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The WAMSI Westport Marine Science Program is a S13.5 million body of research that is
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Executive Summary

Proactive strategies are increasingly being considered to conserve threatened species in the face of
global climate change (Caruso et al. 2021). Understanding the thermal tolerance across a range of
seagrasses will help identify species vulnerable to thermal stress and provide justification for
prioritising restoration efforts. Further, assessing the thermal tolerance of multiple populations within
a single species provides insights for thermal resilience building opportunities to future-proof
vulnerable seagrass meadows (Caruso et al. 2021, Coleman & Bragg 2021). Cockburn Sound is an
industrialised embayment south of Perth, Western Australia (WA), where seagrass has been heavily
impacted (~75% decrease; Kendrick et al. 2002). Future dredging activities are currently being
proposed, and restoration and resilience building options for seagrasses in Cockburn Sound and Owen
Anchorage are likely to be a critical component of Environmental Impact Assessment and Management
(EIA&M). This report presents findings from controlled experiments for six dominant seagrass species
in Cockburn Sound and Owen Anchorage.

To inform restoration and thermal resilience building options for management of Westport dredging
operations in Cockburn Sound and Owen Anchorage, thermal performance was assessed for five
predominantly temperate seagrass species (Posidonia sinuosa, Posidonia australis, Amphibolis
antarctica, Amphibolis griffithii and Zostera nigricaulis) and one globally distributed species (Halophila
ovalis) in the coastal waters of Perth where the development is proposed. Further, this study assessed
populations of four species (P. sinuosa, P. australis, A. antarctica and H. ovalis) across two to four
locations spanning 10° in latitude. Thermal tolerances were generated by measuring oxygen evolution
in closed incubation chambers at temperatures ranging from 15-45 °C for seagrass productivity (Pmax),
optimum temperature (Topt) at which maximum photosynthesis occurred, and thermal maximum
temperature (Tmax).

The key findings of importance to Westport are:

° Z. nigricaulis in Perth coastal waters is already growing in conditions outside of its thermal
optima and is therefore of high concern. As there are no known populations growing further
north of the Perth region (no sightings from Jurien Bay northwards), focusing management
efforts to build resilience for Z. nigricaulis is challenging.
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° H. ovalis in the Perth region had a thermal optima of 32 °C, which is considerably higher than
predicted ocean warming and marine heatwaves (MHWSs) for Perth for 2050 and 2100
projections. Therefore, it is likely that under ocean warming the productivity of H. ovalis will
increase, making this species of low concern.

° Amphibolis and Posidonia genera in the Perth region had thermal optima (26-27 °C) close to that
of the 2010/11 MHW that impacted the WA coastline. Based on the 2010/11 MHW data these
species are of moderate concern in this area. However, the water temperature in Perth coastal
waters during the 2010/11 MHW was +3 °C, and future predictions estimate potential MHW
severity of +5 °C. Therefore, under future conditions these species in Perth could be of high
concern and it is recommended that restoration and resilience building efforts focus on
Amphibolis and Posidonia genera as the priority.

° Contrary to previous assumptions, thermal performance does not necessarily reflect thermal
geography of a seagrass species range. This finding is important from a management perspective
when assessing future climate scenarios and emphasises that investigating local thermal
performance data is important to identify which populations can be used for thermal resilience
building opportunities.

o This study identified populations across multiple species (P. australis, P. sinuosa, and A.
antarctica) that may be ‘better equipped’ (i.e. more resilient) at resisting thermal stress. For
these species there was a population within a warmer region which had a higher thermal
tolerance which could be considered appropriate for building thermal resilience. For example,
individual adult P. sinuosa plants from Jurien Bay could be transplanted into Cockburn Sound to
assist gene flow for higher thermal tolerance to future warming.

Future Work

Overall, this study has been able to identify which seagrass species EIA proponents and environmental
management bodies should focus management efforts on from a thermal resilience building
perspective (Amphibolis and Posidonia), especially under ocean warming and provides insights of the
potential impacts from MHWs on specific populations. One limitation of this study is the capacity to
understand the effects of duration on thermal sensitivity. This has implications for accurately
predicting impacts of MHWSs, which can rapidly warm ocean temperatures by 5 °C and persist for weeks
to months. The data generated from this study progresses our understanding of the variation in
thermal tolerance within and between seagrass species, however, further research is recommended
to test thermal optima over longer periods of time mimicking heatwave conditions.
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1 Introduction

Global changes in temperature is a leading cause of biodiversity loss and ocean warming is already
having unprecedented ecological impacts on marine ecosystems, with immobile benthic habitats, such
as corals and seagrasses, particularly vulnerable to extreme events e.g. marine heatwaves (MHWs;
Halpern et al., 2019; Trisos et al., 2020). With the increased intensity and frequency of MHWs occurring
worldwide (Oliver et al. 2018), widespread ecological impacts have been observed, such as mass die-
offs, range shifts, changes in community structure and reduced performance of populations due to
species experiencing temperatures outside of their thermal range (Wiens 2016, Feeley et al. 2020).
Understanding the thermal tolerance range of species is essential to predict potential ecological impacts
of warming.

Seagrasses are the only flowering plants in the ocean, and are highly valued for their ecosystem services
which contribute to a multitude of environmental and socio-economic benefits (Orth et al. 2006).
Despite their recognised importance, seagrasses are among the most threatened ecosystems globally,
with approximately 19% to 29% of monitored seagrass area lost since the 1940s (Waycott et al. 2009,
Dunic et al. 2021). Our understanding of the effects of warming-induced mortality on seagrasses lags
behind that of other marine organisms such as corals, likely due to the relatively few studies linking mass
seagrass mortality with extreme climate events (Lough et al. 2018, Strydom et al. 2020). Ocean warming
increases of less than 3 °C have resulted in seagrass mortality in both subtropical (Fraser et al. 2014,
Strydom et al. 2020) and temperate regions (Diaz-Almela et al. 2007, Marba & Duarte 2010). With rising
ocean temperatures and increased frequency of MHW events, climate change poses a growing threat
to seagrass meadows and their resilience globally (Jorda et al. 2012).

