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Abstract

Average sea surface temperatures are expected to rise 4° this century, and marine phytoplankton and bacterial community
composition, biogeochemical rates, and trophic interactions are all expected to change in a future warmer ocean. Thermal
experiments typically use constant temperatures; however, weather and hydrography cause marine temperatures to fluctuate
on diel cycles and over multiple days. We incubated natural communities of phytoplankton collected from California coastal
waters during spring, summer, and fall under present-day and future mean temperatures, using thermal treatments that were
either constant or fluctuated on a 48 h cycle. As assayed by marker-gene sequencing, the emergent microbial communities
were consistent within each season, except when culture temperatures exceeded the highest temperature recorded in a 10-
year local thermal dataset. When temperature treatments exceeded the 10-year maximum the phytoplankton community
shifted, becoming dominated by diatom amplicon sequence variants (ASVs) not seen at lower temperatures. When mean
temperatures were above the 10-year maximum, constant and fluctuating regimes each selected for different ASVs. These
findings suggest coastal microbial communities are largely adapted to the current range of temperatures they experience.
They also suggest a general hypothesis whereby multiyear upper temperature limits may represent thresholds, beyond which
large community restructurings may occur. Now inevitable future temperature increases that exceed these environmental
thresholds, even temporarily, may fundamentally reshape marine microbial communities and therefore the biogeochemical
cycles that they mediate.

Introduction phytoplankton communities by changing temperature and

climate regimes [2]. Present-day atmospheric CO, con-

Marine phytoplankton draw down atmospheric CO,,
support marine food webs, and provide long-term
carbon storage in underlying deep waters [1]. Currently,
anthropogenic CO, inputs are inducing changes in
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centrations of >400 ppm have not been seen for almost 12
million years, and these past elevated CO, events were
accompanied by substantial warming [3, 4]. The high
specific heat of seawater has meant that warming of the
ocean’s surface has happened more slowly than warming
of land. Even so, global mean sea surface temperature
(SST) has gone up 0.7 °C in the last three decades, and is
expected to rise an additional 4 °C this century [3, 5, 6].

Warming influences phytoplankton growth and physiol-
ogy [7, 8]. Growth rates across temperatures for phyto-
plankton typically have thermal performance curves (TPC)
that increase gradually with rising temperatures to an opti-
mal maximum, then decrease rapidly at higher temperatures
[9]. Thermal optima and limits for species are typically
connected to in situ thermal regimes. For instance, phyto-
plankton at lower latitudes often live near their optimal
temperatures, whereas temperate species are temperature-
limited [10-12]. Because of the rapid decrease in growth
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rates beyond the thermal optimum, rising temperatures can
lead to changes in phytoplankton phenology [13, 14],
standing photosynthetic biomass [15], metabolic rates, and
stoichiometry [16], affecting phytoplankton-mediated bio-
geochemistry and higher trophic levels. For example, some
studies predict diatoms will become less abundant, with
cyanobacteria or pico- and nanoeukaryotic taxa being
favored [17-19], while others suggest the opposite [20, 21].
Shifts within these taxonomic groups are also likely, with
warmer conditions selecting for more high-temperature-
adapted species or strains [12, 22-24].

Typically, studies assessing the impacts of warming on
phytoplankton examine shifts in physiological and bio-
geochemical responses under constant-temperature condi-
tions in a laboratory incubator. In reality, the sea surface is
a dynamic thermal environment with temperatures fluctu-
ating over varying time scales from changing weather,
diel cycles, vertical and horizontal advection, seasonal
changes, and ocean-atmosphere oscillations [25, 26].
Moreover, rising mean atmospheric temperatures are pre-
dicted to increase both the frequency and magnitude of
future thermal fluctuations in the surface ocean [27, 28].
Because TPCs of phytoplankton and other marine organ-
isms decline quickly past their optimal temperature, ther-
mal fluctuations at higher temperatures may mean
periodically experiencing temperatures that are detrimental
to growth [29].

Despite the growing recognition that temperature varia-
tions and transitory extreme thermal events need to be
considered when making predictions about biological
responses to climate change, few studies have looked at how
fluctuating temperatures impact microbial communities. One
of these studies found that growth rates could either increase
or decrease under fluctuating temperatures, depending where
they occurred on the phytoplankton’s TPC [30]. Commu-
nities in freshwater lakes have shown shifts towards smaller,
faster-growing taxa [31]. Variable temperature regimes also
can help maintain crucial diversity by supporting multiple
thermal niches [32]. Long-term evolution of the cosmopo-
litan marine phytoplankton Ostreococcus tauri under fluc-
tuating pCO, favored greater phenotypic plasticity, which
was then found to be predictive of future evolutionary suc-
cess [33]. Similar results were seen in diatoms maintained
for >100 generations under fluctuating temperatures [34].
Nutrient availability can also interact with environmental
variability. Fluctuating temperatures decrease growth of the
nitrogen-fixing cyanobacterium  Trichodesmium under
nutrient-replete conditions, but growth rates are lower and
similar in variable and constant thermal treatments under
phosphorus limitation [35].

