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Summary

The Galapagos Archipelago lies within the Eastern
Equatorial Pacific Ocean at the convergence of major
ocean currents that are subject to changes in circula-
tion. The nutrient-rich Equatorial Undercurrent
upwells from the west onto the Galapagos platform,
stimulating primary production, but this source of
deep water weakens during El Nino events. Based on
measurements from repeat cruises, the 2015/16 EI
Nifio was associated with declines in phytoplankton
biomass at most sites throughout the archipelago
and reduced utilization of nitrate, particularly in
large-sized phytoplankton in the western region. Pro-
tistan assemblages were identified by sequencing
the V4 region of the 18S rRNA gene. Dinoflagellates,
chlorophytes and diatoms dominated most sites.
Shifts in dinoflagellate communities were most
apparent between the years; parasitic dinoflagellates,
Syndiniales, were highly detected during the El Nifio
(2015) while the dinoflagellate genus, Gyrodinium,
increased at many sites during the neutral period
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(2016). Variations in protistan communities were
most strongly correlated with changes in sub-
thermocline water density. These findings indicate
that marine protistan communities in this region are
regimented by deep water mass sources and thus
could be profoundly affected by altered ocean
circulation.

Introduction

The Galapagos Archipelago and surrounding waters (1-2°S,
90-92 °W) are renowned for having diverse, highly produc-
tive ecosystems. The need to protect these marine ecosys-
tems led to the establishment of the Galapagos Marine
Reserve (GMR) in 1998 (Bensted-Smith, 1998). Despite
greater efforts to conserve and study the GMR, the compo-
sition of marine protists, which can dominate primary pro-
duction in this region, remains understudied. Protistan
plankton exhibit diverse trophic modes, ranging from auto-
trophic phytoplankton to heterotrophic flagellates. A shift in
protist community composition towards increased hetero-
trophy can therefore drastically alter the quantity of food
available for higher trophic levels, and thus influence the
overall productivity of the Galapagos marine ecosystem
(Pauly and Christensen, 1995).

The convergence of ocean currents allows waters
within the archipelago to have high primary production
relative to the surrounding Eastern Equatorial Pacific
(EEP) Ocean. In contrast to the archipelago, the EEP is
a high-nutrient, low chlorophyll region due to iron limita-
tion (Behrenfeld et al., 1996) which is largely relieved in
the GMR when currents upwell lithogenic nutrients from
the Galapagos platform (Barber and Chavez, 1991; Raf-
ter et al., 2017). Three major ocean currents provide the
bulk of nutrient sources to the region (Lindley and
Barber, 1998; Fiedler and Talley, 2006). The South Equa-
torial Current is a surface current that flows westward,
enveloping the equator, and is fed by the Peruvian
coastal upwelling and equatorial upwelling (Pennington
et al., 2006) (Fig. 1A). The North Equatorial Countercur-
rent flows eastward at the surface, transporting western
Pacific warm pool water to the north of the South
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Fig 1. The Galapagos Archipelago study region.
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A. Topographic map of the Galapagos Archipelago and sampling locations. White numbers indicate sites which were sampled for oceanographic
measurements while red numbers indicate sites that were sampled for oceanographic measurements and protistan community DNA. Currents
are abbreviated such that: SEC = South Equatorial Current, NECC = North Equatorial Countercurrent and EUC = Equatorial Undercurrent.
Upper right inset shows the location of site 14 near Genovesa Island, a partially collapsed caldera.

B. Map showing the location of the Galdpagos Archipelago within the Eastern Equatorial Pacific. Monthly averaged sea-surface temperatures
(NOAA AVHRR) throughout the Galapagos Archipelago for the sampling period in (C) October of 2015 and (D) October of 2016. [Color figure

can be viewed at wileyonlinelibrary.com]

Equatorial Current. The most critical supply of nutrients to
the region comes from the eastward-flowing Equatorial
Undercurrent (EUC) that collides subsurface with the
western side of the Galapagos platform. It flows around
and through the archipelago below the surface layer
(Kessler, 2006) carrying nutrient-rich subtropical under-
water, and can outcrop west of the archipelago, making
this region a primary productivity hotspot (Chavez and
Brusca, 1991; Sakamoto et al., 1998).

Marine protistan communities in the EEP are
influenced by El Nifio Southern Oscillation (ENSO), a
spatiotemporally complex interannual shift in equatorial
Pacific Ocean circulation. The EEP harbours mostly
small-sized phytoplankton communities consisting of
Prochlorococcus, Synechococcus and picoeukaryotes
(Chavez et al, 1996). However, when equatorial

