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Microzooplankton communities
and their grazing of
phytoplankton under
artificial upwelling in the
oligotrophic ocean
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Research, University of Agder, Kristiansand, Norway, 3Biological Oceanography, GEOMAR Helmholtz
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University, Lismore, NSW, Australia, 5Tvärminne Zoological Station, University of Helsinki,
Hanko, Finland
Ocean artificial upwelling has been suggested to boost primary production and

increase harvestable resources such as fish. Yet, for this ecosystem-based

approach to work, an effective energy transfer up the food web is required.

Here, we studied the trophic role of microzooplankton under artificial upwelling

via biomass and community composition as well as grazing rates on

phytoplankton. Using mesocosms in the oligotrophic ocean, we supplied

nutrient-rich deep water at varying intensities (low to high) and addition

modes (a Singular large pulse or smaller Recurring pulses). Deep-water

fertilization created a diatom-dominated bloom that scaled with the amount

of inorganic nutrients added, but also Synechococcus-like cells, picoeukaryotes

and nanophytoplankton increased in abundance with added nutrients. After 30

days, towards the end of the experiment, coccolithophores bloomed under

recurring upwelling of high intensity. Across all upwelling scenarios, the

microzooplankton community was dominated by ciliates, dinoflagellates

(mixo- and heterotrophic) and radiolarians. Under the highest upwelling

intensity, the average grazing rates of Synechococcus-like cells,

picoeukaryotes and nanophytoplankton by microzooplankton were 0.35 d-1 ±

0.18 (SD), 0.09 d-1 ± 0.12 (SD), and 0.11 d-1 ± 0.13 (SD), respectively. There was

little temporal variation in grazing of nanophytoplankton but grazing of

Synechococcus-like cells and picoeukaryotes were more variable. There were

positive correlations between abundance of these groups and grazing rates,

suggesting a response in the microzooplankton community to prey availability.

The average phytoplankton to microzooplankton ratio (biovolume) increased

with added deep water, and this increase was highest in the Singular treatment,

reaching ~30 (m3 m-3), whereas the phytoplankton to total zooplankton biomass

ratio (weight) increased from ~1 under low upwelling to ~6 (g g-1) in the highest

upwelling but without a difference between the Singular and the Recurring

mode. Several smaller, recurring upwelling events increased the importance of

microzooplankton compared with one large pulse of deep water. Our results
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demonstrate that microzooplankton would be an important component for

trophic transfer if artificial upwelling would be carried out at scale in the

oligotrophic ocean.
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Introduction

Ocean primary production approximately equals primary

production on land and forms the basis for higher trophic levels

and harvestable marine resources (Field et al., 1998). In the ocean,

we are currently harvesting too much of high trophic level

resources, resulting in depleted fish stocks and impoverished

biodiversity (FAO, 2022). With a global population recently

exceeding 8 billion humans and still growing, we need to find

new sources of food with minimal environmental footprint.

Vast areas of the ocean are oligotrophic and primary production

is limited by inorganic nutrients. However, the ocean interior

contains high concentrations of inorganic nutrients below the

upper stratified surface water layer. That makes these nutrients

mostly inaccessible for the microscopic phytoplankton that make

up the bulk of ocean primary production. One way the nutrients

become accessible is through physical mixing events at different

scales (e.g. Gupta et al., 2022). This mixing is forecasted to decrease

with warmer surface temperatures of the ocean as it increases the

density difference between the upper ocean and underlying water

layers. This will reduce the amount of inorganic nutrients reaching

the sunlit surface and primary production limited by its availability

(Moore et al., 2018).

A prominent form of mixing is natural upwelling. Wind and

currents in combination with the earth’s rotation (Coriolis force)

may push coastal surface waters offshore and this surface water is

replaced with upwelling deep water. Due to the inorganic nutrients

in the deep water, upwelling areas are some of the most productive

areas of the ocean and crucial for fisheries. With large regional,

seasonal and temporal differences in upwelling, the effect of global

warming is difficult to project but seems to be dependent on the

location (Varela et al., 2015), but there is still a lot of uncertainty

about how upwelling will be affected by global warming (e.g. Bograd

et al., 2023).

With the importance of upwelling for productivity, and many

fisheries being close to, or exceeding the carrying capacity, the

prospect of artificial upwelling has been suggested to first increase

primary productivity and then harvestable resources (Kirke, 2003).

