths or irradiance levels

or by using on-deck incubators that provide a range of

different irradiance levels, comparable to a vertical

profile of the in situ irradiance levels. In the natural

environment, phytoplankton in the upper mixed layer

are probably experiencing variable light conditions

that are poorly mirrored by phytoplankton held in

bottles at fixed depth or in incubators. Since phyto-

plankton photosynthesis is mediated by physiological

adaptations to different irradiance levels (Falkowski,

1983), their responses to vertical mixing will depend

primarily on the intensity of mixing. Since the spectral

distribution changes with depth and depends on the

content of e.g. humic substances, a deck incubator
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with neutral filters for different irradiance levels will

not properly reproduce the light in a natural water

column (Walsh & Legendre, 1983; Bertoni & Bal-

seiro, 2005). In nature, phytoplankton cells may

constantly change their depth in a random manner by

turbulent mixing e.g. due to tidal mixing (Delgadillo-

Hinojosa et al., 1997; Lizon et al., 1998) or in a regular

manner by internal waves and Langmuir circulation

(Denman & Gargett, 1983; Farmer & McNeil, 1999).

Phytoplankton cells are therefore usually experiencing

a variable optical environment, regarding both inten-

sity and spectral composition. Due to continuous

turbulent mixing, a water sample taken from a single

depth will contain algal cells with different light

histories and thus different photo-acclimation states

(Ross et al., 2011a).

Attempts have been made to evaluate if a variable

light environment is of significance for algal photo-

synthesis by using laboratory studies on single species

as well as field studies on natural assemblages (e.g.

Marra, 1978a, b; Gallegos & Platt, 1982; Yoder &

Bishop, 1985; Kromkamp & Limbeek, 1993; Helbling

et al., 2003, 2013; Bertoni & Balseiro, 2005; Bertoni

et al., 2011; Gali et al., 2013; Lawrenz & Richardson,

2017). Results indicate variable effects of fluctuating

irradiance, among other things related to turbidity (e.g.

Helbling et al., 2013), temperature (Edwards et al.

2016), day-to-day variability (Bertoni et al., 2011) and

species differences (e.g. Lawrenz & Richardson,

2017). More theoretical evaluations have also been

made to evaluate the significance of water-column

mixing on growth and production of microalgae, using

mathematical simulation models where photo-biolog-

ical functions are combined with physical environ-

mental functions (Falkowski & Wirick, 1981;

Gallegos & Platt, 1985; Patterson, 1991; Tirok &

Gaedke, 2007; Ross et al., 2011a, b). The models are

either based on the average values of photosynthetic

properties of the natural assemblage of cells in relation

to mixing properties (bulk property model, Lizon

et al., 1998) or based on physiological responses of

individual phytoplankton cells to vertical displace-

ments (Lagrangian model, Lizon et al., 1998; Ross

et al., 2011a). The model by Ross et al., (2011a)

represents the most comprehensive one, where ran-

dom particle movements in a vertical plane are

combined with a physiological model with over 20

input variables.

Attempts have also been made to construct

mechanical devices for dynamic measurements of

primary production. Gocke & Lenz (2004) constructed

a deck incubator where the incubated water samples

rotated underneath 11 neutral filter sections, approx-

imately simulating the illumination of an algal cell

moving from the surface to the depth of 1% surface

irradiance. Higher primary production was measured

with this device compared to static in situ incubations

at 9 out of 11 test sites, with the most pronounced

differences recorded for the most turbid environments.

However, neutral filters do not reproduce the natural

change in spectral distribution with depth, and a more

advanced in situ device, as the ones presented by

Köhler (1997) and Bertoni & Balseiro (2005) would

therefore be a better choice. However, none of these

two studies provide sufficient results for an evaluation

of dynamic versus static incubations, since none of

them present results for integrated water-column

production of static incubations.

The response of an algal cell to different irradiance

levels is described by the photosynthesis/irradiance

(P/I) relationship, which has a form of a hyperbolic

function with an initial slope and an asymptotic upper

level that is specific for each species or genotype with

its own pre-history and environmental adaptations. In

addition there migt also be a negative effect on

photosynthesis of high irradiance and ultraviolet

radiation, also that highly specific for different species

or genotypes. With an assemblage of different species

and genotypes that makes up a natural phytoplankton

community, the community P/I relationship and

physiological responses to a variable optical environ-

mentmay therefore not reflect a simpleP/I relationship

and responses as shown by a single species or

genotype.

A key question, in understanding how vertical

mixing and thereby variable irradiance affects the

photosynthesis, is how fast the algal cells respond to

changes in irradiance. A review by Ferris & Christian

(1991) shows that adaptations to high levels are

usually immediate or occur within minutes, whereas

adaptations to low light appear to be slower. However,

the literature does not provide strong evidences for

when and how variable irradiance governs primary

production. Lizon et al. (1998), used a Lagrangian

random-walk model to study the interactions between

periodic vertical tidal mixing and primary production

of phytoplankton in the eastern English Channel, and
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found that reduced mixing between spring and neap

tide caused increased primary production. Reduced

primary production caused by mixing was earlier

reported for turbid waters where the ratio between

euphotic and mixed depth was low (Randall & Day,

1987; Grobbelaar, 1989). Yoder & Bishop (1985) on

the other hand, found no differences in primary

production between vertically cycled incubations

and the production as defined by the average irradi-

ance and the P/I curve as given by static incubations.

Joiris & Bertels (1985) found that in vitro incubations

under fluctuating light conditions and in situ incuba-

tions under varying depth provided higher primary

production at low light intensities, both with mono-

cultures and with natural populations. Havelkova-

Dousova et al. (2004) used the green alga Dunaliella

tertiolecta Butcher in static and dynamic irradiance

regimes and the growth in the dynamic regime was

much higher than growth in the static regime at the

same average irradiance. Laboratory studies on the

marine diatom Skeletonema costatum (Greville) Cleve

showed a clear adaptation to a fluctuating light climate

by decreasing the size and increasing the number of its

photosynthetic units, thereby also increasing its max-

imum photo-assimilation (Kromkamp & Limbeek,

1993). Lawrenz & Richardson (2017) working in a

blackwater environment (rapid light absorption with

depth), showed that S. costatum and the cryptophyte

Rhodomonas salina (Wislouch) Hill &Wetherbee had

very different photo-acclimation strategy but that both

species enhanced growth rate and primary productiv-

ity when experiencing periods of full spectrum light.