Temperature is a key factor influencing most plant processes such as respiration, photosynthesis and
reproduction. Temperature varies both spatially and temporally, which affects plant distribution and
productivity (Berry & Bjorkman 1980). Seagrasses can broadly be split into tropical, sub-tropical and
temperate varieties, and can survive across a wide range of temperatures (0-45 °C; Collier et al. 2017)
due to thermoprotection and repair mechanisms (e.g. rubisco activase, lipid permeability, heat shock
proteins) that buffer plants against heat stress (Sharkey & Schrader 2006). Temperature affects the
balance between carbon uptake (photosynthesis) and carbon consumption (respiration; Bulthuis, 1987).
As temperature increases, the rate of photosynthesis initially increases to a point of physiological
optimum, the optimum temperature (Topt) being where net photosynthesis is at its highest. An increase
in temperature past Topt results in a decline in productivity, and can invoke physiological stress, growth
inhibition, and prolonged exposure may result in mortality (Collier & Waycott 2014; Figure 1).
Understanding the thermal tolerance of multiple seagrass species can aid in identifying vulnerable
species and habitats to climate impacts (Foden et al. 2019).

Bizlogical rate, F

Tamperature, T

Figure 1. Typical photosynthesis-temperature dependent relationship. Productivity increases to a point of
maximum net productivity (Pmax), where the intercept of Pmax with a temperature defines thermal optima (Topt) as
temperature increases, productivity decreases to a carbon-balance of zero, defining thermal maxima (Tmax). Figure
credit Collier et al. (2017).
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Accurately predicting seagrass thermal sensitivity is crucial for the effective management of seagrasses
in the face of environmental change and anthropogenic impacts (Collier et al. 2017). To date, broad-
scale thermal assessments have focused on a seagrass species realised thermal niche (the temperature
range over the distribution of a species) or localised thermal performance data has been extrapolated
across a species range (Araujo & Peterson 2012). These methods overlook differences in local-scale
thermal physiology. Within a species, populations can grow across temperature gradients, with
populations growing in the warmest area (warm-edge), core (middle of range), and coolest area (cool-
edge). From the limited work to date, the thermal tolerance of a seagrass species is not always
homogeneous across these gradients, nor is there necessarily a trend of increased tolerance with higher
water temperature (Bennett et al., 2022; Collier et al., 2017). Seagrass populations, like all sexually
reproducing organisms, can adapt (particular genes are selected to provide an individual with an
advantage and over generations these genotypes become more common) to a set of environmental
conditions such as different temperature ranges, or through phenotypic plasticity, acclimate to different
environmental conditions (Quigley 2024). Therefore, a species’ ability to tolerate changes in
temperature across their distribution can be attributed to their adaptive capacity, which can affect the
optimum temperature for net productivity across a species distribution (Bennett et al. 2019). For
example, if populations across a species range display a similar Top:, this would signify a limited ability to
tolerate changes in temperature and warm-edge populations already growing close to their thermal
limits will likely be more vulnerable than the cool edge-populations. Alternatively, if Top: varies across
populations, then warm-edge populations may display plasticity that affords physiological adjustments
to improve photosynthesis under warmer temperatures. Therefore, in addition to thermal threshold
performance data for species, data across an individual species range are also critical for accurate
predictions under current and future climate conditions.

Compiling photosynthetic temperature (P-T) threshold data for seagrasses is important at the global
scale to aid predictions. Currently there are physiological tolerance estimates for four seagrass species
which occur in Australia (Collier et al. 2017, Kong et al. 2020), two of which have been assessed at
multiple locations (Collier et al. 2017), but there is no P-T data across both temperate and tropical
regions. Western Australia (WA) is an ideal region for studying thermal thresholds due to the occurrence
of species across a large thermal gradient (temperate to tropical; 16° latitude), and there is no P-T data.
There is a critical need for this data due to WA's designation as a global hotspot for marine climate
impacts, where there has been substantial warming at a rate faster than other regions, and where
MHWs are intensifying (Hobday & Pecl 2014, Kajtar et al. 2021). The objective of this study is to identify
which species may be vulnerable to future climate scenarios based on physiological thermal optima, as
well as to provide insight into geographical variation in thermal optima which can inform thermal
resilience building opportunities, with a focus on species that have a broadly temperate distribution.
Therefore, the aims of this study were to (1) determine the temperature tolerances of different seagrass
species, and (2) assess thermal tolerance between populations of single species across a thermal
latitudinal gradient.
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2 Materials and Methods

2.1 Seagrass species and distribution

This study focused on assessing the thermal tolerance of predominantly temperate species, although
the geographic range for some of these species extends into sub-tropical and tropical regions (Figure 2).
We assessed five temperate species (Posidonia sinuosa, Posidonia australis, Amphibolis antarctica,
Amphibolis griffithii, and Zostera nigricaulis), and one globally distributed species, Halophila ovalis.
Hereafter, we will refer to locations as temperate (Geraldton, Jurien Bay, Perth and Geographe Bay),
sub-tropical (Shark Bay) and tropical (Coral Bay). All of these species were assessed in Perth coastal
waters and four of these six species were assessed at 2-4 sites over a latitudinal gradient (Table 1).

The seagrass species selected can be classified as colonising, opportunistic and persistent, based on life
history traits that influence their ability to resist and recover from pressures (Kilminster et al. 2015). The
smaller, faster growing colonising genera (e.g. Halophila) have a low physiological resistance (duration)
to pressures (e.g., heatwaves), however they have the ability to rapidly recover. Comparatively, the
larger, persistent genera (e.g. Posidonia and Amphibolis) have a greater ability to withstand pressures
but are slower to recover (Kilminster et al. 2015). The opportunistic genera (e.g. Zostera) is intermediate
between the colonising and persistent genera and combines elements of both resistance and recovery
strategies.

