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ABSTRACT

The Galdpagos Islands are a biodiversity hotspot, largely due to the Equatorial Undercurrent (EUC) which supplies nutrient-rich
waters to the euphotic zone and supports enhanced levels of primary productivity performed by phytoplankton. Understanding
phytoplankton responses to changing environmental conditions is crucial for regional conservation and management efforts.
Research cruises conducted between 2014 and 2022, spanning a major El Nifio event in 2015 and a La Nifia event in 2022, ob-
served varying oceanic conditions and diverse phytoplankton community composition. At most EUC-influenced stations, larger-
sized phytoplankton groups (>5um) were dominant while warmer, oligotrophic sites favoured smaller-sized phytoplankton
groups (< 5pum). Predictably, nutrient supply was suppressed during the El Nifio event associated with the weakening of the EUC
and deepening of the thermocline. Counterintuitively, nutrient levels were not significantly enhanced during the La Nifia event
likely because increased stratification between the mixed and deep water layers reduced entrainment, particularly at Eastern
stations. Protist community composition was evaluated using 18S rRNA gene metabarcoding; the majority of detected OTUs
were associated with upwelling conditions prevalent around the archipelago. Taxonomic variability reflected heterogeneous en-
vironmental conditions generated by the convergence of multiple ocean currents. These results highlight the dynamic interplay
of physical and biological factors shaping primary productivity in the Galdpagos marine ecosystem.

1 | Introduction Galdpagos Marine Reserve (GMR) in 1998 to protect marine

life. The high levels of endemic species in the GMR are the

The Galdpagos Islands lie along the equator, roughly 1000 km
west of the Ecuadorian coast. The region is wellknown for
its unique biodiversity leading to the development of the

© 2025 John Wiley & Sons Ltd.

result of the convergence of multiple ocean currents at the ar-
chipelago, bringing together various water masses around the
islands. Three major ocean currents (Figure 1) play distinct
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roles in shaping the environmental conditions of the GMR,
bringing waters of different temperatures, densities and
varying levels of nutrients together (Fiedler and Talley 2006;
Lindley and Barber 1998). The South Equatorial Current (SEC)
is a westward-flowing surface current, fed by the Peruvian
coastal upwelling and equatorial upwelling (Pennington
et al. 2006). The North Equatorial Countercurrent (NECC)

flows eastward at the surface, transporting waters from the
western Pacific warm pool north of the SEC. Highest nutri-
ent concentrations are supplied by the eastward-flowing
Equatorial Undercurrent (EUC) that meets the western side
of the Gal4pagos archipelago. It flows below the surface layer
(Kessler 2006), around and through the archipelago, carrying
nutrient-rich subtropical underwater which supports high
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FIGURE1 | (a)Bathymetry map of the Galdpagos Archipelago indicating sampled stations. Yellow stations were sampled all five years whereas
green stations were sampled four or fewer years. Approximate direction and position of main ocean currents are overlayed with blue arrow repre-
senting subsurface Equatorial Undercurrent (EUC), and orange arrows representing surface currents—South Equatorial Current (SEC) and North
Equatorial Countercurrent (NECC). Inset of Isla Genovesa displays topography around station 14, located in the centre of a submerged crater known
as Darwin Bay. All stations west of Isla Isabela are classified as Equatorial Undercurrent (EUC) stations due to the direct impact of upwelling wa-
ters. The remaining stations east of Isla Isabela are classified as the Eastern Region (ER). (b) Sea surface temperature plots showing average surface
water temperatures around the archipelago during observation periods for each year. Data obtained from GHRSST Level 4 MUR Global Foundation
Sea Surface Temperature Analysis (v4.1) (US NASA Jet Propulsion Laboratory Physical Oceanography Distributed Active Archive Center (JPL
PO.DAAC) 2011).
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primary productivity in the region (Chavez and Brusca 1991;
Sakamoto et al. 1998).

The El Nifio Southern Oscillation (ENSO) is a climate cycle
with major impacts on climate patterns, particularly in the cen-
tral and eastern equatorial Pacific Ocean, where the Galdpagos
Islands are located. During ENSO-neutral conditions, the EUC
brings cold, nutrient-rich waters from the deep ocean to the
surface surrounding the archipelago. These nutrients fuel phy-
toplankton growth and relatively high primary productivity
compared to surrounding Equatorial Pacific waters, allowing
the Galapagos Islands to develop into the unique biodiversity
hotspot it is today. Under La Nifia conditions, the upwelling of
the EUC is intensified and thus higher levels of nutrients are
expected to reach surface waters. However, under El Nifio con-
ditions, reversal of trade winds results in the weakening of the
EUC and a coinciding deepening of the thermocline (Marin
Jarrin and Lippmann 2019), and consequently lower amounts of
nutrients being transported to the sunlit regions of the oceans to
support primary productivity.

Phytoplankton contribute the majority of the net primary pro-
duction in the Galdpagos Islands, particularly since the steep to-
pography around the islands limits the penetration of light to the
seafloor required for the growth of macroalgae and seagrasses
(Pessarrodona et al. 2022). Thus, marine phytoplankton directly
or indirectly affect all organisms living in and around the archi-
pelago. These microorganisms are highly sensitive to changes
in oceanographic conditions, with their composition, biomass
and productivity shifting with ENSO cycles and other seasonal
variations. Environmental conditions around the Galdpagos
vary spatiotemporally due to the convergence of multiple ocean
currents in the region, creating heterogeneous ecological niches
that support extremely diverse plankton communities (Jang
et al. 2022; Neave et al. 2021). However, little is known about
how phytoplankton respond to these changes on both spatial
and temporal scales. Interactions between microbes, includ-
ing phytoplankton, can also play a significant role in structur-
ing ocean ecosystems and carbon cycling (Worden et al. 2015).
These interactions include symbiosis, parasitism, predation and
mixotrophy, all of which affect how organic matter is being cy-
cled throughout the water column.

While most of the oceans are warming due to climate change,
parts of the Galdpagos Islands have been observed to experience
a cooling trend over the last several decades, due to the strength-
ening of the EUC (Karnauskas 2022). Consequently, the archi-
pelago may serve as a climate refuge to organisms migrating
away from warming waters. Given that phytoplankton compose
the base of the marine food web and support all higher trophic
level taxa, understanding how they respond under a variety of
conditions, including ENSO cycles, will allow better predic-
tion of how marine ecosystems will respond to a changing cli-
mate and can help guide conservation and management efforts
within the GMR.

