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Trait gradients inform predictions
of seagrass meadows changes
to future warming

Arianna Pansini'*/, Gabriella La Manna?, Federico Pinna?, Patrizia Stipcich® &
Giulia Ceccherelli®

Comparing populations across temperature gradients can inform how global warming will impact the
structure and function of ecosystems. Shoot density, morphometry and productivity of the seagrass
Posidonia oceanica to temperature variation was quantified at eight locations in Sardinia (western
Mediterranean Sea) along a natural sea surface temperature (SST) gradient. The locations are spanned
for a narrow range of latitude (1.5°), allowing the minimization of the effect of eventual photoperiod
variability. Mean SST predicted P. oceanica meadow structure, with increased temperature correlated
with higher shoot density, but lower leaf and rhizome width, and rhizome biomass. Chlorophyll a (Chl-
a) strongly impacted seagrass traits independent of SST. Disentangling the effects of SST and Chl-a
on seagrass meadow shoot density revealed that they work independently, but in the same direction
with potential synergism. Space-for-time substitution predicts that global warming will trigger denser
seagrass meadows with slender shoots, fewer leaves, and strongly impact seagrass ecosystem.
Future investigations should evaluate if global warming will erode the ecosystem services provided by
seagrass meadows.

Global warming is expected to have profound consequences on biodiversity and functioning of major systems on
Earth'2 The impact of temperature increase has been measured over the past two decades®, but understanding
how this physical forcing affects ecosystems is unclear, particularly in the sea”. This, however, is critical for
predicting the consequences of global warming and identifying mitigation and restoration actions.

Much of experimental temperate marine coastal ecology is focused on elucidating how temperature increases
will impact the physiology, fitness and distribution of organisms. Two main approaches are being employed to
examine warming effects: (I) experiments with artificial heating such as mesocosms'°-** and (II) monitoring
the response of organisms to temporal or spatial variation in temperature, across years'*'¢ or latitude'’?°. Each
of these approaches has advantages and drawbacks. Manipulative experiments may examine responses to tem-
perature or patterns not yet under natural conditions, such as intense, long lasting heat waves®!~**. Experiments
are typically done at small spatiotemporal scales and often ignore covarying abiotic conditions including light
availability*$, UV irradiation and acidification®>?%, or biotic effects such as predation?”-*®. Conversely, comparing
populations across sites with varying temperatures, such as latitudinal gradients, can provide information about
the role of warming on the structure and function of future ecosystems, but it is often difficult to disentangle
temperature from other covarying effects, such as photoperiod, light quality and quantity”. Moreover, marine sea
surface temperature (SST) is commonly linked to chlorophyll-a (Chl-a), with high-temperature locations having
low-nutrient availability and Chl-a***! and high light attenuation®>*. Problems between laboratory and field
results are not surprising, since temperature, nutrients and irradiance effects may be cumulative or antagonistic
depending on the species and system.

Therefore, uncertainties with warming effects on marine biota are also indirectly due to co-variation between
SST and Chl-a. While there are latitudes where these patterns are predictable, regional anomalies are also found
especially where upwelling occurs®. Nevertheless, SST increase does not necessarily imply decreasing Chl-a,
suggesting that complex processes, such as advection, define sea water conditions*. Further variability of marine
species response to warming comes from natural variation in physiological, morphological and life-history
attributes (functional traits) among populations, as there is evidence of adaptation to spatial temperature gradi-
ents in many organisms and at different scales®~*’. Species phenotypic gradients presumably can reflect patterns
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Coast=C | Location (C)=L | Area (L(C))

Fig F6 Fie72
Shoot density 14.37** 4.37** 1.89%*
Shoot morphometry | F, ¢ Fy 16 Fis7
# of leaves 3.15 5.88** 5.32%*
Leaf width 20.96** 4.18* 3.21%*
Leaflength 0.01 11.82** 5.22*%*
Necrotic leaf 0.04 1.95 6.70%*
Shoot productivity Fig Fq 16 Fig 456
# of scales 20.45%* 0.54 4.00**
Rhizome length 0.43 2.7 4.32%%
Rhizome width 9.77* 5.56** 1.3
Rhizome biomass 5.3 4.20%% 2.40%*

Table 1. ANOVAs: effects of coast (west vs east), location (4 levels), and area (3 levels) on Posidonia oceanica
shoot density, morphometry (# of leaves, leaf width, leaf length, necrotic leaf) and productivity (# of scales,
rhizome length) variables. For each ANOVA, the F values are given. In bold are the significant values (* for
p-value significance level 0.01, ** for p-value significance level 0.001).

of genetic differentiation and local adaptation, making additional data potentially necessary to estimate how
much of observed phenotypic differences are due to plastic responses versus adaptive differentiation between
populations.

Understanding future warming effects on foundation species, as marine macrophytes, is pivotal to predict
their distribution and physical structure, as temperature is thought the most important range limiting factor*!.
Seagrasses are valuable providers of coastal ecosystem services including, carbon sinks, nursery grounds, habitat,
nutrient cycling, sediment stabilization, trophic transfer to adjacent habitats**~* and protection from erosion*>*.
Posidonia oceanica (L.) Delile is a slow-growing seagrass, endemic to the Mediterranean, experiencing wide-
spread decline due to multiple local anthropogenic stressors*’. The abrupt decline experienced by P. oceanica
from recent heatwaves*, however, has seriously questioned its persistence for the coming decades*’. Due to its
vulnerability in aquaria and slow growth, laboratory experiments have been limited and controversial. Never-
theless, plants from warm thermal environments were found to activate a suite of physiological*’ and molecular
mechanisms®*~*? to tolerate simulated heatwave exposures, whereas phenological response to warming likely
involves higher flowering® and denser meadows™.