Species distribution: - -~ Halophila ovalis ——~ Amphibolis antarctica ——— Posidonia australis
—— Amphibolis griffithi —— Posidonia sinuosa —— Zostera nigricaulis

T
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Figure 2. Seagrass species distribution in Australia overlaid with average summer ocean temperatures (December
to March 10 year average). The six locations represent those assessed in this study: Coral Bay as tropical, Shark
Bay sub-tropical, and Geraldton, Jurien Bay, Perth and Geographe Bay as temperate.
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2.2  Plant collection and acclimation

To assess 1) if the P-T relationship varied between different species, six seagrass species were collected
from a temperate region (Perth), and 2) to determine whether the P-T relationship varied for four of
these species over a latitudinal gradient (4° to 10° latitude) an additional, two to four locations were
assessed depending on the species (Table 1), two species in the sub-tropical region and two species in
the tropical region (Table 1). Whole plants were collected by gently fanning the sediment to expose
rhizomes and placed in a cooler box filled with seawater and aeration for transportation to the
laboratory. At each collection time, temperature and salinity were recorded to determine initial
laboratory acclimation conditions.

In the laboratory, the experimental plants were gently cleaned to remove epiphytes. Plants were then
planted into 50 L aquaria containing a ~10 cm layer of unsorted, washed, quartz river sand overlaid by
aerated seawater. Water temperature and salinity mimicked field collection conditions (Table 1). Water
temperature was controlled using aquarium heaters. Plants were provided with ~180 pumol photons m-
2 51 (above approximating saturating irradiance; Lee et al. 2007) using marine aquarium Light Emitting
Diode modules with a full spectrum light (MarinTech™ Pty Ltd) on a 12/12 light: dark cycle. Light intensity
at the base of the canopy was measured using a micro-PAR sensor (In-Situ Marine Optics™). Plants were
left for two days to acclimate after which dark adapted maximum quantum yields were taken on five
separate plants to assess their acclimation. Plants were considered healthy and acclimated if they had a
dark-adapted yield of 0.73-0.75 (Ralph & Burchett 1995).

Table 1. For each seagrass species, geographic region, collection location and time (month), average temperature
range for each location (summer and winter), water temperature and salinity at time of plant collection and water
depth.

Dominant . . Location Water temp Salinity at Water
. . Collection . . Collection . .
Species geographic . Latitude Longitude water temp at collection collection Depth
. location month N N
region range (°C)* (°C) (ppt) (m)***
Geraldton -28.748° 114.610° June 17-24 21 33.4 8
. Jurien Bay -30.330° 115.0371° June 17-24 19 33.6 4
P. sinuosa  Temperate
Perth -32.272° 115.690° June 15-23 18 33.6 2
Geographe Bay -33.616° 115.128°  August 15-23 15 35-36** 4
P australis Temperate Shark Bay -25.824° 113.463° August 17-26 17.5 39.5 2
) P Perth -32.136° 115.746°  July 15-23 16 33.6 2
Coral Bay -22.723° 113.710° September 22-26 19 34.0 8
A. antarctica Temperate  Shark Bay -25.824° 113.463° August 17-26 17.5 39.5 2
Perth -32.272° 115.690°  June 15-23 18 33.6 2
A. griffithii  Temperate  Perth -32.272° 115.690° June 15-23 18 33.6 2
Z. nigricaulis Temperate  Perth -32.136° 115.746° June 15-23 17 33.6 2
H. ovalis Global Coral Bay -23.168° 113.762° September 22-26 21 34.0 2
) Perth -32.272° 115.690° August 15-23 15 33.6 2

*Water temperature data 10-year average from NOAA Coral Reef Watch Daily Global 5 km Satellite Data, corrected with benthic logger data
provided by DBCA, Mid-West Ports and Busselton Jetty.

**Salinity not collected at site for Geographe Bay location, range provided from Port Geographe Bay Water Quality Report (02 Marine 2021).
***Water depth at time of collection

2.3 Photosynthesis-temperature determinations

For each seagrass species and location combination, data was generated to examine seagrass
productivity, optimum temperature (Topt) at which maximum photosynthesis occurred, and thermal
maximum temperature (Tmax) Where photosynthesis is zero. Seagrass photosynthesis and respiration
were measured via production or consumption of O,. Five replicate plant chambers, and a sixth ‘blank’
chamber (containing no plant material) were established and placed into the temperature-controlled
tank. Multiple whole plants (4-5 leaf pairs with an apical meristem for H. ovalis, and 3+ shoots/stems for
other species) were incubated in sealed transparent, acrylic chambers, with the size (15-45 cm), and
orientation (vertical or horizonal to mimic natural plant orientation) of the chamber dependent on the
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species being assessed. Water within the chambers was circulated using small submersible pumps.
Dissolved oxygen concentrations within the chambers were measured using FireSting™ 3 mm robust
REDFLASH technology sensors (PyroScience) inserted through the chamber wall and connected through
a 4-channel meter to a computer recording mg of O,. Oxygen electrodes were calibrated using the
manufacturer’s 2-point method (0% and 100% air saturated water).

To maintain a stable temperature (+0.25 °C), chambers were submerged in a tank with 200-450 L of
seawater which was circulated through a chiller-heater unit set to the appropriate experimental
temperature. Temperatures ranged from 15-43 °C, where cooler temperatures were reached using the
chiller function, and warmer temperatures were reached using the heater function as well as additional
titanium heaters. The internal temperature of the chamber was also measured using a submersible
temperature sensor (accuracy 0.5 °C) connected to the FireSting O, meter, and this was the
temperature which was relied upon for experiments. As the accuracy of the temperature sensor used
was +0.5 °C, in text we have reported thermal tolerance data to the nearest 0.5 °C. For each temperature
treatment, oxygen concentrations (measured every second) were first measured in the dark for seagrass
respiration, and then the plants were illuminated by full spectrum lights (MarinTech™ Pty Ltd) above a
saturating light level of 400 pumol m™ s™! for photosynthesis and respiration measurements. This was
repeated at 8-10 temperature steps (15, 18, 21, 24, 27, 30, 33, 36, 38/39, 42/43 °C) depending on the
species. Experiments were 8 to 12 hours in length with the time to reach each experimental temperature
taking 30 to 65 minutes.