upwelling is strong it can provide sufficient iron and silica
for large-sized phytoplankton, such as diatoms, to bloom
(Pennington et al., 2006; Marchetti et al., 2010; Masotti
et al., 2011). During an EI Nifio event, EEP sea surface
temperatures (SSTs) rise above the climatological aver-
age causing stratification. This results in weaker equato-
rial upwelling, a deeper thermocline and a slower EUC.
El Nifio conditions lead to reduced nitrate availability and
decreases in Synechococcus, likely because of their
high cellular nitrogen requirement (Moore et al., 2002),
which allow small heterotrophic protists to dominate,
altering marine food web dynamics in the EEP (Masotti
et al., 2011). Contrary to community dynamics in the
EEP, on the west side of the Galdpagos Archipelago,
Synechococcus and Prochlorococcus concentrations
decreased during a neutral period of stronger upwelling
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following the 2015/16 EIl Nino (Gifford et al., 2020). Given
that Prochlorococcus is speculated to prefer nitrogen
sources other than nitrate, it may be more competitive
under stratified ElI Nifio conditions (Moore et al., 2002).
There is less understanding of how shifts in photosyn-
thetic eukaryotes and other protists are influenced by
ENSO in the Galapagos Archipelago specifically, where
increased vertical mixing due to topographic upwelling
allows for a relatively higher baseline phytoplankton bio-
mass than the surrounding EEP (Barber et al., 1996).

Despite limited knowledge on protistan communities,
establishing causes for fluctuations in phytoplankton bio-
mass in the GMR has been investigated previously
(Maxwell, 1975; Feldman, 1986). Some studies have
used satellite chlorophyll a (Chl a) proxies to understand
phytoplankton biomass variability (Liu et al., 2014; Kislik
et al., 2017). Despite seasonal Chl a variability in the
GMR, its amplitude varies with basin-scale SST trends,
in that Chl a peaks in the Boreal spring, synchronous with
the strengthening of the EUC (Palacios, 2004; Sweet
et al., 2007). However, this temporal pattern in Chl
a amplitude does not hold true spatially, as individual bio-
regions of the GMR differ (Edgar et al., 2004). The South
Equatorial Current and the North Equatorial Countercur-
rent meet forming the equatorial front, the seasonal oscil-
lation of which has been used to predict patterns of Chl
a concentration (Schaeffer et al., 2008). In the latter part
of the year, the strengthening and tilt of the equatorial
front can largely explain Chl a variability (Palacios, 2004).

Fewer studies have focused on observing in situ envi-
ronmental conditions and their influence on protistan
community compositional changes (McCulloch, 2011
unpublished; Carnicer et al., 2019). These observations
are necessary for understanding the ecological implica-
tions of El Nifio events in this region. Sporadic surveys of
phytoplankton communities provide a historical record of
common diatoms and dinoflagellate species; however,
they are limited to observations of large, more ‘charis-
matic’ species easily identified using light microscopy
(Torres, 1998; Torres and Tapia, 2000, 2002; Tapia and
Naranjo, 2012). Some harmful algal species were identi-
fied along with spatial variability in dinoflagellate diversity,
which was attributed to changes in deep water masses to
the west of the Galapagos platform (Carnicer
et al., 2019). Accessory phytoplankton pigments have
also been used to assess phytoplankton composition in
the GMR, such that relative abundances of diatoms and
chlorophytes were found to decrease during the 2004/05
El Nifio event, while cyanobacteria and haptophyte pro-
portions increased (McCulloch, 2011 unpublished).

In this study, DNA metabarcoding (i.e. sequencing the
18S rRNA [18S] gene) was used to examine protistan
community composition during an El Nifio (2015) and
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neutral (2016) years (Fig. 1). Here we show distinct shifts
in protist plankton genera in waters of the Galapagos
Archipelago and how they correlate with primary produc-
tivity and oceanographic variables during the 2015/16
ENSO cycle. Because protistan plankton are important
links between oceanographic processes and marine food
webs, it is imperative to understand how these factors
influence their composition and production, particularly
with shifts in environmental conditions attributed to cli-
matic events.

Results and discussion
Physical seawater properties

Differences in upper ocean physical seawater properties
between the El Nifio (2015) and neutral (2016) years
were apparent (Fig. 2, Supporting Table 1). At most sites,
mixed layer depths were deeper in 2015 than in 2016
(Fig. 2A). The mixed layer temperature range was
warmer in 2015 (22.9-26.4°C) relative to 2016 (17.1-
23.7°C), with a mean difference of 3.8°C (Fig. 2B). Mixed
layer salinities varied by an average of 0.23 PSU, with
most being higher in 2015 (Fig. 2C). As a result, the
mean density in 2016 was higher by 0.99 kg m~2 during
the neutral period (Fig. 2D). These differences in densi-
ties also existed spatially, such that the sites located west
of Isabela Island (Sites 3—7) had the highest mixed layer
density values in 2016 (Fig. 2D). Similar interannual den-
sity trends were observed in the subthermocline layer,
where subthermocline depths at most sites were deeper
in 2015 than in 2016 (Fig. 2E). The subthermocline layer
was on average 3.2°C cooler and 0.07 PSU fresher in
2016 resulting in seawater which was on average
0.70 kg m~2 denser relative to the El Nifio (Fig. 2F—H).
One notable exception was site 14 located near Gen-
ovesa Island, inside a partially submerged caldera (see
inset map in Fig. 1A). The caldera is isolated from the
surrounding ocean by an approximately 10 m deep sill,
restricting exchange with waters outside the caldera and
allowing seawater properties within the caldera to remain
more constant between years. Aside from this site outlier,
subthermocline layer densities showed consistent tempo-
ral change relative to the mixed layer, which was more
spatially sensitive.