The first part of this assumption is reasonably well established. If the

surface of the oligotrophic ocean is fertilized with deep water, there

will be an increase in phytoplankton biomass (e.g. Sommer et al.,

2002). This does not, however, automatically transfer to higher

trophic levels such as fish: first, each trophic level reduces the

amount of biomass available for higher trophic levels (Eddy et al.,
02
2021); second, there could be a mismatch between primary

producers and the grazing community e.g. increasing export

rather than trophic transfer (Spilling et al., 2018); third, the food

quality of the phytoplankton varies and may not be very suitable, or

even toxic to higher trophic levels (Ianora and Miralto, 2010;

Thomas et al., 2022).

The most effective route resulting in increased fisheries would

be the classical food web model where large primary producers (e.g.

diatoms) are grazed by mesozooplankton (e.g. copepods), and

pelagic fish feeding on them. This type of short food chain with a

close match between primary producers and grazers supports some

of the richest fisheries in the world (Chavez and Messié, 2009). In

contrast, food webs in the oligotrophic ocean typically have longer

food chains, with the microbial loop being relatively more

important and where microzooplankton play a major role in the

trophic transfer (Calbet, 2008). Microzooplankton such as ciliates

have a wide range of preferred grazing prey and could play an

integral part in trophic transfer during artificial upwelling in

particular in cases where there is a mismatch between primary

producers and mesozooplankton grazers. Yet, the role of

microzooplankton during artificial upwelling needs to be

investigated before any conclusion can be made.

Technically, there are different ways artificial upwelling of deep

water could be introduced to the surface. The introduction of deep

water could either be stationary at one location or be placed on a

floating platform that moves with a water parcel. This difference will

have implications for the input of nutrient-rich water. Water masses

moving past a stationary upwelling point will get one addition of

deep water, whereas using a platform that floats with the water

parcel would add a continuous stream of nutrient-rich water to

planktonic communities in that water parcel. A single addition

would presumably make one large bloom of primary producers

whereas several additions of nutrients would produce a prolonged

bloom with a less pronounced biomass peak. The different modes of

upwelling could potentially affect the match/mismatch between

primary producers and the grazers, but what effect, if any,

different modes of artificial upwelling have on trophic transfer is

still an open question.

Here we investigate the effect of upwelling on planktonic

biomass, community, and trophic transfer. We set up a

mesocosm experiment and manipulated both the amount of deep

water added to the mesocosms and the mode of addition,

comparing one singular addition with the same amount of

inorganic nutrients added as several recurring additions.
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Materials and methods

Experimental setup

The mesocosm experiment was set up off Gran Canaria (Gando

Bay; 27° 55.673’ N, 15° 21.870’ W). The mesocosm bags, each

containing ~38m3, were set up and closed on 5th November 2018.

The bags were circular (Ø = 2 m) and extended down to 15 m depth.

At the bottom, there were conical-shaped sediment traps that

enabled the collection of settling material. Further description of

the bags can be found in Riebesell et al. (2013).

Nine mesocosm bags were used: one was left as an untreated

control, and eight received different additions of deep water. These

additions were done as a gradient, either in a single addition or eight

smaller additions that in total equaled the nutrient gradient of the

respective single addition (Table 1).

Deep water was collected on two occasions (26 Oct and 28 Nov)

using a deep-water collector, which, in short, is a 100 m3 bag that is

filled at the desired depth and brought to the surface (Taucher et al.,

2017). The original plan was to collect deep-water from 600 m

depth, but due to technical difficulties, the water collected was from

~300 m depth on both occasions. As this water did not contain the

targeted concentration of inorganic nutrients, we added nitrate,

phosphate and silicate to a final concentration of 25 µmol NO3 L
-1,

1.38 µmol PO4 L-1 and 12.1 µmol DSi L-1 respectively. A more

detailed description and outline of experiment events can be found

in Baumann et al. (2021).
Sampling

Samples were taken every second day with an integrating water

sampler (HYDROBIOS), which collected an integrated sample from0

– 13 m depth. The samples were stored in polycarbonate containers

inside a cool box until they were processed. Samples were taken in the

morning and were back in the laboratory around noon.

