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Large protistan mixotrophs in
the North Atlantic Continuous
Plankton Recorder time series:
associated environmental
conditions and trends
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Aguatic ecologists are integrating mixotrophic plankton - here defined as
microorganisms with photosynthetic and phagotrophic capacity — into their
understanding of marine food webs and blogeochemical cycles. Understanding
mixctroph termporal and spatial distributions, as well as the environmental
conditions under which they flourish, is imperative to understanding their
impact on trophic transfer and bicgeochemical cycling. Mixotrophs are
hypothesized to outcompete strict photoautotrophs and heterctrophs when
either light or nutrients are limiting, but testing this hypothesis has been hindered
by the challenge of identifying and quantitying mixotrophs in the field. Using field
observations from a mulli-decadal northern North Atlantic dataset, we calculated
the proportion of organisms that are considerad mixotrophs within indradual
microplankton samples. We akso calculated a “trophic index” that represents the
relative proportions of photcautotrophs (phytoplankton). mixotrophs. and
heterotrophs Imicrozooplankton) in each sample. We found that the
proportion of mixolrophs was positively correlated with temperature, and
negatively with either light or Inorganic nutrkent concentration. This proportion
was highest during summertime thermal stratification and nutrient limitation, and
lowest during the North Atlantic spring bloom period. Between 1958 and 2015,
changes in the proportion of mixatrophs coincided with changes in the Atlantic
Multi-decadal Oscillation IAMO), was highest when the AMO was positive, and
showed a significant uninterrupted increase in offshore regions from 1992-2015.
This study provides an empiical foundation for future experimental. time series,
and madeling studies of aquatic miotrophs
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1 Introduction

Planktonic food webs are sometimes simplified with a
dichotomy between strict photoautotrophs and heterotrophs.
However, a growing body of evidence has demonstrated that a
large fraction of plankion, known as mixotrophs or mixoplankion,
are able to utilize both trophic strategies (Flynn et al , 2013; Mitra
et al., 2014; Stoecker et al, 2017), Currently most large-scale marine
ecosystem models do not explicitly include mixotrophs (Fohr et al.,
2023), but targeted model studies suggest that mixotrophs can
increase the flow of energy in marine food webs, and alter
biogeochemical cyding (Hartmann et al, 2013; Mitra et al, 2014;
Ward and Follows, 2016; Dutkiewicz e al, 2020). In one global
maodel, the addition of dinoflagellate mivotroph dasses increased
biomass trophic transfer and mean organism size, increasing carbon
export from the surface ocean by 35% (Ward and Follows, 2016)
However, without an understanding of the proportion of the
plankton community composed of mivotrophs, it is hard to assess
the robustness of these model resulis.

Based on the hypothesis that mixotrophs have lower maximum
growth rates compared to strict photoauto- and heterotrophs,
Stoecker [1598) proposed that protists wtilizing a singular trophic
strategy (photoauto- or heterotrophy) can outcompete mixotrophs
of a similar size when the necessary resources are scarce.
Specifically, phowautotrophs can oulcompete mixotrophs when
light and nutrients are sufficient but prey i scarce (Lichman
et al, 2007); and heterotrophs can outcompete mixotrophs when
light and nutrients are growth-limiting, but prey is suficient (¢.g.,
Rothhaupt, 1986, Jeong et al, 2010), In other words, mixotrophs are
able to dominate when one growth-limiting factor is inadequate -
light or inorganic nutrients or prey - but not more than one
(Stoecker, 1998; Bergatrtim et al,, 2003; Mitra e al,, 2014),

These dynamics have been demonstrated with mixotrophic and
hewrotrophic Nagellates, and phowautotrophic phytoplankion in
Swedish lakes (Bergstrom et al, 2003), During summer, when
nitrogen was growth-limiting but light levels were sufficient,
mixotrophic Nagellates were more abundant than photosutetrophic
phytoplankton and heterotrophic flagellates. However, once light akso
became limiting, heterotrophic fagellate abundance increased and
mixotrophic flagellate abundance declined, suggesting that
heterotrophy became a more competitive trophic strategy than
mixotrophy. Numerical modes support these findings. Mixotrophs
can outcompete photoatotrophs in highly stratified or low nutrent
systams, where phagotrophy can be used to overcome diffusion
limited nutrient acquisition (Ward et al, 2001 Derge et al, 2007
Edhwards, 2019),

While experiments and models have demonstrated the
competitive advantages of mixotrophy under select conditions
{Bergstrim et al, 2003 Vige et al, 2013 Chakraborty et al,
2017), there has been limited research to determine the
environmental conditions that favor mixotrophs on a regional 10
global scale, becanse it is prohibitively challenging to detect
mixotrophy in the field Understanding the biogeographical
distribution of mixotrophs and their associated ecological
determinants has been supgested as a major priority in the held
of mixotrophic research (Milletie et al. 2023). Estimating the
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relative abundance of organisms that are capable of mixotraphy
within the plankton community s an alternative to direct
measuremenls of mixotrophic behavior that could be used 1o
rapidly expand our understanding of mizotrophs” biogeographical
distribution. Recent studies have compiled global observations of
mixotrophic organisms to examine their biogeography (Leles et al,
2017; Faure et al, 3019; Schneider et al, 2000; Mitra et al | 2023).
However, investigations linking environmental conditions to
mixotroph abundance, which would test the mechanistic
underpinnings of their distribution, are limited on a regional ©
gobal scale.

