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Abstract: 

 

Seagrass is a foundation species within shallow water ecosystems because it provides habitat 

and food and thereby supports biodiversity. It has a function as atmospheric CO2 storage and 

improves the water quality by filtering nutrients (Greiner et al. 2013). Currently, seagrass 

meadows are facing multiple challenges such as ocean warming, reduced light caused by 

increasing nutrient input and more frequent disturbance events or direct anthropogenic impact 

(Unsworth et al. 2019). All these factors affect the performance of seagrass and thereby impair 

the ecosystem services seagrass meadows provide. This thesis represents a systematic review 

and meta-analysis of the physiological effects of temperature change on seagrass to provide a 

better understanding of the effect of rising temperatures on seagrass meadows worldwide. 

In this thesis, 766 papers were reviewed and a subsequent meta-analysis of 43 papers including 

407 control-treatment temperature combinations matching the inclusion criteria were 

conducted. The log response ratio (lnR) was used for calculating the effect sizes, because it is 

more intuitive to interpret. Hedges’ g was further used to verify the results. It was tested for 

effects of the physiological parameters measured, the treatment type, the temperature direction, 

the experiment duration, the control temperature, latitude and longitude of the source population 

and the genus on relative seagrass performance (lnR). 

The key results of the meta-analysis showed that (I) plant physiological performance was 

reduced by an average of 39% by temperature change across all studies; (II) per 1°C 

experimental ocean warming a reduction in seagrass performance of 11% was observed; (III) 

the measured performance parameters (growth, biomass, photosynthesis and survival) showed 

differential susceptibility to warming, with survival being most affected and photosynthesis 

least affected; (IV) seagrass genera did not differ significantly in their response to experimental 

ocean warming but varied between locations. 

There was a strong geographic bias in this meta-analysis since most case studies were conducted 

in developed countries including Europe, the US and Australia. Thus, many species were 

underrepresented while also some climate conditions were not covered. Further, it was also not 

possible to make a statement about the recovery after experimental temperature stress had 

ceased, as there were too few studies focusing on recovery.  Altogether, this thesis identified 

two profound knowledge gaps, which should be addressed by future studies. 
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In conclusion, more frequent and intense heat waves are an increasing threat to seagrass 

meadows in the future. As seagrass provides important ecological services, it needs to be 

protected. It is particularly striking that every degree Celsius of temperature change matters for 

seagrass as it means a reduction in physiological and morphological performance, which is 

another indication that global warming should be kept below 2 degrees Celsius. 

 

 

Zusammenfassung/German summary: 

 

Seegraswiesen sind weltweit wichtige marine Ökosysteme, die eine Vielzahl an Funktionen 

übernehmen. Sie formen Habitate und sind ein wichtiger Bestandteil in der Nahrungskette, 

weshalb sie die regionale Biodiversität fördern. Außerdem speichern sie atmosphärischen 

Kohlenstoff und fördern die Wasserqualität durch Nährstofffilterung (Greiner et al. 2013). 

Zurzeit sind Seegraswiesen multiplen Stressoren ausgesetzt, wie zum Beispiel der 

Meereserwärmung, verringerter Lichtzufuhr durch hohe Nährstoffkonzentrationen oder der 

Zerstörung des Meeresboden, welcher vielfach menschliche Einflüsse zugrunde liegt 

(Unsworth et al. 2019). All diese Faktoren tragen dazu bei, dass Seegraswiesen zurückgehen 

und ihre wichtigen Dienstleistungen nicht mehr erbringen können. Diese Bachelorarbeit ist das 

Ergebnis einer systematischen Literaturrecherche und einer anschließenden Meta-Analyse mit 

Fokus auf dem Temperatureinfluss auf Seegraswiesen, um mögliche Auswirkungen besser 

verstehen zu können. 

Hierfür wurden 766 Studien gelesen, nach Kriterien sortiert und mit den verbleibenden 43 

Studien wurde eine Meta-Analyse durchgeführt, welche insgesamt 407 Temperatur-

Experimente mit jeweils einer Kontroll- und Behandlungsgruppe umfassten. Der natürliche 

Logarithmus des Verhältnisses der Reaktion (lnR) wurde verwendet, um die Effektgröße auf 

die einzelnen Experimente zu berechnen, da die Ergebnisse intuitiv zu verstehen sind. Hedges‘ 

g wurde daraufhin für die Überprüfung genutzt. Es wurde getestet, wie der Einfluss auf die 

Seegrasphysiologie bei verschiedenen Parametern ist, welchen Einfluss die Art der 

Temperaturbehandlung hat und ob Korrelationen bei verschieden Genera oder geographischen 

Lagen zu beobachten ist. 
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Die Ergebnisse der Meta-Analyse ergeben; (I) eine reduzierte Leistung des Seegras um 39% 

bei allen Temperaturunterschieden; (II) eine Leistungsreduktion von 11% pro Grad steigender 

Temperatur; (III) die gemessenen physiologischen Parameter (Biomasse, Wachstum, 

Photosynthese, Überlebensrate) zeigten unterschiedlich starke Anfälligkeiten auf 

Temperaturwechsel, wobei Photosynthese am schwächsten und die Überlebensrate am 

stärksten betroffen war; (IV) dass es keine signifikanten Unterschiede zwischen den Genera 

gab. 

Es fiel auf, dass es eine Ungleichheit bei der Verteilung der Studien gab, was zu einer 

Unterrepräsentation der (sub-)tropischen Regionen und einiger Arten geführt hat. Die zweite 

Wissenslücke gab es in Bezug auf eine mögliche Erholung der Seegräser. Auch dazu gab es zu 

wenige Studien. 

Zusammenfassend lässt sich sagen, dass häufiger auftretende und stärkere Hitzeperioden für 

Seegraswiesen eine große Herausforderung darstellen und diese Ökosysteme einen hohen 

Schutz benötigen. Es zeigt außerdem, wie wichtig es ist, die Erwärmung auf 2 Grad zu 

begrenzen. 
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Introduction: 
 

1. Seagrass meadows – a diverse ecosystem 

 

Worldwide, 12 genera with 59 species of seagrass exist. They grow in shallow marine 

environments and estuaries in all temperate and tropical oceans except the Antarctic (Short et 

al. 2003). In these areas, seagrass meadows harbour a broad variety of species and are 

biodiversity hotspots. It is a flowering plant with a root and rhizome system (Hemminga and 

Duarte 2000). The populations have asexual and sexual reproduction which can cause a high 

genetic diversity especially in undisturbed seagrass meadows (Manent et al. 2020). 

Nevertheless, the genetic diversity of a meadow is depending on the reproduction mode of the 

species and the environmental conditions (Short et al. 2007). 

The role of seagrass meadows in ecosystems is complex. Their roots provide sediment retention 

and prevent coastal erosion. Seagrass is a food resource for grazing megaherbivores like 

manatee, dugong, and sea turtles (Short et al. 2003) (Orth et al. 2006), but also for in-vertebrates 

(Heck Hay et al. 2003). Another benefit for animals inhabiting seagrass ecosystems is the 

shelter and the breeding ground they provide. These breeding grounds are relevant for many 

commercial fish species and therefore it is crucial for the fishing industry in many regions 

(Short et al. 2003) (Dewsbury et al. 2016) (Heck Hay et al. 2003). Recently, the process of 

natural marine carbon sequestration, also known as “blue carbon”, has gained more attention.  