In the present paper, I have used an indoor

mesocosm facility for experiments in water with high

turbidity, corresponding to coastal areas with outflow

of river water with high content of humus material or

lakes and ponds with brownified water from the

surroundings. In such environments, the light level

will decrease rapidly with depth, and therefore,

vertical mixing will make phytoplankton cells expe-

riencing large variations in irradiance. I also evaluate

if measurements at a single depth, based either on the

extent of the mixed layer or on the vertical irradiance

profile, could replace a series of measurements at

different depths.

Materials and methods

The mesocosm facility

Two experimental series were performed, one in April

2013 and one in April 2014 in the indoor mesocosm

facility at Umeå Marine Sciences Centre, University

of Umeå, Sweden, situated at the northern Bothnian

Sea (N63�340; E19�500) in the Baltic Sea. The facility

is described by Båmstedt & Larsson (2018). For the

experiments, I used two mesocosm tanks, 5 m high

and 0.73 m in diameter, filled with pre-filtered

(300 lm porosity) brackish water of salinity 4.3,

taken from 2 m depth. In 2013, the two tanks were

filled on 27th of March and experiments started on the

4th of April. In 2014, the tanks were filled on the 2nd

of April and experiments started on the 7th of April.

One tank was used for maintaining the natural

plankton community and taking out water samples

for the experiments, the other one was used for

incubations of the water samples. The temperature was

held at 15 ± 0.2�C, and the whole water column was

mixed by warming the lowest temperature mantle,

3.6–5 m in depth. In order to prevent surface heating

from the lamp, the upper 0.6 m was slowly bubbled

with air (see Båmstedt & Larsson, 2018). Nutrients

(nitrate, ammonium, phosphate) were added, suffi-

cient for saturated conditions throughout each exper-

iment, and measurements were started 3–4 days after

nutrient additions. Illumination (17 h on, 7 h off) was

provided by a metal halogen lamp (Philips MH/CDM-

T150 W/930) with an emission spectrum resembling

that of natural sunlight, giving around 400 lmol

photons m-2 s-1 immediately below the surface.

Phytoplankton community and field temperature

at the time of experiments

In the end of March 2013, the phytoplankton was

dominated by dinoflagellates (Dinophycea) such as

Peridiniella catenata (Levander) Balech (58.38 mg/

m3 wet weight), Scrippsiella spp. Balech ex Loeblich

III (52.55 mg/m3), Peridinium spp Ehrenberg

(39.17 mg/m3), whereas the dominating diatom

(Bacillariophycea) was Thalassiosira baltica (Gru-

now) Ostenfeld with 14.59 mg/m3. The phytoplankton

composition was different in the beginning of April

2014, with the diatoms Thalassiosira baltica

(87.56 mg/m3 wet weight), Melosira arctica Dickie
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(29.28 mg/m3), and unidentified centric diatoms

(49.20 mg/m3), and with Gymnodinium corrolarium

Sundström, Kremp and Daugbjerg (13.67 mg/m3),

Scrippsiella spp (7.37 mg/m3) and Protoperidinium

spp Bergh ex Loebl. and A.R. Loebl. (5.64 mg/m3) as

the dominating dinoflagellates. The field temperature

in the upper 5 m water was 0�C in the end of March

2013 and 1.2�C in the beginning of April 2014.

Primary production method

Primary production was measured by incubating 14C-

labelled experimental water containing 40 mCi of

Na14CO3 L-1 in 20-ml glass incubation vials for

120 min. Two series were used with rotating incuba-

tions, hereafter called dynamic incubations. These

comprised five replicate incubation vials each, and one

series was fixed to a 3-m rubber loop, the other one to a

9-m rubber loop, rotating from the surface to 1.5 m,

respectively, 4.5 m in depth and further referred to as

shallow (S) and deep (D). The rotation speed could be

set arbitrarily, and I used three different speed

intervals, 0.6–2.4 cm s-1 (125–180 s revolution-1

and 375–540 s revolution-1 for, respectively, shallow

and deep mixed layer), 5.2–6.3 cm s-1 (48–58 s,

respectively, 143–173 s revolution-1) and 12.2–13.2

cm s-1 (23–25 s, respectively, 68–74 s revolution-1),

further referred to as, respectively, slow (s), medium

(m) and high (h) speed. Three different levels of

humus material were used. In 2013, the addition was a

laboratory grade humic acid (Aldrich pnr: 536080),

given in 4 mg l-1 (medium humus) final concentra-

tion and 8 mg l-1 (high humus), together with no

addition treatment (low humus). In 2014, pure humic

acid was replaced by earth extract dissolved in

distilled water, given in additions of 800 ml (medium

humus) and 2,400 ml (high humus). Although not

separately analysed as final humus concentration,

measurements of turbidity and the light attenuation

coefficient (see later) provided a good indication of its

effect on the optical environment. A schematic picture

of the rotation incubations is given in Fig. 1. Without

humus addition, incubation bottles passing close to the

surface will have an irradiance level close to Pmax

(Photosynthetic maximum), whereas medium and

high humus will reduce the light also close to the

surface. The deep rotation also differs from the

shallow one by spending only 1/3 of the time

compared to the shallow rotation above 1.5 m depth.