We focus our work on the well-studied northern North Adantic
Oxean ecosyslem, which & dominated by strong seasonal cycles in
water column structare, nutrient availability and primary producer
community composition. Our goal & 10 test the Sioeder (1998)
hypothesis, that mixotrophs will dominate when ether light or
nutrients are limiting, vusing nearly six decades of large protist
community composition dala collected by the Continwous Plankion
Recorder program. We cakculate two metrics with which o explore
spatial and temporal patterns in microplankton trophic srategy
across the subpalar North Athintic: 1) the rdative abundance of
plankton taxa known 1o be mixotrophic - in this cse those capable
of photvantotrophy and phagotrophy, and 2) a trophic index that
shows the mean tophic position of the large protist community,
fram strict photoautotroph 1o mixotroph to strict heterotroph. The
proportion of mixotrophs is used to gemerate empirical
relationships with average temperature, light and nutrient
conditions. While empirical in nature, these relationships offer
new hypotheses to guide future studies of wophic strategy in
plankion, and enable more accurate representations of
miotrophs within marine food web modes. Finally, we examine
the temporal trends in mixotroph relative abundance averaged
across the shelf and offshore portions of the study region.

2 Materials and methods
2.1 Data

This analysis necessitated a dataset with high count and
wawnamic resalution collected over large spatial and longtime
scales, We nsed the Morth Atlantic Continuous Plankton
Recarder (CPR) data archive (hitps//dolmbasc uk/data/3167/1;
dol: 10,1703 1/659d75b68009.1), which has documented plankion
in Narth Atlantic surface waters (upper 25 m) for over six decades.
The CPR datuset can be broken inlo 41 standard CPR regions,
which are based upon bathymetry and oceanographic features
(Richardson et al., 2006); we used data from 36 that were
adequatdy sampled (Figure ). Samples are collected on the CPR
instrument towed behind ships of opportunity, on a silk mesh that
is progressively rolled and preserved. Each sample equates o
approcimately three cubic meters of scawaler sampled: taxa are
recorded as present and absent and counts are estimated
categorically (see Richardson et al., 2006 for methodological
details). Phytoplunkion taxa caughl in the CPR device range from
small cocenlithophares lapprox. 10 micron), to large dinoflagellates
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{approx. 1 mm), demonstrating that despite the relatively coame
mesh-size (270 P}, the method captures a lage proportion of the
phytoplanklon comminity,

To assess empirical relationships between mixotraphs and
ervironmental conditions, we analyzed a subset of the dalabase,
ncluding 244 phytoplankion and micromoplunkton twm, both by
CPR wegion and 1° spatial grid cells, froin January 1996 through
December 2015, This portion of the dataset consistently includes
autotrophs, heterotrophs (microzeoplonkton ciliates). and
mixotrophs. Specifically, 99 diawom, 92 dinoflagdiare, 23 cilae,
12 prasinophyte, 10 prymnesiophyte, five radiolarian taxa, and ane
acantharian taxon were included. The level of lasonomic
identification for these groups ranges from species o order
{Supplementary Data). For the interannual thne series analysis,
we included samples dating back to 1958 to give a decadal
pemspective, though due to a change in protocol in 1996, these
data do not inchude heterotrophs, CPR data collection techniques
have remained consistent since 1958, This gives a robust time-series
that is suitable for both temporally and spatially extensive studics,
and that has been used 1o address large-scale scientific questions
{eg, Edwards & Richardson, 2004; Barton et al, 2003, 2015
Edwards et al, 2022), We ace therefore able o use the relative
proportion of organisms in the CPR samples to investigate the
seasonal cycle, spatial variability, and interannual trend of
phytoplankion and microzooplankion in the datase.