By metabolizing dissolved carbon into biomass and storing it in the sediment (Herrera-Silveira 

et al. 2020), seagrass accounts for ~10-20% of the yearly blue carbon storage (Fourqurean et 

al. 2012). Thus, they play an important role together with salt marshes and mangrove forests 

(Orth et al. 2006) (Pendleton et al. 2012). But seagrass does not only fulfil important functions 

in the carbon budget, but also in the nutrient cycle (Ruiz-Frau et al. 2017). These ecosystems 

are very productive and support the biomass and occurrence of associated flora and fauna, 

making them biodiversity hotspots (Duffy 2006). 

 

2. Rising temperature – a challenge for seagrass 

 

Over the past century the concentration of atmospheric CO2 increased dramatically because of 

the industrial and anthropogenic pollution, widely known as the greenhouse effect (Anderson 
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et al. 2016). This caused the sea surface temperature increasing by about 0.67°C, while land 

surface temperature increased by about 1.58°C (https://data.giss.nasa.gov/). However, these 

values only represent the global average, which is amplified by local heat waves. These marine 

heat waves are periods of drastic warming in the oceans for 5 days or longer and are an increase 

of ~4°C on average towards the normal temperature (Frölicher et al. 2018) (Hobday et al. 2016). 

Such marine heat waves may become more extreme and frequent in parts of the ocean in future 

decades (Oliver et al. 2018).   

Constant ocean warming and especially marine heat waves have an impact on different domains 

of seagrass: the CO2 absorption because of the changing solubility (Ku and Edwards 1978), the 

reproduction by induced flowering as a stress response or inhibition (Marín-Guirao et al. 2019) 

and the sea level as a distribution factor (Short and Neckles 1999) (IPCC 2007). Seagrass 

species and populations have been able to adapt to various temperature ranges in temperate and 

(sub)tropical areas, with temperature optima ranging from 15 °C to 33 °C depending on the 

species (Collier and Waycott 2014). Temperature is an important selective pressure as it impacts 

several physiological processes of species, such as photosynthesis in plants, growth and 

ultimately also mortality (Collier and Waycott 2014). Thus, deviations of the local temperature 

optimum can have devastating consequences for seagrass meadows either directly or indirectly 

through changes in associated abiotic (CO2 solubility, sea levels, nutrients) and biotic (fish and 

grazer communities) factors (Marbà and Duarte 2010). The photosynthetic reaction with the 

rubisco enzyme is the most sensitive process in these plants (Salvucci and Crafts-Brandner 

2004).  

In recent years there has been a decline of seagrass meadows worldwide due to light reduction 

(Collier et al. 2016), eutrophication (Duffy 2006), destruction of coastal habitats (Pendleton et 

al. 2012) and rising temperatures (Collier and Waycott 2014). Seagrass is threatened by various 

factors, which often occur simultaneously and can be therefore cumulative. For example, most 

seagrass species need a high light saturation, which is found in shallow marine environments. 

The two stressors of light reduction and increasing water temperature are linked, because 

shallow areas are affected stronger by heatwaves and with increasing turbidity, seagrass 

meadows migrate to even shallower environments (Collier and Waycott 2014). The global loss 

of seagrass meadows has been about 7 % per year since the end of the 20th century (Los Santos 

et al. 2019). 
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3. Why is this thesis relevant? 

 

The ocean shows a rapid change in warming and seagrass meadows are ecosystems with crucial 

functions for marine biodiversity, but also for the carbon household (Fourqurean et al. 2012). 

It is very urgent to analyse the effect of rising temperature towards these ecosystems. This was 

also reviewed by Nguyen in May 2021, setting the focus on different impact levels and 

combined effects (Nguyen et al. 2021).  Also, the Paris Climate Agreement from 2015 set the 

goal to limit global warming below 2°C as the accepted threshold. Even this limit would force 

rising temperatures and more frequent heatwaves on the ocean (https://data.giss.nasa.gov/) 

(Oliver et al. 2018). What can happen to seagrass if this limit is met and what can happen if it 

is not?  

The purpose of this study was to assess whether or not there is a global trend in the correlation 

between temperature change and the physiological performance of seagrass. In this thesis the 

results of 396 experiments were summarized and evaluated in a meta-analysis to address the 

following hypothesis: (I) Increasing temperature affects seagrass more than decreasing 

temperature, but higher temperature differences in both directions lead to greater performance 

reductions. (II) Strong temporary temperature changes - known as marine heat waves or cooling 

waves - are more challenging for seagrass compared to a constant temperature increase, as they 

occur more rapidly not leaving enough time for the populations to acclimate or adapt. (III) 

Growth rates are more sensitive towards warming compared to photosynthetic activity, as they 

are not crucial for survival and are therefore reduced to allocate more energy towards 

maintenance and damage repair. (IV) Populations and species will react differently to 

temperature changes due to differences in their evolutionary history. While temperature 

changes were measured relative to the population’s temperature optimum, some populations 

were expected to have a narrower temperature tolerance compared to others.  

This meta-analysis summarizes the effects of changing temperature on seagrass in a global 

assessment with a focus on the physiological response of different seagrass populations. The 

goal is to assess the predicted performance changes of seagrass meadows due to temperature 

change. The results underline the need for management and conservation of seagrass meadows. 

It can help to inform decision makers on regions and species that are most affected in the future. 
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Methods: 
 

1. Systematic literature review 

 

A systematic literature review was conducted using ISI Web of Science (WoS) to identify 

studies that investigated seagrass performance in response to temperature change. The search 

string included the genera of all seagrass species, and common terms to describe temperature 

change experiments. The full search string was the following: “(Amphibolis OR Cymodocea 

OR Enhalus OR Halodule OR Halophila OR Heterozostera OR Phyllospadix OR Posidonia OR 

Syringodium OR Thalassia OR Thalassodendron OR Zostera OR Nanozostera OR Ruppia) 

AND (temperatur* OR heat* OR “climate change” OR warm* OR thermal*) AND 

(experiment*)”. After conducting the search on April 9th, 2020, 765 results were obtained with 

the WoS settings “All Databases” for “All Years” (1945-2020) in a “Basic Search”. Grey 

literature was not included. 

Next, all abstracts were read and papers were excluded that did not meet all of the four inclusion 

criteria: (1) The organism investigated in the study had to be a seagrass species. (2) To exclude 

confounding factors, the study had to be conducted in an experimental setting (aquaria, 

mesocosms, etc.) excluding for instance seasonal field observations (3) The experiment had to 

include at least two treatment temperatures, one of which had to be a control / ambient 

temperature (4) Reviews were excluded to prevent possible pseudo replication when also 

accounting for the original research paper.  

After the preliminary selection, the full text of 113 included papers were assessed in more detail 

and all relevant information was extracted (supplementary table 1). For full text assessment two 

additional inclusion criteria were applied: (5) Measurements had to focus on the physiological 

performance of seagrass measuring survival, biomass, photosynthesis, or growth. (6) Treatment 

and control mean, standard deviations and replicate number had to be available with N ≥ 3. This 

systematic screening resulted in 43 papers and 407 control – treatment temperature 

combinations which were used in the subsequent meta-analysis (supplementary table 3). 

