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Artificial upwelling has been proposed as a means of enhancing oceanic CO2

sequestration and/or raising fishery yields through an increase in primary production in
unproductive parts of the ocean. However, evidence of its efficacy, applicability and side
effects is scarce. Here we present part of the results of a 37-day mesocosm study
conducted in oligotrophic waters off the coast of Gran Canaria. The goal was to assess in
situ the effects of artificial upwelling on the pelagic community. Upwelling was simulated
via two modes: i) a singular deep-water pulse and ii) a recurring supply every 4 days; each
mode at four different intensities defined by the total amount of nitrate added: approx. 1.5,
3, 5.7, and 11 µmol L-1. In this study we focus on the phytoplankton response through
size-fractionated 14C primary production rates (PP), Chlorophyll a and biomass. We
observed increases in PP, accumulated PP, Chlorophyll a and biomass that scaled linearly
with upwelling intensity. Upwelling primarily benefitted larger phytoplankton size fractions,
causing a shift from pico- and nano- to nano- and microphytoplankton. Recurring deep-
water addition produced more biomass under higher upwelling intensities than a single
pulse addition. It also reached significantly higher accumulated PP per unit of added
nutrients and showed a stronger reduction in percentage extracellular release with
increasing upwelling intensity. These results demonstrate that oligotrophic
phytoplankton communities can effectively adjust to artificial upwelling regardless of
upwelling intensity, but differently depending on the upwelling mode. Recurring supply
of upwelled waters generated higher efficiencies in primary production and biomass build-
up than a single pulse of the same volume and nutrient load.
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1 INTRODUCTION

Marine primary production is a key process in the ocean that
directly and indirectly supports all trophic levels of the pelagic
ecosystem. However, unabated climate change is negatively
impacting this ecosystem by enhancing ocean stratification and
reducing nutrient mixing, which lead to a decline of marine
production particularly in low latitude regions (Frölicher et al.,
2016; Li et al., 2020). Artificial upwelling has been suggested as a
nature-based technology to supply nutrient-rich deep water to
the sunlit surface layers. This would not only, at least locally,
counteract the increasing stratification thereby restoring marine
productivity. It could also lead to increased fishery yields through
enhanced food web productivity and carbon sequestration via
the biological carbon pump, especially if applied in presently
oligotrophic waters. Consequently, it could provide a sustainable
food source and potentially reduce atmospheric CO2

concentrations (Kirke, 2003; Lovelock and Rapley, 2007;
GESAMP, 2019). Mechanisms tested so far to power the
upwelling process include (i) pumps (Miyabe et al., 2004;
White et al., 2010), (ii) release of air-bubbles at depth to create
an upward flow (McClimans et al., 2010; Handå et al., 2014), (iii)
pumping of brackish water to depth that then rises to the surface
(Aure et al., 2007), (iv) a perpetual salt fountain (Maruyama
et al., 2004) and (v) the creation of an artificial sea mount (Jeong
et al., 2013).

Empirical evidence on the effects of artificial upwelling is
mostly limited to either small-scale lab experiments or model
simulations. Some experimental studies have shown promising
results though: McAndrew et al. (2007) conducted 25 L bottle
incubation experiments in oligotrophic waters adding nutrient-
rich deep water (DW) from 700 m depth. Following fertilization,
the phytoplankton community shifted from a picoplankton-
dominated net heterotrophic to a highly autotrophic
community in the course of 5 days with up to 60-fold
increases in gross PP and 13-fold increases in respiration.
Giraud et al. (2016) found a community shift towards diatoms
in oligotrophic waters after DW (1100 m depth) addition to 2.3 L
incubators. And Casareto et al. (2017) reported increased PP and
phytoplankton biomass after very mild natural upwelling in
oligotrophic waters close to Japan. Previous mesocosm studies
have included simulated upwelling among other manipulations
(such as elevated CO2 concentration), but never focused
exclusively on artificial upwelling effects (Riebesell et al., 2013b;
Hernández-Hernández et al., 2018). Among the only field
studies, Jeong et al. (2013) studied the effects on several
trophic levels around an artificial seamount created to induce
upwelling over 5 years. They found a 50- and 2.3-fold increase in
standing stock of phyto- and zooplankton, respectively and a
significant increase in both phytoplankton diversity and richness
index. A first attempt at in situ implementation of artificial
upwelling wave pumps in the open ocean was made by White
et al. (2010), but had to be aborted due to technical problems
with the pipes before sufficient data could be gathered. Masuda
et al. (2010) succeeded in pumping up water from 205 m depths,
leading to increases in phytoplankton growth, but only
monitored the upwelling plume for approx. 3 days. Meanwhile
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Maruyama et al. (2011) reported strongly elevated surface layer
Chla concentrations (but no further parameters) in the water
body around their upwelling pump using the perpetual salt
fountain technique.

All this points out the urgent need for more extensive in situ
studies to assess the effects of artificial upwelling on natural
communities. To expand our knowledge on the potential of
artificial upwelling to increase ecosystem productivity, in this
study we evaluated the response of the phytoplankton
community of the Gran Canaria oligotrophic waters to
different intensities and modes of artificial upwelling. The
technical concept of the upwelling modes applied in this
experiment (a single pulse of upwelled water vs recurring i.e.,
multiple upwelling events) roots in the design of potentially
applicable pump types: stationary (moored) pumps would
provide singular upwelling, as the fertilized water mass moves
away with currents and winds; while free drifting pumps would
provide recurring upwelling as they would move along with the
water mass. Using large off-shore mesocosms we added
different amounts of nutrient-rich deep-sea water to a natural
community adapted to oligotrophic conditions. During 37 days,
we examined the effects of artificial upwelling on PP, Chlorophyll
a (Chla) and phytoplankton biomass (B) of micro-, nano- and
picophytoplankton through a comprehensive set of size-
fractionated 14C uptake measurements, fluorometry, flow
cytometry and microscopy. Our aim was to understand how
the phytoplankton community adapts to the treatments and how
upwelling intensity and mode impact PP distribution among
primary producers of different size classes. And whether the
adaptations create the conditions needed to sustain a productive
food web.
2 MATERIALS AND METHODS