2.2 Estimating mixotroph abundance and
community trophic strategy

We classified protst spedes as photoautotrophic. mixotrophic
of heterotrophic based on existing literature (Supplementary Thawm )
From this we calenlated the propartion of arganisms that use each
aof the three trophic strategles in every sample (See Supplementary
Figure 1 for histogram of etunated cell sbundances per sample).
We then multiplied the trophic value (-1 for photoautolroghs, 0 for
mixotraphs, or +1 for heterotrophs) of each species by its
concentration in each sumple, and divided by the sample's total
o ganism concentration (Faguation 1), This we calculated the index
an a scale of -1, meaning the sample contained only
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phatoautotrophic plankton, to 0, meaning the sample was
eomposed only of species capable of mixotrophy, 1o +1, meaning
the sumple included ooly heterotrophs. The trophic index is an
interesting way 0 encapsulate mean trophic activity by the large
protist community with one varisble. However, if a community is
dominated by photoautotrophs (trophic index of -1) and
heterotrophs (trophi index of +1), the trophic index value would
be 0. the same as if the community were composed only of
mixotrophs. Therefore, we present the proportion of each group
along with the trophic index o demonstrate the relative
contribution of each, and find that the ophic index is sill a

wseful concept, despite it computational quirks.

~ZAi e 2 H
2::-"1 t }:,Hl * ‘:F“I

where 17 is the trophic index: A, & the sbundance of the i*
autatrophs T, is the abuindance r[:nﬂl"l'»:j""'I heterotroph; and My i the
abundance of the K* mixotroph.

Mixotrophy is o fleuble trophic stmiegy thought to be wed
when condition: are unfavorable for photoautotrophy or
heteratrophy alone. Therefore, the estimated proportion of
muicotrophs and the trophic index represent 2 maximum potential
for mdsotrophic capabilities in the sample, rather than an exphicit in
sifu measurement of mixotrophic acrivity. We thus highlight
conditions when known mizotrophs are more likely to
accuitimlate biomass, and what environmental Ffactors favor
species that can ntilize this strategy.

I (1)

2.3 Statistical analyses

We analyzed putterns in the mixotroph propornion along spatial.
seasonal, and interannual scales. We computed an empirical
arthogonal fanction (Climate Data Tookbox, FOF, Mathb R2014b,
Greene et al, 2009) on monthly cimatologies of the trophic index in
each CPR region. Based on the results of the EOF analyss, we
iden tified these reglons as either “shelf” or “offshore”. Since the EOF
analysis indicated that proximity from shore was a primary
determinant of trophic index dimatology, we used bathymetry o
assign 17 cells as “shell” (mean depth < 300 m) or “offshore™ (mean
depth > 300 m) locations. Trophic index values were averaged at
different spatial resolutions (1* grids and by CPR rggion) to cxamine
the sensitivity of our results 1o averaging on different spatial scalles.

The mean manthly trophic index value was calcalated in shelf
and ofshore regions separatdy to aamine its annual cyde. using
data from 1996 10 2015 Alongside thewe values, we also calculated
the manthly relathve proportion of photoautotrophs, heterotrophs
and mixotrophs for comparison to the trophic index. For a more
detailed sputial perspective of seasonal differences in the trophic
index, we averaged and plotted mean index valoes in 1% cells for
winler (Junuary through March), spring (Apnl through June).
sammer (Tuly through Seprember), and autumn (October through
December); data from 1956 to 2015 were induded.

To test the hypothesis that light and outrents are the prunary
drivere ol optimel trophic drategy, we med monthly chmatoboges
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{1996-2015) within CPR reglons, examining which environmental
parameters were associated with the proportion of mixotrophs in
the plankwn community, We tested the miotroph proportion
climatologies for normal distributions with a Kolmogoroy.
Smirnov goodness-of-fit hypothesis test, with normality being the
null hypothesis (p = 0.05; kstest, Matlab R2023b). Stepwise linear
regression (sfepwiselm, Matlab R2023b) with interaction terms, and
sum of square error as the selection term was used 1o examine
which of the fallowing enviranmental parameters were most tightly
linked to the relative proportion of mixotrophs in the study area: sca
surface temperature (*C), sen surface photosynihetically available
radiation (PAR, Finsteins m * d '}, and dissabved nitrate (umol 1. ),
phosphate (pmol L'') and silicate (umol L), Sen surfoce
teniperatine and dissobved niteate, phosphate, and silcate were
retrieved from the World Ocean Atlas (2013, v2} as 1°, chjectively
analyzed menn monthly cimatologies spanning 1955-2012 (Garcla
et al, 200 % Lowarning & al, 20013) Satdlite-derived mean manthly
climatalogies (spanning 2002-2017) of sea surface PAR were
retrieved from NASA's MODIS Aqua satellite (NASA OBPG,
7Y as -k mapped data, then regriddad inte 1* standand
grids. Mixed layer PAR fluxes would be more relevant o in sita
muxotrophs, bul surface PAR s available at the scale of this study.