We examined how seasonally changing California
coastal plankton microbial communities responded to fluc-
tuating temperatures over 7—14 generations in a series of
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incubation experiments. These included both constant and
fluctuating temperatures, at both present-day and projected-
future means. Phytoplankton assemblages in coastal Cali-
fornia experience both seasonal and short-term temperature
fluctuations, with daily fluctuations of up to 4 °C being
common [25, 36, 37], suggesting they may be well-adapted
to thermal variability. Additionally, microbial communities
at our coastal sample collection site (San Pedro Ocean
Time-series; SPOT) have well documented seasonal and
annually recurring patterns [37-39], allowing us to interpret
our temperature manipulations in the context of 20 years of
microbial community and environmental data.

Methods
Sampling site

Surface water for the experiment was collected from the
Southern California Bight at the San Pedro Ocean Time-
series (SPOT) station (33°33’ N, 118°24" W). Seasonal
sampling in September 2016 (summer), November 2016
(fall), and May 2017 (spring) examined microbial commu-
nities collected at ambient surface water temperatures of
20.6°,16.5° and 16.1°, respectively (Table 1). Seawater was
collected in carboys from 3 m depth, with 100 um mesh
prefiltration to remove zooplankton, and was then taken
back to the University of Southern California, where it was
stored overnight at collection temperature. Initial samples
and the incubation-experiment setup used water combined
from all the collection carboys. The remaining surface water
was filtered through a 0.2 pm gravity filter and used for
subsequent culture dilutions.

Incubation experiments

Because of the oligotrophic conditions and low biomass at
SPOT, nutrients were added to stimulate

Table 1 Temperature treatments were defined based on the in situ
temperature when experimental water was collected. This became the
mean temperature used for both present treatments, which were split
into a constant treatment (control) that was held at that temperature,
and a treatment that fluctuated 4° above or below that mean every 24 h.
We then set constant and fluctuating temperatures with a mean that
was 4° (spring and fall) and 5° (summer) warmer than the mean of our
present treatments, in order to simulate warmer, future conditions

Temperature treatment Spring Summer Fall
Present-constant 16° 21° 16°
Present-fluctuating 12°-20° 17°-25° 12°-20°
Future-constant 20° 26° 20°
Future-fluctuating 16°-24° 22°-30° 16°-24°




Transient exposure to novel high temperatures reshapes coastal phytoplankton communities

photoautotrophic growth and so enable measurements of the
effects of temperature on microbial communities. Each
incubation experiment used triplicate one-liter flasks enri-
ched with nitrate, silicate and phosphate added to final
concentrations of 30, 30 and 2 uM, respectively, represent-
ing values often observed during strong upwelling events
along the California coast [40]. Iron, other trace metals, and
vitamins were added at replete concentrations equivalent to
Aquil medium [41] to avoid micronutrient limitation.

We measured the overall temperature responses of each
seasonal phytoplankton community by generating thermal
performance curves (TPCs). Initial seawater was split into
8—10 temperature treatments, ranging from 10 to 32 °C.
Individual water baths with their own heating elements
and thermostats were used to ensure accurate temperature
treatments. Due to these being mixed communities,
in vivo Chl a fluorescence was used to calculate bulk
phytoplankton community growth rates for all tempera-
tures using the formula: u = ln(fl%tﬂ’) In this equation, u
is divisions per day, Fy and F; are the raw fluorescence
unit values measured on a Turner AU-10 fluorometer
(Turner Designs Inc., Sunnyvale, CA, USA) at the
beginning and end of each dilution period respectively,
and ¢ is the number of days between measurements. We
fitted the TPC growth data to the Eppley—Norberg tem-
perature model to make predictions of each community’s
thermal limits and optimal growth temperature [10]. We
also used a modified version of this model that takes into
account thermal fluctuations to estimate growth rates in
variable thermal environments [42] to compare our
experimental variable thermal treatments (x4 °C) to 10
years of daily maximum SST data obtained from the
National Ocean and Atmospheric Administration’s
National Data Buoy Center using a mooring station
located 10.8 km from SPOT.

Additionally, we split enriched SPOT water into tem-
perature treatments intended to simulate present and
predicted-future surface-water temperatures at both constant
and fluctuating temperatures (Table 1). Present temperatures
were set to match the temperature at SPOT at the time of
collection. The present-constant treatments acted as our
experimental control. Future temperatures were increased
4°C (spring and fall) or 5°C (summer) from the present
temperature (Table 1), following predicted increases in SST
[6]. The two fluctuating temperature treatments had the same
means as the constant treatments, but they alternated between
a warm phase above (44 °C) and a cold phase below (—4 °C)
the mean value sequentially every 24 h, yielding a 48h
complete thermal cycle (Fig. S1). This time scale was based
on previously published high-resolution temperature data
from the Southern California Bight [25]. Hereafter we will
refer to pre-nutrient addition samples as “initial” and each
seasonal temperature study as “experimental”.