2.1 Experimental Setup
Nine KOSMOS (Kiel Offshore Mesocosms for Ocean
Simulations; Riebesell et al., 2013a) units of 43.78 m3 each
were set up in Gando Bay on the east coast of the island of
Gran Canaria (27.9279°N, 15.3654°W) from November to
December 2018. This location provided protection against
common swells and winds. The mesocosm bags were deployed
and left open for a seven-day period of open water exchange in
order to enclose a homogeneous as possible natural
phytoplankton community. To close the mesocosms the
sediment traps were attached and the top ends of the bags
were pulled above the water surface. A net (3 mm mesh size)
was pulled from bottom to top right after closure to exclude
unevenly distributed large organisms. Transparent plastic roofs
were attached on top of the mesocosms to prevent
contamination by precipitation and bird droppings. Total
length of the mesocosm bags was 13 m plus an additional
2.7 m for the sediment trap, hereby enclosing a mean water
volume of 43.78 m3.

The DW was pumped into a custom-built 100 m3 collector
bag by means of an electric pump with the support of RRS James
June 2022 | Volume 9 | Article 880550

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Ortiz et al. Artificial Upwelling Effects on Phytoplankton
Cook (UK) and J Socas (ES). It was collected between 28°00’N,
15°18’E and 27°57’N, 15°10’E at 330 m depth. The water was
then towed to the mesocosm site and stored in the same bag
collector. Mesocosm water was removed evenly along the entire
water column with the help of a pump-powered dispersion
device before adding the DW through the same procedure
(Riebesell et al., 2013a). For technical specifications about the
pumping procedure see Taucher et al. (2017). It was calculated
based on vertical nutrient distribution of the region (Perez et al.,
2001; Schlitzer and Mieruch-Schnülle, 2021) that the nutrient-
rich DW suitable for our experimental design should be at about
600 m depth (~25/~1.5/~10 µmol L-1 NO−

3 /PO−
4 /Si(OH)4).

However, due to technical constraints the intended pumping
depth could not be reached. Therefore, collected DW was spiked
with additional inorganic nutrients (N, P & Si as sodium nitrate,
disodium phosphate and sodium silicate) to adjust the
concentrations and stoichiometry to that at the intended
pumping depth. Deep water nutrient concentrations after
amendment were 25 µmol L-1, 1.38 µmol L-1 and 12.1 µmol L-1

for NO−
3 , PO−

4 and Si(OH)4, respectively. Nutrient
concentrations inside the collector bag were measured
routinely and adjusted, when necessary, before each addition
to the mesocosms. During the 39 days of the experiment,
mesocosms were cleaned regularly on the inside with a large
rubber ring pulled along the entire mesocosm length and outside
by divers to remove biofouling. Potential stratification of the
enclosed water column was monitored through CTD casts
measuring temperature, salinity and pH, but no indications
were found.

Integrated water column samples (0-13 m) for PP, Chla,
phytoplankton abundances and inorganic nutrients were
collected by means of depth-Integrated Water Samplers (IWS,
Hydro-Bios, Kiel) every second day, starting from d1 (for details
on all activities see Supplementary Figure 1). IWS are pre-set to
the mesocosm length and evenly sample the entire column in one
draft through constant automated water intake. The water
samples were transferred to 10 L canisters, transported in the
dark from the field to the laboratory on land and then sub-
Frontiers in Marine Science | www.frontiersin.org 3
sampled for every parameter. Samples labeled “Atlantic” were
taken from the water surrounding the mesocosm field.

2.2 Artificial Upwelling Treatments
The experimental treatments consisted of one control mesocosm
(M5) and two groups of four mesocosms subjected to: i) a one-off
(“singular”; M1, M3, M7, M9) DW addition on day four (d4) or
ii) a total of eight DW additions every four days (“recurring”;
M2, M4, M6, M8) from d4 onwards. With the exception of d20,
where the recurring DW addition was delayed by one day (d21).
Within each upwelling mode, a 4-step gradient in simulated
upwelling intensity was established from “low” to “extreme”
treatments. See Table 1 for the upwelling intensity
corresponding to each mesocosm. This refers to the total
amount of nutrients added through replacement of mesocosm
water by DW. In accordance with upwelling intensity, respective
singular and recurring upwelling treatments were intended to
receive an equal total amount of DW, and therefore nutrients.
I.e., low treatments should ideally receive the same total amount
either at once (singular) or as a sum of all eight additions
(recurring; Table 1). For the sake of simplicity “µmol of
nutrients” henceforth refers to total added inorganic nitrogen
(only NO−

3 ). For details on the methodology of nutrient
concentration measurements see Ortiz et al. (2022).

2.3 Primary Production
Primary production was measured using a modification of the
method described by Cermeño et al. (2012) for size-fractionated
14C uptake. A 5 mL ampoule of 14C-labeled sodium bicarbonate
[NaH14CO3] (Perkin Elmer, Waltham, USA) with a specific
activity of 37 MBq mL-1 was diluted with 45 mL of Milli-Q
water to obtain a stock solution with an activity of 3.7 MBq mL-1.
Four culture flasks (Sarstedt TC Flask d15, Nümbrecht,
Germany) per mesocosm were first filled to the bottleneck (70
mL) with water from the 10 L canisters. Samples were pre-filtered
through a 250 µm mesh to preclude large organisms. 80 µl of 14C
stock solution (i.e., 0.296 MBq) were added, the flask closed and
then mixed gently. All bottles were incubated in a climate
TABLE 1 | Treatment overview, total inorganic nutrients added and mean values for particulate primary production (PPPOC), Biomass (B) and Chlorophyll a (Chla).

