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Abstract

The ratio of inorganic nitrogen to phosphorus (NP) is projected to decrease in the Eastern Boundary Upwelling Systems
(EBUS) due to warming of the surface waters. In an enclosure experiment, we employed two levels of inorganic NP ratios
(10 and 5) for three distinct plankton communities collected along the coast of central Chile (33°S). The primary effect of
the NP treatment was related to different concentrations of NO;, which directly influenced the biomass of phytoplankton.
In addition, low inorganic NP ratio reduced the seston NP and Chl a-C ratios, and there were some effects on the plankton
community composition, e.g., benefitting Synechococcus spp. in some communities. One of the communities was clearly
top-down controlled and trophic transfer to grazers was up to 5.8% during the 12 day experiment. Overall, the initial, natural
plankton community composition was more important for seston stoichiometry and trophic transfer than the manipulation
of the inorganic NP ratio, highlighting the importance of plankton community structure for marine ecosystem functioning.

Introduction

The Humboldt Current, one of the four major Eastern
Boundary Upwelling Systems (EBUS), transports water
from the Sub-Antarctic zone northwards along the west-
ern cost of South America before it deflects off the coast
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by Ekman transport. Cold, nutrient-rich, sub-surface water
replaces the surface water mass in several upwelling centers
along the coast of Chile and Perd. The high concentration of
inorganic nutrients in the upwelling water supports high pri-
mary production, which form the basis for one of the richest
fisheries in the world (Montecino and Lange 2009).

One of the emerging changes to ocean chemistry is the
loss of dissolved oxygen (DO), driven by increasing tem-
perature that cause reduced gas solubility and ventilation of
the deep ocean (Keeling et al. 2010; Stramma et al. 2010).
The DO dynamics is also governed by respiration, and
the absence of DO opens up a range of niches for micro-
bial life using alternative electron acceptors, with direct
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implications for cycling of key elements, e.g., C, N, P, and
Fe (Kirchman 2012). Expanding Oxygen Minimum Zones
(OMZs) in the EBUS regions will consequently change
the chemistry of the upwelling water with potential impli-
cations for biological production (Keeling et al. 2010;
Schmidtko et al. 2017).

Phosphate, the bioavailable form of P, is not a redox-
sensitive substance, but there is a strong, negative correla-
tion between DO and phosphate concentrations due to the
coupling between P and Fe cycling (Einsele 1938). Under
anoxic conditions, phosphorus bound to oxidized metal com-
pounds (e.g., Fe**) is released during reduction processes.
Continuing expansion of the South Pacific OMZ towards the
shelf will likely increase the release of P into the upwelling
water in the Humboldt Current.

The effect of expanding OMZs on N cycling is more
complex. The main reactive inorganic nitrogen (N,) spe-
cies: nitrate, nitrite, and ammonium have dual roles; they
can be used as nutrients for phytoplankton and bacteria, or
in microbial redox processes that end in the formation of
N, gas, which is not readily available for biological uptake
(with the exception of N-fixing diazotrophs). Denitrification
and anaerobic oxidation of ammonium with nitrite (anam-
mox) are major N, removing processes and the OMZs are
major N, sinks globally (Kuypers et al. 2005). However,
both these processes are ultimately driven by organic mat-
ter oxidation, which could function as a negative feedback
mechanism, i.e., if lower N, in the upwelling water reduces
the organic N input to the OMZs (Capone and Hutchins
2013; Kalvelage et al. 2013). The opposite process, N-fix-
ation, transforms N, into organic N by marine diazotrophs
and provides a source of “new” N, to the ecosystem. N-fix-
ation can take place both within the OMZs and in the sur-
face waters (Fernandez et al. 2011; Hamersley et al. 2011).
There is likely not a direct correlation between the OMZ
size and N, loss (Yang et al. 2017). However, given the
magnitude of N, loss in the OMZs, its projected expansion,
and model simulation of N sources and sinks, the bioavail-
able N, in the upwelling water will most likely decrease,
meaning a reduction in the supply of N, (Kalvelage et al.
2011; Landolfi et al. 2013). Loss of DO may, consequently,
affect both N and P cycling in opposing direction, decreas-
ing N, while increasing bioavailable P.

Upwelling off the Chilean coast takes place north of 38°S
and extends seasonally down to 46°S (Strub et al. 2019). Large
chains of diatoms typically dominate during periods with
strong upwelling, whereas picophytoplankton, nanoplankton,
and dinoflagellates increase in importance during periods with
less frequent or lower intensity upwelling (Anabalén et al.
2007; Collado-Fabbri et al. 2011; Anabaloén et al. 2016). The
bacterial community composition is known to be influenced
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by the DO concentration (Aldunate et al. 2018), and the plank-
ton community structure has implications for trophic transfer
pathways through the food web, and export of organic material
(Vargas et al. 2007; Ochoa et al. 2010). Given the importance
of plankton community composition, it is essential to under-
stand the consequences of a reducing inorganic NP ratio for
different communities as the effect of a decreasing inorganic
NP ratio will likely be modified by the phytoplankton com-
munity composition.

Although the Humboldt current system has been studied
over decades, there are, in general, few experimental studies
from the region, in particular addressing changing nutrient sto-
ichiometry, with a few notable exceptions: Franz et al. (2012)
and Hauss et al. (2012) reported from the same shipboard,
mesocosm experiment off the coast of Perti using four differ-
ent inorganic NP ratios ranging from 2.5 to 16. They found a
direct correlation between the inorganic NP ratio and particu-
late organic NP ratio after N-depletion but with a lower limit
of five (PON:POP ratio) (Franz et al. 2012), and the biomass
was related to the amount of inorganic N addition. There were
some changes to the community structure, e.g., low NP ratio
benefitting Heterosigma sp. and Phaeocystis globosa (Hauss
et al. 2012). Hauss et al. (2012) did one additional experiment
with and without mesozooplankton and inorganic NP ratios
of 20, 3.4, and 2.8, where the inclusion of mesozooplankton
from the start reduced the phytoplankton biomass peak due
to grazing.

Changes to the plankton community composition can be
more important for ecosystem functioning than direct changes
in environmental conditions, e.g., ocean acidification (Eggers
et al. 2014). Any effects of a reduction in the inorganic NP
ratio will likely depend on the structure of the plankton com-
munity. To address the combined effect of community com-
position and reduction in the inorganic NP ratio, we carried
out a short-term experiment using three distinct plankton com-
munities and two different NP ratios. The experiment was set
up with water from three different locations off the Chilean
coast, and we applied inorganic NP ratios 10 and 5. An NP
ratio of 10 corresponds closely to the mean inorganic NP ratio
integrated over the upper 30 m during upwelling periods in
the study area (Anabal6n et al. 2016), while an NP ratio of 5
was chosen to correspond to a future scenario with reduced
inorganic NP ratio in the upwelling water. Based on the pre-
vious studies from the region (Franz et al. 2012; Hauss et al.
2012), our original hypotheses were: (1) there is a clear effect
of inorganic NP on seston stoichiometry; and (2) changes in
the inorganic NP ratio will shift the plankton community com-
position. In addition, we wanted to compare the variability
caused by inorganic NP ratio and community composition and
hypothesized that (3) the variability in seston stoichiometry is
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greater between different communities than between the inor-
ganic NP ratio treatments.