Bulk growth was monitored using daily in vivo fluor-
escence measurements, and one-part culture was transferred
to ten-parts filtered, enriched seawater every 2 days to keep
cultures in logarithmic growth and maintain a relatively
constant nutrient environment [10, 43]. All experiments
were run for at least seven transfers (~7—14 doublings over
at least 14 days, depending on growth rate). After seven
dilutions, experiments were sampled daily for 3 days to
look for responses specific to either cold or warm phase of
fluctuation treatments (Fig. S1). Due to high growth rates
during the summer experiment, an additional dilution had to
be made between cold and warm fluctuations to avoid cells
entering stationary phase. For experiments we calculated
growth rates using the same equation given above, but in
addition to in vivo Chl a fluorescence, growth rates were
also calculated based on particulate organic carbon (POC),
intended to represent the whole assemblage, and biogenic
silica (BSi) as a metric for diatom-specific rates.

Biogeochemical assays

To measure POC and particulate organic nitrogen (PON),
samples were filtered onto precombusted GF/F filters (2 h
at 450°C) and analyzed using a Costech Elemental
Combustion system (Valencia, CA, USA) [44]. POC was
used to estimate bulk assemblage growth rates by
recording the change in POC over 2 days, capturing
growth during both cool and warm periods. To measure
BSi, samples were filtered onto 3 um polycarbonate filters
and measured as in [45] to estimate diatom biomass.
Similar to POC-derived growth rates, changes in BSi over
2 days were used to derive diatom-specific growth rates
in our treatments. Cells were filtered onto precombusted
GF/F filters for particulate organic phosphorus (POP)
measurements [46]. In addition to indirectly measuring
Chl a using in vivo fluorescence, we measured total
chlorophyll by filtering onto GF/F filters and extracting in
90% acetone for 24 h. Extracted Chl a and in vivo fluor-
escence were measured on a Turner AU-10 (Turner
Designs Inc., Sunnyvale, CA). During spring and fall
experiments, carbon fixation rates were measured by
spiking 30 ml of each enrichment with 50 ul of '*C labeled
sodium bicarbonate, then incubated for 3 h, filtered onto
GF/F filters, and placed in 4.5 ml of scintillation solution.
Total radioactivity (TA) was measured using triplicate
solutions of combined isotope and scintillation solution
spiked with 100 ul of phenyethlamine. We accounted for
filter absorption wusing 10ml from each replicate-
enrichment spiked with identical amounts of isotopes
and filtered immediately. Samples were incubated in the
dark overnight and radioactivity was measured with a Tri-
Carb 2500TR liquid scintillation counter after 24 h
(Beckman Coulter Inc., Brea, CA) [47].
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Amplicon sequencing

Microbial diversity was sampled before nutrients were
added, and at the end of the final temperature fluctuation
cycle. Cells were filtered (1.2 um polycarbonate) and stored
in liquid nitrogen. Extractions used the DNeasy Power Soil
kit (Qiagen, Hilden, Germany) modified to include a 10-min
65 °C incubation before vortexing. Amplification and
sequencing of the V4-V5 hypervariable region of the 16S
rRNA gene was done using the primers 515F-Y (5'-
GTGYCAGCMGCCGCGGTAA-3") and 926R (5'-
CCGYCAATTYMTTTRAGTTT-3'), as described in [48].
These primers successfully amplify large proportions of
known prokaryotes, and chloroplasts (via the 16S rRNA
gene), as well as eukaryotes (via the 18S rRNA) [48]. These
primers have been previously used to describe microbial
communities at this study site [49]. Library prep and
sequencing was done at Molecular Research DNA labs (MR
DNA,; Shallowater, TX, USA) on the Illumina Miseq plat-
form producing 2 x 300 bp paired-end reads. DNA samples
from the spring experiment were treated the same way as
summer and fall DNA samples, but were sequenced on a
different date. To avoid potential sequencing run-specific
batch effects, each season was analyzed individually. The
quality of DNA from one replicate in the spring future-
constant treatment was low and consequently contained
few reads. This replicate was excluded from sequence
analysis.