This is a space-for-time substitution, a method for studying slow ecological processes, where the relationships
between ecological variables are studied at sites that are assumed to be at different stages of development®. This
study is based on the assumption that plant functional traits vary along environmental gradients and potentially
predict responses to environmental change. Thus, to examine the performance of P. oceanica to future tem-
perature conditions, we measured shoot density, morphometry and productivity at eight locations in Sardinia
(western Mediterranean Sea) along a natural gradient of water temperature. Despite similar latitude (minimum
interference of photoperiod), the western locations are generally cooler than the eastern sites, with differences
in SST comparable to climate change scenarios for the twenty-first century for the Mediterranean Sea (peaking
at 2.6 °C in 2100°%*7), making this space-for-time substitution informative for projections of trait changes over
the next decades. Chl-a, a proxy of light irradiance, was a further driver of seagrass structure. P. oceanica is cur-
rently in the EU Marine Strategy Framework Directive monitoring protocols®.

Results
Seagrass variability. Shoot density changed considerably between Sardinian coasts (Table 1 and Fig. 1)
as well as leaf width which was larger on the west than on the east side (Table 1 and Fig. 2), although both vari-
ables were significant across locations and areas. All other morphometrical variables were significantly affected
by location and area, except for necrotic leaf portion that was only dependent on the area (Table 1 and Fig. 2).
The reconstruction analysis showed that annual plant productivity changed between coasts only in terms
of number of scales (remnant leaf sheats) and rhizome width, being lower on the east coast. Rhizome width
and biomass were significantly dependent on the location, while all other variables were highly area dependent
(Table 1 and Fig. 2).

Relationship between seagrass and environmental variables. Multiple regressions retained only
mean temperature in four models indicating that leaf width, number of scales, rhizome width and rhizome
biomass were negatively related with mean temperature. Shoot density was related to mean temperature and
Chl-a, as well as the number of scales and rhizome width (Table 2, Figs. 3 and 4). Specifically: I) increased shoot
density was correlated with increased mean temperature, while an opposite trend was found for the leaf width,
number of scales and rhizome width (Fig. 3) and II) reduced shoot density, number of scales and rhizome width
were correlated with increased Chl-a (Fig. 4). The response variables where models retained Chl-a as the only
explanatory variable, were the number of leaves and rhizome length, which increased and decreased, respec-
tively, with increasing Chl-a (Table 2, Figs. 3 and 4).
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Figure 1. Posidonia oceanica mean (+ SE) shoot density (# of shoots/m?) at each location: in blue the western
and in red the eastern. For each location data of the three areas are shown (n=4).

Finally, the regression model indicated that shoot density was negatively related to the number of leaves and
leaf width (Table 3).

Discussion

Posidonia oceanica morphometry and productivity were linked to the thermal environment. Increased tempera-
ture triggered higher shoot density, but lower leaf and rhizome width, fewer scales and lower rhizome biomass.
Additionally, Chl-a was a temperature independent driver of the plant performance. Temperature strikingly
affected shoot density, increasing gradually across the thermal gradient from 496.1+21.6 to 829.9 +43.2 shoots/
m? (mean + SE n=12) at AHO and REI, respectively. Shoot density is the most common descriptor of P. oceanica
meadows defining its conservation status (Marine Strategy Framework Directive) assuming that higher densities
reflect lower human influence and better marine water conditions. However, the density classes distinguished by
previous authors (reviewed by>®), ignore natural environmental variation. Since our data were collected unaf-
fected from local anthropogenic disturbances, our results highlight that thermal environment is critical factor
in determining plant shoot density, providing evidence of the need to refer the seagrass density classes to the
mean temperature environment.

Our results revealed a strong spatial association between plant traits and temperature across a gradient sug-
gest that future warming is predicted to produce denser P. oceanica meadows. This finding is corroborated by
long-term correlative data revealing that shoot density is a plant trait that varies with thermal environment,
providing evidence that the plant would rearrange (increasing the number of modules) the meadows structure
with warming (Fig. 5). The fact that Chl-a is inversely related to the meadow density will sharpen this pattern,
as this influence is disentangled from temperature effects and because both drivers work in the same direction,
enhancing shoot density and potentially producing synergistic effects. In fact, numerical models of future Chl-a
due to anthropogenic climate change, generally suggest a decrease in globally integrated primary productivity
driven by a reduction in supply of macronutrients®-%*. Nevertheless, predicting meadow structure based on the
relationship between spatial pattern of plant traits and the environment assumes that the seagrass traits could
change proportionally to climate change, although the species may respond to finer-scale changes in environ-
mental variables that cannot be predicted using averages®*®.

Regarding mechanisms regulating the Chl-a-shoot density interaction, our data support the hypothesis that
different light conditions due to the phytoplankton density (not nutrient availability) are involved, although
manipulative experiments are needed. In fact, evidence of reduction of P. oceanica shoot density with depth
are commonly gained®®-%, supporting the hypothesis that light extinction is pivotal®. observed that seagrasses
growing in low light reduce shoot density and above-ground biomass as an acclimation response to reduce self-
shading within the canopy.