Methods
Experimental set-up

Water was collected from three different locations along
the Chilean coast referred to as ‘North’, ‘Central’, and
‘South’ (Fig. 1) during austral summer (March). The sam-
pling sites were chosen based on different hydrological
conditions (Wieters et al. 2003; Narvéaez et al. 2004), with
the aim of having different initial plankton community
composition. Communities ‘North’ and ‘Central’ origi-
nated from frequent upwelling sites with low temperatures
(<13 °C), whereas the community ‘South’ was collected
in the vicinity of the Maipo River outlet, but with simi-
lar salinity. Water was collected from 5 m depth using a
Niskin water sampler. Temperature varied between 12.2
and 13.4 °C and salinity between 34.5 and 34.6 (Table 1).
The water was sieved through a 200 um mesh to remove
mesozooplankton to reduce immediate top-down control.
The water containers were covered with black plastic to
prevent excessive light during the transport.

Fig. 1 Map with the composite
sea surface temperature (°C) at
the day of water collection (13
March 2014) calculated from
satellite observations (multi-
scale, ultra-high-resolution sea
surface temperature, NASA
https://mur.jpl.nasa.gov/). The
arrow in the inserted map of
Chile indicates the Maipo River
outlet. The water was collected
from three different sites:
‘North’, ‘Central’, and ‘South’
(open circles)

33°s

13 13.5 14

72°W

The sampled water was set up in clean, 15 L carboys at the
Las Cruces Marine Biological Station. To clean the carboys,
they were first filled with artificial salt water (deionized water
with added salt, 35 g L™!) for a week at room temperature.
After that the carboys were emptied, acid washed (4 hin 10%
HCI), rinsed six times with deionized water, and dried. The
carboys were filled with the water collected from the three
different locations and submerged in a water bath placed
outside under natural sunlight. There was continuous flow
through of sea water (pumped from 5 m depth outside the
station) in the water bath keeping the temperature relative
stable at 14—16 °C. The water bath was lined with a black
plastic to limit backscattering of light, and a neutral screen
covered the water bath reducing the ambient irradiance. The
light was measured with a spherical light collector (Waltz)
inside the carboys and was 10% of the light above the shad-
ing screen. There were continuous measurements of light
and temperature (every 30 s), which is presented in the sup-
plementary material (supplementary Figs. S1 and S2). Light
was measured with a LiCor cosine collector connected to a
data logger (MadgeTech). Temperature was measured and
stored using an Ebro EBI310 thermometer with integrated
data logger, connected to a dipping probe placed in the water
bath. Two thermometers were used, measuring the tempera-
ture both at the inflow end and outflow end of the water bath.

72°W

14.5 15 15.5 16

Sea Surface Temperature (degree C)

Table 1 The coordinates of the

. ; 3 Location  Coordinates Salinity ~ Temperature  Initial inor- NP ratio after
samghng locatlon§ (Flg' 1), the ganic nutrient con- nutrient addi-
physical characteristics of the centration tion
water, and the NP ratio after
nutrient additions NO, PO, NP10 NP5

North 33.18611S-71.71933 W 34.6 123 °C 47uM  1.0uM 103 33
Central 33.350885-71.68208 W 34.6 12.2°C 248uM 2.6 M 114 6.7
South 33.61597S-71.64649 W  34.5 13.4°C 73uM  1.4uM 9.6 3.6
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The experiment was set up in a 3% design (three communi-
ties, two NP levels) with 3 replicates of each combination,
totaling 18 carboys. To avoid any confounding effect of the
placement of the carboys in the water bath, caused by slight
variation in temperature and light intensity, we used a com-
bination of random and consecutive placement. In short, all
of the first replicates were randomly distributed, followed by
the second and third replicates also with random distribution
within each group. The rationale behind this was to avoid the
possibility of having all of the three replicates placed close
to each other in the water bath, which is a possibility when
using full randomization of placement. There was continu-
ous, gentle bubbling with pre-filtered (0.2 um) air to provide
gas exchange and preventing settling. The outflowing air was
also going through a 0.2 um filter to prevent contamination.
We inspected the carboys visually every sampling day, and
could not detect any wall growth during the experiment.

We were not able to determine the inorganic nutrient
concentration before the start of the experiment, and could
not adjust the inorganic nutrient addition according to the
ambient concentrations. Inorganic N and P were added in
the form of nitrate (NaNO;) and phosphate (K,HPO,). The
concentration of added nutrients in the 15 L tank were 14.4
and 3.6 umol NO; L™" and 0.9 and 1.6 pmol PO, L™ for
the high and low NP ratio, respectively (Table 1). For sim-
plicity, we refer to the NP treatments as ‘NP10’ and ‘NP5’
throughout the text, which was the average high and low NP
ratio. To prevent any other nutrient limitation (e.g., silicate
limitation of diatoms or iron limitation), dissolved silicate,
trace metals, and vitamins were added to all treatments using
F/2 medium stock (Guillard 1975) to a final concentration in
all treatments fixed to the N addition in the ‘NP10’ treatment
(e.g., 7 umol L™ DSi was added to all treatments). After the
experiment, the initial nutrient concentrations (day 0) were
determined (Table 1), together with sub-samples taken dur-
ing the experiment (days 1-12).

Sampling

The experimental containers were placed inside the water
bath on 13 March 2014 (day 0) and sub-samples were taken
for filtration and determining the initial plankton communi-
ties. Inorganic nutrient were added before sampling in the
morning (08:00) of day 1, and sampling continued until day
12. Sub-samples (5 ml) were taken daily for measurement
of fluorescence properties. Other measurements were done
every 2 or 3 days (500 ml) with the exception of phytoplank-
ton and bacteria community samples, which were collected
three times during the experiment (additional 500 ml).
Fluorescence was measured after dark acclimation for
15 min, in a 10 mm quarts cuvette with an AquaPen (Photon
Systems Instruments) fluorometer using 450 nm excitation
light. The FixArea, which is the total area above the OJIP
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fluorescent transient between Fy, ,, and F ;, was used as a
proxy for Chl a concentration. The FixArea were multiplied
with 10~* before plotting the data. The maximum (F,,) and
variable (F,,— Fy=F,) fluorescence was used to calculate
the photochemical efficiency (F,/F,).