Few studies have characterised the phytoplankton composition
and distribution around the Galdpagos Islands. Jimenez (1981)
utilised light microscopy to examine phytoplankton assem-
blages around the Galdpagos archipelago and found that the
diatom genera Thalassiosira, Nitzchia and Chaetoceros were

important components of the phytoplankton community in up-
welling regions, while flagellates predominated north and south
of the equator. It is important to note that observations utilis-
ing light microscopy tend to be biased towards larger species
that are easily discernible, such as diatoms and dinoflagellates.
Accessory pigments have also been examined to assess phyto-
plankton composition in the region (McCulloch 2011), finding
that relative abundances of diatoms and chlorophytes decreased
during the 2004/05 El Nifio event while cyanobacteria and hap-
tophyte abundance increased. However, pigment-based analysis
is unable to distinguish between different genera of phytoplank-
ton within the same group. Compared to these techniques, 18S
rRNA gene metabarcoding is advantageous in both sensitivity
and specificity (De Vargas et al. 2015; Ebenezer et al. 2012). By
targeting hypervariable regions within the 18S rRNA gene, the
eukaryotic population can be resolved often to the genus level
with high confidence.

This study aims to characterise the marine phytoplankton com-
munity around the Galdpagos Islands and their responses to
fluctuating environmental conditions. Measurements of physi-
cal, chemical and biological parameters in conjunction with 18S
rRNA gene metabarcoding were employed to examine the phy-
toplankton community composition across three ENSO-neutral
years (2014, 2016 and 2018), an El Nifio event in 2015 and a La
Nifia event in 2022. Based on this dataset, three research ques-
tions were proposed: 1) How do key environmental variables—
such as salinity, temperature and nutrient availability—vary
across spatial zones and under different ENSO phases in the
Galdpagos Islands? 2) Do consistent protist community assem-
blages form under distinct environmental regimes, such as vary-
ing ENSO phases or nutrient availability? 3) How do changes
in environmental conditions influence protist community com-
position and diversity across space and time? Answering these
fundamental questions will serve to elucidate a clearer under-
standing of phytoplankton dynamics in this highly variable and
ecologically significant region.

2 | Materials and Methods
2.1 | Sample Collection

Five two-week long research cruises were conducted through-
out the Galdpagos Marine Reserve (GMR) in October/November
of 2014, 2015, 2016, 2018 and 2022. A total of 24 distinct sites
were sampled across the years, although not all sites were sam-
pled each year due to logistical constraints. All sites were within
an area spanning 1°N to 2°S and 92°W to 89°W with a water
column depth of at least 100 m. Stations located within the cove
of Isabela (2, 3, 4, 5, 6, 7, 8 and 29) were classified as Equatorial
Undercurrent Regions and all other sites were classified as the
Eastern Region (Figure 1a) in accordance with Jang et al. (2022).

CTD profiles were obtained at each site and additional discrete
samples of seawater were collected for biological and chemical
measurements at select sites. CTD casts (SeaBird SBE 19plus)
were deployed to 100m in depth, measuring temperature, sa-
linity, photosynthetic active radiation (PAR) and chlorophyll-a
(chl-a) fluorescence throughout the water column. Following
the CTD cast, two separate casts using 10L Niskin bottles set up
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in series were performed to collect discrete water-column sam-
ples throughout the euphotic zone at depths corresponding to
50%, 30%, 10% and 1% of the incident irradiance (I ) based on the
previously measured PAR profile from the CTD cast. Seawater
was dispensed into acid-cleaned, seawater-rinsed 10 L cubitain-
ers and subsampled for measurements including dissolved in-
organic nutrients (nitrate [NO,"], phosphate [PO,*] and silicic
acid [Si(OH),]), size-fractionated chl-a, size-fractionated dis-
solved inorganic carbon (DIC) and NO,~ uptake rates, and small
phytoplankton cell counts via flow cytometry (Synechococcus,
Prochlorococcus and picoeukaryotes). Additional seawater was
collected at the 50% I depth for 18S rRNA gene sequencing
analyses.

2.2 | Seawater Properties

Temperature and salinity measurements were used to determine
the depth of the mixed and sub-thermocline layers. The CTD
casts were corrected using SeaBird's SeaSoft software to account
for sensor drift between calibrations. MATLAB (R2017b) was
used to calculate potential density, using the sw_pden() func-
tion from the Mixing Oceanographic toolbox v1.8.0.0. The sur-
face mixed layer depth was defined as the depth at which the
change in density from the surface was greater than 0.35kgm—3
(Holte and Talley 2009). The sub-thermocline layer depth (or the
top of the deep layer) was determined by calculating the depth
at which changes in density from the bottom of the cast were
greater than 0.2kgm=.

Dissolved nutrient samples were first filtered through a glass
fiber filter (GF/F, nominal porosity 0.7mm) and the filtrate
was stored at —20°C in acid-cleaned plastic scintillation vials.
Dissolved nutrient concentrations were measured using the OI
Analytical Flow Solutions IV auto-analyser (Parsons et al. 1984)
by the Wetlands Biogeochemistry Analytical Services at
Louisiana State University. Detection limits were 0.09 umol L~}
for nitrate, 0.02 umol L! for phosphate and 0.02 umol L~ for si-
licic acid. Reference standards for dissolved nutrients in seawa-
ter were also run to ensure quality control.

2.3 | Phytoplankton Biomass and Productivity

Phytoplankton biomass was estimated by measuring size-
fractionated (<5 and >5um) chl-a concentration. The sam-
ples were obtained from 400mL of seawater passed through a
filter cascade containing a 5um polycarbonate filter (47 mm,
Millipore) by gravity filtration and a 0.7um nominal porosity
glass fibre filter (25 mm, Whatman GF/F) under gentle vacuum
pressure (<100mmHg). Chl-a was then extracted from these
filters using 90% acetone and fluorescence values were mea-
sured using a Turner Designs 10-AU fluorometer according to
Parsons et al. (1984). For flow cytometry, 1.8 mL of seawater was
placed into a cryovial containing 0.2mL of paraformaldehyde
(PFA, final concentration: 10%) solution according to Marie
et al. (2005). Samples were then incubated on ice for 15min prior
to being frozen at —20°C. Subsequently, picophytoplankton cells
including Prochlorococcus, Synechococcus and picoeukaryotes
were enumerated using flow cytometry following Johnson
et al. (2010) on the BD FACSCalibur (Figure S6).

To measure size-fractionated particulate carbon (POC), partic-
ulate nitrogen (PON), DIC uptake rates (DICuptake) and NO,~
uptake rates (Nuptake), 618 mL subsamples were spiked with
NaH'"CO, and Na'>NO, to achieve final concentrations of 120
and 0.5pumol L=, respectively. These were incubated for 24h
in open top, transparent plastic flow-through incubators cov-
ered with neutral density screening to mimic the light inten-
sity observed at the depth the samples were collected (Slawyk
et al. 1977). The addition of 15N stable isotope was intended to
target additions of ~10% ambient concentrations, assuming av-
erage nitrate concentrations of 5umol L', although actual mea-
sured nitrate concentrations were used in the uptake calculation.
Subsequently, samples were filtered through a filter cascade in-
cluding a 5um polycarbonate filter (47 mm) by gravity filtration
and a pre-combusted (450°C for 5h) GF/F filter (25 mm) by gen-
tle vacuum (< 100mmHg). Cells captured on the 5um polycar-
bonate filter were rinsed onto a pre-combusted GF/F filter. The
filters were kept frozen at —20°C until return to the lab, where
they were dried in an oven at 60°C for 24h. Then, the filters
were pelletised using tin squares (Elemental Microanalysis) and
quantified using an elemental analyser paired with an isotope
ratio mass spectrometer (EA-IRMS) at the UC Davis Stable
Isotope Facility. Measurements of PN and PC were obtained
simultaneously with uptake rates of NO,~ and DIC. Dissolved
NO," concentrations, PN, PC and >N and '*C atom percentages
were used to calculate volumetric NO,~ uptake and DIC uptake
rates of the different size fractions (Dugdale and Goering 1967).
At sites where sampled depths had NO,~ concentrations below
5umol L1, uptake rates may have been stimulated by isotope
addition and thus would indicate potential uptake rate rather
than absolute uptake rate.