Each dark and light step was 10 minutes from when the oxygen reading was stable at each temperature.
Seawater within the chambers was refreshed if the oxygen level fell below 2 mg O,/L to prevent oxygen
toxicity. At the end of the experiment, plants were removed from the chambers and separated into
above-ground and below-ground tissue. Plants were dried for 48 h at 60 °C and then weighed.

2.4 Photosynthesis-temperature curve fitting

For each replicate incubation (and control) and for all temperatures, oxygen concentration was plotted
against time after discarding the first two minutes of data, which was considered a stabilisation period.
The portion of the remaining data used to determine the rate was confined to that where the R? value
was greater than 0.9. Rates of oxygen exchange were normalised to mg 0,. g DW™. hrof whole plant
material. Oxygen concentration within the control chamber (containing no seagrass) was measured
throughout the experiment and experimental units were only used if there was no significant change in
control chamber oxygen concentration.

Photosynthetic rates were expected to follow the general trend of a gradual increase to thermal optima,
followed by a steep decline past Ton (Figure 1. Typical photosynthesis-temperature dependent
relationship Table 2Adams et al. 2017), and respiration was expected to show an increase with
increasing temperature. For each incubation, productivity-temperature data were fitted to the Yan and
Hunt model (Yan & Hunt 1999) to obtain maximum metabolic rates and thermal thresholds. This model
is the most appropriate for this type of data (Adams et al. 2017, Collier et al. 2017) to extract thermal
optima (Topt), thermal maxima (Tmax), productivity at Topt, which were extracted for photosynthesis, and
Quo was extracted for both photosynthesis and respiration.

P (T) = Pmax( Tmax T ) (L) Topt/(Tmax-Topt) (1)

Tmax'Topt Topt

In this equation, P (T) is the biological rate P at temperature T (°C) and can represent either
photosynthesis or respiration (mg 0,. g DW™. hrl), Pmax is the maximum rate (mg O,.g DW™. hr!) which
occurs at the optimum temperature Topt (°C), and Tmax (°C) is the temperature greater than the optimum
at which the biological rate drops to zero (Collier et al., 2017). Using non-linear regression (MATLAB
Statistics and Machine Learning Toolbox R2022a), equation (1) was fitted to seagrass net photosynthesis
of whole plants (which takes both leaf respiration and below-ground respiration into consideration), for
the six species and location combinations.
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Below the optimum temperature, the Qo coefficient is used to predict rate of metabolic change, which
is the factor by which there is an increase in the biological rate due to a temperature increase of 10 °C
(John et al. 1988, Atkin & Tjoelker 2003). Following methods from Collier et al., (2017) a second model
was fitted to estimate Qo values by fitting the temperature-dependence of seagrass net photosynthesis
and respiration for all species and location combinations. Based on the P-T model (equation 1), only data
that was predicted to fall below Tox was used to within equation 2. The second model was an
exponential function of the form.

P (T)=PgQyo (T = To)/10 (2)

where Po (mg O2.g DW™. hr?) is the biological rate at a reference temperature To (°C). We set To= 20 °C,
following the protocol of (Baird et al. 2016).
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3 Results

All species followed a temperature-dependent relationship (Error! Reference source not found.),
showing a gradual increase in photosynthesis with temperature to Topt, generally followed by a rapid
decline to Tmax (Figure 3). For all species, respiration increased with temperature and was generally
highest at the highest temperature tested (Table 2).

Overall, there was a larger variation between different species for Topt (1-10 °C) and Tmax (0-5 °C), than
across locations for the same species (Topt 1-4 °C, Tmax 0-2 °C). At temperatures below Top: there was a
gradual rise in net Pmaxwith an increase in temperature, which was characterised by the Q0 parameter.
In general, there was no substantial differences in the Qo coefficient (Figure A1), so we have not gone
into detail for this parameter (except for P. sinuosa at Geographe Bay).

3.1 Thermal performance between different species

In the temperate location (Perth), there was a clear difference in thermal tolerances between different
species, varying by almost 10 °C across the six species assessed (Table 2). For the larger species in Perth
(P. sinuosa, P. australis, A. antarctica, A. griffithii) Toptand Tmax varied by ~1 °C, ranging from 26-27 °C for
Topt and 38-39 °C for Tmax. Z nigricaulis, had the lowest Top: (22.5 °C) and Tmax (35 °C). H. ovalis, a globally
distributed species, had the highest Top: of 32 °C and highest Tmax of 40 °C.

In the sub-tropical location (Shark Bay), A. antarctica and P. australis had similar thermal tolerances, Topt
was 30 °C and 30.5 °C, respectively. Tmax Was 38 °C for A. antarctica and 39 °C for P. australis.

In the tropical location (Coral Bay), Topt Varied by ~4 °C, with H. ovalis having a higher thermal tolerance
than A. antarctica, 31.5 °Cand 27 °C, respectively. Tmax across the two species had a lower variation (than
Topt), varying by ~2 °C, with H. ovalis having a higher Tmaxthan A. antarctica, 40 °C and 38 °C, respectively.

3.2 Thermal performance across locations for each species

Thermal optima varied across locations for a single species, but the amount of variation was species
dependent (~1-4 °C; Table 2). The variation in To,: showed no consistent trend across geographical
regions (temperate, sub-tropical, tropical).