Inorganic nutrients and organic elements

For determination of inorganic nutrients (NO;, PO,, and
DSi), samples were stored in pretreated bottles, cleaned
with 5% HCI and dried with acetone, and placed in a freezer
(—20 °C). The nutrient concentrations of all samples were
determined right after the experiment. Samples were thawed
quickly at 40 °C and nutrients were determined with an
autoanalyzer according to Atlas et al. (1971), at the Escuela
de Ciencias del Mar, Pontificia Universidad Catélica de
Valparaiso.

Sub-samples were filtered onto GF/F filters to determine
Chl a and particulate organic nutrients. For Chl q, the filters
were subsequently flash-frozen in liquid nitrogen and kept
frozen until Chl a was extracted by adding 10 mL ethanol.
The vials were left in room temperature for 24 h before the
Chl a concentration was determined using a fluorescence
spectrophotometer (Cary Eclipse, Agilent Technologies)
calibrated against known Chl a standards (Sigma-Aldrich).
For particular organic carbon (POC), nitrogen (PON), and
phosphorus (POP), acid washed (6% HCI, 4 h) and pre-
combusted (450 °C for 4 h) GF/F filters were used. Filters
were allowed to dry and stored at room temperature until
determination of particular nutrients. POC and PON were
determined by a mass spectrometer (Europa Scientific,
ANCA-MS 20-20) and POP by the methods described in
Solérzano and Sharp (1980). Due to a failure of the mass
spectrometer, some samples were lost for day 9 data, pre-
venting calculation of error estimates for POC and PON for
some treatments at that time point.

The relative change of dissolved organic nitrogen (DON)
or phosphorus (DOP) was calculated according to the
following:

ADON = (PON —,, + NO;—,;,) — (PON —, + NO;—,,)

The particulate organic fraction was taken from day 0 and
day 12 (#0 and #12) and inorganic nutrients after their addi-
tion on day 1 (¢1) and from the last day (¢12). There were no
direct measurement of DON and DOP, and this would only
provide an indication of change in the DON and DOP pools.

Phytoplankton community composition

The phytoplankton community was determined by flow
cytometry (BD InFlux Cell Sorter equipped with a 488 nm
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and 640 nm lasers), FlowCam (FluidImaging), and light
microscopy. The flow cytometry samples were taken at
all sampling time points, and 1.2 ml were preserved with
120 pl Glutaraldehyde (25%, quality grade), and mixed and
flash-frozen in liquid nitrogen before storage at — 80 °C until
cells were enumerated. Chlorophyll-containing cells were
identified by red fluorescence (692 nm/40 nm bandpass) and
phycoerythrin-containing cells were identified by orange flu-
orescence (580 nm/30 nm bandpass). Nanophytoplankton
was distinguished from picoplankton based on light scatter
(FSC and SSC) and pulse width (transit time) compared to
3 um UltraRainbow fluorescent particles (Spherotech).

The FlowCam samples were taken three times: before
the beginning of the experiment (day 0), at the end (day
12) of the experiment, and at the Chl ¢ maximum based on
fluorescence measurements (days 5, 7, and 9 for communi-
ties ‘North’, ‘Central’, and ‘South’, respectively). For these
samples, 50 mL were preserved with acid Lugol’s solution
(0.5% v/v) and stored at 4 °C until they were counted. The
samples were left for a few hours at room temperature before
a minimum of 1000 cells (>2 um) were counted with the
FlowCam. The biovolume was determined automatically by
the software from the pixels of individual images of different
cells and then sorted into groups by a combination of the
sorting options provided by the software and manual clas-
sification. In addition, all samples from day 12 were counted
using an inverted microscope (Letiz Labovert). A minimum
of 400 cells were counted using 400 X magnification.

Bacterial community composition

The samples for bacterial community composition were col-
lected before the beginning of the experiment (day 0), close
to the Chl a peak (days 5, 7, and 9 for communities ‘North’,
‘Central’, and ‘South’, respectively), and in the end of the
experiment (day12). The samples (500 ml) were filtered onto
0.2 um sterile Whatman cellulose ester filters (Whatman)
and stored at — 80 °C. The DNA extraction was done using
a Power Soil DNA isolation kit (MoBio Laboratories Inc.).
The 16S ribosomal RNA (rRNA) gene V1-V3 hypervari-
able region was amplified in two polymerase chain reac-
tions (PCR), using the universal bacterial primers F8 and
R492. Illumina MiSeq paired-end multiplex sequencing was
performed at the Institute of Biotechnology, University of
Helsinki, Finland. Primer removal was done with Cutadapt
[v. 1.10 with Python 2.7.3, (Martin 2011)].

In total, ~ 6.2 million raw reads of the 16S rRNA gene
were obtained. The pair-end reads were merged using PEAR
software [v 0.9.6, (Zhang et al. 2013)]. The UPARSE pipe-
line (Edgar 2013) was used for quality filtering [> 400 base
pairs (bp) and maximum expected error 1], chimera check-
ing (Edgar et al. 2011), and operational taxonomic unit
(OTU) clustering [97%, (Edgar 2013)]. In total, 1.9 million

merged sequences were obtained after the quality filter-
ing. Taxonomic classification of the OTUs was done with
Silva [v. 119, 60% confident threshold (Quast et al. 2012) in
Mothur 1.38.1.1, (Schloss et al. 2009)]. After the removal of
chloroplasts, mitochondria, and singletons, 927 OTUs with
1 million sequences were obtained for further analyses.

Zooplankton enumeration

Microzooplankton was enumerated by the FlowCam from
the same samples as the phytoplankton community described
above. Mesozooplankton that had developed during the
experiment (initially they were removed) was enumerated on
the last day. Four liters of sample water was sieved through
a 200 um net, and placed on a GF/F filter. Copepods were
enumerated under a stereomicroscope (Leitz) and the POC
and PON from the >200 um fraction were subsequently
determined from the filters as described above. We did not
observe any large diatom chains (or other autotrophs) on
the filters.

The trophic transfer of N (TRy) into mesozooplankton
was calculated according to the following:

TR = PON, 5, m— (PON —4 + NO;—,,),

where PON 5y, is the PON concentration in the >200 um
fraction on the last day, the PON-, is the total PON con-
centration at the start of the experiment, and NOj;-,, is the
concentration of NOj; after nutrient addition.

Data treatment and statistics

Treatment effects were statistically analyzed with analysis
of co-variance (ANCOVA) using Tukey’s post hoc test.
The tested variable was location and the actual NP ratios
(Table 1) were the covariates, and the test was done by pair-
wise comparison. Fluorescence, Chl a and POC were trans-
formed to a cumulative value, adding each value to the previ-
ously determined value. A linear regression was done for all
replicates, and the slope of the regression was used for the
ANCOVA. This way, the temporal aspect was included into
the analysis. For the bacterial community, we did a permuta-
tional ANOVA (PERMANOVA) with pairwise comparisons
(Anderson 2001), on the data determined on the last day of
the experiment. The data were standardized using logarith-
mic transformation (Anderson et al. 2006) and square-root
transformation on the raw data for the phytoplankton com-
munity and bacterial community, respectively. The factors
analyzed, treatment (‘NP5’ and ‘NP10’), and communities
(‘North’, ‘Central’ and ‘South’) were set as fixed factors.
A total of 9999 permutations, using unrestricted permuta-
tion of raw data (Manly 2006), were performed, which is
recommended when sample size is small (Anderson et al.
2008). The homogeneity of dispersion (i.e., homogeneity of
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variance) was tested with permutational multivariate analy-
sis of dispersion [PERMDISP (Anderson 2006)], using the
distance to the centroids. To test the NP ratio effect on spe-
cific communities, a one way ANOVA was applied.