2.4 | 18SrRNA Gene Sequencing
and Bioinformatics

Four litres of seawater from the 50% I, depth were filtered
using an in-line vacuum (<100mmHg) through a 0.45um
NES membrane filter (47mm, Pall). Pre-screening was not
performed to prevent screening out large chain-forming di-
atoms or mixotrophic protists. Samples (n=285) were then
stored frozen at —20°C till DNA extraction. The V4 region of
the 18S rRNA gene was sequenced to obtain taxonomic iden-
tification of protistan communities. DNA was extracted from
the filters using the DNeasy Plant Mini Kit (QIAGEN). Cells
collected on the filter were lyzed with 0.2g of sterile glass
beads and 400 uL of buffer AP1 (QIAGEN) using a bead beater
at 48rpm for 1 min. Subsequent extraction and purification
were performed according to the manufacturer's instructions.
18S rRNA gene fragments were amplified via polymerase
chain reaction (PCR) using the following V4 primer sets: 18S
forward (5-CAGCASCYGCGGTAATTCC-3’) and reverse (5
"“ACTTTCGTTCTTGAT-3 ') as described by Lin et al. (2017)
and contained 6 bp barcodes on each primer which were used
for library multiplexing. PCR reactions were prepared using
half reactions of the Ex Taq DNA Polymerase Hot-Start kit
(Takara Bio) to obtain a final reaction volume of 25uL. PCR
was conducted using a thermocycler with an initial activation
step at 98°C for 1 min, followed by 4 three-step cycles of 94°C
for 30s, 45°C for 455, 72°C for 60s, another 30 three-step cy-
cles of 94°C for 30s, 57°C for 45s, 72°C for 60s and a final
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extension step of 72°C for 2min. PCR was performed in trip-
licates for each sample and was checked using 1% agarose gel
electrophoresis to ensure a clear band was obtained. The PCR
products were purified using the QIAquick PCR Purification
kit (QIAGEN) and quantified using a Qubit dsDNA assay
(ThermoFisher). Amplicons from each sample site were
pooled in equimolar amounts and submitted to UNC's High
Throughput Sequencing Facility (HTSF) for sequencing on
the Illumina MiSeq platform (2x300bp). Samples were pro-
cessed and sequenced within 2-4 months after cruise comple-
tion, targeting a minimum read depth of 10,000 per sample.

Demultiplexing was carried out using tools from QIIME 1.9.1
and Cutadapt 1.18 (Martin 2011). The average read count
was ~80,000 reads after demultiplexing. The DADA2 tool
(Callahan et al. 2016) in the software pipeline QIIME 2.0
(Bolyen et al. 2019) was used to denoise and join paired ends
and remove chimeras. Resultant features were then clustered
at a 99% similarity to obtain operational taxonomic units
(OTUs). Taxonomic assignment of OTUs were performed
using the PR2 database (version 5.0.0, Guillou et al. 2013) and
only annotations with a confidence level greater than 0.7 were
retained. OTUs classified as Metazoans were excluded from
the analysis. Following DADA2 and OTU clustering, 5195
operational taxonomic units (OTUs) were identified. After
filtering out non-Eukaryotic taxa, Metazoans and low con-
fidence annotations, 4588 unique OTUs remained that were
utilised in downstream diversity and compositional analyses.
To maximise data availability, rarefaction was not performed
but reads were normalised to relative proportions before sub-
sequent analysis.

2.5 | Data Analysis

Analyses of oceanographic measurements including water
properties, phytoplankton biomass and productivity were
performed using R version 4.3.2 (R Core Team 2023). Given
that DNA samples were only collected at the 50% I depth in
conjunction with the fact that most phytoplankton activity is
expected to occur within the mixed layer, only chemical and
biological measurements taken at the 50% I, depth were in-
cluded in these analyses. A principal component analysis
(PCA) was performed using the built-in R function prcomp()
to evaluate similarities between environmental metrics at
each station. The vegan package (Oksanen et al. 2020) was
utilised to calculate alpha (Shannon index) and beta (Bray-
Curtis distance) diversity metrics based on the 18S OTU read
counts and to perform a non-metric multidimensional scaling
(NMDS) analysis to understand variations in composition
across the sampled years. Statistical significance was deter-
mined using the Wilcoxon rank sum test (rstatix::wilcox_test)
when comparing between two independent groups and using
PERMANOVA (vegan::adonis2, no. of permutations: 999)
when evaluating multivariate data.

Detection of co-occurring phytoplankton taxa was achieved
using the WGCNA package in R (Langfelder and Horvath 2008).
To account for low counts and many zeros, Hellinger trans-
formation was applied to relative abundance data. The OTUs

were inspected to ensure that they were present in at least
four samples and did not exhibit zero variance following
WGCNA default settings. Modules were detected using the
WGCNA::blockwiseModules function with power set to 9 (de-
termined using WGCNA:: pickSoftThreshold function), both
networkType and TOMType set to “signed” and minimum mod-
ule size set to 250. Briefly, this functions to construct a signed
network by performing weighted Pearson correlations between
all OTUs, considering only positive correlations. WGCNA then
identifies modules using unsupervised hierarchical clustering
followed by branch cutting using Dynamic Tree Cut (Langfelder
et al. 2008). Each module is randomly labelled with a colour and
all unassigned OTUs are placed in the grey module. Module
eigengenes (MEs) are defined as the first principal component
of a given module and can be considered representative of the
taxonomic profiles in a module. The MEs are subject to Pearson
correlation with key oceanographic measurements collected
during each survey to determine how environmental factors
shaped the community structure of phytoplankton within the
euphotic zone. Module richness was defined as the number of
OTUs assigned to each module. Module diversity was calculated
by sub-setting the OTUs assigned to each module and applying
the Shannon index to the OTU subset for each station. The av-
erage diversity across all stations was considered the module di-
versity for that OTU subset.

3 | Results

In efforts to characterise both spatial and temporal differences
in environmental conditions, 24 distinct stations were sampled
across the Galdpagos archipelago over the span of five years
(Figure 1a). The five sampling years included an El Nifio event
(2015), a La Nifia event (2022) and three ENSO neutral years
(2014, 2016 and 2018) as defined by the Nifio 1+ 2 region sea
surface temperature anomalies during our observation periods
(Ocean Observations Panel for Climate (OOPC) 2025).