Average experienced light level will therefore differ

considerably between the two rotation series. In order

to evaluate effects of pre-condition of the phytoplank-

ton community when experiencing a darker environ-

ment, the experimental protocol differed somewhat

between the 2 years. In April 2013, I made the same

additions of humic acid in the tank for water samples

and the incubation tank, whereas in April 2014, humus

was only added to the incubation tank. Simultaneously

with the dynamic incubations, I used incubations at

fixed depths, hereafter called static incubations. In

April 2013, I used incubations at eight depths, 0.1, 0.2,

0.4, 0.6, 1.0, 2.0, 3.0 and 4.0 m in depth, and in April

2014, incubations at seven depths, 0.4, 0.8, 1.2, 1.6,

2.0, 2.4 and 2.8 m in depth. I also used two incubation

vials for each series as blanks, kept in darkness at the

same temperature as the main series and treated as the

other samples. In the static incubations without

addition of humus, I used two replicates per depth

but only the averages of these for each depth were used

in the calculations. In all other experiments, I used

single incubations at each depth.

Primary production analysis

After incubation, 5.0 ml of the incubated water was

transferred to a pre-labelled plastic scintillation vial,

300 ll of 3 M HCl was added, and the samples

bubbled with air for 30 min. A scintillation cocktail

(Optiphase HiSafe 3, 15 ml) was thereafter added, and

the content was mixed and measured in a Beckman

6500 scintillation counter. The value, subtracted by

the value for the dark incubations, gave the value for

DPMsample (DPM = disintegrations per minute). For

each experimental series, I prepared a standard series
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Fig. 1 Schematic graph of the depth succession over time,

experienced by the incubation bottles in the experiments
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from the labelled water by pipetting out triplicates of

100, 200, 300 and 400 ll of the labelled water into

5 ml of distilled water. Immediately thereafter, 15 ml

of scintillation cocktail was added, the content was

mixed and measured as above. This gave the radioac-

tivity added in a 5 ml water sample, expressed as

DPMtotal. The coefficient of variation of the average

value was always less than 2% for all standard series.

Carbon assimilation was then calculated from the

formula below:

Prim: prod: mg C m�3 h�1
� �

¼ DPMsample

�
DPMtotal � 1:10 � 1:05 � 1:05

� 200 � 12=t;

ð1Þ

where t is the incubation time in hours, 1.10 is sum

CO2 in the water, given by the total alkalinity times the

F-factor, as tabulated in Gargas (1975), 1.05 is a

constant compensating for slower uptake of 14C

compared to 12C, 1.06 is a constant correction for

respiration loss during incubation, 200 is a constant for

conversion from production in 5 ml to 1 l and 12 is a

constant for converting from mmol C to mg C. See

Colijn & Edler (1998) for further description. Primary

production per m2 and hour for rotating incubations

was obtained by multiplying primary production per

m3 and hour by the rotating depth (i.e. 1.5 or 4.5 m).

The following procedure was used when calculating

primary production from the static incubations. First,

the cumulative production m-2 over the incubation

depths was recorded (Eq. 7 in Table 1). Thereafter,

these results were plotted against depth, and a

logarithmic function adapted to the data, describing

water-column production m-2 versus depth (Eq. 9 in

Table 1). The coefficient of determination (R2) ranged

between 0.894 and 0.999 in April 2013 and between

0.878 and 0.999 in April 2014. Then the data given by

Eq. (7) in Table 1 were divided with the correspond-

ing depths, then giving the average production m-3 for

different water-column depths (Eq. 8 in Table 1).

These results were finally used for a regression plot of

average production m-3 versus water-column depth

and an exponential regression equation calculated

(Eq. 10 in Table 1), which gave coefficients of

variation ranging from 0.889 to 0.990 in April 2013

and from 0.833 to 0.998 in April 2014. The production

by dynamic incubations was considered significantly

different from production by fixed incubations when

the 95% confidence interval of dynamic incubations

did not overlap the calculated production from static

incubations. ANOVA tests were ran to evaluate any

significant effects of humus additions and different

mixing speeds on primary production, then using the

statistical package Systat 13 (version 13.1; www.

systat.com).

Additional water-column measurements

For profiling of light (PAR, photosynthetic active

radiation, 400–700 nm), chlorophyll a, and turbidity

(FTU, Formazine Turbidity Units), I used a logging

instrument, Aanderaa SeaGuard (see www.aanderaa.

com) with simultaneous logging also of pressure

(depth). The PAR attenuation coefficient (k) was given

by the negative exponent in the exponential equation

describing absolute irradiance versus depth. An aver-

age PAR dose was calculated for the dynamic incu-

bations as exp[(ln(I1) ? ln(I2))/2] 9 t, where I1 and I2
are the irradiance close to the surface and at the mixing

depth (i.e. at 1.5, respectively, 4.5 m), and t is the

incubation time (7,200 s). The chlorophyll content

and the calculated PAR dose were also used to cal-

culate a standardised primary production for the

dynamic incubations, then given as mg C mg Chl.

a-1 mol photons-1. The light spectrum was measured

in the ‘‘low humus’’ and ‘‘medium humus’’ treatment

in 2014, using Ocean OpticsTM radiometers USB

2000? (Ocean Optics, Winter Park, Florida, USA),

with the fibre-optical cable mounted on a frame that

held the tip of the fibre upward in a vertical position.

The instrument was calibrated using the Ocean

OpticsTM calibration unit, HAL 2000, before each

series of measurements. The change in spectrum after

addition of humus was displayed as the percentage

remaining over the PAR spectrum. In addition to the

direct calculations of primary production for static

incubations, I also calculated production (i) at mean

arithmetic depth, AD; (ii) at mean logarithmic depth,

LD; (iii) at depth of mean arithmetic light, DAL; and

(iv) at depth of mean logarithmic light, DLL. The

actual equation for production per m3 versus depth for

each condition was used and multiplied with 1.5 or 4.5

(water column mixing depths). The equations used in

the calculations are summarised in Table 1.

