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Abstract. Anthropogenic influence on climate change hasprofound and diverse consequences on marine ecosystems. At the
base of the food web, phytoplankton, are experiencing altered temperature regimes. In south-east Australia, the southward
extension of warm waters, driven in part by the East Australian Current (EAC), is rapidly warming regional ocean
temperatures, leading to the intensification of marine heat waves (MHWs). In this study, we investigated thermally adapted
Leptocylindrus danicus strains isolated from four distinct latitudes to determine how silica production rates vary with
temperature and irradiance. We also explored how the intra-specific phenotypic variability affects physiology and silica
production. We found strong latitudinaleffects on strain-specific cell volume (ranging from 313 + 22 um?t0 2070+ 105 um3)
and pigment quotas (chla 1.04 + 0.21t0 3.70 £ 1.17 pg cell’}; chlc 0.26+ 0.07 to 2.09 &+ 1.50 pg cell'!), both increasing with
increasing temperature. There was also a significant effect of temperature on silicification rates, which varied depending on
growth irradiance and cell normalisation. By identifying temperature and light regulated shifts in growth, morphology and
silicification in a cosmopolitan diatom, we can gain an improved understanding of the range in intraspecific phenotypic
variability of this key phytoplankton group. This study provides an assessment on how key diatom traits vary alonga latitudinal
gradient, providing unique insight into how ocean warming may influence resilience and adaptation potential of L. danicus,

and how shift in physiology may impact diatom-regulated carbon and silicon cycling.
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1. Introduction

Ocean warming is recognised as one of the major anthropogenic environmental stressors threatening marine ecosystem
structure and functioning (Bindoff et al, 2013; Doney et al, 2012). It is well understood that temperature controls
phytoplankton physiology and metabolic processes, and therefore defines the biogeographical range and distribution of a
species (Boscolo-Galazzo et al., 2018; Finkel et al,, 2010; Thomas et al., 2012). The Eastern Australian Current (EAC) is a
dominant oceanographic feature of the east coast of Australia, and is identified as a future ‘hotspot’ for ocean warming, with
models predicting up to an §°C warming trend forthe 2001-2050 time-period examined (Hobday & Pecl, 2014; Popova etal,,
2016). As the EAC continues to strengthen with climate change due to a ‘spin-up’ of the South Pacific gyre, warm, nutrient-
poor water is being driven southward along the east coast and is combined with ocean temperatures already increasing at a
fasterrate than projected,and as such, these trends are likely to have consequences forecological processes and communities
(Caietal,2005; Johnsonetal., 2011; Phillips et al., 2020). Furthermore, warmer surface waters can cause a shallowing ofthe
surface mixed layer, forming a barrier to vertical exchange of nutrients from depth and constraining phytoplankton in the upper
surface waters, exposing them to high irradiances and reduced nutrient availability (Carmefio et al.,, 2008; Li et al.,, 2020).
Therefore, understanding species-specific responses to temperature is crucial for predicting changes in phytoplankton
abundance and community composition and howthis will affect primary productivity, food web interactions, biogeochemical
cycles and the biological pump.

Diatoms (Bacillariophyta) are siliceous organisms, responsible for an estimated 20% of global primary productivity (Field et
al., 1998; Nelson et al, 1995). They are of significant ecological importance and recognised as one of the most diverse
phytoplankton groups in the marine environment (Malviya et al, 2016). Their unique silicified cell walls (frustules)
differentiates them from other phytoplankton and is the morphological feature that confers their central importance to global
biogeochemical cycling of carbon and silicon in the oceans (Field et al., 1998; Martin-Jézéquel et al., 2000; Nelson et al.,
1995). Diatoms are ubiquitously distributed, but tend to dominate dynamic coastal upwelling regions of the ocean where
favourable conditions permit for the generation of blooms (Benoiston et al., 2017; Malviya et al., 2016; Smetacek, 1999).
During these blooms, diatoms are major drivers of biological carbon sequestration in the oceans, however pronounced
differencesin growth, size, silicification and grazing pressure means that species abundance and composition is a determinin g
factorof'silica and carbon export in any given location at any point in time (Baines et al.,, 2010; Krause et al.,, 2010; Tréguer
etal, 2018).

Leptocylindrus danicus is a cylindrical, chain-forming diatom with cosmopolitan distribution, and a major component of
phytoplankton communities in coastal upwelling regions (Nanjappa et al.,2013). Along the south-east coast of Australia, L.
danicus often dominates the coastalcommunities and is seen in greatestabundance during the spring (Ajani, et al.,,2016). The
continued success of L. danicus in these regions may be attributed to a combination of their widespread distribution (suggesting
a broad thermaltolerance), rapid growth rates, large cell size (reduced pressure and predation by grazers) and life cycle strategy

(reproduce both asexually and sexually via the formation of auxospores and resting spores), giving them a competitive
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advantage to survive and adapt with each spring bloom due to their diverse phenotypic and genetic variability (Ajani et al.,
2021; Ajaniet al, 2016; Nanjappa et al.,, 2013).

Diatoms incorporate soluble silica from seawater, in the form of silicic acid, and transportit across their cell membrane into
intracellular pools via silica deposition vesicles (SDVs) for frustule (cell wall) biosynthesis (Thamatrakoln & Hildebrand,
2008). This process, however, has been shown to vary with silicic acid concentrations in the environment, which coincide with
changes in temperature and seasons, in turn influencing diatom growth because of its direct influence on their cell cycle
(Hildebrand & Lerch, 2015; Shrestha et al, 2012; Shrestha & Hildebrand, 2015). Temperature-driven responses in
physiological, morphological and biochemical traits were revealed using thermal performance curves (TPCs) on the diatom
Thalassiosira pseudonana,and most notable of these trait changes was a reduction in silicification at higher temperatures
(Bakeret al., 2016; Sheehan et al., 2020). Previous work on L. danicus strains grown at a fixed temperature (18°C), on the
other hand, demonstrated a latitudinal effect on silicification, whereby higher silicification rates were observed for strains
isolated from lower latitudes compared to those from higher latitudes, likely due to strain-specific differences in thermal
performance (Ajani et al., 2021). As such, while it is well known that temperature affects phytoplankton physiology and
metabolic processes, there is a need to understand strain variability and the potential role of geographical adaptation in the
phenotypic plasticity of individuals within a population in the context of ocean warming (Bennett et al., 2019). Here, we aim
to identify temperature regulated patterns in silicification in multiple strains of L. danicus, and look at the intraspecific
variability and thermal plasticity as a means of forecasting species-specific responses to warming. By looking at L. danicus
strains with locally adapted thermalniches, we aim to provide new insights into how ocean warming may influence a species’

growth and equally how diatom phenotypic plasticity provides resilience to rapid environmental change.

