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Abstract

The Northern Gulf of Alaska (NGA) is a productive subarctic marine ecosystem that supports
high abundances of plankton, fishes, seabirds, and mammals. Research has shown that this high
productivity is primarily controlled by seasonal and spatial heterogeneity in the lower trophic
level food web. Marine cryptophytes are a crucial, yet understudied, phytoplankton group in
the NGA. Cryptophytes have the capacity for mixotrophy (acquiring energy through
photosynthesis and feeding) which can improve trophic transfer efficiency, increase cellular
growth rates, and improve retention of nutrients in the water column. Field samples collected
in spring, summer, and fall 2021 surveyed the contribution of marine cryptophytes to the
phytoplankton community in the NGA and assessed how natural variability in environmental
factors influenced their distribution and mixotrophic capabilities. Our study demonstrated high
spatial and temporal variability in cryptophyte biomass and community composition across the
NGA. Cryptophytes were found in highest abundances in summer and fall, with smaller cells (3-
10 um) dominating the cryptophyte community composition during the summer in nearshore
waters and larger cells (10-25 um) playing an important role offshore in the fall. This variability,
along with a capacity to live in a wide range of environmental conditions in the NGA, suggests
that cryptophytes are versatile protists. Analysis of small cell-dominated phytoplankton
communities generated carbon biomass estimates up to 600 ugC/L and carbon to chlorophyll
ratios up to 300. These values were higher than previously expected for a small cell community
in the NGA and indicated high carbon transfer potential from small cells despite low chlorophyill
concentrations in some seasons. Cryptophytes and other nanoeukaryotes consistently made up
~75 % of the total phytoplankton community biomass in summer and fall in the NGA. This
research suggests that cryptophytes are a critical component of the lower trophic level food
web in the NGA in summer and fall. Despite their diverse environmental range in 2021, time
series analyses of four summers (2018-2021) of cryptophyte data showed lower abundance,
biomass, and average cell size during 2019, an anomalously warm year in the NGA. Finally, we
found empirical evidence for in situ mixotrophy and the mechanisms that regulate cryptophyte
mixotrophy in the NGA. Cryptophyte mixotrophy was highest in larger cells (> 10 um) in
summer and fall and had a strong positive relationship with prey (Synechococcus spp.)
concentration, a moderate positive relationship with phosphate, and a weak negative
relationship with ammonium. Findings from this research improved our understanding of the
basic biology and ecology of this important group of primary producers and will provide novel
information to integrate estimates of cryptophyte biomass and mixotrophy into our ecosystem
food web model.
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Figure 10: Cryptophyte biomass (ngC/L) at 10 m in fall on the (a) GAK and (b) MID transects
(left). Cryptophyte size classes as a fraction of total biomass at 10 m (right). Size classes
recorded included cells between 3-5 um, 5-10 um, 10-15 pum, and 15-20 um. The size class 20-
25 um was observed only in summer and fall samples. Blank spaces indicate no sample taken.
The KOD transect was not sampled in fall 2021. ... 57

Figure 11: Section plots of 0-30 dbar chlorophyll-a concentration (ug/L) on the (a) KOD, (b) GAK,
and (c) MID transects in summer 2021. Note different chl-a scales. .......cccceiieviiiiiiveeeniiciiiiinns 58

Figure 12: Four-year time series of cryptophyte mean (a) concentration (cells/mL), (b) biomass
(ngC/L), and (c) cell size (um) at 10 m on shelf versus offshore GAK stations in summer. ‘Shelf’
includes data from 0-144 km offshore, and ‘offshore’ includes data from 144-250 km. Error bars
show standard deviation of mean (2018 shelf n = 3, offshore n = 1; 2019 shelf n = 4, offshore n =
2; 2020 shelf n = 5, offshore n = 3; 2021 shelf n =9, offshore N =6). ....cccceeeeeiiieeeeciieeecciieeee, 59

Figure 13: Small-cell community phytoplankton biomass (ugC/L) at 10 m in summer and fall on
the (a) GAK and (b) MID transects. Phytoplankton taxonomic group as a fraction of total
biomass at 10 m on the (c) GAK and (d) MID transects. Phytoplankton groups recorded included
Synechococcus spp, picoeukaryotes, nanoeukaryotes, and cryptophytes. Blank spaces indicate
no sample taken. Note different biomass SCalES. .......cvvveeiiiiiiiiciiirieeie e 60

Figure 14: NMDS ordinations of small-cell phytoplankton biomass composition at 10 m on the
GAK and MID transects in summer and fall. Colors represent the NMDS separation of season
and phytoplankton taxonomic groups are mapped in their ordination space on top. Bray-Curtis
dissimilarity measure was used. Low stress (stress = 0.12) and convergent solutions were found
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Figure 16: KOD transect in summer, including a) cryptophyte mixotrophy at 10 m (fraction of
cryptophyte cells feeding on Synechococcus spp. prey for each size class), (b) total cryptophyte
concentration (cells/mL) at each station sampled, and (c) cryptophyte size classes as a fraction
of total concentration 10 m. Note: * is for samples processed but no active mixotrophs were
detected and ©, corresponding to the legend color, indicates the presence of a size class but no
active mixotrophs of that size class were recorded. ........ooovvveeeeiiiiieiiciiiieeeee e, 64

Figure 17: GAK transect in summer, including a) cryptophyte mixotrophy at 10 m (fraction of
cryptophyte cells feeding on Synechococcus spp. prey for each size class), (b) total cryptophyte
concentration (cells/mL) at each station sampled, and (c) cryptophyte size classes as a fraction
of total concentration 10 m. Note: * is for samples processed but no active mixotrophs were
detected and ©, corresponding to the legend color, indicates the presence of a size class but no
active mixotrophs of that size class were recorded. ........occcvvvveeeiii e 65

Figure 18: MID transect in summer, including a) cryptophyte mixotrophy at 10 m (fraction of
cryptophyte cells feeding on Synechococcus spp. prey for each size class), (b) total cryptophyte
concentration (cells/mL) at each station sampled, and (c) cryptophyte size classes as a fraction
of total concentration 10 m. Note: * is for samples processed but no active mixotrophs were
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detected and ©, corresponding to the legend color, indicates the presence of a size class but no
active mixotrophs of that size class were recorded. .........cccovveeeeiieiiiiciiiiieeeee e 66

Figure 19: GAK transect in fall, including a) cryptophyte mixotrophy at 10 m (fraction of
cryptophyte cells feeding on Synechococcus spp. prey for each size class), (b) total cryptophyte
concentration (cells/mL) at each station sampled, and (c) cryptophyte size classes as a fraction
of total concentration 10 m. Note: * is for samples processed but no active mixotrophs were
detected and ©, corresponding to the legend color, indicates the presence of a size class but no
active mixotrophs of that size class were recorded. .........ccveviiieiieiiiee e 67

Figure 20: MID transect in fall, including a) cryptophyte mixotrophy at 10 m (fraction of
cryptophyte cells feeding on Synechococcus spp. prey for each size class), (b) total cryptophyte
concentration (cells/mL) at each station sampled, and (c) cryptophyte size classes as a fraction
of total concentration 10 m. Note: * is for samples processed but no active mixotrophs were
detected and ©, corresponding to the legend color, indicates the presence of a size class but no
active mixotrophs of that size class were recorded. ..........cccvvveeeiiiieecciiiiiieee e, 68

Figure 21: Quasipoisson regression effect plots for significant predictors of total cryptophyte
mixotrophy a) phosphate (uM), b) Synechococcus spp. (cells/nL), and c) ammonium (uM). ..... 69

Figure 22: Quasipoisson regression effect plots for significant predictors [phosphate (uM) and
Synechococcus spp. (cells/nL)] of cryptophyte mixotrophy by size class a) 10-15 um, b) 15-20
LM, AN €) 20725 LML ceiiiieiiee et e e e et e e e e et e e e e e sbe e e e e sataeeeeesteeeeassnaeeeeannnaeeeeennraeeeannns 70

Figure 23: Temperature anomalies (°C) of the upper (0-50 m) water column at the GAK1 station
in the Northern Gulf of Alaska (NGA) from 1973 to 2019 (Suryan et al. 2021). A multi-year
heatwave afflicted the (NGA) in starting in 2014 .........vvieiiiiiiie e 73

Figure 24: Section plots of 0-30 dbar nitrogen (nitrite + nitrate, uM), chlorophyll-a
concentration (ug/L), and salinity (psu) on the GAK (a-c) and MID (d-f) transects in summer
2021. NOte Variable SCAlES. c..ccooiieieeee et e e e e e e e b e e e e e e e e s e nrreaeees 73

Figure 25: NMDS ordinations of 10 m cryptophyte concentration. Colors represent season and
cryptophyte size classes are mapped in their ordination space on top. Bray-Curtis dissimilarity
measure was used. Low stress (0.09) and convergent solutions were found with 2 NMDS
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Figure 26: Cryptophyte concentration (cells/mL) at 10 m in spring on the (a) KOD, (b) GAK, and
(c) MID transects (left). Cryptophyte size classes as a fraction of total concentration at 10 m
(right). Size classes recorded included cells between 3-5 um, 5-10 um, 10-15 um, and 15-20 um.
The size class 20-25 um was observed only in summer and fall samples. ........ccccovvvieiiiiiiieennns 91

Figure 27: Cryptophyte concentration (cells/mL) at 10 m in summer on the (a) KOD, (b) GAK,

and (c) MID transects (left). Cryptophyte size classes as a fraction of total concentration at 10 m
(right). Size classes recorded included cells between 3-5 um, 5-10 um, 10-15 um, and 15-20 pum.
The size class 20-25 um was observed only in summer and fall samples. Blank spaces indicate no
=101 o] LI =1 =] o TSP 92

Figure 28: Cryptophyte concentration (cells/mL) at 10 m in fall on the (a) GAK and (b) MID
transects (left). Cryptophyte size classes as a fraction of total concentration at 10 m (right). Size
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classes recorded included cells between 3-5 um, 5-10 um, 10-15 um, and 15-20 um. The size
class 20-25 um was observed only in summer and fall samples. Blank spaces indicate no sample
taken. The KOD transect was not sampled in fall 2021. ........ccccriiiiieii i 93

Figure 29: Small-cell community phytoplankton concentration (cells/mL) at 10 m in summer and
fall on the (a) GAK and (b) MID transects. Phytoplankton taxonomic group as a fraction of total
concentration at 10 m on the (c) GAK and (d) MID transects. Phytoplankton groups recorded
included Synechococcus spp, picoeukaryotes, nanoeukaryotes, and cryptophytes. Blank spaces
iNAICate NO SAMPIE TAKEN. ....eiiiiieie e e e e e e e e s sbae e e s s sraeeeenes 94

Figure 30: NMDS ordinations of small-cell community phytoplankton concentration at 10 m on
the GAK and MID transects in summer and fall. Colors represent the NMDS separation of
season and phytoplankton taxonomic groups are mapped in their ordination space on top.
Bray-Curtis dissimilarity measure was used. Low stress (stress = 0.12) and convergent solutions
were found with 2 NIMDS dimeENSIONS. .......oeeieiiiieeiiiiie e e e e e e are e e e e 95
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Introduction

The Northern Gulf of Alaska (NGA) is a productive subarctic marine ecosystem that supports
high abundances of plankton, fishes, seabirds, and mammals. Research has shown that this high
productivity is influenced by seasonal and spatial heterogeneity in the lower trophic level food
web. Short- and long-term climatological patterns generate highly variable phytoplankton
stocks in the NGA. In addition to this natural variability, the NGA is experiencing anthropogenic
warming (Walsh et al. 2018). During summer and fall in the NGA small cell-dominated
phytoplankton communities, including marine cryptophytes, dominate. Cryptophytes are a
crucial, yet understudied, phytoplankton group in the NGA. This project utilized environmental
samples from the NGA to survey the contribution of marine cryptophytes to the phytoplankton
community and to assess how natural variability in environmental factors influence the

distribution and mixotrophic capabilities of cryptophytes.

Study Site Characterization

The NGA has been intensively studied via a long-term monitoring program for over two
decades and is now a study site in the National Science Foundation-funded Long-Term
Ecological Research (LTER) network. The study region is comprised of a wide continental shelf, a
narrow slope, deep-sea offshore waters, and Prince William Sound (Waite and Mueter 2013).
The continental shelf connects the offshore region to a glacially carved coastal mountain range.
Complex geological history has formed the shelf bathymetry into shallow banks that connect to
deep gullies (Waite and Mueter 2013). Strong seasonal variability in day length, water

temperature, micro- and macronutrient availability, freshwater input, precipitation, and storm



intensity influence the biological productivity of the NGA (Wilson and Overland 1986).
Additionally, transport mechanisms supporting onshore flow of macronutrients enhance
production on the shelf while mechanisms exporting iron-rich waters from nearshore can
episodically enhance production in offshore regions (Wu et al. 2009). Since cross-shelf primary
productivity gradients mirror gradients in bioavailable iron, it is hypothesized that iron is a
major factor in the ecosystem productivity of the NGA (Strom et al. 2006). Spatial and temporal
variability in climatological patterns and physical features in the NGA influence phytoplankton
community composition, biomass, cell size, nutrient utilization, growth rate, and degree of

micro- and macronutrient limitation (Strom et al. 2006; Waite and Mueter 2013).