The phytoplankton and bacterial community dynamics
were visualized using non-metric multidimensional scaling
(NMDS) plots. All multivariate analyses and NMDS plots
were performed on the Bray—Curtis dissimilarity matrix.
The figures were done in R (R CoreTeam, 2016) using the
R packages vegan v. 2.3-2. For the multivariate analyses,
we used PRIMER v. 6 software with the add-on package
permutational ANOVA/MANOVA + (PERMANOVA +).

Results
Initial conditions

At the time of water collection for setting up the experi-
ment, the Chl a concentration of the initial phytoplankton
communities: ‘North’, ‘Central’, and ‘South’ varied (Fig. 1.),
but none of these phytoplankton communities were nutrient
depleted. The community ‘North’ had the highest Chl a con-
centration (27.4 ug Chl a L™') and lowest nitrate concentra-
tion (4.7 umol NO, L"), the community ‘Central’ had the
lowest Chl a (3.5 ug Chl @ L™') and highest nitrate concen-
tration (24.8 umol NO; L_l), and the community ‘South’ had
intermediate Chl a (15.3 ug Chl ¢ L™!) and nitrate concentra-
tion (7.3 umol NO, L™!). After the carboys had been filled,
inorganic N (NO;) and P (PO,) were added, producing an
average NP ratio of 10 (‘NP10’) and 5 (‘NP5’; Table 1).

Development of inorganic nutrients

Inorganic nitrate was rapidly taken up after the beginning of
the experiment (Fig. 2), and was depleted already at day 3 for
treatments: ‘North-NP10’, ‘North-NP5’, and ‘South-NP5’.
For treatments ‘South-NP10’ and ‘Central-NP5’, nitrate was
depleted at day 5, and for ‘Central-NP10’ at day 7.

Phosphate decreased rapidly from the initial values of
2—4 pmol PO, L~!, but was not depleted in any of the treat-
ments (Fig. 2). There was approximately 1 umol PO, L™
at the final day of the experiment (day 12) in all treatments
except for ‘South-NP5’, where the average phosphate con-
centration was ~2 umol PO, L™! (Fig. 2). For communities
‘North” and ‘Central’, the difference in PO, L~! between
‘NP10’ and ‘NP5’ decreased from 0.7 umol PO, L™! ini-
tially to 0.2 and 0.1 umol PO, L™!, respectively, at day 12.
For the community ‘South’, the difference in PO, concen-
tration between ‘NP10’ and ‘NP5’ prevailed throughout the
experiment.
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Time (d)

Fig.2 Concentration of inorganic nutrients throughout the experi-
ment. ‘North’, ‘Central’, and ‘South’ represent the three communi-
ties (Fig. 1), with two levels of added NP ratios (‘NP10’ and ‘NP5’,
Table 1). Error bars are SE (n=3)

The community ‘Central’ had the highest initial con-
centration of Dissolved Silicate (DSi; 24 umol LY, but
it decreased to the lowest concentration of the three com-
munities during the experiment (1-2 pumol DSi L™!). The
community ‘South’ had intermediate DSi concentration
initially (17 umol DSi L"), and treatments ‘South-NP10,
‘North-NP10’, and ‘North-NP5’ were similar in terms of the
concentration after nitrate depletion (~4 umol DSi L™!). The
treatment ‘South-NP5’ had the highest residual DSi con-
centration at the end of the experiment (~9 umol DSi L ™).

Organic nutrient pools

The particulate organic nutrient pools, together with the
inorganic nutrients, suggested clear differences in the
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Table 2 The dissolved organic nitrogen (DON) was calculated by comparing the drawdown of NO; (concentration at #0 minus concentration at
t12) with the increase in particulate organic nitrogen (PON) (concentration at PON maximum minus concentration at 10)

North 10 North 5 Central 10 Central 5 South 10 South 5
Drawdown of NO; 11.2+0.01 39+04 33.8+0.5 24.0+0.3 19.0+0.9 14.7+0.3
Increase of PON 22.6+0.7 19.1+25 27.2+0.5 16.7+1.5 23.8+2.5 16.0+0.7
Change in DON 11.4+0.7 152422 —-6.6+0.1 -73+14 48+3.4 1.3+0.8

The calculated change in DON is the difference between increase in PON and drawdown of NO;, either suggesting uptake or production (nega-
tive values) of DON. All values in pmol L~!; error estimates are given as =+ standard error (n = 3)

Table 3 The dissolved organic phosphorus (DOP) was calculated by comparing the drawdown of PO, (concentration at 10 minus concentration
at 112) with the increase in particulate organic phosphorus (POP) (concentration at POP maximum minus concentration at 10)

North 10 North 5 Central 10 Central 5 South 10 South 5
Drawdown of PO, 1.3+0.01 1.9+0.1 2.7+0.02 3.3+0.1 1.4+0.1 1.1£0.1
Increase of POP 0.5+0.1 1.0+0.1 1.9+0.2 2.7+0.3 0.5+0.04 0.0+0.05
Change in DOP —-0.8+0.1 -0.9+0.1 —-0.8+0.2 —-0.6+0.3 —-0.9+0.1 —-1.1+0.1

The calculated change in DOP is the difference between increase in POP and drawdown of PO4, either suggesting uptake or production (nega-
tive values) of DOP. All values in pmol L~!; error estimates are given as +standard error (n = 3)

dissolved organic nitrogen (DON) and phosphorus (DOP)
pools when comparing the drawdown of NO; and PO, with
the increase in particulate organic nitrogen (PON) and phos-

phorus (POP), respectively (Tables 2 and 3). The calculated 2 300

DON was different among the communities (ANCOVA, 5 1 sgg: ;O
F(2,12)=5.35, p=0.02), but there was no effect of the o 250 1 —O~ Central 10
inorganic NP ratio (ANCOVA, F(1,12)=0.07, p=0.8). & —g—_ conal >
Using this approach of closing the N and P budget, the g/ 200 1 4H - South 5
communities ‘North’ and ‘South’ consumed 13.3+2.0 (SE) 8 150 |

and 2.5+2.9 (SE) umol DON L}, respectively, whereas S

the community ‘Central’ produced 6.9+ 1.1 (SE) umol %100 1

DON L' (Table 2). For DOP, there was no treatment effect o

(ANCOVA, F(2,12)=0.89, p=0.44 and F(1,12)<0.001, 2 50 -

p=0.98) and there was an average increase in the DOP pool ©

of 0.83+0.11 (SE) umol DOP L~! over the course of the 6 0 ' ' ' '
experiment (Table 3).