Al migotroph propomions and trends were analyosd for
the entire stady reglon, using the 1958-2015 time serfes. Dine to a
change in the CPR analysis methods in 1995 pertaning Lo tintinnid
ciliates (heterotrophs), we calculated this proportion rdative 1o
photaautotraphs only. Given the relatively small heterotraph
contribution 0 the dataset, we deemed this an appropriate way to
present the longest, most consistent tme series. The data were fiest
avernged over the offshore and shell portions of the study region,
and then by year, giving an annual time serles for shelf and ofishore
sections, The slope of trends punciualed by dangepoints were
evaluated with a simple linear regression (regress, Matlab R2022u),
The sime process wis used o generate time series of seasonal
mixotroph proportion (i.e, winter, January-March; spring. April-
June: summer, July-September; and autwmn, Ocober-December),
These datasets were analyzed using a Dayesion changepoint
detection and time series decomposition, called "BEAST" (Zhao
el ul, 2009), w determine key points in time when the trend in the
annual times series changed, and whether those changes were
driven by shifts in the mixotroph proportion in particular
seasons, Finally, we alculated @ monthly mixotroph proportion
anamaly for the 1958-2015 period, w0 visualize changes and trends
in the time series.

3 Results
3.1 Seasonal and spatial variability

We exauned the trophic index over spatiol. seasonal and
interaniual scales. The strongest spatial pamern in the imdex was
a contrast berween shelf and offshore regions (Figure 1), BOF
analysis of anoual trophic index cydes in each standard CPR
reghon showed that, in general estimated levels of mixotrophs in
shelf regions covared in space and time, whike offshore regions
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covaried independently of shelf areas (Supplementary Figure 2)
Maps of the trophic index averaged seasonally and across the time
series revenl o seasonal progression of low values in coastal regions
in winter (Figure 1A), spreading throughout the offshore
northwestern North Atlintic in spring (Figure 20), followed by
higher values moving from the southern portion of the study region
in summer (Figure 2C), 1o the mapnty of samplal ofshore walers
in autumn (Figure 1D}, and then contracting to the wuthern
portion of the region in winter { Figure 2A)L

We evaluated the climalological means of the relative
compodition of photoaulotrophs, heterotrophs, and mivotrophs
for shelf and offshore regions with standard deviation (+ SD)
representing the spatial variability around the mean. In shelfl

FIGLURE 2
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reglons, photoautotrophs (solid black line, Figure 14) vared
between a minimum of 404% + 229 of the community in
August, and & maximum of 76.7% £ 20,0 in Pebruary, In
comparison, mixotroph propomtion (dotted black line, Figure 14)
was lowest in shell regions in February at 22.0% + 19.5, and highest
in September at 51.7% + 22,1, Heterotrophs in shelf regions (dashed
black line, Figure 3A) consistently accounted for the lowest
proportion of the community. They reached a climatological
maximum in June when they made up B.2% + 1.0 of the
community, and & minimum of C0.8% £ 3.9 in March. These
values are not significantly different from 0, indicating tha
heterotrophs are less commaon in the size range sampled by the
CPIL and that this dutaset is not ideal for capturing teir vanability,
Owerall, photoauotrophs dominated the shell communiry in all
seasans, except late summer and early antmn (July-September).
Throughout the cimatological wnual cycle, phowautotrophs
in offshore areas (solid black line, Figure 10) represented a smaller
mean propartion of the community compared to shelf observations,
with & maximum of 66.2% % 28.2 in May. and 0 minumum of 28.2%
+ 26.6 in August. Mixotrophs made up the highest proportion of the
community in January at 63.7% + 3.6 and lowest in May at 30.6%

- -

= === =
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—— Photloaulclroph
sene Mikotroph

JASOND
= = = - Heteratrogh
—

offshore

0.8

=

| S— - = !
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month
FIGLRE }
it Sl ol Sy O 1 B e Ol @O LS rofind
solid black e, heterotrophs jdashed black lne)], meopirophs

idotted black line, and trophic index ired sold line in shel [A)and
oifshora [B) portons of the study region, averaged over 1996-2015.
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# 2.5, but unlike the sheli regions, the mixotroph proportion
remained relatively consistent and dominated the community
between July and Pebruary (dotted black kne, Figure 3B). Again,
heterotrophs comprised the lowest proportion of the community
(dashed black line, Figure 10), with a peak of 153% ¢ 202 in
Aungust, and as little as 2.7% + 6.7 in April

With the exceplion of the plankion community during
summertime in offthore regions, the relatively low proportion of
heterotrophs throughout the year resulted in a trophic index that
mainly represented the interplay between photoautotrophs and
minotrophs. [n the shelf regions, the monthly minimum of -0.76
+ 0.21 occurred in February (solid red line and right hand y-axis,
Figure 3A), and in offshore regions the monthly minimum of -0.64
#0.32 occurred two maonths later, in May (solid red ine and right
hand axs, Figure 16). In both the shelf and offshore reglons, the
index increased m late spring and summer, reaching annual
moanthly maxinma of 034 + 025 and 0.13 + 0.3 in July and
Angnst, respectively (solid red lines and right-hand axes, Fgure 3).