What are Marine Cryptophytes?

Cryptophytes are flagellated protists within the 2.5-50 um size range found in fresh,
estuarine, and marine waters (Altenburger et al. 2020; Yoo et al. 2017). The diversity of
cryptophytes across all ecosystems encompasses approximately 220 species, many unnamed,
spanning three phylogenetic orders and 40 genera (Stoecker and Lavrentyev 2018; Yang et al.
2020). Unique taxonomic features of cryptophytes include a periplast cell wall structure,
exhibiting taxon-specific scale patterns beneath the plasma membrane, and a nucleomorph, or
reduced red algae nucleus that is residual from a previous evolutionary endosymbiotic event
(Clay et al. 1999; Kugrens and Lee 1987; Kugrens and Lee 1988; Novarino 2012; Novarino and
Lucas 1993). Cryptophytes also contain chlorophyll-c2 and the carotenoid accessory pigments
alloxanthin and alpha-carotene (Heidenreich and Richardson 2020).

Cryptophytes are cosmopolitan protists capable of surviving in a wide range of

environmental conditions within the euphotic zone (Clay et al. 1999). Physiological studies



indicate that cryptophytes have high photosynthetic efficiencies and can acclimate to varying
spectral irradiance (Heidenreich and Richardson 2020; Roberts and Laybourn-Parry 1999).
Cryptophytes use chlorophyll-a as their major light harvesting pigment, supplemented by
phycoerythrin. Phycoerythrin allows differentiation of cryptophytes from other phytoplankton
under epifluorescence microscopy by its orange, autofluorescent glow under blue light
illumination (Heidenreich and Richardson 2020). There is much debate over their preferred
environmental conditions, but cryptophytes have been detected from the coast to the open
ocean in temperate, polar, and tropical waters (Heidenreich and Richardson 2020; Yoo et al.
2017). The consensus is that cryptophytes commonly inhabit stratified and shallow upper mixed
layers of the water column (Mendes et al. 2013; Mendes et al. 2018). Stratified, micro- and
macronutrient-limited surface layers are prevalent in the summer and early fall in the NGA,
likely favoring small-celled phytoplankton groups such as cryptophytes (Gerringa et al. 2000).
Several studies demonstrate cryptophyte preference for lower salinity waters while others
suggest an affinity for colder waters (Mendes et al. 2013; Moline et al. 2004; Schofield et al.
2017). The weight of evidence with respect to environmental conditions is not sufficient to
determine an ecological niche for marine cryptophytes. Niche versatility, species diversity, and
the use of mixotrophy to supplement nutritional needs could explain cryptophyte’s expansive
environmental range (Leeuwe et al. 2020).
Cryptophyte Mixotrophy

Mixotrophic phytoflagellates, like cryptophytes, are protists that inherently contain
chloroplasts but can also feed (Stoecker et al. 2017). The diversity of algal lineages involved in

phytoflagellate mixotrophy suggests that this is a highly effective adaptation (Flynn and Mitra



2009). In nutrient limited environments, such as the NGA during summer and fall, mixotrophic
phytoflagellates that can obtain nitrogen, phosphorus, or iron from feeding generally have a
competitive advantage over pure autotrophs (Mitra et al. 2014) and can reach faster growth
rates as mixotrophs than when employing photosynthesis or feeding alone (Adolf et al. 2006;
Burkholder et al. 2008; Jeong et al. 2010).

Prior research indicates that cryptophytes in the NGA have the capacity for mixotrophy,
the acquisition of energy and nutrients through both photosynthesis and heterotrophy (Busse
2021). Mixotrophy can improve primary production and trophic transfer efficiency, increase
cellular growth rates, and improve retention of nutrients within the water column (Mitra et al.
2016; Stoecker and Lavrentyev 2018; Wassmann and Reigstad 2011; Leeuwe et al. 2020). There
is a general lack of field research focused on cryptophyte mixotrophy. A recent study hints that
mixotrophy in cryptophytes serves more as a strategy for fixed carbon acquisition than for
macronutrient acquisition in the NGA (Busse 2021). Further research into the impact of

environmental variables on the regulation of cryptophyte mixotrophy is needed.

Cryptophyte Contribution to Phytoplankton Communities

Due to their small size and mixotrophic capacity cryptophytes play diverse roles in marine
food webs. Not only do they potentially exert grazing control on marine bacteria populations,
but they also provide an avenue for carbon transfer out of the microbial loop (Mitra et al.
2014). Mixotrophic cryptophytes fulfill a vital linkage between marine bacteria prey and
heterotrophic predators. Cryptophyte chloroplasts, particularly from cells of the Teleaulux,
Plagioselmis, and Geminingera genera, are commonly retained by mixotrophic ciliates and

dinoflagellates that use kleptochloroplastidy as their nutritional strategy (Hansen et al. 2013;



Stoecker and Lavrentyev 2018; Yoo et al. 2017). These mixotrophic ciliates and dinoflagellates
can be key components of the NGA ecosystem during the summer and fall (Strom et al. 2007).
Additionally, cryptophytes are nutritious prey due to their soft outer body wall, absence of
toxins, and high concentrations of long-chain essential fatty acid (LCEFA) (Brett and Mdiller-
Navarra 1997; Galloway and Winder 2015). When transferred to higher trophic levels these
LCEFA help structure marine food webs by promoting high growth and reproduction rates in

zooplankton and fish (Galloway and Winder 2015; Litzow et al. 2006; Sterner and Schulz 1998).

Cryptophytes in Future Climate-Changed Oceans

The complex relationships of the marine food web are shifting amidst a changing climate
(Walsh et al. 2018). Global climate change is influencing storm intensity, wind patterns,
precipitation rates, glacial melt, light intensity, water temperature, and strength of water
column stratification throughout the oceans (Beamer et al. 2017; Walsh et al. 2018; Wassmann
and Reigstad 2011). These changes are predicted to favor smaller and less specialized
phytoplankton, such as mixotrophic phytoflagellates (Mendes et al. 2018; Wassmann and
Reigstad 2011). Smaller phytoplankton, like cryptophytes, that are efficient at dissolved
nutrient utilization are favored to outcompete larger organisms in future climate change-
impacted oceans (Henson et al. 2021). Similarly, high species diversity, occupation of diverse
environmental niches, and plasticity in nutritional strategy via mixotrophy offers cryptophytes a
competitive advantage over less versatile phytoplankton in adapting to changing environments
(Lindemann et al. 2016; Rammel 2021; Stoecker and Lavrentyev 2018). Shifts in phytoplankton
community composition will impact trophic transfer efficiency, micro- and macronutrient

availability, and biogeochemical cycling processes in the NGA.



Study Objectives

This study aims to understand (1) seasonal, cross-shelf, and interannual variability in
cryptophyte biomass; (2) cryptophyte contribution to the composition and total biomass of
small cell-dominated phytoplankton communities in the NGA; and (3) whether cryptophytes in
the NGA are mixotrophic and under which conditions. We hypothesized that cryptophyte
biomass would comprise a greater proportion of the total phytoplankton community in
warmer, more stratified waters. We also hypothesized that the average cryptophyte cell size
would be smaller and that rates of mixotrophy would be higher in offshore HNLC waters
compared to nearshore and shelf environments. Lastly, we hypothesized that cryptophytes in
high micro- and macronutrient nutrient environments would be purely autotrophic and that
photosynthetically active radiation (PAR) would be negatively correlated to cryptophyte
mixotrophy. Sampling at various spatial and temporal scales aided our understanding of the
seasonal transition and interannual variability of phytoplankton communities in the NGA. A
combination of epifluorescence microscopy and flow cytometry methods yielded data on small
cell-dominated phytoplankton communities including the cyanobacteria Synechococcus spp.
and photosynthetic eukaryotes, including cryptophytes, picoeukaryotes, and nanoeukaryotes.
Findings will improve our understanding of the basic biology and ecology of this important
group of primary producers, allow us to estimate the contribution of cryptophytes to the lower
trophic level food web during various seasons in the NGA, and provide novel information to

integrate mixotrophy by phytoflagellates into our ecosystem food web model.



Materials and Methods
Study Site Characterization

This study occurred in the Northern Gulf of Alaska as part of the NGA-LTER program
primarily in 2021 but included a limited number of field samples from 2018-2020. Field samples
were collected during the spring (04/23/21 — 05/04/21) and summer (06/27/21 — 07/09/21)
cruises aboard the R/V Sikuliag, and the fall cruise (09/13/21 — 09/25/21) aboard the M/V
Tiglax. Additional microscopy samples from 2018 — 2020 that were collected and processed
using methods from Strom et al. (2016) allowed interannual comparison of cryptophytes in the
NGA. Numerous stations within four distinct regions were sampled during each cruise in 2021
including the Kodiak Line (KOD, sampled in spring and summer only), the Seward Line (GAK),
the Middleton Line (MID), and Prince William Sound (PWS) (Figure 1). The KOD transect is the
most oceanic and is ~ 130 km from the GAK transect. The GAK transect extends furthest
offshore while the MID transect has the highest freshwater input, primarily from the Copper
River. The GAK and MID transects are ~75 km apart.

In situ temperature and salinity values were collected from CTD sensors.
Photosynthetically active radiation (PAR) data were collected continuously throughout each
cruise using a LiCor 1400 2-nt deck-board sensor mounted on the exterior of the vessel.
Inorganic nutrient samples were collected from CTD Niskin bottles, pre-filtered (0.8 um), stored
at -80 °C, and analyzed for nitrogen (nitrite and nitrate), ammonium, phosphate, and silicate by
the Aguilar-Islas laboratory at the University of Alaska, Fairbanks. Corresponding size
fractionated chlorophyll and phaeopigment (<20 um and >20 um) samples were collected for

each depth sampled.



Cryptophyte Quantification and Assessment of Mixotrophy

Epifluorescence microscopy slides were made to quantify the abundance, distribution,
and mixotrophy of marine cryptophytes in the NGA. Seawater samples were collected from
Niskin bottles using a standard CTD rosette at select stations at 10 m depth in spring and at the
surface, 10 m, and near the sub-surface chlorophyll maximum (12 m —30 m) in summer and fall
2021. These stations and depths were selected to provide high resolution spatial data both
across the study site and within the euphotic zone. Additional sampling depths were added in
summer and fall due to increased variability in the mixed-layer depth during these seasons.
Samples were prescreened from CTD Niskin bottles through Nitex mesh (100 um) attached to
silicone tubing and collected into 60 ml narrow mouth polycarbonate bottles prefilled with 3 mL
10 % glutaraldehyde (final concentration 0.5 % v/v) and 250 uL DAPI stain (final concentration
0.4 pg/mL). Methods were modified to include 500 pL DAPI stain for summer and fall samples
due to weak staining of spring samples (DAPI final concentration range for all samples was 0.4 —
0.8 ug/mL). Preserved samples were stored upright in a shipboard refrigerator for 12-24 h to
allow cells to fix and stain. Microscope slides were prepared by filtering known volumes (40 mL
— 60 mL) through a 1.2 um pore size (25 mm) mixed cellulose ester membrane backing filter
layered beneath a 0.8 um pore size (25 mm) Nuclepore track-etch membrane filter. Filters were
slide-mounted using immersion oil and stored upright in a slide box at -80 °C except during
transport on dry ice to Shannon Point Marine Center (SPMC) in Anacortes, WA. All samples
were processed within 6 months of slide preparation using epifluorescence microscopy.

Methods for preservation and microscopy are from Strom et al. (2016).