The average primary production per m3 for

dynamic incubations (two mixing depths and three

mixing rates) was used as input values in the equation
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describing depth as a function of primary production,

i.e. depth as the dependent and primary production as

the independent variable, derived from the static

incubations (Eq. 11 in Table 1). This gave the corre-

sponding depths for each of the average production of

the six different combinations of mixing depths and

mixing rates. These results are presented together with

the calculated depth at average production for 0–1.5 m

and 0–4.5 m water column, as given by the static

incubations.

Results

The euphotic zone, here defined as the depth of 1%

surface irradiance (cf Kirk, 1994), differed between

the 2 years in the experiments with no humus addition,

where the whole water column was above the euphotic

zone in 2013, but 1/5 of the water column received less

than 1% of the surface irradiance in 2014 (Table 2).

With addition of humus, the euphotic zone was

reduced to approximately the same depth in both

years, with around 40% of the water column below the

euphotic zone with medium humus and around 60%

below the euphotic zone with high humus (Table 2).

The PAR dose received by the dynamic incubations

was usually slightly higher in 2014 than in 2013

(Table 2). Humus additions increased the difference

dramatically between shallow and deep mixing. In

2013, the PAR dose in the shallowmixed layer was 3.9

times higher than in the deep mixed layer, and this

factor increased to 14.5 times for medium humus and

33.3 times for high humus. Corresponding factors in

2014 were 5.3 times for no humus, 11.4 times for

medium humus and 21.0 times for high humus.

Figure 2 shows that the spectral distribution

changed markedly with addition of humus in the

water. The effect increased with depth and was

strongest at short PAR wavelengths. Close to the

surface, 40% remained at around 400 nm and this

increased slowly to 64% near 700 nm wavelength

(Fig. 2). At 3 and 4 m depth, virtually no light

remained below 500 nm, but a rapid increase occurred

above 600 nm (Fig. 2).

Experiments April 2013

The chlorophyll concentration ranged from 6.1 to

7.8 lg l-1 and the PAR attenuation coefficient in the

three different humus additions was 0.90, 1.76 and

2.40, respectively (Fig. 3). Whereas humus additions

gave gradually lower production values from the static

Table 1 Equations used to calculate different depths (Eqs. 1–6), different static production estimates (Eqs. 7–10) and different

production depths (Eq. 11)

Parameter Equation Value

1. Average arithmetic mixing depth AD = Z/2 0.75 and 2.25 m

2. Average logarithmic mixing depth LD = Exp[mean(ln (Zi))] 0.64 and 1.76 m

3. Average arithmetic light AL = mean(Ii) Variable

4. Average logarithmic light LL = mean[ln(Ii)] Variable

5. Depth of AL DAL = a 9 exp(b 9 AL) Variable

6. Depth of LL DLL = a 9 exp(b 9 LL) Variable

7. PPi m
-2 above Zi PPi = Sum[PP(Zi) 9 (Zi-1 ? Zi?1)/2] Variable

8. PP m-3 above Zi PPi = PPi m
-2/Zi Variable

9. Equation PPi m
-2 PPi m

-2 = a ? b 9 ln(Zi) Variable

10. Equation PPi m
-3 PPi m

-3 = a 9 exp(- b 9 Zi) Variable

11. Equation Z versus average PPdyn Z = a ? b 9 ln(PPdyn) Variable

The original measured production results (PP(Zi)) from the 7 or 8 depths (Zi) measured were used in Eq. (7). In Eqs. (9) and (10), the

data given by Eqs. (7) and (8) are used for the two displayed types of regression equations, which are then used to calculate the

production at different depths (Eqs. 1–6 and 1.5 and 4.5 m mixing depths). The symbols a and b in the equations are constants,

specific for each equation. Zi denotes depth i, where i varies from 1 to 7 or 8. Ii denotes irradiances measured at 10 different depths

from the surface to mixing depth (1.5 m, 4 depths or 4.5 m, 10 depths). Z in Eq. (11) gives the corresponding depth in static

incubations where the production is equal to the production from the dynamic incubations (PPdyn)
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incubations, dynamic incubations rather showed a

tendency of increased production with humus addi-

tions (Fig. 3). With no humus addition production per

m3 and per m2, both in the upper 1.5-m and the 4.5-m

water column were significantly lower than for static

incubations. Shallow mixing showed a gradual pro-

duction increase with increased mixing speed,

whereas deep mixing gave highest production with

medium mixing speed (Fig. 3A, B). With medium

humus and a light attenuation coefficient of 1.76, both

shallow and deep mixing showed higher production

than static incubations, except treatment Sh and

production per m2, and there was also a strong

tendency of decreased production with increased

mixing speed (Fig. 3C, D). With high humus, and a

Table 2 Euphotic depth (m) as given by the depth of 1% surface irradiance and average PAR dose (mmol photons m-2) received by

the dynamic incubations during the incubation period of 120 min

Treatment Euphotic depth PAR dose 0-1.5 m PAR dose 0-4.5 m

April-13 April-14 April-13 April-14 April-13 April-14

No humus 5.1 3.6 367 412 95 78

Medium humus 2.6 2.6 160 240 11 21

High humus 1.9 1.8 100 105 3 5

0

20

40

60

80

400 500 600 700

%
irr

ad
ia

nc
e

re
m

ai
ni

ng

Wavelength (nm)

0,3 m 1 m 2 m 3 m 4 m

Fig. 2 Effects on the PAR (400–700 nm) wavelength distribu-

tion at five different depths after adding humus to the mesocosm

tank, expressed as percent remaining after addition

0

0.5

1

1.5

2

Ss Sm Sh Ds Dm Dh

k = 0.903, Chl. a = 6.1

0

2

4

6

8

Ss Sm Sh Ds Dm Dh

0

0.5

1

1.5

2

Ss Sm Sh Ds Dm Dh

k = 1.761, Chl. a = 7.8C

0

2

4

6

8

Ss Sm Sh Ds Dm Dh

0

0.5

1

1.5

2

Ss Sm Sh Ds Dm Dh

k = 2.397, Chl. a = 7.8

0

2

4

6

8

Ss Sm Sh Ds Dm Dh

m
g

C
m

-3
ho

ur
-1

m
g

C
m

-2
ho

ur
-1

A E

B D F

Fig. 3 Experiment April 2013. Ss shallow orbit (0–1.5 m) and

slow speed (0.02 m s-1); Ds deep orbit (0–4.5 m), slow speed;