Sequence data analysis

Our processing workflow is shown in Fig. S2. In short,
raw sequence reads were demultiplexed using Sabre
(github.com/najoshi/sabre, version 1.0) and primers
removed with usearch’s fastx_truncate (version 9.2)
command to cut the first 20 bases from forward and first
19 from reverse reads. These were analyzed with the
DADA?2 pipeline, version 1.6.0 [50]. Default settings
were used except where noted following DADA?2’s stan-
dard workflow, version 1.8 (https://benjjneb.github.io/da
da2/tutorial.html). The 18S rRNA gene region that is
amplified by these primers is typically longer than our 2 x
300 paired-end sequencing protocol spans, and hence
would be discarded by the merge step our analysis pipe-
line [48]. We gathered all nonmerged reads and separated
out putative 18S rRNA gene sequences from reads
rejected due to quality issues using the number of mis-
matched base pairs. We found that sequences with >35
mismatches typically matched eukaryotic 18S rRNA gene
sequences when BLASTed against NCBI’s nonredundant
nucleotide (nr/nt) database (Table S1). Because of this
correlation, all reads with >35 mismatches were assumed
to be eukaryotic 18S rRNA gene sequences. These were
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concatenated with ten ambiguous, “n” bases and pro-
cessed with the merged, 16S rRNA reads. Amplicon
sequence variants (ASVs) identified by the Silval32
database [51] as chloroplasts were removed and separately
assigned taxonomy using PhytoREF, a curated database
of phytoplankton chloroplast 16S rRNA sequences [52].
ASVs derived from putative 18S rRNA gene sequences
were identified using the Protist Ribosomal Reference
database, PR2 [53]. Previous work with these primers at
SPOT observed that estimates of phytoplankton diversity
were typically similar using reads assigned to either 16S
or 18S rRNA amplicons [49]. For this study we chose to
rely on the 16S rRNA plastid gene sequences to describe
the eukaryotic phytoplankton community. 18S rRNA gene
copy number varies considerably between taxa based on
genome size [54], whereas plastid numbers can vary based
on environmental variables (e.g. nutrient availability)
which we control for in our experiments. Putative-18S
assigned taxonomy was used to check for the presence of
metazoan grazers (which should have been largely
removed with our prefiltering during sampling), and for
dinoflagellates, whose plastid 16S rRNA gene sequences
are highly divergent [55] and not amplified with these
primers. For the highest level of taxonomic resolution, we
BLASTed all bacterial ASVs that comprised >10% and
eukaryotic ASVs comprising >5% of recovered reads in
any given sample against the NCBI’s nr/nt database,
excluding uncultured sample sequences. We used percent
similarity thresholds to assign taxonomic rank following
published values for primers amplifying the V4 rRNA
region [56]. For dominant phytoplankton ASVs we con-
firmed their taxonomic identity by also BLASTing the
corresponding 18S rRNA sequences. Because these pri-
mers produce relatively fewer 18S rRNA amplicons and
the natural differences in copy numbers of each gene, we
paired sequences by comparing the relative abundance of
recovered 18S and plastid 16S rRNA sequences. ASVs of
each gene that had the strongest correlation (highest
Spearman’s correlational coefficient) were considered to
belong to the same organism.

Analysis of read counts including calculations of
diversity, ecological distance, and all ordinations was
done in R [57] and RStudio [58] using the Phyloseq [59]
and Vegan [60] packages. For ordinations, the ASV count
matrix was first transformed using the variance stabilizing
transformation within DESeq2 [61], Euclidean distances
were calculated (Vegan), and we tested for significance
between groups using a permutational ANOVA (Vegan),
after confirming an equal amount of variance between
groups using the betadisper function (Vegan). Sig-
nificance of temperature treatment effects on major taxo-
nomic groups was tested using both one-way ANOVA
and ¢ test, and DESeq2 was used to test for differential
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Fig. 1 Chlorophyll a fluorescence-based thermal performance curves
calculated for the seasonal mixed phytoplankton community at SPOT
during a spring (n =13, R*= 0.74), b summer (n =8, R?=0.77), ¢
fall (n =10, R*=0.76). Fitted line shows the Eppley—Norberg tem-
perature model. Vertical lines summarize 10 years of seasonal tem-
perature data, where the dark solid line is the mean with dashed lines +
one standard deviation, and the solid red line is the highest recorded
temperature

abundance in individual ASVs by comparing them to our
control treatment.

Results

During each sampling effort, conditions at SPOT were
oligotrophic. Total chlorophyll levels were <0.5 ug/l, with
little available nitrogen (mean = 0.026 uM, SD =0.01) or
phosphorus (mean =0.17 uM, SD =0.03) (Table S2).
Thermal response curves showed the seasonal assemblages
in all three experiments were able to grow at least 6 °C
above the 10-year record maximum temperature for each
season at SPOT (Fig. 1). Bulk growth rates of the spring
communities did not drop to zero until 32 °C was reached
(Fig. 1a), and growth rates in the summer (Fig. 1b) and fall
(Fig. 1c) were still maximal at the highest temperature
tested (30 °C). Maximum growth rates for each seasonal
community were measured at or above 26 °C (Fig. 1).

For each experiment, we compared the impact of our
+4 °C experimental fluctuations to daily temperature fluc-
tuations in our 10-year temperature dataset from SPOT
(Table S3). The modified Eppley—Norberg model of
Bernhardt et al. that accounts for temperature fluctuations
[42] predicted no difference between in situ temperature
fluctuations and our +4 °C fluctuations. This suggests that
from the perspective of phytoplankton growth rates, our
temperature fluctuations were similar to what they experi-
ence in situ.

In the spring experiment, growth rates calculated using
POC were lower in the present-fluctuating (1220 °C) than
the present-constant (Fig. 2a, p = 0.03), but this difference
was not reflected in either the BSi-derived diatom growth
rate (Fig. 2d) or the BSi:POC ratio (Fig. 2g). Future-
fluctuating temperatures in the summer (22-30°C) had
POC-derived growth rates (Fig. 2b) significantly higher
than the present-constant (21 °C, p =0.004) and present-
fluctuating treatment (17-25 °C, p = 0.05). In the summer,
BSi-derived growth rates were higher in the future-constant
treatment than other treatments (p <0.05). In the fall,
treatment had no effect on POC or BSi-derived growth rate
(Fig. 2c, f), but the future-constant treatment (20 °C) had a
significantly higher BSi:POC ratio than the other treatments
(Fig. 2i, p<0.05). Other biogeochemical and bulk bio-
chemical parameters were relatively unaffected by the
temperature manipulation experiments. Elemental ratios of
particulate C, N, P, Chl a content, and carbon fixation rates
were variable, but not statistically different for treatments
within each seasonal experiment (Fig. S3).