Development of chlorophyll a concentration

There were clear differences between the treatments in

Chl a fluorescence with higher Chl a fluorescence in the
‘NP10’ compared with the ‘NP5’ treatment (ANCOVA,
F(1,12)=34.27, p<0.001) (Fig. 3). In the community
‘Central’, there was greater than tenfold increase in Chl a
fluorescence in both treatments. The ‘North’ and ‘South’
communities responded very differently with a modest (less
than twofold) increase in Chl a fluorescence in the ‘NP10’
treatment. In the ‘NP5’ treatment, the Chl a fluorescence
did not increase from day 1-3 after which it decreased in the
communities ‘North” and “South’. At the end of the experi- Fig.3 The relative Chlorophyll a (Chl a) fluorescence and Chl a con-
ment, the community ‘Central’ obtained the highest Chl a centration. Error bars are SE (n=3)
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fluorescence followed by communities ‘North’ and ‘South’
(Tukey, p <0.001). The Chl a concentration was determined
less frequently than Chl a fluorescence (Fig. 3), but con-
firmed the overall Chl a development, i.e. higher concen-
tration in the ‘NP10’ compared with ‘NP5’ treatment and
larger increase in the Chl a concentration in the communities
‘North’ and ‘Central’ compared with community ‘South’.

Photochemical efficiency

The photochemical efficiency (F,/F,) was affected by
both community and NP ratio (Fig. 4). Initially, the F /F,
decreased until day 8 or 9, after which it either stabilized or
increased again. Overall, it was higher in the communities
‘Central’ and ‘South’ than in the community North (Tukey,
p<0.001), and it was likely higher in the ‘NP5’ compared
with the ‘NP10’ treatment (ANCOVA, F(1,12)=4.96,
p=0.046).

Phytoplankton community

There were clear differences in the initial phytoplankton
communities taken from the three locations that persisted
throughout the experiment (Figs. 5, 6 and 7). A substantial
fraction of the phytoplankton biomass was the centric dia-
tom Thalassiosira sp. in the communities ‘North’ and ‘Cen-
tral’. This was apparently the same species (25-35 um @).
The main difference between these communities was higher
abundance of small (< 10 pym) phytoplankton (Figs. 5 and
6), mainly small flagellates and diatoms based on the
microscopy counts, in the community ‘Central’ compared
with the community ‘North’. This was seen as higher nano-
phytoplankton concentration in the community ‘Central’

o
e

o
]
:

—@— North 10
—l- North 5
—(O— Central 10
—{}— Central 5
{® - South 10
4H - South 5

0 2 4 6 8 10 12
Time (d)

o
o

o
EN

Photochemical efficiency (Fv/Fm)
o
(o)}

Fig.4 The photochemical efficiency (F,/F,,) measured with 450 nm
excitation light after 15 min dark acclimation. Error bars are SE
(n=3)
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Fig.5 The average (n=3) contribution of different plankton catego-
ries as percent of total biovolume. Sampling was right before the start
of the experiment (70), at the Chl a peak indicated by fluorescence
measurements (¢5, 7, and 79) and at the end of the experiment (#12)

compared with the other two communities (Fig. 6, Tukey,
day 12, p<0.006). The development of cryptophytes
was similar in all treatments (ANCOVA, F(2,12)=0.33,
p=0.72), and without any effect of inorganic NP ratio
(ANCOVA, F(1,12)=0.09, p=0.77). In the community
‘South’, the initial biomass was dominated by dinoflagel-
lates, in particular Prorocentrum sp. (Fig. 5). The share of
dinoflagellates of the total biomass decreased throughout
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the experiment, but still made up a considerable part of
the biomass at the end of the experiment (Fig. 5). Picoeu-
caryotes were most abundant in the community ‘South’
(Tukey, p <0.02), but with no effect of NP ratio (ANCOVA
F(1,12)=2.60, p=0.13). In addition to the intact phyto-
plankton cells (evaluated from the FlowCam images), an
increasing share of the biomass was detritus throughout the
experiment, reaching approximately 40% of the biomass at
day 12 in all treatments, except for the treatment ‘South-
NP10’ where this was slightly higher at 50%.

The abundances of the cyanobacteria Synechococcus
spp. were initially similar in the all three communities, but
increased and leveled off at a much higher concentration
in the community ‘South’, compared with the communities
‘North’ and ‘Central’ (Fig. 6; Tukey, p <0.001). The average
abundance of Synechococcus spp. was higher in the ‘NP5’
than in the ‘NP10’ treatment at the end of the experiment,
but without a clear difference (ANCOVA, F(1,12)=2.90,

p=0.11). However, based on the flow cytometer counts, the
overall abundance of Synechococcus spp. at the end of the
experiment was likely higher in the low NP treatment in the
community ‘South’ (ANOVA, F(1,5)=15.93, p=0.016),
which was similar to the relative abundance of Synecho-
coccus operational taxonomic units (OTUs) (ANOVA,
F(1,5)=11.51, p=0.027) at the end of the experiment.

Bacterial community composition

The initial bacterial communities were similar in all three
areas (Fig. 7). The communities were dominated by the
class Alphaproteobacteria with higher contribution of
genera from the Roseobacter clade (genera Amylibac-
ter, Loktanella and Planktomarina), and the class Fla-
vobacteriia (genus Polaribacter), contributing 32-40%
and 20-34% of the total relative abundance respectively
(Fig. 8). Gammaproteobacteria and Cyanobacteria were
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Initial Mid experiment Final day
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Fig.8 The group-level operational taxonomic units (OTUs) of bac-
teria. The full sequence of OTUs can be found in Supplementary
Fig. S3

also present but with lower relative abundance (6-10%
and 4-17%, respectively) of the OTUs. At the end of the
experiment, the bacterial community composition differed
between ‘North’, ‘Central’, and ‘South’ (PERMANOVA,
p<0.001), but the overall community composition was
likely not different between the NP treatments (PER-
MANOVA, p=0.06). There were, however, differences
in the community ‘South’, where the relative abundance
of the genus Candidatus Actinomarina (Acidimicrobiia)
was likely higher in the ‘NP10’ (12%) compared with the
‘NP5’ (6%) treatment (ANOVA, p=0.03).