P. sinuosa Topt varied by ~4 °C across the four temperate locations (Geraldton, Jurien Bay, Perth,
Geographe Bay) assessed, spanning ~500 km. There was no consistent pattern in Top: along the
latitudinal gradient tested (Figure 3A). Geographe Bay, the most southern (and coolest) population, had
a similar Topt (30 °C) to Jurien Bay (Topt 31 °C), and the most northern (and warmest) population in
Geraldton had a 2 °C lower Topt (29 °C) than Jurien Bay. Thermal optima was lowest in Perth (26 °C; Figure
3). In contrast, there was a trend of increased Tmax from Geographe Bay, 37 °C, to Geraldton, 38 °C. The
rate of Qo at most locations was not substantially different (1.9 to 2.2), except for at Geographe Bay
which had a Qo of 3.3 (Table 2, Figure A1l).

P. australis was assessed in temperate Perth and sub-tropical Shark Bay, ~700 km apart. Both Toptand
TmaxWere higher at the sub-tropical location, compared to the temperate location (Figure 3B). Topt varied
by ~4 °C, 31 °Cin the sub-tropical location and 27 °C in the temperate location, and Tmax varied by ~2 °C;
39 °Cand 37 °C, respectively.

A. antarctica was assessed across three regions, temperate (Perth), sub-tropical (Shark Bay) and tropical
(Coral Bay), spanning ~1,000 km. There was no clear trend for Top: along the latitudinal gradient. Top: was
lowest in the temperate location (26 °C) and highest at the sub-tropical location (30 °C), with the tropical
location Topt (27 °C) more similar to the temperate location (Figure 3C). A. antarctica had a Tmax0f 38 °C
for all locations.

H. ovalis showed the least variation in Tt across locations, varying by less than 1 °C (Figure 3E). The
temperate location (Perth) had a slightly higher Topt than the tropical location (Coral Bay), 32 °C and 31.5
°C, respectively. Tmax for H. ovalis was the same across both locations tested (40 °C).
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3.3 Temperature dependence of productivity

Following the same trend as the thermal tolerance data, the net productivity at the optimum
temperature also had greater variation between different species than within the same species.

When assessing the maximum net productivity (NPmax) at Topt across species in the temperate region
(Perth), the smaller species, Z. nigricaulis and H. ovalis had a ~2-fold higher NPy per g DW™? plant
material than the larger persistent species (Posidonia and Amphibolis). The productivity for the smaller
species ranged from 1.11 and 1.23 mg O,.g DW™. hr'! and for the larger species from 0.65 mg O,.g DW-
1, hrifor A. antarctica to 0.94 mg O,.g DW. hr' for A. griffithii (Table 2). For the sub-tropical location
(Shark Bay), A. antarctica had the highest NPma.x and P. australis had the lowest NPmax, 0.70 and 0.39 mg
0,.g DW™. hrl, respectively. The tropical location (Coral Bay) followed the same trend as the temperate
location (small vs large persistent species), with H. ovalis having a ~1.5 -fold higher NPm.x compared to
A. antarctica, 2.34 mg 0,.g DW™. hr! and 1.44 mg 0,.g DW™. hrl, respectively.

When comparing seagrass species (P. australis, A. antarctica, P. sinuosa, H. ovalis) across locations,
NPmax at Top: generally increased at the warmest location assessed, except for P. australis. For P. sinuosa,
NPmax Was generally two-fold higher in the warmest locations (0.77-0.78 mg 0,. g DW™, hr?), compared
to the cooler location (Geographe Bay; 0.32 mg 0,. g DW. hrl). A. antarctica showed the same trend
as P. sinuosa, showing a ~2-fold increase in NPmax at Topt from the temperate region (Perth; 0.65 mg O,.
g DW. hrl) to the tropical region (Coral Bay; 1.44 mg 0,.g DW™. hrl). H. ovalis also followed this trend
with a ~2-fold increase in productivity in the tropical location (Coral Bay; 2.34 mg 0,. g DW™. hrl),
compared to the temperate location (Perth; 1.23 mg 0,. g DW™. hr?). Conversely, P. australis showed
the opposite trend to the other species assessed, having almost a ~2-fold higher NPm. in the temperate
location (Perth) compared to the sub-tropical location (Shark Bay), 0.73 mg O,.g DW™. hr'and 0.39 mg
0,.g DW hrl, respectively.

Table 2. For photosynthesis: Topt, Tmax, Q10, and maximum net productivity (NPmax) at Topt raw values from Yan &
Hunt model, and for respiration: the maximum respiration rate and at which temperature this rate was observed,
and Quo for seagrass species and locations assessed. Average summer temperature, ocean warming (average
summer + 2.2 °C; RCP 6.0) and 2010/11 marine heatwave data for each species location combination, where for
each scenario green is low concern = >2 °C below Topt, yellow is moderate concern = within 0-2 °C of Topt, and
orange is high concern = above Topt.

Temperature (°C) Photosynthesis Respiration
Species Location Summer|Summer | 2010/11 NPmax, at Topt[Temperature Maximum R
average | average heatwave| Tope (°C)  Tmax (°C) Qo (Mmg0z.g?! [at maximum Qo |(mg0,.g1?
+2.2 DW . h7) R (°C)* DW . h'1)
p. australis Shark Bay 26 28.2 31 30.5+0.3 39.1+0.1 19%+0.2 0.39+£0.01 39 1.5+£0.3 -0.26 £0.01
Perth 23 25.2 26 27.4+03 36.7x0.2 1.8+0.1 0.73+0.02 38 1.8+0.1 -0.78 £0.01
Coral Bay 26 28.2 29 26.8+0.7 37903 1.3%0.3 1.44+0.06 39 1.6+0.1 -0.71 £0.05
A. antarctica  Shark Bay 26 28.2 31 29.8+0.3 38.2+0.2 2.2+0.1 0.70+£0.02 33* 1.5+0.6 -0.37+£0.01
Perth 23 25.2 26 26.2+04 38.2+0.2 1.4+0.1 0.65+0.01 39 1.6+0.1 -0.48 £0.02
Geraldton 24 26.2 28 28.7+0.5 38.1+0.3 2.0+0.3 0.78+0.04 38 1.6 +0.1 -0.69 £ 0.05
P sinuosa Jurien Bay 24 26.2 29 30.7+0.3 38.1+0.2 2.2+0.2 0.77+0.03 38 1.7+0.1 -0.68 £ 0.07
Perth 23 25.2 26 26.5+0.3 37.5+0.1 1.9+0.2 0.70+£0.02 38 1.9+0.1 -0.69 £0.02
Geographe Bay 23 25.2 26 299+0.3 369+0.1 3.3+0.2 0.32+0.01 39 1.5+0.1 -0.33£0.02
A. griffithii Perth 23 25.2 26 269+04 38.6+0.2 1.6+0.2 0.94+0.02 36* 1.7+0.1 -0.58 £0.01
Z. nigricaulis  Perth 23 25.2 26 22.3+09 349104 1.1+0.3 1.11+0.05 36 1.7+0.1 -3.11+£0.18
H. ovalis Coral Bay 26 28.2 29 31.4+0.3 40.0+0.1 2.0+0.2 2.34+0.07 42 1.5+0.1 -4.26 £0.23
Perth 23 25.2 26 32.1+0.4 40.2+0.2 1.8+0.1 1.23+0.05 43 1.5+0.4 -4.16 £0.13