The plankton community was sampled and counted directly

(no fixatives used) with a FlowCam (FluidImaging) using 4x

magnification and a 300 µm flow cell. The camera was set to take

13 frames s-1 and all particles >3 µm were captured. Each sample

was run for 10 min using the volumetric counting mode, equaling

10.1 mL of counted volume. Example of images taken are presented

in the Supplementary Figure S1.
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Microzooplankton samples were fixedwith acidic Lugol’s solution

and stored in a fridge until counting using a Utermöhl chamber (20 or

50mL depending on how dense the sample was). Samples were settled

overnight at room temperature before enumeration with an inverted

microscope (Leitz labovert) using a 20x objective.

Mesozooplankton was collected with vertical net hauls with

different sized Apstein nets (55/500 µm mesh size, ø 17/50 cm,

HYDRO-BIOS Kiel) every four days. Mesozooplankton organisms

were counted and categorized into different size classes (55-200 µm,

200-500 µm, > 500 µm). Based on their taxonomic identity, the

most abundant species were handpicked, dried at 60°C for 24 h,

packed into tin capsules and stored dry in a desiccator (GEOMAR

Kiel, Thermo Scientific IRMS). Further details of sample processing

can be found in Spisla (2021). Carbon content was determined by

mass-spectrometry (GEOMAR Kiel, Thermo Scientific IRMS).

Combining the carbon content of key species, covering different

size groups, we converted the total abundance counts to

mesozoplankton biomass in µg C L-1.

For the comparison of ratios between different groups we also

made a conversion of the biovolume of phytoplankton from the

measured seston carbon concentration presented in Baumann et al.,

2021. These samples were filtered, mesozooplankton removed, and

the carbon content determined with a CN analyzer (Euro EA-CN,

HEKAtech GmbH,Wegberg, Germany). Assuming this represented

the phytoplankton, microzooplankton and detritus determined

with the FlowCam, we calculated an average conversion factor of

50 µg C mm-3 to get a carbon estimate of phytoplankton, but noted

some variability in this number with higher values outside the main

biomass peaks. For microzooplankton, we used a conversion factor

of 190 µg C mm-3 (Putt and Stoecker, 1989).

Fresh samples were run through a flow cytometer (Cytosense,

Cytobuoy) using two differentflow rates 1.34µl s−1 (180 s) and 10.86 µl

s−1 (300 s). Thefirstflowratewas used todetermine Synechococcus-like

cells, and the second to determine larger phytoplankton species. The

flow cytometer was calibrated by running MQ water for various

periods and measuring the mass loss with a high-precision balance,

allowing the determination of flow rates from the slope of mass loss

against time. The photomultiplier tube settings were 65 for sideward

scatter (SWS), 90 for green/yellow (FLY), 90 for orange (FLO) and 93

for red fluorescence (FLR), and the trigger was set to FLR7 for the

prokaryote and to FLR17 for the larger phytoplankton setting.

Clustering of the data was performed in Cytoclus (version 4.8.2.8),

using exclusive sets (Marie et al., 1999). Distinct clusters of

Synechococcus-like cells were identified using average FLR against

total FLY. Total FLR against total FLO was used to cluster

picoeukaryotes and total FLR against total SWS was used to identify

nanophytoplankton. More details on the flow cytometer methods

including data on additional groups can be found in Schulz et al.

(in prep).
Grazing rates

Grazing rates were determined by setting up dilution

experiments (Landry and Hassett, 1982). We did dilution
TABLE 1 The experimental setup with the percent original water
exchanged with deep water during the addition(s), and the total addition
of nitrate (sum of all additions in the Recurring treatment).

Control Singular Recurring (x8)

0%; 0 µM – –

– 6.4%; 1.6 µM 0.8%; 1.6 µM

– 12.0%; 3.1 µM 1.6%; 3.1 µM

– 22.4%; 5.6 µM 3.2%; 6.2 µM

– 39.2%//9.8 µM 6.4%//11.0 µM
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experiments on every sampling day, but due to time constraints

only for two mesocosms: Singular extreme and Recurring extreme.