The differences in water mass densities between the
years were reflected in dissolved nutrient concentrations.
Nitrate and silicic acid (Si{OH],) concentrations within the
mixed layer were lower at nearly all sites in 2015 relative
to 2016 (Fig. 3A and B). Nitrate concentrations in the
euphotic zone were significantly lower during the El Nifio
relative to 2016, with median values of 1.70 and
6.20 pmol L~ respectively (Fig. 3C). Similarly, Si(OH),
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Fig 2. Physical seawater properties during the 2015 and 2016 sampling periods.
A. Mixed layer depths, (B) mixed layer temperatures, (C) mixed layer salinities, (D) mixed layer densities, (E) subthermocline layer depths,
(F) subthermocline layer temperatures, (G) subthermocline layer salinities and (H) subthermocline layer densities.

had lower median values in 2015 (1.65 umol L") com-
pared to 2016 (4.99 umol L") (Fig. 3D). Both years had
higher NO3~ concentrations relative to Si(OH), concen-
trations; however, the slope of the Si(OH),: NO3~ distri-
bution in 2015 was lower (m = 0.40) than in 2016
(m = 0.69), indicating that the concentration of Si(OH),
relative to NO3~ was lower during the EI Nifo (Fig. 3E).
Overall, physical seawater properties and nutrient con-
centrations in the GMR show strong temporal trends
indicative of oceanographic variation during the 2015/16
El Nifio event.

Phytoplankton biomass and primary productivity

Chl a concentrations were higher in 2016 at most sites
with the exceptions of sites 14 and 16 (Fig. 4A). The
median concentration of the small-size fraction (<5 pm)
was similar between 2015 (0.22pugL~') and 2016
(0.23 pg L") (Fig. 4B). The large-size fraction (>5 pm)

had a higher median in 2016 (0.2 pg L") relative to 2015
(0.13pgL™") with a maximum concentration of
1.43 ug L' in 2016 (Fig. 4C). These are comparable to
measurements (89-92 °W, 2 °S—1°N) observed previ-
ously during a neutral period, where the average surface
Chl a was 0.25 gL' and the highest concentration
(0.53 g L~") was recorded west of Isabela island (Torres
and Tapia, 2000). In our study, the average small and
large size fractions of Chl a did not significantly differ
between years; however, the large size fraction showed
stronger temporal (p = 0.06) and spatial trends, having
higher concentrations in 2016 at sites located west of Isa-
bela Island (Fig 4A and D).

Synechococcus flow cytometry cell counts were higher
at western sites 3-7 in 2015 than in 2016 (Supporting
Fig. 1), similar to observations made at the same sites
quantified using metagenomics (Gifford et al., 2020). Site
4 had the greatest difference between the years, having
a concentration of 2.4 x 10°cells mI~! in 2015 and

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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Fig 3. Dissolved inorganic nutrients during the 2015 and 2016 sam-
pling periods.

A. Nitrate (NO3~) concentrations.

B. Silicic acid (Si[OH]4) concentrations.

C. Interquartile range of NO3 concentrations at the 50% incident irra-
diance depth.

D. Interquartile range of Si(OH), concentrations at the 50% incident
irradiance depth.

E. Scatter plot of NO3~ versus Si(OH), concentrations collected at
depths (50%, 30%, 10%, 1% incident irradiance depths) throughout
the euphotic zone. The dashed line represents the 1:1 line. Error
bars indicate the standard deviation of the mean (n = 2).

59 x 10%celsml™" in 2016. The highest Syn-
echococcus concentration (2.6 x 10° cells mI™") was
recorded in 2015 at site 14, within the isolated caldera.
Prochlorococcus was generally more abundant in 2015,
particularly in the central and eastern sites, and ranged in
concentration from 6.2 x 10° to 1.9 x 10° cells ml™"
(Supporting Fig. 1). In 2016 Prochlorococcus concentra-
tions were generally lower, ranging from 3.8 x 10° to
1.6 x 10* cells mI~" except at sites 5 and 7 where they
were an order of magnitude lower. Picoeukaryotes typi-
cally ranged from 10° to 10*cells mI~! and had more
complex abundance patterns between years than Syn-
echococcus and Prochlorococcus (Supporting Fig. 1).
For example, there were higher concentrations of
picoeukaryotes at western sites 4-7 in 2015, while lower
concentrations relative to 2016 were recorded at sites
20-26.