All respiration rates increased with temperature and had the highest respiration at the maximum temperature tested, except rows with *.
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4 Discussion

Understanding variation in thermal tolerance for different species and populations within the same
species is critical for accurately predicting climate change impacts (Araujo & Peterson 2012, Bennett et
al. 2019). This study assessed the thermal tolerance of six different seagrass species, predominantly
found in temperate regions, across a range of life history strategies (colonising, opportunistic and
persistent). Additionally, thermal tolerance was assessed within the same species (four out of six) across
multiple locations from temperate to tropical regions. Two of the major findings were that 1) thermal
optima varied by almost 10 °C between the six species, and 2) thermal optima for the same species
differed by up to 4 °C across locations but there was not a consistent pattern with latitude.

4.1 Thermal tolerance
4.1.1 Seagrass thermal tolerance varies between species

A major gap in our knowledge to inform future climate predictions is our understanding of temperature
response for multiple species (Donelson et al. 2019). This study has highlighted clear differences
between seagrass species’ thermal tolerances, which broadly coincided with their geographic thermal
distributions. Halophila ovalis has a global distribution and was the species with highest thermal optima
in this study. Zostera nigricaulis, the species with the most restricted distribution in this study to only
temperate waters, had the lowest thermal optima. This finding is consistent with results from Collier et
al. (2017), that tropical species, Cymodocea serrulata and Halodule uninervis had a higher thermal
tolerance (35 °C) than Zostera muelleri (31 °C), a predominantly temperate species which extends into
tropical waters in eastern Australia. Further, this concept seems to hold true for seagrasses in the
Mediterranean, where Bennett et al. (2022) found thermal optima differences of up to 10 °C for
Cymodocea nodosa (Mediterranean, broad thermal range) compared to Posidonia oceanica (exclusively
temperate, restricted thermal range), which was also consistent with the species thermal distributions.
This suggests that species may have adapted their thermal optima to the water temperature across their
distributional range. Understanding individual seagrass species tolerances and responses in relation to
temperature is critical information that will allow for more focused management of vulnerable species
as climate change impacts continue to intensify.

4.1.2 Seagrass thermal tolerance varies within a species across locations

In the era of global change, it is critical that we not only understand and predict multiple species
responses, but also the amount of variation within a single species (intra-specific variation). This study
has shown that thermal optima can vary across locations within a species and the change in Top: does
not necessarily increase along a latitudinal gradient from populations growing in cooler to warmer
waters, even for populations growing at their warm-edge. Three species, P. sinuosa, P. australis and
A. antarctica were all collected from their warm-edge growing limit and further south in cooler waters
(but not at their cool-edge). Posidonia australis was the only species assessed in this study to have a
higher thermal optimum at the warm-edge, where both A. antarctica and P. sinuosa had a lower thermal
optimum at the warm-edge of their range. Interestingly, P. australis at its warm-edge in Shark Bay is
abundant and grows in both shallow and deep waters, whereas A. antarctica and P. sinuosa plants at
their warm-edge were restricted to deeper waters. Further south (cooler) where these two species are
more prevalent, they inhabit both shallow and deep waters. As deeper waters have a more consistent
temperature and are generally cooler than shallow waters, it is possible that these warm-edge
populations of P. sinuosa and A. antarctica can only persist at deeper depths where it is cooler (Giraldo-
Ospina et al. 2020), and could explain the lower thermal tolerances seen at the warm-edge for these
species. Only P. sinuosa was collected at the coolest location in this study, Geographe Bay, which is not
the cool-edge for this species, but experiences similar temperatures to the Southern-Australian region
(P. sinuosa cool-edge). At the coolest location tested, P. sinuosa had a thermal optimum higher than
that of the warm-edge and more similar to the warmer location (Jurien Bay) where P. sinuosa is more
abundant. Previous hypotheses suggest that warm-edge populations would have the highest thermal
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tolerance where a species has reached its maximum adaptation and/ or plasticity potential (Donelson
et al. 2019). This study contradicts this assumption and further, is consistent with Bennett et al. (2022a),
where Posidonia oceanica at its cool-edge had a higher tolerance to warming than the core-population,
and was more similar to that of the warm-edge population, suggestive of niche conservatism (Wiens et
al. 2010, Bennett et al. 2022a). This is an important finding as it suggests that thermal performance does
not necessarily reflect the thermal geography of a species range, and therefore, this needs to be taken
into consideration when predicting future climate scenarios.