Samples (5 L) were taken by the integrating water sampler. Half

of the sample was filtered using a peristaltic pump and 0.2 µm filter

cartridge (Pall). Care was taken to reduce shear stress in the sample

water, e.g. by always homogenizing samples by gentle rotation of the

bottle. The experiment was set up using 500 mL Tissue Culture

flasks (Greiner), filled with 400 mL, leaving some headspace. The

dilution series was set up using nine TC flasks. No dilution (100%

sample water), and the most diluted (12.5% sample water + 87.5%

0.2 filtered water) were done in triplicates. In addition, bottles with

25%, 50% and 75% sample water, mixed with 0.2 µm filtered water

of the same origin were set up.

Inorganic nutrients were added to the dilution series in F/20

medium concentration (Guillard and Ryther, 1962). The bottles

were set up in a water reservoir with flow-through seawater keeping

close to in situ temperature (20.7 - 21.5°C). The bottles were stored

in random locations inside an open box to keep them in place. The

box was submerged in the flow-through reservoir and covered with

one layer of blue foil (172 Lagoon Blue, Lee filters) to bring the light

spectrum closer to the one in the mesocosm bags. These incubations

were done in the same way as the primary production

measurements presented by Ortiz et al. (2022a); Ortiz et al. (2022b).

The counting of phytoplankton was done with a flow cytometer

(Cube 8, Partec)with a connected autosampler taking samples from96

well plates. The flow cytometer had two lasers (488 and 561 nm) and

recorded forward and side scatter in addition to three fluorescence

channels representing chlorophyll a (Chl a; 670/40 nm detection),

phycoerythrin (610/30 nm) and phycocyanin (661/16 nm) pigment

fluorescence. The original countwas done right after the dilution series

was set up and again after 24 h. Gating of the phytoplanktonwas done

using FCS Express 6 software and main groups were identified as

described above. The larger eukaryotes and coccolithophoreswere also

excluded as we did not have the option of mounting the incubation

bottles on a planktonwheel and these groups likely sank rapidly to the

bottom of the incubation bottles.

Data analysis

Comparisons of treatments were done using added inorganic

nitrate as explanatory variables and the mean of repeated measures

of plankton biomass as response variables. Linear regressions with

accompanying statistics were done in SigmaPlot 15. Comparisons

between two groups were done with a Student’s pairwise t-test. The

effect of the treatment and temporal development on the

microzooplankton community was also determined using

ordination scores of the first and second axis of a nonparametric

multidimensional scaling (NMDS) estimated with the metaMDS

function in the vegan package in R software (Oksanen et al., 2022).

Results

Biomass

The addition of deep water stimulated a bloom of diatoms in

the mesocosms, with the highest concentration in the singular
Frontiers in Marine Science 04
extreme addition of deep water (Figures 1A, B). The largest

abundance peak of diatom chains developed in the Singular

extreme treatment on days 11-13, a week after the addition of

deep water. Smaller diatom peaks occurred in Singular high and

medium. In the Recurring extreme treatment, the diatom

abundance peak developed later and was more prolonged

compared with the Singular treatment (Figure 1B). In the

Recurring high and medium treatments there was more diatom

biomass that declined towards the very end of the experiment. Also,

towards the end of the experiment, there was a bloom of

coccolithophores that occurred in the Recurring extreme and, to

a smaller extent, in the Recurring high treatment (Figure 1C).

Microzooplankton were dominated by ciliates, heterotrophic/

mixotrophic dinoflagellates and radiolarians (Figures 1D–F). For

ciliates, the abundance peaks varied temporally in the different

mesocosms, with a first biomass peak at the same time as the diatom

peak in the Singular high and medium treatments. This was

followed by a biomass peak in the Singular extreme on day 19

followed by peaks in the Recurring extreme on day 25 and in the

Recurring medium and high on days 31 and 25 respectively. There

was also a second peak in ciliates biomass in the Singular extreme

on day 31.

Large dinoflagellates (> 20 µm) had a peak at day 13 in the

Singular extreme and high, with smaller abundance peaks in

Singular medium and Recurring extreme at this time point. This

dinoflagellate group became more abundant towards the end of the

experiment (after day 25) in the Recurring extreme, high and

medium treatments.

Radiolarians increased in biomass in most of the mesocosms

with a peak around day 25, with a notable exception of Singular

extreme where they were almost absent throughout the experiment.

Also, in Singular low, radiolarians were at very low biomass during

the main peak in other mesocosms, but there was a lower peak in

this mesocosm at day 15.