# Treatment Deep water addition [m3] Total inorganic N added [µmol L-1]* Mean PPPOC [µmol C L-1 d-1] Mean B [µg C L-1] Mean Chla [µg L-1]

3 Low Singular 1 x 2.8 1.61 1.09 ± 0.58 42.59 ± 45.88 0.61 ± 0.32

2 Low Recurring 8 x 0.35 1.54 1.16 ± 0.55 36.32 ± 20.06 0.45 ± 0.2

7 Medium Singular 1 x 5.25 3.01 1.86 ± 2.5 115.72 ± 118.94 0.63 ± 0.56

4 Medium
Recurring

8 x 0.7 3.06 1.78 ± 0.94 137.14 ± 85.45 0.90 ± 0.35

9 High Singular 1 x 9.8 5.61 2.92 ± 3.23 155.74 ± 129.51 1.05 ± 0.85

6 High Recurring 8 x 1.4 6.15 3.45 ± 2.58 447.83 ± 405.21 1.44 ± 0.79

1 Extreme Singular 1 x 17.15 9.82 4.98 ± 6.91 433.64 ± 471.33 1.46 ± 1.28

8 Extreme
Recurring

8 x 2.81 12.26 7.59 ± 4.82 494.43 ± 352.93 2.99 ± 2.18

5 Control – 0.00 0.83 ± 0.32 24.45 ± 7.28 0.48 ± 0.38

10 Atlantic – 0.00 0.56 ± 0.22 – 0.25 ± 0.09
June 2022 | Volum
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chamber (Pol-Eko KK350, Loslau, Poland) for 24 hours
simulating mesocosm water temperature and light conditions
of the area and season (12 h light-dark cycle with a mean daily
light intensity of ~500 µmol photons m-2 s-1). Mesocosm light
intensities as assessed by CTD casts ranged from roughly 1000-
50 µmol photons m-2 s-1 between the surface and bottom of the
enclosure. Three out of four flasks were incubated directly in the
chamber (light triplicates) while the fourth was incubated inside
a light-proof bag within the chamber to prevent photosynthesis
(dark/control).

After incubation, all samples were sequentially filtered on a
circular filtration manifold (Oceomic, Fuerteventura, Spain)
under low vacuum pressure (<200 mbar) through
superimposed polycarbonate membrane filters with pore
sizes of 20 µm (PPmicro), 2 µm (PPnano) and 0.2 µm (PPpico)
(DHI GVS 20 µm, Hørsholm, Denmark, Whatman Nuclepore
2 µm & 0.2 µm, Maidstone, UK). Filters were then placed into
5 mL scintil lation vials (Sarstedt HD-PE Mini-vial ,
Nümbrecht, Germany) and left in a desiccator with fuming
hydrochloric acid (HCl 37%) for 24 hours. For quantification
of dissolved organic carbon production (PPDOC) 5 mL of the
filtrate (i.e., <0.2 µm) were placed in 20 mL scintillation vials
(Sarstedt HD-PE Scintillation vial, Nümbrecht, Germany),
acidified with 100 µL of hydrochloric acid (HCl, 37%) and
placed on an orbital oscillator for 24 hours at 60 rpm.
Acidifying of all samples was done to remove any remaining
inorganic 14C. On the following day, 10 mL of scintillation
cocktail (Ultima Gold XR, Perkin Elmer, Waltham, USA) were
added to all liquid samples. Filters were pushed into the vials
taking care not to touch the side with the retained material
and 3.5 mL of scintillation cocktail were added. All samples
were shaken vigorously and left in darkness overnight before
being measured on the scintillation counter (Beckman LS-
6500, Brea, USA). To obtain primary production rates [µg C L-
1 h-1] from the counted disintegrations per minute the
following equation was used:

PP  =  
VS

VF

� �
·
DIC ·  DPMS − DPMDð Þ

DPMA · ti

VS = sample volume [L]; VF = filtered volume [L]; DPMS =
sample disintegrations per minute; DPMD = dark/control
disintegrations per minute; DIC = dissolved inorganic
carbon [µg C L-1]; DPMA = added 14C in disintegrations per
minute; ti = incubation time [h]

The final PP rate was calculated from the mean of the
triplicates. To detect outliers, a deviation coefficient consisting
of the percentage deviation of each triplicate from the standard
deviation (SD) of the sample was calculated and the cutoff set at
20%. Each triplicate was checked for values that increased the
cutoff to >20% and these were excluded as outliers. All resulting
values were transformed to molar units before further analysis
(µmol C = µg C·12.01 µg µmol-1). Total particulate organic
carbon production (PPPOC) was calculated from the sum of all
three size fractions. To estimate cumulated PP (PPcum) over the
course of the experiment PPPOC of all days was added together
Frontiers in Marine Science | www.frontiersin.org 4
for each mesocosm. Production on non-sampling days was
calculated as the mean PPPOC of the day before and after (e.g.,
PP for d10 was the mean of PPPOC from d9 & d11). Percentage of
Extracellular Release (PER) was calculated through [PPDOC/
(PPPOC + PPDOC)] * 100. If a sample was lost, an estimate of
the PP rate was calculated through the mean PP rate of the
sampling day before and after (only the case on d13 for PPmicro

samples of the control, medium & high singular and high &
extreme recurring).

Dissolved Inorganic Carbon (DIC) samples were taken from a
separate IWS and directly subsampled with special precaution to
avoid contamination (bubble-free, generous overflowing of the
bottle and no headspace). Samples were sterile filtered (0.2 µm
pore size) under low pressure with a peristaltic pump and
poisoned with HgCl2 before storing them until analysis.
Measurements were carried out through infrared absorption
on an AIRICA system (Marianda, Kiel, Germany) with a LI-
COR LI-7000.