3.1 | Physical Seawater Properties

Temperature and salinity were negatively correlated (p <0.01,
Figure S1) across the dataset, likely due to upwelling of EUC
waters which are cooler and more saline than surface waters.
Mixed layer waters averaged 24.6°C (SD =0.81°C) under EI Nifio
conditions, 19.7°C (SD =1.69°C) under La Nifa conditions and
22.1°C (SD =1.05°C) under ENSO neutral conditions (Figure 1b;
Figure S2). Measurements taken during CTD casts (Figure 2a)
indicate that under El Nifio conditions, warmer and more sa-
line conditions were observed near the surface whereas under
La Nifa conditions, surface waters were noticeably cooler and
fresher. The three ENSO neutral years displayed more interme-
diate levels of temperature and salinity.

Sea surface temperatures were consistently lower within the
stations west of Isla Isabela, corresponding to the occurrence
of persistent upwelling in this region, bringing up cooler wa-
ters from beneath the subsurface waters. Across the five sam-
pling years, mixed layer water temperatures averaged 20.3°C
(SD =2.98°C) within the EUC region and 22.3°C (SD=2.03°C)
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FIGURE 2 | (a) Temperature-salinity profiles obtained during CTD casts to 100m. Each trajectory represents a single station, with the colours
represent sampled year. (b) PCA ordination of oceanographic measurements taken at 50% incident irradiance (depth one) of each station. Points rep-
resent a unique station, where the colour represents sampling year, shape represents region and number indicates station number. Grey vectors rep-
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nitrate to phosphate ratio (N:P) and silicic acid to nitrate ratio (Si:N). PERMANOVA results indicate statistical significance between both sampling
region (R?=0.011, F=8.12, p<0.001) and sampling year (R*=0.15, F=2.77, p<0.001).

within the ER region, providing evidence that upwelling cooled
the mixed layer more in the EUC region. Spatial differences in
temperature were significant in 2016, 2018 and 2022 (p <0.001),
with the largest difference in temperature being observed in

2016 (Figure 3a). During the El Nifio event, no difference in av-
erage mixed layer temperatures was observed between the two
regions, suggesting a reduced influence of upwelling in the EUC
region.
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3.2 | Chemical and Biological Measurements

Macronutrient (NO,~, PO,*~, Si(OH),) concentrations were
strongly negatively correlated with seawater temperature
(Figures 2b and S1), indicating that the bulk of the nutrients
available to the Galdpagos archipelago was supplied by upwell-
ing of cool, nutrient-rich subsurface waters. Likewise, average
nitrate concentrations were generally higher in the EUC region
(Figure 4a), although a significant difference was only observed
in 2018 (p<1x10~%) due to outliers within the ER region. This
trend was not seen in 2015, with very similar average nitrate
concentrations being observed in both EUC and ER regions,
further supporting the role of the Equatorial Undercurrent in
supplying nutrients to the archipelago.

All three nutrients displayed similar patterns in variability
(Figures 2b and S1). To determine potential nutrient limita-
tion, NO,™:PO 4+~ (N:P) ratios were calculated and compared to
the Redfield ratio (Figure 4b). Across all five sampling years,

N:P ratios were substantially lower than the Redfield ratio
of 16:1 (Redfield 1934). This indicates that biological activity
may potentially become limited by nitrate availability within
the Galdpagos, particularly considering the strong correlation
between chlorophyll concentration and nitrate uptake rates
(p<0.001; Figure S1). The observed N:P ratios were further
decreased in 2015 and 2018 (the second warmest year sam-
pled), suggesting a possible link between nitrate limitation and
warmer seawater temperatures. A simple linear regression indi-
cated a significant negative relationship between temperature
and N:P ratio (R?=0.59, F=96.5, p<0.001). In addition to N:P
ratios, Si(OH),:NO,~ (Si:N) ratios also provide useful informa-
tion to assess the potential for diatom growth limitation due to
their requirements for silica to build cell walls. The calculated
Si:N ratios (Figure 4c) exceeded the Brzezinski (1985) proposed
ratio of 15:16 in 2015 and fell below it in 2022, suggesting that
diatoms may be more susceptible to nitrate limitation under El
Nifio conditions whereas Si limitation may occur under La Nifia
conditions.
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FIGURE 4 | Mixed layer chemical and biological measurements throughout the Galdpagos archipelago. (a) Boxplots displaying nitrate concen-
trations (umol L7Y), black dots represent outliers and colour represents sampling region: ER is eastern region and EUC is Equatorial Undercurrent
region. (b) Average NO,™:PO 2~ ratios for the five sampling years, error bars indicate standard error. The red dotted line indicates the Redfield ra-
tio of N:P=16:1. (c) Average Si(OH),: NO, ratios for the five sampling years, error bars indicate standard error and the red dotted line indicates the
Brzezinski ratio for diatoms of Si:N=15:16. (d) Distribution of chlorophyll-a concentrations (g L) shown by boxplots where black dots represent
outliers and colour represents sampling region. Samples were size fractionated to obtain measurements from cells less than 5um or equal and great-

er than Sum. (e) Productivity of phytoplankton community measured by DIC uptake rate (umol L~*day~!). Measurements were size fractionated

in the same manner as (d). Statistical significance between regions were determined using the Wilcoxon test and are indicated by asterisks, where

R 1 X 1074, ##4<0.001, **<0.01, *<0.05 and no asterisks indicates not significant. The horizontal lines represent the median and the whiskers rep-

resent the 10-90 percentiles. (f, g) Relationship between PON-normalised NO, uptake rate (day™') and size-fractionated chlorophyll-a concentration

(ugLY). Linear regression results displayed on plot; colour represents sampling year.

Biological measurements representing both phytoplankton bio-
mass (chl-a, PON and POC) and productivity (DICuptake and
Nuptake) displayed similar patterns based on size fraction, with
small (<5um) size fraction measurements clustering together
and large (> 5um) size fraction measurements forming a sepa-
rate cluster (Figure 2b). Large size fraction measurements were
more positively correlated to nutrient concentrations, whereas
small size fraction measurements were largely independent of
nutrients (Figure S1). Additionally, high biomass and productiv-
ity within the small size fraction were strongly associated with
ER stations, particularly station 14, as indicated by the length
and direction of vectors on Figure 2b. On the other hand, greater
biomass and productivity in the large size fraction were more
associated with EUC stations, suggesting that the increased bio-
availability of nutrients within the EUC region supports larger
size fraction phytoplankton.

When comparing chlorophyll-a concentrations between ER
and EUC regions, large cells appear to be disproportionately
affected by spatial variability, whereas small cell chl-a con-
centrations tend to remain similar between the two regions
(Figure 4d). Within small cells, a significant difference between
regions was observed in 2018 (p <0.001), with slightly elevated
biomass observed in the EUC region. Large cells more consis-
tently displayed higher chl-a concentrations in the EUC region,
particularly in 2016 (p<1x107%), 2018 (p<1x1073) and 2022
(p<1x107). Large cells seem to be more sensitive to changes
in nutrient availability within their environment and rapidly re-
spond to increased nutrients by ramping up their biomass.