Contrasting to the temperate species assessed in this study, the globally distributed H. ovalis, showed
little variation in Topt across the two locations assessed (10° latitude, tropical and temperate). This result
supports Collier et al., (2017) who assessed tropical species Halodule uninervis and Cymodocea serrulata
across multiple tropical locations and found little variation in Top. Generally, tropical ocean
temperatures are more seasonally stable than temperate waters, where the greater climate variability
displayed in temperate regions has been hypothesised to favour increased acclimation potential (Moore
et al. 2023). Further, it has been proposed that species with higher thermal tolerances may have a
reduced ability to acclimate (Janzen 1967, Gunderson et al. 2015), and therefore, it is possible that
tropical seagrass species have ‘traded-off’ their ability to thermally acclimate in order to grow in warmer
climates. A greater number of tropical seagrass species and spatial replication is needed to test this
theory. Nonetheless, these results are seemingly positive for H. ovalis under future climate conditions,
where a higher thermal optimum is potentially more advantageous than the ability to acclimate to a
warming ocean. Further, these results show for H. ovalis, a species with a much larger thermal
distribution, there is potential to extrapolate thermal optima across locations, but this is not the case
for the temperate seagrass species. However, due to only two locations assessed here for H. ovalis and
P. australis increased spatial replication is warranted to improve understanding of this variability.

4.2  Productivity

4.2.1 Productivity varies across species life history strategies

Maximum net productivity (mg O, . g DW™ . hr?) also varied among species, but unlike Top, productivity
differed amongst species based on the life history strategy. Smaller colonising/opportunistic species
(Halophila and Zostera) had a two-fold higher net productivity at To,: compared to the larger persistent
species (Posidonia and Amphibolis), following the same trend found by Lee et al. (2007). The higher net
plant productivity for the smaller species may reflect the life history strategy of allocating a high amount
of energy into growth and relatively smaller proportion of non-photosynthetic tissues. In contrast the
larger species are slow growing and invest more in non-photosynthetic tissues and hence have a lower
productivity. Under future ocean warming and MHWs, thermal tolerance is an importer qualifier in the
bid for survival to maintain productivity, but the sizeable difference in productivity for the smaller
species suggests that if they suffer loss, there is greater potential for a quicker recovery than the larger
persistent species if the temperatures remain at or below their thermal optima. Further, there is
potential for increased negative implications on ecosystem services (i.e. habitat for fish, carbon storage)
in losing large, structurally complex seagrasses compared to the smaller species. This reinforces high
priority conservation towards persistent seagrass species, which once lost are difficult or take much
longer to recover.

4.2.2  Productivity varies across locations and increases with latitudinal gradient

Populations of plants that inhabit thermally different habitats can show considerable differences in their
response to temperature, enabling them to function efficiently within their temperature growing range
(Yamori et al. 2014). If populations are adapted or acclimated to their local temperature range, then we
might expect NPmax to occur at or near the highest temperature they usually grow under (Collier et al.
2011). In contrast to Top, all species examined across a latitudinal gradient (P. sinuosa, A. antarctica,
H. ovalis) had the highest productivity in the warmest location tested (two-fold increase), except for
P. australis. Results for H. ovalis from this study are consistent with results from Said et al., (2021), also
finding an increase for H. ovalis in the tropical region compared to the temperate region, and is further
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supported by findings for other angiosperms (Berry & Bjorkman 1980). These results are reflective of
acclimation or adaptation to the temperature regimes of their respective habitats. Interestingly,
P. australis was the only species to have a lower productivity at the warm-edge of its location assessed
despite having a higher Tou. This finding for P. australis supports the species-generalist trade-off
hypothesis for temperate species adapted to colder environments having a greater tolerance to colder
temperatures with a lower performance in warmer temperatures (Moore et al. 2023). Of course, this
hypothesis does not hold for the other temperate species tested in this study, and therefore other
explanations such as past exposure to warming (Somero 2010) from the 2010/11 MHW (Strydom et al.
2020), or limited genetic variation (single hybrid plant spanning 180 km; Edgeloe et al. 2022) could be
contributing to the physiological anomaly of this species at this location.

4.3 Management recommendations
4.3.1 Management to protect existing habitat

The assessment and approval for coastal developments generally require an evidence-based prediction
of potential impacts and benefits from a range of design scenarios. Decisions on the final design are
generally informed by a range of criteria including environmental data which also considers cumulative
pressures and more recently future climate change. We used the thermal threshold information
generated in this study to assess seagrass vulnerability to ocean warming. This vulnerability assessment
can be used to inform decisions on management of coastal development.

Thermal optima (Topt) denotes temperature for maximum productivity, and therefore temperatures
greater than thermal optima will result in negative declines in productivity. We interpret temperatures
>Topt @s the temperature threshold to which species would likely be vulnerable to ocean warming or
MHWs. It is also important to take into consideration that the thermal tolerance for photosynthesis is
higher than that for seagrass growth (See Lee et al. 2007). Therefore, whilst temperatures at Topt may
afford the plants buffering capacity at the physiological scale, under a prolonged MHW event, it is
possible that at the plant-scale carbohydrates stores will be reduced and the overall resilience to further
stressors compromised. We do not advocate for thermal maxima (Tmax) to be used in a management
context, as this is likely to lead to complete mortality. For example photosynthesis-temperature
experiments (up to Tmax) Undertaken on P. oceanica showed no recovery of individuals when they were
re-acclimated to ambient conditions following exposure to the maximum temperatures (Rinaldi et al.,
2023).

We compare the location and species specific Top: to three different temperature scenarios: 1. The
current summer ambient temperature of that location; 2. The 2010/2011 MHW temperature from that
location; and 3. A future summer temperature scenario of an increase in 2.2 °C above current conditions
(2.2 °Cis based on an average effort to curb emissions globally, RCP scenario 6.0 in 2100; IPCC 2023). A
“concern’ of vulnerability rating was defined as Low where water temperature of either scenario was
more than 2 °C below Topt, Moderate where water temperature was equal to or near Topt, or High where
the water temperature was above Top:. At locations and for species with Moderate or High concern we
recommend that the cumulative impacts from coastal development and climate change be explicitly
considered in the environmental assessment.