Samples were analyzed using epifluorescence microscopy to determine the spatial and
temporal distribution of cryptophytes and to assess the prevalence of ambient feeding
(mixotrophy) on Synechococcus spp. prey by cryptophytes. Cryptophytes were easily identified
by their unique pigment phycoerythrin which autofluoresces orange under blue light
illumination. Cells between 3 um and 25 um, sphere or tear shaped, and glowing orange and
green were classified as cryptophytes (Figure 2). Cryptophyte size class was measured using a
microscope stage micrometer (3-5 um, 5-10 um, 10-15 pm, 15-20 um and 20-25 um) and shape
category (‘tear-shaped’ or ‘sphere-shaped’) was recorded for each cell. The 20-25 um size class
was added to summer and fall methods; this size class was not observed in spring samples.
Small cells (3-10 um) were counted in grids under oil immersion (1000x), with 25 total grids
counted for each sample. After wiping off the immersion oil, a minimum of 250 cells, or four
transects if cryptophyte density was sparse, were counted under 400x magnification to
enumerate cells 10-25 um. Cell abundance (cells/mL) was computed using the total cells
counted in each size class and shape category, the total area of grids or transects counted
(mm?), the total slide area (mm?), and volume filtered (mL) after a correction for preservatives.
Some samples had zero cryptophyte cells, particularly in spring.

A mixotrophy event was classified as a cryptophyte cell containing a round, yellow
Synechococcus spp. cell ~1 um in size (Figure 3). Mixotrophy was only recorded if prey cell(s)
were completely inside of the cryptophyte cell. Additional information on mixotrophic ingestion
was recorded including the size and shape of the predator, and the number of Synechococcus
spp. cells ingested. Mixotrophy was quantified as the fraction of active mixotrophic cryptophyte

cells out of total cells counted for each size class and shape.



Cell biovolume (BV) was computed separately for ‘tear-shaped’ and ‘sphere-shaped’
cryptophytes. The estimated cell diameter of sphere-shaped cells was assumed to be the
median of the size range in that size class, for example the estimated diameter of cells 3-5 um
was 4 um. The biovolume of a sphere-shaped cryptophyte was then computed using the

(est.diameter)

3
. . . 4 . -
estimated cell diameter for each size class: BV, pere = 3 *Di* . Similarly, the

estimated cell length for tear-shaped cells was also assumed to be the median of the size range
in that size class. Since tear shaped cells do not have a consistent diameter, the estimated cell
width was assumed to be 70 % that of the estimated length based on cell measurements made

by the Strom lab using a microscope stage micrometer. Tear-shaped cryptophyte biovolume

was then computed using an estimate for cell width and length for each size class: BV, = g *

. t.length t.width)? . . .
pi * (%) * (%) . The carbon to volume relationship for photosynthetic

nanoflagellates determined by Verity et al. (1992) was used to estimate cryptophyte biomass
for each size class and shape: Biomass = 10(~0:363+0.863x(log (BV)) Carhon biomass per cell
(pg C/cell) was then multiplied by the cell abundance (cells/mL) to obtain carbon biomass (ng
C/L) estimates for each size and shape category. The distinct cryptophyte shape categories
were combined due to unreliability of distinction in some samples, so the actual data presented
does not include differentiation by shape in the abundance, biovolume, or biomass estimates

for each cryptophyte size class.
Cryptophyte Interannual Comparison

Interannual comparison of cryptophyte mean 10 m cell abundance (cells/mL), biomass

(ngC/L), and cell size (um) used epifluorescence microscopy data collected in summer on the
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GAK transect from 2018 —2021. The GAK transect was divided into ‘shelf’ and ‘offshore’
segments for each year. Sample size for 10 m GAK summer samples varied among years (2018
shelf n = 3, 2018 offshore n = 1; 2019 shelf n = 4, 2019 offshore n = 2; 2020 shelf n =5, 2020

offshore n = 3; 2021 shelf n =9, 2021 offshore n = 6).

Flow Cytometry

Flow cytometry (FC) samples were collected to estimate the community composition
and biomass contribution of cryptophytes to small cell-dominated phytoplankton communities
in the NGA. Seawater samples for FC were collected into 30 mL polycarbonate bottles from
Niskin bottles on a standard CTD rosette at surface, 10 m, and subsurface chlorophyll maximum
depths from select stations on the GAK and MID transects in summer and fall 2021. The
polycarbonate bottles were inverted to ensure uniform distribution of particles, then a 1.5 mL
subsample was transferred into a 2 mL cryovial under a fume hood. Samples were immediately
fixed with 94 pL of pre-filtered (0.2 um) 8 % paraformaldehyde (final concentration 0.5 % v/v,
aqueous solution, EM grade). After the fixed samples incubated in the dark at room temp for 10
min the cryovials were flash frozen in liquid nitrogen for at least 5 min. FC samples were stored
onboard at -80 °C until transported in a liquid nitrogen shipper back to SPMC. At SPMC samples
were stored in darkness at -80 °C until analysis. All FC samples were processed within 10
months of fixation on a Luminex Guava EasyCyte HT flow cytometer.

Calibration beads were run on the flow cytometer at the beginning and end of each day
to confirm laser and flow rate consistency. Analytical replicates (n = 4) of 150 uL of each field
sample separated by two wells of ultrapure water to avoid sample carryover were processed in

a 96-well plate. A count saturation threshold of 3 x 10° cells/mL was determined for the Guava
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flow cytometer, so data from all samples were evaluated to verify that the total cell abundance
did not surpass this threshold.

To obtain fluorescence signal and abundance data, analysis methods were developed by
testing a combination of laboratory phytoplankton cultures of known size and fluorescence
properties and field samples collected for methods development purposes. To separate the
fluorescence signal of each phytoplankton group and phytoplankton from other particles, gates
were manually assigned on scatter plots (cytograms) based on unique combinations of
fluorescence intensity, forward scatter, and side scatter of each event counted (O’Neill et al.
2013). Cytogram statistical gates were determined for Synechococcus spp., picoeukaryotes,
nanoeukaryotes, and cryptophytes. Picoeukaryotes and nanoeukaryotes were defined based on
their high red fluorescence (high chlorophyll-a content) and low to moderate yellow
fluorescence (Figure 4a). Since picoeukaryotes are smaller than nanoeukaryotes we expected
their red fluorescence signal to scale down accordingly (Figure 4a).

Synechococcus spp. and cryptophytes were distinguished from other events based on
high yellow fluorescence from their accessory pigment phycoerythrin (Figure 4a) (Olson et al.
1990). Although cryptophytes are nanoeukaryotes, we differentiated them from other
photosynthetic nanoeukaryote events based on yellow fluorescence to focus our analysis on
the cryptophyte contribution to small cell phytoplankton community biomass in the NGA.
Synechococcus spp. were separated from cryptophytes based on forward scatter, a proxy for
size (Figure 4b). Separating cryptophytes from Synechococcus spp. was challenging since
Synechococcus spp. were abundant and formed a distinct cluster while cryptophytes were

scarcer (Figure 4b). Additionally, cryptophytes had a wide range of cell sizes and associated
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fluorescence signals (Sosik et al. 2003). Due to the challenges in accurately differentiating
cryptophyte and Synechococcus spp., FC data were compared to a subsample of
epifluorescence microscopy cell counts. A 0.81x correction factor was applied to all
Synechococcus spp. data since cell concentration estimates from FC were consistently higher
than those from microscopy. Cryptophyte microscopy cell counts were drastically different than
FC measured abundance. All cryptophyte data used in these analyses were from
epifluorescence microscopy to compensate for this discrepancy. Microscopy comparison for
picoeukaryotes and nanoeukaryotes was not necessary because these populations consistently
formed tight groups on the FC cytograms. An additional challenge to interpreting cytograms
was distinguishing the events of live cells from those of decaying particles or debris (Olusoji et
al. 2021).

Carbon biomass estimates for each phytoplankton group were obtained by multiplying
cell abundance values generated by the flow cytometer and taxa-specific biomass conversion
factors. We used 200 fg C/cell as the biomass conversion factor for Synechococcus spp. (Radi
2009; Strom et al. 2016). Cell biomass for picoeukaryotes, nanoeukaryotes, and cryptophytes
was determined using the Verity et al. (1992) carbon to volume relationship for photosynthetic
flagellates as defined above. The average picoeukaryote cell was assumed to be 2 um and
sphere shaped, equating to 1,490 fg C/cell. Our nanoeukaryote biomass conversion factor was
12,580 fg C/cell. This nanoeukaryotic biomass conversion factor was computed using the
average C content of nanoeukaryote cells as estimated from epifluorescence microscopy
measurements of cell size, converted to BV using appropriate shape assumptions. Carbon-to-BV

conversion was from Verity et al. (1992). Samples used for these nanoeukaryote estimates were
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collected from 10 m depth during 2018 and 2020 on the GAK and MID transects. We did not
include 2019 data since it was an anomalously warm year and we wanted to capture average
cell size under typical NGA conditions. Cryptophyte biomass for 2021 was determined using
epifluorescence microscopy methods as described above.

The total small cell phytoplankton community carbon biomass was calculated by adding
the carbon biomass of Synechococcus spp., picoeukaryotes, nanoeukaryotes, and cryptophytes
for each sample. Carbon to chlorophyll ratios (C:chl) were then derived using the total small cell
community carbon biomass at 10 m to chlorophyll-a in cells <20 um at 10 m for each station on

the GAK and MID transects in summer and fall 2021.

Statistical Analyses

All statistical analyses and figures were generated using R: A Language and Environment
for Statistical Computing (R Core Team, 2022). Data analysis focused on 10 m samples unless
clearly specified since that was the largest sample size and allowed both spatial and temporal
comparison of cryptophytes without the confounding influence of unequal sampling of other
depths.

NMDS analyses were performed to summarize cryptophyte and small cell-dominated
phytoplankton community assemblages. The ordination space on each NMDS biplot presents
similar samples close together and dissimilar samples further apart. A sample, or dot,
represents an entire 10 m cryptophyte community or an entire 10 m small cell-dominated
phytoplankton community at a unique location and time. A Bray-Curtis dissimilarity measure
was used because it accounts for both relative abundance and presence/absence in the data.

Auto-transformations for a Wisconsin double standardization and a sqrt transformation were
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performed; low stress and convergent solutions were found with two NMDS dimensions
(RStudio, package ‘vegan’).

Correlative relationships among cryptophyte biomass and environmental variables were
assessed with Spearman correlation analysis (RStudio, package ‘corrplot’). A false discovery rate
adjustment ‘FDR’ adjustment to accommodate for false positive p-value results was performed
due to the large number of variables assessed in this analysis. Corrected p-values were reported
(RStudio, package ‘psych’). The same Spearman correlation analysis methods were used for FC
data.

Multiple linear regression models assessed relationships between cryptophyte biomass
in summer and fall 2021 and numerous environmental variables including salinity, phosphate,
nitrogen (nitrite + nitrate), ammonium, and cumulative PAR received 48 hours prior to sample
collection (RStudio, package ‘stats’). Variables for linear model analysis were chosen based on
prior knowledge of the NGA and basic physiological requirements of cryptophytes. Limitations
on the number of 10 m observations (n = 128) encouraged us to use all depths sampled (0 m —
30 m) and confined our analysis to a maximum of 6 predictive variables. All cryptophyte
biomass data were log transformed to meet assumptions of residual variance and normality.
Each linear model passed a variance inflation factor (VIF) test (VIF < 5) to confirm that no
predictors were collinear (RStudio, package ‘car’).