There was also a clear effect of the deep-water addition on the

smaller phytoplankton (Figure 2). Synechococcus-like cells increased

in all mesocosm bags including the control, a week after the closure

of the bags, but had the highest initial abundance peaks in the

Singular treatment, in particular in Singular extreme and high.

Picoeukaryotes and nanophytoplankton also increased rapidly in

these same treatments after the addition of the deep water followed

by lower abundance in all treatments after the initial peak.

The development in the mesozooplankton biomass varied

between 10 to 20 µg C L-1 at the beginning of the experiment

(Figure 3). There was one exception, Singular low, where the

biomass was much lower due to the presence of small fish (data

not shown). The highest peak of mesozooplankton was in the

Singular high reaching 57 µg C L-1 (Figure 3).
Community composition

There was an effect of both deep-water addition and temporal

development in the microzooplankton community composition

(Figure 4). Ciliates were dominated by Strobilidium sp.,

Strombidium sp. and the tintinnids Amphorides sp. and
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Dadayiella sp. during the first bloom of phytoplankton followed by

an abundance peak in the tintinnid Eutintinnus sp. in the treatment

with added deep water midway in the experiment. The main

dinoflagellates present were Protoperidinium spp, Gymnodinium

sp, Gyrodinium sp. Scrippsiella sp., Peridiniella sp. Heterocapsa spp

and Ceratium spp. (Figure 4; Supplementary Table S1).

Protoperidinium spp were mostly present in the Singular

treatments and Recurring extreme, whereas some of the other

dinoflagellates like Gymnodinium sp. increased in all mesocosms

during the first half of the experiment. Scrippsiella sp. had the

highest abundance peaks in the two extreme additions.

Using the microscopy abundance counts as input variables, a

nonparametric multidimensional scaling plot showed that the

temporal development was more important than the treatment

effects for the microzooplankton community composition, but the

Singular high and Singular extreme treatments were positioned a bit

apart from the other treatments (Supplementary Figure S2).

There was a positive correlation between deep water added and

ciliate biomass with the exception of the Recurring extreme

treatment which had less ciliate biovolume than Recurring high

treatment (Figure 5). The same positive correlation was found for
Frontiers in Marine Science 05
heterotrophic dinoflagellates in the Recurring treatment, whereas

the radiolarian biovolume was independent of the deep-water

addition. Overall, the biovolume of microzooplankton was higher

in the Recurring compared with the Singular treatment (Student’s

paired t-test; p = 0.02; Supplementary Figure S3). The

mesozooplankton community was dominated by different

copepods, but with a large peak of Oikopleura in some of the

Singular treatments and in the Recurring high treatment towards

the end of the experiment (data not shown). There was no detected

difference in mesozooplankton biomass between Singular and

Recurring modes of addition (Figure 6; p = 0.5).

There was a positive correlation between the ratio of

phytoplankton to microzooplankton biomass and the deep-water

addition, and the slope was steeper for the Singular compared with

the Recurring treatment (Figure 7; p = 0.016). This ratio based on

biovolume (m3m-3) was 3.26 in the control, and elevated to 30.65 and

16.12 in the Singular extreme and Recurring extreme respectively.

Using biovolume converted to carbon for phytoplankton and

microzooplankton, the calculated phytoplankton to zooplankton

(sum of micro- and mesozooplankton) ratio was positively

correlated with upwelling intensity, with an average ratio around 1
B

C D

E F

A

FIGURE 1

The biovolume over time of different nano- and microplankton groups: the total biovolume of all nano and microplankton (A), diatom chains
(B), coccolithophores (C), dinoflagellates >20 µm (D), ciliates (E) and radiolarians (F). Example images used in the biovolume determination can be
found in the Supplementary Material (Supplementary Figure S1). The solid vertical line in Figure 1A denotes the time of addition of deep water in both
singular and recurring treatments and the dashed vertical lines are addition of deep water in the Recurring treatment (similar for all graphs).
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in the control and low upwelling modes increasing to ~6 in the two

extreme upwelling treatments (Figure 7), but there was no conclusive

difference in the slope between Singular and Recurring upwelling

(p = 0.14).
Grazing

The grazing rates of picoeukaryotes and nanophytoplankton

increased after the addition of deep water in the Singular extreme
Frontiers in Marine Science 06
and Recurring extreme treatments (Figures 8A, C). Grazing of

Synechococcus-like cells were mostly present during the first half

of the experiment. After this, grazing was not detectable apart from

the very end of the experiment, in particular in the Recurring

extreme treatment. Grazing rates of Synechococcus-like cells and

picoeukaryotes had a higher peak in the Singular extreme compared

with Recurring extreme treatment during the first half of the

experiment. This was also taking place at the same time as a peak

in large dinoflagellates (> 20 µm) in this treatment.