Low concern

In Table 3 a low concern ranking has been attributed to populations (species/location) where the
thermal optima was 2 °C or higher than all scenarios (summer ambient conditions, ocean warming
scenario and the 2010/11 MHW event). Posidonia sinuosa from Geographe Bay (Top: 30 °C) as well as
H. ovalis at both locations collected (Coral Bay; Topt 31.5 °C and Perth; Topt 32 °C) can be considered
populations of low concern (Table 3). For these populations it is unlikely that they will reach their
maximum net productivity under ambient conditions (23-26 °C) and plant productivity will likely increase
under the RCP6.0 ocean warming scenario (26-28 °C). When looking at current summer ambient
temperatures alone, almost all species and location combinations can be attributed a rating of low
concern, except for Z. nigricaulis in Perth (colour gradient in Table 2).
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Moderate concern ranking has been attributed to populations where thermal optima was equal to or
less than 2 °C (0-1.99 °C) below the summer ambient, ocean warming scenario or the 2010/11 MHW
event temperatures. The larger persistent genera in Perth, Posidonia and Amphibolis (Topt 26-27 °C), are
of moderate concern to MHWs (Table 3). While this location has currently been designated as moderate
concern, it is worth noting that the 2010/11 MHW was only 3 °C warmer than summer ambient
conditions and should a MHW of higher intensity impact Perth (+4 °C) waters in the future, then these
species would escalate to high concern in Perth. Posidonia sinuosa from its warm-edge (Geraldton; Topt
29 °C) where there are isolated patches growing in deeper waters are of moderate concern to MHWs.
Posidonia sinuosa meadows in Jurien Bay are also of moderate concern to MHWs but is bordering on
low concern. Even though the P. sinuosa population in Jurien Bay is of moderate concern to MHWs, this
population can be used for building resilience into populations of lower thermal resilience e.g.
transplanting plants from Jurien Bay to Perth (see Section 4.3.2 below).

High concern

High concern ranking has been attributed to populations where thermal optima was equal to or fell
below the summer ambient, ocean warming scenario or the 2010/11 MHW event. Z. nigricaulis in Perth
(temperate) and A. antarctica in Coral Bay (tropical) are of high concern due to already experiencing
conditions above their thermal optima (Table 3). Both of these species/location combinations were
found in one isolated patch, and it is likely that ocean warming and MHWs could lead to further
decreases in net plant productivity and potentially loss of these populations at these locations. Apart
from Z. nigricaulis, the overall trend was for temperate species in the sub-tropical and tropical regions
to be of highest concern. In the sub-tropical region (Shark Bay), both P. australis (Topt 31 °C) and A.
antarctica (Topt 30 °C) both had their highest thermal optima in this region, and whilst ocean warming
may increase plant productivity, MHWs within this region are of high concern. On a more positive note,
because these species within Shark Bay have high thermal optima, they are ideal candidates for
resilience building in areas of concern with lower thermal optima e.g. transplant adult plants or seedlings
from Shark Bay to Perth.

Table 3. Concern rating, and cause of concern (ocean warming or marine heatwave) for seagrass species and
location sampled. Concern ratings are based on an ocean warming (summer ambient + RCP6.0 2.2 °C) or MHW
event (based on 2010/11), being higher or equal to optimum = high concern; <2 °C below optimum = moderate
concern; and >2 °C + below optimum = low concern. Where populations have higher thermal tolerances than
other populations these have been recognised as options for resilience building. Refuge areas are those with high
thermal tolerances in cooler regions. Blank squares indicate a species does not grow in a location, and dashed lines
indicate the species grows in a location but was not sampled.
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4.3.2 Seagrass resilience building opportunities

To date, seagrass science has focused on protection and restoration in a bid to conserve seagrass, and
whilst this is important, our thinking needs to extend to consider how we build resilience under climate
change where different strategies may be required (e.g. Coleman et al. 2020). There are a range of
actions that can be taken to build resilience to future pressures, such as genetic rescue, assisted gene
flow and assisted evolution using breeding or biotechnology (e.g. Caruso et al. 2021, Coleman & Bragg
2021) but to our knowledge, none of these have been trialed for seagrasses. This study revealed that for
multiple species (P. australis, P. sinuosa, and A. antarctica) there are populations that have a higher
thermal tolerance (Topt) Which could make them ‘better equipped’ to deal with thermal pressures. Even
though there was not a clear pattern for higher thermal tolerance at the warmest-edge of species range
(P. australis, P. sinuosa, and A. antarctica), for all species there was an adult population within a warmer
region which had a higher thermal tolerance (Table 2Table 3). Assuming the differences in Topt are
adaptive, the resilience building strategy of assisted gene flow could be employed where these ‘pre-
adapted individuals’ are introduced to areas within the existing distributional range to facilitate
adaptation to future conditions. These populations could be targeted as source populations for
restoration or assisted migration locations further south, to future-proof these meadows to warming
(Pickup et al. 2012, Aitken & Whitlock 2013). This approach could be incorporated into existing
restoration programs such as Seeds for Snapper or Operation Posidonia. Opportunities for this type of
resilience building based on the results of this study are identified in Table 3. To be confident that
populations will retain these higher thermal optima when translocated into cooler waters further trials
are required to test this. Another important consideration is the genetic connectivity between source
and translocated populations, which for P. sinuosa in this study, is assessed in Whale et al. (2024).

5 Conclusion

Overall, we conclude that it is crucial to understand seagrass species thermal tolerances both across
species and within species (populations of the same species) to be able to accurately predict and manage
for future climate impacts. This understanding has the potential to inform EIA and enable quantitative
cumulative impact assessment. Further, thermal performance does not necessarily reflect thermal
geography of a seagrass species range. This finding is important from a management perspective when
assessing future climate scenarios and using thermal tolerance data within models. Further, this study
implies thermal performance data collected for the same species from multiple locations can aid in
identifying populations which can be used for thermal resilience building.
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8 Appendices

Rate change per 10 °C, Q10 (no units)
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Figure Al. The rate of metabolic change (photosynthesis Qo) below the optimum temperature for seagrass species

across and within locations.
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