@ Springer

Zooplankton abundance

The abundance of zooplankton was initially different in the
collected water and this difference persisted throughout the
experiment (Figs. 5 and 9). Ciliates made up a large share
of the biomass in the community ‘South’, whereas hetero-
trophic dinoflagellates (mainly Protoperidinium sp.; separate
microscope counts not shown) were more abundant in the
communities ‘North’ and ‘Central’ (Tukey, p <0.001), but
no NP treatment effect was observed for microzooplankton
(ANCOVA, F(1,12)=0.01, p=0.9). In addition to ciliates,
more copepods (mesozooplankton) developed in the com-
munity ‘South’ compared with the communities ‘North” and
‘Central’ (Fig. 6, Tukey, p <0.004), and similar to microzoo-
plankton, without indication of difference between the NP
treatments (ANCOVA, F(1,12)=0.16, p=0.7).

Using the initial N available (NO;+PON) at the begin-
ning of the experiment, and the PON in the >200 um frac-
tion at the end of the experiment, the calculated mean trans-
fer of N to mesozooplankton was highest in the treatment
‘South-NP5” with 2.9% followed by the treatments ‘North-
NP5’ 2.6%, ‘South-NP10* 2.4%, and ‘North-NP10* 2.2%
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Fig.9 The concentration of particulate organic carbon (POC) in
the>200 um fraction and number of mesozooplankton individuals
counted on the filter at the end of the experiment

Table 4 The trophic transfer of nitrogen (N) into mesozooplankton
during the experiment

NP10 NP5
North 2.2%+0.6 2.6%+0.4
Central 0.6% +0.1 0.8%+0.2
South 2.4%+0.6 2.9%+0.2

This was calculated as the percentage of the original N pool
(NO;+PON) that was found in the mesozooplankton (>200 pm) on
the last day. Error estimates are given as + standard error (n = 3)
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(Table 4). In the community ‘Central’, the N transfer was
considerably lower (Tukey, p <0.03) at 0.8% and 0.6% in the
‘Central-NP5’ and the ‘Central-NP10’, respectively. Overall,
the average N transfer efficiency to mesozooplankton was
higher in the ‘NP5’ compared with the ‘NP10’ treatment,
but without statistical support (ANCOVA F(1,12)=3.60,
p=0.079).

Seston stoichiometry

The development of seston stoichiometry was clearly differ-
ent depending on the plankton community composition, and
there was also an effect of inorganic NP ratio on the seston
NP and Chl a-C ratios (Fig. 10).

The seston NP ratio increased initially in the communities
‘North’ and ‘South’ from 5 and 8 to ~ 11 and 13, respec-
tively. In the community ‘Central’, the NP ratio decreased
at the start of the experiment from 21 to ~15. The NP
ratio remained stable in the community ‘North’, whereas
it increased towards the end of the experiment in the com-
munities ‘Central’ and ‘South’, with highest NP ratio in the
community ‘South’ at day 12 (Fig. 10). After day 5, the
particulate NP ratio was consistently higher in the ‘NP10’
compared with the ‘NP5’ treatment on day 12 (ANCOVA,
F(1,14)=8.49, p=0.011). On the last day of the experiment,
the average difference in seston NP ratio was 5.7 between
the ‘NP10’ and the ‘NP5’ treatments.

The Chl a-C ratio decreased at the start of the experiment
in the communities ‘North’ and ‘South’ followed by a slight
increase for ‘North10’ and ‘South10’. In the community
‘Central’, there was an initial increase in the Chl a-C ratio

to ~0.015. For all treatments, the Chl a-C ratio decreased
after the depletion of NO;. There was both a community
and an NP treatment effect in the latter half of the experi-
ment (after day 5, ANCOVA, F(2,14)=25.19, p<0.001 and
F(1,14)=8.94, p=0.01, respectively), with lower Chl a-C
ratio in the community ‘South’ compared with communities
‘North’ and ‘Central’ and higher in ‘NP10’ compared with
‘NP5’ when considering the whole experiment.

For communities ‘North’ and ‘South’, the CN ratio
decreased rapidly at the onset of the experiment (from
CN > 15). The community ‘Central’ had an initial CN ratio
close to the Redfield ratio (6.6). After the depletion of
NO;, the CN ratio started to increase again in communities
‘North’ and ‘Central’, whereas for community ‘South’, the
CN ratio remained stable. Overall, there was only a com-
munity effect on the CN ratio, with a lower ratio in com-
munity ‘South’ compared with communities ‘North’ and
‘Central’ (Tukey, p <0.001), and no NP treatment effect
(ANCOVA, F(1,14)=0.69, p=0.4). A similar pattern was
observed for the CP ratio but without statistical support for
any difference between communities or NP ratio (ANCOVA,
F(2,14)=3.09, p=0.08 and F(1,14)=3.06, p=0.1, respec-
tively; Fig. 10).

Discussion

Plankton dynamics

The phytoplankton community composition and biomass
concentration were clearly different in the water that was

Fig. 10 The molar stoichiomet-
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collected from the three different locations. Nitrate was
not depleted in any of the communities, suggesting that the
collected phytoplankton communities were still actively
growing. Based on the inorganic nutrients and Chl a con-
centrations, the phytoplankton community ‘North’ was in
the most advanced growth phase (high Chl a, low NO;) fol-
lowed by the community ‘South’, whereas the community
‘Central’ was in early growth phase (low Chl a, high NO;).
However, phytoplankton grew exponentially at the start of
the experiment in all treatments enabling comparison of the
responses to different inorganic NP ratio in the three dis-
tinct communities. In our experimental design, we did not
take into consideration the effect of total inorganic nutrient
input; for example, the PO, pool remaining after N deple-
tion can affect the P uptake and release of DOP (Meyer et al.
2016). The primary producers in the Humboldt Current are
typically N-limited (Capone and Hutchins 2013; Messié and
Chavez 2015), and the peak biomass in our experiment was
dependent on the sum of initial and added nitrate. Another
approach to adjust the inorganic NP ratio would have been to
keep NO; concentration the same with different concentra-
tions of PO, additions. With both the N and P concentration
projected to change in the upwelling water, our target was
primarily to address the direct effect of the opposing change
in inorganic N and P availability.

Diatoms dominated the communities ‘North’ and ‘Cen-
tral’, whereas dinoflagellates dominated the community
‘South’. Diatom dominance is typical for upwelling regions
due to their rapid growth after upwelling events, whereas
slower growing dinoflagellates typically are adapted to lower
concentrations of inorganic nutrients and dominate when the
water column is stratified (Reynolds 2006). Due to extensive
agricultural operations around the Maipo River basin, rela-
tively high nutrient runoff has been reported during winter
maximum rainfall and river discharges, which, together with
nutrients surfaced during upwelling-relaxed conditions, con-
tribute to enhance the biological activity in the coastal water
off central Chile (Masotti et al. 2018). The dinoflagellate
dominance here could be a consequence of the nutrient con-
centration of, e.g., trace elements such as iron (Torres and
Ampuero 2009) or affected by any difference in hydrological
and stratification pattern (Wieters et al. 2003). With a head
start, the dinoflagellates were able to keep their initial domi-
nant position, i.e., the faster growing diatoms were not able
to out-compete them before the inorganic N pool had been
depleted (Kremp et al. 2008). The two diatom-dominated
communities (‘North’ and ‘Central’), differed in size distri-
bution and the relatively large (>20 um) Thalassiosira sp.
had a more dominant role in the community ‘North’ whereas
the ‘Central’ community had a larger proportion of smaller
nanophytoplankton.