2.4 Phytoplankton Abundances
and Biomass
Picophytoplankton (0.2-2 µm) and nanophytoplankton (2-20
µm) cells were counted using a FACScalibur (Becton and
Dickinson, USA) flow cytometer. Duplicate samples were
collected in sterile cryovials (2 mL and 5 mL for pico- and
nanoplankton, respectively), immediately fixed with
paraformaldehyde (2% final concentration), refrigerated at 4°C
for half an hour, and quickly frozen in liquid nitrogen (-196°C).
Until their analysis, samples were stored at -80°C. For
picoplankton, a yellow-green 1µm latex bead (Polysciences
Inc., Warrington, USA) suspension (~105 beads mL-1) was
added to every sample as an internal standard before being run
at an average flowrate of 66.4 ± 2.6 µL·m-1 during 150 seconds.
Red latex beads of 2 µm diameter (~105 beads mL-1, Polysciences
Inc.) were used as internal standard in nanoplankton samples,
which were run at 165.1 ± 3.0 µL·m-1 during 300 seconds.
Picoplankton (Prochlorococcus , Synechococcus and
picoeukaryotes) and nanoplankton groups were identified by
their signatures in side scatter (SSC) versus red (FL3) and orange
(FL2) fluorescence bivariate plots.

In order to estimate pico- and nanoplankton cell-sizes, the
flow cytometer was calibrated with nonfluorescent latex beads of
1, 2, 4, 6, 10 and 15 µm diameter (Molecular Probes). SSC’s from
calibration beads were normalized to the SSC measured for the
fluorescent standard beads added to every sample (1 and 2 µm
for pico- and nanoplankton settings, respectively). Linear
regression between bead diameters and normalized SSC were
conducted for picoplankton (ø = 9.914 log (SSC) - 0.219; R2 =
0.92) and nanoplankton settings (ø = 4.753 log (SSC) + 0.008; R2

= 0.93). Cell diameters (µm) were inferred from relative SSC for
every group and then used to calculate cell biovolume (µm3)
assuming a spherical shape. Cell carbon content was estimated
using conversion factors obtained from phytoplankton of the
Canary waters by Maria F. Montero (unpublished data): 230 fg C
µm-3 for Synechococcus; 237 fg C µm-3 for picoeukaryotes; and
220 fg C µm-3 for nanoeukaryotes.
June 2022 | Volume 9 | Article 880550
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Microphytoplankton (20-250 µm cell size) biovolume and
biomass (B) were calculated based on microscopy counts of
diatoms (Utermöhl, 1931; on a Zeiss Axiovert 100, Carl
Zeiss, Germany).

On-site size measurements were performed on all identified
diatom species and used to calculate species-specific biovolumes
(V) following Hillebrand et al. (1999) and Olenina et al. (2006).
Biovolumes were then converted to B using the conversion factor
from Menden-Deuer and Lessard (2000) (C [pg Cell-1] = 0.288
V0.811). Almost all diatom species identified were >20 µm in size,
so that we assume no relevant number of organisms <20 µm were
falsely categorized as microphytoplankton. Dinoflagellates in this
size range were quantified as well, with almost all genera being
potentially mixotrophic, heterotrophic or inaccurately
categorized (Ortiz et al., 2022). Because the 14C uptake method
only measures photosynthetic PP however, dinoflagellates were
excluded for better comparability of both datasets.

2.5 Chlorophyll a
500 mL subsamples were collected in dark bottles for Chla
concentration measurements and sequentially filtered through
superimposed Polycarbonate filters of 20 µm, 2 µm and 0.2 µm ø
pore size (DHI GVS 20 µm, Hørsholm, Denmark, Whatman
Nuclepore 2 µm and 0.2 µm, Maidstone, UK) to obtain Chla
concentrations for micro-, nano-, and picophytoplankton,
respectively. Filters were then frozen at -20°C until analysis.
For pigment extraction the filters were left submerged in 10 ml of
acetone (90%) for 24 hours and at 4°C. The extract was
subsequently analyzed on a fluorometer (Turner Design AU-
10, San Jose, USA) according to Welschmeyer (1994). The sum
of all size fractions was taken as total Chla.

2.6 Data Analysis
Simple linear regressions were performed on PPcum and mean
PER per unit of nutrients (Figures 1B, 2A) to examine the
relationship between upwelling intensity and PP, and to check
for differences between both upwelling modes. The control
treatment was used twice in the linear regression model
analysis of singular and recurring treatments. Statistical
comparison of the regression lines of both upwelling modes
required the control to be removed, since using the same
control for both groups would create a paired data-point in
otherwise unpaired data. Data analysis was performed with R
(Version 4.0.3, packages stats, ggplot2; The R Foundation,
Wickham, 2016 ) . As sumpt ions o f norma l i t y and
homoscedasticity were tested using q-q and residual versus
fitted variable plots.

Due to the strong variability encountered among carbon to
Chla ratios (C:Chla) compared to values reported in the
literature by e.g., Sathyendranath et al. (2009); Wang et al.
(2009) and Jakobsen and Markager (2016), this dataset was
additionally checked for outliers using the “outlier_check”
function of the performance package in R on each mesocosm
(Lüdecke et al., 2021). This function runs a set of 14 outlier
detection methods and creates a composite score, based on which
it classifies a data point as an outlier. Identified outliers were
Frontiers in Marine Science | www.frontiersin.org 5
excluded from Figure 5. Carbon assimilation numbers (µg C µg
Chla-1 h-1) were based on hourly PP rates of the entire incubation
period (24h).
3 RESULTS

3.1 Temporal Development of PP, Chla, B
and Nutrients
Total PP rates increased between 6.5- and 53-fold in all singular
treatments after DW addition and reached their maximum rate
either three (low & medium) or five (high & extreme) days after
it (Figure 1A). Afterwards, PP rates decreased in all singular
treatments to <4.5 µmol C L-1 d-1, which was still above pre-
treatment levels (<0.8 µmol C L-1 d-1). Recurring low and
medium treatments did not surpass rates of ~3.7 µmol C L-1 d-
1 throughout the experiment (Figure 1A). The most variable
progression was displayed by the extreme recurring treatment. A
pronounced peak with a 38-fold increase in PP on d9 was
followed by an immediate drop before steadily increasing until
d17. Considering the amount of nutrients added to this
treatment in the first addition (1.53 µmol N L-1 e.g.,
comparable to the single addition to low singular), this peak
was disproportionately high. Afterwards, extreme recurring PP
rates steadily increased until the end of the experiment. Control
and Atlantic maintained overall low PP rates (maxima of 1.47
and 1.14 µmol C L-1 d-1, respectively).