Relationships among cryptophyte mixotrophy and hypothesized environmental
predictors of flagellate mixotrophy were analyzed with Poisson regression generalized linear
models (RStudio, package ‘MASS’). Poisson regression was used because the mixotrophy

dataset contained a high proportion of 0 outcomes (i.e. cryptophyte cells with no ingested
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prey); therefore the relationship between cryptophyte mixotrophy (fraction of active
mixotrophs) and predictor variables was nonlinear, and the distribution of data was skewed.
This analysis focused on summer and fall data because negligible mixotrophy was recorded in
spring. Like the cryptophyte biomass models, limitations on the number of 10 m observations
(n=127) encouraged us to use all depths sampled (0 m —30 m) and confined our analysis to a
maximum of 6 predictive variables. Variables hypothesized to influence cryptophyte
mixotrophy included Synechococcus spp. prey concentration (cells/nL), phosphate (uM),
nitrogen (M), ammonium (uM), and PAR (mol photon/m?). For each VIF test, phosphate and
nitrogen were collinear. The analysis proceeded with phosphate only because prior research
found phosphate to be a significant predictor of phytoflagellate mixotrophy in the NGA (Busse
2021). Once nitrogen was removed the VIF for each mixotrophy model was <2. Poisson
regression models were run for total cryptophyte mixotrophy and mixotrophy by individual size
classes (3-5 um, 5-10 um, 10-15 pm, 15-20 um, 20-25 um). Ultimately, a quasipoisson
regression was performed on all models because regression diagnostics showed that the data
were clumped. This correction was made by confirming that the ratio of residual deviance to
degrees of freedom (df) was # 1 for each model. Since various time intervals of PAR were
inherently collinear, hourly PAR, 6 h PAR, 12 h PAR, 24 h PAR, and 48 h PAR were analyzed

separately; all proved to be nonsignificant predictors of cryptophyte mixotrophy in the NGA.
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Results

The NGA is a highly seasonal ecosystem with spatial and temporal variability that
influences primary productivity and phytoplankton community composition at multiple scales.
During spring 2021 some of the highest total chlorophyll-a values in this multi-decade time
series were recorded (Figure 5c). Spring had a low fraction of chlorophyll-a in small cells (<20
pm) and microscopy revealed a diatom-dominated phytoplankton community with few
cryptophytes. During summer and fall the average 10 m total chlorophyll-a decreased to < 1/3
of the chlorophyll-a in spring; in contrast, the average 10 m chlorophyll-a in small cells
increased from an average of 22 % in spring to ~82 % in summer and fall (Figure 5d, Table 1).
The large proportion of chlorophyll-a in small cells was associated with high biomass and high
carbon to chlorophyll values for a small cell-dominated phytoplankton community in the NGA.
Cryptophyte Distribution in the NGA
Seasonality

Cryptophyte communities in the NGA exhibited strong seasonality. Marine cryptophytes
were least abundant in spring, the summer season was composed of high abundances of small
cells, and the fall season exhibited a transition to fewer and larger cryptophyte cells (Figure 6a).
The maximum cryptophyte 10 m abundance and biomass were recorded in summer on the GAK
transect at 7.88 x 103 cells/mL and at 1.2 X 10° ngC/L, respectively. In contrast, the fewest
cryptophytes were recorded in spring (maximum abundance was 7.20 x 102 cells/mL, maximum
biomass was 2.65 x 10* ngC/L). Summer cryptophyte biomass maximum was 4.5x the spring
maximum. The largest size class (20-25 um) of cryptophytes recorded in 2021 appeared in

summer samples and was also present in fall but was not observed in spring samples (Figure
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6b). In general, larger size classes (cells =10 um) contributed a greater proportion to the total
cryptophyte biomass, despite the higher abundance of smaller cells in all seasons (Figure 6b).

NMDS analysis of cryptophyte community composition by biomass showed separation
of all seasons, with a tight cluster of spring samples (Figure 7). The overlap of summer and fall
samples on axis 1 but modest separation along axis 2 is likely explained by the presence of large
cells (20-25 pum) in summer and fall. There were obvious groupings of cryptophyte size classes:
the smallest cells clustered closely together (3-10 um), as did the medium-sized cells (10-20
pum), while the largest cells (20-25 um) appeared in a unique ordination space high on axis 2
(Figure 7). Like the biomass biplot, the spring cryptophyte community separated distinctly from
summer and fall based on cell abundance (Appendix Figure 25).

Cryptophyte biomass at 10 m was positively correlated with the proportion of
chlorophyll-a in small cells (<20 um) in all seasons and positively correlated with total
chlorophyll-a in summer and fall 2021 (Table 2). Spring cryptophyte biomass at 10 m was also
negatively correlated with ammonium concentration (Table 2). In contrast, summer biomass at
10 m was negatively correlated with water temperature, 24 h PAR, and 48 h PAR (Table 2). Fall
cryptophyte biomass at 10 m was strongly negatively correlated with salinity, distance offshore,
and all time-intervals of PAR, except 48 h PAR (Table 2). Additionally, ammonium concentration
and 10 m cryptophyte biomass had a positive correlative relationship in the fall (Table 2).

Multiple linear regression models assessed relationships between cryptophyte biomass
at all depths (0-30 m) and numerous environmental variables. This analysis focused on summer
and fall data because few cryptophytes were recorded in spring and environmental variables

are often dramatically different in spring in the NGA (Table 1). There was a significant increase
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in log (biomass) as phosphate concentration decreased for all size classes in summer and fall
(Table 3). When all cryptophyte size classes were combined, phosphate concentration had a
strong negative relationship, ammonium concentration had a moderate positive relationship,
and salinity had a weak positive relationship with log (total biomass) (Table 3).

Individual size classes were also analyzed using multiple linear regression models to
expose potential taxon-specific variability in relationships between environmental variables and
cryptophyte biomass. All size classes showed negative relationships with phosphate
concentration. In addition, for the smallest two size classes of cryptophytes (3-10 um), log
(biomass) increased when the 48 h PAR term was negative (Table 3). While the linear model
results were similar for the smallest cryptophytes (3-10 um), a decrease in nitrogen had a
positive effect on log (biomass) only for 5-10 um cryptophytes (Table 3). Log (biomass) of the
medium (10-15 um) cryptophytes was the only size class that positively increased when
ammonium concentrations increased (Table 3). Finally, log (biomass) of the largest 2 groups

(15-25 um) of cryptophytes exhibited a positive relationship with salinity (Table 3).

Cross-Shelf Gradients

In addition to seasonal variability, cryptophyte community composition in the NGA
exhibited fine-scale spatial and temporal variability when each transect and season was
examined individually (Figures 8-10). Summer on the GAK transect had the highest 10 m
cryptophyte biomass in 2021 (Figure 9b). Cryptophyte biomass was higher on the shelf and
lower offshore on the GAK and MID lines in summer and fall (Figures 9, 10). Despite lower total
biomass, large cryptophyte cells were more abundant in offshore waters on the GAK line in

summer and fall 2021 (Figures 9, 10). Both the GAK and MID lines had low total chlorophyll-a in
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the fall (Table 1), but the largest size class (20-25 um) of marine cryptophytes were valuable
contributors to total biomass (Figure 10). The smallest cryptophyte cells (3-5 um) had minimal
biomass, or were nonexistent, in spring and fall in the NGA (Figures 8, 10).

Spring communities were primarily composed of medium sized (5-20 um) cryptophytes
(Figure 8). The GAK line had substantially lower 10 m biomass than the KOD and MID transects
in spring (Figure 8b). The KOD line exhibited low offshore biomass while the GAK and MID
transects did not have cross-shelf trends (Figure 8).

In the summer, the smallest size class (3-5 um) was important nearshore on the GAK
and MID lines, while the largest size class of cryptophytes (20-25 um) was a significant
component of the nearshore KOD transect (Figure 9). This contrast in cryptophyte community
composition and ~5x higher total chlorophyll-a, predominately in large cells, at some stations
on the KOD line (Fig. 11) suggests a different summer ecosystem than the GAK and MID
transects. There was an obvious cross-shelf gradient in cryptophyte cell size on the KOD line in
summer, with average cell size decreasing with increasing distance offshore (Figure 9a).

In fall, high biomass of large cryptophyte cells (20-25 um) marked a transition from a
small cell-dominated ecosystem (Figure 10). Large cells played an important role offshore on
both the GAK and MID transects in the fall (Figure 10). The GAK transect line in fall 2021 had
considerably higher 10 m cryptophyte biomass than the MID transect (Figure 10) The KOD
transect was not sampled in fall due to bad weather in the NGA.

NMDS analysis of spring, summer, and fall cryptophyte community composition by
biomass (ngC/L) showed all transect lines overlapped on both axis 1 and axis 2 (data not

shown).
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Interannual Variability

Marine cryptophyte community composition and total biomass at 10 m on the GAK
transect in summer showed significant variability in our four-year time series. Relative to other
years, 2021 had intermediate cryptophyte cell size and total concentration at most stations
sampled, except total concentration (cells/mL) was higher at offshore stations in 2021 (Figures
12a, 12c). Total cryptophyte biomass in 2021, both on the shelf and offshore, was lower than in
2018 and 2020 (Figure 12b). Cryptophyte cell size was typically smaller in 2021, explaining the
lower total biomass when compared to 2018 and 2020 (Figure 8c). During 2019 a marine heat
wave afflicted the NGA. The ecosystem implications of this disturbance were reflected in lower-
than-average cryptophyte cell size, concentration, and biomass in 2019 (Figure 12). It is
important to note that 2021 had largest sample size and 2018 the smallest, potentially leading

to challenges in interpreting this time series.

Small Cell Phytoplankton Community Composition: How Important were Cryptophytes?
Flow cytometry data provided valuable insight into the community composition along
with the biomass contribution of different groups comprising the summer and fall
phytoplankton communities in the NGA. Small cells (<20 um) comprised on average 91 % of the
total chlorophyll-a measured at 10 m on the GAK and MID transects in summer and 79 % in fall
(Table 1). Despite only 2x higher mean 10 m chlorophyll-a in summer (1.51 ug/L) over fall (0.75
ug/L), the maximum summer 10 m carbon biomass was 5x that of fall on the GAK transect
(Figure 13a). There were spatial differences as well. Maximum 10 m carbon biomass on the GAK
transect was 4.2x that on the MID transect in summer and 1.4x in fall (Figures 13a, 13b). Total

small cell phytoplankton biomass (ugC/L) was lowest offshore on both GAK and MID transects
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in summer (Figures 13a, 13b). In contrast, neither transect showed a cross-shelf trend in fall
(Figures 13a, 13b).

On average, nanoeukaryotes and cryptophytes contributed ~75 % of the total biomass
on the GAK and MID transects (Figures 13bc, 13d). Cryptophytes were more important
nearshore on the MID line in summer and nearshore on both transects in fall (Figures 13c, 13d).
Smaller cells, including picoeukaryotes and Synechococcus spp., increased in relative
importance with increasing distance offshore on the GAK transect in summer (Figure 13c).
Picoeukaryotes and Synechococcus spp. consistently contributed ~30 % of total biomass across
the GAK transect in fall (Figure 13c). The total small cell phytoplankton biomass reached a
maximum of 605 pugC/L at 25 km offshore on the GAK line in summer 2021 (Figure 13a). At this
station, 98 % of total chlorophyll-a was in small cells (<20 pum).

NMDS analysis of the 10 m summer and fall phytoplankton community composition by
biomass on the GAK and MID transects showed obvious distinction of small cell phytoplankton
groups (Figure 14). Synechococcus spp. and picoeukaryotes, the smallest cells, grouped closely
together (Figure 14). The considerable overlap of all samples along axis 1 and axis 2 suggests
that NGA small cell-dominated phytoplankton communities were similar in summer and fall
2021 (Figure 14). However, the fall phytoplankton community clustered more tightly together
than summer indicating less variability in community composition among fall samples (Figure
14).

Spearman correlation analysis revealed relationships among these small cell
phytoplankton groups at 10 m and between environmental variables and each taxonomic

group. Synechococcus spp , picoeukaryotes, nanoeukaryotes, and cryptophytes were strongly
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positively correlated with each other, except Synechococcus spp. were not correlated with
cryptophytes (Table 4). Synechococcus spp. were positively correlated with chlorophyll-a in
small cells, but not with any abiotic variable. Picoeukaryotes, nanoeukaryotes, and
cryptophytes were all strongly positively correlated with both chlorophyll-a in small cells and
total chlorophyll-a (Table 4). Although nanoeukaryotes and cryptophytes were strongly
negatively correlated with water temperature, mean temperature was 1 °C lower in summer
than fall and total small-cell community biomass was higher in summer (Table 4).
Carbon to chlorophyll ratios (C:chl) for small cell-dominated phytoplankton communities

in the NGA were generally high and decreased from summer to fall (Figure 15). The mean 10 m
C:chl on the GAK line was 160 (SD = 33.2) in summer and 144 (SD = 24.5) in fall. The MID
transect had similar 10 m C:chl of 199 (SD = 68.2) in summer and 145 (SD = 23.2) in fall. In
summer, the highest C:chl corresponded to samples with high total biomass (Figures 13, 15). In
contrast, high C:chl in fall were associated with increased biomass contribution by the smallest
sized taxonomic groups, including picoeukaryotes and Synechococcus spp. (Figures 13, 15).
Cryptophyte Mixotrophy

This study presents strong evidence that cryptophytes in the NGA are mixotrophic. Up to 20
% of the total cryptophyte community contained ingested Synechococcus spp. prey during the
summer and fall of 2021. Cryptophyte mixotrophy at 10 m in the NGA was highest in cells >10
pm, but cells <10 um also demonstrated a capacity for mixotrophic feeding on Synechococcus
spp. prey (Figures 16-20). The GAK transect had the highest fraction of active cryptophyte
mixotrophs of all size classes in both summer and fall while the MID had the lowest (Figures 16-

20). It is worth noting that almost no mixotrophy was observed on the KOD transect in summer
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until 125 km offshore, where a shift in cryptophyte community composition occurred (Figures
9a, 16).

Quaisipoisson regression generalized linear models produced coefficients that were
interpreted as incident rate ratios (% change in y with one unit change in x) for significant
predictors of 0 — 30 m cryptophyte mixotrophy (Figure 21). For every 1 cell/nL increase in
Synechococcus spp. concentration, there was a 10.99x increase in cryptophyte mixotrophy;
likewise, for every 1 uM increase in phosphate concentration, there was a 1.16x increase (Table
5). In contrast, with every 1uM increase in ammonium concentration there was a 0.71x
decrease in cryptophyte mixotrophy (Table 5).