Shoot density changes induced by the climate change, however, will involve other phenological traits, such
as leaf width and number of leaves. Their dependence on shoot density has been interpreted as the result of self-
organization to shading’®7*. Reducing the size of ramets to attenuate intraspecific competition is a common pat-
tern in clonal plants”>’*. Productivity of P. oceanica was not directly dependent on shoot density, but it seems that
it will be contrastingly affected by the temperature and Chl-g, so that predicting the number of scales and rhizome
width in coming decades is not obvious and likely dependent on the strength of their associations. Therefore, the
prediction about the productivity that can be made on the trait gradients (trait variation along environmental
gradient) regards the decrease in rhizome biomass and length affecting the plant robustness through decades.

Future changes in temperature and Chl-a, may drive P. oceanica morphometry and productivity patterns that
will affect the ecosystem services that seagrass meadows currently provide. Quantification of seagrass services,
however, have never been provided on a structure-specific basis’>’¢ and we believe this might become a relevant
issue. Indeed, in a future warmer Mediterranean Sea, where summer mean SST increase will likely peak 2.9 °C
and 2.7 °C for the end of the century on the east and west Sardinia coasts, respectively“, P, oceanica leaf canopy,
structured by higher shoot density with bundles of a lower number of leaves smaller in width, can create a dif-
ferent habitat and associated community. Similarly, whether the reduction in rhizome width and biomass has
consequences on both the vulnerability of plants to storms and Carbon storage remains unanswered.
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Figure 2. Posidonia oceanica. Mean (+ SE) morphometry (left) and productivity (right) variables.
Morphometry: # of leaves/shoot, leaf width (cm), length (cm), and necrotic leaf portion (%). Productivity: # of
scales/shoot*year, rhizome elongation (cm/year), rhizome width (cm/year) and rhizome biomass (g/year) across
locations, in blue the western and in red the eastern. For each location data of the three areas are shown (n=20).

This study shed light on how seagrass systems could respond to climate change, independently of the effects
of extreme events (such as heat waves), as the latter undoubtedly affect deleteriously the seagrass structure with
die-offs*”7778, Nevertheless, the extent the phenotypic gradients of the seagrass systems depend on acclimation
versus adaptation processes should be measured. However, the analysis of processes involved in phenotypic
plasticity and the possibility that such plastic responses might be adaptive is complex for both the long-life
cycles and slow growth of most of the seagrasses that impede manipulative experiments and trans-generation
assessments”’. Further space-for-time substitutions to predict functional traits changes due to global warming
in seagrasses are necessary. Future trait gradients analysis should consider wider thermal range to sharpen our
prediction and establish how closely the highest mean temperature used in the model stands are to the tolerance
limit of the seagrass.
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Effect ‘ Estimate ‘ SE ‘ t-value ‘ p-value
Shoot density

Mean temperature 110.22 31.31 3.52 <0.001
Mean Chl-a —3515.66 951.43 -3.69 <0.001
Adjusted R-squared: 0.5422 F2,93: 57.26 p-value <0.0001

Shoot morphometry

# of leaves

Mean Chl-a | 190687] 1578 [ 1208 | <0001
Adjusted R-squared: 0.2324 F1,478: 146 p-value <0.0001

Leaf width

Mean temperature | -0.093112] 000533 | -17.46 | <0.0001
Adjusted R-squared: 0.3925 F1,474: 305 p-value <0.0001

Shoot productivity

# of scales

Mean temperature —-0.6862 0.1191 -5.76 <0.001
Mean Chl-a -7.3927 3.6191 -2.04 0.0416
Adjusted R-squared: 0.0870 F1,476: 23.78 p-value <0.0001

Rhizome length

Mean Chl-a -3.15176] 069724 -452 | <0.0001
Adjusted R-squared: 0.0393 F1,474: 20.43 p-value <0.0001

Rhizome width

Mean temperature —-0.09516| 0.01288 | -7.39 <0.0001
Mean Chl-a —-0.8811 0.39126 | -2.25 0.0248
Adjusted R-squared: 0.1466 F1,477: 42.15 p-value <0.0001

Rhizome biomass (sqrt)

Mean temperature ~0.035997 ‘ 0.005231 ‘ ~6.88 ‘ <0.0001
Adjusted R-squared: 0.0880 F1,478: 47.35 p-value <0.0001

Table 2. Multiple regressions outputs of Posidonia oceanica response variables against the predictors retained
in the model by the backward selection.

Methods

Study locations and design. This study was done on the western and eastern coasts of Sardinia (Italy,
western Mediterranean Sea, Fig. 6) where differences in water conditions are evident. The western coastline
receives Atlantic waters directly through the Western Mid-Mediterranean Current and is also influenced by
coastal upwellings®. In contrast, the eastern coast is affected by the warm Algerian Current®'.

Seagrass meadows unaffected from local anthropogenic disturbances (e.g. harbour, fish farming, and urbani-
sation) were sampled in eight different locations (Fig. 6), with a hierarchical design: for both coasts of Sardinia,
four locations were selected (Alghero = AHO, Bosa=BOS, Penisola del Sinis = SIN, and Gonnesa=GON for the
west and Capo Comino = COM, Cala Gonone = CGO, Arbatax = ARB, and Costa Rei=REI for the east) from
40°34’ to 39°15°'N. At each location, three areas 100 s of m apart were randomly selected and sampled at a depth
of 10 m.