Nanophytoplankton grazing was reaching the highest rates in the
B

C

A

FIGURE 2

The abundance of Synechococcus-like cells (A), picoeukaryotes (B) and nanophytoplankton (C) during the experiment. See Figure 1A for the timing
of the deep-water addition.
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FIGURE 3

Temporal development in the total mesozooplankton biomass. See Figure 1A for the timing of the deep-water addition.
B

C D

E F

A

FIGURE 4

Examples of the abundance of key microzooplankton groups: ciliates combined Amphorides sp. plus Dadayiella sp. (A); Eutintinnus sp (B), combined
Strobilidium sp. plus Strombidium sp (C), and dinoflagellates Protoperidinium sp (D), Gymnodinium (E) and Scrippsiella sp (F). Abundance of all
counted groups can be found in the Supplementary Table S1. See Figure 1A for the timing of the deep-water addition.
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Recurring extreme treatment on day 7 at 0.7 d-1. For the rest of the

experiment, grazing rates of nanophytoplankton were mostly

between 0.2 to 0.6 d-1 in both treatments.

There was a connection between abundance and grazing rates in

the Singular and Recurring extreme treatments (Figures 8A–F).

Comparing the grazing rates of the three smallest autotrophic

groups with their abundance counts in the respective mesocosm,

revealed a positive correlation between Synechococcus-like cells and

picoeukaryote abundance and grazing rate in the Singular extreme

treatment (Figures 8B, D). The same positive correlation was found
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between nanophytoplankton abundance and grazing rates in the

Recurring extreme treatment (Figure 8F).
Discussion

There was an effect of both increasing addition of deep water

and mode of addition on the microzooplankton community and

biovolume. Spreading the amount of inorganic nutrients over time

provided more time for the microzooplankton community to
B

C

A

FIGURE 5

The average biovolume of ciliates (A), heterotrophic dinoflagellates (B) and radiolarians (C) plotted against the addition of deep-water. Linear
regression statistics for Singular mode is in red and for Recurring mode in blue.
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respond with higher biomass overall in the Recurring treatment, but

the response was different for different groups of microzooplankton.

The key microzooplankton groups consisted of ciliates,

heterotrophic and mixotrophic dinoflagellates and radiolarians.

This is consistent with the plankton community in the area, apart

from the radiolarians that are not that commonly reported (e.g.

Schmoker et al., 2014).

There was a clear shift in the community of ciliates and some

taxa were more affected by added nutrients than others. For

example, Strobilidium sp and Strobidium sp are known to have

high growth rates under favorable conditions (Montagnes, 1996)

something we also observed. Amphorides sp. and Dadayiella sp, also

increased rapidly after the first addition of deep water but

disappeared rapidly at the end of the bloom, which to a large

extent was exported out of the system (Baumann et al., 2021).

Different groups of tintinnids were the main biomass of ciliates that

became dominant after the initial bloom in the Singular extreme

and in the Recurring treatments. The ciliate biomass in the

Recurring extreme was much lower than in the Recurring high,

perhaps an indication of a non-linear relationship between deep

water addition and ciliate biovolume but no conclusion can be made

based on one data point.

For dinoflagellates, the pronounced peak in biovolume in the

beginning of the experiment was likely a response in the auto- and

mixotrophic dinoflagellates benefitting from the inorganic

nutrients. This was e.g. the Gymnodinium spp and Scrippsiella sp,

which had a similar timing of the abundance peak after deep water

addition. In the latter half of the experiment, the biovolume of

heterotrophic dinoflagellates such as Protoperidinium spp increased

in particular in the Recurring addition mode. Heterotrophic
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dinoflagellates typically ingest relatively large prey items (Hansen,

1991), and there is a temporal delay between food items becoming

available until reaching maximum growth potential (Anderson and

Menden-Deuer, 2017). The higher biovolume in the Recurring

treatments suggested the increased duration of the algal bloom

provided more time for heterotrophic dinoflagellates to build

up biomass.