Total dissolved inorganic carbon (DIC) uptake rates
(primary productivity) remained commensurate between
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Fig 4. Phytoplankton biomass and primary productivity at the 50% inci-
dent irradiance depth during the 2015 and 2016 sampling periods.
A. Size-fractionated chlorophyll a (Chl a) concentrations. Chl a is distin-
guished between large (>5 pm) and small (<5 pm) size fractions.
B. Interquartile range of Chl a concentrations in small cells across all sites
and (C) interquartile range of Chl a concentrations in large cells across all
sites. D. Scatter plot of large (grey) and small (white) cell Chl
a concentrations in 2016 versus 2015. Size-fractionated (E) dissolved inor-
ganic carbon uptake rates (i.e. primary productivity; pDIC) and (F) NO3;~
uptake rates (pNOs~). Bar colours are the same as in A. Scatter plot of
size-fractionated (G) pDIC and (H) pNOz~ in 2016 versus 2015. The
dashed lines represent the 1:1 line. Symbol colours are the same as in
D. Error bars indicate the standard deviation of the mean (n = 3). In A, E
and F, error bars for the small size fraction are in the downward direction,
whereas error bars for the large size fraction are in the upward direction.
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years but showed spatial variability, such that sites 3—12
and 18-22 increased during 2016 while other sites
decreased (Fig. 4E). Insignificant temporal trends in total
primary productivity could be attributed to opposite trends
in the phytoplankton size fractions. For instance, median
DIC uptake rates in the large size fraction were
0.46 ymol C L d ™" in 2015 compared to 1.2 ymol C L d ™"
in 2016, while the small cells decreased from having a
median of 1.9 pmol C L d~" in 2015 to 1.44 pmol C L d~"
in 2016 (Fig. 4G). NO3~ uptake rates displayed trends
similar to Chl a and primary productivity such that the
large size fraction differed more between years than the
small size fraction (p = 0.07; p = 0.87) (Fig. 4F and H).
The decrease in biomass of the large size fraction in
2015 coincided with a lower median NO3~ uptake rate
(51.9 nmol N L d~ ) in the large size fraction compared to
the small size fraction (81.4 nmolNLd™") (Fig. 4H).
Overall median rates of NO3;~ uptake were greater in
both size fractions during 2016 (129.8,
131.6 nmoINLd™"; small and large size fractions
respectively) (Fig. 4H).

Shifts in protistan community composition

The most proportionally dominant protist groups in the
GMR included the dinoflagellates (part of the Alveolata
group), chlorophytes, diatoms (part of the Stramenopiles
group), Hacrobia, Opisthokont fungi and Rhizaria
(Fig. 5A). Collectively, dinoflagellates, chlorophytes and
diatoms dominated the protistan communities and
exhibited the most variability between years (Fig. 5B-D).
Other groups had high spatial variability across sites. For
instance, the ciliates and rhizarians were detected at
every site in 2015 but lacked detection or genus level
identification at over half of the sites in 2016 (Supporting
Fig. 2a and b). Thus, analyses were focused on changes
in the dinoflagellates, chlorophytes and diatoms.

The dinoflagellates had a total of 186 OTUs within
21 genera. Dinoflagellate communities were most repre-
sented by seven primary order and genus level groups
(Fig. 5B). Temporal changes in dinoflagellate proportions
between years were more prominent than spatial
changes among sites, as indicated by a larger variation
along the horizontal axis of the NMDS plot (Fig. 6).
Changes in dinoflagellate community structure most
resembled the collective changes in the density of the
subthermocline layer, primary productivity by small cells
and picoeukaryote cell abundance (Spearman’s
p = 0.61) (Table 1). Dinoflagellate composition changed
the most between years relative to the chlorophytes and
diatoms, yet as a broader group they maintained rela-
tively high proportions over the 2015/16 ENSO. This
could be due in part to the diverse life strategies that
enable dinoflagellates to bloom at various phases of the

upwelling cycle (Smayda and Trainer, 2010). Another
consideration is the interspecific variability in rRNA gene
copy number among the different protist groups. Dinofla-
gellates, for example, tend to have higher 18S rRNA
gene copy numbers than other eukaryotic groups, but
there is not enough empirical data to speculate on the
implications of this beyond our observations (Lavrinienko
et al., 2021).

Members of the dinoflagellate genus Gyrodinium
showed the strongest temporal shift, seeming to favour
the relatively cooler, higher nutrient conditions present in
2016 such that they were notably represented in the west
(sites 3-5) and east (sites 22-26) (Fig. 5B). Some
Gyrodinium species, most of which being heterotrophic,
have been found in sediments, and are suspected to
form benthic resting cysts which live on internal nutrient
reserves for long periods of dormancy until conditions
become more favourable for growth, i.e. ample prey
availability (Shang et al., 2019). Along the coasts of
Santa Cruz and other small neighbouring islands in the
central region of the GMR, water column surveys of dino-
flagellate communities found that 84% of samples con-
tained benthic epiphytic dinoflagellates (Carnicer
et al., 2019), a high percentage given that only ~10% of
dinoflagellates associate with a substrate (Hoppenrath
et al., 2014). The suspension of these dinoflagellates in
the GMR suggests potential physical mechanisms for
benthic resting cyst resuspension. Other cyst forming
genera that were detected in our samples included
Alexandrium, Gonyaulax, Neoceratium, Para-
gymnodinium, Peridinium, Protoperidinium and
Woloszynskia (Pospelova and Head, 2002; Bravo and
Figueroa, 2014; Yokouchi et al., 2018). Peridinium was
also detected in 2016 at sites 22 and 24, where it made
up a significant proportion of the dinoflagellate commu-
nity (Fig. 5B). Long-term nutrient and temperature stress
are the most common causes of resting cyst formation in
dinoflagellates (Bravo and Figueroa, 2014). For example,
Gyrodinium uncatenum, now renamed Levanderina fissa,
forms cysts to survive in a dormant resting stage which
can last for a duration of months to decades (Anderson
et al., 1985). This and other direct observations of cyst
formation in closely related species suggest that the
Gyrodinium genus have the ability to survive long-term
environmental stress (Bravo and Figueroa, 2014; Shang
et al., 2019). Therefore, resting cyst formation may be an
important strategy for dinoflagellates to subsist over El
Nifo events.