Environmental data. For each location the SST for the years 2010-2019 were obtained by the Group for
High Resolution Sea Surface Temperature (GHRSST) daily, 1 km resolution SST (G1SST) dataset produced by
JPL NASA (https://coastwatch.pfeg.noaa.gov/erddap/griddap/jplMURSST41.html) as a proxy of 10 m subtidal
temperature®”. Moreover, 1 Day Composite, 4 km resolution Chlorophyll-a data from NASAs Aqua Spacecraft
(https://coastwatch.pfeg.noaa.gov/erddap/griddap/erdMH1chlalday.html) were extracted for the same years.
For the warm season 1st May-31st October (the period of the largest differences between the two coasts), daily
SST and Chl-a data were averaged through years (Fig. 7) and the mean, maximum and variance for both vari-
ables were calculated (Table 4).

Seagrass data collection. From 20th June to the 10th July 2020 the density of Posidonia oceanica shoots
was estimated using 40 x 40 cm quadrats haphazardly placed within meadows (n=4) and 20 orthotropic shoots
were collected at each area. A total of 480 shoots were collected, transported to the laboratory and stored frozen.
Sampling was non-lethal and followed the guidelines approved by the Marine Strategy Framework Directive (EC
2008) for the monitoring program. P. oceanica shoots were deposited as voucher specimens at the University of
Sassari Herbarium (SS, collection 2000/, ID number: SS#14159-SS#14166).

The leaf length, leaf width, number of leaves and necrotic leaf portion were measured following™ to estimate
P. oceanica shoot morphometry. Furthermore, the age reconstruction technique based on the cyclic annual
variation of the sheath thickness® was used to estimate shoot productivity through years: therefore, the number
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Figure 3. Plots from the multiple regression model of Posidonia oceanica response variables vs. mean
temperature (°C).

of leaves (by counting the scales), rhizome elongation, rhizome width and biomass per year were measured on
each shoot (after drying rhizomes for 48 h at 60 °C).

Data analysis. For each P. oceanica variable (shoot density, leaf length, leaf width, number of leaves, necrotic
leaf portion, number of scales, rhizome elongation, rhizome width and rhizome biomass) a three-way anova was
run to test the effect of ‘Coast’ (C, west vs east), ‘Location’ (L, 4 levels) random nested in C, and ‘Area’ (3 levels)
random nested in L. Cochran’s test was used to test variance homogeneity.

With the aim of finding a relationship between the P. oceanica and the explanatory variables (mean tempera-
ture, maximum temperature, temperature variance, mean Chl-a, maximum Chl-a and Chl-a variance, Table 4),
we ran separate multiple linear regression models for each P. oceanica response variables. No linear regres-
sion was run on leaf length since it is largely affected by herbivore pressure, and it cannot be evaluated unless
controlled experiments are performed®. Data exploration followed®: outliers were inspected with Cleveland
dotplots (and removed in four cases) and normality with histograms and Q-Q plots. Rhizome biomass was
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(mg/m?).
Effect ‘ Estimate ‘ SE t-value ‘ p-value
Shoot density
# of leaves -114.24 39.27 | =291 0.008
Leaf width —-1306.1 319.8 | -4.08 <0.001
Adjusted R-squared: 0.6762 F2,21: 25.02
p-value<0.0001

Table 3. Multiple regression output of Posidonia oceanica shoot density against the predictors retained in the
model by the backward selection.

square root transformed. Collinearity between continuous explanatory variables was inspected with pair-plots,

Scientific Reports |

(2021) 11:18107 |

https://doi.org/10.1038/s41598-021-97611-x nature portfolio



www.nature.com/scientificreports/

B WARMING

LEAF WIDTH

# OF SCALES

RHIZOME WIDTH

Figure 5. Summary of the results. Shoot density, morphometry and productivity was measured to examine
the performance of the seagrass to the thermal gradient. Warming will trigger denser seagrass meadows with

slender shoots (lower rhizome width and biomass) and fewer leaves (scales).
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Figure 6. Study locations and areas along the Sardinian coasts. Left-hand map shows locations on the west
(in blue) and east (in red) coasts: AHO Alghero, BOSBosa, SIN Penisola del Sinis, GON Gonnesa, COM Capo
Comino, CGO Cala Gonone, ARB Arbatax, REI Costa Rei. Right-hand inset maps show location of each study
area within each location. Map produced with QGIS 3.16 software.

and variance inflation factors (VIFs) were calculated. Several significant correlations were found, particularly,
mean temperature, maximum temperature and temperature variance were correlated to each other, as well as
mean Chl-a, maximum Chl-a and Chl-a variance. Thus, only mean temperature and mean Chl-a (the variables
with VIFs < 3) and their interaction were considered in the analyses, even though the results obtained for each
of them can be extended to all the correlated descriptors.

The explanatory variables used in the final model were chosen with a backward selection process®’. Model
validation was run calculating and plotting: (I) standardized residuals against fitted values to assess homogeneity;
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Figure 7. Mean variation from 1st May to 31st October in (a) temperature (°C), in blue the western locations
and in red the eastern, and (b) Chl-a (mg/m?), in green the western locations and in yellow the eastern). The y
axis of the latter plot is log, scale.