2. Materials and Methods

2.1 Leptocylindrus danicus isolates
Clonal culture isolates of the cosmopolitan diatom Leptocylindrus danicus used in this study were originally collected and
established via single-cell isolation by Dr. P. Ajani between December 2015 to February 2016 (Table 1). For the present
laboratory latitudinal study, strains were selected from four thermally distinct latitudes along the south-eastern Australian
coastline, spanning from the north coast to south coast of New South Wales: Coffs Harbour(30.2986°S, 153.1094 ° E), Forster
(32.1796° S, 152.5118°E), Maroubra (33.9495°S, 151.2437°E) and Twofold Bay (37.0844°S, 149.9277°E) (Table 1; Fig.
1). Prior to acclimation for experiments (described below), the established L. danicus strains from Coffs Harbour, Maroubra
and Twofold Bay were maintained in 33 ppt salinity fresh seawater (FSW, 0.2 pm filtered) enriched and autoclaved with /2
medium ( Guillard & Ryther, 1962). Batch cultures were maintained in 50 mL culture flasks at 18°C and illuminated at ~35
umol photons m2s! ona 12 :12 h light:dark cycle under white light. At the time of this study, the L. danicus Forster strain
was discontinued from Dr. P. Ajani’s culture collection, and instead retrieved from the Australian National Algae Culture

Collection (ANACC), Hobart, Tasmania; CSIROstrain CS-1164 (Table 1). This strain was maintained in f/2 medium at 20°C,
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with ~60 pmol photonsm-2s! illumination on a 12:12 h ligh:dark cycle using LED light panels. All cultures were transferred

(1:100) into fresh medium at least every three weeks to maintain actively growing cells.

Table 1: List of Leptocylindrus danicus strains used in this study: originating L. danicus sampling locations along the
95 coastline of New South Wales, strain designation, collection dates, mean annualand springsea surface temperature (SST) (°C)

for the period 2015-19 at each location.

Location of Latitude, Strain designation Collection date Mean annual Mean spring

isolation Longitude SST SST

Coffs Harbour 30.2986° S, CH230116-5; 23 Jan 2016 22.58 21.30
153.1094°E synonym CS-1161

Forster 32.1796° S, CS-1164; synonym 18 Feb 2016 21.67 20.40
152.5118°E FOS180216-7

Maroubra 33.9495¢° S, MARO091215-6 09 Dec 2015 20.85 19.51
151.2437°E

Twofold Bay 37.0844°S, TF250116-5 25Jan 2016 18.02 16.33
149.9277°E

Annualand spring mean SST calculated from monthly dataat 1/12°spatialresolution from 2015-19 (Jean-Michelet al.,2021).
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Figure 1: Mean annual sea surface temperature (SST) map with sampling locations. Locations sampled on the coastline
of south-eastern Australia for Leptocylindrus danicus strain isolates used in the current latitudinal study, from the north to
south coast of New South Wales: Coffs Harbour (CH), Forster (FOS), Maroubra (MAR) and Twofold Bay (TF) are shown.
Sampling locations are overlayed on anannualmean SST map calculated from monthly data at 1/12° spatialresolution from

2015-19 (Jean-Michel et al., 2021). Colour bar shows temperature (°C).

2.2 Experimental design and culture maintenance
For the experiment, Leptocylindrus danicus strains from each of the four locations were acclimated and grown in locally
sourced offshore seawater (0.2 pm filtered and autoclaved) enriched with f/10 medium (Guillard & Ryther, 1962)and modified
with the addition of silicate (acidified with 0.5 M HCl in a 1.5:1 ratio). Cultures were maintained under controlled light and
temperature conditions in Plant Growth Cabinets (CLIMATRON-1100-SL-H, Thermoline Scientific) fitted overhead with
warm white, fluorescent lights. Light was supplied ona 12:12 h light:dark cycle, with cultures grown undertwo light intensit ies
provided at approximately 100 and 55 umol photonsm=s'! (photosynthetically active radiation; PAR, using a LI-COR Light
Meter, LI-250A, equipped with a 2Pi Quantum Sensor). To achieve the lower light intensity, growth cabinets were fitted with
neutral density filters (90% shading; LEE Filters). Cultures were grown at four different temperatures: 16, 18, 20, or 22°C
(Table 2), selected based on the naturalaverage spring sea surface temperature (SST) forthe period 2015-19 at the approximate
location of which the strains were isolated (see Table 1). Temperature was kept constant and monitored every 15 min

throughout the acclimation and experimental period using iButton® temperature loggers (Thermochron) (Table 2).

5
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At each light intensity, quadruplicate batch cultures (200 mL) of each strain were acclimated and grown for more than two
months prior to measurement. Cultures were inoculated at ~5000 cells mL"! into sterile £/10 medium and grown in 250 mL
Erlenmeyer flasks attheir respective temperatures and irradiances. Throughout the acclimation and experimental periods, all
cultures were transferred into fresh media every 10-14 days under sterile (biosafety cabinet) conditions to maintain healhy
growing cells. The Twofold Bay L. danicus cultures were unable to establish at 100 pmol photons m2s!, and therefore, only
low light (55 umolphotonsm2s1)incubations were completed for this strain. All measurements were performed on cultures

during their exponential growth.

Table 2: Study temperatures. Assigned target experimental temperature and mean measured temperature (°C) + standard

deviation (SD). Data were collected every 15 min throughout acclimation period and experiment using temperature loggers.