Sm shallow orbit and medium speed (0.05 m s-1); Dm deep

orbit, medium speed; Sh shallow orbit, high speed (0.12 m s-1);

Dh deep orbit, high speed. A, B No humus added; C,
D 4 mg humus l-1 added; E, F 8 mg humus l-1 added. A,
C and E display the production per m3, B, D and F display the

production per m2. The two horizontal lines in the graphs show

the results for incubations at fixed depths, integrated over,

respectively, 0–1.5 m (solid lines) and 0–4.5 m depth (broken

lines). The PAR irradiance attenuation coefficient (k) and

average chlorophyll a concentration (in lg l-1) are displayed in

the upper panels. Vertical lines attached to the bars denote 95%

confidence intervals (n = 5)
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light attenuation coefficient of 2.40, the dynamic

incubations gave production values usually several

hundred percent higher than for static incubations

(Fig. 3E, F).

Experiments April 2014

The chlorophyll concentration ranged from 2.7 to

4.1 lg l-1 and light attenuation coefficient from 1.28

to 2.52 m-1. The humus additions decreased the

production for static incubations, whereas dynamic

incubations showed more variable results (Fig. 4).

With no addition of humus, treatments Sm, Sh, Dm

and Dh gave significantly lower primary production

per m3 and m2 compared to the shallow and deep static

incubations (Fig. 4A, B). Medium humus gave sig-

nificantly lower results for treatments Sm and Dh

compared to static incubations, both regarding pro-

duction per m3 and per m2 (Fig. 4C, D). With

additional humus and a PAR attenuation coefficient

of 2.52 and turbidity of 2.20 FTU, dynamic incuba-

tions gave both higher (Ds) and lower (Sh, Dh) results

than static incubations (Fig. 4E, F).

Water-column production comparisons

The calculations of standardised production (see

Table 3) showed a slight increase with increased

humus addition for the shallow incubations. In April

2013, from between 0.40 and 0.69 mg C mg chl.-1 -

mol photons-1 with no humus to 1.67–3.49 mg C mg

chl.-1 mol photons-1 with high humus, and in April

2014, from 1.63–2.68 to 6.45–11.8 mg C mg chl.-1 -

mol photons-1 (Table 3). For the deep incubations,

the effect of humus addition was more dramatic, from

between 1.19 and 1.71 mg C mg chl.-1 mol pho-

tons-1 with no humus to between 44.8 and

140.4 mg C mg chl.-1 mol photons-1 with high

humus in April 2013 and from 2.06 to

9.90 mg C mg chl.-1 mol photons-1 with no humus

to 50.7–178.4 mg C mg chl.-1 mol photons-1 with

high humus in April 2014 (Table 3).

Figure 5 summarises the comparison of production

estimates based on the various depth parameters

defined in the method section and Eqs. (1, 2, 5 and

6) in Table 1. In 2013, the integration method showed

a gradual reduction with added humus, from 3.9 mg

C m-2 h-1 with no addition, to 0.7 mg C m-2 h-1

for high humus addition for the deep mixed layer
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Fig. 4 Experiment April 2014. Ss shallow orbit (0–1.5 m) and

slow speed (0.02 m s-1); Ds deep orbit (0–4.5 m), slow speed;

Sm = shallow orbit and medium speed (0.05 m s-1); Dm deep

orbit, medium speed; Sh = shallow orbit, high speed

(0.12 m s-1); Dh deep orbit, high speed. A, B No humus

added; C, D 800 ml earth extract in distilled water added; E,
F 2400 ml earth extract added. A, C and E display the

production per m3, B, D and F display the production per m2.

The two horizontal lines in the graphs show the results for

incubations at fixed depths, integrated over, respectively,

0–1.5 m (solid lines) and 0–4.5 m depth (broken lines). The

PAR irradiance attenuation coefficient (k), average chlorophyll

a concentration (in lg l-1) and turbidity (mean FTU ± 95%

confidence limits) are displayed in the upper panels. Vertical

lines attached to the bars denote 95% confidence intervals

(n = 5)
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(Fig. 5A), and from 2.1 to 0.3 mg C m-2 h-1 for

shallow mixed layer (Fig. 5B). With no humus

addition, all methods based on the static incubations

gave approximately the same production as for the

integration method for the deep mixed layer, and these

were all higher than the result for dynamic incuba-

tions. With medium humus, average arithmetic depth

and logarithmic depth (AD and LD) and depth at

Table 3 Average primary production (95% confidence interval in parenthesis) from the dynamic incubations, standardised against

Chl. a and PAR dose (mg C mg chl.-1 mol photons-1)

Ss Sm Sh Ds Dm Dh

April 2013

No humus 0.40 (0.05) 0.61 (0.10) 0.69 (0.03) 1.19 (0.07) 1.71 (0.21) 1.21 (0.12)

Medium humus 2.94 (1.56) 1.35 (0.29) 0.73 (0.06) 18.4 (8.82) 13.6 (5.01) 7.45 (1.26)

High humus 3.49 (1.25) 1.85 (1.48) 1.67 (0.48) 99.9 (4.13) 140.4 (32.7) 44.8 (14.7)

April 2014

No humus 2.68 (1.00) 1.81 (0.28) 1.63 (0.93) 9.90 (5.29) 6.49 (2.27) 2.06 (0.64)

Medium humus 4.76 (3.80) 3.88 (0.92) 6.36 (3.12) 16.7 (16.3) 31.0 (20.8) 16.4 (2.07)

High humus 11.8 (3.48) 8.58 (3.78) 6.45 (0.39) 178.4 (95.8) 131.2 (78.5) 50.7 (14.1)

In the column headings, S and D stand for, respectively, shallow (0–1.5 m) and deep (0–4.5 m) mixed layer, s, m and h stand for,

respectively, slow, medium and high rotation speed
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Fig. 5 A andB. Water-column primary production, April 2013,

calculated by depth integration, using the actual equation for

production (mg C m-3 h-1) versus depth from the static

incubations (labelled Integration) and by using four calculated

depths (See Table 1), as labelled in the figures, in the same

equation, multiplied by 4.5 (A deep mixed surface layer),

respectively, 1.5 (B shallow mixed surface layer).C andD show

the same data for April 2014. The six treatments Ss through Dh

represent the dynamic incubations with shallow (S) or deep

(D) mixing and slow (s), medium (m) or high (h) mixing speed.