All treatments showed an increased PPcum compared to the
untreated control and the Atlantic. But there was a visible
difference in the pattern of increase between upwelling modes:
singular upwelling led to a strong PPcum increase after DW
addition which then flattened quickly between d11 and d15,
while recurring upwelling led to a more stable and steady
increase in PPcum until the end of the experiment (Figure 1C).
Within the low, medium and high upwelling intensities
upwelling mode did not lead to large absolute differences in
PPcum. Extreme treatments showed by far the highest PPcum,
with extreme recurring outperforming singular by a factor of
1.47. Normalized to the amount of nutrients added, the extreme
recurring treatment still led to 20% higher PPcum.

An overview on the amount of organic carbon produced
(based on PPcum) in each treatment per unit of nutrients added
throughout the experiment is shown in Figure 1B. Total nutrient
supply and cumulative PP were significantly correlated in both
treatment groups (R2 = 0.98/0.99 and p < 0.001 for both
upwelling modes). The statistical comparison of both groups
with each other confirmed that the recurring treatments reached
significantly higher PPcum per µmol of nutrients than the
singular treatments (p = 0.029).

The development of total Chla concentrations exhibited
similar trends to those of PPPOC (Figure 1D): Singular
treatments showed initial peaks corresponding to upwelling
intensity after the DW addition (i.e., low & medium peaked on
d7, high & extreme on d9), while recurring treatments differed
more in their development. Responses in Chla concentration to
the first addition ranged from a roughly 1.3-fold increase in low
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recurring up to a 28-fold increase in extreme singular. Further
DW additions also mostly led to immediate increases in Chla
concentrations on the following day. Unexpectedly, Chla
concentration decreased in the high recurring after the last
DW addition, while it peaked at 10.1 µg L-1 in the extreme
recurring on d35 before decreasing.
Frontiers in Marine Science | www.frontiersin.org 6
Overall, phytoplankton biomass (B) decreased between
closure of the mesocosms and treatment onset. After treatment
onset, singular treatment B rose in accordance with upwelling
intensity, reaching peak values between 80.26 µg C L-1 in the low
and 2013.18 µg C L-1 in the extreme treatment, before shifting
into a steady decrease until the end of the experiment
A B

D

E

C

FIGURE 1 | Temporal development of (A) total primary production (PPPOC), (C) accumulated primary production (PPcum, even day data points calculated as
described in 2.3), (D) total Chla concentration and (E) total phytoplankton biomass (mind the logarithmic y-axis scale). Biomass values of the Atlantic were not
measured. S, Singular; R, Recurring. (B) shows the accumulated organic carbon production per µmol of nutrients added at the end of the experiment. Linear
regression shown for singular (n = 5) and recurring (n = 5) treatments; Difference between both upwelling modes as a whole was significant (p=0.029). Dotted lines
represent DW additions, dashed line marks the single DW addition to singular treatments.
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(Figure 1E). An exception was the medium singular, where B
increased during d27-d37. Recurring treatments on the other
hand displayed a steady increase in B throughout the treatment
period. After the last addition, B in the low and medium
recurring treatment decreased substantially, while the high and
extreme maintained high B concentrations or even increased
until the end in the former.

Singular treatments displayed mean PER values close to the
control (14.6-17.7%) and were negatively correlated with
increasing upwelling intensity (Figure 2A). This pattern was
more pronounced in the recurring treatments, with mean PER
being highest in the low (15.0%) and lowest in the extreme
recurring (7.4%). Mean PER in the control was reduced
compared to the Atlantic, amounting to 19.3% and 31.7%,
respectively. There was a fairly good correlation between mean
PER and nutrient input (R2 = 0.59 for singular and R2 = 0.73 for
recurring) although p-values were not significant. The temporal
development of PER conveys the same message, with the singular
treatments mostly maintaining values above the respective
recurring (Figure 2B).

Nutrient concentrations peaked in all treatments according to
the amounts of DW introduced after the first addition
(Figure 3). Despite the high nutrient load of the DW (25 µmol
L-1 NO−

3 , 1.38 µmol L-1 PO−
4 and 12.1 µmol L-1 Si(OH)4), all

nutrients were entirely consumed within five days (by d9) in the
singular treatments, while recurring treatments exhausted most
nutrients within two days after each addition. Silicate was no
longer fully taken up after d27 in the extreme recurring, and
ammonium displayed some variability around very low
concentrations in most treatments throughout the experiment.

3.2 Size Class Contributions to PP, Chla
and B
The initial peaks in PP and Chla in the singular treatments
(Figure 4, red labels) were increasingly dominated by
microphytoplankton with rising upwelling intensity. Overall, the
main contribution to PP and Chla came frommicrophytoplankton,
followed towards the end by nanophytoplankton. However, B was
Frontiers in Marine Science | www.frontiersin.org 7
composed almost exclusively of microphytoplankton even at the
end of the experiment. A shift from micro- to nanophytoplankton
as main contributor to B occurred in the low, medium and high
singular treatments during the last five days.

The recurring treatments (Figure 4, blue labels) displayed a shift
away from amore even distribution among all sizes before treatment
onset towards a strong dominance of microphytoplankton in
PP. Contribution to Chla in the medium, high and extreme
recurring treatments came almost exclusively from micro- and
nanophytoplankton throughout most of the experiment.
Picophytoplankton B was wholly negligible, whereas
nanophytoplankton B increased exceptionally in all recurring
treatments except low from d33-d35 on, similar to the
aforementioned shift in the low, medium and high singular
treatment. Simultaneously, microphytoplankton B plummeted
during these days until the end of the experiment.

Across all treatments PPDOC did not increase as a
consequence of artificial upwelling (Figure 4 left column).
Under singular upwelling, PPDOC increased slightly after the
addition, but then receded to pre-treatment levels.