For the 43 selected studies, information was extracted on the seagrass’ species and genus, the 

sampling location coordinates, the treatment duration, the local mean temperature, the sampling 

temperature, and the populations optimum temperature if known. Mainly the supplementary 

table 1 summarizes the experimental setup and the outcomes of the temperature experiments. 

The experimental setting was considered by distinguishing if experiments were conducted in 
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an aquarium, a mesocosm or under laboratory conditions. In the next step, treatments were 

categorized in heat wave or constant temperature. If additional pressures were applied, only 

their control group at differing temperatures were chosen. The potential for seagrass to recover 

from heatwaves was evaluated, thus information on whether recovery was assessed and if its 

effect was positive, neutral, or negative was extracted. If treatment group means and standard 

deviations were not given in the text, they were extracted from suitable graphs using the Web 

Plot Digitizer (Rohatgi 2020). 

 

2. Meta-analysis with R 

 

After scanning the papers and collecting all relevant information, 43 studies including 407 

control – treatment temperature combinations (hereafter experiments) remained, with which the 

meta-analysis was conducted using the package “metaphor v2.4.0” (Viechtbauer 2010) in “R 

v4.0.3” (R Core Team 2020). Meta-analysis has two different types of models which are the 

fixed-effects models, and the random-effects models. In this study, random mixed-effects 

models were used, because all the data were from seagrass populations, where a variability 

among the true effects appear. Since multiple experiments from the same study were excluded, 

all three levels of random variation were accounted - between experiments, within studies and 

between studies – following the recommendations by Assink and Wibbelink (2016).  This was 

important, because experiments from the same study could be correlated because they for 

instance compared to the same control group. Therefore, rma.mv() function implemented in 

metaphor (Viechtbauer 2010) was used with experiment ID nested in paper ID as random 

intercept. 

The effect size gave the possibility to quantify the differences between an experimental and a 

control group and the weighting of the data depended on the number of replicates, the variance, 

and the preciseness. There were multiple methods for calculating the effect sizes, where two of 

them were Hedges’ g and lnR. 

Hedges’ g, also known as the Standardized Mean Difference (SMD), is not affected by unequal 

sampling variances in paired groups and allows to take zeros as means into account, thus it is 

advantageous for biological datasets. The formula of Hedges’ g includes standardization 

through the pooled standard deviation and a correction factor for small sample sizes. This makes 
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the interpretation of the effect size not intuitive, because large effect sizes can result from either 

a large difference in the means or from small estimate of the pooled standard deviation. 

The formula for Hedges’ g with Y1 being the treatment mean and Y2 the control means, SD* 

pooled being the pooled and weighted standard deviation, J being correction for small sample 

sizes: 

(1)  𝐻𝑒𝑑𝑔𝑒𝑠′𝑔 =  
𝑌1−𝑌2

𝑆𝐷∗𝑝𝑜𝑜𝑙𝑒𝑑
∗ 𝐽 

In contrast, the log response ratio (lnR) is calculated as the natural logarithm of the ratio 

between the treatment mean and the control mean (see formula 2 below). Because lnR is 

depending on the ratio and not the original value, different datatypes can be compared. 

However, there are some difficulties when the ratio is negative, or the numerator or denominator 

is equal to zero. In these cases, it is not possible to use those experiments, even though the data 

are biologically logic and true (for instance a survival rate of 0% at very high temperatures). 

This entails the cost of losing some data or the need to transform the data. Though the easy 

interpretation of the effect size and the possible comparison between different values is 

convenient. For instance, if the effect size is -0,69 the performance of the seagrass is half of the 

original performance. Since only 11 out of 407 experiments did not allow to calculate an lnR 

effect size, lnR was used for modelling and interpreting, but repeated the same analysis using 

Hedges’ g for verification. Both approaches gave the same results (see supplementary tables 

2A and 2B). 

The formula for the log response ratio with Y1 being the treatment mean and Y2 the control 

means: 

(2)  𝑙𝑛𝑅 = ln (
𝑌1

𝑌2
) = ln 𝑌1 − ln 𝑌2      

The temperature difference between the treatment and control group was calculated and 

separated in increased and decreased treatments. After that, the effect size and the variance were 

calculated (see formular 2 below). For six experiments with a survival rate of 0% (± 0 SD) the 

survival rate was set to 1% with an SD of ± 1, so the biologically correct data was not deleted. 

After the modification and preparation of the dataset, 43 papers with 396 pairs of data were left. 

The formula for the variance with Y being the group mean, s the standard deviation, n the 

number of individuals per group and 1 (Y1, s1, n1) being the treatment and 2 the control values:
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(3)  𝑣𝑙𝑛𝑅 =  
𝑠2

1

𝑛1𝑌2
1

+ 
𝑠2

2

𝑛2𝑌2
2
            

First, for the variance in the meta-analysis the overall effect was estimated including only the 

random factors, to estimate if there were unexplained variance that could be attributed to any 

fixed factors (Assink and Wibbelink 2016). The next step was to identify the moderators (fixed 

effects), which could possibly influence the effect size. Here, the effects of the following nine 

moderators were of interest: seagrass genus, the measurements (survival, growth, biomass or 

photosynthesis), the temperature deltas (difference between control and treatment temperature), 

and the temperature direction (Viechtbauer 2010) (temperature increase or decrease), treatment 

type (heat wave or constant temperature), duration of treatment, control temperature, latitude 

and longitude. As recommended for complex meta-analyses, single moderator models were 

tested first and then a multiple moderator model was constructed with the significant 

moderators only (Hox et al. 2017). Thus, a Bonferroni correction for multiple testing was 

applied and only p values below an alpha of 0.005 were considered significant (= 0.05 / 9). 

Next, all significant moderators were tested with a multiple moderator model to prove that the 

effects were true and not impacted by autocorrelation of the moderators. Model validation 

showed a non-normal distribution of the residuals. While these models were robust to slight 

deviation from the gaussian error distribution, results were confirmed by applying a 

permutation test running the permutest() function on a rma() model implemented in metaphor 

(Viechtbauer 2010). Finally, all results of the meta-analysis were visualized using “ggplot2 

v3.3.2” (Wickham et al. 2016), “cowplot v1.1.0” (Wilke and Wickham 2019), “maps v3.3.0” 

(Deckmyn et al. 2018) and “PBSmapping v2.72.1” (Schnute et al. 2013) 
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Results: 
 

In this meta-analysis, 396 effect sizes were recorded, which were single temperature 

experiments out of 43 studies. Overall, these experiments covered 12 seagrass genera, while 

Zostera was the most studied genus with 174 experiments. The physiological effects were 

categorized in the measurements biomass, photosynthesis, growth, and survival. As the key 

result a reduced of seagrass performance of 39 % on average after temperature changes and a 

reduction of 11 % by each degree of a rising temperature was found.  The experiments were 

conducted worldwide, but some regions were underrepresented. 