Locationofisolation Target temperature Meantemperature SD

Coffs Harbour 22 22.6 0.51
Forster 20 20.39 0.56
Maroubra 18 18.14 0.38
Twofold Bay 16 15.72 0.38

2.3 Cell enumeration, growth rates and morphology

To establish growth rates, aliquots of 1 mL were sub-sampled daily from each flask and fixed with glutaraldehyde (2% v/v
final concentration). Cell counts were performed manually using a Sedgewick Rafter counting chamber by counting to a
minimum of 400 cells as per Ajani et al. (2016), using an upright Nikon Eclipse Ci fluorescence microscope (< 200x
magnification). Growth rates were monitored via light microscopy until the stationary phase wasreached. Maximum average
growth rates (umax in divisions per day) for each strain were calculated during the exponential growth phase according to
Guillard (1973).

Cell counts and cell volume measurements for data normalisation were taken on the day of experimental sampling for each
strain when cultures were in exponential growth using a fixed 2 mL sub-sample (2% glutaraldehyde). Cells were imaged under
a microscope (Nikon Eclipse Ci fluorescence microscope) at 200x magnification using the Infinity Analyze 7 software,
(version 7.1.0.1215; Teledyne Lumenera). To estimate cell sizes for each strain and replicate, the first 50 cells encountered
were measured using the approximate cell diameters (width) and length, in the image processing package Fiji (Fiji is Just

ImagelJ) (Schindelin et al., 2012). Cell volume was then calculated assuming cylindrical cells, as per Hillebrand et al. (1999).

2.4 PDMPO labelling protocol and sampling
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To assess biogenic silica (bSi) content and silica incorporation rates, exponentially growing cultures were harvested and
inoculated in quadruplicateat 10,000 cells mL! into new 250 mL Falcon Tissue Culture Flasks in 155 mL (final volume) of
filtered seawater amended with f/10 media. Cultures were inoculated with the fluorescent stain PDMPO (LysoSensor
Yellow/Blue DND-160; ThermoFisher Scientific, Australia) to a finalconcentration of0.125 uM (Leblanc & Hutchins, 2005)
and incubated under experimental conditions for 24 h. Following 24 h incubation, labelled cultures were sampled for cell
density, bSi content, PDMPO incorporation, and measurement of the photosynthetic health of cells (Fv/Fm).

To determine bSi content and silica incorporation rates from PDMPO incubations, 100 mL aliquots from each incubation flask
were filtered underlow vacuum onto a47 mm, 0.4 pm Nucleopore Polycarbonate Track -Etch (PCTE) Membrane filter (Cytiva,
Whatman). Filters were rinsed with 0.2 um FSW (1 mL, three times) to remove any residual and unbound PDMPO. Using
sterile tweezers, filters were folded into quarters and placed toward the bottom of a 1.8 mL cryovial. Immediately after
sampling, samples were flash frozen in liquid N2 and stored at -80°C until further processing. Samples were prepared for
processing by first thawing and removing filters from cryovials, unfolded onto a filter tower, and covered in 2 mL of 10% HC1
for 2 min to disrupt cell membranes. To further osmotically lyse cells and remove any unbound PDMPO and cellular debris,
filters were subsequently rinsed with milli-Q water (1 mL, three times). HCI washed filters were then transferred to 15 mL
Falcon tubes to digest frustules in a NaOH-HCI matrix for analyses using established methods (Leblanc & Hutchins, 2005).
Briefly, 8 mL of 0.2 M NaOH was added to sample tubes before digestion in a hot water bath (~ 95°C) for 3 h. Samples were
cooled in anice bath and neutralised by adding 2 mL of 0.8 M HCI and mixed well. Filters were removed from sample tubes
before centrifugation at 4000 x g for 5 min to pellet any remaining debris. Samples were then split for processing of bSi and
PDMPO analyses.

BSi production in samples were determined by withdrawing 2.5 mL of supernatant foranalysis using the colorimetric analysis
of reactivesilicate, asin Strickland & Parsons (1972). To ensure samples fell within the range of the standard curve, samples
(supernatant) were diluted with milli-Q water (2.5 mL finalvolume) prior to the addition of reagents forbSi content assays on
both high light (1:10 dilution) and low light (1:2 dilution) samples. Absorbance was measured on a UV-VIS Spectrophotometer
(Shimadzu UV-1280) at 810 nm and compared against a standard curve (R?>>0.997) prepared with a sodium metasilicate stock
(10 mM) to a maximum concentration of 200 pmol L-!. Another 2.5 mL supemnatant was withdrawn for measurement of
PDMPO in the solution using a spectrofluorometer (Shimadzu RF-6000), equipped with a xenon lamp. Excitation was set at
380 nm (5 nm bandwidth)and emission peaks measured at 542 nm (10 nm bandwidth) with a 200 nm/min scanning speed. A
standard curve (R?>> 0.998) was prepared using a 1/1000 dilution of the original PDMPO stock culture (1 mM) forcalibration
standards (i.e. 1 uM stock concentration)in the NaOH-HCI digestion matrix to a maximum concentration of 0.1 pmolL-!. All
PDMPO data were converted to bSi production using the recommended ratio of 2916 mol bSi per mol PDMPO (McNair et
al., 2015)to enable quantitative comparisons. All measurements were made using a quartz cuvette (10 mm light path), results

corrected against blanks and normalised to cell density and surface area.

2.5 Macronutrient determination
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To estimate initial concentrations of cellular uptake and drawdown of phosphate and nitrate/nitrite (NOx) following 24 h
PDMPO incubations, filtrate from each replicate was collected from experimental flasks (30 mL) and PDMPO incubation
flasks (100 mL) using 0.2 um PCTE filters. Macronutrients were analysed using the methods of Ringuet et al. (2011) for
phosphate assays,and NOx assaysbased on Schnetger & Lehners (2014). Briefly, phosphate assays were prepared by adding
200 pL of sample to a 96 Well Tissue Culture Plate with 50 pL reducing agent and gently vortexed on a microplate shaker for
30 min. Absorbance was measured at 880 nm and results compared to a standard curve (R2 > 0.99) prepared with a potassium
phosphate monobasic (KH2PO4) stock solution. NOx (NO2- + NO;s-) assayswere prepared by adding 180 uL of samplesto a
96 Well Tissue Culture Plate with 120 pL reducing agent and incubated at45°C for 60 min. Absorbance was measured at 540
nm and results compared to a standard curve (R2 >0.99) prepared with a potassium nitrate (KNO3) stock solution. All samples
were conducted using triplicate technical samples and absorbance measurements made on a TECAN Spark® Multimode

Microplate Reader (Spark Control version 3.1).