Temperature (°C) Chl-a (mg/m?®)

Location | Mean+SE ‘ Max +SE Variance+SE | Mean+SE ‘ Max+SE Variance + SE
West coast

AHO 22.09 | £0.14 |26.51 | £0.28 |7.89 +0.62 |0.149 | £0.001 |0.282 | £0.026 | 0.0009 | +0.0002
BOS 22.06 | £0.15 |26.46 | £0.26 7.69 | £0.59 |0.144 | £0.001 |0.229 | +£0.016 | 0.0005 | +£0.0001
SIN 2223 | £0.15 |26.43 | £0.20 7.48 | £0.58 |0.184 | £0.004 |0.626 | +£0.131 |0.0073 | £0.0031
GON 2232 | £0.16 |26.44 | £0.27 791 | £0.66 |0.149 | £0.003 |0.358 | £0.038 |0.0019 | £0.0005
East coast

COM 2295 | £0.15 |27.43 | £0.30 |10.39 | £0.64 |0.136 | £0.004 |0.346 | £0.096 |0.0031 | +0.0022
CGO 23.16 | £0.14 |27.7 +0.27 | 104 +0.62 |0.13 +0.003 |0.302 | £0.074 |0.0016 | +£0.0010
ARB 2338 | £0.13 |27.76 | £0.27 |10.28 | £0.63 |0.118 | £0.003 |0.201 | £0.026 |0.0008 | +0.0003
REI 2324 | £0.14 |27.55 | £0.25 998 | £0.52 |0.121 | £0.003 |0.207 | £0.025 |0.0007 | +£0.0003

Table 4. Mean (+ SE) temperature and Chl-a explanatory variables from May 1st-October 31st (2010-2019).
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(II) histogram of the residuals to verify normality; (III) residuals against each explanatory variable that was used
in the model; (IV) residuals against each explanatory variable not used in the model. At the end, the model was
assessed for influential observations using the Cook distance function.

Correlations between P. oceanica shoot density and all the other plant variables were explored at the scale of
area to identify eventual plant traits that might derive from a compensatory performance of the plant to tem-
perature and Chl-a. Thus, following the same methodological approach, another multiple linear regression was
run to identify the relationship between shoot density and the other response variables. Since rhizome width was
correlated to leaf width and rhizome elongation was correlated to rhizome biomass, the model was run using
leaf width, number of leaves and scales and rhizome biomass as predictors. All the analyses were run in R Core
Team®’, using the package MASS®.

Received: 18 May 2021; Accepted: 17 August 2021
Published online: 13 September 2021