When cryptophyte size classes were analyzed independently, higher Synechococcus spp.
concentrations predicted higher cryptophyte mixotrophy for all but the smallest two size
classes (3-10 um) (Figure 22). Although results for the 5-10 um size class were excluded by our
model criteria, Synechococcus spp. concentration likely had a weak positive predictive
relationship and ammonium a weak negative relationship for mixotrophy in the 5-10 um size
class, with p-values of 0.12 and 0.17, respectively. In contrast, the 3-5 um size class had no
significant predictors of cryptophyte mixotrophy. The largest 3 size classes of cryptophytes (10-
25 um) demonstrated a strong capacity for mixotrophy (Figures 16-20). For every 1 cell/nL
increase in Synechococcus spp. concentration, cryptophyte mixotrophy increased 6.55x, 8.07x,
and 14.52x for size classes 10-15 um, 15-20 um, and 20-25 um, respectively (Table 5).
Therefore, the positive effect of prey concentration on cryptophyte mixotrophy was stronger
on larger cells. Synechococcus spp. concentration was the only significant predictor for the size

classes 10-15 um and 15-20 um (Table 5). In contrast, phosphate concentration also predicted
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cryptophyte mixotrophy for the largest (20-25 um) size class. For every 1 uM increase in
phosphate concentration, there was a 1.83x increase in cryptophyte mixotrophy for 20-25 um
cryptophytes (Table 5). It is worth noting that ammonium and phosphate consistently had a p-

values ~ 0.1 before dropping out of individual size class mixotrophy models.
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Discussion

Cryptophytes in the NGA

Cryptophytes were a significant component of the carbon biomass of small cell-
dominated phytoplankton communities in the NGA in summer and fall 2021. Our results
uncovered distinct cryptophyte size class groupings that are each related to a different set of
environmental factors, suggesting niche partitioning and/or prevalence of numerous
cryptophyte species in the NGA. Their versatility is likely associated with cryptophyte taxonomic
variability and nutritional plasticity via mixotrophy (Clay and Kugrens 1999; Hoef-Emden et al.

2002).
Seasonality

Spring cryptophyte biomass was low when micro- and macronutrients that are essential to
phytoplankton growth, including nitrogen and phosphate, were high; diatoms dominated the
NGA in spring 2021. The spring bloom and increased water column stratification drew down
essential micro- and macronutrients as the ecosystem transitioned from spring to summer.
When all seasons were compared, cryptophyte biomass peaked in summer on the shelf at 1.2 x
10° ngC/L. Salinity gradually decreased from spring to fall due to increased freshwater runoff
from mountains and glaciers surrounding the NGA (Beamer et al. 2017). Increased prevalence
of water column mixing due to storms caused micro- and macronutrient concentrations to
again rise in fall. Higher micro- and macronutrient concentrations and/or the employment of
mixotrophy in the fall may have facilitated the survival of larger cryptophyte cells (20-25 um)

that require more micro- and macronutrients due to their low surface area to volume ratios.
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Zooplankton predation on marine cryptophytes certainly impacted their seasonal biomass
trends. Cryptophytes are nutritious prey attributed to a soft outer body wall, high
concentrations of essential fatty acids, and lack of toxicity (Brett and Miiller-Navarra 1997;
Galloway and Winder 2015). A significant positive correlation between freshwater lake copepod
predator abundance and cryptophytes was found by measuring the presence of precipitated
alloxanthin, a cryptophyte-specific carotenoid pigment, in sediment traps (Barkhatov 2021).
Furthermore, Barkhatov (2021) found evidence that freshwater copepods selectively consume
cryptophytes, likely due to their high nutritional value. The strong seasonality of the NGA
abiotic environment significantly influences zooplankton abundance (Coyle and Pinchuk 2005).
The low spring 2021 cryptophyte biomass could be attributed to a typical NGA springtime peak
of neocalanus copepod zooplankton abundance when water temperatures are low (Coyle and
Pinchuk 2005). Likewise, NGA zooplankton populations often decline in summer, at least in part
due to zooplankton phenology and increased abundance of nektonic predators (Coyle and
Pinchuk 2005), coincident with the 2021 peak in cryptophyte abundance and biomass. Seasonal
variability in the size structure of zooplankton predators also likely influenced cryptophyte
biomass. In Antarctica cryptophytes are not grazed efficiently by large zooplankton predators
due to their small size (Moline et al. 2004). Further research into the effect of zooplankton
predators on the community composition structure and biomass of cryptophytes in the NGA is

needed.
Cryptophyte Distribution and Biomass

While accurate phytoplankton community biomass estimates have been recognized for

over 100 years as essential to understanding marine ecosystems, challenges in comparing data
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persist due to differences in sampling methodologies and biomass conversion factors (Menden-
Deuer and Lessard, 2000; Sutherland 1913). Here we present study comparisons on
cryptophyte cell abundance, absolute biomass, and relative biomass estimates from temperate
to arctic small cell-dominated communities worldwide. There is limited literature on
cryptophyte abundance and biomass estimates in ecosystems like the NGA.

Cryptophyte abundance at 10 m in the NGA in summer and fall 2021 ranged from 3.21 x
10! — 7.88 x 103 cells/mL with a mean abundance of 1.01 x 103 cells/mL and a median of 6.15 x
102 cells/mL. A time series analysis of cryptophyte concentration at the Scripps Institution of
Oceanography pier in La Jolla, California, USA (32 °N) from 2011-2016 found a mean abundance
of 8.86 x 102 cells/mL (median 6.11 x 102 cells/mL); abundance ranged from 0 cells/mL in
October 2012 to 1.31 x 10* cells/mL in July 2016 (Rammel 2021). In addition to high intra- and
interannual variability in cryptophyte abundance, Rammel (2021) also found large differences
over small spatial scales in San Diego Bay in summer 2019. This resembles the high spatial and
temporal variability in cryptophyte abundance found in the NGA in 2021 (Rammel 2021).

A contrasting marine environment, the oligotrophic western Mediterranean Sea (40 °N),
had average annual (March 2003- March 2004) cryptophyte abundances of 342 cells/mL which
accounted for ~13 % of the small cell (3-20 um) phytoplankton abundance (Unrein et al. 2014).
Our estimate for the average NGA summer and fall 10 m cryptophyte abundance was ~3x that
of the Mediterranean at 1.01 x 103 cells/mL. NGA cryptophytes only accounted for, on average,
1.35% of the 10 m total small cell (<20 um) phytoplankton abundance but represented, on
average, 18% of the total small cell phytoplankton biomass on the GAK and MID transects in

summer and fall 2021. A greater contribution of larger cells to total community biomass in the

28



NGA likely explains the discrepancy in cryptophyte relative abundance when compared to an
oligotrophic basin such as the Mediterranean (Unrein et al. 2014).

Cryptophyte communities in similar ecosystems were compared using biomass
estimates. In the NGA in summer and fall 2021 cryptophyte biomass at 10 m ranged from 2.74 x
103 - 1.20 x 10° ngC/L with a mean of 2.98 x 10* ngC/L and a median of 2.40 x 10* ngC/L. These
cryptophyte biomass estimates resemble other temperate and arctic marine ecosystems
including Korea, the South Atlantic, and Antarctica (Garibotti et al. 2003; Jeong et al. 2013;
Tarran et al. 2006). In Masan Bay, a semi-enclosed bay in Korea at 35 °N, annual cryptophyte
biomass at the surface ranged from 0 - 6.68 x 10° ngC/L with a mean biomass of 1.99 x 10°
ngC/L in 2004-2005 (Jeong et al. 2013). The higher mean biomass presented by Jeong et al.
(2013) could be explained by the exclusively coastal nature of their study; this is supported by
our findings that NGA cryptophyte biomass was typically higher nearshore in 2021. Estimates
for the NGA closely aligned with cryptophyte biomass estimates for coastal Antarctica in austral
summer (January-February 1996), which ranged from 6.90 x 103 — 3.61 x 10* ngC/L with a mean
of 1.92 x 10* ngC/L (Garibotti et al. 2003). Cryptophyte biomass was lower in the oceanic South
Atlantic basin at 35 °S in September-October 2003 and April-June 2004 where the mean surface
value was only 6.7 x 103 ngC/L (Tarran et al. 2006).

NGA cryptophytes contributed 4-45 % of the total small cell (<20 um) phytoplankton
carbon biomass on the GAK and MID transects in summer and fall 2021. Similarly, Strom et al.
(2010) found that cryptophytes were common on the NGA shelf in summer 2003. Studies from
subarctic and temperate latitudes show similar cryptophyte contribution to summer biomass

including 5-21% in the Baltic Sea (Griffiths et al. 2020) and 13-16% in the inland estuarine Salish
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Sea off Washington State, USA and British Columbia, Canada (Del Bel Belluz et al. 2021). In the
Salish Sea both cryptophytes and prasinophytes had high biomass during non-bloom conditions
year-round (Del Bel Belluz et al. 2021). Similarly, at Ocean Station Papa in the subarctic oceanic
Pacific, an environment comparable to NGA offshore stations, the 10-20 um phytoplankton
community was dominated by cryptophytes and dinoflagellates in August (Booth 1988).

Taken together these findings suggest that NGA 2021 cryptophyte biomass falls within
the range of previous studies and that higher nearshore cryptophyte biomass might be a
general feature of temperate, subarctic, and arctic oceans (Garibotti et al. 2003; Jeong et al.
2013; Tarran et al. 2006). Variability in cryptophyte abundance, biomass, and distribution both
in the NGA and worldwide hints at an expansive ecological range and high diversity for this
phytoplankton group.
Cryptophyte Niche Diversity

Our study recorded cryptophytes in a diverse array of conditions in the NGA including
high nutrient environments in spring, low chlorophyll environments in summer and fall, micro-
and macronutrient limited conditions in summer, and low salinity environments in fall. This
niche diversity is associated with numerous cryptophyte evolutionary responses; these likely
include but are not limited to clade and species diversity, a wide cellular size range, and
mixotrophy (Del Bel Belluz et al. 2021; Rammel 2021).

Clustering of size classes in plots, linear modeling, and multivariate statistical analyses

suggested that at least three different cryptophyte species or species groups with size ranges of
3-10 um, 10-15 um, and 15-25 um play important roles in the NGA. While all cryptophytes

demonstrated a strong negative relationship with phosphate concentration, individual size
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classes varied in other aspects of their distribution and relationship to environmental
properties (Table 6).

The smallest size class (3-5 um) of cryptophytes had the greatest relative contribution
nearshore and on the shelf in summer 2021. Cells 5-10 um did not present any evident seasonal
or cross-shelf trends and were generally present in low or moderate relative abundances in
spring and moderate or high relative abundances in summer and fall 2021. Although abundance
and biomass trends were variable between cryptophytes 3-5 um and 5-10 um, models showed
both size classes were strongly associated with lower phosphate concentrations and modestly
associated with lower light conditions. This suggests that cryptophytes 3-10 um accumulate
more biomass and/or are more competitive than other phytoplankton under lower light
conditions. Cryptophytes 5-10 um were also moderately associated with lower nitrogen
concentrations (Table 6).

Medium sized (10-15 um) cryptophytes occupied a unique niche. Increases in ammonium
concentration and decreases in phosphate concentration were associated with increased
biomass of 10-15 um cryptophytes (Table 6). This size class was the main component of spring
communities and persisted to contribute ~25% of total cryptophyte biomass across all transects
in summer and ~50% in fall.

The largest (15-25 um) cryptophytes recorded in this study were associated with higher
salinities and lower phosphate concentrations (Table 6). Cryptophytes 20-25 um in size were an
important component offshore in high salinity waters on the GAK and MID lines in fall. In
contrast, these large cells also had high biomass inshore on the KOD transect in summer where

total chlorophyll-a was ~5x higher than on the GAK and MID transects and the phytoplankton
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community was large cell-dominated (Figure 11). This apparent niche variability of large
cryptophytes could be explained by species differences or eddy transport but requires further
research.

Our findings of a negative relationship between cryptophytes and phosphate were also
described for marine ecosystems in coastal southern California, USA (Rammel 2021), coastal
Korea (Jeong et al. 2013), and Denmark (Altenburger et al. 2020). This relationship hints that
photosynthetic cryptophytes in the NGA and elsewhere are not limited by phosphate
concentrations or that they selectively acquire phosphate via alternate routes such as
mixotrophy.

Results demonstrating that cryptophytes can thrive in various environmental niches in
the NGA suggest high diversity and adaptability of this phytoplankton group. These conclusions
are supported by studies in the Salish Sea suggesting that weak correlations between
cryptophytes and specific environmental conditions are due to versatility, high diversity, and
competitive advantages of cryptophytes when compared to other phytoplankton groups (Del
Bel Belluz et al. 2021).