2.6 Photophysiology
The photo-physiological condition of exponentially growing L. danicus cultures were analysed via a multi-step (eight light
levels) steady state light curve, using a pulse amplitude modulated (PAM) fluorometer (Water PAM, Walz GmbH, Effeltrich,
Germany) following the protocol outlined in Petrou et al. (2011). Prior to analyses, live subsamples (2 mL) were dark-adapted
under subdued light for 15 min. Following dark acclimation, a saturating pulse of light for 0.8 s with an intensity of 8 was
applied for determination of minimum and maximum fluorescence. To estimate the efficiency of photosystem II (PSII), a
series of saturatingpulses (30 sec apart)of light under actinic illumination (4 min) ateight intensities for both high light (72,
107,163,240, 360, 540,764, 1050 umolphotonsm2s'') and low light adapted cultures (48,72, 107, 163,240, 360, 540,764
umol photons m~2 s71) were conducted, and the average of the last three measurements at each light step recorded. Here, the
minimum (Fo') and maximum fluorescence (F) in the light-adapted state were obtained and the maximum quantum efficiency
of PSII (Fv/Fm) was calculated, where: Fv/Fm = (FM—Fo)/Fm. The resulting fluorescence parameters: effective quantum yield
of PSII [Y(II)] and electron transport rate (ETR) were calculated automatically from the light response curves by the Water
PAM (Walz) in the WinControl-3 software. Using a custom-made macro in SigmaPlot version 14.5 (Systat Software, Inc.), a
curve fitting model was applied to rETR as a function of irradiance (PAR; pmol photonsm2s'!), and the maximum relative
electron transport rate (TETRmax), light utilisation efficiency (alpha; o) and minimum saturatingirradiance (k) calculated asin
Ralph & Gademann (2005). To determine whether PDMPO negatively affected cells, the maximum quantum efficiency of

PSII (Fv/Fm) was determined before and following 24 h incubations.

2.7 Chlorophyll @ and ¢ determination
To determine chlorophyll @ and ¢ (c1 + ¢2) content, 50 mL aliquots from each replicate of exponentially growing culture were
filtered onto 25 mm Whatman GF/F filters (0.7 um nominal pore size) under low vacuum (<15 mm Hg). Filters were placed

atthebottom of 15 mL Falcon tubes and immediately stored at -30°C until further processing. Exposure of chlorophyll extracts

8
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to light was avoided to evade degradation of products. Pigments were extracted from cells by adding 3 mL of 90% acetone
(v/v) to thawed samples, vortexed, filters pressed to the bottom of the tube, then allowed to stand in a refrigerator in the dark
foratleast 15 hat4°C.Following overnight extraction,samples were vortexed again, filters removed, then centrifuged at 4000
x g for5 min at4°C to remove any remaining cellular debris. Chlorophyll content from each sample was determined by loading
2 mL of supernatant into a quartz cuvette (10 mm light path) and absorbance measured at 630 nm and 664 nm usinga UV -
VIS spectrophotometer (Shimadzu, UV-1280). Prior to sample measurements, a 90% acetone blank was run to correct for
background fluorescence. Chlorophyll a and ¢ concentrations were calculated (ug mL-!") using the equations of Jeffrey &

Humphrey (1975), later refined by Ritchie (2006), then normalised to cell density and cell volume.

2.8 Particulate organic carbon (POC) and nitrogen (PON)
For POC/PON determination,samples (100 mL) of exponentially growing cultures (one per biological replicate) were collected
by vacuum filtration (<20 mm Hg) onto pre-combusted (450°C for 5h) 47 mm Whatman GF/F filters (0.7 pm nominal pore
size). Individual filters were then wrapped in pre-combusted aluminium foil and immediately stored at -30°C until further
processing. Filters were prepared for analysis by first thawing, then acidifying with 1M HCI dropwise until the filter was
saturated. Acidified filters were then left in a drying oven at 60°C for atleast 48 h before being cutinto quarters, wrapped and
pelletised in 9 mm tin capsules (Elemental Microanlysis, UK). To quantify and correct for background concentrations, four
‘blanks’ (filters with 100 mL of f/10 medium only) were also collected onto pre-combusted GF/F filters and processed, as
above. Carbon and nitrogen analyses were conducted by the Biogeochemical Stable Isotope Facility atthe University of
Hawai’i atManoa using a Costech Elemental Combustion System with a Zero Blank Autosampler (ECS 4010) coupled with

a Thermo Scientific Delta V Advantage, connected through a Thermo Scientific Conflo IV isotope ratio mass spectrometer.