rRNA-gene amplicon sequencing was used to assess
changes in the phytoplankton communities associated with
different temperature treatments. Ordinations clearly sepa-
rated initial and experimental samples, based on nutrient
level (Fig. S4A). When initial samples were removed,
collection-season clearly correlated with sample groupings
(Fig. S4B). Within each experiment, the first two axes of a
principle coordinates analysis (PCoA) were able to explain
between 27.7% and 32.4% of the variation, and each sea-
sonal study had a significant difference between at least two
treatments as detected by a permutational ANOVA (Fig. 3).
In all treatments, bacterial sequences made up the majority
of recovered amplicons (Fig. 4a). Chloroplast 16S rRNA
gene sequences belonged mostly to picoeukaryotes in initial
samples, with diatoms being dominant in spring and fall
experiments (Fig. 4a, b).

The majority of recovered sequences in all experiments
belonged to the Alpha and Gammaproteobacteria and the
Bacteroidetes phyla (Fig. 4b). Within these larger taxo-
nomic groups, 132 bacterial ASVs were observed that
comprised >1% of the relative abundance of amplicons
recovered from at least one sample (Table S4). The majority
of these belonged to the Bacteroidetes (61 ASVs)
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Fig. 2 Community growth rates determined as changes in particulate
organic carbon (POC, a—c), and the diatom-specific growth measured
with changing BSI (d-f), both measured over 2 days at the end of
14 days of growth. g—i depict BSi to POC ratios as an indicator of the
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nificance between two treatments (p <0.05) is shown with a star. p
values for nearly significant treatments (p <0.1) are shown with their
respective brackets, and error bars represent standard deviation
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with Saprospiraceae (22 ASVs) and the Flavobacteriaceae
(18 ASVs) being the most diverse families. Alphaproteo-
bacteria included 44 ASVs, which were largely made
up by the Rhodobacteraceae (21 ASVs). Of the 15 Gam-
maproteobacteria comprising >1%, ten were in the genus
Alteromonas. Three ASVs were placed into Gammapro-
teobacteria; however, SILVA was only able to identify two
of them to class. The other ASV was placed into the family
Oligoflexaceae. Other groups crossing the 1% threshold
were the Planctomycetes (three ASVs), Verrucomictrobia
(two ASVs), and the Actinobacteria (one ASV).

We did not detect differences in community composi-
tion between constant vs. fluctuating treatments at broad
taxonomic levels in the spring experiment (Fig. 4b), but
did for Alphaproteobacteria and Cyanobacteria in the
fall (p<0.05). The summer experiment demonstrated
much greater variation between the constant temperature
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Axis 1 [19.6%] Axis 1 [17.2%]

and fluctuating treatments. For example, summer-derived
communities demonstrated a decrease in the relative
abundance of Alphaproteobacteria recovered sequences
(» <0.05) in the future-fluctuating treatment as compared
to both present-constant and present-fluctuating
treatments. These were mostly made up of copiotrophic
heterotrophs in the Hyphomonadaceae and Rhodobacter-
aceae (Table S4), and there was also an increase in the
relative abundance of Planctomycetes (p <0.05) sequen-
ces in the future-fluctuating treatment. The shift in the
Planctomycetes was from an increase in a single ASV
(ASV20), which when BLASTed most closely matched
Candidatus Brocadiales fulgida, a known anammox
bacteria [62]. Gammaproteobacteria also decreased in
relative abundance (p <0.05) during the summer experi-
ment in the present-fluctuating treatment relative to the
present-day constant treatment. The largest change came
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Fig. 4 a Bars comparing the percentage of recovered rRNA sequences,
largely representing heterotrophic bacteria and two major functional
groups of autotrophic phytoplankton. Values are expressed as the
mean percent amplicons recruited for bacteria (black), diatoms (gray),
and picoeukaryotic phytoplankton (light gray). Error bars represent
standard deviation. b Phylum and class level (proteobacteria)

from a single ASV (asv3) identified with BLAST as an
Alteromonas sp. (Fig. S5). In the spring, two bacterial
ASVs that made up more than 10% of the recovered
bacterial amplicons belonging to the genus Phaeobacter
and an unknown Flavobacteriaceae declined in relative
abundance in all treatments, compared to the present-
constant control (Fig. S5A). Similarly, in the summer, any
temperature manipulation caused two dominant bacterial
ASVs (one Alteromonas sp. and another unknown Fla-
vobacteriaceae) to decrease their relative abundance.

Bacillariophyta were the most abundant eukaryotic
phytoplankton in experiments, although some prymne-
siophytes were detected (Fig. 4b). 18S sequences were
screened for dinoflagellates and for the presence of any
metazoan grazers not removed by prefiltering (Fig. S6).
Neither was seen except in initial samples, particularly in
the spring experiments, where copepods (likely nauplii)
made up as much as 35% of total initial sequences
recovered (Fig. S6). In the summer experiment, prymne-
siophyceae sequences were most abundantly recovered in
the present-constant (2.1%, SD = 0.7) compared to other
treatments.