The likelihood that NGA cryptophyte environmental niches are associated with high
species diversity is supported by metagenomic research showing high genetic and
environmental diversity of clade 4 marine cryptophytes in temperate waters (Rammel 2021).
These recent findings provide further support that clade 4 cryptophytes, which include the
genera Teleaulax, Geminigera, and Plagioselmis, dominate in temperate marine environments
(Medlin and Orozco 2017; Marie et al. 2010; Needham et al. 2018; Supraha et al. 2014). This

information suggests that NGA cryptophytes of the same clade can inhabit disparate
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environments. Likewise, metagenomic studies in the Mediterranean Sea found high diversity,
including 6 cryptophyte genera and 11 species, associated with variability in cryptophyte cell
volume throughout the year (Unrein et al. 2014). Cryptophyte genus was also connected to
spatial and temporal trends in biomass in the Baltic Sea and Coastal Korea (Griffiths et al. 2020;

Kang et al. 2021).
Cryptophyte Time Series

Predicted global sea surface temperature warming of 2-4 °C by 2100 (Cooley et al. 2022)
will increase water column stratification and likely affect nutrient supply to favor smaller
phytoplankton taxa that are adapted to low micro- and macronutrient concentrations (Bindoff
et al. 2019; Henson et al. 2021). Our results showed lower cryptophyte abundance, biomass,
and smaller cell size during a 2019 NGA marine heat wave (Figure 23) (Suryan et al. 2021).
Research in the Baltic Sea also found decreasing cryptophyte biomass under rapid warming
conditions since the 1980’s (Griffiths et al. 2020; Suikkanen et al. 2013).

Climate models predict increased prevalence of marine heat waves and other extreme
ecosystem anomalies in the future (Walsh et al. 2018). Warmer water temperatures will likely
increase phytoplankton growth rates and a longer growing season is predicted to result in
increased biomass production in the NGA (Duffy et al. 2017; Henson et al. 2021; Pennekamp et
al. 2018; Worm et al. 2006). However, larger phytoplankton are expected to decrease in
relative abundance due to limiting micro- and macronutrient supplies associated with increased
water column stratification (Dutkiewicz et al. 2020; Henson et al. 2021). Although climate
change is expected to decrease the variety of available phytoplankton niches, taxa that can

survive in a wide range of environmental niches, like cryptophyte mixotrophs, might be less
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vulnerable to extinction (Henson et al. 2021; Hillebrand et al. 2018). It is plausible that both
small cryptophytes that require minimal micro- and macronutrients and large cryptophytes that
are mixotrophs will thrive in future climate-changed marine ecosystems due to their advantage

over more specialized phytoplankton groups.
Small Cell-Dominated Phytoplankton Communities
NGA Biomass and Carbon to Chlorophyll Ratios

Our study found NGA carbon biomass up to 600 pgC/L in summer and fall, when total
chlorophyll-a was less than 2 pg/L. Chlorophyll-a in small cells (<20 um) at 10 m on the GAK and
MID transects was on average 91 % of total chlorophyll-a in summer and 79 % in fall. Since our
flow cytometric analysis was restricted to small cells (<20 um), we have confidence that our
data represent most of the phytoplankton community at these times.

Carbon biomass estimates for the NGA 10 m small cell (<20 um) phytoplankton
community ranged from 37-605 pgC/L for summer and fall 2021. Similarly, previous research by
Burt et al. (2018) using optical measurements from an underway system found carbon biomass
estimates for the subarctic Pacific in the summer to vary from 20 — 400 pugC/L. The study region
in Burt et al. (2018) encompassed the NGA but also contained a wider range of marine
environmental conditions, including Barkley Canyon off Vancouver Island, British Columbia,
Canada where the maximum carbon biomass and highest variability were recorded.

High carbon biomass of these NGA small cell-dominated communities resulted in high
C:chl. We found C:chl between 82-293 for summer and fall 2021 in the NGA, higher than
previously expected. High NGA ratios were likely due to very high total biomass at nearshore

stations in summer and lower ratios the result of low total biomass and low chlorophyll at some
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shelf stations in fall. Similarly, high C:chl at NGA offshore stations in summer and fall 2021 were
associated with moderate biomass of small phytoplankton cells in a low chlorophyll iron-limited

environment.

Small Cell-Dominated Phytoplankton Community Composition

Results from our study demonstrated that photosynthetic nanoeukaryotes, including
cryptophytes, are critical components of the NGA ecosystem. Summer and fall communities
were dominated by these phytoplankton groups, contributing ~75 % of the total biomass across
the GAK and MID transects. Cryptophytes had higher relative abundance nearshore and on the
shelf than in oceanic waters in both summer and fall 2021. Low salinity waters nearshore on the
MID transect in summer had high relative abundance of Synechococcus spp. Picoeukaryotes and
Synechococcus spp. generally increased in relative abundance with increasing distance offshore
on the GAK transect in summer 2021; contrasting trends were present for larger cells. Likewise,
other studies in the NGA found Synechococcus spp. and small phytoflagellates dominant in
offshore iron-limited waters (Strom et al. 2006; Strom et al. 2010).

Community composition results from our study were supported by other research in
Arctic, subarctic, and temperate ecosystems indicating that phytoflagellates <15 um in size,
including cryptophytes, dominate small cell phytoplankton communities (Bolafios et al. 2020;
Garibotti et al. 2003; Tarran et al. 2006). In common with the NGA in 2021, Tarran et al. (2006)
found nanoeukaryotes, including cryptophytes, contributed 65-85% of total phytoplankton
carbon biomass in North Atlantic temperate waters. Although a lower latitude ecosystem, flow

cytometry analysis of a small cell-dominated phytoplankton community in the Northern
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Adriatic Sea found estimates for relative contribution of cryptophytes and nanoeukaryotes to
be 10% and 43%, respectively (Radi 2009).

Our results provide additional evidence that small cell-dominated phytoplankton
communities can have carbon biomass levels comparable to, or higher than, diatom-dominated
spring blooms in both the North Atlantic and the North Pacific (Strom et al. 2016; Westberry et
al. 2016). This consistent underestimation of small cell-dominated community carbon biomass
demonstrates that chlorophyll concentrations are not always an accurate predictor of carbon
biomass (Behrenfeld et al. 2016; Veldhuis & Kraay 2004; Westberry et al. 2016). Employment of
ecosystem-specific biomass conversion factors for both in situ and remote-sensed chlorophyll-a
observations for diverse phytoplankton assemblages will improve our understanding of this
important measure of ecosystem resilience (Menden-Deuer and Lessard 2000; Garibotti et al.
2003; Verity et al. 1992). Understanding the dynamics of small cell-dominated phytoplankton
communities is crucial since small phytoflagellates (<20 um) are often major components of
phytoplankton communities and are key drivers of marine carbon and nutrient cycling (Bolafios
et al. 2020; Worden et al. 2015). Results from this study demonstrated that small cell-
dominated phytoplankton communities are vital to the present-day functioning of subarctic
marine ecosystems. Climate models predict that smaller and more versatile phytoplankton
communities, like those found in summer and fall in the NGA, will increase in importance in
future climate-changed oceans as temperature and water column stratification increase

(Henson et al. 2021).
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Cryptophyte Mixotrophy

Despite widespread acknowledgement of small-celled phytoplankton mixotrophy as an
important influence on ocean biogeochemical cycling and food web models, in situ evidence is
scarce (Flynn et al. 2013). It is now generally accepted that mixotrophy is the norm rather than
the exception for phytoflagellates such as marine cryptophytes (Flynn et al. 2013; Jeong et al.
2010; Stoecker et al. 2009). Not only are mixotrophic protists ubiquitous, they also frequently
dominate the lower trophic levels of marine ecosystems (Jeong et al. 2010; Sanders 1991;
Stoeker et al. 2009; Zubkow and Tarran 2008). Phytoplankton mixotrophy is employed to obtain
fixed carbon, micro- and macronutrients, trace elements, and/or energy (Stoecker et al. 2017).

Cryptophytes are constitutive mixotrophs, protists that contain photosynthetic
machinery and the associated regulatory genes, and only feed in response to certain conditions
in their environment (Leeuwe et al. 2020; Stoecker and Lavrentyev 2018). Experiments using
fluorescently labeled beads demonstrated that cryptophyte mixotrophy is influenced by
dissolved organic carbon concentration, light intensity, and prey concentration (Porter 1988;
Sanders et al. 1990). Studies on phytoflagellate mixotrophy in a mesocosm experiment using
water from the oligotrophic NW Mediterranean showed that cryptophytes were the second
most important mixotrophic group, responsible for 8% of total grazing by mixotrophs,
surpassed only by haptophytes that contributed 40% of total mixotrophic grazing (Unrein et al.
2014). One of the few in situ studies on cryptophyte mixotrophy suggests that mixotrophy
enables freshwater cryptophytes to survive Antarctic polar winters under ice in a low-light

environment (Marshall and Laybourn-Parry 2002).
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Our hypothesis that cryptophytes in high micro- and macronutrient nutrient
environments would be purely autotrophic was supported by low, or nonexistent, mixotrophy
during spring 2021 when nutrient concentrations were highest. However, we were unable to
find support for our hypothesis that PAR will have a negative relationship with mixotrophy. Our
study presented strong evidence that NGA cryptophyte mixotrophy is primarily by prey
availability and that higher phosphate and lower ammonium concentrations are important
mixotrophy predictors for some size classes of cryptophytes. Since feeding increased with prey
(Synechococcus spp.) concentration, NGA cryptophytes are constitutive mixotrophs that feed
(at least in part) in response to prey availability. It is probable that an interaction of prey
concentration and micro- and/or macronutrient concentrations explains spatial and temporal
variability in cryptophyte mixotrophy in the NGA.

Results from our study revealed ecotype variability for each size class of mixotrophic
cryptophytes. When assessed as independent size classes there was little evidence for
mixotrophy in the smallest cryptophyte (3-5 um) size class. Although statistically nonsignificant
(p ~0.13), the 5-10 um cryptophytes demonstrated a positive relationship with prey
concentration and a negative relationship with ammonium. It is possible that the 5-10 um size
class was nitrate limited and opportunistically fed on Synechococcus spp as a nitrogen source.
This idea is supported by higher 5-10 um cryptophyte mixotrophy nearshore and on the shelf
where nitrogen and ammonium concentrations were lower. Furthermore, the significance of
ammonium as a mixotrophy predictor in the model including all cryptophyte size classes is likely

driven predominately by the 5 -10 um size class.
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Larger cryptophyte cells (>10 um) were more likely to be mixotrophs than smaller cells
in both summer and fall in the NGA. Mixotrophy in cryptophytes 10-20 um was controlled only
by prey concentration in the NGA. This suggests that 10-20 um cryptophytes opportunistically
feed on Synechococcus spp. either as a micronutrient, macronutrient, or carbon subsidy for
energy and cellular growth (Li et al. 2022; Stoecker et al. 2017). Our results of prey
concentration-dependent mixotrophy are supported by evidence from a laboratory study using
natural populations of Synechococcus spp. from Korean waters, which demonstrated a positive
correlation between cryptophyte ingestion rates and prey concentration; up to 40% of the
population of Synechococcus spp. was consumed by cryptophytes in one hour (Yoo et al. 2017).
Similar support for co-occurrence of Synechococcus spp. and cryptophyte blooms was found by
Rammel (2021), who showed a high positive correlation between the cryptophyte T.
amphioxeia and Synechococcus spp. abundance. Antarctic studies also show that mixotrophic
cryptophytes in freshwater lakes have a greater grazing impact on bacterial biomass than do
heterotrophic nanoflagellates (Roberts and Laybourn-Parry 1999).

It is probable that NGA 10-20 um mixotrophic cryptophytes were not light limited and
were simultaneously feeding and photosynthesizing in summer and fall 2021. The lack of
correlation with PAR and cryptophyte mixotrophy suggests that high macronutrient
concentrations and high prey availability had a compounding effect to promote higher 10-20
pum cryptophyte growth rates than those possible with photosynthesis alone. Many
phytoflagellate species reach faster growth rates as mixotrophs than when employing
photosynthesis or feeding alone (Adolf et al. 2006; Burkholder et al. 2008; Jeong et al. 2010).

Light-dependent mixotrophy for this size class of cryptophytes is supported by studies on
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mixotrophic dinoflagellates (Li et al. 1999). Similarly, in chrysophytes (Ochromonas species)
feeding enhanced photosynthesis (Livanou et al. 2020), and both feeding and photosynthesis
rates covaried with light availability (Wilken et al. 2020); Lie et al. (2018) even found a
transcriptomic response to support this relationship.