Trends in phytoplankton biomass correlate significantly with
trends in phytoplankton DIC uptake, a proxy for primary pro-
duction (R=0.68, p<1x10~%). Within the small size fraction,
phytoplankton productivity remained relatively consistent
between the two regions and no significant differences were
measured despite greater variability observed in the ER region
(Figure 4e). Within the large size fraction, phytoplankton pro-
ductivity was significantly elevated in the EUC region in 2015
(p<0.05), 2016 (p<1x10~%) and 2022 (p<0.05). Large cell
biomass and productivity were decoupled in 2015 and 2018.
In 2015, biomass remained relatively similar between regions
while productivity was elevated in the EUC region. In 2018, bio-
mass was elevated in the EUC region, but productivity remained
relatively constant.

Another measure of productivity is biomass (i.e., PON)-
normalised NO,™ uptake rates which can be used to infer nitrate

assimilation rates. Ambient nitrate concentrations may repre-
sent the amount available in the environment but are often a
poor predictor of phytoplankton activity due to the lag time be-
tween nutrient availability and nutrient uptake (Goldman and
Glibert 1983). Nitrate assimilation rates describe the amount
of nitrate being incorporated into phytoplankton biomass for
growth and can thus be equivalent to a specific growth rate
when assuming the majority of PON is algal associated. As ex-
pected, both small and large size fractions of phytoplankton
demonstrated a positive correlation between nitrate assimila-
tion and chlorophyll-a concentration. However, large cells re-
sulted in a greater slope (0.296 compared to 0.157 for small cells;
Figure 4f,g), indicating that large cells can more efficiently as-
similate nitrate into their biomass, further supporting the obser-
vation that the growth rate of large size fraction phytoplankton
is more dependent on NO, availability.

3.3 | Phytoplankton Community Composition

18S rRNA gene sequencing revealed that Alveolata (includes
dinoflagellates), Chlorophyta and Stramenopiles (includes
diatoms) were consistently the top divisions detected across
the Galdpagos archipelago (Figure 5; Figure S7). Including
Syndiniales, Alveolata accounted for an average of 43% of reads
(25.3% excluding Syndiniales), Chlorophyta accounted for 25.1%
of reads and Stramenopiles accounted for 17.7% across all sta-
tions and years. Rhizaria was occasionally detected at high
proportions, particularly in 2018 at station 26 (98.6%), 2014 at
station 26 (33.4%) and 2022 at station 1 (22.8%).

Alpha diversity at each station was calculated using the
Shannon Diversity Index (SDI) which accounts for both spe-
cies richness and evenness, with a larger number indicating
greater overall diversity. SDI ranged from 0.21 to 5.92 with
a mean of 4.28 (Figure 6a). Interestingly, 2015 exhibited the
highest alpha diversity despite having generally lower nutrient
availability and phytoplankton biomass. Conversely, stations
within the Eastern region tended to have higher alpha diver-
sity compared to stations within the EUC region, although
statistical significance was not detected. Beta diversity mea-
sures the similarity or dissimilarity between two communities
and is visualised using a non-metric multidimensional scaling
(NMDS) plot (Figure 6b). This revealed significant differences
in community composition across both sampling regions
(p<0.001) and sampling years (p <0.001). Samples collected
in 2015 formed a tight cluster that aligned with warmer
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temperatures, lower nutrient concentrations, small-cell bio-
mass and productivity, and cell concentrations of the cyano-
bacteria Synechococcus and Prochlorococcus. The remaining
four years had greater variability and were distributed more
evenly. Samples collected in the EUC region generally aligned
with cooler temperatures, higher nutrient concentrations and
large-cell biomass and productivity, although exceptions were
noted in all years.

3.4 | Weighted Gene Co-occurrence Network
Analysis

In addition to the grey module, four clusters of highly co-
occurring OTUs were detected using WGCNA (Figure 7a;
Figure S8) representing predicted assemblages of interdepen-
dent marine protists. The turquoise module was assigned 406
OTUs, the blue module had 367 OTUs, the brown module had
289 OTUs and the yellow module had 284 OTUs. All remaining
OTUs (3242) were placed in the grey module.

The brown module was positively associated with tempera-
ture and negatively associated with nutrient concentrations—
conditions representative of an El Nifio event—as well as
Prochlorococcus (Figure 7a). The turquoise module exhibited
similar trends to the brown module but was not significantly
correlated. The blue module was not significantly correlated
with any variable apart from a weak negative relationship with
salinity. The yellow module was negatively associated with tem-
perature and positively associated with salinity and nutrient
concentrations—conditions representative of strong upwelling.
The grey module had similar associates to the yellow module
and was also positively correlated with small phytoplankton
biomass and productivity, Synechococcus and picoeukaryote
counts.

OTU richness is demonstrated by the number of OTUs assigned
to each module and their associated taxonomy (Figure 7b). The
four modules contain large proportions of Syndiniales OTUs.
The greatest proportions of Alveolata and Stramenopiles OTUs

are seen in the turquoise and blue modules. Chlorophyta are
most observed in the brown module. To account for overall
module composition, alpha diversity was calculated using sub-
sets of OTUs assigned to each module (Figure 7c). The greatest
diversity was observed in the blue and brown modules while the
yellow module was the least diverse.

To further evaluate the abundance and prevalence of each mod-
ule, the OTUs in each module were plotted based on their rel-
ative proportional read counts across all the sampled stations
(Figure 8), depicting which stations and taxa contributed most
to each module's composition. Aligning with trends observed in
Figure 7a, the brown module was mostly represented in 2015
during the EI Nifio event and in 2014. This module was heavily
dominated by Syndiniales and contained noticeable proportions
of Chlorophyta and Rhizaria compared to other modules. The
turquoise module was also represented in 2015, particularly in
stations 5 and 10, which are located on the western side of the
archipelago. Noticeably, Stramenopiles are observed in high
proportions in this module. The blue module was primarily
detected in 2022 during the La Nifia event and represents high
proportions of Alveolata, Stramenopiles and Haptophyta. The
yellow module was only represented in 2018 at stations 3, 5
and 7, which are all within the EUC region. This module was
also dominated by Syndiniales but had elevated proportions of
Rhizaria compared to other modules.