The phytoplankton community in each incubation
experiment had one or two dominant ASVs making up the
majority of the photoautotrophic community (Fig. 5,
Table S5). In the spring experiment an uncharacterized

abundance using 16S rRNA gene sequence identity. The size of each
bubble corresponds to percent amplicons recovered. Closed circles
show taxa that are significantly more or less abundant by a one-way
ANOVA (p<0.05). Brackets show specific significant differences
between groups. Plastid 16S rRNA gene sequences were used for
taxonomic assignments of eukaryotic phytoplankton

Pseudo-nitzschia sp. (asv9) and Minidiscus trioculatus (a
small, unicellular, centric diatom; asv2) were the most
abundant in all samples (Fig. 5). The Pseudo-nitzschia 18S
sequence recovered (asv105; Fig. S7A; Table S6) was
100% identical to Pseudo-nitzschia americana strain
UNCI1412 (NCBI accession number KX229689.1), which
was isolated from the California upwelling zone in 2014.
On a phylogenetic tree of top BLAST hits, the two nearest
references sequences were not known producers of the toxin
domoic acid (Fig. S8), which is produced by many other
members of this genus. The same Minidiscus trioculatus
ASV (asv2) was the most abundant phytoplankton in each
of the fall enrichments (Fig. 5b, Fig. S7B).

In the summer experiment, both present-constant and
present-fluctuating treatments were largely dominated by an
ASV matching the picoeukaryotic phytoplankton (asvl)
belonging to the group basal to the diatoms, the bolido-
phytes; however, the recovered 18S rRNA amplicon was a
100% match to the diatom Leptocylindrus convexus, part of
an early branching group of diatoms [63, 64]. Microscopy
revealed large numbers of cells morphologically identical to
Leptocylindrus, so asvl was assigned taxonomy based on
its 18S rRNA gene. In the warmer, future-constant treat-
ment this diatom is supplanted by a different diatom ASV
Chaetoceros simplex (asv8), which was in turn replaced by
another diatom, Arcocellulus mammifer (asv4), when those
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Fig. 5 Heatmaps of amplicon
sequence variants (ASVs) that
comprised: a >10% of total
reads within a sample for
bacteria, and >5% of the total
reads for b diatoms and ¢
picoeukaryotic phytoplankton.
Triangles represent treatments
where a given ASV was
differentially abundant
compared to the control
(present-constant treatment
outlined with dashed lines)

A)

Pseudophaeobacter sp.(asv16)-
Phaeobacter sp.(asv18)-
Rugeria sp.(asv31)-

Ralstonia sp.(asv44)
Alteromonas sp.(asv3)-

Kordia jejdonensis(asv11)-
Flavobacteriaceae 1(asv15)
Flavobacteriaceae 2(asv37)-
Flavobacteriaceae 3(asv38)-
Lewinella sp. 1(asv32)
Lewinella sp. 2(asv56)
Candidatus Brocadiales(asv20)-

B) Pseudo-nitzschia sp.(asv9)
Navicula lanceolata(asv71)-
Minidiscus trioculatus(asv2)-
Cylindrotheca closterium(asv114)
Arcocellulus mammifer(asv4)-
Chaetoceros simplex(asv8)-

Leptocylindrus convexus(asv1)

C) Imantonia rotunda(asv45)4
Aureococcus sp.(asv84)4

warmer temperatures fluctuated (Figs. S5b, S5). The match-
ing 18S rRNA sequence recovered for asv4 belonged to the
genus Minutocellus (Fig. S7C, Table S6). Because Arco-
cellulus and Minutocellus are very closely related [63], we
used the plastid 16S rRNA sequence identity to assign its
taxonomy.

Testing of differential abundance using DESeq2 [61]
compared all treatments to the present-day, constant control
treatment. Some statistically significant shifts in abundance
were measured in every experiment (Table S7); however, in
general most of these shifts between treatments did not
involve dominant ASVs (>10% for bacteria and >5% for
eukaryotic phytoplankton). Those that did were the increase
in ASVs matching the genus Rugeria (asv3l) in the
spring future-fluctuating treatment (Fig. 5a), and the shift
from a Leptosylindrus-dominated to a Chaetoceros-domi-
nated (future-constant) and Arcocellulus-dominated (future-
fluctuating) phytoplankton community in the summer
(Fig. 5b).

Discussion

Enrichments showed positive growth rates even at tem-
peratures higher than those ever experienced at the coastal
California site where they were collected (>25°). In addi-
tion, the bulk community growth rates were relatively stable
across temperatures and did not show the typical negative
skewness of phytoplankton isolate thermal response curves
[11]. This broad optimum range across temperatures is
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likely the result of thermal functional redundancy in these
natural communities. In other words, different members
likely have different limits defining their optimum and
stressful temperatures, thus providing redundancy and
robustness to bulk growth rates, even with a shifting
underlying community. Careful examination of the com-
munities in our comparison of warming and fluctuating
conditions showed that incubations largely maintained the
same dominant taxa until they were exposed transiently to
unusually high temperatures exceeding the summer
experiment upper temperature limit.