Our results conflict with a recent study showing higher rates of cryptophyte feeding in
low light conditions in fall 2019 in the NGA (Busse 2021). Results from Busse (2021) suggested
that cryptophytes consumed prey for fixed carbon rather than macronutrient acquisition. This
discrepancy could be explained by high interannual variability in both phytoplankton
community composition and environmental conditions in the NGA or by a limited sample size in
the Busse (2021) study (n = 7) compared to our sample size (n = 127).

Higher prevalence of cryptophyte mixotrophy, especially by cells = 15 um, in offshore
waters on the KOD and GAK transects in summer and the GAK transect in fall suggests that
large cryptophytes consumed Synechococcus spp. to subsidize micronutrients. The positive
relationship between phosphate concentration and cryptophyte mixotrophy could be driven
primarily by large (20-25 um) cells and indicate that cryptophytes offshore are in HNLC waters
(where macronutrients occur at relatively high concentrations) and need to feed on
Synechococcus spp. to obtain iron. This finding is further supported by an absence of
mixotrophy in a nutrient replete summer nearshore environment on the KOD line despite high
biomass of large (> 15 um) cryptophyte cells (Figure 9a, Figure 16). The higher incidence of
mixotrophy in large cryptophytes can be explained by the increased challenge for larger cells to
meet their energetic needs from photosynthesis and ambient dissolved micro- and

macronutrients alone due to lower cellular surface area to volume ratios (Anderson et al. 2017).
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Our hypothesis of micronutrient limitation-driven mixotrophy in large cryptophyte cells was
supported by a study in oligotrophic Mediterranean waters demonstrating a clear positive
relationship between cryptophyte cell size and grazing rates (Unrein et al. 2014). Similarly, a
mesocosm experiment in a freshwater lake in Japan determined that cryptophytes can
successfully utilize nitrogen and phosphorous from bacteria in a nutrient depleted environment
(Urabe et al. 2000). Studies from temperate waters show that bacterivory provides mixotrophic
predators with concentrated nutrients and offers a competitive advantage over pure
autotrophs even in nutrient replete environments (Zubkov and Tarran 2008).

Our findings contrast with results found by other studies showing increased cryptophyte
mixotrophy with decreased phosphate concentration in mesocosm experiments from
oligotrophic Mediterranean waters (Unrein et al. 2014) and a freshwater lake in Japan (Urabe et
al. 2000). Similarly, a laboratory study using Mediterranean source water found an immediate
response of decreased phytoflagellate feeding when phosphate limitation was relieved
(Oikonomou et al. 2020). A plausible explanation for this difference is that the above
experiments contained phosphate-limited phytoplankton communities while our NGA in situ
communities were instead iron-limited. Iron limitation in oceanic waters is often associated
with high concentrations of macronutrients, like phosphate (Wu et al. 2009).

Variability in cryptophyte feeding strategy and detection of mixotrophy in diverse
environmental conditions in the NGA suggests that numerous cryptophyte mixotrophy
strategies exist both in subarctic ecosystems and worldwide (Unrein et al. 2014). Since our
study was constrained to assessing mixotrophy on Synechococcus spp., the fraction of active

mixotrophs would likely be higher if other heterotrophic bacteria prey were included in our
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analysis. While there is a metabolic cost to maintaining both photosynthetic and phagotrophic
machinery, cryptophyte mixotrophy in the NGA likely increases primary production, improves
inorganic nutrient cycling within the water column, and enhances the transfer of carbon

biomass to higher trophic levels (Li et al. 2022; Marshall and Laybourn-Parry 2002; Ward and

Follows 2016).
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Outlook

The versatility and high biomass contribution of marine cryptophytes make them a vital
component of the NGA ecosystem in summer and fall. Climate models project global declines in
phytoplankton biomass, euphotic zone nutrient concentrations, and carbon export flux to the
deep ocean by 2100 (Cooley et. al 2022). In Arctic and subarctic ecosystems, advancements in
the annual timing of the optimal phytoplankton growth period are predicted by 2100 (Cooley
et. al 2022). Lending support for the ‘Paradox of the Plankton’ theory, both intra-and
interannual reorganization in the size structure, taxa composition, and plasticity in nutritional
strategy of NGA small cell-dominated phytoplankton communities suggests that high diversity
and competition promote high ecosystem productivity (Hutchinson 1961). Phytoplankton that
are resilient to changes in micro- and macronutrient availability, like small size classes of
cryptophytes or mixotrophs, will help mitigate the negative ecosystem responses to climate-
changed oceans (Martiny et al. 2022). Results from this study presented novel findings of high
phytoplankton community carbon biomass and high carbon to chlorophyll ratios for the NGA in
summer and fall 2021. We suggest that small cell-dominated phytoplankton communities,
including mixotrophic phytoflagellates, are critical components of stratified subarctic marine
environments and might be key to maintaining long-term resilience of these highly productive
ecosystems. Projected decreases in subarctic ecosystem services due to anthropogenic climate
change (Cooley et. al 2022) may be ameliorated if climate projections could factor in both the
influence of higher-than-expected carbon biomass of small cell-dominated phytoplankton

communities and the effects of mixotrophic phytoplankton on carbon and nutrient cycling.
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Recommendations for future research include in situ measurements of phytoflagellate
mixotrophy using a flow cytometry-detected acidic vacuole probe (lysotracker) to detect food
vacuoles in mixotrophs (Beisner et al. 2019; Costa et al. 2022). Further efforts to include
phytoflagellate mixotrophy into food web models in the NGA will increase our understanding of
the resilience of subarctic marine ecosystems. Finally, assessment of the small cell
phytoplankton community during the spring bloom could reveal a mixed-assemblage and alter
currently accepted carbon biomass and flux estimates for a diatom-dominated bloom (Bolafios

et al. 2020).
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Tables and Figures

Alaska NGA Study Stations

-155.0 -152.5 -150.0 -147.5

Longitude (W)

-145.0 -1425

Figure 1: The Northern Gulf of Alaska (NGA) study site. Transects sampled included Kodiak (KOD),
Seward Line (GAK), Middleton Island Line (MID), and Prince William Sound (PWS).
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Figure 2: Epifluorescence microscopy examples of a) eyepiece view at 400x, b) tear-shaped
cryptophyte cell at 1000x, and c) sphere-shaped cryptophyte cell and two Synechococcus
spp. cells at 1000x.

Figure 3: Cryptophyte cells (indicated by white arrows) with ingested Synechococcus spp. prey.
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Figure 4: Cytograms on Guava InCyte software showing how statistical gates differentiated a)
Photosynthetic nanoeukaryotes (NANOEUK), picoeukaryotes (PICOEUK), cryptophytes (CRYPTO),
and Synechococcus (SYN) from each other and b) Synechococcus spp. from cryptophytes.
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Figure 5: Seasonal changes in environmental variables in the NGA in 2021. The Kodiak transect (KOD)
is furthest west, the Seward transect (GAK) in the middle, and the Middleton Island transect (MID)
furthest east. Mean 0-10 m a) salinity (psu), b) temperature (°C), c) fraction of chlorophyll-a in cells
<20 um, d) total chlorophyll-a (ug/L), e) phosphate (uM), f) nitrogen (nitrite + nitrate, uM), g)
ammonium (uM).
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Table 1: Environmental conditions at 10 m by season (mean +/- SE): temperature ( °C), salinity (psu),
nitrogen (nitrite + nitrate, M), ammonium (uM), phosphate (uM), silicate (uM), fraction of chlorophyll-
ain cells <20 pum, total chlorophyll-a (ug/L), and PAR received at 10 m during the 24 h period prior to
sample collection (mol photon/m?).

Spring Summer Fall

Temperature 5.68 10.42 11.44
+/-0.10 +/-0.15 +/-0.19

Salinity 31.84 30.77 29.28
+/-0.07 +/-0.28 +/-0.50

Nitrogen 7.33 1.79 2.86
+/-0.78 +/-0.40 +/-0.37

Ammonium 0.45 0.51 +/- 0.36
+/-0.06 0.06 +/-0.03

Phosphate 0.74 0.43 0.47
+/- 0.06 +/-0.03 +/- 0.04

Silicate 10.87 9.38 11.89
+/-1.34 +/-0.63 +/-0.31

Frac. <20 Chl-a 0.22 0.83 0.82
+/-0.04 +/-0.03 +/-0.02

Chl-a 6.60 2.01 0.69
+/-0.84 +/-0.28 +/-0.05

24 h PAR 11.52 9.15 8.63
+/-2.14 +/-1.58 +/-1.85
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Figure 6: Box and whisker plots depicting the distribution of (a) cryptophyte
concentration (cells/mL) and (c) biomass (ngC/L) at 10 m including all stations
sampled separated by season. The median is represented by the heavy black
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Figure 7: NMDS ordinations of 10 m cryptophyte biomass. Colors represent season and
cryptophyte size classes are mapped in their ordination space. Bray-Curtis dissimilarity measure
was used. Low stress (0.1) and convergent solutions were found with 2 NMDS dimensions.
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Table 2: Spearman correlation coefficients for relationships between total cryptophyte biomass at 10 m
and environmental variables, separated by season. Correlation coefficients for temperature (°C), salinity
(psu), nitrogen (nitrite + nitrate, uM), ammonium (uM), phosphate (M), chlorophyll-a in cells <20 um
(ug/L), total chlorophyll-a (ug/L), PAR received at 10 m during the 1, 24, and 48 h prior to sample
collection (mol photon/m?), and distance offshore (km) are presented. p-values are bolded if <0.1,
bolded and * if < 0.05, bolded and ** if < 0.01.

Spring | Summer Fall

Temperature | -0.17 -0.42 -0.32
Salinity -0.19 -0.25 -0.73**
Nitrogen 0.19 -0.36 -0.20
Ammonium | -0.32 0.12 0.42
Phosphate | 0.13 -0.30 -0.21

<20 Chl-a 0.43* 0.74** 0.52*

Total Chl-a -0.08 0.83** 0.66**

Hourly PAR | 0.10 -0.23 -0.51*
6 h PAR 0.02 -0.32 -0.57*
12 h PAR 0.04 -0.27 -0.57*

24 h PAR -0.02 -0.54%* -0.51*

48 h PAR -0.01 -0.55** -0.39

Dist. -0.19 -0.29 -0.71%*
Offshore
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Table 3: Linear model results for relationships between distinct size classes of cryptophyte biomass at O -
30 m in summer and fall 2021 and environmental variables including salinity (Sal), phosphate (P),
nitrogen (nitrite + nitrate) (N), ammonium (NHs), and cumulative PAR received 48 hours prior to sample
collection (PAR.48.h). All cryptophyte biomass data were log transformed for best residuals fit. p-values
are bolded if <0.1, bolded and *if < 0.05, bolded and ** if < 0.01. Adjusted R? represents the
percentage of variance explained by that model. The F statistic (F stat) is the variance between sample
means divided by the variance within the sample means. DF = n-1.