References
1. Lovejoy, T. E. & Hannah, L. Biodiversity and Climate Change: Transforming the Biosphere (Yale University Press, 2005).
2. Bellard, C., Berttelsmeier, C., Leadley, P, Thuiller, W. & Courchamp, F Impacts of climate change on the future of biodiversity.
Ecol. Lett. 15, 365-377 (2012).
. Hawkins, B. A. et al. Energy, water, and broad scale geographic patterns of species richness. Ecology 84, 3105-3117 (2003).
. Pearce, A. & Feng, M. Observation of warming on the western Australia continental shelf. Mar. Freshwater Res. 58, 914-920 (2007).
5. Ridgway, K. R. Long-term trend and decadal variability of the southward penetration of the East Australian Current. Geophys.
Res. Lett. 34,113613 (2007).
6. Chen, L., Huang, J. G., Ma, Q. & Hanninen, H. Long-term changes in the impacts of global warming on leaf phenology of four
temperature tree species. Glob. Change Biol. 25(3), 997-1004 (2018).
7. Harley, C. D. G. et al. The impacts of climate change in coastal marine systems. Ecol. Lett. 9, 228-241 (2006).
8. Poloczanska, E. S. et al. Climate change and Australian marine life. Oceanogr. Mar. Biol. 45, 407-478 (2007).
9. Maltby, K. M. et al. Projected impacts of warming seas on commercially fished species at a biogeographic boundary of the European
continental shelf. J. Appl. Ecol. 57, 2222-2233 (2019).
10. Melzner, E, Buchholz, B., Wolf, E, Panknin, U. & Wall, M. Ocean winter warming induced starvation of predator and prey. Proc.
R. Soc. B 287, 20200970 (2020).
11. He, H. et al. Turning up the heat: Warming influences plankton biomass and spring phenology in subtropical waters characterized
by extensive fish omnivory. Oecologia 194, 251-265 (2020).
12. Pages-Escola, M. et al. Divergent responses to warming of two common co-occurring Mediterranean bryozoans. Sci. Rep. 8, 17455
(2018).
13. Goémez-Gras, D. et al. Response diversity in Mediterranean coralligenous assemblages facing climate change: Insights from a
multispecific thermotolerance experiment. Ecol. Evol. 9(7), 4168-4180 (2019).
14. Huret, M., Bourriau, P,, Doray, M., Gohin, E, Petitgas, P. Survey timing vs. ecosystem scheduling: Degree-days to underpin observed
interannual variability in marine ecosystems. Progr. Oceanogr. 166, 30-40 (2018).
15. Strelkov, P, Katolikova, M. & Vdinold, R. Temporal change of the Baltic sea-North Sea mussle hybrid zone over two decades. Mar.
Biol. 164, 1-14 (2017).
16. Chiba, S. et al. Temperature and zooplankton size structure: Climate control and basin-scale comparison in the North Pacific.
Ecol. Evol. 5(4), 968-978 (2015).
17. Wernberg, T. et al. Seaweed communities in retreat from ocean warming. Curr. Biol. 21, 1-5 (2011).
18. Block, S. E., Olesen, E. & Krause-Jensen, D. Life history events of eelgrass Zostera marina L. populations across gradients of latitude
and temperature. Mar. Ecol. Progr. Ser. 590, 79-93 (2018).
19. Cure, K. et al. Spatiotemporal patterns of abundance and ecological requirements of a labrid’s juveniles reveal conditions for
establishment success and range shift capacity. J. Exp. Mar. Biol. Ecol. 500, 34-45 (2018).
20. Smale, D. A. et al. Environmental factors influencing primary productivity of the forest-forming kelp Laminaria hyperborea in the
northeast Atlantic. Sci. Rep. 10, 12161 (2020).
21. Ruiz, J. M. et al. Experimental evidence of warming-induced flowering in the Mediterranean seagrass Posidonia oceanica. Mar.
Pollut. Bull. 134, 49-54 (2018).
22. Rasconi, S., Winter, K. & Kainz, M. J. Temperature increase and fluctuation induce phytoplankton biodiversity loss—Evidence
from a multi-seasonal mesocosm experiment. Ecol. Evol. 7,2936-2946 (2017).
23. Smale, D. A., Wernberg, T., Yunnie, A. L. E. & Vance, T. The rise of Laminaria ochroleuca in the Western English Channel (UK) and
preliminary comparisons with its competitor and assemblage dominant Laminaria hyperborea. Mar. Ecol. 36, 1033-1044 (2015).
24. Pansch, C. & Hibenthal, C. A new mesocosm system to study the effects of environmental variability on marine species and com-
munities. Limnol. Oceanogr. Methods 17, 145-162 (2019).
25. Doo, S. S. The challenges of detecting and attributing ocean acidification impacts on marine ecosystems. ICES J. Mar. Sci. 77,
2411-2422 (2020).
26. Kim, J.-H. et al. Global warming offsets the ecophysiological stress of ocean acidification on temperate crustose coralline algae.
Mar. Pollut. Bull. 157, 111324 (2020).
27. Bonaviri, C., Graham, M., Gianguzza, P. & Shears, N. T. Warmer temperatures reduce the influence of an important keystone
predator. J. Anim. Ecol. 86, 490-500 (2017).
28. Carr, L. A,, Gittman, R. K. & Bruno, J. E Temperature influences herbivory and algal biomass in the Galdpagos Islands. Front. Mar.
Sci. 5,279 (2018).
29. De Frenne, P. et al. Latitudinal gradients as natural laboratories to infer species’ responses to temperature. J. Ecol. 101, 784-795
(2013).
30. Behrenfeld, M. J. Climate-mediated dance of the plankton. Nat. Clim. Change 4(10), 880-887 (2014).
31. Behrenfeld, M. J. et al. Climate-driven trends in contemporary ocean productivity. Nature 444(7120), 752-755 (2006).
32. Bricaud, A., Morel, A., Babin, M., Allali, K. & Herve, C. Variations of light absorption by suspended particles with chlorophyll a
concentration in oceanic waters: Analysis and implications for bio-optical models. J. Geophys. Res. 103, 31033-31044 (1998).
33. Jaud, T, Dragon, A. C., Garcia, J. V. & Guinet, C. Relationship between chlorophyll a concentration, light attenuation and diving
depth of the southern elephant seal Mirounga leonina. PLoS ONE 7(10), e47444 (2012).
34. Dunstan, P. K. et al. Global patterns of change and variation in sea surface temperature and chlorophyll a. Sci. Rep. 8, 14624 (2018).
35. Sanford, E. & Kelly, M. W. Local adaptation of marine invertebrates. Annu. Rev. Mar. Sci. 3, 509-535 (2011).
36. Oliver, T. A. & Palumbi, S. R. Do fluctuating temperature environments elevate coral thermal tolerance?. Coral Reefs 30, 429-440
(2011).

o

Scientific Reports |

(2021) 11:18107 | https://doi.org/10.1038/s41598-021-97611-x nature portfolio



www.nature.com/scientificreports/

37

38.

39.

40.

41.

42.
43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.
74.

75.
76.
77.
78.
79.

80.

. Baumann, H. & Conover, D. O. Adaptation to climate change: Contrasting patterns of thermal-reaction-norm evolution in Pacific
versus Atlantic silversides. Proc. R. Soc. B 278(1716), 2265-2273 (2011).

Castillo, K. D,, Ries, J. B., Weiss, ]. M. & Lima, F. P. Decline of forereef corals in response to recent warming linked to history of
thermal exposure. Nat. Clim. Change 2(10), 756-760 (2012).

Thomas, M. K., Kremer, C. T., Klausmeier, C. T. & Litchman, E. A global pattern of thermal adaptation in marine phytoplankton.
Science 338, 6110 (2012).

Chefaoui, R. M., Duarte, C. M. & Serrao, E. A. Dramatic loss of seagrass habitat under projected climate change in the Mediter-
ranean Sea. Glob. Change Biol. 24(10), 4919-4928 (2018).

Duarte, B. et al. Climate change impacts on seagrass meadows and macroalgal forests: an integrative perspective on acclimation
and adaptation potential. Front. Mar. Sci. 5, 190 (2018).