Radiolarians had a relatively high peak in biovolume in some

mesocosms but were not counted in the microscopy method that

was independently done. It is known that acid Lugol’s solution does

not work well with some microzooplankton groups as this fixative

may affect both size and morphology (Stoecker et al., 1994), and the

lack of microscopic counts suggest this preservation method does

not work well with radiolarians. Radiolarians are well-known from

the fossil records but surprisingly little is known about their ecology

(Biard, 2022). Using imaging devices such as the FlowCam, that can

be run without fixatives, could benefit the study of this group of

protists. Interestingly, the radiolarian biomass was independent of

deep-water additions. Some radiolarians are known to have

photosymbionts (Decelle et al., 2015), and the driver for

radiolarian growth in the mesocosms could be due to very

specific grazing prey or relationships with symbionts deserving

further study.

There was a clear effect of both the upwelling intensity and

mode of upwelling on primary producers, and adding deep water

with inorganic nutrients created a bloom of phytoplankton closely

related to the concentration of nutrients added (see also Ortiz et al.,

2022b). This bloom was dominated by diatoms for the first three

weeks. This is not surprising as diatoms typically have an r-selected

strategy with the ability to quickly take up inorganic nutrients and
FIGURE 6

The average mesozooplankton biomass plotted against the addition of deep-water. Linear regression statistics for Singular mode is in red and for
Recurring mode in blue.
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produce biomass under favorable conditions (e.g. Smayda and

Reynolds, 2001). Making small but frequent additions of nutrients

prolonged the phytoplankton bloom in comparison to adding all

the nutrients at once in the beginning. In the last week of the

experiment, a coccolithophore bloom was clearly visible inside the

Recurring extreme mesocosm, with the water getting a milky tint.

The biovolume presented for this group is likely a slight

underestimation as most of the single-celled coccolithophores

were not easily picked out in the FlowCam software and ended
Frontiers in Marine Science 10
up in a group of unidentified <10 µm cells, but these would have

contributed to the total biovolume.

The phytoplankton bloom that developed was also reflected in

primary production, which positively correlated to nutrient

additions and was higher in the Recurring treatment compared

with the Singular treatment (Ortiz et al., 2022a). This difference was

not detected in community respiration, suggesting that the

autotrophs fixed more carbon with several smaller nutrient

additions compared with the larger but shorter peak in primary
B

A

FIGURE 7

The average phytoplankton (PhytoP) to microzooplankton (MicroZP) ratio (biovolume; A), and phytoplankton to total zooplankton (ZooP =
microzooplankton + mesozooplankton) ratio (weight; B) plotted against the deep-water additions. Linear regression statistics for Singular mode is in
red and for Recurring mode in blue.
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production in the Singular treatments (Baños et al., 2022; Ortiz

et al., 2022b).

The recorded grazing rates were in line with previous grazing

rates for the coastal Atlantic Ocean (Schmoker et al., 2013), but

what was a bit surprising was the sometimes low to absent grazing

rates of the smaller phytoplankton groups: Synechococcus-like cells

and picoeukaryotes. It was only the nanophytoplankton that were

consistently grazed throughout the experiment. However, there was

a positive correlation between grazing of Synechococcus-like cells

and picoeukaryotes and their abundance in the Singular treatment,

and nanophytoplankton grazing and its abundance in the Recurring

treatment. This indicates that microzooplankton can regulate their

grazing activity according to prey availability to some extent, but

following low prey abundance, it might take some time for the

grazers to start feeding on a particular food item again.

Dilution experiments are very elegant in theory but harder to

carry out with several pitfalls when it comes to execution. Here we

used relatively small volumes (about 5-orders of magnitude)

compared with the mesocosms. It is clear that the conditions

were not the same e.g. light, although we took steps to adjust e.g.

the spectral composition of the light. We also did not have the

option to place the incubation bottles on a plankton wheel and
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although there would be some advection due small changes in

temperature in the flow-through pool where they were placed,

larger non-motile organisms such as chain-forming diatoms were

quickly settling to the bottom of the flasks. These were mostly >20

µm and too large for the flow cytometer to count and were not part

of the nanophytoplankton group.