2.2 Environmental covariates

We issessed the weasonal cycle of the proportion of mixotrogphs
found in the present smdy as a metabolic response to changing
environmental conditions. Stepwise linear regressions with
dimatologies of s surface temperature (°C), photosynthetically
wailable mdiation (PAR), tatal nitrate (pmal 1), phasphate (pmal
L") and silicate (pmol L) from each CPR region and month as
independent variables, and the proportion of mixotrophs from each
region and month as dependent variables, revealed relationships
between estimates of mixotrophs and the environment. Both shelf
and offihore mixotroph proportions were normally distributed
(shel: p = 020 and offshore: p = 0.80; cannot reject the null
hypothesis of normality). The proportion of mizotrophs in shelf
waters, when averaged over the standard CPR regions, were
positivdy correluted with temperature, and pegatively correlated
with the interaction between PAR and nitrate concentrations;
however PAR and nitrate alone were not significant predictors (p
2 ,03). The mixotroph proportion in offishore walers was positivdy
correlated with temperature, and negatively correlated with the
interaction between PAR and phosphate concentration; PAR and
phosphate alone were not significant predictors (p< 0.05). Both
models were statigtically significant (shelf: R? = 052, p< 0.001;
affshoree R® = 051, p<0.001) (Table 1; full model results in
Supplementary Table 1). ln addition to stepwise regressions. we
also assesied the relationship between mixotroph proportion and
each independent variable separately (Supplementary Figure 3L

Using scalter plots of monthly mmotroph proportion data from
each CPR region o visualive the stepwise regression results descr ibed
aborve, mixotroph proportion was highest in shelf waters at a range of
PAR Mwes when mitrate concentration was lows £ was lowest when
bath variables were high (Figure 44). Tn ofichore regions, minotroph
proportions were highest at a range of PAR levels and low phosphate
concen tration and al a range of phosphate concentrations when PAR
wag low. Sitnilir o shell regions, minatroph proportion in offuhore
regions was lowest when hath phosphate and PAR were highest
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TABLE 1 Model cosariates lor miootroph propotion in shell and
affshore walers ol two elclutions 1° and within the 55 dlandard
CPR regions)

Limonr regrossbon masbol: It = 052
yo= 0 xl s x2%l p = 04000
Falrmntes] Ciseflic beniie
Falirnate ik p-vahse
[Imtercept) a2i7 054 As5E-02
ul s L] 1.57E-DA
xlx} QL Q00g LME-De

Lincnr regrosdon madl: Y 81

v ld ol o x2%4 p= 00
Estimated Coefficients:

Estirmme E pevalne

{lntercept) 0481 e AITE- My

£ LET ] L] LSGE-06

wid -0013 003 ZATE-D3

Tior each mandel, the Tt and povatues are Baed, Covmriaecs Inclade: v pempenimars (%0, 1!
phosorymah erically svallable radiarion [Finasdne m™ 47'), %% nbmare concermamon {umd 17,
¥ phosphmie concentrstion dumod 1) snd o8 sillomie conomtvation fpmeal 1),
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(Figure 416} With respect 0 lemperature and nutrient conditions,
mixotroph propartion was highest in shelf and offshore waters when
ternperature was higher, and nutrient concentration was lower. Lower
mizotroph proportion values in shell and offshore regions occurred
when temperatire was lower, over a range of nutrient concentrations
(Figures 405 1), Note that due to lack of appropriate data, we could
ool directly explore the role of prey availasbility on the proportion
ol mixotrophs

2.3 Time series trends

Trends over the full tine series and CPR spatial domain were
eaplored using a Rayedan changepoint analysis. The anomaly from
the mean mixotroph proportion (relative to photoautotrophs only),
alongade the dhangepomt analysis. revealed a mawor shift i the
trajectony of mimotroph proportion in the offdhore waters of the
study region (solid yellow Enes, Figire 5A), but not in shelf waters
(Figure 58). Unless otherwise noted. the probability of the number
af clangepoints within a tlime series presentad here s > 50%
Summary hgures of all BEAST results can be found in the
Supplementary Matenal (Supplementary Fgure 4). In ofshore
walers, there were two magor shifts in the trajectory of anmual
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mixotroph proportion relative to photoautotrophs between 1958
and 2015, with 75.1% and 95 8% probabilities of significant shifls in
1966 and 1992 (Figure 5A), The first [Itﬁﬂli (1958-1966), and
second period (1967-1992) were characterized by no trend (57.0%
and 76.0% probabilities of no trend, respectively), while the third
period [1993-2015) showed a significant positive trend (93.6%
probability of being positive) with the mixotroph proportion
increasing by 0.009 per yaar (R* = 0.79, pe<001),