Cryptophyte Linear Model Adjusted | Fstat/DF
size class R?
Total Log(Total_Biomass) = 2.47 — 1.35(P**) + 0.19(NH*) + 0.08(Sal**) 0.35 23.37 /120
biomass
3-5pum Log(Biomass_3-5) = 3.63 — 1.45(P**) — 0.005(PAR.48.h) 0.27 19.38 /98

5-10 pm Log(Biomass_5-10) = 4.25 — 0.46(P*) — 0.05(N**) - 0.003(PAR.48.h) 0.33 20.15/116

10-15 um Log(Biomass_10-15) = 4.10 — 1.00(P**) + 0.25(NH4*) 0.20 16.49 /120
15-20 um Log(Biomass_15-20) = 0.87 - 1.24(P**) + 0.10(Sal*) 0.13 10.2/ 116
20-25 um Log(Biomass_20-25) =-2.16 — 1.28(P**) + 0.18(Sal**) 0.27 14.24 /71
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Figure 8: Cryptophyte biomass (ngC/L) at 10 m in spring on the (a) KOD, (b) GAK, and (c) MID transects
(left). Cryptophyte size classes as a fraction of total biomass at 10 m (right). Size classes recorded
included cells between 3-5 um, 5-10 um, 10-15 pm, and 15-20 pum. The size class 20-25 pm was

observed only in summer and fall samples.
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Figure 9: Cryptophyte biomass (ngC/L) at 10 m in summer on the (a) KOD, (b) GAK, and (c) MID
transects (left). Cryptophyte size classes as a fraction of total biomass at 10 m (right). Size classes
recorded included cells between 3-5 um, 5-10 um, 10-15 pum, and 15-20 pum. The size class 20-25
pm was observed only in summer and fall samples. Blank spaces indicate no sample taken.
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Figure 10: Cryptophyte biomass (ngC/L) at 10 m in fall on the (a) GAK and (b) MID transects
(left). Cryptophyte size classes as a fraction of total biomass at 10 m (right). Size classes
recorded included cells between 3-5 um, 5-10 um, 10-15 pm, and 15-20 pm. The size class 20-
25 um was observed only in summer and fall samples. Blank spaces indicate no sample taken.
The KOD transect was not sampled in fall 2021.
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Figure 11: Section plots of 0-30 dbar chlorophyll-a concentration (ug/L) on the (a) KOD,
(b) GAK, and (c) MID transects in summer 2021. Note different chl-a scales.
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and (c) cell size (um) at 10 m on shelf versus offshore GAK stations in summer. ‘Shelf’ includes data from
0-144 km offshore, and ‘offshore’ includes data from 144-250 km. Error bars show standard deviation of
mean (2018 shelf n = 3, offshore n = 1; 2019 shelf n = 4, offshore n = 2; 2020 shelf n = 5, offshore n = 3;
2021 shelf n =9, offshore n = 6).
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Figure 13: Small-cell community phytoplankton biomass (ugC/L) at 10 m in summer and fall on the (a)
GAK and (b) MID transects. Phytoplankton taxonomic group as a fraction of total biomass at 10 m on
the (c) GAK and (d) MID transects. Phytoplankton groups recorded included Synechococcus spp,
picoeukaryotes, nanoeukaryotes, and cryptophytes. Blank spaces indicate no sample taken. Note

different biomass scales.
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Table 4: Spearman correlation coefficients for relationships between summer and fall 10 m biomass of
small-cell phytoplankton taxonomic groups and environmental variables. Correlation coefficients for
picoeukaryotes, nanoeukaryotes, cryptophytes, Synechococcus spp. (all ugC/L), temperature (°C),
salinity (psu), nitrogen (nitrite + nitrate, uM), ammonium (uM), phosphate (uM), silicate (uM),
chlorophyll-a in cells <20 um (ug/L), total chlorophyll-a (ug/L), PAR received at 10 m during the 1, 24,
and 48 h prior to sample collection (mol photon/m?), and distance offshore (km) are presented. p-values
are bolded if <0.1, bolded and * if < 0.05, bolded and ** if < 0.01.

Syn spp. | Picoeuk | Nanoeuk | Crypto

Picoeukaryote 0.62** 1.0 0.60** 0.46**
Nanoeukaryote 0.54** 0.60** 1.0 0.33*
Cryptophyte 0.21 0.46** 0.33% 1.0
Temperature 0.02 -0.27 -0.34* -0.55**
Salinity -0.12 -0.03 -0.04 -0.37*
Nitrogen -0.25 -0.22 -0.12 -0.47**
Ammonium -0.04 0.00 -0.05 0.15
Phosphate -0.17 -0.14 0.03 -0.42**
Silicate 0.08 0.13 0.12 -0.26
<20 Chl-a 0.31 0.65** 0.71** 0.78**

Total Chlorophyll-a 0.02 0.49%* 0.40** 0.85**

Hourly PAR 0.09 -0.08 0.15 -0.34*
6 h PAR 0.10 -0.10 0.09 -0.34*
12 h PAR 0.05 -0.12 0.05 -0.28
24 h PAR -0.01 -0.12 -0.03 -0.46**
48 h PAR 0.08 -0.03 0.02 -0.36*
Distance offshore 0.07 0.03 -0.01 -0.40%*
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Figure 16: KOD transect in summer, including a) cryptophyte mixotrophy at 10 m (fraction of cryptophyte cells feeding on Synechococcus spp.
prey for each size class), (b) total cryptophyte concentration (cells/mL) at each station sampled, and (c) cryptophyte size classes as a fraction of
total concentration 10 m. Note: * is for samples processed but no active mixotrophs were detected and G, corresponding to the legend color,
indicates the presence of a size class but no active mixotrophs of that size class were recorded.
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Figure 17: GAK transect in summer, including a) cryptophyte mixotrophy at 10 m (fraction of cryptophyte cells feeding on Synechococcus spp.
prey for each size class), (b) total cryptophyte concentration (cells/mL) at each station sampled, and (c) cryptophyte size classes as a fraction of
total concentration 10 m. Note: * is for samples processed but no active mixotrophs were detected and G, corresponding to the legend color,
indicates the presence of a size class but no active mixotrophs of that size class were recorded.
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Figure 18: MID transect in summer, including a) cryptophyte mixotrophy at 10 m (fraction of cryptophyte cells feeding on Synechococcus spp.
prey for each size class), (b) total cryptophyte concentration (cells/mL) at each station sampled, and (c) cryptophyte size classes as a fraction of
total concentration 10 m. Note: * is for samples processed but no active mixotrophs were detected and G, corresponding to the legend color,
indicates the presence of a size class but no active mixotrophs of that size class were recorded.
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Figure 19: GAK transect in fall, including a) cryptophyte mixotrophy at 10 m (fraction of cryptophyte cells feeding on Synechococcus spp. prey for
each size class), (b) total cryptophyte concentration (cells/mL) at each station sampled, and (c) cryptophyte size classes as a fraction of total
concentration 10 m. Note: * is for samples processed but no active mixotrophs were detected and [\ corresponding to the legend color,
indicates the presence of a size class but no active mixotrophs of that size class were recorded.
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Figure 20: MID transect in fall, including a) cryptophyte mixotrophy at 10 m (fraction of cryptophyte cells feeding on Synechococcus spp. prey for
each size class), (b) total cryptophyte concentration (cells/mL) at each station sampled, and (c) cryptophyte size classes as a fraction of total
concentration 10 m. Note: * is for samples processed but no active mixotrophs were detected and [\ corresponding to the legend color,
indicates the presence of a size class but no active mixotrophs of that size class were recorded.
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Table 5: Quasipoisson generalized linear model results for relationships between distinct size classes of cryptophyte mixotrophy at 0 -30 min
summer and fall 2021 and environmental variables including phosphate (P), ammonium (NHa), and Synechococcus spp. (Syn). p-values are
bolded if < 0.1, bolded and * if < 0.05, bolded and ** if < 0.01. The dispersion parameter demonstrates the spread of the data around the
mean. The residual deviance is a measure of goodness of fit and shows how well the response (mixotrophy) is predicted by all the model
variables, with a lower value indicating a better model fit. DF = n (sample size) - # of predictors in model.

Cryptophyte Quasipoisson Dispersion Residual
size class model parameter deviance / DF
Total Log(Total Mixotrophy) = -3.82 + 1.16(P**) — 0.71(NH,**) + 10.99(Syn**) 0.037 4.89/121
mixotrophy
10-15 pm Log(10-15 Mixotrophy) = -3.60 + 6.55(Syn*) 0.05 5.89/125
15-20 um Log(15-20 Mixotrophy) =-2.46 + 8.07(Syn**) 0.24 23.1/124
20-25 um Log(20-25 Mixotrophy) = -3.72 + 1.83(P*) + 14.52(Syn*) 0.59 49.75 /122
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Table 6: Ecological niches of all cryptophytes and individual size classes of marine cryptophytes in the NGA in spring, summer, and fall 2021.
Variables associated with cryptophyte niche partitioning included: season (spring, summer, or fall), habitat location on a transect line
(nearshore, shelf, or offshore), temperature (°C), salinity (psu), chlorophyll-a (total (ug/L) and fraction in cells <20 um), PAR (received between 1-
48 h prior to sample collection, depth corrected for 10 m (mol photon/m?)), NH4 (ammonium (uM)), N (nitrite + nitrate (uM)), and mixotrophy
(fraction of cryptophyte cells that consumed Synechococcus spp. prey). + indicates a positive relationship between cryptophytes of a particular
size class and a niche variable and ++ shows strong positive relationship. Likewise — indicates a negative relationship with a niche variable and - -

shows a strong negative relationship.

c;yi::::r::::e Spring | Summer Fall | Nearshore | Shelf | Offshore Temp. Sal. | Chl-a PAR P NHa Mixotrophy
All = ++4 prey concentration
Cryptophytes | + + |+ |+ |+ + - + | | qumers | = | P + phosphate
(summer) fall) + .
(summer & fall) = ammonium
3-5um + ++ + ++ + + - -
5-10 um + ++ ++ + + + - -
10-15 um ++ + ++ + + + - + <44 prey concentration
15-20¢m + + + + + + + == =+ prey concentration
4 prey concentration
20-25 pm + ++ + ++ + —
4 phosphate

72




0-50m

2

Temp. Anomaly °C

P O T Y| [ S IR I TN R R S, (S TR L SR (O TR (N Y M W) V| S T I I S (7 W IR0 T S T M [T GO LR S T [N W R Sl U |
-4
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Figure 23: Temperature anomalies (°C) of the upper (0-50 m) water column at the GAK1 station in the Northern
Gulf of Alaska (NGA) from 1973 to 2019 (Suryan et al. 2021). A multi-year heatwave afflicted the (NGA) in starting
in 2014.
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Figure 24: Section plots of 0-30 dbar nitrogen (nitrite + nitrate, uM), chlorophyll-a concentration (ug/L), and
salinity (psu) on the GAK (a-c) and MID (d-f) transects in summer 2021. Note variable scales.
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Figure 25: NMDS ordinations of 10 m cryptophyte concentration. Colors represent season and
cryptophyte size classes are mapped in their ordination space on top. Bray-Curtis dissimilarity measure
was used. Low stress (0.09) and convergent solutions were found with 2 NMDS dimensions.
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Figure 26: Cryptophyte concentration (cells/mL) at 10 m in spring on the (a) KOD, (b) GAK, and (c)
MID transects (left). Cryptophyte size classes as a fraction of total concentration at 10 m (right). Size
classes recorded included cells between 3-5 um, 5-10 um, 10-15 um, and 15-20 um. The size class
20-25 um was observed only in summer and fall samples.
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Figure 27: Cryptophyte concentration (cells/mL) at 10 m in summer on the (a) KOD, (b) GAK, and
(c) MID transects (left). Cryptophyte size classes as a fraction of total concentration at 10 m
(right). Size classes recorded included cells between 3-5 um, 5-10 um, 10-15 pm, and 15-20 pum.

The size class 20-25 um was observed only in summer and fall samples. Blank spaces indicate no
sample taken.
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Figure 28: Cryptophyte concentration (cells/mL) at 10 m in fall on the (a) GAK and (b) MID
transects (left). Cryptophyte size classes as a fraction of total concentration at 10 m (right). Size
classes recorded included cells between 3-5 um, 5-10 um, 10-15 um, and 15-20 um. The size class
20-25 um was observed only in summer and fall samples. Blank spaces indicate no sample taken.
The KOD transect was not sampled in fall 2021.

93



a)

1.5e+05
1.0e+05
5.0e+04

0.0e+00

1.5e+05

1.0e+05

Concentration (cells/ml)

5.0e+04

0.0e+00

b)

1.5e+05
1.0e+05
5.0e+04
0.0e+00

1.5e+05

1.0e+05

Concentration (cells/ml)

5.0e+04

GAK Concentration

summer

fall

0.0e+00

0 25 50 75 100125150175 200 225 250
Distance offshore (km)

MID Concentration

summer

fall

25 50 75 100 125 150
Distance offshore (km)

c)

d)

Fraction Total Concentration
o © ©o = © 9o o o =
n w ~ [=] (=] [\*] W ~l [=)
o (=] w o (=) [42] o (4] (=]

o
o
=]

Fraction Total Concentration
o o o =~ o
[\*] w ~ o o
(4] (=] o o o

o
=)
S

GAK Group Composition

summer

fall

0 25 50 75 100 125 150 175 200 225 250
Distance offshore (km)

MID Group Composition

summer

fall
25 50 75 150

100 125
Distance offshore (km)

Phytoplankton Group
B Synechococcus
B Picoeukaryote

Nanoeukaryote
[& Cryptophyte

Figure 29: Small-cell community phytoplankton concentration (cells/mL) at 10 m in summer and fall on
the (a) GAK and (b) MID transects. Phytoplankton taxonomic group as a fraction of total concentration
at 10 m on the (c) GAK and (d) MID transects. Phytoplankton groups recorded included Synechococcus
spp, picoeukaryotes, nanoeukaryotes, and cryptophytes. Blank spaces indicate no sample taken.
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Figure 30: NMDS ordinations of small-cell community phytoplankton concentration at 10 m on the
GAK and MID transects in summer and fall. Colors represent the NMDS separation of season and
phytoplankton taxonomic groups are mapped in their ordination space on top. Bray-Curtis
dissimilarity measure was used. Low stress (stress = 0.12) and convergent solutions were found with
2 NMDS dimensions.
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