Syndiniales are a group of parasitoid dinoflagellates
that survive via dinoflagellate or metazoan hosts
(Jephcott et al., 2016). Metabarcoding techniques have
revealed that these parasites are more prevalent than
previously recognized (Guillou et al., 2008), and this too
is the case in the GMR. Syndiniales groups | and Il were

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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dominant in 2015; both groups were simultaneously
detected in 2016 except at sites 5 and 18. In 2016, site
18 notably had a dinoflagellate community highly domi-
nated by Syndiniales I. Syndiniales Il covered a larger
spatial extent in 2015 than 2016 but generally followed
the same trend as Syndiniales | and Il, such that relative
proportions were typically less in 2016 (Fig. 5B). One
caveat of our metabarcoding approach is that it does not
distinguish between free-living cells and host-associated
parasites, which makes the ecological role of Syndiniales
difficult to assess. Notwithstanding, higher relative pro-
portions of Syndiniales during the El Niflo may be a result
of increased infection rates since host cell death pre-
cedes the release of Syndiniales spores (Jephcott
et al., 2016; Clarke et al., 2019). Ameobophyra, a spe-
cific Syndiniales genus identified in the GMR (Fig. 5B), is
estimated to use half of its host's biomass for spores
leaving the other half as particulate and dissolved organic
matter (Salomon and Stolte, 2010; Jephcott et al., 2016).
Consistent with some Syndiniales exploiting photosyn-
thetic hosts, Syndiniales | has been found to correlate
positively with Chl a, perhaps implying its association
with high host biomass or productive regions (Clarke
et al., 2019). Despite the high detection of Syndiniales,

[Color figure can be viewed at

particularly during the El Nifio, their effect on primary pro-
ductivity and food web dynamics remains unclear.

The Chlorophyta or green algae had a total of 163 iden-
tified OTUs within six genera. The six genera are dis-
played with an ‘other’ group, which consists of
chlorophytes that could not be identified to the genus
level (Fig. 5C). The most common genera was
Bathycoccus, the subclades A and B from clade VIl of
the prasinophytes (Lopes Dos Santos et al., 2017), which
we refer to as Prasinophyte A and Prasinophyte B, and
Ostreococcus. Prasinophyte A and B made up a large
relative proportion at many of the sites (Fig. 5C), consis-
tent with other studies within the EEP region (Collado-
Fabbri et al., 2011; de Vargas et al., 2015).

Spatial variation in chlorophyte communities was more
apparent than shifts associated between years.
Prasinophyte A, Prasinophyte B and Ostreococcus were
detected at all sites in 2015. Similarly in 2016, these
groups were detected at most sites apart from sites
5, 22 and 24 which respectively lacked detection of either
Prasinophyte B, Ostreococcus, or Prasinophyte
A. Regardless of year, proportions of prasinophytes were
generally highest in the east and slightly decreased west-
ward (Fig. 5C). Ostreococcus are cosmopolitan in
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Table 1. Combinations of variables yielding the ‘best matches’ of variable (Euclidian) and community (Bray—Curtis dissimilarity) matrices using

Spearman’s rank correlation (p).

Community Environmental and ecological variables Variables Spearman’s p
Whole Total NO3 ™ uptake, PicoEuk, Pro, density of 4 0.6239
subthermocline
Whole Syn, density of subthermocline 2 0.5664
Whole Density of subthermocline 1 0.3681
Dinoflagellates Small DIC uptake, PicoEuk, density of subthermocline 3 0.6063
Chlorophytes Total NO3 ™~ uptake, PicoEuk 2 0.6826
Diatoms Small DIC uptake, Pro 2 0.3671

The variables are abbreviated such that: Total NO3;~ uptake = total nitrate uptake of both large and small phytoplankton size fractions;
PicoEuk = picoeukaryote flow cytometry counts; Pro = Prochlorococcus flow cytometry counts; pden_dl = potential density of the sub-
thermocline layer; Syn = Synechococcus flow-cytometry counts; Small DIC uptake = dissolved inorganic carbon uptake by the small (<5 pm)
phytoplankton size fraction. Abbreviated; for full version, see Supporting Table 6.

protistan communities of the Peruvian coastal upwelling,
and thus thrive under upwelling conditions, which could
explain a higher detection at sites associated with the
EUC (Collado-Fabbri et al., 2011; Rii et al., 2016). More-
over, total NOs~ uptake rates and picoeukaryote cell
abundance (via flow cytometry) best explained changes
in chlorophyte communities (Spearman’s p = 0.6826)
(Table 1); the latter being expected given that many
chlorophytes are small enough to be enumerated as

picoeukaryotes. Chlorophyte communities showed the
most spatial changes relative to the dinoflagellates and
diatoms, such that genera spread along the vertical axis
of the NMDS plot (Fig. 6).