 

1. Seagrass distribution  
 

As seen in the map (figure 1) the distribution of the seagrass was worldwide with a high 

occurrence in the South Pacific Oceans around Indonesia, the western Indonesian Sea, the 

Baltic Sea and North Sea, and the Caribbean Sea (Short et al. 2007). The studies do not represent 

all these areas equally, but were rather focused on the regions around Australia, the 

Mediterranean Sea, the Baltic Sea and the western Indonesian Sea. There were almost no studies 

in the South Pacific Ocean and only very few in the Caribbean Sea.  

Regional differences in seagrass populations response to experimental warming of 2 degrees 

was tested, but neither latitude nor longitude significantly affected lnR (supplementary figure 

1). The map shows how most datapoints in the regions show at least to a half a reduction in the 

lnR value. This became clearer especially in warmer areas and with a higher number of 

datapoints. 
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FIGURE 1: “Datapoint distribution across geographic regions” On the world map the green 

circles illustrate the number of datapoints across the different regions of population origin. 

Thereby, each datapoint represents one temperature change experiment. The size of the circles 

is proportional to the datapoints per area. The main geographic regions are depicted by different 

colours.  

 

2. Temperature direction 
 

Within the meta-analysis, 396 temperature change experiments were considered, 294 and 102 

of which investigated the effect of increasing and decreasing temperature, respectively. The 

larger the temperature delta in relation to the optimum temperature, the stronger the decline in 

the physiological performance of seagrass (figure 2). At a lnR of -0,69, the seagrass 

performance was reduced by 50% relative to the control group which occurred at a temperature 

change of 12 degrees temperature rise and 10 degrees temperature fall.  More specifically, for 

each degree temperature increase, an average reduction of 11 % (F1,292 = 90.71, P = 0.001) in 

seagrass performance (supplementary table 2 and 3) was determined.  
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FIGURE 2: “Effect size (lnR) relative to temperature change” Each datapoint represents one 

temperature experiment with the resulting lnR value at the respective temperature delta in °C 

which was calculated as the difference between the optimum/control and the treatment 

temperature. The red datapoints represent the increasing temperature treatment, while the blue 

datapoints stand for the decreasing temperature treatments. Regression lines were smoothed 

using the locally weighted smoothing function and areas around the lines indicate 95 % 

confidence intervals. The lower grey dotted line is the lnR value of -0,69, which indicated a 

performance reduction of 50 % relative to the control group. 

 

3. Temperature effects on the physiology 

 

The total effect size of the temperature difference in all summarized experiment was an lnR 

value of -0.495 resulting in a reduced performance of 39 % (F1,394 = 9.736, P = 0.002).  To 

identify the most affected physiological parameter in the plants, datapoints were divided in the 

measurement categories biomass, growth, photosynthesis and survival (F3,392 = 7.262, P = 

0.001). The analyses showed that survival rates decreased most drastically with increasing 

temperature change, while photosynthesis was least – yet significantly - affected (figure 3, 

supplementary Figure 2). Photosynthesis and survival rate both had a more visible effect after 
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an increasing temperature treatment, but the biomass and the growth reacted stronger towards 

a decreasing temperature treatment. 

A trend towards a stronger negative effect of a heat wave treatment compared to an experiment 

with constant temperature change was observed which was however not significant (figure 3A, 

F1,394=0.572, P=0.450). This trend was almost absent when considering only the studies that 

investigated the effect of warming (Figure 3 B, F1,292=0.052, P=0.820).  

 

4. Species specific response to ocean warming 

 

Overall, information on 12 genera and 51 species was summarized whereby the genus Zostera 

and Cymodocea were the most commonly studied with 143 and 74 experiments, respectively. 

Most of the genera showed a significant performance reduction upon temperature change 

(Figure 3), with Amphibolis being the most severe affected of all validated genera. However, 

the differences between the genera were not significant overall (Figure 3A, F11,384=0.823, 

P=0.617), but almost significant under warming only (Figure 3B, F11,282=1.734, P=0.066). 

Nanozostera, Halodule, Gyringodium and Enhalus were the underrepresented genera with very 

few experiments and in the focus of species e.g., Thalassia testudinum only occured in one 

study. 

 

FIGURE 3A: 

 

Category 
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FIGURE 3B: 

 

 

FIGURE 3: “Summarized effect sizes per categories with all experiments (A) and warming 

only (B)” Mean lnR values +/- 95% confidence intervals (CI) are shown for all experiments of 

each group (y-axis). The size of the datapoint indicates the number of studies that are included 

in that group. The grey dotted line is the lnR value of -0.69. The grey datapoint represents the 

mean lnR of all experiments and the grey line is the reference for the other datapoints at (A=all) 

0.495 and (B=warming only) 0.493. The blue datapoints are the measurements, the purple 

datapoints are the treatment type, the green datapoints are the temperature direction and the 

light blue datapoints are the seagrass genus. Since all datapoints are shown as mean with 95% 

CI it can be considered that a group is significantly different from zero if the CI does not overlap 

with the 0-line. 

 

 

 

 

 

Category 
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Discussion: 
 

This meta-evaluation synthesised 396 temperature treatment experiments out of 43 papers. 

Thereby, it summarized the physiological responses of seagrass populations worldwide and 

puts them in relation to predicted temperature changes. Overall, a reduction of the seagrass 

performance of 11 % per °C increase in temperature was found. In the following section, the 

effect of experimental temperature change on seagrass, across different populations and 

physiological parameters will be discussed. 

 

1. Impact of rising temperatures  
 

Both experimental warming and cooling had a significant effect on seagrass performance 

(figure 2), which were different than the hypothesized stronger effect with warming treatments. 

On the other hand, the result indicates that seagrass populations have an optimal thermal range 

and that a deviation from this optimum in either direction is problematic for the plants. These 

findings fit within the expectation from the hypothesis that a higher delta in both reduce the 

performance. 

As global cooling is not a concern at the moment, the focus of this discussion is on global 

warming. With the Paris Agreement – a legally binding international treaty on climate change 

– the participating countries aim at keeping global temperature rise this century well below 2 

degrees Celsius above pre-industrial levels (United Nations 2015). But what would a 2°C 

temperature rise means for the seagrass meadows worldwide? Even if this temperature limit is 

met, seagrass meadows might be at risk of declining by ~22 % according to this analyses, which 

predicted a reduction in seagrass performance of 11% per °C temperature increase. It is 

important to note that 2 °C only reflects the global average, with regional differences due to 

geographical and climatic characteristics (Marín-Guirao et al. 2016). This can cause die off 

events (Berger et al. 2020) (Trevathan-Tackett et al. 2018), migration of species (Viana et al. 

2020) and a change of the biodiversity (Smale et al. 2019) (Duffy 2006) of the affected areas. 