2.9 Data analyses
All figures and data analyses were performed in RStudio version 2024.12.0+467 (R Core Team, 2024). Morphological and
physiological trait data were tested for temperature-driven responses using linear regression. When no significant linear
relationship was found, a one-way analysis of variance (ANOVA) was used to test for significant differences in phenotypic
traits between strains at each light intensity. To ensure assumptions of normality and equalvariance were satisfied,a Levene’s
test for homogeneity of variance was applied to all data, a priori. When treatment groups varied significantly, a Tukey’s
honestly significant difference (HSD) post hoc was used to isolate which groups differed significantly from each other. In
cases where the assumption of equalvariances was violated, a Bartlett’s test was performed, followed by a Welch’s ANOVA.
Ifthe F ratio was found to be significant, a Games-Howell post hoc test was performed to determine which treatment groups
differed. Statistical significance was determined at o = 0.05 forall samples. All figures were generated using add -on package

geplot2 v.3.5.1 (Wickham, 2016).
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3. Results

Growth rates did not differ with growth irradiance for L. danicus strains acclimated to 18-22°C (Fig. 2). Under high light
conditions, we saw a significant effect of temperature on mean specific growth rate (u) between L. danicus strains (F2, 5.03 =
8.688, P =0.023) where the Maroubra strains grew significantly faster(P = 0.018)thanthe Coffs Harbourstrains; 0.71 £0.05
d'and 0.59 +£0.03 d-!, respectively (Fig. 2). Under low light conditions, we saw a significant temperature-dependent response
(F3,12= 37.13, P < 0.001) with significantly lower growth rates recorded for Twofold Bay strains (16°C; 0.28 + 0.03 d-!)
compared with the other strains (P <0.001; Fig. 2).
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Figure 2: Temperature and light dependent growth rates. Maximum specific growth rates (Wmax in divisions per day) of
Leptocylindrus danicus strains in response to temperature under 100 pmol photonsm-2s'! (circles) and 55 umol photons m?
s’ (triangles). Data are individual replicates (n = 4) and bars represent their mean value, stippled lines between means are there

as a visual guide.

We saw a clear latitudinal pattern with cell size measurements during exponential growth in both light treatments (Fig. 3A,
B). Mean cell surface area under high light, ranged from 624 + 55 pm? for Maroubra strains to 1104 + 37 um? for Coffs
Harbour strains (R? = 0.861, P < 0.0001; Fig. 3A), while low light cell volume ranged from 313 + 22 pm? for Twofold Bay
strains to 902 + 73 pm? for Coffs Harbour strains (R? = 0.881, P < 0.0001; Fig. 3A). Mean cell volume more than doubled
from 18 to 22°C underhigh light, from 853 + 99 um?3 for Maroubra strainsto 2070+ 105 um? for Coffs Harbourstrains (R =

0.854,P < 0.0001; Fig. 3B). For low light strains, there was a six-fold increase in mean cell volume across the temperate range

10
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from 239+ 27 pm?3 for Twofold Bay strains to 1444 + 143 um?3 for Coffs Harbourstrains (R? = 0.899, P < 0.0001; Fig. 3B).
An inverse response was observed in the surface area to volume ratio, which was negatively correlated with increasing
temperature for both high (R2=0.717, P = 0.0005; Fig. 3C) and low light treatments(R?=0.851, P < 0.0001; Fig. 3C). We
also detected a significant interaction (P = 0.0025) with growth irradiance and strain (temperature), where the difference in

SA:V diminishes at higher light (Fig. 3C).
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Figure 3: Cell size and physiological traitvariability. A Surface area (um?), B cell volume (um?), C surface area to volume
ratio (SA: Vol) of Leptocylindrus danicus strains in their respective temperatures, under high (circles) and low (triangles) light.
Data are independent replicates (n =4). The lines show the linear regression and the grey shaded area represent 95% confidence

intervals.

Steady-state light curves revealed temperature differentiation in effective quantumyield (Y(II)) and relative electron transport
rates (tETR), which were amplified atlow irradiance (Fig. 4A-D). Under high growth irradiance, maximum relative electron
transportrates ('ETRmax) declined with increasing temperature (F29=28.312, P = 0.009; Fig. 4E), being significantly higher in
Maroubra strains compared to Coffs Harbourstrains (P = 0.007; Fig. 4E). Under low light conditions, both Coffs Harbourand
Forster strains demonstrated a significantly higher rETR max compared to Maroubra and Twofold Bay strains (£3,5.4=122.09,
P <0.001; Fig. 4F). Light utilisation efficiency (o) differed with temperature underhigh (F2,9=12.88, P =0.002; Fig. 4G) and
low light (F3, 587 = 84.376, P < 0.001; Fig. 4H) conditions, but without a clear temperature trend. Minimum saturating
irradiances (/x) mirrored rETRmax, varying significantly between strains under high (F29=4.781, P = 0.039; Fig. 4I) and low
light (F3,537=156.145, P <0.001; Fig. 47).
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Figure 4: Chlorophyll fluorescence parameters. A, B Effective quantum yield of PSII [Y(II)], C, D relative electron
transportrates ({ETR) as a function of iradiance (PAR), E, F relative maximum electron transport rate (tETRmax), G, H light
utilisation efficiency (alpha; o) and H, I minimum saturating irradiance (Ix) determined for Leptocylindrus danicus strains
acclimated to temperature conditions under each light treatment. Data represent the mean of four biological replicates + SD.

Different letters indicate significant differences between strains (o = 0.05).

Silicification rates (bSi incorporation rate measured from PDMPO incorporation) per cell differed significantly across strains
under high light (F29=4.651, P = 0.041), where at 18°C, Maroubra cells silicified more (249.69 + 77.33 fmol cell'! d-!) than
Forster strains at 20°C (141.98 + 33.77 fmol cell'! d!; Fig. 5A). Conversely, there was a significant temperature effect on
silicification ratesunderlow light, with cells silicifying more with increased temperature (R2=0.804,F1,14=57.27,P<0.0001;
Fig. 5A). Normalised to surfacearea,however, we saw a significant temperature-dependent response on silicification in high
light exposed strains (F2,9=10.05, P =0.005), with the highest silicification seen at the lowest temperature in Maroubra strains

(0.4 £ 0.13 fmolpm?2d-!), while both Forster and Coffs Harbourstrains silicified less than halfthisamountat0.19+0.02 fmol
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um?2d-! (Fig. 5B). Under low irradiance, the temperature-dependentrelationship seen in the per cell data was less pronounced,
with rates ranging from 0.14 £+ 0.03 fmol um2? d-' to 0.20 £ 0.13 fmol um?d-!' (Fig. 5B). When normalised to cell volume, bSi
showed a similar pattern for both high and low light cultures (Fig. 5C), with a significantly higher incorporation rate in the
Maroubra strain grown at high irradiance (F20 = 13.90, P = 0.0018) compared with the others, and a higher incorporationrate
for the Twofold Bay strain (F3,12 = 10.80, P =0.001), when compared with the other strains grown atlow light (Fig. 5C). We
found no negative effect of PDMPO addition on the Fv/Fm, confirming no potential toxicity of the stain at the concentration
used (Table 3).
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Figure 5: Silicification rates. Biogenic silicate (bSi) incorporation from 24 h incubations,normalised to A cell density (fmol
cell'! d-1), B surface area (fmolpm?2d), and C cell volume (um3)of Leptocylindrus danicus strains for high (circles) and low
(triangles) light treatment. Data are individual measurements (n = 4), and horizontalbars represent their mean value. Stippled

lines between means are provided as a visual guide only.