The diatoms consisted of 78 identified OTUs within
15 genera. Diatom communities were well represented
with seven genera and an ‘other’ group that mainly were
comprised of those unidentifiable to the genus level
(Fig. 5D). Diatoms were not detected through 18S rRNA
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gene sequencing at sites 5 or 26 in 2016 but may have
been present at low abundances. Patterns of primary pro-
ductivity by small cells and Prochlorococcus cell abun-
dance provided the best prediction of diatom community
change (Spearman’s p = 0.3671) (Table 1). Given the
patchy spatial extent of diatoms detected, the ability to
predict the changes in the diatom community from the
oceanographic variables was lower relative to the other
examined plankton groups.

Two common diatom genera, Corethron and Pseudo-
nitzschia, had slight temporal trends and are hypothe-
sized to be somewhat regulated by the EUC upwelling
conditions (Torres and Tapia, 2000; McCulloch, 2011
unpublished). During 2015, Pseudo-nitzschia was pre-
sent at the western sites (sites 3—-5) and site 18. Similarly,
during the 2006/07 El Nifo, Pseudo-nitzschia was a
dominant phytoplankton species north and west of Isa-
bela Island (McCulloch, 2011 unpublished). Pseudo-
nitzschia was, however, still highly detected in 2016 at
site 22. In prior neutral periods, this diatom genus has
been observed in patchy distributions (Torres and
Tapia, 2000; Tapia and Naranjo, 2012). Corethron
followed opposite trends, such that it represented a
higher proportion at sites 1, 3 and 4 in the neutral period
while in 2015 it was only detected at site 4. Similarly, a
10-fold decrease in Corethron was measured during the
2006/07 El Nifio relative to its highest abundance during
cooler, neutral periods (McCulloch, 2011 unpublished).
Pseudo-nitzschia species are detected in the diatom
community even in low nutrient conditions, likely due to
physiological advantages, while Corethron are present in
greater proportions at sites 1-4 in 2016, likely benefitting
from the nutrient-rich neutral period. Two other ubiquitous
diatom genera, Chaetoceros and Thalassiosira, were
omnipresent in the GMR and have been previously iden-
tified during various seasons and stages of ENSO
(Torres and Tapia, 1998; McCulloch, 2011 unpublished;
Tapia and Naranjo, 2012; Naranjo and Tapia, 2015).
Chaetoceros can form resting spores anticipatory of
relaxation periods (Pitcher et al., 1991), fair well under
horizontal advection (Tilstone et al., 2015), and germinate
rapidly (Smayda, 2000), which may explain their higher
proportions at western sites in both 2015 and 2016
(Fig. 5D).

Deep water mass properties influence protist
communities

The protistan community varied most between the El
Nifio and neutral periods but also had some spatial pat-
terns, such that western and eastern sites formed group-
ings (Fig. 6). From the BIO-ENV analysis, this variation in
protistan community composition is best explained
(Spearman’s p = 0.6239) collectively by patterns of total
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NOs;~ uptake, picoeukaryote and Prochlorococcus cell
abundances, and the density of subthermocline layer
water masses (Table 1). Interestingly, Synechococcus
abundance and density of the subthermocline layer had
the highest BIO-ENV model predictability of any two vari-
ables combined (p = 0.5664) (Table 1). Moreover,
regressions between select individual variables and com-
munity dissimilarities showed that Synechococcus had
the highest correlation with community change
(R® = 0.7271), due to its significant correlation with dino-
flagellate and chlorophyte community subgroups
(Supporting Table 2). Dinoflagellates, the subgroup of the
protistan community which varied the most, also had the
strongest correlation with the density of the sub-
thermocline layer (R? = 0.73) (Supporting Table 2).

In the broader EEP, phytoplankton biomass has been
linked to changes in deep water mass conditions below
the thermocline, such that decreases in Chl a biomass
due to El Nifio events can be detected before SST anom-
alies (Park et al., 2018). Thermocline depth has also pre-
viously been identified as important for predicting Chl
a concentrations in the GMR (Palacios, 2002; Sweet
et al., 2007). In this study, the lack of strong correlation
between the protistan communities with mixed layer prop-
erties is likely due to protists, particularly dinoflagellates,
responding to deep water mass shifts before they are
detected in the mixed layer. The EUC, a deep nutrient-
rich current that slows during El Nifio, not only upwells on
the western side of the Galapagos platform but flows hor-
izontally around Isabela Island and continues eastward,
providing deep water mass sources from the north and
south to the archipelago (Jakoboski et al., 2020). The
EUC likely influenced the observed spatiotemporal
changes in protistan communities over the 2015/16 El
Nifio. These observations also provide support that pro-
tistan communities change in conjunction with cyano-
bacteria populations, and that the density of the
subthermocline layer is a critical environmental indicator
of that shift in community composition, both of which are
attributes of the broader EEP (Masotti et al., 2011; Park
et al., 2018).