On the other hand, temperature rise can also open up new habitats for the seagrass in colder 

areas (Abal and Dennison 1996), which can be seen as an advantage for this specific species, 

but it also changes the native composition of the ecosystem. Some species, like Cymodocea 

nodosa have a thermal optimum above the current seawater temperature in the Mediterranean 

area and would benefit from a rising temperature (Savva et al. 2018). 
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How certain is the 22% performance reduction, which was calculated only with experimental 

data? Experiments even with constant temperature changes are very quickly and in reality, this 

will happen much slower, so the seagrass can develop to different coping mechanisms. First, 

seagrass has the opportunity to migrate through seeds so they can potentially avoid the hot areas 

(Viana et al. 2020). Precise data for the speed of seagrass migration are missing wherewith it 

would be possible to assess if seagrass is fast enough to escape the heat stress. But the seeds 

show different characteristics, like the structure and texture of the seeds, the dispersal distance 

or the time of germination (Larkum et al. 2006) Second, the seagrass can acclimate or adapt to 

the warmer conditions. The acclimation is the possibility to react towards shorter warming 

events with different physiological processes and therefore protect the seagrass. The adaption 

is the change of the genetic pool to arrange within the environmental condition like rising 

temperature and thereby shift to a new temperature optimum (Duarte et al. 2018). But with 

regards to the extinction already seen nowadays, long-term studies show, that the recruitment 

is usually slower than the mortality, which leads to a decline of the seagrass meadow worldwide 

(Díaz-Almela et al. 2009). 

 

2. Challenges of heat waves and constant temperature change 
 

It is predicted that the oceans are constantly warming up and that heatwaves are becoming more 

frequent (Oliver et al. 2018). Within this meta-analysis two kind of temperature experiments 

were classified:  A constant temperature change and a rapid but short-term temperature change 

with a typical rise and decline, hereafter referred to as heat wave or cooling wave. While a 

significant difference between heat/cooling waves or constant temperature treatments was not 

observed, both kind of treatments negatively affect the performance of seagrass.  

It was hypothesized that heatwaves are more problematic because the plants cannot adapt to 

such rapid changes, which causes a shock reaction seen in higher occurrence of heat shock 

proteins (Franssen et al. 2011) (Purnama et al. 2019) (Zhao et al. 2020) or die-off events (Berger 

et al. 2020) (Arias-Ortiz et al. 2018). On the other hand, heatwaves usually occur over a shorter 

period of time, giving the seagrass a chance to recover from the heat stress (Franssen et al. 

2011) (Traboni et al. 2018). Therefore, it was tested if the duration of the experiment had a 

significant impact on lnR, which does not appear. This means that the short temperature change 

experiments already have very negative effects on the seagrass performance. Also, only a few 

studies examined the recovery, why it was not possible to see a significant tendency. 
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Compared to heatwaves, constant temperature can be challenging for the seagrass species, 

because constant temperature changes occur over a longer period of time. But these changes 

have a smaller difference between the average and the increased temperature, allowing potential 

and time for adaptive alleles to arise or become more frequent in the population instead of 

relying on a short-term perseverance strategy (Duarte et al. 2018). The permanent reduction of 

seagrass performance could lead to local extinction events (Savva et al. 2018) or migration by 

seedling dispersal (Viana et al. 2020) (Larkum et al. 2006).  

The data showed that there is not a significant change between these two treatment types as 

predicted in the hypothesis but looking on the duration of the experiments, also the constant 

temperatures were shorter than in real conditions. This leads to the assumption that constant 

temperature experiments were almost like heat wave treatments for the seagrass with no 

possibility to acclimate. Still, both forms of the heat stress will likely be problematic for 

seagrass populations in the future, but it would need more long-term temperature and recovery 

experiments. 

 

3. Most sensitive physiological processes 
 

The results showed different levels of sensitivity towards the temperature treatments among the 

measurement categories photosynthesis, biomass, growth, and survival. Interestingly, survival 

rates showed a particularly strong effect, while photosynthesis was least affected. This was 

against the hypothesis, which was based on the fact that photosynthesis is a sensitive process 

in plants (Zhao et al. 2020).  

In most summarized studies photosynthesis was measured as the effective quantum yield 

(ΔF/Fm'), which is an indicator for damages in the photosystem II (PS II), the CO2 - fixation 

or the proton gradient in the thylakoid membrane (Zhao et al. 2020). Another photosynthesis 

parameter is the respiration (µmol O2/g*h), which is correlated with the carbon balance. As the 

temperature rises, respiration increases, causing a higher release of carbon than photosynthesis 

can fix (York et al. 2013) (Fourqurean and Zieman 1991). CO2-fixation is dependent on the 

enzyme RubisCo, which has a temperature optimum at 32° C (Salvucci und Crafts-Brandner 

2004). This supports earlier findings that the temperature optimum of seagrass species is up to 

33 - 35 degrees (Bulthuis 1987) (Collier and Waycott 2014). During heatwaves that exceed the 

optimal thermal range of RubisCo, photosynthesis is severely impaired and further exposed to 

synergistic stress, as it is also very sensitive to light and nutrient conditions (Collier et al. 2011). 
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Another explanation for stable or even increased lnR values for photosynthesis is the fact that 

photosynthesis and respiration rates increase with increasing water temperature as a stress 

response and to maintain the or repair the protein production (Collier and Waycott 2014) (Lee 

et al. 2007). Whether or not these increasing values of photosynthesis are a compensation for 

increased metabolic rates or a sign of stress cannot be disentangled form this data but taken 

from the reduction in biomass and growth rates and the drastic increase in mortality, it can be 

assumed that also photosynthesis might be impaired. To be certain, however, it would need to 

take a more detailed look at the different photosynthetic processes and possible disturbances in 

seagrass physiology, but such detailed information was not given in most of the analysed 

studies. Also, the expression of heat stress genes is impacting the physiological processes such 

as growth, necrosis, or senescence (Bergmann et al. 2010). All these inner processes lead to a 

visible and measurable damages of the seagrass meadows.  

In this meta-analysis the mortality had the largest effect size which was different than the 

hypothesis. It was assumed that growth rates are the most affected because they are not crucial 

for the survival. A possible explanation can be that for survival rates also the sensitive plants 

are measured as dead but for growth rates and biomass only the surviving ones are measured, 

so only those that were best at coping with high temperature. It is already seen that large die-

off events occur caused by heat waves (Berger et al. 2020). Whether this will lead to rapid 

adaptation of the population to warming will depend on the number of surviving individuals 

and their genetic composition and tolerance to warming. All in all, it is a very devastating fact 

that a loss of 11 % per rising degree Celsius can be expected. This degrades the seagrass 

meadows as important ecosystems with a fundamental biodiversity. 

 

  4. Chances of the biodiversity and genetic diversity  
 

There is a difference between the species in the ability to cope with thermal stress. In other 

experiments, it has been shown that species have a broad range of dealing with different 

environmental conditions. They can have a better thermal tolerance and others can benefit from 

eutrophic conditions (Viana et al. 2020). The response to increasing temperatures varies 

between species, for example, in their acclimation of photosynthetic processes and an enhanced 

use of light or in morphological plasticity (York et al. 2013) (Viana et al. 2020). In this meta-

analysis a difference between the genera was visible as a trend but not significant, which goes 

in the same direction as predicted in the hypotheses. Also, the number of experiments for each 
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species varied quite a lot (2 for one to 143 for another), with some species being highly 

underrepresented (Nanozostera, Syringodium, Enhalus). It would be conceivable that a higher 

number of replicates within the underrepresented genera and the associated increase in 

statistical power would result in a significant effect where now a trend is seen (Warming: 

F11,282=1.734, P=0.066). However, to be certain further studies on that topic are needed. Another 

reason why the effect size does not show a significant difference between the genera could be 

that genetic variation within a population and their adaptation to geographical areas and local 

environmental conditions might be more important. For instance, population from Zostera 

marina showed a different recovery rate depending on region. While the population from 

warmer area recovered after a heatwave, the population from colder area did not (Franssen et 

al. 2011) (Traboni et al. 2018). Because of that the effects of Latitude, Longitude and the control 

temperature was tested, and they had very low yet not significant p values, especially the 

warming only groups (Latitude F1,292=5.175, P=0.024, Longitude F1,292=7.77, P=0.006). 