The bacterial community composition is known to be
influenced by the stage of the phytoplankton bloom and the
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phytoplankton community composition (Buchan et al. 2014).
Despite the differences in the initial phytoplankton commu-
nity, the bacterial communities were similar in all three loca-
tions and dominated by Alphaproteobacteria (Roseobacter
clade) and Flavobacteriia. These groups decreased through
the experiment, whereas Gammaproteobacteria (Alteromo-
nadales) increased in all the communities. Their difference
in relative abundance through the experiment was probably
due to the different growth phases and species composition
of the phytoplankton communities. For example, the genus
Polaribacter (Flavobacteriia) is typically abundant during
active phytoplankton growth, whereas Gammaproteobacte-
ria are commonly present during the decay of phytoplank-
ton blooms (Teeling et al. 2012). The Roseobacter clade,
Alteromonadales, and Flavobacteriia are considered ‘mas-
ter recyclers’ of algal-derived DOM during phytoplankton
blooms (Chafee et al. 2017). In the community ‘South’, the
proportion of Acidimicrobiia (Actinobacteria) increased in
the end of the experiment. This group has been associated
with cyanobacteria-derived DOM (Hugerth et al. 2015), and
could have benefitted from the increase in abundance of Syn-
echococcus spp. in the community ‘South’.

The development of the grazer community was different
between the three communities, but without any apparent
effect of inorganic NP ratio. Interestingly, the community
with most mesozooplankton and ciliates were the dinoflag-
ellate-dominated community (‘South’). Diatoms is often
considered optimal food for copepods, but the community
dominated by Prorocenrum sp. seems also to provide a
good link between primary producers and higher tropic lev-
els through the classical food chain. For microzooplankton,
there are some indications that higher P concentration of
phytoplankton could benefit, e.g., heterotrophic dinoflagel-
lates (Meunier et al. 2018), but we did not find this in our
short-term experiment, although there was a clear effect on
seston NP ratio.

Nutrient limitation patterns

Our results clearly demonstrated N-limitation in all treat-
ments, as the NO; concentration had a direct effect on the
phytoplankton biomass (iron and other trace elements had
been added in excess) and the PO, and DSi pools had not
been depleted at the end of the experiment. There were,
however, some indications of different degrees of nutrient
stress in the different communities reflecting the stage of
the phytoplankton community in the initial water samples.
Regenerated production with low concentrations of inor-
ganic nutrients typically favors smaller cells due to a higher
surface-to-volume ratio (Edwards et al. 2012), and this was
observed in the community ‘South’ with higher abundance
of small (0.8-1.5 um) Synechococcus spp. and picoeu-
caryotes. A higher degree of regenerated production in the
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community ‘South’ after NO; depletion was also supported
by the organic (seston) CN ratio. In the communities ‘North’
and ‘Central’, the CN ratio decreased during NO; uptake,
followed by an increase after NO; was depleted, which is
expected when primary producers starts to be N-limited
(Sterner and Elser 2002). In the community ‘South’, the
seston CN ratio remained low (< 10) throughout the experi-
ment, suggesting that the community was less N-limited,
possibly due to more effective nutrient recycling, and a simi-
lar pattern was seen for the CP ratio. That the community
‘South’ was less affected by N-limitation was also supported
by the increase of the photochemical efficiency (F,/F,)) in
the latter half of the experiment. The F,/F, is affected by
the phytoplankton community composition, but also by the
physiological status of the cells (Suggett et al. 2009). The
increase in F,/F,, towards the end of the experiment, without
any apparent changes in the community, could be an indica-
tion of less nutrient stress in the community ‘South’. The
F,/F , was overall higher at low inorganic NP ratio, which
similarly could be an indication that the communities with
more rapidly depleted NO; had longer time to acclimate to
low nutrient conditions.

Another difference in N availability between the com-
munities was in the dissolved organic nitrogen (DON) pool.
The apparent drawdown of DON, based on closing the N
budget, was higher in the community ‘North’ than in the
communities ‘Central’ and ‘South’. This drawdown was
rapid and although we cannot pinpoint the bacterial group(s)
responsible for the DON drawdown, several groups, such
as Flavobacteriales, are known to use DON (Cottrell and
Kirchman 2000). Even a single strain of bacteria is capable
of depleting labile sources of nutrients quickly, even under
heavy grazing pressure (Pedler et al. 2014). Given that the
bacterial community was similar in the three communities
at the beginning of the experiment, the higher DON utili-
zation in the community ‘North’ could have been due to a
higher proportion of labile DON produced by diatoms that
was taken up by the bacterial community of this area.

Top-down control

There were clear differences in grazing pressure between the
treatments. Most notably was the more pronounced develop-
ment of mesozooplankton grazing in the community ‘South’
that effectively reduced (‘NP10’ treatment) or prevented
(‘NP5’ treatment) any increase in nano- and microphyto-
plankton. For picoplankton, however, the data suggest a dif-
ferent grazing regime, with higher grazing on picoplankton
in the communities ‘North’ and ‘Central’. This was reflected
in the rapid decrease in Synechococcus spp. and picoeucary-
otes, which increased in the community ‘South’. In addition,
the proportion of filamentous bacteria (e.g., Lewinella) in
the diatom-dominated communities was higher than in the

dinoflagellate-dominated community. The filamentous mor-
phology has been suggested to be a strategy to avoid grazing
(Alonso-Séez et al. 2009; Eckert et al. 2012). We do not
have direct data on bacterial grazing but the abundance of
heterotrophic dinoflagellates (higher in communities ‘North’
and ‘Central’), the rapid decrease of Synechococcus spp. and
picoeucaryotes, and the relative increase of filamentous bac-
teria, all indicate higher grazing control of the picoplankton
in the diatom-dominated communities (‘North’ and ‘Cen-
tral’). This could be an example of a trophic cascade, or
top-down forcing (Ripple et al. 2016); if the more abun-
dant microzooplankton was also feeding on the nano- and
microzooplankton community, there could be an indirect
effect on the picoplankton community by reducing the graz-
ing pressure them in the community ‘South’. This was not
observed for ciliates, that were more abundant in the com-
munity ‘South’, but, e.g., heterotrophic nanoflagellates are
known to feed on Synechococcus (Dolan and Simek 1999)
and bacteria (Tsai et al. 2016).