Hemminga, M. A. & Duarte, C. M. Seagrass Ecology (Cambridge University Press, 2000).

Larkum, A. W. D,, Orth, R. J. & Duarte, C. M. Seagrasses: Biology, Ecology and Conservation (Springer, 2006).

. Fourqurean, J. W. et al. Seagrass ecosystems as a globally significant carbon stock. Nat. Geosci. 5(7), 505-509 (2012).

Fonseca, M. S. & Cahalan, J. A. A preliminary evaluation of wave attenuation by four species of seagrass. Estuar. Coast. Shelf Sci.
35, 565-576 (1992).

Fonseca, M. S. & Koehl, M. A. R. Flow in Seagrass canopies: the influence of patch width. Estuar. Coast. Shelf Sci. 67, 1-9 (2006).
Telesca, L. et al. Seagrass meadows (Posidonia oceanica) distribution and trajectories of change. Sci. Rep. 5, 12505 (2015).
Marba, N. & Duarte, C. Mediterranean warming triggers seagrass (Posidonia oceanica) shoot mortality. Glob. Change Biol. 16,
2366-2375 (2010).

Beca-Carretero, P., Guiheneuf, F, Krause-Jensen, D. & Stengel, D. B. Seagrass fatty acid profiles as a sensitive indicator of climate
settings across seasons and latitudes. Mar. Environ. Res. 161, 105075 (2020).

Marin-Guirao, L., Ruiz, J., Dattolo, E., Garcia-Munoz, R. & Procaccini, G. Physiological and molecular evidence of differential
short-term heat tolerance in Mediterranean seagrasses. Sci. Rep. 6, 28615 (2016).

Marin-Guirao, L., Entrambasaguas, L., Dattolo, E., Ruiz, . M. & Procaccini, G. Mechanisms of resistance to intense warming events
in an iconic seagrass species. Front. Plant Sci. 8, 1142 (2017).

Tutar, O., Marin-Guirao, L., Ruiz, J. M. & Procaccini, G. Antioxidant response to heat stress in seagrasses. A gene expression study.
Mar. Environ. Res. 132, 94-102 (2017).

Marin-Guirao, L., Entrambasaguas, L., Ruiz, J. M. & Procaccini, G. Heat-stress induced flowering can be a potential adaptive
response to ocean warming for the iconic seagrass Posidonia oceanica. Mol. Ecol. 28, 2486-2501 (2019).

Peirano, A. et al. Phenology of the Mediterranean seagrass Posidonia oceanica (L.) Delile: Medium and long-term cycles and climate
inferences. Aquat. Bot. 94(2), 77-92 (2011).

Walker, L. R., Wardle, D. A., Bardgett, R. D. & Clarkson, B. D. The use of chronosequences in studies of ecological succession and
soil development. J. Ecol. 98(4), 725-736 (2010).

Shaltaut, M. & Omstedt, A. Recent sea surface temperature trends and future scenarios for the Mediterranean. Oceanologia 56(3),
441-443 (2014).

Adloff, F. et al. Mediterranean sea response to climate change in an ensemble of twenty first century scenarios. Clim. Dyn. 45,
2775-2802 (2015).

E.C. Marine Strategy Framework Directive 2008/56/EC of the European Parliament and of the Council, of 17 June 2008, establishing
a framework for Community action in the field of marine environmental policy (Marine Strategy Framework Directive). OJEU
164, 19-40 (2008).

Montefalcone, M. Ecosystem health assessment using the Mediterranean seagrass Posidonia oceanica: A review. Ecol. Indic. 9,
595-604 (2009).

Steinacher, M. et al. Projected 21st century decrease in marine productivity: A multi-model analysis. Biogeosciences 7, 979-1005
(2010).

Taucher, J. & Oschlies, A. Can we predict the direction of marine primary production change under global warming?. Geophys.
Res. Lett. 38, L02603 (2011).

Dutkiewicz, S. et al. Ocean colour signature of climate change. Nat. Commun. 10, 578 (2019).

Kim, G.-U., Seo, K.-H. & Chen, D. Climate change over the Mediterranean and current destruction of marine ecosystem. Sci. Rep.
9,18813 (2019).

Kimball, S., Angert, A. L., Huxman, T. E. & Venable, D. L. Contemporary climate change in the Sonoran Desert favors cold-adapted
species. Glob. Change Biol. 16, 1555-1565 (2010).

Graae, B. ]. et al. On the use of weather data in ecological studies along altitudinal and latitudinal gradients. Oikos 121, 3-19 (2012).
Pergent, G., Pergent-Martini, C. & Boudouresque, C. E. Utilisation de I'herbier a Posidonia oceanica comme indicateur biologique
de la qualite du milieu littoral en Mediterranee: etat des connaissances. Mesogee 54, 3-27 (1995).

Pergent-Martini, C. & Pergent, G. Spatio-temporal dynamics of Posidonia oceanica beds near a sewage outfall (Mediterranean,
France). in Seagrass Biology: Proceeding of an International Workshop, Rottnest Island, Australia, 25-29 January 1996. Faculty of
Sciences, the University of Western Australia Publications: Nedlands, Australia, pp. 299-306 (Kuo, J., Phillips, R. C., Walker, D. I.,
Kirkman, H. eds.) (1996).