This result was emphasized by strong differences in gene expression from previous studies. 

Such expression changes often occur before physiological or morphological damage is 

quantifiable (Franssen et al. 2011). Most of the affected genes are responsible for molecular 

chaperones and thus apoptosis. Thus, they are regulating the response to heat stress especially 

before the lethal limit is reached. At higher temperature these genes induced the cell death 

programs as a strategy to deal with damaged cell, which are a potential risk for the whole plant 

(Traboni et al. 2018). The differential gene expression response between populations shows a 

possibility of local adaptation and acclimation in seagrass (Bergmann et al. 2010).  

The reproductivity of seagrass depends on the surrounding conditions such as temperature 

(Durako and Moffler 1987). It has an impact on the flowering and germination rate  (Duarte et 

al. 2018) (Díaz-Almela et al. 2009) (Sunny 2017). To enable recombination and thus new 

combinations of alleles seagrass also reproduces sexually through flowering, germination, and 

seedling. Heat induced flowering is seen as a strategy of seagrass populations to adapt to new 

environmental conditions such as longer warming periods (Marín-Guirao et al. 2019). Plants 

with increased heat tolerance have an advantage during long warming periods and might 

therefore reproduce more often and ultimately have a higher fitness compared to others. 

Thereby, their beneficial alleles might eventually become more common within the seagrass 

meadow, making it are more likely to survive several warming events.   

To determine the susceptibility of each seagrass meadow to global warming, it is needed to 

understand the evolutionary history of each population to understand their specific genotype x 
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environment interactions. For instance, it is possible for different species in the same 

geographical location to respond differently (Viana et al. 2020), but it is also possible for two 

populations of the same species with different environmental conditions to have different 

adaptive potential to temperature change (Bergmann et al. 2010). 

 

5. Future Scenarios with multiple stressors and methods of resolution 
 

This meta-analysis underlines with the results of 11% performance reduction per degree the 

fact, that seagrass meadows worldwide are declining (Orth et al. 2006) (Los Santos et al. 2019) 

by evaluating 75 years of scientific publications on experimental temperature change. These 

data show how strong the impact of global warming can be even in the absence of synergistic 

effects with other stressors. The relevance of this topic can also be seen in a recent review by 

Nguyen et al. 2021, which summarizes the different response levels of seagrass species.  

As this meta-analysis only focused on temperature as a single stressor. These experimental 

studies are needed to establish the effect of temperature change, as they exclude any 

confounding factors that also vary between the seasons, such as light, nutrients, or salinity. 

These factors might have synergistic or antagonistic impacts on the performance of seagrass 

and therefore, so results can be misleading (Collier et al. 2011) (Bulthuis 1987). 

Nevertheless, for realistic future scenarios experiments and models with multiple stressors are 

essential. Other factors, which can lead to combined stress effects are reduced salinity, sea level 

rise, eutrophication and ocean acidification to name only a few (Sunny 2017) (Nguyen et al. 

2021). Multiple stressors can interact in a synergistic or antagonistic way, which might even 

vary among species and populations (Duarte et al. 2018) and are very complex in terms of 

making predictions For instance, shallow marine estuaries, a main habitat for seagrass, is 

heating up more rapidly compared to other areas (Collier and Waycott 2014) (Abal and 

Dennison 1996) (Collier et al. 2011). This forces populations to migrate into even more shallow 

areas, which are heating up more quickly and are thus harmful for the seagrass physiology 

(York et al. 2013). 

Beyond the multi-stressor aspect, future studies should focus on assessing the ability to recover 

after the heat stress. Unfortunately, it was not possible to conduct statistical analysis with these 

data. Therefore, more precise studies are needed for all the species at all distribution areas. 

These studies would help to improve the restoration and recovery methods like replanting the 
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seagrass meadows or the general protection of those ecosystems (Orth et al. 2020). Seagrass 

restoration is a common method in conservation. Thereby, one should take into account the heat 

tolerance of the seedlings to improve long term restoration success. However, it is also very 

important to keep the genetic diversity and the biodiversity of those replanted meadows as high 

as possible because a high genetic diversity is more robust towards multi-stressors (Duarte et 

al. 2018). This is also relevant for seagrass as a carbon sink and as a habitat forming species 

(Pendleton et al. 2012) to regulate the environment by itself. Seagrass meadows are crucial for 

the marine ecosystems and play an important role for the carbon reduction in the atmosphere. 

They are facing problematic conditions and environmental changes over the coming decade and 

especially with regards to the ambition the Paris Climate Agreement it is necessary to protect 

and to restore these fundamental ecosystems. 

 

 

Conclusion: 
 

In this thesis a significant impact of temperature change, especially warming in form of heat 

waves on the physiological performance of seagrass was identified. A biodiversity and a genetic 

diversity are crucial for the seagrass meadows because it causes a better possibility to acclimate 

or adapt in a changing environment. Also, it should be said, that some seagrass species and 

regions are underrepresented, and it is important to collect these data for a stronger verification 

of these results and to close these knowledge gaps. 
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Supplementary Figures and Tables: 

 

1. Figures 
 

Supplementary figure 1 - Regional effects beyond 2 degrees of experimental warming 

 

 

 

SUPPLEMENTARY FIGURE 1: “Regional effects beyond 2 degrees of experimental 

warming” Each circle summarizes the number of experiments conducted with seagrass 

populations of the respective region. Thereby, the size corresponds to the number of 

experiments conducted per region. The blue coloured proportion of the pie charts indicates an 

increase in seagrass performance (lnR > 0), while the red coloured proportion shows a 

deterioration of the seagrass performance (lnR < 0). 
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Supplementary figure 2 - Effect size (lnR) relative to temperature change separated in 

measurements 

 

 

 

SUPPLEMENTARY FIGURE 2: “Effect size (lnR) relative to temperature change separated 

in measurements” In this graph the data was categorized in the measurements biomass, growth, 

photosynthesis and survival. Each datapoint represents one temperature experiment with the 

resulting lnR value at a temperature change in °C, which was calculated as the difference 

between the optimum/control and the treatment temperature. The red datapoints represent the 

increasing temperature treatment, while the blue datapoints stand for the decreasing temperature 

treatments. The lower grey dotted line is the lnR value of -0,69, which indicated a performance 

reduction of 50 % relative to the control group. 

 

 

 

 

 

 

 



 

 

2. Tables 
 

Supplementary table 1 – basic information of the 43 included Papers 

Ref. 