4 | Discussion

The Galépagos Islands are renowned for high biodiversity, in-
cluding many charismatic flora and fauna. This biodiversity is
largely supported by the marine ecosystem in the region, fuelled
by the upwelling of nutrient-rich waters from the Equatorial
Undercurrent. Although the importance of phytoplankton to
the Galdpagos ecosystem functioning is well understood, few
studies have thoroughly characterised the community structure
of planktonic protists around the archipelago (e.g., Carnicer
et al. 2019; Jang et al. 2022; Neave et al. 2021). This study pro-
vides a comprehensive overview of the data collected across five

10 of 18

Environmental Microbiology, 2025

d ‘L 'STOT '0T6TTFT

sy woy

:sdiy) suonIpuo) pue suid | 3y 20 “[202/80/1 1] U0 A1e1qr] Suiluo AL * [ItH (28U 18 BuI[oIe) YHON JO ASISAI - HIRYIIBIN UBLIPY K 97104°0Z6T-COF1/1 111701 /10p/w0o K[ty

Kopiav-

2SUBOI'] SUOWIWO) 2ANEaI) a[qearjdde oy £q pauraA0S are sa[dILIE Y (SN JO Sa[NI 10§ KIRIqIT duI[UQ KI[IAN UO



a)

6.
y
S 41
£
> .
5 Region
é’ B3 Euc
5 ==
c
c
2
n 21
L]
®
0+ . . . . .
2014 2015 2016 2018 2022
Year
b) Stress = 0.208
A,
A
14 )
A AN& Y o4 Region
£3:m DIC uptakey A ° ® R
A >5um A A A Euc
([ o
n Year
0 01 PY
; o ® 2014
® 2015
A @I%;”e ®
o Syn ® 2016
® o ® 2018
1 ® 2022
(
(
o
2 K ; a

NMDS1

FIGURE 6 | Alpha and beta diversity based on 18S rRNA gene results. (a) Alpha diversity calculated using the Shannon diversity index. Dots
indicate outlier points and colour represents sampling region. (b) NMDS ordination plot showing Bray-Curtis distances. Environmental variables

are overlayed as grey vectors, shape indicates sampling region and colour represents sampling year. PERMANOVA results indicate statistical signif-
icance between both sampling region (R?=0.04, F=3.41, p<0.001) and sampling year (R*>=0.22, F=5.54, p<0.001).

sampling years around the archipelago, spanning both an El
Nifio (2015) and a La Nifa event (2022).
4.1 | Oceanographic Measurements

Nutrient distributions in the mixed layer were strongly influ-
enced by upwelling of cold EUC waters as indicated by the

strong negative correlation observed between temperature
and nutrient concentrations (Figures 2b and S1). As such,
it was unsurprising to measure higher nutrient concentra-
tions (Figures 4a and S3) within the EUC region in four out
of the five sampled years. During the El Nifio event in 2015,
upwelling was severely impeded by the weakening of trade
winds and the Equatorial Undercurrent, leading to warmer
temperatures across the archipelago in both the EUC and ER
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regions. Consequently, nutrient availability was the lowest in
2015 regardless of region. Conversely, the La Nifa event in
2022 strengthened the flow of the Equatorial Undercurrent
and thus was expected to cause significantly lower tempera-
tures and elevated nutrient availability. However, this was
not entirely the case—although sea surface temperatures in
2022 were cooler, they were generally comparable to the tem-
peratures recorded in 2016, an ENSO neutral year. In fact,
temperatures in 2022 exceeded those recorded in 2016 at mul-
tiple stations and even occasionally exceeded temperatures
recorded in 2018 (Figures 3a and S2). Similarly, nutrient levels
were relatively comparable between 2016 and 2022, with the

highest nitrate concentration being measured in 2016 at sta-
tion 3 (Figure S3). A potential explanation for this observation
could be increased stratification between the sub-thermocline
layer and the mixed layer. While the Equatorial Undercurrent
waters were detected throughout the region, transporting
cooler waters throughout the archipelago, warm fresher wa-
ters likely associated with the Equatorial Front may have
potentially created increased stratification that prevented ef-
ficient entrainment of these nutrient-rich EUC waters into the
euphotic zone. Indeed, environmental conditions within and
around the archipelago are influenced by many mechanisms
beyond just the EUC, including physical processes affecting
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FIGURE 8 | Distribution and relative abundance of the OTUs assigned to each WGCNA module for each station across the five sampling years.

the mixing of deep, nutrient-rich waters into the upper water
column, such as internal waves and island wakes (Rudnick
et al. 2021; Sweet et al. 2009).

Beyond nutrient availability, nutrient ratios can also provide
important information about the functioning of a phytoplank-
ton community. Over the five sampling years, the ratio of ni-
trate to phosphate was consistently lower than the canonical
Redfield ratio of 16:1 (Figure 4b), indicating that phytoplank-
ton productivity could potentially become limited by nitrate
availability, particularly considering the strong correlation de-
tected between nitrate uptake rates and chlorophyll-a concen-
tration (Figure S1). Similarly, Brzezinski (1985) established
that the average silica to nitrogen ratio of diatoms is around

15:16. With some variability, four of the five sampled years
had Si:N ratios comparable to the Brzezinski ratio (Figure 4c).
A clear exception was observed in 2015 where the Si:N ratio
exceeded 15:16, again suggesting that diatoms may be more
susceptible to nitrate limitation under El Nifio conditions
compared to the other essential nutrients.

Stations with higher nutrient availability generally also had
higher phytoplankton biomass (Figures 4a,d, S2 and S3).
However, nutrient concentrations appeared to correlate
more strongly to large cell (>5um) phytoplankton biomass
compared to small cell (<5um) groups (Figures 2b and S1).
Additionally, PON-normalised NO,~ uptake rates influenced
changes in > 5um biomass to a greater magnitude than <5um
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biomass (Figure 4f,g), indicating that larger cells are more ef-
ficient at assimilating nitrate into their biomass. In nutrient
replete conditions, larger phytoplankton such as diatoms (di-
vision Stramenopiles) and dinoflagellates (division Alveolata)
often have a competitive advantage over their small-cell
counterparts due to higher nutrient uptake rates (Litchman
et al. 2007) and storage capacities (Maranoén et al. 2013).
This explains why larger cells tend to dominate regions with
greater nutrient availability and have increased sensitivity
in response to nutrient inputs. In contrast, small cells such
as green algae (division Chlorophyta) do not appear to be as
sensitive to nutrient inputs but instead dominate under low
nutrient conditions. These smaller cells have greater surface
area-to-volume ratios and decreased diffusion boundary lay-
ers which help to maximise nutrient uptake across the cell
surface (Irwin et al. 2006).

Phytoplankton biomass and productivity were tightly cor-
related in both size fractions, as expected since more phyto-
plankton can uptake greater amounts of nutrients at any given
time. Larger cells can uptake more nutrients due to their stor-
age capabilities (Marafién et al. 2013) and thus regions with
greater proportions of large phytoplankton generally also have
the highest rates of DIC uptake (Figures 4d,e, S4 and S5). An
exception to this is station 14, which had consistently more
small size-fraction phytoplankton biomass and uptake rates
across the five sampling years. This site is anomalous as it is
located within Darwin Bay on Isla Genovesa, where a promi-
nent sill restricts seawater exchange with the larger surround-
ing ocean. Macronutrient concentrations measured at station
14 were relatively lower compared to other stations (Figure
S3), creating conditions which favour small size class phyto-
plankton. The productivity of < 5um phytoplankton groups at
station 14 was comparable to and even occasionally exceeded
DIC uptake rates of larger phytoplankton groups (Figure
S5), demonstrating that small phytoplankton can contribute
significantly to primary productivity under certain condi-
tions, a trend which has been previously observed by Meyer
et al. (2022).