The changepoints found for the full ofshore time series variad
when examined at the seasonal scale. Spring showed no significant
changepoints but had o very lugh probabdity (98.9'%) of a positive
wrend (0.005 v} throughout the time series (R = 0.72, p<< 00010 No
time perads in any season showed 4 strong probability of 2 negathe
trend {range = 0% in spring, 1958-2015 to 10.1% In sommer, 1958-
1967). Winter and summer both shared o dhangepoint in 1993, which
coincdes [ + 1 v} with the 1992 changepoint in the annual tine series
“There was also a summer chanpepoint in 1967, which coindides ( + 1 ¥)
with the 1966 clungepomt in the somml line series; howeser, Lthe
maaimiim probabiity of teo changepoints in the offthore smmer
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time series was only 34.3% In sutumn, one changepoint in 1977
punctuted twa periods of positive trends in mivatroph proportions,
wilh o sudden and short-lived (1975- 1977) negative sope in the annual
sutumn mixotroph proportion. OF all seasonal changepoints in
olfshare waters, the most probable was the 1993 winter shift (99.7%
probability). In shelf waters of the study region, the probahility of any
number of dungepoints in the mixotroph proportion was<50% for the
antvual and all seasonal time series

4 Discussion

We used the North Atdantic Ocean’s spatial and seasonal
variability o west, at the basin scale, the theoretical framework
presented by Stoccker (1998), which posits that mbotrophs should
dominate the plankton community when light or nutnient
concentration limits photoautotrophic production. Thus, the
relative abundance of mixotrophs in the protist community
should ebb and Aow complementary to photoautotrophic
phytoplankton bloom cycles We were also able 1o examine

changes in these relative proportions aver 57 years.

4.1 Spatial patterns

Within our study region, the estimated proportion of mixotrophs
showed spatial patterns that varied from the shelf to the open ocean,
and latitudinal gradients that supported Stoecker's hypothesized
relationships with enviconmental conditions (Swoecker, 1998),
Shalkrwer and tidal cosstal zones have higher levels of primary
production than offshore waters due o more consistent nutrient
supply in the mised water column (Looghurst, 1995), which can
malnlain phowautotrophic production when light is adeguate. Thus,
mixotrophs may be less competitive on the continental dhelves for
mast of the year, such as only being a prevalent part of the plankton
community during summer (Figure 2). In ofishore ragons, nutnent
availability and mixed layer depth are stronger drivers of bloom
timing than light levels (Sverdrup, 195% Townesend et al, 1994) in
contrast to shell regions (Looghust 1995). Our analysis further
demaonsirated that the phenology of mizotrophs in dhelf regions was
statistically distinct from offshore regions sampled by the CPR, and
that ofihore regions were associated with higher proportions of
mimotrophs (Figure 7).

The latitudinal gradient of the proportion of mizotrophs across
the affshore CPR areas (Figure 2) reflects the general droulation and
surface wind patterns of the subtropical and whpolar North
Atlantic Gyres. Predominant surface wind patterns drive Ekman
upwelling north of the North Atlantic Current (NAC). whereas o
the souith, wind patterns drive Ekman downwelling This results ina
shallower nutricline in the northwestern portion of our smudy
region, compared to the southeastern portion (Barton et al.
215). This pattern of nutrient availability may explain why the
proportion of mixotrophs was generally higher toward the southern
porticn of the study aren, and fis Stoecker's hypothess that
mivotrophs dhould outcompete photoatotrophs when they are
limired by nutrient concentration, but not light (Stoecker, 1998). An
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alternative explanation s based on how light changes along a
latitudinal gradient, As light becomes less limiting at lower
latitudes, this allows mixotrophs o outcompete heterotrophs,
who are carbon (prey) limited, and outcompete photoautotrophs,
who are nutrient Bmited | Fdwards, 2019},