The trophic transfer of N from phytoplankton to meso-
zooplankton spanned from 0.6 to 2.9% during the 12 days
(Table 4). We did not measure grazing rates, and this value
only represents the percent of the original N pool (inorganic
and <200 pym particulate) that was incorporated into meso-
zooplankton (>200 um) during the experiment, and would
clearly have been higher if the mesozooplankton had not
been removed before the start of the experiment. The micro-
zooplankton biomass was not included, and assuming a bio-
volume to carbon conversion factor of 0.19 pg C um~ and
C:N ratio of 6 for ciliates (Putt and Stoecker 1989), the high-
est trophic transfer from phytoplankton to grazers was 5.8%.

The Humboldt Current has one of the richest fisheries in
the world, much higher than comparable Eastern Boundary
Upwelling Systems (EBUS), although the primary produc-
tion supporting higher trophic levels is comparable (Carr
2001; Chavez et al. 2008). The much higher fish catch off
the coast of Chile and Pert is often referred to as the Hum-
boldt paradox (Brochier et al. 2011). Most studies on this
phenomenon have focused on mid-trophic level fish (i.e.,
wasp-waist food web) and there are data suggesting a shorter
food chain supporting higher fish catches in the Humboldt
Current (Chavez and Messié 2009). The results from this
study point to clear differences in trophic transfer efficiency
from primary producers to first level consumers (herbivores)
depending on the plankton community composition with
potential implications higher in the food web. The higher N
transfer efficiency to mesozooplankton in the low NP treat-
ment counteracted the lower biomass of primary producers;
i.e., the lower concentration of inorganic nitrogen caused
lower phytoplankton biomass, but the relative transfer to the
next trophic level was higher and there was no noticeable
effect on the biomass of grazers. As the initial set-up of the
experiment was from a homogeneous water pool, the number
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of microzooplankton (e.g., copepod nauplii <200 um) can
be assumed to have been the same in the two NP treatments
(but different in the three communities). The results did not
indicate any difference in somatic growth from micro- to
mesozooplankton (<200 um to>200 pm) suggesting no
difference between NP treatments in food availability for
the developing mesozooplankton population. With lower
phytoplankton biomass production in the low NP treatment
(‘NP5’), this provided higher trophic transfer efficiency
(Fig. 9). However, with a longer duration of the experiment,
we expect that the mesozooplankton population would have
reflected the food availability.

Stoichiometry

Our results demonstrated that part of the excess P is taken
up and retained in the particular fraction resulting in a lower
NP ratio in the seston, which is in consistence with other
studies (e.g. Franz et al. 2012). A share of the incorporated
P could be released as dissolved organic phosphorus (DOP)
(Franz et al. 2012), something we did not measure directly.
However, the decrease of PO, and increase of POP sug-
gested that a considerable share (average of 0.8 umol L")
of the PO,—P was taken up and released as DOP, but this
share was not affected by the different NP ratios. For the
phytoplankton community composition, there was an effect.
In all treatments, there was excess P left at the end of the
experiment, but the two diatom-dominated communities
(‘North’ and ‘Central’) demonstrated higher capacity of P
uptake. In these two communities, the P uptake stopped in
the ‘NP10’ treatment (with more added NO;) after NO; had
been depleted, whereas in the ‘NP5’ treatment, it continued
after NO; depletion, reducing the initial difference in the
inorganic P pool with 70-80%. In the community (‘South’),
where dinoflagellates and Synechococcus spp. were more
predominant, the initial difference in PO, was still present
at the end of the experiment. A possible explanation is that
diatoms are better at drawing down and storing excess P.
The communities with more diatoms could also have pro-
duced and excreted more labile carbon, which could have
enhanced the bacterial P uptake (Stets and Cotner 2008).
Storage capacity is affected by the overall community size
structure (surface-to-volume ratio). High surface ratio is bet-
ter for capturing scarce nutrients; whereas low surface-to-
volume ratio increases the intracellular storage space. The
higher proportion of smaller cells in the ‘South’ community
could partly explain the lower capacity to take up excess P.
However, it does not explain the apparent difference in P
uptake capabilities after NO; exhaustion between the two
NP treatments and this remains an open question.
Dissolved silicate (DSi) is mainly taken up by dia-
toms and some smaller groups such as silicoflagellates,
thus potentially affecting the phytoplankton community
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composition (Egge and Aksnes 1992). The DSi is incor-
porated into biogenic silicate in the diatom cell wall, i.e.,
frustules, and therefore, DSi limitation favors non-siliceous
phytoplankton. All treatments had excess DSi and it is,
therefore, unlikely to have affected the phytoplankton com-
munity composition. As with PO,, the drawdown of DSi
was highest in the diatom-dominated community ‘Central’,
which is not surprising as neither dinoflagellates nor Syn-
echococcus spp. take up DSi.

Decreasing inorganic NP ratio

One of the central questions with a decreasing inorganic
NP ratio in the upwelling water is: what happens with the
increasing oversupply of P? As the upwelling water is
transported off-shore, will the elevated PO, concentration
increase the proportion of diazotrophs that can fix N from
the atmosphere and will there be changes to the bacterial
community with an increasing pool of bioavailable P? The
present study was too short to answer these questions, but it
gives a clear indication that the plankton community com-
position will affect the ability to take up excess nutrients
such as PO, and DSi. There are some studies of the effect
of decreasing NP ratio on diazotrophs, most demonstrating
no effect for N-fixation, at least in the short term (Wasmund
et al. 2015). In our experiment, the cyanobacteria Synechoc-
occus spp. seem to have benefitted from lower NP ratio when
the grazing pressure was low; Synechococcus is not consid-
ered to be as efficient at N-fixation as, e.g., Trichodesmium
sp, but some strains may have this ability (Fay 1992). Other
studies have demonstrated that decreasing NP ratio bene-
fits phytoplankton taxa that are of reduced food quality for
mesozooplankton, with potential consequences for trophic
transfer (Hauss et al. 2012). We observed slightly higher
trophic transfer efficiency at low NP ratio, but with lower
overall biomass, and it is clear that changes to the inorganic
NP ratio may have consequences for the primary producers
as well as for higher trophic levels in the food web. With an
almost 1:1 shift in the seston NP stoichiometry, any decrease
in the inorganic NP ratio will have repercussions for the diet
of the grazing community (Sterner and Elser 2002).

In conclusion, the present experiment strengthened the
hypothesis that a reduction in the inorganic NP ratio will
directly affect seston stoichiometry. We did also find some
indication of slight shift in the community, giving some sup-
port for the hypothesis that a shift in the inorganic NP ratio
will affect the plankton community structure. This might
have been more pronounced if our experiment has lasted
longer and including pulses of nutrient additions simulating
upwelling. Our main finding was, however, the importance
of the plankton community composition, supporting our
hypothesis of higher variability between communities than
between NP treatments. Our results highlight the importance
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of the plankton community structure for ecosystem func-
tioning, and understanding how the community may shift
as a consequence of long-term environmental changes is a
key challenge for predicting the effect of global change on
marine ecosystems.
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