Totalcarbon per cell was differed across strains grown under high light, showing an increase with increasing temperature (£,
9=14.78, P=0.001), where both Forster and Coffs Harbour strains had significantly higher carbon content (61.60+ 11.11 pg
cell'! and 72.58 +8.24 pg cell’!, respectively) than Maroubra strains (31.31+ 13.41 pg cell”!; Fig. 6A). Under low light, mean
carbon content varied significantly across strains (F3,12=16.06, P <0.001), with higher total carbon seen in Forster strains
(78.81 £ 20.69 pg cell'") compared to the strains from Twofold Bay (17.40 +1.72 pg cell'!), Maroubra (32.18 + 4.48 pg cell
1, and Coffs Harbour (31.23 + 16.25 pg cell''; Fig. 6A). Cell specific nitrogen content showed a similar pattern to carbon,
with higher nitrogen contentin both Forster (14.62 + 0.57 pg cell'!') and Coffs Harbour(14.05 + 0.90 pg cell’!) strains under
high light (F2,9= 104.1, P < 0.001; Fig. 6B). Likewise, mean nitrogen content was greatest under warmer conditions under
low light (F3,12=73.73, P < 0.001; Fig. 6B), with higher values for Forster (19.46 + 2.38 pg cell'!) and Coffs Harbour strains
(14.92 £2.22 pgcell'!), compared with strains from Maroubra (6.90 + 0.74 pg cell'') and Twofold Bay (3.85 £ 0.26 pg cell'!).

Mean carbon to nitrogen ratios (C:N) showed no significant difference or latitudinal trend between strains in the high light
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treatment (Fig. 6C), whereas low light C:N differed across strains (F3,12=19.14, P < 0.001), with significantly lower C:N for
the Coffs Harbour strain (Fig. 6B).

Table 3: Maximum quantum yield of photosystem II (Fv/Fm). Comparison of initial (T0) and final (T24; following 24 h
incubations) Fv/Fm of Leptocylindrus danicus strains forall temperature and light treatments. Data represent the mean of four

biological replicates £ SD. Bold values denote statistical significance of Fv/Fum following 24 h incubations within strains (o0 =

0.05).

Light treatment Temperature Strain isolation TO T24

(umolphotons m2s!)  (°C) location

100 22 Coffs Harbour 0.651+0.031 0.670+0.014
20 Forster 0.688+0.011 0.718 +0.014
18 Maroubra 0.644 £0.006 0.666 +0.006
16 Twofold Bay n.d. n.d.

55 22 Coffs Harbour 0.663 £0.011 0.688 £0.020
20 Forster 0.716 £0.019 0.693 +£0.059
18 Maroubra 0.686 +0.009 0.694 +0.007
16 Twofold Bay 0.583+0.012 0.627 +0.009

Chlorophyll content followed a latitudinal trend at which chlorophyll a and ¢ pigments increased with increasing temperature
under both light treatments (Table 4). Under high light, we saw significantly higher concentrations of chlorophyll a per cell at
Coffs Harbourthan the othertwo sites (£2,5211 =9.604, P =0.018). Significantly higher chlorophyll a content percell was also
seen for lower latitude strains exposed to low light (F3 12= 18.41, P < 0.001). Chlorophyll ¢ per cell followed the same
latitudinaltrend with higher mean chlorophyll ¢ concentrations in Coffs Harbourstrains (2.09 + 1.50 pg cell'!) than Maroubra
strains (0.26 +0.07 pg cell''; P = 0.037) (Table 4), and higher chlorophyll ¢ per cell in the Coffs Harbourstrains (0.98 = 0.17
pg cell'!) compared to all other latitudes grown under low light (F3,12=23.24, P < 0.001; Table 4). When normalised to cell
volume, mean chlorophyll a concentration differed across strains (F29=4.775, P =0.039), with significantly more chlorophyll
a per unit volume in Coffs Harbourstrains (1.78 + 0.53 fg um3) than Forsterstrains (0.97 + 0.18 fg um?3; P= 0.034)under high
light (Fig. 6D). Low light cultures showed a latitudinal trend (F3,12=20.69, P < 0.001), with higher chlorophyll a per volume
in Twofold Bay strains (4.62 +0.83 fg um3) compared to all otherstrains, ranging between 1.91 to 2.69 fg pm3 (Fig. 3D). Per
volume mean chlorophyll ¢ content did not differ across strains under high light (Table 4). However, in low light conditions,

chlorophyll ¢ per cell volume decreased with warmer temperatures (F3,12=20.69, P<0.001; Table 4).
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Table 4: Chlorophyll pigments. Chlorophyll ¢ and ¢ content normalised per cell (pg cell'!) and per volume (fg pm?3) for
Leptocylindrus danicus strains in response to temperature under eachlight treatment. Data represent the mean of fourbiological

EGUsphere\

replicates + SD. Different letters indicate significant differences between strains within light condition (o = 0.05).