42 Seasonal patterns and
environmental variables

The seasonal proportion of mixotroph climawlogy fits well
within the canonical photoautotrophic bloom-based view of the
northern North Adantic Ocean. The cydes of light availability
(lowest in winter, highest in summer) and nutrient limitation via
water calumn stratification (lowest concentrations in lale summer/
carly fall. highest in early spring) were reflected m the annual cyce
of the proportion of mivotrophs, especially in offshore waters
(Figure 2). The lowest praportion of mixotrophs in both shelf and
offshore regions comcided with the phowautotraphic sprng diatam
blooiin (Figure 20), which is associated with increased springtime
light levels and high mized layer nutrient concentrations (c.f.
Sverdrup, 1953 Sicgel et al. 2002). The transition from an
photoautotroph-domimted spring community te mitoroph-
dominated summer and winter communities as seen in the
trophic index {Figures 2B, C), was also observed on Georges
Bank, in the Gulf of Maine, TUSA: as nutrienls were depleted in
June-July, inpested cells were observed inside photosynthetic
dinoflagellate species, providing a direct observation of
mixotrophy following the spring diatom bloom (Gettings et al,
20140 Transcriptomes expressed by bottle incubated miwotrophic
prymnesiophytes collected in the low nutrient North Pacific
subtropical gyre demonstrated an incrense in transcriptional
response for genes associated with photosynihesis following
addition of nitrogen and phosphorus, and reduction in
transcription for genes assoclated with phagotrophy (Lambert
el ul, 2022). Similar o observations of minotrophic raponse o
variable gyre conditions, mixotrophs’ ability to vary feeding strategy
with changing conditions may confer a long-term advantage aver
the full seasonal cycle examined here, preventing full displacement
by photoauiotrophs,

The present study showed that temperature was the most
important variable in predicting the proportion of mbwtrophs in
shelf and offshore models and was positively related 10 mixotroph
propartion ('able 1). Temperature's impact may be indirect via an
ecosystem-level relationship between light, wmperature and
steatification in the upper ocean, or it may be direcr via
physiological function. The North Atlantic seasonal cycle is
driven by changes in light and subsequent heat fux. In the
present study, temperature was negatively correlawd with nitrate
and phosphate concentrations, positively correlated with PAR
{Supplementary Table 2). and positively correlated with
mixotroph proponion in both offshore and shelf regions (Table 1
Figures 405 1)), This pattern reflacts a niche within the seasonal
temperature/light/nutnent regimes of the North Aflantic Oceun,
where mizotrophs can be most succesdul. A tait-based modelling
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study that implemented trophic strategy through cellular allocation
af energy to key trophic functions found that temperature’s forcing
an waler column structure was the main driver of latitudinal and

seasonal palterns in mizotroph abundance, rather than direct
impacts of emperature on physiology (Chakraborty et al, 2020)
In the southern North 5ea, an analysis of the proportion of
miatrophs showal thatl mixotrophs are more dominant when
inorganic nutrients are depleted and the system is seasonally
stratified (Schneider o al, 2020), similar to our finding in the
larger nocthern North Atantic. Another observational study using
the CPR datasel reported a positive correlation of seasonal
dinafagelate abundance (high likelihood of mixotrophy) with sea
surfoce temperature and stratifiction across the region. while
diatom abundance (zero likelihood of mixotrophy, excluding
ocsmotrophy} was positively correlated with these variables within
the subpolar gyre, bul negalivdy corselated @ the subtropical gyre
(Rarton e al, 2315) Owr resuls m further obiervational
evidence suggesting that broad-scale seasonal patterns of
that align with the anmial cceanographic sucossion in the North
Atlantic (eean.

The second explanation for the positive rdationship between the
propor tion of mizotmophs and temperature it phvsiological became
temperature is an important variable regulating physiological
function, induding nuirent uptake, growth. and grasng rates. As
mperature indreases, heterolrophic activity increases Bster than
photoautotrophic activity due to higher heterotmphic acthvation
energy, or the amount of energy required to catalyre metabolic
processes (Lopee- Urrutla et al, 2008), Laboratory experiments have
demanstrated more heterotrophic activity in mixotrophs with
increasing temperature over sharter timeframes of hours, up to
20 b (Wilken et al., 2013), and longer adaptive timeframes of up to
three yeurs [Lepori-Bul et al, 2022) Further, in a mixotrophic food
web model where protists could switch from phagotrophy 1o
photoaulotrophy and metabokic rates were temperature-dependent,
environmenlal warming led W allernate stable states thal were
characterized as phototrophy-dominant carbon sinks vs
phagotrophy-dominant carbon sources; and warming always
raulted in o phagotrophic carbon source system. even under
stable nutrient conditions (Wiecxynaki et al, 20073). These resuls,
alongside por findings, point to the theory that whole ecosystems
may become net heterotrophic with increasing emperatures (Lope:
Urrutia et al, 2006; Wiecrynski et al, 2023). This is an active and
important current area of research.