In our experiments, no consistent difference was
observed in our POC- and BSi-determined growth rates
between constant and fluctuating treatments. Thermal fluc-
tuations and nutrient inputs are often linked through vertical
mixing and advection events in the coastal regime where
SPOT is located, so the phytoplankton we enriched for may
already be well-adapted to fluctuating temperatures. At
future mean temperatures in both the summer and fall (26
and 20 °C respectively), we did observe significant and near
significant differences between constant and fluctuating
conditions in the ratio of diatom frustule mass (BSi) relative
to the POC present. Plotting these ratios during the final
dilution series (3 days) shows that BSi accumulated faster
relative to POC in the future-constant treatment in the
summer and fall experiments, than in future-fluctuating
treatments (Fig. S9B, C). This difference was particularly
pronounced in the summer experiment, when the slope of a
line fitted to the data was 6.5 times higher in the future-
constant vs. the future-fluctuating treatment (Fig. S9B).
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Our experimental design was intended to simulate cli-
mate change impacts on primary producers within a coastal
zone. Outside of a brief spring bloom, SPOT is typically
oligotrophic, with new primary production often relying on
episodic and ephemeral Ekman upwelling [36]. The low
chlorophyll, picoeukaryote-dominated initial community
shifted to a high chlorophyll, largely diatom-dominated
community in our experiment, which is what we would
expect following a typical transitory upwelling or mixing
event at the SPOT time series station. Because of the strong
influence of the experimental nutrient additions, initial
communities were excluded from any statistical testing.

The communities we observed post nutrient addition
were distinct to each season. The differences in the out-
comes of fall and spring incubations, despite similar tem-
peratures, are likely due to differences in the communities
when the samples were collected. The microbial community
at SPOT when sampled monthly over multiple years is most
dissimilar to the microbial community 6 months before or
after the sample is taken [38]. Our fall and spring samples
were taken exactly 6 months apart, so it is not surprising
that after the incubations we got different results. Of course,
as also suggested by our results, these distinct spring and
fall community structures may be largely a function of their
differing recent thermal histories.

Bacterial communities in all three experiments were
consistent with those often associated with diatom blooms.
For instance, ASVs from genera such as Pseudophaeo-
bacter (asv16), Phaeobacter (asv18), and Rugeria (asv3l1,
Alphaproteobacteria) as well as Alteromonas (asv3, Gam-
maproteobacteria) and Lewinella (asv32 and asv26, Bac-
teroidetes) all made up 10% or more of the amplicons in any
one sample. These genera are copiotrophic heterotrophs,
and so are frequently reported in diatom cultures and in situ
blooms [65]. Interestingly, a Bacteroidetes ASV matching
Kordia jejudonensis (asv11) was only relatively abundant in
the spring present-fluctuating treatment, in which diatom
levels were the lowest within that experiment. This genus
contains species that produce allelopathic compounds
known to be lethal to phytoplankton, which could explain
the relatively low diatom counts [66].

Phytoplankton species that emerged following nutrient
additions also were typical of eutrophic periods in the Cali-
fornia Current. Pseudo-nitzschia, Minidiscus, Leptocylindrus,
and Chaetoceros are common bloom-forming diatom genera
in the California Current System [67, 68]. The dominant
diatom from the future-fluctuating treatment in the summer,
Arcocellulus mammifer, is not mentioned in the literature at
this site. Instead, blooms of this species have been recorded in
aquaculture ponds in the tropical South Pacific [69]. The
apparent thermophilic niche of this species is consistent with
the fact that it was only observed in our treatment inter-
mittently exposed to extreme high temperatures.

Leptocylindrus convexus sequences were only recovered in
relative abundance at present-constant and present-future
temperatures. In the future-constant treatment from the same
experiment (mean temperature =26 °C), this organism
seemed to be supplanted by the chain forming diatom
Chaetoceros simplex. Chaetoceros spp. are heavily silicified,
potentially explaining the significantly higher BSi:C ratio in
the future-constant treatment. This species was only dominant
in the future-constant treatment, however, and in the future-
fluctuating treatment the dominant phytoplankter changed
again to the diatom Arcocellulus mammifer. This shift was
also seen in declining diatom-specific growth rates and BSi
concentrations relative to the future-constant treatment.

In our experiment the phytoplankton bloom from each
seasonal enrichment was distinct from those collected during
the other seasons. Past work at SPOT has showed that
microbial assemblages from a given month are most similar to
other months from the same season, even across years (378).
Further, we compared the abundance of the dominant phy-
toplankton taxa from our spring (ASV9 Pseudo-nitzschia sp.)
and summer (asvl Leptocylindrus convexus, asv8 Chaeto-
ceros simplex, and asv4 Arcocellulus mammifer) incubation
experiments with previously published data from Needham
and Fuhrman (2016; 49), who followed the response to a
spring-time nutrient pulse over the course of 6 months
(Fig. S10). All three dominant ASVs from our spring incu-
bations were detected in nearly every in situ sample from this
prior study. In March when temperatures were low and
available nitrogen high (>4 uM), amplicons matching ASV9
(>99% similarity across the entire length of the sequence)
became more abundant, while amplicons matching ASV1 or
ASV8 remained barely detectable. In mid-May in the Need-
ham and Fuhrman (2016; 49) study as temperatures began to
rise, a modest increase in available nitrogen (~1 uM) stimu-
lated chlorophyll a production and resulted in a small increase
in amplicons matching asvl and asv8 that were dominant in
our summer experiment, while those matching ASV9
remained low. In addition, asv4 that was dominant in the
summer future-fluctuating treatment, where it experienced
much higher temperatures than those observed at SPOT,
remained the same throughout this dataset. The consistency
between our experimental community structure and in situ
observations suggests that it is the seasonal thermal environ-
ment that dictates which species are able to respond to
ephemeral nutrient inputs, and that our experiments accurately
simulated these seasonal patterns.