4.2 | Phytoplankton Community Composition

An advantage of using 18S rRNA gene amplicon sequencing
over traditional light microscopy or pigment-based taxonomic
analysis is its high taxonomic resolution. Based on these data,
Alveolata (including dinoflagellates) appear to be the preva-
lent division across the Galapagos Archipelago (Figure 5), fol-
lowed by Chlorophyta and Stramenopiles (including diatoms).
However, a notable limitation of 18S metabarcoding is that read
counts may be skewed by taxa with larger genomes or high 18S
rRNA gene copies (Gong and Marchetti 2019; S. Lin 2011). Thus,
instead of focusing solely on relative proportions, the distribu-
tion of taxonomy across time and space must also be considered.
Chlorophytes (which are generally in the small size class) ap-
peared in greater proportions in 2014 and 2015 as well as ER
stations in other years. Alveolata and Stramenopiles (which are
generally in the large size class) were observed in higher relative
proportions in 2016, 2018 and 2022, particularly within stations
that were heavily influenced by the EUC. These trends sup-
port prior correlations observed between nutrient availability

and phytoplankton size class contribution to total biomass and
productivity.

Alpha diversity trends indicated that 2015 exhibited the highest
diversity and stations within the ER region were generally more
diverse than stations within the EUC region (Figure 6a). This
suggests that stations with higher phytoplankton biomass and
productivity, such as those in the EUC region, are comparatively
less diverse than those in the ER region. As such, it is likely that
stations which were heavily dominated by large phytoplankton
biomass (e.g., diatoms and dinoflagellates) taking advantage
of the increased nutrient availability had reduced community
diversity through exclusion by competition. The relationship
between phytoplankton diversity and productivity tends to be
unimodal with diversity peaking at intermediate levels of pro-
ductivity (Vallina et al. 2014). Hence, the expected decrease in
diversity that corresponds with increases in biomass and pro-
duction has been documented in other studies involving phyto-
plankton diversity and community structure (Duarte et al. 2006;
Napoléon et al. 2014).

Beta diversity was evaluated using Bray-Curtis distances and
visualised using NMDS (Figure 6b). Tight clustering of stations
is observed in 2015, whereas other sampled years were more
evenly dispersed. This indicates that spatial phytoplankton
community structure displayed less variability in 2015 com-
pared to the other years. Environmental conditions were stable
across the archipelago in 2015, with little to no variation in tem-
perature (Figures 3a and S3) or nutrient availability (Figures 4a
and S3) across regions. During the El Nifio event, upwelling was
significantly suppressed, as indicated by the higher sea surface
temperatures observed in 2015. This resulted in more homog-
enous conditions across the archipelago and likely explained
why phytoplankton community structure remained relatively
unchanged. In contrast, the other years, especially the cooler
years in 2016 and 2022, experienced greater variability in com-
munity structure due to heterogeneous environmental condi-
tions caused by the EUC and other water masses influencing the
archipelago. The environmental vectors on the NMDS plot align
with all previous trends reported—all 2015 stations and other
ER stations align with vectors associated with temperature,
small phytoplankton biomass and productivity, as well as cya-
nobacteria and other picoeukaryotes. EUC stations, particularly
those of 2016 and 2022, aligned loosely with nutrients, large
phytoplankton biomass and productivity vectors. This indicates
that warmer stations had lower nutrient availability due to lim-
ited upwelling and were dominated by smaller phytoplankton
groups, whereas cooler stations had opposite trends; enhanced
upwelling provided greater nutrient availability, which sup-
ported the dominance of larger phytoplankton groups.

4.3 | Phytoplankton Community Structure

To deduce how phytoplankton community structure was
affected by environmental variability, weighted gene co-
expression network analysis (WGCNA) was performed to iden-
tify clusters (termed modules) of highly correlated OTUs and
relate each module to external measurements (Langfelder and
Horvath 2008). While initially designed for gene expression data,
the WGCNA technique has proved useful in analysing microbial
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composition data obtained via amplicon sequencing techniques.
Particularly, marine ecologists have been successful in applying
WGCNA to phytoplankton composition datasets for identifica-
tion of community assemblages to understand the influence of
environmental factors (e.g., Gong et al. 2020; Y. Lin et al. 2021).
WGCNA is uniquely suited to this dataset due to the diverse
environmental conditions that exist around the Galdpagos
Archipelago both spatially and temporally. The intersection of
multiple ocean currents brings both warm tropical waters (SEC
and NECC) as well as cold nutrient-rich waters (Humboldt cur-
rent and Equatorial undercurrent) to the archipelago, creating
heterogeneous conditions around the region. Additionally, the
Galapagos is strongly influenced by the ENSO cycle which shifts
every 2-7years (Litchman et al. 2007; Marafion et al. 2013) from
warm El Nifio conditions, during which upwelling is heavily
suppressed, to cold La Nifia conditions, when upwelling is en-
hanced. As such, it is challenging to broadly categorise stations
under different conditions, and utilising unsupervised hierar-
chical clustering allows for the detection of highly co-occurring
modules irrespective of spatial or temporal factors. The modules
are subsequently correlated to measured oceanographic metrics
to elucidate how these physical, chemical and biological factors
interact to shape the phytoplankton communities.

This analysis identified four distinct modules, each representing
a diverse community of highly interconnected marine protists.
Describing the environmental conditions that promote co-
occurrence among specific taxa may offer insight into interac-
tions between marine protists. These modules represented three
different environmental conditions: 1) El Nifio conditions where
modules had a positive correlation with temperature and a neg-
ative correlation with nutrients (brown), 2) neutral conditions
where modules had weak correlations with nutrient concentra-
tions (turquoise and blue modules) and 3) upwelling conditions
where modules had a negative correlation with temperature and
a positive correlation with nutrients (yellow module). Each mod-
ule is treated as a distinct community and their biodiversity is
captured through richness and diversity metrics (Figure 7b,c).
The turquoise and blue modules had the highest OTU richness,
potentially because the neutral environmental conditions as-
sociated with these modules allowed for more unique taxa to
thrive. Alpha diversity of the yellow module was significantly
lower compared to all other modules, likely explained by high
nutrient concentrations leading to the dominance of specific
taxa that can take advantage of such conditions. Interestingly,
alpha diversity of the turquoise module was also relatively low
despite it having the highest OTU richness, suggesting an unbal-
anced community.