ID 

Species Area Latitude Longitude Setting Treatment Measurement Used 

figures 

10 Zostera japonica USA 48,600 -123,292 Mesocosm heatwave growth 4 

16 Zostera muelleri Australia -36,667 142,636 Aquarium constant 

temperature 

photosynthesis 2 

19 Ruppia maritima USA 25,306 -80,628 Mesocosm constant 

temperature 

biomass 3  

26 Nanozostera noltii, Zostera marina Italy and 

Denmark 

43,8995 

and 

56,2702 

12,757 and 

10,6844 

Mesocosm heatwave biomass S8 

34 Posidonia oceanica Spain 40,723 2,986 Mesocosm heatwave growth 2 

51 Zostera muelleri Australia -28,293 151,398 Mesocosm constant 

temperature 

biomass, 

photosynthesis, 

growth, 

survival 

2, 5, 6, 7 

78 Zostera marina Denmark 56,270 10,684 Aquarium constant 

temperature 

biomass, 

growth, 

photosynthesis, 

survival 

1 B, 2 

A,B,C, 4 B 

91 Zostera marina Denmark 56,270 10,684 Mesocosm constant 

temperature 

photosynthesis, 

survival 

1, 2, 3 

104 Cymodocea serrulata, Halodule uninervis, 

Halophila ovalis, Zostera muelleri 

Australia -18,453 

and -

28,293  

146,405 

and 

151,398 

Aquarium constant 

temperature 

growth, 

biomass 

table 2 

108 Cymodocea nodosa, Ruppia cirrhosa Greece 40,894 24,742 Aquarium constant 

temperature 

photosynthesis, 

growth 

3 A,B, 5 

A,B,C 

123 Zostera marina Denmark 56,270 10,684 Aquarium constant 

temperature 

biomass, 

growth, 

photosynthesis  

4 A,B,C,E 
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137 Cymodocea nodosa, Posidonia oceanica Spain 38,826 and 

40,723 

-0,231 and 

2,986 

Aquarium constant 

temperature 

growth 2 A,B 

148 Posidonia oceanica Spain 38,826 -0,231 Mesocosm heatwave growth, 

survival 

5 

151 Zostera marina China 37,042 122,568 Tank constant 

temperature 

photosynthesis, 

growth 

3 A, 4 

152 Zostera marina Greenland 

and Portugal 

64,161 and 

37,374 

-51,556 and 

-8,168 

Laboratory heatwave photosynthesis 2 A,C 

165 Halophila ovalis Australia -18,453 146,405 Laboratory heatwave photosynthesis 1 

186 Cymodocea rotundata, Halodule uninervis, 

Halophila ovalis, Thalassia hemprichii 

Australia -18,453 146,405 Aquarium  heatwave photosynthesis, 

growth 

4, 2 

192 Zostera capensis South Africa -33,128 18,048 Mesocosm constant 

temperature 

biomass, 

photosynthesis 

1 A,B,E, 2 

196 Cymodocea nodosa, Posidonia oceanica Spain 40,723 2,986 Aquarium constant 

temperature 

growth, 

survival 

2, 4 

199 Thalassia hemprichii Tanzania -6,350 39,333 Mesocosm heatwave photosynthesis 2 D 

204 Posidonia oceanica Spain 40,723 2,986 Aquarium constant 

temperature 

biomass 1 A,F 

227 Cymodocea serrulata, Enhalus acoroides, 

Thalassia hemprichii, Thalassodendron 

ciliatum 

Tanzania -6,350 39,333 Mesocosm heatwave biomass, 

photosynthesis 

3, 5 

337 Zostera marina Sweden 56,270 10,684 Mesocosm heatwave growth 3 

343 Zostera noltii Portugal 37,374 -8,168 Tank heatwave photosynthesis, 

survival 

1 A,B,C,D 

356 Halodule wrightii, Thalassia testudinum USA 25,306 -80,628 Mesocosm constant 

temperature 

biomass, 

photosynthesis 

4, 5 

377 Zostera marina USA 37,250 -76,500 Mesocosm constant 

temperature 

biomass 2 A 

390 Posidonia oceanica Spain 40,723 2,986 Mesocosm constant 

temperature 

biomass 1 A,B 

392 Ruppia drepanensis Spain 38,826 -0,231 Aquarium constant 

temperature 

growth 1, 3, 5 

414 Zostera marina Denmark 56,270 10,684 Aquarium constant 

temperature 

growth, 

survival 

5 A, 6 A,B 
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425 Zostera marina Denmark 56,270 10,684 Mesocosm constant 

temperature 

growth, 

photosynthesis 

1, 2, 3 

516 Cymodocea rotundata, Cymodocea serrulata, 

Halodule uninervis, Halophila ovalis, 

Syringodium isoetifolium, Thalassia 

hemprichii, Zostera capricorni 

Australia -36,667 

and -

18,453 

142,636 

and 

146,405 

Aquarium heatwave photosynthesis 5 

540 Zostera noltii Portugal 37,374 -8,168 Tank constant 

temperature 

photosynthesis 2, 3 

541 Amphibolis antarctica, Posidonia australis Australia -36,667 142,636 Aquarium heatwave photosynthesis 3 

544 Halophila ovalis Australia -30,642 115,432 Aquarium constant 

temperature 

biomass, 

growth 

1 

555 Halophila stipulacea Israel and 

Cyprus 

29,546 and 

34, 706 

34,964 and 

33,123 

Aquarium heatwave biomass, 

photosynthesis, 

growth 

4, 6 

573 Zostera marina USA 48,600 -123,292 chambers constant 

temperature 

growth 3 

629 Cymodocea nodosa, Posidonia oceanica Spain 40,723 2,986 Aquarium constant 

temperature 

biomass 1 

664 Zostera japonica USA 48,600 -123,292 Aquarium constant 

temperature 

growth 4 A,B 

717 Amphibolis antarctica, Amphibolis griffithii Australia -30,642 115,432 Aquarium constant 

temperature 

growth, 

survival 

2, 3 

741 Zostera marina Denmark 56,270 10,684 Aquarium constant 

temperature 

biomass, 

growth, 

survival 

1 A, C, G 

756 Zostera marina Korea 34,800 128,583 Aquarium heatwave biomass, 

photosynthesis 

3A,B,C,D,5 

C,D 

762 Posidonia oceanica Spain 40,723 2,986 Aquarium constant 

temperature 

photosynthesis, 

growth 

table 1 and 

1 

763 Zostera noltii France 44,707 -1,114 Aquarium constant 

temperature 

growth 3 
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Supplementary table 2 A –test results with the effect size lnR 

 

Data Factor effect 

size 

df1 df2 F pval Significant_ln

R 

all Temperature 

direction 

lnR 1 394 0,209 0,648 0 

all Temperature 

delta 

lnR 1 394 9,736 0,002 1 

all Genus lnR 11 384 0,823 0,617 0 

all Measurement lnR 3 392 7,262 0,001 1 

all Heatwave vs 

constant 

lnR 1 394 0,572 0,45 0 

all Duration lnR 1 394 1,472 0,226 0 

all control 

temperature 

lnR 1 394 0,726 0,395 0 

all Latitude lnR 1 394 1,845 0,175 0 

all Longitude lnR 1 394 2,209 0,138 0 

warming only Temperature 

delta 

lnR 1 292 90,71 0,001 1 

warming only Genus lnR 11 282 1,734 0,066 0 

warming only Measurement lnR 3 290 7,615 0,001 1 

warming only Heatwave vs 

constant 

lnR 1 292 0,052 0,82 0 

warming only Duration lnR 1 292 5,806 0,017 0 

warming only control 

temperature 

lnR 1 292 0,581 0,447 0 

warming only Latitude lnR 1 292 5,175 0,024 0 

warming only Longitude lnR 1 292 7,77 0,006 0 
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Supplementary table 2 B –test results with the effect size Hedges’ g 