With these experiments, we repeatedly observed that
incubation temperatures (whether fluctuating or constant) that
fell within present-day norms stimulated dense phytoplankton
blooms that were largely taxonomically indistinguishable
across all treatments. Similarities in composition also suggest
a functional redundancy that maintained biogeochemical and
bulk biochemical processes within the envelope of historic
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temperatures. Even when communities were grown under
conditions that periodically exposed them to temperatures
close to this maximum (17-25°C), the dominant primary
producers did not change. Only when consistently culturing at
high temperatures (26 °C) that exceeded historic maximum
temperature (25.3 °C as measured over the past 10 years) did
the community of primary producers shift. Further, periodi-
cally exposing the community to 30 °C (4.7 °C above the 10-
year maximum) pushed the Chaetoceros simplex beyond their
thermal maximum, and resulted in enriched abundance of
Arcocellulus mammifer regardless of the brevity of exposure
and the shift back to lower temperatures (22°C) the
following day.

Thermal impacts such as shifts in dominant taxa or
declining phytoplankton abundance could happen at even
lower temperatures in situ. For instance, some grazers are
less susceptible to thermal stress than eukaryotic phototrophs
[70, 71]. Because we removed these from our system, we are
unable to assess the interaction of temperature and grazing
pressure in shaping community composition. Nutrient levels
could also be confounding, as recent work suggests an
interactive effect between nutrient concentrations and tem-
peratures, with less thermal resilience under oligotrophic
conditions [72], although limiting nutrients can increase
thermal tolerance in some marine diazotrophs [73]. Our
nutrient concentrations were kept replete through frequent
dilutions with nutrient-amended seawater, masking any
potential temperature/nutrient availability interactions in our
future treatments. It is possible that in situ grazing pressures
and nutrient limitation could interact strongly with warming
to allow impacts on phytoplankton communities with
smaller temperature perturbations.

These data suggest that temperatures that match or
slightly exceed historic high temperatures even briefly (on
a timescale of weeks) can cause major shifts in dominant
phytoplankton, even under nutrient-replete conditions.
This is in addition to the impacts of long-term elevated
mean temperatures such as those that have been predicted
by ocean/atmosphere models [6]. Our observations sug-
gest these new communities are stable, and still capable of
maintaining their role in marine ecosystems. This is also
consistent with observations from other marine ecosys-
tems, where short-term heat waves have had ecological
consequences over and above those of more modest,
longer-term warming. A temperature anomaly off Aus-
tralia’s west coast in 2010/2011 increased temperatures
2.5°C above seasonal norms, and for a brief period
(~1 week) exceeded the normal seasonal temperatures by
5°C [74]. The effects of these anomalous conditions
seemingly irreversibly shifted the ecosystem from a kelp-
dominated community with an abundance of temperate
fish to a benthic, turf algal assemblage with tropical fish
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species that were not present before the heatwave. Recent
studies that experimentally manipulated thermal regimes
with the marine copepod Tigriopus californicus suggested
how this process might happen, hypothesizing that prior
exposure to sub-lethal warm temperatures made indivi-
duals more vulnerable to short-term extreme heat events
[75]. This makes sense given the typical shape of micro-
bial thermal curves and the unequal impacts that thermal
fluctuations have on growth rates at higher temperature,
where they can often decrease optimal and lethal thermal
limits.

As marine microbial ecosystems continue to experience
warming, it is likely that these scenarios combining warming
with fluctuating, short-term heat waves could become more
common. This work suggests that encounters with unprece-
dented high-temperatures could lead to broad shifts in
dominant phytoplankton taxa. By simulating the bloom-
forming conditions that periodically occur in this coastal
regime following upwelling, we observed that the onset of
high temperatures not previously experienced in situ may
serve to delineate a threshold where warming affects the
composition of the microbial community. This threshold is
likely modulated by other co-stressors such as nutrient
availability and grazing, by the duration of high-temperature
exposure, and potentially by the range of temperatures in a
given regions of the ocean. Here we offer a testable hypoth-
esis that we believe can act as a starting point for testing the
limits of present-day community structure and function in the
context of a warming ocean.

Data Availability

All scripts used for quality control, analysis of sequence
data, and figure preparation can be found at: https://doi.org/
10.6084/m9.figshare.7603790.v2. Sequence data have been
uploaded to NCBI under the Bioproject ID PRINAS512541.
SRA accession numbers and associated metadata are found
in Table S8. Data from San Pedro Ocean Time-series
(SPOT) monthly sampling can be found at https://dornsife.
usc.edu/spot/data/, and daily temperature data is from the
National Data Buoy Center (https://www.ndbc.noaa.gov/),
station 46222.
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