Vertical bars denote 95% confidence intervals (n = 5)
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average logarithmic light (AD, LD and DLL) gave

slightly lower results than the integration method,

whereas depth of average arithmetic light (DAL) gave

slightly higher result, all being considerably lower

than the results from dynamic incubations (Fig. 5A).

High humus gave roughly the same results for

integration and average arithmetic and logarithmic

depth (AD and LD) and depth of average arithmetic

and logarithmic light (DAL and DLL), and these were

all much lower than the results for dynamic incuba-

tions (Fig. 5A).

Results for the shallow mixed layer with no

additional humus showed higher integrated production

than the other static incubations, which in turn were

quite similar to the dynamic incubations (Fig. 5B).

With medium and high humus added, the same

tendency was shown as for the deep mixed layer, with

relatively small differences between integration and

single-depth incubations and a much higher produc-

tion from the dynamic incubations (Fig. 5B) In 2014,

the depth-integrated production decreased gradually

with added humus, although less steep than the year

before (Fig. 5C, D), in accordance with a smaller span

in the PAR attenuation coefficient (k). Results for the

deep mixed layer showed rather small effects of

humus for average arithmetic and logarithmic depth

(AD and LD) and depth of average arithmetic light

(DAL), whereas depth of average logarithmic light

(DLL) decreased from no humus addition to medium

and high humus addition (Fig. 5C). Depth of average

arithmetic light (DAL) was higher than integration,

whereas average logarithmic depth (LD) and espe-

cially average arithmetic depth (AD) gave lower

results. The dynamic incubations showed both higher

and lower results compared to integration, without any

systematic trends (Fig. 5C). For the shallow mixed

layer with no humus addition, all estimates from static

incubations gave similar results as integration, but

with both levels of added humus, the four single-depth

estimates were somewhat lower than the integration

(Fig. 5D). The dynamic incubations showed both

higher and lower results compared to integration

(Fig. 5D).

Figure 6A and B shows the depth at which the

production m-3 corresponded to the average produc-

tion for the actual water column (4.5 or 1.5 m) as given

by the static and dynamic incubations. In experiments

2013, (Fig. 6A) integration showed only small differ-

ences in response to humus addition, with a range from

1.2 m (high humus) to 1.5 m (no humus) for 0–4.5 m

depth, and from 0.7 m (no and high humus) to 1.0 m

(medium humus) for 0-1.5 m depth. In experiments

2014, the range for 0–4.5 m depth was from 1.6 m

(medium and high humus) to 2.0 m (no humus), and

from 0.9 m (medium humus) to 1.4 m (no humus) for

0–1.5 m depth (Fig. 6B). Dynamic incubations gave

much higher variability, related to different mixing

rates and different humus content in the water. In

2013, each of the three mixing rates for deep and

shallow mixing showed reduced production depth

with increasing humus, where for example deep and

slow mixing (Ds) showed reduction from 2.9 m (no

humus) to 1.2 m (medium humus) and to 0 m with

high humus (Fig. 6A). Similar gradual reductions in

corresponding production depths were shown for

shallow and slow mixing (Ss), with the values 2.4,

1.0 and 0 m (Fig. 6A). The results were different in
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Fig. 6 Calculated depths where the production m-3 as given by

the static incubations corresponded to the production given by

the dynamic incubations in experiments April 2013 (A) and

April 2014 (B). Integration 1 and 2 is the depth where the

average production m-3 for 0–4.5 m (Integration 1) respec-

tively 0–1.5 m (Integration 2) occurs. The six treatments Ss

through Dh represent the dynamic incubations with shallow

(S) or deep (D) mixing and slow (s), medium (m) or high

(h) mixing speed. Stars in A indicate that the calculated depth is

not covered by the integration equations

123

164 Hydrobiologia (2019) 827:155–169



2014, with only medium mixing rate for deep and

shallow mixing (Dm and Sm) showing a gradual

decrease in corresponding production depth with

increased humus content (Fig. 6B). The other mixing

schemes showed either roughly constant production

depth (Dh: 1.6–2.0 m, Ss: 0.7–0.9 m), highest (Ds) at

medium humus or lowest (Sh) at medium humus

(Fig. 6B). The only case where static and dynamic

incubations gave approximately the same result at all

three humus levels was deep mixing with high speed

(Dh) in 2014, where the difference between static and

dynamic incubations was, respectively,

- 1.5%, ? 5.8% and ? 7.9% for the three humus

levels (Fig. 6B).

ANOVA tests (Table 4) showed significant

(P\ 0.05) effects on primary production from humus

addition and mixing rate only for the deep mixing,

0–4.5 m, in April 2013. However, there was a strong

interacting effect between humus and mixing in three

of four cases, meaning that the effect of humus was

strongly dependent of the mixing level.