The control and Atlantic (Figure 4, bottom plots) displayed
mixed size class contributions in all parameters, but with
generally higher presence of picophytoplankton, as well as
higher DOC contributions to PP than in all the treatments.

3.3 Carbon to Chlorophyll Ratios and
Assimilation Numbers
The temporal development of total C:Chla ratios was characterized
by strong oscillations, ranging from 1 up to 1708 (Figure 5).
Looking at the different size fractions it becomes evident that
most of the variability was driven by the temporal B changes
described in 3.2 and hence by microphytoplankton overall and
nanophytoplankton towards the end. Picophytoplankton C:Chla
ratios mostly stayed below 150 in the singular and below 100 in the
recurring treatments. An impact of upwelling intensity on C:Chla
ratios was only recognizable in the singular treatments, where
increasing upwelling intensity led to higher values in the total and
microphytoplankton fraction.
A B

FIGURE 2 | (A) Mean percentage extracellular release (PER) per total amount of added nutrients (shaded area: 95% CI) and (B) temporal development of PER.
Linear regression analysis shown for Singular (S; n = 5) and Recurring (R; n = 5) treatments. Dotted lines represent DW additions, dashed line marks the single DW
addition to singular treatments.
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Assimilation numbers (as the rate of carbon produced per unit
Chla) were not strongly affected by upwelling intensity nor
upwelling mode though variability increased with upwelling
intensity among microphytoplankton in the singular treatments.
(Figure 6; Supplementary Figure S2). Mean AN of pico- and
nanophytoplankton ranged from 0.59 ± 0.35 - 1.87 ± 1.89 µg C µg
Chla-1 h-1, while those of microphytoplankton reached values of
1.87 ± 0.82 - 2.98 ± 2.83 µg C µg Chla-1 h-1.
4 DISCUSSION

4.1 Developments Within the Primary
Producer Community
Poulton et al. (2006) reasonably argued that time is a crucial
factor when environmental forcing, in this case artificial
upwelling, is applied. On a short time scale the community
likely responds through metabolic adaptation, whereas on a long
time scale these adaptations lead to actual trophic reorganization.
Our results show that, on the primary producer level, both
metabolic and trophic adaptation occurred as a consequence of
artificial upwelling. This became evident in form of (i)
permanent shifts in the dominating size classes towards larger
phytoplankton (Figure 4), (ii) reduction of PER compared to the
Frontiers in Marine Science | www.frontiersin.org 8
control (Figure 2) and (iii) increased B build-up and PPcum until
the end of our experiment (Figures 3, 1C). While the magnitude
of the observed effects mostly increased with increasing
upwelling intensity, as expected, some effects such as the
increase in PPcum were only very prominent in the high and
extreme upwelling intensities. Simultaneously, all observed
effects (i)-(iii) were more pronounced under recurring
upwelling compared to the respective singular upwelling
intensities (or a synthesis of the main results surrounding PP,
B and PER see Figure 7). This happened most probably because
the singular treatments ran into strong nutrient limitation after
all nutrients introduced by the DW addition were consumed.

The size class shift was due to a strong increase in diatom
abundance, followed by Prymnesiophyceae which became
more abundant towards the end of the experiment (Ortiz et al.,
2022). This is in accordance with large amounts of literature
describing succession patterns of small picophytoplankton
under oligotrophic to larger microphytoplankton (mainly
diatoms) under nutrient replete conditions both in the field
and mesocosm experiments (Mann, 1993; Arıśtegui et al.,
2004; Fawcett and Ward, 2011). On the other hand, the
in situ application of artificial upwelling conducted by
Masuda et al. (2010) showed increased growth of pico- and
nanophytoplankton rather than diatoms. They suggested this
could have been due to low light availability in the artificially
FIGURE 3 | Inorganic nutrient concentration over the course of the study. Dotted lines represent DW additions, dashed line marks the single DW addition to singular
treatments. S, singular, R, recurring treatment. Atlantic refers to samples taken from the water surrounding the mesocosm field.
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fertilized waters combined with insufficient shade adaptation of
diatom species, the former of which was not the case in our
experiment. Other possibilities such as silicate limitation were
not discussed. Compared to an in situ application,
Frontiers in Marine Science | www.frontiersin.org 9
phytoplankton in the mesocosms can be more strongly affected
by differences in the seed communities enclosed at the start.
However, we did not find compelling evidence for large
differences in the starting communities. Responses to artificial
FIGURE 4 | Relative size class contributions of micro-, nano- and picoplankton to total PP rates, Chla concentration and phytoplankton C. PP plots also include PPDOC rates.
Mind the different y-axis scales. The blank spot in the Atlantic between d35-37 is due to one missing data point. Dotted lines represent DW additions, dashed line marks the
single DW addition to singular treatments. Recurring treatments labelled in blue, singular in red.
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upwelling were spearheaded by Diatoms in all treatments, with L.
danicus, L. minimus and G. striata as the main contributors to
biomass (Ortiz et al., 2022).

The late Prymnesiophyceae increase was, at least in the
medium, high and extreme recurring treatment, identified as a
strong bloom of coccolithophores from d29 onwards
(unpublished data), which explains the almost exclusive
contribution of nanophytoplankton to biomass (PP and Chla
to a lesser extent) during those last days. What exactly triggered
Frontiers in Marine Science | www.frontiersin.org 10
this bloom remains unclear though. In the singular treatments,
the extended period of nutrient depletion might have promoted a
terminal shift towards more nano- and less microphytoplankton,
as smaller cells have been shown to have physiological
advantages under oligotrophic conditions (Sommer et al.,
2017). Based on experience from previous mesocosm studies
we know that Prochlorococcus, a globally present and typically
dominant species under the oligotrophic conditions in these
waters, sometimes doesn’t thrive well in the mesocosm
FIGURE 5 | Temporal development of carbon to chlorophyll ratios (C:Chla) separated by size fractions and upwelling mode. S, Singular; R, Recurring. Mind the
different y-axis scales. Dotted lines represent DW additions, dashed line marks the single DW addition to singular treatments.
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enclosures (Schulz et al., 2017). Apart from the grazing pressure
affecting the picophytoplankton overall, this has been attributed
to the sudden reduction in the mixed layer depth and
consequently higher light exposure inside, to which these
genera are more sensitive (Llabrés and Agustı,́ 2006) and offers
an explanation to why they did not pick up more in the singular
treatments after these became nutrient-depleted again.
Frontiers in Marine Science | www.frontiersin.org 11
Synechococcus, similarly prevalent in these waters, might have
failed to increase in abundance due to grazing. In summary, all
treatments displayed trophic reorganization, but the extent
scaled with upwelling intensity.