 

Data Factor effect 

size 

df1 df2 F pval Significant

_SMD 

all Temperature 

direction 

SMD 1 405 0,766 0,382 0 

all Temperature 

delta 

SMD 1 405 14,262 0,001 1 

all Genus SMD 11 395 0,596 0,832 0 

all Measurement SMD 3 403 6,178 0,001 1 

all Heatwave vs 

constant 

SMD 1 405 1,959 0,162 0 

all Duration SMD 1 405 0,512 0,475 0 

all control 

temperature 

SMD 1 405 1,261 0,262 0 

all Latitude SMD 1 405 0,531 0,466 0 

all Longitude SMD 1 405 0,007 0,932 0 

warming only Temperature 

delta 

SMD 1 303 137,68

2 

0,001 1 

warming only Genus SMD 11 293 0,947 0,495 0 

warming only Measurement SMD 3 301 6,642 0,001 1 

warming only Heatwave vs 

constant 

SMD 1 303 0,513 0,474 0 

warming only Duration SMD 1 303 5,822 0,016 0 

warming only control 

temperature 

SMD 1 303 0,338 0,562 0 

warming only Latitude SMD 1 303 3,089 0,08 0 

warming only Longitude SMD 1 303 1,965 0,162 0 

 

 



 

 

Supplementary table 3 – statistic values and effect sizes with the confidence intervals 

 

Fixed Factor Group N estimate se ci.ub ci.lb tval pval Data 

all all 396 -0,495418952 0,066061718 -0,365542417 -0,625295487 -7,499335014 4,27E-13 All 

Temperature 

direction 

decrease 102 -0,457345441 0,105678295 -0,249581576 -0,665109307 -4,327714056 1,91E-05 All 

Temperature 

direction 

increase 294 -0,506362791 0,071435655 -0,365920065 -0,646805518 -7,088376114 6,31E-12 All 

Genus Amphibolis 17 -1,19922779 0,278378106 -0,651891627 -1,746563954 -4,307909875 2,10E-05 All 

Genus Cymodocea 74 -0,407670453 0,129916302 -0,152234091 -0,663106815 -3,137946861 0,00183272 All 

Genus Enhalus 12 -0,38073905 0,281410789 0,172559857 -0,934037957 -1,352965361 0,17686271 All 

Genus Halodule 15 -0,557972746 0,241187369 -0,083759557 -1,032185935 -2,313440994 0,02122592 All 

Genus Halophila 30 -0,485568585 0,186003392 -0,119855977 -0,851281194 -2,610536179 0,00939394 All 

Genus Nanozostera 2 -0,120635309 0,624192197 1,106627021 -1,347897638 -0,193266288 0,84685261 All 

Genus Posidonia 32 -0,510808626 0,166702461 -0,183044754 -0,838572497 -3,064193666 0,00233666 All 

Genus Ruppia 27 -0,389578915 0,219866818 0,04271464 -0,821872469 -1,771885897 0,07720645 All 

Genus Syringodium 3 -0,154017852 0,490972607 0,81131332 -1,119349025 -0,313699481 0,75391963 All 

Genus Thalassia 29 -0,305825712 0,178059149 0,044267236 -0,65591866 -1,717551238 0,08668472 All 

Genus Thalassodendron 12 -0,508076948 0,28175 0,045888902 -1,062042799 -1,803289968 0,07212642 All 

Genus Zostera 143 -0,5011644 0,090550214 -0,323128104 -0,679200695 -5,534657273 5,79E-08 All 

Measurement biomass 93 -0,362231286 0,110132085 -0,145707851 -0,578754721 -3,289062281 0,00109609 All 

Measurement growth 112 -0,689669772 0,09635844 -0,500225791 -0,879113752 -7,157336382 4,08E-12 All 

Measurement photosynthesis 157 -0,290334669 0,088846566 -0,115659289 -0,465010049 -3,267820931 0,00117937 All 

Measurement survival 34 -1,013199157 0,159077348 -0,700447666 -1,325950649 -6,36922334 5,33E-10 All 

Treatment 

type 

constant temper-

ature 

230 -0,454713415 0,085235432 -0,287140284 -0,622286547 -5,334793369 1,62E-07 All 

Treatment 

type 

heatwave 166 -0,557771404 0,106329594 -0,348727081 -0,766815727 -5,245683548 2,55E-07 All 

all all 294 -0,493092911 0,089021507 -0,317890265 -0,668295557 -5,53903124 6,77E-08 Warming 
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Genus Amphibolis 9 -1,879157091 0,363144836 -1,164338475 -2,593975708 -5,174676617 4,34E-07 Warming 

Genus Cymodocea 47 -0,277108162 0,161123639 0,040049527 -0,594265851 -1,719847957 0,08655722 Warming 

Genus Enhalus 12 -0,331108453 0,30011429 0,259640087 -0,921856992 -1,103274532 0,27084855 Warming 

Genus Halodule 10 -0,514780982 0,290965838 0,057959636 -1,0875216 -1,769214509 0,07793889 Warming 

Genus Halophila 22 -0,553029018 0,233048892 -0,094292806 -1,011765231 -2,373017152 0,01831399 Warming 

Genus Nanozostera 2 -0,141734769 0,651723581 1,141125684 -1,424595222 -0,217476815 0,82799404 Warming 

Genus Posidonia 26 -0,524388068 0,19592126 -0,138734329 -0,910041808 -2,676524582 0,00787449 Warming 

Genus Ruppia 15 -0,601506745 0,283019764 -0,044407274 -1,158606215 -2,125317105 0,03442942 Warming 

Genus Syringodium 3 -0,068151508 0,505333306 0,926552586 -1,062855601 -0,134864468 0,89281524 Warming 

Genus Thalassia 27 -0,265769604 0,199293775 0,126522635 -0,658061843 -1,333556975 0,18342523 Warming 

Genus Thalassodendron 12 -0,458389495 0,300430627 0,132981726 -1,049760717 -1,525774852 0,12818668 Warming 

Genus Zostera 109 -0,450886095 0,11114489 -0,232107171 -0,669665019 -4,056741565 6,45E-05 Warming 

Measurement biomass 78 -0,362895866 0,13471277 -0,097757171 -0,628034561 -2,693849049 0,00747473 Warming 

Measurement growth 65 -0,610520344 0,127692028 -0,359199716 -0,861840972 -4,78119388 2,78E-06 Warming 

Measurement photosynthesis 126 -0,281688775 0,111128603 -0,062967916 -0,500409635 -2,534799938 0,01177697 Warming 

Measurement survival 25 -1,266506178 0,195787127 -0,881162283 -1,651850073 -6,468791896 4,19E-10 Warming 

Treatment 

type 

constant temper-

ature 

146 -0,476031603 0,116363879 -0,247013362 -0,705049844 -4,090888065 5,56E-05 Warming 

Treatment 

type 

heatwave 148 -0,517814272 0,142401477 -0,237550877 -0,798077667 -3,636298462 0,00032683 Warming 
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