Discussion

The rotating speed in my experiments ranged from 0.6

to 13.2 cm s-1, considerably faster than the deck

incubator used by Gocke & Lenz (2004). The rotation

speed is probably an important factor since slow

mixing makes it possible for physiological adaptations

to respond to the light fluctuations and the individual

cells can continuously adjust their photosynthesis to

the new conditions (Vincent, 1980; Falkowski &

Wirick, 1981; Falkowski, 1983). With more intense

mixing, the effect on photosynthesis is more uncertain,

since the response times to adapt to low irradiance

levels are usually shorter than those for adaptation to

high irradiance levels (cf. review by Ferris & Chris-

tian, 1991). Model runs by Ross et al. (2011a)

indicated that a low mixing time scale (high rotation

speed) in their model gave more divergent results from

static incubations than results from high mixing time

scales. ANOVA results in my experiments showed

statistically significant effects of mixing speed only

for the deep mixing layer in April 2013, although the

interacting effect with humus was statistically signif-

icant in three of the four experimental series (cf.

Table 4).

If the primary production was directly controlled by

the total PAR dose received during the incubations

(see Table 2), we would expect a gradually diverging

difference between shallow and deep dynamic incu-

bations with increased humus, with the extreme of

33.3, respectively, 21.0 times higher primary produc-

tion in shallow dynamic incubations and high humus

in 2013, respectively, 2014. In reality, the primary

production was 1.4 times higher in 2013 (Fig. 3E) and

2.7 times higher in 2014 (Fig. 4E). Thus, the PAR dose

does not provide a guideline for predicting primary

production for dynamic incubations. The same

impression is given from the calculated standardised

primary production estimates (Table 3), where espe-

cially the dynamic incubations in the deep mixed layer

could compensate the much lower average irradiance

experienced by humus addition, by a much higher

photosynthetic efficiency.

My results indicated that the difference between

static and dynamic incubations increased with

increased PAR exposure gradient across the mixing

layer (increased humus content), but that there was a

strong interacting effect of mixing intensity (Figs. 3,

4, Table 4). The different outfall between the two

years might also partly be a consequence of differ-

ences in the optical environment at the start situation

Table 4 Results of ANOVA tests to evaluate the effect of humus addition (no addition, Medium addition, High addition) and mixing

speed (0.6–2.4 cm s-1, 5.2–6.3 cm s-1 and 12.2–13.2 cm s-1) for primary production

Experiment Depth Humus Mixing speed Humus 9 mixing

Levels df F-ratio P-value Levels df F-ratio P-value Levels df F-ratio P-value

April-13 0–1.5 m 3 2 2.149 0.131 3 2 1.848 0.172 9 4 0.129 0.002

0–4.5 3 2 24.575 \ 0.001 3 2 13.513 \ 0.001 9 4 6.097 0.001

April-14 0–1.5 m 3 2 0.068 0.900 3 2 0.636 0.381 9 4 2.280 0.015

0–4.5 3 2 2.633 0.086 3 2 2.908 0.068 9 4 1.009 0.416
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(no humus added), where the phytoplankton community

in April 2013 experienced a stronger reduction in the

optical climate (seeFigs. 3, 4).Another factor thatmight

be of significance for explaining differences in results

between the two experimental series is the difference in

pre-adaptation to different euphotic depths. In 2013,

humus was added both to the mesocosm tank where the

water was collected and the incubation tank, whereas in

2014, humus was only added to the incubation tank. In

2013, therefore, the phytoplankton community was

adapted to a mixing depth shallower than the euphotic

depth with no humus, and gradually more shallow

euphotic depth than the mixing depth with the two

humus additions (cf Table 2). In 2014, the phytoplank-

ton community used in the incubation tank was taken

from a mixed 4.5 m water column where the euphotic

depthwas3.6 m (Table 2) and this communitywas used

in the incubation tank where the euphotic depth was

gradually decreasedwith the two additions of humus (cf.

Table 2). Thus, in 2014, the phytoplankton community

was adapted to a higher irradiance range than used in the

incubations with added humus, whereas in 2013, they

were adapted to the same irradiance range as in the

incubations. Since there are differences in the response

times of physiological adaptations to changes in light,

with some adaptations to low light levels being slower

than to high light (Ferris & Christian, 1991), this

methodological difference might explain much of the

observed differences. However, simultaneous experi-

ments with and without pre-conditioning would be

needed to evaluate the significance of such treatment

differences. Therewas also a strong difference inMarch/

April between the 2 years in phytoplankton community

structure in the field where the seawater supply origi-

nated (see Materials and methods) that probably was of

significance. In 2013, there was a strong dominance of

dinoflagellates, whereas in 2014, diatoms dominated

strongly. Since different phytoplankton groups differ in

their composition of light-absorbing pigments (Wright

& Jeffrey, 1987; Latasa et al., 1992) and the spectral

distribution changes towards higher wavelengths in

humus-rich water (cf. Fig. 2), humus-rich water should

thereby favour species that can use the longer PAR

wavelengths more efficiently (Bidigare et al., 1990).

Phytoplankton responses on vertical mixing might

therefore differ between environments with humus-rich

water and clear-water environments. However, I never

analysed the actual phytoplankton composition in the

experimental tanks, so this suggested explanation

remains as a speculation.

The main aim of this study was to evaluate if field

measurements of primary production could be simpli-

fied and improved to give higher accuracy regarding

the ‘‘true production’’. My experiments with vertically

rotating incubations, simulating mixing by Lagmuir

circulation, were intended to evaluate how mixing

intensity and mixing depth would govern primary

production in different light environments. Although

the ANOVA results (Table 4) only indicated signif-

icant effects of humus on the primary production, it is

well known that humus and mixing depth strongly

influence primary production (e.g. Båmstedt &

Wikner, 2016). The rather high variability in my data

and the significant interacting effects thus weakened

the conclusion taken from this test. Since it is difficult

to decide which method best mirrors the true primary

production in the natural environment, it is also

difficult to evaluate if alternative methods increase the

accuracy in the estimates. The results for the four

single-point measurements (AD, LD, DAL, DLL)