Scardi, M., Chessa, L. A,, Fresi, E., Pais, A. & Serra, S. Optimizing interpolation of shoot density data from a Posidonia oceanica
seagrass bed. Mar. Ecol. 27, 339-349 (2006).

Kun-Seop, L., Sang, R. P. & Young, K. K. Effects of irradiance, temperature and nutrients on growth dynamics of seagrasses: A
review. J. Exp. Mar. Biol. Ecol. 350(1), 144-175 (2007).

Molenaar, H., Barthélémy, D., de Reffye, P., Meinesz, A. & Mialet, I. Modelling architecture and growth patterns of Posidonia
oceanica. Aquat. Bot. 66, 85-99 (2000).

Olesen, B., Enriquez, S., Duarte, C. M. & Sand-Jensen, K. Depth-acclimation of photosynthesis, morphology and demography of
Posidonia oceanica and Cymodocea nodosa in the Spanish Mediterranean Sea. Mar. Ecol. Progr. Ser. 236, 89-97 (2002).

Ralph, P. J., Durako, M. J., Enriquez, S., Collier, C. J. & Doblin, M. A. Impact of light limitation on seagrasses. J. Exp. Mar. Biol.
Ecol. 350, 176-193 (2007).

Ekstam, B. Ramet size equalization in a clonal plant, Phragmites australis. Oecologia 104, 440-446 (1995).

Van Kleunen, M., Fischer, M. & Schmid, B. Effects of intraspecific competition on size variation and reproductive allocation in a
clonal plant. Oikos 94, 515-524 (2001).

Campagne, C. S., Salles, ]. M., Boissery, P. & Deter, ]. The seagrass Posidonia oceanica: Ecosystem services identification and eco-
nomic evaluation of goods and benefits. Mar. Pollut. Bull. 97, 391-400 (2015).

Nordlund, L. M., Koch, E. W,, Barbier, E. B. & Creed, J. C. Seagrass ecosystem services and their variability across genera and
geographical regions. PLoS ONE 1(10), e0163091 (2016).

Repolho, T. et al. Seagrass ecophysiological performance under ocean warming and acidification. Sci. Rep. 7, 41443 (2017).
Adams, M. P. et al. Predicting seagrass decline due to cumulative stressors. Environ. Model. Softw. 130, 104717 (2020).

Pazzaglia, J., Reusch, T. B. H., Terlizzi, A., Marin-Guirao, L. & Procaccini, G. Phenotypic plasticity under rapid global changes:
The intrinsic force for future seagrasses survival. Evol. Appl. 00, 1-21 (2021).

Olita, A, Ribotti, A., Fazioli, L., Perilli, A. & Sorgente, R. Surface circulation and upwelling in the Sardinia Sea: A numerical study.
Cont. Shelf Res. 71, 95-108 (2013).

Scientific Reports |

(2021) 11:1810

7 | https://doi.org/10.1038/s41598-021-97611-x nature portfolio



www.nature.com/scientificreports/

81. Pinardi, N. et al. Mediterranean Sea large-scale low-frequency ocean variability and water mass formation rates from 1987 to 2007:
A retrospective analysis. Prog. Oceanogr. 132, 318-332 (2015).

82. Smale, D. A. & Wernberg, T. Satellite-derived SST data as a proxy for water temperature in nearshore benthic ecology. Mar. Ecol.
Progr. Ser. 387, 27-37 (2009).

83. Giraud, G. Contribution a la description et a la phénologie quantitative des herbiers de Posidonia oceanica (L.) Delile. Thése de
Doctorat de Spécialité en Océanologie, Université d’Aix-Marseille, Marseille (1977).

84. Pergent, G. Lepidochronological analyses of the seagrass Posidonia oceanica (L.) Delile: a standardized approach. Aquat. Bot. 37,
39-54 (1990).

85. Pages, J. E et al. Indirect interactions in seagrasses: Fish herbivores increase predation risk to sea urchins by modifying plant traits.
Funct. Ecol. 26, 1015-1023 (2012).

86. Zuur, A. E, Leno, E. N. & Elphick, C. S. A protocol for data exploration to avoid common statistical problems. Methods Ecol. Evol.
1,3-14 (2010).

87. R Core Team. R: A Language and Environment for Statistical Computing. (R Foundation for Statistical Computing, 2018).

88. Venables, W. N. & Ripley, B. D. Modern Applied Statistics with S 4th edn. (Springer, 2002).

Acknowledgements

We sincerely thank Andrea Crocco, Matteo Puddu and Alessio Sau for helping in processing plant material. The
study has been funded by Italian Ministry of Education and Research: PRIN 2017 (MHHWBN) “Marine Habitats
restoration in a climate change-impaired Mediterranean Sea (MAHRES)”

Author contributions

A.P. and G.C. conceived the ideas and designed methodology; A.P., EP, and P.S. collected the data; G.L.M.
analysed the data; A.P. and G.C. led the writing of the manuscript. All authors have contributed critically to the
drafts, gave final approval for publication and agreed to be accountable for all aspects of the work.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:18107 | https://doi.org/10.1038/s41598-021-97611-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Trait gradients inform predictions of seagrass meadows changes to future warming
	Results
	Seagrass variability. 
	Relationship between seagrass and environmental variables. 

	Discussion
	Methods
	Study locations and design. 
	Environmental data. 
	Seagrass data collection. 
	Data analysis. 

	References
	Acknowledgements