The diatom bloom was to a large extent exported after the

inorganic nutrients were depleted (Baumann et al., 2021). Although

microzooplankton did not effectively graze the diatom bloom that

formed, some groups were positively correlation between deep-

water addition suggesting that it was not a complete mismatch.

Overall, the temporal difference in microzooplankton biomass was

greater than the difference between Singular and Recurring

treatments. However, the Recurring mode of addition produced

higher microzooplankton biomass which gives an indication of this

mode providing more time for microzooplankton to adjust to the

phytoplankton food available and a better match between producers

and microzooplankton consumers. There was likely also a top-

down effect by mesozooplankton predation of microzooplankton.

Spisla (2021) found higher trophic transfer to copepods in the

Singular compared to the Recurring treatments based on 13C

incorporation. There were examples of rapid declines in
B

C D

E F

A

FIGURE 8

The grazing rates of Synechococcus-like (A), picoeukaryotes (C) and nanophytoplankton (E) plotted against time in Singular and Recurring extreme,
and the corresponding grazing rate plotted against abundance for the same groups: Synechococcus-like (B), picoeukaryotes (D) and
nanophytoplankton (F). The solid lines in (B, D, F) represent the significant (p <0.05) linear regression and dotted lines the 95% confidence interval.
See Figure 1A for the timing of the deep-water addition.
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microzooplankton abundance that likely was due to top-down control.

However, there was no overall difference in mesozooplankton biomass

between Singular and Recurring treatments considering the average of

the whole experiment suggesting that it was not large enough of a

difference in the top-down control to make a measurable difference in

mesozooplankton biomass.

Microzooplankton was particularly dominating the

zooplankton biomass in the Recurring low and medium

treatments suggesting it plays the biggest role under conditions

with small and frequent additions of nutrients. Given additional

time, microzooplankton might upgrade the food quality for larger

crustacean mesozooplankton and increase the overall transfer to

higher trophic levels (Campbell et al., 2009), but the experiment was

too short to see any such effect here.

There are Some ocean models predict phytoplankton to

zooplankton biomass ratio (P: Z ratio) in the range 0.1 – 10 with

the highest values in nutrient-poor oligotrophic ecosystems that are

bottom-up controlled, whereas lower ratios are found in more

productive areas (Ward et al., 2012). However, other models

point to an inverse relationship with the lowest P: Z ratio in less

productive and increasing in more productive areas (ratio of 0.3 –

3.0; Negrete-Garcia et al., 2022). Our results are more in line with

the latter in that the P: Z ratio increased with the nutrient input. The

experiment was done in the oligotrophic ocean, and the duration

was perhaps not enough to reach a new steady state. In other words,

our high P: Z ratio in the high and extreme treatments could be a

consequence of the initial mismatch between the phytoplankton

and grazing communities.

Artificial upwelling would need to be done on a large scale to

have any impact on ecosystem production, and bringing up such

volumes of deep water would have other effects as well apart from

fertilizing the surface ocean. The temperature of the upwelling

water would be much lower than the surface water at low latitudes,

and would itself have a cooling effect (Oschlies et al., 2010), which

also affects gas solubility (Jürchott et al., 2023). Temperature was

not something we addressed in this experiment, but could have

practical implications for the community composition of both

primary producers and zooplankton which have temperature

optima that are species-specific. In addition, physiological

responses are also greatly affected by temperature, and this should

be studied further to understand what effect the lower temperature

might have on the plankton community.
Conclusion

Grazing of the autotrophs by microzooplankton was consistent

for nanophytoplankton but more variable for Synechococcus-like

cells and picoeukaryotes, but there was a positive correlation

between the abundance of these groups and grazing rates,

suggesting a response in the microzooplankton community to

prey availability. Some groups of microzooplankton biomass

increased with deep-water addition, but the increasing P: Z ratio

could be an indication that trophic transfer efficiency would be

reduced with more nutrients added. Several smaller, recurring
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upwelling events increased the importance of microzooplankton

compared with one large pulse of deep water. Our results

demonstrate that microzooplankton would be an important

component of trophic transfer if artificial upwelling would be

carried out at scale in the oligotrophic ocean.
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Varela, R., Álvarez, I., Santos, F., DeCastro, M., and Gómez-Gesteira, M. (2015). Has
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