responded in the same way to added humus in 2013

(Fig. 5A, B), and usually gave relatively similar

production estimates as static incubation series (Inte-

gration), with exception for shallow depth and no

humus (Fig. 5B). However, the result for the deep

mixed layer in 2014 showed consistently higher results

for DAL and consistently lower results for AD, LD

and DLL compared to Integration (Fig. 5C), whereas

the shallow mixed layer showed more homogenous

results for the four single-point estimates, and also a

closer similarity with the integration estimates

(Fig. 5D). If we consider ‘‘Integration’’ as the method

that gives the true results, simplifying this by only

using incubations at a single depth, determined either

by the light profile or average depth of the mixed layer

will therefore not give a high accuracy in estimating

true water-column production. My results for dynamic

incubations neither mirrored integration estimates

(Fig. 5A–D, Integration) or single-point estimates

(Fig. 5A–D, AD, LD, DAL, DLL). A similar picture

is given by the estimated corresponding production

depths (Fig. 6) where only high-speed mixing in the

deep mixed layer (treatment Dh) in 2014 responded to

humus addition in the same way as ‘‘Integration 1’’,

differing only between 1 and 8% (Fig. 6B).

Previous results from mathematical models of algal

growth and productivity have indicated relatively
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small differences between static and dynamic incuba-

tions. Ross et al. (2011a) presented an individual-

based combined turbulence and photosynthesis model

that showed a potential divergence between in situ

growth of algae (turbulent mixing applied) and in vitro

growth (no turbulence), both when based on cell

contents of chlorophyll and of carbon. Their theoret-

ical approach should correspond to my two incubation

methods, where the results from the dynamic incuba-

tions (rotated incubations) should mirror their in situ

growth and the results from the static incubations

corresponding to their in vitro growth. Turbulence

intensity, optical depth of the mixing layer, i.e.

k 9 H (k = light attenuation coefficient, H = depth

of mixed layer) and incubation depth within the mixed

layer were the factors that defined the degree of

difference between the two model runs. Model results

also showed that minimum difference between in situ

and in vivo growth was close to or slightly above the

mean depth of the mixed layer as long as the optical

depth of the mixed layer was B 6. Increased optical

depth should move this point further up. If we subtract

error e2 from error e1 in Ross et al. (2011a), we get an

expression of the difference between carbon-based

in situ growth rate, i.e. dynamic incubation, and

carbon-based in vitro growth rate, i.e. static incuba-

tion, which, according to Fig. 7b in Ross et al. (2011b)

should be negative down to just above the mean depth

of the mixed layer, where static and dynamic incuba-

tions should be the same. In my experiments, midpoint

depth of the mixed layer would be 2.25 m and 0.75 m

for, respectively, deep and shallow mixed layer. The

depth for average water-column production ranged

from 1.17 to 1.46 m in 2013 and from 1.56 to 2.06 m

in 2014 for the deep mixed layer, and between 0.73

and 1.02 m in 2013 and between 0.89 and 1.42 m in

2014 for the shallow mixed layer (see Fig. 6A, B,

Integration1, Integration 2). Furthermore, dynamic

incubations only occasionally gave the same calcu-

lated production depth as the static incubations

(Fig. 6A, B), thus diverging from the proposed

similarity for static and dynamic incubations and a

mean water-column production close to midpoint

mixed layer (Ross et al., 2011a, b).

Ross et al. (2011b) estimated the difference

between water-column primary production with tur-

bulent mixing versus that without mixing, using the

model presented in Ross et al. (2011a). They con-

cluded that for most environmental scenarios, the

differences would be\ 15%, with a maximum of 25%

and a minimum of 2%. Sensitivity for changes in

model settings was only observed for environments

with high values of optical depth (k 9 H, see above)

and a low mixing time scale (H2/Km, where H =

mixed layer depth and Km = turbulent diffusivity at

the mid depth of the mixed layer). From their model

runs, they proposed that for a highly turbid mixed

layer with a depth exceeding the euphotic depth by a

factor 2 or more, the static incubations could overes-

timate the in situ productivity by up to 25%, and that a

shorter incubation time than 24 h would reduce this

error. My experimental results could not verify the

model predictions of Ross et al. (2011b). With no

humus addition, the shallow mixed layer had an

optical depth of 1.4 and 1.9 in the two years, and

primary production from dynamic incubations ranged

between 33 and 62% of the static incubations (cf.

Fig. 5A, C). In April 2013, the increased optical depth

caused by humus addition changed the primary

production towards higher ratios for dynamic/static

incubations, where the most extreme difference was

recorded for high humus and deep mixed layer, with

an optical depth of 10.8, and a ratio of 9.5 (see Fig. 5A,

label Dm).

Conclusions

Estimating planktonic primary production in a natural

aquatic ecosystem is a difficult task, since a number of

variable factors are of significant importance. Even if

the production is primarily light controlled (no nutri-

ent limitations), Lagmuir circulation and turbulent

mixing cause irradiance variations for the phytoplank-

ton cells that are not mirrored in static incubations.

Since different species adapt differently to variations

in the quantity (photons) and quality (spectral distri-

bution) of the irradiance, the bulk result in primary

production, which is the summed result of each species

in relation to its proportional abundance, will differ

from static incubations. Due to a slower adaptation to

low irradiance levels than to high irradiance levels, a

variable irradiance level, as generated by vertical

mixing, will affect the photo-assimilation differently

than at conditions during static incubations. The

transparency (light attenuation) and wavelength-de-

pendent absorption of the water and the mixing

characteristics (mixing depth and mixing intensity)
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are factors of importance for the difference in primary

production between static and dynamic incubations.

Furthermore, recent pre-history of the community

regarding the optical environment will influence the

results from both static and dynamic incubations. Non-

consistent results, including the present ones, do not

provide clear guidelines for a ‘‘best practice’’ in

primary production measurements. Estimating water-

column primary production by using only a single

incubation depth or a single irradiance level, defined

by the in situ light profile or depth of the mixed layer,

will cause inaccurate results and cannot be recom-

mended. The present results show that even recent

mathematical models cannot accurately predict the

primary production in a natural and bio-physically

complex ecosystem.
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