Module relative abundance and distribution (Figure 8) provides
more insight on each community. Predictably, the brown mod-
ule was predominantly observed in 2015, during the El Nifio
event, as well as in 2014. Compared to the other modules, ele-
vated proportions of Chlorophyta and Syndinales are observed
in this module. Chlorophytes which are generally smaller in size
are likely to thrive under low nutrient conditions, as discussed
earlier. The physiology of Syndiniales are less well understood.
Syndiniales are a parasitic group that have been observed in
all marine environments, known to infect many organisms
ranging from other phytoplankton to zooplankton and even
fish (Anderson and Harvey 2020; Clarke et al. 2019). As such,

Syndiniales are ubiquitous in any 18S rRNA gene amplicon
dataset yet remain chronically understudied. The fact that most
Syndiniales occur within the brown module during the El Nifio
event could suggest that Syndiniales may favour such conditions.

The turquoise module was also mostly observed in 2015, partic-
ularly stations 5 and 10. This module had noticeably higher pro-
portions of Stramenopiles (including diatoms) and was weakly
associated with low nutrient conditions. Given diatoms abil-
ity to store nutrients within their vacuoles (Jeong et al. 2010),
they can persist in depleted nutrient environments preferen-
tially over other large size class protists such as dinoflagellates.
However, should nutrient availability become sufficiently low,
Chlorophytes become more advantageous and increase in pro-
portion as observed within the brown module.

The blue module was most neutral in associations with ocean-
ographic measurements, except for a slight negative correlation
with salinity. Interestingly, this module is most frequently ob-
served in 2022 and contained greater proportions of Alveolata
and Haptophyta compared to the other modules. Despite the
La Nifla event recorded in 2022, nutrient concentrations were
not substantially elevated compared to other ENSO-neutral
years. This is most likely attributed to greater stratification
between fresher surface waters and high salinity deep waters
which prevented upwelled waters from penetrating surface lay-
ers efficiently. These neutral nutrient conditions appear to be
highly favourable to the well-documented mixotrophic groups
Alveolata (Jeong et al. 2010) and Haptophyta (Llopis Monferrer
et al. 2022). Protists with mixotrophic ability can take advantage
of a wide range of nutrient regimes as they are able to utilise
grazing to take up additional nutrients while still being able to
generate the majority of their energy via photosynthesis.

The yellow module was primarily detected in stations 3, 5 and 7
in 2018, and was associated with high nutrient availability. This
module had large proportions of Syndiniales and Rhizaria com-
pared to other modules. Although Rhizaria consists of primarily
heterotrophic organisms, they frequently form symbiotic rela-
tionships with photosynthetic algae and are important players
in biogeochemical cycling (Llopis Monferrer et al. 2022). Still, it
is challenging to explain the elevated proportions of Rhizaria in
the yellow module solely based on the module's environmental
associations.

The grey module is composed of OTUs that were not success-
fully clustered into a specific module and thus is not considered
a distinct protist community. However, the majority of OTUs
(3243 out of 4588, 70.7%) detected across the five sampling
years were placed in this module and the module is strongly
associated with upwelling conditions such as seen in its neg-
ative correlation with temperature and positive correlations
with macronutrient concentrations. This module is also cor-
related with < 5um chl-a concentrations, DIC uptake rates, and
Synechococcus and picoeukaryotes cell densities. This indicates
that most marine protists observed around the Galdpagos is-
lands proliferate under strong upwelling conditions and are not
highly co-occurring with one another. Under normal upwelling
conditions, high nutrient availability allows for a variety of eco-
logical niches and reduces the likelihood of specific communi-
ties becoming dominant.
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4.4 | Limitations and Considerations

This study provides a comprehensive examination of phy-
toplankton in relation to environmental conditions in the
Galédpagos Islands over the span of five years, including both
an El Nifo and a La Nifia. However, there are several limita-
tions that should be noted. Firstly, only single, discrete measure-
ments were collected at each station, representing a snapshot in
time. This does not provide any information on physiological
processes that might have a lag time. For example, while it is
expected that regions with high nutrient availability will have
more biomass and higher primary productivity, this dynamic is
not always captured as phytoplankton require time to respond
to nutrient inputs and ramp up their metabolic activity. In con-
trast, it is possible to observe high levels of biomass and produc-
tivity in areas where low dissolved nutrient concentrations are
detected, due to their depletion by biological activity. To capture
these sorts of temporal dynamics, repeated time-series measure-
ments need to be performed. Secondly, sampling was only con-
ducted in the cool season (Oct-Nov) that coincides with when
the trade winds and upwelling are stronger. This means that
seasonal variability throughout the year is not captured in this
dataset and phytoplankton dynamics during the warm season
are not described.

There are several considerations regarding the WGCNA. Most
significantly, the modules are assigned based on correlation be-
tween OTUs. While correlation can often represent biological
interactions, it can also be somewhat spurious at times. Thus,
while the modules obtained by WGCNA were treated as distinct
phytoplankton communities in this study, it should be noted
that biological interactions between different groups of phyto-
plankton cannot be determined by correlation alone. Still, this
analysis provides a valuable approach to examining ecological
communities in areas with great heterogeneity in environmen-
tal conditions.

4.5 | Key Takeaways and Recommendations

Environmental conditions around the Galdpagos Islands are af-
fected by many factors, including the intensity of the Equatorial
undercurrent and other ocean currents, ENSO cycles and more
localised effects such as island wakes and internal tides. The
western region of the archipelago is more directly affected by
upwelling and thus experiences lower temperatures and higher
nutrients compared to the rest of the Galdpagos. Under warm
El Nifio conditions, upwelling is suppressed, giving rise to more
consistent conditions characterised by high temperatures and
low nutrient availability. Phytoplankton community structure
is more similar under these conditions as well, though greater
variability is observed under cooler ENSO neutral or La Nifia
conditions. With increasing global temperatures, it is reasonable
to expect sea surface temperatures around the Galapagos to in-
crease with time, particularly with influence from warm cur-
rents such as the NECC and SEC. This may result in increased
stratification between the mixed layer and deeper ocean waters,
preventing cold nutrient-rich waters from reaching the surface
even during non-El Nifio years. Should that happen, the phy-
toplankton may shift to look more similar to the brown mod-
ule, with increased prominence of small phytoplankton groups

such as Chlorophyta. Similar trends have been projected at the
global scale (Rousseaux and Gregg 2015). Small phytoplankton
have traditionally been understudied compared to their larger
counterparts such as diatoms and dinoflagellates. This is mainly
because small phytoplankton are harder to identify using tradi-
tional microscopy methods and to isolate for culturing experi-
ments. Still, several studies have demonstrated the importance
of small phytoplankton in net community production and car-
bon export (Juranek et al. 2020; Meyer et al. 2022), emphasis-
ing the need for more attention to be placed on these frequently
overlooked taxa. Making accurate predictions of phytoplank-
ton compositional changes based on environmental conditions
remains challenging due to many nuanced variables that can
lead to significantly different community compositions. Long-
term monitoring of environmental variables and phytoplankton
community across seasonal and climatological time scales (e.g.,
ENSO) is necessary to fill in these gaps and provide a clearer
understanding of phytoplankton ecology in and around the
Galapagos Archipelago.
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