4.3 Decadal trends and climate change

The CPR dataset alfers a unique multi-decade look at the relative

prevalence of mixotrophs within the langer-sized protist community.
When compared to photouutotrophs from 1958 to 2015, we found a
et ik bl increase in the proportion of the community clasified as
mixotrophs, in the offshore part of the region, with significant
changes in the trend over tme (Figuee 5A). We found no dear
teerds i the shell waters as a whole { Figures 57). While it is difficult 1o
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attribute causality to the changes in mixotroph proportion, the
significant changepoints identified in offshore waters in this study
{1966/67 and 1992/93) generally correspond o shifls in the Atlantic
Multi- decadal Oscillation {(AMO) phase: positive to negative in 1963
63 and negative to positive in 199798 Positive AMO phases
represent times of positive sea surface temperature anomalies in the
northerm North Atantic, aligning with our inding that temperulune
is positively correlated with mizotroph proportion and the trophic
index in this study, Others have also noted the AMO phase tran sition
in the 19905 as puncluating changes in biclogical time series (eg.,
Beagrand and Red, 2003; Alheit & al, 2014 Fdwards et al, M22)
‘The North Atlantic oscillation, or NAQ, has a shorter phase than the
AMO (ioterannual rather than mulli-decadal) and it has been
suggested that the two are inversely linked (Gastinenu and
Frankignoul, 2012 Trenberth and Zhang, 2023}, Henson et al.
(2012) suggested that the deeper muixed layers of the positive phase
of he NAC favors diatoms (photoaitotrophs), whereas the increased
stratification of the NAQ negative phases favors dinoflagellates
{mmjority mivotrophs).

While we found no clear trends in chelf waters over time, the
mixntraph propartion does show that the winter-spring period has
shifted from wenk negative o weak positive anomalies, beginning
argind 1992 (Figure S0). A recent stindy ising the CPR datase
tound that diatoms in the North Sea reglon have significantly
increased over a similar period, with o marked chaoge in
tijectory durig the mid-1990s (Fdwards & al, 2022), Cosswl
regions have specihc dynamics thed to local factors incnding
bathymetry, terrestrial influences, and tides. Thenefore, it {s lkely
that Jong-term pattems in the shell portion of our study reglon are
abscured by large-scale spatial averaging, The precise mechanisms
driving the relationship of climate oscillations with phytoplankton
community composition and metabolism ought to be investigaied
further, with a focus on individual regions and seasons, given the
incongruous inter-annual patterns that we found in shell versus
offshare areas, and at different times of year.

Previous studies using the CPR dataset have shown thal there
are already observed changes in the seasonal phenclogy of
individual species In the North Atlantic (Fdwards and
Richardson, 2004), and projected anthropogenic warming is
further expected to cause north- and eastward shifts of idealined
specles niches (Harton e al, 2016), Under the high emissions
soenario (e, Shared Socioeconomic Puthway 5-8.5), climale
change is projected to increase sea surface temperatures and
increase stratification, which leads to decreased surface nutrients
to fuel the plankton community, with some of the largest and most
immediate changes in the North Atantic (Kwiathoweki et al,, 2000},
Additionally, work by Dutkiewicz et al. (2019} also suggested that
chmate-associated changes in manoe ecosystems may result o
ocean color changes that could increase the light penetration 1o
depth. Thus, ane implication of oor work is that climate-driven
changes to marne ecosystems - decreased surfuce nulrients
alongside increasad light penaration and therefore avaikibility -
would favor mixotrophs as dominant portions of the plankton
comumunity over photoautotrophs and possibly heterotrophs.
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5 Conclusion

This study provides a novel basin-scale view of the annual cycle
af large mizotroph relative abundance, and the coinciding
environmenlal conditions over space and lime. Our results largdy
support the hypothesis that mixotrophs dominate over
photoautatrophs and heterotrophs when one of their growth-
limiting factors is too low. The effects of mixotroph prey
abundance and the feeding physiology of different minotrophs is
an area of study that, while critical to fully understanding primary
producer community dynamics, cannot be addressed with the CPR
datset itself; and environmental data that include prey information
does not exist on compatible scales. A majority of current
muwtroph predator-prey research focuses on the grazng impact
af particular gpecies or groups of plinkion (10 &4 al | 2000; Seong
et al., 2006; McKie-Krisherg et al, 2015; Millette et al, 2017), leaving
the question of how the presence/absence of muxotrophs umpacts
the brosuder food -web unanswerad. Theordtical modeling has begun
to address how changes in the presence of mixotrophs alters the
flow of carbon (Hartmann et al., 20013; Mitra ef al. 2014: Ward and
Follovws, 2016; Wiecrynski et al , 2023), bt in sty measurements of
mixotrophic acthvity are lacking. Our analysis emphasizes that there
is sensonal and spatial variability in the proportion of the
community composed of large (> 10 pm) mixotrophs, and that
this variability is connected to basic emvimnmental conditions.
50% of the community tampled by the CPR. and that thic
proportion i increasing in the offshore walers of the northem
North Atlantic, it is imperative o begin collecting data on ithe
activity of mixotrophs of a broader size range including smaller
arganisms, their impacts on marine food webs and biogeochemical
cycles, and associated environmental drivers including the prey
community. This study is meant Lo serve as a hypothesis- generating
platform for this future research.
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