Light treatment

Temperature  Strain

Chlorophyll a content

Chlorophyll ¢ content

(umol photonsm=2  (°C) isolation
sh location
pg cell’! fg um?3 pg cell’! fg um?3
100 22 Coffs 3.70+1.172 1.78 £0.532 2.09 +1.502 0.99 £ 0.662
Harbour
20 Forster 1.28 £0.15b 0.97 +£0.18b 0.47 £0.072 0.35+£0.042
18 Maroubra 1.04+£0.21° 1.24 £0.338 026=0.07° 0.30 £0.062
16 Twofold n.d. n.d. n.d. n.d.
Bay
55 22 Coffs 2.73 +£0.352 1.91+£0.302 0.98+£0.172 0.69 £0.162
Harbour
20 Forster 2.33+£0.472 2.69 +£0.332 0.62+0.13b 0.72+£0.102
18 Maroubra 1.38+0.39b 2.67 +£0.402 042 +0.11bc 0.83 £0.2442b
16 Twofold 1.10 £0.15b¢ 4.62£0.83b 029 £0.07¢ 1.23+£0.28P
Bay

Biogenic silica to carbon ratios (bSi:C) differed across strains (F2,9=19.94, P <0.001), with the highest ratio for Maroubra
(1.13 £ 0.38) followed by the Coffs Harbour (0.35 + 0.04), and Forster (0.24 + 0.06) strains (Fig. 6E). In the low light
acclimated strains, bSi: C was highest in Coffs Harbourstrain (0.32 + 0.12) compared to the Twofold Bay (0.24 + 0.06) and
Maroubra (0.15 + 0.04) strains, and lowest in the Forster (0.09 +0.02) strain (F3, 12=28.63, P=0.003; Fig. 6E).
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Figure 6: Elemental composition. A totalcarbon per cell (pg), B total nitrogen per cell (pg), C carbon to nitrogen ratio (C:N),
D chlorophyll a per cell volume (fg pm-3), E carbon to biogenic silicate (bSi) ratio of Leptocylindrus danicus strains from high
(circles) and low (triangles) light. Data are individualreplicates (n =4) and horizontalbars represent their mean value. Stippled

lines between means are provided as a visual guide.

Principal component analysis (PCA) of physiological and morphological traits revealed strain separation associated with
temperature and light, with PC1 explaining 37.6% of the variation, while PC2 explained 22.8% of variation (Fig. 7A). Cell
size (SA:V) was anticorrelated with growth rate, having the greatest influence along PC1 (Fig. 7B). A key trait driving

separation along PC2 was bSi:C, closely aligning with silicification rate, both of which were anti-correlated with

photosynthetic efficiency (Fv/Fm).
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Figure 7: Principal component analysis and loadings. A PCA with vectors of parameters contributing to differences in
Leptocylindrus danicus strains grown at 16, 18, 20 and 22°C under 100 and 55 umol photonsm 2 s™!; morphological (growth
rate, cell surface area to volume ratio), and physiological traits (chlorophyll a, Fv/Fu, silicification rate, carbon to nitrogen
ratio (C: N), carbon to biogenic silica ratio (bSi:C)). B PCA loadings showing the contributions of each trait to PC1 and PC2

variation.

4. Discussion

Ocean warming is re-shaping phytoplankton communities, differentially impacting species’ productivity and physiology
(Behrenfeld et al., 2016; Venegas et al., 2023). South-east Australia, in particular, has experienced accelerated warming of
near-surface waters in the EAC over the past few decades (Caiet al., 2005; Hobday & Pecl, 2014; Oliver & Holbrook, 2014;
Ridgway, 2007), driving more frequent and extreme marine heatwaves (MHW), such as thatexperienced in the Tasman Sea
in 2015/16 (Frolicher et al, 2018; Hobday & Pecl, 2014; Venegas et al., 2023). With increased frequency, duration and
intensity of MHWs in this region expected to continue with the strengthening of the EAC (Caiet al., 2005; Ridgway, 2007),
investigation of functionaltraits is therefore relevant for understandingplasticity, physiological trade-offsand the adaptation
potentialof individualtaxa within a community already undergoing change. Here we investigated thermally adapted L. danicus
strains isolated from four distinct latitudes to determine how strain-specific physiology, morphology and silica production

rates differ with temperature and irradiance.

4.1 Temperature and light have a positive effect on growth and cell size
Cell size is considered a key phenotypic trait influencing the extent at which phytoplankton respond to changes in the

environment (Litchman etal,,2010). This study revealed significant intraspecific morphological variability between L. danicus
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isolates in response to acclimation to their locally adaptedthermalniche (as experienced during spring). We confirmed a broad
thermalniche in L. danicus,as in Ajaniet al. (2021), and uncovered a strong temperature-dependent and latitudinaleffect on
growth rate and cell size (surface area and volume) for each strain. Under low light, low temperature conditions (Twofold
Bay), we saw a significant reduction in mean growth rate which was anticorrelated with higher cell surface area to volume
ratio. This higher surface area to volume ratio, typical of smaller cells, provides a competitive advantage over their larger
counterparts, such as improving nutrient uptake though the reduced diffusive boundary layer thickness, and lower nutrient
requirements to achieve maximum growth (Aksnes & Egge, 1991). Generally, phytoplankton are expected to decrease in size
with increased surface warming, due to resource constraints and increased reproductive rates (Aksnes & Egge, 1991; Hattich
etal, 2024; Sommer et al, 2017). The strength of these shifts toward smaller species are likely to intensify with longer and
more intense MHWSs, and reduced nutrient supply from weakened coastalupwelling (Zhanetal., 2024). However, the response
of diatoms to increasing temperatures is conflicting, with some species increasing in cell size, likely due to evolving different
optimal growth temperatures (Lianget al., 2019). The increase in cell size of L. danicus athigher temperatures maybe a direct
physiological response to warming due to differences in phenotypic thermal performance (Bakeret al, 2016; Schulte et al.,

2011; Sheehan et al., 2020), or driven by an increased need for resources (Hattich et al.,, 2024).