Conclusions

Changes in water density profiles coupled with the nutri-
ent regime suggest an observed weakening of the EUC,
selecting for different phytoplankton size classes over the
2015/16 ENSO. In 2015, waters were less dense and
had lower Si(OH),:NO3™ ratios relative to the cooler,
2016 neutral period. Increased nutrient availability in
2016 likely led to increases in nitrate utilization by large
cells such as diatoms and dinoflagellates. Despite appre-
ciably lower primary productivity at western sites in 2015
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compared to 2016, overall primary productivity did not
significantly differ across the entire archipelago due to
local hotspots during El Nifio (e.g. sites 14, 16) and small
phytoplankton having higher primary productivity in
2015 at many stations.

Protistan communities varied distinctly in the GMR dur-
ing the 2015/16 ENSO. Chlorophytes were detected in
high abundance in both years, varied spatially, and corre-
lated with NO3~ uptake, picoeukaryote abundance, and
Synechococcus. Diatoms had a patchy spatial extent
making causes for changes difficult to discern, yet pri-
mary productivity by small cells and Prochlorococcus
abundances were significant correlates. The largest dif-
ference between protistan communities, however, was in
the dinoflagellate group, such that Syndiniales were
highly detected in 2015 while Gyrodinium was dominant
in 2016. Dinoflagellates also happened to correlate
strongly with primary productivity of small phytoplankton,
picoeukaryote abundance and the density of the sub-
thermocline layer.

The strongest correlation between the oceanographic
variables and the entire protistan community composition
over the 2015/16 ENSO was the density of the sub-
thermocline layer — a proxy for shifts in deep water
masses. These findings indicate that the water mass
sources are an important factor in influencing protistan
seed populations in the mixed layer, whereas fluctuations
in the short-term oceanographic conditions may have a
more profound influence on their overall abundance and
physiological status. Our observations provide motivation
to continue to elucidate the effects of El Nifio events on
the microbial food webs in the Galapagos Archipelago
and the surrounding EEP region; specifically, to identify
how changes in productivity and protistan community
composition, as a function of altered ocean circulation,
will influence higher marine trophic levels.

Experimental procedures
Sample collection

Fifteen sites within the GMR (89-92 °W, 1.5 °S-2 °N)
were sampled over October 10th to 24th of 2015 and
October 19th to November 11th of 2016 (Fig. 1A and B).
Based on the Oceanic Nifio Index and the location of the
GMR, situated within both the Nifio 1.2 region (80-90
°W, 0-10 °S) and the Nifio 3 region (150-90 °W, 5 °N-5
°8S), our sampling periods occurred during El Nifio (2015)
and neutral conditions (2016) (Santoso et al., 2017).
Remote sensing of SSTs in the region indicates signifi-
cantly warmer surface waters during the sampling period
in 2015 relative to 2016 (Fig. 1C and D). Using a Seabird
SBE 19plus V2 SeaCAT Profiler, CTD profiles of temper-
ature, salinity and photosynthetically active radiation

(PAR) were collected to ~100 m depth. At each station,
following the CTD cast, two separate casts of two 10-L
Niskin bottles set up in series were used to collect sea-
water from the euphotic zone at 50%, 30%, 10% and 1%
incident irradiance (/,) depths, as determined from the
station PAR profile, to measure dissolved inorganic nutri-
ents, Chl a, DIC and nitrate (NO3~) uptake rates, and
picoplankton cell counts. Seawater was dispensed into
acid-cleaned, seawater-rinsed 10 L Cubitainers (Hedwin
Corporation, Newark, DE, USA) and subsampled for
measurements. Additional seawater was collected from
50% I, to obtain DNA (Fig. 1A). Not all sites yielded DNA
concentrations sufficient for sequencing. Processed fil-
ters and samples were frozen at —20°C until onshore
analysis.

Seawater properties

Temperature, salinity and density values were binned per
meter from CTD cast measurements. Temperature and
salinity profiles were used to determine the depths of the
mixed and subthermocline layers. All CTD casts were
corrected using SeaBird’'s SeaSoft software. Potential
density (referred to as ‘density’ in the results and discus-
sion) was calculated using the sw_pden() function from
the Mixing Oceanographic toolbox v 1.8.0.0 in MATLAB
(R2017b). A consistent density structure was observed,
of a surface and deep layer of almost uniform density,
separated by a density gradient (interfacial layer) that
was typically 10s of meters thick. The surface mixed
layer depth was defined as the depth at which the
change in density from the surface was >0.35 kg m~3.
The subthermocline layer depth (the top of the deep layer
of uniform density) was determined by calculating the
depth at which change in density from the bottom of the
cast was >0.2 kg m~2. The casts were visually inspected
to ensure that the density cut-off values defined the
layers appropriately. Remote sensing data were obtained
from the NOAA CoastWatch Browser and plotted using
Ocean Data View. Plots are monthly averaged sea-
surface temperatures (NOAA AVHRR) during the cruise
periods. Methods for measuring dissolved inorganic nutri-
ents are described in the supporting material.