Another key message lies in the changes in PER. DOC produced
by phytoplankton serves as substrate for heterotrophs. Unless
recirculated through the microbial loop, it does not contribute to
the pool of particulate organic material consumed by higher trophic
levels such as copepods (Fogg, 1983; Cushing, 1989). Compared to
the Atlantic, all treatments and the control led to a strong reduction
in PER. But PER in the treatments was still consistently lower than
in the control, and much more under recurring mode. The negative
relationship between PER and the amount of added nutrients in the
recurring treatments (Figures 2A, B) indicates a better suitability of
high intensity recurring upwelling to fuel a food web that ultimately
sustains harvestable fish, since less organic carbon would be lost to
heterotrophic bacteria. This pattern is also consistent with literature
PER values of naturally nutrient-rich (low PER) and oligotrophic
(high PER) waters, placing the high and extreme recurring
treatments in the spectrum of nutrient-replete upwelling areas
(Teira et al., 2001; Teira et al., 2003). It is worth noting that the
PER values obtained likely reflect “net” PER at equilibrium with
bacterial uptake of PPDOC rather than the gross amount of exudate
released given the long incubation times applied (Wolter, 1982), and
might therefore be underestimated. Shorter incubation times are
commonly used to measure gross amounts of exudate release, as
PPDOC rates are influenced by bacterial uptake lag phases in release
kinetics (Lancelot, 1979; López-Sandoval et al., 2013). Moreover,
nutrient limitation under singular as well as low intensity recurring
DW supply likely led to not only increased phytoplankton PER, but
also to reduced bacterial uptake of exudates (Obernosterer and
Herndl, 1995). In summary with the other main findings (i-iii) this
supports the conclusion, that long-term intense recurring upwelling
is better suited to achieve a permanent shift from an oligotrophic
FIGURE 7 | Schematic depiction of the main findings surrounding primary
production in this study. PER, Percentage Extracellular Release. The white
arrows illustrate cell size and arrows under PER% the magnitude of
extracellular release.
FIGURE 6 | Mean carbon assimilation numbers (AN) and standard deviations for total phytoplankton, microphytoplankton (20-250 µm), nanophytoplankton (2-20
µm) and picophytoplankton (0.2-2 µm). Shaded area shows standard deviation for total phytoplankton AN.
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community to one resembling that of productive upwelling regions.
At least on the primary producer level this change was achieved
during our experiment, visible in the higher PPcum and lower PER
under elevated upwelling intensity (Figures 1B, 2) as well as the
marked shift in PP and B (Chla less so) contributions from pico-/
nano- towards nano-/microphytoplankton (Figure 4). Though the
singular treatments also displayed a similar development, PP rates
and B of the high and extreme mostly remained below those of their
recurring counterparts, apart from the initial peaks. Ortiz et al.
(2022) also reported an analogous development in the metabolic
balance (net community production and ratio of gross production
versus respiration) of the phytoplankton community: Recurring
treatments of medium to extreme upwelling intensity consistently
maintained a net autotrophic state whereas singular treatments
swiftly reassumed a balanced to net heterotrophic state after
nutrient depletion.

Comparison of our data with in situ PP measurements from the
vicinity of the islands was only possible for total PP rates, since we
found no reported measurements on size-fractionated PP for this
region except for one dataset from the Atlantic Meridional Transect,
several hundred kilometers away, collected by Marañón et al. (2001;
1.2-7.2 µg C L-1 d-1 with highest rates being PPpico). Peak PPPOC rates
measured in the Canary Islands area during blooms or higher
production periods range from 913 to 2780 mg C m-2 d-1

(Supplementary Table 1). Peak PP rates obtained in the recurring
treatments were comparable to this, while the singular extreme
treatment reached PP rates almost 1.7 times higher (4689 mg C m-2

d-1). The mean PP rates, on the other hand, were within the
spectrum found during upwelling periods or other settings
supporting elevated production (Supplementary Table 1). This
confirms that the scenarios simulated in the mesocosms are
realistic and that the phytoplankton community adjusted to
artificial upwelling the same way it adjusts to natural nutrient
input events. The particularly low PP in the control mesocosm
and Atlantic samples matches the low productivity season in which
the experiment took place (Arıśtegui, 1990). And although the
general trends of increased system productivity under artificial
upwelling align, comparative interpretation of the few previous in
situ applications of artificial upwelling is difficult, due to strongly
varying time-scales (hours to years of monitoring) and different
parameters used by other authors; such as surface layer Chla values
(as opposed to depth integrated), plankton standing stocks or species
diversity/richness indexes (Masuda et al., 2010; Jeong et al., 2013).

4.2 Carbon Dynamics and Implications for
Primary Production Models
Assimilation numbers (µg C µg Chla-1 h-1) were not impacted
much by the different treatments except for a slight increase
in mean microphytoplankton AN with increas ing
upwelling intensity (Figure 6), which can be attributed to the
few very high datapoints that skewed the mean values.
Microphytoplankton having generally higher AN than smaller
phytoplankton is consistent with literature (Poulton et al., 2006;
Cotti-Rausch et al., 2020). The absence of a strong upwelling mode
or intensity effect on AN seems counterintuitive, but follows
observations made by Harrison and Platt (1980) and Falkowski
Frontiers in Marine Science | www.frontiersin.org 12
(1981) that showed no observable relationship between available
total inorganic nitrogen and AN. Marra et al. (2007) argued that
environmental variability is better described by pigment
absorption properties rather than the quantity of Chla. A case
also made by Milligan et al. (2015), who further summarized the
substantial evidence on AN not reflecting the availability of
nutrients. Moreover, AN also decrease due to increased
packaging and consequent decreased absorption efficiency when
the average cell size increases (Bricaud et al., 1995). All this offers
an explanation to the non-existent impact on Chla concentration-
based AN in our experiment despite the forcing of substantial
stoichiometric changes on the community through the treatment.