4.2  Lightis a stronger driver than temperature of carbon allocation and elemental stoichiometry
Climate-induced changes in phytoplankton physiology and community structure are likely to alter the efficiency of the
biological carbon pump (Basu & Mackey, 2018). This is because the nutritional quality (elemental and biochemical
composition) and quantity of organic matter that ultimately influences the transfer of energy to higher trophic levels and ca tbon
export to depth is largely dependent on species composition, their abundance, and their individual elemental stoichiometry
(Duncan et al., 2022; Finkel et al., 2010; Li et al., 2012). We found that under low growth irradiance, Coffs Harbour strains
(22°C) reduced their chlorophyll a content per unit area, compared to the other strains that displayed increased intracellular
chlorophyll a with decreasing temperature. We also saw that low light acclimated Coffs Harbour strains had enhanced
photosynthetic capacity through increased rETRmax and Ik. The relatively lower intracellular chlorophyll a content of the larger,
low light grown Coffs Harbour cells can be explained by the limitation of self-shading of pigments within the cell due to
packaging effects with cell size, therefore providing absorptive efficiency of photosynthetic pigments (Finkel et al., 2004).
Under the same conditions, the C:N ratios in Coffs Harbourstrains were lower thanthatofother L. danicus strains, and when
grown under higher irradiance, a finding consistent with Saito & Tsuda (2003). Nitrogen starvation is known to limit
phytoplankton growth, due to decreased chlorophyll and protein synthesis, resulting in the accumulation of carbon -rich
carbohydrates and therefore an increased carbon to nitrogen ratio (Hipkin et al., 1983; Liefer et al., 2019), but the strains used
in this study were grown under nutrient replete conditions, precluding nitrogen limitation as driving this response
(Supplementary Table S1). Since these differences in elemental composition did not seem to be linked to temperature and
growth rates, butinstead shifted in response to growth irradiance in Coffs Harbourstrains, this suggests that the stoichiom etric

plasticity of these strains is in response to low light acclimation (Sauterey & Ward, 2022; Yang et al., 2020). As such, under
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anticipated conditions caused by climate change induced stratification, our results indicate increased C:N with higher light
availability could lead to decreased food quality (lower nitrogen supply) for grazing zooplankton (Finkel etal.,, 2010; Liet al.,
2012; Marinov et al., 2010; Mitra & Flynn, 2005).
4.3 Temperature effects on silica production

Diatom size and silicification are both important phenotypic traits driving species performance, in turn influencing the stru cture
and functioning of diatom assemblages and food web dynamics (Finkel et al., 2010; Sommer et al., 2017). Similarly, silica
content, which varies within and amonga diatom species (Martin-Jézéquel et al., 2000), can influence susceptibility to grazing
pressure and sinking capacity (Smetacek, 1999). Our study revealed a clear latitudinal trend in silicification with temperature,
and revealed strong size-dependent relationships. We observed a reduction in silica deposition per cell with lower temperature
(under low growth irradiance), however when differences in cell surface area were accounted for, there was little difference in
silicification rates across strains. When normalised to cell volume, strong trends appeared with lower temperature strains
showing higher incorporation rates. Together, these results infer that underlow light conditions, L. danicus from Twofold Bay
(16°C) have thicker frustules, which may in part be due to the lower growth rates of this strain, and therefore the increased
length of time cultures underwent the cell wall synthesis phase,i.e. allowed for maximum silica incorporation into the frustule
(Martin-Jézéquel et al., 2000; Su et al., 2018). The higher silica content in these cells would result in higher density and
therefore more efficient sinking, as well as increased mechanical protection (in response to copepod cues), which are key
ecological strategies forthe smaller, slower growing diatomsthatmay otherwise be easily grazed in surface waters (Grenning
& Kigrboe, 2020; Hamm et al., 2003; Liu et al., 2016).

On the other hand, under high light conditions, L. danicus showed the highest silica incorporation per cell, per surface area
and per volume under the lowest temperature (18°C,Maroubra strain), confirmed by the highest bSi;C ratio, contrasting with
the typical inverse correlation of silicification to growth rate (Flynn & Martin-Jézéquel, 2000). This strong increase in
silicification of strains grown at lower temperature is consistent with previous studies looking at temperature -regulated
responses on silicification using the diatom 7. pseudonana (Bakeret al., 2016; Sheehan et al., 2020). These data suggest that
while the mechanistic uptake of silica, polymerisation and deposition of frustules may be thermally constrained, and
independent of cell division (Sheehanet al.,, 2020), a combination of both increased temperature and light may elicit a similar
diminished rate of silica deposition as seen in other stressors, such as seawater acidification, as seen in some species of an
Antarctic diatom community (Petrou et al., 2019), high irradiance and pCOz in T. weissflogii (Fitzgerald-Lowry et al., 2025),
or osmotic stress at highersalinities (Vrieling etal., 1999). Considering the phenotypic differences observed here, in the context
of future oceans with combined warmer temperature and increased pH where diatomsare larger with reduced silica content,
these data would suggest that diatoms in coastal upwelling systems may be subjected to increased grazing pressure, making
them less efficient vectors for silica export (via sinking), and influencing trophic energy transfer to higher levels (Smetacek,

1999; Trégueret al., 2018; Zhangetal.,2017).

4.4 Ecological implications of a warmer ocean
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As temperatures in the EAC continue to warm, these data suggest that we may see changes to primary productivity and a
reduction in silica production rates in L. danicus in this region. Such responses could have important implications for local
silicon cycling and carbon sequestration given the dominantrole of L. danicus in coastalcommunities and spring blooms on
the Australian coast (Ajani et al, 2016). The large strain variability observed for L. danicus, a non-isolated cosmopolitan
species, indicate that strain-specific responses to temperature are unlikely to be uniform (Ajani et al.,, 2021; Ajanietal., 2016;
Koester et al, 2013). Therefore, further studies are necessary to isolate whether such responses are solely due to strain
variability or whether the responses we are seeing are in fact temperature-driven (owing to their phenotypic plasticity). While
L. danicusis known to encompassa number of functionaltraits that allow them to rapidly diversify and adapt with fluctuating
conditions in upwelling systems (Ajani et al., 2021; Ajani et al., 2016), the potentialreductions in cell density under warmer
conditions may counteract the success of this species in this region. As such, further studies into species-specific responses
with temperature are required to provide a better understanding of the major taxonomic groups that are likely to be affected
under future oceanic conditions. This will enhance our understanding of how warmer oceans will alter species composition,

abundance, distribution and food web interactions, which are essential for shaping marine nutrient cycling and carbon export.
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