Phytoplankton biomass and productivity

Phytoplankton biomass was approximated by measuring
size-fractioned (<5 and >5 pm) Chl a concentrations
using the acetone extraction method (Sartory and
Grobbelaar, 1984). Picophytoplankton cells, specifically
Prochlorococcus, Synechococcus, and picoeukaryote
populations were enumerated using flow cytometry
(Johnson et al., 2010). Size-fractionated DIC (i.e. primary
productivity) and NO3 ™ uptake rates were measured from
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24 h incubations using stable isotope tracer techniques
(Dugdale and Goering, 1967; Hama et al., 1983). Since
larger-sized phytoplankton groups such as diatoms and
dinoflagellates are generally >5 pm, a 5 pm pore size
was used to differentiate biomass and uptake rates
between these larger phytoplankton taxa and smaller
taxa such as cyanobacteria, chlorophytes and other small
flagellates. Additional methods describing Chl a, flow
cytometry, primary productivity and NOz~ uptake mea-
surements are provided in the supporting material.

DNA sequencing and bioinformatics

Protistan taxonomic identification and proportions were
obtained through sequencing the V4 region of the 18S
rRNA gene. DNA collection and amplicon library prepara-
tion are described in the supporting material. Approxi-
mately four million paired-end reads were obtained using
the lllumina MiSeq sequencing platform across two
lanes. Mean amplicon length for sequencing lane one
was 561 bp, while mean amplicon length for sequencing
lane two was 599 bp. Sequence files were demultiplexed.
QIIME 2 v.2018.6 software was used for processing the
raw reads into assembled amplicons. The QIIME 2 plug-
in, DADA2 was used for denoising such that reverse and
forward reads were truncated to 250 base pairs (bp) and
210 bp, and 260 bp and 280 bp, for sequencing lanes
one and two respectively. Chimaeras were removed by
the consensus method and reads were merged
(Supporting Table 3) using default scripts provided in the
QIIME 2 documentation (docs.qgiime2.org). Assembled
amplicons were annotated by a BLAST search against
the SILVA v. 123 reference database using a 90%
pairwise identity cutoff. Metazoans were removed. Using
the R package phyloseq v. 1.24.2, the samples were rar-
efied to 2066 reads per site (Supporting Fig. 3).

Annotations which were unknown in the highest taxo-
nomic ranks (Kingdom, Phylum, Class, Order) were
removed, under the assumption that it was unlikely to
sample a novel high taxonomic rank of plankton. Custom
taxonomy was assigned to the Class taxonomic rank
based on the top seven relatively abundant groupings
(Supporting Table 4). Any annotation that did not belong
to the top seven groups was annotated as ‘Other’.
Unknown or uncultured annotations in the lowest three
taxonomic ranks (Family, Genus, Species) were grouped
into the ‘Other’ category within their respective Class
ranks. Additionally, where possible, the top seven genera
were maintained while the rest were also annotated as
‘Other’ (there were only six known genera in the Chlo-
rophyta). This resulted in 120 genera, prior to grouping
unknown and uncultured OTUs (Supporting Table 3). All
raw sequences have been deposited in the NCBI SRA
database (Accession No. PRINA689599).
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Statistical analyses

Analysis of water properties, phytoplankton biomass, pro-
ductivity and 18S rRNA gene data was performed using
the vegan package (v. 2.5-4) in R version 3.6.2. Sum-
mary statistics and Mann—-Whitney—Wilcoxon tests were
used to test for differences in dissolved nutrients, Chl a,
primary productivity and NO3~ uptake rates between the
two sampling years (Supporting Tables 5-11). The 18S
rRNA gene data were arranged in an OTU table and
transformed to relative proportions at the genus level,
from which Bray—Curtis dissimilarity distances were cal-
culated using the vegdist() function. All other variables
(i.e. physical water properties, phytoplankton biomass,
primary productivity and NOz~ uptake rates) were simi-
larly transformed to Euclidean distances. A correlation
matrix was used to assess which variables were redun-
dant (Supporting Fig. 4). Redundant variables were
removed from the BIO-ENV (‘biota-environment’) analy-
sis. For example, nitrogen and phosphate were corre-
lated with silicic acid (Spearman’s p =0.8), while
temperature of the subthermocline layer was negatively
correlated with the density of the subthermocline layer.
Therefore, silicic acid and the density of the sub-
thermocline layer were kept in the BIO-ENV analysis,
whereas the other variables were removed. The bioenv()
function was used to find the best subset of variables
which had the maximum rank correlation with the com-
munity  Bray—Curtis  dissimilarites  (Clarke  and
Ainsworth, 1993). These variable subsets were identified
for the entire protistan community and for the following
subgroups of the community:  dinoflagellates,
chlorophytes and diatoms. A non-metric multi-
dimensional scaling plot was made from the Bray—Curtis
community dissimilarity distances. The envfit() function
was then used to fit the best subsets of variables onto
the community dissimilarity ordinations (Supporting
Table 12).
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