We interpret the high variability found across C:Chla ratios in
all size fractions and especially among microphytoplankton with
some caution, due to constraints related to the biomass estimates
discussed later in 4.3. But it nonetheless picks up on an issue that
has been raised repeatedly in ecosystem production models: an
over-simplified depiction of the primary producer community
(Marañón et al., 2000; Marañón et al., 2001; Richardson, 2019).
Chla-based models mostly assume constant C:Chla ratios and
cell sizes and directly translate changes in Chla to B (Westberry
et al., 2008; Silsbe et al., 2016), although it has been shown that
the relationship between Chla and B is not necessarily linear
(Saba et al., 2010; Pasqueron De Fommervault et al., 2017). Our
findings support the critique on this over-simplified approach.
Although more recent models like the Carbon-based
Productivity Model (CbPM) and the Carbon, Absorption, and
Fluorescence Euphotic-resolving model (CAFE) have improved
at this, the issue still persists (Westberry and Behrenfeld, 2014).
Baklouti et al. (2021) have coherently summarized both the
ongoing debate in this topic as well as the importance of
considering detailed information and variability on
phytoplankton elemental stoichiometry, abundances and cell
size shifts, the latter of which is highlighted by our findings.
Oddly enough, model validation with in situ data also seems to
completely ignore the influence of major players in global ocean
primary production like eastern boundary upwelling systems.

4.3 Interpretational Limitations
Largemesocosm experiments of this type bring about their own set
of caveats and limitations as is thoroughly discussed by, e.g., Bach
et al. (2020) (and more generally by Gamble and Davies (1982)).
Perhaps the most evident is the small number of replicates
imposed by the technical and logistical efforts that go into
experiments of this magnitude. In this study we chose two
different upwelling modes on top of different intensities in order
to enhance the topical scope of the study, although this meant
limiting the statistical power since the regression analyses had to be
run through a small number of data points only. Moreover,
compared to the Atlantic, there was a reduction of both PER
(Figure 2) and overall picophytoplankton contribution to PP and
Chla (Figure 4) in the control. Whether this could represent an
enclosure effect is unclear, since the Atlantic was obviously subject
to constant changes and is therefore not directly comparable to any
mesocosm unit. Notwithstanding, all treatments differed strongly
from the control in their development and the establishment of
June 2022 | Volume 9 | Article 880550
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similar starting conditions (see d1-d3 in Figures 1 and 3) also
worked well. Hence, we are confident that the results discussed are
a realistic representation of how oligotrophic communities of the
subtropical Atlantic would react to artificial upwelling.

The unusual ly high C:Chla rat ios found among
microphytoplankton (Figure 5, top row) also demand further
discussion, as these exceeded the highest values we found in
literature (Sathyendranath et al., 2009). Literature C:Chla values
are often based on total particulate organic carbon rather than
calculated phytoplankton B and only few authors have
gone through the lengths of additional fractionations to
differentiate between C:Chla ratios of micro-, nano-, and/or
picophytoplankton (e.g., Pérez et al., 2006; Calvo-Dıáz et al.,
2008). Going into size fractionated C:Chla ratios increases the
detail richness of the data, but comes at a cost of added
uncertainty. In our case, we assume that we might have slightly
overestimated microphytoplankton B, since small errors in size
measurements using light microscopy can get enhanced along
the conversion from size to biovolume and biovolume to
biomass. Which in turn strongly affects the C:Chla ratio,
particularly at low Chla concentrations. This is less likely for
nano- and picophytoplankton, because the applied method, flow
cytometry, is less prone to human error (see section 2.4).

4.4 Conclusions
In summary, artificial upwelling applied to an oligotrophic
plankton community led to increases in PP, PPcum, Chla and B
that scaled linearly with upwelling intensity (illustrated in
Figure 7). Larger phytoplankton size classes benefitted
disproportionately stronger from the upwelling of inorganic
nutrients, leading to a shift in the phytoplankton community
composition towards larger cells, predominantly composed of
diatoms. The observed stimulation in primary production, build-
up in phytoplankton biomass and shift in community structure
in response to artificial upwelling are well within the range of the
seasonal variation occurring in this region, with enhanced
productivity and accumulation of larger-sized phytoplankton
typically occurring under intensified vertical mixing in mid to
late winter. The observed responses differed with regard to the
applied mode of artificial upwelling. Under high upwelling
intensity the recurring treatments generated more B than their
singular counterparts and yielded significantly higher PPcum per
unit of nutrient supply. The loss of primary produced organic
matter via extracellular release (PER) declined with increasing
upwelling intensity and was lower in the recurring compared to
the singular upwelling mode. Our results demonstrate that (i)
oligotrophic phytoplankton communities are capable to rapidly
and effectively adjust to artificial upwelling, (ii) this response is
independent of the upwelling intensity, i.e. it scales linearly with
the mixing ratio of nutrient-rich deep to nutrient-impoverished
surface waters, and (iii) the response differs depending on the
upwelling mode, with recurring upwelling yielding higher rates
of primary production, stronger biomass build-up per unit of
deep-water nutrient supply and lower extracellular release of
primary produced organic matter than single pulsed upwelling.
These findings indicate that a key objective of artificial upwelling,
the efficient use of upwelled nutrients by the larger phytoplankton
Frontiers in Marine Science | www.frontiersin.org 13
size fractions, is met even under conditions where the resident
community is adapted to highly oligotrophic conditions.
This opens up the pathway for either a more efficient transfer of
primary produced organic matter to higher trophic levels or
enhanced export efficiency via organic matter sinking.
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